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A number of proton transfer reactions have been studied to reveal the identity of modes that influence the
rate constant, especially in the context of enzyme catalysis. Results with analytic model potentials confirmed
the general notion that the effect of a given mode on the proton transfer rate depends on the symmetry of its
coupling with the proton transfer coordinate. Symmetrically coupled modes have promoting effects at both
high and low temperatures, although the origin of promotion is largelgsicalat room temperature and the
increase of tunneling is important only at low temperature. Antisymmetric modes have “demoting effects”
mainly because the antisymmetric coupling gives rise to asymmetry in the effective potential along the proton
transfer coordinate and therefore restricts tunneling to occur effectively only when the mode is vibrationally
excited. Thus, vibrational excitation of both types of modes can be important for the proton transfer rate.
Calculations on TIM with a QM/MM potential clearly demonstrated that the proton transfer is strongly coupled
to a large number of vibrations (including both symmetric and antisymmetric modes), which in general are
localized to atoms in the active site. One of the modes is the daumeptor stretch, which modulates the
effective barrier for the proton transfer and also the effect of tunneling. There are also other modes that are
symmetrically or antisymmetrically coupled to the proton-transfer coordinate, and they involve nearby residues
such as Ala 212 and lle 170. Their effect is to adjust the enzyme environment by lowering the effective
proton-transfer barrier. We propose procedures to identify motions that are important for the proton transfer
based on reaction path curvature and coupling coefficients. We also emphasize that the minimum energy
path (MEP) involves changes in environmental variables, such as the-gacweptor stretch, as the primary

part in the reactant and product regions and includes significant proton motion only near the barrier. Thus,
there is no fundamental conflict between the MEP description of proton transfers at room temperature and
Marcus type of models in the adiabatic regime; that is, both include contributions from change in the zero-
point energies.

|. Introduction distance, and it is conceivablénerefore, that doneracceptor

. . . vibrational dynamics has a strong influence on the rates of
Understanding how enzymes achieve their remarkable cata- ;
lytic efficiencies has been one of the most challenging and proton (hydride) transfers. It has been proposed also that the

exciting endeavors in biochemistry. Over the past several tunneling coefficient for proton/hydride transfer is a sensitive

decades, different proposals have been put forward to explainfunctlon of the donoracceptor distance, which makes the

the origin of catalysis in a large number of enzyniete list mfluenc_e_ of donoracceptor dynamics of even greqter i_ntei‘és_t.
of mechanisms include electrostatic polarization or stfess, N addition, for reactions in condensed media, including
reduced reorganization energjgntropic effects, low-barrier enzymes, the role of the solvent (protein environment) hg; been
hydrogen bondg,etc. All of those fall in the class of mecha- Stressed?+?3%%and it has been suggested that additional
nisms that lower the free energy barrier, either by ground-state coordinate, “perpendicular” to the reaction coordinate, can be
destabilization, transition-state stabilization, or both. One other Used to include this effect. In such descriptions, the instantaneous
factor that has been discussed for a long thieit without structure of the solvent plays an essential role in determining
specific analysis, concerns enzyme dynamise., the idea  Whether a reaction takes place.
that the internal motions of enzymes have a direct role in  Evidence in support of the role of dynamics in proton
catalysis® Recently, this general proposal has been employed (hydride) transfer and tunneling has come largely from the
to explain certain aspects of enzyme catalysis of proton (hydride) kinetic studies of Klinman and co-worke¥salthough others
transfer. It has been recognized that the height and width of the have contributed as wel Kinetic isotope effects (KIE) and
barrier for such reactions are sensitive to the deramceptor  their temperature dependence have been measured for a number
of enzymes, including alcohol dehydrogenakseamine oxi-
:Lgr\\’/";‘%muz?\;gi:ﬁ;”dence should be addressed. dased$ glucose oxidase¥, and lipoxygenasé’. Particularly

. interesting is a recent study of a thermophillic alcohol dehy-
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temperature is 65C. Measured KIEs were interpreted as tunneling is involved), the recent analysis by Kiefer and Hyfies,
suggesting a significant tunneling contribution between 30 and published while this paper was being reviewed, also found that
65 °C but considerably less tunneling at temperatures in the the donor-acceptor vibration makes a substantial contribution
range of 5-30°C. Such a counterintuitive result was rationalized to the free energy barrier. The interaction with the environment
by the suggestion that the thermophillic enzyme becomes more(solvent, protein) can be described approximately by a mode
rigid at lower temperatuté and that, therefore, certain modes that is antisymmetricallycoupled to the proton-transfer coor-
that are essential for tunneling (e.g., modes changing the donor dinate (see Figure 3).This corresponds to the fact the solvent
acceptor distance) are no longer excited. In glucose oxidasemolecules tend to reorganize (which causes a change in the
(GO) 16 different GO glycoforms (with about 8, 120, and 400 solvent polarization potentipafter the proton transfer because
bound sugars, respectively) were investigated, and it wasof the change in the charge distribution of the solute. In a
suggested that the contribution from tunneling is the largest in mathematical model, this reorganization is represented by the
the least glocosylated enzyme. The variation in tunneling was different signs for the equilibrium value of the solvent coordinate
characterized by the D/T isotope effect on the Arrhenius before and after the reaction; that is, the solvent structure around
preexponential factors, which were 0.890.04, 1.30+ 0.10, the reacting moieties changes during the reaction. In the
and 1.474 0.09 for three GO glycoforms in the order of commonly used Kramers' type models for solvation effé&tg!

decreasing glycosylation; a larger D/T Arrhenius prefactor
correlates with a larger magnitude of tunnelidgThis was

rationalized by the fact that glycosylation can induce protein
rigidity,*® although no quantitative analysis was provided. The

the antisymmetric form of coupling is usually adopted. The
tunneling effect is diminished relative to the reaction in the
absence of the coupling in such a mode since an extra Franck
Condon penalty has to be paid because of the reorganization

two examples we have cited are not the only of¥é8put they before and after the reaction (similar to electron-transfer
have played an important role in focusing attentiom the reaction0); that is, proton tunneling can only occur effectively

possible role of protein dynamics in determining the extent of when the “solvent” degree of freedom is vibrationally excited
tunneling and, more generally, on the importance of tunneling in both the reactant and product; otherwise there is strong
in enzyme catalysis. This being said, there is no direct evidenceasymmetry in the effective proton-transfer potential that makes
that dynamics plays a dominant role in the enzymatic rate tunneling inefficient (e.g., see section lll.1). For example,
acceleration, which can be as large ag’1@elative to the Schwartz and co-workets used a two-dimensional solute

reaction in solutior. Hamiltonian (proton transfer plus a symmetrically coupled

In recent theoretical analys&s?s efforts were made to ~ mode) in the presence of bath modes represented by bilinearly
determine the identity of the vibrational modes in proteins that (i.€., antisymmetrically) coupled harmonic oscillators. They
can strong|y influence the rate of proton transfer. Most discus- emphasized the important contribution from vibrationally excited
sions have focused on so-called “promoting modes”, whose states and activated transfer over the barrier at finite tempera-
excitation increases the rate of reaction. However, as we will tures. The symmetrically coupled mode still enhances the rate,
demonstrate, there are also modes, which we call “demoting @lthough the effect is somewhat quenched by the presence of
modes”, whose presence decreases the rate. Based on earlidéhe bath.
work on small (two-dimensional) gas-phase models by Ben- Most previous studies, such as the ones cited above, have
denskii and co-workef$ with the instanton approadh;it was been restricted to model potentials; for example, a one-
argued that the effect of the modes coupled to the proton-transferdimensional double-well potential with a bilinearly (i.e., anti-
coordinate depends on the symmetry of the coupling. If the mode symmetrically) or symmetrically coupled harmonic bath were
is symmetricallycoupled to the proton-transfer coordinate (i.e., used in refs 21 and 235. Because tunneling is very sensitive
the mode has displacements of the same sign in the reactanto the shape and height of the barrier, studies with a more
and product relative to the saddle point; see Figure 2 for an realistic description of the potential energy surface are required
illustration), the proton-transfer rate is increased relative to the to determine the importance of the various effects in real
reaction without the coupling (i.e., the mode has a “promoting systems. In the current work, we carry out rate constant
effect”), because the effective proton-transfer barrier is reduced calculations including tunneling for a number of proton-transfer
as the modeQ is vibrationally excited. An often-discussed reactions involving both simple model systems (i.e., 2D and
symmetric mode in proton transfer is the donacceptor 3D analytical potentials and a small enediolate molecule in the
stretching motionZ2425which was emphasized by Hynes and gas phase) and a realistic system (i.e., proton transfer in the
co-workers for reactions in solution, such as model proton enzyme triosephosphate isomerase). Specifically, we examine
transfer in CHCI.23 Their formulation highlights the importance  the effect of modes coupled to the proton-transfer coordinate
of polarization by the solvent and of solute vibrations, rather to determine if there are “promoting modes”, and if so, what
than the potential barrier height along the proton coordinate, in are their identities. We focus on the dor@cceptor vibration
determining the apparent activation free energy barrier. The as the promoting mode because it is most likely to play a role
donor-acceptor vibration (“promoting mode”) was found to be and thus has been discussed by others. However, we also
crucial because it modulates, in an exponential fashion, the consider the possibility that other modes are important in the
tunneling coupling matrix elemeft.In the nonadiabatic proton  proton-transfer process; i.e., antisymmetric modes that undergo
transfer regime (i.e., the ground energy level of the proton significant reorganization during the proton transfers. The
coordinate is lower than the potential barrier and the proton problems for study were chosen such that the semiclassical
transfer is dominated by tunneling), it was assumed that VTST method? (see the Computational Models section) is
tunneling occurs only through the ground vibrational state along expected to be accurate, based on previous comparisons with
the proton transfer coordinate (an assumption which is valid rigorous quantum mechanical scattering calculati§ri&4°The
only at low temperatures), and a perturbative treatment was usedmodel problems allow us to make clear the meaning of
for the tunneling matrix eleme#rt. In the adiabatic proton-  promoting modes and also to compare the VTST approach with
transfer regime (i.e., the ground energy level of the proton other methods (primarily the Marcus model, see below) that
coordinate is higher than the potential barrier and thus no have been used in the analysis of promoting mééés2sWe
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(a) 18- whereVj is the barrier height aff = 0; the two minima have

