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Remote Mutations Alter Transition-State Structure of Human Purine Nucleoside
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ABSTRACT. Purine nucleoside phosphorylase (PNP) catalyzes the reversible phosphorolysis of purine (2
deoxy)ribonucleosides to give the corresponding purine base adddy)ribose 1-phosphate as products.
Human and bovine PNPs (HsPNP and BtPNP) form distinct transition states despite 87% identity in
amino acid sequence. A PNP hybrid was produced by replacing K22 and H104 in HsPNP with the
corresponding Glu and Arg residues found in BtPNP. We solved the transition-state structure of E:R-
HsPNP (K22E:H104R mutant of HSPNP) using competitive kinetic isotope effects (KIE) and global density
functional calculations. An array of PNP transition states was generated from optimized structure candidates
with varied C1—N9, C1—Orhosphatedistances, ribosyl pucker configurations and N7-protonation states.
Isotopically labeled [£3H], [2'-3H], [1'-14C], [9-1®N], [1'-1C, 9°N] and [5-3H,]inosines gave intrinsic

KIE values of 1.210, 1.075, 1.035, 1.024, 1.065, 1.063 with E:R-HsPNP, respectively. The suite of E:R-
HsPNP KIEs match a single structure from the array of PNP transition-state candidates. The transition
state of E:R-HsPNP is fully dissociative, N7-protonated hypoxanthine{89 distance> 3.0 A) with

partial participation of phosphate (GiOrhosphatedistance= 2.26 A), 2-C-exoribosyl ring pucker and

the O3—C5—C4'—04 dihedral angle near 80The transition state of E:R-HSPNP is altered from the
fully dissociative *A \ character for HsPNP to a late phosphate-associative character. E:R-HsPNP differs
from native HsPNP by only two residues over 25 A away from the active site. New interactions caused
by the mutations increase the catalytic efficiency of the enzyme for formation of a late transition state
with increased participation of the phosphate nucleophile. Dynamic coupling motions from the remote
mutations to the catalytic sites are proposed.

Purine nucleoside phosphorylase (PNP) catalyzes the The mechanism of PNP-catalyzed phosphorolysis from
reversible phosphorolysis of puriné{@oxy)ribonucleosides  spectroscopic studies, transition-state analyses and crystal
to give the corresponding purine and’-@eoxy)ribose structure data are consistent with a stepwise “nucleophilic
1-phosphate (Figure 1)1}, Human PNP (HsPN® is displacement by electrophile migration” mechanism (Figure
involved in the removal of deoxyguanosine (dGuo), and this 1) (16—25). In this mechanism, the first step is the dissocia-
process is essential for T-cell immune functio@s3). The tion of the ribosyl anomeric carbon from the purine base,
genetic deficiency of HSPNP has been shown to causefollowed by the formation of a ribooxacarbenium ion
specific T-cell immune deficiency. The syndrome results ~ transition state (or intermediate) and migration of the ribosyl
from the increased blood levels of dGuo and its conversion anomeric carbon toward the phosphate nucleophile to give
to dGTP in dividing T-cells. Altered deoxynucleotide pools ribose 1-phosphate as product. On the basis of chemical rate-
allosterically block ribonucleotide diphosphate reductase, limiting steps of PNP-catalyzed phosphorolysis, PNP reaction
introduce errors into DNA and trigger apoptosis in dividing mechanisms can be further defined as partially dissociative
T-cells @, 5). This response to dGuo has made HsPNP a Dv™Aw, fully dissociative R*Ay (Syl) or associative
target for T-cell leukemia and T-cell related autoimmune Dn*An*with individual transition states in this order along
diseasesf-8). Three generations of PNP transition state the reaction profile (Figure 1) similar to those proposed for
analogue inhibitors have been developed and show promisingfh€ hydrolysis of deoxyadenosine monophospri@The
therapeutic activities against resistant T-cell leukemia, transition states of HSPNP and BIPNP are distinguished from
cutaneous T-cell leukemia, and T-cell autoimmune disorders 8ch other by the completely dissociativg*By character
(6, 9-15). for the former and the partially dissociative,®A y char-

acters of the later2(1, 22).
HsPNP and BtPNP show 87% sequence identity with fully
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Ficure 1. Mechanism of PNP-catalyzed phosphorolysis. Inosine phosphorolysis follows a “nucleophilic displacement by electrophile

migration” pathway, which involves stepwise '©N9 dissociation, ribooxacarbenium ion formation and-@arhosphategssociation to give
hypoxanthine and ribose 1-phosphate as produgt&AR, Dy*A n and Dy*A \* represent the three mechanisms for which the rate-limiting
chemical steps are CIN9 bond breaking, ribooxacarbenium formation and-@arhosrhatehond formation, respectively. These transition
states are defined according to’€N9 and C1—Qrhosphatehond distances as well as the magnitude of the correspondidgdILKIE

values.
Lys22 enzyme active sitéThis evidence suggests that the remote
L., His104 e P o E:R mutation might affect the transition-state structure of
oy e S s~ - < PNP-catalyzed phosphorolysis.
_j\r\‘. & .80 WA Kinetic isotope effects (KIEs) have been used for studying
g~ J ¢/} 8 Ngi :‘@"\\\-\ &2 ’ kinetics @1), chemical equilibria §2), vibrational mode
g e U :J\ o relaxations 83), tunneling 84), hyperconjugations 36, 36),

and ionization 87). KIEs are particularly valuable for
probing enzymatic transition state88(-41). lIteratively
matched KIEs provide a boundary condition for solving the
transition-state structure derived from computational model-
ing (38, 41-43). The combined efficiency of KIEs and

y o’ M structural modeling for enzyme transition-state characteriza-

o~ /"‘\ il tion led us to solve the transition state of E:R-HsSPNP for
OF e M comparison with HSPNP and BtPNP.

N\ 3{ Lo We explored an array of optimized candidates for PNP

Ficure 2: Crystal structure of human PNP trimer with K22 and
H104 residues highlighted and the catalytic sites filled with

immucillin-H, a transition-state analogue. The catalytic sites are
located near the subunit interface. K22 and H104 are located at 45

transition states with systematic alteration of N-ribosidic and
Orhosphaterihosidic bond distances as well as N7-protonation
state, ribosyl configuration and C®H conformation. The
array of PNP transition-state candidates predicted charac-
teristic KIEs at the H1 H2', H5, CZ1, and N9 positions.

A and 25 A away from the enzyme active site, respectively. The [1'-*H], [2'-3H], [5'-H_)], [1'-14C], [9-1°N], and [1-14C, 945N]

structure is taken from PDB file 1PF7.

