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Abstract: Crystallographic studies of human purine nucleoside phosphorylase (hPNP) with several transition-
state (TS) analogues in the immucillin family showed an unusual geometric arrangement of the atoms
0-5', 0-4', and Op, the nucleophilic phosphate oxygen, lying in a close three-oxygen stack. These
observations were corroborated by extensive experimental kinetic isotope effect analysis. We propose that
protein-facilitated dynamic modes in hPNP cause this stack, centered on the ribosyl O-4' oxygen, to squeeze
together and push electrons toward the purine ring, stabilizing the oxacarbenium character of the TS. As
the N-ribosidic bond is cleaved during the reaction, the pK, values of N-7 and O-6 increase by the electron
density expelled by the oxygen-stack compression toward the purine ring. Increased electron density in
the purine ring improves electrostatic interactions with nearby residues and facilitates the abstraction of a
proton from a solvent proton or an unidentified general acid, making the purine a better leaving group, and
accelerating catalysis. Classical and mixed quantum/classical molecular dynamics (MD) simulations of the
Michaelis complex of hPNP with the substrates guanosine and phosphate were performed to assess the
existence of protein-promoting vibrations (PPVs). Analogous simulations were performed for the substrates
in aqueous solution. In the catalytic site, the O-5', O-4', and Op oxygens vibrate at frequencies of ca. 125
and 465 cm™, as opposed to 285 cm~1 in the absence of hPNP. The hybrid quantum mechanical/molecular
mechanical method was used to assess whether this enzymatic vibration pushing the oxygens together is
coupled to the reaction coordinate, and thus has a direct positive impact on catalysis. The potential energy
surface for the phosphorolysis reaction for several snapshots taken from the classical MD simulation showed
substantial differences in oxygen compression. Our calculations showed the existence of PPVs coupled to
the reaction coordinate, which effect electronic alterations in the active site by pushing the three oxygen
centers together in proximity, and accelerate substrate turnover in the phosphorolysis reaction catalyzed
by hPNP.

Introduction — -*

Human purine nucleoside phosphorylase (hPNP) is the only . i 5 2
purine salvage enzyme that specifically catalyzes reversible bond 4 f"" 4 Jf‘\“" <\ /k
cleavage of 6-oxopurine nucleosides to form phosphorylated NN N, o TN N, on
a-D-ribose products in the presence of phosphate (Figute 1). ’:o\: 5 ;:0:1 H

In 1975, Giblett discovered that a child with a specific T-cell «}—F, I ) wan = a1,
immunodeficiency was also deficient in hPRIRII other tissues ° J & e o
and cell types, including B-cells, were normal. The parents had  *%, Ho R’
normal immune function, but each had less than 50% of normal

hPNP activity in erythrocytes. Analysis of metabolites from
hPNP-deficient patients revealed a deficiency in uric acid
formation together with increased circulating purine nucleosides
and deoxynucleosides, and also overproduction of purines from

Figure 1. hPNP-catalyzed phosphorolysis of the purine nucleoside. The
guanine leaving group and phosphate nucleophile are well-separated from
the oxacarbenium ion, defining a highly dissociative TS.

the de novo pathways. It was later demonstrated that thefailure to degrade deoxyguanosine and its conversion to dGTP

biochemical link between hPNP and T-cell deficiency was the

in activated T-cell§-8 Stimulated T-cells require DNA synthesis

T Department of Biochemistry.
* Department of Biophysics.
(1) Stoeckler, J. D.; Cambor, C.; Parks, R. EBihchemistry198Q 19, 102—
107.

(2) Giblett, E. R.; Ammann, A. J.; Wara, E. W.; Sandman, R.; Diamond, L.
K. Lancet Il975 1010-1013.

15720 = J. AM. CHEM. SOC. 2004, 126, 15720—15729

(3) Krenitsky, T. A.; Tuttlle, J. V.; Koszalka, G. W.; Chen, I. S.; Beachman,
L. M.; Rideout, J. L.; Elion, G. BJ. Biol. Chem1976 251, 4055-4061.

(4) Carson, D. A.; Kaye, J.; Seegmiller, J. Eroc. Natl. Acad. Sci. U.S.A.
1977, 74, 5677-5681.

(5) Mitchell, B. S.; Mejias, E.; Daddona, P. E.; Kelly, W. Rroc. Natl. Acad.
Sci. U.S.A1978 75, 5011-5014.

10.1021/ja0457563 CCC: $27.50 © 2004 American Chemical Society



Promoting Vibrations in hPNP ARTICLES

for cell division, and an excess of dGTP allosterically inhibits

ribonucleotide diphosphate reductase, causing unbalanced deoxy- 0

nucleotide pools and inducing apoptosi8.The discovery that N NH

hPNP activity is associated with T-cell function initiated an </ | /J
N N

moderate T-cell responses in the T-cell-associated disorders of
T-cell leukemia, lymphoma, and rheumatoid arthritis, among
others!®

It is well established that achieving the transition state (TS)
is typically 10° to 10' times more probable in enzyme-
catalyzed than in uncatalyzed reactidhdt has also been

extensive development program for hPNP inhibitors that could "°w

HO OH

ImmH
demonstrated that stable mimics of the TS which trap this energy rigyre 2. The transition state analogue ImmH resembles the positively

of catalysis as stable binding energy have the potential to bind charged oxacarbenium TS.

10% to 10% times more tightly than reactant molecules.

Experimental determination of different kinetic isotope effects studies?* Additionally, the phosphoryl group in the Ecomplex
(KIEs) provides an accurate geometrical depiction of the forms an ion pair with the TS analogue ImmH, and also appears

Inosine Ts

enzymatic TS$2°20 From this point, quantum chemistry to be highly nucleophilic on the basis of théiP chemical
calculations can be performed to obtain the theoretical KIEs, shifts?® Moreover, 3P NMR and isotope-edited IR studies
which are compared directly to the experimental ones, and thisindicated that the PO anharmonic vibrational mode of the
leads to a prediction of the TS structure, a blueprint for the nucleophile oxygen was decoupled from the otheCPbonds,
design of potent inhibitors. In this fashion, an approximate having a lower anharmonic vibrational frequeri€yThis is
transition-state structure for hPNP has been solved from another indication, together with the increased phosphate
experimental KIEs combined with computational chemistry ionization?® that hPNP itself “activates” the phosphoryl nu-
studies?! Experimental KIE determination with inosine estab- cleophile.

lished that the TS is highly dissociative, with a notable

The cleavage of the C-tN-9 ribosidic bond occurs, as

separation between the ribosyl group and the departing purineobserved in many N-ribosyl transferase reactions, in a dissocia-

ring. These studies led to the discovery of a family of TS
analogues for hPNP, the immucillins, excellent mimics of the
oxacarbenium TS (Figure 2). In principle, the immucillins can
bind as the N-4neutral form like the natural substrates or as
the N-4 cationic form (N-4 has a K, that permits formation

tive mechanism that forms a TS with a substantial oxacarbenium
ion character. Little nucleophilic participation is observed at
the saddle point; however, the phosphate provides an electro-
static stabilization of this oxacarbenium ion, encouraging TS
formation2126 After the TS is reached, there is substantial

of the cation at neutral pH). It has been postulated that ImmH translocation of the ribosyl C-ltoward the enzymatically

binds to hPNP as the neutral species, and that in a subsequeranchored nucleophile. Moreover, as the N-ribosidic bond is
step forms the catiof? Recent solid-state NMR studies have cleaved and theK, values of the O-6 and N-7 atoms increase,

shown evidence that ImmH bound to hPNP is Nsébtonated, electron density expelled by the oxygen-stack compression
to mimic the oxacarbenium T2.Moreover, in the hPNP toward the purine ring improves electrostatic interactions with

