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Abstract: The quantum dynamics of the hydride transfer reaction catalyzed by liver alcohol dehydrogenase
(LADH) are studied with real-time dynamical simulations including the motion of the entire solvated enzyme.
The electronic quantum effects are incorporated with an empirical valence bond potential, and the nuclear
guantum effects of the transferring hydrogen are incorporated with a mixed quantum/classical molecular
dynamics method in which the transferring hydrogen nucleus is represented by a three-dimensional vibrational
wave function. The equilibrium transition state theory rate constants are determined from the adiabatic quantum
free energy profiles, which include the free energy of the zero point motion for the transferring nucleus. The
nonequilibrium dynamical effects are determined by calculating the transmission coefficients with a reactive
flux scheme based on real-time molecular dynamics with quantum transitions (MDQT) surface hopping
trajectories. The values of nearly unity for these transmission coefficients imply that nonequilibrium dynamical
effects such as barrier recrossings are not dominant for this reaction. The calculated deuterium and tritium
kinetic isotope effects for the overall rate agree with experimental results. These simulations elucidate the
fundamental nature of the nuclear quantum effects and provide evidence of hydrogen tunneling in the direction
along the donoracceptor axis. An analysis of the geometrical parameters during the equilibrium and
nonequilibrium simulations provides insight into the relation between specific enzyme motions and enzyme
activity. The donoracceptor distance, the catalytic zingubstrate oxygen distance, and the coenzyme (NAD
NADH) ring angles are found to strongly impact the activation free energy barrier, while the-clcmaptor
distance and one of the coenzyme ring angles are found to be correlated to the degree of barrier recrossing.
The distance between VAL-203 and the reactive center is found to significantly impact the activation free
energy but not the degree of barrier recrossing. This result indicates that the experimentally observed effect of
mutating VAL-203 on the enzyme activity is due to the alteration of the equilibrium free energy difference
between the transition state and the reactant rather than nonequilibrium dynamical factors. The promoting
motion of VAL-203 is characterized in terms of steric interactions involving THR-178 and the coenzyme.

I. Introduction Klinman developed a simple model to study the oxidation of

Liver alcohol dehydrogenase (LADH) catalyzes the reversible Penzyl alcohol by yeast alcohol dehydrogenaaéthough this
oxidation of alcohols to the corresponding aldehydes or ketones.M0d€l did not include the enzyme, it provided insight into the
The key step in this enzyme reaction is the transfer of a hydride basis for the experimentally observed kinetic isotope effe<_:ts.
between the substrate and the coenzyme nicotinamide adenind1ore recently, Gao, Truhlar, and co-workers used canonical

dinucleotide (NADY). Kinetic isotope effect experiments on the variational transition state theory with semiclassical tunneling
LADH-catalyzed oxidation of benzyl alcohol indicate that corrections to study the oxidation of benzyl alcohol by LARH.

nuclear quantum effects are significant for this hydride transfer 1Neir calculations were based on a mixed quantum mechanical/
reactiont-? In the interpretation of these experiments, hydrogen molecular mechanical (QM/MM) potential. The semiclassical
tunneling is implicated by deviations from semiclassical predic- duantum dynamics corrections were calculated for a 21-atom
tions? Furthermore, the investigation of site-directed mutants Portion of the system embedded in the potential of a frozen
has provided evidence of a link between hydrogen tunneling Sécondary zone and were averaged over 20 secondary-zone
and the enzyme structueSpecifically, the rate of hydride ~ configurations. Their calculated primary and secondary kinetic
transfer decreases when VAL-203 is replaced by the smaller isotope effects are consistent with the experimentally measured
residue alanine. values. In ref 6, the nuclear quantum effects in the oxidation of
Several theoretical studies have been directed toward thePenzyl alcohol by LADH were investigated by calculating the

investigation of nuclear quantum effects in LADH. Rucker and hydrogen vibrational wave functions for structures along
- — minimum energy paths and straight-line reaction paths obtained
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the active site. These studies provided information about the
fundamental nature of the nuclear quantum effects, the dominant ~ (a)
contributions to the reaction coordinate, and the factors that
impact hydrogen tunneling in this reaction. Finally, Bruice and
co-workers have used classical molecular dynamics simulations
to probe the impact of mutations on the hydride transfer reaction
in LADH. In particular, they calculated the close contact
distances between the alcohol substrate and NA®D native
LADH and for LADH with mutations of the VAL-203 sité.

In ref 8, a new hybrid approach was implemented to study
the quantum dynamics of the LADH-catalyzed oxidation of
benzyl alcohol. This paper utilizes this hybrid approach to
calculate the dynamical kinetic isotope effects and to investigate
the role of specific enzyme motions for this reaction. This hybrid
approach incorporates both electronic and nuclear quantum
effects into real-time dynamical simulations that include the
motion of the entire solvated enzyme (75140 atoms). The
electronic quantum effects are included with an empirical
valence bond (EVB) potential to allow chemical bonds to break
and form. The nuclear quantum effects of the transferring
hydrogen are included with a mixed quantum/classical molecular
dynamics method in which the transferring hydrogen nucleus
is represented by a three-dimensional vibrational wave function.

In this hybrid approach, the rates are obtained by calculating
both a transition state theory rate constant, which is determined
from the activation free energy, and a transmission coefficient,
which accounts for dynamical recrossings of the free energy  §
barrier. The activation free energy is calculated from equilibrium NAD*
molecular dynamics simulations that provide the free energy Figure 1. A portion of the crystal structuf&of the active site of horse
profile as a function of a collective reaction coordinate. The liver alcohol dehydrogenase with NADand benzyl alkoxide, where
transmission coefficient is calculated with a reactive flux scheme the positions of the heavy atoms of the substrate correspond to those
based on an ensemble of real-time dynamical trajectories of pe_nt_aﬂuorobenzyl alcohol. The circle identifies t_he react_ion core,
propagated with the molecular dynamics with quantum transi- ;?]gst'ﬁgnfcé); ;:1; gg%%rncjtgbr;nétoi?agzﬁ etcrjatgséi"t'r?g g(d\rl'gi_H’
tions (MDQT) surface hopping method. This approach accounts 593 .jsest to < Two different pelrspectives are shown.
for dynamical recrossings of the free energy barrier, while
including vibrationally nonadiabatic effects and the dynamics included with an empirical valence bond (EVB) potentiand the
of the complete solvated enzyme. Moreover, these calculationsquantum effects of the transferring hydrogen nucleus are included by
provide information about the fundamental nature of the nuclear treating this nucleus as a multidimensional vibrational wave funéion.
quantum effects (i.e_, the Signiﬁcance of zero point motion and In this section, we brlefly outline the approach for the inclusion of
hydrogen tunneling). both electronic e_tnd nuclear quantum effects_, as well as the methc_;dology

In addition to predicting rates and kinetic isotope effects, this 1OF the generation of the free energy profiles and the calculation of
hybrid approach elucidates the impact of specific motions of dynamical effects. The details of all methodology, including the

h h ivation f barri d h parameters and relevant equations, are given in ref 8.
the enzyme on the activation free energy barrier and on theé ™ a gjecironic and Nuclear Quantum Effects.We use an empirical

deg_rt_ee_ of dynamical t_)grr_ler recrossing. The comparison of yajence bond (EVB) potential to include the electronic quantum effects
equilibrium and nonequilibrium dynamical effects of the enzyme required to describe the breaking and forming of chemical bonds. In
provides information about the relative time scales of the specific the EVB approach, the ground state electronic wave function is
motions. The analysis in this paper centers on the denor expanded in a basis of VB states, and the corresponding potential energy
acceptor (G_-Ca) vibration, the NAD /NADH out-of-plane ring surfaceVe(r, R) is the lowest eigenvalue of the Hamiltonian matrix
angles, the catalytic ziresubstrate oxygen (ZrO) distance, in this basis set. (Here denotes the coordinates of the transferring
the donor carboroxygen (G_O) distance within the substrate, hydrogen nucleus ari@ denotes the coordinates of all other nuclei in
and the VAL-203 motion. This analysis provides insight into the system.) In this paper, the basis set consists of the two VB states

the fundamental mechanism of LADH. as well as the basis for shown in Figure 2. In VB state 1 the hydride is bonded to its donor
the experimentally observed kinetic islotope effects carbon, while in VB state 2 the hydride is bonded to its acceptor carbon.

