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ABSTRACT

Objectives: The rapid evolution of insecticide resistance emphasizes the necessity for developing
innovative approaches to discover novel insecticides that are highly selective and effective. The
second generation of GABAergic Noncompetitive Antagonists (NCA-II), such as isoxazolines,
constitutes a recent alternative in the design of new insecticides since they present high potency
and selectivity. We aimed to contribute to the development of computational protocols that
accelerate the search for new GABAergic insecticides, thereby reducing the costs and time
required for their development. Materials and Methods: We performed Molecular Dynamics
Simulations of canonical isoxazolines bound to Aedes aegypti GABA,R, to characterize these
insecticides interactions at the NCA-Il binding site. Following this characterization, we used a
protocol for an in silico screening of new compounds that act upon the NCA-II site, combining
MDS with ligand and structure-based Virtual Screening. Results: MDS allowed us to identify the
main energetic contributions to the interaction between isoxazolines and the receptor, including
Van der Waals and hydrogen bonds with residues GLN219, THR257, and ASN264, among others.
Additionally, we found that solvation at the binding site reduces this specific interaction.
The screening protocol applied enabled us to identify a family of quinazolines with reported
insecticidal activity that shares the key interactions previously described. These quinazolines
have no reported protein target, and we hypothesize that the insect NCA-Il binding site could
be a potential target for this family. Conclusion: We believe that this approach offers a valuable
strategy for accelerating the search and development of new potential GABAergic insecticides.
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INTRODUCTION

The y-Aminobutyric Acid (GABA) is considered as the major
inhibitory neurotransmitter in the nervous system of vertebrates
and invertebrates. The family of isoxazoline ectoparasiticide/
insecticides acts as a Noncompetitive Antagonist (NCA) or
blocker of the GABA, Receptor (GABA,R).! The scaffold
isoxazoline has become one of the most recent alternatives
in the design of new insecticides,” because of its high selective
toxicity for insects versus mammals.® Isoxazolines present a
unique structure, potency, and selectivity for insects compared
with other GABAergic insecticides. This makes isoxazolines,
which are the second generation of NCAs (NCA-II), preferred
over first generation NCAs (NCA-I) such as fipronil, for which
use has been restricted because of its high toxicity to fish and
honeybees.** Afoxolaner was the first isoxazoline compound
commercialized, followed by fluralaner, sarolaner, and the most
recent lotilaner (Figure 1A).°

GABA Rs are pentameric proteins, and in humans, they are
formed as combinations of homologous subunits encoded
from a pool of 19 different genes.” Insect GABA,Rs are known
as Resistance to Dieldrin (RDL) receptors, because they are
represented by a unique RDL subunit that forms functional
receptors  with
differences from most native mammalian GABA ,Rs.®* Each RDL
monomer has four Transmembrane Regions (TM1-TM4), with
TM2 providing most of the residues that face the light of the
chloride channel (Figure 1B).

homo-pentameric some pharmacological

Isoxazolines are NCAs with a different high-affinity binding site
on the RDL receptor than those of compounds such as NCA-IA,
NCA-IB, and Avermectins 10. This NCA-II site differs enough
between insects and mammals to confer selective toxicity.'” It
has been reported that isoxazolines bind to the Transmembrane
Subunit Interface (TSI), which is facing the lipid phase. This
binding site is formed by the TM1 and TM3 of two adjacent
subunits, also involving TM2 residues.''* Mutational and in
silico assays have indicated that GLN271, ILE274, and LEU278 in
TMI are associated with the high sensitivity of Musca domestica
RDL receptors to Fluralaner (Figure 1C).!! Nevertheless, the
site of action and the binding/inhibition mechanisms of these
insecticides remain to be fully described.

Because of the emergence of resistance in insects to NCA-I and
NCA-II insecticides, there is a constant need to develop novel
ones that are highly selective and effective against pests. We have
previously optimized a Structure-Based (SB) Virtual Screening
(VS) process for the search of potential antagonists binding to the
RDL NCA-IA site,”* which is located inside the transmembrane
pore, and where insecticide fipronil binds to exert its action. VS
consists of computational analysis of large databases of chemical
compounds, filtering the chemical space of available compounds,
and finding a smaller subset of compounds that can potentially
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bind with high affinity for a protein site of interest, speeding up
the rational drug design." There are several VS techniques based
on the properties of the ligands, such as pharmacophore-based
methods and QSAR (quantitative structure-activity relationship)
analysis.”” On the other hand, Structure-Based VS (SBVS) makes
use of the 3D structure of the target protein and docking for
the estimation of the binding affinities of chemical compounds
already studied.'® To assess the performance of a SBVS, a
“Retrospective” VS (RVS) must be carried out.!” This requires
that there is a significant number of chemical compounds that
have been experimentally demonstrated as active ligands, and
verification that the SBVS is capable of discriminating these active
ligands from others that are inactive (decoys). Because of the
incipient development of the isoxazoline family, large amounts
of experimental data are not available to perform a proper
retrospective SBVS. Therefore, we applied a hybrid protocol
with Ligand-Based VS (LBVS) and SBVS, which strengthened
the confidence of our results. A similar approach was recently
used for the characterization of desmethylbroflanilide.” Also,
Structure-Activity Relationship (SAR) investigations have been
previously used for the design of novel isoxazoline benzoxaborole
small molecules."

