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J. Javier Ruiz-Pernı́a,† Iñaki Tuñón,*,† Vicente Moliner,*,‡ James T. Hynes,§,| and
Maite Roca⊥

Departamento de Quı́mica Fı́sica, UniVersidad de Valencia, 46100 Burjassot, Spain,
Departamento de Quı́mica Fı́sica y Analı́tica, UniVersidad Jaume I, 12071 Castellón, Spain,
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Abstract: We present a detailed microscopic study of the dynamics of the Michael addition reaction leading
from 6′-deoxychalcone to the corresponding flavanone. The reaction dynamics are analyzed for both the
uncatalyzed reaction in aqueous solution and the reaction catalyzed by Chalcone Isomerase. By means of
rare event simulations of trajectories started at the transition state, we have computed the transmission
coefficients, obtaining 0.76 ( 0.04 and 0.87 ( 0.03, in water and in the enzyme, respectively. According
to these simulations, the Michael addition can be seen as a formation of a new intramolecular
carbon-oxygen bond accompanied by a charge transfer essentially taking place from the nucleophilic
oxygen to the carbon atom adjacent to the carbonyl group (CR). As for intermolecular interactions, we find
a very significant difference in the evolving solvation pattern of the nucleophilic oxygen in water and in the
enzyme. While in the former medium this atom suffers an important desolvation, the enzyme provides,
through variations in the distances with some residues and water molecules, an essentially constant electric
field on this atom along the reaction progress. Grote-Hynes (GH) theory provides a useful framework to
systematically analyze all the couplings between the reaction coordinate and the remaining degrees of
freedom. This theory provides transmission coefficients in excellent agreement with the Molecular Dynamics
estimations. In contrast, neither the frozen environment approach nor Kramers theory gives results of similar
quality, especially in the latter case, where the transmission coefficients are severely underestimated. The
(unusual) failure of the frozen environment approach signals the importance of some dynamical motions.
Within the context of GH theory, analysis of the friction spectrum obtained in the enzymatic environment,
together with normal-mode analysis, is used to identify those motions, of both the substrate and the
environment, strongly coupled to the reaction coordinate and to classify them as dynamically active or
inactive.

1. Introduction

Understanding the dynamic coupling between environment
dynamics and chemical processes has been a subject of
considerable research in the past several decades. Numerous
efforts have been devoted to understanding the effect of solvent
dynamics on a chemical reaction rate; for some examples see
refs 1-12. More recently, considerable interest has been also
focused on this type of analysis for enzymatic reactions.13–28

–Protein dynamics present an enormous complexity, display-
ing for example collective movements of very low frequencies
and fast hydrogen vibrations with very large frequencies.

Further, the impact of protein dynamics on chemical reactivity
can range over quite different characters. Thus, it is well-known
that many enzymatic processes are controlled by substrate
binding or product release. Here, protein mobile loops can act
as the active site’s gates such that their motion can be the rate-
determining step.29 In other enzymes, the binding of the substrate
can promote conformational changes in the enzyme that are
needed to correctly place some catalytic residues.30 Recent
single-molecule experiments have shown that different confor-
mational states of a particular enzyme can actually function as
independent enzymes with noticeably different reaction rate
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constants.31–34 In this case the dynamics associated with the
interconversion among conformational states can determine the
global rate constant.35,36

The present work is concerned solely with the chemical, i.e.,
bond-breaking and -making, activated step of the full enzymatic
process, for which the dynamics of the environment can be
responsible from departures from Transition State Theory,
according to which the rate constant can be obtained via9,37,38

kTST(T))
kBT

h
(C ° )1-n e-

∆G‡

kBT (1)

where kB is the Boltzmann constant, T, the temperature, h,
Planck’s constant, C°, the standard state concentration, and ∆G‡,
is the activation free energy, obtained under the assumption of
equilibrium between the reaction coordinate and the rest of the
coordinates of the system. The coupling of the reaction
coordinate with the remaining coordinates is responsible for the
existence of recrossings; these are, e.g., trajectories that return
to the reactant state once they have crossed the transition state
dividing surface toward the products valley without equilibrating
in that valley. These recrossings are usually accounted for via
a transmission coefficient (κ(T)) which has values lower than
unity:

k(T)) κ(T)
kBT

h
(C ° )1-n e-

∆G‡

kBT (2)

We have recently shown that Grote-Hynes (GH) theory,26,27

based on the Generalized Langevin Equation,2,39,40 gives a very
accurate estimation of the transmission coefficient of enzymatic

reactions for nonquantum particles. The use of this theory allows
a deeper understanding and characterization of the coupling
between the reaction and protein dynamics. The analysis of the
friction kernel, which gives the time correlation function of the
fluctuating forces acting on the reaction coordinate, provides
an efficient way, in the context of GH theory, to quantify the
coupling of the rest of the system in degrees of freedom with
the selected reaction coordinate.2

In principle, one can imagine the passage of the reaction
system across the dividing surface to be so fast that the
remaining degrees of freedom remain essentially unaltered
(rather than equilibrating) during that event. In this case, a frozen
environment assumption (which is a special case of GH theory)41

can be used to find κ26,28 (it should be stressed that this
assumption is not applied for the entire reaction path leading
from reactants to products).41 Previous comparisons of the
transmission coefficient for enzymatic reactions obtained from
molecular dynamics simulations (from the fraction of trajectories
displaying recrossings) and using the frozen environment
approach show a reasonable agreement, supporting this simple
picture.26,28 In the present work, we examine an enzymatic
reaction in which this simple frozen environment description
does not hold.

We here present an analysis of the coupling between reaction
and protein dynamics for a reaction catalyzed by Chalcone
Isomerase (CHI). CHI plays a central role in flavonoid biosyn-
thetic pathways, catalyzing the transformation of chalcones, the
biologically active (2S)-flavanones operating near the diffusion-
controlled limit.42 In physiological conditions the 2′-hydroxyl
group is deprotonated, a requisite to proceed to an intramolecular
Michael addition to the R,�-double bound (see Scheme 1). 42

This addition is the rate-limiting step of the process. CHI
displays substrate promiscuity acting on several substrates, and
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(36) Ferrer, S.; Tuñón, I.; Marti, S.; Moliner, V.; Garcia-Viloca, M.;

Gonzalez-Lafont, A.; Lluch, J. M. J. Am. Chem. Soc. 2006, 128,
16851–16863.

(37) Glasstone, S.; Laidler, K. J.; Eyring, H. The Theory of Rate Processes;
McGraw-Hill: New York, 1941.

