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Abstract: We present an analysis of rare event trajectories for the nucleophilic displacement of a chloride
anion of 1,2-dichloroethane by a carboxylate group in haloalkane dehalogenase from Xanthobacter
autotrophicus (DhIA) and in aqueous solution. Differences in the transmission coefficient are rationalized
on the basis of the electrostatic coupling between the chemical system and the environment. Detailed
analysis of the reactive trajectories reveals that the evolution of the hydrogen bond interactions established
between the substrate and the environment present significant differences in aqueous solution and in the
enzyme. The structure of the enzymatic active site provides a more adequate interaction pattern for the
reaction progress.

1. Introduction ized transmission coefficient accounting not only for recrossings

Enzymes are biological catalysts able to speed up chemi(:albUt also for tunneling and n_onequmbrlum effefts.
reactions by several orders of magnitude, making these processes At room j[empe_rature, an increase of 10 the rate qonstant
compatible with life. For example, the hydrolysis of glycosidic can be attained vylth_an actl_vatlor) frge energy reduction of a_bout
linkages in cellulose would require several million years to reach 8 kcal/mol. In principle, this activation free energy reduction
its half-time in the absence of the appropriate catalyst, while it can be obtained e|ther_ _frorr_l transition state stabilization or from
is easily done by some living organisfi fact, enzymes may reactant state destabilization, and up to now a consensus has

increase the rate constants of chemical reactions in an order of 0t Peen reached about the origin of the enzymatic reduction
magpnitude of 10to 1(%°, which represent an amazing enhance- of the activation free enerdy.® The reduction of the activation

ment of chemical kinetics with respect to the counterpart reaction free energy Is the more important fgctor responsible for the rate
in solution. A convenient way to study the different factors acceleration of chemical reactions in enzymes, and hence most
contributing to the increase of the rate constant is provided by computational studies of enzymatic processes have been devoted

transition state theory and its variational extengighAccording tﬁ obtain and analyze the potential of mean force associated to
to this, the rate constant of a reactidn, is related to the the corresp_ondmg reaction coordinate. )
activation free energyAG* obtained from the free energy Enzymatic effects on the rate constant through the transmis-

difference between the reactant state and a constrained transitiofion coefficient are much more moderéteDepartures from
state defined as the maximum along a reaction coordinate: transition state theory due to recrossings can be interpreted on
the basis of the generalized Langevin equatioAccording to
ke T AGH this, the movement of the system along the reaction coordinate
k= K exr(— ﬁ) ) is governed by the potential of mean force and a frictional
random force due to the environment and the nonreactive

whereT is the temperaturey is Planck’s constanks Boltz- coordinates of the reactant systéhThe first term represents

mann’s constant, andis the transmission coefficient. This last 5y Garcia-viloca, M.: Gao, 3. Karplus, M.: Truhlar, D. Science004 303

factor accounts for trajectories recrossing the transition state s 536;125_.R ML Andie. 1. Moliner. V. Silla. E.- Taén. |- Bertr
dividing surface. In the variational version of the transition state () /{5 80¢a, M Andie, 4 Molner, V. Silla, . Tton, 1; Bertran,

theory, this transmission coefficient is substituted by a general- (7) Warshel, AAcc. Chem. Re002 35, 385-395.
(8) (a) Stanton, R. V.; Pékgla, M.; Bakowies, D.; Kollman, P. AJ. Am.

Chem. Soc1998 120, 3448-3457. (b) Kollman, P. A.; Kuhn, B.; Donimi,

T Universidad de Valencia. 0.; Petkyla, M.; Stanton, R. V.; Bakowies, DAcc. Chem. Re€001, 34,
¥ UniversiteHenri Poincare 72—79.
(1) Wolfenden, R.; Snider, M. Acc. Chem. Re®001, 34, 938-945. (9) Bruice, T. C.; Lightstone, F. CAcc. Chem. Red.999 32, 127-136.
(2) Glasstone, S.; Laidler, K. J.; Eyring, Hhe Theory of Rate Processes (10) Villa, J.; Warshel, AJ. Phys. Chem. B001, 105 7887-7907.
McGraw-Hill: New York, 1941 (11) (a) Zwan, G.; Hynes, J. T. Chem. Physl982 76, 2993-3001. (b) Zwan,
(3) Keck, J. CAdv. Chem. Phys1967, 13, 85-121. G.; Hynes, J. TJ. Chem. Phys1983 78, 4174-4185. (c) Pollak, EJ.
(4) Truhlar, D. G.; Garret, B. C.; Klippensteins, S.Jl. Phys. Chem1996 Chem. Phys1986 85, 865-867. (d) Zwanzing, R. WJ. Stat. Phys1973
100, 12771+12800. 9, 215-220. (e) Adelman, S. AJ. Chem. Phys198Q 73, 3145-3158.
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the equilibrium situation between the reactant system and thein an ester covalently bound to the enzyme. In a second process,
environment, and the second represents the effect that entera crystal water molecule hydrolyses the ester (see Scheme 1).

when the environment does not have enough time to follow  several computational studies have been devoted to the study
the reactant system during the barrier passage. This time-of the first reaction ste 26 and different explanations about
dependent frictiorg(t) can be obtained from the autocorrelation he origin of the catalytic power of DhIA have been given. In

of the forces acting on the transition state. The net effect of yyater, the counterpart reaction between DCE and acetate takes
this friction is to reduce the frequency of passage across the

barrier region and thus the rate constant. The transmission,q o9 g kcal/mot?

place with a free energy barrier estimated to range between 26
while, in the enzyme, this is reduced up to

coefficient is then determined by the ratio between the effective ;5 3 | .cal/moR8 This means a catalytic effect between 10.7 and

frequency (er) and the equilibrium valuexeq), determined from
the potential of mean force, and it is obviously less than unity.

In the nonadiabatic limit, the environment can be considered

as frozen, so that the friction is completely determined by the
value at the top of the barriero¢ = [¢(at t 0)]12).

Transmission coefficients have been evaluated for enzymatic

reactions;®'4 and in one case it has been compared to the
counterpart process in solution finding modest differerées.
Probably for this reason, the study of reaction trajectories in

enzymes is much less popular than the computation of the

potential of mean force. However, this kind of studies provides
valuable information not only about the dynamic effects but

also about the key factors governing the change of interaction
patterns along the reaction progress. Therefore, these studie

can then be useful also to clarify the origin of the activation
free energy reduction for the catalyzed process.

