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Abstract: The role of tunneling for two proton-transfer steps in the reactions catalyzed by triosephosphate
isomerase (TIM) has been studied. One step is the rate-limiting proton transfer from Co in the substrate to
Glu 165, and the other is an intrasubstrate proton transfer proposed for the isomerization of the enediolate
intermediate. The latter, which is not important in the wild-type enzyme but is a useful model system because
of its simplicity, has also been examined in the gas phase and in solution. Variational transition-state theory
with semiclassical ground-state tunneling was used for the calculation with potential energy surface
determined by an AM1 method specifically parametrized for the TIM system. The effect of tunneling on the
reaction rate was found to be less than a factor of 10 at room temperature; the tunneling becomes more
important at lower temperature, as expected. The imaginary frequency (barrier) mode and modes that
have large contributions to the reaction path curvature are localized on the atoms in the active site, within
4 A of the substrate. This suggests that only a small number of atoms that are close to the substrate and
their motions (e.g., donor—acceptor vibration) directly determine the magnitude of tunneling. Atoms that
are farther away influence the effect of tunneling indirectly by modulating the energetics of the proton transfer.
For the intramolecular proton transfer, tunneling was found to be most important in the gas phase, to be
similar in the enzyme, and to be the smallest in water. The major reason for this trend is that the barrier
frequency is substantially lower in solution than in the gas phase and enzyme; the broader solution barrier
is caused by the strong electrostatic interaction between the highly charged solute and the polar solvent
molecules. Analysis of isotope effects showed that the conventional Arrenhius parameters are more useful
as experimental criteria for determining the magnitude of tunneling than the widely used Swain—Schaad
exponent (SSE). For the primary SSE, although values larger than the transition-state theory limit (3.3)
occur when tunneling is included, there is no clear relationship between the calculated magnitudes of
tunneling and the SSE. Also, the temperature dependence of the primary SSE is rather complex; the value
of SSE tends to decrease as the temperature is lowered (i.e., when tunneling becomes more significant).
For the secondary SSE, the results suggest that it is more relevant for evaluating the “coupled motion”
between the secondary hydrogen and the reaction coordinate than the magnitude of tunneling. Although
tunneling makes a significant contribution to the rate of proton transfer, it appears not to be a major aspect
of the catalysis by TIM at room temperature; i.e., the tunneling factor of 10 is “small” relative to the overall
rate acceleration by 10°. For the intramolecular proton transfer, the tunneling in the enzyme is larger by a
factor of 5 than in solution.

. Introduction hydride tunneling in enzymésklinman and co-workers have
measured kinetic isotope effects (KIEs) and their temperature
dependences for several systems, such as alcohol dehydroge-
nases,amine oxidase3glucose oxidasesand lipoxygenaseé.
Factors that have been used as evidence for tunneling include
large primary/secondary KIEs, isotope effects on the Arrhenius
prefactor deviating significantly from unifyand, most com-

An understanding of the rate constants for proton- and
hydride-transfer reactions is of fundamental inteteistis of
particular importance for living system, where such transfers
are of widespread occurren¢eAs in other reactions, an
evaluation of the free energy of activation and of the dynamical
pre-exponential factors is required. The possibility that tunneling .
makes a significant contribution to the rate, even at room monly, the value ,Of the Swaffﬁchaad exponeﬁt.ln(kH/IfT)/
temperature, has to be considered for such reactions. A numbef"(ko’kr) (wherek is the rate for isotope I). Specifically, if the

of experimental studies point to the importance of proton and €XPonent is larger than 3.3, the value predicted by a classical
vibrational model, then it has been concluded that tunneling

* Harvard University. is important. Corresponding effects have been observed in

*1SIS UniversiteLoius Pasteur. other enzymes, such as triosephosphate isomerase {ad)
(1) See, for example: Bell, R. Fhe proton in chemistryChapman and Hall:
London, 1973.
(2) Fersht, A.Structure and mechanism in protein scien®¢. H. Freeman (3) For arecent review, see: Kohen, A.; Klinman, JABc. Chem. Re4998
and Co.: New York, 1999. 31, 397.
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NAD-malic-enzyme'l Further, these experimental results have surface. Recently, we have made a detailed gfudy the
been instrumental in focusing attentldron the possible role  potential energy surface and kinetics in the classical limit of
of protein dynamics in determining the extent of tunneling in the proton-transfer reactions catalyzed by the enzyme triose-
enzyme catalysis. phosphate isomerase. TIM catalyzes the interconversion of
Although accurate approaches for calculating quantum reac-dihydroxyacetone phosphate (DHAP) ari®)-glyceraldehyde
tion rates for small systems (three or four atoms in the gas phase)3-phosphate (GAP), which is an important step in the glycolytic
are availablé? more approximate methods have to be used for pathway. Three different mechanisms had been proposed (see
treating proton-transfer reactions in solufidtfand in enzymes. ~ Scheme 1), which involve both Glu 165 and His 95 (path A) or
For the latter, which are of primary interest here, most of the Glu 165 alone (paths B and C). To examine which of these is
analysis of quantum corrections has been based on simplifiedmost important, we used the quantum mechanics/molecular
modelst516 The widely used variational transition-state theory mechanics (QM/MM) methdd to determine the potential
with semiclassical ground-state multidimensional tunneling energy surface for the reactions involved at a sufficiently high
(VTST—SAG)"18 has been recently applied by Alhambra et QM level of B3LYP%/6-31+G(d,p)?” The substrate and the
all® to yeast enolase with an AM1/MM description of the catalytic residues, Glu 165 and/or His 95, were treated with
potential energy surface for proton-transfer reaction, making use QM, and the rest of the enzyme was described by MM with
of a new interface between the POLYRATE progfér(for the all-atom CHARMM22 force field® It was found that path
doing the rate constant calculations) and the CHARMM A and path C have similar rate-limiting barriers and yield rates
prograni! (for determining the potential energy surface). They in reasonable agreement with experiment; path B was found to
found that the quantum-mechanical treatment of the vibrational be much higher in energy and could be excluded as a
partition functions in the VTST calculations was more important contribution to the reaction in the wild-type enzyme.
than tunneling; i.e., compared with a purely classical transition-  The detailed and relatively high-level QM/MM potential
state treatment, the computed rate constant at 300 K increaseenergy surface obtained for the TIM-catalyzed reactions sets
by a factor of about 40 from the former and only 1.7 from the the stage for an analysis of the effect of tunneling on the various
latter, respectively. Similar results were obtained by Alhambra proton-transfer steps involved and of its relative contribution
et al. for LADH with the same method.Hwang and Warshel  to the different proposed mechanisms. In both paths A and C,
have studied the effect of proton tunneling in lactate dehydro- the elementary step that has the largest barrier is the first proton
genase and carbonic anhydrase using a path integral formulatiortransfer from @ of the substrate DHAP to Glu 165, a step
with an empirical valence bond potential energy surfédehey common to all three paths. Consequently, we examine the
found that tunneling is substantial (on the order of a factor of contribution of tunneling to this step. For path B, the intramo-
10—-20 at 300 K) in these enzymes but that a similar tunneling lecular proton transfer in the enediolate species has the highest
contribution occurs for the corresponding solution reactions. The barrier. If tunneling is significant in this step, it might increase
present study of TIM complements these calculations on otherthe rate sufficiently so that it could contribute to the overall
enzyme systems. reaction. We therefore also determine the role of tunneling for
Because of the sensitivity of the tunneling contribution to this step. In addition, we made comparison calculations for the
the shape of the barrier for the proton transfer, meaningful intramolecular proton process of a model enediolate in the gas
calculations are limited by the accuracy of the potential energy phase and in aqueous solution.
Alston et al® were able to make the proton-transfer steps rate-

“ (30456 (o) Cha, V- Mrray, C. 3 Kinnan, 3. Bsencelsga 24 Miting by using [1R)-2H]-labeled substrate in D to slow
1325, the chemical steps relative to the product release, which is
Egg Eg%’;tﬁ’KA.';--J?O*ﬂ'S’yg;“zrﬂ-ﬁﬁ'&%ﬁf“}f%ﬁ&ﬁ%@&%@ 36, 2603, normally rate Iir_nitingz.9 The secondary H/T KIE was found to
(7) Glickman, M. H.; Klinman, J. PJ. Am. Chem. Sod994 116, 793. be rather large in magnitude-{.27 for the deuterated substrate
) e ees 50 coner £ C Reuwer, J.F., Jr; Schaad, L.Am. Chem.—jn D,0), and the secondary Swaiichaad exponent was
(9) Alston, W. C.; Manska, M.; Murray, C. Biochemistry1996 35, 12873. determined to be 4.4 1.3. These results were interpreted by
8‘3 \?/ﬁlrsséir,]'EWK%FSX?E%@.CNSM%%%‘(%E 'E‘_’Chem's"ﬂggg 38, 4398. Alston et al as indicating that proton tunneling is important in
(12) See, for example: Bowman, J. M.; Schatz, GA@nu. Re. Phys. Chem the transfer of the proton from DHAP to Glu 165. In the current
(13) %gfgo‘:g’i;ﬁg_; Hynes, J. T. Chem. Phys1991, 94, 3619. (b) Borgis, D.; work, variational transition-state theory with the semiclassical
Hynes, J. TChem. Phys1993 170, 315. adiabatic vibrational ground-state tunneling (VFSIAG)’
L A B e . ot e e 08 Aoeron 12360, Method was used for the rate constant calculations. Correspond-
(16) Antoniou, D.; Schwartz, S. Dl. Phys. Chem. 2001, 105 5553. ing calculations were performed in the gas phase and in solution

(17) (a) For a recent review, see: Truhlar, D. G.; Garrett, B. C.; Klippenstein, .
S.’3.J. Phys. Chem.996 100, 12771. (b) Truhlar, D. G.; Isaacson, A. D.;  for the intramolecular proton transfer (see above) to compare

Garrett, B. C. InTheory of Chemical Reaction Dynami&ear, M., Ed.; i i i i
AU A e AN e e with the results obtained for the enzyme. The potential energy

(18) Truhlar, D. G.; Garrett, B. CAnnu. Re. Phys. Chem1984 35, 159.

(19) Alhambra, C.; Gao, J.; Corchado, J. C.; Vill; Truhlar, D. G.J. Am. (24) (a) Cui, Q.; Karplus, MJ. Am. Chem. So@001, 123 2284. (b) Cui, Q.;
Chem. Soc1999 121, 2253. Karplus, M.J. Phys. Chem. Bn press.

(20) Chuang, Y.; Corchado, J. C.; Fast, P. L.; Villa, J.; Coitino, E. L.; Hu, W.;  (25) (a) Field, M. J.; Bash, P. A.; Karplus, M. Comput. Chen199Q 11, 700.
Liu, Y.; Lynch, G. C.; Nguyen, K.; Jackels, C. F.; Gu, M. Z.; Rossi, |.; (b) Gao, J. InReviews in Computational Chemistryipkowitza, K. B.,
Clayton, S.; Melissas, V.; Steckler, R.; Garrett, B. C.; Isaacson, A. D; Boyd, D. B., Eds.; VCH: New York, 1996; Vol. 7, p 119.

Truhlar, D. G. POLYRATE version 8.0 (August 1998); Department of (26) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Lee, C.; Yang, W.; Parr,
Chemistry and Supercomputer Institute, University of Minnesota, Min- R. G.Phys. Re. B 1988 37, 785. (c) Becke, A. DJ. Chem. Phys1993
neapolis, MN. 98, 5648.

(21) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, (27) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971, 54, 724.
S.; Karplus, M.J. Comput. Cheml983 4, 187. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,

(22) Alhambra, C.; Corchado, J. C.;18hez, M. L.; Gao, J.; Truhlar, D. G. 2257. (c) Hariharan, P. C.; Pople, J. Fheor. Chim. Actd973 28, 213.
Am. ChemSoc 200Q 122, 8197. (28) MacKerell, A. D.; et alJ. Phys. Chem1998 102, 3586.

(23) Hwang, J. K.; Warshel, Al. Am. Chem. S0d.996 118, 11745. (29) Knowles, J. R.; Albery, W. JAcc. Chem. Red.977, 10, 105.
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Scheme 1. Proposed Catalytic Mechanisms for TIM-Catalyzed Reactions
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surfaces for the proton transfers were calculated with the AM1- Swain—Schaad exponents. Where appropriate, we relate the
SRP/MM* approach for the reactions in the enzyme and in present results to the analysis of the promoting modes.
solution; the gas-phase system was described by both AM1- In section II, we briefly review the variational transition-state
SRP and B3LYP/6-3tG(d,p) as a verification of the validity = method and its implementation in the CHARMM program,
of the former. In a complementary stuéi/we consider the which is somewhat different from that of Alhambra et he
intramolecular reaction in the gas phase and the intermolecularresults and discussion are presented in sections Il and 1V,
reaction in the enzyme, as well as some model reactions, torespectively, and the conclusions are in section V.

identity vibrational modes that are important in determining the .

proton-transfer rate (“promoting modes®16 Here, we focus Il. Computational Methods

on a comparison of the magnitude of tunneling in different  |1.1. Rate Constant Calculation. We briefly review the variational
media (gas phase, solution, and enzyme) and the effect oftransition-state theory with semiclassical adiabatic ground-state tun-
tunneling on experimentally measurable quantities, such as theneling (VTST-SAG)'® employed in the rate constant calculations to
define the notation and to provide a framework for analysis of the

(30) (a) Cui, Q.; Karplus, M., to be submitted. (b) Cui, Q.; Brumer, Y.; results. In this approach, several corrections to classical TST are made.
Reichman, D. R.; Karplus, M., work in progress. By “classical” TST, we mean that neither quantization of vibrations
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nor tunneling was included; the term TST is employed to describe dominant small-curvature adiabatic approximatidmhich expresses
calculations with quantized vibrations without tunneling. A major the effective mass in terms of vibrational frequencies and reaction path
assumption of TST is that classical trajectories do not recross the curvature along the reaction path; the latter is evaluated by the reaction
dividing surface, which is usually chosen as the hyperplane orthogonal path Hamiltonian method of Miller and co-workefsAfter a canonical

to the reaction coordinate and containing the saddle point. Accordingly, transformation from Cartesian to curvilinear coordinates, the Hamil-
the TST rate constant is an upper bound to the exact classical ¥esult. tonian of a polyatomic molecule (with zero total angular momentum)

The ratio of the actual classical rate constant and that from the TST along the reaction coordinasewhich is taken to be thEth coordinate,

limit is defined as the transmission coefficient; the calculated value of
the transmission coefficiefitfor the first proton-transfer step in TIM

is 0.433 In VTST without tunneling, the effect of recrossing is reduced
by letting the transition state deviate from the saddle paiohg the
reaction coordinate and optimizing its position by variationally
minimizing the reaction fluX? This corresponds to searching for the

free energy maximum along the reaction coordinate in the canonical

ensemble (CVTST) or allowing the position of the transition state to
be vibrational-state-dependent in the microcanonical ensepNfS(T) 3

(F = 3N — 6, whereN is the number of atoms), is given By

F-afp2

H(psS{PuQd = Z E +

0H9Q%k 1
| TVe® e

F-1 F-1

k;QkPIBk,I(S)]ZI [+ ;QkBk,F(s)]z 2

To introduce quantum corrections, the energy-dependent transmissionvhereps and P are the momenta conjugate to the reaction coordinate

coefficient, PSAG(E), is computed semiclassically using the one-
dimensional WKB integral along a given path (see below). The result
includes both tunnelinthroughthe barrier and nonclassical reflection
abave the barrier. The expressions &re

PSASE) = {1+ explzh " [ {2ue(9IVE(S — EF s} 7,
E<VZC (1a)

PIAC(E) = 1 — PIQVE — E), Vie <E<2Vie (1b)

PIAC(E) =1 E>2Vie (lc)
wheres- ands. are the values of the path coordinate at the left and
right turning points, respectively, corresponding to the en&gjthe
system. The quantityﬁ(s) is the vibrational ground adiabatic poten-
tial energy along the tunneling path, a\ﬁ? is the value at the saddle

sand thekth orthogonal degrees of freeddy, respectively. Th¢ Q«-

(9)} are obtained by normal-mode analysis along the reaction coordinate
s (the IRP in the current implementation) by diagonalizing the Hessian
with the reaction coordinate direction projected out. The first term in
eq 2 represents the Hamiltonian for the harmonic degrees of freedom
orthogonal (transverse) to the reaction path; the second term is the
potential energy along the path. The third term is the kinetic energy
term of the motion along the reaction path; the denominator and the
extra term in the numerator arise from the coupling between the
transverse modes and the reaction path motion, and the Coriolis-like
coupling among the transverse modes, respectively. The reaction path
curvature componenByg, is given by

T.dg _

BkF(S)_Lk =gl lLk ds

g 'L H7]  (3)

In eq 3,L« is thekth eigenvector of the Hessiat, and? is the vector

point; uer(s) is the reduced mass associated with the tunneling degree gjong the direction of the reaction coordinate, which by definffids

of freedom.
The optimal tunneling path is the one that maximi4°(E),

antiparallel to the normalized gradient in the mass-weighted coordinate,
—0/|g|. Note that in eq 3, the second equality holds becdusés

which is rather expensive to compute and has so far been done onlygthogonal to7 and therefore annihilates another term that also

for small molecules>3® An approximate approach is to evaluate
P31S(E) along the intrinsic reaction path (IRF)which can be readily

contributes to d/ds.** The Byr values represent the change in the
direction of thekth eigenvector induced by the variation of the reaction

obtained for polyatomic systems from knowledge of the potential energy coordinate. The curvature of the reaction path induces a negative
surface®® Such an approximation is also known as the zero-curvature centrifugal effect due to the imaginary value of the momenta conjugate
theory (ZCT)}® since the effect of reaction path curvature on the to the reaction coordinate; it is this which produces the comer-

tunneling is neglected. As pointed out by a number of autfoitse

cuttlng3540 The norm of the reaction path curvatuf8g}, (35 .

curvature of the reaction path has a negative centrifugal effect that g2 )12 is referred to a§ in sections Il and IV and contributes to the
makes the optimal tunneling path deviate from the IRP; this is the so- effective one-dimensional reduced mass(s). 142

called “corner-cutting” effect. A practical, alternative implementation
for polyatomic system is to compute the tunneling probability along
the IRP but with a modified effective mag&s(s), which depends on
the curvature of the reaction pdththis is known as the small-curvature
theory (SCT). The effective mass is found by using the centrifugal-

(31) Pechukas, P. IBynamics of Molecular Collisiondart B; Miller, W. H.,
Ed.; Plenum Press: New York, 1976.

