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Abstract: The generalized Langevin equation (GLE)-based Grote—Hynes (GH) theory is used to calculate
the transmission coefficients, «, for the methyl transfer from S-adenosylmethionine to catecholate both in
aqueous solution and in the catechol O-methyltransferase active site. Values of «, which measures the
deviation of the rate constants from the Transition State Theory (TST) predictions, are obtained by means
of rare event molecular dynamics simulations. The results are 0.62 + 0.04 and 0.83 4 0.03 for the aqueous
and enzymatic environments, respectively, while the Grote—Hynes predictions are 0.58 + 0.09 and 0.89
+ 0.03, respectively. The Kramers theory estimates are much smaller, about 0.01 and 0.1, respectively.
Thus, the enzymatic transmission coefficient is closer to TST predictions than the value obtained in solution.
In addition, our results show that the enzymatic coefficient is also closer to its nonadiabatic (or frozen
environment) limit than is the solution coefficient. These findings can be understood considering that, during
the passage over the barrier top, there is a smaller coupling between the reactive system and the
environment in the enzyme than in solution, as well as a smaller reorganization suffered by the enzyme.
Analysis of the transition state friction kernel leads to the identification of some key vibrational modes
governing the coupling between the two different environments and the reacting solute in the transition
state region and insights on their relevance for the reaction dynamics’ influence on the transmission
coefficient.

1. Introduction kTST(T) kB (Co)l n 7AG*/kBT (1)

The origin of the rate acceleration achieved by enzymes is
one of the fundamental questions in molecular biolbdy.
recent years increasing interest is being focused on the lin

between protein structure and dynamics and its implications for
P y P the order of the reaction, amiG* is the equilibrium free energy

catalysis®~® Protein and solvent dynamics may be involved in ¢ activati h p . be b
many aspects of the enzymatic process, from substrate binding? activation. The true rate constant of a reaction can be better

and release to the alteration of reaction rates approximated by introducing the generalized transmission

A widely used theoretical approach for studying the rate of coefficient, "(P Whr:Ch measu:jes theT(SJITepalr(Ejlrze of the rate
chemical reactions, including enzymatic processes, is the constantk(T) from the TST predictionk™(T)

Transition State Theory (TST);? which gives an upper bound

K WhereT is the temperatureks is Boltzmann's constant) is
Planck’s constantC? is the standard state concentrations

— TST
to the true classical rate constant: K(T) = «() k() @)
P This generalized transmission coefficient may be viewed as
Universitat Jaume I. . L . .
* Universidad de Valencia. composed by different contributio#$For reactions not involv-
$ Ecole Normale Supeure. ing hydrogen atom transfers the transmission coefficient is
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it can be estimated from the fraction of trajectories that cross the recrossing coefficient in other enzymes where hydrogen
the transition state in the direction of products but recross the transfers are involvegf—31

dividing surface to return to the reactant region. The dynamics  Here we explore another approach to estimating transmission
of the environment is obviously a decisive factor in the coefficients due to recrossing of nonquantum particles: the
determination of the fate of a trajectory and thus in the value Grote-Hynes (GH) theory2-34 This theory, based on the
of this term. generalized Langevin equation (GLE), incorporates the im-
According to eq 2, the rate enhancement in reactions catalyzedportant feature that for many reactions the relevant solvent
by enzymes can be achieved by lowering the free energy of forces affecting the transmission coefficient are only those that
activation and/or by ianeaSing the transmission coefficient in act on the chemical System during the short time scale of the
comparison with the equivalent uncatalyzed reaction in aqueousparrier passag®. This theory has been successfully employed
solution. The reduction of the activation free energy is by far to calculate the transmission coefficients of different reactions
the most decisive effect in CatalySiS, and it has been the SUbjeCtm solution3436-38 The most relevant of these studies for the
of numerous studie¥:'*2! Here we are interested in the present work are those fogS reaction$438such as the methyl
coupling between environment and reaction dynamics, and transfer studied here. Catech@tmethyltransferase (COMT,
accordingly we focus on the transmission coefficient for both EC 2.1.1.6]° catalyzes the methyl transfer froBadenosyl-
the catalyzed and the uncatalyzed reaction. The analysis of themethionine (SAM) to the hydroxylate oxygen of a substituted
different behaviors of the transmission coefficient in aqueous catechol. COMT is important in the central nervous system
solution and in the enzyme’s active site can be useful to where it metabolizes dopamine, adrenaline, noradrenaline, and
understand the origin of this coupling and the consequencesyarious xenobiotic catechoté This reaction involves an attack
for catalysis. on a methyl group, originally bonded to the sulfur atom of the
In principle, the recrossing factor for enzyme reactions can coenzyme SAM, by a catecholate nucleophilic oxygen atom in
be larger or smaller than that for its counterpart process in g direct bimolecular & process (Scheme 1). This reaction can
aqueous solution. One reason for it being smaller is that the pe formally considered as an inverse Menschutkin reaction
use of a single reaction coordinate to identify the transition \where ionic reactants proceed toward neutral products. The
structure can be a worse approximation in enzymes than in solu-enzymatic process also requires the presence of a magnesium
tion, since specific residues can participate in a more complex cation (M¢#) in the active site. Due to these features, the effect
way in the reaction coordinaté A reason for it being largeris  of the environment must be relevant and changes in the pro-
that the water environment can suffer a more important reorga- tein or solvent can be strongly coupled to the chemical pro-

nization than the active site environment in the enz%en cess?s We stress that the influence of the environment ex-
the reactants are converted into pI'OdUCtS, and thus the Wateramined in this paper iSs not on an entire reaction path (as was

molecules are more coupled to the evolution of the reaction explored in refs 2, 31, 41, 42). It is instead on the environ-

system in the transition state region. ment’s influence on the transmission coefficient correcting the

