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Abstract: The dynamical behavior and the temperature dependence of the kinetic isotope effects (KIEs)
are examined for the proton-coupled electron transfer reaction catalyzed by the enzyme soybean
lipoxygenase. The calculations are based on a vibronically nonadiabatic formulation that includes the
guantum mechanical effects of the active electrons and the transferring proton, as well as the motions of
all atoms in the complete solvated enzyme system. The rate constant is represented by the time integral
of a probability flux correlation function that depends on the vibronic coupling and on time correlation functions
of the energy gap and the proton donor—acceptor mode, which can be calculated from classical molecular
dynamics simulations of the entire system. The dynamical behavior of the probability flux correlation function
is dominated by the equilibrium protein and solvent motions and is not significantly influenced by the proton
donor—acceptor motion. The magnitude of the overall rate is strongly influenced by the proton donor—
acceptor frequency, the vibronic coupling, and the protein/solvent reorganization energy. The calculations
reproduce the experimentally observed magnitude and temperature dependence of the KIE for the soybean
lipoxygenase reaction without fitting any parameters directly to the experimental kinetic data. The temperature
dependence of the KIE is determined predominantly by the proton donor—acceptor frequency and the
distance dependence of the vibronic couplings for hydrogen and deuterium. The ratio of the overlaps of
the hydrogen and deuterium vibrational wavefunctions strongly impacts the magnitude of the KIE but does
not significantly influence its temperature dependence. For this enzyme reaction, the large magnitude of
the KIE arises mainly from the dominance of tunneling between the ground vibronic states and the relatively
large ratio of the overlaps between the corresponding hydrogen and deuterium vibrational wavefunctions.
The weak temperature dependence of the KIE is due in part to the dominance of the local component of

the proton donor—acceptor motion.

I. Introduction

Lipoxygenase is a non-heme iron metalloenzyme that cata-
lyzes the oxidation of unsaturated fatty acids. The human form
is medically significant because it assists in the production of
leukotrienes and lipoxins, which play a role in immune
responsé.Moreover, the inhibition of lipoxygenase has been
found to aid in the prevention of cance® Kinetic studies have
been conducted for human lipoxygerfasand soybean lipoxy-
genase-1 (SLGY with linoleic acid, the natural substrate for
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SLO. High-resolution crystal structures have been solved for
SLO011|n addition, a number of mutants of SLO have been
studied experimentall§12

The hydrogen abstraction step of the reaction catalyzed by
SLO is depicted in Figure 1. In this step of the catalytic reaction,
the proS hydrogen from the C11 carbon of the linoleic acid
substrate is abstracted by the Fe(lll)-OH cofactor to form a
radical intermediate substrate and Fe(ll)-O8ubsequently, the
radical form of the linoleic acid reacts with dioxygen to
ultimately form hydroperoxyoctadecadienoic acid and the ferric
form of the iron cofactor. Quantum mechanical calculatiéns
suggest that the hydrogen abstraction step occurs by a proton-
coupled electron transfer (PCET) mechanism, in which the
electron transfers from the-system of the substrate to the iron
of the cofactor, while the proton transfers from the C11 carbon
of the substrate to the hydroxyl ligand of the cofactor. Moreover,
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HC—Fe(lll)

H,0—Fe(ll)

Figure 1. Hydrogen abstraction step of the reaction catalyzed by soybean lipoxygenase with its natural substrate linoleic acid. In this step, a hydrogen is
abstracted from the linoleic acid to the iron cofactor.

analysis of the thermodynamic properties of the single proton nonadiabatic and illustrated that the proton deracceptor
transfer and electron transfer reactions, as well as the concertednotion plays a vital role in facilitating the hydrogen tunneling
PCET mechanism, indicates that the single proton transfer andprocess. On the other hand, this previous study neglected the
electron transfer reactions are highly endothermic, whereas theexplicit enzyme environment and all dynamical effects.
PCET reaction is exothermfc:* Thus, the electron and proton In this paper, we examine the dynamical aspects of the SLO
transfer simultaneously to avoid the high-energy intermediates. reaction with a vibronically nonadiabatic molecular dynamics
Klinman and co-workers determined that the hydrogen method including an explicit enzyme environment. In this
abstraction step in the SLO reaction is rate limiting above approach, the vibronically nonadiabatic rate constant is repre-
32 °C® The deuterium kinetic isotope effect (KIE) of this sented by the time integral of the probability flux correlation
reaction was observed to be unusually high, with a value of 81 function, which is expressed in terms of the vibronic coupling,
at room temperaturg®15-17 and the temperature dependences the average energy gap and proton deramceptor distance,
of the rates and KIEs were found to be relatively weak. and the time correlation functions of the energy gap and the
Moreover, human lipoxygenase was observed to behave simi-proton donof-acceptor distanc&-3° This method accounts for
larly.87 This behavior was interpreted to indicate that hydrogen the dynamical correlation between the proton deraceptor
tunneling, as well as a vibrational promoting mode, play motion and the nonadiabatic transitions between the reactant
important roles in these enzymatic reactié#$These intriguing and product vibronic states. Previously this approach was applied
results have stimulated extensive theoretical activity. to model PCET reactions in soluti8h3°but it has not yet been
The SLO reaction has been studied with density functional @pplied to PCET in an enzyme. Here we test the underlying
theory318-20 and various quantum/classical approadidé172:27 assumptions of this formulation for an enzymatic system and
Most of these theoretical studies were based on simple modelsStudy the dynamical behavior of the protein, substrate, and
and did not include the explicit enzyme environment. An cofactor. We also investigate the physical basis for the
exception is the work of Warshel and co-work&¥38in which experimentally observed magnitude and temperature dependence
the explicit enzyme environment was represented by an Of the KIEs for this enzyme reaction.
electronically adiabatic empirical valence bond (EVB) potential, ~ An outline of the paper is as follows. In section I, we describe
and nuclear quantum effects were included with path integral the theoretical formulation for vibronically nonadiabatic PCET
methods. This previous work reproduced the magnitude but not'eactions and the methodology used for the molecular dynamics
the temperature dependence of the experimentally measuredimulations. Section Il presents the results, including the
KIE. Our vibronically nonadiabatic treatment of this reaction Validation of linear response theory for this system, the analysis
with an EVB potential and a dielectric continuum representation Of the time correlation functions for the protein and proton
of the enzyme environment resulted in the experimentally donor-acceptor motions, and the analysis of the magnitude and
observed magnitude and temperature dependence of the rate¢mperature dependence of the KIEs. In section IV, we
and KIE1 The vibronically nonadiabatic treatment is applicable Summarize the main findings of this study and discuss potential
to systems for which the vibronic coupling, which can be future directions.
approximated as the product of an electronic coupling anql the II. Theory and Methods
overlap between the reactant and product hydrogen vibrational
wavefunctions, is less than the thermal energy. Our previous
calculations indicated that the SLO reaction is vibronically