ImmH-PQO; (E+I) complex, N-7 captures a hydrogen bond to nearby residues and facilitates the abstraction of a proton from
the enzyme that is a feature of the TS, but not of the Michaelis @ close proton donor, makes the purine a better leaving group
complex (the 9-deaza feature of the immucillins elevates the (hereafter “purine ring activation”), and accelerates catalysis.

pKa at N-7), as identified by X-ray crystallography and NMR

(6) Ullman, C.; Gudas, L. J.; Clift, S. M.; Jr., E. W. N®roc. Natl. Acad. Sci.
U.S.A.1979 76, 1074-1078.

(7) Schramm, V. LBiochim. Biophys. Act2002 1587, 107—117.

(8) Kicska, G. A.; Long, L.; Horig, H.; Fairchild, C.; Tyler, P. C.; Furneaux,
R. H.; Schramm, V. L.; Haufman, H. IProc. Natl. Acad. Sci. U.S.2001,
98, 4593-4598.

(9) Bantia, S.; Miller, P. J.; C. D. Parker, S. L. Annanth, L. L. H.; Kilpatrick,
J. M.; Morris, P. E.; Hutchinson, T. L.; Montgomery, J. A.; Sandhu, J. S.
Int. Immunopharm2001, 1, 1199-1210.

(10) Ealick, S. E.; Babu, Y.; Bugg, C.; Erion, M. E.; Guida, W. C.; Montgomery,
J. A.; Secrist, J. A. IProc. Natl. Acad. Sci. U.S.AL991, 88, 11540~
11544.

(11) Miller, B. G.; Wolfenden, RAnnu. Re. Biochem.2002 71, 847—885.

(12) Rodgers, J.; Femec, D. A.; Schowen, RJLAm. Chem. S0d.982 104,
3263-3268.

(13) Cleland, W. WMethods Enzymoll982 87, 625-641.

(14) Northrop, D. B.Biochemistryl975 14, 2644-2651.

(15) Schramm, V. LAnnu. Re. Biochem.1998 67, 693-720.

(16) Kline, P. C.; Schramm, V. LBiochemistryl992 31, 5964-5973.

(17) Kline, P. C.; Schramm, V. LBiochemistryl993 32, 13212-132109.

(18) Kline, P. C.; Schramm, V. LBiochemistryl995 34, 1153-1162.

(19) Schramm, V. LBiochemistry1999 308 301—355.

(20) Fedorov, A.; Shi, W.; Kicska, G.; Fedorov, E.; Tyler, P. C.; Furneaux, R.
H.; Hanson, J. C.; Gainsford, G. J.; Larese, J. Z.; Schramm, V. L.; Almo,
S. C.Biochemistry2001, 40, 853—860.

(21) Lewandowicz, A.; Schramm, V. LBiochemistry2004 43, 1458-1468.

(22) Parkin, D. W.; Schramm, V. LBiochemistry1995 34, 13961-13966.

(23) Sauve, A.; Cahill, S. M.; Zech, S. G.; Basso, L. A.; et al., ABlachemistry
2003 42, 5694-5705.

In summary, oxacarbenium stabilization, increased phosphate
ionization, and purine ring activation contribute in concert to
catalytic acceleration.

There is increasing evidence that, in certain reactions, motions
within the protein itself speed the rate of a chemical 3tef?
That is, certain motions of the protein couple strongly to a
reaction coordinate, causing an increase in the reaction rate.
Along these lines, we investigated how hPNP dynamics enhance
the rate of the phosphorolysis reaction. We propose that protein-
facilitated dynamic modes in hPNP and its substrates cause the
0-5, O-4, and @ oxygens to squeeze together and push

(24) Shi, W.; Lewandovicz, A.; Tyler, P. L.; Furneaux, R. H.; Almo, S. C.;
Schramm, V. L. Crystal Structures of human purine nucleoside phos-
phorylase. Submitted for publication.

(25) Deng, H.; Lewandowicz, A.; Schramm, V. L.; CallenderJRAm. Chem.

So0c.2004 126, 9516-9517.

(26) Schramm, V. LAcc. Chem. Re2003 36, 588-596.

(27) Antoniou, D.; Caratzoulas, S.; Kalyanaraman, C.; Mincer, J. S.; Schwartz,
S. D. Eur. J. Biochem2002 269, 3103-3112.

(28) Mincer, J. S.; Schwartz, S. D. Phys. Chem. BR003 107, 366-371.

(29) Mincer, J. S.; Schwartz, S. D. Proteome Re003 2, 437-439.

(30) Mincer, J. S.; Schwartz, S. 0. Chem. Phys2004 120, 7755-7760.

(31) Basner, J. E.; Schwartz, S. D.Phys. Chem. B004 108 444-451.

(32) Knapp, M. J.; Rickert, K.; Klinman, J. B. Am. Chem. SoQ002 124,
3865-3874.
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Figure 3. Atomic nomenclature of the purine nucleoside and phosphate
nucleophile, with the O-50-4, and @ atoms highlighted in red. The style
follows the recommendations of IUPAC on biochemical nomenclature and
terminology.

electrons toward the purine ring, stabilizing the oxacarbenium

character of the TS. Furthermore, as the N-ribosidic bond is ” ? N2
cleaved during the reaction, and thé values of N-7 and O-6 foi j 30
increase, electron density expelled by these oxygens toward the - R84

purine ring facilitates the abstraction of a proton from a nearby NH1

residue, making the purine a better leaving group, and thus Figure 4. Structure of ImmH at the catalytic site of hPNP. Various site

accelerating catalysis. Our hypothesis is based on the Crystal_contacts of ImmH and the nucleophile with the active site residues are shown
; . i ) A).