(38) Keck, C. J. AdV. Chem. Phys. 1967, 13, 85–121.
(39) Grote, R. F.; Hynes, J. T. J. Chem. Phys. 1980, 73, 2715–2732.
(40) Hynes, J. T. The Theory of Chemical Reaction Dynamics; Baer, M.,

Ed.; CRC Press: Boca Raton, FL, 1985.
(41) van der Zwan, G.; Hynes, J. T. J. Chem. Phy. 1983, 78, 4174–4185.
(42) Jez, J. M.; Noel, J. P. J. Biol. Chem. 2002, 277, 1361–1369.

Scheme 1

7478 J. AM. CHEM. SOC. 9 VOL. 130, NO. 23, 2008

A R T I C L E S Ruiz-Pernı́a et al.



for this study we selected 4,2′,4′-trihydroxychalcone (or 6′-
deoxychalcone), presented in the scheme.

As shown in our previous studies, the reaction is preceded
by a conformational equilibrium between the s-cis (nonproduc-
tive) and s-trans (productive) forms of the reactant molecule
due to an internal rotation around the CRC(O) bond43 (C(O)
denotes the carbonyl carbon atom). While Michael addition is
normally described as providing an enolate, our previous study
of this case showed that the reaction can be better described,
from the electronic point of view, as an internal charge transfer
from the 2′-oxyanion to the CR atom,44 while the charge on the
carbonyl oxygen did not exhibit important variations during the
reaction progress (see Scheme 2).

In any event, and especially because of the important charge
delocalization that can take place through the π system, the
reaction should proceed with important changes in several
coordinates of the system (including not only the substrate but
also the interactions with the surroundings). The interest of this
reaction is that, for a given distinguished reaction coordinate
chosen to drive the system from reactants to products, a very
important coupling with other motions of the system is expected
and, as we will show below, the frozen environment approach
can lead to poorer estimates of the transmission coefficient than
in other cases.23,28 This is thus an excellent example to obtain
a better understanding of the coupling of the system movements
to the reaction advance.

We approach this problem using several strategic components.
First, we select the O2′-C� as the simplest distinguished
coordinate, and using this coordinate we are able to obtain a
smooth free energy profile leading from reactants to products.
Next, we trace rare event reaction trajectories to compute the
transmission coefficient and also to analyze the changes in the
environment as the reaction proceeds. For this purpose we use
a collective coordinate, an electric field, and in addition we study
variations in some intra- and intermolecular coordinates of the
system. Then we compute the friction kernel at the reaction
transition state and use GH theory to compute transmission
coefficients which are found to be in excellent agreement with
the molecular dynamics estimations. Further, the analysis of the
friction kernel spectra in the GH theory context allows us to
know not only if there are vibrational motions strongly coupled
to the reaction coordinate but also if these motions can be
considered frozen or not during the barrier top passage. It is
shown that there are some strongly coupled motions that are
able to partially follow the system and thus are responsible for
the failure of the frozen environment approach. Finally, a
normal-mode analysis on a transition structure is used to identify
the nature of these strongly coupled motions.

The paper is organized as follows. In the methodological
section, we first give the computational details employed to carry
out rare event simulations of trajectories crossing the transition
state and then those related to the computation of the friction

kernel to be used in GH theory. Next, the results are also given
in the same order: first, we report the transmission coefficients
and geometric and dynamical details obtained from reactive
trajectories and, second, the application of GH theory and its
combination with a normal-mode analysis carried out in the
transition state.

2. Methodology

2.1. Hybrid QM/MM Model and Potentials of Mean
Force. Details of the computational model are given elsewhere.28

Briefly, we employed a hybrid quantum mechanics/molecular
mechanics (QM/MM) description for our system. The reactant
molecule (6′-deoxychalcone, 30 atoms) constitutes the QM sub-
system, which is described using the AM1 Hamiltonian.45 The
initial coordinates of the protein were taken from the X-ray crystal
structure 1EYQ.46 Once hydrogen atoms were added, the system
was placed inside a cubic box (of side 79.5 Å) of water molecules
centered on the QM subsystem. The MM subsystem was then
formed by 3231 enzyme atoms, 591 crystallization water atoms,
and 45972 solvating water atoms, described using the OPLS-AA47,48

and TIP3P potentials.49 The reaction was also studied in water
solvent. In this case, the simulated system was formed by the
substrate, the QM part, and a cubic box (of side 55.5 Å) of TIP3P
water molecules centered on the O2′ atom of the QM subsystem.
For both studies of the enzymatic and solution processes, those
atoms lying beyond 24 Å of the O2′ atom of the substrate were
kept frozen.

The potentials of mean force (PMFs) were traced using the
distance between the O2′ and the C� atoms as the reaction
coordinate in both media. As we have previously shown, while the
use of the AM1 Hamiltonian leads to an overestimation of the free
energy barrier of ∼4 kcal/mol, the shape and position of the top of
the barrier were in good agreement with respect to PMFs corrected
using MP2/6-31+G* energies.43,44 Since it is the latter quantities
which are the important ones for the present work, we have used
this hybrid AM1/MM potential in our analysis. A simplified picture
of the transition state found in the active site with this methodology
is presented in Scheme 3. For all the calculations, we employed a
modified version of DYNAMO.50

As a first step in our analysis, we traced the AM1/MM PMFs in
aqueous solution and in the enzyme for only a small range of
reaction coordinate (RC) values (∼ (0.1 Å around the free energy
maxima) using an Umbrella Potential.51 The simulation windows
are pieced together by means of the weighted histogram analysis
method (WHAM).52 These PMFs can be satisfactorily fit to a
parabolic expression:

∆PMF)-1
2

Keq(RC-RC‡)2 (3)

The purpose of these PMFs being traced is to have a good
estimation of the transition state position RC‡ (in terms of the O2′C�

distance) and also to obtain the equilibrium barrier frequency ωeq

necessary for the GH analysis. This is the barrier frequency (more
precisely, the absolute magnitude of the imaginary barrier fre-
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quency) under the assumption of equilibrium between the reaction
coordinate and the remaining degrees of freedom (consistent with
the corresponding condition for the PMFs) and is given by

ωeq )
1

2πc�Keq

µRC
(4)

where µRC is the reaction coordinate reduced mass and c is the
speed of light.

The PMFs obtained at 300 K are shown in Figure 1. To obtain
these PMFs in the TS neighborhood, we ran 10 simulation windows,
changing the reference value of the reaction coordinate in the
Umbrella Potential by only 0.01 Å. The force constant applied to
the reaction coordinate in these simulations was 2500
kJ ·mol-1 ·Å-2. From the parabolic fit (with correlation coefficients
g0.999), we estimate that the equilibrium barrier frequencies ωeq

are 800 cm-1 in aqueous solution and 875 cm-1 in the enzyme.
2.2. Rare Event Trajectories. We ran a 600 ps long NVT MD

trajectory restrained in the TS region with a time step of 0.5 fs for
the reaction system both in aqueous solution and in the enzyme.
The simulation temperature was 300 K and one configuration was
saved each 5 ps, resulting in 120 configurations that were used to
compute free downhill trajectories. The velocity associated with
the reaction coordinate is not properly thermalized in these
configurations. Thus, following a procedure similar to that used
by Gao and co-workers,53 we selectively removed the projection
of the velocity on the reaction coordinate and we added a random
value taken from a Maxwell-Boltzmann distribution.

