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Abstract The reaction mechanism of acetylcholine hydro-
lysis by acetylcholinesterase, including both acylation and
deacylation stages from the enzyme-substrate (ES) to the
enzyme-product (EP) molecular complexes, is examined by
using an ab initio type quantum mechanical – molecular
mechanical (QM/MM) approach. The density functional
theory PBE0/aug-6–31+G* method for a fairly large
quantum part trapped inside the native protein environment,
and the AMBER force field parameters in the molecular
mechanical part are employed in computations. All reaction
steps, including the formation of the first tetrahedral
intermediate (TI1), the acylenzyme (EA) complex, the
second tetrahedral intermediate (TI2), and the EP complex,
are modeled at the same theoretical level. In agreement with
the experimental rate constants, the estimated activation
energy barrier of the deacylation stage is slightly higher
than that for the acylation phase. The critical role of the
non-triad Glu202 amino acid residue in orienting lytic
water molecule and in stabilizing the second tetrahedral
intermediate at the deacylation stage of the enzymatic
process is demonstrated.

Keywords Acetylcholinesterase . Acetylcholine
hydrolysis . QM/MMmodeling . Reaction mechanism

Introduction

Acetylcholinesterase (AChE) is a serine hydrolase which
terminates impulse transduction at cholinergic brain synap-
ses. It rapidly hydrolyses the neurotransmitter acetylcholine
(ACh) shown in Scheme 1 to choline and acetic acid.

The significance of the AChE catalytic process is
explained by the observation that the malfunctioning of
this enzyme is related to serious human diseases. In
particular, there are discovered factors that may contribute
to the involvement of acetylcholine in Gulf War syndrome
[1] and Alzheimer’s disease [2]. Another important feature
of AChE is that the enzyme hydrolyzes acetylcholine with a
remarkably high rate showing about 13 orders of enhance-
ment compared to aqueous solution [3].

Since 1991, when the first crystallographic structure of
Torpedo californica acetylcholinesterase (TcAChE) was
resolved, numerous structures of the enzyme were reported.
Presently about 100 structures of AChEs from different
species are available in the Protein Data Bank (PDB) [4],
including the apo and modified structures of TcAChE,
murine and human AChEs. The structures of mutants, of
complexes with inhibitors, the structures with the nerve
agent soman, and other natural and synthetic complexes
with ligands and hydrolysis products, as well as of radiation
damaged species are available for analysis. All these crystal
structures of AChE show that the enzymatic active site is
located near the bottom of the 20 Å deep narrow gorge
which consists of a large number of aromatic residues. The
active site consists of two main areas: an esteratic sub-site
containing a catalytic functional unit similar to that of
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serine hydrolase and serine protease families, and an
anionic sub-site responsible for the binding of the positively
charged tail group of ACh.

Conserved catalytic triad of human (for example,
PDBID: 1F8U [5]) and mouse AChE consists of the
Ser203, His447, and Glu334 amino acid residues. Mutation
of any of these three residues by alanine causes loss of
enzymatic activity [6]. The oxyanion hole, which is an
important component of the active center, is formed by the
peptidic NH groups from the Gly121, Gly122, and Ala204
side chains responsible for the hydrogen bonds with the
carbonyl oxygen of the substrate. This is consistent with the
crystallographic studies of AChE complexes with analogue
substrates [7]. The importance of the Glu202 residue in the
AChE catalysis was observed in a series of experimental
kinetic studies of mutated enzymes [8, 9].

In the assumed reaction mechanism [10–12], the Ser203
and His447 residues are directly involved in the reaction,
serving as nucleophilic attacking group and general acid-
base catalytic elements, respectively, at the acylation stage
of the enzymatic reaction. This stage proceeds in nucleo-
philic addition of oxygen from Ser203 to the carbonyl
carbon of ACh initiated by the proton transfer from Ser203
to His447. The catalytic role of the third residue of the
catalytic triad, here, Glu334, has been debated previously,
however, the recent studies indicate that it plays a crucial
role in stabilizing the first transition state through electro-
static interaction between the carboxylate of Glu334 and
the incipient imidazolium cation [13–15]. Deacylation stage
is expected to proceed in a similar way, assuming
nucleophilic addition of the lytic water molecule to the
carbonyl carbon of acylenzyme and a proton transfer to
His447.