(32) Rosenberg R. O.; Berne, B. J.; Chandlerdbem. Phys. Lettl98Q 75,
162.

(33) Neria, E.; Karplus, MChem. Phys. Lettl997 267, 23.

(34) Isaacson A. D.; Sun, M. T.; Rai, S. N.; Truhlar, D. &.Chem. Phys
1985 82, 1338.

(35) (a) Truhlar, D. G.; Gordon, M. SSciencel99Q 249, 491. (b) Garrett, B.
C.; Truhlar, D. G.J. Chem. Physl983 79, 4931.

(36) Carrington, T., Jr.; Miller, W. HJ. Chem. Physl986 84, 4364.

(37) (a) Fukui, KJ. Phys. Cheml97Q 74, 4161. (b) Shavitt, IJ. Chem. Phys
1968 49, 4048. (c) Marcus, R. AJ. Chem. Phys1968 49, 2610. (d)
Truhlar, D. G.; Kupperman, Al. Am. Chem. Sod971 93, 1840.

(38) See, for example Gonzales, C.; Schlegel, HI.EChem. Physl1989 90,
2154.

(39) Truhlar, D. G.; Kupperman, Al. Am. Chem. Sod 971, 93, 1840.

(40) See, for example Marcus, R. A.; Coltrin, M. E.Chem. Physl977, 67,
2609.

(41) Skodje R. T.; Truhlar, D. G.; Garrett, B. G. Phys. Chem1981, 85,
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In VTST—SAG, the tunneling transmission coefficients for the
vibrational excited states are assumed to be related to that for the
vibrational adiabatic groundstate (eq 1) by a simple energy shift
approximation,

P (E) = PROE — (V¥ — V)] (4)

Wherevz{”} is the vibrational adiabatic energy at the transition state of
the state characterized by the vibrational quantum numfpgrs A
similar approximation was employed by Bowman and Wang in the
development of a reduced dimensionality theory for quantum scatter-
ing.#°

The VTST-SAG temperature-dependent transmission coefficient,
KCVT=SCI(T), (i.e., the correction factor to the TST rate constant in the

(42) Liu, Y.; Lynch, G. C.; Truong, T. N.; Lu, D.; Truhlar, D. G.; Garrett, B.
C.J. Am. Chem. S0d.993 115, 2408.

(43) Miller, W. H.; Handy, N. C.; Adams, J. B. Chem. Phys198Q 72, 99.

(44) Page, M.; Mclver, J. W., Jd. Chem. Phys1988 88, 922.

(45) Bowman, J. M.; Wang, DAdvances in Molecular Vibrations and Collision
Dynamics JAI Press Inc.: Greenwich, CT, 1994; Vol. 2B, p 187.
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canonical ensemble with quantized vibrations) is given by the expres- site were fixed in the reaction path and normal-mode calculations. In
sion, the “small” model, all atoms beyoh4 A of Cy in the substrate (see
Figure 1) were fixed; this results in a system consisting of 106 movable
atoms, including six residues (K12, H95, E165, 1170, G210, G231)
and one water molecule. In the “larger” model, atoms bey8 of
Cy were kept fixed; this results in 445 movable atoms, including 16
water molecules. In addition, 2235 atoms in the small model and 1895
atoms in the larger model provided a fixed environment to complete
the sphere used in ref 24. By comparison, Alhambra et al. included 25
movable atoms in their pioneering study of yeast enéfased 21
movable atoms in LADH?

For the gas-phase calculations of the intramolecular proton transfer,
an enediolate model without the phosphate group was used (Figure
'3a) because, as we showed in earlier wdrkclusion of the latter

f PASE) e T dE

JHE = VIS e T dE

KCVT*SCT(T) — KCVT x

(®)

whereh(E) is the Heaviside function. In eq &CVT is the correction
factor relative to TST due to the change in the position of the transition
state &) in canonical VTST, and the other factor corresponds to
the tunneling correction to CVT.

From the above, the required quantities in the VFSRAG calcula-
tions include the frequencies and the generalized normal modes (i.e.

the normal modes obtained by diagonalizing the Hessian matrix with ; . )
leads to unphysical results for the potential energy surface. Calculations

the reaction path component projected out) at a set of points along the ™ h both the AM1-SRP and B3LYP/6-31G(d hod iod
reaction coordinate. For large systems (more than 100 atoms that areVith both the i an -33G(d,p) methods were carrie

allowed to move relative to a fixed environment) as considered here out for this small system; the latter result provides a check on the former.
saving the eigenvectors at many paints is very memory intensive. We’ For the intramolecular transfer in vyater, the full substrate (including
have therefore implemented the algorithm to evaluate the reaction paththe phosphate group) was used (Figure 2). It was solvated by a 16 A

curvature componentsBer (eq 3), in the TRAVEL module of water sphere, with a stochastic boundary potefttiattotal of 549 water
CHARMM.2L This a||OWSY us to us’e the conjugate peak refinement molecules were included. The solute was described with AM1-SRP,

(CPR) algorithrf to optimize the IRP (i.e., the steepest descent path a_nd the water was treated with a flexible mc_)di_fied TIP3P model to
in mass-weighted coordinate) for large systems and reduces the memorfImpllfy the norme_ll-mode analyst. The gpnmlzed structures of
requirement of the computation dramatically. Only the frequencies and reactant, saddle point, _anq product, ea_ch with a small number of solvent
the curvature components along the IRP have to be saved in disk ormolecules, are shown in Figure 2. During the reaction path and normal-
memory (rather than keeping the entire Hessian and eigenvectors alon%]Ode e_malyses, yvater molecules bay@nA from Cy.Of the substrate

the reaction path, as in the standard implementation with POLYRATE); ere fixed, leaving 308 mova_lble atoms, of Wh'Ch_ 98 were water
they form two arrays that are linear in the size of the system. The molecules. A smaller mo_de_l with water molecules fixed beyoqd 4 A
required information (geometries, energies, frequencies, and curvaturefrom Cy was also used; it includes 65 movable atoms, of which 17
components along the IRP) is then used as input for a modified version were water molecules. o .

of POLYRATES.G to calculate the effective reduced mass along the To determine the effect of fluctuation in the environment, molecular
IRP, the tunneling integrals (eq 1), and the rate constants. In this way, dynamics sim'ulati'ons were carried oqt for thg intramolecu_lar proton-
large systems with hundreds of movable atoms can be studied on normafansfer reaction in the enzyme and in solution. The motions of the
workstations. The present approach differs from that of Alhambra et System with the EDT1 intermediate (see Scheme 1) were calculated

al.}®* who created a very convenient interface between POLYRATE
and CHARMM. Their implementation is more memory intensive

by use of the mixed MD/LD stochastic boundary algorithm, with atoms
in the reaction region treated with MD and those in the buffer region

because all the eigenvectors along the reaction path have to be savedVith Langevian dynamic§; the reaction region had a radius of 12 A
This has so far limited the number of movable atoms (to about 30 in d the buffer region 2 A. The simulations were carried out for 50 ps

the context of enzyme systethd?and 57 for gassurface reactiort9
that can be included in the calculations.

I1.2. Details of the Calculations.As mentioned in the Introduction
and in the earlier paper on TI&t,the potential energy surface for the
TIM-catalyzed proton-transfer reactions was determined with the QM/
MM methodology, where the QM part was at the B3LYP/6+&-
(d,p) level and the MM part was given by the CHARMMZ22 force field.
Although, in principle, the tunneling calculations could be done with
B3LYP (e.g., a DFT/MM approach has been developed for normal-
mode analysi$), the computational cost is too high. Consequently,
we used a semiempirical QM method of AM1 type, reparamettfzed
(AM1-SRP) relative to the B3LYP results for the TIM-catalyzed
reactions; details of the parametrization are given in ref 24. The AM1-
SRP/CHARMM results overall are in satisfactory agreement with the
B3LYP/6-31+G(d,p) calculations for the reactions studied here; the
differences at the stationary points correspond to an RMS error of 4.5
kcal/mol. This is to be compared with the standard AM1/CHARMM,
which has an RMS error of 8.4 kcal/mol compared to the B3LYP/6-
31+G(d,p) results.

of equilibration and 100 ps of production at 300 K with a time step of
2 fs; all the bonds involving hydrogen were fixed by using SHARE.
Ten configurations were selected from the trajectory at 10 ps intervals.
Using these as starting structures, reaction path optimizations with the
small model were carried out.

After the reaction paths were optimized for each of the systems by
use of the TRAVEL module in CHARMM, normal modes and reaction
path curvatures along the reaction coordinate were calculated and used
in a modified version of POLYRATE to compute the rate constants,
as described in section I.1. Between 70 and 110 points along the
reaction coordinate were used in the VFSIAG calculations. Of these,
at least 50 points were in the critical region, with the mass-weighted
reaction coordinate in the range of3.0,+3.0) amd&?%bohr. Test
calculations with 320 points gave transmission coefficients within a
factor of 1.2 at 300 K, indicating that the results with 50 points are
sufficiently accurate for the present semiquantitative analysis.

The vibrational degrees of freedom were treated as quantized in the
rate constant calculations, unless stated otherwise; i.e., the vibrational
partition function was evaluated with the quantum-mechanical rather

For reactions in the enzyme, the same system as that used in thethan the classical formula. The correction factor of C\ICT relative

calculation of the potential energy surface was employed; for details,
see ref 24. The active site structures for the two steps in the TIM

to CVT is designated as®VT—SCT (see eq 5) and referred to loosely as

reactions that are studied here are shown in Figure 1. To reduce the(50) Brooks, C. L., lll; Karplus, M.J. Chem. Phys1983 79, 6312.

cost of the calculations, atoms that are relatively far from the active

(46) Fischer, S.; Karplus, MChem. Phys. Lettl992 194, 252.

(47) Wonchoba, S. E.; Truhlar, D. @. Chem. Phys1993 99, 9637.
(48) Cui, Q.; Karplus, MJ. Chem. Phys200Q 112, 1133.

(49) Rossi, I.; Truhlar, D. GChem. Phys. Lett1995 233 231.

(51) (a) Jorgensen, W. L.; Chandrasekhar, J.; Madura,JJ.Ghem. Physl983
79, 926. (b) Neria, E.; Fischer, S.; Karplus, M.Chem. Physl1996 105
1902.

(52) (a) Brooks, C. L., lll; Karplus, MJ. Mol. Biol. 1989 208, 159. (b) Brooks,
C. L., Ill; Briinger, A.; Karplus, MBiopolymers1985 24, 843.

(53) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
23, 327.
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Figure 1. Active site structures of species involved in the two proton-transfer reactions in TIM obtained with the “large” model, which includes 445
movable atoms out of a total of 2340 atoms.

the “tunneling coefficient”, although it includes the nonclassical intramolecular proton transfer). For the Arrhenius parameters, only the

reflection effects, which can be important for low-barrier cases for primary effect was studied. In the VTST calculations, the reaction path

energies larger than the barrier (see eq®tb). and generalized normal modes and finally the rate constants were
For computing the rate constants, the most expensive part is thedetermined for appropriate isotope substitutions.

determination of the reaction path properties. This is dominated by the  To interpret and compare the reaction paths and rate constants in

normal-mode analysis along the reaction path. For the large model with different media (gas, solution, and enzyme), curvature components for

about 400 atoms, the whole reaction path calculation (including normal- selected configurations along the reaction paths were examined. The

mode and path curvature evaluations) requires about a week on a singlénverse participation ratios, which have been used to characterize the

R10000 processor of an Origin 2000. The VTST calculation itself (i.e., degree of delocalization of the normal modes in li§iand protein

the calculation of the tunneling integrals and rate constants) takes only systems$? were also determined. Two quantitieRl and R!', are

a few hours on the same machine. For the small model with about 100 defined for each (generalized) normal-mddehey are

atoms, the reaction path calculations required about 2 days and the

VTST part about an hour. | N 4
Several quantities frequently used in experimental analyses of Re= zLik (7a)
tunneling were calculated to compare the conclusions normally drawn !
from the measured values with the calculated tunneling contribution. Mres 3Ni
They are all isotope-dependent ratios defined as follows: Rl = Z[ZLJZ"]Z (7b)
T
Kinetic isotope effects (KIEs): ky/k, and  ky/k; (6a)

whereN andN; are the numbers of atoms in the whole system and in
Swain—Schaad exponent:ags= In(ky/k:)/In(ky/ks) (6b) theith residue, respectiveliesis the number of residues in the system.
R'k indicates the number of atoms involved in tkil (generalized)
normal mode, anin” corresponds approximately to the number of
) ) residues involved.
wherek is the rate constant for isotope 141 H, D, or T); E«(l) and To determine the effect of geometry relaxation on the proton transfer,
A are the apparent activation energy and intercept from an Arrhenius ptentials of mean force (PMF) were calculated with the umbrella
plot for isotope I. For the KIEs and the SwaiSichaad exponent,  gampling techniqu@ for the intramolecular proton transfer in water

secondary as well as primary quantities were computed for the anq jn TIM, and for the intermolecular proton transfer in TIM. In the
intermolecular proton transfer (there is no secondary hydrogen in the

Arrhenius parameters:A/A; and E(T) — E(H) (6¢)

(55) See, for example: Cho, M.; Fleming, G.; Saito, S.; Ohmine, I.; Stratt, R.
(54) See, for example: Hu, W.; Rossi, |.; Corchado, J. C.; Truhlar, DJ.G. M. J. Chem. Phys1994 100, 6672.
Phys. Chem. A997 101, 6911. (56) Sagnella, D. E.; Straub, J. Biophys J. 1999 77, 70.
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Figure 2. Stereo plots (cross-eyed) of the solute structure for the species
involved in the proton-transfer reactions in solution obtained with the “large”
model, which includes 308 movable atoms in a 16 A water sphere.

PMF calculations, the antisymmetric stretch coordinate involving the
donor, proton, and acceptod, = rp-4 — ra-ny, was used as the
approximate reaction coordinate, which was found to sufficiently
describe the proton-transfer process in the previous stu@iwenty
windows were used for the intramolecular proton transfer in water and
the intermolecular proton transfer in TIM, with the center of the
umbrella potential ranging from1.2 to 1.2 A. For the intramolecular
proton transfer in TIM, 25 windows were used, with the center of the
umbrella potential in the range ef1.2 and 2.2 A. For each window,
25 ps molecular dynamics was carried out with an integration step of
0.5 fs; the first 5 ps was discarded in the analysis. The distributions of
o from the different windows were combined using the Weighted
Histogram method (WHAMS to obtain the final PMF.

Ill. Results

In this section, we focus on the calculated rate constants,
tunneling coefficients, and isotope effects at 300 K. Because

the intramolecular proton transfer in the enediolate intermediate

is the simpler problem, in part due to the intrinsic symmetry of

the gas-phase model, we begin by describing the results obtaine

for that reaction (see section Ill.1). Moreover, we were able to
study this reaction in the gas phase, in solution, and in the
enzyme. The results for the intermolecular proton transfer

between the DHAP substrate and Glu 165 in the enzyme are

(57) (a) Torrie, G. M.; Valleau, J. B. Chem. Physl974 66, 1402. (b) Allen,
M. P.; Tildesley, D. JComputer simulation of liquig©Oxford University
Press: New York, 1987.

(58) Kumar, S.; Bouzida, D.; Swendsen, R. H.; Kollman, P. A.; Rosenberg, J.
M. J. Comput. Cheml992 13, 1011.

presented in section 11.2. A more detailed discussion of their
temperature dependence and interpretations is given in section
V.

IIl.1. Intramolecular Proton Transfer. lll.1a. Rate Con-
stants in the Gas PhaseFigure 3a shows the optimized
(adiabatic) potential energy profile along the minimum energy
path obtained with AM1-SRP and B3LYP. The energy is
symmetric with respect to the saddle point because the phosphate
group has been replaced by a hydrogen atom (see Computational
Methods). The results obtained from the two methods are very
similar: the potential energy barrier for the proton transfer is
9.5 kcal/mol at the AM1-SRP level and 8.6 kcal/mol at the
B3LYP/6-31+G(d,p) level, both without zero-point energy
(ZPE) corrections. The imaginary frequency at the saddle point
is 1365 cm™! at the AM1-SRP level and 137v@m™! at the
B3LYP/I level. Therefore, the AM1-SRP method used in the
present work is satisfactory for studying the kinetics of the
intramolecular proton-transfer reaction.

The essential geometrical parameters vary along the reaction
path in a manner typical for proton-transfer reactigh#s
shown in Figure 3b, the initial stage of the reactier2(5 < s
< —0.5) involves mainly the decrease of the donacceptor
(OP—0*) and acceptorproton (G*—H) distances, while the
donor—proton ((’—H) distance increases only slightly to 1.08
A from the equilibrium value (0.966 A). Starting fromequal
to about—0.5, the @—H distance increases rapidly to about
1.25 A at the saddle point. Several bond angles (sudhths
OA—CA, DH—0OP—CP, and0OP—H—0OA in Figure 3c) change
significantly in the region-0.7 < s <0.7; i.e.,0OP—H—-OA
becomes more linear in the region of the saddle point. The
magnitude of the reaction path curvaturg (eaches a maximum
of 2.3 amu¥2bohr! at s equals to—0.5, as shown in Figure
3d. This is consistent with the fact that the direction of the
reaction path (i.e., the rate of change of the significant degree
of freedoms) varies in this region. The symmetric behavior on
the product sideq = 0) mirrors that of the potential energy
surface, as expected.

The proton-transfer rate constants obtained with canonical
variational TST (CVT), canonical variation TST with the zero
reaction path curvature (C\AHZCT, i.e., uett = un), and the
small-curvature approximation (CVASCT, i.e.,uest modified
by the reaction path curvature, at both the AM1-SRP and
B3LYP levels) are shown in Figure 3e. The values at 300 K
are summarized in Table 1. As a consequence of the symmetric
character of the reaction, the CVT rate constant is identical to
the TST value because the position of the transition state is
only allowed to movealong the reaction path in the current
formulation of VTST!® The AM1-SRP and B3LYP/I results
are very close in all cases, which is expected since the barrier
height and the imaginary frequency are nearly identical (see
above). Tunneling as obtained from the ratiok6¥7-SCT and

(#&VT (eq 5) is significant, particularly at 100 K. It is about a
al

ctor of 7.7 at 300 K and fCat 100 K with the CVF-SCT
method. At the CVFZCT level, the tunneling is about 3.3 at
300 K and 18 at 100 K. Thus, the effect of reaction path
curvature is about a factor of 2 at room temperature and a factor
of 1% at 100 K.