In our study, we set a protocol for an in silico screening of new
insecticides that act upon the isoxazoline binding site. In the
process of developing such a protocol, we were able to better
characterize the binding and modes of action of isoxazolines
on RDL receptors. A three-Dimensional (3D) structure of
Aedes aegypti RDL Receptor (AaRDL) was constructed using
the Glutamate-Gated Chloride Channel (GLUCI) in an open
conformational state as a template (pdb:3RHW)."* This model was
used for docking and Molecular Dynamics Simulations (MDS)
of canonical isoxazolines to characterize the binding mode of
this family. A pharmacophore model was then generated based
on the structural features of 7 isoxazolines with experimental K,
obtained from the bibliography,>'® which was used for filtering
the ZINC database (https://zinc.docking.org/) to perform a
docking-based VS. The applied screening protocol allowed us
to identify another family of compounds, the quinazolines, with
insecticidal and larvicidal activity already reported, which could
recognize the NCA-II binding site of the RDL receptor, and for
which no protein target had been previously described. MDS
was also applied to characterize the binding site and the binding
mechanism of these compounds, proposing RDL receptors as the
target protein of insecticide quinazolines.

MATERIALS AND METHODS

In silico model selection for the receptor channel

Since no crystallographic structure is available for the RDL
homopentamer, our group developed 10 different 3D models of A.
aegyptil.’ These were obtained by homology modeling, using the
MODELLER program' from the amino acid sequence of the RDL
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subunit of the receptor and the crystal structures of 10 different
homo-pentamers belonging to the pLGIC superfamily, which
were used as templates. The models were obtained and validated
before the AlphaFold (https://alphafold.com/) appearance, and
were kept as an option instead of the development of a new
AlphaFold model, because we have previously validated these
models for the optimization of protocols for the virtual screening
of NCA-I insecticides.”” These structures were obtained from the
Protein Data Bank (https://www.rcsb.org/), and they correspond
to different conformational states of the channel: open, closed,
and desensitized (Table S1). The sequence was obtained from
UniProtKB (https://www.uniprot.org/) (Code: Q16896) (Figure
S1). The amino acid sequences of the templates have at least
30% sequence similarity with respect to the target sequence.
Given the lack of suitable templates to model the sequence of the
cytoplasmic loop of the intracellular domain of the RDL subunit,
it was eliminated from the models obtained.” The performance
of all possible TSIs of each model was evaluated by Molecular
Docking assays, using AutodockVina® with default parameters
(Figure S2). The model whose TSI best replicated both the spatial
orientation of the fluralaner molecule at the receptor blocking
site, reported by Sheng et al., 2019"* and Yamato et al., 2020,"
using molecular docking assays, as well as the interaction reported
by Yamato et al, 2020, through pharmacological assays, was
selected.

Prospective Virtual Screening workflow

A prospective LBVS was performed following the workflow
described in Figure 4A.*' A set of 19 isoxazolines, with insecticidal
activity reported in the literature,®® was used to generate
ligand-based pharmacophore models and subsequently validate
a selected model using the LigandScout 4.4 program.* Seven (07)
active ligands (Training-set ligands) were used for the generation
of a pharmacophore model (Table S2). This set of ligands was
selected based on the structural variability that exists between
the molecules and the highest activity values reported for each
one. The best pharmacophore model generated was validated by
measuring its ability to discriminate between active ligands from
decoys, using 12 active ligands (Test-set ligands) and 650 decoys,
generated by the DUD-E tool* from these active ligands (Table
S$2).

Five pharmacophoric features (four hydrophobic type interactions
and the presence of an aromatic ring, which establishes n- and
cation-Tt interactions) of the selected best model were used as a
search element or query in the online interface ZINCPharmer*
for the recovery of potential molecules of the ZINC database
(containing approx. 20 million compounds available for
purchase) (https://zinc.docking.org/). The
compounds were used to carry out Molecular Docking tests,
using the AutodockVina program® in the fluralaner binding
site of the in silico model of the AaRDL (Figure 1 B-C). All these
calculations were performed using the Mulatona Cluster of

search-retrieved
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CCAD-Universidad Nacional de Cérdoba (http://ccad.unc.edu.
ar/).

Molecular Docking

Molecular Docking at the NCA-II site of AaRDL was performed
using isoxazolines and the compounds obtained from the VS.
AutoDock Vina 1.1.2, with its default calculation parameters,
was used.?” Blind Docking assays were carried out with a box that
covered the entire transmembrane area of the AaRDL and the
crystallographic structure of the most abundant combination of
subunits in mammals, GABA LR, thatis,al $2y2*PDBID: 6X3U.%
The AutoDock Vina 1.2.5 program® with an exhaustiveness
setting of 16%” was used to increase exhaustiveness.

