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ABSTRACT: Octopamine and tyramine receptors (OARs/TARs) are
interesting targets for new insecticide development due to their unique
roles in insects’ physiological and cellular response and their specificity to
invertebrates. Monoterpene compounds that bear resemblance to the natural
ligands have been shown to bind to the OARs/TARs but elicit varied
responses in different insect species. Using in silico methods, we attempt to
investigate the molecular basis of monoterpene interactions and their
specificity in different OARs and TARs of damaging or beneficial insects.
Sequence and structure comparison revealed that the OARs/TARs studied
generally have more similarities in terms of structure rather than sequence
identity. Together with clustering and network analyses, we also revealed that
the role of IL3 might be crucial in the identification of OAR and TAR and
their unique function. Among the 35 monoterpenes subjected to ensemble docking, carvacrol had the most negative average binding
energies with the target insect OARs and TARs. The differences in the key interacting residues of carvacrol with insect OARs and
TARs could be the origin of variation in the responses of insect species to this monoterpene. Results suggest that carvacrol may be a
potential natural-product-based insecticide, targeting multiple insect pests while being nonharmful to honeybees and Asian
swallowtail butterflies. This work could provide insights into the development of effective species-specific natural-product-based
insecticides that are more environmentally friendly than conventional insecticides.

■ INTRODUCTION
The need to feed a growing world population is driving the
demand for better pest management and agricultural practices.
The continuous push for the discovery of next-generation
pesticides stems from the need for products that (1) are more
environmentally friendly, (2) are less toxic to nontargets, (3)
satisfy current agricultural needs, and (4) address insecticide
resistance.1,2 Insecticides with different modes of action are
good alternatives to bypass the resistance of some pests to
conventional insecticides.2

One of the targets that has gained interest in the discovery of
new insecticides is the arthropod G-protein-coupled receptors
(GPCRs).2 GPCRs are known for their critical role in insect
physiological functions.3 Triggered by binding of extracellular
ligands, these receptors transfer signals to intracellular signaling
proteins, which regulate a diverse array of intracellular
signaling cascades.2,4 Among the arthropod GPCRs, the insect
octopaminergic receptors have attracted attention for new
insecticide discovery due to the specificity of the octopami-
nergic pathway to arthropods and their crucial roles in insect
physiology and cellular response.2,5 Octopamine and tyramine
receptors (OARs and TARs, respectively) are under the Class
A GPCR classification. OARs are classified into three groups,

namely: (1) α-adrenergic-like octopamine receptors (OAR1);
(2) β-adrenergic-like octopamine receptors (OAR2); and (3)
octopamine/tyramine receptors (TyrR).6 It was later found
that tyramine (TA) has an independent biological function
from octopamine (OA) in insect physiological functions such
as locomotion and reproduction.7

Insect pests are the primary source of biotic stress on crops
which can greatly reduce agricultural production and food
supply.8 An example is the cabbage moth, Mamestra brassicae,
that has been reported as a damaging pest of Brassica
vegetables throughout Asia and Europe.9 The Malaysian fruit
fly, Bactrocera latif rons, was found to have a host range of at
least 15 plant species in the families Solanaceae and
Cucurbitaceae in Hawaii.10 However, not all insects are pests
as some insects are useful to plants and humans.11 An example
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is the honey bee (Apis mellifera, L.) which is known to be the
most important pollinating insect species and plays a vital role
in the world’s agriculture. This beneficial insect assists in the
pollination of a wide variety of crops and produces honey and
other hive products.12 Common to both damaging and
beneficial insects is the presence of OA and TA, which are
the invertebrate counterparts of adrenaline and noradrenaline
in mammals.13 Although OA and TA receptors are structurally
similar to vertebrate adrenergic receptors, the pharmacological
characteristics are different. OARs and TARs are uniquely
active in invertebrates, and targets of these receptors would
show negligible toxicity to vertebrates.13 This makes OA and
TA receptors ideal targets for highly specific insecticides.14

Essential oil constituents such as monoterpenes have been
shown to target arthropod proteins such as acetylcholinesterase
(ACHE) and octopaminergic and tyraminergic receptors to
induce neuromodulatory and neurotoxicity effects.15−20