The isotope effects on the reaction path properties and rate
constants at different levels of rate theory are shown in Figure

(59) Garrett, B. C.; Truhlar, D. Gl. Phys. Chem1991, 95, 10374.
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Figure 3. Reaction path properties along reaction coordirsséad rate constants for the intramolecular proton transfer in the gas phase as a function of
temperature. (a) Minimum energy profile at the AM1-SRP (solid), and the adiabatic vibrational ground state at the AM1-SRP (dash) and B3{G¢P/6-31
(d,p) levels (dot-dash). (b) Important distances: don@roton (C°---H), acceptor-proton (G'---H), and donor-acceptor (B---0*) distances. (c) Important
angles. (d) Reaction path curvature. (e) Rate constants obtained with TST (dash)ZCVTdash-dot), and CVF-SCT (solid). Due to the symmetry of

the system, TST is equivalent to CVT. The set of bold lines was obtained with the B3LYR/6{81p) parameters, and the other set was calculated with

AM1-SRP.
4; all calculations were carried out with AM1-SRP. As the mass ;ab/e f Ff:atetCOr}stir;‘ts,lKtineticllsotIOpePEerctST (KIEf), agd ;

; e . unneling Factors for the Intramolecular Proton- I ranster Reaction
of the tran_sferred nucleus increases, the minimum energy pro_ﬁlein the Gas Phase at 300 K2
as a function of the mass-weighted reaction path becomes wider

(Figure 4a), and the maximum of the reaction path curvature o Classical TST" VT evr-zet cvT=ser
i o 9.5/1365 (8.6/1379)

dgcrez?]seg from 2.3 fpbr H_andI ]}.5 for D to 1}? for (‘jl'dfﬂgure 10g(k) 6.18 772(190) 8.25(848) 861 (8.76)
4b). The imaginary vibrational frequency at the saddle point (EVT-SCTe 330(3.72)  7.71(7.23)
decreases from 1366m? for H and 1009cm for D to 848 KIE(H/D) 1.35 456 6.57 8.99
cm~1for T. The H/D KIE at 300 K is 4.56 at the CVT (TST) KlEf(H/T) 1.61 8.88 15.3 20.8

ass 2.76 3.27 3.22 3.63
level, 6.57 at the CVFZCT Igvel, and 8.99 at the CVASCT AE(H.T)S 116 197 205
level. The H/T KIE at 300 K is 888, 153, and 208at the CVT An/A 1.27 0.80 0.66
(TST), CVT—ZCT, and CVT-SCT levels, respectively. The
Swain-Schaad exponentss, is close to 3.3 at the CVT level 2 The numbers without parentheses are AM1-SRP results, and those in

: parentheses are B3LYP/6-8G(d,p) values? The bound vibrational modes
at temperatures ranging from 100 to 500 K, as expected from were treated classically, and the vibrational adiabatic energy does not include

the differences in barrier heights for different isotopes including the zero-point energies. For the other calculations (i.e., CVT, €XCT,

ZPE; the values of the adiabatic barrier height are 6.6 kcal/mol and CVT-SCT), the quantum mechanical vibrational partition functions
were used. In the other tables, unless specified, the quantum mechanical

forH,7.5 kc_anOI _for D_’ and 7.9 kcal/mol for T The value of partition functions were usedDue to the symmetry of the reaction, CVT
3.3 for assis obtained if the donerH stretch is assumed to  is equivalent to TSTd V* is the barrier height, in kcal/mol, without zero-

be 3000 cm? in the reactant; this frequency scales according Point energy (ZPE) correctiom is the imaginary frequency (in cr¥) at
q y 9 the saddle point The SCT correction factor defined &3'T-SCT/KCVT (eq

to th_e square '.’00'[ of the mass and is assu.meq to be lost at th% in text). This applies to all the tablésThe Swair-Schaad exponent is
barrier top. With the CVFSCT model, which includes tun-  defined as Ink/kr)/In(ko/kr). ¢ The difference in the apparent activation

i i i i energy for H and T at 300 K obtained by fitting the logarithm of the rate
neling, the value is about 3.6 at 300 K (i.e., only very slightly constants computed at 250, 300, and 350 K to a linear function with respect

different from that without tunneling), and decreaseso 2.8 to /. " The ratio of Arrhenius prefactor for H and T at 300 K obtained as
at 100 K, even though tunneling is calculated to be orders of the intercept from (g).
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Figure 4. Reaction path properties along reaction coordisadad rate constants for the intramolecular proton transfer in the gas phase with H, D, and T
as a function of temperature. (a) Minimum energy profile. (b) Reaction path curvature. (c) CVT andSIMT (bold) rate constants. (d) Kinetic isotope
effects. In (a)-(c), the solid, dashdot, and dashed lines represent results for H, D, and T, respectively. In (d), the dashed lines représdaf)idbé
dash-dot lines represent loB/kr); the dash-dot—dot lines give logku/kr); and the solid lines give the Swaitschaad exponentiss The bold lines in (c)

and (d) represent C\VVFSCT results, and the thin lines represent CVT results.

magnitude larger at low temperature (see above). It should be At room temperature, the quantization of the bound vibra-
noted that CVT-SCT substantially underestimates the degree tional degrees of freedom has a more significant effect on the
of tunneling at low temperature in some ca&dsor the present  rate constant than tunneling along the reaction coordinate; the
case, good agreement for the temperature dependence of theffective barriers are 9.4 and 6.6 kcal/mol with and without zero-
Swain-Schaad exponent was observed between the-€3AT point energy, respectively. This behavior is in agreement with
results and path-integral simulations (to be published). As the study of proton transfer in the enzyme yeast endfage.
discussed in more detail in section IV, the SwaSchaad 300 K, the fully classical TST gives a rate constant that is 32
exponent does not have to be larger than 3.3 in systems wherdimes smaller than the quantized TST (CVT) value, which in
tunneling is important, although this has been assumed in theturn is 1 order of magnitude smaller than the CV3CT rate
analysis of many experimentshe Arrhenius parameteray/ constant. Classical TST also gives much too small isotope effects
Ar andE4(T) — E4(H), are influenced by tunneling even at 300 since the KIEs come from the classical vibrational partition
K, as indicated by the differences between CVT and GVT functions; the H/T KIE is 1.61, 8.88, and 20.8 at the classical
SCT results (Table 1). For exampl&y,/Ar is 1.27, 0.80, and TST, CVT, and CVF-SCT levels, respectively. In what follows,
0.66 at the CVT, CVF-ZCT, and CVTF-SCT levels, respec-  We do not consider the purely classical TST values further.
tively. The value ofE(T) — E(H) is 1.16, 1.77, and 2.05 kcal/ [ll.1b. Rate Constants in Enzyme.For the intramolecular
mol, respectively; the “quasi-classical” liffi(i.e., the difference proton transfer in TIM, the barrier height is calculated to be
arising from zero-point energy) is 1.8 kcal/mol. From the slopes 12.8 kcal/mol at the AM1-SRP/CHARMM level (Figure 5a).

of the CVT—SCT results in Figure 4c, one can estimate the As shown in our previous work the increase of the barrier in
“crossover” temperature (i.e., the temperature at which the the enzyme compared to the gas phase (9.5 kcal/mol) is due
proton transfer changes character from a thermally activated Mainly to the unfavorable interaction with His 95 (see Figure
process to one that is tunneling dominated) for different isotopes. 1)- The potential energy along the reaction coordinate is
The values are approximately 222, 180, and 154 K for H, D, approximately symmetric, even in the presence Qf the phosphate
and T, respectively, and close to estimations based on one-9roup and the enzyme environment. The imaginary frequency

dimensional semiclassical theorfé$3

(62) (a) Miller, W. H.J. Chem. Phys1975 62, 1899. (b) Benderskii, V. A.;
Markarov, D. E.; Wight, C. AAdvances in Chemical Physics 88ohn

(60) Garrett, B. C.; Joseph, T.; Truong, T. N.; Truhlar, D.Ghem. Phys1989 Wiley & Sons: New York, 1994.
136 271. (63) Haggi, P.; Grabert, H.; Ingold, G. L.; Weiss, Bhys. Re. Lett 1985 55,
(61) Karplus, M.; Porter, R. N.; Sharma, R. .Chem. Physl965 43, 3259. 761.
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Figure 5. Reaction path properties along reaction coordirssed rate constants for the intramolecular proton transfer in TIM with the “large” model as

a function of temperature. (a) Minimum energy profile. (b) Important geometric parameters:—gwoton (GQ---H), acceptor-proton (Q---H), and donot

acceptor (@--O,) distances; see Figure 1 for atomic labels. Also shown in thin lines are other important geometrical parameters that vary significantly
during the reaction, which involve the movement of His 95 and Lys 12. (c) Displacement of atoms in EDT1 and EDT2 measured from the saddle point; note
that many residues move substantially during the reaction. (d) Reaction path curvature. (e) Rate constants obtained with TST (dash);—@bfJ, (dash
CVT—ZCT (dash-dot—dot), and CVTF-SCT (solid). (f) Kinetic isotope effects. See Figure 4 for symbols used for different isotope quantities.

at the saddle point is significantly smaller in the enzyme than words, the initial stage of the reaction path involves mainly
in the gas phase; for hydrogen it equalsi7@8 ! as compared = motions that reorganize the environment, including the denor
with 1365 cm~1 in the gas phase. However, the reaction path acceptor distance. This can be compared to the “solvation”
is much longer £30 amd/2bohr) than that in the gas phase coordinate in the electron-transfer reactions in the condensed
(~5 amd'%bohr); see Figure 5a. This is due to two factors. phasé®* or solvent motion in ion-pair dissociatiéh and

First, the proton moves a larger distance during the reaction in isomerization reactions in solution. The effect of the secondary
the enzyme because the proton starts farther from the acceptoset of peaks il on the rate constant is described below.

due to the presence of a strong hydrogen bond with Glu 165 in  The CVT values of the rate constant are essentially identical
EDT1 (see Figure 1); i.e., the proton, which is transferred from to the TST results (with quantized vibrations) at all temperatures
0O to Oy, is oriented away from © Second, a larger number  (Figure 5d); see also Table 2. This is due to the fact that the
of atoms move during the reaction in the enzyme, and their asymmetry of the potential along the reaction coordinate is
displacements contribute to the length of the reaction path. Forsmall, as noted above (Figure 5a), so that the positions of the
example, Lys 12, His 95, and Glu 165 and an active site water transition state in CVT and TST are essentially the same (see
molecule (Solv 26) move significantly relative to the substrate Table 2). The tunneling coefficient¢VT-SC7) in the enzyme
during the reaction (Figure 5b,c). The displacements of theseis much smaller than that in the gas phase. At the €8TT
heavy atoms contribute substantially to the path length due tolevel, <“VT-SCT is around 1.66 at 300 K and 230 at 100 K.
their heavy masses, as discussed already for the gas-phas€orrespondingly, the KIE values are smaller in the enzyme than
reaction. The potential energy increase slowly as a function of those in the gas phase, as shown in Figure 5e and Table 2. The
the reaction coordinate far from the saddle point and becomesH/D KIE at 300 K is about 4.65 at the CVASCT level and
much more steep between 2.5, +2.5). This trend correlates  4.50 at the CVT level, compared to the value of 8.31 and 4.66
with the variation of the essential geometrical parameters alongin the gas phase. The behavior of the Sweithaad exponent

the reaction path; i.e., those related to the transferring protonis similar to that in the gas phase, even though the tunneling
itself and the donor and acceptor distances have their largestcontribution is much smaller in the enzyme; the TST value
change in the same region (Figure 5b). Correspondingly, the remains around 3.34 independent of temperature, while the
reaction path curvaturd} peaks around ~ +0.3 (see inset ~ CVT—SCT value is 3.13 at 300 K and decreases with temper-
in Figure 5d). There is an additional set of smaller peakE in
ats ~ +2.0. These peaks are related to the motion of the (64) Marcus, R. AAnnu. Re. Phys Chem 1964 15, 155.

. (65) Bolhuis, P. G.; Dellago, C.; Chandler, Proc. Natl. Acad. Sci. U.S.A.
environmental groups that are coupled to the substrate. In other ~ 2009 97, 5877.
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Table 2. Rate Constants, Kinetic Isotope Effects (KIE), and Tunneling Factors for the Intramolecular Proton-Transfer Reaction in TIM at
300 K Calculated with Two Different Models@

classical TST classical CVT TST CVT CVT-ZCT CVT-SCT
V¥ w 12.8/798 (9.7/795) [18.1/889]
S*CVTb —0.03 (0.00) —0.07(0.07) [0.05]
log(kn) 3.55 (6.09) 3.54 (6.09) 4.51 (7.33) [1.86] 4.49 (7.32) [1.77] 4.57 (7.40) [1.90] 4.71 (7.54) A1 ©
KﬁVT’SCT 1.23(1.22) [1.36] 1.68 (1.64) [2.17L.68°
KIE (H/D) 1.43(1.43) 1.42 (1.43) 4.50 (4.56) [4.17] 4.31 (4.53) [3.78] 4.25 (4.46) [4.03] 4.65 (4.78) [5.16]
KIE (H/T) 1.68 1.67 8.56 [7.94] 8.21[7.13] 8.35[7.90] 9.57 [10.9]
ass 3.12 3.15 3.34[3.22] 3.27[3.10] 3.15[3.07] 3.13[3.21]
AEL(H,T) 1.12[1.08] 1.01[1.00] 1.11[1.13] 1.28 [1.49]
AnlAr 1.31[1.31] 1.33[1.34] 1.31[1.19] 1.12[0.89]

aThe values without parentheses were obtained with the large model including 445 movable atoms; those in parentheses or brackets were obtained with
a smaller model including 106 movable atoms with the rest of the atoms fixed at the positions optimized for the saddle point and the reactasty respectiv
(see text). The definitions of other quantities are the same as in TablEhk. optimized position of the transition state in CVT in dffibohr. ¢ The results
were obtained by setting the reaction path curvature to zero beyehd[1.5] am&/2bohr.
ature to a value of 2.64 at 100 K. Due to the small tunneling model, however, Glu 165 cannot move as freely, and the O1
contribution, the Arrhenius parameters at the C\SCT level -«OE2 distance is reduced only to 3.30 A at the saddle point.
are similar to the CVT results and close to the expected quasi-Also, the local geometry of the saddle point is altered; the
classical values (i.e., difference arises from zero-point energy). proton—donor and protorracceptor distances are 1.21 and 1.24
Thus, in the enzyme, even though the barrier is higher than A, respectively, in the large model and 1.27 and 1.19 A,
that in the gas phase (12.8 vs 9.4 kcal/moal), the significantly respectively, in the small model. As already pointed out, the
broader barrier leads to a much smaller tunneling contribution; transition-state configuration for the intramolecular proton
even at 100 KkCVT=SCT is only 230 timeskCVT, transfer is not linear, although it is more linear near the saddle

Despite the small tunneling contribution, the effect of reaction point than in the reactant configuration; see Figure 1 or Figure
path curvature on tunneling is significant. The tunneling 3. The barrier frequency becomes substantially higherj 889

coefficient is smaller at the CVFZCT level relative to CVF cm™1, compared to the value of 788m™! in the large model.
SCT by a factor of 1.36 at 300 K and 19.5 at 100 K. Calculations Interestingly, the reaction path curvatures in the different models
with the curvature components set to zero beyondl.,+1.5) are rather similar, especially in the barrier region. Larger
along the reaction path gave virtually identical CVY$CT differences are observed in the regions close to the reactant or

results. This indicates that only the path curvature close to the product.
saddle point is important for tunneling. Such behavior is  Corresponding to the dependence of reaction path properties
expected because the tunneling coefficient has an exponentiabn the size and fixed coordinate geometry of the model, the
distance dependence and the outer regions correspond to a largeralculated rate constants differ significantly. Compared to the
tunneling distance. results with the large model, the two smaller models give rate
Effect of Number of Movable Atoms. To determine the constants that are too small (reactant-optimized) and too large
effect of limiting the size of the flexible region, we compare (saddle-point-optimized) by about 3 orders of magnitude,
the reaction path and rate constants calculated in the enzymeaespectively, at the both the TST and CVT levels at 300 K
with a model having 106 movable atoms, rather than 446 as in (Figure 6¢c and Table 2). The difference in the TST rate constant
the treatment just described. Two small models were tested,corresponds to dree energy barrierdifference of +3.9
one with the environment (the atoms not allowed to move) fixed (reactant-optimized) and3.8 kcal/mol (saddle-point-optimized)
at the coordinate set obtained from optimizing the large model compared to the large model. The difference in plogential
with the substrate in the reactant geometry and the other fromenergy barrier(including ZPE) for the reactant-optimized and
optimizing the large model with the substrate in the saddle point the saddle-point-optimized model 4s4.3 and—3.7 kcal/mol,
geometry. The RMS difference for the fixed atoms in the two respectively, compared to the large model. Therefore, the small
limiting models is 0.03 A (0.06 A for atoms between 4 and 8 models have a smaller entropic contribution to the free energy
A from the C, atom in the substrate). For the saddle-point- barrier than the large model; the difference is 1.5 cal/¢Kl
optimized configuration, the barrier height is, as expected, lower for the reactant-optimized and 0.3 cal/(ri9l for the saddle-
(9.7 vs 12.8 kcal/mol) and the exothermicity of the reaction is point-optimized small model, respectively. The absolute activa-
larger (—2.4 vs —0.5 kcal/mol), as compared with the large tion entropies can be evaluated from normal-mode calculations;
model. The barrier imaginary frequency (7@n1) is quite they are—1.2, 0.3, and-0.9 cal/(moiK) for the large model,
similar to that in the large model (7B8m~1). By contrast, when reactant-optimized model, and saddle-point-optimized model,
the environment is fixed at the reactant-optimized configuration, respectively. It is interesting to note that the reactant-optimized
the barrier becomes significantly higher (18.1 vs 12.8 kcal/mol) and the saddle-point-optimized small models have entropic
and the reaction becomes slightly endothermic (2.3 kcal/mol) contributions of different signs, with the overall effect small in
rather than nearly thermoneutrat@.5 kcal/mol). The higher  all cases.
barrier is due to the fact that residues affected by the proton The effect of environmental geometry on the tunneling
transfer are not allowed to move as freely (or not all) in the coefficients and isotope effects is less significant, especially at
small model. For example, Glu 165 moves significantly in the room temperature. With the saddle-point-optimized structures,
large model so as to stabilize the negative charge developed orthe value of the tunneling factokCVT—SCT is 1.64 at 300 K,
O! at the saddle point; the9-OE2 distance decreases from which is close to the value of 1.68 from the large model. The
3.46 A in the reactant to 2.78 A at the saddle point. In the small H/D KIE at the CVT-SCT level is 4.78 at 300 K; the value
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Figure 6. Comparison of reaction path properties obtained with the “large” (in bold, contains 445 movable atoms) and two “small” models (contain 106
movable atoms) for the intramolecular proton transfer in TIM. In one set (dash), the environment was fixed at the coordinates in the saddle psint that w
optimized with the large model; in the other (thin solid), the environment was fixed at those in the reactant optimized with the large model. (&) Minimu

energy profile. (b) Reaction path curvature. (c) K ). (d) log(;’™>"). (e) Kinetic H/D effect.

