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ABSTRACT

Molecular docking of calamondin limonoids to tobacco budworm ecdysone receptor was
performed to calculate binding affinities and evaluate their potential as an insecticide. Results
were compared to those of 20-hydroxyecdysone, ponasterone A, and known ecdysone agonists
by examination of binding interactions between the ligands and receptor. While an earlier study
by other researchers attributed the stronger binding of ponasterone A to (de)solvation effects,
molecular dynamics simulations in this study revealed stronger hydrogen bonds between the
receptor and ponasterone A, consistent with calculated binding affinities from molecular docking.
None of the limonoids and ecdysone agonists showed stronger binding affinity than 20-
hydroxyecdysone, suggesting that site-specific docking may not be suitable to predict the binding
interactions of these non-steroidal ligands with tobacco budworm ecdysone receptor. The
computational approach described in this study can be used in the preliminary screening of
compounds for bioactivity against receptors with known active sites.
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INTRODUCTION

Due to the persistence and harmful effects of several insecticides available in the market, many
studies are now focused on developing environmentally benign insecticides. One such group of
compounds that have been reported to have potent effects on insects and low toxicity to non-
target organisms are limonoids (Abdelgaleil and El-Aswad, 2005). Limonoids are the prominent
secondary metabolite present in citrus and are responsible for the bitter taste in juice. Limonoids
are described as modified triterpenes derived from a precursor with a 4,4,8-trimethyl-17-
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furanylsteroid skeleton. Over 300 limonoids have been isolated to date and they are found in
citrus in three major forms: limonoid dilactones, limonoid monolactones, and limonoid
glucosides (Manners, 2007).

Limonoids are known to have a wide range of biological activities, including insect anti-feedant,
anti-oxidant, anti-fungal, anti-bacterial, anti-viral, anti-carcinogenic, and growth-inhibiting
characteristics. In a study conducted by Dinan et al. (1997), limonoids and other plant natural
products were found to antagonize the action of 20-hydroxyecdysone (20E, Figure 1). Juvenile
hormones and 20E are the major hormones that regulate ecdysis (insect molting), which is
controlled by activation of ecdysone receptor (EcR) through binding of 20E. Binding of agonists
blocks the activity of ecdysone hormone and prevents molting, thus breaking the life cycle of the
insect (Laguerre and Veenstra, 2010). Several compounds acting as ecdysone agonists are already
available in the market. These compounds are dibenzoylhydrazine (DBH) analogues (Nakagawa,
2007), also called diacylhydrazines (Sparks and Nauen, 2015), and include tebufenozide,
chromafenozide, and methoxyfenozide (Figure 2).

Figure 1. Chemical structure of 20E with numerical labels in the important structural features

used in this study.
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Figure 2. Chemical structures of the diacylhydrazine ligands used in site-specific docking.
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Kasuya et al. (2003) constructed two three-dimensional structure models of the ligand-binding
domain of the EcR of Heliothis virescens (tobacco budworm) based on known ligand-binding
domain structures of the receptors with the highest sequence identity to the EcR and steroid
hormone receptors. They illustrated the binding of 20E and chromafenozide on EcR using
molecular modeling and virtual docking. A few years later, Browning et al. (2007) reported the
crystal structure of the ligand-binding domains of EcR/ultraspiracle (USP) with co-crystallized
20E at 2.402 A resolution and compared it with published structures of EcR/USP bound to
ponasterone A (ponA), an analog of 20E. Results of their docking calculations, however, showed
stronger binding of 20E than ponA, which contradict experimental data.

In a study by Yadav et al. (2015), in silico docking of non-azadirachtin neem limonoids against
EcR of Helicoverpa armigera was used to screen for potential agonists. A similar approach was
employed in the present study to evaluate the binding affinity of calamondin limonoids to the
EcR/USP crystal structure reported by Browning et al. (2007). Limonoids from seeds of
calamondin (Citrus reticulata var. austera x Fortunella sp.) have been isolated by Miyake et al.
(1992), which include nomilinic acid, deacetylnomilinic acid, methyl deacetylnomilinate, 6-keto-
7(-deacetylnomilol, and calamin (Figure 3). Site-specific docking of these five limonoids to
tobacco budworm EcR/USP was performed in this study and results were compared against those
of the natural ligand 20E and the diacylhydrazines mentioned above. Our objective was to
determine if any of these known limonoids would have a higher binding affinity than 20E, which
could potentially make them useful as an insecticide. Since calamondin is a close relative of
calamansi [xCitrofortunella microcarpa (Bunge) Wijnands], the limonoids that would show
significant binding to EcCR/USP may also be present in calamansi, thereby making the latter a
potentially abundant source of these natural insecticides.

(0]
Ry R: R Ry ;
OAc OH =0 H Nomilinic acid G-losto-7j-deacetyinomiol
OH OH =0 H Deacetylnomilinic acid
OH OCH:z =0 H Methyl deacetylnomilinate
OH OCHz OH =0 Calamin

Figure 3. Chemical structures of the calamondin limonoids used in site-specific docking.