Among plant secondary metabolites, monoterpenes have
been widely studied and are considered as environmentally
friendly and safe alternatives to conventional synthetic

insecticides.21 Although observed to possess biological
activities with OARs and TARs, monoterpenes exhibit different
pharmacological effects in different insects. For example, some
monoterpenes such as carvacrol exhibited an agonist effect on
the type 1 tyramine receptor (TAR1) of the fruit fly,
Drosophila melanogaster.22 Carvacrol also induces a positive
allosteric modulation on TAR1 of the cattle tick, Rhipicephalus
(Boophilus) microplus, and fruit fly, Drosophila suzukii.23,24

Moreover, a study demonstrated that structurally related plant
monoterpenoids possess different toxic activities through their
action against the OARs of Periplaneta americana and
Drosophila melanogaster.22 Different monoterpene structures
have also been observed to elicit different responses in insect
species. Oxygenated monoterpenes and terpenoids such as
pulegone have also been shown to have high contact toxicity to
rice weevil (Sitophilus oryzae).25 They are suggested to
enhance receptor interaction, acting as agonists of the tyramine
receptor of D. melanogaster and R. microplus.22,23 Oxygenated
monoterpenes have also been observed to have higher

Figure 1. Left: Network representations of conformational transitions of AmOctR, BlOctR, BmOctR, CsOctR, HvOctR, and LmTyr. Right:
Superimposition of nodes 1 and 2 where the thickness of the worm depicts the RMSD value and colors blue, white, and red depict relatively low,
moderate, and high RMSD values, respectively.
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antitermitic activities to the Japanese termite Reticulitermes
speratus Kolbe than their nonoxygenated analogues.26

Although different monoterpenes have been established to
have toxicity and repellency effects in different insect species,
the biochemical mechanism has not been fully deduced. In this
study, we attempt to investigate the specificity of the binding of
monoterpenes to OARs/TARs from 11 different insect species:
Apis mellifera, Bactrocera latif rons, Bombyx mori, Chilo
suppressalis, Heliothis virescens, Locusta migratoria, Mamestra
brassicae, Papilio xuthus, Spodoptera littoralis, Sitophilus oryzae,
and Tribolium castaneum. Using in silico tools, the sequence
and structure similarities and differences of their OARs/TARs
and their interactions with monoterpene compounds were
explored. Agrochemical research using recent in silico tools are
currently being explored due to the growing advances in
technology and improvement of existing techniques, contribu-
ting to their wide application.1

■ RESULTS AND DISCUSSION
Homology Modeling. In the absence of crystal structures,

the 3D models of the 11 insect receptors, A. mellifera OAR
(AmOctR), B. latif rons OAR (BlOctR), B. mori OAR
(BmOctR), C. suppressalis OAR (CsOctR), H. virescens OAR
(HvOctR), L. migratoria TAR (LmTyrR), M. brassicae OAR
(MbOctR), P. xuthus TAR (PxTyrR), S. littoralis OAR/TAR
(SlOctTyrR), S. oryzae TAR (SoTyrR), and T. castaneum OAR
(TcOctR), were obtained using I-TASSER.27 These models
have C-scores ranging from −2.58 to −0.72 and TM
(template-modeling)-score values ranging from 0.42 ± 0.15
to 0.62 ± 0.14 (Table S1). The C-score is the confidence score
of the predicted models, and a value of −1.5 or higher denotes
reasonable folding of the protein.27 Furthermore, a TM-score
value of <0.17 indicates high similarity between two randomly
selected structures from the PDB library, and a TM-score value
of >0.5 indicates a model of reasonable topology.27 The
models have 17−45% sequence identities when aligned and
compared to the template sequences used. Although some C-
score values were low, which can be attributed to the low

Figure 2. Left: Network representations of conformational transitions of MbOctR, PxTyR, SlOctTyR, SoTyR, and TcOctR. Right: Superimposition
of nodes 1 and 2 where the thickness of the worm depicts the RMSD value and colors blue, white, and red depict relatively low, moderate, and high
RMSD values, respectively.
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sequence similarity between the input and template sequences,
the TM-score values suggest that the models represent
reasonable topology and structural prediction of the
receptors.27,28 A relatively low similarity in terms of sequence
identity compared to secondary structure is a general
characteristic of GPCRs.29,30