14.6 kcal/mol. Following Bruic® the enzyme reduces the
activation barrier pushing up the reactants along the reaction
path. However, Warshel and co-work&reave quantified this
effect and found that its contribution to the total catalytic effect
is small. According to these authét2®>and our own stuck?
enzyme catalysis is the result of TS stabilization relative to water
solution caused mainly by electrostatic contributions. Other
authors have attributed catalysis also to reactant state desolvation
effects?? In addition, Gao and co-workérshave presented a
dynamical study by means of downhill trajectories starting at
the transition state, concluding that the transmission coefficient
in the enzyme was about twice the value in solution. In this
work the importance of the coupling of intramolecular vibrations
with the reaction coordinate in the enzyme is stressed very
clearly, while no strong electrostatic coupling in the enzyme

The nucleophilic substitution reaction between dichloroethane Was found. In a very recent work Warshel and co-workers

(DCE) and the carboxylate group of Asp124 in a haloalkane

did not find significant differences between the dynamics of

dehalogenase offers an excellent example to analyze dynamicafhe environment in solution and in the enzyme. In addition,
effects. Haloalkane dehalogenases are a class of enzymes th&tynamical effects on N2 reactions in agueous solutions have

catalyzes the cleavage of carbemalogen bonds yielding the
corresponding halide anion and an alcokdf These enzymes

thus provide a practical way to remove contaminants from the (19)

environment. In particular, haloalkane dehalogenase Ham
thobacter autotrophicu&J10 (DhlIA) catalyzes the conversion
of dichloroethane to 2-chloroethanol and chloridd&@he com-
plete reaction takes place in two stépsn the first one,
dichloroethane undergoes aR2Sdisplacement of a chloride
anion by means of the carboxylate group of Asp124, resulting

(12) Gertner, B. J.; Wilson, K. R.; Hynes, J.J..Chem. Phys1989 90, 3537~
3558

(13) Neria, E.; Karplus, MChem. Phys. Lettl997 267, 23—30.

(14) Nam, K.; Prat-Resina, X.; Garcia-Viloca, M.; Devi-Kesavan, L. S.; Gao,
J.J. Am. Chem. So@004 126, 1369-1376.

(15) Janssen, D. B.; Scheper, A.; Dijkhuizen, L.; Witholt, &opl. Erviron.
Microbiol. 1985 49, 673-677.

(16) Wischnak, C.; Muller, RBiotechnology200Q 11b, 241—-271.

(17) Schanstra, J. P.; Kingma, J.; Janssen, DJ.BBiol. Chem.1996 271,
14747-14753.

(18) (a) Kennes, C.; Pries, F.; Krooshof, G. H.; Bokma, E.; Kingma, J.; Janssen,

D. J. Eur. J. Biochem1995 228 403-407. (b) Pries, F.; Kingma, J.;
Krooshof, G. H.; Jeronimus-Stratingh, C. M.; Bruins, A. P.; Janssen, D.
B. J. Mol. Biol. 1995 18, 10405-10411.

been thoroughly studied using different stratelfigs32 and then

(a) Damborsky, J.; Kuty, M.; Nemec, M.; Koka,Jl.Chem. Inf. Compt.
Sci.1997, 37, 562-568. (b) Damborsky, J.; Bohac, M.; Prokop, M.; Kuty,
M.; Koca, J.Prot. Eng.1998 11, 901-907. (c) Damborsky, J.; Koca, J.
Prot. Eng.1999 12, 989-998. (d) Kuty, M.; Damborsky, J.; Prokop, M.;
Koka, J.J. Chem. Inf. Comput. Sci998 38, 736-741.

(20) Lewandowicz, A.; Rudzinski, J.; Tronstad, L.; Widersten, M.; Rydberg,
P.; Matsson, O.; Paneth, P. Am. Chem. So2001, 123 4550-4555.

(21) (a) Lightstone, F. C.; Zheng, Y. J.; Bruice, T.Bloorg. Chem1998 26,
169-174. (b) Lightstone, F. C.; Zheng, Y. J.; Bruice, T.LLAm. Chem.
So0c.1998 120, 5611-5619. (c) Maulitz, A. H.; Lightstone, F. C.; Zheng,
Y. J.; Bruice, T. C.Proc. Natl. Acad. Sci. U.S.A.997 94, 6591-6595.

(d) Lau, E. Y.; Kahn, K.; Bash, P. A.; Bruice, T. €roc. Natl. Acad. Sci.
U.S.A.200Q 97, 9937-9942.

(22) Devi-Kesavan, L. S.; Gao, J. Am. Chem. So@003 125 1532-1540.

(23) Bruice, T. C.Acc. Chem. Re002 35, 139-146.

(24) Shurki, A.; Strajbl, M.; Villa J.; Warshel, AJ. Am. Chem. So2002
124, 4097-4107.

(25) Olsson, M. H. M.; Warshel, AJ. Am. Chem. SoQ004 126, 15167
15179.

(26) Soriano, A.; Silla, E.; Tudn, I.; Marfi, S.; Moliner, V.; Bertfa, J. Theor.

Chem. Acc2004 112, 327—334.

(27) These two values are based on extrapolations from other temperatures
(Okamoto, K.; Kita, T.; Araki, K.; Shingu, HBull. Chem. Soc. Jpri967,

40, 1912-1916) or on the use of nucleophilics parameters (see refs 22
and 24).
(28) Obtained from ref 17 using transition state theory appliekl4o
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Figure 1. Representation of the enzymatic active site with the substrate
(DCE) and some significant residues of the active site.

provide a good comparative framework for the enzymatic
reaction.

In the present work we have made a further analysis of protein
dynamic effects on the enzymatic reaction in haloalkane

system, giving reasonable results, though systematic overestimation of
the activation energy is obtained when compared to higher level
estimation$® The MM subsystem was described using the OPLSY%AA
potential for the enzyme and the flexible TIP3P potential for the water
molecules'! The Lennare-Jones parameters for the QM/MM interac-
tion are also taken from the OPLS potential, except for the QM chlorine
atoms, for which we used those of ref 42. Although these Lernard
Jones parameters were originally developed for AM1/MM calculations,
we tested them with the PM3 Hamiltonian by means of hybrid
optimizations of chloride anieawater clusters obtaining results in better
agreement with ab initio calculations than with the standard OPLS
parameters. A switched cutoff radius of 12 A was used for all kinds of
interactions.

Once the potential energy function is defined we need to explore
the chemical process. In the case of the enzyme, we took the X-ray
crystal structure of the enzymsubstrate complex (Protein Data Bank
code 2DHC334 and placed it in a cavity deleted from a 55.8 A side
box of TIP3P water molecules. As the resulting system was very large
(17 154 atoms in total), we keep frozen all atoms beyond 20 A from
DCE (12317 atoms). As shown in a previous wéfrkhe reaction §2
attack of Asp124 on dichloroethane can take place through two possible
reaction paths, depending on the value of the CICCCI dihedral angle.
In this work we have centered our attention on the path with a lower

dehalogenase. We focus on the role played by the interactionsactivation free energy barrier. Due to the nature of the reaction, we

of the chemical system with its environment, and we make a
detailed comparison for the reaction in solution and in the
enzyme. Within this aim a number of rare-event trajectories (12
ps) have been computed, allowing us not only to compute the
transmission coefficient but also to follow the coupled dynamics
of the chemical system and the environment. In agreement with
Gao and co-workers study,we predict a larger transmission
coefficient in the enzyme than in solution, although the effect
on the rate constant is very modest when compared to the
reduction of the activation free energy. However, in contrast to
this previous paper, the importance of electrostatic effects arising
from different hydrogen bonds patterns is stressed in our work.

2. Methodology

Constructing the SystemsTo perform the dynamical study of the
reaction that takes place in the active site of DhIA, we need to use a

have chosen as reaction coordinafetiie difference between the broken
and the formed bonds, that is, the-Cl distance minus the €01
distance (O1 is the attacking oxygen atom of the carboxylate group
while the other one is labeled as O2):
0= dcgi — deor 2

For comparison purposes, we have studied also the counterpart reaction
in solution, using the same QM/MM methodology. To do this, we have
considered the reaction between DCE and an acetate molecule, as a
model of the Asp124 residue, using the PM3 semiempirical Hamilto-
nian. The QM subsystem was then placed in a cavity deleted from a
31.4 A side box of TIP3P water molecules, and periodic boundary
conditions were employed. The reaction coordinate was chosen as in
the enzyme (eq 2).