Modern molecular modeling tools including molecular
docking, molecular dynamics (MD), quantum chemistry
and the combined quantum mechanical – molecular
mechanical (QM/MM) method provide valuable details in
describing the enzymatic mechanism at the atomistic level.
Series of simulations were performed in order to clarify the
mechanism of substrate transport down the aromatic gorge
[16–21]. As for modeling chemical transformations, the
simulations by Fuxreiter and Warshel [14] for the acylation
stage (from the enzyme-substrate to formation of the first
tetrahedral intermediate) and by Vagedes and co-authors

[22] for an initial part of the deacylation stage (from the
acylenzyme to formation of the second tetrahedral interme-
diate) on the base of the empirical valence bond (EVB)
theory [23] considered catalytic efficiency of AChE
compared to the related reaction in water. The energetics
of the reactions was explored by evaluation of activation
free energies by using the EVB potential surface and a free
energy perturbation approach [14, 22]. Semiempirical
molecular orbital methods were employed for simulations
of chemical transformations in the model molecular clusters
mimicking active sites of AChE [24–26]. The Hartree-
Fock/3–21G quantum chemistry method was used by
Wlodek et al. [27] to estimate reaction energy diagrams of
the first step in the acylation reaction for several simple
models of the active site. Strongly simplified molecular
cluster were also considered in [28, 29] for higher level
quantum chemical calculations of the reaction energy
profiles of the acylation step.

The use of the hybrid QM/MM method [30] allows one
to compute the reaction energy profile for the active site
atoms trapped inside the native protein environment. The
recent papers [13, 31, 32] by McCammon and coauthors
based on the ab initio type QM/MM method [33, 34]
provided the mechanistic picture of the initial step of the
acylation reaction in acetylcholinesterase catalysis from the
enzyme-substrate complex to the first tetrahedral interme-
diate. In Ref. [13, 31] the authors considered two QM/MM
partitioning schemes: the first utilized a smaller QM
subsystem consisting of the substrate ACh and the side
chains of Ser203 and His447, with a total of 44 QM atoms.
In the second, larger QM subsystem also included the side
chain of Glu334, leading to a total of 54 QM atoms. A
geometry optimization procedure was applied to the QM/
MM system with the HF/3–21G calculations in the
quantum part. The MP2/6–31+G* method was used to re-
calculate potential energy barriers at the stationary points
found in the HF/3–21G approximation resulting in the
barrier heights 12.6 kcal mol−1 for the small QM subsystem
and 10.5 kcal mol−1 for the large QM subsystem. The
results obtained in these works underlined the role of
particular amino acid residues in the vicinity of the active
site in reactions of the wild type and mutated AChE at the
acylation stage.

The aim of the present work is to examine the complete
cycle of chemical transformations in the acetylcholine
hydrolysis by AChE, including both acylation and deacy-
lation stages, by analyzing the reaction energy profile
computed at the uniform theoretical level. To this end we
apply the advanced ab initio type QM/MM method with a
large fragment of the reacting system included in the
quantum part. The route from the enzyme-substrate (ES) to
enzyme-product (EP) complexes through the acylenzyme
(EA) and tetrahedral intermediates (TI1, TI2) considered

O

O

H3C

N +

CH3

CH3

CH3

Scheme 1 Chemical structure of acetylcholine
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for the model system is kept the same for the entire
reaction.

Methods

The initial structure of the enzyme-substrate complex was
constructed following the crystallographic atomic coordi-
nates taken from Protein Data Bank [4] for the E202Q
mutant of AChE (PDBID:1F8U [5]). The side chain of
Glu202 was restored, and hydrogen atoms were added with
the help of the Reduce program [35]. Geometry optimiza-
tion of added hydrogen atoms was performed by using the
Tinker program [36] with the AMBER force field [37].
After removing the inhibitor, the ACh species was
deposited in the active site by using the Autodock 3.0.4
program [38]. It should be noted that due to the small size
of the ACh molecule its precise position inside the protein
globule could only be accurately fitted with the help of the
subsequent QM/MM geometry optimization. The cavities
formed by the protein side-chains in the area of the active
site and the gorge can contain water molecules that are
crucial for enzyme functioning [19], which can be
unresolved in the X-ray analysis. Therefore we performed
a search of suitable cavities in the vicinity of the active site
by using Tinker [36] and filled them with water molecules.
The coordinates of all 137 water molecules introduced to
the model system were optimized in MD simulations at
temperatures of 300 K and 0 K with the AMBER force
field [37].