The Hamiltonian matrix is expressed in this basis set as

Il. Methods Viu(r, R) Vyfr, R))

The system used in our LADH calculations contains the protein H(r, R) (Vlz(r, R) Vo(r,R)
dimer, two NAD' cofactors, two benzyl alkoxide substrates, four zinc
ions, and 22 682 water molecules in a rectangular periodic box with The matrix elements;:(r, R) are represented as parametrized analytical
edge lengths of 73.13, 85.53, and 125.30 A. The active site of LADH functional forms. The diagonal elements are described by the GROMOS
is depicted in Figure 1. In this paper, we assume that the reaction is force field 43A%! with modifications described in ref 8. The electro-
electronically adiabatic and use a Ber@ppenheimer separation of  static and Lennard-Jones interactions are treated consistently with the
the electrons and nuclei. The quantum effects of the electrons are GROMOS force field. The cutoff radius for nonbonded interactions is

vaL203 _#

cvs174 1

Substrate
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Fourier grid Hamiltonian multiconfigurational self-consistent-field
(FGH-MCSCF) method for calculating multidimensional hydrogen
vibrational wave function® Moreover, to further decrease the
computational expense, we utilize a partial multidimensional grid
generation method to decrease the number of potential energy calcula-
tions by avoiding these calculations for grid points with high potential
energy*? This approach accurately describes ground and excited state
hydrogen vibrational wave functions in a computationally practical
manner. For the calculations presented in this paper, the transferring
hydride is represented on a three-dimensional cubic grid centered
between the donor and acceptor carbon atoms. The length of each side
of the cubic grid is 4.76 A, with 64 grid points/spatial dimension. For
the FGH-MCSCEF calculations, the active space is spanned by 5 one-
dimensional states per dimension, and the wave function is calculated
by state-averaging over the lowest 4 multiconfigurational states. A cutoff
of 94.1 kcal/mol for the potential energy is used for the partial
multidimensional grid generation.

State 2 B. Free Energy Profiles. To calculate the transition state theory

rate constant, the free energy profile must be calculated. The transition
\ / state theory rate constantis

SO H H o kT
—AGlkgT
\C/ kTST = Te ke (3)
A /H
N
where AG' is the free energy barrier for the reaction akgl is
H Boltzmann’s constant. Since the hydride transfer reaction involves a
free energy barrier that is significantly larger than the thermal energy,

a mapping potential is used to drive the system over the barrier. Similar
R to previous work of Warshel and co-workérsve define a mapping
Benzaldehyde NADH potentialVimadr, R; 1) as

Figure 2. Valence bond structures for the hydride transfer reaction
be%ween zinc-bound benzyl alkoxide and NA}IID Vimadl's Ri 4) = (1 = )Vy(r, R) + 2Vao(r, R) 4)

14 A, and the nonbonded interactions between 8 and 14 A are calculatedV€r€ V11 andVz, are the diagonal elements of the EVB Hamiltonian
only every 5 molecular dynamics steps, along with updating the charge- N €0 1. As the parametéris varied from zero to unity, the reaction
group based nonbonded interactions pair list. Outside the sphere ofProgresses from the reactant VB state 1 to the product VB state 2. In
radius 14 A, the electrostatics are represented by a reaction field with 1S Paper, we calculate both the classical free energy profile, corre-
a relative dielectric constant of 54 and a zero inverse Debye screeningSPONding to the classical treatment of the transferring hydrogen nucleus,
length. The off-diagonal element is assumed to be a conwianand and the_quantum free energy proflle,_correspondlng to the quantum
a constant energy adjustment, is included inVa(r, R). Both Vi mechanical treatment of the transferring hydrogen nucleus. A com-

andAs, have been chosen to ensure that the quantum free energy profileP@rison of the classical and quantum free energy profiles provides an
for the reaction reproduces the experimental free energies of reactionindication of the significance of nuclear quantum effects.

and activation. The parameters for the EVB potential used for the e calculate the free energy profiles as functions of a collective
calculations in this paper are provided in ref 8. reaction coordinate analogous to the solvent coordinate used in standard

We incorporate the nuclear quantum effects of the transferrin Marcus theory for electron transfer reactiéfis? When the transferring
orP ' ) q . : ng hydrogen is treated classically, this collective reaction coordinate is
hydrogen into our simulations by treating this nucleus as a multidi-

; o : . . defined as
mensional vibrational wave function. For this purpose, we use a mixed
guantum/classical description of the nuclei, in which the transferring
hydrogen nucleus with coordinates treated quantum mechanically,
while the remaining nuclei with coordinat&sare treated classically.

The adiabatic vibrational wave functions for the transferring hydrogen In this case, the reaction coordinate depends on bathd R. When
can be calculated for fixed classical coordindgesy solving the time- the transferring hydrogen is treated quantum mechanically, the reaction
independent Schdinger equation coordinate should not be a function of the quantum coordinatace
the classical molecular dynamics samples the configurational space of
) only the classical coordinate®. Moreover, the reaction coordinate
AO(r, R) defined in eq 5 does not distinguish between symmetric and
) o ) asymmetric hydrogen potential energy surfaces (or hydrogen vibrational
whereTy is the kinetic energy of the transferring hydrogen ad(r, wave functions), as required in the framework of standard Marcus

R) is the potential energy of the electronic ground state. In this paper theory4 Thus, the physically meaningful reaction coordinate when the
we include the nonadiabatic effects from the excited vibrational states yransferring hydrogen nucleus is treated quantum mechanically is

to allow an accurate calculation of the hydrogen quantum effects. Thus, gefined as
eq 2 is solved for a range of states

As will be described below, eq 2 must be solved for each
configuration of the classical nuclei during the generation of the free
energy profiles and during the dynamical calculation of the transmission (12) lordanov, T.; Billeter, S. R.; Webb, S. P.; Hammes-Schiffer, S.
coefficient. To facilitate this calculation, we use the state-averaged chem. Phys. Let2001 338 389.

(13) Wigner, E.Phys. Re. 1932 40, 749.

(14) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 155.
(15) Zusman, L. DChem. Phys198Q 49, 295.

(16) Warshel, AJ. Phys. Cheml1982 86, 2218.

(17) King, G.; Warshel, AJ. Chem. Phys199Q 93, 8682.

