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Abstract Acetylcholinesterase (AChE) and its mutation
recently emerged as a significant research area, due to its
resistance against organophosphate and carbamate insecti-
cides. Residue G265, which is always a conservative
residue, mutated to A265 is the most frequent mutant of
AChE in Drosophila populations. However, only this
mutation caused a ‘butterfly effect’ that gives high
insecticidal resistance. Herein, the models of sensitive
strain (Dm-S) and the resistance strain (Dm-R) were
constructed, to give a total of 2000 ps molecular dynamics
simulation and to reveal the insecticidal resistance mecha-
nism, with implied, the active gorge of Dm-R was much
less flexible than that of Dm-S. The “back door” channel
was widened to accelerate the detoxication against insecti-
cides by the conformation changing of W83 and 1161. All
the distances (S238-H480, S238-G150, S238-G151, Y71-
M153) in Dm-R became smaller than those in Dm-S, which
may deeply influence the binding between the insecticides
and DmAChE.
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Introduction

Acetylcholinesterase (AChE, EC 3.1.1.7) regulates the level
of acetylcholine and terminates nerve impulses by catalyz-
ing the hydrolysis of acetylcholine. As AChE’s irreversible
inhibitors, organophosphate (OP) and carbamate (CA)
insecticides leads to an accumulation of acetylcholine in
the synapses which in turn leaves the acetylcholine
receptors permanently open, resulting in the death of the
insect [1-3]. However, since the 1940s, the frequent and
excess usage of these insecticides have developed resis-
tance. To date, three main mechanisms of resistance have
been reported: reduction of insecticide penetration, increas-
ing degradation of insecticides, and most important, the
modification of the insecticide targets, to which AChE
belongs [4].

Up to now, many studies [5-9] have revealed the
relationship between insecticidal resistance and the alerted
AChE. And the mutations of residues in AChE may
provide insecticidal resistance [10—14]. By means of
genetic engineering, the “Ace” locus that encodes AChE
has been identified [15]. In some insects, two kinds of locus
named “Ace-1” and “Ace-2” were found. Mutation in
Ace-1 contributes to high insecticidal resistance [16—19].

By now, the most effective approach to resolve the
resistance problem is to find negative cross-insensitivity
compounds. In fact, some mutational AChEs have indicated
a negative cross-insensitivity against a variety of OP and
CA inhibitors [20, 21], as earlier suggested by Brown [22].
It might be a possible stratagem to find novel inhibitors
based on negatively correlated insecticides in resistance
management programs.

Drosophila melanogaster acetylcholinesterase (DmAChE)
is a typical target in insect. It has an active gorge about 20 A
depth from the peripheral anionic site (PAS) to the catalytic
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triad. There are seven active sites in the active gorge:
catalytic triad, choline binding site, acyl pocket, oxyanion
hole, PAS, aromatic guidance region and backdoor opening
region [23] (See Fig. 1). OPs and CAs can act as
“hemisubstrates” to trap the enzyme via forming a covalent
bond with the serine 238. Even that some OP-AChE
conjugates undergo post-inhibitory reactions, collectively
called “aging”, which result in truly irreversible enzyme
inhibition [24]. However, around the active valley, mutations
of 1161 V, G265A, F330Y and G368A give insecticidal
resistance. Each mutational DmAChE gets the different
insecticidal resistance [4]. The insecticidal resistance mech-
anism of mutational DmAChE is very complicated and not
clear yet.

Molecular dynamics (MD) simulation is a powerful tool
to analyze the structural and dynamic features of bioma-
cromolecules. It provides information about atomic inter-
action and their time evolution at a level of detail which can
both enhance and complement the experimental results
[25-28]. The MD simulation will focus on the apo-proteins
without ligands. The MD simulation results will be
combined with the ligands for further quantum mechanics/
molecular mechanics (QM/MM) research. Also the MD
simulation results may be useful for virtual screening of
negative cross-insensitivity compounds discovery for fur-
ther work.

The single point mutation, the glycine 265 mutating to
alanine of DmAChHE, is the most frequent mutation in
Drosophila populations [2]. So in our work, the mutational
amino acid residue G265A is raised for computer aided
research. MD simulation is applied to expose the insecti-

cidal resistance mechanism of mutational DmAChE. MD
simulation and docking technology can be combined in
drug design, where the flexibility of protein is considered
[29].

Materials and methods
Protein preparation

DmACHE crystal structure was obtained from the Protein
Data Bank (PDB), entry code 1Q09. The lost loop region
104—135 was re-modeled by loop search method (including
energy minimized optimization) in Sybyl7.0 (molecular
modeling software package, Tripos Associates, Inc., St.
Louis), which resulted in the wild type DmAChHE, i.e.,
sensitive strain model (Dm-S). After making the mutation
of G265A, the DmACHhE resistant strain model (Dm-R) was
constructed.