Clustering and Network Analysis. The network analysis
representations of each OAR/TAR conformational transition
are shown in Figure 1 and Figure 2. Root-mean-square-
distance (RMSD)-based clustering analysis using the algorithm
described by Daura et al. was used to group similar protein
conformations into one representative structure, which makes
one node of the network.31 Each node represents a local
minimum in the energy landscape, and the edges represent the
transitions connecting each minima.32 The size of the node
corresponds to the number of clustered protein conformations
and, thus, corresponds to the frequency at which a
conformation is visited throughout the simulation. Each
distinct partition state distribution is represented by a different
color in the network representation. For all the OARs/TARs,
two to four partition states were observed. Using the
superimposed structures of the two largest nodes of each
OAR/TAR, a common trend observed was the relatively large
RMSD values of the extracellular (EL) and intracellular (IL)
domains compared to the transmembrane (TM) domains,
which implies prominent motion in the non-TM regions.
Notably, among the domains, the highest RMSD values were
generally in the IL3 domain of each OAR/TAR.
Sequence and Structure Comparison. Figure 3 shows

the phylogenetic tree obtained from aligning the 11 insect
OARs/TARs and reveals evolutionary relationships between
these proteins. A. mellifera OAR is distinctly different from the
other OARs/TARs. It also shows which OAR/TAR proteins
are more related to each other. An example is the OARs/TARs
from the rice weevil, Asiatic rice borer, and red-flour beetle that
are clustered together.

With regard to the secondary structure alignment (Table
S2), CsOctR was used as the reference structure in the
superimposition of secondary structures of all receptors since it
produced the highest C-score and TM-score from homology
modeling. Pruned atom pairs refer to the atoms of the receptor
that aligned with the secondary structure of CsOctR. The root-
mean-square deviation (RMSD) is calculated from the
backbone Cα of the residues. The number of aligned residues
(pruned atom pairs) is highest when CsOctR is matched with
SoTyrR and TcOctR. In contrast, the total atom pair RMSD is
highest when CsOctR is compared with HvOctR. These results
correlate with the phylogenetic analysis (Figure 3) wherein
CsOctR, SoTyrR, and TcOctR are grouped together, while
HvOctR is positioned in a distant group. C. suppresalis, S.
oryzae, and T. castaneum are all considered as major storage
and grain insect pests.33

On the other hand, AmOctR alignment with SoTyrR had
the highest RMSD of 2.672 Å (Table S3). This correlates with
the phylogenetic analysis, wherein the results showed that
AmOctR and SoTyrR are members of different and distant
families. However, the RMSD value is still close to the optimal
RMSD cutoff applied in determining similar 3D conformations
in the performed clustering analysis (2.0−2.5 Å). Together
with homology modeling results, these findings generally
suggest that the OARs/TARs have higher similarity in terms of
structure rather than sequence identity.

Among the domains, it was observed from the secondary
structure-based sequence alignment that the IL3 region had
the most gaps and amino acid variations among the OARs and
TARs. AmOctR has the farthest sequence correlation among
the OARs/TARs investigated, and it was also observed to have
the longest IL3 with 188 amino acids (the rest of the receptors
ranging from 158 to 177 residues). In a separate study, the A.
mellifera TAR1 receptor (Amtyr1) was observed to have a
relatively shorter IL3 compared to other TAR1 receptors
which can be related to the fact that this GPCR couples only
with the Gi protein and not with Gq upon activation.34 Along
with the findings from network analysis, our results suggest
that IL3 structure, length, and sequence might be crucial for
each OAR and TAR identification, activation, and unique
function. The IL3 region is seen to have no effect prior to
ligand binding but is suggested to play a crucial role in OAR/
TAR activation mechanisms that occur after ligand bind-
ing.35,36

The secondary-structure-based multiple sequence alignment
(Figure S1) revealed the conserved regions among all 11
receptors. Figure 4 shows a representative structure based on
the superimposition rendered by conservation using the
multiple sequence alignment. In general, the OARs and
TARs have very low structure-based sequence similarities
(colored in blue) especially in the extracellular and intracellular
loops. Among the loops, the intracellular loop 2 (IL2) has the
highest number of conserved residues. Transmembranes 3, 5,
and 6 (TM3, TM5, and TM6) contain regions that have
moderate (colored in white) to high (colored in red) sequence