1Symmetric coupling Q=-2.5; ©=908icm""! zero-energy and are gt= +1.
16 Q=-1.5; w=881icm"! In the two-dimensional model, an additional “orthogonal”
] degree of freedom is considered. It is either symmetric&ly (
14 see Figure 2) or antisymmetrically, (see Figure 3) coupled to
12_3 the proton-transfer coordinatg, As discussed in the Introduc-
; . tion2325the Q vibration may correspond to the doreaacceptor
= 104 i stretch (see Figure 2), whereas thevibration typically
§ ! corresponds to a bath mode that favors a localized charge
3 8 j distribution and therefore requires reorganization after the proton
g ] ! transfer (see Figure 3). In general, the proton-transfer coordinate
6 ! does not have symmetry (e.g., the donor and acceptor atoms
45 ! are different), so that the coupled modes are not symmetric or
1 ver Y, antisymmetric. However, for these model systems, symmetry
5] ¥ is assumed for simplicity of analysis. The corresponding
\_‘,,’ potential energy functions are
0 T LIS MR NN | T
35 25 -5 05 05 15 25 35 2
Stamul/24A) VI H0.Q) = Vo(d — 1)° + %MQZ(Q + C—qz) (2a)
20 MQ
(b) Antisymmetric coupling 5
18 V@) = Vil — 27+ g S (an)
] x=-2.5 2 ma)2
16 o independent
123 of x; 800icm-? whereC(c) is the coupling strength ard(w) is the vibrational
] x=-1.5 frequency for the orthogonal mode. As in the 1D model (eq 1),
g 124 the barrier heights in both cases &g and the saddle point is
E ] still at (0,0); the minima are at{l, —C/MQ?) and @1, +c/
g 10‘: x=0 mw?) for the symmetric and antisymmetric case, respectively.
> 8l ;‘/ The barrier frequency is[4Vo/m|¥2 for both the 1D and
1 symmetric-2D case, but it i§4Vey/m — cZmw?*2 for the
6 antisymmetric-2D case; that is, the presence of the antisymmetric
43 Uncoupled coupling gives rise to a lower barrier frequency. With the
1 Mep parameters used for Figures 2 and 3 (see Table 1), the barrier
2 \ . frequencies are 83&m~1 and 800 cm™?, respectively. The
o - ~e parameters were chosen such that the barrier height and
35 285 15 05 05 15 25 35 freqL_Jency are S|_m|lar to those found in calculations for the
sCamul/ZeA) hydride transfer in horse liver alcohol dehydrogen#seiey
. . . . . are close to the values in ref 25a.
Figure 1. One-dimensional effective potential along the proton-transfer In the third model (see Figure 4), two orthogonal degrees of
coordinate §) at fixed symmetrically couple@ (a) or antisymmetrically ’

coupledx (b) coordinate. Also shown are the uncoupled 1D potential freedom are consi_dered; one is symmetrically coupled and the
and the energy along the minimum energy paths. For the form of the other antisymmetrically coupled t The functional form for

potentials, see egs 1 and 2, and see Table 1 for the parameters usedhe potential, which was suggested in ref 25a, is
Note the difference in the effective barrier frequencies in different cases.

2
VE(A.Q) = Vo(o? — 12 + %MQZ(Q + C—qzz) +
study the first proton-transfer step of the sequence of reactions ME2
catalyzed by triosephosphate isomerase (TIM) and focus on 1 c dQ 2
: X . : Zmo?x — 4 - 9% 3
questions related to “promoting” modes. More detailed discus- 2 mo? Mo
sions of other issues, such as comparing tunneling in the enzyme

to that in the gas phase and solution, are left to a separateyhered is the strength of the coupling between the symmetric
publication®? The computational details are summarized in gnq antisymmetric modes.

section I, and the results are presented in section Ill. The  The motivation for studying the above models is that similar

discussion and conclusions are given in section IV. problems have been discussed by a number of authors in the
_ context of vibrational effects on proton transfer (see the
Il. Computational Models Introduction). One limitation is that, because of the specific form

of the potential used here, the proton-transfer distance aong
changes very little a® is excited. For example, the equilibrium
values ofq are approximately=(1 — C/2MQ2V) and+(1 —
c&4mw?\V) for the symmetric and asymmetric case, respectively,
whenQ andx are zero, respectively; that is, the proton-transfer
distance changes less than 0.05 bohr with the current set of
parameters (Table 1) compared to a value of 2 bohr in the
uncoupled 1D model. This is to be contrasted to more realistic
situations where the transfer distance is decreased substantially

V() = V.(o? — 17 1 o : .

(a) o@ ) (1) when the donoracceptor vibration is excited (e.g., in the case

II.1. Model Proton-Transfer Reactions. To clarify the
definition and effect of coupled vibrational modes (both
“promoting” and “demoting” modes) and to relate the present
analysis to other work, we first use simple model potential
energy functions for the proton-transfer reaction. The proton-
transfer coordinatey, is modeled by a symmetric double-well
potential given by a quartic polynomial (see Figure 1)
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Figure 2. 2D model in which a mode is symmetrically coupled to the proton-transfer coordinate. (a) A schematic illustration of a typical symmetric
mode,Q, which is related to the doneacceptor stretch; note that no reorganization is required between the reactant (R) and product (P), but a
substantial displacement occurs in the transition state (TS); (b) The potential energy surface and the minimum energy path (dot line); (c) Potential
energy and the reaction path curvature along the minimum energy path; (d) Vibrational frequency orthogonal to the reaction coordinate along the
reaction path. The energies are given in kcal/mol, the reaction path curvature is given i€ &mior*, and the frequencies are given in tin

of TIM, the proton-transfer distance changes by up to 0.4 A tunneling”) is expected to occur only at low temperatures. In a
when the donoracceptor distance is varied; see section 111.3). separate publication, the issue of reaction coordinate for proton
In some earlier studies;?42526 Marcus-type treatment for the  transfer at different temperatures will be treated more quanti-
proton transfer was invokeéd The reaction coordinate was taken tatively with centroid patkintegral technique®

to be the heavy atom vibratioQ(x), rather than the coordinate To extend the model system results to a somewhat more
involving the proton. In this analogy to the Marcus model for realistic yet simple system, we treat the intramolecular proton
electron transfe# it is assumed that the minimum energy path transfer in an enediolate molecule (see Figure 8). This system
(MEP) is irrelevang’ that is, the proton motion is fast compared was used in earlier studf@s?to represent one of the proton-
to the heavy atom vibrations, and as in the electron-transfer transfer steps in triosephosphate isomerase. The enediolate
case38 it is the “solvent coordinate” (e.g., the doreasicceptor molecule was treated with a modified AM1 parameter set (AM1-
distance) that determines whether reaction takes place; forSRP) derived by fitting B3LYP/6-3tG(d,p) level result§® Test
example, a FranckCondon factor related to the reorganization calculations showed that the specific AM1 set of parameters is
of the “solvent coordinate” has to be considered when the very accurate for the intramolecular proton-transfer reaction we
coupling is antisymmetric (see above). Thus, it might appear are studying here. The barrier heights without zero-point energy
that there is conceptual conflict between the VTST approach, are 9.5 and 9.0 kcal/mol at the AM1-SRP and B3LYP/6-&t
which is based on the potential energy surfecthe neighbor- (d,p) levels, respectively, and the imaginary frequency at the
hood ofthe MEP and the Marcus type of treatment. We use the saddle point is 1365cm™! at the AM1-SRP level and 1379
model systems to demonstrate that the two approaches givecm™! at the B3LYP/6-3%G(d,p) level.

consistent descriptions for proton transfer reactions. Moreover, I1.2. Proton Transfer in Triosephosphate Isomerase (TIM).

the results indicate that the MEP picture is satisfactory for proton As mentioned above in the Introduction, the simple models
transfer reactions at room temperature. For many systems,cannot capture all of the essential features of realistic proton
tunneling along paths with strong deviation from MEP (“deep transfer reactions. In particular, tunneling is highly sensitive to
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Figure 3. 2D model in which a mode is antisymmetrically coupled to the proton-transfer coordinate. (a) A schematic illustration of a typical
antisymmetric modex, which is related to a solvent degree of freedom, which favors negative charges and therefore a reorganization occurs going
from the reactant (R) to the product (P); (b) The potential energy surface and the minimum energy path (dot line); (c) Potential energy and the
reaction path curvature along the minimum energy path; (d) Vibrational frequency orthogonal to the reaction coordinate along the reaction path.
The energies are given in kcal/mol, the reaction path curvature is given isYamohr!, and the frequencies are given in tm

TABLE 1: Parameters and Properties of Model Potential Functions Used in the Current Work

2D 3D
parameter/property 1D symmetric antisymmetric case | case ll case lll case IV
Vo (kcal/mol) 15.0 15.0 15.0 15.0 15.0 15.0 15.0
my (@amu) 1.0079 1.0079 1.0079 1.0079 1.0079 1.0079 1.0079
Q(cm™) 100.0 100.0 100.0 100.0 100.0
o (cm™) 100.0 25.0 25.0 25.0 25.0
M (amu) 100.0 100.0 100.0 100.0 100.0
m (amu) 100.0 250.0 250.0 250.0 250.0
C(a.u.) 5x 1073 5x 1073 5x 1073 5x 1073 5x 1073
c(cm™) 25x 10° 0.0 2.5x 10¢ 0.0 2.5x 10¢
d (kcal/mokA-2) 0.0 0.0 15.0 15.0
V#IV5~ (kcal/mol) 15.0/13.3 15.0/13.2 15.0/13.3 15.0/13.2 15.0/13.2 15.0/13.2 15.0/13.2
o™ (cm) 838 838 800 838 836 838 836

aFor the definition of parameters, see e@s3lin the text;V* andV,™ are the barrier height without and with the zero-point energy correction,
respectively;w™ is the barrier frequency.

the shape and height of the proton transfer barrier, which step in the glycolytic pathway. Recently, we have carried out
changes in a highly anharmonic manner as the deaoceptor detailed studies of the catalytic mechani8haf TIM and the

distance varies. A system for which such effects are included importance of tunneling in determining the proton-transfer rate
is provided by the first proton-transfer step in TIM. TIM constants and isotope effects by use of the VTST appr&ach.
catalyzes the interconversion of dihydroxyacetone phosphateln this paper, we focus on questions related to the "promoting”
(DHAP) andR-glyceraldehyde-3-phosphate (GAP), an important modes in TIM and focus on the first step in the overall reaction,
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30+ letting the transition state deviate from the saddle palohg
] % InH/m the reaction coordinate and optimizing its position by variation-
25 —e— In(D/T) ally minimizing the reaction flux. This corresponds to searching
1 —&— In(H/D) for the free energy maximum along the reaction coordinate in
20 —e_ 2SS the canonical ensemble (CVT). The effect of tunneling is taken
] into account by computing the one-dimensional WKB integral

along a given path. In the small-curvature tunneling (SCT) limit,
the tunneling path is taken to be the MEP, and the multidimen-
sional corner-cutting effettis taken into account by modifying
the mass of the tunneling particle based on the reaction path
curvature®® In the large-curvature limit (LCT)? the tunneling
path is assumed to be the straight-line path connecting the points
on the two sides of the barrier (i.e., with little movement of the
heavy donor/acceptor atoms). Benchmark calculations on sys-
tems in which either accurate quantum mechanical ré8ults
Figure 4. Logarithm of kinetic isotope effects and the SSE as a precise experimental rate constdftare available have dem-
function of temperature for the 1D model (see eq 1 and Table 1 forthe \qyateq that the VTST approach is sufficiently accurate for
parameters used); a similar behavior is found for the 2D models. . . . -
medium size systems to be useful for the questions that are being
considered here; that is, the methods (especially the LCT
approach) are expected to give reliable results for the temper-
ature dependence of rate constants, which is essential for the

