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Abstract: In an earlier study, six limonoids namely pyroangolensolide,
calodendrolide, limonin, limonin diosphenol, harrisonin and pedonin were
reported to exhibit varying larvicidal activity against Aedes aegypti L. second
instar larvae. The degraded limonoids exhibited a higher larvicidal activity
relative to the more complex compounds. To investigate this observation at the
relevant Aedes aegypti L. receptor level, the six limonoids were subjected to an
in silico docking study to evaluate the binding characteristics of the selected
limonoids in the ecdysone receptor (EcR) protein (PDB code 1z5x). This was
compared with the binding affinity of the dipteran specific ecdysone agonist, RH
5849 (1,2-Dibenzoyl-1-tert-butylhydrazine). The EcR proteinl1z5x-LBP was
identified from literature data. The binding energies of the ligands docked in
the EcR protein 1z5x-LBP ranged from 3.0 to -9.1 kcal/mol and the dissociation
constants (Kd) ranged from 2.10x10-7 M to 1.59%x10+2 M. RH 5849 had a
binding energy of -8.9 kcal/mol which was comparable with those displayed by
pyroangolensolide (-9.1 kcal/mol) and calodendrolide (-9.0 kcal mol). Two
pharmacophoric factors were important in the observed binding: (a) the
hydrogen-bonding interactions by the residues Arg 271, Arg 275 Tyr 296.
Thr231 and Ala 286 and (b) the hydrophobic pocket residues Met 268, Met 272,
Met 269, Phe 285, and Leu 308. The binding affinities of the selected limonoids
in the EcR pocket compared well with the observed larvicidal activity as
reported earlier and in the literature. This study offers an opportunity to
develop structurally simpler and specific receptor targeted larvicides against
Aedes aegypti L.

Introduction

The vector, Aedes aegypti L. is known for transmitting
viruses such as yellow fever, chikungunya, dengue,
zika and multiple other animal diseases (1). In view of
the global warming calamity, it has become apparent
that the risk of mosquito-transmitted diseases in a
wetter, warmer and highly populated poor areas of the
world is bound to increase (2, 3). A number of anti-
mosquito insecticides currently in use present
disadvantages such as toxicity to humans and other
non-target species, degradation of the aquatic
environment, high annual costs, and the development
of target-resistant population (4). To mitigate these
challenges, efficient and cost effective approaches are
required to identify innovative mosquito control

strategies in addition to developing new insecticides
that overcome the adverse problems associated with
insecticides currently in use (5). Efforts by researchers
to develop new environmentally friendly insecticidal
compounds against mosquitos, have yielded various
compounds both synthetic and naturally occurring with
potential larvicidal activity against various mosquito
species (6-9). In silico studies augmented with
experimentally generated data is increasingly
becoming a tool of choice in the search of new target

specific and environmentally friendly insecticidal
compounds (10-15).

In the present work, the limonoids,
pyroangolensolide synthesized by reducted

calodendrolide (pyroangolensolide), calodendrolide,
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limonin, and limonin diosphenol from Calodendrum
capensi, while harrisonin and pedonin from Harrisonia
abyssinica (Figure 1) reported earlier as potential
mosquito larvicides were subjected to an in silico study
involving the docking of the six limonoids (1-6) in the
Ecdysone Receptor (EcR) protein 1z5x-Ligand Binding
Pocket (LBP) (16, 17). This was compared with the
binding affinity displayed by the dipteran specific
ecdysone agonist, RH 5849 (1,2-Dibenzoyl-1-tert-
butylhydrazine). The EcR proteinlz5x-LBP was
identified from literature data using the binding
characteristics of the ecdysteroid ponasterone A in the
receptor pocket (18, 19). It is important to note that
the EcR protein is absent in mammals and is therefore
a useful receptor target in the development of
environmentally safe insecticides which are insect
specific and effective by regulating the larva moulting,
metamorphosis and reproduction (20). Recent
literature shows that generally insecticide potency and
selectivity is derived from differential packing of
residues within the walls of the ecdysteroid receptor

Pyroangolensolide (1) Calodendrolide (2)

Harrisonin (5) Pedonin (6)

protein binding pockets (18-20).