Molecular Dynamics Simulations

The simulated systems consisted of a pre-equilibrated hydrated
lipid bilayer (502 molecules of POPC -palmitoyl-oleoyl
phosphatidylcholine-, image18,900 molecules of water) with a
ligand-receptor complex embedded. The following complexes
with AaRDL were used: fluralaner, afoxolaner, lotilaner, and
sarolaner, including the resulting compounds of VS. Each
ligand-receptor complex was inserted into the pre-equilibrated
bilayer using the InflateGRO method.?® The atomistic MDS of
each of these systems was carried out for 500 ns using GROMACS
v.2018.6 with GPU acceleration.”” The AMBER99SB-IDLN FF*
was used for the receptor and All Atom Slipids®* for the POPC
molecules, as well as the TIP3P** model for the water molecules.
The temperature and pressure were kept constant at 300 K and 1
bar, with a Nosé-Hoover thermostat®*** and a Parrinello-Rahman
barostat,” respectively. To obtain a model structure of these
canonical isoxazolines and the virtual screened compound,
we perform quantum calculations for the optimization of the
geometry using the Gaussian 09 program, and determine the
RESP (Restrained Electrostatic Potential) charge distribution
with Gaussian 03 with a level B3LYP/6-31+G*.* Finally, the
AnteChamber module and the GAFF” force field were used to
get each topology of the molecule for its use in MDS. ACPYPE
(AnteChamber Python Parser)* interface was used to obtain the
topologies in the format required for GROMACS. All MDS were
carried out in the Serafin Cluster of CCAD-Universidad Nacional
de Cérdoba (http://ccad.unc.edu.ar/).

Binding free energy calculation

The Molecular Mechanics/Poisson—Boltzmann Surface Area
(MMPBSA) method was used to estimate end-state binding
free energy (4G,, ) for each simulated system after reaching
equilibrium. The calculations were carried outby GMX_MMPBSA
software,” which combines functions from GROMACS® and
AmberTools* in MMPBSA.py script" using the computational
resources of Eulogia Cluster of CCAD-Universidad Nacional
de Cérdoba (http://ccad.unc.edu.ar/). This algorithm allows the
inclusion of an implicit membrane in the calculation, that is, it
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considers that the ligand-protein complex is embedded into the
hydrated lipid bilayer.

The free binding energy for a complex can be estimated as follows:

AG, =G -G -G, )

bind complex receptor ligand

In turn, AG,_ , can also be represented as:

AG, ,=AE, -AG_-TAS (2)

Where, AE, |
changes in the gas phase, AG_

corresponds to the molecular mechanical energy
is the solvation energy, and TAS
is the conformational entropic contribution. AE includes:
Internal Energies (AE, ), Electrostatic Energies (AEele), and Van

der Waals Energies (AE ).

AE,, =AE_ - AE_ - AE (3)

The solvation energy AG,, considers polar (AG

SOL POLAR) and

nonpolar (AG ) contributions. The first component is

NONPOLAR
calculated using the Poisson-Boltzmann model, and the second
component is generally assumed to be proportional to the total

Solvent Accessible Surface Area (SASA) of the molecule.
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AG_, =AE - TAS ()

RESULTS AND DISCUSSION

In silico model selection

First, we used Molecular Docking assays to characterize the
binding of isoxazolines on AaRDL (Figure 1). Since there is no
available crystallographic structure of the RDL homopentamer,
we have previously developed 15 different 3D models of the
Musca domestica RDL homopentamer based on 15 pLGIC
templates whose structures had been determined in different
conformational states of the channel: open, closed, and
desensitized.” Following the same approach, we have obtained
and validated 10 homology models of the insect AaRDL
homopentamer, including all conformational states (Table S1).
The model of RDL homopentamer that showed the best binding
energy estimated by AutoDock Vina? and that was capable of
replicating the binding pose of the fluralaner molecule reported in
a previous work by Sheng et al., 2019'? and Y Yamato et al.,2020,"
(Figure 1 B-C), was selected (Figure S3 A). The model based on
the crystal structure of C. elegans GluCl (PDB: 3RHW),"* which

presents an open conformational state, was used as a template

260 364 281

GYYLIQIYIF’SGLIVIISWVSFWL---ATPARVALGV T VLTM'I'I'LMSSTN———I DVYLGTCFVMVFASLLEYATVGY

T™I1 T™M2 T™M3
Figure 1: Structural and sequence details of fluralaner binding to AaRDL. (A) Chemical structure of the four isoxazolines studied; (B) side and top
view of the fluralaner binding site inside the TM of the AaRDL; (C) TSI amino acid sequences with the main residues involved in the fluralaner-receptor
interaction.
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Ser261

I-:_!I

Figure 2: Representative LigPlot image of H-bond interaction (green dashed lines) between
fluralaner and AaRDL. Highlighting the hydrogen interaction between the amide group of fluralaner
and the carbonyl oxygen of a GLN219 located in TM1. The results of docking of isoxazolines at the
NCA-Il binding site of AaRDL showed that these molecules adopt a preferential binding pose similar
to that predicted previously by Sheng et al.,'? and Yamato et al.,'" for fluralaner (Figure S3). Since
there is no detailed information on the specific interactions at their binding site for the compounds
afoxolaner, lotilaner, and sarolaner, we used fluralaner as a reference. The AaRDL-isoxazolines
complexes obtained by docking were used as starting structures of MDS (See next section).

for subsequent in silico assays. Docking assays using this model
as a target replicated the pose of fluralaner bound between TM1
of a subunit and TM3 of the contiguous subunit, as well as the
interaction reported by Yamato et al., 2020, by pharmacological
assays: hydrogen bonding interaction between the amide group
of fluralaner and the carbonyl oxygen of a Glutamine residue
(GLN) located in TM1(Figure 2)."

