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Abstract

The enzymatic mechanism of acetylcholine hydrolysis was evaluated by semiempirical molecular
orbital calculations with a model constructed with the coordinates of sixteen amino acids and four
water molecules from the crystallographic structure of Drosophila melanogaster acetylcholinesterase
(AChE, entry 1QO09 in the Protein Data Bank). Nine proposed reaction points for the hydrolysis
mechanism were obtained, including four for the acylation step and five for the deacylation step.
Our results indicate that in the Michaelis complex of the acylation step, a looser interaction between
the substrate and the oxyanion hole may result from an amino acid change in the acyl pocket
observed in insect as compared to the vertebrate enzyme. Detailed descriptions of the reaction profile
for the formation of both acylation and deacylation tetrahedral intermediates were obtained. The
results indicate the occurrence of partially concerted mechanisms, with deprotonation of the nucle-
ophiles (Ser238 in the acylation step and a water molecule in the deacylation step) by His480 facil-
itating the nucleophilic additions. Both processes were completed by enthalpically favorable steps,
formation of choline in the acylation step and of acetic acid in the deacylation step.
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1. Introduction

The control of insect pest species plays a major role in crop production and public
health. Crop losses worldwide due to insects have been estimated to amount to up to
50% of total agricultural output [1], with 11 million tons of crops destroyed every year
only in Brazil. Additionally, diseases transmitted by insect vectors are a continuous threat
to public health. Malaria, transmitted by the Anopheles mosquito, causes more than 300
million acute illnesses and at least one million deaths annually worldwide [2].

Despite ecological concerns, synthetic pesticides remain as the primary tools for imple-
menting insect control. Among the chemical classes that have been developed as pesticides,
organophosphorous compounds, together with carbamates, represent the most significant
share of the world pesticide market [3]. Both classes owe their acute toxicity to the inhibi-
tion of acetylcholinesterase (AChE," acetylcholine hydrolase, EC 3.1.1.7), an enzyme that
regulates the concentration of the neurotransmitter acetylcholine (ACh).

Elucidation of the three-dimensional (3D) structure of TcAChE revealed that its active
site, located at the bottom of a 20 A deep gorge, contains a catalytic triad composed of
Ser200, His440, and Glu327 residues [4]. Ser200 is suggested to act as a nucleophile
towards ACh and His440 is proposed to serve as a general acid-base catalyst, but the cat-
alytic role of Glu327 remains an open question [5]. The X-ray crystallographic structure of
the complex between TcAChE and m-(N,N,N-trimethylammonio)-2,2,2-trifluoro-acetoph-
enone (TMTFA), a transition state analog inhibitor [6], together with results from kinetic
studies with single replacement mutants of AChE (e.g. [7-9]), enabled the identification of
a number of subsites that compose the active site, such as the oxyanion hole, the acyl
pocket, and the choline binding site, and their relation to the hydrolytic efficiency of the
enzyme.

Calculations at various theory levels have been applied to the study of AChE mecha-
nism of action. The influence of specific amino acid residues in the binding of the substrate
to AChE and the enzyme specificity were investigated using a combined molecular dynam-
ics and multiple docking approach [10,11]. Both acylation and deacylation steps were eval-
uated by the semiempirical molecular orbital method with a very simple model of TCAChE
[12,13]. Later, the energetics of the acylation step was explored by using an empirical
valence bond (EVB) potential surface and an all-atom free energy perturbation (FEP)
approach, as well as estimates of the catalytic effect by using the semimicroscope version
of the Protein Dipoles Langevin Dipoles method [14]. The deacylation step was also sim-
ulated with the complete enzyme using the EVB method in combination with FEP calcu-
lations [15]. Molecular dynamics was used to evaluate the active site interactions with
tetracoordinate transients in AChE and its mutants [16]. A combined ab initio quantum
mechanical/molecular mechanical (QM/MM) approach using a single snapshot from a
molecular dynamics trajectory was applied to the study of the acylation step catalyzed
by mouse AChE [17], which was followed by a multiple QM/MM reaction path study
to investigate the influence of different conformations of the enzyme on the reaction energy
barrier [18]. More recently, ab initio quantum mechanics calculations were applied to sim-

U Abbreviations used: AChE, acetylcholinesterase; DmACE, Drosophila melanogaster acetylcholinesterase;
HuAChE, human acetylcholinesterase; TcAChE, Torpedo californica acetylcholinesterase; ACh, acetylcholine.
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plified active site models to study the acylation step of the AChE-catalyzed reaction
[19,20].