A. Theoretical Formulation. A variety of theoretical ap-
proaches have been developed to study PCET reacfiofls.
In this paper, we apply a vibronically nonadiabatic dynamical
formulation for PCET reactio&to the SLO reaction. In this
formulation, the active electrons and transferring proton are
treated quantum mechanically, and the PCET reaction is
described in terms of nonadiabatic transitions between pairs of
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reactant and product mixed electrgproton vibronic states. The  simulations on the reactant vibronic surface with an uncon-
nonadiabatic rate constant is expressed as the time integral oftrainedR-coordinate. The average energy gapland the time

the probability flux correlation function: correlation functiorC,(t) are calculated from classical molecular
1 dynamics simulations on the reactant vibronic surface with the
— i R-coordinate constrained ®= R. The energy gap is calculated
k=3P, ) — t) dt 1
z " z 2 f J’”() @) for each time step using a two-state EVB model representing

the reactant and product vibronic surfaces.

where the summations are over the reactant and product vibronic To investigate the temperature dependence of the KIEs, we
statesP, is the Boltzmann probability for the reactant state invoke two additional approximations that have been shown to
and j,,(t) is the probability flux correlation function for the  be valid for the SLO reaction. The first approximation relies
reactant/product pair of vibronic states. on the observation that only the initial value of the energy gap

The nonadiabatic coupliny,, between the reactant and correlation function impacts the rate, so the solvent damping
product vibronic states is strongly influenced by the proton term becomes a Gaussian:
donor-acceptor distanc®. This coupling can often be ap-

. 1 t T
proximated as F.() = exp{ g Jodry [ dr,Co(ry — rz)}
~ \/¢€l
V#V(R) ~V Suv(R) (2) N ex% B @82[1’2} (6)
where V¢ is a constant effective electronic coupling and 2h?

S.(R) is the overlap between the reactant and product proton
vibrational wavefunctions at distan&e In the region about the
equilibrium value of theR-coordinate, this coupling can be
approximated to be of the foAh

In linear response theory, the reorganization enérgyn be
expressed in terms of the varian@z?as

1= rran
(R-R) (3) 2T

whereR, is the equilibrium value of th&coordinate on the ~ Whereks is the Boltzmann constant. The second approximation
reactant surface and gﬂov) — %v(ﬁu)- Note that the nonadia-  '€lies on the representation Gk(t) by _the standard_ analytical _
batic coupling reflects the quantum mechanical behavior of the XPression for an undamped classical mechanical harmonic
transferring proton. oscillator:

We derived an expression for the probability flux correlation
function using linear response theory in conjunction with the Cy(t) =
form of the coupling given in eq %.In this case, the probability
flux correlation function is expressed as

V(R ~ VIS expl-c, @

m/

8

whereQ is the harmonic oscillator frequency aktiis the mass.
We have also derived the analogous equations based on the
representation oCg(t) by the standard analytical expression
for an undamped quantum mechanical harmonic oscillator. The
i o equations and results are provided in Supporting Information
exp{ - FTZ j; dr, 0 dz,C,(7, — Tz)} (4) and are qualitatively similar to the results obtained using eq 8.
The overall rate constant can be calculated by numerically
Whereg/w is the energy gap (| e., the difference between the lntegratlng the time |ntegral of the probablllty flux correlation

