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The Molecular Properties of Honey Bee Acetylcholinesterase
Reveal Opportunities to Avoid Off-Target Effects in Insecticide

Discovery

Cecilia Lindgren,® Rajeshwari Rajeshwari,®! Cecilia Springer Engdahl,@ Rashmi Kumari,?!

Fredrik Ekstrom,®! and Anna Linusson*[@]

Acetylcholinesterase (AChE) regulates nerve signalling and is a
well-validated target for insect control in both agriculture and
the prevention of mosquito-borne diseases. However, current
AChE-targeting insecticides are nonspecific and thus also affect
other organisms such as honey bees. The synaptic AChE of
honey bees (AChE2) is encoded by the ace-2 gene, thought
to have originated from a gene duplication of ace-1. Here, we
analyse the structure, dynamics, and kinetics of AChE2 enzymes
from the honey bee, Apis mellifera (AmAChE2), and the malaria
mosquito, Anopheles gambiae (AgAChE2), and compare them to
the more extensively studied type 1 mosquito AChE (AgAChET)
and mammalian AChEs. Important differences between these

1. Introduction

Acetylcholinesterase (AChE) is an essential enzyme in multicel-
lular eukaryotes that regulates nerve signaling by hydrolyzing
the neurotransmitter acetylcholine." Its role is conserved in
vertebrates and invertebrates, and because of its physiologi-
cal importance it is targeted by several natural and synthetic
toxins including snake venom, warfare agents, and agricultural-
and vector- control insecticides. For example, it is the target of
two of the few chemical insecticide classes currently approved
by the World Health Organization (WHO) for mosquito con-
trol, namely carbamates and organophosphates.””? Inhibition of
AChE’s enzymatic activity interrupts termination of neurotrans-
mission, leading to potentially fatal overstimulation and eventual
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AChE subtypes were identified. Profiling with selected noncova-
lent AChE inhibitors revealed strong AChE2 inhibitors, but the
inhibition profiles of AChE2 differed substantially from those
for AGAChE1 and human AChE. Modelling of AChE2¢inhibitor
complexes revealed two tyrosines unique to AChE2 that are
responsible for these differences in inhibitor sensitivity. These
results highlight the importance of considering molecular prop-
erties of AChE2 when developing AChET inhibitors for pest
control. Furthermore, the results also suggest that including
AChE2 in computer-aided molecular design efforts during the
discovery process could be very valuable for reducing risks of
off-target effects.

collapse of the nervous system. Off-target effects of many AChE-
targeting pesticides used in agriculture and for mosquito control
are believed to have contributed to colony collapse disorder
(CCD), which has massively reduced the abundance of bee
colonies.** CCD among honey bees presents a severe societal
threat because these insects provide vital ecosystem services
by acting as pollinators in addition to the economic value they
provide via honey production.

AChE is encoded by the ace gene. Vertebrates have only one
ace gene but some invertebrate lineages, including insects, carry
two as a consequence of an evolutionary duplication event.”!
Interestingly, the common fruit fly Drosophila melanogaster and
Cyclorrhaphan flies have only ace-2 due to a subsequent sec-
ondary gene loss event, so the only active AChE enzyme in the
fruit fly is DmAChE2.!”) A study of AChEs in 100 different insect
species showed that AChE1 is the main synaptic enzyme in about
two thirds of them, including the malaria mosquito Anophe-
les gambiae, while AChE2 is the main catalytic enzyme in the
rest®] A study of the two AChEs of the honey bee, Apis mellif-
era, (AmAChE1 and AmAChE2) showed that AmAChE2 is primarily
responsible for synaptic transmission;'®’ AmAChE1 was suggested
to be involved in stress management.!" Mammalian AChEs,
including the human (hAChE) and murine (mAChE) orthologs,
are more similar to AChET than AChE2.

Current pesticides are not selective between AChET, AChE2,
and mammalian AChEs because they all target the highly con-
served catalytic site (CAS). AChE is a serine hydrolase and one
of the fastest working enzymes known, with turnover numbers
of 10* hydrolyzed substrate molecules per second.™ Acetyl-
choline hydrolysis occurs at the CAS and is mediated by a

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH


www.chemeurj.org
https://orcid.org/0000-0003-0063-8912
mailto:anna.linusson@umu.se
https://doi.org/10.1002/chem.202500664
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202500664&domain=pdf&date_stamp=2025-06-16

Chemistry

Research Article Europe
doi.org/10.1002/chem.202500664

European Chemical
Societies Publishing

Chemistry—A European Journal

serine-glutamine-histidine triad located at the bottom of a 20 A
deep gorge. The CAS appears to be highly similar between differ-
ent organisms; the main differences between mammalian AChE
and mosquito AChE1 appear to lie in the peripheral site (PS)
at the entrance of the gorge.'*™! Efforts have been made to
develop new mosquito-selective noncovalent inhibitors target-
ing mosquito AChE1L!">* " revealing that such inhibitors can
achieve selectivity for mosquito AChE1 over hAChE™! while also
being active against an insecticide-resistant AChE1 mutant.[!
Although mosquito AChE1 and mammalian AChE have been
studied extensively, less is known about the AChE2 subtype
despite its importance as the main synaptic AChE in several
insects.

Here, we explore the structure and function of the cholin-
ergically active honey bee AmAChE2 enzyme to clarify the
properties of this important off-target in efforts to discover
safe insecticides. To shed additional light on the unique prop-
erties of AChE2 enzymes encoded by ace-2, we also included
AgAChE2 in the study. Recombinant enzymes were successfully
expressed and subjected to kinetic characterization and nonco-
valent inhibitor profiling. Unique molecular features of AChE2's
active site gorges not present in AChEl and mammalian AChE
were identified by analyzing experimental data together with
the results of molecular docking studies and molecular dynamics
(MD) simulations.

2. Results and Discussion
2.1. Comparison of Structures and Amino Acid Sequences

A homology model of AmAChE2 based on the X-ray structure
of DmAChE2"! (PDB: 6XYS) was compared to the 3D struc-
tures of AGAChET™! and hAChE,?! revealing high similarity in
their tertiary structures. The sequence identity and similarity
for AmAChE2 relative to hAChE are 41% and 56%, respectively,
while the corresponding figures relative to AgAChE2 are 65%
and 76%, respectively (Table S1). Moreover, the residues defining
the active site gorge in all three AChE2 enzymes are identi-
cal. This section will therefore focus mainly on AmAChE2, but
its contents apply equally well to AgAChE2. The active site
gorge is structurally conserved, with identical residues in the
CAS at the bottom of the gorge and two conserved tryptophan
residues in the Q loop (Trp83amy/Trp245,4, Trp86y) and loop 1
(Trp303am2/Trp441aq1/Trp286y). However, the structure of the PS
in AmAChE2 differs from that in AgAChE1 and hAChE, which
affects the gorge’s shape (Figure 1A,B, Tables S2-S4). The largest
impact is that Tyr282,51/Tyr124y,, which are important for inhibi-
tion of AGAChE1 and hAChE,?"! is replaced by the less polar
and smaller Met137,,, whose side chain projects away from the
gorge. Also significant is that Asp233,5/Asp74, in the Q loop
is replaced by Tyr71am2, Whose side chain projects toward the
center of the gorge. Other differences in the Q loop include
the replacement of 11€231,4,/Tyr72, by Glu69am>, whose carboxy-
late group points away from the gorge, and the replacement of
Val235,5/Leu76y, by the larger Tyr73,m; at the gorge entrance.
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A virtual soaking of the gorges of AmAChE2 and AgAChE1 with
water molecules highlighted their differing shapes (Figure 1C,D).