In order to establish which hydrogen bonds are
most important in these interactions, molecular
docking was performed using the selected limonoids as
the ligands and protein 1z5x as the receptor protein. It
is anticipated that the results obtained will lead to a
better understanding of the binding site interactions of
the selected limonoids, the EcR inhibition
characteristics and the limonoid structural features
necessary for larvicidal activity. Based on ligand-
receptor interactions, molecular docking can be applied
as a useful and affordable tool for insecticide
discovery.

The present study corroborates earlier studies in
the literature and demonstrates the potential of in
silico approaches in understanding the modes of action
of the limonoids as larvicides against Aedes aegypti L.
This will offer opportunities for the development of
novel, target specific and safe insecticides.

Ponasterone (8)

RH 5849 (7)

Figure 1. 2D structures of selected limonoids, RH 5849, and ponasterone A.

Experimental Section

Molecular docking was carried out using Autodock Vina
imbedded in PyRx 0.8. The protein 1z5x was employed
as the receptor protein (18). The selected
limonoids were used as ligands. The known insecticide
RH 5849 was used as a reference ligand. The
ecdysteroid ponasterone A co-crystallized with the EcR
protein 1z5x was used to identify the EcR-LBP and also
to validate the docking exercise. The docking grid
center was placed in the determined EcR-LBP.

Ligand Retrieval and Preparation

Six limonoids (Figure 1) whose larvicidal potential was
investigated in vivo in an earlier study were selected
for the current in silico study (16, 17). In addition, RH
5849 a diptera specific insecticide was used as a
comparative standard (21). The ecdysteroid
ponasterone A, was used to identify the LBP and to
validate the docking exercise (18, 19, 22). 3D
structures of compounds to be studied were
downloaded in .sdf format from the PubChem database
(https://pubchem.ncbi.nim.nih.gov/). The compounds
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were then energy minimized by Open Babel 2.3.1 using
the mmff94 force field with an energy gradient of 0.05
using the steepest descent algorithm, 500 numbers
steps, and 10e-7 convergence parameter to generate
an energetically reasonable posture for docking. The
various optimized 3D structures were finalized for
docking using Autodock tools 1.5.7 and saved as
.pdbqt files for the subsequent steps.

Receptor Preparation and Molecular
Docking

The 3D structure of the EcR protein 1z5x was obtained
from the Protein Data Bank repository. The receptor
protein was prepared for docking using UCSF
ChimeraX, (Resource for Biocomputing, Visualization,
and Informatics at the University of California, San
Francisco, with support from National Institutes of
Health R01-GM129325 and the Office of Cyber
Infrastructure and Computational Biology, National
Institute of Allergy and Infectious Diseases). The
preparation involved removing the already-bound
heteroatoms, addition of hydrogens, and addition of
charges. Protein-ligand docking was performed in
AutoDock tools 1.5.7 (Scripps Research, La Jolla,
California, USA).

Docking studies for the target protein (1z5x) and
the various ligands (limonoids) were performed using
Auto Dock Vina embedded in PyRx 0.8 and visualized
using Pymol, Protein Plus and Discovery Studio
Visualizer version 2020. The grid box was made to
encompass the receptor pocket identified by the
proteins binding to the known ecdysteroid ponasterone
A. The vina search space parameters used were: center
x=22.230, center y= 67.091, center z= 3.224, size x=
20.546, size y= 21.243, size z=26.243 in Angstrom and
exhaustiveness of 8. The analysis and visualization of
the binding interaction of protein and ligands were
performed using Discovery Studio Visualizer v 4.0. The
docking results were clustered on the basis of root
mean square deviation (RMSD) and ranked on the basis
of free energy of binding. The binding postures of the
various ligands were analysed using Ligplot plus ver
2.2.8 Protein Plus and the Discovery Visualizer v 4.0.
The dissociation constants Kd (M) was calculated by
the online tool NovoPro at
www.novoprolabs.com/tools/deltag2kd.