A9, R) =V, (r, R) = Vy(r, R) (5)

[Ty + Voot RIP(r; R) = ¢(R)®(r; R)

AD(R) = @(r; R)Voolr, R) = Vyu(r, R)|@y(r; R)]  (6)

(11) van Gunsteren, W. F.; Billeter, S. R.; Eising, A. A.jrdmberger,
P. H.; Kriger, P.; Mark, A. E.; Scott, W. R. P.; Tironi, |. ®iomolecular
Simulation: The GROMOS96 Manual and User Guig®mos b.v., Zuich
and Groningen, VdF Hochschulverlag, ETHrigh: Zurich, 1996.
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where [3--[J indicates integration over the quantum coordinatend
Do(r; R) is the ground state vibrational wave function. Note that, in

J. Am. Chem. Soc., Vol. 123, No. 45, 200765

Berendsen thermostétswvith relaxation times of 0.1ps each maintain
the temperature of the solute and the water molecules at 300 K. The

practice, the classical and quantum reaction coordinates are dividedequilibration procedure is described in ref 8. After equilibration, we

into discrete intervals (i.e., bins) represented by valtigs

The calculation of the classical free energy profile for the electronic
ground state potentiafep(r, R) consists of three stefsin the first
step, the free energymadAn; Am) for the mapping potential along the
reaction coordinaté©)(r, R) defined in eq 5 is calculated for eath
using a standard binning procedt¥reluring molecular dynamics
simulations governed byma{r, R; Am). In the second step, the relative

performed 80 ps of data collection for each value of the mapping
parametetl, (0.0, 0.05, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875,
0.95, and 1.0).

C. Dynamical Effects. The transition state theory rate constipir
defined in eq 3 is based on the assumption that the rate is determined
by the forward flux through the dividing surface. Thus, transition state
theory assumes that each trajectory passes through the dividing surface

free energies for the mapping potential corresponding to the same valueonly one time'® In dynamical systems, the environment may cause

of A, but different values ofl, are determined from thermodynamic
integration?® Note that this procedure avoids the arbitrary translation
of the individual segments of the free energy profile corresponding to
different values ofln. Moreover, the degree of overlap of the

neighboring segments provides an indication of the convergence of the

calculations. In the third step, the classical free enérgyAn; Am) for

the electronic ground state potentidlo(r, R) is calculated from the
molecular dynamics simulations governed by the mapping potential
using a perturbation formula.

For the generation of the quantum free energy profiles, only
vibrationally adiabatic nuclear quantum effects are included. We
calculate the free energy associated with the energy of the ground stat
hydrogen vibrational wave function, defined agR) in eq 2. The
quantum free energ¥eionucdAn; Am) associated with this potential
energy is calculated from the perturbation formula

efﬁFeID.nuchnM-m) — efﬁ':map(/\ni/lm)@’ﬂ[EO(R)’Vimma;(R}lm)] gm'/\nyq (7)
The angular brackets are defined by

f dr f dRO(AD(r, R) — A f(r, R)e Vmad" Ritm
B, R) o o=

f dr f dRO(AD(r, R) — A, )e PVmad Rilm)
®

where 6(A@(r, R) — Ay) is a unitless quantity equal to unity if
AG)(r, R) is within the bin represented by, and zero otherwise and
Vintmap(R; A) is defined by

efﬁvlntmap(R;ﬂm) — Crfdr efﬂvmap(r:R;}*m) (9)

with C; a constant of dimension inverse volume in the coordinate space
r. The derivation of this perturbation formula is given in ref 8. (Note
that the constant, does not affect the relative quantum free energies
for different values ofA, andim.) The quantity in angular brackets is
calculated within the reaction coordinate bins during molecular dynam-
ics simulations governed by the mapping potential{r, R; 1m). We

emphasize that, assuming adequate sampling, the use of this perturbatio

formula is rigorously identical to adiabatic mixed quantum/classical
molecular dynamics simulations that include feedback between the
guantum and classical subsysteth¥.

trajectories to recross the dividing surface. The “exact” rate constant
kayn including dynamical effects may then be expressed as

Kayn = kst (10)

wherex is the transmission coefficient that accounts for recrossings of
the dividing surface.

In standard classical molecular dynamics simulationsnay be
calculated using reactive flux methods for infrequent evénts.In
this approachy is calculated as the flux-weighted average of a quantity

g for a canonical ensemble of classical molecular dynamics trajectories

started at the dividing surface and integrated backward and forward in
time. The quantity corrects for multiple crossings of the dividing
surface (i.e., so that all trajectories that originate as reactants and end
as products are counted only once, no matter how many times they
cross the dividing surface, and all trajectories that go from reactants to
reactants, products to products, or products to reactants are not counted
at all). In particular,§ = 1/o. for trajectories that haver forward
crossings and. — 1 backward crossings of the dividing surface, and

& is zero otherwise.

We incorporate nuclear quantum effects in the calculatiorn by
combining the MDQT mixed quantum/classical metkof with this
reactive flux method for infrequent everit¥he fundamental principle
of MDQT is that an ensemble of trajectories is propagated, and each
trajectory moves classically on a single adiabatic surface except for
instantaneous transitions among the adiabatic states. The adiabatic states
@i(r; R) are calculated at each classical molecular dynamics time step
by solving eq 2 with the state-averaged FGH-MCSCF metAdde
classical nuclei evolve according to Newton’s classical equations of
motion with the effective potentiad(R) (defined in eq 2), wher&
denotes the occupied adiabatic state. The time-dependent wave function
describing the quantum nuclei is expanded in a basis of the adiabatic
states

Na—1

U R =S COD(;R) (11)
J; j ]

and the quantum amplitud€(t) are calculated by integrating the time-
Bependent Schdinger equation simultaneously with the classical
equations of motion. At each time step, Tully’s “fewest switches”
algorithn?® is invoked to determine if a quantum transition to another
adiabatic state should occur. This algorithm correctly apportions

Thus, both the classical and quantum free energy profiles are obtained,[rajectories among the adiabatic states according to the quantum

from molecular dynamics simulations governed by the mapping
potential Vimafr, R; 1). These simulations are performed using GRO-
MOS8 and a modified FORCE routine. The integration time step is 1
fs, and the constraints are maintained by SHARHwo separate

(18) Scott, W. R. P.; Hunenberger, P. H.; Tironi, |. G.; Mark, A.; Billeter,
S. R.; Fennen, J.; Torda, A. E.; Huber, T.; Kruger, P.; van Gunsteren, W.
F. J. Phys. Chem. A999 103 3596.

(19) van Gunsteren, W. F.; Beutler, T. C.; Fraternali, F.; King, P. M;
Mark, A. E.; Smith, P. E. InComputer Simulation of Biomolecular
Systems: Theoretical and Experimental Applicatjoren Gunsteren, W.

F., Weiner, P. K., Wilkinson, A. J., Eds.; Escom: Leiden, The Netherlands,
1993; Vol. 2.

(20) Kirkwood, J. G.J. Chem. Phys1935 3, 300.

(21) Azzouz, H.; Borgis, DJ. Chem. Phys1993 98, 7361.

(22) Staib, A.; Borgis, D.; Hynes, J. 7. Chem. Physl995 102 2487.

(23) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. JJCQComput. Phys.
1977, 23, 327.

probabilities|Cj(t)|?> with the minimum required number of quantum
transitions (neglecting difficulties with classically forbidden transitions).
The use of the standard classical reactive flux approach in conjunc-
tion with MDQT is problematic since the probability of nonadiabatic
transitions depends on the quantum amplitudes, which depend on the
history of the trajectory. Thus, trajectories started at the dividing surface
cannot be propagated backward in time with the MDQT method.

(24) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola,
A.; Haak, J. RJ. Chem. Phys1994 81, 3684.

(25) Bennett, C. HAlgorithms for Chemical Computatioimerican
Chemical Society: Washington, DC, 1997.

(26) Keck, J. CJ. Chem. Phys196Q 32, 1035.

(27) Anderson, J. BJ. Chem. Phys1973 58, 4684.

(28) Tully, J. C.J. Chem. Phys199Q 93, 1061.

(29) Hammes-Schiffer, S.; Tully, J. G. Chem. Physl994 101, 4657.