Despite these amino acid sequence differences and the
resulting differences in gorge shape, the crystal structures of
DmAChE2, AgAChE1, and hAChE display similar Q loop back-
bone conformations. However, their loop 1 conformations differ,
mainly due to differences in sequence length: AGAChE1 has the
shortest loop, while hAChE has the longest. Additionally, the
Leu444,5/Leu289;, in AgAChE1 and hAChE are replaced by the
bulkier Tyr306m,; in AMAChE2, and the side-chain of this tyrosine
residue projects toward the gorge. Another notable sequence
difference is the replacement of Cys447,4,/Phe295;, by Leu310am,,
although all three residues occupy similar spatial positions. Addi-
tionally, loop 2 of hAChE has one residue less than those of
AgAChE1 and AmAChE2, altering the loop’s conformation. The
residues oriented toward the gorge in the a-helix adjacent to
loop 2 are conserved between the three AChEs except for those
at the gorge entrance (Asp357amy/Tyr494,y1/Gly342;).

An analysis of the water molecules in the active site gorges
of the available AChE X-ray structures revealed that the water
pattern of DmAChE2 overlaps extensively with both AgAChE1
and hAChE, although AgAChE1 has a slightly higher similar-
ity (Table S5, Figure S1). Five water molecules forming putative
hydrogen bonds to backbone atoms are conserved among all
three species (Gly120,(0), Gly1204(N), Trp864(0), Tyr72,(0O), and
Phe295,(N)). One water molecule forming a putative hydro-
gen bond with the hydroxyl group of Ser125,/Thr154p,, is also
conserved. The «-helix lining the gorge has a similar posi-
tion in DmAChE2 and AgAChE1, but differs slightly in hAChE.[™!
This difference seemingly alters the water pattern because two
water molecules that form putative hydrogen bonds to Tyr337,
(hydroxyl) and Phe338y, (carbonyl) are present in the insect AChE
structures but not the human ones. Other differences are due to
sequence differences between the enzymes: the hydroxyl groups
of the two unique tyrosine residues in DmAChE2 (Tyr71p,,, and
Tyr324p,,,) form putative hydrogen bonds with water molecules
not present in the other enzymes, and the backbone nitro-
gen of His480pm2/His447, interacts with water molecules in
DmAChE2 and AgAChET but not in hAChE due to neighboring
sequence changes that introduce a larger residue, preventing
water access.

2.2. Cloning and Protein Expression of AmAChE2 and AgAChE2

The full-length ace-2 genes of AMAChE2 and AgAChE2 were suc-
cessfully cloned into a baculovirus chromosome and transfected
into Sf9 cells. The virus titer was amplified by several rounds of
infection; the highest AChE activity levels were obtained when
adherent cells at an approximate cell density of 70-80% conflu-
ence were infected with P2 virus stock. The activity of secreted
AChE?2 five days post-infection was 0.04-0.084 dA/min/ul, which
is a lower level of activity than we have previously achieved for
AgAChE1 production using the same baculovirus expression sys-
tem under comparable expression conditions.l”’! The expressed
AmAChE2 and AgAChE2 proteins were purified and the identities
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Figure 1. Tertiary structure of AmAChE2 (homology model) and AgAChET (PDB: 5 x 61B). A) The active site gorge residues of AmMAChE2 are represented by
the grey surface, with the catalytic Ser203 at the bottom of the gorge highlighted. The PS is lined by the Q loop, loop 1, and the «a-helix/loop 2, shown in
green, cyan, and yellow, respectively. B) Selected residues of AmMAChE2 are displayed as sticks. C,D) The shapes of the active site gorges of AmAChE2 and

AgAChE], respectively, as revealed by soaking with water molecules.

of the purified proteins were confirmed by partial sequencing
using LC-MS/MS.

2.3. Kinetic Properties of AmMAChE2 and AgAChE2

The catalytic parameters and substrate preferences of the
recombinant AmAChE2 and AgAChE2 were determined by mea-
suring the catalysis as a function of substrate concentration.
Three cholinesterase substrates of increasing size: acetylthio-
choline (ATCh), propionylthiocholine (PTCh), and butyrylthio-
choline (BTCh), all as their iodide salts were used (Figure 2A).
Analysis of the data showed that only AmAChE2 with ATCh
obeyed the classic Michaelis-Menten equation (i.e, a sin-
gle substrate, steady-state conditions, and no cooperative or
inhibitory effects), while AmAChE2 and AgAChE2 deviated from
the Michaelis—Menten for all other substrates (Figures 2B and S2).
Similar deviations have been observed previously for butyryl-
cholinesterase (BuChE), and have been proposed to reflect
substrate activation.[?>-?*] Therefore, we applied the scheme pro-
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posed by Radic et al,'® in which the substrate (S) forms two
binary complexes with the enzyme (E), ES, and SE, where ES and
SES result in substrate hydrolysis (Scheme 1).

Scheme 1 can be described with Equation 1:

. <1 +b[S]/Kss) ( Vmax ) M
1+ [S]/Kss 14 Km/[S]
where [S] is the substrate concentration, Ky is the Michaelis-
Menten constant of the substrate, V..« is the apparent maximum
reaction rate, K is the constant of the substrate binding to
the second site, and the parameter b describes the efficiency
of hydrolysis of the ternary complex, SES, relative to ES. The
curve fittings with resulting parameters for best fit of the data
according to Equation 1 or the classic Michaelis-Menten equa-
tion are shown in Figure 2B,C and Table 1. For AgAChE2, an
apparent substrate activation was observed with b values of
2.2, 1.9, and 3.0 for ATCh, PTCh, and BTCh, respectively (Table 1).
For AmAChE2, the apparent substrate activations were less pro-
found, with b values of 1.7 and 1.4 for PTCh and BTCh. The data
of hydrolysis of ATCh with AmAChE2 did not show substrate
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Figure 2. Concentration dependence for substrate hydrolysis by AmAChE2 and AgAChE2. A) Chemical structures of the investigated substrates ATCh, PTCh,
and BTCh. Curves for B) AmAChE2 and C) AgAChE2 showing the results of three replicate runs. ATCh hydrolysis by AmAChE2 was fitted with classical
Michaelis—-Menten equation, the others with Equation 1 to account for substrate activation.