Prediction of Insecticide Potency (Tice
Rule)

Bioavailability, bioactivity, and toxicity of compounds
are considered as important parameters for
development of insecticides. The insecticide-likeness of
the limonoids was predicted using Tice rule. According
to Tice rule, insecticidal compounds should have: (a)
molecular weight <500 g/mol, (b) number of hydrogen-
bond donors <3, (c) number of hydrogen-bond
acceptors <12, (d) partition coefficient (log P) <5 and

(e) no. of rotatable bonds <12 (23). The molecular
properties of the selected limonoids were computed by
using the online Molinspiration Cheminformatics free
web services, https://www.molinspiration.com,
Slovensky Grob, Slovakia (www. molinspiration.com)
and MedChem Designer(TM) Ver 5.5.0.11.

Docking Validation

Redocking of ponasterone A, a co-crystallized ligand
was performed. The bound Ponasterone A, found in the
crystal structure was extracted and docked into the
corresponding binding pocket. The ability of the ligand
to reproduce the orientation and the position of the
ligand in the bound form were determined. The RMSD
of the result was determined to be 0.7476 A° (using
Discovery Studio), which suggests the reliability of the
molecular docking procedure. The interactions with the
amino acids in the receptor pocket are shown in Figure
2.

Results and discussion

Molecular Docking

In the present study, six limonoids with larvicidal
potential were subjected to in silico molecular docking
on the ecdysone receptor protein 1z5x-Lignd Binding
Domain (LBD). The LBD is usually involved in receptor
dimerization, ligand recognition and cofactor protein
interactions (24). Apart from these, the LBD also
contains the ligand-binding pocket (LBP), which binds
ecdysteroids as well as other EcR agonists (25-27). A
docking, study was performed to evaluate the binding
potential of the selected six limonoids to the EcR-LBP
this was compared with the commercial insecticide RH
5849. The order of the binding based on docking score
is pyroangolensolide (-9.1 kcal/mol), calodendrolide
(-9.0 kcal/mol), limonin (-6.8 kcal/mol), harrisonin (-5.6
kcal/mol), limonin diosphenol (-2.3 kcal/mol),
pedonin (3.0 kcal/mol) and RH 5849 (-8.9 kcal/mol)
(see Table 1). Both pyroangolensolide and
calodendrolide had comparable docking scores and
were both bound to the binding site by a conventional
H-bond with the same amino acids (Arg 271 and Ala
286). Also, both displayed a carbon H-bond interaction
with Thr 234, alkyl and pi alkyl interaction with Arg
275, Met 268 and Met 272 (Table 1, Figure 3). Limonin
was bound with one conventional H-bond interaction
with Arg 275, alkyl and pi alkyl interaction with Met
272, Phe 285, Met 268, Met 269 and Leu 308. The
remaining three limonoids also displayed binding
within the EcR protein 1z5x-LBP but all the three had at
least one unfavourable bump implying unfavourable
steric factors at the LBP as shown in Figure 3. The best
docked limonoids were selected based on the binding
energy and good interaction with the active site’s
amino acid residues. The binding energies and the
various ligand-receptor amino acids interactions are
listed in Table 1.
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The docking results with the ecdysteroid
ponasterone A (8) and the docking with the six
limonoids and RH 5849 showed that Glul99, Arg271,
Met 268, Met 272, Phe 285, llle 227, Tyr 296, Thr 234,
Thr 231, Ala286 make up the LBP of the EcR protein
1z5x-LBP. The selected limonoids generally bind to the
core of the EcR protein 1z5x-LBD, which consist of
hydrophobic amino acids (lle, Phe and Met), lipophobic
amino acids (Thr and Tyr) and hydrophilic amino acids
(Thr, Arg and Glu). The electrostatic bond and van der

Waals interactions within EcR protein 1z5x-LBP and the
ligands are presented in Table 1, Figure 3, and Figure
4. Superimposed graphical representation of the six
docked limonoids with EcR protein 1z5x-LBP is shown
in Figure 2. The dissociation constants Kd is a measure
of binding affinity which is used to evaluate and rank
the order of strengths of bimolecular interactions of the
ligand and the target protein. The smaller the Kd value,
the greater the binding affinity of the ligand to the
receptor protein.