The understanding of molecular aspects of insect enzyme mechanisms of action and
inhibition can be anticipated as a tool for helping the development of new pesticide leads.
Moreover, a comparison between mechanistic aspects of reactions catalyzed by vertebrate
and insect AChE may help the development of more selective and secure insecticides in the
future. The crystallographic structure of native Drosophila melanogaster AChE
(DmAChHE) revealed some structural differences after comparison with TcAChE, such
as in the residues clustered near the opening of the active site gorge, and in the acyl binding
pocket, where the residue equivalent to Phe288 in TcAChE is a leucine (Leu328), thus
enabling the insect acyl binding pocket to accommodate larger moieties [21].

A suitable molecular description of enzyme-catalyzed reactions requires a theoretical
approach capable of evaluation of the breaking and formation of covalent bonds. The
use of complete ab initio quantum mechanical calculations to study such systems is limited
because a great number of atoms must be considered for evaluation of the effect of the
enzymatic environment on the reaction mechanism. This effect was considered at the clas-
sical level in studies of the AChE acylation step by the QM/MM method [17,18].

Although the simplifications introduced in semiempirical MO methods limited the
accuracy of their results (see [22] and references therein), the computational time scale
of these calculations allows the inclusion of many more atoms in the models, which is
expected to result in a better description of enzymatic systems than is accessible by
high-level quantum methods. In fact, the application of the linear-scaling formalism has
expanded the realm of semiempirical calculations to the complete protein level [23].
Improvements have been implemented and are expected to continuously extend the quality
and the range of applications of semiempirical methods [24-26].

As part of a program for the development of synthetic substances for pest control, the
objective of the present work is the construction of a reliable DmAChE model to provide
qualitative information with a low computational cost for helping the future design of pes-
ticide leads. In the present work, we used the semiempirical PM3 molecular orbital
method, which was previously employed by us to model an insect enzyme-catalyzed reac-
tion [27], as an alternative approach to the study of AChE-catalyzed reactions. A model
composed of first shell active site amino acid residues was used for the evaluation of a
complete ACh hydrolysis enzymatic cycle (including the formation of the substrate—en-
zyme complex, acylation of the enzyme, and deacylation by hydrolysis). The quality of
the results obtained here was evaluated by comparison with experimental and theoretical
results previously reported in the literature.

2. Computational details

The enzyme model was constructed from entry 1QO9 in the Protein Data Bank [21] by
selection of active site residues with the Rasmol 2.6 program [28]. Accordingly, to the
results of Fuxreiter and Warshel [14], the most important catalytic effects in AChE are
associated with nearby residues rather than distant residues, but some second shell resi-
dues were also included in the model (DmAChE-M1), because it is intended for the future
design of new pesticide leads. Natural mutations of second shell residues in D. melanogas-
ter were shown to confer resistance to insecticides [29]. Water molecules were chosen based
on their proximities to the selected amino acid residues. The final model (DmAChE-M1)
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was composed by the Cartesian coordinates for Trp83 (Trp84)?, Gly149 (Gly117), Gly150
(Gly118), Glyl151 (Gly119), Ile161 (Val129), Glu237 (Glul99), Ser238 (Ser200), Ala239
(Ala201), Gly265 (Gly227), Trp271 (Trp233), Leu328 (Phe288), Phe330 (Phe290),
Glu367 (Glu327), Phe371 (Phe331), His480 (His440), Gly481 (Gly441), and for five water
molecules (35, 37, 46, 75, and 104). The truncated peptide bonds were saturated with
hydrogen atoms. Hydrogen atoms were added with Sybyl 6.8 program (Tripos Software,
Inc.), considering both glutamic acid residues in carboxylate form. The coordinates of the
peptide atoms were generally fixed during calculations, with exception of those from res-
idues Ser238 and His480, because motions on these peptide chains were necessary during
some steps of the reaction mechanism.

