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Abstract: The deacylation step of acetylcholinesterase was simulated using the empirical valence bond (EVB)
method in combination with free energy perturbation calculations. Before the enzyme structure was used to
simulate the reaction, the protonation pattern of the acylated enzyme and the free enzyme was determined by
a Monte Carlo titration. As a result, it was found that Glu199, which is located close to the catalytic triad, is
protonated in the free and acylated enzyme. Also, the EVB simulation of the reaction showed that the uncharged
Glu199 is favorable to stabilize the transition state of the deacylation step. This is in agreement with experiments
demonstrating that the Glu199Gln mutation does not have a significant influence on the kinetics of deacylation.
The EVB calculations yielded an energy barrier of the deacylation step that is 11-12 kcal/mol lower in AChE
as compared to a reference reaction in water. The largest calculated rate of the deacylation reaction iskcat )
5.5 × 102 s-1 and thus only by a factor of 30 smaller than the experimental value.

1. Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) is a serine hydrolase,
whose main biological function is to terminate impulse trans-
mission at cholinergic synapses by rapid hydrolysis of the
neurotransmitter acetylcholine (ACh) (for reviews, see Quinn1

and Rosenberry2). The enzyme possesses a remarkably high
activity and works close to the diffusion-controlled limit. The
turnover ratekcat for the hydrolysis of acetylcholine in aqueous
solution is∼8 × 10-10 s-1,3 whereas the overall rate is∼1.6
× 104 s-1 in the enzyme active site,4 which corresponds to a
rate enhancement in the enzyme by the factor 2× 1013.

The X-ray crystallographic structure of AChE5 shows a 20
Å deep and narrow cavity, which can host the substrate ACh.
It is called the “aromatic gorge”, because its wall is covered by
14 highly conserved aromatic residues. The catalytic triad,
consisting of Ser200, Glu327, and His440, is located at the dead
end of this gorge. The cationic moiety of ACh binds to the
aromatic residues Trp84 and Phe330 by cation-π interactions
and to the acidic residue Glu199 by electrostatic interactions.
The residues of the binding pocket interacting with the acyl
part of ACh are Gly119, Trp233, Phe288, Phe290, and Phe331.6

The reaction of AChE follows the scheme outlined in Figure
1, wherek1 and k-1 are the rate constants for the association

and dissociation of AChE with its substrates and the ratesk2

andk3 correspond to the chemical conversion steps. The catalytic
mechanism is outlined in Figure 2. The hydrolytic destruction
of carboxyl esters, including ACh, is assumed to occur via an
unstable tetrahedral intermediate (TI1) leading to a short-lived
(t1/2 ≈ 50 µs) state, where the enzyme is acylated at Ser200.4

Subsequently, a nucleophilic attack of a water molecule occurs
resulting in a second tetrahedral intermediate (TI2), which
decomposes into the native enzyme and an acetate ion. This
second part of the reaction is called the deacylation step and is
investigated in this work. It comprises a nucleophilic attack of
a water oxygen on the ester carbonyl group and a proton transfer
from this water molecule to the Nε nitrogen of the His440 side
chain.

For simulation of the deacylation step, we take the acylated
enzyme as the starting point. The corresponding valence bond
structure I is given in Figure 3. The end point of our simulation
is the tetrahedral intermediate TI2 of the deacylation step,
corresponding to the valence bond structure III in Figure 3. As
the barrier for the decomposition of the tetrahedral intermediate
TI2 is lower than the barrier for its formation, the formation of
this intermediate state is the rate-determining step in the
deacylation reaction.7 Hence, it is sufficient to simulate the
reaction up to the point, where the formation of the tetrahedral
intermediate TI2 is completed.
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Figure 1. Kinetic mechanism for ACh hydrolysis. Key: E, AChE; S,
substrate (e.g., acetylcholine); E‚S, reversible enzyme-substrate com-
plex; E-A, acylated enzyme; P1, choline; P2, acetic acid.k1 andk-1

are the rate constants for the diffusion of the substrate andk2 andk3

are the rate constants for the chemical conversion steps, i.e., the
acylation and deacylation, respectively.
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In crystal structures with transition-state analogues of the
acylation step and in modeled structures, it could be observed
that the oxyanion hole in AChE, which stabilizes TI1, consists
of the dipoles of the backbone NH groups of Gly118, Gly119,
and Ala201.5,6,8,9 Glu327, as a member of the catalytic triad,
stabilizes the protonated His440. In site-directed mutagenesis
studies, it was shown that Glu327Ala and Glu327Gln mutants
are inactive.10 Furthermore, Glu199, which is located adjacent
to the active site, is ascribed an important role, although it is
not clear to what extent it contributes to the rate enhancement
of the chemical conversion. The Glu199Gln mutant of AChE
from Torpedo californicahas akcat/Km ratio 50-fold lower than
that of the native enzyme,11 whereKm is the Michaelis constant.

Most experimental and theoretical studies on AChE focused
on the diffusion of substrates to the active site or on the acylation
step.11-14 Enzymes, which by evolution are optimized for rapid
catalysis, may often show similar activation barriers for the
different reaction steps, since optimization requires lowering
of the highest barrier. Therefore, it is not surprising that for
AChE, which is a very fast processing enzyme, both acylation
and deacylation were found to be rate determining with a
kcat ) 1.6 × 104 s-1.4 For this reason, we investigate here the

deacylation reaction, which is dramatically accelerated by the
enzyme. The uncatalyzed hydrolysis of an ester, which is
comparable to the acylated serine (e.g., methyl acetate), has a
rate constant ofkcat ) 5 × 10-9 s-1 in aqueous solution,7

whereas in AChE this reaction proceeds with 1.6× 104 s-1,4

which is as large as the overall rate of the enzyme. This is equal
to an acceleration of the reaction by the factor 3× 1012.

The deacylation is an important process in order to understand
the irreversible inhibition of AChE by compounds that modify
Ser200 due to phosphorylation, such as sarin and soman, or
carbamoylation, such as physostigmine and epastigmine. The
hydrolysis of these derivates is very slow, and understanding
of the mechanism and the accelerating factors of deacylation is
crucial to characterize the inhibition of AChE.15,16

Experimental and theoretical studies have shown that the
substrates of AChE are guided into the active site gorge by a
strong electrostatic monopole and dipole field.17 This is unfavor-
able for the cationic product, choline, to move out of the active
site after the reaction is completed.18 Therefore, it was suggested
that it may leave the active site via a “back door”,18 but this is
still a matter of debate.19,20 To elucidate the dissociation of
choline from AChE, it is important to know at which reaction
step it leaves the active site.

