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Abstract

Mosquitoes pose a significant threat to public health, transmitting various dangerous diseases to both
humans and animals. Conventional insecticide spraying, while common, has limitations in effectively
controlling vector-borne diseases. Many chemical pesticides harm humans and animals, some persist in
the environment and causing toxic effects. Recently, there has been renewed interest in plant-based
products due to concerns about insecticide resistance, cross-resistance, potential toxicity associated with
synthetic options, and rising costs. In this study, we conducted molecular docking analyses using specific
plant-derived compounds from Hyptis suaveolens and Plectranthus ampoinicus. We focused on their
interaction with odorant binding proteins (OBPs) from dengue and chikungunya vectors (Aedes aegypti
and Aedes albopictus). The selected phytochemical compounds exhibited strong binding with the OBP of
both Ae. aegypti and Ae. albopictus. Tetrahydrofuran-2-carboxylic acid, Carvacryl acetate, and
Brallobarbital showed high binding affinity and significant interaction with Ae. aegypti. Tetrahydrofuran-2-
carboxylic acid and 3-Methyl-4-isopropylphenol also demonstrated substantial binding affinity and
effective interaction with Ae. albopictus OBP. These findings suggest that these compounds can
potentially disrupt the mosquito's attraction to humans, thus reducing human-vector contact. They may
offer a promising alternative for developing natural and efficient mosquito repellents, surpassing
currently used synthetic options like N, N-diethyl-meta-toluamide and other conventional repellents.

Introduction

Mosquitoes are one of the main carriers of dangerous viruses that spread severe and fatal diseases
worldwide (Edwin et al. 2016; Priya et al. 2023). Mosquitoes spread the greatest number of fatal diseases,
including malaria, dengue, chikungunya, elephantiasis, and other arthropods (Priya et al. 2023). Within
the Culicidae family, Genus Aedes is known to pose a significant global public health threat. Aedes
aegypti is particularly noteworthy among its species due to its wide-ranging distribution across temperate
and tropical climates. This mosquito, along with Aedes albopictus, is a primary carrier of various human
arboviruses. Specifically, both Ae. aegypti and Ae. albopictus are responsible for transmitting dengue
virus (DENV) (Thammasittirong and Thammasittirong, 2023), chikungunya virus (CHIKV), and yellow
fever virus (YFV) on a global scale (Kamgang et al. 2019). In South and Southeast Asia, chikungunya
virus (CHIKV) is predominantly spread in urban areas through a cycle involving Ae. aegyptiand Ae.
albopictus mosquitoes, with humans serving as the vertebrate host (Sivan et al., 2015). In India,
outbreaks of chikungunya, caused by a newly identified virus variant, are primarily attributed to Ae.
aegypti mosquito species (Pialoux et al., 2007).

Ae. albopictusis an adaptable and invasive species that coexists with or displaces Ae. aegyptiin various
regions (Rao et al., 2011). Factors such as widespread deforestation, climate change, and increased
global trade have compelled this mosquito to adapt to breeding in human-made containers in homes and
semi-domestic settings (Delatte et al., 2008). Controlling these vectors is a global challenge, and efforts
to control mosquitoes may target their immature or adult stages. Diseases transmitted by mosquitoes not
only lead to high levels of illness and death but also result in significant economic consequences,
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including reduced productivity in commercial and labor sectors, particularly in tropical and subtropical
countries. Notably, no part of the world is completely immune to these diseases (Fradin and Day, 2002).
While the most common method for vector control involves residual insecticide spraying, the
effectiveness of insecticides in managing diseases transmitted by vectors is limited (Coulibaly et al.,
2023).

The application of larvicides and adulticides for controlling mosquitoes has not received much attention,
primarily due to technical and environmental concerns. Environmentally friendly repellents, which serve
as deterrents and contribute to ecological management, are primarily implemented in epidemic
outbreaks. Repeated application of chemical insecticides poses risks to both human health and the
environment. Even N, N-diethyl-meta-toluamide (DEET), widely recognized as the most effective mosquito
repellent globally, has been found ineffective against certain hazardous mosquito species, necessitating
frequent reapplication (Schmidt, 2005). The low potential for irritation may pose a significant danger to
personal protection, and in some instances, the use of these products indoors has been associated with
respiratory irritation (Fischer and Bialek, 2002). Various preparations derived from natural sources serve
as repellents for specific insects. Employing scientifically validated non-chemical approaches and
minimizing pharmaceutical use are considered safer options for both the environment and human health.
Numerous plant-based products have been identified for their ability to deter insects from feeding (Isman,
2006).