1000/T (K'Y

which corresponds to the proton transfer from the DHAP
substrate ¢ to the oxygen atom in the side chain of Glu165
(see Figure 11). As described in detail elsewt&ree employed . : i
stochastic boundary conditiolsfor the enzyme-substrate discussion of vibrational effects on 'proton transfers.

system, and the potential energy was represented by a combined For th_e model systems with analytical potentials, rate constant
QM/MM approach in which the substrate and Glu165 were calculations were carried out at both the SCT and LCT levels.
treated with AM1-SR#5%and the rest of the system was treated For th? enediolate m°|eCl.J|e and enzyme, only small curvature
with the CHARMM22 force field. To reduce the cost of the tunnelln_g (SCT) calculatlons_ were performed becguse LCT
rate constant calculations (see section 11.3), atoms that arecalculatlons are too computationally demanding, particularly for

relatively far from the active site were fixed in the reaction path the enzyme system; the SCT calculan_ons_ are S”ﬁ'c'er.“ fqr the
and normal mode calculations. In the “small” model. all atoms gualitative behaviors that we are considering here, as indicated

beyord 4 A of the G in the substrate (see Figure 1) were fixed; g)g_)rath-llnttlegtral snpulamons (Cui, Karplgs, utrllpub!lshed). {n thet
this results in a system consisting of 106 movable atoms, calculations for the enzyme, saving the eigenvectors a

including 6 residues (Lys 12, His 95, Glu 165, lle 170, Gly Ma" points is very memory intensive. We have therefore
210, Gly 231) and one water’molecul’e In the uiargern m'odel implemented an algorithm to evaluate the reaction path curvature
atoms beyod 8 A of the G were kept fixed; this results in 445 components in the TRAVEL module of CHARMR. This

movable atoms, including 16 water molecules. The fixed allows us to use the conjugate peak refinement (CPR) algo-

e S
environment, which complete the sphere, consists of 2235 atomsmhm to optimize the MEP for large systems and reduces the

in the small model and 1895 atoms in the larger model. To memory requirement of the computation dramatically. Only the
determine the effect of the doneacceptor stretch, the “promot- frequencies "j.md _the curvature components along the MEP have
ing mode”, a number of calculations with fixed dor@cceptor t_o be s_aved n .d'Sk or memory; they form twc_) arrays that are
distances were carried out with the small model. linear in .the size pf the system. The required information
In the analysis of normal modes, participation raff&were (geometries, energies, frequencies, and curvature components

e I . along the MEP) is then used as input for a previously modified
computed. TW_O quantitiesy and R, are defined for each version of POLYRATE 8.8 to calculate the effective reduced
normal modek; they are

mass along the MEP, the tunneling integrals, and the rate
N constants. Between 70 and 110 points along the reaction
R = z L4 (4a) coordinate were used in the VTST-SCT calculations. Of these,
: Ik at least 50 points were in the critical region with the mass-
weighted reaction coordinate in the range-68(0,+3.0) amd/2

Mres SN: bohr. Test calculations with 320 points gave transmission
I 22 - e Jare -
R, = z[z L7l (4b) coefficients within a factor of 1.2 at 300 K, indicating that the
ol results with 50 points are sufficiently accurate for the present
. . . analysis.
whereLj is thejth element of théth eigenvectorN andN; are The reaction parameters that are calculated are the rate
the number of atoms in the whole system and initheesidue,  onstank and the tunneling contributior, wherex is defined

respectively, andVesis the number of residues in the system. 44
The inverse ofR, indicates the number of atoms involved in

the kth normal mode, and the inverse &, corresponds j‘pfd(E)efE/kBT dE
approximately to the number of residues involved. k(T) = (VT 5
I.3. Rate Constant Calculations.Rate constant calculations fh{ E—\VS[sS(M]}e " dE

including tunneling were carried out for the proton-transfer

reactions using the semiclassical variational transition-state Hereh(E) is the Heaviside function®VT is the correction factor
theory (VTST). As discussed in detail elsewh&ehe VTST relative to TST due to the change in the position of the transition
approach is formulated based on the properties of the potentialstate 6VT) in canonical VTST, and the other factor corresponds
energy surface in the neighborhood of the minimum energy pathto the tunneling correction to CVT, in Whicﬁfd(E) is the
(MEP). In VTST, the effect of barrier recrossing is reduced by calculated 1D transmission (tunneling) coefficient at endtgy
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TABLE 2: Tunneling Coefficients, Representative Tunneling Energies, Rate Constants, and Kinetic Isotope Effects for 1D and

2D Model Proton Transfer Reactions at Different Temperature$

1D symmetric  antisymmetric
T(K) property uncoupled Q=-25 Q=-15 Q=0.0 x=-25 x=-15 x=0 2D 2D
300 « 2.2 2.6 2.4 2.1 1.9 2.0 2.0 2.2 2.0
(2.2) (2.0)
log k 3.4 17 3.2 55 1.3 3.0 5.4 35 34
(3.5) (3.4)
Etul 14.96 17.35 15.28 12.18 17.91 15.61 12.33 14.94 15.13
(14.96) (15.13)
ki/ko 35 4.2 4.0 3.9 3.4 3.4 34 3.8 34
(3.8) (3.4)
Oss 3.46 3.53 351 3.46 3.47 3.41 3.43 3.47 3.44
(3.53) (3.43)
200 « 10.8 27.8 17.6 10.2 6.2 7.0 7.4 12.3 7.9
(12.5) (7.4)
logk —0.9 -3.2 -1.1 2.2 —-4.3 -1.7 1.9 -0.7 -1.0
(=0.7) (=1.0)
Ewi 14.09 14.27 13.84 11.33 17.31 14.98 11.68 13.93 14.45
(14.11) (14.48)
ka/ko  15.4 35.7 25.2 17.0 10.7 11.3 11.9 18.7 124
(19.9) (11.9)
Oss 4.07 4.47 4.24 3.96 3.87 3.80 3.87 4.06 3.92
(4.20) (3.88)
100 « 21x10” 1.1x10% 3.3x10% 95x 10 2.6x 1P 1.3x 100 2.8x10° 15x 10% 1.8x 101
(1.1x 109  (1.3x 109
logk —4.4 —6.2 —-4.0 —0.5 —17.6 —10.9 —-1.4 —-5.3 —6.4
(-3.5) (-6.4)
Ewi 1.87 1.88 1.90 1.94 12.48 8.24 1.88 3.84 4.06
(2.36) (4.01)
ku/kp 2.8x 107 24x 108 3.2x 107 1.2x 10° 8.6 x 10° 34x 100 16x10° 3.1x 10° 3.7 x 10°
(1.5x 10°) (8.7 x 10°)
Oss 2.82 2.57 2.63 2.74 3.21 2.67 3.00 2.68 291
(2.88) (3.18)

aThe is the tunneling coefficienk is the rate constant i Eqw (in kcal/mol) is the representative tunneling energy which is defined as the
energy at which the product of the transmission coefficient and the Boltzmann factor at a given temperature is kakiisithe H/D kinetic
isotope effect, andiss is the Swain-Schaad exponent defined a&dtkg)/In(ko/kr). The numbers without parentheses were obtained at the SCT
level, and these with parentheses were obtained at the LCT level. The zero of energy is the vatimiatthe zero-point energy.

To avoid confusion, we note thatis often referred to as the  Ill. Results and Discussions
tunneling coefficient; here we use the term “tunneling contribu-
tion” to emphasize the fact that it is a correction to the classical
rate constant and distinguish it from the transmission (tunneling)
coefficient, Pfd(E), which is an energy-dependent factor (see
discussion in relation to the work of Hynes et?ain section
[l1.1). The representative tunneling enerdsy, is also deter-
mined. It is defined as the energy at which the product of the
Boltzmann factor and tunneling(transmission) coefficiMtE-

In this section, we present first the results for the low-
dimensional models to clarify the meaning and the effect of
promoting and demoting modes. The results are discussed in
the VTST framework and compared to the treatments based on
a Marcus-type description. We then analyze the symmetric and
antisymmetric mode contribution in a real molecule, the
enediolate in the gas phase. Finally, we treat the first proton
. . . s . . transfer in TIM and identify the important vibrational modes.
(E), is maximal?* This quantity is used to characterize the major 5, the pasis of these results, we discuss both the identity and
contribution to tunneling at a given temperature. For example, tha nature of the modes in enzymes in section IV.

S i SystemIn one dimension, the semiclassical VTST based on
be close to the minimum energy pgth, by contrast, a kaw the WKB approximation is expected to be highly accurate. As
suggests that tunneling occurs mainly at energy close to theshown in Table 2, the tunneling contribution, is only of 2.2
ground vibrational level, and therefore, corner-cutting paths are ¢ 31 K, which is consistent with the relatively low barrier
expected to be more important (a more quantitative discussionfrequency' 83Bcm L. However, at low temperatures, tunneling
related to this using centroid path-integral techniques will be pocomes very large: at 100 Kequals 1823 The representative
published elsewhere). We also briefly discuss the temperaturetunne”ng energy B in Table 2) is very sensitive to the
dependence of the kinetic isotope effect and the Sw&thaad  temperature; it is close to the barrier top for temperatures above
exponent (SSE); the latter is defined askirfkr)/In(ko/kr).>> 200 K and is very close to the bottom of the potential well,
The SSE, particularly for the hydrogen at the secondary position, 1.87 kcal/mol above the bottom of the well (i.e., only 0.002
has been used in experimental analyses to indicate that tunnelingcal/mol above the zero point level) at 100 K. This is consistent
is significant to enzyme-catalyzed proton-transfer reactibHs!” with the fact that the reaction proceeds entirely via tunneling
Although our calculations for TIM catalyzed reactions suggest at the lower temperature. The H/D kinetic isotope effect has a
that the correlation between the magnitude of the SSE and themonotonic behavior, as expected, and increases exponentially
contribution of tunneling is not very strorig,we examine as the temperature is lowered; it is 3.5, 15.4, and>2.B0" at
whether the behavior of these quantities reflect the effect of 300, 200, and 100 K, respectively. The SSE shows a nonmono-
promoting vibrational motions. tonic behavior as a function of the temperature (see Table 2
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and Figure 4); it first increases as the temperature is lowered
from 300 to 150 K and then decreases as the temperature is
lowered further. Numerically, this arises because the value of
In(kp/kr) increases rapidly at temperatures below 150 K, so that
the ratio Inku/kr)/In(ko/kr) becomes smaller. Physically, this
corresponds to the fact that D starts to tunnel significantly below
150 K; with the parameters (barrier frequency) shown in Table
1, the semiclassical estimate, given hy¥/27kg,>¢ for the
crossover temperatures (i.e., the temperature at which the proton
transfer changes character from a thermally activated process
to one that is tunneling dominated) are 190, 135, and 110 K
for H, D, and T, respectively.

