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Abstract
Acetylcholinesterase (AChE) is a remarkably efficient serine hydrolase responsible for the
termination of impulse signaling at cholinergic synapses. By employing Born-Oppenheimer
molecular dynamics simulations with B3LYP/6-31G(d) QM/MM potential and the umbrella
sampling method, we have characterized its complete catalytic reaction mechanism for
hydrolyzing neurotransmitter acetylcholine (ACh) and determined its multi-step free energy
reaction profiles for the first time. In both acylation and deacylation reaction stages, the first step
involves the nucleophilic attack to the carbonyl carbon with the triad His447 serving as the general
base, and leads to a tetrahedral covalent intermediate stabilized by the oxyanion hole. From the
intermediate to the product, the orientation of His447 ring needs to be adjusted very slightly, and
then the proton transfers from His447 to the product and the break of the scissile bond happen
spontaneously. For the three-pronged oxyanion hole, it only makes two hydrogen bonds with the
carbonyl oxygen at either the initial reactant or the final product state, but the third hydrogen bond
is formed and stable at all transition and intermediate states during the catalytic process. At the
intermediate state of the acylation reaction, a short and low-barrier hydrogen bond (LBHB) is
found to be formed between two catalytic triad residues His447 and Glu334, and the spontaneous
proton transfer between two residues has been observed. However, it is only about 1 ~ 2 kcal/mol
stronger than the normal hydrogen bond. In comparison with previous theoretical investigations of
the AChE catalytic mechanism, our current study clearly demonstrates the power and advantages
of employing Born-Oppenheimer ab initio QM/MM MD simulations in characterizing enzyme
reaction mechanisms.

1. Introduction
Enzymes are remarkable catalysts provided by nature and play essential roles in cells of all
organisms. Most enzymes catalyze more than one chemical process involving multiple
transition states and intermediates. To fully characterize their complicated reaction
mechanisms is a fundamental goal and challenge in biological chemistry1,2, and has
important implications in the rational design of mechanism-based inhibitors3–6 and
discovery of novel biocatalysts7–12. One important enzyme that has attracted significant
interest for mechanistic investigations is Acetylcholinesterase (AChE, EC 3.1.1.7) 13–17.

AChE is a serine hydrolase and the key enzyme in the central nervous system responsible
for the termination of impulse signaling at cholinergic brain synapses13,14. It is one of the
most efficient enzymes in nature, and catalyzes the hydrolysis of the neurotransmitter
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acetylcholine (ACh) with a reaction rate close to the diffusion controlled limit13. The active
site of AChE is located at the base of a long gorge of 20 Å, and consists of two subsites18–
20, as illustrated in Figure 1. An “esteratic” subsite includes the catalytic triad (side chains
of Ser203, His447 and Glu334) and the oxyanion hole (peptidic NH groups of Gly121,
Gly122, and Ala204), and is the essential catalytic functional unit of AChE13–20. The other
“anionic” subsite is formed by side chains of Glu202, Trp86 and Tyr337, and is mainly
responsible for binding the quaternary trimethylammonium tail group of ACh21,22.
(Throughout this article, the sequence numbers of mouse AChE is employed). Like many
other members of the serine hydrolase and serine protease families23–25, the catalytic
process of AChE13 has been suggested to proceed in two successive stages, acylation and
deacylation, as shown in Figure 2. Due to its high efficiency, transition states and
intermediates formed in the catalytic process are very short-lived, and would be almost
impossible for direct experimental characterization.13,26,27 On the other hand, most
theoretical studies only investigated the first step of either acylation28–31 or deacylation
reaction.32 In one recent ab initio QM/MM study,33 although it was claimed to characterize
the full cycle of AChE catalytic process with minimizations and transition state searching,
the determined tetrahedral intermediates were found to have a much lower energy than the
reactants in both reaction stages, which are not consistent with experimental results13,26,27.
Meanwhile, no transition state for the second step in each reaction stage has been located33.
It is very likely that their determined reactants, transition states and intermediates may have
totally different MM conformation sub-states, due to the weakness in their computational
protocol33. Thus their characterized AChE catalytic process is likely to be erroneous. On the
other hand, although the acylation mechanism was determined by QM studies of model
complexes34,35, the heterogeneous enzyme environment of AChE has been totally
neglected and its accuracy is quite limited. Thus, we can see that in spite of significant
efforts28–35, it remains a significant challenge for theoretical studies to fully determine this
important multi-step acetylcholine hydrolysis process catalyzed by AChE.