Figure 3. Phylogenetic tree of the 11 insect OAR/TAR protein
sequences. The phylogenetic tree was constructed using the
Maximum Likelihood method. The number for each node is the
bootstrap percentage.
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similarity. From the network analysis, less dominant motions
are also generally observed in the TM regions where the
endogenous ligands bind. The common GPCR molecular
switches observed in previous studies are also seen aligned and
conserved.37−40 The highly conserved DRY (Asp-Arg-Tyr) and
CWxxP (Cys-Trp-x-x-Pro) motifs are located in IL2 (down-
stream of TM3) and TM6, respectively. These motifs are
highly conserved in Class A GPCRs and are associated in
regulating GPCR inactive and active conformational states,
making these residues critical for receptor function.37−40

Ensemble Docking. To assess the potential of mono-
terpenes to bind with the receptors and evaluate their key
interactions, ensemble docking was employed. Identifying and
investigating the key receptor residues that interact with
different ligands is a step toward the elucidation of ligand
specificity and receptor activation. In previous studies, it was
observed that majority of Class A GPCRs make consensus
contacts with residues at positions 3.32, 3.33, 3.36, 6.48, 6.51,
and 7.39 in the orthosteric pocket (Table S4 and Table S5 for
Ballesteros−Weinstein naming guides).40−42 A majority of
these residues are tagged as conserved from the structural
alignment, which shows the similarity of the orthosteric pocket
position among the receptors.

Aside from the monoterpenes, the endogenous ligands were
also docked to serve as control systems. Using OA and TA
docking results, the preference for (R)-octopamine over (S)-
octopamine was observed in the majority of the OARs.
However, it is observed that molecular docking is not enough
to distinguish the TAR endogenous ligand preference, as OA
had higher binding affinities (most negative binding energies in
kcal/mol) compared to TA even for TARs as shown in Table
1.

The top hits and most negative average binding energies in
kcal/mol are presented in Table 2. The top hits refer to the
monoterpenes that had the most negative binding energies in
one receptor conformation, while the most negative average
binding energies are defined as the averages of the binding
energies obtained from all receptor conformations. The

monoterpene binding energies are generally significantly higher
than those of the endogenous ligands which highlights the
potential of monoterpenes as ligands for OARs and TARs.
Carene, pulegone, carvacrol, terpinolene, and thymol are
determined to be top hits to more than one OAR/TAR. Four
of these monoterpenes are also classified as top hits in the
ensemble docking of SoTyrR in a separate study.15 On the
other hand, top hits sabinene and camphene are unique to
HvOctR; (+)-3-bromocamphor is unique to PxTyrR; and B-
camphol is unique to SoTyrR. This may suggest that these
monoterpenes have potential species-specific action through
the OARs/TARs of H. virescens, P. xuthus, and S. oryzae.
Further studies are necessary as it was observed in just one
receptor conformation.

Interestingly, carvacrol had the most negative average
binding energy in all of the systems except for MbOctR,
where it ranked second to pulegone. Common close-
interacting residues for all the carvacrol interactions were
determined. A common close-interacting residue is determined
if the distance between atoms of receptor residues and the

Figure 4. Representative structure from the superimposition of the 11 insect receptors rendered by conservation, 1 as highly conserved and 0 as no
conservation observed (blue: 0.09; white: 0.55; red: 1.00).

Table 1. Binding Energies of Endogenous Ligand Ensemble
Docking Reported as Average Binding Energy with
Standard Deviation in kcal/mol

Endogenous Ligand

Receptor (S)-Octopamine (R)-Octopamine Tyramine

AmOctR −3.44 ± 1.43 −3.55 ± 1.41 −3.75 ± 0.99
BlOctR −4.63 ± 0.79 −4.67 ± 0.78 −4.77 ± 0.60
BmOctR −4.74 ± 0.90 −4.73 ± 0.92 −4.77 ± 0.91
CsOctR −4.50 ± 0.73 −5.10 ± 0.68 −4.50 ± 0.68
HvOctR −3.60 ± 0.65 −3.68 ± 0.69 −3.63 ± 0.60
LmTyrR −5.49 ± 0.54 −5.45 ± 0.54 −5.45 ± 0.49
MbOctR −5.60 ± 0.36 −5.63 ± 0.36 −5.48 ± 0.33
PxTyrR −4.73 ± 0.63 −4.78 ± 0.63 −4.68 ± 0.62
SlOctTyrR −3.94 ± 0.81 −4.04 ± 0.75 −4.11 ± 0.79
SoTyrR −5.55 ± 0.24 −5.57 ± 0.23 −5.30 ± 0.22
TcOctR −3.88 ± 0.59 −3.92 ± 0.58 −3.89 ± 0.58
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ligand is ≤8 Å and closely interacted with ≥15% of overall
receptor conformations. The common close-interacting resi-
dues of carvacrol were compared to the interacting residues in
the orthosteric binding pocket and highly conserved residues