Table 1. Kinetic parameters for AmAChE2 and AgAChE2
Vmaxlb,c] KM[b] Kss[b]
Enzyme Substratel?! [10~3 dA/min] [uM] [uM] btbl Vinax/Kn'€ Vimax ratiol®!
AmAChE2 ATCh 33 54 - - 6.1 1
(32-35) (4.2-6.8)
PTCh 26 45 418 17 57 0.79
(23-29) (32-62) (138-1094)!] (1.4-2.0)t!
BTCh 8.2 0.9 124 14 9.1 0.25
(6.4-9.3) (0.5-15) (108-1527)!¢! (11-17)1]
AgAChE2 ATCh 36 6.1 421 22 5.9 1
(27-44) (3.3-1) (106-1383)!! (1.6-2.9)(]
PTCh 35 6.3 173 1.9 5.6 0.97
(26-43) (3.6-10) (68-644) (1.5-2.5)
BTCh 8.8 1.0 53 3.0 8.8 0.24
(5.1-13) (0.25-3.0) (51-132) (2.1-5.1)
&l ATCh hydrolysis by AmAChE2 was fitted with classical Michaelis-Menten equation, the others with Equation 1 to account for substrate activation.
bl 959% confidence interval (Cl) given in parentheses.
[ Apparent max velocity under the experimental conditions. Vimax/Kw = catalytic efficiency. Vimax ratio = relative maximum velocities.
€| determined by setting constrains to constant b or K.

ES Kcat

S+E E+P
+ +
S S
Kss Kss
bkcat
S +SE SES ——— SE+P

Scheme 1. Adjusted scheme!?! yielded improved fit of the data.

activation, but rather followed the classical Michaelis—-Menten
equation. For BuChE, the b values have previously been deter-
mined to 3.6 and 17 for ATCh and BTCh, respectively.?!! The
Ky and V. values for AmAChE2 and AgAChE2 were in agree-
ment, showing similar values for ATCh and PTCh, while BTCh
differed. Both enzymes had a higher affinity for BTCh than for
the smaller substrates ATCh and PTCh, which led to an over-
all higher catalytic efficiency (Vimax/Km), although it had a lower
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Vinax (Table 1). This was not the case for any other AChE we have
examined, all of which have markedly lower V,/Ky ratios for
BTCh than for ATCh or PTCh.!*! Previous studies on AmAChE2!°!
and AgAChE2®! report higher Ky, values compared to ours, in
particular for BTCh, which could partly be due to that substrate
activation was not taken into account in those studies but rather
applied the classical Michaelis—-Menten equation. We have previ-
ously shown that AgAChET is subject to substrate inhibition by
ATCh at elevated concentrations,?"! and the same is typically true
for vertebrate AChEs.” For AmAChE2 and AgAChE2, we did not
observe substrate inhibition at substrate concentrations up to
2 mM.

2.4. Selecting Reversible Ligands to Probe the Active Site
Gorge

Our studies over the last few years have identified several non-
covalent AChE inhibitors that share a common structural motif
consisting of an aromatic moiety connected to a flexible linker
containing an aliphatic amine[?'#1>7.21261 Tg probe the active
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Table 2. Chemical structures and ICsy values for compounds in set A
ICso [uM]™2]
ID Structure AmAChE2!P! AgAChE2!P! AgAChET] hAChE <]
N (6] (¢]]
)]\/O
N
H
AL137 Cl 6.2 4.4 0.26 0.030
(3.7-14) (2.5-9.0) (0.13-0.52) (0.028-0.034)
O
Mo
IShaS
K\N O
N \) ~
AL284 o~ (0] Inactiveld’ Inactiveld’ 0.40 18
(0.37-0.42) (15-21)
i |
NH NH
AL237 O\ 13 15 7.1 120
(11-17) (12-20) (6.5-7.6) (100-130)
Cl
/O S
)J\ /\/N
AL201 NH™ "NH Inactive!d! Inactivel®) 0.96 12
(0.67-1.4) (8.5-17)
o
O,N
2 N N
H
SN o)
AL004 \ \ 15 20 >30 140!
(10-24) (13-33)
o N
02N N/’l._ N
- H
N (6}
ALO03 \ \ 19 51 >30 1.3te]
(6.4-61) (35-73)
12l 959% confidence interval given in parentheses.
b1 |Csy values determined in this work on two independent occasions.
[ IC5o values from previous studies.
[l |nactive at the highest tested concentration of 1 mM.
[l No confidence interval was given in the literature.

site gorge of AChE2, we selected six compounds that have
been thoroughly studied as AChE inhibitors to determine their
activity against AmAChE2 and AgAChE2 (Set A; Table 2, Figure
S3). These inhibitors have half-maximal inhibitory concentrations
(ICsp) ranging from 0.26 pM to >30 pM against AgAChE1, and
from 0.03 uM to 120 uM against hAChE.I'"?"1526] Strycturally, the
chosen inhibitors differ in terms of their connections to the aro-
matic moiety: AL137 and AL284 are phenoxyacetamides, AL237
and AL201 are thioureas, and AL004 and AL003 are amides. Addi-
tionally, they have differing aromatic substituents, linkers, and
aliphatic amino groups, making the set diverse enough to thor-
oughly characterize the molecular recognition properties of the
AChE2 active site gorge. Crystal structures of these inhibitors in
complex with Mus musculus AChE (mAChE) show that all of them

Chem. Eur. J. 2025, 31, €202500664 (5 of 13)

but AL237 interact with the PS via the aromatic moiety, with
the linker extending down along the gorge and the aliphatic
amine interacting with CAS (Figure 3A).[%13%526] Conversely, the
aromatic moiety of AL237 interacts with the CAS while the linker
and aliphatic amine point outwards toward the entrance.! We
also selected a set of nine 4-thiazolidinone-based inhibitors that
were recently synthesized and evaluated as potential insecti-
cides for vector control (Set B; Table 3, Figure S4)."1 Of these,
AL209, AL313, and AL245 have shown insecticidal activity and in
vitro selectivity for AChE1 over hAChE."”! No crystal structures
are available for the 4-thiazolidinone-based inhibitors in com-
plex with AChE, but docking studies with mAChE suggested two
binding poses, one in the bottom of the gorge and one at the
entrance.”!
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Table 3. Chemical structures and ICsy values for compounds in set B
D Structure ICsp [uM]E!
AmAChE2!P! AgAChE2!P! AgAChE1] hAChEL!
Cl
S
L
N
AL209 s ~ ¢} 45 186 0.86 205
(32-6.2) (124-490) (0.62-12) (53-795)
Cl Cl
S
Y
N
AL3T3 % ~ o} 0.84 87 10 31
(0.59-12) (70-115) (0.76-1.4) (23-42)
Cl
S
N
AL245 /N\/\/ (¢} 2 >200 8.4 (57-12) 142
(16-31) (97-208)
Cl
S
L
AL248 /N\/\/ 0] 12 7.0 (41 -10) 16 (14-18) 25
(0.6-2.5) (24-27)
l
(0]
S
\ NTZ
N
AL246 / \/\/ o) 3.9 46 (23-98) 25 >500
(1.4-8.8) (2.4-27)
F
S
\ N
N \/\/
AL316 /s (0] 16 233 0.82 261
(11-26) (176-397) (0.72-0.93) 176 -
386)
S
\ N
N
AL244 / \/\/ (0] Inactiveld] Inactiveld] 161 >500
(130-199)
Cl Cl
S
W
S~
N (6]
AL434 H 2 >200 42 258
(15-35) (3.4-52) (192-
346)
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Figure 3. Binding conformations of AL137. A) Binding conformation of mAChE+AL137 (pink) based on an X-ray crystal structure (PDB: 5FOQ). B, C) Two
binding conformations (pose A and pose B, respectively) of AmMAChE2+AL137 based on molecular docking. Inhibitors and residues of mAChE or AmAChE2
are shown as sticks; mAChE is colored light grey, while AmAChE2 is shown in white. Interactions are indicated by dotted lines.