Molecular dynamics simulations

The MD simulations were performed on a DELL Power-
Edge cluster, using program CHARMM [30] (version
c31bl) and the all-atom version 22 force field [31, 32].
The TIP3P water model was used to simulate the solvent
[33].

Dm-S and Dm-R were simulated separately under the
same conditions. The starting coordinates of each protein
came from the prepared structural model. All hydrogen
atoms were then added by CHARMM subroutine HBUILD
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Fig. 1 Key residues (shown as sticks) in the active gorge of DmAChE (The backbone of the protein was shown as cyan.)
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[34]. Each protein was minimized in vacuo for 10,000 steps
to remove the unfavorable contacts, using the adopted basis
of Newton-Raphson (ABNR) method, keeping harmonic
constraints with a force constant of 20.0 kcal mol ' A™") on
heavy atoms of the protein.

The minimized structure was then inserted into the
center of a water box, keeping any atom of the protein at
least 10.0 A away from the boundary and leading to a box
size of 92x91x67 A®. Water molecules closer than 1.8 A
from any atom of the protein were deleted from the water
box. Seventeen sodium counterions were added at random
positions into the system, at least 3.0 A from any atom of
the protein, to make the system electroneutral. The final
system contained 59,868 atoms including 8812 solute
atoms for Dm-S, and 57,369 atoms including 8815 solute
atoms for Dm-R. The solvated system was minimized
again, first with steepest descent method for 10,000 steps,
then with ABNR method for 50,000 steps, to adjust the
water molecules and counterions locally and eliminate any
residual geometrical strain, keeping the heavy atoms of
each protein fixed. The minimized solvated system served
as the initial structure of the subsequent MD simulation.

Each MD simulation began with an initial and equili-
bration stage, followed by a 0.5-ns production run, which
gave a total simulation time of 2 ns. All protein atoms were
released during the process. The initial atomic velocities
were assigned from a Gaussian distribution corresponding
to a temperature of 300 K. The nonbonded energies and
forces were smoothly shifted to zero at 12.0 A [35], and a
constant dielectric (e=1) was used for electrostatic inter-
actions. The nonbonded list, including neighboring atoms
within a 14.0 A distance, was updated every 20 steps. All
hydrogens were treated explicitly; a time step of 2 fs was
used to integrate the equations of motion with the Leapfrog
Verlet algorithm. All bonds involving hydrogens were
constrained with the SHAKE algorithm [36]. Coordinates
and energies were saved every 500 time steps for further
analysis.

In the energy minimization and the MD simulation,
periodic boundary conditions were applied in all directions.
The solvent and counterion images were updated every 20
steps. The NPT ensemble was implemented, using the weak
coupling scheme [37] with a pressure coupling time of
5.0 ps and a temperature coupling time of 5.0 ps. The
system temperature was set at 300 K, and the reference
pressure of the system was set at 1.0 atm. The isothermal
compressibility was set at 4.63x 10-5 atm—1, and the value
was approximated from experimental data for water.

After the simulation finished, an average structure was
evaluated from the final 500 ps run, i.e., the whole
production run. Deleting the water molecules and counter-
ions, a 5000-step ABNR energy minimization was carried
out to remove the unfavorable contacts, with 20.0 kcal

mol ' A" harmonic force constant on the heavy atoms.
The minimized average structures were used in the
analyses.

Covalent docking

17 OP and CA compounds which have different inhibitive
activities to Dm-S and Dm-R were obtained from Menozzi
et al. [2]. These compounds were used to assess whether the
two models (i.e., Dm-S and Dm-R) could present the
insecticidal resistance or not. The compounds were docked
into the averaged structures of Dm-S and Dm-R after
dynamics simulation by GOLD3.1 program [38]. The
active site was defined as the region around the serine
238 in 10 A. Because there would be a covalent bond
between the serine 238 and insecticide molecules when the
OPs and CAs inhibit the DmAChHE, the covalent docking
option was chosen. And the type of link was set as atom to
atom. Chemscore [39, 40] in GOLD was used to score the
17 insecticides.

Results and discussion
Structural changes caused by G265A

The wild type and mutant enzymes were stable after
1500 ps simulation, as the root-mean-square deviations
(RMSDs) shown in Fig. 2. The averaged structures of Dm-S
and Dm-R are shown in Fig. 3 a and b, respectively. The
Gly265 is positioned behind the active Ser238. Clearly, in
Fig. 3 ¢, which displays the superposition of the mutational
residues, A265 has one more methyl group than G265. The
methyl group directly results in the Ser238 shift. After that, a
large change of the active gorge was found.

The RMSD and RMSF values of the key residues, which
are in the active gorge of DmAChE, were obtained as
shown in Fig. 4 a and b. All the RMSD and RMSF values
were for all atoms.