For each of the saved configurations, with modified velocities,
we ran free NVE simulations integrating the equations of motion
forward and backward, by just changing the sign of the velocity
components.54 Downhill trajectories were propagated from -2 ps
to +2 ps using a time step of 0.5 fs. The trajectories obtained in
the enzyme and in solution were then classified as reactive
trajectories when reactants connect to products (RP trajectories)
and nonreactive otherwise. For the latter case we found trajectories
leading either from reactants to reactants (RR) or from products to
products (PP). Both reactive and nonreactive trajectories may exhibit
recrossings of the dividing surface. To compute the transmission

coefficient we used the “positive flux” formulation,55 assuming that
the trajectory is initiated at the top of the barrier with forward
momentum along the reaction coordinate. For a given time t, with
t ) 0 being the starting time for the downhill trajectory, the time-
dependent transmission coefficient can be calculated as

κ(t))
〈j+θ[RC(+t)]〉 - 〈j+θ[RC(-t)]〉

〈j+〉 (5)

where j+ is the initial positive flux at t ) 0 and θ(RC) is a step
function equal to 1 in the product side of the reaction coordinate
and equal to 0 on the reactant side. The average is calculated over
all the downhill trajectories.

2.3. Application of GH Theory. GH theory can be applied to
describe the evolution of the system along the reaction coordinate
in the transition state. In particular, the transmission coefficient can
be obtained as the ratio between the reactive frequency and the
equilibrium barrier frequency ωeq

3

κGH )
ωr

ωeq
(6)

with the reactive frequency ωr obtained via the GH equation.39,40

ωr
2 -ωeq

2 +ωr∫0

∞
�TS(t) e-ωr t dt) 0 (7)

In GH theory the friction kernel is obtained at the transition state
(�TS(t)) to determine the forces exerted during the passage over
the top of the barrier assuming that recrossings take place in the
proximity of this dynamic bottleneck.2,40 The analysis of the friction
kernel (�(t)), which gives the fluctuating forces acting on the
reaction coordinate, provides an efficient way to quantify the
coupling of the rest of the degrees of freedom of the system with
the selected reaction coordinate2

�(t))
〈FRC(0) FRC(t)〉

µRCkBT
(8)

where FRC(t) is the force on the reaction coordinate, and µRC, the
associated reduced mass. For the evaluation of the transition state
friction kernel, we ran 100 ps of constrained MD simulations at
the top of the PMF, using a Wilson’s matrix-based RATTLE-like
Velocity-Verlet algorithm.56,57 A very small time step of 0.1 fs
was used to ensure the convergence of the algorithm, and forces
acting on the reaction coordinate were saved at each simulation
step. We verified that the averaged values of the forces were close
to zero in both media, ensuring that the simulations were made in

(53) Nam, K.; Prat-Resina, X.; Garcia-Viloca, M.; Devi-Kesavan, L. S.;
Gao, J. L. J. Am. Chem. Soc. 2004, 126, 1369–1376.

(54) Allen, M. P.; Tildesley, D. J. Computer Simulations of Liquids;
Clarendon: Oxford, 1989.

(55) Bergsma, J. P.; Gertner, B. J.; Wilson, K. R.; Hynes, J. T. J. Chem.
Phys. 1987, 86, 1356–1376.

(56) Andersen, H. C. J. Comput. Phys. 1983, 52, 24–34.
(57) Verlet, L. Phys. ReV. 1967, 159, 98–103.

Scheme 3

Figure 1. PMFs obtained in the vicinity of the transition state region for
the reaction in water and in the CHI enzyme. Note the small range of
reaction coordinate values covered and that the free energy of the transition
state has been taken as zero.
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the corresponding transition states.
As noted in the Introduction, GH theory includes as a limiting

case the frozen environment approach (also called the nonadiabatic
limit).3 If the rest of the coordinates can be considered frozen
compared to the motion of the reaction coordinate in the passage
through the transition state, then the friction kernel can be simply
replaced by its zero-time value and the reaction frequency under
the frozen environment approach (ωfe) is then given by

ωfe
2 -ωeq

2 + �TS(t) 0)) 0 (9)

Obviously this assumption cannot be applied to the entire reaction
path.1,24Another interesting limit is the Kramers Theory regime58

where it is assumed that all the friction is exerted during the barrier
crossing; i.e., the time scale of the friction kernel is shorter than
the inverse of ωr.3 In this situation, the GH equation can be rewritten
as

ωKr
2 -ωeq

2 +ωKr∫0

∞
�TS(t) dt) 0 (10)

3. Results

3.1. Time-Dependent Transmission Coefficients. After ran-
domizing the reaction coordinate velocity for each of the 120
saved configurations described in section 2.2, we ran free
Molecular Dynamics simulations, allowing the system to evolve
downhill trajectories from the transition state. Analysis of the
trajectories indicated that, in the enzyme, 67 were of the RP
type, 33, of the RR type, and 20, of the PP type. In solution, 54
trajectories were of the RP type, 25, of the RR type, and 41, of
the PP type.

The time-dependent transmission coefficient presented in
Figure 2 was evaluated using the “positive flux” formulation
(eq 5). The evolution of κ(t) shows a fast decay in both media
during the first 30 fs, reaching a plateau after that. The solution
and enzyme transmission coefficient values measured in this
time-independent region are κMD, aq ) 0.76 ( 0.04 and κMD, enz

) 0.87 ( 0.03 (see Table 1). 59 That these values are quite
close to unity indicates that Transition State Theory is a good
approximation and that the selected reaction coordinate suffices
to capture the essence of the changes taking place in the system

during the reaction. While it is noteworthy that the transmission
coefficient is larger in the enzyme than in solution, its contribu-
tion to the catalytic effect (κenz/κaq ) 1.14) is nearly negligible
in view of the fact that catalysis increases the reaction rate
constant by a factor of ∼105.42 We will return to the various
theoretical estimates of the transmission coefficient after an
initial discussion of the trajectory characteristics.