In order to characterize the NCA-II binding site of the AaqRDL
receptor and to better understand the pose and estimated binding
affinity of the isoxazolines, docking assays were carried out at
this specific binding site using three additional isoxazolines,
afoxolaner, lotilaner, and sarolaner (Figure S3 B-D).

Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 2 (Suppl), Apr-Jun, 2026

Molecular Dynamics Simulations of Canonical
Isoxazolines

The binding mode of isoxazolines in RDL receptor needs to
be clarified to understand the underlying mechanism of this
family mode of action and to develop novel, efficient NCA-II
insecticides. Therefore, we carried out MDS based on the pose
obtained from molecular docking of fluralaner, afoxolaner,
lotilaner, and sarolaner in the AaRDL. Each ligand-receptor
complex was embedded in a hydrated lipid bilayer of 512 POPC
and simulated for 500 ns at 300 K. We characterized the major
ligand-receptor interactions of isoxazolines with the RDL
receptor and characterized the dynamics of the binding site.

S511
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The overall structural stability of each system was evaluated
by calculating the Root Mean Square Deviation (RMSD) of
the atomic position for the Transmembrane region (TM) of
the protein with and without the bound ligands, as well as for
each ligand, throughout all production MDS (Figure S4). To
determine the evolution of the system's structural configuration
over the simulated time, we calculated the RMSD values of the
transmembrane region of the receptor, with and without the
bound ligands, and of each compound studied. During the first
100 ns of simulation, an increased RMSD value for all ligands
is observed (Figure S4), which is attributed to conformational
changes typical of the equilibration of the ligands in the binding
site. After this initial time, ligand RMSD values reached a plateau.
The RMSD values of the TM of the AaRDL are higher for
isoxazolines-bound receptors, reaching values close to 4.5 A, than
for the APO form. This indicates that the binding site undergoes
structural changes due to the presence of the compounds for
over 500 ns. An exception is observed for fluralaner, which
maintains the same RMSD value as the one observed for the apo
protein (Figure S4). This could indicate that slight differences
exist between the interactions of fluralaner and the rest of the
isoxazolines at the pocket.

In order to have an estimate of the spatial stability of the ligands
at the binding site, we graphed the spatial displacement of each
molecule in the Z axis (Figure S5, right panel), as well as in the xy
plane of the membrane (Figure S5, left panel), along the MDS. To
determine the relative position of isoxazolines in the Z axis, three
residues located at the beginning (MET213, ALA265, LYS274)
and three residues at the middle (ILE229, THR252, VAL287) of
TMI1, TM2, and TM3 of the AaRDL, respectively, were taken as a
reference. During the first 150 ns, the compounds moved deeper
into the bilayer. After 150 ns, fluralaner and afoxolaner showed
a constant depth over time. Meanwhile, lotilaner and sarolaner
showed a tendency to move along the Z axis towards the top
and middle of the TMs, respectively (Figure S5-right panel). No
major displacements were observed for ligands in the XY plane in
any of the systems (Figure S5-left panel).

The AaRDL NCA-II site residues found at an average distance less
than or equal to 3.5 A from the isoxazolines, over the 500 ns of
simulation, were: GLN219, ILE220, TYR221, PRO223, SER224,
ILE227, VAL228, SER231, LEU259, MET260, THR263, ASN264,
ALA266, LEU267, SER271, ILE276, LEU280, GLY281, CYS283,

PHE284, VAL287, PHE288. After a structural clustering analysis
of the isoxazolines over the simulation time, we illustrated the
representative hydrophobic interactions of the average structure
obtained between the compounds and the rest of the components
of the system, using LigPlot software.*> Also, AqRDL NCA-II site
residues found at an average distance less than or equal to 3.5
A to isoxazolines included: GLN219, ILE220, TYR221, PRO223,
SER224, ILE227, VAL228, SER231, LEU259, MET260, THR263,
ASN264, ALA266, LEU267, SER271, ILE276, LEU280, GLY281,
CYS283, PHE284, VAL287, PHE288. These residues would be
involved in hydrophobic interactions with isoxazolines (Figure
S6).

Since hydrogen bonds (H-bonds) have been reported to play a
key role in the interaction between fluralaner and the receptor,"
we analyzed their temporal evolution throughout the simulation
time (Table 1 and Figure S7). As reported previously,' the
H-bond interaction with the most significant contribution is the
one between the isoxazolines and GLN219, located in the TM1
helix of the receptor (Figure 1). This interaction is maintained for
all four isoxazolines analyzed (Table 1). Other residues involved
in H-bond interactions are THR257, SER261, SER262, THR263,
and ASN264. These interactions are present for fluralaner,
afoxolaner, sarolaner, and lotilaner to a lesser extent (Table 1).
Fluralaner and afoxolaner made a maximum of 3 H-bonds, with
an average of 1.7 during the 500 ns.