The electrostatic properties of an enzyme have a significant
influence on its catalytic function.21 Thus, in this work, the
protonation pattern of all titratable groups was determined in
detail. This permits us to conclude how individual titratable
groups stabilize the protein structure in a particular protonation
state and how they reduce the energy of the transition state in
an enzymatic reaction.

The present work investigates the rate-determining deacyla-
tion step of AChE using computer simulation approaches. First
the protonation state of the acylated enzyme is analyzed. Then
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Figure 2. Reaction mechanism of AChE with a carboxyl ester substrate. The top row shows the acylation and the lower row shows the deacylation
reaction. The base in the catalytic triad is His440. Choline, the product of the acylation reaction, is denoted as ROH. For both reactions, the
carbonyl carbon atom of acetylcholine and Ser200, respectively, proceeds from its planar geometry to a tetrahedral intermediate. (TI1 and TI2).

Figure 3. Resonance or valence bond structures used in the EVB/
FEP simulation of the deacylation step. I, II, and III correspond to the
reactants, the state formed after the proton transfer from water to
His440, and the tetrahedral intermediate, respectively.
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to a reference reaction in water. It is determined how the enzyme
manages to reduce the activation barrier of the reaction, where
we concentrate on three aspects: (1) Is it possible to differentiate
between a concerted or a stepwise mechanism for the proton
transfer and the nucleophilic attack of the deacylation step? (2)
What is the influence of choline on the energetics of deacyla-
tion? (3) Which protonation state of Glu199 is favorable for
stabilization of the transition state of the deacylation step?

2. Methods

Structure of AChE. The starting coordinates for our simulations
were generated from the AChE crystal structure of the native enzyme
from T. californicadetermined at 2.5-Å resolution (PDB entry 2ace).22

This structure was solved without inhibitor, and subsequently, the
substrate acetylcholine was modeled into the active site using informa-
tion from a structure of AChE with the transition-state analogue inhibitor
m-(N,N,N-trimethylammonio)trifluoroacetophenone (PDB entry 1amn).6

This model structure is believed to represent the transition state of the
acylation step (TI1 in Figure 2). The distance between the side-chain
oxygen of Ser200 and the carbonyl carbon of ACh is 1.4 Å. The carbon
possesses a tetrahedral conformation. To obtain a model of the enzyme
in its acylated form, we added the acyl part of ACh to Ser200 and
deleted the coordinates of the choline part (see Figure 4).

Coordinates of hydrogen atoms are not available from the crystal
structure. Adding hydrogen atoms to water oxygens by modeling
procedures can be rather ambiguous due to the large number of possible
hydrogen-bonding patterns. Therefore, all waters were removed. Their
electrostatic interactions were generated by corresponding surface
charges at the boundaries of the resulting cavities with a dielectric
constant ofε ) 80. For a further justification of this approach, see the
discussion in ref 23. However, one water molecule plays a special role
in hydrolyzing the acylated Ser200. We place this reactive water
molecule in an appropriate H-bond position to the nitrogen atom Nε of
His440. This position is also close to the carbonyl carbon atom of the
acylated Ser200 (Figure 4).

In the X-ray structure of AChE, 10 complete residues and several
atoms from 23 residues are missing. We modeled these residues into
the structure with the program CHARMM.24 The HBUILD command
of CHARMM was used to generate the coordinates for all hydrogen

atoms, leading to an all-atom representation of AChE. Subsequently,
the whole protein was energy minimized with the CHARMM22 force
field,25 but all experimentally known atomic coordinates were fixed.

Calculation of the Protonation State.The protonation probability
of a titratable residuei in a protein withn titratable groups can be
expressed by the following Boltzmann-weighted sum:26

whereâ ) (kBT)-1. The componentqi of then-dimensional protonation-
state vectorqb represents the charge state of titratable groupi. For bases
(acids), it adopts the values+1 or 0 (0 or-1). The outer sums run
over all 2n different protonation state vectorsqb. The inner sums run
over all titratable groups (µ,ν). If group i is protonated (unprotonated),
xi is unity (zero).∆Gintr/µ is the protonation energy for the titratable
groupµ if all other titratable groups are in their uncharged state. This
energy is related to the so-called intrinsic pKa value pKa intr,µ of titratable
groupµ via the expression

The intrinsic pKa value of a specific titratable group is defined by
the following energy terms:

The labelsmodelandprotein refer to the amino acids in solution (as
N-formyl-N-methylamide model compound) and in the protein, respec-
tively. The Born solvation energy∆GBorn of a titratable group in the
absence of any other charge and the interaction energy∆GBack of the
charge at sitei with the nontitrating “background” charges were
evaluated with the corresponding electrostatic potentialsΦ(r). These
potentials were obtained by solving the linearized Poisson Boltzmann
equation (LPBE) of the protein and the model compounds in solution.
The experimental pKa values for the model compounds were taken from
Ullmann and Knapp.26 Arginine, aspartate, histidine, glutamate, lysine,
tyrosine, cysteine, the reactive water molecule, and the C- and N-termini
were considered as titratable groups. Histidine occurs in two tautomeric
forms in the unprotonated state. Both were considered in our calcula-
tions.Wµν in eq 1 is the electrostatic interaction between two titratable
groupsµ andν in the charged state, while all other titratable groups
are in their uncharged state. It needs to be evaluated in the protein
only and is also calculated by solving the LPBE.

The LPBE is solved on a lattice with a finite difference method27

implemented in the program MULTIFLEX.28 For the protein, we started
with a cubic lattice of 202.5-Å side length with 2.5-Å grid spacing. In
two focusing steps, we reduced the side length of the cube to 81.0 and
22.75 Å with a grid spacing of 1.0 and 0.25 Å, respectively. The lattices
with the higher resolution were centered on the titrating site. For the
model calculation in solution, we applied lattices of 61.0- and 15.25-Å
side length with 1.0- and 0.25-Å resolution.