0 = VS0P exr{f—lrémtﬂ] exp{02,[CH(0) + Celt]} x

energies of the reactant statend the product staté for R = function using the approximations in egs 6 and 8. Alternatively,
R,, the time correlation functions are defined as to avoid the numerical integration, we can expand the expression
' in eq 8 in a Taylor series to second order in time and analytically
C.(t) = [9¢,,(0) o¢,,, ()T integrate the time integral of the resulting probability flux
correlation function. This procedure leads to the rate expression
C(t) = [OR(0) OR(t)OI (5)
VISR [2KeTor, .
wherede,, (t) = eu(t) — B, 0andoR(t) = R(t) — R0 and the k= ZP“ z ex x
angular brackets indicate averaging on the reactant vibronic T 9 h MQ? (A + A kT
surface. Here we have omitted terms involving the derivative °
of the energy gap with respect Bbecause these terms have exdl — (AG®+4+ AE/”) 9)

been shown to be negligible. This formulation of the rate 40+ A kg T

expression is similar to that previously derived for vibrationally

nonadiabatic proton transfer reactions occurring on a single wherel, = hZa /2M, AG® is the driving force, and\e,,, is

adiabatic electronic surfacé.*? the difference between the product and reactant vibronic energy
The input quantities for the probability flux correlation

function given in eq 4 can be calculated with classical molecular (383 gg;g;g: B:g h‘)“,%e § Jf'%‘.eévhé-m‘.:*;eh";-ﬂ';gylséhfg%i%%?}gzz&lg)‘26~

dynamics simulations of the system on the reactant vibronic (40) Suarez, A.; Silbey, Rl. Chem. Phys1991, 94, 4809-4816.

) em.
surface. The time correlation funCtICﬁ)R(t) and the average (41) Trakhtenberg, L. I.; Klochikhin, V. L.; Pshezhetsky, S.Ghem. Phys.
)

1982 69, 121-134.
value R are calculated from classical molecular dynamics (42) Kiefer, P. M.; Hynes, J. TSolid State lonic2004 168, 219.
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levels relative to the ground states. Here we have used the lineaThese quantities can be estimated from one-dimensional nuclear
response relatiodJ= AG® + A1 and the expression for the  wavefunctions for Morse potentials corresponding teHCand
reorganization energy in eq 7. The derivation of eq 9 also O—H vibrational modes. The standard expression for the Morse
assumes that the time correlation functions forRaeoordinate potential is given by

and the energy gap (i.e., the reorganization energy) are the same
for all vibronic states. This rate expression is similar to the
Marcus theory expression for electron transfer except for the

Eyy = DXY(e_ZﬁXY(RXY_R;Y) _ ze—ﬁXY(RXY—R;Y )) (13)

factor of eXp[?kBTaiV/MQZ], the term4, in the two denomi-
nators, and the inclusion of the overlap factor in the vibronic
coupling.

If we make one additional approximation, we can obtain a
remarkably simple, approximate expression for the KIE, which

The values foiDcy andDop were determined to be 77 and 82
kcal/mol, respectively, on the basis of the bond dissociation
energieg:*344The values fopcy andfon were determined to
be 2.068 and 2.442 &, respectively, to reproduce the typical
experimentally measured-H and O-H frequencies of 2900

is the ratio of the rate constants for hydrogen transfer and and 3500 cm*.*>The values foRe,, andRe,, were determined

deuterium transfer. As will be shown below, tRecoordinate

to be 1.09 and 0.96 A, respectively, from the experimentally

probability flux correlation function decay for the SLO reaction,
so we can invoke the approximation tiga(t) ~ Cg(0). In this
case, theR-coordinate term in eq 4 can be simplified to be

Fr(t) = exp{o;,[Cx(0) + Cr(O]} ~ exp{ 2a;,C(0)}  (10)

values used in our previous stutflyThe hydrogen and deuterium
vibrational wavefunctions for the Morse potentials are calculated
analytically*® The overlaps between the reactant and product
wavefunctions are calculated numerically, and ¢theand op
parameters are calculated with the finite difference method using
the relationa. = d In SdR for the equilibrium valueR. The

Using the approximations in egs 6, 8, and 10, the time integral values of the overlaps and the; and op parameters can be

of the probability flux can be integrated analytically to give
the rate expression

VESOP [2keToq| [
k= ZPﬂ z — ex x
- 4 Hh MQ? |y AkgT
(AG® + 1 + A¢,,)?
exp — - (11)
Ak T

This rate expression is similar to the Marcus theory expression

for electron transfer except for the factor of exin{]!ajleQZ]
and the inclusion of the overlap factor in the vibronic coupling.
It differs from eq 9 by the absence of the tedgin the two
denominators.

The rate expression in eq 11 leads to a relatively simple
expression for the KIE because only the first two factors depend

on the isotope. If we consider only the nonadiabatic transition

between the two ground states, the KIE can be approximated

as

2
ISHI2 B aé)}
Sl

whereS; andS; are the overlaps of the hydrogen and deuterium
wavefunctions, respectively, andy and op represent the
exponential dependence of this overlapRfor hydrogen and
deuterium, respectively. Note that the quantiyT/MQ? =
Cr(0) = [0R?(and can be calculated directly from the molecular
dynamics simulations. Similarly, the reorganization enetgy
given by eq 7 and the quantityG° + 1 = — [¢[can also be
calculated directly from the molecular dynamics simulations.
The simplified expression for the KIE given in eq 12 provides

2kBT
v Qz(otﬁ

KIE ~ ex (12)

calculated in this manner for both ground and excited vibrational
states. FOR = 2.87 A, we found thaty; = 22.74 K%, ap =
32.84 A1 5, =13.87x 10°% andS = 3.37 x 1077 for the
ground states.