lographic evidence of several hPNP complexes with TS @

analogues, which showed an unusual geometric arrangement i and we can observe that the 0-6-4, and G atoms form a
of the atoms O-5 O-4, and @, lying in a close three-oxygen ight three-oxygen stack. The active site includes the residues S33, R84,
stack (Figure 3), which was later corroborated by extensive Hge, Y88, E89, F159, F200, E201, M219, N243, H257, and V260 and
experimental kinetic isotope effect (KIE) analy3fs. two catalytic waters (WAT502 and WAT520). All of these residues
Hence, we investigatetlclear protein-promotingibrations were strictly conserved among several sources of PNP, including
acting through geometrical changes and polar interactions. Forhuman, bovine, mouse, aritcherichia coli To make this modeling
the purpose of this study, we performed classical and mixed Study practical in terms of CPU time, only one monomer of hPNP was
guantum/classical MD simulations of the Michaelis complex used in our calculatlo_ns, given that the three subunits are |dent|_cal.
of hPNP and the substrates guanosine and phosphate, anﬁVe modeled guanosine from ImmH. Such an a_ppro_ach is feasible
. . . . ecause ImmH closely resembles the oxacarbenium ion character of
monitored the O-5-0-4 and O-4—0Op distances during the . o
. . . the TS. Some chemical modifications of ImmH were necessary to
proql_JCt'on run of the simulation, when the complex had fully transform it into guanosine: The C-9 atom was substituted by N-9,
equilibrated. Subsequently, we calculated the cross-correlationgng N-4 by O-4. The N-1-protonated tautomer of the base was chosen,
function of the O-5-0O-4 and O-4—0p distances, as well as  as this is known to be present prior to catalysis in N-ribosyltransferases.
the distance autocorrelation function of O-8-4. Power The phosphate was modeled monoprotonated, its known ionization state
spectra were obtained for these correlation functions. Moreover,in the complex?® All of its oxygens (except the nucleophilic) are
to gain a better understanding of these molecular vibrations, anhydrogen bonded strongly to S33, H64, R84, H86, A116, Y192, and a
analogous analysis was done for thel Eomplex, for the catalytic site water, which makes it perfectly anchored in the active
substrates guanosine and phosphate in aqueous solution, angft¢ by the enzyme. Thus, only one phosphate oxygenwas less
for different hPNP mutants. The second part of this theoretical i9hty bound and more nucleophilic than its counterparts, which is
study examines if existing enzymatic vibrational modes in hPNP supported by IR studie3. The protonation state of all residues was

tuallv b dd d tei " ibrati assigned for the £5 complex with the Biopolymer module in the
can actually be addressed as protein-promoting VIbrations g, e giq| package Insightll (Accelrys, San Diego, CA), according

(PPVs), that is, if their coupling to the reaction coordinate has (5 the x, of their titratable groups, assuming a pH of 7. Finally, the

a direct impact on lowering the activation energy barrier. For model retained the 25 crystallographic water molecules. To relax any
this purpose, we performed quantum mechanical/molecular initial crystallographic strain, and allow the appropriate small geometric
mechanical (QM/MM) calculations to obtain the potential energy changes of the inhibitor ImmH as mutated into the natural substrate
surfaces (PESSs) of several enzynselibstrate (ES) structures guanosine, minimization of the model was done using the CHARM#22
extracted from the wild-type (WT) classical dynamics simula- software package with a purely classical potential for all atoms.

tion, which showed great disparity in the Q-®-4, and G To remove bad van der Waals contacts, 20000 cycles of steepest
oxygens' compression. In this manner, we obtained qualitative descent, followed by 3000 cycles with the adopted basis Newton

information on the amount of coupling of existing promoting Raphskon ”:et_h(_)d vx;}ith a step Sitze ?f IO'?é&kWTﬁoairformed’ applying
vibrations with the reaction coordinate. a weak restraining harmonic potential of 5 kcal 0 guanosine

and phosphate to maintain them in their crystallographic positions, until
2. Methods the gradient of the energy converged. For the nonbonding interactions

. . . (electrostatic and van der Waals), we calculated the energy contributions
2.1. Enzyme Model.The starting point for the theoretical work was

the 2.5 A resolution structure of hPNP complexed with the TS analogue (33) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan
ImmH and phosphat¥. Figure 4 shows the active site of hPNP and S.; Karplus, M.J. Comput. Cheml983 4, 187-217.

15722 J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004
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for pairs of atoms within a cutoff of 12 A, and we used a smoothing 2 '
function to gradually reduce to zero this contribution between 12 and Va NH > N
14 A. This final structure was the starting model for the WT MD <N | PY <N | S
simulation of the Michaelis complex of hPNP with the substrates OH v OH W
guanosine and phosphate. 7% 7%

2.2. Classical Molecular Dynamics SimulationsThe CHARMM22 Hew o M How off N3
all-atom parameter set was used for the standard amino acid residues on o
for the MD simulations performed on the Michaelis complex of hPNP N A e
with guanosine and phosphate. MM point charges and parameters based </ /\'L <\ J‘\
on the CHARMM22 standard values were used for the substrates on NSy NH; o NS S,
guanosine and phosphate. The TIP3P model represented the water o o
molecules®® The SHAKE algorithm, with a tolerance of 19 was N—7 06 N—Y N7
applied to constrain all bonds involving hydrogen atéfmghe time oH - oH OH  OH

step for the integration was 1 fs, sampling the trajectory every 5 fs. Figure 5. Four tautomers of guanosine used in the electronic structure
The temperature of the-E complex was allowed to slowly increase calculations to inv_estigate the relative energetics for the different protonation
over the first 10 ps from 0 to 300 K, and this temperature was states of guanosine.

maintained for the rest of the simulation. Initial velocities were assigned

on the basis of a Gaussian distribution. After the heating phase, we
allowed the system to equilibrate for 50 ps at 300 K, rescaling the

velocities every 100 steps to the target temperature of 300 K, using a
single scaling factor for all atoms. We used the same nonbonding
interactions (electrostatic and van der Waals) as for the minimization.
A constant dielectric was used. Finally, we continued the simulation

for another 100 ps (production run), during which we collected the

coordinates of the £S5 complex every 5 fs.

In a similar manner, several classical simulations of mutated hPNPs
were performed to assess the effect_ Of_ the mu_tation of nearby residuesThe time step for the integration was 1 fs. The temperature of {Be E
on the three-oxygen-stacl_< electrgnlc interaction. In ot_her words, we complex was allowed to slowly increase over the first 20 ps from 100
studied wh.ethe.r changes |n.prote|rt11 structu;}e have an influence on theto 300 K, and this temperature was maintained for the rest of the
Egggzo\f/;géznogn%bfggf g Eﬂiosgvﬁ)/é:—e Etﬁgi% EGF'cz)?gch;‘h len? Jg ! simulation. Initial velocities were assigned on the basis of a Gaussian
: ’ - ) ' distribution at 100 K. After a 20 ps heating phase, we allowed the
thn., the respective residue was manually mutated, the comple>.< Wassystem to equilibrate for another 100 ps at 300 K, during which the
minimized to accor_nmoQate the changes caused by t.he rec_luctlon Ofcoordinates of the £5 complex were collected every 5 fs. We used
the mutated catalytic residue, and, subsequently, MD simulations were

rformed under conditions anal to th f the orevi WT analogous conditions to calculate the nonbonding interaction energy
performed under conditions analogous 1o those of the previous terms (electrostatic and van der Waals) as in the previous sections. A
hPNP simulation. Moreover, a classical simulation of the natural

; . constant dielectric was used. For the QM region, an energy evaluation
3
substrate guanosine and phosphate in & 40 x 40 A® box of TIP3P was done, and the first derivative was calculated to obtain the forces,