In the present work, our main aim is to characterize the complete catalytic reaction
mechanism of AChE and determine the multi-step free energy reaction profile of ACh
hydrolysis for the first time. Here we have employed Born-Oppenheimer ab initio QM/MM
molecular dynamics simulations with umbrella sampling, a state-of-the-art approach to
simulate reactions in complex systems. It allows for a first-principle description of chemical
bond formation/breaking and dynamics of the enzyme active site, while properly including
effects of the heterogeneous and fluctuating protein environment. Our simulation results are
consistent with experimental studies, and have provided detailed novel insights into the
inner workings of AChE.

2. Methods
Here our computational approaches center on Born–Oppenheimer MD simulations with ab
initio QM/MM potential36–45 and the umbrella sampling method46–48. The QM sub-
system is described by B3LYP functional with 6-31G* basis set, and the employed MM
force fields are amber99SB49,50 for protein residues and TIP3P model51 for water
molecules. The QM/MM interface is based on the pseudobond approach40,41,52–55. All
QM/MM calculations were carried out with modified versions of Q-Chem56 with Tinker57
programs. For both acylation and deacylation reaction stages, almost the same simulation
protocol has been employed. First, each prepared initial reactant system was equilibrated by
extensive molecular dynamics simulations with periodic boundary condition. With an
equilibrated MD snapshot, the QM/MM model was prepared by deleting the ions and waters
beyond 25 Å from the reaction center, which was chosen as the hydroxyl oxygen atom of
Ser203. Each resulted system contained about 10,000 atoms. For the acylation stage
reaction, the QM sub-system includes the substrate ACh and the catalytic triad (side chains
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of Ser203, His447 and Glu334); while in the deacylation stage, the QM sub-system consists
of the reactive water molecule and side chains of acetyl-Ser203, His447 and Glu334, as
illustrated in Figure S1 in the Supporting Information. For all QM/MM calculations, the
spherical boundary condition was applied, and only the atoms within 20 Å from the reaction
center were allowed to move. The prepared system was first minimized and then employed
to map out a reaction path with B3LYP/6-31G* QM/MM optimizations. For each
determined structure along the path, a 500 ps MD simulation with MM force field was
performed to equilibrate the MM subsystem, with the QM subsystem being frozen. Finally,
the resulting snapshot was used as the starting structure for Born-Oppenheimer B3LYP/
6-31G* QM/MM MD simulation with umbrella sampling. Each window was simulated for
at least 30 ps. A total of more than 3000 ps ab initio QM/MM MD simulations have been
carried out in this study. From these biased simulations, the free energy profile for each
reaction was obtained with the weighted histogram analysis method (WHAM).58–60 This
computational protocol has successfully applied to study several enzymes as well as
chemical reactions in aqueous solution61–68. Full computational details are given in the
Supporting Information.

3. Results
3.1 Acylation Reaction Stage

By employing Born-Oppenheimer molecular dynamics simulations with B3LYP/6-31G*
QM/MM potential and the umbrella sampling method, first we characterized the acylation
stage for ACh hydrolysis catalyzed by AChE and determined its complete free energy
reaction profile, as shown in Figure 3a. We can see that the free energy curve is smooth and
continuous, and the calculated activation barrier is 12.4 kcal/mol. In the initial step, the
nucleophilic attack of the Ser203 O atom to the carbonyl C atom of acetylcholine is
concerted with the proton transfer from Ser203 to His447, and forms a tetrahedral
intermediate (TI1). Then the proton transfers to the leaving group of ACh and the scissile
bond breaks down to form a covalent acyl-enzyme complex (EA1) with the release of the
choline. The intermediate TI1 is located in a shallow well, and the free energy barrier for the
second step is only 1.9 kcal/mol. Consistent with the determined free energy profile, the
unrestrained QM/MM-MD simulations for the intermediate was only stable for a few
picoseconds, and then led to form EA1. To further check whether there is another meta-
stable state between the reactant and the intermediate TS1, we have carried out the
unrestrained ab initio QM/MM molecular dynamics simulations with 50 random snapshots
around the transition state region TS1. For each snapshot, two simulations have been run,
one with the original velocities and the other with the reversed ones. Among all simulations,
there is no other stable state observed except for the reactant ES and the intermediate TI1.
For 46% of the snapshots (23 out of 50) one trajectory led to the reactant while the other
went to the intermediate. These results further support that the nucleophilic attack and
proton transfer is concerted, and confirm that our characterized transition state is
meaningful.