Table 3. (Continued)
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12l 959 confidence interval given in parentheses.
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Figure 4. Inhibitory potencies of selected compounds expressed as the negative log of the ICsy value (plCso) when tested against AmAChE2, AgAChE2, and
AgAChE1. A) The phenoxyacetamide-, thiourea-, and amide-based compounds in set A. B) A selection of 4-thiazolidinones in set B. Chemical structures are

shown in Tables 2,3.

2.5. Inhibitory Activity of the Selected Compounds Against
AmAChE2 and AgAChE2

The activity of the phenoxyacetamide-, thiourea-, and amide-
based compounds in set A against AmMAChE2 and AgAChE2 was
evaluated by determining their 1Cs, values using the Ellman
assay (Table 2, Figures 4A and S3). Four of the six compounds
displayed dose-dependent inhibitory activity with similar poten-
cies against AmMAChE2 and AgAChE2, while two were poor
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binders or inactive at the highest tested concentration (1 mM).
Of the four inhibitors, AL137 had the lowest ICs value against
AmAChE2 (6.2 uM), while the other three were weaker binders
(ICso>10 pM). AL137 is known to bind strongly to both mosquito
AChET and mammalian AChE,?"3®! and did the same to honey
bee AChE, suggesting that it may be a universal AChE inhibitor.
Interestingly, the other phenoxyacetamide-based compound
(AL284) showed no activity against AChE2 despite strongly
inhibiting mosquito AChE1. A similar pattern was seen for the
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thiourea-based compounds: AL237 showed inhibitory activity
against AmMAChE2 (ICsp = 13 uM) but its analogue AL201 was
inactive. The amide-based enantiomers were equipotent against
AmAChE2, with ICsy values of 15 pM and 19 pM. In summary,
two of the strongest inhibitors of mosquito AChE1 (AL284 and
AL201) were inactive against AmAChE2 and AgAChE2, suggesting
that the differing sequences of these orthologous enzymes may
permit the development of AChEl-selective inhibitors.

The inhibition potency of the nine 4-thiazolidinones in set B
against AmAChE2 varied: their I1Csy values ranged from 0.84 uM
to inactive (Table 3, Figures 4B and S4). Four compounds dis-
played strong binding (ICso < 5 pM), three showed weak binding
(ICso = 15-25 puM), and two showed poor or no binding at the
highest tested concentration. Interestingly, all of these com-
pounds were less potent against the mosquito enzyme AgAChE2
than against AmAChE2; AL248 had the lowest ICsy against
AgAChE2 (7 uM), while the others all had ICs, values above 45 uM.
Some of the differences in activity were large — for exam-
ple, the ortho, para dichlorinated AL313 was the most potent
thiazolidinone inhibitor of AmMAChE2 (ICs, = 0.84 uM) but dis-
played 100-fold weaker activity against AGAChE2 (ICso = 87 uM).
Conversely, its meta-chlorinated analogue AL248 showed only a
sixfold difference in potency between the two AChE2 enzymes.
The 4-thiazolidinone-based compounds thus displayed differing
affinities toward the honey bee and mosquito AChE2s, although
the inhibition profiles were overall similar for these two enzymes,
as seen in Figure 4. These findings suggest differences in the two
enzymes’ molecular recognition.

2.6. Molecular Docking of Inhibitors to AChE2

The comparisons of the mosquito and honey bee AChE2
enzymes’ 3D structures, amino acid sequences, and inhibitory
profiles strongly suggested that their interactions with inhibitors
differ from those of AgAChE1 and mAChE. To identify the amino
acid residues in AChE2 that interact with the inhibitors, we
performed molecular docking simulations with the inhibitors
AL137 from set A and AL313 from set B using homology mod-
els of AmAChE2 and AgAChE2. Multiple docking poses were
analyzed for each inhibitor-enzyme combination to identify
potential binding modes. As discussed above, the AmAChE2 and
AgAChE2 models have similar active site gorges, due to that they
are based on the same template. Therefore, although we only
present docking results for AmAChE2, our findings and discus-
sion apply equally to AgGAChE2. In the next section, we perform
MD simulations of both AmMAChE2 and AgAChE2 in complexes
with inhibitors to allow for differences between the enzymes.
The results confirmed that docking poses corresponding to
the binding pose seen in the crystal structure of mAChE<AL137
were not possible in AmAChE2 due to steric hindrance imposed
by the side chain of Tyr71am; in the Q-loop (cf. Asp74,,). Instead,
two main poses (A and B) with the inhibitor spanning the
gorge of AmAChE2 were identified (Figure 3B,C, Table S6). Pose
A features arene-arene interactions between the inhibitor and
Tyr306m; in loop 1 at the gorge entrance, replacing the inter-
action with Trp303am, /Trp286,, in AL137*mAChE (Figure 3B). The
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Figure 5. Binding conformations of AL313R docked to AmAChE2 in pose C
A) and pose D B). Inhibitors and residues of AmMAChE2 are shown as sticks.
Am- and AgAChE2 are colored white with oxygen in red and nitrogen in
blue. Interactions are indicated by dotted lines.

inhibitor's positively charged piperidine moiety is positioned at
the bottom of the gorge and forms arene-cation interactions
with Tyr352x,; and the indole of Trp83smy; the latter resem-
ble the interactions formed between this inhibitor and Trp86,
in AL137mAChE. In addition, stacking arene-arene interactions
were observed between the middle phenyl moiety of AL137
and Tyr71pm,. In @ DmAChE2¢inhibitor complex (PDB: 6XYU),
the inhibitor’s phenyl ring forms a similar arene-arene interac-
tion with Tyr71pmy/Tyr71ama, supporting the importance of such
interactions for ligand binding.l'®! In pose B, the inhibitor is
positioned further up the gorge and interacts with Trp303am
(Figure 3Q). This leaves the piperidine ring relatively far from the
bottom of the gorge, preventing it from forming interactions like
those in pose A and the AL137smAChE complex.