Further, we carried out the calculations of the binding free energy
(AG) between the AaRDL receptor and the different isoxazolines
using the MMPBSA method and the GMX-MMPBSA software**!
and allowed calculations of binding free energy of membrane
proteins from trajectories obtained with GROMACS.? The
calculated energetic contributions for the four ligand-receptor
complexes are summarized in Figure 3A, where the compounds
exhibit a gradient of affinity for the receptor in the following order:
Fluralaner>SarolanerZ AfoxolanerZ Lotilaner.  This  ordering
reproduces the in vivo acaricide efficacy reported for these
compounds.”® For all four systems, the Van der Waals energetic
contribution is the one with the highest impact on the binding of
isoxazolines to its site (Figure 3B). The ligand-receptor interaction
is energetically favorable in vacuum, while disfavorable in solvent
(AE,,,, < AG_ ), which would indicate that the entry of water
molecules into the binding site would disfavor the interaction of
the isoxazolines with AaRDL (Figure 3B). This was confirmed by

Table 1: Average H-bonds (AH) and Main residues of the TM of the receptor involved in H-bond interaction with the studied isoxazolines.

AH GLN THR THR MET SER SER THR ASN ASP GLY
219 257 258 260 261 262 263 264 277 281
Fluralaner 1.7£1.0 x X X X X X
Afoxolaner 05+0.8 x X X X X X X
Lotilaner 0.7+1.0 x X X
Sarolaner 0.7+0.6 x X X X X X X X
S512 Indian Journal of Pharmaceutical Education and Research, Vol 60, Issue 2 (Suppl), Apr-Jun, 2026
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the number of H-bond interactions between the isoxazolines and
water (Figure S8). Fluralaner, the isoxazoline that had the greatest
interaction with the receptor (Figure 3A), is the one that showed

the least interaction with water molecules (Figure S8).

Isoxazolines showed structural and spatial stability in their

binding site in the AaRDL, without diffusing laterally towards

(A)

lipids or towards the center of the pore, exploring a range of depths
between the protein residues taken as reference. In addition, the
receptor residues common in hydrophobic interactions with
isoxazolines were identified: ILE218, GLN219, ILE222, PRO223,
LEU226, MET260, ASP277, VAL278, GLY281, PHE284, and
VAL285, as well as the main AaRDL residues involved in H-bonds
with them were also identified: GLN219, THR257, SER261,

0-

O
o &)

AGping (kcal/mol)
I
o

|
N
()]

‘ I

1
w
o

C:

e
o

N
o

0_

1
N
o

Energy (kcal/mol)

AE vdW AE ele

Aanm’ar AE MM AGso;‘

Binding free energy components

Figure 3: Binding free energy and energetic contribution of each component for every AaRDL-Isoxazoline
complex. (A) AG,, : Total binding free energy. (B) Decomposition of energetic contributions: AE , :Van der

bind*
Waals energies; AE_ : electrostatic energies; AG_:

ele sol”

solvation energy and AE__: nonpolar contributions;

npolar®

AE,, - molecular mechanical energy in the gas phase. AaRDL-fluralaner (purple), AaRDL-afoxolaner (cyan),
AaRDL-lotilaner (grey), and AaRDL-sarolaner (brown). Error bars indicate standard deviation values.
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Table 2: Reported quinazoline derivatives with insecticidal activity and compounds obtained in the VS.

Designed code Scheme of the molecule

Name of the compound in the published work

Q52 Compound 52, Compound 5a,” Compound A.**
Q53 Compound 53, Compound 4a.**
Q54 o e Compound 5451, Compound 1i.*
'] :.:,‘.-'—‘I\""-lto W’DV i
R oM
Q55 cl Compound 5551, Compound Vi??
ci 7 |
. 8 =" ol
N__N
Q56 cl Compound 56,” Compound DHPM3.%#
o] Q
ZN =
= N-;LN
H
Q57 {;L J X Compound 57,°' Compound Tetraactyl
N0 | - bis-quinazolinones.®
O N |
] N Aﬂ
LI+
Lo
7952820 NH Methyl 3-{[2-(3-methylphenyl)
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SER262, THR263, and ASN264. Furthermore, it was observed
that the energy component with the greatest contribution to the
interaction between isoxazolines and the receptor is the Van der
Waals energy, and the solvation of the binding site decreases the
interaction between isoxazolines and AaRDL.

Virtual Screening

Once we have characterized the main residues responsible for
isoxazoline interaction with AaRDL, we then proceed to search
for compounds that could potentially target the same binding site.
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SBVS is a powerful tool that allows users to identify new active
drugs that act on a particular target. The validation of a protocol
for a VS is a retrospective test that consists of the evaluation of the
ability of the docking screening to distinguish between previously
known active compounds from inactive ones. Unfortunately, this
requires a considerable number of ligands with experimentally
determined affinity for the target protein. Isoxazolines represent
a new family of GABAergic insecticides, recently developed for
which only a few active compounds are known,” complicating
their validation. Therefore, we used a hybrid protocol, based
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on a mixed LB and SBVS (Figure 4A). First, we performed a
prospective LBVS,* in order to obtain new potential GABAergic
compounds. This methodology consists of the design of a
pharmacophore,* based on the physicochemical properties of
the known active ligands, in this case, isoxazolines with reported
insecticidal activity. We generated 10 pharmacophore models,

and a subsequent validation allowed us to select the best one

(A)

using the program LigandScout 4.4.* For the generation of the
pharmacophores, 7 active ligands were used as Training-set
ligands (Table S2). These belong to the isoxazoline chemical
family, for which experimental affinities with GABA R have been
determined previously.>*® The best generated pharmacophore was
selected by measuring its ability to discriminate between active

ligands from decoys. We used the other 12 active isoxazolines

(1) Design and validation of a pharmacophore model, based on a
common feature pattern shared in a active isoxazolines-set.