25, 27—29). E:R-HsPNP is a bovinized HsPNP in which the

K22 and H104 of HsPNP were replaced with the counterparts
from BtPNP. E:R-HsPNP was designed in attempts to
improve crystallographic packing properties for HsPNP.

intrinsic KIEs of E:R-HSPNP were measured experimentally
and compared to the predicted KIEs from the PNP transition-
state candidates. E:R-HsPNP adopts an early associative
Dn*ANF transition state with complete dissociation of hy-
poxanthine and significant phosphate nucleophilic participa-
tion. Transition-state analysis, together with pre-steady-state
kinetics, indicate that the K22E/H104R mutations facilitate

While its crystallographic properties were unchanged, the ~1_N7 pond breaking and cause '€DPhosphate hond

enzyme exhibited altered catalytic properti86)( Here we

association at the transition state.

show that the enzyme also displays altered transition-state

structure. These mutations are located on the HsPNP outeEXPERIMENTAL PROCEDURES

surface and are removed from the enzyme active site by at Reagents and Material§1'-*H]Ribose, [1-“C]ribose,
least 25 A (Figure 2). However, E:R-HsPNP exhibited b-[6-3H,]glucose 1-phosphate, arm[6-1C]glucose were

HsPNP and BtPNP 30). Computational modeling also

ind?gates that the rerr_]ote_ E:R muFation_s of_ HsP_NP Can  sgaen-Oon, S., Ghanem, M., Wing, C., Schramm, V. L. and
facilitate phosphorolysis via promoting vibrations into the Schwartz, S. D. (2008Biophys. J. 94in press.
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[9-1*N]Adenine and [23H]ribose were synthesized according Scheme 1: Synthesis of Isotopically Labeled Inosines

to reported procedure?, 44). Hexokinase, glucose-6- OH

phosphate dehydrogenase, phosphogluconic acid dehydro-

genase/-glutamic dehydrogenase, phosphoriboisomerase, HO

adenylate kinase (AK), and pyruvate kinase (PK) were HO 0

purchased from Sigma. Alkaline phosphatase was purchased HO OH

from Roche. Phosphp-ribosyl-1-pyrophosphate (PRPP) l HK, G6PDH, PGDH,
synthase, adenine phosphoribosyltransferase (APRTase) and l PRI, AK, PK, MK, GDH

Plasmodium falciparunadenosine deaminase (ADA) were
purified according to the reported method&8,(39, 45). OH OP oP

Ribokinase (RK) was obtained as described previouady ( o RK o PRPPase o)
39). All other reagents were purchased from readily available oH - oH -

ial d used without further purificati OPP
commercial sources and used without further purification. 5, o OH OH OH OH
Computational Modeling of PNP Transition Statésan- NH,

sition states for the phosphorolysis of inosine were deter- cl: N
minedin vacuousing hybrid density functional B3LYP/6- N” I »jAPRTase
31G (d, p) basis implemented in Gaussian £8.(A global NH k\N H
approach was carried out to locate the best match to the |2 r|""2
intrinsic KIEs. Bond distances were systematically altered N—-Csy N—Cs

: . . y y N
between the ribosyl anomeric carbon, hypoxanthine andPPPO < | ) PO < | _
phosphate (C1N9 and C1—0phosphaty at the transition state NT N N7 SN

-

between inosine and-b-ribose 1-phosphate. For transition-
state structures involving hypoxanthine dissociation, the
C2—-C1—N9—-C2 dihedral angle was restricted to be°41
based on the dihedral angle of 9-deazahypoxanthine in the
HsPNP crystal structure with immucillin-H49). The C5- Apl
OH configuration of inosine at the transition state of HsSPNP

Y
. , S , o
was applied to E:R-HsPNP because both enzymes report the ;4 < | /) HO < | /)
N N
(o] N o) N

MK, PK
OH OH OH OH

o}

o=

same [5-°H,] KIE of 1.062 (see Results and Discussio®,(
47). Approximately 60 structures were optimized as PNP
transition-state candidates with varied '€N9 or C1— OH OH ADA OH OH

hosphate i i ; i .
Opnosehatedistances, ribosyl pucker configurations and N7- 3], [2'*H], [5'-2HJ], [1'-14C], [5'-14C], [5'-14C, 94°N], and [1-
protpnatlon stateg. These transn!on-state structures containac, 915N]-labeled inosines were prepared from isotopically labeled
partial bonds to either hypoxanthine or phosphate groups toriboses, glucoses and adenines through one-pot, stepwise enzymatic
satisfy the “nucleophilic displacement by electrophile migra- reactions. All radiolabeled materials were converted into adenosine
tion” mechanism in Figure 1. The structures of inosine triphosphates (ATP) as the first step, then adenosines and finally

. inosines as described in Experimental Procedures. The enzymes used
(Substrate) and.-p-ribose 1-phosphate (product) were op- for the conversion include ribokinase (RK), hexokinase (HK), glucose-