There are to date only a few studies devoted to recrossingsTransition State Theory rate constant as defined within (which
in enzymatic reactions. Up to now these studies have employeditself contains environmental effects in the activation free
two strategies. The first one is to carry out molecular dynamic energy), which according to the GH theory is determined in

simulations starting from the transition state and following them the neighborhood of the transition state, as discussed in section
forward and backward in time. This procedure has been 2 2.
employed before to calculate the recrossings in, for instance,
triosephosphate isomera®éé?haloalkane dehalogenase;*and (26) Alhambra, C.; Corchado, J. C.; Sanchez, M. L.; Gahdiloca, M.; Gao,
cathecolO-methyltransferas€. For the last two cases, com- J.; Truhlar, D. GJ. Phys. Chem. 2001, 105 11326-11340.

. L . (27) Agarwal, P. K.; Billeter, S. R.; Hammes-Schiffer JSPhys. Chem. B002
parison to the reaction in aqueous solution always led to a larger™ " 106 3283-3293.
value of the transmission coefficient in the enzymatic reaction. (28) Garca-Viloca, M.; Truhlar, D. G.; Gao, Biochemistry2003 42, 13558~

In a recent work a similar strategy was used to analyze the effect(29) Garéa-viloca, M.; Alhambra, C.; Truhlar, D. G.; Gao,d.Comput. Chem.

; in vibrati ; ; 2003 24, 177-190.
of 'partl(‘fular. protein \{lpratlons on the ratio of productive (30) Alhambra, C.. Sanchez, M. L.: Corchado, J. C.. Gao, 3. Truhlar, D. G.
trajectories in cyclophilin A Another procedure, based on Chem. Phys. LetR002 355 388-394.

i i631) Hammes-Schiffer, Biochemistry2002 41, 13335-13343.
guantum mechanical approaches, has been employed to obtangz) Grote, R, F.. Hynes, J. T. Chem. Physi980 73, 2715-2732.

(33) The Theory of Chemical Reaction Dynamidgnes, J. T.; Baer, M., Eds.;

(13) Villa, J.; Warshel, AJ. Phys. Chem. B001, 105, 7887-7907. CRC: Boca Raton, FL, 1985; Vol. IV, p 171.

(14) Warshel, AJ. Biol. Chem.1998 273 27035-27038. (34) Gertner, B. J.; Wilson, K. R.; Hynes, J.J.Chem. Physl989 90, 3537

(15) Warshel, AProc. Natl. Acad. Sci. U.S.A978 75, 5250-5254. 3558.

(16) Page, M. I.; Jencks, W. Proc. Natl. Acad. Sci. U.S.A971, 68, 1678 (35) Note that this is a statement for solution reactions and does not address
1683. the issue of the influence of the external solvent on protein dynamics

(17) Kollman, P. A.; Kuhn, B.; Donini, O.; Pé&gla, M.; Stanton, R. V; considered in: Tournier, A. L.; Xu, J.; Smith, J. Biophysical Journal
Bakowies, D.Acc. Chem. Ref001, 34, 72—79. 2003 85, 1871-1875, refs 3 and 5.

(18) Mesecar, A. D.; Stoddard, B. L.; Koshland, D.Seiencel 997, 277, 202— (36) Ciccaotti, C.; Ferrario, M.; Hynes, J. T.; Kapral, Bhem. Phys1989 129
206. 241-251.

(19) Bruice, T. C.Acc. Chem. Re002 35, 139-148. (37) Bergsma, J. P.; Reimers, J. R.; Wilson, K. R.; Hynes, J. Them. Phys.

(20) Menger, F. MAcc. Chem. Red.993 26, 206-212. 1986 85, 5625-5643.

(21) Marfy, S.; Roca, M.; Andres, J.; Moliner, V.; Silla, E.; Tom |.; Bertran, (38) Gertner, B. J.; Bergsma, J. P.; Wilson, K. R.; Lee, S.; Hynes,J.Ghem.
J. Chem. Soc. Re 2004 33, 98-107. Phys.1987 86, 1377-1386.

(22) Neria, E.; Karplus, MChem. Phys. Lettl997, 267, 23—30. (39) Comprehensike Biological CatalysisTakusagawa, F., Fujioka, M., Spies,

(23) In this reference the proton motion was treated classically. An alternative A., Schowen, R. L., Sinnott, M., Eds. Academic Press: San Diego, CA,
approach, s. a. t. u. i. Staib, A.; Hynes, J. T.; Borgis,JDChem. Phys. 1998; Vol. 1, pp +30.
1995 102 2487-2505 is more appropiate. (40) Gulberg, H. C.; Marsden, C. Aharmacol. Re. 1975 27, 135-206.