We considered several approaches to partition the system
to the quantum mechanical (QM) and molecular mechanical

(MM) parts for QM/MM calculations. Apparently, those
molecules and amino acid side chains which directly
participate in the catalytic reaction or make a significant
impact on the distribution of electron density in the active
site should be included to the QM part. Therefore, the ACh
moiety, three nearby water molecules, side chains of the
catalytic triad Ser203, His447, Glu334, side chains of the
oxianion hole residues Gly121, Gly122, Ala204, a fragment
of Ser229 that forms hydrogen bond with Glu334 and
influences the charge distribution in the system, as well as a
side chain of Glu202, were included to the quantum
subsystem. Figure 1 shows explicitly all 79 atoms in balls
and sticks representation for which the energies and forces
were computed by quantum chemical equations.

The rest of the model system was assigned to the MM
part. Remote molecular groups located outside the active
site (more distant than 8–10 Å) were spatially fixed at the
crystal positions. Full QM/MM geometry optimization was
performed for all other atoms. All QM/MM calculations
were performed by using a version of the PC GAMESS
computer program [39], specially adjusted for QM/MM
modeling. In this program, the mechanical embedding QM/
MM technique by Bakowies and Thiel [40] as implemented
by Kress and Granovsky (http://classic.chem.msu.su/gran/
gamess/index.html) was used.

The energy diagram for the reaction path for both
acylation and deacylation steps, including the enzyme-
substrate complex (ES), the acylenzyme complex (EA), the
enzyme-product complex (EP), as well as the tetrahedral
intermediates (TI1 and TI2) and the transition states (TS1
and TS2), was calculated in series of energy minimizations
in the QM/MM approximation. The energy and forces were

Fig. 1 The active site at the
geometry of the enzyme-
substrate complex. Balls and
sticks distinguish the quantum
subsystem. The catalytic triad
comprises the residues Ser203,
His447, Glu334. Oxyanion hole
includes the residues Gly121,
Gly122, Ala204. The dashed
arrow illustrates the reaction
coordinate for the acylation
stage, i.e., nucleophilic addition
of oxygen from Ser203 to the
carbonyl carbon of ACh
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computed by using the PBE0 exchange-correlation func-
tional and the basis set 6–31+G* in the quantum part.
Additional polarization functions were added to the
hydrogen atoms, which participate in chemical transforma-
tions, and to the atoms of carboxyl groups of Glu334 and
Glu202. The total amount of basis functions was 713. The
AMBER force field parameters were used in the molecular
mechanical part.

We report here the computed potential energy changes
along the reaction coordinate, since direct calculations of
entropic contributions and subsequent estimates of free
energy changes are prohibitively expensive for such large
model system. As shown, for instance, in recent calcu-
lations [32] of the potential energy path and corresponding
free energy changes for the interactions of AChE with other
substrates, potential energy and free energy profiles do not
differ dramatically. Therefore, the conclusions drawn from
the analysis of potential energy graphs should be correct
enough.

Results

In simulations, we monitored carefully the hydrogen bond
networks around the active site paying special attention to
the following issues. (i) An interaction region of side chains
of His447, Glu334 and Ser229. (ii) The hydrogen bonds
between the carbonyl oxygen atom of substrate and the
residues of oxyanion hole, Gly121, Gly122 and Ala204,
that are responsible for proper orientation of the carbonyl
group of substrate during the nucleophilic attack and
stabilization of transition states and tetrahedral intermedi-

ates. (iii) The hydrogen bonds formed by the side chain of
Glu202.