timized without add|ng constraints. The bond frequenCieS 6_phosphate dehydrogenase (GGPDH), phosphog|uconic acid dehydro_
for the substrate and PNP transition states were calculatedgenase (PGDH),-glutamic acid dehydrogenase (GDH), phosphori-
using the same level of theory. AIN3— 6 vibrational modes bfliisﬁmefﬁse r(]F’:?l), SSS)nylﬁte p:}i;zse l(/iK), py:]uvatﬁ tkinastt-t'h (PK),
H HH™ H alkalline ospnhatase , (0] 0SYyl-1-pyropnospnate synthase
were used for Calculatlng K”ic’ Qr eq'.“"“b“um isotope effects (PRPPaZe), gdenine phospﬁloribosyltrar)llsferr;lyseFZAPigTase) >;md adenos-
(BIE, where no or<50i cn* imaginary frequency was e deaminase (ADA).
assumed) using the ISOEFF98 progra#8)( Frequencies
for the substrate, the transition states and a reaction- Synthesis of Isotopically Labeled Inosings-3H], [2'-
coordinate imaginary frequency of 50i chor greater were  °H], [5'-3H], [1'-!4C], [5'-*4C], [5'-*“C, 9+°N], and [1-'“C,
used as the inputs for transition states with @ibtion in 9-'5N]-labeled inosines were prepared enzymatically from
the reaction coordinate. The KIEs or BIEs calculated by this isotopically labeled riboses, glucoses and adenines as de-
procedure were compared with the intrinsic KIEs (see the scribed previously with some modifications (Scheme2B) (
methods below) to establish the E:R-HsSPNP transition-state 38, 39, 49). For this approach, all radiolabeled materials were
structure. Pauling bond orders were calculated on the basisconverted into adenosine triphosphates (ATP) at the first
of the equationr, = r; — 0.3 Inn) as described previously  stage, then adenosines and finally inosines via three-step
(49), and the corresponding bond distances in the optimized enzymatic reactions (Scheme 1). Briefly, 2 mM adenine and
substrate or product structures were used for the tegrim 1 mM ribose (final concentrations) were added into a solution
this equation. containing 20 mM phosphoenolpyruvate, 0.1 mM ATP, 100
Calculations of Molecular Electrostatic Potential Surfaces. mM phosphate, 50 mM glycylglycine, 50 mM KCI, 20 mM
The CUBE subprogram of Gaussian 98 was used for MgCl, and 2 mM DTT (pH= 7.4). The reaction was
calculating molecular electrostatic potential (MEP) surfaces initialized by the addition of an enzyme stock containing
of PNP transition states. The formatted checkpoint files used 0.01 unit ribokinase, 0.01 unit adenine phosphoribosyltrans-
in the CUBE subprogram were generated by geometry ferase, 0.01 unit phosplm+ibosyl-1-pyrophosphate syn-
optimization at the B3LYP/6-31G (d, p) level. The MEP thase, 1 unit adenylate kinase and 1 unit pyruvate kinase.
surfaces were visualized using Molekel 4.0 at a density of The mixture was incubated at 3T for 12 h to generate
0.2 electron/A radiolabeled ATPs and heated to 95 for 3 min. Into this
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solution, 5 mM glucose, 4 units of hexokinase, 5 units of effluent was collected, dried by speedvac, dissolved in 200
adenylate kinase and 10 units of alkaline phosphatase wereuL of water and 20 mL of scintillation fluid. The samples
added. The reaction mixture was incubated at@3or 6 h were then counted for 10 cycles at 10 min per cycle (Wallac
to convert ATP to adenosine. The isotopically labeled 1414 LSC, Perkin-Elmer) and averaged. At least six repli-
adenosines were purified by reverse phase HPLC (C-18cates were performed for each KIE measurement.
Deltapak column, 7.5% MeOHA®, 1 mL/min). The peak %H and '“C emissions for each sample were determined
eluting at 260 nm corresponded to adenosine (retention timeaccording to eqs 1 and 3§). The **C channel ratio was

= 14 min). Solvent was removed by speedvac to give obtained by counting a [£‘C]ribose standard to determine
adenosines with 90% yield on the basis of starting riboses. the ratio between channel A and channel B. Channels A and
The adenosines were redissolved into buffer containing 20 B were set such that alH counts appear in channel A and
mM phosphate and AM EDTA (pH = 7.0) and quantita-  only C counts appear in channel B. Tf&:1C ratio was
tively converted into [£°H], [1'-1C] and [2-1C, 9*°N]-

labeled inosinesni 5 h at 25°C by ADA-catalyzed cpm CH) = CPMphannela — CPMEnanneis X

deamination (1 mL reaction, 0/IM enzyme). Inosines were 14 .

purified by reverse phase HPLC (C-18 Deltapak column, 5% (*'C channel ratio) (1)
MeOH/H,O, 1 mL/min, retention time= 8 min). For
preparing [5H,), [5'-1“C] and [3-1“C, 9+°N]-labeled inosines,
D-[6-°H]glucose 1-phosphate anoH[6-'“Clglucose were  ayermined for the partial and complete reactions and the
converted to ATP, then to adenosine and inosine as describeq s were corrected for 0% reaction according to eq 3, where
above. Here the reactions contain 2 mM adenine and 1 MM¢ s the fraction of reaction completio® and R are the
glucose or glucose 1-phosphate, 20 mM phosphoenolpyru-
vate, 0.1 mM cold ATP, 10@&M f-nicotinamide adenine
dinucleotide phosphate sodium salt, 20 mMketoglutarate,

cpm (“C) = cpmy e (1 + ¥C channel ratio)  (2)

ratios of heavy to light isotope at partial and 100% comple-
tion of reaction, respectively36).

5 mM NH,CI, 100 mM phosphate, 50 mM glycylglycine, In(1 — f)

50 mM KCI, 20 mM MgCh and 2 mM DTT (pH= 7.4), 1 KIE = R (3)
unit of hexokinase, 1 wunit of glucose-6-phosphate In(l —fx _)
dehydrogenase, 0.075 unit of phosphogluconic acid dehy- R,

drogenase, 1 of unit-glutamate dehydrogenase, 0.05 unit )
of phosphoriboisomerase, 0.2 unit of adenine phosphoribo- Measurement of Forward Commitment Factéorward
phate synthase, 1 unit of adenylate kinase and 1 unit oftrapping experiments from the fraction of enzyme-bound,
pyruvate kinase. product-generating inosine during the first several catalytic
Expression and Purification of E:R-HsPNE:R-HsPNP ~ turnovers in the presence of excess unlabeled inosine and
was prepared by site directed mutagenesis as described earlig¥’'Senate22). Briefly, 10 uL reaction mixtures containing
(22, 30, 47). Activity of E:R-HsPNP was monitored by the ~304M E:R-HSPNP, 50 mM Tris-HCI (pH 7.5) and 150/
coupled conversion of hypoxanthine to uric acikifes = [1'-*Clinosine (at least % 10 cpm) were preincubated for
12.9 mM cm) at 25°C (0.06 unit of xanthine oxidase, 10 S and then rapidly chased with a solution of 140
50 mM potassium phosphate at pH7.4, varied concentra- ~ containing 50 mM cold inosine and-300 mM arsenate.
tion of inosine). The reactions were quenched affes byadding 50uL of
Determination of KIEs by Isotope Ratio AnalysiR- 1 M HCI. This reaction mixture was then rapldly loaded
HsPNP-catalyzed arsenolysis reactions were carried out a0 @ charcoal-cellulose ~column. The radiolabeled
25°C in a buffer containing 100 mM sodium arsenate, 50 Product was resolved from substrates and analyzed by
mM Tris-HCI (pH = 7.5) and total 25QM inosine unless scmﬂllaﬂon counting. Th_e forward commltment factor was
indicated otherwise. For PNP, arsenate mimics phosphateqeterm'”ed by extrgpolanon to satur.atlng a(senate concentra-
except that arsenolysis by PNP is irreversitfg, (40, 50). tion. Control experiments were carried out |n.the absence of
KIEs were determined by the competitive radiolabeled arsenate and used as background correction for forward

method described previouslgZ, 38, 40, 50). Briefly, Vina/ commitment.