The dielectric constant was set toεp ) 4 everywhere in the protein,
and the dielectric constant of the solvent was set toεs ) 80. The value
of the dielectric constant in the protein is typically chosen to account
for the lack of nuclear and electronic polarization effects.26 In general,
the small valueεp ) 4 of the dielectric constant in proteins is chosen
when applying a detailed molecular charge model. Larger values of
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Figure 4. Active site of the acylated AChE. Only the side chains of
the amino acids are shown. The water molecule is modeled into the
structure, such that it has an H-bond distance (2.8 Å) to the Nε atom of
His440, to which the proton is transferred during the deacylation
reaction. Additionally it is positioned close (3.4 Å) to the carbonyl
carbon atom of the acyl group of Ser200. (Drawn with MOLSCRIPT.57)

〈xi〉 )

∑
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the protein dielectric constant of up toεp ) 20 are chosen for cruder
molecular charge models, where for instance the protonation of a
titratable group is modeled simply by placing a unit charge at a central
atom of the titratable site.29,30For the solvent, we used an ionic strength
of 100 mM and an ion exclusion layer of 2.0 Å around the protein.
The boundary between the molecules and the solvent was established
by the surface resulting from a probe, consisting of a sphere with 1.4-Å
radius, rolling on the van der Waals surface of the protein and model
compound, respectively. Cavities in the protein, which can host a sphere
of radius 1.4 Å, are considered to be solvent accessible and thus possess
a dielectric constant ofεs ) 80.

The atomic partial charges of the amino acids, including the charged
and neutral state of the titratable residues, were taken from the
CHARMM22 parameter set.25 For some of the titratable residues (Arg,
Lys, Cys), only the standard protonation state is included in this
parameter set. For these residues, the atomic partial charges were
calculated with the program SPARTAN31 using the semiempirical PM3
method and the CHELPG procedure,32 where the charges are determined
such that they reproduce the electrostatic potential outside of the
molecular group appropriately. The calculated charges are summarized
in Table S1 (see Supporting Information).

AChE contains 145 titratable groups. Hence, the number of possible
protonation states is 2145 and thus too large for a direct calculation of
the Boltzmann sum in eq 1. To sample the space of protonation states,
we used a Metropolis Monte Carlo (MC) method implemented in the
program KARLSBERG, which is freely available under the GNU public
license from our webserver.33 The program KARLSBERG is an
adaption of the program MCTI34,35but contains some additional features.
These features will be reported in detail elsewhere (manuscript in
preparation). Here we needed only two of them: triple moves for
increased sampling efficiency36 and biased MC.37 To improve sampling
efficiency, two (three) titratable groups that are coupled more strongly
than 2.5 (5.0) pKa units changed their protonation state simultaneously
in one MC move. Such double and triple moves were done in addition
to simple moves. The MC sampling was done at pH 7.0 and 300 K.
We first performed 1000 MC scans with all titratable groups. In one
MC scan, one tries on the average to change the protonation state of
each titratable group using single MC moves at randomly chosen
titratable groups. In addition, each MC scan includes the necessary
double and triple MC moves. After that, we fixed the protonation state
of all groups that did not change their protonation during the first 1000
scans. With the reduced set of 67 variable titratable groups, we
performed another 10 000 MC scans. This MC sampling led to a
standard deviation of less than 0.01 proton at each titratable group.
The protonation energy of a titratable group was obtained from its
protonation probability:

Empirical Valence Bond (EVB)/Free Energy Perturbation (FEP)
Method. The EVB/FEP method38,39 is a tool to examine reaction free
energy surfaces. The EVB method models a chemical reaction in the
simplest case as a transition between two valence bond structures or

resonance states corresponding to the reactants and products of the
reaction. Each of the two states is described by a separate molecular
mechanics force field. The transition from the reactant state to the
product state is accomplished by a linear combination of the two energy
functions, yielding the mapping potential:

With this mapping potentialεmap(λ), the reaction is guided from the
reactant state to the product state by varying the parameterλ from 0 to
1. The potentialsε1 andε2 are described by the energy functions

The subscripts r and s stand for the reacting fragments and the
surrounding of the molecular system, which can be aqueous solution
or the protein/water environment, respectively. The first term in eq 6
represents the Morse potential of forming and breaking bonds relative
to its minimum value for thejth bond in the valence bond stateµ. The
second and third terms denote the corresponding potentials of bond
angles and torsional angles. The energies of those bond or torsional
angles that are involved in forming or breaking bonds are coupled to
the corresponding bond strength by the coupling factorγl

(µ) ) |∆Mj
(µ)/

Dj
(µ)|, whereDj

(µ) is the dissociation energy of the bondj. Vnb,rr and
Vnb,rs are the nonbonded energies (van der Waals and electrostatic)
among the reacting atoms and between reacting atoms and the
surrounding.

As common in the EVB procedure, the van der Waals interaction
between atoms that form a new bond during the reaction or whose
bond is broken is modified to an exclusive repulsive interaction in the
state where the bond is not present.38 The interaction has the form
Vrep ) Cije-ar; the constantsC anda depend on the atom types as given
in Table 2. The pure exponential repulsion differs from the conventional
Lennard-Jones interaction used for nonbonded atom pairs. In principle,
the influence originating from this difference in the interaction can be
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∆G ) - 1
â

ln
〈x〉

1 - 〈x〉
(4)

Table 1. EVB Atomic Charges in Units of an Elementary Chargea

residue atom I II III

Ser-200 CB -0.110 -0.110 0.058
HB1 0.120 0.120 0.011
HB2 0.120 0.120 0.011
OG -0.340 -0.340 -0.519
CD 0.630 0.630 1.096
OD -0.520 -0.520 -0.943
CT -0.170 -0.170 -0.663
HT1 0.090 0.090 0.090
HT2 0.090 0.090 0.090
HT2 0.090 0.090 0.090

water OH -0.834 -1.010 -0.799
H1 0.417 0.440 0.440
H2 0.417 0.010 0.379

His-440 CB -0.090 -0.050 -0.050
CB1 0.090 0.090 0.090
CB2 0.090 0.090 0.090
CG -0.050 0.190 0.190
ND1 -0.360 -0.510 -0.510
HD1 0.320 0.440 0.440
CE1 0.250 0.320 0.320
HE1 0.130 0.180 0.180
NE2 -0.700 -0.510 -0.510
CD2 0.220 0.190 0.190
HD2 0.100 0.130 0.130

aThe charges of state I are taken from the CHARMM22 force field,
the charges of the OH- ion are from Åqvist,58 and the charges for the
tetrahedral intermediate in state III are calculated with a quantum
chemical ab initio method as explained in the text.