The structure of the enzyme-substrate complex is
illustrated in Fig. 1. The initial step of the acylation
reaction, from the ES-complex to the first tetrahedral
intermediate, was characterized in several previous quan-
tum-based simulations [13, 14, 24, 26–29, 31, 32].
Qualitatively, the features of this step were reproduced in
our simulations. A natural choice of the reaction coordinate
for this segment is clarified in Fig. 1 by showing with a
dashed arrow the direction of nucleophilic attack of the
Ser203 oxygen the carbonyl carbon of ACh. The residues
of the oxyanion hole, Gly121, Gly122, and to a lesser
extent, Ala204, form hydrogen bonds with the carbonyl
oxygen of ACh and fix the position of its carbonyl carbon
during the nucleophilic attack of Og

Ser203.
By gradually decreasing the initial Og

Ser203 � CACh

� �

distance, 2.48 Å, in the ES-complex and optimizing all
other geometry coordinates in the model system we
specified the minimum energy profile. At the transition
state (TS1) geometry, the Og

Ser203 � CACh

� �
distance gets

reduced to 2.16 Å. Evidences for the proton transfer from
Ser203 to His447 were noticed by considering an elonga-
tion of the Og

Ser203 � Hg
Ser203

� �
bond from 1.01 Å in ES to

1.17 Å in TS1, and a decrease of the Hg
Ser203 � N"

His447

� �

distance from 1.71 Å in ES to 1.40 Å in TS1. Hydrogen
bonds between the residues of the oxyanion hole, Gly121,
Gly122, Ala204, and the carbonyl oxygen of ACh were
getting shorter. The QM/MM energy of the TS1 structure
was computed as 7.2 kcal mol−1 above the level of the ES
complex.

Figure 2 illustrates the geometry configuration of the
first tetrahedral intermediate (TI1) at the acylation stage. Its

Fig. 2 Geometry configuration
of the tetrahedral intermediate
for the acylation step (TI1). The
distances (in Å) without paren-
theses refer to TI1; the values in
parentheses correspond to the
ES-complex (Fig. 1)
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energy is 12.5 kcal mol−1 lower that that of the ES-
complex. The distance between the oxygen atom of Ser203
and carbon of ACh is now 1.42 Å corresponding to the
formed covalent bond. Consistent with previous simula-
tions [13, 14], we do not observe the proton transfer from
His447 to the third member of the catalytic triad, Glu334.

The next step of the acylation reaction should lead to
formation of the acylenzyme (EA) structure. Computation-
ally, this was accomplished by moving the proton on N" of
His447 to the esteratic oxygen of ACh and performing an
unconstrained minimization of the QM/MM energy. As a
result, the first tetrahedral intermediate TI1 decayed, and
the choline molecule separated from its precursor. Geom-
etry configuration of this stationary point is illustrated in
Fig. 3 showing the choline molecule in yellow sticks. The
QM/MM energy of this model system is of about 5 kcal
mol−1 higher than that of TI1. We did not attempt to locate
the transition state separating TI1 and EA, since according
to the previous experience in modeling serine hydrolase
reaction mechanism [41] its energy should be less than
4 kcal mol−1 above the TI1 level.

In the EA configuration, one of three water molecules
assigned to the QM-part (labeled as Wat in Fig. 3) is
apparently perfectly oriented by two hydrogen bonds with
His447 and Glu202, for the subsequent attack of carbonyl
C atom of acylenzyme. An initial value of the reaction
coordinate for this step of the deacylation reaction, chosen
as the (OWat-CAE) distance, is 2.58 Å. By gradually
decreasing this distance and optimizing all other geometry
parameters of the model system we succeeded in locating
the second transition state (TS2) and the second tetrahedral
intermediate (TI2).

We performed a partial vibrational analysis at the located
TS2 saddle point and analyzed the normal mode of single
imaginary frequency, 800 i cm−1. As expected, this mode
corresponds primarily to the O-HWat stretch toward N" of
His447 coupled to the OWat-CAE stretching. The energy of
the TS2 configuration is estimated as 8.4 kcal mol−1 with
respect to the EA level and, therefore, in this approach, the
activation barrier for the deacylation stage is higher than
that for the acylation stage (7.2 kcal mol−1).