(24) Soriano, A.; Silla, E.; Tudn, I.; Ruiz-Lopez, M. F.J. Am. Chem. Soc. (41) Gertner, B. J.; Whitnell, R. M.; Wilson, J. C.; Hynes, JJTAm. Chem.
2005 127, 1946-1957. Soc.199], 113 74-87.
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This work is organized as follows. In the methodological

section, we summarize the simulations and calculations carried

out to compute the transmission coefficients using GH theory.
For the sake of clarity we also briefly summarize our previous
calculations of the Potential of Mean Force (P¥Rnd rare
event simulationg® We then discuss the results of GH theory
and compare them with the Molecular Dynamics estimations

of the transmission coefficient. Due to the good agreement

found, the GH theory is then used to analyze, in the transition

The resulting values of were 0.83+ 0.03 in the enzyme and 0.62

0.04 in solutior?® The larger value obtained in the enzyme compared
with the solution environment shows that the dynamic effects also favor
the catalysis with respect to the reference reaction in solution. Obviously
this contribution to catalysis is much smaller than the effect coming
from the diminution of the activation free energy.

2.2. Application of Grote—Hynes Theory. The Grote-Hynes
theory for calculating transmission coefficients makes use of the
Generalized Langevin Equation (GLE) to describe the movement of
the reactive system along the reaction coordinate in the transition state
region®233This GLE can be analytically solved assuming that the free
energy barrier is parabolic in the region close to the transition state
and that the force exerted there by the environment on the reaction
coordinate (the friction kernel) does not depend explicitly on the reac-
tion coordinaté* The transmission coefficient can be conveniently
expressed as the ratio between the actual reactive frequency and the
frequency obtained under the assumption of equilibrium between the
reaction coordinate and the remaining degrees of freedom of the sys-
tem32

©)

The equilibrium frequency has been obtained from the PMF of the
reaction in solution and in the enzyme. For this purpose we traced again
the PMFs using the same procedure as that in our previous4#/btk,
only along a small range of the reaction coordinate values (ap-
proximately 0.2 A) centered on the TS region, and fitted them to a
parabolic function.

Once the equilibrium frequency is known, the reactive frequency
can be easily obtained from the following relationship (GH equa-

state region, the coupling between the environment and thetjon):3234

reactive system for the reaction in solution and in the active

site of the enzyme. Some key movements in the active site are

identified, and their relevance for the chemical reaction trans-
mission coefficient is discussed.

2. Methodology

2.1. Quantum Mechanical/Molecular Mechanical Evaluation of
the PMF and Rare Event Simulations. The initial coordinates for

the enzyme calculations were taken from the X-ray crystal structure of

a COMT—inhibitor complex with 3,5-dinitrocatechol and the cofactor
SAM;* the nitro groups were removed, and one of the hydroxyl groups
of catechol was ionized by proton transfer to Lys#4Zhe Potential

of Mean Force (PMF) for the methyl transfer was obtafdeding the
DYNAMO program#® The quantum mechanical (QM) subsystem

consisted of the cofactor SAM and the substrate catecholate (63 atoms)

while the molecular mechanical (MM) subsystem contained the

reminding atoms of the enzyme, the magnesium cation, and waters of

crystallization inside a cubic box with 55.8 A sides of TIP3P water
molecules. For the reaction in water, we built the PMF for the reaction

in aqueous solution that consisted of SAM and catecholate solvated in

a cubic box of TIP3P water molecules with 31.4 A sides. The system
was divided into the 63 QM atoms of the solute and 1001 MM water
molecules. The free energy barriers obtained from these AM1/MM
PMFs were 10.4 kcal/mol for the enzymatic reaction and 19.5
kcal/mol for the reaction in solutiof?.

To evaluate transmission coefficients, free downhill trajectories were
started from 120 configurations of the TS region (the top of the PMF)
and followed both forward and backward in time until the system
reached the product and reactant st&teEhen we computed the
transmission coefficientscf using the “positive flux” formulatiort®

(43) Vidgren, J.; Svensson, L. A.; Liljas, Nature 1994 368 354—358.

(44) Zheng, Y. J.; Bruice, T. C1. Am. Chem. S0d.997, 119 8137-8145.

(45) Field, M. J.; Albe, M.; Bret, C.; Proust-De Martin, F.; Thomas, JA.
Comput. Chem200Q 21, 1088-1100.
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0f — whgt o [0 € gD dt=0 4)
where((t) is the friction kernel, obtained from the autocorrelation of
the forces (ACF) exerted on the reaction coordinde: when the
system is constrained at the transition sfate:

(Frc(0) Fre s
UrckeT

ks is the Boltzmann constant, the temperature, antkc, the reduced
mass of the reaction coordinate.