It has been discovered that pharmaceuticals with plant origins are effective against several illnesses,
including cancer, Alzheimer's disease, dementia, cardiovascular disease, and diabetes respectively
(D’Onofrio et al., 2017; Ranjan et al., 2019; Howes et al., 2011; Gaikwad et al., 2014; Pop et al., 2018 and
Al-Khayri et al., 2023). Nearly 80,000 higher plants have been found to have therapeutic qualities
worldwide. One of the top 12 biodiverse regions in the world is situated in India, where approximately
45,000 of these can be found (Al-Khayri et al., 2023). Different traditional tribes have used
pharmaceutical medications with a plant origin and have been mentioned in ancient medical systems like
Ayurveda and Unani (Dai et al., 2019; Al-Khayri et al., 2023), which ultimately helps to overcome
numerous modern-day diseases.

Due to medicinal plants' variety of health benefits and therapeutic potential, pharmaceutical and nutrition
sciences have recently noticed an increase in scientific literature keen on their use (Shahid et al., 2023).
Studies utilizing Molecular Docking and Virtual Screening at the molecular level have become a crucial
aspect of contemporary drug discovery efforts that rely on structural information. Therefore,
comprehending the interactions between proteins, ligands, and specific drugs can yield valuable insights
into their binding mechanisms and relative effectiveness (Nagarajan et al., 2023).

In modern drug design, Molecular Docking methods are commonly employed to gain insights into how
proteins interact with ligands. The three-dimensional arrangement of the protein-ligand complex serves
as a valuable resource for understanding how proteins interact with each other to carry out biological
functions. Consequently, achieving a detailed atomic-level understanding of the structure of protein-
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ligand complexes (known as molecular recognitions) is a significant challenge in biological sciences
(Dou et al., 2023).

Molecular recognition, which encompasses interactions between drugs and proteins, plays vital roles in
various biological processes like signal transmission, cellular regulation, and the assembly of large
molecules. Thus, elucidating how the constituent molecules in molecular recognition bind and the
strength of their affinity is crucial for comprehending interaction mechanisms and designing effective
therapeutic interventions. Given the challenges and costs associated with experimental methods for
determining complex structures, computational approaches like molecular docking are sought to predict
potential binding modes and affinities (Kolb et al., 2009). The present study aimed to investigate how
odorant binding proteins in mosquitoes, specifically Ae. aegyptiand Ae. albopictus interacts with key
ligands from plants like Plectranthus ampoinicus (Lour.) Spreng and Hyptis suaveolens (L.) Poit.

Materials and methods
Selection of plant material

Two aromatic plants, namely P ampoinicus Lour. Spreng and H. suaveolens (L.) Poit was chosen for
phytochemical analysis. H. suaveolens L. is a commonly occurring plant that often grows as a weed in
various regions of Tamil Nadu, India. Leaves of both P ampoinicus and H. suaveolens were gathered
from the campus of Ayya Nadar Janaki Ammal College, Sivakasi, situated at latitude 9.4726° N and
longitude 77.7514° E, in the Virudhunagar district of Tamil Nadu, India.

Ligand Structure Retrieval

After the GC — MS analysis, the ligand structure of P ampoinicus and H. suaveolens was retrieved from
the PubChem database. Compounds lacking a 3D structure in PubChem were transformed into a 3D
structure using Open Babel.

Protein Structure retrieval

The Protein structure of odorant binding protein (OBP) from Ae. aegypti and Ae. albopictus retrieved from
Protein Data Bank (PDB) and AlphFold database.

Structure validation

The protein structures obtained from the AlphaFold database underwent validation for their structural
integrity using PDBSum. The uploaded structures were assessed for their "stereochemical quality," which
involved generating various postscript plots to analyze the overall and residue-specific geometry of the
modeled protein structure. Following the submission of the protein structure, a Ramachandran plot was
generated. This plot provides insights into regions that conform to permissible structural arrangements
and those that deviate from the norm. Utilizing these data, the structures were further validated through
PROCHECK.
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Preparation of protein structures for docking

The process assumes that the initial protein structure in a PDB-format file contains a co-crystallized
ligand and lacks explicit hydrogen atoms. The three-dimensional protein structures were imported into
Maestro. Water molecules were removed or adjusted in conjunction with the protein, metal ions, and
cofactors. Charges, bond orders, and formal changes of cofactors were rectified. The prepared structures
were thoroughly inspected. The protein structure was refined to ensure accurate formal charges and
protonation states, with any necessary final adjustments made. The positioning of water molecules and
other functional groups, such as hydroxyls and amides, was verified.