The structures of the reactant, transition states, intermediates and acyl-enzyme during the
acylation stage are illustrated in Figure 4, and the key geometric parameters are listed in
Table 1. At the AChE-ACh reactant complex, only two hydrogen bonds are formed between
the carbonyl oxygen of ACh and the NH groups of Gly121 and Gly122, with N-O distances
of 2.86 ± 0.12 and 2.82 ± 0.10 Å, respectively. As the reaction proceeds, the distance
between the carbonyl oxygen of ACh and the NH group of Ala204 becomes smaller and
forms a hydrogen bond in both the transition state and the tetrahedral intermediate, with the
changing of O-N distance from 3.22 ± 0.22 Å in the enzyme-substrate complex (ES) region
to 2.86 ± 0.10 Å at the tetrahedral intermediate (TI1). These results are consistent with the
previous ab initio QM/MM studies of the initial step of the acylation reaction29,30.
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At the intermediate state TI1, the bond between OG of Ser203 and C atom of ACh is formed
and the HG atom of Ser203 has transferred to NE2 atom of His447. (Atom names are
labeled on Figure 1). There is a short hydrogen bond formed between His447 and Glu334, in
which the distance between ND1 (H447) and OE1 (D334) is only 2.57 ± 0.07 Å. In addition,
it is found that although HD1 atom stays with ND1 atom of His447 most of the time,
spontaneous transfer between His447 and Glu334 has occurred transiently at the TI1 state,
as shown in Figure 5. Thus two representative configurations of TI1 have been illustrated in
Figure 4 as TI1 (config1) and TI1 (config2). It should be noted that such spontaneous proton
transfer does not happen at other states during the acylation stage. For the rest of the
acylation reaction, our simulation results indicate that the His447 ring first adjusts its
orientation a little bit without breaking the HG-NE2 bond. At the TS1′ state, the distance
between HG and OS of ACh is decreased to 1.99 ± 0.10 Å while the angle of donor-
hydrogen-acceptor (NE2-HG-OS) is 151.6 ± 7.9°, which shows that the proton is in the
better direction to attack the OS atom of ACh than at the intermediate state. Meanwhile, the
distance between HG atom and OG of Ser203 is going up to 2.00 ± 0.09 Å, and the scissile
bond is a little elongated to 1.70 ± 0.10 Å. After adjusting the orientation of the His447 ring,
the proton transfer from His447 to OS atom and the breaking of the scissile bond is a
spontaneous downhill process, which leads to a stable product EA1. We can see that three
hydrogen bonds between the carbonyl oxygen and the oxyanion hole are always formed and
stable in this second step of the acylation reaction.

3.2 Deacylation Reaction Stage
With the computationally determined EA1 product of the acylation stage, the initial structure
for simulating the deacylation reaction was prepared by removing choline from the binding
pocket since experimental studies have indicated that the release of choline is faster than the
deacylation reaction.69,70 With the departure of the quaternary trimethylammonium tail
group from the active site, one open question is regarding the protonation state of Glu202 in
the deacylation reaction28,32–34. In a previous study, it has been suggested that Glu202 is
likely to be protonated in the deacylation stage based on both pKa calculations and EVB
simulations.32 Here in order to examine both possibilities, we have prepared and simulated
two reactant complex models for the deacylation stage, which only differ in the protonation
state of Glu202, and determined their free energy profiles for the first step of the
deacylation. In the extensive MD simulations of the model with deprotonated Glu202, it is
found that one sodium ion outside of the active site would move into the binding pocket,
while this is not the case for the system with protonated Glu202. For the model of
protonated Glu202, even if a sodium ion is manually put in the binding pocket, it would be
released to the bulk solvent during the MD simulation. These results suggest that the total
charge of the binding pocket would be same regardless of the protonation state of Glu202,
and it needs a positive charge in the binding pocket with the departure of choline. With the
determined free energy profiles for both models, it is found that the reaction barrier with
Glu202 protonated would 5 kcal/mol lower than the one with Glu202 deprotonated. (see
Figure S3 in the Supporting Information.) These results further support the previous
suggestion that Glu202 should be protonated in the deacylation stage, and are consistent
with the experimental result that the mutation of Glu202 to Gln has only a minimal effect on
the kcat of ACh hydrolysis.71–73