εmap
1,2 (λ) ) (1.0- λ)ε1 + λε2 where λ ∈[0, 1] (5)

εµ ) ∑
j

∆Mj
(µ)(bj

(µ)) +
1

2
∑

l

γl
(µ) kl

(µ) (θl
(µ) - θ0,l

(µ))2 +

1

2
∑

m

γm
(µ) Km

(µ)[1 + cos(nm
(µ)

φm
(µ) - δm

(µ))] +

Vnb,rr
(µ) + R(µ) + Vnb,rs

(µ) + Vss, µ ) 1, 2 (6)
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evaluated by applying the FEP method, where one changes from one
interaction type to the other. But, since we consider free energy
differences between the reaction in the enzyme and in solution, where
we apply the same nonbonded interaction, the specific influence of
the difference in the exponential repulsive type will essentially cancel.
The last termVss in eq 6 lumps together all energy contributions of the
nonreacting part of solvent and protein.

Conventional force fields describe molecular systems with an energy
function corresponding to one chemical state only. They do not provide
any relation between the energies of resonance states possessing
different bonding schemes that result in alteration of Lennard-Jones or
charge parameters. The energy difference between two resonance states
is given by the difference of heat of formation in the gas phase and is
thus introduced in the energy function by the constant energy parameter
R(µ).

The described energy function is used to sample the configurational
space of the system by molecular dynamics (MD). Subsequently, the
adiabatic electronic ground-state energyEg

1,2, mediating the transition
between the states 1 and 2, is calculated at all configurations:

Eg is the lower of the two eigenvalues of a 2× 2 Hamiltonian matrix,
where the diagonal elements are the potentialsε1 andε2 from eq 6 and
the off-diagonal elementH12 is represented by

where rXY is the distance between two atoms that are involved in a
bond-breaking or -forming process in the reaction considered and can
be used to monitor to what extent the reaction has evolved. In a
nucleophilic attack reaction, the distance is measured between the atoms
that form the new bond. The distancerXY

‡ is a constant, chosen such
that H12 adopts a maximal value close to the transition state. The
parametersµ12, A12, andrXY

‡ are given in Table 2.
The free energy difference of the transition from state 1 to state 2 is

evaluated with the free energy perturbation approach:40

∆Gmap(λj) represents the free energy associated with moving on the
mapping potentialεmap

1,2 (λ) defined in eq 5. The generalized reaction

coordinateX, which we consider, is defined as the energy gapε1 - ε2

of the two energy functions at each conformation of the trajectory.
The reaction coordinateX is partitioned in a number of binsXm, typically
50. The free energy,∆G1,2(X), corresponding to the trajectories moving
on the adiabatic energy surface of the electronic ground stateEg, eq 7,
mediating the transition from the reactant state to the product state, is
obtained with the umbrella sampling expression

The Boltzmann factor of the free energy∆G1,2(Xm) is obtained as a
weighted sum over the differentλj ensembles;n(j, Xm) is the number
of conformations from theλj ensemble, where the reaction coordinate
X belongs to binm. The ensemble average in eq 10 considers all
conformations, where the reaction coordinate corresponds to binmand
λj. This statistical average accounts for the energy difference between
the mapping potentialεmap

1,2 used for the MD simulation and the
adiabatic potential energy surfaceEg

1,2 of the reaction considered.
An important aspect of the EVB procedure is the calibration of the

EVB parameters inH12 and ofR. The parameters are chosen such that
in a simulated reference reaction in aqueous solution the resulting free
energy profile reproduces the experimental value of the activation barrier
and of the free reaction energy. In practice, the reaction of interest is
simulated in a water sphere and the obtained energy data are evaluated
within the FEP procedure, in which the parametersR andH12 can be
varied to yield the proper free energy curve. A detailed discussion about
setting up the reference energy profile is given in section 3.2. These
calibrated parameters are then also used to evaluate the energy profiles
of a simulation in which the water sphere has been replaced by the
enzyme and water molecules to fill the protein cavities. With this
approach, the effect of the enzyme environment on the free energy
reaction profile is obtained.

Simulation Conditions. The MD simulations and free energy
calculations were performed with the program Q41 using the CHARMM22
force field.25 The starting point for the deacylation reaction was the
acylated enzyme, corresponding to resonance state I in Figure 3. We
simulated the deacylation reaction under several conditions: In one
case, we treated it as a two-step mechanism with proton transfer and
subsequent nucleophilic attack using resonance states I, II, and III in
Figure 3, where resonance state III corresponds to the tetrahedral
intermediate TI2 (Figure 2), which is the end point of our simulation.
In this stepwise reaction, we applied the mapping potentialsεmap

I,II (λ)
and εmap

II,III and the electronic energy surfacesEg
I,II and Eg

II,III for the
proton transfer and the nucleophilic attack, respectively. Alternatively,
we modeled it as a concerted mechanism, where proton transfer and
nucleophilic attack proceed simultaneously with a direct transition from
state I to state III by using the mapping potentialεmap

I,III (λ) and the
electronic energy surfaceEg

I,III .
The partial charges for the tetrahedral intermediate TI2 in resonance

structure III were calculated with a quantum chemical ab initio method
using the 6-31G* basis set and the MK charge model42 implemented
in GAUSSIAN 98.43 The charges are listed in Table 1. The titratable
residues were charged according to the calculated protonation pattern.

The protein was immersed in a 23-Å sphere of TIP3P water. Water
molecules whose oxygen atom had a closer contact than 2.7 Å to non-
hydrogen atoms of the protein were removed. The center of the water
sphere was chosen such that a suitable stabilization of the reacting part
due to the interaction with water was reached. This center was placed

(40) Zwanzig, R. W.J. Chem. Phys. 1954, 22, 1420-1426.
(41) Marelius, J.; Kolmodin, K.; Feierberg, I.; Åqvist, J.J. Mol. Graphics

Modell. 1999, 16, 213-225.
(42) Besler, B. H.; Merz, K. M.; Kollman, P. A.J. Comput. Chem. 1990,

11, 431-439.
(43) GAUSSIAN 98, Gaussian, Inc., Pittsburgh, PA, 1999.