From the previous GH equation two interesting limiting behaviors
can be derived. The first one is the nonadiabatic lithit) where the
environment remains essentially frozen compared to the motion of the
reaction coordinate in the passage through the TS region (note that
this assumption is most definitely not applied for the entire reaction
path leading to the transition state region from the reactants, for which
assorted rearrangements are requiféélf>*2In that case the friction
kernel is simply substituted by its zero-time valud¢t (= 0)) and eq 4
reduces to

& = ®)

2 2 —0) —
Wpa— Weq T E(t=0)=0 (6)

The other interesting limit is the Kramers regiffayhere the reaction
dynamics is very slow and the environment exerts its full frictional
influence during barrier crossing. In such a case, the GH equation can
be written as

(46) Bergsma, J. P.; Gertner, B. J.; Wilson, K. R.; Hynes, J. Them. Phys.
1987 86, 1356-1376.

(47) van der Zwan, G.; Hynes, J. J. Chem. Phys1982 76, 2993-3001.

(48) van der Zwan, G.; Hynes, J. J. Chem. Phys1983 78, 4174-4185.

(49) van der Zwan, G.; Hynes, J. Them. Phys1984 90, 21—-35.

(50) Kramers, H. APhysical94Q 7, 284—304.
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2 2 « _ H
W — Wl oy [T ED dt=0 ) —  Enzyme
| — Water

To obtain the friction kernel we ran 50 ps of MD simulation with the A
system constrained at the top of the PMF. For this purpose, we used a
RATTLE-like algorithn?! adapted to work with a combination of
internal coordinates through the use of Wilson’s matrix. MD simulations
were carried out with a very small time step (0.1 fs) to ensure the good

APMF (kcal/mol)
(%]

convergence of the constraint under NVE conditions at 300 K using -4

the Velocity—Verlet algorithm?253 Other details of the simulation are 51

the same as those used to obtain the PMR=rces on the reaction

coordinate were saved at each simulation step, and we verified that 6 T T 7 T

the averaged values in both media were close to zero, indicating that -0,15 -0.1 -0,05 0 0,05 0.1 0,15
the simulations were effectively carried out in the respective transition RC-RC# (A)

states.

Figure 1. PMFs traced in the vicinity of the transition state for the
3. Results reaction in solution and in the enzyme. Arrows indicate the magnitude
. L. . of the maximum averaged distance attained before recrossings in both
3.1. Evaluation of Transmission CoefficientsThe PMFs media.

obtained in the vicinity of the transition state in solution and in

the enzyme’s active site are shown in Figure 1. To obtain the 1 T T '
equilibrium barrier frequency these PMFs are fitted to a os | —— water
parabolic function of the form ' — enzyme
1 g
__ < _ 2
APMF = — 2K{RC RC) (8) 3
T
where APMF is the potential of mean force difference with §
respect to the maximum and R& the value of the reaction =
coordinate at the maximum of the profile. From the associated
equilibrium force constant we obtained the equilibrium fre- 02 , , ,
quency as 0 0.5 1 1.5 2
Time (ps)
1 K
Weq™= 5 = 9) Figure 2. Normalized autocorrelation functions of the forces on the reaction
2nc HUrc coordinate calculated at the transition states in aqueous solution and in the
enzyme.

where urc is the reduced mass associated to the reaction
coordinate, and, the light's speed. The equilibrium frequencies
obtained in this way were 1208 20 cnt! for the enzymatic . : .
reaction and 90& 50 cnt? for the reaction in aqueous solution. can be quite safely cons!der_ed as parabolic. . -
The smaller value of the frequency associated with the equi- The other term appearing in GH theory (eq 4) is the friction

librium barrier in solution is due to the fact that the nearly neutral If<ernel €a Sr’] which IS denveg_ from t?)e aUthfO rrelation of Fhe d
transition state is destabilized, with respect to the charged orces on the reaction coordinate obtained for a constraine

reactants. in solutiof?2 The addition of such a destabilization transition state. The normalized autocorrelation functions (ACFs)

energy term, as a function of the reaction coordinate, leads toOf the forces on the reaction coordinate are presepted in Fig-
an increased energy barrier and to a reduction of the curvature""™® 2. Th_e zero-time value of ﬂl‘g AE:ZF IS very d'ffere’.‘t n
around the energy maximum. This reduction is larger in solution both media, 1348 and_ 766 kanol2 A2 in solution and in
than in the enzyme, reflecting the larger relative destabilization the enzyme, _respectlvely. Thgse v_alues clea_rly reflect_ a
of the transition state. The comparison of the standard deviations>tronger couplllng of the reactll(.)n with ‘h'? enwronment n
of the frequencies reflects the fact that the parabolic fit works agueous S,OIUt'On 'at.the transition sta.te (in fact, this ZEr0-
somewhat better for the enzyme reaction than in solution. The time value is \iery sm_ular_to the one (ibtame(_j for the s_ymmetnc
solvent clearly favors the charged reactants and thus introduceé_c_l__ CHs—CI]" reaction n solutlonj. Despite the dn‘f(_erent

an important asymmetric contribution to the free energy profile. m_mgl v_alues, the _dynamlcal evolutl_on of the ACFs is Ve_ry
In any case, we have verified that the assumption of a parabolics'm"ar in both media. The two normalized ACFs at the transition