Both enantiomers of AL313 (R and S) were docked to
AmAChE?2, yielding two different binding poses (Figure 5, Table
S7). The flexibility of this inhibitor’s five-membered rings allows
both enantiomers to form similar interaction patterns with the
enzymes, so the two binding poses do not differ greatly (Figure
S5). The main differences between the poses of the R and S enan-
tiomers relate to the positioning of the carbonyl moiety in the
five-membered rings, although this group did not form any clear
interactions with the enzyme. Conversely, the inhibitor’s pendant
cationic dimethylamino moiety forms cation-arene interactions
with Trp83am; and Tyr352,., in both binding poses. The main
difference between the two poses arises from the inhibitor’s
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aromatic moiety, which forms an arene-arene interaction with
Tyr356,mz in the first pose (pose C, Figure 5A) and with Tyr71am;
in the second (pose D, Figure 5B).

In summary, the molecular docking simulations showed that
the position of the Tyr714my side chain in the gorge prevents
AChE2 inhibitors from adopting binding poses similar to those
seen in mosquito AChET and mouse AChE. Furthermore, Tyr71am2
appears to form important interactions with AChE2 inhibitors.

2.7. MD of AmAChE2 and AgAChE2

The docking simulations highlighted Tyr71,,m; as a key amino
acid residue that is uniquely important for AChE2 inhibition and
lacks a direct counterpart in other AChEs. Interestingly, Tyr71am>
lies within the Q-loop, which is known to be very dynamic in
AgAChET and mAChE.""® This raised questions about the dynam-
ics of AChE2. Furthermore, the docking simulations of AmAChE2
and AgAChE2 yielded similar 3D structures of the active site
gorge but empirical results showed that AL313 inhibited the for-
mer much more strongly than the latter (Table 3). Therefore, MD
simulations were performed to investigate the dynamics of apo
AmAChE2 and apo AgAChE2, and of their complexes with the
inhibitors AL137, AL313(R), and AL313(S).

Dynamics of apo enzymes. Fifteen 200 ns MD simulations
were performed for apo AmAChE2 and apo AgAChE2 with vary-
ing initial velocities. The root-mean-square deviation (RMSD)
values of the systems (Figure S6) indicated that convergence was
achieved within 50 ns in all cases, so the analysis focused on
the concatenated trajectories from 50 to 200 ns. The converged
RMSD values for the protein main chain were 25-4.0 A for
both enzymes, and further analysis revealed large movements of
the termini and two dynamic loops. With these parts excluded,
the RMSD values of the systems fell to 1.5-2.0 A (Figure S7).
In AGAChE1 and mAChE, the largest collective motions involved
pronounced opening and closure of the active site gorge due
to movements of the three loops at the entrance (the Q loop,
loop 1, and loop 2).[B! Conversely, in AChE2 the largest collective
motions involved parts of the enzyme with little effect on active
site access; the Q loop was the only component in close proxim-
ity to the active site gorge that participated in these motions. An
analysis of local dynamics revealed that the loops at the gorge
entrance were less mobile in AmAChE2 and AgAChE2 than in
AgAChE1 (Figure S6). Moreover, the root-mean-square fluctuation
(RMSF) values of the main parts of the Q-loop were around 2 A
in AChE2 but varied between 1 and 3 A in AgAChE?, indicating
that the dynamics of the Q2-loop were more evenly distributed
over its sequence in AChE2 (Figure S8). This is probably due
to differences in the positions of the prolines in the € loop
(Table S2), which were previously shown to affect the differing
loop movements of AGAChET and mAChE.®! The RMSF values
for loop 1 of AChE2 were approximately 1 A lower than those
for AGAChET even though the sequence of this loop is longer in
AChE2. Interestingly, the RMSF values for loops 1 and 2 differed
to some extent between AmAChE2 and AgAChE2, with the lat-
ter exhibiting less movement than the honey bee enzyme. These
differences in loop movement created differences between the

Chem. Eur. J. 2025, 31, €202500664 (9 of 13)

enzymes in terms of the size of the gorge entrance over the
simulated period: the gorge opening size was less variable in
AmAChE2 and AgAChE2 than in AgAChE1, in accordance with the
finding that the latter enzyme had more pronounced collective
motions. The more restricted loop movements of AmMAChE2 and
AgAChE2 meant that their gorge entrance was consistently more
open than that of AgAChE1, with AgAChE2 being even more
open than AmAChE2 (Figure S9).

Dynamics of AmAChE2 and AgAChE2 in complex with
inhibitors. MD simulations were performed for AmAChE2 and
AgAChE2 in complex with AL137, AL313(R), and AL313(S). For each
of the AChE2+inhibitor complexes both binding poses from the
molecular docking simulations were used as starting confor-
mations. Three 200 ns replicate simulations were performed
for each complex and the concatenated results for the final
150 ns of each simulation were analyzed. The MD simulations of
AmAChE2+AL137 and AgAChE2+AL137 showed that (as in AGAChET
and mAChE) the positively charged amine of ALI37 formed
cation-arene interactions with Trp83am,/Trp245,5/Trp86,, at the
bottom of the gorge while the chlorinated phenyl ring formed
arene-arene interactions with Trp303am,/Trp441ag:/Trp286,, at
the top. Additionally, the interactions with the AChE2-unique
tyrosines Tyr71pmy (in the Q loop) and Tyr306am, (in loop 1)
observed in the docking simulations were preserved through-
out the MD simulations. The binding poses should, however,
be interpreted with caution due to the lack of experimentally
determined 3D structures of AmMAChE2 and AgAChE2 as apo or
in complex with inhibitors. Still, some general observations were
made. For example, some differences were observed between
AmAChE2+AL137 and AgAChE2+AL137, mainly at the bottom of
the gorge where the amine of AL137 sometimes interacted with
Tyr356amz instead of Trp83am,. This generated three populations
of AmAChE2, which was not the case for AGAChE2 (Figure S10).
In the MD simulations of the two AChE2 enzymes in complex
with AL313R and AL313S, regardless of the starting conformation,
the phenyl ring of AL313(R/S) interacted mainly with different
conformations of Tyr71xm, and occasionally with Tyr356,y,, while
the charged dimethylamino group interacted with Trp83am2
and Tyr352,m, (Figure S11). Again, the MD simulations validated
the molecular docking results. Overall, the interaction patterns
for amino acid residues close to the inhibitors were similar for
AmAChE2 and AgAChE2 but there were some differences. In
general, the phenyl rings of AL313R/S were close to Phe353,m,
in AMAChE2 but in AgAChE2 they were closer to Trp303ama2,
positioning the inhibitor further up toward the PS. Further-
more, during the simulations AL313R was further from Tyr71am,
and Trp83am, in AGAChE2 than in the other complexes. It thus
appears that small differences in the inhibitor interaction pat-
terns of AChE2 orthologues can generate significant differences
in ICso values.