K KIEs of all 3H KIEs were measured using'{8'Clinosine

as the remote label, while the oth¥pa./Km KIES were RESULTS AND DISCUSSION

determined with [53H,]inosine as the remote label. Each PNP Transition-State Structure8pproximately 60 can-
assay was performed in a total volume of 2B80containing didate structures of PNP transition states were optimized at
1 nM enzyme and 250M substrate (at least & 10* cpm the B3LYP/6-31G (d, p) level by altering systematically
for 4C and 3:1 for®H:1C cpm). A portion of the reaction  N-ribosidic and ®sPhateriposidic bond distances as well as
mixture (50uL) was allowed to reach 100% completion by the 2-C-exo/endoconfiguration (Experimental Procedures
adding another 5 nM enzyme and further incubating over- and Supporting Information). These optimized structures
night, while the remaining 200L was quenched by heating (Figure 3) served as a candidate library for potential E:R-
to 95°C for 3 min upon 26-30% completion. The reaction HsPNP transition states. The KIEs for the transition-state
mixture was loaded onto charcoal-cellulose columns (4:1, candidates were calculated using ISOEFF98 at H2, H5,

100 mg total, pre-equilibrated with 10 miMribose) followed C1 and N9 @8). On the basis of the characteristi¢-[1C]

by washing with 10Q:L of 10 mM b-ribose. The radiola-  KIEs as well as C1t-N9 and C1—Orhosphatedistances, these
beled products of the PNP reaction were eluted with 3 mL transition-state structures were divided into the categories
of 20 mM b-ribose containing 10% ethanol (v/v). The (Figure 1, Figure 3 and Supporting Information) éarly
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Ficure 3: Representative structure candidates of PNP transition states. Approximately 60 candidate structures of PNP transition states
were optimizedin vacuo using hybrid density functional B3LYP/6-31G (d, p) methods implemented in Gaussian 98. The process of
optimization started by systematically varying’€N9 or C1—Qphosphatehond distances as well as ribosyl pucker configuration and N7-
protonation states. The C2C1—N9—C2 dihedral angle was restricted to be°4ihd the C50H configuration of HSPNP (O5C5—
C4—04 dihedral angle= 60°) was adopted as discussed in Experimental Procedures. Nine representative structures are sHavas with

an early dissociative {J*A y transition state with N7-protonatiofib as a late dissociative #*A y transition state with N7-protonatioBa

as an early dissociative o*A \ transition state without N7-protonatiob for a boundary structure between early and late dissociative
Dn**A  transition states without N7-protonatidg for a late dissociative F*A y transition state without N7-protonatioda for an early
associative R*A \* transition state with C2endoconfiguration,3b for a late associative JA y* transition state with C2endoconfiguration,

4afor an early associative PA ¥ transition state with C2exo configuration anddb for a late associative {JA * transition state with
C2-exoconfiguration, respectively. The computational KIEsdafbest match the intrinsic KIEs of E:R-HsPNP and thus the struetare
approximates the transition state of E:R-HSPNP.

dissociative @**A \ transition states with significant “C] — HsPNP
KIEs and residual C+N9 bond order (distances 2.3 A) = B{PNP
and no p.hgsphate. part_|C|pat|0?* (such]@?a and 2b in 915N KIE e [:R-HsPNP
Figure 3); (ii)late dissociative Q™A \ transition states with
[1'-34C] KIEs near unity, C1-N9 distances> 2.3 A and no 5'-3H, KIE ::gig
phosphate participation (such Hsand2cin Figure 3); (iii) 1.062 1.024 o)
fully dissociative *An (Syl) transition states with no 1.033 N
significant [1-24C] KIEs and without hypoxanthine and 1.063 </ NH
phosphate participatior2®); (iv) early associative A : 3 ' | V3
transition states with significant #C] KIEs and C1— H sy 15N =~ V'-HKIEs
Orhosphatefistances> 2.2 A and no hypoxanthine participation N i
(such as3a, 4a in Figure 3); (v)late associative R*A\* OH o N s s 1.210
transition states with substantial'{#C] KIEs and C1— S H* 1"4C KIEs
Orhosphatgjistancess 2.2 A and no hypoxanthine participation 3H"‘-~ 1.002
(such as3b, 4b in Figure 3). HsPNP hasfally dissociative 1.026
Dn*An (Swl) transition state and BtPNP adopts early OH OH "\\ 1.035
dissociative @**A  transition state. This global search for 2'3H KIE
KIE-matched transition-state structure is useful to locate the 1.031
nature of diverse transition states. 1.152

The CB-OH configuration of HSPNP (O5C5—C4 — 1.075

04 dihedral angle= 60°) was used for transition-state FiGURe 4: Intrinsic KIEs of HSPNP, BtPNP and E:R-HSPNP. The

it D isotopically labeled positions are indicated in inosine. The intrinsic
optimization because HsPNP and E:R-HSPNP report the KIEs of E:R-HsSPNP are from this work. Intrinsic KIEs of BtPNP

same 5°H KIEs of 1.063 (Figure 4)47). In comparisonto  and HsPNP have been reported previougy, @2). E:R-HsPNP
free inosine, the hypoxanthine ring at the transition states is shows both large [13H] and [1-14C] KIEs in comparison to HsSPNP
rotated toward the'ZH with a C2—C1'—N9—C2 dihedral and BtPNP.

angle of 42, based on the structure of PNP bound to

immucillin-H (see Experimental Procedured)). For N7- structures converged as '‘@oisomers upon modeling. The
protonated ™A \ transition states, both G2xoandendo instability of these N7-unprotonated E&ndostructures is
conformations are allowed in the full range of 'EN9 caused by gauche repulsion betweérH2and C1—N9

distances ¥1.8 A). However, N7-unprotonated \f¥A y electrons, and is released by adopting thé-€©® configu-
transition states favor G2&xo configuration with a wide ration or N7 protonation. For A y* transition states, both
range of C1-N9 distances. In contrast, the @hdo C2-exoand C2-endoconfigurations are allowed for Ct
conformers are more favored for late dissociativg™® v Orhosphatgistances between 1.8 A and 2.8 A. When the-€1
transition states. Other N7-unprotonated;-€2doDy™*A y Qphosphate> 2 8 R ' C2-endoconformers are preferred due to
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Table 1: Apparent KIEs, Intrinsic KIEs and Computational KIEs of E:R-HSPNP

apparent KIES,intrinsic KIEs'and computational KIEof E:R-HSPNP

inosine pair type of KIEs exptl KIES apparent KIEs intrinsic KIEs computational KIEs

[1-3H] vs [5'-14C] o-secondaryH 1.170+ 0.003 1.17G+ 0.003 1.210+ 0.003 1.276

[2'-3H] vs [5'-1C] B-secondaryH 1.061+ 0.003 1.064- 0.003 1.075+ 0.003 1.058

[1'-14C] vs [5-H;] primary *C 0.978+ 0.002 1.028+ 0.004 1.035+ 0.005 1.035

[9-1°N, 5'-14C] vs [5-3H,] primary >N 0.970+ 0.003 1.020+ 0.005 1.024+ 0.005 1.027