free energy barrier is reasonable for both cases. From inspectior?tate display avery rapid relaxatlon atatime scale of about 60
of the recrossings described in a previous wirkye have fs and fast oscillations which are due (see below) to the strong
estimated the maximum averaged distance of the reaction€UPling of the reaction coordinate with the stretching of the

coordinate away from the barrier top attained before returning hydrogen_ a_toms in the transferred methyl group (V\_/ith a
to it. The obtained values are 0.017 and 0.019 A for the characteristic frequency of about 3100 ¢inand the bending

enzymatic and in solution reaction, respectively. These maxima movgments of these atoms. (about. 3(,)0@“
Using these ACFs to obtain the friction kernels, we employed

displacements are schematically shown in Figure 1 by means
of two arrows. For displacements within these ranges, the PMF

(51) Andersen, H. CJ. Comput. Phys1983 52, 24—34. the GH equation to calculate the transmission coefficient and

(52) Verlet, L.Phys. Re. 1967 159 98—-103. ; ; ; i iy

(83) Swope, W. C.. Andersen, H. C.. Berens, P. H.; Wilson, KJRChem. also t_he|r nonad|a_bat|c and Kramers limits. The equmbrlum_ and_
Phys.1982 76, 637—649. reactive frequencies (expressed as wavenumbers) are given in
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Table 1. Characteristic Frequencies of the Reaction (in cm™1),
Chemical System Time Scale, and Environment Time Scale (in

Table 2. Transmission Coefficients Obtained from MD, According
to the GH Theory (Eq 4), the Nonadiabatic Limit (Eq 6), and the

ps)@ Kramers Regime (Eq 7)
chemical system environment Kup KGH Kna Kir
W O Om M fime scale fime scale water 0.62:0.04  0.58:0.09 044009  0.01
water 900 520 395 805 0.010 0.77 enzyme 0.83: 0.03 0.89+ 0.03 0.864+ 0.02 0.10
enzyme 1200 1070 1035 600 0.005 0.17

2 See text for definitions. and GH theory is impressive. In both media the values are within
one standard deviation. There are some minor defects: GH
Table 1, together with the reactive frequency obtained under theory provides a transmission coefficient slightly smaller than
the nonadiabatic regime and the initial friction expressed as athe one obtained from MD for the reaction in solution. This is
wavenumber: the usual behavior of GH theory described also in othgZ S
reactions in wate#! However, the value provided for the
(10) enzymatic reaction is slightly larger than the MD results. By
contrast, the use of Kramers theory leads to very large errors in
the estimation of the transmission coefficient. According to the
To compare the different dynamical behaviors of the chemical time scales presented in Table 1, the barrier crossing is much
system and the environment we also provide the reaction time faster than the environment time scale characterizing the friction,
scale (the inverse of the reactive frequency) and the environmentgng thus the assumptions of this reg¥hdo not hold at all.
time scale obtained as theeldorrelation time of the friction  Finajly, the nonadiabatic transmission coefficients are in reason-
kernel®* able agreement with the values obtained from MD, especially
From the reactive frequency results in Table 1, we can seejj the case of the enzyme. As discussed above, the barrier
that the passage through the TS region is about twice as fast incrossing is faster in this latter case, as reflected in its higher
the enzyme than in solution. This is a consequence of the largeryarrier frequencies in Table 1, so that the frozen environment
curvature presented by the PMF around the transition state inapproximation is expected to work better than that in aqueous
the enzyme active site and the lower value of the friction exerted go|ution. Another reason for the better performance of the frozen
by the environment on the reaction coordinate at the transition enyironment approximation for the enzymatic reaction is that,
state. as discussed above, the agueous solution reorganizes signifi-
A further indication that the coupling between the environ- cantly during the passage from the reactants to the transition
ment and the reaction coordinate at the transition state is strongektate while the protein environment hardly chantfemd this
in solution than in the enzyme is the initial value of the friction disparity also applies in the transition state region for the present
kernel, reflected inv¢, which is significantly larger in solution  reaction. Anyway, it should be kept in mind that we are
than in the enzyme. This stronger coupling in solution reflected gjiscussing the passage over the barrier top. It is in this case
in both Wy and weg is related to the fact that in the transition that the frozen environment seems to be a good approach to
state region the aqueous medium is much more perturbed bygescribing the behavior of the system. Obviously, these conclu-
the advance of the reaction than the enzyme. Effectively, assjons cannot be directly extrapolated to analyze the behavior
the reaction advances, the charge separation of the solute isf the environment during the whole reaction path. In relative
annihilated and then the reaction field created by the solventgrms with respect to water, the enzyme clearly makes a case
diminishes. This means an important reorganization of the fayoring that a particular trajectory started in the reactant state
solvent coupled to the reaction progress. As the charges of thereaches the transition state region. This is reflected in the
solute disappear, the solvent molecules reorganize, establishingyiminution of the activation free energy.
weaker interactions with the solute. The enzyme is much less 3 2. Coupling between Chemical System and Environment
perturbed by the reaction advance in the transition state regio”-Dynamics.To understand in more detail how the environment
In fact we already found in a study of the reaction path that the dynamics influence the reaction we need to identify which
electrostatic profile created by the enzyme is nearly the samemotions couple with the reaction coordinate and how they
in the Michaelis complex and in the transition st&elhe contribute to the friction kernel in both media. With this purpose

protein structure avoids the reorganization of the medium so e have obtained the friction spectra as the Fourier transforms
that it is already prepared to favor the reaction progress relative of the friction kernels?