(30) Hammes-Schiffer, Sl. Phys. Chem. A998 102, 10443.
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(Backward propagation requires knowledge of the quantum amplitudes ; " i T i "
at the dividing surface, which are unavailable.) To surmount this
difficulty, we use the method developed by Hammes-Schiffer and
Tully3? for simulating infrequent events in reactions that evolve on
multiple potential energy surfacésin this approach, trajectories are
started at the dividing surface and propagated backward in time with
a fictitious surface hopping algorithm that does not depend on the
guantum amplitudes. The trajectory is then propagated forward in time,
retracing the exact same trajectory, integrating the quantum amplitudes
and calculating the probabilities for nonadiabatic transitions for each
time step using the true surface hopping algorithm. Each trajectory is
assigned a weighting that ensures that the overall results are identitical
to those that would have been obtained with the true surface hopping
algorithm.

Free energy [kcal/mol]

-200 -100 0 100 200 300
In the implementation of this reactive flux method for MDQT within Collective reaction coordinate [kcal/mol]
the framework of the methodology presented in this p&fe,weighted

average of a quantity is

Figure 3. Free energy profiles of the hydride transfer reaction as
functions of the collective reaction coordinate. The solid line indicates
the classical profile, and the dashed line indicates the adiabatic quantum

Nz . profile (including zero point motion for the transferring hydride). The
(Ri'ﬁi)Wica'\NisrX' minimum free energies of the classical and adiabatic quantum profiles
i= are set to zero, and the difference in free energy barriers is indicated.
G, = New 12) The dotted lines denote experimental values.
(GRS - - ' ‘ '
&
6l D I' ]
The transmission factor is then §
S 12t E
K= [&[], 13) L
) ]
HereNy,; is the number of trajectories required to represent an ensemble, 2 8
R; is the initial velocity vector, and; is the unit vector normal to the g
dividing surface. The weightings;®®" ensure a canonical distribution &’ 4 1
at the dividing surface. These weightings include both a factor
accounting for the generation of the ensemble of initial configurations ~—
at the dividing surface with the mapping potential and a factor or . , . ‘ ]
accounting for a Boltzmann distribution over the vibrational adiabatic -200 100 O 100 200
states at the dividing surface. The weighting®' ensure the correct Collective reaction coordinate [keal/mol]

surface hopping probabilities for each trajectory within the ensemble. Figure 4. Adiabatic quantum free energy profiles (including zero point

These weightings are obtained from the backward propagation with motion of the hydride) as functions of the collective reaction coordinate

the fictitious surface hopping algorithm and the subsequent forward for hydrogen (H), deuterium (D), and tritium (T).

propagation over the exact same trajectory while integrating the

quantum amplitudes and calculating the probabilities of nonadiabatic trajectory is out of the strong coupling region and in either the reactant

transitions for the true surface hopping algorithm. (Note that the or the product region.

guantum amplitudes for the forward propagation are initialized such

that the quantum amplitude of the occupied state after the backward|||. Results

propagation is unity.) The details of the calculatiorxaf this manner

are given in ref 8. This weighting procedure is based on the assumption ~ A. Equilibrium Properties. The free energy profiles for the

that the MDQT surface hopping algorithm results in an exact Boltzmann transfer of a classical and a quantum mechanical hydride nucleus

distribution among the vibrational states for long times (i.e., after are compared in Figure 3. The adiabatic quantum free energy

equilibration of the reactant or product). This assumption is not profile includes the zero point motion of the transferring hydride.

rigorously valid, and the impact of this approximation is currently under - Figure 3 indicates that the nuclear quantum effects substantially

investigation. decrease the free energy barrier for this reaction. This effect is
For the MDQT simulations, the classical equations of motion are due to the delocalization of the hydride wave function over both

integrated using the velocity Verlet algoritBfwith a time step of 0.5 the reactant and product wells in the transition state region.

fs, maintaining the constraints with RATTLENote that no thermostat Furthermore, although the shapes of the classical and quantum

is used for the MDQT simulations, and therefore the nonbonded g.o0 anergy profiles are very similar in the reactant and product

interactions pairlist is not updated. This aspect of the MDQT simulations . . . . i .

regions, they differ considerably in the transition state region

is not problematic due to the short duration of each MDQT trajectory. d he del lizati f the hvdrid f . N
To avoid artifacts due to abrupt changes in momentum, the velocities ue to the delocalization of the hydride wave function. Note

are not reversed after classically forbidden nonadiabatic transitions. Thethat the Co_upllng between the EVB surfatgsand the constant

dividing surface used for the reactive flux method is defined to be €nergy adjustmenki, have been chosen such that the quantum

A@R) = 0. The trajectories are propagated in the forward and free energy profile reproduces the experimental free energies

backward directions unti|A@(R)| > 125.5 kcal/mol for twenty of activation and reaction.

sequential time steps. This criterion is chosen to indicate that the  Figure 4 depicts the adiabatic quantum free energy profiles

for the transfer of hydrogen, deuterium and tritum. The free

(31) Hammes-Schiffer, S.; Tully, J. Q. Chem. Phys1995 103 8528. energies of activation for these isotopes are 15.4, 16.4, and 16.9
(32) Allen, M. P.; Tildesley, D. JComputer Simulation of Liquigls . . ’ '

Clarendon Press: Oxford, U.K., 1989. kcal/mol, respectively. Due to the perturbative approach used
(33) Andersen, H. CJ. Comput. Phys1983 52, 24. in these calculations (as given in eq 7), the relative uncertainty
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(a) In this case, the reaction coordinate depends explicitly on the

i hydrogen coordinate. Zero point energy may be included in these
types of standard calculations through harmonic vibrational
frequencies determined at the reactant and the transition state,
where the imaginary frequency at the transition state (i.e., the
mode along the reaction coordinate) is omitted. Additional
nuclear quantum effects (e.g., those along the reaction coordi-
nate) may be included in the form of semiclassical tunneling
corrections.

In our hybrid approach, the collective reaction coordinate is
defined as the difference between the reactant and product
valence bond state energies averaged over the ground state
hydrogen vibrational wave function. Thus, this collective
reaction coordinate does not depend explicitly on the hydrogen
coordinate. The transition state is defined to occur when this
collective reaction coordinate is zero (i.e., when the hydrogen
potential is virtually symmetric). This type of collective reaction
(© coordinate has been used successfully to describe eléttton
and protof?2 transfer reactions. In our hybrid approach, the

(b)

o T c zero point motion of the transferring hydrogen nucleus is
A included along the entire collective reaction coordinate through
Cp the representation of this nucleus as a three-dimensional wave

function. This quantum mechanical treatment of the hydrogen
nucleus is analogous to the quantum mechanical treatment of
electrons in electronic structure theory (where the reaction
Figure 5. Vibrational wave functions of the transferring hydride for coordinate does not depend explicitly on the electronic coor-
a representative transition state configuration with (a) hydrogen, (b) dinates). Hydrogen tunneling effects are incorporated through
deuterium, and (c) tritium. On the donor side the alkoxide group and the combination of these adiabatic quantum free energy profiles

one carbon atom of the ring are shown, while on the acceptor side the and real-time trajectories propagated with the MDQT surface
acceptor carbon atom and its first neighbors are shown. The vibrational hopping method

ground states are shown with corresponding energies relative to the ) ) o .
lowest grid point given in kcal/mol. These simulations provide insight into the fundamental nature