We investigated the sensitivity of the magnitude and tem-
perature dependence of the KIE on the Morse potential
parameters and the equilibrium valReIn general, we found
that the results did not change qualitatively when the Morse
potential parameters were varied within physically reasonable
ranges. The equilibrium valuR strongly impacts the overlaps
S andSs but only weakly influences they andop parameters
within a physically reasonable range of tReoordinate. Based
on eq 12, this analysis indicates that the temperature dependence
of the KIE is not significantly influenced byR, but the
magnitude of the KIE is strongly impacted By These trends
are quantified by a table provided in the Supporting Information.
For the calculations in this paper, the equilibrium vaRias
not a free parameter but rather was obtained directly from the
molecular dynamics simulations.

A PCET reaction is vibronically nonadiabatic when the
vibronic coupling is significantly less than the thermal energy
ksT. In this reaction, the electron is transferring from the
system of the substrate to the iron of the cofactor. On the basis
of the approximate expression for the vibronic coupling in eq
2 and the calculated value ef107° for the overlap, the
electronic coupling is expected to be well below the value
required for vibronic nonadiabaticity at room temperature. Thus,
our calculations indicate that this PCET reaction is vibronically
nonadiabatic.

B. Molecular Dynamics Simulations. We used an X-ray
crystallographic structure of soybean lipoxygenase-1 (PDB code
1YGE)X for the initial coordinates in our simulations. The
linoleic acid substrate was inserted into the substrate cavity of

insight into the magnitude and temperature dependence of thethe crystal structure using the AutoDock 3.0.5 docking pro-

KIE for the lipoxygenase system. The effects of excited vibronic
states can be included by summing over these states in eq 1
In order to calculate the rates and KIEs, the overlaps of
hydrogen and deuterium wavefunctior$, and &, and the
vibronic coupling parametersy andop, must be calculated.
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Iron cofactor (right) of lipoxygenase and the substrate linoleic

Figure 2.
acid (left). The transferring hydrogen is identified with an asterisk.

gram?#” The initial conformation of the linoleic acid was chosen
on the basis of the lowest energy conformation of 250 different
conformations. The starting conformations of the iron cofactor
and linoleic acid substrate are depicted in Figure 2. The
protonation states of the residues within the protein were
calculated according to the PoisseBoltzmann method using
the H++ databasé®4°Subsequently, we replaced a peripheral
water with a sodium cation to neutralize the overall charge of

and 180, and the force constants were set to 125 kcal/mol
rack. The Fe-O—H angle for the hydroxyl ligand was repre-
sented by a harmonic potential with the equilibrium angle of
126 and a force constant of 100 kcal/m@c?, similar to the
parameters used previously for a Z8—H angle®® The
Fe—O—C angle for the 11839 ligand was represented by a
harmonic potential with an equilibrium angle of £2hd a force
constant of 70 kcal/mefacf, similar to the values used
previously for an iron transferrin systeth.

The simulations were performed with a modified version of
DLPROTEIN®? that includes the EVB method. A two-state
EVB model for the system was used to calculate the energy
gap between the reactant and product states. The transferring
electron and proton are localized on the linoleic acid substrate
in the reactant and on the iron cofactor in the product. A two-
state EVB model is applicable for this system because the
intermediate diabatic PCET states, in which only the electron
or only the proton has transferred, are much higher in energy
than the reactant and product states. The modified AMBER force
field is used to describe both EVB states. To account for the
difference in the zero of energy for the two potential energy
surfaces, a constant energy shifts added to the product state
potential. As described below, the value/ofs determined by
linear response theory relations.

We emphasize that this solvated enzyme system includes
~52 000 atoms and that all of these atoms are moving in our
molecular dynamics simulations. In other words, we are not
freezing any part of the system. The Ewald mefodas used
to treat long-range electrostatic interactions. The classical

the system. The protein and substrate were centered in aequations of motion were integrated with the velocity Verlet

truncated octahedral periodic box with dimensions 13% A
139 A x 139 A and were solvated with 12 772 explicit
TIP3P-52 water molecules.

algorithnf® on the reactant vibronic surface with a time step of
1 fs. All bond lengths involving hydrogen atoms were con-
strained with the SHAKE algorithr#?. Both the NPT and the

The potential energy surface used for the molecular dynamicsNVT simulations were performed with Noséloover thermo-

simulations is based on the AMBER99 force fiéfdwe used
the RESP methdd to determine the partial charges of the

stats?364
The system was carefully equilibrated prior to data collection.