Transfer with a Symmetrically Coupled Mode (eq 2a, Figure -20

RIS A R A
2a).In the presence of the symmetrically coupled mdgethe -16 -14 12 -10 -8 -6 -4 -2 O
TST rate constant is very similar to the 1D case because the V-V g (keal/mol)

two models have the same barrier height and differ only slightly Figure 5. Tunneling (transmission) coefficient (in log) as a function
in the reactant vibrational frequencies (1185 and 1286¢m  of the energy measured from the top of the barrier for the effective
respectively). The rate constants including tunneling, however, potential along the proton transfer coordinate with the symmetrically
are very different, and the result depends substantially on thegggiﬁ’le%dvrglozea‘;";ﬁg 2;3219(1;':]'{’%%(:252-it:mg IZ 222:) agdrface
level of theory used for treating tunneling. At temperatures (0.0 amd? lljaohr). The Curvepis “shorter” fon= 0.0 becau?é tﬁe
above 200 K, the SCT and LCT rate constants are very similar, gftective barrier is lower (see text).

and both are larger than the 1D WKB rate constant (see Table
2, note that SCT/LCT is not defined for 1D). The tunneling
contributions«, obtained at 300 K and at 200 K with the three
methods are similar; that is, they are 12.5, 12.3, and 10.8 at
200 K for LCT-2D, SCT-2D, and WKB-1D, respectively. At
both the SCT and LCT levels, the tunneling contribution is
always significantly more at lower temperature. At lower
temperature, however, only the LCT results are satisfactory and
larger than the 1D rate constants, and the SCT underestimate
the effect of tunneling (and therefore the rate constant)
substantially; at 100 K, the tunneling contributions aré3£0

A), where the barrier is both high and narrow, as compared to
the largeQ displacement (e.gQ = 0). This is confirmed by
the results shown in Table 2. At 200 K, for example, the
tunneling contributions for the 1D effective potentialstat=
—-2.5, —1.5, and 0.0 am® A are 27.8, 17.6, and 10.2,
respectively; the value for the uncoupled 1D case is 10.8, very
similar to the value afQ = 0.0 amd2 A. At 100 K, theQ
ependence of the tunneling contribution is much more pro-
nounced, and the corresponding values afé-9Qa03-5 10109,

o 3 : ) ) _ and 1023 respectively. The H/D isotope effect follows the same
1012 and 102*for LCT-2D, SCT-2D, and WKB-1D, respec trend as the tunneling contribution; i.e., the values are larger at

tively. Consistent with the larger tunneling contribution, the Q near the equilibrium value (e.g., the isotope effect is 35.7
symmetric 2D case gives large H/D isotope effects compared 5c 5, o417 0 foQ = —2.5, 1.5 ,and 0.0, respectively, at ’
fo the .lD model a}t all temperatures (Table 2); the SCT 200 K). At temperatures above 200 K, the SSE is larger when
calculation underestimates the value at low temperatures Where[he tunneling contribution is larger; for example, it is 4.47, 4.24
the calculated tunneling is too small. At all levels, the H/D 43 96 forQ = —2.5,—1.5, and b.O respecti\}ely a'é 260 .K. ’

isotope effect varies monotonically as a function of temperature, z¢ o temperature where D also tunnels significantly, the trend
as expected. The SSE follows the same nonmonotonic trend a5 oyersed because the value of kigtkr) becomes very

in the 1D model, and the vall_Jes are als_:o very _similar at all important; the values are 2.57, 2.63, and 2.74 at 100 KQfer
temperatures. These observations have implications for recent_s 5 _1 5 and 0.0 respectively.

experiment on the thermophilic alcohol dehydrogenase (see |; ig interesting to compare the present results that the

section IV.). contribution of tunnelindo the rate constant, which is charac-
To examine the origin of effect resulting from the symmetric terized by «3(T:Q) in the current work, decreases g5 is
mode,Q, we plot one-dimensional cuts along theoordinate  vibrationally excited with the view that the& vibration
at differentQ values and compare these with the uncoupled “promotes” tunneling, as stated by Borgis et here are two
1D potential (see Figure 1a). We also compute the effective major differences between the two descriptions. First, Borgis
rate constant and tunneling contribution with a 1D calculation et al2® were referring to the magnitude of the tunneling matrix
along the proton-transfer coordinate at fix€l value and  element, which can be related to the tunneling (transmission)
temperature T. These results are referred #d43;Q) andxd- coefficient at low energy, wherea$y(T;Q) reflects the contri-
(T:Q), respectively; they are also listed in Table 2. As is widely bution of tunneling to the thermal rate constant and therefore
recognized?23 the 1D “effectiveq potential” has a smaller  also depends on the classical barrier height. In Figure 5, we
barrier at vibrationally excitedQ) compared to that at the compare the 1D tunneling (transmission) coeffici@¥<B(E;Q)
equilibrium Q value; for example, the effective barrier@t= (to be distinguished from the tunneling contributior), at
0is 12.7 kcal/mol, and it is 17.4 kcal/mol @= —2.5 amid’2 different energies folQ = —2.5 and 0.0 ami? A. At low
A (the equilibriumQ value), which are 2.3 kcal/mol lower and  energies in the proton-transfer coordinate, the tunneling coef-
2.4 kcal/mol higher, respectively, than the adiabatic barrier ficient is indeed larger when th@ vibration is excited; this is
height of 15.0 kcal/mol (in both uncoupled 1D and 2D). It has in agreement with the previous discusst@n-However, the
been less emphasized in the literature, however, that the effectiveeffective barrier also decreases quickly with vibrational excita-
barrier frequency also changes substantiallyQagaries; it is tions, so that the classical rate constant increases exponentially
838 and 908 cmt atQ = 0 and—2.5 amd’2 A, respectively. asQ becomes vibrationally excited. As a result, tmatribution
Therefore, one would expect that tunneling plays a more of tunnelingto the effective thermal rate constarty(T;Q),
significant role atQ near equilibrium (e.g.Q = —2.5 ami#”2 drops agQ is vibrationally excited if the change in the classical
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rate constant is more significant than the change in the tunnelingexcited. Compared to the 2D-symmetric cases, the SSE is less
coefficient. This is the case for the present model. Borgis et correlated with the magnitude of the tunneling contribution. For
al 2 used a perturbative treatment to obtain the proton-transfer example, the tunneling contributions are 6.2, 7.0, and 7.4 at
rate constant which assumes that tunneling occurs only through200 K for x = —2.5, —1.5, and 0.0, respectively; the corre-
the ground vibrational state along the proton transfer coordinate.sponding SSE are 3.87, 3.80, and 3.87, respectively. The point
This assumption is valid only at low temperatures. As indicated that SSE cannot be clearly correlated with the magnitude of
by Ew, the proton transfer at room temperature is dominated tunneling has been emphasized in our earlier work on FAM.
by tunneling just under the top of the barrier (see Table 2). At  Because the reaction path is highly curved in both the
this energy, as shown in Figure 5, the tunneling (transmission) symmetric and antisymmetric 2D models, the profiles for the
coefficient is smaller wherQ is vibrationally excited. This  reaction path curvature and the orthogonal vibrational frequency
results from the fact that the effective barrier frequency (i.e., are very similar in the two cases (see Figure 2d and 3d).
the barrier frequency for the effective potential along the proton- Therefore, it is difficult to distinguish a symmetrically and an

transfer coordinate at fixe@ value) is lower when the&Q antisymmetrically coupled mode based solely on the reaction
vibration is excited. For a more detailed analysis, see the path curvature. However, once modes with large reaction path
Supporting Information. curvatures are known, it is straightforward to determine their

Having demonstrated the effect of the promoting modes, a characters (i.e., symmetric or antisymmetric) based on the
relevant question is how to identify such modes in realistic associated displacement vectors in the reactant and product
systems. Using a similar 2D-symmetric model potential coupled relative to the saddle point (see section Il.2).
to a harmonic bath, Schwartz and co-workestiggested that Transfer with More than One Coupled Modgnally, we
one should observe the contribution of t@emode(s) when briefly examine a model system in which both a symmetric and
plotting the spectral density along tlgecoordinate. Here we  an antisymmetric mode are present. The model is used to
look at the problem in the VTST framework. At high temper- examine the relation between the coupling among different
ature, as discussed above, the minimum energy path picture ismodes, reaction path properties and the magnitude of tunneling.
qualitatively correct. The character of the reaction coordinate  Four different sets of parameters were used in eq 3 to
is very different around the reactant (product) and the saddle represent different couplings (see Table 1); when locthdd
point along the minimum energy path; that is, it is mainly the  are set to zero, it reduces to the symmetric 2D model (case I);
Q vibration around the reactant (product) and is proton transfer whend is zero, the proton transfer is coupled to both symmetric
(qmotion) around the saddle point. In other words, the reaction and antisymmetric modes, but there is no explicit coupling
path is highly curved, and the reaction path curvatdrpig between the latter two (case Il); wheris zero, the antisym-
large in the region where the character of the reaction coordinatemetric mode is coupled to the symmetric mode but not to the
changes rapidly (see Figure 2b). The vibrational frequency of proton-transfer coordinate (case Ill). The most “realistic”
the mode orthogonal to the reaction path also changes abruptlyscenario is case 1V, in which the symmetric mo@® &nd the
in the same region because of the significant mixing of ¢i@) antisymmetric modexj are also coupled. We note that the
degrees of freedom; because the nature of the reaction coordinatgpecific form of the potential in eq 3 also gives an antisymmetric
switches quickly fromQ to g, the mode orthogonal to the  coupling term betwee® and the proton-transfer coordinate.
reaction coordinate in this simple system changes its nature As shown in Figure 6, part a is identical to Figure 2c, though
quickly as well. The vibrational frequency in the orthogonal the scale is different. The three cases have two sets of peaks in
mode (765 cm?) at the configuration wherE is peaked is much  the reaction path curvature; one major set is close to the saddle
higher than the “intrinsic” frequency of the promoting ma@e  point (in the similar position as in part a), and the other smaller
(100 cntY). In principle, to obtain the “intrinsic” frequency of  one is closer to the reactant/product. We note that mass-weighted
the promoting mode, one would monitor the rapidly varying coordinate was used for the reaction path lengtfihe coupling
frequency (which also gives the large reaction path curvature petween the antisymmetric and symmetric modes destroys the
component) until it decouples from the barrier mode in the symmetry of the reaction and makes the second curvature peak
transition-state (TS) region (see Figure 2d). This is expected toin the product region more pronounced (see below). The profiles
be very difficult for macromolecules in which the vibrational for the path curvature are very similar to that found in a model
spectrum is denser. Instead, one may find the intrinsic frequen-for a proton-transfer reaction in TIM (see section 111.3). It is
cies based on the overlap with the modes at the TS or reactantsinteresting, therefore, to demonstrate the origin of the second
In the current work, we perform the projection based on the TS set of peaks.
because the curvature peak usually occurs close to the saddle aAg shown in Figure 7b, the initial stage of the reaction
point (see sections I11.2 and I1.3). involves the rapid change ofuntil s ~ —3 am’2 A. There