from large model calculation is 4.65. Even at 100 K, the saddle- structures, reaction path optimizations, normal-mode analyses,
point-optimized model gives results similar to those obtained and rate constant calculations were carried out with the small
with the large model; i.e., the tunneling coefficient is 166 and model; the environment configuration was fixed to that in the
the H/D KIE is 63, while the large model gives 230 and 58, reactant EDT1. As shown in Figure 7 and Table 3, the reaction
respectively. The reactant-optimized small model gives results paths depend significantly on the environmental configuration.
that are more different from the large model calculations; i.e., The barrier height ranges from 15.4 to 21.0 kcal/mol, with an
the tunneling coefficient is 2.17 and 1749 at 300 K and 100 K, average value of 19.1 kcal/mol and a standard deviation of 1.8
respectively; the H/D KIE at the CVFSCT level is 5.16 and kcal/mol. The exothermicity of the reaction shows larger
191 at the two temperatures (Figure 6d,e). One reason for thevariations from—2.2 to 11.6 kcal/mol, with an average value
small dependence of°VT-SCT and KIE at room temperature  of 6.8 kcal/mol and a standard deviation of 4.6 kcal/mol. The
on the size of the model, especially when the environment in barrier imaginary frequencies vary from 836 1171 cm™.

the saddle-point region is allowed to relax, is that the barrier The lengths of the reaction path also differ significantly, ranging
imaginary frequency and reaction path curvatures are not alteredfrom 15.7 to 36.0 am¥?bohr. As shown in Figure Al in the
very much. As discussed in section IV, this is due to the fact Supporting Information, active site residues undergo substantial
that generalized normal modes that are important in calculating structural fluctuations, especially Lys 12, His 95, and Glu 165.
these quantities are fairlpcalized The present results and their  In the two cases with the largest exothermicities (sets 5 and 6
interpretation justify the use of the smaller model in investigating in Table 3), the orientation of Glu 165 is such that the substrate
the qualitative effect of the geometry of the environmental on proton has to move farther from the donor to form a hydrogen
tunneling at room temperature. Since the isotope effect doesbond (Figure 7b); this also causes the reaction path to be
not involve the classical barrier height, the dependence of KIE considerably longer (Figure 7a) than in the other sets considered.
on the size of the system arises mainly from the effect on the The He proton in His 95 is closer to the transferred proton at
bound vibrations, which is relatively small. By contrast, the the saddle point in set 1 (1.66 A) than in set 6 (1.81 A), and
variation in the tunneling depends on both the barrier and the consequently the former has a higher barrier due to the
bound generalized normal modes and so is more sensitive. unfavorable electrostatic interaction with the NH of His 95.

Effect of Geometry on Reaction Rate and TunnelingAs The rate constants vary by several orders of magnitude for
stated in Computational Methods (section 11.2), 10 configura- systems with different environmental configurations, in cor-
tions were selected from a molecular dynamics trajectory at 10 respondence with the variation in the barrier heights. The
ps intervals with the entire stochastic boundary system and thetunneling factors also show a rather significant dependence on
reactant (EDT1) in the binding site. Using these as starting the environmental configuration at the C¥BCT level; they
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Figure 7. Reaction path and kinetic properties for the intramolecular proton-transfer reactions in TIM obtained with the “small model” as a function of
temperature starting from 10 minimized configurations along a 100 ps trajectory. (a) Minimum energy profile (EDT1 was taken to be the zero of energy);
as discussed in the text, the fluctuations of the barrier heights and exothermicities are exaggerated due to the limited number of atoms allewrd to mov

the reaction path calculations; see Table 3 for unconstrained results. (b) Important geometric parameteﬂéV(Tc)sﬁ)Tg.((d) SCT correction factor for the
CVT-SCT

CVT rate constanty . (e) Potential of mean force using the antisymmetric stretch involving the donor, the proton, and the acceptor as the reaction
coordinate.
Table 3. Rate Constants and Tunneling Factors for the We note that since the intramolecular proton transfer, perhaps

Intramolecular Proton-Transfer Reaction in TIM for Different

Reactant Configurations? surprisingly, requires substantial structural reorganization of the

active site, the constraint on the geometry in the small system
has an important effect on the quantitative barrier height and

set o (cm?) V*(kcalimol) E, (kcalimol) s log(kCVT-SCT) (EVT-2CT ((CVT-=SCT

'

; 106 20 gg'ig ne g‘g)) ol 114 200 972 exothermicity of the reaction. For instance (see Table 3), the
3 1171 19.8(148) 84(23) 006 157 272 140 average barrier is too high by 4.4 kcal/mol, and the reaction is
4 1384 18-5((13-5)) 6-5{(3-;1; 08-01 389 g;l 1;1-25 more endothermic by 5.2 kcal/mol, compared to calculations
5 55 17.4(11.7) 1.3¢3.3) 007 1.95 1. 1. : . . o
6 964 15.4(11.6)-2.3 (-55) 0.02  3.88 160 552 ywthout gegmetry constraln.ts: The.magmtgdes of the variation
7 1050 19.7(16.3) 7.5(3.4) 001 1.95 201 103 in the barrier heights are similar with or without the geometry
8 1040 199(16.1) 11.4(6.5 006 171 211 755  constraint. The average of the reaction path results is in a
9 1083 20.9(17.2) 9.9(5.8) 0.02 1.28 237 132 . . .

1052 101(147) 68(L6) 005 192 211 075 relatively good agreement with that from the potential of mean
avg . . .8 (1. . . . . . . . .
std 9 1.8(21) 46(38 003 079 044 416 force calculations, which gives a barrier of 16.5 kcal/mol and
PMP 1251 16.5 4.8 an endothermicity of 4.8 kcal/mol. These are slightly larger than

aTh " ] lected f 100 ps (excludi i the averaged results from a limited number of reaction path
e con |guratlons were collected from a pPs (excluaing equiliora- : . : :

tion) trajectory at 300 K. The definitions of quantities are the same as in results without the ggometncal Cor_]StramtS’ which are 14.7 a_nd
Tables 1 and 2, is the energy of reaction. The values without parentheses 1.6 kcal/mol, respectively. The barrier frequency of the potential

were obtained with the small model that allows 106 atoms to move in the of mean force is 1251cm—1. which is reasonably close to the
reaction path and rate constant calculations; those in parentheses were ’

. . . ; ; i —1 NT——
obtained with all atoms allowed to move in the reaction path calculations. average barrier frequency of 105@m™* from minimizations.

b Potential of mean force obtained using asymmetric stretch involving the lll.1c. Rate Constants in Water. For the intramolecular
donor, acceptor, and the transferred proton as the reaction coordinate. All . . . .
atoms in the model (2340) were allowed to move. proton transfer in a water sphere, the barrier height obtained

with the large model is 6.3 kcal/mol, smaller than that in the
range from 1.92 to 14.5 at 300 K. At the CVECT level, by gas phase (9.5 kcal/mol) or the enzyme (12.8 kcal/mol); the
contrast, the tunneling coefficient is around 2 for all sets of solvent water molecules stabilize the transition state over the
models at 300 K. This highlights once more the importance of reactant (and product) structures because the former has a larger
reaction path curvature in determining the magnitude of proton dipole moment (2.49 and 1.99 D, respectively). The phosphate
tunneling. A more detailed analysis of the system properties group in the substrate, which was included in the calculations,
that influence tunneling is given in section IV. is stabilized by the solvent. Due to the presence of the phosphate
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Table 4. Rate Constants and Tunneling Factors for the barrier frequency varies between 439 andig&f81, with an
Intramolecular Proton-Transfer Reaction in a Water Sphere at 300 1. ;
K Calculated with Two Different Models? average value of 622m™1; thCeVITeltég is cI_ose to the PMF result
of 769 cm™L. At 300 K, log(k; ) varies from 5.8 to 11.6,
compared to the extreme values of 1.14 and 3.88 in the enzyme,
\S/c*\/,‘é’ 6.3/591 (11.2/671) 0.04(0.20) as expected from the higher barrier due to the presence of His
Isc%(TkHs)m 9.08 (6.58) 9.08(6.35)  9.10(6.48) 9.17 (6.61) 95 in the latter. The correction to the TST rate constant resulting
Kn

TST CvT CVT-ZCT CVT-SCT

1.05(1.34) 1.23(1.81) from the use of CVT, both with quantized vibrations, deviates
more from unity than that in the enzyme; the average factor
__“The values without parentheses were obtained with the large model 5y eraged over all the configurations) at 300 K is 0.72 in solution
including 308 movable atoms; those in parentheses were obtained with a . . . L
smaller model including 65 movable atoms (see text). The definitions of and 0.95 in TIM. This suggests that the classical transmission
other quantities are the same as in Table 1. coefficient is closer to unity in this reaction than for the

d th ) . | . h . intermolecular step, although only part of the recrossing effect
group and the anisotropic solvent environment, the reaction jq 1ayen into account by CVT. As shown in Figure A3 of the

pr.ofile is no longer symmetric, in f:ontrgst to the gas-phase r?SU"Supporting Information, the deviation of the variational transi-
without a phosphate group. The imaginary frequency associated;, -\ "<iate from the saddle point is caused primarily by the

. e : v -

with the t:ja;ne{é%;gn_lfllc_anﬂ]y smallerhln Wateralt;is 59_11”_ variation of the zero-point energy (ZPE) along the reaction path;

tclfmlpare 0 md ImThe gas pt' alse, an t_Sﬂln in ; variation in the vibrational entropy makes a relatively small
€ large enzyme model. The essential geometrical parametersg, iy, jiion in the present case. The tunneling factors in solution

(FlthJ_res 5b g\lndtSbl):. and rt;actlodnSpath cqrvf'?\tu;esthalon? thzare consistently smaller than those in the enzyme. They are less
reaction coordinate (Figures 5c and 8c) are similar to those foun than 2 at 300 K; even at 100 K, the largest tunneling factor in

i i 1cl VT-SCT —
in the enzyme. The tunneling Coeff.'C'emﬁ 1.23 at ... solution is 10, in contrast to the value of 28 observed in the
300 K, is slightly smaller than that in the enzyme (1.68) with enzyme

CVT—SCT (see Table 4). .

The size dependence is quite significant in solution (see I11.2. Intermolecular Proton Transfer. For the intermo-
Figure 9). The barrier height is 11.2 and 6.3 kcal/mol with the lecular proton-transfgr r.eactllon, from DHAP to EDT1 (see
small (65 atoms; 14 solute atoms with 17 water molecules) and Scheme 1), the reaction is highly endothermﬁp kcal/mol) )
large (308 atoms which includes 98 water molecules) number " the gas phagg such that the eneo!mlate species does not exist
of movable atoms, respectively. The reactioessthermicy as a stable minimum on the potentl_al energy surface. In what
—1.5 kcal/mol with the large model arehdothermicby 5.7  follows, we consider only the reaction in the enzyme, where
kcal/mol with the small model. The barrier frequency is 591 the enediolate species is stabilized compared to DHAP. This is
and 671 cm ! for the large and small models, respectively. due mainly to the charged Lys 12 at th_e active site, althoug_h
The reaction rate constants computed using the two modelsSOMe other groups and solvents contribute as well. EDT1 is

differ by a factor of 316 at the TST level and 536 at the CvT @bout 11.2 kcal/mol higher than DHAP at the AM1-SRP/

level at 300 K. The difference in TST rate constants corresponds CHARMM level, and only 7.4 kcal/mol at the B3LYP/6-3G-
to a difference of 3.5 kcal/mol in the activation free energy (d:P)/CHARMM level. Therefore, the forward barrier is sig-
barrier, which is smaller than the difference in the potential nificantly overestimated at the AM1-SRP/CHARMM level.

energy barrier, 4.6 kcal/mol (including ZPE). This suggests that HOWeVer, as shown in previous wotkthe major error in AM1- .
the activation entropy is less negative in the small model by SRP/CHARMM arises for DHAP. Therefore, the reverse barrier

about 3.7 cal/(meK); the values from normal-mode calculations (EDT1— TS1) is better reproduced; it is 6.1 kcal/mol at the
are—0.3 and—4.0 cal/(moiK) for the small and large model, AM1-SRP/CHARMM level in comparison to the value of 4.4
respectively. This is in qualitative agreement with the consid- kcal/mol at the B3LYP/6-3+G(d,p)/CHARMM level. There-
eration that a larger number of water molecules are involved in fore, we report only the reverse rate constant in the present work.
the proton transfer in the large model, and that this results in a Since tunneling is determined mainly by the potential energy
larger entropic penalty. The tunneling factor is slightly larger Surfaces close to the saddle point in the VTST framework (in
with the small model; i.e., it is 1.81 at 300 K compared to the COntrast to certain other semiclassical motRelgthe fact that
value of 1.23 obtained with the large model. This results in a the potential energy surface drops too much after the barrier is

smaller difference (by a factor of 360) between the G\GTT crossed has a small effect on the results. We discuss here the
rate constants calculated with the two models at room temper- results with the large model in which the enzyme configuration
ature. is close to the X-ray structure; the effect of the size and active

The reaction path properties and rate constants in solutionSite configuration, which has a trend similar to that of the
vary significantly as a function of the environmental configura- intramolecular proton transfer in TIM, is discussed in the
tions (see Figure 10 and Table 5), even more so than in the Supporting Information.
enzyme. As shown in Figure A2 of the Supporting Information, ~ As shown in Figure 11, the reaction path properties for the
the instantaneous solvent configuration around the reactant staténtermolecular proton transfer are rather similar to those for the
of the solute determines the character (energetics, barrierintramolecular reaction in the enzyme, although the potential
frequencies, etc.) of the reaction. The barrier height ranges fromis very asymmetric far from the saddle point. The three distances
3.9to 12.5 kcal/mol, and the heat of reaction varies from being that are involved directly (BH, A—H, and D--A) only start
exothermic by 13.4 kcal/mol to being endothermic by 2.8 kcal/ to change rapidly close to the saddle point, in the randed
mol. The averaged barrier and exothermicity are 7.5 and 6.1to 2.0 am&Zbohr. Both His 95 and Lys 12 are perturbed
kcal/mol, respectively. These are close to the values from PMF substantially by the reaction, as indicated in Figure 11b; that
calculations, which are 10.0 and 3.6 kcal/mol, respectively. The is, the OFHN¢ of Lys 12 and O2 He of His 95 increase by
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Figure 8. Reaction path properties along reaction coordiseded rate constants for the intramolecular proton transfer in a water sphere with the “large”
model as a function of temperature. (a) Minimum energy profile. (b) Important geometric parameters:-gtotam (Q---H), acceptor-proton (Q---H),

and donor-acceptor (@--O,) distances; see Figure 2 for atomic labels. (c) Reaction path curvature. (d) Rate constants obtained with TST (dash), CVT
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Figure 9. Comparison of kinetics obtained with the “large” (in thin lines, 308 movable atoms) and “small” (in bold, 65 movable atoms) models for the
intramolecular proton transfer in water as a function of temperature. (a) Rate constants at different levels: TST (dash), S\dotjd&HT—ZCT (dash-
dot—dot), and CVF-SCT (solid). (b) SCT correction factat;”" 5",

nearly 0.2 A during the critical part of the reaction. The reaction IRP is primarily responsible for the deviation of the transition
path curvature shows two sets of peak positions, one set withstate from the saddle point in this case. The reduction of the
large curvatureX2.0 amu/2bohr 1) ats~ 4+0.5 and another ~ CVT rate constant relative to the TST value corresponds to a

set with smaller peak values-0.7 amu¥2bohr1) at largers transmission coefficient of 0.69 at 300 K; this is qualitatively
values,—3.0 and+2.0 amd/>bohr; this is similar to Figure 5 similar to the result{0.43) from activated dynamics calcula-
for the intramolecular reaction. tions based on an EVB potential. The value from the current

The CVT rate constants differ notably from the TST values, calculation is larger partly because barrier recrossing induced
as shown in Figure 11 and Table 6. Te&alue for the free by the environment (atoms other than the substrate and Glu 165)
energy maximum at 300 K is0.3 am@d/2bohr. This effect is is already partially accounted for in the TST result by including
not observed in pure classical CVT calculations (Table 6), which the environment in the normal-mode analysis (i.e., the definition
suggests that the variation of the zero-point energy along the of the dividing surface). The CVT calculation reduces the
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KSYT=SEN. (d) SCT correction factot5" =", (e) Potential of mean force using the antisymmetric stretch involving the donor, the proton, and the acceptor

as the reaction coordinate.