to the process in solution, and this feature is reflected in the
transition state regions we are examining here. Finally, this Ew) = f+°° Ete ot (11)
weaker coupling in solution compared to the enzyme case is -

transition state frictional effect from the environment is ygjaxation spectrum((w)) and the rigid spectrumi((w)):3
significant is considerably larger in solution than in the enzyme

0= 5 /E(t=0)

(more than 4 times). oo o) »?
The transmission coefficient values obtained in solution and £ ()= Oog\w? + 02 (12)
in the enzyme from Molecular Dynamic simulations, together T
with those obtained applying GH theory and its different limiting _ C(w) "
behaviors (nonadiabatic and Kramers regimes), are given in ¢ (@) o £ () (13)

Table 2. The first important point to be commented upon, in o

view of these results, is that the agreement between MD resultsThe rigid spectrum emphasizes the contribution of ke
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matrix corresponding to a stationary structure localized in each
medium and characterized as having one and only one imaginary
frequency. For the calculation of the Hessian matrix we
considered not only the atoms belonging to the QM subsystem
(SAM plus catecholate) but also some MM atoms of the
environment. In aqueous solution we included all those water
molecules hydrogen bonded to SAM or catecholate (a total of
14 TIP3P water molecules). In the enzyme we also included in
the Hessian matrix the atoms of the following residues:?\g
Met40, Tyr68, Aspl4l, Trpl43, Lysl44, Aspl69, Asnl70,
Prol74, Glul99 y HOH51. The sizes of the calculated AM1/
MM Hessians were 31% 315 and 654x 654 in solution and

in the enzyme, respectively. It is important to take into account
the limitations of our local normal-mode analysis. First, our
analysis is applied only to the transition state region; low
frequency motions may differ considerably for different struc-
tures, and then our conclusions cannot be directly extrapolated
to other states appearing along the reaction path. Second, we
are not considering in our analysis the contribution of nonactive-
site regions that could couple with the reaction dynarhid$*

For the sake of clarity in our analysis the full transition state
force spectra appearing in Figure 3 will be decomposed into
three different regions:

3.2.1. Below 500 cm!. This region contains the low-
frequency motions. In both media, the motions appearing in
this region cannot respond during the time scale of the system
recrossings, as their frequencies are below the value of the
respective reactive frequencies (520 and 1070cim water
and in the enzyme, respectively). In aqueous solution, this region
of the spectrum corresponds to hindered translation, diffusional
translation, reorientation, and multimolecular motions of water
moleculesi* while, in proteins, collective motions appear in this

frequency range of the friction spectrum and thus those motions frequency regiofi>™7In general, the intensity of the motions
that cannot follow the passage of the system over the barrierin this region is higher in solution than in the enzyme, showing
top. The rigid spectrum accounts for the deviations of the then a@ stronger coupling with the reaction coordinate at the
transmission coefficient from Transition State Theory (this is transition state, which explains the larger departure from unity
from « = 1)3* The motions appearing in this spectrum contribute found. for. the transmission coefficient in water. This Iarger.
to reaction recrossings because of thaactivity during the coupling in the transition state can be understood on the basis
reaction time scalev; %, as they are essentially static on this of a more general feature: the different characteristics of the

time scale. Effectively those movements with characteristic electric field created by the solvent or the enzyme on the solute.

08 Rigid Spectra
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Intensity
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Figure 3. Intensity of the relaxed and rigid transition state friction spectra

(in arbitrary units) in water (blue) and in the enzyme (red) versus the
frequency (in cm?). The reactive frequencies are shown as dashed vertical
lines, with the enzyme value being higher.

frequencies smaller than the reactive frequency are expected t
be unable to respond to the passage of the system over the barri
top causing then nonequilibrium solvation (the TST definition

of he electric field created by the solvent is a reaction field, the
dpagnitude and orientation depending on the electric properties
of the solute, while in the enzyme the electric field is essentially

employed in the present work corresponds to equilibrium permgnep@?The displgcemenfn ofwater molecules changes this
solvation, as described in ref 34). On the other hand, the €l€ctric field in solution, which is strongly coupled to the
relaxation spectrum emphasizes the contribution of High variation of the_ solute’s dlpple during t_h_e reaction progress,
frequency range of the transition state friction spectrum and 2/0ng the reaction path and in the transition state region, since
then corresponds to those motions that dynamically influence they are oriented in opposite directiots.
the recrossings of the reacting system. The relaxation spectrum The inspection of the normal modes has allowed us to identify
accounts for deviations from the nonadiabatic lifitThe some interesting motions in this region of the spectra. The
motions appearing in this spectrum respond most rapidly and reorientation of the catecholate ring that allows the alignment
becomeunfrozen allowing the transmission coefficient to be between the oxygen lone pair and the vacant orbital of the
larger than the nonadiabatic value. Of course, in both spectratransferred methyl group is of particular inter&sthis motion
only those motions coupled to the reaction coordinate at the appears at about 30 cthin solution and is obviously mixed
transition state are reflected. The rigid and relaxation spectraWith displacements of some water molecules. In the enzyme,
are shown in Figure 3.