Transfer with an Antisymmetrically Coupled Mode (eq 2b, the character of the reaction coordinate becomes essentially the
Figure 3a).Table 2 shows that both the tunneling contribution Q vibration, which in turn changes to the proton-transfer
and rate constant for the antisymmetric 2D case are smaller thancoordinate @) starting froms ~ —1 amu2 A. Similar changes
these in the symmetric 2D and uncoupled 1D case. Therefore,in the character of the reaction coordinate occur in the reverse
the VTST result agrees with the general consideration that order after the saddle point. Parallel to the variation in the
antisymmetric coupling decreases tunneling and the rate of character of the reaction coordinate, the frequencies orthogonal
transfer?12528that is, it has a “demoting effect” if the uncoupled to the reaction coordinate undergo rapid changes in the
proton transfer is taken as the reference. For a more detailedcorresponding regions (Figure 7c). Because of the coupling
analysis, see the Supporting Information. Consistent with the betweenx and Q, the reaction is asymmetrical (Figure 7a,b),
behavior of the tunneling contribution, the antisymmetric 2D and the saddle point is much closer to the prodsiet 6 amu’2
case gives lower H/D kinetic isotope effects compared to the A) than to the reactans(~ —9 amu2 A). Thus, it clear that
symmetric 2D and the uncoupled 1D models (see Table 2). Forthe outer set of peaks in the reaction path curvature (Figure 7a)
the 1D cuts, the trend in H/D KIE follows that of the tunneling is due to the change in the character of the reaction coordinate
contribution; that is, the value increases as xhabration is in the corresponding region, from the low frequencyotion
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Figure 6. Energy and reaction path curvature along the minimum energy path for the four 3D models with different coupling coefficients. See eq
3 and Table 1 for the form of the potential and values for the coupling parameters.

(25 cntl) to the higher frequenc® motion (100 cm?). The (—2.5 amd’2 A, 0.0) is 105 at 100 K for case IV and 708

peak in the product region is slightly higher because the changefor case IlI; for comparison, it is 28° for case |I.

in the character of the reaction coordinate takes place more Ill.2. Proton Transfer in the Model Enediolate. In the last

rapidly due to the form of the potential coupling betweeand subsection, we demonstrated the effects of symmetric and

Q (see Figure 7b). antisymmetric modes on proton transfer, and showed that the
The SCT results (see Table 3) change very little among the contribution of their couplings to the proton transfer coordinate

four sets of models, which differ in the outer set of curvature &€ reflected in the reaction path curvature. Here, we use a small

peaks. This indicates that the outer set of curvature peaks havemmewl;_e to illustrate th(;:‘ symmdetrlc and Ianysy?rr‘?etrlc modgs
little to do with tunneling, in accord with the fact that the proton- In a realistic system and expand our analysis of the connection

. . . . between the coupling of modes to proton transfer and the
transfer coordinate, hardly changes in that region (Figure 7b). reaction path curvgturge. This system caFl)n be regarded as a model

The LCT results are very clqse to th? SCT rates at temperatures,for the intramolecular proton transfer, which has been proposed
above 200 K and are larger in magnitude at lower temperatures.to take place in TIM but has been shown to be unlikely except

Comparison of the four cases (see Table 3) shows that the. >

. i i in a mutant forn®

coupling betwgen the antisymmetric mode and the prpton- As shown in Figure 8a, the proton transfer in the model
transfer coordinate (nonzei) decreases the LCT tunneling enediolate is a symmetric reaction, so that at the saddle point,

contril;ution substantially. The tunneling contribution is close modes can be separated into symmetric and antisymmetric types.
to l(_)l at 100 K for cases foc equals Zerf? (cases | and ”I)_ The barrier for the reaction is 9.5 kcal/mol without zero-point
and is smaller by up to an order of magnitude for cases with gnergy and 7.0 keal/mol with zero-point correction. The essential
nonzero antisymmetric coupling (cases Il and IV). The decrease geometrical parameters (i.e., the donor/acceptor-proton distances
is much more significant for case IV, in which the “symmetric”  gnd the donoracceptor distance) vary along the reaction path
modeQ also has an antisymmetric coupling term with the proton iy a manner similar to that in the model systems discussed in
coupling coordinate through the last term in eq 3. As a result, the previous section. Figure 8, parts b andskows that the

the symmetry in the Q,q) potential surface is destroyed initial stage of the reaction{2.5 < s < —0.5 amd'2 bohr)
(compare Figure 7 parts d and e for the 2D cut with 0, and involves mainly the decrease of the-G—C bending angle and
Figure 7f for 1D cut alongy). This leads to the decrease of therefore the doneracceptor (8—0*) and acceptorproton
tunneling (see the discussion for the 2D antisymmetric model (OA—H) distances, whereas the dor@roton ((’—H) distance
above). For example, the tunneling contribution across a 1D increases only slightly (to 1.067 A from the equilibrium value
effective barrier along (Figure 7f) with Q,X) fixed at the values 0.965 A). Starting frons equal to about-0.5 ami&’2 bohr, the
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Figure 7. (a) Energy and reaction path curvature along the minimum energy path for the case-IV 3D model. (b) Geometrical parameters along the
minimum energy path; (c) Frequencies orthogonal to the reaction path; (d and €), 2Pciits of the potential energy surface with= 0 for cases

Il and IV, respectively; note that the symmetry of the potential is destroyed in case IV due the coupling b@teseer vibrations; (f) 1D cuts

(along q) of the potential energy surface witlh= 0 andQ = —2.5 amd2 A; the lower solid line is for case I, the higher solid line is for case II,

and the dashed line is for case IV. Once again, note the asymmetry caused@yxtwupling (case 1V).

TABLE 3: Tunneling Coefficients and Rate Constants for the 3D Models with Different Coupling Strengtf#

case | case ll case lll case IV
c=0;d=0 c=0;d=0 c=0;d=0 c=0;d=0
300 K K 2.2(2.2) 2.2(2.2) 2.2(2.2) 2.2(2.1)
log k(s™) 3.52 (3.52) 3.52 (3.50) 3.52 (3.50) 3.52 (3.50)
200 K K 12.4 (10.4) 12.0(10.1) 12.2(10.8) 11.9(10.0)
log k(s™) —0.71 (-0.70) —0.72 (-0.80) —0.71 (-0.76) —0.72 (-0.80)
100K « 1.5x 10" (1.1 x 10%) 1.0x 10" (6.0 x 109 1.5x 10" (9.7 x 109 1.0x 10" (1.0x 109
log k(s™) —5.32 (—3.45) —5.47 (=3.70) —5.30 (—3.50) —5.47 (4.47)

a2 The numbers without parentheses were obtained at the SCT level, and these with parentheses were obtained at the LCT level.

OP—H distance increases rapidly to about 1.25 A at the saddle gradient in the mass-weighted coordinat@y/|g|. The second

point. The magnitude of the reaction path curvatliferéaches

a maximum of 2.3 am’2 bohr! ats equals to—0.5, as shown

in Figure 8c. The effect of reaction path curvature on tunneling
is significant even at room temperature. The SCT tunneling
contribution is 7.7 at 300 K and only 3.3 if the curvature effect
is not included (i.e., in a ZCT calculation). The difference is
even larger at lower temperatures; it is about 40100 K.

To examine which modes are significantly involved in the
reaction, we plot the curvature componerg,s, of different
vibrational modes as = —0.5 in Figure 9a; the reaction path
curvature component is given 1y

Tdv _

B () = Ly ds

-1, 7dQ - =
19l L e = lgl L] (6)

In eq 6,Ly is thekth eigenvector of the Hessian (with the
overall translation/rotation and reaction path direction projected
out), andv is the vector along the direction of the reaction
coordinate, which by definition is antiparallel to the normalized

equality in eq 6 holds becaukg s orthogonal t@’ and therefore
annihilates another term that also contributestfs/®”

Although there are 14 modes in addition to the reaction
coordinate, only seven make significant contributions. Four of
the modes are out-of-plane bending modes and therefore do not
contribute to the reaction path curvature because of symmetry
considerations. The remaining modes (referred to as “path
modes”) are shown in Figure 9d, except for the twe tC
stretches in the 3000 cthrange that are only weakly involved
in the reaction. Among the eight path modes shown in Figure
9d, most make sizable contributions to the reaction path
curvature (Figure 9a) except for the one at 1486 tnThe
character of this mode is a mixture of© and C-C stretch;
because €C stretch is not strongly involved in the reaction
(especially froms = —0.5 to 0.0 ami? bohr), the result that it
has a small curvature component is reasonable.

As discussed in Sect. IIl.1, the frequencies of the modes that
make large contributions at the peak curvature position may be
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Figure 8. Properties along the minimum energy path for the proton transfer in a model enediolate in the gas phase. (a) Energy; (b) essential
geometrical parameters; (c) reaction path curvature; (d) representative structures and important geometrical parameters. Distances are given in
angstroms, and angles are given in degrees.
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Figure 9. (a) Reaction path curvature component calculatex=at-0.50 amu2 bohr, where the total reaction path curvature reaches a maximum,
for the proton transfer in an enediolate molecule in the gas phase (see Figure 8); (b and c) Approximate symmetric and antisymmetric coupling
coefficients (eq 14) for modes at the saddle point. (d) The barrier mode and selected generalized normal moslgarokfky as = —0.50 amu

12 hohr.

different from the frequencies calculated in stationary configura- potential energy surface relative to stationary configurations
tions. Mixing with the barrier mode and the variation of the (which was not included in the simple models discussed in
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TABLE 4: Overlap among Frequencies with Large
Curvature Components and Modes at the Saddle Point in
the Simple Gas Phase Enediolate Modgl

saddle point modes

path modes coupling
o (cm™) B«F overlap o (cm1)° strengttl
(0 0.55 1365

0.38 622 (s) 36.0

795 0.53 0.44 622 (s) 36.0
0.87 853 (as) 4.0

1020 1.17 0.53 622 (s) 36.0
0.39 853 (as) 4.0
0.57 1079 (s) 8.8

0.37 1131 (as) 2.9

1113 0.64 0.77 1079 (s) 8.8
0.55 1131 (as) 2.9

1183 1.28 0.41 622 (s) 36.0
0.74 1131 (as) 2.9

1697 0.50 0.36 1518 (s) 18.4
0.75 1615(as) 3.3
0.44 2036 (s) 56.1

1748 0.30 0.96 1728 (s) 0.4

2547 1.20 0.50 1365

0.33 1615 (as) 3.3
0.78 2036 (s) 56.1

@ The frequencies orthogonal to the reaction path were computed at
s = —0.5amd? bohr, where the reaction path curvature has the peak
value (see Figure 6). The reaction path curvature comporggtsare
given in amu®? bohr . ® The eigenvector associated with the reaction
path motion at this configuratioi.The letter in parentheses indicate
the approximate character (symmetrically or antisymmetrically coupled
to the proton-transfer coordinaté)The coupling strengths are defined
in eq 14 and are given in the unit of kcal/mol&

section 111.1) can shift the frequencies substantially. To find
out what frequencies they correspond to in the stationary
structures, we calculated the overlap between those modes and 4
the eigenvectors at the saddle point (Table 4, Figure 10). - 1728¢m™

Although a similar projection can be carried out with the _. .