The determined complete free energy profile for the deacylation stage with B3LYP(6-31G*)
QM/MM MD simulations is shown in Figure 3b. Like in the acylation stage, it also involves
a high energy tetrahedral intermediate (TI2). The calculated activation energy barrier is 17.5
kcal/mol, which is higher than that for the acylation stage. Thus our results indicate that the
first step of deacylation reaction is the rate-limiting step for the ACh hydrolysis catalyzed by
AChE, which is consistent with the experimental results.26 It should be noted that our
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determined free energy profiles for both reaction stages are totally different from the results
of a recent ab initio QM/MM study33 by Nemukhin and his co-workers. One concern is that
this significant discrepancy between our results and Nemukhin’s33 may be due to the choice
of density functional and basis set since we have employed B3LYP(6-31G*) instead of
PBE0/6-31+G* in Nemukhin’s work33. To address this concern, we have also performed
both PBE0/6-31+G* and B3LYP/6-31+G* QM/MM MD simulations to determine the free
energy profile of the first step of the deacylation reaction, as shown in Fig. S4. We can see
that our results from different functionals and basis sets are very consistent. With the same
PBE0/6-31+G* QM method and basis set, the free energy difference between the
intermediate of the deacylation step and its reactant is 11.4 kcal/mol from our QM/MM MD
simulations. This is totally different from the Nemukhin’s result of −9.7 kcal/mol for the
energy difference between the intermediate of the deacylation step, in which the
intermediate is more stable than its deacylation reactant, contradictory to experimental
results13,26,27. Thus, these results further confirm that the significant difference between
our results and Nemukhin’s is not due to the choice of density functional and basis set, but
more likely comes from the weakness in their computational protocol33 which leads to
different conformational sub-states for reactants, transition state and intermediates, resulting
an erroneous potential energy reaction profile.

Figure 6 illustrates the structures of the acylenzyme (EA2), transition states, intermediate
and product (EP) from our ab initio QM/MM MD simulations, and the key geometric
parameters are listed in Table 2. We can see that the deacylation has a similar mechanism as
the acylation. First the water molecule attacks the carbonyl carbon of the acetyl group,
which is facilitated by the proton transfer to His447, leading to a high energy tetrahedral
intermediate (TI2). In the following step, the proton transfers from His447 to the OG atom
of acetyl-serine and the scissile bond breaks, yielding an acetic acid and the wild-type
AChE. At the EA2 state, the acetyl head group is held in place by forming three hydrogen
bonds with the NH group of oxyanion hole. The water molecule in the active site forms the
hydrogen bond with His447, and is close to the carbonyl-carbon of the acetyl serine. At TS2,
the proton is located in the middle of water and His447. At the intermediate state TI2, the
bond between O atom of water and carbonyl C atom of acetyl-serine is almost formed and
the proton has transferred to NE2 atom of His447. From TI2 to TS2′, it does not involve
covalent bond forming and breaking, and the barrier is mainly due to the slight adjustment
of the orientation of His447 ring. We can see that in the region of the second transition state
TS2′, the bond between proton and NE2 of His447 is almost the same as that in the
intermediate, and the scissile bond has been slightly elongated to 1.64 ± 0.09 Å. However,
the distance between H atom and O atom of water is going up to 2.06 ± 0.12 Å with the
distance between proton and OG of acetyl-serine decreasing to 1.89 ± 0.10 Å. Meanwhile,
the angle of donor-hydrogen-acceptor (NE2-HW-OG) becomes 145.2 ± 9.1o. Thus the
proton is in a better direction to be transferred to the OG atom of acyl-serine. In the product
region, the C-O scissile bond was broken with an average distance of 2.68 ± 0.11 Å while
the Ser203 re-forms the hydrogen bond with His447. The distance between H of Ser203 and
N of His447 is 1.78 ± 0.11 Å, which is close to the value (1.74 ± 0.09 Å) at ES state.
Throughout the whole deacylation stage, the third catalytic residue Glu334 forms a normal
H-bond with His447 and almost no spontaneous proton transfer between Glu334 and His447
has been observed, including at the intermediate state TI2.