Then from Fig. 4 a and b, it can be observed that most of
the key residues RMSD and RMSF values of Dm-R were
lower than those of Dm-S except some residues: W83,
1161, G265A and P330. After Gly265 mutated to Ala265,
residues in catalytic triad (Ser238, Glu367, His480) and
oxyanion hole (Gly150, Gly151, Ala239) had much lower
RMSD and RMSF values than before, indicating that the
active gorge of Dm-S is much more flexible than that of
Dm-R. Dm-R lost the flexibility that lead to the reduction
of inhibition with the insecticides. This may be one of the
reasons for insecticidal resistance.

Notably, W83 and 1161 of Dm-R had much higher
RMSD values than those of Dm-S. The conformations of
these residues changed a lot (See Fig. 5). As usual, W83 is
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Fig. 2 RMSDs of dynamics
simulation (Black for Dm-S
and Red for Dm-R)

RMSD(A)

selected

one of the residues in the “back door” for accelerating the
small molecules leaving [41]. And W83 has more flexibility
than other residues [42]. 1161 is located at the bottom of the
active site behind W83. Its side chain directly affects the
freedom of W83 [4]. However, 1161 located far from W83
after mutation, widening the “back door” channel to
accelerate the catalysis. This may also accelerate the
detoxication to insecticides.

Furthermore, A265 and F330 of Dm-R had higher
RMSF values than G265 and F330 of Dm-S. A265 has

Fig. 3 a) Average structure of
Dm-S (Red residues for G265
and S238); b) Average structure
of Dm-R (Orange residues for
A265 and S238); ¢) Close up of
the superposition of the muta-
tional residue
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one more methyl than G265 that results in higher RMSF.
This mutation modified the orientation of serine 238.
This changed orientation increases acetylation by the
substrate as well as deacetylation, and then it induces the
advance of synapse cleaning efficiency [4]. F330, as a
‘swinging gate’, has a wide range of conformations,
which were analyzed by Kryger et al. [43]. The high
RMSF value might be caused by the wide range of
conformations, and the mutation let F330 get even more
conformations.
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Some distances between S238 and other key residues
around it were tracked. The distance of Tyr71 and Met153,
which are the neck of active gorge mentioned by Harel et
al. [23], was tracked as well. The distances changing
between key residues were calculated from the whole 2 ns
period. Both of Dm-S and Dm-R were calculated for

Fig. 5 The superposition of the conformations of W83 and 1161
(Yellow for Dm-S and Orange for Dm-R)

Rasiducs

comparison as shown in Fig. 6. From the last 500 ps
simulation, all the distances in Dm-R became shorter than
those in Dm-S. Also the average structural key residues
superposition was shown in Fig. 7 which indicated the
distance changing.

From Fig. 6 a, the His480 of Dm-R was closer to the
Ser238 than that of Dm-S. The last 500 ps average value of
distance was 4.4 A to 2.2 A. Both Ser238 and His480 are
directly involved in acetylate and deacetylate reactions with
ACh. And the acetylate reaction is facilitated by simulta-
neous proton transfer from Ser238 to His480 [44]. The
shorter distance between these two residues of Dm-R would
shorten the distance of proton transfer so that the
acetylation might be increased. Moreover, Shi et al. [4]
had proved that G265A increased acetylation as well as
deacetylation. Bar-On et al. [45] had reported that the
inhibitor from the RIV/AChE conjugates separated the
catalytic triad. So the G265A mutation would relieve this
separation to reduce the inhibition.

Figure 6 b and c respectively showed the distance
changing between Ser238 and Gly150 as well as between
Ser238 and Glyl51. The last 500 ps average value of
distance was 7.4 A (Dm-S) to 5.3 A (Dm-R) and 8.8 A
(Dm-S) to 6.2 A (Dm-R), respectively. Gly150 and Gly151
are parts of the oxyanion hole. These two residues always
form hydrogen bonds with the carbonyl oxygen of the
inhibitor that make the system stable [43]. However, after
the G265A mutation, the distance between Ser238 and the
oxyanion hole became small. In the same way, the space
within these residues became smaller. This changing may
deeply influence the binding between the insecticides and
DmACHE.
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Fig. 6 a) The distance changing between S238(0OG)-H480(NE2); b) The distance changing between S238(0OG)-G150(HN); ¢) The distance
changing between S238(0G)-G151(HN); d) The distance changing between Y71(OH)-M153(SD). (Black for Dm-S and Red for Dm-R)

As a whole, the shifted Ser238 lead to shorten the
distances with other residues, such as Gly150, Gly151 and
His480 which play important parts in the reactions with
Ach. As a result, the space of the active gorge, where it
could accommodate inhibitor molecules, became smaller so
that it reduced the binding ability of inhibitors. Figure 7
shows that the key residues of Dm-R had a contraction
relative to Dm-S.