Because H-bonds play a pivotal role in the AChE-catalyzed hydrolysis mechanism, the
calculations were done with the PM3 method [31], which is available from the Mopac 6.0
package [32]. PM3 was shown to correctly predict the structure of many types of intermo-
lecular H-bonds [33-36]. This semiempirical method was also shown to predict good
geometries for cation—r interactions [37], which were suggested as involved in the interac-
tion between the positively charged group of ACh and Trp86 in TcAChE [8]. To obtain
the various stationary points of the hydrolysis pathway, the reaction coordinate method
[38] was generally used to render as smooth as possible the geometry change between sys-
tems. During the search procedure, convergence and geometry optimization criteria were
kept at default values; molecular geometries associated with proposed stationary points of
the reaction pathway were further optimized with the Eigenvector Following routine [39]
to a gradient norm <0.5 kcal/(A or rad). All calculations were carried out on Pentium III
1.1 GHz microcomputers.

3. Results and discussion
3.1. Acylation pathway

Scheme 1 presents the steps of the acylation pathway evaluated in this work. The
Michaelis complex (system 1) was obtained after optimization of the structure resulting
from the introduction, the substrate with dihedral angles of ca. 180° for both MesN"—
C-C-0O and C-C-O-COMe inside DmAChE-M1. This conformation resulted in projec-
tion of the quaternary ammonium group against the open face of the indole ring of
Trp83, in accordance with previous literature results [6].

QM/MM studies with the complete mouse AChE [17,18] and early semiempirical stud-
ies with simplified models of bovine trypsin [40] and TcAChE [12,13] active sites indicated
a concerted mechanism for the acylation step, involving a simultaneous nucleophilic
attack with the proton transfer. On the other hand, results obtained with an interpolated
free energy surface for a histidine-catalyzed nucleophilic attack of methanol on formamide
indicated a stepwise path, with a shallow surface that could also allow for a concerted path
[41]. To investigate with our model the mechanism of Ser238 addition to ACh, we used a
simple grid approach with the reaction coordinate method. The effect of His480 as a base
was evaluated at six fixed distances of the serine Oy to the ACh carbonyl carbon (Table 2).

2 Amino acids and numbers in parentheses refer to the positions of analogous residues in TcAChE according to
the recommended nomenclature [30].
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Scheme 1. Steps of the acylation pathway.

The table columns describe the enthalpy profile of the nucleophilic attack of the serine res-
idue with a progressively anionic character towards the substrate. It can be observed that
although the attack of the neutral nucleophile (first column) had the lowest initial enthal-
py, it increased steadily up to the smallest C-O distance. The lowest enthalpy path (shown
in italics in Table 2) involved a partial proton transfer to Ne¢ of His480 at the longer C-O
distance, followed by alternated reductions of the C-O and of the N-H distances. Forma-
tion of the tetrahedral adduct was complete at the final structure. The stepwise mecha-
nism, represented in our model by the path along the first row of the table followed by
a movement down the last column, is disfavored by about 4 kcal/mol compared to the
concerted mechanism. In fact, all structures of the minimum enthalpy path are more stable
than the last structure of the first row in Table 2, which corresponds to the intermediate of
the acylation step in the stepwise mechanism (system2). Our model, in accordance with
previous results [12,13,40], suggests that the adduct formation is more probable to occur
by the concerted mechanism.

It is interesting to observe that the enthalpy barrier is ca. 20 kcal/mol lower than the
energetic cost calculated previously by the AMI1 method for a similar reaction with an
enzymatic model composed solely by TcAChE Ser200 and His440 residues [12]. This result
reveals the stabilizing effects of the additional amino acid residues included in our model,
which have specific interactions with the substrate (Table 1), such as a H-bond between the
peptidic NH group of Glyl151 and the carbonyl oxygen of ACh, and cation—r interactions
between Trp83 and the substrate ammonium group.