[9-15N, 1'-14C] vs [5-2H,] primary “C'>N 1.002+ 0.002 1.053+ 0.004 1.065+ 0.005 1.062

[9-1°N, 1'-*4C] calcd primary4C*N 0.949+ 0.005 1.049+ 0.009 1.060G+ 0.010 1.062

[6'-*H;] vs [5'-14C] remote*H 1.051+ 0.002 1.05% 0.002 1.063t 0.002 1.107groR & S
1.026 proR)
1.078 proS)

aThe KIEs of E:R-HsPNP were measured or calculated as described in Experimental Procetheefirst labels are foW/K KIEs, and the
second are remote labelsThe apparent KIEs were obtained after correcting for the remdté*@$ or [5'-H,] KIEs, and corrections to
0% reaction, respectively.The intrinsic KIEs were calculated from the apparent KIEs and forward commitment factor according té Ee5.
computational KIEs were obtained on the basis of the vibrational modes of B3LYP/6-31G (d, p)-optimized E:R-HSPNP substrate and transition
state using the ISOEFF98 prograivt least 6 measurements were made for each experimental KIE, and standard errors are calculated from
the variation between experimentsThe [945N] KIE is reported as the maximal [9N] KIE for N7-protonated Q™A transition states
(Figure 7a) and is assumed to be the same as that at the N7-protongfed* lransition state of E:R-HsSPNP, because hypoxanthine N9 in both
cases is more than 3.0 A away from the anomeric carb@alculated from the product of the'J34C] and [94°N] KIEs. | This remote®H
KIE arises from C-H distortion at the transition states. KIEs jofo-R and pro-S°®H were calculated separately and are reported together as the
[5'-3H;] KIE.

the favorable hyperconjugation between the-82' ¢ bond 0.40

and the anomeric carbon 2grbital (see discussion below).
The C2 geometry influences only the H-XIE values.
Consequently, only the Ggeometry corresponding to the
[2'-2H] KIEs is discussed.

Apparent KIEs, Remote Label KIEs, Commitment to
Catalysis and Intrinsic KIESThe apparent KIE values for
[1-3H], [2'-3H], [5'-3H_], [1'-*C], [9-1°N], and [1-C, 95N]
inosines with E:R-HsPNP were determined by the competi-
tive radiolabeled method2®, 47). 3(Vmad/Km) of 1.170 %
0.003 for [1-°H], 1.061 4 0.003 for [2-°H] and 1.0514+
0.002 for [3-2H,] were obtained using [#H]-, [2'-*H]-, [5'-
%H,]inosine as the isotope-labeled reactants ariel5)-
inosine as the remote label, respectively (Table 1). The 0.00 & ‘ ‘ ' ‘
remote!“C KIE is assumed to be unity because inosire [5 0 20 40 60 80 100
14C] is three bonds away from the N-ribosidic reaction center Arsenate concentration (mM)
and'“C KIE is insensitive to geometric variation in transition Fgure 5: Measurement of forward commitment for E:R-HsPNP.
states 22, 38, 39). *(Vimal/Km), *(VmalKm) and 1Vl Forward commitment was determined by isotope trapping experi-
Km) for [1'-14C], [9-1°N] and [1-*4C, 94°N] were measured  ments as described in Experimental ProceduresYkhés intercept
wih [8-<Hinosine as the emote abel and corected for () a5 obianed by exiapoling bie ok tatoofrhcse
g:'e 5.1% KIE of remote [5°H;] (Table 1). A similar [3- of saturating arsenate. The forward commitment factor was

2] KIE has been observed for HSPNP, consistent with-C5  cajculated from the equatioBs = Yexra (1 — Yourap.

H5' bond distortion on forming the enzyme-bound transition
state @2, 51). 5). In contrast, HsPNP shows a smaI(ér_of 0.147 @2).

The observed/ma/Km KIES in competitive experiments The 1.6-fold increase o for E:_R-HSPNP is caused by the
include the contribution of forward and reverse commitments K22E/H104R mutations, despite being over 25 A from the
to catalysis and large commitments mask intrinsic KIE% ( €nzyme active site (Figure 2). Since the changBinwas
38, 39). Intrinsic KIEs for E:R-HsPNP were obtained upon Mmodestly increasedy is likely to be from the increasekdz
correcting for commitment factors according to eq 4 (Table (lowered transition-state barrier) for E:R-HsPNSO) Ar-

1), whereH(V/K) is the observed heavy atom KIEK is the senolysis prevents reverse comm|tme£n_t|(1 eq _4) of E:R-
intrinsic KIE, "Keq s the equilibrium isotope effect between HSPNP 22, 40, 50). Consequently, the intrinsic KIESK)
substrate and producE; and C; are forward and reverse ©Of [1'-*H], [2'-*H], [5'-*Hg], [1'-*C], [9-**N], and [1-*C,

commitment, respectively, and H represents the heavy isotope?- NI of E:R-HsPNP were derived from eq 5. Correction
3H, 14C, or 15N, respectively. for forward commitment alters the apparéfita/Kn KIEs

to give intrinsicVma/Km KIES (Table 1).
"k+Ci + C, x "Kqq . Hy +
1+C +C “) H(viK) =

Ci = Yextrap / (1 - Yextrap) = 0.239 £ 0.025
0.30 -

0.193
O

e I S

]
=

0.20

m}

Ribose / Bound Inosine

0.10 -

G

HvIK) =
V9 1+C ()

The forward commitment of E:R-HsPNEy(= 0.239+ Transition-State Structure of E:R-HsPNPhe intrinsic
0.025) was obtained by the isotope trapping method (Figure KIEs of E:R-HSPNP differ from both HSPNP and BtPNP
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Inosine Transition State Product

FIGURE 6: Structures of inosine, E:R-HsPNP transition state (TS)
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transition state. The large secondary-d] KIE supports
the dissociative character of the E:R-HSPNP transition
state. 5-Secondary [2°H] and remote [5°H,] KIES
provide information on ribosyl ring pucker and-GH
configuration.