Table 5. Rate Constants and Tunneling Factors for the
Intramolecular Proton-Transfer Reaction in Solution Starting from
Different Reactant Configurations?

set

w(em™) V* (kcalimol) E, (kcalimol) sSYT  log(kevT—scT) jSYT-2CT ( EVT=SCT

1 625 3.9 —58 —0.16 11.62 1.26 1.42

2 729 12.5 —4.4 —0.14 6.07 1.30 1.71

3 445 5.9 —13.2 0.61 10.44 1.15 131
4 878 12.2 —13.4 0.14 6.96 1.27 1.88

5 439 5.9 2.8 0.34 9.25 1.10 1.13
6 602 11.7 -1.1 0.10 5.75 1.11 1.22

7 486 2.6 —-48 —-0.23 11.89 111 1.15

8 586 6.9 -1.2 0.19 9.15 1.12 1.26

9 806 5.6 —-133 -0.11 11.19 141 1.87

avg 622 7.5 —6.1 0.08 9.15 1.20 1.44

std 148 3.7 6.0 0.28 2.38 0.11 0.30
PMP 769 10.0 3.6

aThe configurations were collected from a 100 ps (excluding equilibra-
tion) trajectory at 300 K. The definitions of quantities are the same as in
Table 1.°Potential of mean force obtained using asymmetric stretch
involving the donor, acceptor, and the transferred proton. All atoms in the
model (2340) were allowed to move.

isotope effect at 300 K is 5.25, 3.60, and 3.48 at the TST, CVT,
and CVT-SCT levels, respectively; the H/T isotope effect is
10.9, 7.46 and 6.86, respectively. The SwaBithaad exponent

is 3.28 at the CVT level and 2.84 with C\ASCT, and there is
very little temperature dependence at both levels.

Since the @ atom in DHAP has two hydrogen atoms, there
is the possibility of a significant secondary isotope effect. The
H/T secondary isotope effect at 300 K is calculated to be 1.15
with the CVT—SCT method, slightly larger than the value of
1.05 at the CVT level and qualitatively different from the TST
value of 0.91. The secondary SwaiSchaad exponenaty) at
the TST level is 4.15, and it decreases to 0.82 at the CVT level.
The tunneling effect increaseg to 1.79 at the CVFSCT
level. To compare the quantities with those measured experi-
mentally, we have to convert the isotope effects to the direction
DHAP — EDT1 based on detailed balance. Numerically this
requires the equilibrium isotope effects, which are readily
calculated using the vibrational frequencies and energies for

recrossing effect caused by the nonlinear coupling between theDHAP and EDT1; the secondary H/T equilibrium effect is
proton-transfer coordinate and the system (substrate and Glucalculated to be 1.14, which is close to the experimental value

165) degrees of freedoPi.The tunneling factor is similar to
that found in the intramolecular proton transfer in TIM, which
is 1.22 and 1.45 at the C\VZCT and CVT-SCT levels,
respectively, at 300 K. The isotope effects averestimatedt
the TST and CVT levels compared to C¥BCT results, which
is in accord with the previous study of enold8elhe H/D

(66) (a) Schenter, G. K.; McRae, R. P.; Garrett, BJOChem. Phys1992 97,
9116. (b) McRae, R. P.; Schenter, G. K.; Garrett, B.JCChem. Soc.,
Faraday Trans 1997 93, 997.
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of 1.122 With this conversion, the H/T secondary isotope effect
for the forward reaction at the CVASCT level is 1.31, and
the Swain-Schaad exponent is 2.44. The former is in good
agreement with the value of 1.27 from the experimental estimate
of Alston and co-worker8while the calculated SwainSchaad
exponent (2.44) is significantly smaller than that measured
experimentally, which is 4.4 1.3. It should be noted that the
oS is particularly sensitive to the exact values of the H/T and
D/T isotope effects when the isotope effects are small; e.g.,
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Figure 11. Reaction path properties along reaction coordisaiad rate constants for the intermolecular proton transfer in TIM with the “large” model as

a function of temperature. (a) Minimum energy profile. (b) Important geometric parameters: ¢watam (Gx---H), acceptot-proton (OE2--H), and
donor-acceptor (@---OE2) distances; see Figure 1 for atomic labels. (c) Reaction path curvature. (d) Rate constants obtained with TST (dash), CVT
(dash-dot), CVT—ZCT (dash-dot—dot), and CVF-SCT (solid). (e) Primary kinetic isotope effects. (f) Secondary kinetic isotope effects. See Figure 4 for
symbols used for isotope effects. Note that no logarithm was taken for the secondary kinetic isotope effects for clarity.

Table 6. Rate Constants, Kinetic Isotope Effects (KIE), and The fact that the secondary HKineticisotope effect (1.31)
EZ’;Z’EL‘)’;% 'i:na%iﬂrsaftogégelgr\‘,f,?thtﬂ':f_tgfgepm‘(’jgggamfer is larger than the corresponding secondeqyilibriumisotope
effect (1.14) suggests that the secondary hydrogen plays an
ST T VT-ZeT | ovTeser important role in determining the structure and vibrational
Viw 6.1/925 o1 frequencies of the transition state (“coupled motion”), which
ISSg(kH) 974 95 967 974 in turn influence the magnitude of tunneling at the primary
K GVT=SCT 1.22 1.45 position. Moreover, the calculations show that the secondary
KIE (H/D) 5.25 3.60 3.65 3.48 KIE is larger at the CVT level (1.20) but smaller at the TST
KIE (H/T) :1302-20 ;-‘7‘2 ;gg g-gg level (0.93) than the equilibrium isotope effect (1.14), indicating
ZSES&(HT) 130 105 102 0.95 that tunneling is not necessarily the dominant factor. It is
AdlAT 1.23 1.29 1.32 1.40 interesting to note that the trend that secondary kinetic isotope
secondary KIE (H/D) ~ 0.93 0.99 1.05 1.06 effect is larger than the corresponding equilibrium isotope effect
z%cg”dary KIE (HIT) 401-21 Olég5 211-29 117'35 seems to be a general trend in enzyme-catalyzed enolization,
i i i i ' in contrast to the uncatalyzed reactions in solufi@ince the
aThe definitions for other quantities are the same as in Tab¥The enolization in the enzyme tends to be less endothermic (e.g.,
quantity a5 is the primary SwainSchaad exponent, andsg is the due to the stabilization of charge formation by charged

secondary SwainSchaad exponent. residue®), the transition state is expected to be “earlier”, which

would result in a smaller secondary KIE according to TST. The
assuming that H/T is 1.31, the calculated value, D/T would have observation of a larger KIE in both experiméhéd calcula-
to be 1.063, versus the calculated value of 1.12,ctdg to tions suggests that variation in tun.neling.and thg structure of
equal 4.4. It was argued in ref 9 that such a valued@g is the t_r§n3|t|(_)n state upon secon_dary |sc_)top|c substitution is more
larger than the classical limit of 3.3 and therefore suggests significant in the enzyme than in solution, presumably because

. . . . . the transition state in solution is sufficiently “late”, and that
tunneling. However, as discussed in section 1V, unlike the . .
. ; . ) o the coupling between the primary and secondary hydrogen atoms
primary isotope effect, there is no clear “classical limit” for the

) is small.
secondary SwainSchaad exponent. Furthermore, from the Effect of Donor—Acceptor Stretch. In both the intramo-
cas1lculat|ons there is no simple correlation between the value of \o¢jar and intermolecular proton-transfer reactions, it is seen
o3g and the magnitude of tunneling. No primary isotope

effects were measured in ref 9. (67) Bernasconi, C. FAcc. Chem. Re<.987, 20, 301.
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Figure 12. Reaction path properties along reaction coordisaed rate constants for the intermolecular proton transfer in TIM as a function of temperature
with the distance between the proton donor (OE2 in Glu165) and acceptor (C3 in substrate) fixed at 2.7 A. (a) Minimum energy profile. (b) Important
geometric parameters: dongoroton (Gx---H), acceptor-proton (OE2--H), and donor-acceptor (@.---OE2) distances; see Figure 1 for atomic labels. (c)
Reaction path curvature. (d) Rate constants obtained with TST (dash), CVF@@3hCVT—ZCT (dash-dot—dot), and CVF-SCT (solid). (e) Primary

kinetic isotope effects. (f) Secondary kinetic isotope effects. See Figure 4 for symbols used for isotope effects. Note that no logarithm wathtaken fo
secondary kinetic isotope effects for clarity.

that the donoracceptor distance varies significantly along the angle is 170.9. The corresponding barrier frequencies are
reaction path. Itis of interest, therefore, to determine how proton 2073, 1778, and 979 cm™, respectively. When the doner
tunneling and the isotope effects are affected if no such denor acceptor distance is fixed at the short value of 2.6 A, which is
acceptor vibration is allowed. The result is clearly relevant to close to the unconstrained value, the barrier and barrier
the question of whether there are specific vibrational motions frequency are lower; they are 3.9 kcal/mol and 1i3éh1,
(dynamics) that significantly influence the proton transfer/ respectively. We note that the unconstrained case has a larger
tunneling (also see section IV). The doracceptor distance  barrier because there is an energetical cost in bringing the
was fixed at 3.0 (equilibrium value in EDT1), 2.7, and 2.6 A, donoracceptor to 2.54 A; the proton-transfer barrier would
and rate constants and secondary isotope effects were calculatedye lower than 3.9 kcal/mol and the barrier frequency would be
for the intermediate case of 2.7 A, the primary isotope effect close to 979cm™! if the donoracceptor distance were fixed
was also computed. The small model was used in the calcula-at 2.54 A.
tions. In accord with the higher barrier frequency and barrier height
The results for the intermediate case of 2.7 A are shown in for the larger distance, tunneling coefficients are larger compared
Figure 12. The IRP becomes shorter9(vs ~18 amud/>bohr to the case in which the relative doreacceptor motion is
in the unconstrained case) when the donor and acceptor atomsllowed (see Table 7). For example, the valuec®fT—SCT at
are fixed. Both the donefproton and the acceptoproton 300 K is 3.0x 10* and 36.5 with the doneracceptor distance
distances start to vary rapidly closer to the saddle point than in fixed at 3.0 and 2.7 A, respectively; the value is 1.51 in the
the unconstrained reaction; this causes two peaks in the reactiorunconstrained case. Interestingly, the tunneling coefficient is
path curvature profile. With the doneacceptor fixed at a larger  very large even at the CVIZCT level; it is 4.9 x 10° and
distance of 3.0 A, the energy rises rapidly near the top of the 18.5 at 300 K for the case of 3.0 and 2.7 A, respectively. This
barrier and makes both the barrier height and the barrier suggests that the reaction path curvature is less important in
frequency larger than in the unconstrained case. The barriersthis case, as compared to the width of the barrier (i.e., the barrier
are 24.5, 9.2, and 5.8 kcal/mol for the fixed doracceptor frequency). Tunneling has a large impact on the kinetic isotope
distances of 3.0 and 2.7 A and the unconstrained case,effects and the SwainSchaad exponents. For the intermediate
respectively; the distance at the top of the barrier is 2.54 A in case of 2.7 A, the primary H/D isotope effect at 300 K is 6.59
the latter (see Figure 1; note that the donproton—acceptor and 24.5 at the CVT and C\ASCT levels, respectively. The
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Table 7. Rate Constants, Kinetic Isotope Effects (KIE), and Tunneling Factors for the Intermolecular Proton-Transfer Reactions in TIM at
300 K with the Proton Donor and Acceptor Atoms Fixed

TST CVT CVT-ZCT CVT-SCT
Vi 24.5/2073 (9.2/1778) [3.9/1361]
VT —0.01 (-0.03) [+0.00]
logle) —2.45 (8.22) [11.9] —2.45 (8.17) [11.9] 1.25 (9.44) [12.1] 2.03(9.73) [12.2]
SV 4.9 x 108 (18.5) [1.88] 3.0x10% (36.5) [2.05]
KIE (H/D) (5.42) (6.59) (18.8) (24.5)
KIE (H/T) (11.5) (14.8) (75.8) (95.9)
ol (3.24) (3.34) (3.10) (3.34)
AE(H,T) (1.32) (1.41) (3.12) (3.11)
AulAr (1.25) (1.39) (0.40) (0.51)
secondary KIE (H/D) 0.97 (0.97) [0.95] 0.98 (0.97) [0.95] 1.14 (1.08) [1.05] 1.19 (1.07) [1.00]
secondary KIE (H/T) 0.96 (0.96)[0.94] 0.97 (0.95) [0.94] 1.20 (1.12) [1.10] 1.33 (1.28) [1.05]
oS 3.04 (4.07) [4.28] 2.78 (3.27) [4.28] 3.87 (2.89) [1.82] 2.57 (1.40) [1.00]

aThe values were obtained with the small model including 106 movable atoms; the positions of the proton donor (OE2 in Glu 165) and acceptor (C3 in
DHAP) were fixed at 3.0, 2.7, and 2.6 for the numbers without parentheses, in parentheses, and in brackets, respectively. The definitionstfbeshe quan
are the same as in Table 6.

primary Swain-Schaad exponenty) is 3.3 at the CVT level  IV. Discussion
and depends little on temperature. At the CVICT level, by
contrast,asg has a significant temperature dependence; it is
about 3.7 at 500 K and 2.6 at 100 K. The value is not much
larger than the “classical limit” despite the large magnitude of
tunneling (see Discussion, section V). The Arrhenius parameters
are also significantly influenced by tunneling. TAg/Ar value

is 1.25 and 0.51 at the TST and CV¥BCT levels, respectively;
the quantityE4(T) — E4(H) has a value of 1.32 and 3.11 kcal/

][nolhat tfhese IEV?SS’_FESpeft'V?be\iZ%T gives \r/]allfjes er\:en h transfer. We studied this step because we wish to determine
arther from the results (Table 7), despite the fact that the | oper the tunneling correction could significantly alter the

associated tunneling coefficients were smaller compared t0 thosg.gg s of the kinetics calculated from the relative barriers by
from CVT=SCT calculations. For the secondary Swathaad 15t \yhich indicated that it does not make a major contribution
exponentdsg, CVT gives a value close to 3.5 and has asmall 1, {he rate in wild-type TIM. In addition, the intramolecular
positive temperature dependence (Figure 12e). With tunneling proton transfer provides a well-defined model system for which
at the CVF-SCT level, by contrastess is muchsmallerin it was possible to compare the importance of tunneling in the
magnitude (around 2) and has a negative temperature depengas phase, in solution, and in the enzyme. Finally, and perhaps
dence (Figure 12f). The trend is similar to that found in the most importantly, we examine the relationship between the
case where the doneacceptor vibration is allowed, although  calculated magnitude of the tunneling and the values of the
the curvature of the temperature dependencegfis some- experimental observables that are often used to draw conclusions
what different; i.e.,035 approaches a constant value at high about its importance. We do this for both the first intermolecular
temperatures with unconstrained donor and acceptor atomstransfer step (from DHAP to Glu 165), which is the rate-limiting
while it does so at low temperatures with fixed donor and chemical step in TIM, and the intramolecular step.
acceptor atoms. At a given temperature (e.g., 300 K), the trend  |v.1. Factors That Influence the Proton-Transfer Rate
in the secondary SwairSchaad exponent for different fixed  Constant and Tunneling in TIM. The results presented in
donor-acceptor distances depends on whether tunneling is section Il demonstrate that tunneling contributes significantly
included. At the TST levelaggis largest in the case of 2.6 A;  to the proton-transfer rate constant in TIM even at room
at the CVT-SCT level, howeverggg s largest in the case of  temperature and is crucial in determining the calculated isotope
3.0 A, in which tunneling is the most important. effects. The magnitude of tunneling differs for the two different
The results demonstrate that tunneling is likely to make a Processes studied; i.e., it is about a factor of 10 for the
larger contribution to the rate constant when the donor and intramolecular proton transfer and 3.5 for the intermolecular
acceptor vibration is not allowed. As discussed in our earlier Proton transfer. This appears to support the conclusion of
work this is due mainly to the fact that the potential energy Klinman and co-workers, among others, that tunneling is
barrier becomes very narrow near the transition state, as reflectedmportant in enzymes, based on the analysis of experimental
by the high barrier frequency. In addition, the barrier becomes data for a variety of gnzymés? However, it should be noted
higher, and therefore the contribution of tunneling to the thermal that the factor of 10 in the increase of the rate found for TIM
rate constant, as defined in eq 5, becomes more pronounced!'S & small .contrll.)uthn to the overall rat.e acceleratlon._AIso,
Similar effects were observed recently by Hammes-Schiffer and that tunneling exists in TIM does not by itself show that it has

co-workers in a model for hydride transfer in ADH with a very & role in catalysis. For that one has to compare the tunneling in
different treatment of tunnelingf the enzyme with that in solutiof?.As far as we are aware, this

type of comparison has rarely been made either experimentally
(68) Webb, S. P.: Agarwal, P. K.. Hammes-SchifferJSPhys. Chem. B00Q or thgore_tlca_lly for the reactions that appear to have a tunneling
104, 8884. contribution in the enzyme. For TIM, a smaller secondary H/T

The primary purpose of this paper is to determine the
importance of tunneling in TIM, relative to that in the gas phase
and in solution, and to examine the factors that influence
tunneling in the enzyme. In the discussion, we analyze the results
and comment on certain features that may be of general interest
for the understanding of proton (and hydride) transfer in
enzymes. We focused on the dynamic factors that influence the
rate constant and proton tunneling in th#zamolecularproton
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Figure 13. (a,b) Decomposition of the peaks of the reaction path curvdidoe the intramolecular proton transfer in TIM into normal modes (see Figure
5 for the behavior of reaction path curvature along the reaction pash¥at0.36 ands = —2.20 am&?bohr. The dashed line is the cumulative contribution
from path curvature components to the reduction of the effective mass along the reaction coordinate. The results were derived with the “lafgal)model.
The approximate coupling coefficients to the proton-transfer coordinate of normal modes at the saddle point; each mode has both symmetrimaettiantisy
components.