System 3 was obtained directly from system 2 by the reaction coordinate method. Four
geometries with different “frozen” internuclear distances (2.5, 2.0, 1.7, and 1.5) between
the negatively charged serine Oy and the ACh carbonyl C atom were calculated, and
the final structure was reoptimized with a free C-O distance. In system 3, the carbonyl
C atom became tetrahedral, with a final C-O distance of 1.40 A (Table 1). As can be seen
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Table 1
Relative enthalpies and selected distances of amino acid residues of DMAChE-M1 to the ACh molecule in PM3-
calculated systems in the acylation stage

H480

W83

E237

Property® System

1 2 3 4
a 2.95 2.54 1.40 1.35
b 0.97 1.59 (166.5) 1.76 (155.4) —
c 1.79 (164.4) 1.08 1.08 1.76
d 1.71 (165.1) 1.70 (156.5) 1.70 (143.6) 1.72 (176.3)
e - - 1.80 (163.6) 1.88 (140.8)
2 — — 1.81 (159.3) 2.79 (146.6)
g 1.85 (129.0) 1.87 (129.1) 1.64 (170.9) 1.81 (150.0)
h 3.42 3.56 3.86 3.89
i 3.57 3.77 3.74 3.89
J 1.76 2.40 2.88 3.50
k 1.79 (175.6) 1.77 (165.3) 1.79 (172.6) 1.81 (159.4)
I 4.46 4.48 — —
m — 4.82 4.20 4.20
n — 4.57 4.76 3.88
0 3.55 3.56 4.47 4.04
AH{® 0.0 35.5 13.0 1.0

® Distances in A; numbers in parenthesis represent H-bond angle.
® kcal/mol.

in Table 1, the number of H-bonds formed by the oxyanion hole residues increased as a
consequence of the formation of the tetrahedral adduct. The additional H-bonds formed
probably help to stabilize the negative charge enhancement on the carbonyl O atom (from
—0.44 to —0.74) associated with the carbonyl m bond breaking.

Fig. 1 presents a superposition of system 3 and the corresponding X-ray structure of
TMTFA-inhibited TcAChE (code IAMN in PDB) [6]. The three-pronged oxyanion holes
are very similar in both structures. The greatest structural differences are associated to res-
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Fig. 1. 3D representation of a superposition of system 3 and the corresponding X-ray structure of TMTFA-
inhibited TcAChE [6]. Amino acid numbering refers to TcCAChE. Some hydrogen atoms were omitted for clarity.
Color code: grey, C (DmAChAE); cyan, C (TcAChE); yellow, C (ACh); orange, C (TMTFA); red, O; blue, N;
white, H; green, F.

idues of the acyl pocket, which are interacting with groups presenting different volumes
and electronic properties, a methyl group in our model and a trifluoromethyl group in
the crystallographic structure. Four of the five water molecules included in our model
remained in the surroundings of the quaternary ammonium group; the closest distances
of approach between their O atoms and methyl C atoms of the cationic group are 2.9,
3.2, 3.4, and 4.1 A. The crystallographic results showed three water molecules located at
3.2, 3.3, and 3.9 A from the methyl C atoms of the quaternary ammonium group of
TMTFA. In the modeled structure there is a H-bond between Glu367 and His448, with
a N-O distance equal to 2.61 A, which is in excellent agreement with the short H-bond
(2.62 +0.02 A) determined by proton NMR data for HUAChE complexed with TMTFA
[42].

Manojkumar et al. [20] obtained a second intermediate in the acylation pathway, which
contains a H-bond between the protonated histidine and the O atom of the choline moiety.
We tried to obtain this second intermediate structure, but all attempts reverted to the sys-
tem 3. However, a second intermediate structure where the protonated His480 residue is