from the alignment. Generally, three ligand−receptor inter-
action behaviors were observed: 1) common close interactions
with conserved residues near the orthosteric site, 2) common
close interactions with conserved residues that are not on the

Table 2. Monoterpene Top Hits versus the Endogenous Ligand Binding Energies

Most Negative Most Negative

Monoterpene Binding Energy Monoterpene Average Binding Energy Average Binding Energy

Receptor Top Hits (kcal/mol) Top Hits (Average) (kcal/mol) Endogenous Ligand (kcal/mol)

AmOctR (+)-3-Carene −6.70 Carvacrol −5.65 ± 0.41 OA −3.55 ± 1.41
Pulegone −6.70

BlOctR Carene −7.20 Carvacrol −5.94 ± 0.53 OA −4.67 ± 0.78
Thymol −7.20

BmOctR Pulegone −7.60 Carvacrol −5.82 ± 0.54 OA −4.73 ± 0.92
CsOctR Pulegone −7.20 Carvacrol −5.75 ± 0.52 OA −5.10 ± 0.68
HvOctR Sabinene −6.90 Carvacrol −5.51 ± 0.32 OA −3.68 ± 0.69

Camphene −6.90
LmTyrR Pulegeone −7.70 Carvacrol −5.76 ± 0.58 TA −5.45 ± 0.49
MbOctR Pulegeone −7.50 Pulegone −6.45 ± 0.52 OA −5.63 ± 0.36

Thymol −7.50
Terpinolene −7.50

PxTyrR (+)-3-Bromo-camphor −7.50 Carvacrol −5.75 ± 0.56 TA −4.68 ± 0.62
SlOctTyrR (+)-3-Carene −7.30 Carvacrol −5.60 ± 0.45 OA −4.04 ± 0.75

TA −4.11 ± 0.79
SoTyrR B-Camphol −7.10 Carvacrol −6.00 ± 0.40 OA −5.30 ± 0.22

Terpinolene −7.10
Carvacrol −7.10

TcOctR Pulegone −7.00 Carvacrol −5.43 ± 0.50 OA −3.92 ± 0.58

Figure 5. Representative illustrations of the three most common interactions observed. Carvacrol ligands are colored in red. Interacting conserved
residues near the orthosteric sites are highlighted and encircled in blue. Interacting conserved residues are highlighted and encircled in green.
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orthosteric site, and 3) common close interactions with
residues that are not conserved and are not on the orthosteric
site. Shown in Figure 5 are representations of these three
observed behaviors. The common close-interacting residues of
carvacrol in all OARs and TARs investigated are also presented
in Table 3. The most common feature of the ligand−receptor
interactions, even for the endogenous ligands, is that the
involved interacting residues are highly hydrophobic in nature
and are usually located in or near the transmembrane helice
bundle. This highlights the importance of the hydrophobic
nature in ligand binding and interaction.

It can be observed that most of BlOctR, BmOctR, CsOctR,
LmTyrR, MbOctR, SoTyrR, and TcOctR interactions with
carvacrol involve conserved residues that are in the orthosteric
pocket. Most common among these interactions is the
involvement of Asp3.32 which forms a hydrogen bond with
the ligand. A mutation study revealed that hydrogen bonding
of the carboxyl group of this residue with the amine group of
tyramine is important in the activation of B. mori TAR.43

Another common interacting residue is Phe6.51, which is
identified as a key residue in SoTyrR and monoterpene
interaction.15 Since carvacrol interacts in the same position and
with similar residues in BlOctR, BmOctR, CsOctR, LmTyrR,
MbOctR, SoTyrR, and TcOctR, this could suggest that
carvacrol elicits the same responses and conformational
changes in these receptors. Oregano (Origanum vulgare) oil,
which includes carvacrol as a major component, showed
insecticidal activity against grain insects T. castaneum and S.
granarius.44 A study also showed that carvacrol had a broad
insecticidal and acaricidal effect on different insect pests such
as the S. oryzae and other insects.45