To assign the observed signals in the friction spectra we als g
obtained the frequencies corresponding to the normal modes
of the transition state in solution and in the enzyme. These (0 So N.. Moguti, T.; Nishikawa, Teroc. Natl. Acad. Sci. U.S.A.983 80
normal modes were obtained after diagonalization of a Hessian(s7) Chou, K. CBiochem. J1983 215 465-469.

0(54) See also the references cited in ref 35.

(55) Brown, K. G.; Erfurth, S. C.; Small, E. W.; Peticolas, W.Rroc. Natl.
Acad. Sci. U.S.A1972 69, 1467-1469.
5

J. AM. CHEM. SOC. = VOL. 128, NO. 18, 2006 6191



ARTICLES Roca et al.

a water molecule (in aqueous solution) or the?¥an (in the

Catecholate Glu199 enzyme). In our previous studywe have shown that, for the
reaction in water, the hydrogen bond of the hydroxyl oxygen is

Asn170 weakened as the reaction advances because the negative charge
of this oxygen diminishes when the methyl group is being
transferred. Consequently the hydrogen bond in the transition
state was found to be weaker than in the reactant state in aqueous

Lys144 solution? In the enzyme, while the charge flow follows the

same trend, we reported a completely different behavior for the
oxygen—Mg?T interaction, which was found to become shorter
in the transition state. We then concluded that this interaction
makes an important differential stabilization of the transition
state in the enzyme relative to the aqueous solifion.

The motions appearing in the range 2&B0 cnT! are
particularly interesting, because the intensity is higher in the
enzyme than in solution in this region of the rigid spectrum.
Analyzing each of the normal modes obtained from the Hessian
matrix in this range we found contributions of the reactive
system and some residues of the enzyme. For example, the
normal mode with a frequency of 270 cindisplays the
symmetric S-C—O0 stretching combined with the stretching of
the hydrogen bond between the O atom of catecholate with
Lys144. Other normal modes of this range correspond to the

Figure 4. Pictorial representation of one of the low frequency motions bending and tilt motions of the transferred methyl group mixed

(~40 cn11) strongly coupled to the reaction coordinate _in the enzyme. _The_ with the stretching of the ©Lys144 hydrogen bond and other
red and blue structure represents two snapshots of this vibration, which is . .
hydrogen bonds between protein residues.

essentially described as a reorientation of the catecholate ring and a - )
displacement of Met40 (schematically depicted by arrows). 3.2.2. Between 500 and 1000 cmh This region corresponds

to motions that can, at least partially, follow the passage of the
this motion appears as a normal mode with a characteristic system over the barrier top in water but that are not able to
frequency of 40 cm! and, interestingly, is clearly mixed with  respond in the reaction time scale of the enzymatic process.
the displacement of the Met40 residue. Effectively, to move Thus, motions appearing here are responsible for departures from
the catecholate ring, room must be made in the active site the nonadiabatic limit in aqueous solution, a limit that we have
displacing this residue. Interestingly, the movement of this already shown to work better for the enzyme.
residue was previously identified as being coupled to the reaction The librational or hindered rotational motions of water
advanceé® The reason is now clear: the Met40 must be moved molecules usually appear near 500 értfrom 300 to 800 cm?
away to allow the reorientation of the catecholate ring; then approximately$45° This region of the spectrum is also more
the methyl transfer can take place through the correct positioning strongly coupled to the reaction coordinate in water than in the
of the oxygen lone pair orbital with respect to the vacant orbital enzyme. The exception is the narrow band appearing at about
of the methyl group (see Figure 4). In both media this motion 720 cnt?, which displays a slightly larger intensity in the
of catecholate ring is strongly coupled to the reaction coordinate. enzyme. This band has been assigned, through our normal-mode
As the characteristic frequencies of these important vibrational analysis, to the out-of-plane movements of the catecholate
modes are much smaller than the reactive frequencies in bothhydrogens and is also slightly coupled to the previously
media, the rearrangements involved must take place, at leastdescribed stretching of the intermolecular interaction established
partly, in advance of the passage over the barrier top. In fact, between the oxygen of the hydroxyl group of catecholate and
in our rare event molecular dynamics simulations of reactive either a water molecule (in aqueous solution) or the*Mign
trajectories we described that the reorientation of the catecholate(in the enzyme).
ring allowing the correct orientation of the methyl and oxygen  3.2.3. Above 1000 cmt. This region corresponds to motions
orbitals is already observed several picoseconds before thethat dynamically influence the recrossings of the system as they
system crosses the TS dividing surfdeé\ similar behavior  can, at least partially, follow the changes taking place in the
for some solvent motions was previously described for {2 S system during the crossing of the TS dividing surface. This