84 C. M. R. Sant’Anna et al. | Bioorganic Chemistry 34 (2006) 77-89

H-bonded to the O atom equivalent to that of the choline moiety was easily obtained in
the deacylation mechanism (see Section 3.2 below). When we superimpose the structures
of the first intermediates of both pathways, a possible reason for this difference could be
observed. In order the form the H-bond with the choline O atom, a rotation of His480 side
chain is necessary, but this torsion will lead to a collision between the imidazole ring and
the choline moiety. This moiety is absent in the deacylation step, so we could obtain the
second intermediate structure with no difficulty. Accordingly, we suppose that Manojku-
mar et al. could obtain the second intermediate in their study of the acylation step because
they used a simplified ester to represent the ACh molecule where a small ethoxy group
replaces the choline moiety. It is also important to remember that the protonated imidaz-
ole ring and the choline ammonium group (which is absent in the model of Manojkumar
et al.) are both positively charged, and a strong electrostatic repulsion could be expected as
a result of the torsion of the His480 side chain toward the choline moiety. But how does
the rupture of the C-O bond occur in the real enzyme? Our results suggest that it is nec-
essary a prior weakening of the bond with no direct participation of the H-bond of the
protonated His480 residue. It is possible that the electrostatic repulsion between both pos-
itively charged groups helps in this process. Once the C-O bond is weakened, the choline
moiety becomes more distant of the His480 side chain, so it could establish a H-bond with
the increasingly negative O atom of the choline moiety, which finally collapses as a H-O
covalent bond in the leaving group.

The last step of the acylation pathway evaluated was the release of the choline moiety
(3 —> 4), which was accomplished by protonation of the O atom of choline. The reaction
coordinate method was employed, with the distance of the His480 H atom bonded to Ne¢
to the cholin§ O atom as the reaction coordinate. Six “frozen” distance (2.4, 2.0, 1.6, 1.4,
1.2, and 1.0 A) intermediates were calculated, and then the H-O distance was left free in
the final geometry during a reoptimization step. As a result of this process, the original
ester C-O bond was cleaved, but the choline moiety remained H-bonded to His480 Ne.
At this point, all three H-bonds with the carbonyl O atom in the oxyanion hole were weak-
ened (Table 2). Data in Table 2 also suggest that the interactions in the acyl pocket were
reinforced in system 4. The overall calculated enthalpy change between systems 1 and 4 is
slightly unfavorable by 1.0 kcal/mol.

It is interesting to observe that Glu237 apparently did not play any important role dur-
ing the acylation pathway: its distance to one of the methyl substituents of the quaternary
ammonium group increased during the sequence 1 — 3 — 4 (Table 1). This result may be
related to experimental results on TcAChE which showed that the mutation of the corre-

Table 2
PM3 calculated relative AH; (kcal/mol) along the reaction pathway for formation of the first tetrahedral
intermediate

ACh C-Oy Ser203 distance (A) His480 Ne-HO Ser203 distance (A)

1.60 1.50 1.40 1.30 1.20 1.10
2.95 0.0 4.1 8.6 15.2 22.0 28.4
2.50 13.4 16.4 14.8 20.4 26.0 324
2.10 10.0 12.5 18.3 21.6 27.4 28.3
1.80 16.5 18.6 22.7 26.7 29.9 244
1.60 22.3 23.3 26.0 28.2 22.8 17.3
1.45 28.0 29.8 30.8 32.7 19.3 14.5

Numbers in italics represent the lowest enthalpy path.
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sponding Glul99 residue to Gln leads to only a fourfold decrease in k., [43]. However,
because of the H-bond formed between the carboxylate group of Glu237 and one of the
methyl groups of the ACh ammonium group in system 1 (see Table 1), it can be concluded
that Glu237 effectively contributes to the substrate binding, which is in accordance to the
results obtained by Kua et al. [10]. The corresponding N-O distance is 3.99 A, which is in
fair agreement with the average distance (3.82 A) obtained by Kua et al.

3.2. Deacylation pathway

For the second reaction stage, the calculated steps are shown in (Scheme 2). Departure
of choline from the active site should involve dynamic events not amenable with the pres-
ent model, so the starting structure for the deacylation modeling was generated by removal
of the choline moiety from the model (Table 3). This approach is justifiable by experimen-
tal results, which indicate that the release of thiocholine is faster than the deacylation in
the inhibition of AChE by thiocholine [44].