4. Discussion
Like many other members of the serine hydrolase and serine protease families, AChE
employs the catalytic triad (Ser203, His447 and Glu334) as the essential catalytic functional
unit. Ser203 serves as a nucleophilic attacking group to initiate the whole ACh hydrolysis
process, and His447 is generally assumed to act a general acid-base element in both
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acylation and deacylation stages. However, for the third residue of the catalytic triad,
Glu334, its detailed catalytic role has been quite controversial and at least three different
hypotheses have been put forward. The first is the “charge-relay” mechanism74,75, in which
the carboxylate of Glu334 functions as a general base to accept a proton from His447 and
would be protonated at the intermediate. Early work of other serine proteases also suggested
this double proton transfer,76–78 but subsequent experimental studies have provided
evidences against it.75,79–85 The second is the “low-barrier hydrogen bond (LBHB) or
short-strong hydrogen bond (SSHB)” mechanism, 86–92 which suggests that the formation
of LBHB or SSHB at the transition state or intermediate can supply 10~20 kcal/mol extra
stabilization energy. The main experimental evidence comes from the proton NMR
experiments86,89,91 which indicate that a short hydrogen bond (2.62–2.63 A) is formed
between Glu and His of the catalytic triad in an AChE-transition state analogue inhibitor
complex. It should be noted that there is no direct evidence for the strength of such hydrogen
bonds. The third suggestion is that the electrostatic interaction between the carboxylate
group of Glu334 and the incipient imidazolium cation is mainly responsible for stabilizing
the transition state and intermediate28–30,32,93.

From our current ab initio QM/MM MD simulations, one very interesting finding is that at
the intermediate state of the acylation stage, there is a short hydrogen bond formed between
His447 and Glu334, in which the distance between ND1 (His447) and OE1 (Glu334) is only
2.57 ± 0.07 Å. Meanwhile, although HD1 atom stays with ND1 atom of His447 most of the
time, spontaneous transfer from His447 to Glu334 has occurred transiently at the TI1 state,
as shown in Fig. 5. In order to provide further insights into this short hydrogen bond, we
have determined the free energy profile for the proton transfer between His447 to Glu334 at
the TI1 state with B3LYP(6-31G*) QM/MM MD simulations and umbrella sampling, as
shown in Figure 7a. We can see that the free energy barrier for the proton transfer is less
than 2.0 kcal/mol, which is quite low. Thus the short hydrogen bond formed at the TI1 state
of the acylation can be considered as a LBHB. Meanwhile, the proton transfer between
His447 and Glu334 would destabilize the tetrahedral intermediate, which does not support
the charge-relay mechanism.

With the discovery of a short and low barrier hydrogen bond at the intermediate state of the
acylation stage, the next essential question is regarding its strength and its catalytic role in
stabilizing the intermediate. In an enzyme system, it would not be possible to calculate the
absolute strength of a hydrogen bond by pulling two fragments too far apart. Typically, it
would be reasonable to assume that a normal N-H…O hydrogen bond would have a N-O
distance of 2.8 Å, while the distance of 3.0 Å would be considered a weak hydrogen bond.
Thus here we employed the N-O distance between His447 and Glu334 as the reaction
coordinate, and elongate it to 3.0 Å at both the reactant (EA) and intermediate (TI1) states
with B3LYP/6-31G* QM/MM-MD simulations and umbrella sampling. The calculated free
energy profile is shown in Figure 7b. We can see that although the hydrogen bond between
His447 and Glu334 at the TI1 is a short and low-barrier hydrogen bond, it is only 1 ~ 2 kcal/
mol stronger than a normal hydrogen bond at 2.8 Å. Meanwhile, by comparing the free
energy curve at the reactant state and that at the intermediate state, the free energy difference
at 3.0 Å is only 1.8 kcal/mol between the two states, which indicates that the extra
stabilization coming from the formation of this LBHB at the intermediate is limited.
Meanwhile, it should be noted that the deacylation stage is rate-limiting and no LBHB is
formed at the tetrahedral intermediate TI2. Thus our simulations support that the main
catalytic role of Glu334 is to stabilize the positive charge on the imidazole ring of His447 at
transition states and intermediates through electrostatic interactions. 28–30,32,93