\/

(2) Search compounds from the ZINC library
using the pharmacophore model as a filter.

20 million
compounds

(3) Molecular Docking assays of the search

——— —— —— ———y

1 million !

retrieved compounds. _CPTp_OEn_dS_ J
F—— = =
(4) An exhaustive bibliographic search. I Cmﬁggﬁds 1:

same chemical family.

(5) MD simulations with an virtual screened j
compound and 6 compounds that belong to the

1+6 '
compounds jl

Hydrophobic interactions Q Aromatic ring

Figure 4: Virtual Screening workflow and pharmacophore model for GABAergic isoxazoline-like insecticides. (A) VS workflow for
searching potential GABAergic insecticidal compounds that share the same site of action as isoxazolines. (B) Pharmacophoric
characteristics of the best pharmacophore generated in step 1 of the VS workflow.
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as Test-set ligands,>'® and 650 decoys generated with DUD-E*
using the test set, as detailed in Table S2. The validation of the
model was carried out using LigandScout ROC curve (Receiver
Operating characteristic) and AUC (Area Under the ROC curve)
analysis with default values (Figure S9).

The selected pharmacophore was used as a filter in a search for
purchasable compoundsin the ZINClibrary (https://zinc.docking.
org/), that shared similar physicochemical characteristics. In order
to expand the search to a wider variety of ligands, we narrowed
to five selected characteristics of the pharmacophore (Figure
4B) to recover potential molecules by using the online interface
ZINCPharmer.** The selection criteria for these pharmacophore
features were based on the general structural similarities found
between isoxazolines and meta-diamides, such as trifluoromethyl
groups, halogen atoms, and aromatic rings. These compounds also
act on the ANC-II site of the RDL receptor like isoxazolines.***
This selection retrieved approximately 1 million compounds
that shared the desired pharmacophoric characteristics. These
molecules were used to carry out prospective SBVS assays, using
the AutodockVina program® in the NCA-II binding site of the
homology model obtained for AaRDL (Figure 1 B-C). These SBVS
showed a total of 2886 compounds with high affinity for AaRDL.
An exhaustive analysis of the retrieved compounds in the ZINC
database*® was performed in order to obtain information about
the biological activity and/or protein target. The compounds
ZINC952820 (Z952820), and methyl 3{[2(3-methylphenyl)
quinazolin 4-yl]Jamino}benzoate, although they have no described
protein target, have the GABA R as a predicted target protein,
according to the SEA (Similarity Ensemble Approach) predictor®
of ChEMBL20.*® This compound belongs to the quinazoline
chemical family, which has several compounds with insecticide
and larvicidal activity.”** These quinazolines have no protein
target reported that accounts for their insecticidal activity. Even
though other binding sites cannot be ruled out for quinazolines,
our results gave a hint that these compounds potentially target
RDL, and therefore, our next step was to characterize their

binding site in detail.

Quinazolines binding site validation and potential
selectivity against insects

Quinazoline derivatives have a broad spectrum of biological
activities, with a structure formed by the fusion of a benzene with
a six-membered ring with 2 nitrogen atoms.*® The application
of the quinazoline scaffold in pesticide discovery has been
proposed to be promising in the rational design of novel and safe
pesticides. Quinazolines’ scaffold have drawn attention because
of their versatility to generate derivatives with good herbicidal,
antibacterial, and insecticide activity.” A quinazoline derivative
has shown LC, values against insects such as Plutella xylostella
superior to those of fipronil, and it has been suggested that it could
act as a potent GABA R antagonist with binding poses different
from those of fipronil. Nevertheless, protein targets have not been
described for most insecticidal quinazolines, and the GABA R
binding site and mechanism of action have yet to be described.***’
Given that this family has among its members compounds with
reported insecticidal activity®*>** and others with known affinity
for GABA ,R” it is interesting to evaluate the possibility that the
insecticide activity is linked to their binding to this RDL as a
target, to determine quinazoline's potential action on the RDL,
and to characterize the action mechanism. To further validate the
quinazolines binding site, we performed Blind Docking assays
throughout all the AaqRDL TM, using the reported quinazoline
derivatives that at present have shown good insecticidal activity®
as a result, the compound 7952820 was obtained in SBVS (Table
2). The choice to explore this region of the receptor was based
on the fact that the NCAs have their binding sites in this area.*®
All quinazolines analyzed were bound at the interface between
two adjacent subunits, between TM1 of one subunit and TM3 of
the adjacent subunit (Figure S10), as isoxazolines do. Therefore,
insecticidal quinazolines could share the preference for the same
binding site at AaRDL as isoxazolines.