Carvacrol interacts predominantly with conserved residues
that are not, albeit close, in the orthosteric binding pocket in
HvOctR and SlOctTyrR. Molecular docking of amitraz, a
known acaricide targeting octopamine receptors, with SoTyrR
showed a similar behavior where it bound to a different
binding site near the orthosteric pocket.36 They also identified
Asn2.61 as a contact residue for SoTyrR−amitraz interaction,
which we also identified as a common close-interacting residue
for HvOctR−carvacrol interaction.36 This difference in the
binding position of amitraz and tyramine in SoTyrR was
correlated to the difference in the induced conformational
change of these ligands and their mechanism of action.36 In a

point mutation study, it was also suggested that an allosteric
site might be responsible for the agonist effect of amitraz, and
mutations on this site might also reduce the potencies of
orthosteric agonists or antagonists, thus inducing resistance.46

This poses the possibility of carvacrol having an agonist effect
on HvOctR and SlOctTyrR, similar to amitraz-dependent
action of activation. Carvacrol induced one of the most
efficient acute toxic responses in S. littoralis and S. littura.47,48

In AmOctR and PxTyrR, carvacrol interacts with residues
that are neither tagged as conserved among the receptors nor
located in the orthosteric binding site. Interacting residues are
mostly located in the extracellular loops but in different TMs.
In the phylogenetic analysis, AmOctR was also seen to have
the most distant relationship among the OARs and TARs in
this study. In separate studies, carvacrol was also seen to be
more toxic to other insects than to the honeybee, A.
mellifera.49,50 Carvacrol was also present at low concentrations
in bee pollen.51 Moreover, carvacrol is negative for honey bee
toxicity as predicted by admetSAR (http://lmmd.ecust.edu.
cn/admetsar2/).52 These could suggest that carvacrol elicits a
different response in AmOctR and PxTyrR compared to the
receptors already mentioned. In a recent study, relative
insensitivity of the Octβ2 receptor in A. mellifera due to
three specific residues is seen to be the rationale behind the
amitraz resistance of honeybees compared to mites.53

Although promising, this study only provides initial insights
on the whole picture of the monoterpene-response mechanism
of OARs/TARs. More advanced simulations and experimental
investigations are direly needed.

Carvacrol, a phenolic monoterpenoid, is present in the
essential oils of oregano (Origanu vulgare), thyme (Thymus
vulgaris), pepperwort (Lepidium f lavum), wild bergamot
(Citrus aurantium var. Bergamia Loisel), and other plants.54

Interestingly, a study by Hata suggests that intercropping of
strawberry plants with oregano and thyme can decrease the
population of twospotted spider mites by 50%.55 Another
study, where coffee was intercropped with oregano, resulted in
a higher yield and quality production.56 These suggest that
plants containing carvacrol, the top hit ligand, can be utilized
by farmers in intercropping to reduce the insect pests
mentioned, thereby providing crops of better quality and
yield while having minimal effects on beneficial insects such as
honeybees.

Table 3. Carvacrol Common Interacting Residuesa

Receptor Carvacrol (967563) Common Interacting Residues

AmOctR Pro63EL1, Trp1.31, Phe2.67
BlOctR Val1.53, Leu2.46, Ile3.33, Val5.39, Ser5.42, Ala5.43, Tyr6.55, Leu7.38, Asn7.49, Pro7.50
BmOctR Val2.53, Val2.57, Leu2.58, Pro2.59, Asn2.61, Val2.62, Ser115EL2, Trp3.28, Asp3.32, Ile6.40, Trp6.48, Phe6.51, Tyr6.55, Ile7.35, Ile7.38, Thr7.39,

Asn7.45, Asn7.49, Ile7.52
CsOctR Val2.57, Leu3.29, Asp3.32, Val3.33, Cys3.36, Thr3.37, Ser4.53, Cys4.57, Trp183EL3, Cys185EL3, Tyr5.38, Tyr5.41, Ser5.42, Ala5.43, Tyr5.48,