kinetic isotope effect was measured for the reaction betweencalculated for TIM to explore the promoting and demoting
OH™ and CH—(C=0)—Ph in solution compared to that in the modes via more realistic systems.
enzyme in ref 9; however, as discussed below (section IV.3),  As mentioned in section IIl, the reaction path curvature in
the secondary kinetic isotope effect does not necessarily correlater|ny has two sets of peaks (see, for example, Figure 5). One
with the magnitude of tunneling. set is larger in magnitude and occurs close to the saddle point
IV.1a. An'aly5|s Based on Reaction Path. .Curvat.ure and (s~ +£0.3). This has its origin in a rather sudden change in the
ll(ts Gentehratllztfre]d 'ﬁ‘or%f”l‘_l{MO?e Dtec_omposmon.l'i_ 'f twet”h . components making up the reaction coordinate. The coordinate
fnr?vél_nnwaR € ﬂex' ity 0 bpro ?lns IS _esseP Iah 0 belr initially consists mainly of the doneracceptor stretch, but near
runction. ecently, a number o experlmenf ave ?gn the saddle point it is composed of acceptproton and donor
interpreted as evidence for the importance of “dynamics” in . . .
proton stretches. The other set of peaks is smaller in magnitude

enzyme catalysis. This includes the kinetic studies of alcohol .
. . . and occurs farther from the saddle point. These peaks are caused
dehydrogenases from different species at different temperature

and glucose oxidase with different glycosylation,as well as by the structural reorganization of the active site in the initial
the pressure dependence of isotope effects found in yeast alcohof2d€ €~ £2.0) of the reaction, e.g., reorganization of the active
dehydrogenas®.In this subsection, we analyze the contribution Sit€ residues to allow the subsequent movement of Lys 12 and
of various modes to the reaction path curvature, an important HiS 95 during the reaction (see Figure 11b). To make the
factor in proton tunneling. In a separate pa#féme describe description more _q_uantltatwe, we use the generalized normal-
some two-dimensional models to focus on the role of “promot- Mode decomposition of the path curvatui) @t the peak
ing” and “demoting” modes in proton tunneling, a subject which Positions (Figure 13). Close to the saddle posw(—0.3), T’

has been discussed by a number of other workers!6 and has large contributions from modes that are relatively high in
analyze the intermolecular and intramolecular proton-transfer frequency, typically between 1000 and 2000 @émtheir
character is described below. For the second set of peaks, by
(69) Brooks, C. L., lll; Karplus, M.; Pettitt, B. MAdvances in Chemical Physics contrast, most modes with relatively large contribution are low

71; John Wiley & Sons: New York, 1988. . . . i
(70) Northrop, D. B.; Cho, Y. KBiophys. J200Q 39, 2406. in frequency, typically around 300 crh As shown in section
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I, this set of peaks do not have a direct influence on the Table 9and Figure 14) confirm that the “essential modes” are
tunneling probability because they are in the region far from rather local in nature, and that they consist of only a few residues
the saddle points, where the protetionor bond is hardly  that are close to the substrate, mainly Glu 165, Lys 12, His 95,
affected; e.g., zeroing the reaction path curvature beyondand Solv 26. The character of the essential modes is illustrated
+1.5amd’>bohr (which eliminates the contribution of the in Figure 14, which shows that the atoms involved are the
second set of peaks) gave essentially the same tunnelingtransferred proton, its donor and acceptor, and their neighbors.
coefficient. Consequently, the main effect is to modulate the The donor and acceptor atoms are involved in many modes,
structure of the active site to allow the subsequent movementespecially those at low frequencies (e.g., 716 &in Figure
of the residues (e.g., Lys 12 and His 95 here) that are more 14). Another important motion is the carbonyl=©) stretch
directly involved in the proton transfer. In an earlier study of of the substrate (e.g., 1674 ciin Figure 14). The local
activated dynamics by classical trajectoriéit,was found that vibrational motions of the substrate can couple with the
vibrations in the 300 cmt range modulated the barrier height.  vibrational motion of the environment, generating a set of
To analyze the direct contribution to tunneling, therefore, we generalized normal modes with similar frequencies; e.g., modes
focus on the inner set of curvature peaks. Modes with large 710-756 cntt in Table 9 have similar coupling coefficients
contributions to the reaction path curvature in this region and characters, and they contribute in groups with similar
increase the tunneling probability by reducing the effective mass weights ¢-0.1) to the “path modes”.
of the tunneling particlé® Figure 13 shows the cumulative The calculations clearly demonstrate that the proton transfer
contribution from the generalized normal modes to the decreasein TIM is coupled to a large number of vibrational motions
of the effective mass. The contributions are mainly from modes (including both symmetric and antisymmetric modes) in the
between 500 and 1500 crth Modes at higher frequencies make active site. In general, these vibrations ealizedprimarily
a relatively small contribution because the contribution is on atoms in the reaction region. One of these modes is the
inversely proportional to the square root of the frequency, as is donor-acceptor stretch; it is the symmetric mode which strongly
the displacement. modulates the effective barrier for the proton transfer and also
To clarify the character of the important vibrational motions, the effect of tunneling. There are other modes that are also
a projection procedure was followed; see ref 30 for a more symmetrically or antisymmetrically coupled to the proton-
detailed formulation. The generalized normal modes with a large transfer coordinate, involving nearby residues such as Glu 165
curvature component at the peak positism(—0.5), referred and Asn 10. This suggests that the reaction path curvature, and
to as “path modes”, were projected onto the eigenvectors at thetherefore the tunneling, should have only a weak dependence
saddle point. This was necessary because the “intrinsic” on the number of residues allowed to relax during the reaction,
character of the modes may be masked due to the mixing with provided that the reaction energetics (especially the barrier
the proton-transfer coordinate in regions where the nature of height) are not significantly perturbed by the size constraint.
the reaction coordinate varies rapidThe modes at the saddle  This is what was observed in section Ill, where we found very
point with large overlaps are referred to as “essential modes”. similar tunneling coefficients for the large (445 movable atoms)
A similar projection could be done with the normal modes in and the small models (106 movable atoms) with the environment
the reactant geometry, but the saddle point was chosen herdixed at the saddle-point geometry optimized with the large
because the peaks in the reaction path curvature occur close tanodel. A larger change in tunneling was observed with the other
the saddle point. For each essential mode, the displacemensmall model, in which the environment was fixed at the reactant
vectors of the reactant and the product relative to the saddlegeometry optimized with the large model. This was due to the
point were projected onto the corresponding eigenvector. Therather different reaction energetics and essential geometry at
results were then combined to give the symmetric and anti- the saddle point in the two small models, rather than to the
symmetric displacements, which in turn gave the approximate restriction on the mobile atoms. Since the saddle-point region
coupling coefficient of the mode to the proton-transfer coordi- is most important, the results suggest that an efficient way to
nate3 In general, each mode can have both symmetric and calculate the tunneling contribution is to obtain the saddle-point
antisymmetric components; modes with large symmetric com- structure with a large set of movable atoms and then to compute
ponents have a promoting effect on the rate constant. This istunneling, per se, with a smaller set of movable atoms.
due to the fact that the vibrational excitation of a symmetric  |V.1b. Effect of Structural Fluctuations on the Barrier
mode decreases the effective barrier along the proton-transferHeight and Frequency.As shown in section IlI, reaction path
coordinate. properties such as the barrier height and barrier frequency exhibit
As shown in Table 8, the “path modes” typically have significant variations as a function of the active site geometry
substantial overlap with many modes at the saddle point. The (Tables 3 and A2 (Supporting Information)). For the intermo-
imaginary barrier mode (798has large overlaps with many lecular proton transfer, the proton motion is rather simple
“path modes” of relatively high frequency, corresponding to geometrically and slightly perturbs the active site geometry. As
the fact that the character of the reaction coordinate is changinga result, the fluctuations of the reaction path properties are
rapidly at the curvature peak positias=€ —0.3). Most essential ~ relatively small: both the barrier height and exothermicity
modes have large coupling coefficients. Since the intramolecularfluctuate on the order of 1 kcal/mol, and the standard deviation
proton-transfer reaction is quite symmetric, a mode is usually of the barrier frequency is 36 crh Fluctuations of a similar
dominated by only one component (symmetric or antisymmet- magnitude were found for the barrier height in a previous study
ric); this contrasts with the intermolecular proton-transfer with an EVB potentiaP® For the intramolecular proton transfer,
reaction® in which each mode can be associated with two which is simple in the gas phase, the process is more
components of similar magnitude. The participation ratios (see complicated structurally in the enzyme. It involves the breaking
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Table 8. Overlap among Frequencies with Large Curvature Table 9. Characters of Normal Modes That Have a Large
Components and Modes at the Saddle Point in the Intramolecular Contribution to the Reaction Path Curvature (I') in Selected
Proton Transfer in TIM? Configurations along the Reaction Path for the Intramolecular
path modes saddle-point modes Proton Transfer in TIM?
 (cm™) Byr overlap  (cm™?) coupling strength® o, R R C residue® distt  contrib® ,R,R'C residue dist contrib¢
o 8?3 ;5193 105(6.7) 798 Subs 0.98 1674 Subs 0.73
027 716 319 (0.4 3.1 H95 756 001 8.6 K12 581 0.12
0.14 722 23.8 (3.9) 1.0 K12 581 0.01 1.8 E165 5.76 0.11
0.16 727 24.4(1.1) E165 575 0.01 31.2(29.8) N10 557 0.01
g.ﬂ ;gg %71.2 233 N10 5,57 0.01 V231 589 0.01
: LA 2141 Subs  ----- 0.86 1027 Subs 0.29
o33 428 19304 2.8 E165 576 0.3 348 G209 575 0.18
2422 0.7 0.35 7098 1.3 H95 756 0.01 6.2 G210 4.83 0.15
' 0.18 1674 31.2 (29.8) 11.3(57.0) N10 556 0.01 39.4(0.8) 1170 492 0.12
0.24 1736 17.0 (23.3) W26 6.70 0.01 K12 5.81 0.06
0.26 2102 8.6(17.9) 1736 Subs  ----- 0.98 1029 G9 8.33 0.28
. 0.66 0(-)8231 21745]18 11.3 (57.0) 8.3 E165 576 001 31.3 Subs 0.25
: 019 716 31.9(0.4) 170 ) l\ll(llo2 5.571 0.011 5.? . Gl\?l 8.90 0.14
012 722 23.8(3.9) .0(23.3) 5.8 0.01 37.6(1.5) 0 556 0.08
0.13 727 24.4 (1.1) H95 7.56 0.01 K12 581 0.07
8.%3 ;gg Eg.g %ig 716 Subs 0.35 722 N10 557 0.39
T B S -
0.48 999 3.5(0.1) ; : : - : -
0.14 1002 0.9 (0.0) 31.9(0.4) N10 557 0.05 23.8(3.9) Subs 0.11
0.12 1177 12.6 (0.0) F229 9.95 0.05 E165 5.76 0.07
0.12 1195 135(1.0) 727 K12 581 0.24 728 K12 5.81 0.32
995 0.65 00-1189 771968 31.9.(0.4) 55.2 N10 557 021 494 N10 557 0.20
012 729 538 (3:9) 7.1 Subs 0.14 54 Subs 0.14
012 727 24.4(1.1) 24.4(1.1) W75 599 0.08 249(1.2) W75 599 0.05
0.12 728 24.9(1.2) P166 9.05 0.08 P166 9.05 0.07
0.17 756 18.8 (0.4)
8;; ggg %g Eg% aThe values were obtained with the “large” set of modelsSubs”
0.11 1002 0.9 (0.0) indicates the substrate in the enzyrfiiBistances are defined as the center
0.11 1177 12.6 (0.0) of geometry distances between the residiredydingthe main chain atoms)
0.11 1195 13.5(1.0) and the substrate. TH®'s are the participation ratios (see eq 7) for itie

1000 0.49 0.15 798 mode; for the format of the coupling coefficientS)( see the footnote of

0.14 716 31.9(0.4) Table 8.9 The contribution of each residue is defined as the term after the
0.13 756 18.8 (0.4) first summation in eq 7b.

0.10 996 2.0(0.1)

58 000 >3 &8%)) and forming of hydrogen bonds between the substrate and the
0.12 1004 0.2(0.1) nearby residues (Glu 165, His 95, and Lys 12). Therefore, as

1213 0.48 0.15 798 described in section lll, the orientations of those residues have

8% }}Z,E 1%_’8 ((8,'23 a significant effect on the reaction, which is manifested in terms
8-?‘7‘ ﬁgg 132 (%-23 of large fluctuations in the reaction path properties. The barrier
0.26 1200 4.7(0.2) height varies by nearly 2 kcal/mol, and the exothermicity by
919 1213 92 ggég 4.6 kcal/mol. The fluctuation in the barrier frequency is also
0.22 1218 1.4(0.3) substantial; it ranges from 855 to 1171 chmHowever, it should
1003 031 0.17 999 3.5(0.1) be noted that the magnitudes of the variation may be exaggerated
0.90 1002 0.9 (0.0) 2
0.24 1004 0.2 (0.1) somewhat by the limited number of atoms that were allowed
0.11 1004 0.9(0.1) to relax in the intrinsic reaction path calculations.
1216 0.24 0?2%5 1111927 113?56&%?) Corresponding to the variation in reaction path properties,
0.12 1200 4.7(0.2) the tunneling coefficient also shows a significant geometry
0.86 1215 1.5(0.3) S . -
0.30 1218 1.4(0.3) dependence. As shown in Figure 15, the tunneling coefficient
1218 0.22 0.13 1177 12.6 (0.0) exhibits a positive correlation with the barrier frequency and
023 it 182 (%_-g; the barrier height; i.e., the tunneling coefficient is large for high
0.93 1218 1.4(0.3) barriers and high barrier frequencies, as expected. The reaction
939 0.19 0.14 931 4.7 (0.3) asymmetry (i.e., deviation of the reaction from being thermo-
0.17 935 3.9(2.3) . : .
0.29 939 0.9 (2.6) neutral) does not have a strong correlation with the tunneling
914 o o4 Eg% coefficient. This is due to the fact that the exothermic part of
0.21 943 4.7 (1.5) the potential energy surface does not enter the tunneling
8:% 1%3? 3%'}1((%'@) calculations explicitly in the CVF+SCT approach (eq 1); i.e.,
0.11 1028 29.3(1.4) at a given total energy, the tunneling transmission coefficient,
0.14 1029 37.6 (1.5)

P4(E), depends only on the potential energy surface between

@The frequencies orthogonal to the reaction path were computed=at the corresponding turning points along the reaction path. The
—0.32ami&2bohr, where the reaction path curvature has the peak value (see . . . . ..
Figure 5). The reaction path curvature componerBgr, are given in reaction asymmetry influences the reaction rate implicitly by

amutbohr. b The eigenvector associated with the reaction path motion at affecting the barrier height and position, in a manner mostly
this configuration® The approximate coupling strengths between the essential . . '

modes and the proton-transfer coordinate are given in the units of kcelimol consistent with the Hammond postulate; e.g., the proton-transfer
The values without parentheses are the approximate symmetric components, angygrrier in TIM is generally lower for smaller endothermicity
the values in parentheses are the approximate antisymmetric components. Se

ref 30a for more discussions. ?see Tables 3 and A2).
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Figure 14. Plot of the barrier mode and the essential modes (the modes at the saddle point that have large overlap with modes having a large reaction path
curvature component at the path curvature peak position, see also Tables 8 and 9) for the intramolecular proton transfer in TIM. The resultedvere deriv
with the “large” model. The length of the arrow is proportional to the displacement of the atom in the normal mode.

The above discussion suggests that reliable rate constantalculation of the tunneling coefficient in a given enzyme
calculations for proton-transfer reactions with a substantial configuration, after the saddle-point environment has been
barrier in an enzyme (or solution) can be done in several steps.optimized with a larger set of movable atoms.

First, one determines the transition state based on an equilibrium 1V.2. Comparison of Proton Transfer in the Gas Phase,
simulation with a QM/MM potential. The latter could be either Solution, and Enzyme without and with Tunneling. In any

a potential-of-mean-force calculation or a reaction-path-basedestimate of the role of tunneling, or other factors, in enzyme
calculation with large number of movable atoms, in which the catalysis, it is important to have a comparison with gas-phase
environment adiabatically follows the reaction. Next, corrections and solution results to determine the effect of the enzyme on
to the transition-state calculation of the rate constant, such asthe reactiorf3 However, it is often more difficult to obtain
classical nonequilibrium effects or tunneling, have to be accurate tunneling estimates in solution because the system is
determined. At room temperature, if both effects are character-less constrained. Consequently, most calculations concerned with
ized by time scales faster than the large-scale motions of theenzymatic reactions do not include solution results; exceptions
enzyme, it is appropriate to obtain a mean classical or quantumare the calculations of Warshel and co-workérsyho often
(tunneling) transmission coefficient by averaging over a number evaluate the parameters of the empirical potential functions used
of enzyme configurations. Since tunneling has been shown tofor the enzyme by fitting the data for the reactions in solution.
be controlled by the atoms close to site of the reaction, _only a (71) Warshel, A.Computer Modeling of Chemical Reactions in Enzymes and
small number of atoms have to be allowed to move in the Solution John Wiley & Sons: New York, 1991.
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Figure 15. (a) Correlation of tunneling factor minus 1 (teexis), «CVT-SCT — 1, with the imaginary frequencies at the saddle points and the lower value
of the forward and backward barrier heights (see text) for the intramolecular proton-transfer reactions. (b) Correlation for the intermoteoutiamgsfer.