Remote [53H,] KIE. The tritiums of [3-*H,]inosine are
four bonds away from the reaction center and are expected
to be insensitive to the chemistry at the-fiC] reaction
center 89, 50, 51). Therefore, the intrinsic [5*H,] KIE of
1.063+ 0.002 reports on the geometrical distortion of these
bonds at the transition state. Significant remote’fs] KIEs
have also been reported for HSPNP, BtPNP and PfRNP (
22). Computational modeling indicates that isotope effects
as large as 10% can be caused by altering the-Q5 —
C4—04 dihedral angle from- 55° for free inosine to 60
at the transition state. Of this 10% isotope effect, 2% and
8% are contributed from the BH-proR] and [3-*H-prog
positions, respectively. The 'BBH,] KIE of 1.063 £ 0.002
with E:R-HsSPNP is slightly lower than the calculated value
(Table 1), however, KIEs calculated féH in vacuotend to
be overestimated because van der Waals interactions at
enzyme active sites might restrict the out-of-plane bending
motions @2, 39—41). The hydrogen bond between the 5
OH and PNP His257 is responsible for the energetically
unfavorable 50OH orientation 47). It is possible that bond
bending at the transition state can further contribute to the
observedPH KIEs. It may account for the slight difference
between the experimental and the calculatdKIEs.

a-Secondary [}3H] KIE. A large a-secondary [13H]
KIE is indicative of C1 sp? hybridization at the transition

and ribose 1-phosphate product. The transition-state structure forstate, whereas a near unitysecondary [£3H] KIE corre-
E:R-HsSPNP is shown with MEP and stick models. The N7- sponds to more $pharacter for C'lat the transition state

protonated hypoxanthine moiety was adapted from the correspond

ing Dy™*A  transition-state structure whose'€N9 distance is at

least 3.2 A. The transition-state structure was optimized using hybri
density functional theory at the B3LYP/6-31G (d, p) level. Its KIE
values match the intrinsic KIEs of E:R-HsPNP. The energy-

“(Figure 1 and Supporting InformatiorQ, 22, 40, 41). The
g intrinsic [1'-*H] KIE of 1.210+ 0.003 (Table 1) is consistent

with dissociative or early associative transition states. The
E:R-HsPNP [1-3H] KIE is larger than those of HsSPNP and

minimized structures of inosine and ribose 1-phosphate were BtPNP (Figure 4)21, 22). Thus the transition state of E:R-
obtained with the same computational parameters. The CUBE HsPNP has more freedom in the 'Hibrational modes than

subprogram of Gaussian 98 was used to generate molecular
electrostatic potential (MEP) surfaces, which are visualized using

Molekel 4.0.

(Figure 4) @1, 22), establishing an altered transition state.
Particularly, E:R-HsPNP exhibits larger {3H] and [1-1C]

the transition states for HsSPNP and BtPNR, (39, 41). The
C1—H1' out-of-plane bending mode is highly sensitive to
the CI—N9 distance and to nucleophilic participation.
Although the computational [£H] KIE of 1.298 for E:R-
HsPNP transition state is slightly higher than the experi-

KIEs in comparison to HsPNP and BtPNP (Figure 4 and mentally obtained intrinsic [1*H] KIE of 1.210 + 0.003

Table 1). Large [1'“C] KIEs can stem from the participation
of either the leaving group or the nucleophile with' Gt
the transition state2(l, 22, 39, 40). The intrinsic KIEs were

(Table 1), computationas-secondary [t*H] KIEs are
commonly overestimated by vacuo calculations 22, 26,
41). This limitation may reflect van der Waals interactions

used as boundary constraints for comparison with the that suppress out-of-plane bending motions efHCbonds

computational KIEs derived from the B3LYP-optimized
transition-state structures with GAIN9 and C1—Qphosphate

at the catalytic sites.
Primary [9-1°N] KIE. The primary [9:°N] KIE reports

distances, ribosyl pucker configurations and N7-protonation the loss of C1-N9 bond order as well as the rehybridization
states as variables. The transition-state structure of E:R-of hypoxanthine at the transition state. In addition, the
HsPNP (Figure 6 and Table 1) is in agreement with the protonation state of purine ring nitrogens at the transition

intrinsic [1'-3H], [2'-%H], [1'-14C] and [94°N] KIEs and shows
the loss of the N-ribosidic bond (CiN9 distance> 3.0 A)
and partial attack of nucleophilic phosphate (€@rhosphate
distance= 2.26+ 0.02 A). N7 of the leaving hypoxanthine
at the transition state is fully protonated, and the ribosyl
pucker is C2exa The vector of the 50—H bond is oriented
away from the ribosyl group (Figure 3). The primary-[1
14C] and [94°N] KIEs are key parameters for the determi-
nation of C1—N9 and C1—Ophosphatehgnd distances at the

state is reflected in the [$N] KIE. The [9-°N] KIE of 1.024

+ 0.005 for E:R-HsSPNP (Table 1) is consistent with
complete dissociation of the N-ribosidic bond (at least 3.0
A and less than 0.02 Pauling bond order) and N7 protonation
of the leaving hypoxanthine moiety at the transition state
(Figure 6). Computational modeling results show tha®[g-
KIEs for N7-protonated PNP transition states increase from
unity to 1.027 as the C£N9 distances vary from 1.46 A
for full-bond-order substrate 3.0 A for a fully dissociative
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Ficure 7: Computational [114C] and [94°N] KIEs for inosine at
dissociative transition states with varied'€N9 distances. Transi-
tion-state structures were optimizedvacuousing hybrid density
functional theory implemented in Gaussian 98 at the B3LYP/6-
31G (d, p) level. The process started by systematically varyirig C1

N9 distances as well as ribosyl pucker and N7-protonation. The

orientations of C50H and purine were restricted to those found

Luo et al.

transition state. Similar primary [9N] KIEs between E:R-
HsPNP and HsPNP (1.024 0.005 vs 1.029 0.006) argue
that the two transition states are similar in regard to
hypoxanthine dissociation and N7 protonati@d,(22). The
transition state of HSPNP has been characterized as N7-
protonated with full loss of the C£N9 bond @2).

Primary [1'-1%C] and [1'-1“C, 9-°N] KIEs. The primary
14C KIE is highly informative for determining transition-
state structures in nucleophilic substitution reacti@is 22,

40, 50). Unity or slightly inverse [1:“C] KIEs are observed

for complete dissociative A y transition states39). For
borderline {1 reactions, [1“C] KIE is expected to be in
the range of 1.011.06 (Figure 1) 89). The [1-1“C] KIE of
1.035+ 0.005 for E:R-HSPNP is consistent with a mecha-
nism in which N-ribosidic bond dissociation is rapid and
attack of the nucleophilic arsenate provides the highest barrier
transition state on the reaction coordinate (Figure 1). The
computationally matched KIEs indicate a'€Drhosphatgyond
distance of 2.26 A with a Pauling bond order of 0.1 at the
transition state. Several other transition states (Figure 6) also
predict a primary [£*C] KIE of 1.035 (Table 2). These
structures have either significant N&€1' bond order or short

C1 —Orhosphatedistances and can be eliminated because their
KIEs at other positions do not agree with the intrinsic KIEs
(Figure 3, Table 2).