Following a geometry optimization of this new system, 5, the deacylation mechanism
was started by manually changing the position of the water molecule nearest to the sub-
strate C atom bonded to Ser238 Oy atom. One of the hydrogen atoms of this water mol-
ecule was pointed toward the lone pair of His480 Ne. As before, this residue is expected to
act as an internal base to abstract a proton from the nucleophilic reagent, which is now the
water molecule. The geometry was then reoptimized and the resulting system (6) was ca.
6 kcal/mol more stable than the previous one.

Based on the results obtained in the acylation pathway, we explored the concertedness
of the mechanism for the formation of the second tetrahedral intermediate. The grid
approach was used to evaluate the proton transfer from the water molecule to the
His480 Ne at fixed distances of the carbonyl C atom to the water O atom (Table 4). Unlike
the previous mechanism, the lowest enthalpy path involved the approximation between the
nucleophile and the substrate without a great transfer of the proton to the imidazole ring.
This transfer occurred after the carbonyl carbon and the water oxygen are very close

HaC,
o,
— g b:/o—H
H

N

Scheme 2. Steps of the deacylation pathway.
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Table 3
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Relative enthalpies and selected distances of interacting groups in amino acid residues of DMAChE-M1 to the

substrate molecule in PM3-calculated systems in the deacylation stage

A239 G150 G151

H480

Property® System
6 7 8 9

a 1.35 1.43 1.43 3.25
b 3.37 143 1.43 1.34
¢ 0.98 1.80 (139.6) 2.49 2.89
d 1.78 (168.8) 1.01 1.01 1.78 (165.1)
e — 2.66 1.79 (133.6) 0.97
f 1.74 (173.3) 1.70 (166.9) 1.69 (168.1) 1.72 (166.6)
g 1.81 (153.5) 1.75 (160.8) 1.74 (161.8) —
h 2.84 (142.6) 2.65 (151.0) 2.73 (149.8) —
i 1.88 (141.6) 1.70 (155.3) 1.70 (148.6) —
j — — — 4.80
k 4.32 4.71 3.63 3.76
/ 4.58 4.80 4.45 4.31
m 3.94 3.97 4.65 3.75
AH{® 0.0 4.3 5.9 —10.1

# Distances in A; numbers in parenthesis represent H-bond angle.

® keal/mol.
Table 4

Calculated relative AH; (kcal/mol) along the reaction pathway for formation of the second tetrahedral

intermediate

ACh C-OH2 distance (A)

His480 Ne-HOH distance (A)

1.60 1.50 1.30 1.20 1.10 1.00
3.37 0.0 4.6 17.8 332 36.5 36.5
2.90 0.9 5.4 18.0 24.9 32.6 329
2.40 5.2 9.5 21.2 32.0 344 344
2.20 8.8 2.4 22.3 27.8 30.8 30.1
1.80 15.4 17.6 24.7 20.2 18.4 19.7
1.60 18.9 20.8 25.2 11.4 8.9 8.9
1.45 23.8 24.5 215 6.7 4.0 4.0

Numbers in italics represent the lowest enthalpy path.
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together to produce the second tetrahedral adduct with a protonated histidine residue.
Finally, both distances were left free and the geometry was reoptimized, yielding the sec-
ond tetrahedral intermediate (7). Once again, H-bonds formed with the amino acids of the
oxyanion hole helped the formation of the tetrahedral adduct (Table 3), but now the com-
plete 6 — 7 transformation was unfavorable by 4.3 kcal/mol. It can be observed that a
process involving a proton transfer to the histidine residue before the nucleophilic attack
(last column in Table 4) would be clearly disfavored, since the initial structure has a high
heat of formation.

To change the acceptor of the His480-H H-bond from the OH group to the Ser238 Oy
atom, the dihedral angles of His480-H" side chain were replaced in system 7 by those
observed in system 4. After optimization, this new conformation resulted in a slightly less
stable system (8), in which His480-H" became H-bonded to the serine Oy atom (Table 3).
The same kind of asymmetric H-bonds observed in systems 7 and 8 were also obtained in a
study of the deacylation step of another serine protease (porcine pancreatic elastase) using
QM/MM dynamics in conjunction with umbrella sampling [45]. In this work, the calculat-
ed histidine Ne¢H- - -OH and the histidine NeH- - -OR average distances are, respectively,
1.63 +0.12 and 2.20 & 0.03 A in the first intermediate, which corresponds to system 7
(where the respective distances are 1.80 and 2.66 A), and 2.43 +0.20 and 1.64 £ 0.11 A
in the second intermediate, which corresponds to system 8 (where the distances are 2.49
and 1.79 A, respectively).