. . Figure 10. Normal modes at the saddle point for the proton transfer
e'genveCt_Of_S of the rea_Ctams’ we chose to use the saddle po'nltn the model enediolate species in the gas phase; these modes have
because it is of more interest; also, the structural differencesarge overlaps with the modes that have large curvature components
between the saddle point and the configuration with largest path (shown in Figure 9d) as = —0.50amut’2 bohr (see also Table 4).
curvature are small. As shown in Table 4, the “path modes” at ) )
the peak curvature position have substantial overlap with a kth mode is symmetrically coupled to the proton-transfer
number of modes at the saddle point with different characters; coordinate, and they have different signs if tkéh mode
the latter are shown in Figure 10 to compare with the “path ‘.‘reorganlzes" in going from the reactant to the product (}.e., it
modes” in Figure 9d. One important mode is the one with a IS antisymmetrically coupled to the proton-transfer coordinate).
frequency of 622 crm, which is the donoracceptor stretch ~ For example, in the model 2D models discussed abowe;
(Figure 10); it has contributions from the reaction path direction andAY|, equal—C/MQZ in the symmetric case and they equal
(zero frequency mode at= —0.5; see Table 4 and Figure 9d) -¢/mw? and c/mw?, respectively, in the antisymmetric case.
and a number of medium frequency “path modes”. Based on the discussions of tunneling and the proton-transfer

It is possible to determine the qualitative character of the rate for these 2D model potentials, tkih mode is said to be
eigenvectors at the saddle point that have large overlap with “promoting” if AYE andAYE have the same sign and “demot-
the “path modes”, i.e., whether they are symmetrically (“pro- ing” otherwise. In the general case, the magnitudesﬁif
moting”) or antisymmetrically (“demoting”) coupled to the and AY} do not have to be exactly equal (e.g., in the proton
proton-transfer coordinate. To do so, we carried out the transfer in TIM, see section 1I.3), and a symmetrization

2036cm™!

following projections procedure can be employed
AYg = AXRL, (7a) AYS= %m\?ﬁ + AYP) (8a)
AYp = AX"L, (7b) _ _ _
AYR = %mvﬁ — AY]| (8b)

whereAXR (AXP) is the difference Cartesian coordinate vector
between the reactant (product) and the saddle point in mass-where absolute values were used because only the relative values
weighted unit and i is the eigenvector for theth mode atthe  of AY} andAY} are of interest. Furthermore, as seen from eq
saddle point. The quantithYf (AY}) is the position of the 2, the coupling coefficient between the mode and the proton-
reactant (product) relative to the saddle point along ktre transfer coordinate is reflected by the magnitude of the displace-
normal coordinateA\_(,'f and A\?E have the same signs if the  ment relative to the saddle point; for example, the minima for
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the 2D model defined in section Il are at1, —C/MQ?) and systems, which tend to have complicated potential energy
(£1, £c/mw?) for the symmetric and antisymmetric case, surfaces. The method of analysis we proposed here combines
respectively. Therefore, we can define two approximate coupling the two types of contributions. It appears to be a very insightful

coefficients based oAY} andAY} for the kth mode approach for analyzing the essential motions involved in
reactions of large molecules (also see section 111.3).
Ckasz\?S (9a) I11.3. Proton Transfer in Triosephosphate Isomerase
(TIM). In this section, we report some results on the rate
o 0 wlAYy (9b) constant for the first proton transfer in TIM (Figure 10). We

will focus on the features related to the promoting modes. Other

whereay is the vibrational frequency for thkth mode. The aspects of the proton transfer in TIM (e.g., isotope effects and
displacement in the proton transfer coordinate, which is a tunneling in different environments) are described in a separate

constant during a given reaction and is typig&lA in realistic publication??
proton transfer reactions, was not explicitly included in eq 9  The reaction is highly endothermie 20kcal/mol) in the gas
because only the qualitative behavior is of interest. No mass phase such that the enediolate species does not exist as a stable
factor is necessary in eq 9 because a mass-weighted coordinatginimum on the potential energy surface. In TIM, the enediolate
was used forA\_(f and A\?{j. A large coupling coefficient species is stabilized compared to DHAP mainly due to the
indicates that excitation of the motion has a large effect on the charged Lys12 at the active site. Nevertheless, as shown in
energetics of proton transfer (see model potentials in sectionFigure 11a, the reaction from DHAP to EDT1 is substantially
1.1). endothermic, due partly to the simplified QM used here (AM1-
The coupling coefficients are calculated and are shown in SRP)% the endothermicity is calculated to be 11.2 kcal/mol,

Figure 9b,c; their values are also included in Table 4 for modes Which is significantly larger than that obtained with a higher
with large overlaps with the “path modes”. Because of the level QM calculation (7.4 kcal/moPf The reverse barrier (EDT1

symmetry of the system, the modes at the saddle point are either ~ 1 51) is reasonably reproduced at the AM1-SRP/CHARMM

symmetric or antisymmetric. This is not true for the “path level; it is 6.1 kcal/mol in comparison to the value of 4.4 kcal/
modes”, which may have large overlaps with both symmetric Mol at the B3LYP/6-3+G(d,p)/CHARMM level. Therefore,
and antisymmetric modes. The two modes that have the largestVe report only the reverse rate constant in the present work.
coupling coefficients are symmetric in nature and have frequen- Because tunneling is mainly determined by the potential energy
cies of 622 and 2036 cr. The former, as discussed earlier, is  Surfaces close to the saddle point in the VTST framework (in
the donor-acceptor stretch and is involved in a number of “path  CONtrast to certain other semiclassical mod&dhe fact that
modes”. The latter, which involves the symmetrie-B stretch the potential energy surface drops too much after the barrier is
at the saddle point (see Figure 10), is involved only in path crossed has a small effect on the results.

modes of high frequency. It should be noted that all of the ~As shown in Figure 11b, the reaction path properties are
symmetric modes with large coupling coefficients have sub- similar to that for the model reactions described in the earlier
stantial overlaps with the “path modes”, which is not necessarily parts of the paper. For example, the donbydrogen distance
true in general (see section 111.3). only starts to increase rapidly close to the saddle point, and the
path curvature and the coupling coefficients. The path curvature Of the donor and acceptor atoms. In the enzyme environment,
depends on the minimum-energy path, which includes disp|ace_there are, of course, a.ddl.tllonal interactions of interest. Both His
ments that have an important effect on the barrier height (e.g., 95 and Lys 12 move significantly during the reaction, as shown
the donor-acceptor stretch is an important component of the in Figure 11b; that is, the GIHNC of Lys 12 and O2-He of
reaction coordinate close to the reactant/product). Therefore,His 95 increase by nearly 0.2 A during the critical part of the
“path modes” with large path curvatures have a direct influence feaction. The reaction path curvature shows two sets of peaks,
on the rate mainly by modifying the tunneling contributions. ©ONe€ set with large curvature-@.0 amu2bohr) ats~ +0.5
However, the fact that a mode has a large curvatmglies ~ and another set with smaller peak valued (amu ¥/ bohr™?)

that the corresponding displacement makes an important con-at largers values,—3.0 bohr andt-2.0 amd’? bohr (see below).
tribution to the reaction coordinate, so that the energetics of AS shown in Table 5, the position of the transition-state, as
proton transfer (i.e., the effective barrier) would change if that determined by variational transition-state the#tys substan-
motion were not allowed. In other words, zeroing out the tially different from the saddle point (by definitiors, = 0.0)
curvature component of a path mode does not eliminate all the@nd was optimized to be at= —0.3 amd’? bohr along the
effects of the corresponding motion on the proton-transfer rate; reaction path. The tunneling contribution was found to be small;
to achieve the latter, a new reaction path needs to be determinedt equals a factor of 1.2 and 1.5 at the CVT-ZCT and CVT-
without that motion (see section 111.3). Analysis of the coupling SCT level, respectively, at 300 K. This is qualitatively consistent
coefficients (eq 9) does not depend explicitly on the minimum- With the relatively small barrier height (6.1 kcal/mol) and
energy path, although it involves the transition state. A large medium barrier frequency (97@m™); for example, a one-
coupling coefficient for a mode indicates that its excitation has dimensional truncated harmonic mddebives a tunneling

a |arge effect on the effective energetics of the proton transfer contribution of 3.1. Calculations also showed that although the
(see discussions of model potentials in section 111.1). Although absolute rate constant depends somewhat on the number of
it is possible to relate the coupling coefficients to the tunneling atoms allowed to move, the tunneling contribution at room-
contribution with approximate instanton theor#é4258 an temperature varies very little (Table 5). Therefore, we used the
accurate description is difficult when there is substantial smaller model to study the effect of fixing the dor@cceptor
asymmetry in the reaction. It is difficult, therefore, to quantify ~stretch.

the effect of certain motion on the effective energetics of proton  In the model problems studied in section 1l1.1, the tunneling
transfer and on the tunneling contribution with either reaction probability was found to decrease as Qeibration is excited
path curvature or coupling coefficients (eq 9) alone for realistic (Q approaches zero). However, as also mentioned there, the
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EDT1

Figure 11. Active site structures for the first proton transfer step in triosephosphate isomerase. The substrate and the side-chain of Glu165 were
treated with the AM1-SRP, and the rest (only a few residues were shown) were described with the CHARMMZ22 force field (see the Computational

Methods section).

TABLE 5: Rate Constants and Tunneling Factors for the matically; they are 3.0< 10%, 36.5, and 2.1 with the doner
Intermolecular Proton Transfer Reactions in TIM at 300 K2 acceptor distances fixed at 3.0, 2.7, and 2.6 A, respectively.