Grid generation

Grid files contain information about the physical characteristics of a specific receptor region, the active
site. These properties are explored during the process of docking a ligand. In this exercise, the complex
was stored in two separate files: one containing the receptor information and details about the ligand.

Ligand preparation and Docking

Retrieved molecules were prepared for docking using the LigPrep module from the Schrodinger suit. The
docked complex was visualized using XP (Xtra Precision) Visualizer. The glide score of each ligand and
interactions against the target protein are analyzed.

Results and discussion
Screening of phytochemicals

The GC-MS analysis identified several compounds from the GC fractions of the organic solvent extracts
of H. suaveolens and P ampoinicus leaves. Specifically, the GC-MS results showed eleven significant
peaks in H. suaveolens, indicating the presence of eleven distinct phytochemical constituents.
Additionally, a separate GC-MS analysis demonstrated the existence of three compounds in the ethanol
extract of PR ampoinicus. The GC-MS data are in supplementary files 1 and 2.

In silico analysis of phytochemical compounds

The structure of secondary metabolites of H. suaveolens and P ampoinicus were retrieved from
PubChem, and their structure and properties are shown in Table 1.

Molecular docking

Examining the enzymatic capabilities of phyto-constituents through in vitro analysis is ideal. However,
this was not feasible due to the exceedingly low concentration of these compounds in the plant extract
and the unavailability of certain compounds in the market (Shahid et al., 2023). Consequently, a virtual
assessment of these substances can be carried out using molecular docking studies. This approach
helps predict the bioactive substances responsible for enzymatic activities. In contemporary drug
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development, computational techniques like molecular docking play a crucial role. They enable the
anticipation and identification of low binding energies and high affinities and provide improved insights
into protein-ligand interactions (Shahid et al., 2023).

Plant extracts are recognized for their effectiveness as natural biocides, driving the demand for new
drugs. A method called docking is employed to predict potential drugs, which allows for a detailed
exploration of the interactions between a ligand and the target protein. Schrodinger, for instance,
conducts grid-based ligand docking with energetics to search for favorable interactions between small
ligand molecules and larger receptor molecules, typically proteins (Bhowmik et al., 2023). The current
study aims to assess the potential of repellent compounds from the plants H. suaveolens and P
ampoinicus in blocking the odorant binding proteins of dengue and chikungunya vectors (Ae. aegyptiand
Ae. albopictus). Additionally, the study aims to understand their significant role in influencing the host-
seeking and feeding behaviors of mosquitoes using in silico approaches.

In rational drug design, the initial step involves obtaining the structure of the target protein and the ligand
molecule. Databases like PDB and PubChem provide access to a vast repository of compounds and
proteins, numbering in the millions (Kim et al., 2019, 2021; Trudeau et al., 2023). A set of analytical
techniques is applied with computer-assisted tools to identify compounds that exhibit the most favorable
interactions with the protein target and thus merit consideration for drug synthesis.

Because there were no available three-dimensional structures for the Odorant Binding Protein (OBP) of
Ae. albopictus, the structure was obtained from the AlphaFold database. The three-dimensional
structures of the Odorant Binding Proteins from Ae. aegypti (PDB ID: 3K1E) and Ae. albopictus are
depicted in Fig. 1.

The three-dimensional SDF structures of the processed ligands from the plants H. suaveolens and P
ampoinicus were obtained from the PubChem database (see Table 1) and prepared for docking with the
mosquito odorant binding proteins. The calculations were carried out using Glide, a Schrodinger tool that
conducts grid-based ligand docking with energetic considerations, seeking favorable interactions
between small ligand molecules and a typical receptor molecule, usually a protein (Saini et al., 2023).
Molecular docking was executed with the protein kept rigid, allowing the ligand to find its most suitable
conformation.

Molecular docking analysis of Ae. aegypti OBP with compounds of H. suaveolens and P. ampoinicus

The simplest way to assess the accuracy of a docking procedure is to determine how closely it predicts
the lowest energy pose, which represents the binding conformation. Three main parameters are
considered in evaluating the results: G-score, hydrogen bond energy, and residual interaction. These
parameters are used to discuss the binding affinity of the ligand towards the odorant binding receptor. A
more negative G-score indicates a strong binding affinity between the ligand and the odorant binding
receptor. A higher number of hydrogen bonds in the structure suggests that the ligand has a favorable
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binding mode with the receptor. The residual interaction provides information about the specific amino
acid of the protein to which the ligand binds (Wang et al., 2023).