W"’Tters was also performeq. W'.th tht_ese simulations, we asses_sed th‘:’}equired for the Verlet algorithm. The QM and MM regions interacted
existence of any natural vibrations in the substrates guanosine andthrough the QM/MM energy term, which contains the interaction of
phosphate, and compared the frequencies in both enzymatic andaIIthe point charges in the MM region with the electron density of the

nonenzymat.|c enwror\ments. ) ) ) B QM region and the nuclei for the same nonbond cutoffs set for the
2.3. Hybrid Potential Dynamics Simulations.In addition to the MM region in the classical MD simulations.

classical simulations described in the last section, several hybrid
potential simulations were performed. First, th&End El simulations
were performed and directly compared to the purely classieal E
simulation. All the hybrid potential simulations were done with the
CHARMM22 macromolecular simulation package, interfaced with the
guantum chemistry program MOPAC 4.0 (Schrodinger, Inc., Portland,
OR). In the QM/MM method, the effective HamiltoniaH, is the
sum of three termsHgm, Hmm, and Hgmmm The Hqm term describes

contained the substrates guanosine and phosphate and the conserved
catalytic water WAT520. For the‘Ecomplex, the QM region contained
ImmG, phosphate, and WAT520. The ARE® semiempirical Hamil-

tonian was employed as the QM potential, and the all-atom force field

of CHARMM22 was used to describe the atoms in the MM region.

All the atoms in the quantum mechanical region were allowed to move
freely during the simulations, and a small restraining force constant of

5 kcal molt A2 was imposed on the nonquantum region, for reasons

of convergence and speed. For the classical region, the SHAKE
algorithm was used to constrain all bonds involving hydrogen aféms.

2.4. Preliminary Electronic Structure Calculations. Preliminary
gas-phase electronic structure calculations were performed for a small
version of the active site to acquire an initial mechanistic understanding
of the importance of acid catalysis in the reaction. In this model, the
nucleophile was modeled diprotonated because, in the absence of the
eight strong hydrogen bonds present in the catalytic site, the phosphate
is highly nucleophilic and liable to abstract even nonacidic protons
5 ) s from the nucleoside, leading to undesired side reactions. We performed
the ql?a”t”m mechanical particles. T}ng.n term is independent of the calculations on the relative energy of the four tautomers of guanosine
coordinates of the electrons and nuclei of the QM atoms.Afignm  (Figure 5), and we computed the energy required to cleave tHe-C-1
pomblned Hamiltonian descrlbt_es how QM and MM atoms interact. This g ribosidic bond for the respective tautomers at the BHLYP/
is composed of an electrostatic term and a van der Waals term. EaCh6-3lG(d) level of theory. Similarly, we calculated the same energies

MM atom (point c.harge) interacts with both the electrons and nuclei o ireq to break the N-ribosidic bond for two protonated tautomers at
of the QM atoms; the van der Waals term is necessary since someo same level of theory (Figure 6).

MM atoms possess no charge and would consequently be invisible to
the QM atoms, often providing the only difference in the interaction.
For the simulations in our study, the enzymatic system was divided
into two concentric zones. These consisted of the QM region, containing
the atoms being treated quantum mechanically, and the MM region, in
which the atoms were treated with a molecular mechanics potential.
In the case of the simulation of the-& complex, the QM region

Furthermore, to choose the most accurate QM region for the
computationally intensive QM/MM PES calculations, we performed
gas-phase calculations of the phosphorolysis for different QM models.
We found that the model which included the guanosine, the nucleophile,
the conserved protonated water WAT520, and the residues N243 and
E201 produced the most realistic energetics. This simplified model,

(35) Dewar, M. J. S.; Thiel, WJ. Am. Chem. Sod.977, 99, 4899.
(34) Allen, M. P; Tildesley, D. JComputer Simulation of Liquid€larendon: (36) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. A.; Stewart, J. J.Am.
Oxford, 1987. Chem. Soc1985 107, 3902.
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N NH,

T

H H
OH OH OH OH

N-1-N-7 N-1-0-6

Figure 6. Two protonated tautomers of guanosine used in the electronic

structure calculations to investigate the most likely protonation site of the
purine ring during the phosphorolysis reaction.

which assumes a protonated water (hydronium ion), allows greater
stabilization of the oxacarbenium TS via electrostatic interactions with
the nearby catalytic residues and the electron-rich purine ring, and
permits activation of the leaving group via strong hydrogen-bonding
interactions/proton transfer to O-6 or N-7. The geometries of the
corresponding stable structures and saddle points were fully optimized
at the HF/3-21G(d) level of theory. Additionally, more accurate
energetics were obtained by doing single-point energy calculations at
the B3LYP/6-31G(d,p) level of theory based on the HF/3-21G(d)
geometries. Vibrational frequencies were computed at the low level of
theory to verify that the ES and EP were at minima on the PES. The
TS was further characterized by a single imaginary frequency. The effect
of zero-point energy (ZPE) for all bound vibrations was included in

H257-N.

V880

H64-N

R34N

Figure 7. QM/MM 1 model used to obtain the PESs. The reaction
coordinate used to produce these surfaces is shown with dashed lines in
the figure.

the energetics on the basis of the vibrational analysis at the same level

of theory. All the calculations were performed with the commercial
package Gaussian 98.

2.5. Potential Energy SurfacesThe various minima in the PES of
protein structures are well defined forE El, or enzyme-product
(E-P) complexes. A harder task involves the localization of the saddle
points on the PES, which leads the reactant to products through the
minimum energy pathway. Of increasing interest is the role that protein
dynamic modes have on the modulation of the potential energy barrier
that connects the reactant and product ground states. In the case o
hPNP, we tested the hypothesis that these modes induce electroni
changes which facilitate the chemical transformation taking place during
the phosphorolysis reaction of guanosine.

The reaction mechanism of the enzyme was investigated using the
QM(AM1)/MM layered methoé to compute the PES using the
interface of CHARMM22 and MOPAC 4.0. AM1, in common with
other semiempirical molecular orbital methods, has acknowledged
weaknesses in characterizing T3dts accuracy in the present case
has been established by comparison with preliminary high-level ab initio
and DFT calculations on simple models of the reaction (see section
2.4). As an alternative to AM1, another MNDO-type method, such as
PM37° could have been used in the QM/MM calculations. AM1 and
PM3 deal better with hydrogen-bonded systems than does MNDO
itself, but debate continues over the relative merits of these methods.
For many applications, PM3 performs better than AM1. However, due
to an apparent error in its parametrization, PM3 calculates charges for
nitrogen atoms in N-H groups which are erroneously positive, leading
to an incorrect description of the electrostatic potential of histidine.
PM3 was also found to give poorer results for the enetat®l reaction
than AM1, compared to ab initio resufts.

We chose a QM/MM model, denoted as QM/MM 1 (Figure 7), which
included guanosine, the nucleophile, and the protonated conserve
residue WAT520. Known mechanistic details of the reaction reveal
that the purine ring accepts a proton from water or an unknown general
acid, as the N-ribosidic bond is cleaved, prior to the formation of the
TS. However, WAT520 is the only donor in direct contact with O-6,
and no experimental data have yet characterized a catalytic acid residue

(37) Frisch, M. J.; et al.Gaussian 98 Revision A.11.2; Gaussian, Inc.:
Pittsburgh, 2001.

(38) Warshel, A.; Levitt, MJ. Mol. Biol. 1976 103 227-249.