Furthermore, with the purpose of exploring the potential
selectivity of quinazolines, we performed blind docking assays
of both isoxazolines (Figure 1A) and quinazolines (Table 2)
using mammal GABA ,R* assessing the potential toxic effects
on vertebrates of all the molecules under study. The results
demonstrated that isoxazolines (fluralaner, afoxolaner, lotilaner,
and sarolaner) are bound to the external surface of the mammal
GABA R (Figure S11), not reaching the interfacial site between

Table 3: Residues of the TM of the RDL receptor that interact with the analyzed compounds.

AH GLN THR THR THR
219 255 257 258
7952820 02+04 x X X
Q54 04+£06 x X
Q55 0.1+0.2 X
Q56 0.2+0.4
Q57 02+04
S516

SER SER ASN ASP GLY THR ASN
261 262 264 277 281 282 331
X
X X
X
X X X
X
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Figure 5: (A) Binding free energy and (B) energetic contribution of each component for every AaRDL-Quinazoline
complex. Q52 (pink), Q53 (maroon), Q54 (blue), Q55 (orange), Q56 (yellow), Q57 (lime), Z952820 (green). Error bars

indicate standard deviation values. AG, .: binding free energy. Components: AE ,,: Van der Waals energies; AE  :
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electrostatic energies; AG_: solvation energy and AE
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: nonpolar contributions; AE, - molecular mechanical

npolar®

energy in the gas phase. The maximum and minimum value of AG

wng @nd each component obtained for

isoxazolines are represented in dotted lines.

TM1 and TM3, where they bind in RDL. Similarly, the preferential
location of most of the quinazolines was also on the external face
of the receptor in the area of the TM (Figure S12). This behavior,
similar to that observed in isoxazolines"'** would indicate that
this novel family of compounds could also present a selective
toxicity for insects over mammals, since it presents the same

pattern.
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Molecular Dynamics Simulations of Quinazolines

We carried out 500 ns MDS using the complex obtained from
molecular docking in the AaRDL receptor model of quinazolines
with reported insecticide activity” including the compound
obtained in the VS, Z952820, that belongs to this family (Table
2). We characterized the quinazoline-AaRDL interactions and
compared the results with those obtained for isoxazolines in order
to confirm the results from docking assays that these compounds
could share the target pocket.
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RMSD values of the systems with Q52-57 at the allosteric NCA-II
site were obtained to determine their stability at the pocket
(Figure S13). RMSD values of the TM of RDL are higher for the
holo form of the receptor than for the apo form. This indicates
that the binding site is molding to the compounds. Q55 and
Q57 showed the highest RMSD values, while Q53 and Q54 were
the most stable quinazolines. RMSD values of 7952820 at the
blocking site show good stability. In contrast, the RMSD values of
the TM of the receptor with and without this ligand bound reflect
a conformational change in this area throughout the 500 ns of
simulation. In all cases, the RMSD values do not exceed 4.5 A.
For the purpose of analyzing the spatial stability of quinazolines
at the binding site of the isoxazolines, we calculated the temporal
evolution of the position of each molecule in the Z axis and the
XY plane, up to 500 ns. Three residues located at the beginning
(MET213, ALA265, LYS274) and three residues at the middle
(ILE229, THR252,VAL287) of TM1, TM2,and TM3 of the AaRDL,
respectively, were taken as a reference for the relative position of
the quinazolines in the Z axis vs Time graphs. The quinazolines
Q54, Q56, and Q57 demonstrated lateral movement in the XY
plane of the membrane, at the interface between the two adjacent
subunits, without diffusing into the lipids or towards the center of
the pore over the course of 500 ns. The displacement was similar
to the one observed for isoxazolines, except that Quinazoline
Q54 exhibited the greatest lateral displacement, moving from one
interface of the homopentamer to another, moving across the TM
of AaRDL. Most Quinazolines are situated closer to the reference
residues located at the middle of the TM1, TM2, and TM3 of the
AaRDL compared to 72952820 and isoxazolines. On the other
hand, 7952820 is located near the reference residues located at
the beginning of the TM1, TM2, and TM3 of the AaRDL. The
spatial displacement shown by quinazolines is within the scale
observed for 2 isoxazolines.

The main interactions reported for canonical isoxazolines
in AaRDL binding site are H-bonds with residues GLN219,
THR257, SER261, SER262, THR263, and ASN264. By calculating
the number of H-bond interactions as a function of time for each
quinazoline, it was observed that five out of these six residues are
forming H-bonds with Q54 and Z952820. Q55 interacts with two
of these residues, and Q56 and Q57 interact with other residues
of the receptor, other than the main ones. Q52 and Q53 do not
establish this type of interaction with the AaRDL (Table 3).