3.2. Analysis of Rare Event Trajectories. Detailed analysis
of reactive trajectories can provide a better understanding of
the chemical reaction from a microscopic point of view. Figure
3 shows the evolution of some important bond distances in the
substrate for the enzymatic reaction (similar changes were
observed in aqueous solution): the O2′C� distance (the reaction
coordinate), the C�CR distance, the CRC(O) distance, and the
CO distance (the carbonyl bond length). Remember that atom
labels are given in Scheme 1. The time t ) 0 corresponds to
the passage of the system over the barrier top, negative times
correspond to the evolution of the system toward the reactant
valley, and positive times correspond to the evolution toward
the product valley. Values were averaged over the set of
successful RP trajectories. It can be observed that the reaction
proceeds with the formation of a new C-O bond between O2′
and C� accompanied by the lengthening of the distance between
the C� and CR atoms (which can be interpreted as the change
from a double to a single bond, at least partially), the shortening
of the distance between CR and C(O) atoms (passing from a
single to a partial double bond), and a slight lengthening of the
carbonyl bond (corresponding to a weakening of the double
bond). All these geometrical changes take place in a sequential
ordering: while the change in the reaction coordinate (the O2′C�

distance) begins at ∼ -140 fs, the changes in the C�CR, CRC(O),
(58) Kramers, H. A. Physica 1940, 7, 284–304.
(59) For details of the error estimation procedure, see ref. 3.

Figure 2. Time-dependent transmission coefficients obtained in the enzyme
and in aqueous solution.

Table 1. Transmission Coefficients59 Obtained from MD
Trajectories, According to the Gh Theory, The Frozen Environment
Limit and the Kramers Theory

κMD κGH κfe κKr

aqueous solution 0.76 ( 0.04 0.74 ( 0.03 0.34 0.02
enzyme 0.87 ( 0.03 0.82 ( 0.02 0.56 0.03

Figure 3. Time evolution of some bond distances (O2′C�, black line; CRC�,
blue; CRC(O), red; and CO, green) of the substrate along reactive trajectories
in the enzyme. Only the -0.5 to +0.5 ps evolution is shown. The behavior
at earlier and later times does not show any significant variation.
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and CO distances are observed at -60, -50, and -20 fs,
respectively. While it is obvious from the evolution of these
distances that a better reaction coordinate could be defined using
an appropriate combination of them, the simple reaction
coordinate that we have chosen suffices, as noted above, to
provide reasonable values of the transmission coefficient.

Figure 4 shows the time evolution of the averaged Mulliken
charges on some atoms of the QM subsystem: the nucleophilic
oxygen atom O2′, the carbon atom CR, and the carbonylic
oxygen O. The Mulliken charges cannot be analyzed in absolute
terms, but here we have used them in relative terms, comparing
their time evolution and behavior in the different environments.
As a first general feature of the three charges shown, we can
see they are, in absolute magnitude, always larger in the enzyme
than in solution. The larger polarization of the substrate in the
active site of the enzyme compared to the water environment
is a consequence of the presence of the positively charged Lys97
in the active site that, as discussed below, becomes close to the
substrate as the reaction proceeds.

From the electronic point of view, the reaction can be
described as a charge transfer from O2′. The charge on this
atom changes from -0.6 au, in the reactant state, to -0.3 au in
the product state in the enzyme and from -0.4 to -0.2 au in

aqueous solution. We also observed variations in the charge on
the hydroxyphenyl group attached to the C� atom that changes
from -0.25 au in the reactant state to -0.10 au in the product
state in the enzyme and from -0.20 au to -0.05 in aqueous
solution. As can be seen from Figure 4, during the Michael
addition the charge is transferred essentially to CR. This atom’s
charge changes by -0.3 au during the reaction in solution and
by -0.4 au in the enzyme. The charge on the carbonylic oxygen,
which is the largest charge in absolute value, does not increase
in absolute magnitude as much as the charge on the carbonylic
carbon atom, just by ∼0.15 au (more negative in the product
state) in both environments. Thus, as found in our previous
work,43,44 the Michael addition can be viewed as a charge
transfer to the CR atom. While the largest absolute charge in
the products is carried out by the carbonyl oxygen atom, the
largest change is found on this CR atom. This charge distribution
will obviously assist the proton transfer to the carbon atom
needed to obtain the final reaction products.

Important differences between the reactive trajectories in
aqueous solution and in the enzyme appear when analyzing the
behavior of the intermolecular environment. These differences
can be observed using a collective coordinate, the electric field,
to describe the behavior of the MM environment. This coordi-
nate has been successfully used in other examples to understand
and rationalize the behavior of the protein or the water solvent
along a reaction process.28,60 We have computed the MM
contribution to the electric field on the nucleophilic oxygen (O2′)
and analyzed both its modulus and component along the line
connecting this atom to the attacked carbon atom (C�). The
results, averaged over the reactive trajectories, are shown in
Figure 5.

The modulus of the electric field in Figure 5 clearly shows
important differences between the behavior of the environment
in water and in the enzyme. The total MM electric field felt by
the nucleophilic oxygen atom clearly diminishes in water as
the reaction proceeds from the reactant state to the products.
This can be readily comprehended in terms of a reaction field
that is much more intense when the oxygen atom has an
important negative charge. Once the charge has been transferred
to the rest of the system, the water molecules, surrounding the

(60) Roca, M.; Andres, J.; Moliner, V.; Tuñón, I.; Bertrán, J. J. Am. Chem.
Soc. 2005, 127, 10648–10655.

Figure 4. Time evolution of Mulliken charges averaged over reactive
trajectories for some key atoms (nucleophilic oxygen O2′, CR atom, and
carbonyl oxygen atom O). Red line corresponds to the enzymatic reaction,
and the blue one, to the reaction in aqueous solution.

Figure 5. Electric field created by the MM environment on the O2′ atom.
Black and blue lines correspond, respectively, to the modulus and the
component along the O2′C� direction in the enzyme. Red and green lines
correspond, respectively, to the modulus and the component along the O2′C�

direction in the aqueous solution.
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O2′ atom, become much more disordered and the electric field
on O2′ decreases.

In contrast to the solution situation, Figure 5 shows that in
the enzyme the modulus of the electric field on the O2′ atom
remains essentially invariant when the system goes from
reactants to products. Certainly, this cannot be interpreted to
mean that nothing is changing in the enzyme during the reaction.
Indeed, as we will show below, there are changes in the
environment when the reaction takes place in the active site,
but these changes occur in such a way that they are able to
create a constant environmental electric field on the nucleophilic
O2′. In free energetic terms, this means that a free energy penalty
needs to be paid for the reaction in solution since the nucleo-
philic O2′ must be desolvated. This is a well-known feature
found in SN2 reactions in solution.1,28,61,62 In the enzyme, this
penalty does not appear, providing one of the contributions to
the free energy barrier lowering in CHI with respect to the
reaction in solution.