Trp6.48, Phe6.51, Tyr6.55, Pro424EL4, Phe7.39
HvOctR Glu51EL1, Ala52EL1, Thr55EL1, Ala1.36, Asn2.61, Tyr112EL2, Ser113EL2, Pro200EL3, Asp201EL3, Val213EL3, Pro6.50, Tyr6.55, Pro428EL4, Phe7.37,

Ile7.38, Leu7.41
LmTyrR Leu2.56, Val2.57, Leu3.29, Cys3.31, Asp3.32, Val3.33, Cys3.35, Cys3.36, Thr3.37, Ile4.56, Tyr214EL3, Gly5.45, Ser5.46, Thr7.39, Gly7.32, Tyr7.43,

Ser7.46
MbOctR Val2.53, Ala2.54, Val2.57, Leu2.60, Trp118EL2, Leu3.29, Asp3.32, Ile3.33, Cys3.36, Leu206EL3, Phe5.38, Val5.39, Ser5.42, Ser5.43, Trp6.48, Phe6.51,

Phe6.52, Tyr6.55, Leu6.56, Ile7.35, Ile7.38, Thr7.39, Gly7.42, Tyr7.43
PxTyrR Phe15EL1, Tyr21EL1, Lys35EL1, Phe36EL1, Pro37EL1, Ser38EL1, Trp4.50, Glu198EL3, Pro199EL3, Thr201EL3, Pro202EL3, Asn7.36
SlOctTyrR Thr3.37, Ser3.38, Leu3.41, Val4.49, Leu4.52, Ser4.53, Ile4.56, Phe5.38, Phe5.41, Ser5.42, Ser5.46, Phe5.47
SoTyrR Asp2.50, Val2.53, Leu2.56, Val2.57, Trp3.28, Ser3.31, Asp3.32, Cys3.35, Cys3.36, Leu190EL3, Ile198EL3, Ser201EL3, Gly203EL3, Ser204EL3, Phe5.47,

Ile7.35, Ile7.38, Thr7.39, Gly7.42, Tyr7.43, Ser7.46
TcOctR Ser7EL1, Ser9EL1, Leu186EL3, Thr187EL3, Val5.39, Ser5.42, Ser5.43, Leu5.51, Trp6.48, Phe6.51, Phe6.52, Tyr400EL4, Val401EL4, Pro404EL4, Lys416EL4
aIn bold: highly conserved residues in the orthosteric pocket. In italic: highly conserved residues from the sequence alignment.
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In conclusion, our results suggest that the IL3 region might
be a crucial domain in OAR/TAR identification and unique
function which is subject to further studies for confirmation.
Ensemble docking revealed the potential of monoterpenes
sabinene/camphene, (+)-3-bromocamphor, and B-camphol as
species-specific natural-product-based insecticides against
HvOctR, PxTyrR, and SoTyrR, respectively. Carvacrol
exhibited the highest binding affinity with the majority of the
OARs and TARs, although it possesses differences in ligand-
induced effects due to the differences of binding sites and
interacting residues. Distinctly, AmOctR had the farthest
correlation among insect OARs/TARs investigated, and
carvacrol interacted with the nonconserved residues of the
Western honeybee (A. mellifera) OAR and Asian swallowtail
butterfly (P. xuthus) TAR. These suggest that utilization of
carvacrol-producing plants could be explored as an insecticide
or repellent against the insects in this study while being
potentially nonharmful to the pollinating insects Western
honeybee and Asian swallowtail butterfly. This computational
approach aids in further understanding the specificity of
monoterpene compounds as potential species-specific and
natural-product-based insecticides to insect pests. Further
dynamic and/or in vitro and in vivo studies are recommended.

■ MATERIALS AND METHODS
Uniprot Sequence Retrieval and Phylogenetic Anal-

ysis. The FASTA sequence of the 11 insect receptors was
sourced from the Universal Protein Resource (UniProt) web
server (https://www.uniprot.org/) (Table S7). UniProt is a
web database that contains a comprehensive resource of
protein sequences and protein annotation.57 The sequences of
each were aligned to each other using the NCBI BLAST tool.58

The phylogenetic tree was generated using the maximum
likelihood method implemented in MEGA 7.0 software with
the JTT model and pairwise gap deletion option.59 Bootstrap
analysis was conducted with 100 iterations.
Homology Modeling. Due to the absence of insect OAR

and TAR crystal structures in databases, homology modeling
was employed to obtain a representative protein structure. The
amino acid sequences were obtained from UniProt.57 The I-
TASSER Web server (https://zhanggroup.org/I-TASSER/)
was used to generate the 3D models of each OAR/TAR.27

Default settings of I-TASSER were used. The most optimal 3D
model based on the C-score and TM-score for each receptor
was chosen for succeeding procedures.
Structure Preparation and CGMD Simulations.