Table 1. Interactions of EcR protein 1z5x-LBP residues with selected limonoids and the ecdysone agonist RH

5849.
Binding Predicted Number of the various interactions

Complex Energy dissociation Conventional Carbon - Steric

Ligand (kcal/mol) [constant Kd H-Bonds Alkyl |pi-interactions [Hydrogen |clashes

Limonin -6.8 1.02x10-5 1 0 5 0 0

Calodendrolide -9.0 2.49x10-7 2 2 1 1 0

Limonin diosphenol| -2.3 2.05x10-2 1 0 4 1 3

Harrisonin -5.6 7.77x10-5 2 0 2 2 1

Pedonin 3.0 1.59x10+2 0 0 2 2 3

Pyroangolensolide | -9.1 2.10%x10-7 2 1 1 1 0

RH 5849 -8.9 2.94%x10-7 1 1 7 0 0

Table 2. Tice rule properties of scored limonoid poses.

Ligand Mwt LogP |Rule of 5 violations |No. of H-bond acceptor [T PSA |H-bond donor
rotatable (O + N) (OH +NH)
bonds

Limonin 470.523]2.53 |0 1 8 104.57|0

Calodendrolide 260.292(2.78 (0 1 51.97 |0

Limonin diosphenol |484.506|2.01 |0 1 9 1248 (1

Harrisonin 516.549(1.98 |1 (Mw) 4 10 145.03(2

Pedonin 576.602|1.21 |2 (Mw, NO) 6 12 171.33|2

Pyroangolensolide |244.29213.34 (0 1 3 39.44 |0

Tice Rule and Potency of Ecdysteroid
Agonists

No violation of Tice rule was observed in limonin,
calodendrolide, limonin diosphenol, pyroangolensolide
and ponasterone A, where as harrisonin and pedonin
having Mwt > 500 g/mol violated the requirement of
molecular weight (23). In addition, pedonin also
violated Tice rule on hydrogen bond acceptor
requirement (Table 2). Based on this, it can be
presumed that the strong larvicidal activity of
calodendrolide and pyroangolensolide may be due to
their interaction with EcR-1z5x-LBP through their
ecdysteroid agonist activity. Further, in-depth
laboratory and field studies are needed to support this

Figure 2. The ecdysone receptor pocket of the target
protein in (A) 3D format docked with the the six limonoids,
RH5849, and ponasterone A, and (B) 2D structure showing

interactions of the relevant amino acids associated with
the receptor pocket of the protein 1z5x with ponasterone
A.
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Conclusion

In the study, six limonoids were selected and subjected
to molecular docking studies. The compounds
displayed interaction with EcR protein 1z5x LBP. The
findings have illustrated the fact that limonoids have
the potential to interfere with normal EcR protein
function of Aedes aegypti L larvae by binding with the
amino acid residues in the EcR active site. Tice rule of
insecticide likeliness also indicated that compound 1
and 2 can be potential candidates as ecdysteroid
agonists. The apparent correlation between the
predicted binding energy, dissociation constants and
the experimental larvicidal activities of the selected
limonoids strongly suggests that these compounds or
their variants could be applied in mosquito
management programs against Aedes aegypti L. Also,
since permanent activation of EcRs by certain
compounds has been reported for inhibiting
metamorphosis process, it is possible that the
degraded limonoids (1 and 2), possessing a strong
binding affinity could also serve as agonists against
EcR protein and can be used for the development of
potent, new, species specific insecticides. However, in-
vitro studies should be conducted to understand the
effect of promising inhibitors of molecular docking
study, and the feasibility of using these inhibitors in the
fields.
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