(39) Mulholland, A. J.; Richards, W. G. Al. Phys. Chem. B998 102, 6635~

thus, we assumed that a stepwise mechanism takes place, where a
putative catalytic proton donor contributes a proton to the conserved
residue WAT520 (assisted by the negatively charged E201, which draws
the proton into the active site, and stabilizes the hydronium ion by
positive electrostatic interactions), followed by proton transfer from
the hydronium ion to the purine ring (assisted by N243 through
favorable hydrogen bonds). Experimentally, replacement of N243 and
E201 with alanine resulted in mutant proteins exhibiting catalytic
fefficiencies ca. 1000-fold lower than that of the wild tyf3é&loreover,
hese residues are actively involved in catalysis by stabilization of the
S. Yet, since they are not directly involved in the acid catalysis, they
were not included in the QM region due to the limitations of these
computationally expensive calculations. Nevertheless, their contribution
to the stabilization of the TS structure is introduced by the QM/MM
electrostatic term of the Hamiltonian. This study focused on the last
step of the reaction, that is, the cleavage of the N-ribosidic bond and
protonation of the purine ring to yield the protonated guanine and
phosphorylatedx-p-ribose. The QM/MM 1 model required no link
atoms since no covalent bonds were broken between the QM and MM
regions of the model. Test calculations on a QM/MM model containing
guanosine, phosphate, and the unprotonated catalytic water WAT520
in the QM region produced rather high activation energies and failed
to properly characterize the reaction studied. We reasoned that this
model was not adequate because it lacked critical TS stabilization by
favorable electrostatic interactions of the purine ring with adjacent
residues; i.e., the unprotonated water residue did not succeed in forming
strong hydrogen bonds with the O-6 and N-7 atoms. Furthermore, the
QM/MM 1 model, as opposed to the test model, allowed protonation
of the purine ring on O-6 or N-7 as the N-ribosidic bond is cleaved,
making the purine ring a better leaving group (purine ring activation),

OIand accelerating catalysis.

After investigating a variety of reaction coordinates, we found that
suitable reaction coordinates to describe the phosphorolysis reaction
were the interatomic C*£N-9 and C-1—0p distances (Figure 7). It
is essential that a good reaction coordinate be used to represent the
enzymatic reaction properly to obtain meaningful PESs. Calculating
feaction paths for chemical or conformational changes in enzymes is a
challenging problem because of the large size of the systems. This
presents difficulties in characterizing saddle points and their associated
pathways, because of the complex nature of protein PESs. We used an

6646.
(40) Stewart, J. J. RI. Comput. Cheml989 10, 209-220.
(41) Dewar, M. J. S.; Thiel, WJ. Am. Chem. S0d.977, 99, 4899-4907.
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(42) Erion, M. D.; Stoecker, J. D.; Guida, W. C.; Walter, R. L.; Ealick, S. E.
Biochemistry1997, 36, 11735-11748.
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residue number Figure 9. O-5—0-4 and O-4—Op distances (A) during the WT classical

Figure 8. Average rmsd (A) from the crystal structure of each residue MD simulation.

over the WT classical MD simulation.

adiabatic mapping procedure, minimizing the total energy along this
accurate reaction coordinate for each of the transformations. The

adiabatic mapping approach is reasonable for proton/hydrogen/hydride E

transfers or covalent bond breakages, such as the one under consider- £ Substrates n aoeons soluion

ation in this study, which is unlikely to be accompanied by maj@& E i |

conformational changes. To calculate the energetic profiles for a given b y l ﬂ | |

reaction step, a harmonic restraint was applied to hold the selected { { w | w 'H“ ﬁ erﬂ |

reaction coordinate close to its value. We started breaking the-C-1 * ’ ‘. I | | | “ Iy

N-9 bond, from 1.4 to 4.0 A, in steps of 0.025 A. This was repeated . , . ,

for different C-1—Op distances, from 4.5 to 1.45 A, in decrements of — -

0.025 A, producing the PES of the phosphorolysis reaction. The force Figure 10. O-5—C-5—C-4—0-4 dihedral angle (deg) of the ribose ring
constant for restraining the C-AN-9 distance was 4500 kcal mal during the WT classical MD simulation in aqueous solution and in #& E

A2 a large value intended to keep the system close to the desiredcomplex.
reaction pathway. These transformations were achieved by minimizing
the whole system for a maximum of 2000 steps of the adopted basisof 50 ps. We can see that the mean value in each case is

Newton—Raphson method, or until the gradient of the energy converged different; moreover, there is a higher deviation of this dihedral
below 0.001 kcal mott. For the MM—MM nonbond intel’actions, we angle from |tS mean Value in Solution.

used conditions similar to those in the previous sections, and no cutoff The results of the classical dvnamics simulations for the
was used for the QMMM interactions. A mass-weighted restraint of y

10 kcal mot™ A—2 was imposed on the nonquantum region during the mutated hPNPs presented in Table 1 show _th? average-O-5
reaction path calculations. Each TS was finally located on the PES, O-4 and O-4—Op distances and standard deviations for the WT
and vibrational analysis was performed to verify this as a saddle point. and for several mutants of hPNP complexed with guanosine
We tested our hypothesis by analyzing :BEonfigurations obtained  and phosphate. The changes in compression of the oxygen stack
from the WT classical dynamics which presented disparaté-@5 for each mutated form of hPNP varied for each mutation. We
4'—0p distances, and compared the barrier heights for each structure.found that, for H257G and H257A, the average '0-6-4
distance was considerably higher than that of the WT (note that,
throughout the simulation, the O-50-4' distance only fluctu-

3.1. Molecular Dynamics Simulations During the produc- ates between 2.6 and 3.2 A (Figure 9); consequently, a difference
tion run of the classical dynamics simulation of th&®f hPNP ~ Of 0.2 A in the average 0*50-4 distance is a substantial
and guanosine and phosphate, we observed that certain residuedfference).
were relatively mobile. Figure 8 shows the average root-mean-  Subsequently, we extracted the coordinates of the E
square deviation (rmsd) from their crystal structure of each complex every 5 fs during the production run of the simulation.
residue over the 100 ps production run. We take special notice We computed the O-50-4 and O-4—0p interatomic distances
of the high mobilities of residues 26@12 and the two catalytic ~ every 5 fs of the simulation for a total of 100 ps. The G-5
water molecules WAT502 and WAT520 (not shown), another O-4 distance autocorrelation function and the 6-6-4' and
cue that these residues may be involved in shuttling the protonO-4—0Op distance-distance cross-correlation function were
between the putative catalytic acid and the purine ring. calculated. The Fourier transforms (FTs) of these correlation

Figure 9 shows the 0O:50-4 and O-4—Op distances functions were very similar, showing that O-83-4 and O-4—

throughout the classical MD simulation. We can see that these Or Vibrate at the same frequencies: 125 and 465 'cim the
distances are quite stable, deviating up to 0.3 A from the averageenzyme environment (Figure 11), which translate into-500
value. For example, the 0-50-4 distance achieves values in 1500 fs motions.