In this section, we discuss the results for the intramolecular as discussed above, such that the average barrlewesr in
proton-transfer step of the TIM reactions, which is relatively solution than it is in the gas phase and in the enzyme; a lower
easy to treat in solution, as well as in the enzyme. The barrier often correlates with a lower barrier frequency. However,
intramolecular reaction avoids questions such as whether theeven for structures with barrier heights in solution similar to or
proximity of the reacting groups plays a role in the enzyme even higher than that in the gas phase (e.g. sets 2, 4, and 6 in
reaction relative to the caging effect in solution. Table 5), the barrier frequency is still lower in solution by the
The results from the calculations at 300 K for the intramo- same amount, so that this is not the only essential factor. The
lecular proton transfer in different media (section Il) indicate barrier frequency for the potential of mean force (7681
that tunneling is significant in the gas phase and in the enzyme,is also much lower than the gas-phase value (L3865 1),
but less so in solution. The average€'™-SCT value is about  although the barriers are similar in magnitudelQ kcal/mol).
8.0, 10.0, and<2.0 in the gas phase, enzyme, and solution, Another possibleexplanation is that there is strong coupling
respectively. Thus, relative to solution, the tunneling is increased (friction) of the proton motion with that of the environment;
by a factor of 5 in the enzyme. However, it should be noted i.e., the proton motion is “slowed” by the solvent, resulting in
that TIM has an “anticatalytic” effect on the intramolecular a lower barrier frequency.
proton transfer; i.e., the barrier is higher in the enzyme compare To clarify if there is indeed a “slowing-down” effect due to
to that in solution and in the gas phase due to the presence ofthe solvent, we analyze further the barrier frequency and the
the conserved His 95 residue which plays essential roles in otherassociated eigenvector by using the saddle-point structure
steps of the catalytic cyck. optimized with the “large” model in solution and in TIM (see
Since the tunneling factor at 300 K is strongly correlated with section 11.2). The change in the imaginary barrier frequency is
the barrier frequency (i.e., the width of the barrier), the rather small if the entire environment (i.e., everything except
significantly lower barrier frequency calculated in solution the substrate) is fixed in the normal-mode analysis, although
relative to the gas phase and in the enzyme is the major sourcethe effect is larger in solution; the values with frozen and flexible
of this difference. Several factors could contribute to this result. environments are 48&s 591 cm* in solution, and 79i7vs
The reaction energetics are altered by the solvent for this step,798 cm~1 in the enzyme. The participation ratio for the barrier
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Figure 16. Intramolecular proton transfer in the gas phase and in solution. (a) Decomposition of reaction path clinmatareormal modes for the

structure that exhibits large path curvature for the intramolecular proton transfer in the gas phase. (d) Same as (a), for the intramolectdasfepton t

solution (the plot was made for the peak close to the saddle point, see Figure 9 for the behavior of reaction path curvature along the reaction path); the
“large” model was used. The dashed line is the cumulative contribution from path curvature components to the reduction of the effective mass along the
reaction coordinate. (b,c and e,f) The approximate coupling coefficients to the proton-transfer coordinate of normal modes at the saddlbepgas-for t

phase and solution reactions, respectively; each mode has both symmetric and antisymmetric components.

mode is also slightly larger in solutioR(~ 4.1) than in enzyme The barrier height and exothermicity of the reaction show
(R ~ 3.1). However, both values are small, indicating that the larger fluctuations in solution than in the enzyme (compare
barrier mode is highly localized in both media. Therefore, the Tables 4 and 6). This is in accord with previous stutfiesd
change in the barrier frequency in the presence of the environ-reflects the fact that the enzyme active site is more organized
ment relative to the gas phasenist due to the inertial mixing and constrained structurally compared with solution. For
(i.e., a “slowing-down” effect) of substrate motion and solvent €xample, in the case of the hydrophobic binding site in human
motion (i.e., the substratesolvent/enzyme block of the Hessian ~serum albumin (HSA), the motion of the ligand (2-(2
matrix in the analysis of Polldkon the Grote-Hynes theor{? hydroxyphenyl)-4-methyloxazole) was found to be much more
of solvation). Instead, it is the force constant of the imaginary restricted in the protein compared to thaphuioxane solution
mode itself that is modified substantially in the solution. Indeed, and in micelles of 19-octyl -p-glucopyranosidé? time-

if the electrostatic interaction between the substrate and solvent€solved fluorescence measurements showed that the orienta-
is turned off, the barrier frequency in solution becomes much tional anisotropy relaxation of the ligand had a time constant
higher, 896 cm™1, compared to the value of 4B6m1 in the of 45, 97, and>500 ps inp-dioxane, micelle, and HSA,
frozen environment. A similar trend is observed in the enzyme, T€SPectively.

although the effect is much smaller; the barrier frequency is The reaction path curvature and essential modes (see section
797 and 856 cm ! before and after zeroing out the partial _IV.1a) that inﬂuenpe tunn_eling were found to be rather similar
charges of the environment. In other words, the electrostatic IN the 9as phase, in solution, and in enzyme. For the gas-phase
interactions with the enzyme reduce the force constant associated®action, which is the simplest structurally, only one set of peaks
with the barrier mode less than the solution environment. Thus, "€&' the saddle point exists in the path curvatiie(Figure

the reduction of the barrier frequency in solution is due to the ) The generalized normal-mode decompositio’dFigure
fact that electrostatic and polarization effects from the solvent 16) suggest; _that the ess_entlal modes are mos_t ly _h|gh n
molecules can substantially modify the shape of the potential frequency, similar to these n the enzyffeThe contribution
energy surface for the proton transfer, and not due to any inertial of path curvature to the effective masit,, converged around

o e .
effect (i.e., the substratesolvent block of the Hessian, which iﬁ&%lgtiﬁ\ie I\?alggtg é:astesi.s IrtnLir:n;i:Zﬁgric;%)niﬁtfh;ha;;he
is the origin of “solvent friction” in the analysis of Poll&. KBk, Fla : g

(74) Warshel, AProc. Natl. Acad. Sci. U.S.A984 81, 444.
(72) Pollak, E.J. Chem. Physl986 85, 865. (75) Zhong, D.; Douhal, A.; Zewail, A. HProc. Natl. Acad. Sci. U.S.£00Q
(73) Grote, R. F.; Hynes, J. T. Chem. Phys198Q 73, 2715. 97, 14056.
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phase than in solutior~0.5) and in the enzyme~0.6). This
is due to the fact that there are many more modes with non-
negligible contribution to the value df By gtk in the latters.
All the essential modes were found to have large symmetric

coupling coefficients in the gas phase and in solution (see Figure

16)30
For the reaction in solution, two sets of peakd'iare found

in the path curvature (Figure 8). For the peak close to the saddle
point, the essential modes have frequencies around 1000 and

1200 cnt?, and a few around 2000 crh For the set of peaks
farther from the saddle point, most contributions to the path
curvature arise from modes lower in frequency than 500%cm

(not shown), although a few high-frequency modes (in the range

of 3200-3500 cnt!) also make contributions. The latter
corresponds to the ©H vibrations of the water molecules that
are directly hydrogen-bonded to the substrate (Figure 2).
Therefore, although these modes do not influence tunneling in

the substrate directly, they might transfer energy to the substrate

if they were vibrationally excited (e.g., by lasers). This observa-
tion is of interest in relation to a recent pumprobe experiment

that demonstrates that hydrogen bond networks provide an

efficient energy-transfer pathway in the condensed pHase.
Similar to the intramolecular proton transfer in TIM, the
modes in solution with large curvature components have

substantial overlaps with many modes at the saddle point (Table

10). The participation ratio analysis (Table 11) indicates that

some essential modes are very localized substrate vibrations

(>1000 cnm?), and that the others~700 cnt?) involve a
substantial number (about 20) of water molecules. The solution

modes seem to be more delocalized than the essential modes

in TIM with similar frequency; e.g., the associatRtvalue in
solution is close to 100 (Table 11), and that in the enzyme is

near 50 (Table 9). This might be due to the more homogeneous
character of the solution despite the presence of the substrate.

A typical motion in the high-frequency set involves the-Q
or C—C stretch (e.g., 1574, 1734 chin Figure 17), and the
donor-acceptor stretch is commonly involved in the low-
frequency set (e.g., 760 crhin Figure 17).

Thus, the results suggest that there is a significant solvation
effect on the tunneling. The origin of this effect is the strong

electrostatic interaction between the charged solute and the

solvents, which, in principle, can affect both the substrate
substrate and substratsolvent blocks of the Hessian; the effect

on the former seems to be much more significant in the present

case. By contrast, the inertial coupling (which is related only
to the substratesolvent block of the Hessian) was found to be
small; i.e., the motions of the solvent molecules are not
significantly coupled to the barrier mode. The strong solvation
results in a large “renormalization” of the barrier frequency and
the fluctuations of the reaction energetics in water, all of which

Table 10. Overlap among Frequencies with Large Curvature
Components and Modes at the Saddle Point in the Intramolecular
Proton Transfer in Solution?@

path modes saddle-point modes
w (cm™) Byr overlap o (cm™) coupling strength
0 591
0.11 725 9.4 (0.0)
0.10 737 8.5(0.3)
0.12 740 9.6 (0.2)
0.11 747 9.4 (0.0)
0.12 753 11.4(1.0)
0.15 760 14.2 (1.6)
0.14 778 13.0(1.0)
0.11 799 10.7 (0.2)
0.17 2146 59.0 (15.7)
156 0.85 0.99 1156 4.7 (0.3)
2402 0.56 0.31 591
0.13 1584 17.7 (4.6)
0.23 1605 5.6 (14.2)
0.88 2146 59.0 (15.7)
1008.4 0.44 0.27 983 6.5(0.4)
0.95 1009 4.1(0.2)
0.11 1078 27.4(2.6)
956 0.39 0.11 591
0.12 778 13.0(1.0)
0.30 901 9.0 (1.6)
0.12 909 2.8(0.2)
0.10 940 1.8(0.0)
0.13 950 2.0(1.0)
0.65 983 6.5 (0.4)
0.12 996 4.4 (0.2)
0.11 1009 4.1(0.2)
0.50 1078 27.4 (2.6)
1035 0.33 0.15 591
0.14 1009 4.1(0.2)
0.81 1072 0.6 (1.0)
0.41 1078 27.4(2.6)
0.17 1094 3.9(0.7)
997 0.20 0.98 996 4.4(0.2)
0.12 1078 27.4 (2.6)
887 0.15 0.25 880 2.7(0.2)
0.33 885 0.3(0.6)
0.49 891 1.9 (0.8)
0.28 894 2.1(0.6)
0.58 901 9.0 (1.6)
0.12 906 1.5(1.1)
0.12 909 2.8(0.2)
0.14 1078 27.4 (2.6)
1737 0.11 0.11 1605 5.6 (14.2)
0.63 1734 11.9 (0.5)
0.75 1740 2.7 (1.5)
1744 0.10 0.12 1605 5.6 (14.2)
0.63 1734 11.9 (0.5)
0.61 1740 2.7 (1.5)
0.35 1746 2.0(0.1)
0.11 1752 1.3(1.3)
0.13 1755 6.9 (2.8)
0.13 1756 2.3(0.5)
0.10 2146 59.0 (15.7)

a2 For notations, see the footnote of Table 8.

reduces the proton tunneling. The general features of reactioniSotope effect experiments, in addition to their important role
path curvature and its generalized normal-mode decompositionin @nalyzing enzyme mechanisrffss to determine the contri-
are rather similar in all media (gas phase, solution, and enzyme)Pution of proton tunneling to the reaction réteor this purpose,
for regions close to the saddle point. The essential modes init IS essential to have a full understanding of the connection

solution, similar to those in the enzyme, are localized on atoms
close to the solute, and the tunneling coefficient is directly
influenced by a small number of solvent molecules.

IV.3. Analysis of the Use of Experimental Observables
To Determine the Magnitude of Tunneling.One use of kinetic

between the magnitude of tunneling and the experimental
observables. In this section, we use the results obtained for TIM
to approach this question. We start by commenting on the
Swain-Schaad exponents, which have been emphasized in
recent experimental analyses, and then discuss briefly more

(76) Woutersen, S.; Baker, H. Mature 1999 402, 507.
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Table 11. Characters of Normal Modes That Have Large
Contribution to the Reaction Path Curvature (T') in Selected
Configurations along the Reaction Path for the Intramolecular
Proton Transfer in Solution?

o, R,R'C residue  dist contib ,R,R'C residue dist contrib
591i Subs 0.90 1734 Subs 0.54
4.1 W277 454 0.04 151 W70 4.68 0.24
1.2 W74 483 0.02 28 W90 4.47 0.06
W62 407 001 11.9(05 WI109 474 002
W17 3.95 0.01 W74 482 0.02
2146 Subs 0.96 1605 Subs 0.94
1.3 W74 483 0.02 5.9 W17 395 0.01
1.1 W62 407 001 11 W70 4.68 0.01
59.0 (15.7) W277 454 001 5.6(14.2) W3 290 0.01
W29 265 0.01 W74 483 0.01
1584 Subs 0.96 1078 Subs 0.75
5.7 W70 468 001 54 W11 3.03 0.04
1.1 W74 483 001 18 W17 3.95 0.04
17.7(46) W62 407 001 27.4(2.6) W74 483 0.03
w3 290 0.01 W277 4.54 0.03
799 Subs 0.11 753 Subs 0.13
117.6 w84 351 0.08 137.3 w84 351 0.04
25.1 W150 524 0.08 30.2 wa7 551 0.04
10.7 (0.2) W7 402 0.05 11.4(1.0) w423 7.88 0.04
w124 7.99 0.05 w289 9.92 0.04
760 Subs 0.18 778 Subs 0.13
92.3 w37 7.2 0.07 98.9 w344 8.41 0.07
18.9 W127 11.0 0.06 22.6 w273 8.01 0.06
14.2(1.6) w288 6.3 0.04 13.0(1.0) w184 5.83 0.05
W100 5.7 0.03 W32 7.58 0.05

a See footnotes of Table 9 for the definitions of quantities.

“conventional” small-molecule observables, such as the devia-
tion from Arrhenius behavior and the temperature dependence
of the kinetic isotope effects.

Isotope effects and the Swaischaad exponents were
computed for two sets of geometries that have large tunneling
coefficients, i.e., set 4 for the intramolecular and set 6 for the
intermolecular proton transfer (Table 12 and Figure 18). We

note that the temperature dependence calculated in the curren

work corresponds to a reaction path calculation at 0 K, so that

the effective potential surface is independent of temperature and

the only variation as a function of temperature arises from the
motion on that surface due to changes in the vibrational
contribution. For a more complete estimate of the temperature

dependence, the reaction path itself would have to be determined

at different temperaturé®.This is very demanding computa-
tionally, and we restrict the analysis to the “fixed barrier” case,
for the present purpose of making connection with the behavior
of kinetic quantities; calculations with more extensive config-
uration sampling are left for the future. However, it must be
noted that the doneracceptor distance is allowed to relax and
is an important part of the reaction coordinate in the current
calculations. Therefore, the “fixed” barrier potential used here
is not the same as that referred to in some discussions (e.g.
Klinman and co-workers), where a “rigid” system is one in
which no donotacceptor distance change or vibrational excita-
tion is present.

IV.3a. Swain—Schaad Exponents. Primary Swain-Schaad
Exponent, agg In the experimental literature, it is generally
assumed that for the primary isotope effect, TST at room
temperature gives a Swaitschaad exponentxgs (eq 8b),
equal to 3.3 due to the difference in the zero-point energies
of the different isotopes. In principle, TST includes all the
excited states, but the zero-point effect dominates at room
temperature. The value of 3.3 is based on an assumed frequenc

for the X—H stretch in the reactant state and no contribution at
the transition state (see below). A value larger than 3.3 is
interpreted to mean that tunneling plays a rble.cases where
other evidence points to tunneling, while a “normal” primary
Swain—Schaad exponent is observed, “kinetic complexity” is
usually invoked; i.e., this assumes that the proton-transfer step
is not fully rate-limiting and therefore the intrinsic effects of
the isotope substitution are partially or fully masked by other
isotope-insensitive processEsHowever, it has already been
remarked thatSs does not have to be larger than 3.3 in the
presence of tunnelin@. According to the present calculations
in the gas phase and in TIMLES rarely exceeds the TST limit
of 3.3, even when tunneling is significant. For example, in the
model system for the intermolecular proton transfer with a fixed
donor-acceptor distance where tunneling is large'{—SCT =
36.5 at 300 K),o5s is 3.34 at 300 K; in the absence of
tunneling it is 3.24. In set 6 intermolecular proton transfer in
the enzyme environment (Table 12), the CYICT method
gives a lower SwairrSchaad exponent (2.65) than TST (3.38)
and CVT (3.36). Kim and Kreevdy used the VTST approach
to study the effect of tunneling on the SwaiSchaad exponent
in solution with empirical potential functions and a bilinearly
coupled oscillator model for the solvent. They found that
variational transition-state theory without tunneling can yield
very Iargeo@S (up to 4.13), and that tunneling actually tends to
bring ass into the expected range (2.8 ags < 4.0). From
these results, a value @tgs significantly larger than 3.3 is
neither a necessary nor a sufficient condition for the presence
of proton tunneling. We note that mixed primargecondary
isotope substitution measurements, which are often carried out
experimentally, tend to give a higher “secondary” Swain
Schaad exponefi¢:8!

The relationship between the SwaiSchaad exponent and
#unneling can be made clear by writing the former in the
ollowing form,

In(k/kr)  InGery ke Tier ST
Oss= In(ky/k;) In(KTunki'I;ST/ TunkTST)_
In(KTun TST) + In( TSTkTST)
In(KTun TST) _|_| (kESTkTST (8a)
(e Vet "IN(kSSTKIST) 4+ oda’
- Tun; Tu TST), TST (8b)
In(rep e n(ky” ke T) 4+ 1
where;qTun is the tunneling coefficient (eq 5) for isotopeHor

simplicity, we ignore the correction factor due to CVT, (i.e.,
«VT in eq 5), although«“VT may also have an isotope
dependence and therefore affect the Sw&ohaad exponent;
e.g., abg is 3.34 and 3.27 at the TST and CVT levels,
respectively, for the intramolecular proton transfer in the enzyme
(see Table 2).

Assuming the typical vibrational frequency of 3000 ¢nfor
the donor-proton vibration, one may use the mass-frequency

(78) (a) Stern, M. J.; Weston, R. E., J. Chem. Phys1974 60, 2815. (b)
Saunders, W. HJ. Am. Chem. Socl985 107, 164. (c) Grant, K. L,;
Klinman, J. P.Bioorg. Chem1992 20, 1.

(79) Kim, Y.; Kreevoy, M. M.J. Am. Chem. Sod 992 114, 7116.

(80) Huskey W. PJ. Phys. Org. Chenil991 4, 361.

¥81) Cui, Q.; Elstner, M.; Karplus, MJ. Phys. Chem. Bsubmitted.
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Figure 17. Plot of the barrier mode and the essential modes (the modes at the saddle point that have large overlap with modes having large reaction path

curvature component at the path curvature peak position, see also Tables 10 and 11) for the intramolecular proton transfer in solution. Theluigults in
were derived with the “large” model.