2.8. Water Molecules in the Gorges of AmMAChE2 and AgAChE2
To better understand the properties of AmMAChE2 and AgAChE?2,

their water profiles were studied by monitoring putative hydro-
gen bonds between water molecules and ten amino acid
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Figure 6. Water molecules in the gorge of AmMAChE2. A) Selected water molecules and amino acid residues of AmMAChE2 chosen for monitoring of water
interactions during the MD simulations. B) Water occupancy at hydrogen bonding distances < 3.5 A to selected atoms of AmAChE2, expressed as the
average number of water molecules over the MD trajectories. The figure is based on the homology model of AmAChE2+AL313R (pose D), and the waters
originate from DmAChE2 (PDB: 6XYU and 6XYS). Water occupancy is color coded in the range of 0.61-2.36, going from red to white to blue.

residues (Tables S12,513) selected based on an analysis of water
molecules in the binding gorge of DmAChE2 X-ray structures
(Figure S1 and Table S5). The occupancy of water molecules
within hydrogen bonding distance (3.5 A) of the chosen amino
acid residue atoms was monitored over the trajectory of the
simulations (Figure 6), revealing that the significant structural
and sequential differences responsible for the differing gorge
shape of AChE2 compared to AgAChE1 and hAChE also affected
the enzymes’ water profiles. We conclude that the narrow
waist present in AGAChE1 and hAChE does not exist in AChE2
(Figure 1C,D), and that AChE2 hosts more water molecules on
average than the other two enzymes.

The water profiles of AmAChE2 and AgAChE2 were sim-
ilar but showed some notable differences. In particular, the
water molecule occupancy within hydrogen bonding distance
of the hydroxyl oxygen of Tyr71am, was 2.3 in AmAChE2 but 1.8
in AgAChE2. Additionally, the water molecule occupancy near
His63am; at the bottom of the gorge was higher in AmAChE2
than in AgAChE2. This was accompanied by a decreased occu-
pancy close to Gly133,,, indicating a shift in positioning of the
water molecules.

On average, binding of AL137 displaced 2.9 water molecules
in AMAChE2 and 3.0 in AgAChE2. The displacement patterns
were generally similar for both enzymes but there were some
differences, mainly in the middle of the gorge. For AmAChE2,
the water occupancy within hydrogen bonding distance of the
hydroxyl oxygen of Tyr71am; Was strongly affected, falling by 0.9;
the corresponding decrease upon inhibitor binding in AGAChE2
was just 0.3. Conversely, inhibitor binding reduced the water
occupancy close to the hydroxyl oxygen of Tyr352x,, by 1.0
in AGAChE2 but only by 0.4 in AmAChE2. In the crystal struc-
tures, these residues form hydrogen bonds with the same water
molecule, suggesting that inhibitor binding causes different
shifts in the binding position of a single water molecule in the
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two enzymes without actually provoking its displacement. The
water patterns for the two enantiomers AL313R and AL313S in
complex with AmAChE2 were similar, with 3.0 and 2.9 water
molecules displaced on average compared to the apo enzyme,
respectively. Interestingly, these inhibitors only displaced 1.5 and
1.8 water molecules on average in AGAChE2 when compared
to the apo enzyme, which may contribute to their differing
potency toward these two orthologues. The differences arose
from the middle of the gorge, mainly around Tyr715,,, for which
the water occupancy decreased significantly upon AL313S’ bind-
ing in AMAChE2 but increased slightly upon binding to AGAChE2.
In addition, the water occupancy around Tyr352,,,, decreased by
a larger amount in AmAChE2 than in AgAChE2, and the water
pattern for AGAChE2+AL313R differed slightly from its enantiomer,
in accordance with the interaction pattern analysis presented
above (Tables S12,513).

3. Conclusion

AChE is an essential enzyme in the cholinergic nervous system
of all higher organisms, with an active site that is highly con-
served between species. The synaptic AChE activity in some
insect species, including the fruit fly and the honey bee, origi-
nates from an ace-2 gene (AChE2) that is thought to have arisen
from a duplication of ace-1.18) Mammals have only one AChE
that is more similar to AChE1 than to AChE2 (Table S1). The AChE1
enzymes encoded by ace-1 (e.g., AGAChE1) have been thoroughly
studied, as have mammalian AChEs. Here, we present new data
on the much less studied AChE2. Our findings provide important
new structural, dynamic, and functional information that will
help avoid off-target effects when developing new pesticides for
agricultural and vector control purposes.
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MD simulations indicated that AChE2 enzymes from the
honey bee and malaria mosquito lacked the expansive open-
ing and closing movements of the active site gorge that occur
in AgAChE1 and mAChE,™! instead showing a more open con-
formation with more muted dynamics. Additionally, the active
site gorge in AChE2 has a comparatively stable width, which
seems to be largely due to the mutation of Tyr124;, into a methio-
nine residue (Met137,y;) Whose side chain projects away from
the gorge. This removes the narrow waist seen in the gorges of
AgAChE1 and hAChE (Figure 1C,D). The hydrolysis of three sub-
strates (ATCh, PTCh, and BTCh) by AmAChE2 and AgAChE2 at
different substrate concentrations displayed substrate activation,
which also has been observed for BUuChE?*! but not for AgAChE1
and hAChE."?"! Further, AChE2 had a higher substrate affinity than
AgAChE1 and hAChE, and also seems less sensitive to substrate
size.

Although the different AChEs had similar substrate activ-
ity profiles, experiments using selected AChE inhibitors revealed
dramatic differences between AChE2 and AgAChET. For example,
AL137 and AL284 are chemically similar and strong inhibitors of
AgAChET but the former is a low-micromolar AmAChE2 inhibitor
while the latter is inactive against AmMAChE2 at 1 mM (Table 1).
Two sets of inhibitors were used to profile the active site gorges
of AmMAChE2 and AgAChE1, revealing clear differences in activ-
ity that could be linked to the differing amino acid sequences
and 3D structures of these enzymes. Molecular docking and
MD simulations also showed that there are clear differences
between the inhibitor interaction profiles of the two AChE
enzymes encoded by the paralogous genes ace-2 and ace-1
that are not seen when comparing these enzymes to orthologs
(cf. AGAChET vs. mAChE and AmAChE2 vs. AGAChE2). For exam-
ple, a key interaction point in AChE2 is the Q loop residue
Tyr71am2, Which is absent in AGAChE1 and hAChE (cf. Asp74;,). Fur-
thermore, another tyrosine unique to AChE2 (Tyr306,y,) forms
arene-arene interactions within the PS in addition to those
formed with Trp303,m2/Trp286y,. Thus, our results suggest that
bulkier inhibitors with a good shape complementarity with the
active site gorge of AgAChE]1, like AL284 and AL201, will have a
high likelihood of being selective over AChE2. However, in gen-
eral, AChE inhibitors contain a cationic amino group linked to an
aromatic moiety. Thus, although the AChE1 and AChE2 enzymes
have substantially different gorge shapes and the latter have
some unique aromatic residues, our results show that inhibitors
targeting AChEs encoded by ace-7 have a high likelihood of also
being potent against AChE2. For example, around 30% of the
AChE inhibitors tested here had ICsy values in the low micro-
molar range against AmAChE2. Notably, AL313 was equipotent
against the two main synaptic AChEs in mosquitoes and bees
(ICso &~ 1 uM) but is 30 times less potent against the human
form. The strong binding of AL313 to AmAChE2 thus confirms
the importance of considering inhibitory potency against AChE2
when developing AChET inhibitors for insect control.