Additionally, Tyr71 and Metl53 are the neck of the
active gorge so that whether an inhibitor molecule could
enter into the active gorge deeply depended on the distance

METI 53!

GLYI5

GLY150

HIS480

SER238

Fig. 7 Superposition of key residues in active gorge by average
structures (Green for Dm-S and Magenta for Dm-R)
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between these two residues [23]. The distance changing
between Tyr71 and Met153 was shown in Fig. 6 d. The last
500 ps average value of distance was 9.9 A (Dm-S) to
7.1 A (Dm-R). The distance of Dm-R was smaller than that
of Dm-S, i.e., the channel to the active site became
narrower than before, so that the insecticidal resistance
occurred.

Table 1 17 compounds top ranked chemscores

No. Insecticides Group Dm-S Dm-R S-R

1 methyl-azinphos opP 17.89 =7.78 25.67
2 carbaryl CA 27.66 —4.15 31.81
3 carbofuran CA 26.04 -7.8 33.84
4 chlopyriphos oxon OP 24.7 —12.88 37.58
5 coumaphos oxon (0)3 13.37 -24.11 37.48
6 diazinon oxon opP 14.11 —31.88 45.99
7 dichlorvos opP 12.34 -10.25 22.59
8 omethoate opP 6.77 —14.67 21.44
9 malaoxon opP 8.59 -25.1 33.69
10 methamidophos (0)3 6.21 -2.58 8.79

11 methiocarbe CA 25.01 —4.47 29.48
12 monocrotophos OP 8.07 -19 27.07
13 paraoxon OP 14.06 —25.66 39.72
14 methyl-paraoxon OP 11.88 —22.3 34.18
15 pirimicarbe CA 21.7 -13.75 35.45
16 propoxur CA 26.09 -7.57 33.66
17 triazophos oxon opP 7.49 —26.66 34.15

All the insecticides were selected from ref. [2]. OP means the
organophosphate and CA means the carbamate.
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Different ligand docking models revealed

Seventeen OP and CA compounds were docked into Dm-S
and Dm-R by GOLD3.1. The top ranked chemscore of each
compound was listed in Table 1. In this part, it considered
whether the covalent bonds formed by each compound
were reasonable or not. After docking, the whole inhibitor
of each was connected with Dm-S and Dm-R respectively,
and also the leaving group, which does not take part in the
covalent reaction according to the inhibition mechanism
[46] was still connected with the inhibitor.

In our expectation, all of the chemscores of Dm-R were
much lower than those of Dm-S. Then the extent of
insecticidal resistance could be represented as Chemscore
(S-R) = Chemscore(Dm-S) — Chemscore(Dm-R). Dm-S
got high values of chemscores, which implied that the OPs
and CAs could connect with Dm-S stably. It could change
into transition state to make the leaving group leave
favorably. On the contrary, Dm-R got low values of
chemscores, which implied the connection between inhib-
itors and Dm-R was unreasonable. This also presented the
resistance of Dm-R. As these docked compounds have
different insecticidal resistance for alerted DmAChE
assessed by Menozzi et al. [2], it verified the different
insecticidal resistance presented by the models (i.e., Dm-S
and Dm-R). The reliability and rationality of the models
were evaluated.

Conclusions

In summary, the models of two strains of DmAChE were
constructed. One was the insecticide sensitive strain (wild
type): Dm-S and the other was the insecticidal resistance
strain (mutational type): Dm-R which has a single point
mutation (G265A). Only a conservative residue mutated
caused a ‘butterfly effect’ that gives high insecticaidal
resistance. Each model was given a total 2000 ps dynamics
simulation to expose the insecticidal resistance mechanism
with the comparison. The glycine 265 is highly conserved
in the cholinesterase family and its mutation to alanine
modified the orientation of serine 238. This mutation led to
the active gorge conformation of DmAChE extremely
different from the wild type. The active gorge of Dm-R
was much less flexible than that of Dm-S. The “back door”
channel was widened to accelerate the detoxication to
insecticides by the conformation changing of W83 and
1161. All the distances (S238-H480, S238-G150, S238-
G151, Y71-M153) in Dm-R became smaller than those in
Dm-S. These changing resulted in space reduction in the
active gorge which deeply influenced the binding between
the insecticides and DmAChE. Seventeen OP and CA
compounds were covalent docked into Dm-S and Dm-R.

The top ranked chemscores of Dm-R were much lower than
those of Dm-S which exposed the insecticidal resistance for
mutational DmAChHE. It is believed that the present study
will help to clarify the insecticidal resistance mechanism of
mutational DmAChHE and structure-resistance relationships,
which will provide a chance for changing resistance to
selectivity. And discovery of new potent insecticides to
replace OPs and CAs, which has high toxicity to nature, is
very urgent now.
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