Table 12. Kinetic Isotope Effects for Configurations with Large
Tunneling Coefficient at 300 K&

intramolecular set 4

intermolecular set 6

VFw 18.5/1083.9 11.3/1113.6

dl 0.01 0.06

log(KS¥TS¢h) 1.89 (0.74) [0.73] 7.08 (6.56) [6.55]
GVt 14.5 3.68

KIE (H/D) 10.8 (3.68) [5.93] 7.60 (5.89) [5.82]
KIE (H/T) 27.8(6.87) [10.8] 25.9 (12.4) [12.3]
afs 3.52(3.09) [3.98] 2.65 (3.38) [3.36]
AEL(H,T) 2.3(0.9)[1.01] 1.82 (1.37) [1.29]
AnlAr 0.63 (1.49) [1.96] 1.22 (1.24) [1.42]

secondary KIE (H/D)
secondary KIE (H/T)
S

QAss

1.32 (0.94) [0.94]
1.41 (0.92) [0.91]

5.27 (3.67) [3.51]

aThe values in parentheses and brackets were obtained at the TST an
CVT levels, respectively. Numbers without parentheses or brackets were
obtained at the CVFSCT level. Definitions of other quantities are the

same as in Table 1.

relation (with the reduced massymp/(my + Mp), wheremp
is the mass of the donor atom, taken to be that of oxygen) to Wigner expression for tunneling through a parabolic barrier,
estimate the difference in the zero-point energy in the reactanteq 9 is roughly satisfied for a sufficiently high barrier frequency
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between different hydrogen isotopes; it is assumed that no
contribution from this vibration is present in the transition state.
The resulting value for the TST estimate of the Swéeithaad
exponentay > is 3.3 at 300 K. Since most of the TST results
in the current work are close to this value, we substitute it into
eq 8, to obtain the condition faxgsto be larger than 3.3 (i.e.,
the condition for tunneling tancreaseatg beyond the TST
limit),

In KTun/KTu
neel) - 5 ©
In(kep Mier ™)
This relation is not true in general. In fact, it is violated in the
simple case of tunneling through a square barrier, where the
transmission coefficient is proportional to exgn)*4. For this
case, the left-hand side of eq 9 has a value of 2riEpendent
of temperatureand the width or height of the barrier. With the
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Figure 18. Kinetic isotope effects (logu/kr, log ku/kp, log ko/kr) and the Swairr Schaad exponent as a function of temperature for the sets of (a) intramolecular
and (b,c) intermolecular proton-transfer reaction in TIM that exhibit the largest tunneling. They correspond to set 4 in Table 3 and set 6 in Table A2
(Supporting Information), respectively. The results were derived with the “small” model. See Figure 4 for symbols used for isotope effects.rdote tha
logarithm was taken for the secondary kinetic isotope effects for clarity. See also Table 12 for values at 300 K.

w. Assuming arw of 1300 cm™?, the left-hand side of eq 9is  the transferring proton (e.g., bending modes involving the
3.07. A more elaborate tunneling formula for a truncated proton), can be isotope sensitive. For all the reactions considered
parabol& with a barrier of 10 kcal/mol gives a higher value here, the isotope dependence for the vibrational entropy is very
(4.71) for the left-hand side of eq 9; this would imply a larger small and the primary SwairSchaad exponents at the TST
(3.72) Swain-Schaad exponent. However, it should be noted level has very little temperature dependence. At the ESTT

that such a value is likely to be too large because one- level, ags has a substantial temperature dependence in many
dimensional models tend to substantially overestimate the cases, especially when the tunneling coefficient is large (Figures
magnitude of tunneling compared to multidimensional calcula- 4 and 18). Therefore, a strong variation uﬁs with tempera-
tions!8 For the reactions in TIM studied here, the left-hand side ture is suggestive of tunneling. However, it should be noted
of eq 9 is typically found to be close to or less than 3.3 at 300 that ags does not necessarily becorteger in magnitude as

K; e.g., the value for the intramolecular proton transfer with tunneling becomes more important. In many cases (Figures 4
the large model is 2.87. and 5),a5sactually decreases as the temperature decreases and

Although it is clear from the above that the value adi tunneling becomes more significant. See Supporting Information
cannot be used tprove that tunneling makes a significant  for a more detailed analysis.

contribution to the reaction rate, it is interesting to use the TIM

calculations to examine whether larger values of the Swain ondary Swair-Schaad exponent is determined by the kinetic

SCh?adf exponenth correlate with Ilarger tulnnellhng. Among t:_e isotope effect obtained for a hydrogen atom that is not the one
results for TIM, there are several examples that support this ., hqterred in the reaction, it is usually interpreted as reflecting

Fo_ssmlhty. F40_r exam||ole, Isystems with I?rg(_a t_LIanIel'gg choef- the magnitude of “coupled motion”, i.e., the involvement of
icients (set mtrimodecu ar protoln transher Irrl] a ?h3) al;/e the secondary hydrogen in determining the transition-state
primary Swair-Schaad exponents larger than those with smaller structure, or stated another way, the contribution of the

tunneling coefficients (Table 2 for intramolecular proton transfer displacement of that hydrogen to the reaction coordinate. In
with the environment close to the X-ray data). However, such '

a trend is not universal; e.g., set 6 intermolecular proton transfer
(Table 12), with greater tunneling, has a smaller primary
Swain-Schaad exponent than the set with the environment close
to the X-ray (Table 5). This is due to the form of the Swain
Schaad exponent; i.e., it is highly sensitive to the value of D/T
KIE. As illustrated in Figure A6 in the Supporting Information,
a large SwairSchaad exponent may occur at small KIE values,
which usually correlate with a small tunneling coefficient.
Another issue is the temperature dependenoeggfwhich ) o )
has been used to infer the temperature dependence of tunneling, 1€ calculations reported for TIM indicate that the magnitude
based on the assumption tﬂs correlates with the magni- of the secqndary SwarrSchaad gxponent is not cprrelated with
tude of tunneling~7 Because the value of the SwaiBchaad '€ Magnitude of tunneling. First, TST can give secondary
exponent in TST is due mostly to the difference in zero-point SWain—Schaad exponents as large as 4.0 (Figure 18). Indeed,
energies among different isotopes, it would be expected to beunllke the primary |soto_pe_ effect, where the “classical limit” is
insensitive to temperature in the usual simplified treatment in 3.3, there is n_o clear limit for the secondary SwaSphaad
which the transition-state contribution is neglected. However, e_xponents. This results from the fact that the zgro_—pm_nt energy
the vibrational activation entropy, which arises from generalized difference caused by secondary isotope substitution is not lost

normal modes orthogonal to the reaction coordinate that involve COMPIetely at the saddle point, since the vibrations involving
the secondary proton (e.g., the donreecondaryproton stretch)

(82) Skodie, R. T.; Truhlar, D. Gl. Phys. Cheml981, 85, 624. are not the major reaction path motions (e.g., the depdmary

Secondary Swair-Schaad Exponent,a3 Since the sec-

several recent experimeritsiarge o@s values ¢£10) were
observed, and it was suggested thtﬁs also reflects the
magnitude of tunneling. It is not clear that this interpretation is
generally valid because the secondary Sw&nhaad exponent

is a very sensitive function of the measured secondary kinetic
isotope effects (KIEs), which are generally small in magnitude.
As shown in Figure A6 in the Supporting Information, for
example, a small variation in the secondary KIEs can result in
a large change ingg
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proton stretch) at the saddle point. Second, tunneling does nothas the smallest tunneling coefficient among the four selected
necessarily increase the valueocg‘S A striking example isthe  sets,Au/Ar is 1.22 at 300 K, slightly larger than unity. At the
behavior found for the model intermolecular proton transfer with temperature drops further, both isotopes tunnel significantly,
the donor and acceptor atoms held fixed. In that case, theandAn/Ar becomes much larger than unity. An extreme case is
magnitude of the tunneling coefficient is 36.5 at room temper- the intermolecular proton transfer with the donor and acceptor
ature, butads is only about 2 and is well below the values fixed (at 2.7 A), for whichAu/Ar has a value of 614.6 at 100 K
(4.07 at 300 K) predicted at the TST level. Finally, we notice with CVT—SCT. Without tunneling contributions (TST and
that the temperature variation is generally larger for the CVT), the Ay/Ar remains close to unity at all temperatures.
secondary SwainSchaad exponent than the primary exponent Except for the extreme case of intermolecular proton transfer
(e.g., compare Figure 11e and f; also see Figure 18b,c). Sincewith fixed donor and acceptor, there is a substantial difference
TST predicts substantial temperature dependencedgrthe between the CVFZCT and CVT-SCT results, which once
temperature dependence cannot be related to tunneling. more highlights the importance of including reaction path
In summary, based on the calculations carried out for TIM, curvature. As to the value d(T) — Eq(H), tunneling makes
we conclude that values of the primary Swafchaad exponent @ significant difference, and this difference is correlated with
(0125) larger than 3.3 are not a good signature for large the magnitude of tunneling and temperature. At room temper-
contribution from tunneling. However, a significant temperature ature, where the tunneling contribution is significant only for
dependence ofi is likely to suggest that tunneling plays a the proton, the value dE«(T) — E4(H) is larger than 1.8 kcal/
role. As to the secondary Swaiischaad exponent, we empha- mol at the level of CVFSCT, and the value is greater for large
size that it is a very sensitive function of the kinetic isotope funneling cases. At low temperature, both isotopes have a
effects and therefore does not necessarily correlate with thesignificant contribution from tunneling, anB«(T) — E«(H)
magnitude of tunneling. As matter of fact, the model reaction decreases.
in TIM with the largest tunneling (intermolecular proton transfer ~ The behavior of Arrhenius parameters correlates rather well
with fixed donor and acceptor) yields a very small secondary With the magnitude of tunneling at room temperature. A value
Swain-Schaad exponent. of Au/Ar significantly smaller than unity and/d&(T) — Ex(H)
IV.3b. Kinetic Isotope Effects on Arrhenius Parameters. much larger than 1.8 kcal/mol appears to be a reliable signature
A more conventional signature of tunneling, used generally for of large-scale tunneling at room temperature, better behaved at
small-molecule reactions for which a wide range of temperatures least for this enzyme than the SwaiSchaad exponent. For
are accessible, is the deviation of the rate from simple Arrhenius More moderate tunneling, however, the Arrhenius criteria are
behavior at low temperaturéTwo parameters of interest are ~ @lSo not very robust.
the isotope effect on the Arrhenius prefactdp/Ar or Ap/Ar,
and the isotope effect on the apparent activation eneegy (
obtained from an Arrhenius ploE«(T) — Ex(H) or E4D) — Proton-transfer rate constants in complex systems such as
E«(H). Here, A is the Arrhenius pre-exponential factor around €nzymes are of great interest. One possibility for protons, but
room temperature for isotope 1. The criteria proposed for the Not for other atoms except at very low temperatures (e.g., CO
existence of tunneling are the following: @+/Ar or Ao/Ar in myoglobir?4), is that quantum mechanical effects, particularly
deviates significantly from unity (either above or below, tunneling, may play an important role even at room temperature.
depending on whether only one or both isotopes have |argeSince the tunneling contribution depends sensitively on the
tunneling contributiong)and (i) E{T) — E4(H) > 1.8 kcall height and shape of the potential energy barrier, which are both
mol or E{D) — E«H) > 1.2 kcal/mol (i.e., the isotopic modulated by the environment, the potential energy surface and
substitution leads to larger effects on the activation energy thanthe dynamics have to be studied carefully to obtain meaningful
the typical zero-point energy difference). In what follows we result. In this paper, several issues concerned with proton
refer primarily to the primary isotope effect. tunneling in enzymes have been studied using triosephosphate
The results obtained from the current calculations are usedSomerase (TIM) as an example. Specifically, the rate constants
to determine if these conditions are robust criteria for tunneling. for two profon-transfer steps catalyzed by TIM have been
We have selected the four sets of systems with the largestc@lculated with the VISTSAG approach as a function of
tunneling coefficients and plottely/Ar andEx(T) — E«(H) as temperature; they are the rate-limiting chemical step involving
functions of temperature in Figure 19. The qualitative behavior intermolecular proton transfer from the dihydroxyacetone

of Au/Avr is similar to that described in ref 3. At high temperature Phosphate (DHAP) to the catalytic residue Glu 165, and a
(e.g., 500 K) Au/Ar is fairly close to unity at all levels of theory. ~ POSSible intramolecular proton-transfer step within an enediolate

As the temperature drops to room temperature, the protonintermediate. The rate constants for the intramolecular proton
tunnels more significantly than tritium, which results in a value transfer haye also been Computed in the gas phase and 30|Ut_'°”
of Au/Ar smaller than 1. The more important the tunneling, the for comparison. The latter reaction was chosen because its
smaller Ag/Ar is found to be. For examplédy/Ar at 300 K intramolecular nature avoids the need to correct for concentration
equals 0.51 at the CVFSCT level for the intermolecular proton ~ €ffects in the gas phase or solution. Since we determined the
transfer with the donor and acceptor fixed, which is the system activation barriers in earlier papetswe focused in this work

that exhibits the largest tunneling coefficient (36.5 at 300 K ©On the effect of tunneling; specifically, we determined the
when the doncracceptor distance was fixed at 2.7 A) in the dynamic factors that influence the rate constant and proton

current work. For the intermolecular proton transfer set 6, which tUnneling in an enzyme. We also used the TIM results to
examine the relationship between the calculated tunneling

V. Conclusion

(83) See, for example: Steinfeld, J. |.; Francisco, J. S.; Hase, \@hemical
Kinetics and DynamicsPrentice Hall: Englewood Cliffs, NJ, 1995. (84) Vitkup, D.; Petsko, P. A.; Karplus, MNature Struct. Bial1997, 4, 202.
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Figure 19. Arrehenius parameters (see eq 6 for definitions) for four sets of reactions that exhibit large tunneling contributions (see text) as a function of
temperature. (a) Gas-phase intramolecular proton transfer. (b) Set 4 intramolecular proton transfer in TIM. (c) Intermolecular proton Tevisféthin

the donor and acceptor atoms fixed. (d) Set 6 intermolecular proton transfer in TIM. The results were derived with the “small” model. The dashed lines
represent TST results; the dastiot—dot lines represent CVT results; the dastot lines represent CVFZCT results; and the solid lines represent CVT

SCT results.

contribution and the experimental observables that are often usedhat both the barrier mode (with the imaginary frequency) and
to draw conclusions about its magnitude. modes that make large contributions to the reaction path
The effect of tunneling was found to be less than a factor of curvature (“essential modes”) were localized on the atoms in
10 at room temperature for both proton-transfer reactions. This the active site, i.e., the substrate and nearby residues (such as
means that, although tunneling is significant for the rate of Glu 165, His 95, and Lys 12). Therefore, only a small number
proton transfer, it is of minor importance for catalysis, per se; of atoms that are close to the substrate and their motions (e.g.,
a factor of 10 is “small” relative to the rate acceleration 0? 10 the donof—acceptor Vibration) directiy determine the magnitude
by TIM. However, there may be other enzyme reactions where of tynneling in this enzyme. Atoms that are farther from the
tunneling is more critical, so that model studies, like the present 4ive site influence the tunneling indirectly by modulating the

Ione, a.reti]mportant. 'i#nngllnglvxias foqtrr]:jtr:o gif about 5 imes o jer height and shape. This explains the dependence of
argerin the enzyme than in sowtion, with the ciierence arsing tunneling on the structure of the active site and on the number
mainly from the increase in the barrier width in the latter relative . .

of atoms that are allowed to move in the reaction path and

to the former. Interestingly, the barrier width in the enzyme i i lculati Th it + that th t efficient
was ourd 0 b vry Siiar ot n e ges prase. eI AL e ete et et
In the VTST-SAG framework used for the present calcula- y . . 9
. o . T . saddle-point structure with a large set of movable atoms, and
tions, the quantities that influence tunneling include the barrier . .
to compute the actual tunneling with a smaller set of movable

frequency (width), the barrier height, and the reaction path - . )
curvature. A thin barrier (with a high imaginary frequency) leads atoms in the neighborhood of the substrate. This procedure

to a large tunneling contribution; a high barrier makes the should be carried out for a number of enzyme configurations
tunneling correction to thermal rate constant more pronounced; 0 obtain an average tunneling correction. An alternative, when
and a large reaction path curvature makes the corner-cuttingthe overall time scale for the chemical step is slower than the
effect more important and consequently induces a larger €nzyme motions, is to evaluate the quantum correction on the
tunneling probability. All of these factors were illustrated by classical potential of mean force via techniques such as path-
the analysis of the reactions in TIM. Participation ratios showed integral approache:30°
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In any estimate of the role of tunneling in enzyme catalysis, proton transfer with fixed doneracceptor distance does not
it is useful to have a comparison with the solution results. For have a large secondary SwaiSchaad exponent, despite the
the intramolecular proton transfer, it was found that tunneling large tunneling factor.

is most important in the gas phase, less so in enzyme, and the Finally, we note that the effect of reaction path curvature
least significant in water. One reason for this trend is that the \yas treated in the small-curvature (SCT) approximation. For
barrier frequency is substantially lower in water, compared with the qualitative analysis made here, the VFSSCT approach

the gas-phase and enzyme values. Analysis showed that this iss Jikely to be satisfactory. For more quantitative calculations
caused by the Strong electrostatic interaction betwe_en theinvowing Samp”ng of enzyme conformations and Comparison
charged solute and the polar water solvent molecules; i.e., thewith detailed experimental data, such as exists for the alcohol
electrostatic interaction and polarization effect due to the solvent gehydrogenase, other treatments of tunneling (e.g., path-integral
can substantially modify the shape of the potential energy simulations) are useful to establish the reliability of the VFST

surface for the proton transfer. Inertial coupling between the SCT approach. Such calculations are in progress.
substrate and the solvent motions was found to play a small

role. In terms of the normal-mode analysis of solvent friction ~ Acknowledgment. We thank Prof. D. Truhlar for providing
by Pollak?? this corresponds to large effects on the substrate the POLYRATE 8.0 package and for helpful comments on the
substrate block and small values on substratdvent block of manuscript. Discussions with Professors J. T. Hynes and J.
the Hessian. The effect of reaction path curvature on tunneling Klinman on issues related to tunneling in solution and in
and the nature of the essential modes in solution were found toenzymes are acknowledged. Part of the calculations were
be rather similar to those in the enzyme. One difference is that performed on the QUAD machines (IBM SP2) at the CCST in
the low-frequency essential modes are more delocalized inthe Argonne National Laboratory and the Origin 2000 SGI
solution than in enzyme. machines at the Advanced Biomedical Computing Center in the
In the examination of the relationship between tunneling and National Cancer Institute. The research was supported in part
experimentally measurable quantities, it was found that the by the Department of Energy and the National Science Founda-
conventionally used Arrenhius parameters (i.e., the ratio of tion.
Arrenhius preexponential factors and isotope effect on the .
apparent activation barriers) are likely to be more robust as _ Note Added after ASAP: There were errors in eq 4 and
criteria for tunneling than the SwairSchaad exponents (SSE). 1ables 7, 9, and 11 in the version posted ASAP, February 23,
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