For the triad histidine residue His447, our characterized mechanism indicates that it serves
the same role in two successive stages, acylation and deacylation. Initially, it serves as a
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general base to abstract a proton from the nucleophilic attacking oxygen atom, and is doubly
protonated at the tetrahedral intermediate. In the second step of the reaction, the His447 ring
adjusts its orientation a little bit so that the proton on His447 is in a better position to
transfer to the oxygen of the scissile bond. Then the proton transfer and the breaking of the
scissile bond become a spontaneous downhill process to yield the product. It should be noted
for serine protease, it has been quite controversial regarding the motion of the triad histidine
residue in the reaction process. One recent hypothesis is that the ring of triad histidine
residue needs to be flipped at the tetrahedral intermediate to facilitate the second step,94,95
while others suggest that only minimal motion of His ring is needed.23–25,96 Here for the
AChE, our simulations indicate that the orientation His447 ring only needs to be adjusted
very slightly during the reaction process.

Besides the triad, another important component of catalytic functional unit is the oxyanion
role which is to stabilize the oxyanion in transition states and intermediates. In contrast to
two-pronged oxyanion hole in most serine proteases and hydrolases,24,25,97,98 it is a three-
pronged oxyanion hole in AChE, formed by peptidic NH groups from Gly121, Gly122 and
Ala204. In the X-ray structure of an AChE-inhibitor complex, the respective distances from
N of the NH groups to the carbonyl oxygen of the inhibitor are 2.9, 2.9 and 3.2 Å.18

In our current ab initio QM/MM MD simulations of the AChE-ACh reactant complex, the
respective NO distances are 2.86 ± 0.12, 2.82 ± 0.10 Å and 3.22 ± 0.22 Å, which is quite
consistent with the experimental results.18 We can see that only two hydrogen bonds are
formed between the carbonyl oxygen of ACh and the NH groups of Gly121 and Gly122 in
the reactant complex. As the reaction proceeds, the distance between the carbonyl oxygen of
ACh and the NH group of Ala204 becomes smaller and forms a hydrogen bond in both the
transition state and the tetrahedral intermediate, with the changing of O-N distance from
3.22 ± 0.22 Å in the enzyme-substrate complex (ES) region to 2.86 ± 0.10 Å at the
tetrahedral intermediate (TI1). These results are consistent with the previous ab initio QM/
MM studies of the initial step of acylation reaction29. For the rest of the acylation reaction
stage, three hydrogen bonds between the carbonyl oxygen and the oxyanion hole are always
formed and stable.

For the deacylation stage, we found that the formation of hydrogen bonds between the
carbonyl oxygen and the oxyanion hole is a little different from the acylation stage. At the
reactant of the deacylation reaction, three hydrogen bonds are formed, with N-O distances at
3.02 ± 0.17, 2.86 ± 0.10 Å and 2.89 ± 0.11 Å respectively, and the hydrogen bond formed by
Gly121 is a little weaker than the other two. When the reaction processes, the hydrogen
bond formed by Gly121 becomes stronger and there are always three hydrogen bonds
formed before the scissile bond breaks. From the TS2′ to the final product, the hydrogen
bond formed by NH group of Ala204 becomes weaker, and the N-O distance is elongated to
3.23 ± 0.22 Å at the EP state. Thus interestingly, there are only two hydrogen bonds formed
between the oxyanion hole and the carbonyl oxygen atom of acetic acid in the final product
state, which is almost the same as in the reactant state of the acylation reaction.