The results of molecular docking, as indicated by the G-score, hydrogen bonding, and interaction with
residues, demonstrate the binding affinity of the ligands to the odorant binding protein. Specifically,
chosen phytochemical compounds were used in the docking studies, and all these compounds
successfully formed bonds with the Ae. aegypti odorant binding protein. The glide score, distance of
hydrogen bonds, and the specific residues involved are presented in Table 2.

Table 2

Molecular docking of Aedes aegypti odorant binding protein (OBP) with different compounds from Hyptis
suaveolens and Plectranthus ampoinicus

S. Plant Compound Name Dock Interacting Bond Length
No. source Score Residues ( A)
(kcal/mol)

1. H. N-dibenzofuran-3-yloxolane-  -10.4 Ala88, His111,  1.85,5.25,
suaveolens  2-carboxamide Trp114(3) 3.61,4.16,4.13

2. H. Carvacryl acetate -8.9 His111, 5.36,1.94
Suaveolens Phe123

3. H. Brallobarbital -8.4 Phe123 1.98
Suaveolens

4. H. 2-Ethylacridine -8.1 His111(2), 4.93, 5.35,
suaveolens Phe123(2) 2.32,4.35

5. H. Benzoic acid, 4-methyl-, -5.9 His111, 4.82,2.08
suaveolens  hydrazide Phe123

6. H. Aziridine, 1-(2-buten-1-yl), -5.1 Phe123(2) 1.85,4.35
suaveolens  (E)-

7. R 3-Methyl-4-isopropylphenol -7.5 His111, 5.48,1.82
ampoinicus Phe123

8. P Thymol 7.1 Phe123 2.00
ampoinicus

Compound Tetrahydrofuran-2-carboxylic acid exhibited a good docking score - 10.4 (Kcal/mol) and
formed a 5 H — bond with target OBP, and the amino acid residue was observed to be ALA 88, HIS 111
and TRP 114. The distance was recorded to be as 1.85A, 5.25A, 3.61A, 4.16A and 4.13A respectively. The
compound Carvacryl acetate, when docked with Ae. aegypti odorant binding protein recorded a docking
score of -8.94 (Kcal/mol) and formed a 2 H — bond with target OBP, and the amino acid residue was
observed to be HIS 111 and PHE123. The distance was recorded to be as 5.36 A and 1.94 A. The
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diagrammatic representation of the ligands Tetrahydrofuran-2-carboxylic acid, dibenzofuran-3-ylamide,
Carvacryl acetate and Brallobarbital docked against Ae. aegypti OBP is represented in Figs. 2—4.

These results suggest that N-dibenzofuran-3-yloxolane-2-carboxamide, Carvacryl acetate and
Brallobarbital exhibited a notable strong binding affinity and interaction with the Ae. aegypti Odorant
Binding Protein (OBP). This suggests their potential to inhibit the mosquitoes' tendency to seek out
humans, ultimately reducing contact between humans and the vector.

Molecular docking analysis of Ae. albopictus OBP with the compounds of H. suaveolens and P.
ampoinicus

Compound Tetrahydrofuran-2-carboxylic acid and 3-Methyl-4-isopropylphenol exhibited good dock score
(-7. 88 (Kcal/mol and - 6.9 (Kcal/mol)), and the number of H bonds were 5 and 1. The interactive residues
of OBP with Tetrahydrofuran-2-carboxylic acid, dibenzofuran-3-ylamide are TRP148 and TYR390. The
interactive residues of OBP with 3-Methyl-4-isopropylphenol is SER 144. The interaction of the ligand N-
dibenzofuran-3-yloxolane-2-carboxamide and 3-Methyl-4-isopropylphenol docked against Ae. albopictus
OBP is depicted in Figs. 5 and 6.