The experiments using 4-thiazolidinone-based inhibitors
revealed further differences between AmAChE2 and AgAChE2.
Similar interaction patterns were observed in MD simulations of
AmAChE2 and AgAChE2 in complex with AL313(R) and AL313(S);
while there were some notable differences, they could not be
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easily related to the differing potency of the inhibitors against
these two enzymes. Water patterns could potentially be impor-
tant in this context since an analysis of putative hydrogen
bonding patterns revealed profound differences, particularly in
water occupancy around Tyr71am,. In order to fully understand
the differences in inhibitory potencies of the 4-thiazolidinone-
based inhibitors against AmAChE2 and AgAChE2, and to con-
clude potential impact, further studies are needed, preferably
both experimentally and computationally.

Interfering with cholinergic signaling by targeting AChE is
a well-validated strategy for pest control. Our results highlight
the importance of considering effects on off-target organisms
such as honey bees when developing inhibitors for this pur-
pose. The molecular recognition of AGAChE2 encoded by the
ace-2 gene differs substantially from that of AGAChE1, meaning
that it should be possible to achieve selectivity if efforts are
made to do so during discovery processes. However, if effects
on AChE2 are not considered, there is a risk that any newly dis-
covered AChEI-targeting insecticide will also be a strong AChE2
inhibitor. Our molecular modelling results show that computer-
aided molecular design could be extremely valuable for avoiding
such off-target effects.

4. Experimental Section

Modeling of AmAChE2 and AgAChE2: DmAChE2 was used as a
template for homology modelling of AmAChE2 and AgAChE2. The
amino acid sequences of AmMAChE2 (UNIPROT code: Q4LEZ2_APIME)
and AgAChE2 (UNIPROT code: Q7QFGO_ANOGA) were aligned to the
DmAChE2 (UNIPROT code: ACES_DROME) and AgAChE1 sequence
(UNIPROT code: ACES_ANOGA) using ClustalOmega. The sequences
were edited both at the N- and C-termini based on the coordi-
nates provided with the crystal structure of DmAChE2 (PDB code:
1DX4) and AgAChE1 (PDB code: 5 x 61). AChE2 models were then
generated using Modeller version 9.18 based on the alignment. In
total, 500 models for each protein were generated and a few top
models were selected for further processing based on the Modeller
DOPE score. The final models were selected based on analysis using
PROCHECK, Ramachandran plot analysis, and RMSD values.

Construction of recombinant baculovirus chromosome: Syn-
thetic genes (ace-2) encoding AmAChE2 and AgAChE2 covering
the complete open-reading frames were ordered in the pEXK248
vector from Eurofins MWG Operon, Germany. Both genes were
subcloned by blunt end ligation following the Bac-to-Bac™ TOPO™
Cloning Kit guidelines in frame with a C-terminal 6xHis-tag in the
baculovirus donor vector pFastBac/CT-TOPO (Invitrogen, Waltham,
MA, USA). The constructs were transformed into One-Shot Match1-
TR E. coli and individual colonies were screened for the insert by
restriction enzyme digestion and agarose gel electrophoresis. The
correct orientation of the insert and its gene sequence were then
verified by sequencing isolated plasmid DNA.

Donor plasmids containing the corresponding ace-2 gene were
transformed into MAX efficiency DH10Bac-competent E. coli carry-
ing the bacmid chromosome along with the helper plasmid that
enables the recombination event. Both ace-2 genes were separately
recombined onto the baculovirus chromosome according to the
Bac-to-Bac TOPO Expression system manual (Invitrogen). Bacterial
colonies carrying either the ace-2 gene from Anopheles gambiae or
the ace-2 gene from Apis mellifera were identified by blue/white
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screening. Bacmid DNA carrying the expected construct was gen-
tly isolated from the bacteria using the EZNA® Plasmid DNA midikit
(Invitrogen). PCR amplification of the genes’ flanking regions was
performed to verify the recombination event. The general pUC/M13
forward and reverse primers were used either together or combined
with gene-specific primers for amplification, and the PCR products
were analyzed by agarose gel electrophoresis.

Protein expression of ace-2 genes in Sf9 cells: Transfection of
the insect cell line Spodoptera frugiperda-9 (5f9) was done using
the transfection reagent Escort TM IV (Sigma Aldrich). A mixture
of Escort TM IV and bacmid DNA was added to adherent, exposed
(without growth media) Sf9 cells in a six-well plate, and incubated
for 30 minutes at 27 °C. Then, S900 serum-free insect cell growth
medium (Invitrogen) was added to the cells followed by another
incubation at 27 °C for 72 hours.

The initial baculovirus transfection (P0), induced as described
above, provided supernatant with viral particles carrying the ace-
2 genes, which were then used to infect new 5f9 cells in multiple
cycles (P1,P2) to amplify the virus titers. For these multiple cycles,
adherent Sf9 cells at 70-80% confluence (determined using the
EVOS® FL Auto Imaging System) were infected with supernatant
from the previous step (P0-P1), using several different volumes of
supernatant along with a negative control lacking the gene of inter-
est. The infected Sf9 cells were maintained in Sf900 serum-free
insect cell growth medium supplemented with streptomycin and
penicillin (100 pg/ml) for 72 hours at 27 °C. The optimal infected
supernatant volume and duration of infection were identified by
measuring the AChE activity of the supernatant of infected cells.
Once optimal conditions had been obtained, AChE2 production was
scaled up to 75 cm? flasks with 15 ml total volume. The produced
AChE2 proteins were then harvested by decanting the supernatant
from the culture flask and separating dead cells and debris from the
growth media by centrifugation for 10 minutes at 500 rcf. The suc-
cess of each infection cycle was determined by monitoring AChE2
activity using the Ellman assay?! with a Perkin Elmer Lambda 650
UV/VIS spectrophotometer at 412 nm.