The potentials of mean force (PMFs) calculated for these systems
gave activation free energy barriers of 28.4 and 39.6 kcal/mol in the

realistic potential energy surface of the studied system. Because of theenzyme and in aqueous solution, respecti¢eiithough these values
size of our system, we have used a quantum mechanics/molecularare clearly overestimated, they correctly predict a substantial catalytic

mechanics (QM/MM) computational scherf#e?” The 1,2-dichloroet-
hane (DCE) and part of the residue Asp124 were chosen to be the QM
subsystem, while the rest of the enzyme and the crystallization water
molecules are in the MM subsystem. A link at§was added to the

QM subsystem in order to complete its valence. This link atom was
placed between CA and CB atoms of Asp124 (see Figure 1). In this
case, we have used the semiempirical Hamiltonian PM3 to represent
the QM subsyster?f This Hamiltonian has been checked for this

(29) Bergsma, J. P.; Gertner, K. R.; Wilson, K. R.; Hynes, J.TChem. Phys.
1987, 86, 1356-1376.

(30) Ruiz-Lgez, M. F.; Rinaldi, D.; Berfna, J.J. Chem. Physl995 103 9249~
9260

(31) Gertner, B. J.; Whitnell, R. M.; Wilson, K. R.; Hynes, J.JTAm. Chem.
Soc 1991, 113 74-87.

(32) Hwang, J. K.; King, G.; Creighton, S.; Warshel, A. Am. Chem. Soc.
1988 90, 5297-5311.

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

(34) Field, M.; Bash, P. A.; Karplus, Ml. Compt. Chem199Q 11, 700-733.

(35) Thay, V.; Rinaldi, D.; Rivail, J. L.; Maigret, B.; Ferenczy, G. G.Comput.
Chem.1994 15, 269-282.

(36) Turon, I.; Millot, C.; Martins-Costa, M. T. C.; Ruiz-Ljgez, M. F.J. Chem.
Phys.1997, 106, 3633-3642.

(37) Gao, J.; Truhlar, D. GAnnu. Re. Phys. Chem2002 53, 467—505.

(38) (a) Reuter, N.; Dejaegere, A.; Maigret, V.; Karplus, MPhys. Chem. A
200Q 104, 1720-1735. (b) Singh, H.; Kollman, B. Comput. Cheni.986
7, 718-730. (c) Field, M.; Bash, P. A.; Karplus, M. Comput. Chem.
199Q 11, 700-733.

(39) Stewart, J. J. Rl. Comput. Cheml989 10, 209-220.

1948 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005

effect (a free energy barrier diminution of about 11.2 kcal/mol compared
to the experimental estimation of about 1014.6 kcal/moly’-?®
Corrections by means of single-point MP2 energy calculations led to
a close agreement with experimental dta.

Downhill Trajectories. To obtain transition state configurations
corresponding to an equilibrium distribution, we ran a total of 750 ps
of NVT MD simulations with the system placed at the top of the PMFs
discussed above, for the system both in solution and in the enzyme. A
temperature of 300 K was used all along the simulations. Details of
MD simulations can be found in ref 27. To keep the system at a specific
value of the reaction coordinate, we used either a SHAKE-like
algorithm> adapted to work with internal coordinates or a restraining
parabolic potential associated with the reaction coordiffatene
complete configuration of the system (atomic coordinates and velocities)
was recorded every 5 ps. In this way, we obtained a set of 150

(40) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives).JAm. Chem. So&996
118 11225-11236.

(41) Jorgensen, W. L.; Chandrasekar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926-935.

(42) Gao, J.; Xia, XJ. Am. Chem. S0d.993 115 9667-9675.

(43) Verschueren, K. H.; Seljee, F.; Rozeboom, H. J.; Kalk, K. H.; Dijkstra, B.
W. Nature 1993 363 693-698.

(44) Verschueren, K. H.; Franken, S. M.; Rozeboom, H. J.; Kalk, K. H.; Dijkstra,
B. W. J. Mol. Biol. 1993 232, 856-872.

(45) Tobias, D. J.; Brooks, C. L., lI0. Chem. Phys1988 89, 5115-5127.
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independent transition state configurations that were used as the starting
point for downhill trajectories in solution and in haloalkane dehalo-
genase.

The velocity associated with the reaction coordinate is not correctly
thermalized in the selected configurations obtained during the prepara-
tory NVT MD simulations. In principle, several strategies are possible
to take an appropriate set of velocities for the initial configuratfan.
is possible for example to assign random velocities from a Maxwell
Boltzmann distribution for all the degrees of freed&hlowever, this
approach seems to fail when applied to high-frequency vibration modes.
One could in principle randomize the rotational and translational degrees
of freedom only, but unfortunately the vibrational modes and the
rotational motion cannot be rigorously separated. The approximation
of velocity randomization that we have adopted here, already employed
in ref 47, is based on the fact that the TS may be schematically
represented by a structure8—C (i.e., A= the leaving chlorine atom,

B = the CHCH,CI moiety, and C= the rest of the system). The
translation velocities of the centers of mass of A, B, and C are assigned
to a random value from the MaxwelBoltzmann distribution corre-
sponding to 300 K, preserving thus the velocities of the other degrees
of freedom. In their recent contribution, Gao et al. adopted the strategy
of randomizing only the reaction coordinate velodity.

For each one of the selected transition state configurations (with
randomized velocities), we ran downhill trajectories releasing the
restraint imposed on the reaction coordinate. The equations of motion
were integrated forward and backward in time until the system reached
the reactant or the product states. In general, backward integration cal
be simply achieved using a negative time step. In practice, this was
done using the same integration algorithm in both cases, but multiplying
the velocities by minus one, that has the same effedte extended
our trajectories from-6 ps to+6 ps. A time step of 0.5 fs was used

in these simulations because large changes take place in the chemical

subsystem and the NVE ensemble was employed for these trajectories
A trajectory file of each simulation is stored to perform further analysis.

The trajectories can then be classified as reactive, when reactants are

SW

connected to products, or nonreactive otherwise. The latter suppose
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Figure 2. Time dependent transmission coefficient for the reaction in
aqueous solution (normal line) and in haloalkane dehalogenase (bold line).

trajectories were of the RP type, 32 (22%), of RR type, and 28

(19%), of PP type. In solution the numbers were 60 (42%), 34
(24%), and 48 (34%) for the RP, RR, and PP types, respectively.
Because of the existence of these recrossings, the transition
state theory rate constant needs to be corrected by a transmission
coefficientx, which will necessarily be less than unity. We have
computed the transmission coefficient using the “positive fitix”

nformulation that assumes that the trajectories are initiated at
the barrier top with forvard momentum along the reaction

coordinate. Then, for a given reaction tim¢he time-dependent

transmission coefficient is defined as

_ BL0la(+H10- G o[a(—y]0
0.0

k(t) 3

hereq is the reaction coordinate (the carberhlorine distance

always a barrier recrossing, although the reactive trajectories can alsoMinus the carbonoxygen distance),: represents the initially

present recrossings.

positive flux att = 0, given byq(t = 0), andé(q) is a step

function equal to one on the product side of the reaction

3. Results

Calculation and Analysis of the Transmission Coefficient.
Trajectories have initially positive velocities in the reaction
coordinate which sends them toward products at positive times
(t > 0) and toward reactants at negative times (). For the
total number of trajectories ran in the enzyme and in aqueous
solution, a significant fraction presented recrossings of the
transition state dividing surface. Few trajectories displayed more
than one recrossing (5 in the enzyme and 8 in solution of a
total of 150 in each case). For the rest of the trajectories the
three different types of crossings observed were (i) a direct
reactant-product (RP) transition with no recrossing; (ii) a single
recrossing trajectory leading from reactants to reactants (RR);
and (iii) a single recrossing trajectory leading from products to
products (PP). In the enzyme, 85 (59%) of the total number of

(46) We employed a parabolic energy penalty centered on the maximum of the
PMF with different values of the force constant allowing a maximum
fluctuation of the reaction coordinate of abddK, in terms of the PMF.