the range of 2.53.2 A. This is implicit evidence that the G-5 To obtain insight into how much these vibrations are effected
C-5—-C-4—0-4 dihedral angle is not rotating freely as it does by hPNP or if they are inherent in the substrates, we performed
in aqueous solution, but is “restricted” by the enzymatic an analogous classical dynamics simulation of the substrates in
environment. Figure 10 depicts the dihedral angle in the the absence of hPNP in agueous solution. The FT of th&-O-5
enzymatic environment and in aqueous solution over a period O-4 distance autocorrelation function of the classical MD of

3. Results
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Table 1. Average O-5'—0-4' and O-4'—0Op Distances (A) for the WT and the Mutated hPNPs
distance WT F200G E201G V260G L261G H257G H257A
0-5-0-4 2.81+0.08 3.04+ 0.08 2.88+0.11 2.78+ 0.08 2.88+ 0.09 3.04+ 0.08 3.02+0.11
0-4—0p 4.34+0.10 4.32+0.12 6.58+ 0.11 3.90+0.11 4.01+0.12 4.69+ 0.10 4.35+0.14
0.003 T T T T T T T T 0.004 T T T T
| — erosacorrelation function of 0-5"--0-4" and 0-4"--0F
ion function of 0-5"--0-4"
LA o 1 3 — El complex -
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%o 200 ; r:ggm vy 800 1000 Figure 13. The power spectra of the 0-50-4' distance autocorrelation

) ) . function for the ES and El complexes based on the quantum/classical
Figure 11. Comparison of the power spectra of the G-8-4 distance MD simulation show that hPNP also effects the PPV with ImmG though
autocorrelation function and the O-50-4' and O-4—Op distance-distance

] ! the reaction does not take place by virtue of the chemical stability of the
cross-correlation function. TS analogue.
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Figure 12. The power spectra of the O-50-4 distance autocorrelation ey b

function for the ES complex based on the classical and quantum/classical Figure 14. Power spectra of the O-50-4 distance autocorrelation
MD simulation show an agreement of both purely classical and hybrid function for hPNP and unsolvated substrates. We can observe that the natural
simulations as observed from the resonance of the peaks. vibration of the oxygen centers, i.e., 285 chnis altered in the presence of

the enzyme.

solvated substrates showed a peak at 330'cand that of the
unsolvated substrates showed a peak at 285'cRigure 14 ~ hPNP. Thus, for the F200G, E201G, H257G, H257A, V260G,
shows the power spectra of the G-B-4 distance autocor- and L261G mutated simulations, an analogous analysis was
relation function for hPNP and unsolvated substrates. Further-performed. The power spectrum of the O-&-4 distance
more, the power spectrum of the quantum QM(AM1)/MM autocorrelation corresponding to the F200G, E201G, V260G,
simulation of ES reproduced the peaks of the purely classical and L261G mutated hPNPs was very similar to that of the WT.
dynamics simulation. Figure 12 shows the power spectra of the In contradistinction, the H257G was very similar to that of the
E-S for the classical and mixed quantum/classical MD simula- unsolvated substrates, giving further evidence that H257 is
tions, and Figure 13 shows those of theSEand El based on responsible for modifying the power spectrum in theSE

the hybrid simulation production run. _ complex. Surprisingly, the power spectrum of the H257A
~ We can observe that, even in thd Bomplex (with the InmG  muytation was not analogous to that of H257G but rather appears
inhibitor), O-8—N-4' naturally tends to vibrate at frequencies 4 pe a4 mixture of that of the WT and that of H257G, as shown

similar to those of O-5-O-4 in the ES complex. However, . he power spectra in Figure 15. This indicates that the
the PPV in the B complex does not take place by virtue of direction by H257 of the lone pair of O-Foward O-4 of

the chemu_:al _stablhty ?f the, C-+C-9 bond. In summary, in guanosine is of a mechanical rather than electronic nature, but
the catalytic site, the O*50-4, and @ oxygens vibrate at two

o . . S . as we will show, while the “push” by H257 is mechanical, its

specific frequencies, and this observed behavior is altered in . o . o

the absence of the enzyme environment, revealing that hl:,Npeffect on the catalytic mechanism is electronic. This is another

is directly affecting the way in which these oxygens naturally case of nuclear protein-promoting vibrations recently character-

vibrate. ized in enzymes such as liver alcohol dehydrogenase
In a similar manner, several classical simulations of mutated (LADH),?"4#%in which the PPV is effected through polar

hPNPs were performed to assess the effect of the mutation ofinteractions from the geometrical alterations of the three atom

nearby residues on the three-oxygen-stack electronic interaction Ce€Nters.

In other words, we studied whether changes in protein structure

have an influence on the modes of vibration observed in WT (43) Antoniou, D.; Schwartz, S. DI. Phys. Chem. B001, 105, 5553-5558.
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T i T T ' T ' Table 2. Activation Energies (kcal mol~1) and Distances (A) of the
o008 /\ _ E-S and E-TS Complexes (in Parentheses) for 11 Structures Taken
| from the Production Run of the WT Classical MD Simulation
| — HBG 1 , , s ,
| structure E, C-1'-N-9 C-1'-0Op 0-5'-0-4 0-4'-0p
\ 1 463 1.45(2.27) 3.08(2.17) 3.11(2.97) 3.62(2.71)
E | 1 2 485 1.45(2.25) 3.22(2.18) 2.86(3.02) 3.62(2.61)
[ | i 3 46.1 1.44(2.22) 3.95(2.30) 2.78(3.11) 4.25(2.66)
l[ 4 53.1 1.44(2.30) 4.29(2.40) 2.93(3.06) 4.30(2.80)
5 49.1 1.45(2.32) 3.17(2.15) 2.88(2.94) 3.49(2.58)
VAR | 6 56.6 1.44(2.35) 4.04(2.28) 3.25(3.34) 4.30(2.84)
7 477 1.45(2.35) 3.07(2.15) 3.64(3.64) 3.35(2.65)
8 520 1.45(2.30) 3.86(2.25) 3.12(3.16) 4.24(2.75)
0 | - 9 50.6 1.44(2.30) 3.74(2.20) 3.08(3.08) 3.81(2.64)
o 200 D ey v 00 1000 10 484 145(2.30) 3.33(220) 3.11(3.14) 3.73(2.71)
] 11 51.9 1.44(2.35) 3.49(2.17) 3.19(3.19) 3.85(2.70)

Figure 15. The power spectra of the H257G and H257A mutants of the
E-S complex show a distinct peak at 333 ¢nfor the H257G mutant,
mimicking that of the substrates in the absence of hPNP. However, the . . . .
H257A mutant shows nascent peaks at 125 and 465 similar to those the K, values of the different atoms of the purine ring will be

of the WT complex, suggesting that the H257G mutation is more effective slightly affected, and so will the energetics/mechanism of the
than H257A in modifying the natural vibration of the oxygen centers.  yaaction, Therefore, these calculations are useful for obtaining