Mg-rZ

Mem/

Asp169

Asp141

SAM

reaction in agueous solutidh. o ~ region is then responsible for the departures from the nonadia-
We have also found a strong coupling in the enzyme with & patic value of the transmission coefficient in both media.
normal mode with a characteristic frequency of about 50%cm One of the most important signals identified in this region is

In the range between 50 and 150 c¢mwe found other 1220 cnt?). This umbrella motion displays a larger intensity

axis perpendicular to the movement previously described. Thesegecomposition in terms of rigid and relaxed spectra shows that
movements are coupled to the stretching of the distance betweehis motion responds to the reaction coordinate motion in
the oxygen atom of the hydroxyl group of catecholate and either

(59) Berens, P. H.; Mackay, D. H. J.; White, G. M.; Wilson, K. R.Chem.
(58) Lau, E. Y.; Bruice, T. CJ. Am. Chem. So200Q 122 7165-7171. Phys.1983 79, 2375-2389.
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solution while it is partially frozen in the enzyme. From 1620 The present results can be related to the notion of environment
to 1640 cn! we found a signal appearing only in the enzyme. reorganizatiot31421.80|t has been argued that enzymes reor-
This corresponds to the vibration of the peptide bonds. Finally, ganize less than aqueous solution during the reaction progress:
the large band appearing between 3100 and 3200!dm the protein structure provides a more rigid reaction site which
assigned to €H stretching of the methyl group which, in the is previously organized to favor the reaction, while solvent
normal-mode analysis, appears combined to some extent withmolecules, which oppose the annihilation of the solute’s dipole,
other X—H stretching motions. These motions, which display must be strongly reoriented and translated to follow the charge
an important coupling with the reaction coordinate, cannot be flow taking place in the reaction. This different response of the
described as frozen either in solution or in the enzyme. environment to the reaction has two important consequences
for the transmission coefficient, which in GH theory is
determined in the more restricted transition state region as
We have shown that GH theory successfully predicts the opposed to the reaction path. The first is that the transmission

4. Conclusions

values of the transmission coefficiertz() for a particular {2 coefficient in the enzyme is closer to unity than the value in
reaction in solution and in an enzymatic environment. The solution because the coupling in the transition state region
agreement with the molecular dynamics estimatiogp] is between the environment and the reaction coordinate is larger

impressive, within one standard deviation. We have also in the latter. The second consequence is that the nonadiabatic
estimated the performance of two different limiting behaviors: approximation (frozen environment) works better for the enzyme
the nonadiabatic and the Kramers regimes. While the nonadia-than for the reaction in solution since the latter suffers more
batic estimations, in which the environment is regarded as frozenimportant changes during the barrier top passage, reflecting in
during the barrier passage, are quite reasonable (especially fothis region the reduced changes in the reaction path transforma-
the enzymatic reaction), the Kramers regime leads to a severetion of reactants to productéAs stressed before this conclusion
underestimation of the transmission coefficient. is drawn from the analysis of the system passage over the barrier
As a general conclusion, after analyzing the contributions to top and thus is not directly applicable to discussion about the
the transition state friction spectra, the reaction in water presentsenvironment behavior during the whole reaction path. The
a larger deviation of the transition state predictions because of different role played by the solvent or the enzyme favoring the
the stronger coupling in the transition state region with low transition state population is reflected in the activation free
frequency motions, which remain essentially frozen during the energy differences.
barrier crossing. In the enzyme, analysis of the transition state
friction spectra shows a minor coupling in this region, although
we have been able to identify some important coupled motions
at the transition state: the reorientation of the catecholate ring
with the displacement of Met40, or some collective motions,
such as the “breathing” of the active site. Moreover, the
enzymatic reaction is better described by the nonadiabatic limit
than the reaction in solution. Since the reactive frequency in
solution is smaller than that in the enzyme, there are more
motions able to relax within the barrier passage reaction time JA058826U
§ca|e in_ aqueous solution. Water I_ibrations and hydrogen pond(eo) Olsson, M. H. M.: Warshel. AJ. Am. Chem. So@004 126 15167
interactions with the catecholate ring are examples of motions 15179.
in the transition state contributing to increase the transmission (61) k?ince the transmission coefficient in the enzyme case is so well described

. . . . ) . y the nonadiabatic limit, this could be also alternatively analyzed from
coefficient with respect to the nonadiabatic regime. the various perspectives presented in ref 38.

Acknowledgment. We are indebted to DGI for Project
BQU2003-04168, BANCAIXA for Project P1-1B2002-02, and
Generalitat Valenciana for Projects GV04B-021, GV04B-131,
and GRUPOS04/08, which supported this research. M.R. thanks
the Spanish Ministerio de Educanioy Ciencia for a doctoral
fellowship and Universitat Jaume | for a postdoctoral fellowship.
The work of J.T.H. has been supported by NSF Grant CHE-
0417570 and the CNRS.

J. AM. CHEM. SOC. = VOL. 128, NO. 18, 2006 6193