Sets of initial configurations obtained with different values of the force
constant led to the same transmission coefficient. In addition we also used
constrained reaction coordinate dynamics and tested that averaged propertie
were the same that those obtained previously. For example, the averaged
absolute gradient with respect to the reaction coordinate differed by less
than 2% in the different simulations.

(47) Strnad, M.; Martins-Costa, M. T. C.; Millot, C.; Tan, |.; Ruiz-Lopez,

M. F.; Rivail, J. L.J. Chem. Phys1997 106, 3643.

(48) Allen, M. P.; Tildesley, D. J. InComputer Simulation of Liquicgls

Clarendon: Oxford, 1989.

S

coordinate and zero on the reactant side. The averages are taken
over all the trajectories. The results obtained for the transmission
coefficient in the enzyme and in aqueous solution are presented
in Figure 2. The shape aft) shows a fast decay in both media.
The fate of the reaction is completely defined after the first 20

fs in solution and after 30 fs in the enzyme, in good agreement
with other 2 reactions229 After this period of time, the
transmission coefficient reaches a plateau from which the values

of the transmission coefficients in solution and in the enzyme
can be obtained. The computed valuex @fre 0.57 and 0.77,
respectively. Thus, the enzyme speeds up the chemical process
by not only lowering the activation free energy but also
increasing the transmission coefficient. The effect on the free
energy barrier lowering (around £15 kcal/mol) is much more
important as this implies a rate constant increase by a factor of
3 x 1 to be compared to the 1.4 factor arising from the
transmission coefficients. For the same system Gao and co-
workers# obtained ac of 0.53 for the enzymatic process and
0.26 for the uncatalyzed one. Although the absolute values
differ, tendencies are the same. Part of the discrepancy with
our results can be due to the different potential energy function
used. In their work Gao and co-workers used a specifically
reparametrized AM1 Hamiltonian and obtained significantly
smaller free energy barriers (31.4 and 20.5 kcal/mol in agueous
solution and in the enzyme, to be compared, respectively, with

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1949
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39.6 and 28.4 kcal/mol in our work). A detailed analysis of the 10
effect of the barrier height and other factors on the transmission
coefficient of the {§2 reaction is found in ref 12. Though it is

difficult to conclude on the accuracy of transmission coefficient 95 1 \\
calculations, our value compares quite well with those obtained 3
for other 2 processes with similar free energy barriers in &
aqueous solutiof? § 00 ' ' '
The existence of barrier recrossings iR2Sreactions in £ 1 0 05
aqueous solutions has been explained on the basis of the oE | "““'~-~.-_K_ /
coupling between the solute and the solvent. In particular, for R .
the symmetric [C+CH3—CI]~ reaction, it has been found that _'—'““—‘—"_"{H

the reaction outcome is largely determined by which of the two

chlorine atoms is better solvated in the particular transition state

configuration?® The questions now are what the difference is . ) )

between the enzyme and the solvent and why there is a Figure 3. _Evolutlon of the avgraged Mulliken char_ges of the chlorine atom
L . . (dashed line), the nucleophilic oxygen (normal line), and the Gtéup

significantly smaller number of recrossings in the former. The (yo(q line) with the reaction coordinate in solution (red) and in haloalkane

magnitude of the solute-environment coupling can be determineddehalogenase (black).

from the time dependent friction coefficient, related to the

random force exerted on the reaction coordirféte: being quite similar in both cases. In the transition state the

averaged charge on the attacking oxygen (O1) and the leaving

chlorine atoms are about0.6 and—0.8 au, respectively, while

for the CH group it is about+-0.6 au.

. ) . ) Then, the different coupling arising in both media is not due
where y is the effective mass associated to the reaction y, gitferences in the chemical system but to the different

coordinate sntﬂH:F(t)_[is the a;tocorrelatu;]n func’gon_ of(';hehfo_rc_e. | response of the environment. We have evaluated this by means
acting on the reaction coordinate. We have obtained the initial ¢ 1o ejectric field created by water molecules or enzyme

value of the friction fror_n S|mulat|_ons of the system restraln_e_d residues on the attacking oxygen, carbon, and chlorine atoms.
at the value of the reaction coordinate that defines the transmon-l-hiS electric field is directly related to the force exerted by the

stateb, both in gquelzous soluuodn a”df'” the enzyme. This Vallk‘)esurroundings on the chemical system. In addition, it depends
can be conveniently expressed as a frequency or a wavenumbeg, yhe |ocal environment configuration around the reactive

. - . _ _ 2 .

just considering(t = 0) = wi. The values obtained fap; atoms, which has been shown to determine the reaction outcome
were 605 and 950 crﬁ for the enzymatic and the uncatalyzed i, the symmetric §2 reaction in watef! In our work, we have
processes, respectively. These numbers indicates a strongasen the component of the electric field projected along the
coupl!ng_of the reactant s_,ystem_wnh both media, but this vector defined by the leaving and attacking atomso{E which
coupling is clearly stronger in solution. One may compare these g the component acting on the reaction process. Figure 4
value_s w!th that _obtalned fqr the symmetrlc 18TH;—Cl] displays a Gaussian fit to the probability distribution afde
reaction |g solution, for which a friction of 890 crh was values obtained during a molecular dynamics simulation of the
predicteck? The recent results of Gao et l.also show a transition state in water and in the enzymatic active site. In

stronger coupling in water than in the enzyme. Indeed, the ratio 4 ticylar, we have computed the values of this component of
between the friction coefficients in water and in the enzyme ¢ glectric field acting on the oxygen, chlorine, and carbon
reported by these authors show a similar tendency than in 0uraioms. The pattern obtained in aqueous solution corresponds
case, although the absolute values are different. to a reaction field. The solvent electric field is essentially a
To understand the different coupling between the reactant roqponse 1o the negative charge appearing on the chlorine atom,
system and the environment in aqueous solution and in the 54 its mean values diminish in the order €IC > O. The
enzyme and thus the origin of the differences in the transmission g its are clearly different in the case of the enzyme, where
coefficient, we have turned our attention to the electrostatic q electric field is essentially the same on the chlorine and
effects. It has been shown that fokZSprocesses in aquUeoUs  carhon atoms. This is due to the disposition of Trp125 and

solution the cqupl@ng arises by electrical forces assoqiated with Trp175 residues: the hydrogen bonds established between the
the charge switching between the attacking and leaving groupsyye o these residues and the leaving chloride anion are nearly
(the oxygen and the chlorine atoms in our case) and increaseg,erpendicular to the Ol vector (see Figure 1). One may notice
with the charge switching rafé:2In Figure 3, we show the 5 other important differences between the electric field
variation along the reaction coordinate of the ayeraged Mulllken appearing in solution and in the enzyme which could be related
charges on the attacking oxygen atom, the leaving chlorine atom,, the different number of recrossings found in both media. First,
and the CHmoiety The vertical line displays the approximate aqueous solution the difference between the mean values of

position of the transition state. It can be seen that in both media ¢ gectric field on the attacking and the leaving atoms is larger
the charges vary in the same way, the rate of charge-transferap, that in the enzyme. Second, the distribution of electric field