The results of molecular docking studies are displayed in Table 3. Similarly, OBP structures have been
employed in homology modeling and molecular docking screening investigations to identify active
semiochemicals in various insect pests. These pests include the oriental fruit fly (Bactrocera dorsalis)
(Kamala Jayanthi et al., 2014), the Chilean scarab beetle (Hylamorpha elegans) (Gonzalez-Gonzalez et
al,, 2016), codling moth (Cydia pomonella) (Liu et al., 2016a), the leaf beetle (Ambrostoma
quadriimpressum) (Wang et al., 2017), the polyphagous mirid bug (Adelphocoris lineolatus) (Sun et al.,
2017), and the jujube bud weevil (Pachyrhinus yasumatsui) (Hong et al., 2022). Likewise, The larvicidal
potential of the essential oil derived from H. suaveolens was examined, determining that the essential oil
exhibits significant efficacy as a larvicide against Ae. aegypti (Moola et al. 2023).
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Molecular docking of Aedes albopictus odorant binding protein (OBP) with different compounds from

Table 3

Hyptis suaveolens and Plectranthus ampoinicus

S. Plant Compound Name Dock Interacting Bond Length
No. Source Score Residues A
(kcal/mol)
1. H. N-dibenzofuran-3- -7.8 Trp148(3), 3.92,4.15, 3.89,
suaveolens  yloxolane-2-carboxamide Tyr390(2 2.15,5.08
2. H. 2-Ethylacridine -6.5 Trp148(5), 4.27,4.32,
suaveolens Tyr390(2) 3.58,4.34, 4.35,
5.25,4.68
3. H. 6-Chloro-3-ethyl-2-methyl- -5.6 Trp148, 3.58,6.47,5.37
suaveolens  4-phenylquinoline Lys180,
Tyr390
4, H. Carvacryl acetate -5.3 Trp148(2), 3.43,4.23,5.34
suaveolens Tyr390
5. H. 4-methylbenzohydrazide -5.2 Ser144, 2.06,4.26,4.74
suaveolens Trp148,
Tyr390
6. H. Brallobarbital -4.9 Lys180 1.85
suaveolens
7. H. 1-[(E)-but-2-enyl] aziridine 3.5 Trp148(2), 4.68,4.70,4.47
Ssuaveolens Tyr390
8. H. N-Methyl-1- -3.1 Leul77 1.77
Suaveolens = adamantaneacetamide
9. H. Cyclopentadecanone -3.0 Pro178 2.31
suaveolens  Oxime
10. R 3-Methyl-4- -6.9 Ser144 1.66
ampoinicus  isopropylphenol
1. P Thymol -6.8 Ser144, 1.83,5.08
ampoinicus Tyr390

The compounds from H. suaveolens and P ampoinicus demonstrated promising potential as natural
mosquito repellents and offered a harmless alternative to conventional chemical pesticides. Molecular
docking analyses reveal their strong interaction with OBP in Ae. aegyptiand Ae. albopictus, crucial
vectors of dengue and chikungunya. Tetrahydrofuran-2-carboxylic acid and Carvacryl acetate exhibit
particularly high binding affinity with Ae. aegypti, while Tetrahydrofuran-2-carboxylic acid and 3-Methyl-4-
isopropylphenol show significant interaction with Ae. albopictus OBP, highlighting their potential to
disrupt mosquito attraction to humans.

Conclusions
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These findings lead to the conclusion that Tetrahydrofuran-2-carboxylic acid, Carvacryl acetate, and 3-
Methyl-4-isopropylphenol being natural compounds, exhibit repellent properties against the dengue
vectors Ae. aegypti and Ae. albopictus. These compounds are promising candidates for developing an
effective natural mosquito repellent. Compared to the presently utilized synthetic alternatives like DEET
and other established mosquito repellents, these natural compounds may offer a safer and more
environmentally friendly solution for preventing mosquito-borne diseases. This suggests a potential shift
in the approach to mosquito vector control. Further extensive clinical studies may be required for the
large-scale production and commercialization of repellent formulations.
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(A) Aedes aegypti (A) Aedes albopictus

Figure 1

3D structures of odorant binding proteins from (A) Aedes aegyptiand (B) Aedes albopictus.
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Figure 2

2D (A) and 3D (B) interactions of Aedes aegyptiOBP (PDB ID: 3K1E) with N-dibenzofuran-3-yloxolane-2-
carboxamide.
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Figure 3

2D (A) and 3D (B) interactions of Aedes aegyptiOBP (PDB ID: 3K1E) with carvacryl acetate.
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Figure 4
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2D (A) and 3D (B) interactions of Aedes aegypti OBP (PDB ID: 3K1E) with brallobarbital.
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Figure 5

2D (A) and 3D (B) interactions of Aedes albopictus OBP with N-dibenzofuran-3-yloxolane-2-carboxamide.
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Figure 6

2D (A) and 3D (B) interactions of Aedes albopictus OBP with 3-Methyl-4-isopropylphenol.
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