To study the degree of coupling of the PPV to the electronic qualitative understanding of the reaction, though they are not

fluctuation (Mincer, Niiez, et al., manuscript in preparation), COFIC|U.S.IV€, and a Q.M/MM. study must TOHOW'
we monitored the charge fluctuations in the ribose and purine Additionally, we investigated a suitable model for the
groups separately throughout the simulation. We calculated theseSharacterization of the phosphorolysis reaction and production
partial charges of the nucleoside for 1000 snapshots during theof PESs and considered the model which included the s_ubstrates,
MD trajectory. Subsequently, time series were generated for Protonated WAT520, N243, and E201. On the basis of the
each atom, with its partial charge a function of simulation time, former results, which show the importance of acid catalysis for
and power spectra were generated for the ribose and purine ringh€ reaction studied, we decided to include the protonated
partial charge time series. The results demonstrated that charg€onserved water residue WATS20 in the QM region to allow a
fluctuations in the ribose and purine ring groups are resonant Petter stabilization of the electron-rich leaving group. At the
with the PPV (peaks are seen at ca. 160 and 450'mand B3LY_P/6-31(d,p)//HF/3-ZlG(d) level of theory,_ the prt_aferreql
support our findings that the PPV effects an electronic re- rea.ctlo.n pathway is a concert.ed phosphorolysis reaction, with
arrangement in the nucleoside by stacking the three-oxygen stackéctivation and reaction energies of 36.6 and 13.1 kcal#ol
close together. respectively, and an imaginary TS frequency of 430i"&m
3.2. Electronic Structure Calculations.We performed gas- | n€se preliminary results suggest that the model shown in Figure
phase electronic structure calculations to assess the importancd 1S Suitable to study the phosphorolysis reaction under
of acid catalysis in the reaction. The results of the calculations consideration. Thus, we regard it as a solid model for the
at the BHLYP/6-31G(d) level of theory of the unprotonated subsequent Investigation of th? magnltgde of the goupllng of
tautomers of guanosine (Figure 5) concluded that the relative the PPV and the reaction coordinate, using the hybrid QM/MM
energies of the N-1, N-7, and O-6 tautomers compared to the method.
N-3 tautomer are ca. 5.7, 21.1, and 18.5 kcal thatespectively. 3.3. Potential Energy SurfacesTo assess the extent to which
Additionally, the activation energies for the phosphorolysis the PPV is positively coupled to the reaction coordinate, we
reaction were found to be approximately 31.2, 28.6, 45.4, and utilized the hybrid QM/MM method to obtain the potential
36.2 kcal mot? for the N-1, N-7, N-3, and O-6 tautomers. In  energy surfaces for the phosphorolysis reaction for various E
the case of the two protonated tautomers (Figure 6), the-N-1 S complexes which presented a range of ©&-4 and O-4—
N-7 tautomer was more stable by ca. 12 kcal mighan N-1- Op interatomic distances. The results of the QM(AM1)/MM
0-6, and breaking the N-ribosidic bond required ca. 25.0 and reaction path calculations are shown in Table 2. The table shows
14.3 kcal mol for the N-1-0-6 and the N-+N-7 tautomers, the activation energies (kcal md) and interatomic distances
with TS imaginary frequencies of 155i and 198ithrespec- (&) of the ES complex, and in parentheses, the corresponding
tively, at the same level of theory (ZPE corrections were not values for the ETS complex. Vibrational analysis was per-
included). This reveals important information about the mech- formed to locate the imaginary frequencies of theT&
anism. First, it agrees with known nucleoside chemistry, where complexes, which were ca. 250i cfn
the energetic requirement to break the N-ribosidic bond is less We present several structures, labeledl1l, which cor-
costly when the purine ring is protonated. Second, when the respond to increasingly longer times, taken from the production
reaction proceeds without protonation of the purine ring, run ofthe WT classical MD simulation. Specifically, they range
phosphorolysis is more favorable for the N-1 and N-7 tautomers from 9.2 to 96.42 ps in our 100 ps ensemble of structures. The
of guanosine, which is in agreement with experimental data and collection of ES we chose embraces a wide range of geometries,
validates the model of guanosine used in this study. Finally, with O-5—0-4 ranging from 2.78 to 3.64 A and O-40p
the calculations on the N-IN-7 and the N-+0O-6 protonated ranging from 3.35 to 4.30 A. Thus, these 11 structures were
tautomers of guanosine suggest that the reaction is slightly fastersufficient to represent the different & geometries that can be
for the N-1-N-7 than N-1-0-6 tautomer, supporting protona- found in the PES. We can see that the activation energies also
tion of the purine ring by an external source at N-7. Special varied from 46.3 to 59.9 kcal mol. One might argue that these
care must be taken with gas-phase calculations. In the enzymeactivation energies are rather large. A pausible explanation may
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be that protonation of the purine ring never takes place during BT T T T T quadmatic
the reaction, as opposed to experimental predictions that wl 7 linear + quadratic i

protonation of the leaving group happens before formation of
the TS structure. Unfortunately, the semiempirical Hamiltonian
(AM1) used to model the bond-breaking/bond-making event did
not succeed in characterizing N-7 or O-6 protonation; therefore,
the augmented energetics are observed. Nonetheless, AM1 is
appropriate to calculate relative energetics for this reaction,
regardless of not characterizing the purine ring protonation or
overestimating the absolute activation energies, since it is

Activation Energy (kcal/mol)
T

46— L]
consistent with high-level ab initio and DFT energies and L
geometries. Therefore, we obtained aT& ensemble which T 7]
is less dissociative than the “true™ES ensemble, that is, a sum of distances (&)

E-TS ensemble where a proton has fully transferred to N-7 or Figure 16. Activation energies (kcal mot) versus the sum of O:50-4
0-6. We emphasize that this study is not intended to predict and O-4-Oe distances (A) for the & complex. We show three fittings to

. . . the data: linear fitting (dotted line), parabolic fitting with only a quadratic
exact energies, nor to understand the catalytic acid/source Ofterm (solid line), and parabolic fitting with both linear and quadratic terms

the proton, but rather to investigate one of the factors of efficient (gashed line). The calculated valueg/dshow that the two parabolic fittings
catalysis, that is, the effect of the three-oxygen compression onare equally good and better than the linear fitting. The second parabolic
the barrier height. Although this preliminary study is adequate fitting captures the feature that there is a small increase of activation energy
. . h. lati . f PPVs in hPNP b at very short distances, which could be attributed to strong electronic
to |nve§t|gate t ere ative |_mportance of s in Y repulsion at short distances.
comparison of relative potential energy barriers at the QM(AM1)/ ) )
MM level of theory, a subsequent study at a higher level of IS lost, but at shorter distances, as we approach distances equal
theory (possibly using DFT or AM1-SRP to describe the atoms to_ twice the van der Waals_ _radl_us, electfm1ect_ron repulsmn
in the QM region) will be necessary to show more reliable will compete with the stabilization, and there is a point where
energetics for the reaction. there is no further reduction of the activation energy. From the
values of the curvature of the parabolic fittings we can obtain
a spring constant, and by using a mass equal to the reduced
mass of G-O, we can obtain an effective harmonic frequency
associated with the parabolic fittings shown in Figure 16. This
effective frequency was equal to 130 chfor the parabolic
fitting with only a quadratic term, and 180 cifor the parabolic
fitting with both linear and quadratic terms. These values of
the harmonic frequency are in remarkable agreement with the
position of the peaks in the spectra of the autocorrelation
nearest neighbor to N-4s 2.7 A away, and 2.9 A from the functions of C-O distances shown in Figures 11 and 12. Of
hvdroxvl O-B oxvaen is H2.57 on thé o oéite side of this course this interpretation of the activation energy as depending
Y y -~ ) PP harmonically on the oxygen distances is not rigorous, but it is

group is the nucleophile oxygers@t 2.8 A. We have previously . o .
shown that the phosphate nucleophile has substantially favorable ca>SUng that it gives an effective frequency that has the same

electrostatic interactions in the & complex, via the O‘4-Op order of magnitude as the vibration we expected to promote
. . . o - the rate.
interaction (Figure 3). Furthermore, it is also crucial for the

. . o From these results, we conclude that the PPV can be
formation of the ETS complex, providing favorable stabilizing . . .
- . . . considered as one of the factors which makes the reaction
electrostatic interactions with the oxacarbenium TS.