The final geometry of the deacylation stage was obtained by simulation of the acetic
acid departucre from the tetrahedral adduct at six fixed C-O distances (1.4, 1.5, 1.7, 2.0,
2.2,and 2.5 A). System 9 was obtained by a reoptimization of the last geometry with a free
C-O distance. This system, in which the acetic acid molecule is completely detached from
the serine Oy atom, is 16 kcal/mol more stable than the previous one. Based on the results
obtained in the 1 — 2 transformation, the greatest contribution on this result should be the
fact that now both Ser238 and His480 are in neutral form. However, amino acids of the
acyl pocket should also contribute to this process, as can be seen by the movement of
the methyl group of the product towards apolar side chains (Table 3). The overall calcu-
lated enthalpy change between systems 5 and 9 was —16.22 kcal/mol.

4. Conclusions

The present simplified model suitably describes the expected behavior for the ACh
hydrolysis catalyzed by the AChE enzyme. The structural and energetic profiles for the
hydrolysis of ACh in D. melanogaster AChE calculated by the semiempirical approach
were generally in accordance with experimental and theoretical results obtained previously
with vertebrate AChEs. The major difference was observed in the structure of the Michae-
lis complex. Zhang et al. have observed with the QM/MM approach that both H-bonds
formed by the oxyanion hole glycine residues were already present in the mouse AChE
Michaelis complex [15]. The reason for this difference possibly resides on the change of
an amino acid residue between insect and vertebrate AChEs, Leu328, which is a phenyl-
alanine in the latter. This residue replacement renders the DmAChE acyl pocket less rigid
[17]; the capability of insect AChEs to hydrolyze substrates with larger acyl moieties, such
as butyrylcholine, is known [46]. Because the esteratic methyl group of ACh can be accom-
modated deeper in the acyl pocket, the substrate carbonyl group is positioned farther from
the oxyanion hole in the insect enzyme in comparison with the mouse enzyme.
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Formation of the first tetrahedral intermediate is the result of a nucleophilic addition of
Ser238 to the carbonyl group of the substrate. The catalytic role of His480 is apparently to
reduce the energetic cost for this nucleophilic attack by a simultaneous proton transfer
from Ser238 to the Ne of the histidine residue. The third residue of the catalytic triad,
Glu237, interacts with the imidazole group of His480 by means of a H-bond. All three res-
idues of the oxyanion hole were found to stabilize the covalent complex by means of H-
bonds. A proton transfer from the protonated histidine to the choline O atom resulted
in the breakdown of the bond between this atom and the substrate carbonyl C atom. After
the bond rupture, the acyl group moves towards the side chains of amino acids of the acyl
pocket, suggesting a favorable participation of these groups by dispersion forces.

In the deacylation pathway, formation of the tetrahedral intermediate is also helped by
three H-bonds within the oxyanion hole, but differently from the corresponding step in the
acylation mechanism, this initial step is predicted as slightly unfavorable by our model.
The reaction profile obtained for the formation of the tetrahedral intermediates from both
pathways revealed that when the nucleophile is Ser238, a more complete proton transfer to
His440 occurs before the nucleophilic attack, as compared to the water nucleophile. A pos-
sible explanation for this difference is a stabilization of the increasing negative charge of
the serine residue caused by the field effect of the adjacent positive charge of the ammoni-
um group of ACh. Formation of the product is an exothermic step, rendering the complete
sequence for the enzyme deacylation, a favorable process. Amino acid residues Trp271 and
Leu328 of the acyl pocket probably contribute to stabilize the departure of acetic acid
from the serine residue, but the main driving force should be the return of His480 and
Ser238 to their neutral forms.
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