neutral (reactant) and the radical (product) forms of linoleic acid. Tq avoid dissociation of the linoleic acid substrate, the distance
For this purpose, the structure of linoleic acid was optimized peanyeen the C11 carbon of the linoleic acid and the oxygen
using density functional theory at the B3LYP/6-31G** level, atom of the hydroxyl ligand of the iron cofactor was constrained
and the partial atomic charges were calculated for the reactanty 3.2 A which is approximately the sum of the van der Waals
and product forms at the MP2/6-31G* level. All of these 4 of carbon and oxygen, during the equilibration procedure.
electronic structure calculations were performed with Gaussi- |y the first step of equilibration, a minimization of the entire
an03? The Fe-ligand bonds and liganeFe-ligand angles in system was performed. In the second step, molecular dynamics
the iron cofactor were represented by harmonic potentials. For gjmy|ations were propagated for 50 ps at 100, 200, and 300 K
the Fe-ligand bonds, the equilibrium distances were set to the \ith an NPT ensemble. The NPT ensemble was used to relax
distances optimized previously with DFT calculatiéfand the the volume of the box and to avoid vacuum bubbles in the
force constants were obtained from experimental studies of soyent. In the third step of the equilibration procedure, the
model iron systems: For the ligand-Fe-ligand angles, the  mojecular dynamics simulations were propagated for 100 ps
equilibrium angles were set to the octahedral positions 6f 90 \with an NVT ensemble at 300 K. The root-mean-square
deviation of the backbone of the protein after equilibration was
calculated to be 1.48 &
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A final preparation step was performed after this equilibration transferring hydrogen because this hydrogen nucleus behaves
procedure. For this step and the data collection, the constraintqguantum mechanically. We tested for convergence by comparing
between the C11 carbon of the linoleic acid and the oxygen the results for two halves of the 50 ps molecular dynamics
from the hydroxyl ligand was released, and a weak harmonic simulation and found that the average energy gap differed by
angle restraint was applied to the correspondirgH=-O angle only ~2%. We also compared the results for two independent
to ensure sampling of the region of phase space relevant t025 ps molecular dynamics simulations and found that the
hydrogen abstraction. This angle restraint was represented byaverage energy gap differed by onty5% for these two
an equilibrium angle of 180and a force constant of 10 kcal/  independent simulations.
mol-rac?. The final preparation step was required because we  Qur analysis indicates that the duration of these simulations
found that the substrate dissociated during the data collectionijs sufficient for studying the PCET reaction. Since the time
procedure, which requires at least 100 ps of sampling. Therefore,correlation functions of the energy gap and ®Reoordinate
an initial molecular dynamics simulation was propagated for decay in less than 1 ps, and the probability flux correlation
50 ps at 303 K to provide an estimate of the average distancefunction decays in less than 10 fs, these simulations should
between the C11 carbon of the linoleic acid and the iron of the capture the motions on the relevant time scale for the PCET
cofactor. This distance was subsequently constrained to itSreaction. As mentioned above, we also tested the convergence
average value of 4.4 A to avoid dissociation of the substrate by comparing the results from separate portions of the data and
but still enable the sampling of the proton doracceptor  independent trajectories. On the other hand, these simulations
distance through vibrational motions of the oxygen and libra- are short relative to larger conformational changes of the protein.
tional motions of the entire substrate and cofactor. This Such conformational changes of the protein may be involved
procedure could be viewed as providing an associated reactivein the formation of the associated reactive complex. The protein
complex that would be formed on a much slower time scale was crystallized in the absence of the linoleic substrate, and
than can be sampled with computer simulations. we determined the initial substrate configuration from docking

The first stage of data collection involved molecular dynamics simulations followed by equilibration of the entire system. In
simulations on the reactant vibronic surface with an uncon- general, these types of simulations may not capture the slower
strainedR-coordinate (i.e., without a constraint between the C11 conformational changes induced by substrate binding.
carbon of the linoleic acid and the oxygen of the hydroxyl group  The overall rate constant is obtained by summing over the
of the iron cofactor). We sampled the entire system for 100 ps contributions from all pairs of reactant and product vibronic
at 303 K. The average proton dorecceptor distance was  states. The probability flux correlation function can be deter-
determined to b&® = 2.87 A. We also calculated the variance mined for any pair of reactant and product vibronic states by
of the proton donoracceptor mode coordinate to B(0) = calculating the overlaps andy and ap parameters for the
[BR’0= 0.00406 R. Using eq 8, the quantitMQ? was corresponding vibrational states of the Morse potentials, as well
determined directly from this variance, and the effective as the relevant vibrational energy level splittings,,. This
frequencyQ was determined from the time dependence of the procedure is based on the approximation that the time correlation
R-coordinate ternfrx(t) on the time scale of the probability flux  functions for theR-coordinate and the energy gap (i.e., the
correlation function decay. Note that the effective mass and reorganization energy) do not Change Significant]y for the
frequency of the proton doneiacceptor mode are determined different vibronic states. For the SLO reaction, we found that
directly and uniquely from the molecular dynamics simulations, the rates and KIEs are converged by including contributions

thereby avoiding the arbitrary choice of mass and frequency. from the ground and first excited vibronic states for the reactant
We tested for convergence by calculating the basic quantities and the product.

for two halves of the molecular dynamics data and found that
the average proton doneacceptor distance differed by less 1ll. Results and Discussion
than 0.01 A and the variance differed by 0.0003fdr the two
portions of the data.