of the nuclear quantum effects. The splittings between the lowest
of these values is at most 0.2 kcal/nSofhe differences in two hydrogen vibrational states for observed transition states
activation free energies for the three isotopes are due to therange from 0.64 to 2.3 kcal/mol, with the weighted average
Varying Zero point energies_ Figure 5 depicts the hydrogen, Splitting being 1.35 kcal/mol. The shapes of the vibrational wave
deuterium, and tritium vibrational wave functions, together with functions indicate that this vibrational excitation corresponds
the corresponding energies relative to the lowest energy grid approximately to a stretching mode along the dersmceptor
point, for a representative transition state configuration. This axis® An analysis of hydrogen tunneling is not straightforward
figure illustrates that tritium is much more localized and has a due to the three-dimensional nature of the hydrogen potential
smaller zero point energy than hydrogen. Note that the free and wave function. To aid in our analysis, we calculated the
energy of activation for tritium is very close to the classical one-dimensional hydrogen vibrational wave functions for the

free energy (17.2 kcal/mol). one-dimensional potentials projected along the deiaaceptor
These differences in the free energy of activation result in @xis. (This one-dimensional potential was obtained by choosing
kinetic isotope effects d'</k0q; = 5.0+ 1.8 andCq /kl; = the lowest value of the potential energy in the plane perpen-

dicular to the donoracceptor axis for each grid point along
this axis.) We found that the splittings between the lowest energy
one-dimensional hydrogen vibrational states are similar to the
splittings for the lowest energy three-dimensional vibrational
states. (The differences between the one- and three-dimensional
splittings are due to coupling among the dimensions.) For the
smallest observed splitting (i.e., the highest barrier) at the
transition state, the one-dimensional splitting is 0.64 kcal/mol,
while the three-dimensional splitting is 0.58 kcal/mol. In this
‘case, the lowest two one-dimensional vibrational states are both
below the one-dimensional barrier. For the largest observed
splitting (i.e., the lowest barrier), the one-dimensional splitting
is 2.28 kcal/mol, while the three-dimensional splitting is 2.33
cal/mol. In this case, the lowest two one-dimensional vibra-
tional states are both above the one-dimensional barrier. For
(34) Experimentallyki/kr is determined with H in the secondary position, ~ the average splitting, the lowest one-dimensional vibrational
while ko/kr is determined with D in the secondary positiehIn our state is~0.2 kcal/mol below the one-dimensional barrier.

calculations, the secondary position is always hydrogen. Since this secondary, ic of i ; ;
hydrogen is treated classically with a constrained bond length, however, ‘Although this simplified analysis neglects coupling among the

the difference between hydrogen and deuterium in the secondary positiondimensions, it provides insight into the nature of the nuclear
is negligible. guantum effects. Specifically, this analysis implies that some

2.4+ 0.8. The corresponding values from experimentl@;g
Kop = 3.78 % 0.07 andk), /kl,, = 1.89 & 0.01134 Thus, our
calculations slightly overestimate the experimental kinetic
isotope effects but are still well within the accuracy of the
calculations. These kinetic isotope effects do not yet contain
nonequilibrium effects such as dynamical barrier recrossings.
We point out that this hybrid approach is fundamentally
different from a standard transition state theory calculation with
a classical hydrogen nucleus. In such a standard calculation
the transition state is defined as a first-order saddle point on
the potential energy surface, and the reaction coordinate is
defined in terms of the minimum energy path (i.e., the path of
steepest descent from the transition state toward the reactan
and product minima in mass weighted Cartesian coordinates).
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(a) T T T T T
38 1
36 1
E 34 r 7 v
o's2r b Figure 7. Definition of NAD*/NADH ring angles used in Figures 6
. sl 4 and 9 and Table 2. The C angle is defined as the angle between the
O o8 | 1 vectorsv andv. projected onto the plane perpendiculavtg and the
: N angle is defined analogously. The C and N angles are defined as
26 ) ) . L positive (pointing toward the substrate) in this figure. R is the amine
-200 -100 O 100 200 group.
A [kecal/mol]
(b) to ensure complete convergence for the slowest motions.

T T — T Nevertheless, considering the RMS deviations indicated in
2.4 + . Figure 6, we do not expect the results to change qualitatively
with additional data collection. This figure indicates that the

«z 2o L 4 reaction coordinate is composed of a variety of motions,
e} including the G—C, distance, the ZrO distance, the angles
,\éj oL 1 in the NAD"/NADH ring (defined in Figure 7), and even the

VAL-203 C,;—Cx distance. Note that the Z0 distance is

18 L ] determined in part by the bonding structures defined for each
. s . . . VB state, whereas the f=Ca and the VAL-203 C;—Ca
-200 -100 0 100 200 equilibrium distances are not defined in these bonding structures
A™ [keal/mol] and hence are allowed greater freedom during the reaction.
(c) The analysis of the behavior of these angles and distances
56 [ ' ' ' "] along the collective reaction coordinate provides insight into

the enzyme mechanism. Figure 6d indicates that the C and N
angles in the NAD/NADH ring increase at the transition state.
This result implies that the boat configuration is energetically

(Al

%) 48 F more favorable than the chair configuration at the transition state.
';4,6 L (Despite the limitations of a pairwise additive force field, in
© a4l ] this case the force field reproduces the many-body electronic
a2 | ] effects favoring the boat configuratid). In the reactant and

200 2100 0 100 200 product, the fluctuations of the two angles average to nearly
A [keal/mol] zero. For the transition state, however, the decrease in the
Cp—Ca distance biases the C angle in the NANADH ring
(d) : : : : : to become positive, which in turn biases the N angle to become
12 + . positive. The Zr-O distance increases monotonically during

the reaction and differs significantly for the reactant and product
states. In contrast, the €Ca distance is smallest at the

_ transition state, as expected since the smaller distance decreases
the potential energy barrier. The VAL-203,£Cx distance,

1 however, is largest at the transition state. These trends indicate
that the simultaneous motion of the acceptor toward the donor
and away from the VAL-203 is a critical component of the

Angle [degrees]
S

4}

200 100 0 100 200 reaction coordinate.
@ . ) . . .
A" [keal/mol] These simulations provide an explanation for the experimental
Figure 6. Equilibrium averages of select distances and angles as obse_rvatlon that replacing VAL'203_ bY_ the smaller residue
functions of the collective reaction coordinat&: (a) Go—Ca distance; alanine decreases the rdt8s shown in Figure 6, throughout

(b) Zn—0 distance; (c) VAL-203 G—Cx distance; (d) C (solid line) the reaction the average,£-Ca distance is larger than the
and N (dashed line) NADYNADH ring angles (defined in Figure 7).  contact distance and exhibits a maximum at the transition state.
The thin lines represent the average (thick lines) plus the rms deviation, (Here “contact distance” is defined as the minimum of the van
fitted to a polynomial of the sixth order. der Waals interaction between two atoms.) Our equilibrium
o _ - simulations indicate that at least one of the following two contact
hydrogen tunneling (i.e., transmittal of probability through & distances is maintained throughout the reaction: (1) The C
barrier) occurs in the direction along the doracceptor axis of VAL-203 is in contact distance with the NADNADH
dU“_”g the LADH hydride transfer reaction. . carbon atom bonded directly tosCor (2) the G, of VAL-203
Figure 6 depicts the dependence of select distances and angleg in contact distance with a carbon atom in THR-178, which
on the collective reaction coordinate, as determined by averagingin turn has several atoms in contact distance withXbte that
over equilibrium molecular dynamics simulations. Note that poth of these conditions are satisfied in the crystal structure, as
these equilibrium averages are obtained from simulations drivenshown in Figure 1. The dynamical freedom of maintaining only
by the mapping potential (eq 4), so the configurations are one of these contact distances may be important for the reaction

weighted by expfA(eo(R) — VinmadR; Am)] @s in eq 7. The  and will be investigated further. These results suggest that the
numerical noise in these data suggests that more than 80 ps of

data collection per mapping paramefgr would be desirable (35) Wu, Y.-D.; Houk, K. N.J. Org. Chem1993 58, 2043.
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Figure 8. Real-time trajectories of the hydride transfer reaction

catalyzed by liver alcohol dehydrogenase. On the left is the reaction distance (solid) and the ZrD distance (dashed). On the right are the

coordinate, where R and P indicate the reactant and product sides, . . A )
respectively. On the right are the four lowest vibrational adiabatic C (solid) and N (dashed) angles in the NABIADH ring, as defined

energies relative to the lowest grid point, where the occupied vibrational in Figure 7. The trajectories are those shown in Figure 8.