-1,0

R. C. (angstroms)

F
0= e @

(49) Adelman, S. AAdv. Chem. Phys1983 53, 61—223.
(50) The averaged charge on the link atom was independent of the reaction (51) In ref 29 the electrostatic potential was employed to analyze the influence

coordinate and has a mean value of 0428.02 au. In addition we verified of the solvent on the reaction outcome for the symmetgi2 Brocess.

that the charges on the carboxylate group remained unchanged when the Differences were evident when only the closest solvent molecules were
link atom was displaced to a more distant position increasing the size of considered. In our opinion this is more easily reflected by the electric field
the QM region, both in the reactant and in the transition state. which depends on~? instead ofr .
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Figure 4. Probability distribution of the component of the electric field
created by the environment along the OCI vector on the chlorine atom
(dashed line), the nucleophilic oxygen (normal line), and the carbon atom
(bold line) in solution (red) and in haloalkane dehalogenase (black).

by means of trajectory recrossings provoked by differential
stabilization of the attacking and leaving groups. Fluctuations
in the enzyme are smaller, and thus it is also smaller the
probability of environment-induced recrossings.

Analysis of environment-induced recrossings shows an
interesting difference between solvent and enzyme reactions.
We have compared the time evolution ofdgon both the
leaving and the attacking atoms averaging over reactive (RP)
and nonreactive (RR and PP) trajectories. Results are presented
in Figure 5. The transition state defines the initial configuration
(t = 0), while negative and positive times corresponds to the
evolution toward reactants (RO~ + CH,R'—Cl) and products
(R—O—CHyR' + CI") in a reactive trajectory (a RR trajectory
evolves toward reactants irrespectively of the sign of time, while
a PP trajectory always evolves toward products). It is interesting
to note that, in the enzyme, reactive and nonreactive trajectories
differ in the initial value and the evolution of the electric field
(the component along the @ vector) acting on the oxygen
atom but not in the electric field on the chlorine atom. A large
positive electric field on the oxygen atom indicates an envi-

values is also wider in solution. This means that it is more ronmental force acting against the approach of the negative
probable to find configurations with large differences in the charge to dichloroethane, defining then an RR trajectory. In an
interaction of the leaving and attacking atoms with their RP trajectory this component of the electric field changes
surroundings in water than in the enzyme. For example, in water Notably beforet = 0. In solution we have just the opposite

it will be more probable to find configurations where the situation. Reactive and nonreactive trajectories clearly differ in
interaction of the chlorine atom with the environment is stronger the initial value and the evolution of the electric field acting on
than that for the oxygen atom, and then the trajectory starting chlorine atom. In this case the negative electric field corresponds
at this configuration will lead to products irrespectively of the to a good solvation of the leaving chloride anion and thus to an
initial velocity along the reaction coordinate. Of course it will €nvironmental force against the approach of the anion to the
be also more probable to find configurations with the opposite ester formed. Thus, recrossings in the enzyme seem to be
interaction pattern leading always to reactants and consequentlyessentially due to fluctuations in the interactions of the environ-
the transmission coefficient is smaller than in the enzyme. Water ment with the attacking oxygen atom, while in solution these
solution is more flexible than the enzyme, and it adapts to the seem to be also due to changes in the solvation of the leaving
charge distribution of the solute creating a solvent reaction field. group. This result indicates a different mixture of reacting system
Equilibrium fluctuations of this electric field are larger than those and environmental coordinates in the enzyme and in solution
in the enzyme (as reflected in the wider distributions) and can that can contribute to the differences found in the transmission
lead to important departures of transition state theory predictions coefficient. As we shall discuss below this can be related to the
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Cl(DhiA Cl (Water)
5,0E-03 A
B 5
= 00B+00 1y S 0,0E+00
w w
-5,0E-03
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Figure 5. Averaged time evolution of the of the component of the electric field created by the environment along the OCI vector on the chlorine and oxygen
atoms in aqueous solution and in the enzyme. Bold, normal, and gray lines correspond to averaged values over RP, RR, and PP trajectories.
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Table 1. Wave Numbers Associated with the Reaction Dynamics 8
(Equilibrium, Friction at t = 0 and Nonadiabatic Limit) in cm~ and

Transmission Coefficients Calculated from Molecular Dynamics oci
and in the Nonadiabatic Limit 5

Weq ¢ Wha Kmp Kna

solution 1150 950 650 0.56 0.57
enzyme 1050 605 860 0.77 0.82

=

w

d (angstroms)

different evolution of the hydrogen bonds interaction pattern
between the solute/substrate and the environment in aqueou: ccl
solution and in the enzyme. 2 co
Interesting differences between the dynamics in solution and W
in the enzyme are also evidenced when comparing the magni- | . .
tude of friction and the equilibrium forces in both media. At A 05 0 05 1
t = 0, the friction in solution is about 950 crhand 605 crmt time (ps)
in the enzyme. The equilibrium frequency, derived from the Figure 6. Time evolution of the most significant atomic distances in
curvature of the potential of mean force at the top of the barrier, agueous solution (red line) and in haloalkane dehalogenase (black line)
is 1150 and 1050 cnt in solution and in the enzyme, averaged for the reactive trajectories. The distances are named on the plot.
respectively. From these values we can obtain the force acting
on the reaction coordinate assuming that the environment is
completely frozen, that is, in the nonadiabatic regifim this
case the friction is always equal to the= 0 value, and then
the net force, expressed as a frequency, is

a positive charge moving from one negatively charged center
to the other [O- -C*- -CI7]; (iv) the departure of the leaving
group once the new carbstxygen bond has been formed,
taking place roughly front+40 to +140 fs, when the OCI
distance has been lengthened up to 5 A.

w2 2 2 (5) Obviously, we have observed differences between both media

na — Weq — W¢ . . .
for longer reaction due to the diffusion of the reactants or

From this nonadiabatic frequency of passage over the barrierProducts fragments in water. .As a consequence of this diffusion
top, we can estimate the nonadiabatic limit to the transmission PrOC€ss, the carberoxygen distance in water does not present
coefficient52 Results are summarized in Table 1. As it can be @0 oscillatory behavior in the reactant state=<(0), which is

seen, the transmission coefficient obtained from molecular C'€arly apparent in the enzyme.