The CI—N9 and C1l-—Ophosehate hond distances were
determined primarily from the [#4C] and [945N] KIEs of
E:R-HsPNP. The certainty of the transition state is subject
to the accuracy of these primary KIEs. Given the intrinsic
errors for [1-*4C] and [94°N] as well as the relatively large
6.3% KIE for the [3-°H,] remote label, we also measured
the primary [1-*C, 95N] KIE as a parallel control. The
[1'-14C, 945N] KIE of 1.065+ 0.005 showed good agreement
with the product (1.060) of the individual primary'{1'C]

KIE of 1.0354 0.005 and [9°N] KIE of 1.024 4+ 0.005
(Table 1).
B-Secondary [2%H] KIE. The -secondary [2°H] KIE

in PNP crystal structures as described in Experimental Proceduresis influenced by the degree of hyperconjugation between the

The KIEs were calculated using the ISOEFF98 program. THe C2
exoand C2-endoisomers with the same N7 protonation state and
C1'—N9 distances report almost identical KIEs except at thé H2
position. The KIEs of C2endoisomers are shown here because
they are a better match to thé£H] KIE of E:R-HsPNP. Complete
[1'-1“C] KIEs for N7-unprotonated dissociative transition states
reach unity only when C+N9 distances are more than 4.0 A

(41): (a) N7-protonated transition states and (b) N7-unprotonated

transition states.

C1-H2' ¢ bond and the anomeric carbon,2pbital (22,
39). The magnitude of the KIE is proportional to (i) the
dihedral angle between the CH2 o bond and the
anomeric 2porbital and (ii) the degree of CEN9 and C1—
Orhosphatehyond dissociation22, 39). These factors are also
correlated to ribosyl ring pucker and N&1', C1 —Qphosphate
bond distances at the transition state. A lafiggecondary
[2'-%H] KIE is consistent with complete dissociation of the

oxacarbenium ion intermediate (Figure 7a). Given the leaving group, insignificant participation of the nucleophile
intrinsic errors of KIE measurements (Table 1) and the and a co%0 = 1 H2—-C2—C1 —p,(C1) dihedral angle. In

insensitivity of [945N] KIE in the range of large CE+N9
distances (the plateau in Figure 7a,b)}{8] KIE of 1.024

+ 0.005 together with the modest-to-large{R] (discussion
below) and [1-*H] KIEs (discussion above) led to a G4
N9 distance>3.0 A at the transition state. We also calculated
[9-1°N] KIEs for N7-unprotonated®NP transition states as
a function of C1—N9 distances (Figure 7b). Although a N7-
unprotonatedtransition-state candidat@lf) with C1'—N9
distance of 2.0 A matches the intrinsic KIE of 1.024.005,
the calculated [1*“C] KIE of 1.060 for such a structure is
significantly larger than the experimental KIE of 1.035 (see
discussion below and Table 2). The primary*{8 KIE of
1.024+ 0.005, together with the primary 'F“C] KIE of

contrast, smalls-secondary [2°H] KIEsS correspond to
significant participation of the leaving group or nucleophile,
or close to 90 (cog 6 = 0) H2—C2—C1'-p, dihedral angle.
Consequently,S-secondary [2°H] KIEs are useful for
determining C1-N9 and C1—Qrhosphatehond distances as
well as ribosyl pucker at transition states. The modest
intrinsic [2-3H] KIE of 1.075, together with a [11C] KIE

of 1.035 for E:R-HsSPNP, agrees with the computational KIEs
of 1.057 and 1.035, respectively, for the proposed E:R-
HsPNP transition state with GtOphosphatehond= 2,26 A
(Figure 6 and Table 1). This transition state adopts & C2
exoconfiguration with the dihedral angles of HX22—-C1' —
pAC1) and H2-C2-—-Cl—Qphosphate of 70° and 110,

1.035 (see discussion below), supports N7 protonation at therespectively. The corresponding 'éhdo conformer 8a)
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Table 2: Comparison between Intrinsic KIEs and Computational KIEs

computational KIE%
associative transition stafes

dissocative transition states

N7-protonated N7-unprotonated '-ia-endo 2'-H-exo
type of KIEs intrinsic KIES la® 1b® 2&° 2bf 2c 3a° 3be 4 4be
primary 1-14C 1.035 1.034 1.033 1.032 1066 1.034 1.035 1.032 1.035 1.033
primary"9-15N 1.024 1.009 1.023 1.016 1.025 1.035 1.027(35) 1.027(35) 1.027(35) 1.027(35)
o-secondary °H 1.210 1.063 1.314 1.093 1201 1489 1.288 1.063 1.276 1.024
p-secondary 2°H 1.075 0.984 1.006 0942 0.938 1.104 1.180 1.067 1.058 1.004
remote 5-°H 1.063 1.075 1.020 1.071 1.060 1.026 1.105 1.101 1.107 1.080

@ The computational KIEs of the E:R-HsPNP transition state and nine representative PNP transition states are compared with the intrinsic KIEs
of E:R-HsPNP. All transition states in this table show partial matched KIEs in comparison to the intrinsic KIEs of E:R-HsSPNP. The structures are
shown in Figure 3” The computational KIEs were calculated using ISOEFF98 program on the basis of the optimized PNP transition-state structures
in Figure 3.¢The intrinsic KIEs were measured by the competitive radiolabeled method as described in Experimental Procedures and shown in
Table 1.9 Dissociative and associative transition states are defined in Figures 1 afidaBsition-state structures with matched{1C] KIE in
comparison with E:R-HsPNP Transition-state structures with matched{8] KIE in comparison with E:R-HsPNF. The transition-state structure
solved for E:R-HSPNP! Two sets of [9}°N] KIEs are reported for associative transition states with 1.027 for N7-protonated hypoxanthine and
1.035 for N7-unprotonated hypoxanthine at the transition states, respectively. The values are estimated on the basis of AthikdgFor
the fully dissociative transition states, where hypoxanthine is at least 3.0 A away from anomeric carbon and thus is assumed to report the same
[9-1°N] KIEs as for associative transition states.