state is solid. The trajectories shown are the following: (a) productive, . . . . . "
no recrossings, no nonadiabatic transitions; (b) nonproductive, one tN€ System is trapped in the first excited state in the transition

forward and one backward crossing, no nonadiabatic transitions; (c) State region, leading to multiple recrossings of the dividing

productive, three forward and two backward crossings, two nonadiabatic surface.
transitions. Since the hydrogen nucleus is represented as a three-

dimensional vibrational wave function, the energies of the

motion of VAL-203 and THR-178 directsdoward G, through hydrogen vibrational states in Figure 8 may be compared to
steric interactions. When VAL-203 is replaced with alanine, the local harmonic bending and stretching modes of typicalHC
C, atoms of VAL-203 are no longer available for these steric bonds. For these three trajectories, in the region toward the
interactions, leading to a decrease in the rate of hydride transfer.reactant (between times20 and—10 fs), the average excitation

B. Nonequilibrium Dynamical Properties. As discussed in energies for the three excited vibrational states respectively are
section 1, we propagated an ensemble of real-time trajectories~1100, 1300, and 2200 crh The local harmonic frequencies
initiated at the transition state to investigate the nonequilibrium for typical C—H bond bending and stretching modes are 3400
dynamical aspects of the LADH reaction. The average length 1500 and 28062900 cnt?, respectively?® Our calculated
of time for each trajectory was50 fs. Figure 8 depicts three  frequencies are somewhat lower than these typical values due
representative real-time trajectories of the hydride transfer to anharmonicities excluded in the construction of the potential,
reaction: a productive trajectory that crosses the dividing surface coupling among the modes, and the proximity of other atoms
only once, a nonproductive trajectory that crosses the dividing in the system, particularly the acceptor carbon atom. Neverthe-
surface once in the forward and once in the backward direction, less, the calculated frequencies agree qualitatively with the
and a productive trajectory with three forward crossings and typical values obtained from a local harmonic treatment.
two backward crossings. The first two trajectories do not exhibit ~ Figure 9 depicts the time evolution of select distances and
any nonadiabatic transitions, while the third trajectory exhibits angles during the three trajectories shown in Figure 8. This
two nonadiabatic transitions near the dividing surface. The figure is consistent with Figure 6, which indicates that the
energiesy of the vibrational states are measured relative to the Cp—Ca distance, Zr-O distance, and NALYNADH angles
lowest energy grid point and thus provide an indication of the contribute to the reaction coordinate. For all three trajectories,
zero point energy. These energies decrease in the transition statthe G,—Ca distance is smallest in the transition state region.
region relative to the reactant and product regions due to greater-or the productive trajectory with no barrier recrossings, the
delocalization of the hydride wave function. In addition, the Zn—O distance increases monotonically in time (i.e., as the
excitation energies are considerably smaller in the transition statereaction progresses from reactants to products). In contrast, the
region than in the reactant and product regions, leading to aZn—0O distance exhibits a maximum in the transition state region
higher probability of nonadiabatic transitions in the transition for the nonproductive trajectory and exhibits small fluctuations
state region. Figure 8 illustrates that the first trajectory crosses (36) Pretsch. E.- Seibl. J.: Clerc, T.: Simon, Wables of Spectral Data

this transition state region quickly, while the other two fo Structure Determination of Organic Compoundsd ed.; Springer-
trajectories spend much more time there. In the third trajectory, Verlag: Berlin, 1983.

Figure 9. Real-time trajectories of the hydride transfer reaction
catalyzed by liver alcohol dehydrogenase. On the left are theCa
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(a) Cp—O distance has even exceeded its equilibrium distance due
ss ] to the localized character of this motion.
_ 361 A The transmission coefficients for hydrogen and deuterium
°$( 8.4 S were calculated from an ensemble of dynamical trajectories.
© s2r S The calculated values for hydrogen and deuterium were 0.947
‘32: F N\ ; and 0.983, respectively, with rms errors of 0.011 and 0.017,

respectively. Thus, the difference between the transmission
e T coefficients for hydrogen and deuterium is most likely statisti-
-200 -100 ©0 100 200 . . ..
A@ [keal/mol] cally meaningful. The values of nearly unity for the transmission
coefficients suggest that nonequilibrium dynamical effects such
——T T as recrossings of the dividing surface are not dominant for this
5 1 reaction. An inverse kinetic isotope effect of 0.96 is predicted

for the transmission coefficients, adjusting the transition state

2.6

T
1

< 1.4
o theory value ok2s,/K's; = 5.0+ 1.8 (given in section Il1A) to
(_')o 13 | 4.8 + 1.8, which is still in agreement with the experimental
value of 3.78+ 0.072
12 | .

) ) ) ) ) We have performed a detailed analysis of the ensemble of

-200 =100 0 100 200 trajectories to determine the physical basis for the calculated

_ _ A__[kc_a'/m"'] o transmission coefficients. The results of this analysis are

Figure 10. Comparison of equilibrium (dashed) and nonequilibrium  summarized in Table 1, which categorizes the trajectories into

(solid) values of distances as functions of the collective reaction gypsets. The set of hydrogen trajectories in the vibrational
coordinateA®: (a) G—Ca distance; (b) 6-O distance. ground state at time= 0 is dominated by productive trajectories

as it increases for the productive trajectory with barrier with no recrossings. This is evident from the large transmission

recrossings. The NADINADH ring angles exhibit the greatest coefficient (0.95) resulti_ng from this set c_>f tr_a}jectories_, as well
fluctuations for the productive trajectory with barrier recrossings. S from the large fraction (79%) and significant weight (2.9

Note that the two NAD/NADH angles fluctuate with different ~ compared to 0.54) of trajectories with only a single forward
frequencies. crossing of the dividing surface. Moreover, the recrossings in

Although the time evolution of geometrical properties for this subset .of tra}jectorigg, are cagsgd. by insufficient flux rat.her
individual trajectories provides mechanistic insight into the thannonadiabatic transitions. This is indicated by a comparison
reaction, averages over an ensemble of trajectories are require@f the trajectories with only one crossing and the trajectories
to determine the statistical significance of the conclusions. Figure With more than one crossing: the flux is significantly larger
10 depicts the nonequilibrium values of two select distances asfor the former (8.9 versus 2.4 nm/ps), but the number of
functions of the collective reaction coordinate. These data were Nonadiabatic transitions is similar for the two types of trajectories
obtained from 65 real-time MDQT trajectories propagated (0.13 and 0.12).
backward and forward from the transition state. Note that instead The set of hydrogen trajectories in the first excited vibrational
of averaging over all trajectories for each time step, the averagesstate at tim¢ = 0 has much lower average weight than the set
have been calculated within the same bins represented by then the ground state (0.023 compared to 2.4). This difference is
collective reaction coordinatA©@ as used for the free energy mainly due to the Boltzmann facteva" ensuring a canonical
profiles. In addition to avoiding difficulties with recrossing distribution at the dividing surface. This set of trajectories is
trajectories, this procedure allows a comparison between thesedominated by nonproductive trajectories, as indicated by the
nonegquilibrium values and the equilibrium values to provide fraction of nonproductive trajectories (63%) and the similar
an estimate of the time scales of specific motions. Figure 10 weights for all types of trajectories within this set. In this case,
indicates that both distances are still far from their equilibrium the recrossings are caused by trapping in the first excited
values at the ends of the shortj0 fs) real-time trajectories.  vibrational state, as indicated by the longer time spent in the
The G—C, distance has not yet reached its equilibrium distance coupling region for the trajectories with more than one crossing
due to the collective character of this motion. In contrast, the (15.2 and 18.1 fs) compared to those with only one forward