dynamics rare event simulations is slightly lower than the value L€t us now discuss the dynamical behavior of the environ-
obtained in the nonadiabatic limit. This could be due to Mment. As far as the electrostatic interaction is determined in

dynamical effects in the rearrangement of the environment the evolution of the reaction, we have focused our attention on

around the other oxygen atom of the carboxylate group as thethe hydrogen bonds established between the reactant system and
reaction advances. As we shall discuss in the following section, the environment. In aqueous solution we have computed the

environment interactions with this atom play also a fundamental Number of hydrogen bonds established between the different
role in the reaction progress, but these effects are not includedatoms of the reactants and water molecules and also the averaged

in our estimation of the friction as far as the coordinates of this shortest distance between the solute’s atoms and water hydrogen

atom are not included in the definition of the reaction coordinate. atoms. In particular we have focused on the hydrogen bonds
Analysis of Reactive TrajectoriesIn this section we analyze ~ €stablished with the attacking oxygen atom (O1), the leaving
the differences between reactive trajectories in aqueous solutiorchlorine atom (Cl), and the other oxygen atom of carboxylate
and in the enzyme in order to understand the molecular (O2). The hydrogen bonds have been defined using a simple
mechanism of catalysis. For this purpose, we have averagedcriterion based on the distance between participating atéms.
over the reactive trajectories in both media. Figure 7a displays the number of hydrogen bonds as a function
Figure 6 shows the evolution of the most important atomic of time, averaged for the reactive trajectories, while Figure 7b
distances during the reaction: the bond breaking distance (CCI),shows the time evolutions of the averaged shortest distance. In
the bond forming distance (OC), and the distance between thethe reactant state, we find approximately 3.6 hydrogen bonds
attacking and leaving groups (OCI). In both media the descrip- between water molecules and the carboxylate oxygen atoms (O1
tion of the reaction dynamics is quite similar. There are four and O2) and 1.9 for the chlorine atom. In the product state, the
stages common to the chemical reaction both in the enzymeaveraged number of hydrogen bonds established by O1, O2,
and in water: (i) an activation of the chlorinearbon bond ~ and Clare 0.3, 1.6, and 6.5 approximately. When the transition
reflected in the oscillations of its distance starting at abe¢t ~ State is reached, the averaged number of hydrogen bonds of
ps (not presented in the figur&)(ii) the approach of the reactant the chlorine atom has to be increased up to 4.5. In contrast, to
fragments reflected in the diminution of the OCI distance, which Climb up the barrier, both oxygen atoms must be desolvated,
takes place between130 and—40 fs, when the OCl distance ~ feducing the number of hydrogen bonds up to 1.2 for the
diminishes from 5 to 4.2 A; (iii) the transfer of the methyl group attacking oxygen atom (O1) and 3.0 for the other one (O2). In
from the leaving chlorine atom to the attacking oxygen one, average, the system has lost about half hydrogen bond when
which requires about 80 fs (from the last CCl vibration at about — . —— —
40 f 0 he fst CO viration 240 f) and can be seen as (59 T e vt s g fhe s i o o il

55, respectively. These distances can lead to a slight underestimation of
(52) Zwan, G.; Hynes, J. TChem. Phys1984 90, 21—35. the coordination number for the neutral atoms.
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reaching the transition state and then the energy barrier is .
consequently larger than in the gas phase. If we look at the time (ps)

distances we can see that the evolution of hydrogen bond Figure 8. Time evolution of hydrogen bond distances averaged over

. . . reactive trajectories in haloalkane dehalogenase. (A) Distances between the
interactions fOHOV\_/ the char_ge_ ﬂ_O_W from ?‘Cetate to chlorine. nucleophilic oxygen (O1) and Hatoms of Glu56 (normal line) and of

As the acetate anion loses its initial negative charge, hydrogenTrp125 (bold line). (B) Distances between the O2 oxygen atom ahd H
bond interactions are weakened and distances are consequentlgtoms of Glu56 (bold line) and of Trp125 (normal line). (C) Distances
lengthened. For the chlorine atom we have the opposite etween the leaving chloride anion and &f Trp125 (normal line) and

. . . Trp175 (bold line).
evolution because it becomes more charged as the reaction PL75 ( )

advances, and then the interaction is strengthened and thqn the enzyme and in water solution can be very useful to
distances shortened_. Acc_or_dmgly, solvation of thg chl_onne a'Fom understand the origin of one important contribution to catalysis.
appears to be a major driving force for the reaction in solution For O1 and Cl the evolution of the interactions with polar

\;Vhllle d(.e”solzlattmn tohf agetate gnllon hlln(:.ers tk;etrﬁ)roceﬁsa I:'gurehydrogen atoms during the enzymatic reaction is similar to what
aiso rustrates the dynamical evolution of these hyarogen e 4nd in solution. The leaving chlorine atom establishes

bonds. It can be seen that changes in the solvation of these atom§horter interactions in the product state than in the reactant state,

ftart_?; soon as;:lz r;lsignorrtton:he I?/aiﬁlgetovir :]herbar:;(iar: although the effect becomes evident only after —600 fs. As
op. This suggests a portant solvent fluctuation preceding y, o opqqjyte charge of this atom is also increased, we expect a

the bond breaking and forming process, and it is consistent with favorable contribution of the interaction of this atom with the

the existence of water reorientation motions in a similar time - . .
657 environment to the reaction progress. For the attacking oxygen
scale®® . i
. atom (O1) the distances to the amide hydrogens are lengthened
In the enzyme the two carboxylate oxygen atoms can, in . . . .
S - . . . as this atom approaches dichloroethane, just as in aqueous
principle, establish hydrogen bond interactions with thé H . S : T
. . . solution. The main difference with respect to the reaction in
atoms of Glu56 and Trp125, while the leaving chlorine atom . . .
solution concerns the other oxygen atom (O2), which establishes

can form hydrogen bonds with the¢ttoms of Trpl25 and . . . .
. . . _shorter interactions with theMatoms as the reaction advances.
Trpl75 (see Figure 1). Figure 8 shows the averaged evolution . . )
We also observed this behavior comparing the averaged

(()gct)hi Eg:;%?gg\%ngng:i?:g?fh(ioévgt ti(c?r?)c’)fch)j dfgglnabnodng HN—Q2 distances obtained from 100 ps MD simulations of the
' transition and reactant states. Hydrogen bond distances of the

(54) Jorgensen, W. L.; Gao, J. Phys. Chem1986 90, 2174-2182. 02 atom follow opposite trends in solution and in the enzyme,

(55) gﬁ;rgn'Llé;tt'\fggisnsz-zﬁoitgb—l\ﬂég C.; Millot, C.; Ruiz-Lpez, M. F.Chem.  ang thus, in this last environment, these interactions do not

(56) Mosyak, A. A.; Prezhdo, O. V.; Rossky, P.JJ.Chem. Phys1998 109 hinder the reaction progress as much as in solution, making a
6390-6395. contribution to catalysis. The shortening of the hydrogen bond

(57) Balbuena, P. B.; Johnston, K. P.; Rossky, P. J.; Hyun, J. Rhys. Chem. X . ) R
B 1998 102 3806-3814. distances can partly compensate the weakening of the interaction

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1953



ARTICLES Soriano et al.