predicts a KIE of 1.20 (Figure 8 and Table 2). In addition, 1.080 -
the [2-3H] KIE rules out the possibility that E:R-HSPNP a. [1'-1C| KIEs of Dy’ Ay* transition states
adopts an early dissociative transition state, because none 1.060 - @ 2%endo
of these reported structures match both!fC] and [2-3H] w o A 2exo
KIEs (Table 2). Consequently, primary {#C] and [2-'5N] <
KIEs, together with secondary '[#H] and [2-*H], define O 1.040 -
the early associative character of the E:R-HsPNP transition I,
state (Figure 6 and Table 2). =
Comparatie Transition States of HsSPNP, BtPNP and E:R- 1.020 -
HsPNP.The transition-state structures of HsSPNP and BtPNP -8 -g
have been reported previousBi( 22). Although these PNPs 1.000 -

share 87% amino acid sequence identity, their transition-
state structures are different. HSPNP has a fully dissociative
transition state where both leaving hypoxanthine and nu-
cleophilic arsenate have no participation and an oxacarbe-
nium ion intermediate is formed2®). The dissociative
character of the HsPNP transition state is reflected by unity
[1'-14C] and large [9*°N] KIEs of 1.002 and 1.029, respec-
tively (Figure 4). In contrast, BtPNP features an early
dissociative transition state with a significant’€N9 bond
order and short C+N9 distance of 1.8 AZ1, 22). The
proposed transition-state structure of BtPNP is consistent with
a small [91°N] KIE of 1.010 and modest [11C] of 1.026
(Figure 4). E:R-HsPNP is a chimeric HsPNP containing
K22E/H104R mutations found in BtPNP incorporated into
its primary amino acid sequence. These changes make the
transition state of E:R-HsPNP different from either parent.
It is more similar to that of human'Bnethylthio adenosine
phosphorylase 40) than to HsPNP or BtPNP2{, 22).
Enzymatic transition states from KIE analysis report on the

14 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0

1.4 4
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1.2 -

[2'-*H] KIE

1.1
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b. [2'*H] KIEs of Dy Ay transition states
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FicURE 8: Computational [1'4C] and [2-3H] KIEs for inosine at

rate-determining chemical step along the reaction coordinate. e pNp Q*A N transition states with varied GZQphosphate

Consequently, C+N9 bond dissociation, oxacarbenium ion distances. The structures of®A y transition states were optimized
intermediate formation and GiOPhesphatthond formation are  as described in Figure 7. Gi0Ophosphategistances as well as the
possible transition state features of the PNPs. Notably, ribosyl configuration were varied with the GOH orientation

_ _ D _ ; ‘restricted. The KIEs of optimized structures were calculated using
BtPNP-, HSPNP- and E:R-HsPNP-catalyzed arsenolysis eact{ St gs 20 o Snospmaiagistances between 1.6 A and 2.8 A,
show different feature along the reaction coordinate as thepqth c2-exoand C2-endoconformers are stable. In contrast, 2
transition-state structure. This observation is remarkable sinceendoconformers are preferred for GiOphosphate> 2 8 A, For cases
E:R-HsPNP and HsPNP differ only by two residues that are where C1—Oprosphaie> 2.8 A, only KIEs of the C2endostructures
25 A away from their active sites (Figure 2). The variation are plotted. (a) [t“C] KIEs for C2Z-endo/exdransition states and

. . (b) [2'-3H] KIEs for C2-endo/exdransition states.

among BtPNP, HsPNP and E:R-HsSPNP transition states
argues that the K22E/H104R double mutant transmits key Effects of Remote Mutations on E:R-HsPNP Transition
transition-state stabilization from BtPNP to HSPNP. State and Reaction Profilelhe reaction coordinates and
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tions. A computational study, using QM/MM analysis has
HsPNP {.ﬁ' % proposed that the remote K22E/H104R mutations in E:R-
\7;;>3'0A , HsPNP facilitate nucleoside phosphorolysis via dynamic
7 M>30A [ >30A coupling at the enzyme active site5avorable partition of
A / NP 596 A the Michaelis complex toward the transition state is consistent
BtPNP )Lﬁ\"“ >\ ) with the increase in forward commitment factor in E:R-
\>3.04A Y < E:R-HsPNP HsPNP 22, 39). Consequently, the double mutations in E:R-

HsPNP facilitate rapid formation of the oxacarbenium ion
species to make CEOpPhosPhaidyond association the dominant
transition state.

CONCLUSION

E:R-HsPNP is a bovinized mutant of HsSPNP achieved by
/h./ replacing its K22 and H104 with the corresponding Glu and
L Arg residues of BtPNP. The transition-state structure of E:R-
E"zg'"e'b“”"d HsPNP was solved by competitive KIEs and density
roduct . . " .
functional calculations. The transition-state candidates were
optimized with respect to CEN9 and C1—Qphosphatedjs-
FIGURE 9: The reaction coordinates for inosine phosphorolysis tances, ribosyl configurations, N7-protonation states and 5
catalyzed by HsPNP, BtPNP and E:R-HsPNP. The relative energy OH geometry. The E:R-HsPNP transition state features-a C2
along the reaction coordinate is arbitrary with the highest energetic exaribosyl ring pucker, a fully dissociative, N7-protonated
points as the chemical transition states. The first reaction barrier hypoxanthine, and weak participation of the arsenate nu-

represents the dissociation of N-ribosidic bond, and the second I hile. Thi | it ¢ iti tat f ER
barrier corresponds to the attack of phosphate. The ribooxacarbe-C'€OPNIE. IS early associauve transition state of t.x-

nium intermediate is between these transition states (dashed blud1SPNP is distinguished from early and fully dissociative
line). BtPNP has an early dissociative transition state (N-ribosidic transition states of BtPNP and HsSPNP, respectively. The

bond dissociation, black trace). In contrast, the transition state of g|teration of the transition-state structures from HsPNP to

HsPNP features a relatively stable ribooxacarbenium intermediate.E.R_HspNP is remarkable. because the two enzvmes are

The rate-limiting chemical step of E:R-HSPNP is SOroer diﬁerent from each other b only two residues thz;/t are at

bond formation. BtPNP stabilizes a lower energy transition state y only twt

than HsPNP. A lower energy for oxacarbenium ion formation also least 25 A from the enzyme active site. The remote K22E/

occurs in the transition state for E:R-HsPNP. The subsequentH104R mutations lower the energy (increase the probability)

CI'—Ophosehaehond formation is the high-barrier transition state  for N-ribosidic bond breaking and thus leave the latet-€1

for E:R-HSPNP. Orhosphatehond formation as the transition state for catalysis

by E:R-HsPNP. This systematic approach for solving the

N E:R-HsPNP transition state provides a candidate library of

transition-state structures of BtPNP, HsSPNP and E:R-HSPNPpNp transition states that can be used as a benchmark for

all follow a “nucleophilic displacementelectrophilic migra-  transition-state characterization of other PNPs and N-ribosyl

tion” mechanism but are distinguished from one another by transferase enzymes.

the positions of their transition states along the reaction
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