The component of the electric field along the attacking line
in Figure 5 can inform us about the electrostatic forces exerted
by the MM environment against the movement of the negative
charge from the O2′ to the C� atom. This component is not
very large. This is not unexpected because the strongest
interactions with the environment are established in the direction
of one of the oxygen lone pairs, so that the component along
the attacking line (approximately given by the other lone pair)
must be small. Further, it is interesting to note that at the crossing
of the transition state, the component of the field in water is
nearly twice as large as that in the enzyme. This means that in
the former medium, the motion along the attacking line of the
negative charge is more hindered by the MM environment than
it is in the enzyme.

While the behavior of the electric field in water is well
understood on the basis of a reaction field, the reasons
underlying the evolution of the electric field in the enzyme
remain to be clarified. For this purpose, we have analyzed the
time evolution of some distances corresponding to key interac-
tions between the substrate and the protein. As explained in
our previous work on this enzyme,43,44 in the reactant state there
are two water molecules hydrogen-bonded to O2′ (Wat3 and
Wat4 in Scheme 2). One of these waters (Wat4) is expelled
from the active site when arriving to the transition state, while
the hydrogen bond with the other water (Wat3) is shortened.
This is in principle an unexpected behavior because, as analyzed
above, this O2′ atom is losing negative charge (see Figure 4)
so that the hydrogen bonds should be always weakened. To aid
in the analysis of this issue, we have represented in Figure 6
the time evolution of this O2′-Wat3 distance averaged over
the reactive trajectories, with two other averaged distances
associated with important electrostatic interactions: the distance
between the positively charged Lys97 with the carbonyl oxygen
atom of the substrate and the distance between a water molecule
(Wat1) with the CR atom which receives an important fraction
of the charge transferred from the nucleophilic oxygen. All the
distances have been measured from the QM atom to the closest
hydrogen atom of the water molecule or Lysine residue.

These three distances are now discussed, beginning with the
CR-Wat1 distance. The behavior of this water closer to the CR

atom is quite interesting because it not only provides an adequate

electrostatic stabilization of the charge transfer to this atom (this
role is also played by the positively charged Lys97, see below)
but also is important for the subsequent proton transfer to the
carbon atom needed to reach the final products of the global
reaction. While the approach of this Wat1 water to the CR atom
is quite modest for the substrate analyzed here (6′-deoxychal-
cone), we found that this effect was much stronger in the
transition state of the reaction with chalcone.43

We next discuss the evolution of the distance between the
carbonyl oxygen atom and Lys97 in Figure 6. Interestingly, this
motion starts at least 2 ps in advance of the transition state
crossing. Since the bond forming process just begins about 100
fs before the transition state crossing (see Figure 3), this clearly
illustrates that some protein motions must precede that bond
formation. This approach of the Lys97 positive charge provides
an important driving force assisting the charge transfer from
the O2′ atom toward CR and the carbonyl oxygen atoms.

Finally, the evolution of the O2′-Wat3 distance in Figure 6
displays a minimum when the system crosses the barrier top,
and thus this interaction evidently provides a transition state
stabilization. As noted above, this behavior of the O2′-Wat3
interaction is counterintuitive because the negative charge is
being transferred away from this oxygen as the reaction
advances. This motion of the water’s negative charge solvating
better the nucleophilic O2′ in the transition state can be
rationalized taking into account the presence of Asn113 (see
Scheme 3). In some of the transition state configurations used
to obtain the reactive trajectories, we found the Asn113’s NH2

group establishing a direct hydrogen bond interaction with the
O2′ atom of the substrate. In other configurations, Asn113 was
found at larger distances from the nucleophilic O2′, with a
solvent-water molecule establishing now a hydrogen bond with
this atom. In all cases, we observed a water-mediated hydrogen
bond between Asn113 and Wat3. As a consequence the motions
of this water molecule and Asn113 are strongly correlated as
shown by Figure 7. In this figure we have plotted the evolution
of the shortest O2′-Wat3 distance versus the O2′-Asn113 one
averaged over the reactive trajectories. Positive and negative
times are plotted separately. Both residues move simultaneously
reaching a minimum distance to O2′ in the transition state. This
strong correlation suggests that Asn113 can pull the Wat3
molecule toward the nucleophilic O2′ atom. The motion of
Asn113 could be driven both by the displacement of the

(61) Sola, M.; Lledos, A.; Duran, M.; Bertrán, J.; Abboud, J. L. M. J. Am.
Chem. Soc. 1991, 113, 2873–2879.

(62) Roca, M.; Marti, S.; Andres, J.; Moliner, V.; Tuñón, M.; Bertrán, J.;
Williams, A. H. J. Am. Chem. Soc. 2003, 125, 7726–7737.

Figure 6. Time evolution of intermolecular distances averaged over reactive
trajectories. The black line corresponds to the CR-Wat1 distance, the green
one, to the Lys97-O distance, and the blue one, to the O2′-Wat3 distance.
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substrate toward the Lys97sdue to a stronger electrostatic
interaction caused by the transfer of the charge from O2′ to
groups of the substrate closer to this charged residuesand by
the geometrical changes of the substrate that evolves from being
planar in the reactant state to nonplanar in the transition state
(the C� changes its hybridization state from sp2 to sp3). Both
these variations could distort the protein structure favoring the
approach of Asn113. Thus, to sum up, one could say that the
active site is fitted to accommodate the transition state, from
both the geometrical and electronic perspectives.

3.3. Results of GH Theory. While the analysis of reactive
trajectories can inform us about some of the details of the
chemical reaction, one is clearly limited in the number of
variables selected to be followed. An alternative and comple-
mentary approach is the use of the friction kernel (eq 8) in the
context of GH theory as a source of information about the
coupling of the reaction coordinate to all the remaining degrees
of freedom. Of course, such a use should first be validated by
the comparison of the transmission coefficients obtained through
the use of GH theory with those already determined from MD
in section 3.1.

Once the equilibrium frequency ωeq, eq 4, is known, we need
to evaluate the friction kernel to apply the GH eqs 6 and 7 to
evaluate the transmission coefficient. The normalized version
of the autocorrelation functions (ACFs) of the forces acting on
the reaction coordinate at the transition state (〈FRC(0)FRC(t)〉TS)
obtained in water and in the enzyme are represented in Figure
8. The ACFs show a remarkably similar global time evolution
in both media: they decay rapidly in the first 20 fs, followed by
a slow decay up to ∼1 ps. The ACFs also display a fine structure
which can be attributed to the coupling of the reaction coordinate
with other motions such as fast X-H stretchings, essentially
the C�-H stretching of the reactant molecule (this carbon atom
changes from an sp2 hybridization in the reactant state to an
sp3 in the product state as previously discussed, so an important
participation of the motion of this hydrogen atom is not
unexpected).