TST CVT CVT-ZCT CVT-SCT Nevertheless, the rate constant for the proton transfer with the
EJo 6.1/924.7 (5.8/979.0) shortgr donoracceptor is much larger, by 10 orde_rs of
g*CVT —0.31(-0.30) magnitude at 300 K (see Table 6), because of the huge difference
logka(s™) 9.7(10.4) 9.6(10.3) 9.7 (10.4) 9.7 (10.5) in the barrier heights. It should be noted that it takes only 2.9
Kk CVTSCT 12(12) 15(15) kcal/mol to bring the doneracceptor distance from 3.0 to 2.6

a The values without parentheses were obtained with the large model A in the EDT1 species. Therefore, the proton transfer is expected
including 445 movable atoms; those with parentheses or brackets wereto be dominated by over-the-barrier transfer following the
obtained with a smaller model including 106 movable atoms (see text). donor—acceptor vibration, in correspondence with Figure 11b
Ea is the barrier height, in kcal/mol, without zero-point energy (ZPE) gnd the small tunneling contribution given above.

correction;w is the imaginary frequency (in crf) at the saddle point. . .
S$CVTis the optimized position of the transition state from the canonical N€Xt, we examine modes that have strong coupling to the

variational transition-state theory calculations. The SCT correction factor Proton transfer coordinate based on the reaction path curvature.
is defined akCVT—SCTKEVT, As shown in Figure 11c, the reaction path curvature exhibits
two sets of peaks, one set closer to the saddle point and the
decrease in the transfer distance due to the deacceptor other closer to the reactant/product. According to the model
vibration was not captured by the simple model potential. studies in section 1.1, the inner set of peaks is due to modes
Therefore, it is interesting to examine the situation in the more that are coupled directly to the proton transfer coordinate,
realistic proton transfer in TIM being considered here. As shown although they could be either “promoting” (symmetrically
in Table 6, the potential barrier has a very pronounced coupled) or “demoting” (antisymmetrically coupled). The outer
dependence on the doneamcceptor distance. The OE2-Ca set of peaks is due to modes that represent the character of the
distances at the beginning of the reaction and the transition statereaction path in the beginning/final stage of the reaction, i.e.,
are 3.0 and 2.65 A, respectively. If this distance is fixed at 3.0, motions that are relevant to the reorganization of the environ-
2.7, and 2.6 A, the barrier values are 24.5, 9.2, and 3.9 kcal/ ment necessary for the reaction, i.e., the deramceptor stretch
mol, respectively. Furthermore, the barrier frequencies are alsoand transfer of the proton. As discussed in section 1ll.1, only
very different; they are 20731778, and 1361cm™, respec- the inner set of peaks are expected to be important for the
tively. Correspondingly, the tunneling probabilities differ dra- tunneling contribution; this is confirmed in the TIM model; that
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TABLE 6: Rate Constants and Tunneling Factors for the Intermolecular Proton Transfer Reactions in TIM at 300 K with the
Proton Donor and Acceptor Atoms Fixedt Difference Distanced

TST cVT CVT-ZCT CVT-SCT
Edo 24.5/2073 (9.2/1778) [3.9/1361]

SCOVT —0.01 (-0.03) [+-0.00]

log (k) —2.5(8.2) [11.9] —2.5(8.2) [11.9] 1.3 (9.4) [12.1] 2.0(9.7) [12.2]
KCVT-SCT 4.9x 10°(18.5) [1.9] 3.0x 10%(36.5) [2.1]

2 The values were obtained with the small model including 106 movable atoms; the positions of the proton donor (OE2 in Glu 165) and acceptor
(C3in DHAP) were fixed at 3.0, 2.7, and 2.6 for the numbers without parentheses, with parentheses and with brackets, respectively. The definitions
for the quantities are the same as in Table 5.

TABLE 7: Overlap among Frequencies with Large Curvature Components and Modes at the Saddle Point in the First Proton
Transfer in TIM 2

path modes saddle point modes path modes saddle point modes
w (cm) By r overlap  w (cm™Y)° coupling strength @ (cm™) By r overlap  w (cm™Y)° coupling strength
(0 0.75 936 1520 0.55 0.25 1411 29.3 (31.3)
0.30 514 5.9 (10.7) 0.13 1417 10.5 (12.0)
0.17 651 8.4 (6.8) 0.15 1417 9.9 (11.3)
0.11 918 2.6 (5.5) 0.11 1418 8.0 (9.4)
0.14 987 4.7 (7.5) 0.41 1522 1.0 (0.4)
0.13 1027 4.2 (6.4) 0.35 1525 4.1(0.3)
0.21 1187 26.9 (3.1) 0.39 1528 12.6 (0.3)
1328 0.75 0.99 1328 0.7 (0.6) 0.20 1619 3.1(5.0)
1715 0.70 0.26 936 0.34 1623 3.8(5.7)
0.13 1187 26.9 (3.1) 0.11 1627 0.8 (1.6)
0.13 1333 25.1(22.4) 0.15 1978 0.8(2.1)
0.22 1618 3.1(5.0) 1328 0.46 0.23 936
0.45 1623 3.8(5.7) 0.12 987 4.7 (7.5)
0.16 1628 0.8 (1.6) 0.10 1027 4.2 (6.4)
0.21 1712 (0.0) 0.25 1187 26.9 (3.1)
0.57 1717 0.1(0.0) 0.31 1330 4.3(4.0)
0.18 1726 0.0 (1.7) 0.61 1333 25.1 (22.4)
0.11 1766 0.6 (0.3) 0.20 1335 4.9(4.2)
0.23 1921 1.3(8.9) 0.20 1410 21.0 (22.4)
0.19 1978 0.8(2.1) 0.30 1411 29.3 (31.3)
2093 0.69 0.30 936 0.11 1417 10.5 (12.0)
0.12 1187 26.9 (3.1) 0.13 1417 9.9 (11.3)
0.18 1920 1.3(8.9) 0.12 1621 3.8(5.7)
0.88 1978 0.8(2.1) 552 0.46 0.12 511 1.1(2.7)
1719 0.58 0.18 936 0.59 514 5.9 (10.7)
0.15 1618 3.1(5.0) 0.19 547 0.4 (0.1)
0.31 1623 3.8(5.7) 0.12 548 0.4 (0.0)
0.11 1628 0.8 (1.6) 0.22 550 0.2 (0.2)
0.81 1717 0.1 (0.0) 0.35 553 0.1(0.1)
0.22 1726 0.0 (1.7) 0.22 555 0.2 (0.1)
0.16 1920 1.3(8.9) 0.28 599 11.8 (4.5)
0.13 1978 0.8(2.1) 0.12 644 2.3(1.8)
1520 0.55 0.18 936 0.17 651 8.4 (6.8)
0.13 1187 26.9 (3.1) 0.14 677 3.4 (7.4)
0.14 1333 25.1(22.4) 0.11 691 45(5.8)
0.18 1410 21.0 (22.4)

2 The frequencies orthogonal to the reaction path were computee at0.32ami? bohr, where the reaction path curvature has the peak value
(see Figure 10). The reaction path curvature compon@&gis,are given in amu? bohr. ? The eigenvector associated with the reaction path
motion at this configuratiorf. The letter in parentheses indicate the approximate character (symmetrically or antisymmetrically coupled to the
proton-transfer coordinated The coupling strengths are defined in eq 14, and are given in the unit of kcal/moTl Be values without parentheses
are the approximate symmetric components, and the values with parentheses are the approximate antisymmetric components.

is, zeroing out the outer-peaks in the reaction path curvatureto the reaction path (Figure 11d); the overlaps between the “path
gave virtually identical SCT rate constants. Therefore, we focus modes” and the eigenvectors at the saddle point were calculated
on the inner set of peaks in the following analysis of important (Table 7). The effective coupling coefficients (eq 9) were also
motions in TIM. However, as discussed in section I1l.2., leaving computed for the eigenvectors (“essential modes”) with large
out the curvature components does not eliminate all of the effectsoverlaps (Figure 11e,f and Table 8). The normal modes at the
of the corresponding motions; the fact that these modes have asaddle points having the largest coupling coefficients are plotted
sizable curvature component indicates that they are an essentiain Figure 12.

part of the (initial/final) reaction coordinate and therefore  As shown in Table 7, the “path modes” with large curvature
modulate the energetics of proton transfer. They do not, components typically have substantial overlap with many modes

however, contribute directly to proton tunneling. at the saddle point (“essential modes”); however, the situation
Following the analysis procedure in section Ill.2, the reaction is more complex than that found in the simple gas-phase model
path curvature at the inner peak positioss< —0.31 ami/2 discussed in section Ill.2. The barrier mode (9Q3%as large

bohr) was decomposed into contribution from modes orthogonal overlaps with many “path modes” with relatively high fre-
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TABLE 8: Characters of Normal Modes at the Saddle Point IV. Concluding Discussion: Promoting Modes, Demoting
that Have Large Overlaps to the Modes with Large Reaction Modes, and Proton Transfer in Enzymes
Path Curvature Components for the First Proton Transfer

in TIM @ We have studied a number of proton transfer reactions with
o, R.R.C resi. dist. contri. v, R,R',C resi. dist. contri. analytical mode_l_or semiempirical potential functions using
936 Subs 089 1333 Subs 087 vana_tlona_l transition-state theoay. An ef_fort was ma}’de to clarify
55 E165 58 009 136 c126 95 o003 the identity of modes (e.g., “promoting modes”) that can
1.2 K12 59 001 1.3 T75B 8.7 0.03 influence the rate constant of proton transfer reactions, especially
H95 7.3 001 251(224) L230 5.6 0.03 in the context of enzyme catalysis.
w26 63 001 E165 58 003 VTST calculations on model potentials illustrated, as sug-
514 E165 5.8 0.45 1410 A212 7.0 056 . ; 232 e
30.2 Subs 0.41 154 Subs 0.31 gested in earlier workd-23.25%that the effect of a vibrational mode
27 W27 82 0.03 24 S211 6.8 0.09 On the rate constant depends on the symmetry of the coupling
5.9(10.7) W245 6.0 0.03 21.0(22.4) E165 5.8 0.02 between this mode and the proton-transfer coordinate. Modes
W26 6.3 0.02 V23l 59 0.01 (Q) that are symmetrically coupled to the proton-transfer
gg?g EL{ZE - 8:22 ﬁlﬂ,l ig?g o 8:28 coordinate have promoting effects relative to tmecoupled
56 P166 91 002 22 s211 68 005 reacton; ie., the couplings increase the rate constant. The
11.8(45) W 86 002 29.3(31.3) E165 58 004 Meaning and cause of the promotion effect depends on the
S235 8.4 0.01 N8 55 0.01 system of reference and temperature (also see the Supporting
1187 Subs 0.94 1528 Subs 0.84 Information). At room temperature, the increase in the rate
5.4 E165 58 002 2.6 H95 7.3 010  constant is due mainly to the lowering of the effective barrier
%61.9 3.1) '1:223209 15(')‘.30 Od(.)()ll 11@.6(0.3) 32265 8';8 0881 along the proton-transfer coordin:?\te,. relative; to thg }anoupled
v231 59 0.01 G232 3.9 001 system and the proton transfer withfixed at its equilibrium
1192 Subs 0.97 1417 1170 4.8 0.34 Vvalue The promoting effect is, therefore, primaritjassical
35 H95 7.3 001 217 Subs 0.33  In fact, the contribution of tunnelingbecomes smaller at
11 Kiz 59 0.01 3.6 E165 5.8 0.24  vibrationally excitedQ. At low temperatures, the rate increases