The second stage of data collection involved molecular

A. Validation of Linear Response Theory. We test the
validity of the linear response approximation for this system

dynamics simulations on the reactant vibronic surface with the by analyzing the_ener_gy gap calculations obtamed_ frqm _the
molecular dynamics simulations. The energy gap distribution

proton donof-acceptor distance constrained to the average function P(s) is calculated by binning the ener ao values
distance determined in the first stage. We sampled the system y 9 gy 9ap

. . over 100 bins in the range from20 to —70 kcal/mol. The
for 50 ps at 303 K durlng this stage._We calcglated the averageenergy gap distribution functio®(e), which is shown in Figure
energy ga;ﬁym,[and.the tlme correlation functlo.n of t.he ENCIYY 34, resembles a Gaussian distribution with the centeratz(]
9apCe(1) fo use as input into the rate expression given gbove. an;j the width determined by the variance of the energy gap
The energy gap bgtween the reactant and product VIbI‘.OHIC state?aSZD The free energy calculated from the energy gap distribu-’
was calculated with a two-state EVB model._ Ateach time st(_ep, tion function is depicted in Figure 3b. In the linear response
the product energy was calculated by moving the transferring regime, the free energy curve is a parabola with minirism
hydrogen, H*, to the acceptor oxygen in the#8—H plane, '

= 2 1
with an O-H* distance of 0.9572 A and an HO—H angle ag:jmgzriiefr:g r(;?(;irnlfhacr:TJrve fl:gx%rfegr :—:se oilzréiizzrr]dlirs]galso
of 104.5. The energy gap,, was calculated as the difference 9y P Y

between the energies of the reactant and product S,[a,[esdeplcted in Figure 3b. The agreement between this harmonic

- . . . . . . free energy curve and the free energy curve calculated from
excluding the bonding interactions directly involving the S : . C
the molecular dynamics simulations provides validation for the

linear response approximation for this system. Note that a
complete validation of the linear response approximation

(65) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14, 33—
38.

192 J. AM. CHEM. SOC. = VOL. 129, NO. 1, 2007



Proton-Coupled ET in Soybean Lipoxygenase ARTICLES

0.04

= 0.004 |- -
53 ]
£ «— 0.003 =
g2 < i
< = 0.002 -
Q S r 1
O 4 O 0,001 -
| or
70 60 50 -40 -30 -20 oootb—— L o+ 11
€ (kcal/mol) ] 0.25 0.5 0.75 1

Figure 3. (a) Energy gap distribution functid?(¢) and (b) the free energy time (ps)

curve calculated from this distribution function usir®(e) = —ksT Figure 4. Time correlation functions of (a) the energy gap and (b) the
In[P(e)] (solid) and from the linear response approximation of a parabola R_coordinate.
with minimum (20and force constarfharm = ks T/[de20(dashed).

(@)

requires the product free energy curve to be harmonic with the 121 .
same frequency. Since the product state is defined to be a local 10l ]
perturbation of the reactant state, this criterion is expected to _ 8L ]
be satisfied as well. = 6L ]

Within the framework of linear response theory, the reorga- oL ]
nization energy can be expressed in terms of the variah@el oL b

according to eq 7, and the average energy gap can be related to
the driving forceAG® and the reorganization energyasz[=
—(AG® + 1). Since we have illustrated the validity of linear
response theory for this system, we can use these relations to
determine the constant energy shifbetween the reactant and
product state potential energy surfaces. The free energy of
reaction, AG°, was estimated to be5.4 kcal/mol for the SLO
system on the basis of experimental ddtéihe average energy
gap and the variance of the energy gap were calculated from
the molecular dynamics simulations to Bél= —A — 44.96
kcal/mol andd2= 47.17 (kcal/moB, respectively. Using the
linear response theory relations given above, we determine thatFigure 5. Normalized spectral density corresponding to Gajt) and

A = —11 kcal/mol. The reorganization energy is calculated from Sb) /CQ(JD' /Thz ”%’;‘;’Ziﬂe Sspegg‘:‘;l ‘(jj‘;’;;'ity IS i:eggsjla?fg)fr:m

the mo_Ie_cuIar dynamics simulations to;_be: 39 kC&l/mo'_‘ Oljlr trg(g) ftiom(ew) (c:l)orrtle)ziation functior? using thetyc;)e)zlatioﬁ:(t) = 8lnp
analysis indicates that18 kcal/mol of this total reorganization  3(,)/ cosgt) do.

energy is due to reorganization of the iron cofactor.

B. Time Correlation Functions for Protein and Proton this probability flux correlation function over time. As illustrated
Donor—Acceptor Motions. The time correlation functions  in Figure 6a, the probability flux correlation function decays
C.(t) andCx(t) for the energy gap arfé-coordinate, respectively,  quickly, in ~10 fs. The probability flux correlation function
are calculated from the molecular dynamics simulations de- can be decomposed into the quantum coherent term, the solvent
scribed above. These time correlation functions are depicted indamping term, and thR-coordinate term. These components
Figure 4. Both time correlation functions decay quickly within — are depicted in Figure 6b.