Geometry configuration of the second tetrahedral inter-
mediate TI2 is illustrated in Fig. 4. In this structure, the
distance OWat-CAE is 1.45 Å signifying formation of the
covalent bond. Hydrogen from the lytic water molecule is
transferred to His447, R HWat � N"

His447

� � ¼ 1:04A. Oxianion
hole residues Gly121 and Gly122 participate in hydrogen
bonding with the carbonyl oxygen atom. Like at the acylation
stage, no proton transfer occurs from His447 to the triad
member Glu334. We pay special attention to the side chain of
Glu202. Apparently it is an active member of the hydrogen
bond network extending over the active site and participates
in stabilization of TI2. The QM/MM energy of TI2 is lower
than that of EA by 9.7 kcal mol−1.

A proton transfer from His447 to acylenzyme, leading to
the acetic acid, completes the catalytic cycle. We did not
succeed in locating the corresponding transition state
because of highly flat potential energy surface in this area.
According to the energy scans the energy barrier separating
TI2 and the enzyme-product complex (EP), if it occurs,
should not exceed 1–2 kcal mol−1.

The EP complex is shown in Fig. 5 in the same perspective
as the ES starting point (Fig. 1). Apparently, the enzymatic
active site is completely restored. In the presence of the

Fig. 3 Geometry configuration
of the acylenzyme complex
(EA). Distances between heavy
atoms are given in angstroms.
The choline molecule is shown
in yellow sticks
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reaction products, choline and acetic acid, the QM/MM
energy of the EP model system is 16.4 kcal mol−1 lower than
that of the EA intermediate.

Figure 6 summarizes the entire computed QM/MM
energy profile.

Discussion

Although several previous papers described the results of
quantum-based calculations of separate steps of acetylcho-
linesterase catalysis [13, 14, 22, 24–29, 31, 32], the data
obtained in this work for the entire cycle of chemical
transformations in the active site provide substantial new

knowledge on this important enzymatic process. Solid
conclusions for the initial step of the acylation reaction
proceeding from the enzyme-substrate complex to the first
tetrahedral intermediate were summarized in [13, 31, 32] by
the results of ab initio type QM/MM calculations.

We applied the ab initio type QM/MM theory with a larger
fragment of the reacting site included to the QM-part (79
atoms) described at a higher quantum chemical level (PBE0/
aug-6–31+G*) for analysis of the complete catalytic reaction
including all steps of acylation and deacylation stages. Our
computed pathway at the initial step of the acylation reaction
qualitatively coincides with the results of previous QM/MM
simulations [13, 31] despite the differences in starting
enzyme-substrate models as well as in computational

Fig. 4 Geometry configuration
of the tetrahedral intermediate of
deacylation stage (TI2). Values
in parentheses refer to the EA
complex (Fig. 3). Distances are
given in angstroms

Fig. 5 Geometry configuration
of the reaction products (EP).
Distances (Å) without parenthe-
ses refer to EP, with parentheses –
to ES (Fig. 1)
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techniques. Taking into account that the MP2(6–31+G*)//HF
(3–21G) method used in [13, 31] may overestimate the
activation barrier, while the DFT methods used in our work
(7.2 kcal mol−1) usually underestimate the barrier heights
[42], an agreement between these two approximations seems
reasonable even at the quantitative level.

Our data completely agree with previous findings [13,
14] that the role of the third member of the catalytic triad,
Glu334, cannot be associated with the so-called charge-
relay or low-barrier hydrogen bond concepts. In both the
acylation and deacylation stages the proton is localized on
Nd of His447 during the transformations. This conclusion is
in line with the results of the previous QM/MM simulations
of the serine protease catalytic mechanism with the Ser-His-
Asp catalytic triad [43] or the serine carboxyl peptidases
with the Ser-Glu-Asp triad [41].