Protein sequence verification: Sequence verification was per-
formed on the purified AChE2 proteins. A large quantity of the
secreted proteins was concentrated using an Amicon Ultra Centrifu-
gal filter unit with a molecular weight cutoff at 10 000 kDa (MilliPore
Sigma) and denatured with 0.1 M urea. The C-terminal histidine-
tag introduced by the pFastBac/CT-TOPO plasmid was then used
to purify the proteins by mixing protein samples with Nickel-NTA
agarose resin (Thermo Fisher Scientific) and incubating them at 4 °C
for 2 hours on a rotatable table. The protein slurry was loaded onto
a gravity column, washed twice with 0.02 M Tris-HCI pH 8.0, 0.5 M
NaCl, once with 0.02 M Tris-HCl pH 8.0, 0.5 M NaCl, 30 mM imidazole,
and finally eluted with 2x200 pL elution buffer (0.02 M Tris-HCI pH
8.0, 0.5 M imidazole, 0.5 M NaCl). The purity of the eluted proteins
was analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). The eluted samples were sent for protein
identification at the Proteomics Core Facility, Gothenburg University,
where the samples were digested with trypsin and the amino acid
sequence of the resulting peptides was analyzed with LC-MS/MS
and matched to a Custom Database containing the sequences of the
proteins with and without the signal peptide. Nonpurified secreted
enzymes were used for all other experiments.

Enzymatic activity assay: The Ellman assay!?”! was used to deter-
mine AChE activity and Michaelis-Menten kinetics as well as the
ICso values of inhibitors. The assay was performed at 30 °C using
secreted, nonpurified AGAChE2, or AmMAChE2 with T mM substrate
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(ATChl) and 0.2 mM 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) in
a 01 M sodium phosphate buffer at pH 7.4. The change in
absorbance was monitored at 412 nm over time using a Perkin Elmer
Lambda 650 UV/VIS spectrophotometer and the enzymes’ activity
was evaluated by plotting absorption per minute (dA/minute) ver-
sus substrate concentration [S]. Michaelis—-Menten constants (Ky) for
AgAChE2 and AmAChE2 were determined by measuring their initial
rates (Vo) at different substrate concentrations. Kinetic parameters
were obtained by nonlinear regression curve fitting in GraphPad
Prism,?8! using the classical Michaelis—-Menten equation or Equa-
tion 1. For ICsy determinations, stock solutions of the inhibitors were
prepared in dimethyl sulfoxide (DMSO) at a concentration of 100 mM
and working dilutions thereof were prepared in 0.1 M sodium phos-
phate buffer at pH 7.4. Enzymatic activity was determined using
1 mM ATChl. The inhibitor solutions were added at different con-
centrations up to a maximum of 1 mM. ICs, values were calculated
using nonlinear regression (curve fitting) in GraphPad Prism and
the log (inhibitor) versus response variable slope equation with four
parameters.

Molecular docking: The homology models of AmAChE2 and
AgAChE2 were prepared for docking using the protein prepara-
tion wizard implemented in the Schrédinger software.?® Hydrogens
were added and the hydrogen bond network was optimized. The
models were then superposed over AL137smAChE (PDB:5FOQ). The
side chain of Tyr352,,,; was manually modified to obtain the same
conformation as the corresponding Tyr337,, in AL137mAChE, which
is displaced upon inhibitor binding. The protein was then energy
minimized using Macromodel with constraints on all heavy atoms
(applying a force constant of 100 kJ/mol A? and a flat-bottom width
of 0.2 A). The receptor grid was then prepared based on the posi-
tion of AL137 in mAChE, resulting in x-, y-, and z-coordinates of 31.9,
65.9, and 6.0. The inner and outer box dimensions were set to 10 A
and 20 A, respectively. The ligands were positively charged by pro-
tonation of the piperidine nitrogen of AL137 and the dimethylamine
nitrogen of AL313. The ligands were docked using Glide as imple-
mented in the Schrédinger software suite using standard precision
mode.!?! The number of poses included during post-docking mini-
mization was increased to 250 and the number of output poses was
increased to 50 per ligand.

MD simulations: Starting coordinates for MD simulations were
based on the prepared homology models of AmAChE2 and
AgAChE2. AmMAChE2 and AgAChE2«inhibitor complexes were based
on structures obtained by docking the inhibitors AL137 and
AL313R/S. The piperidine nitrogen of AL137 and the dimethyl amine
nitrogen of AL313R/S were protonated and thus positively charged.
Topology and coordinate files were generated with pdb2gmx
within the GROMACS package using the AMBER99SB-ILDN force
field.?% The system was thereafter solvated by adding TIP3P water
molecules in a dodecahedral periodic box. Counterions were added
for neutralization with an excess of 0.15 M CaCl,. MD simulations
were performed using GROMACS 2016.4.5°! The system was energy
minimized using the steepest descent algorithm to remove atomic
clashes. The systems were then heated from 0 to 300 K during
100 ps NVT simulations, and thereafter equilibrated to densities
of 1 atm pressure during 500 ps NPT simulations. Restraints were
added to heavy atoms at their starting positions using a force
constant of 1000 kJ mol™' nm~2 before being linearly removed
during subsequent 1 ns NPT simulations. Temperature and pres-
sure were regulated using the Berendsen algorithm. 15 x 200 or
3x%200 ns production simulations with random initial velocities were
performed for Am- and AgAChE2 and Am- and AgAChE2¢inhibitor
complexes, respectively. The temperature and pressure of these
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simulations were maintained at 300 K and 1 atm with 0.1 ps
and 1 ps time constants using the v-rescale temperature and the
Parrinello-Rahman pressure coupling method. Short range non-
bonded interactions were computed for atom pairs within a 14 A
distance, while long-range electrostatic interactions were calculated
using the Particle-Mesh-Ewald summation method with fourth-order
cubic interpolation and a 12 A grid spacing. The simulations had
a 2 fs time-step and bonds were constrained using the parallel
LINCS algorithm. The gmx rms module in GROMACS was used to
calculate root-mean-square deviation (RMSD) values. Before calcula-
tion, the backbone atoms were superposed onto the NPT simulated
structure. The first 50 ns of each trajectory was discarded based
on the RMSD values, so only the remaining trajectories that were
used for subsequent analyses. The gmx rmsf module in GROMACS
was used to calculate root-mean-square fluctuation (RMSF) values.
Prior to calculation, the main chain atoms were superposed onto
the NPT simulated structure. Pairwise minimum distances between
selected atoms were calculated with the gmx pairdist module
in GROMACS.

Water analysis: The numbers of water molecules within hydrogen
bonding distance of selected amino acid residue atoms over a tra-
jectory were computed using the gmx trjorder module in GROMACS.
The water occupancy within 3.5 A of these heavy atoms was then
calculated as the mean number of water molecules within this dis-
tance over the trajectory (50-200 ns). To select which amino acid
atoms to include, published X-ray crystal structures of DmAChE2
(PDB: 6XYS, 6XYU, 6XYY) were compared to identify conserved
waters in the active site. The three available DmAChE2 crystal struc-
tures have rather low resolution (2.46-2.7 A), making the water
analysis somewhat uncertain.
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