0.5 ps. The normalized spectral densities corresponding to  An analysis of the components comprising the probability
C.(t) andCr(t), respectively, are shown in Figure 5. Figure 5a flux correlation function provides insight into the roles of the
depicts the spectral density of the energy gap correlation protein and the proton doneacceptor motions. The quantum
function, which corresponds to the vibrations within the protein. coherent termFq(t), is a highly oscillatory function with a
Figure 5b depicts the spectral density corresponding to the period determined by the average energy @& As indicated
proton donot-acceptor motion. by eq 6, the protein/solvent damping terf(t), decays on a

The probability flux correlation function is calculated from time scale determined by the energy gap varidideél] which
eq 4 with the time correlation functions obtained from the is directly related to the reorganization energy through eq 7.
molecular dynamics simulations. The normalized real part of Since the protein/solvent damping term decays on a much faster
the probability flux correlation function is depicted in Figure time scale than the other components of the probability flux
6a. The ground state rate constant is calculated by integratingcorrelation function, this term dictates the decay time of the

0 500 1000 1500 2000
frequency (cm"1)
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Figure 6. (&) Time dependence of the real part of the normalized probability Figure 7. (a) Comparison of th&coordinate ternFg(t) calculated with
flux correlation function given in eq 4 and (b) time dependence of the () from the classical molecular dynamics simulations (solid) to this term

normalized probability flux components calculated from molecular dynamics  cajculated withCr(t) for an undamped classical harmonic oscillator given
simulations at 303 K. The components include the quantum coherent term, iy eq 8 (dashed). (b) Comparison of the solvent damping tEE(t)

Folt) = exp[i2[H#A] (solid), the solvent damping terf(t) defined in eq 6 calculated withC,(t) from the classical molecular dynamics simulations
(dashed), and thB-coordinate ternfg(t) defined in eq 10 (dot-dashed).  (solid) to this term calculated with the short-time approximation given in

eq 6 (dashed). Note that the solid and dashed curves are virtually
probability flux correlation function. As indicated by eq 7, a indistinguishable.
larger reorganization energy leads to a faster decay of the
probability flux correlation function and therefore a slower
overall rate. Figure 6b illustrates that tfecoordinate term,
Fr(t), is relatively constant on the time scale of the decay of
the probability flux correlation function. This observation
indicates that the dynamical behavior of tReoordinate [i.e.,
the time dependence €k(t)] does not significantly impact the
time dependence of the probability flux correlation function.
The magnitude oFg(t), however, greatly impacts the magnitude
of the probability flux correlation function and therefore the
magnitude of the overall rate. As indicated by the definition of
Fr(t) in eq 10, the magnitude of the overall rate is strongly
influenced by the variance of tiecoordinate Cgr(0) = [OR?[]
which is related to the frequency of the proton donacceptor
motion as in eq 8, and the parameterwhich represents the

scale of the probability flux correlation function decay. The
resulting effective mass and frequency &re= 14 amu and

= 353 cntl. These values suggest that the local component of
the proton donoracceptor mode is dominant. As shown by
Figure 5b, however, this effective mode reflects a variety of
vibrational motions. Figure 7 illustrates that these approxima-
tions for the energy gap ariRtcoordinate correlation functions
are reasonable for the PCET reaction catalyzed by SLO.

C. Temperature Dependence of KIEsWe calculate the
magnitude and temperature dependence of the KIE using both
the simple approximate expression in eq 12 and the more
quantitatively accurate expression in eq 9. The average energy
gap and the time correlation functions for the energy gap and
the R-coordinate are calculated from the molecular dynamics
dependence of the vibronic coupling on tRecoordinate as  simulations at 303 K. The overlafg andS, and the parameters
in eq 3. oy and op are calculated from the hydrogen and deuterium

We also test two additional approximations invoked to study Vibrational wavefunctions corresponding to Morse potentials,
the temperature dependence of the rates and the KIEs. The firswith the donor and acceptor atoms separated by the equilibrium
approximation is the short-time approximation, in which only value R = 2.87 A determined from the molecular dynamics
equilibrium fluctuations of the solvent and protein are consid- Simulations. The Morse potentials and the corresponding ground
ered. This approximation is valid when the decay time of the state hydrogen and deuterium vibrational wavefunctions are
probability flux correlation function is short with respect to the depicted in Figure 8. Since the KIE is the ratio of two rates,
initial decay time of the energy gap correlation function. In this the KIE is independent of the constant electronic coupling
limit, only the initial value of the energy gap correlation function parameteV ¢, and we do not need to determine the value of
impacts the rate, leading to the simplified protein/solvent this parameter. For these calculations, we do not fit any
damping term given in eq 6. In the second approximation, the parameters directly to the experimental kinetic data.
R-coordinate time correlation function is represented by the time  The temperature dependence of the KIE using the simple
correlation function of an undamped, classical harmonic oscil- approximate expression in eq 12 is depicted in Figure 9. The
lator, as given in eq 8. Thus, thB-coordinate motion is quantity MQ2 is determined from thdr-coordinate variance,
represented by an effective harmonic mode, and the dampingCg(0) = ksT/MQ2 = [OR[] obtained from the molecular
effects on this mode from the solvent and protein environment dynamics simulations at 303 K. Equation 12 indicates that the
are assumed to be negligible on the time scale of the decay oftemperature dependence of the KIE is determined mainly by

the probability flux correlation function. The quantiQ? is
determined directly from the variancksT/MQ? = [dR2[=
0.00406 A2, and the effective frequency is determined from
the time dependence of tiecoordinate ternfrg(t) on the time
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the effective proton doneracceptor frequency and the param-
etersay andap. The ratio of the overlaps of the hydrogen and
deuterium vibrational wavefunctions strongly impacts the
magnitude of the KIE but does not affect the temperature
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Figure 8. Morse potentials and the corresponding hydrogen (solid) and expression in eq 9 (solid line) and by numerical integration of the probability
deuterium (dashed) vibrational wavefunctions for the reactant (blue) and flux correlation function given in eq 4 in conjunction with the approxima-