We carried out AG calculations of AaRDL receptor interaction
with the different quinazolines using the MMPBSA* (Figure
5). Q54, Q55, and Z952820 presented affinities (Figure 5A)
within the ones found for canonical isoxazolines (see Figure
3A), Q54 presenting the highest affinity. Q54 and 7952820,
which can form H-bonds with GLN219, are the ones with the
greatest affinity. Therefore, H-bonds with this residue could
be considered as highly relevant for the pocket activity, and
considered when designing new compounds. This is consistent

S518

with the fact that this interaction is the only H-bond conserved
in all the isoxazolines analyzed (see Table 1). Finally, the largest
contribution to the interaction of quinazolines with AaRDL
is Van der Waals interactions (Figure 5B), as it was observed
for isoxazolines (see Figure 3B). Similar to the observed with
isoxazolines-AaRDL, the quinazolines-AaRDL interactions are
energetically favorable in vacuum, while unfavorable in solvent
(AE,,,, < AG_). The ones that had the highest interaction with
the receptor showed lower H-bonds with water (Q54, Q55, and
7952820) and vice versa, where Q52, Q53, Q56, and Q57 were
the ones that interacted the most with the solution (Figure 5A).

The AaRDL residues found at an average distance less than or
equal to 3.5 A from the quinazolines, during the simulated
time, were ILE218, GLN219, PRO223, SER224, ILE227, ILE230,
THR255, LEU259, SER262, SER275, TYR279, LEU280, THR282,
CYS283, MET286, VAL287, and SER290. Some of which could
be involved in hydrophobic interactions with these compounds.

Most of the quinazolines exhibited structural and spatial stability
in the isoxazoline binding site in the AaRDL, without diffusing
laterally towards lipids or the center of the pore, and explored a
range of depths within the site, similar to isoxazolines. In addition,
the receptor residues common in hydrophobic interactions with
quinazolines and isoxazolines were identified, along with the
common AaRDL residues of the H-bond interaction with both
quinazolines and isoxazolines. Furthermore, it was observed
that the energy component with the greatest contribution to
the interaction between quinazolines and the receptor is the
Van der Waals energy, and the solvation of the binding site
decreases the interaction between quinazolines and AaRDL,
such as isoxazolines. The comparative analysis of the energies
obtained for each component of the free energy of binding of
both isoxazolines and quinazolines reinforces the idea that the
compounds studied share the same binding site in the AaRDL.

Quinazolines share the same interactions that are
responsible for isoxazolines’ selectivity

It is essential that new potential insecticides are developed
to exhibit high selectivity towards insects, with minimal
toxicity to mammals. Differences in the primary structure at
the NCA-II site of the RDL subunit and of each subunit of the
mammalian GABA R have been proposed to contribute to the
greater sensitivity to isoxazolines of insects compared to that of
mammals.*® A multiple alignment was performed on the primary
sequence of the TM of the RDL subunit of the AaRDL model, and
the same region of the al, B2, and y2 subunits of the mammalian
GABA R. There are 43 residues in the TM of AaRDL that are
not present in the al, f2, and y2 subunits of the mammalian
GABA R. Particularly, differences were observed in residues
that in the literature are indicated as key for the interaction with
isoxazolines. GLY281 of the a M3 helix of AaRDL corresponds to
a MET residue in the f2 subunit of the mammalian GABA ,R. GLY
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to MET mutation at this position has been reported to abolish the
inhibitory activity of desmethyl-broflanilide, a negative allosteric
modulator that shares the isoxazoline binding site.’ GLY281
residue has contacts through hydrophobic interactions with
all 4 canonical isoxazolines analyzed (Figure 2). Furthermore,
MET260 of the a M2 helix of AaRDL residue also has large
hydrophobic contacts with isoxazolines (Figure 2). This position
is occupied by SER, ASN, and SER residues in al, 2, and y2
subunits of the mammalian GABA R, respectively. This creates
an NCA-II action site in mammals that is relatively insensitive to
isoxazolines. This set of differences identified in the amino acid
sequence of AaRDL compared to mammalian GABA R subunits,
particularly at the NCA-II site, may contribute to the selective
toxicity noted in isoxazolines and potentially in compounds
derived from the SV.

CONCLUSION

The discovery of new scaffolds for GABAergic pesticides is a huge
and required challenge, because of the development of resistance
to conventional insecticides acting as GABA R antagonists and
the need to develop safer insecticides. We aim to develop in
silico protocols that allow us to speed up the discovery of new
noncompetitive antagonist inhibitors of GABA R that present
higher selectivity for insect pests, showing minimal effects on
mammals. A hybrid ligand- and structure-based prospective
database screening and MDS validation proved to be a promising
tool not only for the search for new potential insecticides, but
also for the search for the protein target of already described
insecticides. Taken together, our results provide in silico evidence
for both isoxazolines and quinazolines acting on the same insect
GABA R binding site.
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SUMMARY

We developed a computational in silico protocol aimed at
accelerating the discovery of novel GABAergic insecticides
with enhanced selectivity for insect pests and minimal impact
on mammals. Our approach integrates hybrid ligand- and
structure-based prospective database screening with Molecular
Dynamics Simulation (MDS) validation, targeting compounds
that interact with the isoxazoline binding site. Through this
process, we gained deeper insights into the binding mechanisms
and modes of action of isoxazolines on RDL receptors. Notably,
our screening protocol also identified a distinct family of
compounds-quinazolines-with previously reported insecticidal
and larvicidal activity. These compounds were found to recognize
the NCA-II binding site of the RDL receptor, a target that had
not been previously associated with any known protein. This
protocol demonstrates strong potential not only for identifying
new insecticidal candidates but also for uncovering the molecular
targets of existing insecticides.
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