In the active site of AChE, besides the catalytic triad and oxanion hole which serve as the
essential catalytic machinery, there is an “anionic” sub-site responsible for recognition of the
quaternary ammonium moiety of substrates and inhibitors. This “anionic” sub-site consists
of side chains of Trp86, Glu202 and Tyr337. Both Trp86 and Tyr337 are aromatic residues,
and their binding to the cationic moiety have been attributed to cation-pi and dispersion/
hydrophobic interactions21,22. In our characterized mechanism, Glu202 is only negatively
charged in the acylation stage, and plays an important role in binding the positively charged
substrate acetylcholine21,22; with the release of the positively charged choline from the
active site after the acylation, Glu202 would be protonated during the deacylation stage,
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which is also the rate-determining step of this whole catalytic reaction process. This would
be consistent with the finding from the experimental mutation results that the negative
charge of Glu202 is important for substrate binding,71 but has a minimal effect on the
catalytic reaction rate.71–73

Conclusion
By employing Born-Oppenheimer ab initio QM/MM molecular dynamics simulations with
umbrella sampling, a state-of-the-art approach to simulate enzyme reactions, we have
characterized the complete catalytic reaction mechanism of AChE and determined the multi-
step free energy reaction profile of ACh hydrolysis for the first time. The calculated
activation barriers with B3LYP(6-31 G*) QM/MM MD simulations are 12.3 kcal/mol and
17.5 kcal/mol for acylation and deacylation reactions respectively, and the initial step of
deacylation is the rate-limiting step. In both reaction stages, the first step involves the
nucleophilic attack to the carbonyl carbon facilitated by the triad histidine residue His447
serving as the general base, and leads to a high-energy tetrahedral covalent intermediate
stabilized by the oxyanion hole; from the intermediate to the product, the orientation of
His447 ring needs to be adjusted slightly, and then the proton transfer from His447 to the
product and the break of the scissile bond happen spontaneously without any activation
barriers. One very interesting and significant finding is that although a short and low-barrier
hydrogen bond (LBHB) is formed at the intermediate state of the acylation stage, it is only
about 1 ~ 2 kcal/mol stronger than the normal hydrogen bond and the catalytic effect of
LBHB is quite limited in the AChE hydrolysis. Our current study clearly demonstrates the
significant progress made in computational enzymology, and illustrates the power and
advantages of employing ab initio QM/MM MD simulations in characterizing enzyme
mechanisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Illustration of the AChE-ACh complex. (a) Cartoon representation of the enzyme and stick
representation of the active site, (b) stick representation of important residues.
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Figure 2.
Reaction mechanism of ACh hydrolysis catalyzed by AChE.
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Figure 3.
Free energy profile for (a) the acylation reaction stage, (b) the deacylation reaction stage
determined by B3LYP(6-31G*) QM/MM molecular dynamics simulations and umbrella
sampling.
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Figure 4.
Illustration of the structures for the characterized acylation reaction stage. ES, enzyme-
substrate complex; TS1, the first transition state; TI1, tetrahedral intermediate; TS1′, the
second transition state in acylation; EA1, acylated enzyme. Two representative
configurations of TI1 are shown.
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Figure 5.
Calculated distances RN-H (the distance between HD1 and ND1 of His447) and RO-H
(distance between HD1 and carboxyl oxygen OE1 of Glu334) in QM/MM-MD simulation at
the intermediate TI1.

Zhou et al. Page 16

J Phys Chem B. Author manuscript; available in PMC 2011 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Illustration of the structures for the characterized deacylation reaction stage. EA2, acylated
enzyme in deacylaton; TS2, first transition state; TI2, tetrahedral intermediate; TS2′, the
second transition state; EP, enzyme-product complex.
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Figure 7.
(a) Free energy profile for the proton transfer between Glu334 and His447 at the tetrahedral
intermediate state (TI1) of the acylation stage. The reaction coordinate is RND1-HD1 –
ROE1-HD1. From left to right, the proton transfer from His447 to the carboxyl oxygen of
Glu334. (b) Free energy profile for the elongation of H-bond formed between Glu334 and
His447 at ES state and TI1 state. Reaction coordinate is the distance between the carboxyl
oxygen atom OE1 of Glu334 and the nitrogen atom ND1 of His447.
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