Table 2. EVB Interaction Parameters (in kcal/mol and Å)a

Morse ∆M(b) ) DM(1 - exp(-µ(b - b0))2

O-H DM ) 110.0,b0 ) 1.00,µ ) 2.00
N-H DM ) 98.3,b0 ) 1.10,µ ) 2.00
O-C DM ) 92.0,b0 ) 1.43,µ ) 2.00
repulsive Vrep ) Cije-ar

O‚‚‚H Cij ) 1950.0,a ) 4.2
N‚‚‚H Cij ) 150.0,a ) 2.5
C‚‚‚O Cij ) 65.0,a ) 2.5
EVB parameters
proton transfer A ) 18.5,µ ) 0.0,η ) 0.4,

rXY
‡ ) 2.1,R ) 119.0

nucleophilic attack A ) 66.5,µ ) 0.0,η ) 0.02,
rXY

‡ ) 2.9,R ) 241.0
concerted reaction

set 1 A ) 69.9,µ ) 0.0,η ) 0.00,
rXY

‡ ) 0.0,R ) 371.7
set 2 A ) 82.9,µ ) 0.0,η ) 0.00,

rXY
‡ ) 0.0,R ) 374.4

aThe Morse potential parameters and the repulsive potentials for
N‚‚‚H and C‚‚‚O are taken from Warshel.38 The interaction for O‚‚‚H
is adjusted such that the repulsive potential has the samer-12

dependence as the repulsive part of the Lennard-Jones interaction, but
shifted to smaller distances by∼0.5 Å.

Eg
1,2 ) Eg

1,2(ε1 - ε2) ) 1
2
(ε1 + ε2) - 1

2x(ε1 - ε2)
2 + 4H12

2 (7)

H12 ) A12 exp[µ12(rXY - rXY
‡ ) - η12(rXY - rXY

‡ )2] (8)

∆Gmap(λi) ) Gmap(λj) - Gmap(λ0) )

-kBT∑
i)0

j-1

ln〈exp[-(εmap(λi+1) - εmap(λi))/kBT]〉i (9)

exp[-∆G1,2(Xm)/kBT] )
1

N(Xm)
∑

j

n(j, Xm) exp[-∆Gmap
1,2 (λj)/kBT]

〈exp[-(Eg
1,2(Xm) - εmap(λj))/kBT]〉j,Xm

where N(Xm) ) ∑
j

n(j,Xm) (10)
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at the Cγ atom of the imidazole ring of His440. For nonbonded
interactions, we used a cutoff of 12.0 Å. Electrostatic interactions over
longer distances were included by the local reaction field method.44

Atoms, which were initially located more than 23.0 Å from the
molecular center of the molecular system, the Cγ atom of His440, were
fixed to their crystallographic coordinates and excluded from nonbonded
interactions. The waters were subjected to radial and polarization surface
restraints by a surface constraint all-atom solvent (SCAAS)-related
model.45,46Water bonds and angles were constrained with the SHAKE
algorithm.47

Before MD simulations for the differentλ ensembles were performed,
the protein was subjected to a careful structural relaxation at 30 K at
the intermediateλ valueλ ) 0.5, which is close to the transition state.
For that purpose, MD simulations were applied using increasing time
steps. With each of the step sizes 0.01, 0.1, and 1.0 fs, an MD simulation
of 3000 time steps was performed. Subsequently, the molecular system
was equilibrated at 300 K running an MD simulation for another 10 000
time steps with a step size of 1.0 fs. The MD simulations for each of
the reactions were started withλ ) 0.5 and proceeded toward the
products (λ ) 1.0) and the reactants (λ ) 0.0). To accomplish an
efficient sampling,λ was varied in steps of 0.1 within the intervalλ ∈
[0.1,0.9] and in steps of 0.02 within the end intervalsλ ∈ [0,0.1] and
λ ∈ [0.9,1.0]. Eachλ ensemble generated comprised an MD trajectory
of 4 ps. The data of the first 0.5 ps of eachλ ensemble were used for
equilibration and discarded. The parameters used for the MD simulation
and the EVB method are summarized in Table 2.

3. Results and Discussion

3.1. Protonation State.We calculated the protonation pattern
of the acylated and the free enzyme using a continuum
electrostatic method. In both cases, we found the same six
residues in a nonstandard protonation state: Asp392, Glu199,
Glu278, and Glu445 were uncharged and His471 and His513
were positively charged. However, the acidic side chains of
Asp392, Glu278, and Glu445 are located more than 11 Å away
from His440 in the active site. The two doubly protonated
histidines are more than 20 Å away from the active site. Hence,
these residues are not supposed to have a significant influence
on the catalytic reaction, whereas Glu199, which is highly
conserved in AChE from several species,48 is located close to
the active site. The distances of the two carboxylate oxygens
to the nitrogen atom Nε of His440 are only 5.4 and 4.4 Å,
respectively. The energy required to deprotonate Glu199, which
in the equilibrium state is protonated, is 3.8 kcal/mol for the
acylated and 2.6 kcal/mol for the free enzyme. This energy
difference refers to a protonation state, where all other titratable
groups are in equlibrium.

3.2. Reference Reaction in Solution.To clarify the effect
of the enzyme environment on the ester hydrolysis, we need a
reference reaction to calibrate the EVB-parameters (see section
2). As indicated above, the hydrolysis of the acetylated Ser200
can be considered as a two-step process: (1) a proton-transfer
reaction from a water molecule to His440 and (2) a nucleophilic
attack of the resulting hydroxide ion on the carbonyl carbon
atom of the ester leading to a tetrahedral intermediate TI2. The
energy difference in units of kilocalories per mole between the
product and reactant state of the proton-transfer reaction in water
can be estimated using the relevant pKa values:

The pKa value of histidine is taken from Ullmann and Knapp26

and the value of water is calculated using the Henderson-
Hasselbalch equation for the decomposition of water: pKa-
(H2O) ) pH - log([OH-])/([H2O)] and taking pH) 7.0,
[OH-] ) 10-7 mol/L and [H2 O] ) 55.5 mol/L.