Although the time evolutions are quite similar in both
environments, the zero time value of the un-normalized ACF
eq 8 differs. The initial friction can be expressed as a
wavenumber according to

ω� )
1

2πc
[�TS(t) 0)] 1⁄2 (11)

In aqueous solution, this initial friction frequency is 755 cm-1,
and in the enzyme it is 725 cm-1. As in other enzymatic
reactions previously analyzed, the coupling between the reaction
coordinate and the remainder of the system, as measured by eq
10, is stronger in solution than in the enzyme, although in the
presentcase thedifferenceissmaller thanthat foundpreviously.26,28

The larger value of the friction in solution with respect to the
enzymatic value reflects that a larger coupling of the environ-
ment with the reaction progresses as a consequence of the
changes in the charge distribution of the substrate.26,28 As we
have shown before (see Figure 5) the enzyme is able to provide
a constant electric field environment, while in aqueous solution
the system experiences a very different electrostatic surrounding
as the reaction proceeds. The fact that the initial friction
difference between the enzymatic and the solution processes is
not so large in the present case can be related to the differences
observed in Figure 4. Effectively, the atomic charges of the
substrate change substantially more in the enzyme than in water
solution. Analysis of an SN2 reaction in solution showed that
the initial friction increases with the magnitude of the solute’s
charge variation (a “polarization force”).3 This effect alone
would increase the initial frequency in the enzyme with respect
to the aqueous solution value, but nonetheless the initial friction
is still slightly lower in the former environment.

With these initial friction values we can estimate the
transmission coefficients under the frozen environment approach
discussed in section 2.3. The values obtained using eq 9 are
κfe,aq ) 0.34 and κfe,enz ) 0.56 (see Table 1). Interestingly both
values are quite different from the MD transmission coefficients,
also given in Table 1. When we computed the transmission
coefficient in other examples (two SN2 reactions catalyzed by
DhlA and COMT)26,28 the frozen environment (or nonadiabatic)
approachswhich as noted in section 2.2 is a limit of GH
theorysgave very good transmission coefficient estimates for
the enzymatic (as well as the solution) reaction, in nearly perfect
agreement with MD estimations. To the best of our knowledge,
this is the first reported case of an enzymatic reaction where
this approach seems to fail, and thus its analysis may be very
useful to gain a better understanding of the coupling between
protein and reaction coordinate dynamics during the passage
through the transition state dividing surface. As will be seen,
the failure of the frozen environment approach can be attributed
to a strong coupling with some intra- and intermolecular
dynamical motions with similar or higher frequencies than the
reaction frequency.

Figure 7. O2′-Wat3 distance versus O2′-Asn113 distance. These
distances have been averaged over reactive trajectories. Red dots correspond
to negative times (before the transition state), and blue dots correspond to
positive times (after the transition state).

Figure 8. Normalized autocorrelation functions of the forces acting on
the reaction coordinate at the transition states in water and in the enzyme.
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Since our subsequent analysis of the coupling will be done
within the framework of GH theory, we now check if GH theory
can quantitatively reproduce the MD transmission coefficients.
Using eq 7, we obtained the reaction frequencies in aqueous
solution and in CHI as ωr,aq ) 595 cm-1 and ωr,enz ) 715 cm-1.
Using these frequencies and eq 6 the calculated GH transmission
coefficients are κGH,aq ) 0.74 ( 0.03 and κGH,enz ) 0.82 (
0.02.59 The results are in perfect agreement with the MD values
in Table 1, within 1 standard deviation. This encouraging result
clearly shows that GH theory is applicable to enzymatic
reactions even when the frozen environment approach fails. It
is also noteworthy that the Kramers theory, eq 10, which
considers an instantaneous system frictional response to the
movement along the reaction coordinate, gives seriously un-
derestimated transmission coefficients: 0.02 and 0.03 for the
reaction in water and in the enzyme, respectively.

The large improvement obtained with GH theory as compared
to its nonadiabatic limit, or frozen environment approach, is
obviously due to the ability of the former to incorporate the
environment’s dynamics via a time-dependent friction kernel
in a generalized Langevin equation. To understand in more detail
the coupling between the reaction coordinate and the remaining
degrees of freedom, we have analyzed this friction kernel,
attempting to identify which motions participate most impor-
tantly. For this purpose, we have calculated for the solution and
enzyme reactions the friction spectrum as the Fourier transform
of the friction kernel.3

�TS(ω))∫-∞

+∞
�TS(t) eiω t dt (12)

It is more revealing to decompose the total friction spectrum
into two different contributions: the relaxed spectrum (�+(ω))
and the rigid spectrum (�-(ω)).3

�+(ω))
�TS(ω)

ωeq ( ω2

ωr
2 +ω2) (13)

�-(ω))
�TS(ω)

ωeq
- �+(ω) (14)

The important point is that the rigid spectrum accounts for
the contributions of those motions that, while they are coupled
to the reaction coordinate, can be considered as frozen during
the passage over the barrier top. Then, this part of the friction
is responsible for the deviations from Transition State Theory
(i.e., from a transmission coefficient equal to unity) in the
nonadiabatic, frozen environment limit, due to the fact that these
motions remain essentially dynamically inactive during the
barrier passage time scale.3 However, the relaxed spectrum
reflects those motions coupled to the reaction coordinate that
can dynamically respond on the time scale of the transition state
region reaction coordinate. The motions appearing in this
spectrum are thus responsible for the deviations from the frozen
environment limit of the transmission coefficient.3

The rigid and relaxed spectra, calculated from the friction
kernels obtained in water and in CHI, are shown in Figure 9.
The rigid spectrum in water shows more intense lines than the
corresponding spectrum in the enzyme, especially below 500
cm-1. This low frequency motion region corresponds in water
to hindered translations, diffusion, reorientations of water
molecules, and multimolecular motions, while in the enzyme
this region contains assorted collective motions. The larger water
spectrum intensity in this region indicates that the motions that
should be considered essentially frozen are more strongly

coupled to the reaction coordinate in solution than in CHI and
then the frozen environment transmission coefficient estimate
in solution is lower than in the enzyme. As noted above, this is
related to the fact that the charge migration taking place in the
substrate must be strongly sensible to the orientation of the
dipole moment of the surrounding water molecules.

Turning to the relaxed friction spectra in Figure 9, the key
new feature of the present reaction compared to earlier
enzymatic studies26,28 is that these spectra, responsible for the
departures from the frozen environment approach, show sig-
nificant strongly coupled motions not only in water but also in
the enzyme. To place this in perspective, we first note that it
was already known that, in aqueous solution, water librations
for example can at least partially follow the barrier crossing
changes in the reaction coordinate, thus contributing to an
increase of the transmission coefficient with respect to the frozen
environment value, 3 and such librations clearly occur in the
present reaction. Moreover, X-H stretchings, usually appearing
above 3000 cm-1, are fast enough to be considered as fully
relaxed, i.e., equilibrated during the barrier passage, and thus
do not contribute significantly to the friction.63 The novel aspect
for the present reaction is the occurrence of a number of very
strong lines appearing in the relaxed friction spectra in the region
between 1000 and 3000 cm-1, both in solution and in the
enzyme. It is these motions that are largely responsible for the
failure of the frozen environment estimation of the transmission
coefficient.