Table 1. Statistics of MDQT Trajectories of Hydrogen and Deuterium Isot®pes

hydrogen deuterium

vibrational state at time= 0 0 1 2 0 1
no. of crossings of dividing surface al =1 >2 all =1 >2 >2 all all all
trajectory productivity all all all all all non prod all all all
no. of trajectories in category 257 203 54 130 22 82 26 65 85 58
transmission coefi&] = « 095 1 0.00 0.26 1 0 0.40 0.98 0.99 0.39
(mo. of forward crossinds 1.00 1 1.00 1.70 1 1.52 3.31 1.01 1.00 1.88
(mo. of backward crossings 004 O 1.07 1.66 0 2.02 2.31 0.13 0.04 151
(fot. time of trajector{y, 45 45 55 53 46 55 58 47 49 54
{dime in coupling regiof® 8.3 8.0 17.6 14.6 9.9 15.2 18.1 10.3 8.5 15
(fot. time in state @} 0.9 0.9 1.1 25 15.6 28 24 10.8 3.7 24
{dime in coupling region, statelJJ° 0.0 0.0 0.0 13.3 6.7 13.9 20 15 0.3 12.7
[mo. of transitions from/into statejL 0.13 0.13 0.12 23 2.2 24 2.1 2.7 0.74 29
fluxd 7.9 8.9 24 2.8 20 2.0 6.3 6.9 7.6 2.7
average weiglit 2.4 2.9 0.54 0.023 0.023 0.022 0.024 0.008 2.1 0.007

2L is defined in eq 12° Units are fs for time and nm/ps for flug The coupling region is defined aA@(R)| < 62.75 kcal/mold Flux =
(SNreanysiR; - A;)/ (SR caysh). e Average weight= SN Ry A WS Ny,
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crossing (9.9 fs). The flux must be very large (average was 20. Table 2. Normalized Weighted Correlations between Geometrical
nm/ps) to avoid this trapping (i.e., to force the trajectory to cross Ef%pef“eg of the Transition State and the Quantity(Eq 13) for
the dividing surface only once). Note that the number of —Y2'99¢N

nonadiabatic transitions does not significantly influence recross- normalized
ings, as indicated by the similar number of nonadiabatic . : weighted
. . - L weighted  weighted  correlatiord
transitions for all types qf trajectories Wlth!n this ;et. The Iarger property average rmee (%)
number of nonproductive than productive trajectories with G dist 273 5.050 178
recrossings is due to the difference in the minimum number of ZIL;—OAdiSt 198 0.069 05
crossings required for these two types of trajectories (i.e., at c,—o dist 1.32 0.020 50
least two for nonproductive and at least three for productive). VAL-203 C,;—Ch dist 4.97 0.232 5.6
This trend is apparent from the longer time spent in the coupling VAL-203 C,1—NH4 dist 5.06 0.277 5.2
region for the productive trajectories (18.1 fs) than for the YAL-203 C1=Co dist 6.97 0.225 0.2
nonproductive trajectories (15.2 fs) with recrossings. Moreover, CN: NQBJNQB: 223:2 _28_532 3?_ 1365 711674

the average flux required for a productive trajectory is larger

(6.3 nm/ps) than the average flux for a nonproductive trajectory ~ *Atom names are given in Figure 1The weighted average for a
(2.0 nm/ps) quantityx is X4; see eq 12¢ [[x — X[4)?L4Y2 for a quantityx. 4 [{x —

: pS). . . ) )Y — DE)L([Mx — R)2LMy — [yLl)2)~Y2 for two quantites
The set of hydrogen trajectories in the second excited statex andy = &.

at timet = 0 behaves qualitatively similarly to the set in the
ground state at = 0. Due to the higher energy, the average This trend is verified by our observation that the transmission
weight of the set for the second excited state is somewhat lowercoefficient increases with barrier height (i.e., as the zero point
than the weight of the set for the first excited state. The second energy becomes lower relative to the barrier height). On the
excited state cannot trap the system in the transition state regiorbasis of this analysis, the larger transmission coefficient for
because, unlike the first excited state, the node of the vibrational deuterium than for hydrogen results from the smaller zero point
wave function is not normal to the doneacceptor axis. energy for deuterium (making it smaller relative to the barrier
The deuterium trajectories behave qualitatively similar to the height), which allows fewer barrier recrossings.
hydrogen trajectories. Due to the smaller splittings between the  We point out that, if the zero point energy were substantially
vibrational states, however, the deuterium trajectories exhibit below the barrier, the transmission coefficient would be expected
more nonadiabatic transitions than the hydrogen trajectories forto decrease with barrier height due to increasing probability of
all types of trajectories. As a result, the deuterium trajectories nonadiabatic transitions resulting from smaller splittings between
in the ground state at time= 0 spend more time in the first  vibrational states. Similarly, in this case the transmission
excited state than the corresponding hydrogen trajectories (3.7coefficient would be expected to be larger for hydrogen than
versus 0.9 fs), while their total times are comparable. Neverthe- for deuterium. This trend was not observed for this system since
less, the time spent in the first excited state while in the coupling the configurations corresponding to such high barrier heights
region is very small (0.3 fs) even for deuterium trajectories in were energetically inaccessible in this ensemble.
the ground state at = 0, so the nonadiabatic transitions Table 2 presents the normalized weighted correlations
generally occur too far away from the transition state to cause between the quantity used to determine the transmission
recrossings due to trapping in the first excited state. As for the coefficient « (as defined in eq 13) and select geometrical
hydrogen trajectories, this trapping in the first excited state properties at the transition state. To determine the statistical
causes a substantial number of recrossings for trajectories insignificance of these correlations, we calculated the normalized
the first excited state at= 0. The transmission coefficient for ~ weighted correlations betweénand fifty random distances in
these types of trajectories is larger for the deuterium trajectoriesthe system and found the rms of these correlations to be #.0%.
(0.39 versus 0.26) due to faster relaxation to the ground state,Only the G,—Ca distance (with a correlation of 17.8%) and
as evident from the larger number of nonadiabatic transitions the N NAD*/NADH ring angle (with a correlation of 10.4%)
(2.9 versus 2.3) and the shorter time in the first excited state are significantly correlated & Assuming a normal distribution,
while in the coupling region (12.7 versus 13.3 fs). the probability of obtaining a correlation af17.8% is 0.3%,
The larger transmission coefficient for the deuterium trajec- and the probability of obtaining a correlation10.4% is 8.3%.
tories in the ground state at= 0 may be understood in terms ~ The correlation between the;€Ca distance and is consistent
of the relation between the hydride potential barrier height along W!th the obse.rvatlon tha}t the transmission coeffluent increases
the donor-acceptor axis and the energy of the ground state With the hydride potential barrier height for this system. (The
hydrogen vibrational wave function. For simplicity, this relation Physical basis for this observation is discussed above.) A smaller
may be analyzed in terms of one-dimensional hydrogen Co—Ca dlstgnge leads toa smaller barrier and hence decreases
potentials and wave functions. If the zero point energy is close the transmission coefficient. On the other hand, a smaller
to the barrier, a small perturbation in the environment will cause Co—Ca distance will also contribute to a lower activation free
one of the two diabatic electronic potential energy surfags ( €Nergy, which enters the exponenkedr in the rate expression
or V) to become dominant in the region of the hydride potential (€9 10) and therefore generally dominates the overall rate.
spanned by the ground vibrational state. As a result, the system We emphasize that these results do not imply that the
will evolve to the reactant or product state quickly, making a geometrical properties uncorrelated wito not influence the
barrier recrossing very unlikely. As the zero point energy €nzyme activity. Although such geometrical properties do not
becomes larger relative to the barrier, both diabatic electronic influence the nonequilibrium dynamical (i.e., frictional) portion
surfaces will contribute significantly to the electronic ground ©f the reaction rate, they may greatly influence the activation
state in the region of the hydride potential spanned by the groundfree energy and therefore the transition state theory rate. For