With the known difference of pKa values of the reacting
fragments in aqueous solution, the corresponding activation
barrier∆G‡ of the proton-transfer reaction can be deduced from
a linear free energy relationship (LFER). For the LFER
evaluation, we make the assumption that the reverse reaction
of our proton-transfer reaction is diffusion controlled and has a
rate constant of 1010 mol-1 s-1.49 With the known difference
of pka values we obtain the rate constantk of the proton
transfer: log 1010 - log k ) ∆pK andk ) 7.9 M-1 s-1. With
the use of the Eyring rate law according tok ) 1013 s-1 e-∆G‡/RT

we obtain the corresponding energy barrier, which is 16.3 kcal/
mol. For the nucleophilic attack reaction, we used experimental
data of a base-catalyzed hydrolysis of methyl acetate.7 The
activation barrier of forming the tetrahedral intermediate in the
hydrolysis reaction of methyl acetate is found to be 18.5 kcal/
mol and the free reaction energy is 10.0 kcal/mol.7 From
transition-state theory, one obtains for this energy barrier a rate
constant ofk ) 1.52 × 10-1M-1 s-1, which refers to a 1 M
solution of OH-. Hence, the rate constant for OH- and methyl
acetate in the same solvent cage would be 55.5 M× 1.52 ×
10-1M-1 s-1 ) 8.36 s-1, leading to an activation barrier of 16.6
kcal/mol.

With the energetics of the stepwise mechanism, the overall
activation barrier of the reference reaction adds up to 12.6 kcal/
mol + 16.6 kcal/mol) 29.2 kcal/mol and the overall free
reaction energy is 12.6 kcal/mol+ 10.0 kcal/mol) 22.6 kcal/
mol, which is however not measurable, since the tetrahedral
intermediate is not stable and decays spontaneously. The
schematic energy profile of the stepwise reaction can be seen
in Figure 6a. Alternatively, the actual reaction may proceed in
a concerted mode. Since the concerted reaction type also may
implicitly involve aspects of the sequential reaction mechanism,
it will normally result in a lower activation barrier for the
reaction in the solvent and in the enzyme. Also the concerted
mechanism requires a suitable calibration of the EVB parameters
describing the reaction in the solvent. However, there is no
experimental model system available to perform a straightfor-
ward calibration for this mechanism. Therefore, we consider
two parameter sets to see how the rate enhancement depends
on the choice of EVB parameters (see Table 2). The first
parameter set is designed to yield the same value for the overall
energy barrier (29.2 kcal/mol) and the reaction energy (22.6
kcal/mol) as the two-step reaction mechanism in aqueous
solution. This parameter set can be considered as an upper limit,
where the activation barrier is as large as for the sequential
reaction mechanism. With the second parameter set, we model
an activation barrier, which is reduced by 5 kcal/mol yielding
a value of 24.2 kcal/mol. The overall free reaction energy is of
course the same in the stepwise and the concerted mechanism.
The schematic profile of the concerted mechanism with
parameter set 2 can be seen in Figure 6b. The reduced activation
barrier of 24.2 kcal/mol from parameter set 2 is close to the
conceivable lower limit, which should be equal to the reaction
energy of 22.6 kcal/mol.

(44) Lee, F. S.; Warshel, A.J. Chem. Phys. 1992, 97, 3100-3107.
(45) King, G.; Warshel, A.J. Chem. Phys. 1989, 91, 3647-3661.
(46) Essex, J. W.; Jorgensen, W. L.J. Comput. Chem. 1995, 16, 951-

972.
(47) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. J. C.J. Comput. Phys.

1977, 23, 327-341.
(48) Massoulie, J. Pezzementi, L.; Bon, S.; Krejci, E.; Valette, F. M.

Prog. Neurobiol. 1993, 41, 31-91. (49) Eigen, M.Angew. Chem., Int. Ed. Eng. 1964, 3, 1-72.

∆GPT
water) 1.38[pKa(H2O) - pKa(HisNε)] )

1.38(15.7- 6.6)) 12.6 (11)
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3.3. EVB/FEP Calculations.The EVB calculations were
carried out using different simulation conditions. The deacylation
reaction was simulated as a two-step mechanism and as a
concerted mechanism. Additionally, both mechanisms were
investigated with choline absent or in the binding pocket. To
check the influence of Glu199, the concerted reactions with
choline in the binding pocket were also simulated with this
glutamate in the charged, unprotonated state, albeit, according
to our computations of electrostatic energies, the unprotonated
Glu199 would not be appropriate, since this state possesses a
3.8 kcal/mol higher energy (see section 3.1). The calculated
values of the free reaction energies and activation barriers are
summarized in Table 3. The free energy profiles of the reactions
in water and in the enzyme are given in Figure 5 explicitly and
in Figure 6 schematically.

Stepwise Mechanism.The free energy profile of the proton-
transfer reactions in Figure 5a shows that the corresponding
reaction rate is practically not enhanced by the enzyme. The
activation barrier is reduced by only 0.9 and 2.0 kcal/mol in
the absence and presence of choline, respectively, compared to
the reference reaction in water. The free reaction energies of
the proton transfer in the enzyme are even increased by 2.8
and 1.5 kcal/mol as compared to aqueous solution. This indicates
that the proton-transfer reaction is not favored by the enzyme.
The role of the enzyme to enhance the overall rate of the
stepwise mechanism results from the considerable decrease of
the activation barrier and the free reaction energy of the
nucleophilic attack reaction only (see Figures 5b and 6a). In
the absence and presence of choline, the nucleophilic attack
reaction has activation barriers that are 15.0 and 13.7 kcal/mol
lower than the corresponding value of the reference reaction,
respectively. The corresponding free reaction energies are
negative and lowered by 13.2 and 15.3 kcal/mol as compared
to the reference reaction.