product (red) states. For illustrative purposes, the zero-point energy for tions in eqs 6 and 8 (dashed). Both calculations include the contributions
deuterium was increased to be the same as the zero-point energy forof the excited vibronic states. Note that the solid and dashed lines are

hydrogen. virtually indistinguishable. The experimental data are depicted with circles.
250 ] large magnitude of the KIE arises from the relatively small
- . overlap of the reactant and product hydrogen vibrational
2001 7] wavefunctions, leading to a large value for the ratio of the
w 150 - ] hydrogen and deuterium overlaps, as well as the dominance of
¥ T ] the ground vibronic states. The weak temperature dependence
100~ _ 0 0o ° of the KIE arises mainly from the dominance of the local
[ oo ] component of the proton doneacceptor motion. The corre-
o sponding calculations with an approximate quantum mechanical
31 32 33 34 35 36 37 treatment of théR-coordinate also agree well with the experi-
1000/T (K™) mental data and are provided in the Supporting Information.

Figure 9. Temperature dependence of the KIE obtained with the simple This agreement between the theoretical and experimental KIEs

,aplljrg?‘imart]e eXPFesjiOTt‘) in eq 12 (S°'(‘§ ””he)dal'_‘d t)he ;‘“a'ogm{s eXPffZSiO“suggests that this theoretical formulation contains the essential
including the excited vibronic states (dashed line). The experimental data . .
are depicted with circles. physical elements for these types of reactions.

dependence. This simple approximate expression leads to'V' Conclusions

qualitative agreement with the experimentally observed tem- In this paper, we examined the dynamical behavior and the
perature dependence of the KIE but overestimates the magnitudéemperature dependence of the kinetic isotope effects for the
of the KIE. As mentioned above, the values of the over@ps  PCET reaction catalyzed by SLO. Our calculations were based

and$p are sensitive to the equilibrium value of tRecoordinate, on a vibronically nonadiabatic formulation for PCET reactions
which is obtained directly from the molecular dynamics in solution and proteins. This formulation includes the quantum
simulations. mechanical effects of the active electrons and the transferring

We include the effects of the excited vibronic states using proton, as well as the motions of all atoms in the complete
the rate expression in eq 11. For hydrogen, the contribution from solvated enzyme system. The rate is represented by the time
the transition between the ground reactant and product states isntegral of a probability flux correlation function that depends
96% at 303 K. For deuterium, the contribution from the on the vibronic coupling, the average of the energy gap and
transition between the ground states is 70%, and the contributionR-coordinate, and the time correlation functions of the energy
from the transition between the ground reactant state and thegap andR-coordinate. The vibronic couplings can be estimated
first excited product state is 18% at 303 K. The remaining to within a constant factor by calculating the overlaps between
contributions arise from transitions between the first excited reactant and product hydrogen vibrational wavefunctions for
reactant state and the lowest two product states. As shown inmodel systems, and the other quantities can be calculated from
Figure 9, including the excited states does not significantly alter classical molecular dynamics simulations of the entire system.
the temperature dependence of the KIE but decreases the We tested the underlying assumptions of this vibronically
magnitude of the KIE by~15%. nonadiabatic formulation for the SLO enzyme reaction and

Figure 10 depicts the temperature dependence of the KIE investigated the dynamical behavior of the protein, substrate,
using the more quantitatively accurate expression in eq 9, asand cofactor. Our estimates of the contributions to the vibronic
well as the numerical integration of the probability flux couplings for this PCET reaction indicate that this reaction is
correlation function given in eq 4, in conjunction with the vibronically nonadiabatic. Moreover, our molecular dynamics
approximations given in egs 6 and 8. Both of these approachessimulations of the entire solvated enzyme system provide
include the time dependence of tRecoordinate time correlation  validation for the linear response approximation for this PCET
function and the contributions of the excited vibronic states. reaction and provide an estimate of 39 kcal/mol for the total
The results from these two approaches are virtually identical reorganization energy. We found that the dynamical behavior
and agree well with the experimentally observed magnitude and(i.e., the time dependence) of the probability flux correlation
temperature dependence of the KIE. We emphasize that thefunction is dominated by the equilibrium protein and solvent
magnitude and temperature dependence of the KIE are obtainednotions and is not significantly influenced by the proton denor
without fitting any parameters directly to the kinetic data. The acceptor motion. The magnitude of the overall rate, however,
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is strongly influenced by the frequency of the proton denor  dependence of the KIE is due in part to the dominance of the
acceptor motion, the magnitude and distance dependence of théocal component of the proton doreacceptor motion.
vibronic coupling, and the protein/solvent reorganization energy. These calculations provide insight into the fundamental
These calculations reproduced the experimentally observedphysical principles underlying the PCET reaction catalyzed by
magnitude and temperature dependence of the KIE for the SLOSLO. Future studies will focus on the impact of mutations on
enzyme reaction without fitting any parameters directly to the the dynamical behavior of the protein, substrate, and cofactor
experimental kinetic data. The temperature dependence of theand on the magnitude and temperature dependence of the KIEs
KIEs is determined mainly by the effective proton donror  for this reaction. This general theoretical formulation is ap-
acceptor frequency, which can be calculated from Eie plicable to a broad range of other vibronically nonadiabatic
coordinate variance in the molecular dynamics simulations, and enzyme reactions.
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