vibrational state for a wider range of environmental configura- (37) Determined using 20 random bond lengths and the distances between

tions. As a result, the system will spend more time in the ;4 andom atoms and the donop,Gicceptor G, and secondary hydride
transition state region, making barrier recrossings more likely. NH, atoms.
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example, the distances between the VAL-203 and the reactiverecrossings. On the other hand, the activation free energy barrier
center, although not significantly correlated to the barrier decreases as the donor acceptor distance decreases. The overall
recrossings, still significantly impact the activation free energy, rate is determined by a competition between these two effects.

as indicated in Figure 6. Since the free energy barrier generally dominates in the rate
) expression, the overall rate increases as the deswreptor
IV. Conclusions distance decreases.

This paper presented real-time dynamical simulations of the ~ This analysis also provided insight into the experimental
hydride transfer reaction catalyzed by liver alcohol dehydro- observation that the enzyme activity decreases when VAL-203
genase. These calculations were performed with a new hybridis substituted by the smaller residue alarfind/e found that
approach for the inclusion of nuclear quantum effects such asthe distance between VAL-203 and the reactive center signifi-
zero point energy and hydrogen tunneling into real-time cantly impacts the activation free energy but is not correlated
dynamical simulations of enzyme reactich§he adiabatic to the degree of barrier recrossing. Thus, this effect on the
electronic quantum effects of broken and formed bonds are €nzyme activity is due to the alteration of the equilibrium free
modeled by an empirical valence bond (EVB) potential. This €nergy difference between the transition state and the reactant
potential requires only two adjustable parameters which have rather than nonequilibrium dynamical factors. Our results
been fit to the experimental free energies of activation and indicate that the motion of the acceptor carbon away from VAL-
reaction. The adiabatic and nonadiabatic nuclear quantum effects203 and toward the donor carbon is a critical component of the
of the transferring hydrogen are included with a mixed quantum/ reaction coordinate. These simulations also suggest that the
classical approach that represents the transferring hydrogenmotion of VAL-203 and THR-178 directs the acceptor carbon
nucleus by a three-dimensional wave function. The dynamical toward the donor carbon through steric interactions involving
motion of the complete solvated enzyme is included in these the C, atoms of VAL-203. When VAL-203 is replaced with
calculations. alanine, the Catoms of VAL-203 are no longer available for

The kinetic isotope effects (KIE) for the transfer of hydrogen, these steric interactions, leading to a decrease in the rate of
deuterium and tritium were calculated from these simulations. hydride transfer. A more detailed analysis of the effects of this
The equilibrium transition state theory KIE values were Mmutation will be provided by future simulations on the mutant
determined from the adiabatic quantum free energy profiles, LADH enzyme.
which include the free energy of the zero point motion for the ~ To summarize, this investigation provides further insight into

transferring nucleus. These KIEs were predicted tok@ several aspects of the LADH-catalyzed hydride transfer reaction.

k'l?ST =50+ 1.8 andk?ST/k%T =244 0.8. These values are  Nonequilibrium dynamical effects such as barrier recrossings

in agreement with the experimental values kﬁi,{kg — were found to be nearly negligible. Nevertheless, links between
Xp

3.78 % 0.07andk’ ;/kl = 1.89+ 0.01. The nonequilibrium the geometrical properties of the enzyme and nonequilibrium
. : sif Kexp . .01. ; ; o o )
dynamical effects were determined by calculating the transmis- gygamlcalt effechs vyerti |dde;nt|flgd. Iln ad?tl]tlog, ewdentce of
sion coefficients with a reactive flux scheme based on real- "YArogen wnneling in the direction along the donacceptor
time molecular dynamics with quantum transitions (MDQT) axis was obtqlned._ Seve_ral promoting motions were |d_ent|f|ed
trajectories. The transmission coefficients, which indicate the and characterized, including the doraxcceptor, catalytic zine

degree of dynamical barrier recrossing, were calculated to besubstrate oxygen, NAt_jNADH fing, and VAL'ZQ?’ motions.
0.947 for hydrogen and 0.983 for deuterium. The values of (Here promoting motions re_fer to systematic changes n
nearly unity for these transmission coefficients imply that thermally averaged geometrical properties as the reaction
nonequilibrium dynamical effects such as barrier recrossings evo[ves from the reactant to the transition s.tate.) These average
are not dominant for this reaction. A statistical analysis of the Motions occur on the time scale of the hydride transfer reaction

ensemble of MDQT trajectories provided insight into the (i.e., tens of millisecond8). Furthermore, the catalytic role of

physical basis for the calculated transmission coefficients. The steric interactionls i.r;vol\aing VAL-203, THR-178, and the

inclusion of nonequilibrium dynamical effects adjusted the coenzyme vyas eluc ate.. ) ) )

deuterium KIE slightly downward tdag'y,/k(?yn =48+ 1.8. . The .hybr|d apprpach implemented in this paper prowcjes
A statistical analysis of both equilibrium and nonequilibrium insight into the relation between enzyme dynamics and function.

simulations was performed to determine the relation between In pa_rt_icular,_ this approach allows the analy_sis .Of the impact of
specific enzyme motions and the enzyme activity. The analysis speglflc motions of the enzyme on the activation frge energy
of the equilibrium simulations provided an indication of which barner. a“?' on the degree of barrlc'—zlr recrossing. This .typ('a of
geometrical properties impact the activation free energy barrier. anaIyS|_s distinguishes between _equmbrlum and nonequmbrlu_m
The donor-acceptor distance, the catalytic zirgubstrate dy_na_mlcal factors and thus eIu_mdates the fundamentgl physical
oxygen distance, and the NAINADH out-of-plane ring angles prlnc.lples of enzyme mechanls.ms..Fu.rthermpre, as |Ilystrated
were found to strongly impact the activation free energy barrier. n th|§ paper, th's_ approa_ch will aid in the |dgnt|f|cat|on of
The analysis of the nonequilibrium dynamical trajectories Mutation sites for influencing the enzyme activity.

provided an indication of which geometrical properties impact
the transmission coefficient (i.e., were correlated to the degree
of dynamical recrossing of the barrier). The donacceptor
distance and one of the NATINADH angles were found to be
correlated to the degree of barrier recrossing.

The effect of the doneracceptor distance on the rate is JA011384B
particularly complex since it impacts both the activation free
energy barrier and the transmission coefficient. As the denor __(38) Ramaswamy, S.; Eklund, H.; Plapp, B. Biochemistryl994 33,
acceptor distance decreases, the transmission coefficient de-"(39) shearer, G. L.; Kim, K.; Lee, K. M.; Wang, C. K.; Plapp, B. V.
creases due to the decreased barrier, which leads to more barrieBiochemistry1993 32, 11186.
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