Concerted Mechanism.The simulation of the concerted
reaction with the EVB parameter set 1, that corresponds to the
energetics of a stepwise mechanism (see section 3.2) yielded
an energy profile (Figure 5c) that is very similar to the overall
energy profile of the stepwise reaction. To obtain the total
activation barrier for the stepwise reactions, the free reaction
energy∆G of the proton-transfer reaction and the activation
energy ∆G‡ of the nucleophilic attack reaction have to be
summed up. This leads to∆Gtotal

‡ ) 18.8 kcal/mol and
∆Gtotal

‡ ) 15.4 kcal/mol for the stepwise reactions in the ab-
sence and presence of choline, respectively (see Figure 6a).
Comparing these energies with the corresponding energies of
the concerted reaction obtained with the EVB parameter set 1

Figure 5. Free energy profiles for the proton transfer, the nucleophilic attack, and the concerted reactions with the EVB parameter sets 1 and 2.
The solid line curves show the energy profiles of the calibrated reference reactions in water. The two other curves denote the reactions in the
enzyme (dotted, without choline; dashed, with choline). All enzymatic free energy profiles are from simulations with uncharged Glu199.

Figure 6. Schemes of the free energy profiles of the stepwise mechanism (a) and the concerted mechanism with EVB parameter set 2 (b) for the
reference reaction in water and for the catalyzed reactions. The three numbers beside the arrows refer to the reference reaction in water, the reaction
in AChE without choline, and with choline in the binding pocket, respectively. All energies are given in kcal/mol.

Table 3. Results of Free Energy Perturbation: Free Energies of
the Enzymatic Reactionsa

reaction ∆G ∆G‡ (∆∆G)wfp (∆∆G‡)wfp

PT no choline 15.4 15.4 +2.8 -0.9
PT with choline 14.1 14.3 +1.5 -2.0
NA no choline -5.0 3.4 -15.0 -13.2
NA with choline -3.7 1.3 -13.7 -5.3
CONC no choline [1] 12.8 18.3 -9.8 -10.9
CONC with choline [1] 11.3 17.0 -11.3 -12.2
CONC no choline [2] 13.7 15.0 -8.9 -9.2
CONC with choline [2] 12.7 13.8 -9.9 -10.4

a PT, proton transfer; NA, nucleophilic attack,; CONC, concerted
reaction. The concerted reactions were simulated using two different
EVB parameter sets (see Table 2). The numbers in brackets behind
the reaction type denote the used set. the Superscript wf p denotes
the difference in free energy between the reaction in water and the
reaction in the enzyme:∆∆G ) ∆Gprotein- ∆Gwater. Energies are given
in kcal/mol.
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(18.3 and 17.0 kcal/mol, Table 3) it can be seen that the
corresponding differences are only 2 and 9%, respectively. This
indicates that the enzyme accelerates the stepwise and the
concerted reaction similarly. Hence, using the same parametri-
zation for the reference reaction of the concerted and the
stepwise mechanism, one cannot decide which mechanism is
prevailing. Anyhow, the enzyme without choline in the binding
pocket lowers the activation barrier of the total reaction by 40%
compared to the reaction in water, corresponding to a rate
enhancement by the factor∼108. In the presence of choline,
this value increases to 42%, corresponding to a rate enhancement
of ∼109 compared to the reaction in water.

With the EVB parameter set 2, the enzyme diminishes the
activation barrier by the same amount with respect to the
reference reaction as by using parameter set 1 (see Figures 5
and 6b). This indicates that the calculated stabilization of the
transition state in the enzyme is not very sensitive on the exact
calibration of the EVB parameters. The energy barriers obtained
with the parameter set 2 are 15.0 kcal/mol without choline and
13.8 with choline. The latter value is close to the experimentally
found value of 12.0 kcal/mol.4

Comparison of Rate Constants.The rate constant calculated
with parameter set 2 and choline in the binding pocket isk )
5.5 × 102 s-1 and, thus, only by a factor 29 smaller than the
corresponding experimental valuek ) 1.6× 104 s-1. Compared
to the reference reaction, this is a rate enhancement of∼107.
Without choline in the binding pocket, the rate constant isk )
74 s-1. This value is by the factor 2.2× 102 smaller than the
experimental value. Using parameter set 1 with choline in the
binding pocket, the rate constant amounts tok ) 2.6 s-1 and is
thus by the factor 6× 103 smaller than the corresponding
experimental value. Without choline in the binding pocket, the
calculated rate constant isk ) 0.3 s-1. This is a factor of 5.4×
104 smaller than the experimental rate constant. The rate
constants of the stepwise mechanism with and without choline
in the binding pocket are of the same magnitude as those of
the concerted mechanism with parameter set 1. Hence, regarding
the rate of the deacylation reaction in AChE, only the concerted
mechanism with EVB parameter set 2 can explain the experi-
mental values satisfactorily.

Role of Specific Residues.Our theoretical titration of the
acylated enzyme resulted in an uncharged Glu199 and a charged
Glu327. The role of Glu199 was discussed in several previous
experimental and theoretical works. In site-directed mutagenesis
studies, it was found that the Glu199Gln mutant showed only
a 5-fold decrease inkcat.50,51 It was shown12 that the negative
charge of Glu199 has only a moderate accelerating effect on
the acylation step. On the other hand, it was stated from
theoretical calculations that Glu199 should have a negative
charge and removing this charge would result in a 32-fold
reduction of the acylation rate.13

The aging reaction or dealkylation of phosphonylated AChE
can be compared with the deacylation reaction. The starting
point of the aging reaction is a phosphonylated Ser200 that
undergoes a dealkylation, which is catalyzed by the enzyme.
From mutation studies it was concluded that Glu199 should be
deprotonated during the aging reaction.52 This indicates that the
acylated enzyme also should have Glu199 in the charged state.

The reactant state of the aging reaction is a neutral phosphonyl
derivate of Ser200, which should have an electrostatic effect
comparable to that of the acyl group of the acylated intermediate.
Thus, the experimental information from the aging reaction
contradicts the result from our theoretical titration. It should be
mentioned, however, that two features of the aging reaction
differ from the deacylation reaction: (a) His440 is assumed to
be doubly protonated in the reactant state of the aging reaction.
Thus, considering the electrostatic potential in the active site,
the negative charge state of Glu199 is favored. (b) In the aging
reaction, a carbenium ion intermediate occurs, which profits
from stabilization by a negatively charged Glu199. But un-
doubtly our theoretical result has to be judged critically in the
light of the experimental evidence from the aging reaction of
AChE.