) o ) possible, and that this effect can lead to up to a 20% decrease
In Figure 16 we plot the activation energies for the phos-

- ; in barrier height.

phorolysis reaction vs the sum of the O-®-4 and 0-4-Op 14 gptain catalytically relevant insight into the active site
distances. From Figure 16 and Table 2, we see a correlation ggiq es, we measured interatomic distances between N243,
between short O‘50-4 and O-4—Op distances and 10W  £501 Hp57, and WAT520 and the purine ring. E201 is a crucial
gctlvanon energy, i.e., the higher the sum ‘?f these two dISt"’mcesresidue, and it is likely to have a role in stabilizing the positive
in the ES complex (and to a lesser extentin th@& complex,  oharge of the incoming proton into the active site. Interactions
not shown), the higher the activation energy of the phos- 4 E201 are important for leaving group activation, since
phorolysis reaction. E201A causes a 10000-fold decreasekjn?? The hydrogen

To quantify this correlation between lower activation energy hond from the carboxyl of E201 to N-1 remains highly favorable
and compression of the oxygen distances, we fitted the data ofat 2.8-2.9 A throughout the reaction coordinate, similar to the
Figure 16 to three different functions: to a straight line, to a 2.6-2.7 A hydrogen bond between the same carboxyl oxygen
parabola with linear and quadratic terms, and to a parabola with and the highly conserved water molecule WAT520, which we
a quadratic term only. From the value,gf we found thatthe  hypothesize acts as the specific acid catalyst by a strong
two parabolic fittings were about equally good, but the fitting hydrogen bond to O-6 at the TS. Interactions from N243 are
to a straight line had a highgf. unequivocally important for transition-state stabilization and

The parabolic dependence of the activation energy on distanceleaving group activation. We showed in a previous section that
may have a simple interpretation: as the distance between theN243 is rather mobile compared to the other catalytic residues.
oxygens increases the energy rises as carbocation stabilizatiorDuring the MD simulation, N243 is able to form hydrogen bonds

From the 11 ES complexes analyzed, we observed that, after
the TS is achieved, which normally happens at'€N-9 and
C-1'—0p distances of 2.3 and 2.2 A, respectively, continued
atomic motion causes progression of the reaction coordinate
motion toward products by the excursion of the ribose ring
toward the environmentally fixed nucleophile. A surprising
feature of this mechanism is that the enzyme provides no near-
neighbor contacts to C-1the site of oxacarbenium ion
formation. In the complex of hPNPImmH—phosphate, the
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with N-7, O-6, and WAT520, directly participating in TS immucillin family, and from our MD simulations, the O-5
stabilization and leaving group activation. Furthermore, we pose C-5—C-4—0-4 dihedral angle does not deviate much from
the question of whether N243 is directly involved in shuttling that found in the crystal structure, always at a small distance
the transferring proton. Along these lines, it has been recently from O-4, and that this trait is reversed when the substrate
found experimentally that the vibrational CG-©-6 stretching guanosine is free in solution, where the G-8-5—C-4—-0-
mode is 1685 cm' in aqueous solution, as opposed to the 1655 4’ dihedral angle adopts a wider range of values and is not
cm~t stretch of the carbonyl group of ImmH bound to hPNP restricted as in the enzyme.

(Deng, H., unpublished results). This could be interpreted as a

strong hydrogen bond to WAT520 or even a partially transferred 4. Concluding Discussions

proton to O-6, which increases leaving group activation, as . . . .
observed in crystallographic stud#sThough preliminary we haye investigated nuglearPPVs in hPNP. Crystallographlc
observations of hPNP with several TS analogues in the

electronic structure calculations of a simplified model in the | - . -
gas phase showed that proton transfer to O-6 is less favorableImmUCIIIIn family showed an unusual geometric arrangement

than to N-7 by ca. 10 kcal mok, in the enzymatic environment, ~ ©f thé atoms 0-5 O-4, and G, the nucleophilic phosphate
where the K, values of the atoms may be shifted by the ©XY9en. I¥ing in a close three-oxygen stathese observa-

environment, proton transfer to O-6 is viable since the pro- tipr;.;, were corrobo_rated by extensive experimental K_IE gnaly-
tonated O-6 can be readily stabilized by N243, the catalytic SIS Qur hypothesis that dynamic oxygen compression is one
water WAT520, and E201. This mechanism is supported by comp'o.nent of the.catalytlc power of thls N-rlbpsyltransferase
experimental vibrational analysis which showed that thedC to facilitate formation of the o>.<acarben|um TSis supporteq by
carbonyl vibrational frequency of ImmH is lower in the presence MD.and QM/MM-—MD calculations. Electron flow to reach this

of hPNP as compared to that in aqueous solution (Deng, H., TS |.nv0Ives loss of electrons fro.m. thg Odkygen to form a
unpublished results). This or another proton may also transfer Partial double bond to C+1rehybridization of C-ltoward B

to N-7 via N243, in that manner corroborating the multiple 980Metry, loss of bonding electrons into the purine leaving
catalytic roles of N2432 Future studies shall focus on inves- 9roup, and assistance for the purine ring to accept bonding
tigating how the proton transfers from the outer part of the active €/€Ctrons by protonation and/or strong hydrogen bonds to O-6
site to the purine ring vicinity. Experimental site-directed H257G @nd N-7. Moreover, we have shown that the strictly conserved
mutagenesis causes a ca. 20-fold decrease.diy (Lewan- H257 reS|dge in thg vicinity of Q-’Ss requnable f(?r creating
dowicz, A., unpublished results) of the phosphorolysis reaction this squeezing motion, concluding that this PPV is coupled to
of inosine (we expect similar kinetic data for the phosphorolysis &fficient catalysis.

of guanosine), and supports our findings that H257 is an
important residue in the phosphorylation reaction catalyzed by c
hPNP. Specifically, H257 is not directly involved in acid
catalysis (transfer of the proton into the active site/protonation
of the leaving group as N243 or E201), though it does have an
important role in the binding of the nucleoside and fixing the
5'-hydroxyl in the geometry of the ribosyl group. That is, we
have seen from the crystal structures available of the different
complexes of the hPNP with the potent inhibitors in the JA0457563
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