350

300

250

200

150

Dihedral Angle (degrees)

100

50

o Ak MR ; Hig B B .
-6 4 -2 0 2 4 6
Time (ps)

Figure 9. Evolution of the O2-CG—CB—CA dihedral angle (see Figure 1) versus time for all the reactive trajectories in haloalkane dehalogenase.

due to the loss of negative charge on the acetate anion as thée strange as far as they are shorter when the O2 atoms loses
reaction advances. negative charge, the reason of this behavior is found in the
To understand this surprising evolution of the H-bond structure of the enzyme, which is prepared to accommodate the
interactions of the O2 atom in the enzyme, we have analyzedreaction transition structure. To avoid the shortening of the
the individual reactive trajectories. The change of the averaged hydrogen bonds established with the O2 atom in the transition
hydrogen bond distances established by O1 and O2 atoms instate the enzyme structure should be deformed with an associ-
the enzyme is the result of different types of trajectoriest At  ated energy cost. Obviously, the behavior is completely different
= —6 ps, 32% of the reactive trajectories presented a hydrogenin aqueous solution as water molecules initially hydrogen-
bond between O1 and the amide group of Trpl25, and 22%, bonded to O2 can establish new interactions with other solvent
with the amide group of Glu56. At = 0, this is when the molecules. Thus, the O2 atom plays a completely different role
transition state is reached, only 10% of the structures showed ain solution and in the enzyme. In solution, this atom presents
hydrogen bond between O1 and the amide group of Trp125, also an important desolvation at the top of the barrier, and thus
and none, with Glu56. This desolvation of the attacking oxygen this means an energy penalty to reach the transition state. In
is assisted by the solvation of the O2 atomtAt —6 ps, 75% the enzyme, when the attacking Ol atom approaches the
of the reactive trajectories presented a hydrogen bond betweersubstrate, the carboxyl group rotates and then the O2 atom can
02 and the amide group of Glu56, and 63%, with the amide form shorter hydrogen bonds than those in the reactant state
group of Trpl25 (obviously, in some cases the O2 atoms and then the energy penalty is reduced. To quantify this effect
displays short distances with both amide groups) #At0, this we have evaluated the contribution of the hydrogen bonds of
is when the transition state is reached, and the percentages arthe O2 atom to the energy barrier in aqueous solution and in
increased up to 97% and 69%, respectively. The reason for thisthe enzyme by means of PM3/MM calculations including only
compensation between the hydrogen bonds of O1 and O2 isthose water molecules or amino acids directly hydrogen-bonded
that the positioning of the attacking oxygen with respect to the to this aton?® In aqueous solution the desolvation of this atom
dichloroethane is essentially accomplished by means of ameans a loss of 12 kcal/mol in interaction energy, while in the
rotation of the carboxylate group around the-€GB bond (see enzyme this amounts to 4 kcal/mol. This means that the different
Figure 1). When this bond is rotated to place the O1 atom close evolution of the hydrogen bonds of the O2 atom in the enzyme
to dichloroethane, the O2 atom is better exposed to the polarwith respect to the aqueous solution makes a catalytic contribu-
hydrogen atoms of Glu56 and Trpl25 amide groups. The tion of 8 kcal/mol in interaction energy. The importance of these
evolution of the dihedral angle that defines the rotation around hydrogen bonds on the catalytic process has also been previously
this bond (O2-CG—CB—CA) is shown in Figure 9 for all the = suggested from X-ray crystallographic d4t&?
reactive trajectories. When the transition state is reached, all We have also found a contribution to catalysis during the
the trajectories present a dihedral angle close t¢,2bbich is positive methyl group transfer. As we discussed above, from
also kept for positive reaction times. However, in the reactant
state { < 0), we can observe different behaviors. Most of the (58) The averaged interaction energies were obtained from 10 000 structures

cases have a dihedral ang|e close t0°21it the carboxylate taken from MD simulations of the transition and reactant states in aqueous
solution and in the enzyme. In these calculations we included all the QM

group can rotate around the;€Cg bond and other conforma- region and those water molecules or residues presenting a hydrogen bond

tions (@, 90°, and 180) present a significant population. Then with the O2 atom. In the case of the enzyme the side chains of residues

X Glu56 and Trp125 were not considered in order to avoid the interaction
although the evolution of these hydrogen bonds could seem to  with the chlorine atom.
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In terms of dynamical contributions to the transmission

0.008 coefficient, this enzymatic electric field reduces the friction of
0,01 - the environment as compared to water solution, where the
electric field always acts against the passage of the system over
-0,015 : : [ the barrier top, and then it could be one of the important terms
4 0,5 0 0,5 1 contributing to the differences found in the friction between

time (ps) the solvent and the enzyme.

Figure 10. Time evolution of the component of the electric field created 10 confirm the discussion about the different evolution of
by the environment on the attacked carbon atom along the OCI vector, the interaction patterns for the reaction in water and in the
averaged for reactive trajectories in aqueous solution (normal line) and in enzyme, we have evaluated the contribution of the QM/MM
haloalkane dehalogenase (bold line). ; : ; + _ TS

9 ( ) interaction to the energy barrieABoymvm = Equmm —

Rywvv) in the enzyme and in solution using 1000 structures

—40 to-+40 fs the distance between the attacking and the leaving P€longing to the transition and reactant states. In water solution

groups remains essentially constant (at a mean value of 4.2 A)this contribution amount to up 3& 8 kcal/mol, while in the
and, in this period, the reaction can be seen as the movemenfnZyme itis only 4= 4 kcal/mol. This means that in the enzyme

of a positively charged particle from one negative center (the the substrate loses much less interaction energy than in solution
chlorine atom) to another (the O1 atom). According to the when it evolves from the reactant to the transition state, and

charges showed in Figure 3 the chemical system can pethus the energy barrier is expected to be smaller. Of course it
described at this step approximately as fa@*—CI]. In should be taken into account that in water a large fraction of

solution, the electrostatic reaction field of the solvent hinders the interaction energy cost is recovered as solveolvent

this transfer. When the carbon atom is still bonded to the nteraction energy. This is so because as solvent molecules break
chlorine atom it experiences a solvent-induced force against thein_teractions with the solute they_ can es_tablish new interactions
transfer to the oxygen atom. Once the barrier top has been passeith other solvent molecules (in continuum models the free
over, the force acts in the opposite sense; this is against theNergy of polarizing the environment is one-half of the interac-
transfer toward the chlorine atom. Then, we have an electrostaticti°n t€rm). In the enzyme, the fraction of energy spent or

contribution that destabilizes the transition structure. This solvent €covered changing the environment according to the changes
electrostatic effect can be seen in Figure 10 where the N the charge distribution during the reaction progress is expected

component of the solvent electric field along th€lorector to be significantly smaller, as far as the active site is prepared

" 5 .
acting on the carbon atom is presented. This component of thel® @ccommodate the transition structbt€® Thus, in a very
field is positive on the reactant side< 0) and negative on the ~ ¢'Ude way, neglecting changes in the QM energy, we could
product sidet(> 0). The solvent field in aqueous solution favors €Stimate the catalytic effect coming from these calculated
the reactant and product states where the charge is mordNteraction energies as

localized ([OC- -Cf] or [O~- -CClI]) than in the transition state. 1

In the same Figure 10 we also present the component of theAAE* = AE!, — AE! ~ EAEZM/MM,W - AEZM/MM,e =

electric field acting on the carbon atom in the enzyme. Here 8 — 14 kealimol (6

we can observe a very different behavior of the electric field. 18— 4 =14 kcal/mol (6)