In order to assign the important signals in the friction spectra,
we have carried out a normal-mode analysis for a transition

(63) Zawadzki, A. G.; Hynes, J. T. J. Mol. Liq. 1991, 48, 197–209.

Figure 9. Rigid and relaxed friction spectra (intensity in arbitrary units)
for both reaction media.
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state structure in solution and in the enzyme. The transition
structures were obtained using a micro/macro iteration approach
in which the coordinate’s space is divided in a control space
and a complementary space.64–66 The Hessian matrix is defined
only for the control space, while the complementary space is
completely optimized using gradients. In the definition of the
control space, we included all those residues and water
molecules directly interacting with the substrate. In aqueous
solution, this definition of the control space included all the
coordinates of the QM subsystem (30 atoms) and 20 TIP3P
water molecules (all those found at less than 3 Å from any atom
of the substrate in the optimized structure), resulting in a total
of 90 atoms. In the enzyme, this definition included, in addition
to the substrate molecule, 4 TIP3P water molecules hydrogen
bonded to O2′, the carbonyl oxygen, or the C� atom and the
following residues: Asn113, Thr48, part of Lys97, and part of
Tyr106 (a total of 98 atoms). The transition state structures in
both environments, including all the atoms of the control
subspace, are shown in Figure 10.

We begin with the low frequency region of the friction
spectra, defined with respect to the reaction frequencies (595
and 715 cm-1 in solution and in the enzyme, respectively). This
region contains those coupled motions that cannot obviously
respond to the changes in the reaction coordinate on the time
scale of system recrossings, thus contributing to the frozen

environment transmission coefficient. This part of the friction
is highlighted in the rigid spectra. Typically this region
corresponds in aqueous water to hindered translations, reorienta-
tions, and multimolecular motions of water molecules,3 while
in proteins collective motions appear in this region.67–69 By
combining the results of the normal-mode analysis with the
Figure 9 friction spectra signals we have been able to identify
several signals corresponding to the reorientation of the phenyl
groups of the substrate coupled with motions of the surrounding
water molecules or residues. These signals appear between 40
cm-1 and 230 cm-1. In the water solution spectrum, there is a
very intense signal at 165 cm-1 that can be described in this
way. An equivalent strong signal appears in the enzymatic
spectrum at 230 cm-1, coupled this time to displacements of
Lys97 and Asn113. The coupling of this mode, represented in
Figure 11 by overlapping two snapshots of the vibrational
motion, can be now related with our findings in section 3.2
concerning the displacements of Lys97, Asn113, and a water
molecule (Wat3). The formation of the new C�O2′ bond and
the hybridization change suffered by the C� carbon atom
provoke a movement of the carbonyl group out of the molecular
plane and modify the position of the substrate phenyl rings in
the active site. These intramolecular changes are also ac-
companied by intermolecular changes; specifically Asn113,
Lys97, and water molecules of the active site are displaced.
The motion of all these residues contributes to the transition
state stabilization relative to the in solution reaction, as discussed
above. In particular, this normal mode leads to the reduction of
the distance between the carbonyl oxygen atom of the substrate
and the positively charged Lys97 as the reaction advances.
Because the characteristic frequency of this vibrational mode
is much lower than the reaction frequency we can consider it
essentially as frozen during the barrier crossing, but as illustrated
in Figure 6, it must be activated several picoseconds in advance
to the passage of the system through the transition state. Thus,
this is a clear example of the fact that the participation of the
environment motions in the reaction coordinate can be different

(64) Moliner, V.; Turner, A. J.; Williams, I. H. Chem. Commun. 1997,
1271–1272.

(65) Turner, A. J.; Moliner, V.; Williams, I. H. Phys. Chem. Chem. Phys.
1999, 1, 1323–1331.

(66) Marti, S.; Moliner, V.; Tuñón, I. J. Chem. Theory Comput. 2006, 2,
216–216.

(67) Brown, K. G.; Small, E. W.; Peticolas, W. L.; Erfurth, S. C. Proc.
Natl Acad. Sci. U.S.A. 1972, 69, 1467–1469.

(68) Go, N.; Noguti, T.; Nishikawa, T. Proc. Natl Acad. Sci. U.S.A. 1983,
80, 3696–3700.

(69) Chou, K. C. Biochem. J. 1983, 215, 465–469.

Figure 10. Transition structures for the reaction in CHI (A) and in solution
(B). The pictures show only those atoms included in the control space
defined to obtain the Hessian matrix.

Figure 11. Representation of the high intensity motion appearing at 230
cm-1 in the enzymatic friction spectrum. The red and blue structures
represent two snapshots of the vibration.
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at different stages of the reaction progress. A hypothetical
success of the frozen environment approach in reproducing a
transmission coefficient would never imply that the environment
could be viewed as static during the entire reaction process.1

In the region between 290 and 360 cm-1, we have found
several signals that can be attributed to the stretching of the
hydrogen bonds established between the O2′ atom and water
molecules or the carbonyl oxygen atom and water molecules.
These signals appear in both media, but in the enzyme we have
also found the stretching of the hydrogen bonds formed between
residues Lys97 and Asn113 and the carbonylic oxygen atom
and O2′ atom, respectively. The region appearing between 470
cm-1 and 540 cm-1 is dominated by librational motions of water
molecules. Between 660 and 870 cm-1, we have found several
normal modes associated mainly with out-of-plane bending
motions of the hydrogen atoms of aromatic rings (both the
aromatic rings of the substrate and the aromatic ring of Tyr106
in the case of the enzyme). In the strongest signal of this region,
we observed the out-of-plane motion of 6′-deoxychalcone
aromatic hydrogen atoms, which is also coupled with displace-
ments of hydrogen bonded residues Lys97 and water molecules
in the enzyme and aqueous solution, respectively.

We now turn to the spectral region at higher frequencies,
again combining a normal-mode analysis with the friction
spectra for the mode identifications. Here the peaks correspond
to motions that can, at least partially, follow the changes in the
reaction coordinate in the transition state region, so that this is
essentially the region responsible for the deviations from the
frozen environment approach. The most intense signal in the
relaxed spectrum in the enzyme appears at 1130 cm-1. The same
signal appears slightly displaced in water (at 1150 cm-1) with
a significantly lower intensity. These frequency values are
significantly higher than the reaction frequencies, which were
shown to be 595 and 715 cm-1 in solution and in the enzyme,
respectively We have assigned this signal to a normal mode
involving the O2′-C2′ stretching and the out-of-plane motion
of the hydrogen atom bonded to the attacked carbon atom, C�.
Thus, this signal corresponds essentially to the change in the
hybridization of this carbon, going from sp2 to sp3 and to the
lengthening of the bond distance of the nucleophile. This mode
has been represented in Figure 12 by overlapping two snapshots
of the vibrational motion.