What is a subject of debates is the role and the status of
the amino acid residue Glu202 located in the immediate
vicinity of the active site. Theoretical considerations of
Wlodek et al. [27] stated that Glu202 should have a
negative charge and removing this charge would result in
a 32-fold reduction of the acylation rate. On the other hand,
Fuxreiter and Warshel [14] found that the negative charge
of Glu202 had only a moderate accelerating effect on the
acylation stage. Also basing on the EVB calculations for
the deacylation stage, Vagedes et al. [22] found that a
negative charge at Glu202 increased the activation barrier
from 14 to 20 kcal mol−1 in the absence of choline in the
binding pocket. When considering available crystal struc-
tures of AChE we could not observe the structural patterns
that benefit the neutral form of Glu202. Also, the results of
QM/MM calculations favored the unprotonated (charged)
state of this amino acid residue for all examined stationary
points of the potential energy surface.

In summary, our data provide support to one of four
hypotheses formulated in [13], namely, that “Glu202 might
play an important role in the deacylation step”. As clearly

seen in Fig. 3 (EA), the side chain of the charged Glu202 is
responsible for proper orientation of the lytic water
molecule for the subsequent nucleophilic attack. As seen
in Fig. 4 (TI2), Glu202 actively participates in hydrogen
bond network including His447 and the second tetrahedral
intermediate providing stabilization of the latter.

When discussing the computed energy values, especially
for the activation barriers, we should consider possible
sources of errors in the QM/MM procedure as well as in the
modeling strategy applied in this work. According to the
measurements for the hydrolysis reaction of [3H]acetylcho-
line by AChE from Electrophorus electricus by Froede and
Wilson [44], both acylation and deacylation stages may be
considered as rate determining with the respective rate
constants k2 (1.7×106 min−1) and k3 (9.1×105 min−1) as
estimated from kcat=5.9×10

5 min−1. Acylation is faster
than deacylation, and therefore the activation energy barrier
for the deacylation stage should be slightly higher, as
obtained in our simulations.

As discussed above, the DFT quantum chemistry method,
used in our QM part, usually underestimate the potential
barriers and, most likely, the computed value for acylation
(7.2 kcal mol−1) is a lower bound to ΔE#(acyl). The
computed potential energy barrier for deacylation,
ΔE#(deacyl) ≈8.4 kcal mol−1, should be corrected for the
presence of choline in the reactive zone in simulations. We
could not remove choline from the model system since it
would violate a requirement of the uniform theoretical level
for the entire catalytic cycle. Analysis of the model
acylenzyme structure (Fig. 3) shows that the choline
molecule is not involved in strong interactions with other
groups in the active site, but nevertheless its presence may
affect the computed value ΔE#(deacyl), as well as the
energy difference between the TI1 and EA stationary points.

We should also take into account that differences in
entropic contributions to the free energy barriers, which
actually correlate with the observed rate constants, may be
substantial for the acylation and deacylation stages. Lastly,
the mechanical embedding QM/MM scheme applied in the
present work does not account for electronic polarization of
the QM part, what introduces some errors in the calculated
energy values.

Conclusions

This work presents the first effort to simulate the complete
cycle of chemical transformations during the hydrolysis of
acetylcholine in the active site of AChE from the enzyme-
substrate (ES) to enzyme-product (EP) complexes by using
a uniform computational approach and an invariable model
system. For a large fraction of the reacting system involving
79 explicit QM atoms trapped inside the native protein

Fig. 6 The computed energy diagram for the reaction path from the
enzyme – substrate complex (ES) to the enzyme-product complex
(EP)
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environment the energies and forces were computed at a high
level DFT quantum chemistry level PBE0/aug-6–31+G*.
Beyond ES and EP configurations, a series of stationary
points on the potential energy surface, corresponding to the
acylenzyme, tetrahedral intermediates at the acylation and
deacylation stages as well as transition states separating the
energy minima, were located.

Within our computational approach, we obtain that the
activation energy for the deacylation stage is higher that
that of the acylation stage what is qualitatively consistent
with the experimental observation [44] that “acylation is
faster than deacylation”.

Also in agreement with experimental findings, our
modeling demonstrates a critical role of the Glu202 amino
acid residue. The unprotonated Glu202 species assists
favorable orientation of the lytic water molecule and
stabilization of the second tetrahedral intermediate at the
deacylation stage of the process.
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