At long times this component of the electric field is close to . . .
g P The good agreement with the catalytic effect obtained from

zero on both the reactant side and the product side. However,PMF lculatior?® and experimental estimaticRg® aiv
about 200 fs before the passage over the barrier top, there is a S cajcuiations and experimentaf estima gIves us

subtle change in the electric field created by the environment. 2??12 gﬁm;':g?zztg: Z%ri:tsg?;t'?r%:?lglrg;s ?(r)]\c/ji doelijr f?)??:]yjls
At t~ —200 fs, the electric field changes and it becomes slightly interactiogn ener iesyobviousl n;nean that the pcatal tic effect is
negative. This component of the electric field acts as a force not due to astro% er interactign of the enzymatic trgnsition state
on the positively charged carbon atom favoring the displacementWith respect 1o tr?e enzvmatic reactant s)t/ate However. usin
toward the nucleophilic oxygen. If we look at the behavior on onl inteF;action ener ieg we cannot concludé if the ori’ in ofg
the opposite side, we find similar features. Uptter 200 fs, y Inter: gies, we ca 9

. L . . catalysis is due to a destabilization of the reactant tateto
the electric field is slightly positive and then it favors the

S . a transition state stabilizati&hwith respect to the in solution
movement of the positive charge toward the chlorine atoms. . . .
. e . reaction. Other energetic terms must be considered to complete
Thus, in the proximity of the passage over the barrier top, the

structure of the enzyme creates an electrostatic force that?®" adequate thermodynamic cycle. This analysis has been very

effectively stabilizes this transition state._The different behaviors (59) (a) Warshel, AP. Natl. Acad. Sci. U.S.AL978 75, 5250-5254. (b)
of the forces exerted by the surroundings on the transferred Warshel, A.J. Biol. Chem.1998 273 27035-27038.

; iA{60) In chorismate mutase, we evaluated this fraction as being less than 10%.
methyl group near the passage over the top in aqueous solutiort Marti, S.; Andres, J.; Moliner, V.; Silla, E.; Ton, |.; Bertra, J.Chem—

and in the enzyme are shown in Scheme 2. Eur. J.2003 9, 984-991.
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recently carried out for this reaction by Warshel and co- system and the environment in both media. The enzyme is less
workerg® using a linear response approximation treatment flexible than water solution, and then equilibrium fluctuations
concluding that the transition state is better “solvated” by the of the electric field acting on the leaving and the attacking
protein than in solution. In the analysis presented in that work, groups are smaller. Thus it will be less probable to find large
catalysis is mainly attributed to the large differences in the differences in the solvation of these groups with respect to the
reorganization energy between the aqueous and the enzymatiequilibrium situation in the enzyme, and then it will also be
environment$! According to these authors the relative contri- less probable to find recrossing trajectories. The nonadiabatic
butions to the activation free energy due to the “reorganization” limit provides a reasonable approximation for the calculation
of the environmer§ (which accounts also for the change of of the transmission coefficient.

the interactions with the substrate) ar@7 and 5 kcal/mol in From the detailed analysis of the reactive trajectories, we have
aqueous solution and in the enzyme, respectively. In this paper,also found interesting differences that can explain the way in
we have stressed the microscopic evolution of the interactionswhich the enzyme attains a large diminution in the activation
established by the substrate with its surroundings to analyzefree energy. In aqueous solution the reaction requires the
the origin of catalysis. However, the energetic differences desolvation of the two oxygen atoms of the carboxylate group
proposed in ref 25 to explain catalysis compare very well with as the system advances toward the transition state, while this
our estimations, given in eq 6, based on the balance of the climbing is assisted by the formation of an increasing number
interaction energies between the reactant and the transition stategf hydrogen bonds with the leaving group (the chlorine atom).
and the fraction of energy invested in or recovered from the |n the enzymatic process the changes taking place in the

environment in both media. interactions established between the substrate and the environ-
ment during the reaction progress are different. While the
4. Conclusions chlorine atom also forms stronger hydrogen bonds as the

reaction goes from the reactant state to the product state, a

The amazing ability of enzymes to catalyze chemical reactions striking difference is found in the desolvation of the attacking
is attained by a substantial reduction of the activation free group. Effectively, in the enzyme the correct alignment of the
energy. This effect is clearly stressed when the potential of meannucleophilic oxygen is attained by means of a rotation around
force of the catalyzed reaction is compared to the counterpartthe Gs—Cg bond. This rotation implies the desolvation of the
process in solution. In the case of the nucleophilic displacementattacking oxygen, just as in water solution. However, this
of a chloride anion in 1,2-dichloroethane catalyzed by DhIA, desolvation is now assisted by the formation of shorter hydrogen
our previous calculatioA®predicted a reduction of the activation  bonds with the other oxygen atom of the carboxylate group, an
free energy of about 1113 kcal/mol which means an increase effect which is expected to partly compensate the loss of charge
of the rate constant in a factor of &01(° relative to the in the acetate anion. Then we have an additional contribution
uncatalyzed reaction. Obviously, the effect of the enzyme on for the reaction in the enzyme that can explain the lower
the rate constant through changes in the transmission coefficientactivation free energy. In other words, the enzyme provides an
is expected to be much more modest, and this can be one ofeffective electrostatic transition state stabilization when com-
the reasons to explain why PMF’s calculations are much more pared to the in solution process, due to the different hydrogen
popular than the study of reactive trajectories. bonds pattern. An additional difference has been found for the

We have here presented an analysis of rare event trajectoriegnovement of the positively charged methyl group between the
for the nucleophilic displacement of a chloride anion of 1,2- chlorine and the oxygen atoms just during the pass over the
dichloroethane by a carboxylate group in DhIA and in aqueous top of the barrier. In this case, the enzymatic electric field seems
solution. These trajectories are started at a transition stateto be designed to stabilize the transition state charge distribution
configuration obtained from an equilibrium distribution with [O~- -C*- -ClI~], while the solvent reaction field obviously acts
the system placed at the top of the respective PMFs. As it hasfavoring a charge localized configuration ([OC--Clor
been discussed, analysis of these trajectories provides valuabl¢O~- -CCl]). As a result, when the reaction takes place in the
information not only about changes in the transmission coef- enzyme the evolution of the substrate from the reactant to the
ficient but also on the microscopic details of the reduction of transition states involves a significantly smaller cost in inter-
the activation free energy in the enzyme. With respect to the action energy, making this term a decisive contribution to
first subject, and in agreement with a recent similar stifdy, catalysis.
we have found that the transmission coefficient in the enzyme  As a general conclusion, the analysis of detailed trajectories
is larger than that in water, contributing, modestly, to the for a particular enzymatic process does not provide only
acceleration of the chemical process. The origin of the differ- information about dynamical effects (transmission coefficients),
ences in the transmission coefficient has been analyzed in termsut it is a complementary tool to the study of the PMF. The
of the different electrostatic couplings between the chemical detailed description of the evolution of the chemical system and
of the environment is essential to understand the origins of
(61) In ref 25 the solvent reorganization energy (defined from the diabatic curves enzymatic catalysis as it allows us to follow the changes that

corresponding to the product and reactant states) is calculated to be . . L :
considerably smaller in the enzyme than in solution (being both positive t@ke place in the chemical system and in its surroundings.

quantities that contribute to increase the free energy barrier). In our

approach, the change in the environment energy when passing from the
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