In our EVB/FEP calculation of the deacylation reaction in
AChE, we found that a negative charge at Glu199 increases
the activation barrier of the deacylation step from 13.8 to 19.7
kcal/mol in the absence of choline in the binding pocket. Hence,
the rate enhancement compared to the reference reaction is a
factor of 103 only. From this large effect and from our titration
calculation, we conclude that Glu199 has to be uncharged and
a mutation to Gln should consequently have only a small effect
on the rate of the deacylation reaction. This is in agreement
with mutation studies in decarbamoylation reactions of irrevers-
ibly inhibited AChE, where the barrier of the decarbamoylation
reaction did not vary with the Glu199Gln mutation.11

The EVB/FEP simulation showed that AChE reduces the
activation barrier of the deacylation reaction considerably
compared with the reaction in water. Glu327 with its negative
charge contributes to the stabilization of the positively charged
histidinium ion. The distance between the carboxylate oxygen
of Glu327 and the nitrogen atom Nδ of His440 is 2.6 Å. Hence,
there is a strong hydrogen bond. In analogy to the stabilization
of the tetrahedral intermediate TI1 in the acylation reaction, in
the deacylation reaction, the tetrahedral intermediate TI2 is
stabilized similarly with the amide groups of Gly118, Gly119,
and Ala201 forming the oxyanion hole. The amide nitrogen
atoms are located 2.7, 2.7, and 2.8 Å, respectively, from the
carbonyl oxygen atom in the tetrahedral intermediate TI2. The
structure of the tetrahedral intermediate and the stabilizing NH
dipoles are visualized in Figure 7.

Choline. The influence of choline on the activation barrier
of the deacylation reaction is not large. In the concerted
mechanism, we found that the presence of choline accelerates

(50) Shafferman, A.; Velan, B.; Ordentlich, A.; Kronman, C.; Grosfeld,
H.; Leitner, M.; Flashner, Y.; Cohen, S.; Barak, D.; Ariel, N.EMBO J.
1992, 11, 3561-3568.

(51) Ordentlich, A.; Barak, D.; Kronman, C.; Ariel, N.; Segall, Y.; Velan,
B.; Shafferman, A.J. Biol. Chem. 1995, 270, 1082-2091.

(52) Saxena, A.; Viragh, C.; Frazier, D. S.; Kovach, I. M.; Maxwell, D.
M.; Lockridge, O.; Doctor, B. P.Biochemistry1998, 37, 15086-15096.

Figure 7. Tetrahedral intermediate TI2 in the deacylation step. The
negatively charged tetrahedral intermediate is stabilized by the NH
dipoles of the backbone amide groups of Gly118, Gly119, and Ala201
(depicted in black). These dipoles constitute the so-called oxyanion
hole. This is an averaged structure from a trajectory of an MD
simulation from the product ensembleλ ) 1.0, which contains the
tetrahedral intermediate TI2. Drawn with MOLSCRIPT.57
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the reaction by a factor of 10. This effect is too small to decide
whether the choline is released before or after the deacylation
reaction. It can merely be deduced that the presence of choline
does not hinder the deacylation reaction. Hence, the release of
the first product, the choline, may occur before or after
deacylation. However, in the latter case, choline could leave
the binding pocket together with the acetate ion as a neutral
ion pair, which would be energetically more favorable. This
could solve the problem that the positively charged acetylcholine
binds very well at its binding site in the enzyme via strong
cation-π interactions with Trp84 and Phe330 rendering the
release of choline alone to be unfavorable. The neutralized
positive charge of choline would facilitate its removal from the
binding pocket in AChE by weakening the cation-π interaction
with the aromatic residues and the electrostatic interactions with
the negatively charged groups inside the binding pocket.
Though, from experimental studies on the noncompetetive
inhibition of AChE by thiocholine, which has binding affinities
comparable to that of choline, a rate of∼105 s-1 for the release
of thiocholine from AChE was deduced.53,54 This process is
faster than the deacylation, suggesting that choline leaves the
binding pocket before deacylation. For a quantitative investiga-
tion of the interaction between choline and enzyme, the
cation-π interaction between choline and the aromatic residues
in the binding pocket must be considered.55,56 This is not
possible with the force field used at present and is therefore
out of the scope of this study.

4. Conclusion

The Monte Carlo titration calculation, based on electrostatic
energies obtained by solving the LPB equation, resulted in a
protonated Glu199 in the acylated as well as in the free enzyme
state. Deprotonating Glu199, while all other groups can adopt
their equilibrium protonation state, results in an energy increase
of 3.8 and 2.6 kcal/mol for the acylated and the free enzyme
state, respectively. The simulation of the deacylation step using

the EVB method leads to an energy barrier of the deacylation
step in AChE that is decreased by 11-12 kcal/mol as compared
to a corresponding reference reaction in water. This is equivalent
to a rate enhancement of∼108. With Glu199 deprotonated, the
rate enhancement was 103 only. We obtained the largest rate
constant of the deacylation reaction with choline inside the
binding pocket using a concerted reaction mechanism with EVB
parameter set 2. The corresponding rate constant isk ) 5.5 ×
102 s-1. The experimental value of 1.6× 104 s-1 is only a factor
of 29 larger than the calculated value.

By simulating the deacylation reaction, we observed that the
tetrahedral intermediate TI2, which occurs during this reaction,
is stabilized by three dipoles from the protein backbone NH
groups of Gly118, Gly119, and Ala201. In the acylation reaction
of AChE, these residues form the so-called oxyanion hole. Thus,
these residues have a similar function in the acylation and
deacylation reaction. Glu327, which belongs to the catalytic triad
of AChE, forms an H-bond with His440 and thus stabilizes the
positive charge of the imidazole ring, which occurs during the
deacylation reaction.

We considered that choline, the reaction product of the
acylation step, may still be present in the binding pocket during
deacylation, albeit experiments support an earlier release. In our
simulations, the choline did not have a significant influence on
the energy barrier of the deacylation reaction. Hence, it is not
possible to conclude from our computations, which concentrate
on transition-state stabilization by the enzyme environment, at
which reaction step, before or after the deacylation, choline
leaves the binding pocket.
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