At a slightly higher frequency, at 1370 cm-1 both in the
enzyme and in aqueous solution, appears the signal correspond-
ing to the in-plane bending motion of the aromatic hydrogen
atoms of chalcone. The signal appearing at 1400 cm-1 is
attributed to the stretching of the aromatic carbon atoms of the
substrate. The intense signals of the relaxed spectra appearing
between 1530 and 1620 cm-1 correspond to the changes
analyzed in Figure 3. The signal at 1530 cm-1 can be associated
with the C�-CR stretching. The next most intense signals,
appearing at 1550 cm-1, essentially correspond to the CR-C(O)
stretching. Obviously, the distances associated to these bonds
could be used to define a more sophisticated substrate reaction
coordinate (more generally this should also include intramo-
lecular contributions). The last important signals in this region
of the spectra appear at 1620 cm-1 and have been assigned to
the stretching of the carbonyl group of the substrate (which in
the enzyme is mixed with the stretching of the carbonyl groups
of the peptide bonds).

Finally, the signals appearing at about 3065 cm-1 correspond
to the C-H stretching, mainly of the CR and C� atoms. In the
enzyme this motion is mixed with C-H stretching of different
residues (Thr48, Lys97, Tyr106, and Asn113).

As a summary of this section, the comparison of the friction
spectrum and the normal-mode analysis has allowed us to
identify those relevant inter- and intramolecular motions strongly
coupled to the reaction coordinate. Depending on the charac-
teristic frequencies of these motions, they can follow or not
follow the changes of the reaction coordinate and they can
consequently be considered as frozen or not frozen during the
passage of the system over the barrier top.

4. Concluding Remarks

We have presented a detailed analysis of the reaction
dynamics for the conversion of 6′-deoxychalcone into the
corresponding flavanone, both in aqueous solution and in
Chalcone Isomerase. The rate-limiting step is a unimolecular
Michael addition, one of the basic reaction mechanisms in
organic chemistry. To obtain a deeper insight into the dynamics
of the reaction we have used a twofold strategy based, on the
one hand, on the use of rare events Molecular Dynamics and,
on the other hand, on the use of the Grote-Hynes (GH) theory.

Analysis of trajectories started at the transition state has
allowed us not only to compute the transmission coefficient
measuring the departure from Transition State Theory but also
to follow some key motions of the system as the reaction
evolves. Thus, the transition state stabilization provided by the
enzyme has been explained in terms of key residues (Lys97
and Asn113) and water molecules present in the active site.
These residues and water molecules provide an appropriate
electrostatic environment for the progress of the enzyme
reaction. There are important differences for the enzyme and
aqueous solution reactions. In aqueous solution, the nucleophilic
oxygen atom is desolvated as the reaction advances, and
consequently there is a free energy penalty reflected in the larger
activation free energy in solution. The use of a collective
environment coordinate, here the electric field, makes more
evident this differential behavior between the enzyme and the
aqueous solution. On examination of the intramolecular changes
taking place in the substrate (6′-deoxychlacone) we have
observed important changes in the bond distances and in the
electronic distribution. According to our results, the Michael
addition consists of an important charge transfer to the CR and,
to a minor extent, to the carbonyl oxygen (see Figure 4). The

Figure 12. Representation of the high intensity motion appearing at 1130
cm-1 in the enzymatic friction spectrum (the corresponding signal in solution
appears at 1150 cm-1). The red and blue structures represent two snapshots
of the vibration.
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coupled geometrical changes (Figure 3) can be interpreted in
terms of a mixture of two resonance forms (see Scheme 2).

GH theory has been used to provide a theoretical framework
to systematically include the effect of all the degrees of freedom
on the evolution of the system along the reaction coordinate in
the transition state region. First, we showed that the GH theory
gives the reaction transmission coefficients in excellent agree-
ment with MD estimations, within 1 standard deviation, for both
reaction media. The fact that the transmission coefficient is larger
in the enzyme than in solution (which represents only a minor
contribution to catalysis) can be understood considering that
the effective friction on the time scale of the barrier crossing is
lower in the first medium than in the second. The reason for
this could be related to the fact that there is an important change
in the distribution of the water solvent molecules around the
nucleophilic oxygen atoms as the reaction advances and the
charge, initially localized on this atom, is transferred to the CR

atom. This change is reflected in the evolution of the electric
field on the O2′ atom during the reaction progress in aqueous
solution, which shows an important desolvation effect. The same
electric field computed in the active site shows no important
changes during the reaction progress. It is also important to point
out that this very different electrostatic behavior of the environ-
ment can be translated to an effective transition state stabilization
in the enzyme’s active site. Lys97 and Asn113 residues
contribute to this effect.

We have also examined other approaches for the calculation
of the transmission coefficients: the frozen environment ap-
proach (the nonadiabatic limit of GH theory) and the Kramers
theory. The results are not as satisfactory as when using the
full GH theory, especially in the latter case, which leads to a
severe underestimation of the transmission coefficient (which
would be translated to an important effect on the phenomeno-
logical free energy barrier). One of the distinguishing features
of the reaction studied is the fact that the frozen environment
approach does not work very well. The reason for this behavior
is easily understood considering the important dynamical
changes occurring in the remaining degrees of freedom of the
system, not accounted for in the frozen environment approach.
These have been analyzed by splitting the friction spectrum into

a rigid spectrum, which emphasizes all those motions that can
be considered essentially frozen during the reaction time scale,
and the relaxed spectrum, reflecting those motions whose
dynamics are important in the evolution along the reaction
coordinate in the transition state region; when coupled to a
normal-mode analysis, key motions can be identified. The
formation of a new oxygen-carbon bond causes important
changes in other bonds and degrees of freedom. First, the
attacked carbon atom must change its hybridization from sp2

to sp3, leading to an out-of-plane motion of the bonded hydrogen
atom and the lengthening of the bond to the next carbon atom.
Further, other changes are observed involving this second carbon
atom and the carbonyl group (which suffers from a slight
lengthening of the bond distance and a displacement out of the
molecular plane). The changes suffered by the substrate are also
propagated to the environment resulting in the existence of
enzymatic motions strongly coupled to the reaction coordinate.
Thus, the hybridization change of the C� atom modifies the
positioning of the substrate phenyl rings, which in turns affect
the distances to Asn113 and Lys97. This coupling, measured
through the friction kernel spectrum, reflects the fact that a better
reaction coordinate could be defined, if desired, by including
more intra- and intermolecular degrees of freedom of the system
and thus maximizing the transmission coefficient.41,70,71
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