Coarse-grained molecular dynamics (CGMD) simulations
were employed to obtain representative ensemble structures
for docking. All systems used in CGMD were built in the
CHARMM-GUI Martini Bilayer Builder.60 Eleven systems
were prepared, each containing the coarse-grained version of
the receptor embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer. Lipid content was set to
a 1:1 ratio of upper and lower leaflet and spanned a 220 × 220
Å2 area. The minimum water height above and below the lipid
system was maintained at the default 22.5 Å. A sufficient
number of ions were added to neutralize each system (Table
S8).

CGMD was performed in GROMACS 2020.6, following the
standard Martini protocol.61,62 The minimization phase was
conducted with a steepest descent algorithm and lasted 10,000
steps. This was succeeded by an NPT equilibration step.
Pressure was controlled at 1 bar using a semi-isotropic

Berendsen barostat with a coupling constant of 5 ps.63

Temperature was set at 303.15 K through the velocity
rescaling thermostat with a coupling constant of 1 ps.64

Periodic boundary conditions and the particle-mesh-Ewald
method were employed for electrostatic interaction calcu-
lations.65 The leapfrog algorithm was applied for the numerical
integration of the classical equations of motion.66 An NPT
production run of 1 μs was executed with an integration time
step of 20 fs. Structure coordinates were written in the output
trajectory every 100 ps, which generated 10,000 frames by the
end of the simulation.
Structure Clustering and Backmapping. Structure

clustering was conducted using the pytraj clustering algorithm.
With the CGMD trajectory as the input, similar conformations
were grouped, and representative structures were generated.
The criterion for grouping is an optimal RMSD value cutoff
ranging from 2.0 to 2.5 Å. Pytraj also generated network
representations, which were visualized using the Python graph-
tool (http://graph-tool.skewed.de/). The representative struc-
tures were backmapped using the Martini backmapping
protocol.67

Structure Alignment. The first frames of each protein
receptor in the production run of CGMD simulations were
backmapped and were used for structural comparison and
alignment in UCSF Chimera.68 In the MatchMaker tool, the
Needleman−Wunsch alignment algorithm and BLOSUM-62
matrix were used to align all the protein structures using the
most optimal model (based on C-score and TM-score) from
homology modeling as the reference structure. The super-
imposition was iterated by pruning long atom pairs until no
pair exceeds 2 Å. After superimposition, a structure-based
multiple-sequence alignment was performed using the Match
→ Align tool. The residue−residue distance cutoff was set to 5
Å, and circular permutations were allowed. The alignment was
iterated three times. Highly conserved regions were visualized
using WebLogo.69

Ensemble Docking. The backmapped representative
structures and 35 monoterpenes were subjected to ensemble
docking. All ligand structures were obtained from the ZINC
database and were converted and prepared in 3D (Table
S9).70,71 The endogenous ligands octopamine and tyramine
with the OARs and TARs were used as control systems. In
both the ligand and receptor preparation, Gasteiger charges
were added. In ligand preparation, all backbones were set as
rotatable and active while leaving amide and guanidinium
groups nonrotatable and inactive. Ensemble docking was
executed using AutoDock Vina.72 All exhaustiveness were set
to 16 to give adequate run time given the atom size and
flexibility of the ligands. For the docking of monoterpene
compounds, a search box size of 40 × 40 × 40 Å3 was used and
centered in the extracellular loops to cover the whole region
including the upper transmembrane helices (Table S6). For
the endogenous ligand docking, a search box size of 20 × 20 ×
20 Å3 was used and centered in the conserved Asp residue in
TM3 located near the orthosteric binding pocket which is
already known to make consensus contacts with endogenous
ligands.40 The average binding energies were reported in kcal/
mol. The top hits and key interacting residues were determined
and visualized using Ligplot+.73
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