13.2(3.0) E165 58 001 10.5(12.0) P166 9.1 0.06 pacause the contribution of tunneling (which is dominated by
I170- 48 001 HOS 73 002 deep tunneling with little excitation @ corresponding to severe
2 Distances are defined as the center of geometry distances betweerfcorner-cutting” dynamics) is larger relative to the uncoupled
th’e residuesilﬁcIL_Jd_ing_the mgin chain atoms) and the substrate. The (egction (which does not involve corner-cutting), as a result of
R’s are the participation ratios (see eq 4) for ke mode; for the .o increased effective frequency of the barrier. Thus, for the
definition of the coupling coefficient(), see the footnote of Table 7. - N o . .
b The contribution of each residue is defined as the term after the furst _promotlng effect” to take place, excitation o_f tI@wbrgﬂon
summation in eq 4b. is essentiabnly at room temperature. The antisymmetric mode
(), by contrast, has “demoting effects”, relative to uncoupled
quency, representing the fact that the character of the reactionproton transfer. The coupling lowers the effective barrier
coordinate is changing rapidly at the peak curvature position ( frequency, which leads to a decrease of tunneling. More
= —0.3). Most essential modes have large coupling coefficients, importantly, the antisymmetric coupling gives rise to asymmetry
although there are exceptions (e.g., the 1328%mode has a in the effective potential along the proton transfer coordinate
large curvature component but relatively small coupling coef- and, therefore, restricts tunneling to occur effectively only at
ficients). It should be noted that, similar to the situation in the excitedx (e.g.,x = 0 in the 2D case) at all temperatures. In
gas phase model, the analysis based on the reaction pattpther words, vibrational excitation of the antisymmetric modes
curvature (which has direct effect on the tunneling contribution is also essential for the proton transfer; antisymmetric coupling
in the VTST framework) captured most of the modes with large lowers the rate less severely if th@ibration is excited because
symmetric/antisymmetric coupling coefficients. Because the then the effective 1D potential becomes symmetric and tunneling
reaction is far from being symmetric (see Figure 9a), usually can occur as efficiently as in the uncoupled/symmetric 2D case,
both the symmetric and antisymmetric coupling coefficients are except for the effect of the lower barrier frequency.
substantial (e.g., modes at 1333 and 1410%msee Table 7). The calculations demonstrated that the coupling between the
Two notable exceptions are the modes with frequencies of 1187 proton-transfer coordinate and the orthogonal modger(x)
and 1528 cm!, which are dominated by the symmetric has a clear signature in the reaction path curvature. Therefore,
component. it is possible to identify motions that are important to the reaction
As shown in Table 8 and Figure 12, most essential modes (e.g., those catalyzed by enzymes) by examining modes with
are rather localized and involve mainly the substrate and Glul65large reaction path curvature components, and it is straightfor-
(which contains the reacting group), as reflected by the ward to distinguish their qualitative characters, i.e., symmetric
participation ratios; the barrier mode has a similar character. (“promoting”) or antisymmetric (“demoting”) modes. This was
The donor and acceptor atoms are heavily involved in many demonstrated with both the simple gas-phase enediolate system
modes, especially those at low frequencies (e.g., 514 and 598and the first proton-transfer step in TIM. The procedure is
cm™Y). Other atoms in the substrate/Glu165 can also be involved; complementary to the proposal of Schwartz e5al(who
for example, G—0O, and G—OP stretches and €& —Ce—0e2 examined the spectral density as a function of the proton-transfer
bending are heavily involved in the modes at 1192 and 598 coordinate) and has the advantage that the atomic contributions
cm~1, respectively. In some modes, other nearby residues alsocan be characterized for realistic systems which have compli-
make notable contributions; for example, Ala 212 and lle 170 cated potential energy surfaces. The calculations on the proton
have sizable components in the modes at 1410 and 141% cm transfer in TIM demonstrated that the reaction is coupled to a
respectively. A residue from the other subunit on the dimer large number of vibrational motions in the active site. One of
interface, Thr 75B, also has a small component in the mode atthese modes, as expected, is the detaaceptor stretch, which
1333 cntl. This residue has been shown to contribute signifi- modulates the effective barrier for the proton transfer and also
cantly to the reactiof?62 the magnitude of the tunneling. Corresponding to the proton-
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Figure 12. (a) Energetics, (b) important geometrical parameters, and (c) reaction path curvature along the reaction coordinate for the first proton-
transfer step in triosephosphate isomerase; (d) Normal mode decomposition of the reaction path curvature at the peak curvatige-po8itdn (
amu’2 bohr). (e and f) Approximate symmetric and asymmetric coupling coefficients (eq 14) for modes at the saddle point.

transfer calculations with the model potentials, it was found that those modes modifies the shape and height of the effective
tunneling becomes more important at large deremrceptor proton-transfer barrier. In principle, these modes can also have
distances and that the enhancement of the transfer rate whera substantial nonequilibrium (dynamical) contributf§ns®
the donor-acceptor stretch is excited is largely a classical effect which is characterized by the transmission coefficient. For the
(i.e., the effective barrier is lowered). There are other modes vibrational effect on the transmission coefficient, the energy
that are symmetrically or antisymmetrically coupled to the randomization may not be fast compared to the barrier-crossing
proton-transfer coordinate, such as those involving nearby event. For example, the barrier-crossing time for the proton
residues (Ala 212 and lle 170). Their effect is to prepare the transfer in TIM was found to be 30 f8,much faster than the
enzyme environment by lowering the effective proton-transfer expected rate of energy redistribution, which is expected to be
barrier. slower than the frequency of the modes involved (around 300
It should be noted that an assumption made in the abovecm™in TIM®4. Thus, proton tunneling/transfer at nonoptimal
analysis is that energy is quickly randomized betweerQfe (instantaneous) environmental configuration (e.g., unexsited
andx degrees of freedom during the time-scale of the overall may contribute to the dynamical transmission coefficfént.
reaction; that is, we assume that there is substantial couplingHowever, it should be noted that the magnitude of the dynamical
between th&)/x andq and thus energy can flow rapidly between effect is generally small at room temperature; it was found to
them with a rate much faster than the motion along the reactionbe about a factor of 2 for the first proton-transfer step in
coordinateé?> This is likely to hold for highly anharmonic triosephosphate isomerd¥eWhen the current work was es-
systems like enzymes and typical proton transfer reactions thatsentially finished, Billeter et a&° reported a transmission
have a barrier on the order of 10 kcal/mol. The “promoting” coefficient very close to one (0.947) for the hydride transfer in
and “demoting” effects described are essentially equilibrium liver alcohol dehydrogenase and a slightly smaller value (0.80)
(thermodynamical) effects; that is, the vibrational excitation of for dihydrofolate reductas®.
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Figure 13. Normal modes at the saddle point for the first proton-transfer step in triosephosphate isomerase; these modes have large overlaps with

the modes that have large curvature components. For the overlaps between the path modes and essential modes, the approximate coupling coefficients
and their characters, see Tables 7 and 8.

It has been stated in the literature that the apparent barrierwhich proton motion is considered as the reaction coordinate.
for proton/hydride transfer reactions is not determined by the We emphasize again that the MEP approach does not assume
potential energy function for donehydrogen cleavage because that proton displacement, per se, is the reaction coordinate.
the positions of heavy atoms (particularly the donacceptor Because the initial and final segments of the MEP are dominated
distance) are critica® This statement does not mean that the by changes in environmental variables, such as the denor
“reorganization” of the environment cannot be captured in a acceptor stretch, to which the proton motion is indeed transverse,
minimum energy path (MEP)-based description, because theZPE makes a major contribution to the activation barrier in the
potential along MEP igotjust that corresponding to the doror present models.
hydrogen cleavage coordinate and the necessary “reorganiza- On the basis of the above findings, we comment briefly on
tion” effect (i.e., the decrease of the dor@cceptor distance) the intriguing experimental results for the thermophillic ADH
is explicitly included. Therefore, variational transition-state obtained by Klinman and co-worket& although the lack of
theory, which is based on the potential surface around the MEP,an X-ray structure of the enzyme prevents a more complete
is able to capture the effect of “environmental” vibrations on analysis. The major findings from the kinetic measurements in
the proton-transfer rate constants. In the just published analysisref 14a are as follows: (1) the apparent activation enthalpy
of Kiefer and Hynes on adiabatic proton-transfer react®§ns, increases dramatically from 14.6 kcal/mol around the optimal
the solvent polarization and proton dora@cceptor vibration temperature for the enzyme (365 °C) to 23.6 kcal/mol at
was used to define the reaction coordinate. The proton motion, lower temperatures (630 °C); (2) the H/D kinetic isotope stays
therefore, is transverse to the reaction coordinate. It was thenaround 2.5 in the former regime and has a strong temperature
suggested that this transverse character of proton motion isdependence in the latter; (3) the secondary SSE is much larger
critical to the contribution from zero-point energy (ZPE) change at high temperatures>(0 at 65 °C) than that at lower
to the activation free energy, and it was further commented that temperatures 5 at 0 °C), although there is substantial
no ZPE contribution can arise in “traditional approaches” in uncertainty in the measured values; (4) the Arrhenius plot
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(logarithm of rate constant vs the reciprocal temperature) has a Combining the results for the models with simple potential
convex form (instead of the concave behavior typically ob- energy functions and the model for the proton transfer in TIM
served), and the slope changes around@Q5) the Arrhenius with a more realistic potential, it is clear that specific vibrational
parameters at higher temperature is also substantially larger;motions (both symmetric and antisymmetric modes!), which are
e.g.,Auy/Ar is 4.3 @0.6) and 0.26+£0.23) for 36-65 °C and rather localized to atoms in the active site, are important for
5—30 °C, respectively. On the basis of observation 1, it was the proton transfer in enzymes. Restricting the vibrational
suggested that the flexibility of the enzyme, which has been excitation of these modes would modify the effective proton-
observed to decrease for thermophiles at temperatures far fromtransfer barrier and therefore influence the rate of transfer
the optimal valué868 plays an important role in determining through both classical/quantum mechanical and equilibrium/
the barrier for the hydride transfer. H/D exchange measurementsdynamical effects. An interesting question is whether these
on the thermophillic ADH support the suggestion that the vibrations are “absent” in solution, and therefore, the reaction
structure is less flexible at temperatures below’@F° Also, will benefit from the existence of these modes in the enzyme
observations 3 and 5 were interpreted as suggesting thatenvironment. For an intramolecular proton transfer, comparison
tunneling makes a larger contribution at higher temperatures between the reaction in solution and in the enzyme found rather
than lower temperatures, which seems counterintuitive, as thesimilar behavior in the reaction path curvature and its normal
authors realized. mode decompositiof? This is a somewhat special case,
Several of the observations for the thermophillic ADH are nowever, because the transfer is within the substrate, and TIM
in accord with expectations and the calculations reported here.actually has an anticatalytic effect on the reactivetailed
For example, observation 2 on the temperature dependence ofn€oretical or experimental analyses on the temperature depen-
the H/D kinetic isotope effect is normal; that is, it increases as dence of a reaction in an enzyme relative to that in solution
the temperature decreases as expected (e.g., see Table 2 g¥ould be of great value in answering this question.
Figure 4 for the 1D and 2D models). It was suggested in ref
25b that it is puzzling that the H/D kinetic isotope effect is
temperature-independent between 30 and®®5the experi-
mental measurements (Figure 4 in ref 14a), however, have
considerable uncertainties. Our calculations on PiNbhorse
liver alcohol dehydrogenaséand the systems studied in the
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