METHODS

Preparation of the Receptor Model. The crystal structure of 20E-bound EcR/USP of Heliothis
virescens (Browning et al., 2007) was obtained from Protein Data Bank (PDB ID: 2R40). This
structure consists of two main polypeptide chains (EcR and USP), five “ligand” components
including 20E, and solvent water molecules. To generate the receptor structure used in virtual
docking, all solvent molecules and ligands were deleted using Avogadro (Hanwell et al,, 2012).
Hydrogen atoms were then added using Avogadro’s “Add Hydrogens” function, and the structure
was saved as a new pdb file.
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Preparation of the Ligand Models. Calculations were carried out on a VirtualBox virtual machine
running Windows 10 (1809) and Gaussian 09W (Frisch et al., 2010). The host machine is a 32-
core Intel(R) Xeon(R) CPU E5-2618L v3 @ 2.30 GHz with 94 GB RAM and 2.7 TB hard disk storage.
The virtual machine was allocated 16 cores and 12 GB RAM, of which 12 cores and 6 GB were
used for the actual Gaussian runs. Geometry optimization of 20E was performed using Hartree-
Fock (HF) and density functional theory (DFT) methods. The minimal basis set STO-3G was used
for the HF calculation, whereas variations of the Pople basis set 6-31G were used for the DFT
calculations using the B3LYP functional. The resulting structures were then compared against
that of the experimental (co-crystallized) 20E to determine the method that would yield the
lowest root-mean-square deviation (RMSD). This method was then used for geometry
optimization of ponA and its derivatives, chromafenozide, methoxyfenozide, tebufenozide, and
the five calamondin limonoid aglycones. The structure of ponA is similar to 20E (Figure 1) but
lacking the 25-OH group. PonA derivatives used in this study include ponA-ketone (saturated at
C7 and C8), ponA-enol (-OH at C6, with C6-C7 double bond), ponA-eqOH (saturated at C7 and C8,
with equatorial -OH at C6), and ponA-axOH (saturated at C7 and C8, with axial -OH at C6).

Virtual Docking. The binding of ligands to the receptor was investigated in silico with AutoDock
Vina (Trott and Olson, 2010) through the user interface of PyRx 0.8 (Dallakyan and Olson, 2015).
The size of the search space was 12.2209 A x 18.5549 A x 17.2069 A, which was centered at the
following coordinates: x = 24.9857,y =-4.5515, z = -6.1031. Exhaustiveness was set to the default
value of 8. To validate the docking parameters, the experimental structure of 20E was generated
from 2R40 by deleting all components except the co-crystallized 20E. Hydrogen atoms were then
added using Avogadro’s “Add Hydrogens” function. This experimental 20E structure was then
“re-docked” to the receptor model, and its RMSD against the original co-crystallized 20E was
calculated. After validating the docking parameters, the geometry-optimized ligands were docked
to the ECR/USP receptor using the same set of parameters. Binding interactions were analyzed
using Discovery Studio (BIOVIA, Dassault Systemes).

Molecular Dynamics. Molecular dynamics (MD) simulations have been widely used to gain
insights into the structural dynamics of biomolecular systems (Meelua et al.,, 2021). To obtain the
thermally equilibrated system of 2R40-20E and 2R40-ponA, each complex was subjected to 20-
ns MD simulation using Desmond (Bowers et al., 2007). The complexes were solvated with water
molecules using the SPC model in the Desmond System Builder tool. An orthorhombic simulation
box shape with dimensions of 4.0 A x 4.0 A x 10.0 A was generated. The system was neutralized
by adding Na* and CI- and 0.15 M salt concentration to conserve isosmotic condition. The
simulation (NPT) was set to 20 ns with a recording interval of 20 ps at 300 K and 1.01325 bar.
The structural and dynamic properties were obtained by analyzing the RMSD and the ligand
interactions throughout the simulation.

RESULTS AND DISCUSSION

To test the binding of the ligands to EcR computationally, it was necessary to perform geometry
optimization of the structure of these compounds. Highly accurate ligand structures are, however,
not necessary for virtual screening since docking generally assumes that the receptor is rigid
(Trott and Olson, 2010). For this reason, geometry optimizations were carried out using only
small basis sets. Geometry optimizations were tested using HF and DFT, while adjusting the basis
setaccordingly. The goal was to obtain an optimized structure for 20E that would give alow RMSD
(heavy atoms only) when compared against the experimental (co-crystallized) 20E structure.
Initial geometry optimization of 20E using HF/STO-3G gave an RMSD of 2.112 A, which is already
within the resolution of the crystal structure. To improve the optimization, DFT was employed,
specifically the B3LYP method coupled with 6-31G(d) basis set, resulting in a slightly lower RMSD
of 2.105 A. The addition of polarization function to the hydrogen atoms of 20E using the basis set
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6-31G(d,p) raised the RMSD to 2.572 A, which is higher than the experimental resolution.
Inclusion of diffuse function to the heavy atoms via the 6-31+G(d) basis set also resulted in a
higher RMSD of 2.111 A. Thus, basis sets with diffuse functions added to the heavy atoms or
polarization functions added to the hydrogen atoms were not considered. Lastly, geometry
optimization of 20E was performed using the triple split valence basis set 6-311G(d), which
yielded an RMSD of 1.889 A. Since this value is significantly lower than the resolution of the
experimental structure, geometry optimization of all the ligand structures were carried out at the
B3LYP/6-311G(d) level.

Validation of the docking parameters is an important first step in the theoretical evaluation of the
binding of candidate ligands to a target receptor. An easy, but effective way of achieving this is to
take an experimentally determined structure of the native ligand-receptor complex, separate the
ligand and receptor macromolecule, and then apply the docking program to allow the ligand to
“re-dock” to the receptor. This simple test was applied to evaluate the docking parameters used
in calculating binding affinities. The low RMSD of 0.354 A between the co-crystallized 20E and re-
docked 20E indicates that our docking parameters are reasonable for calculating binding
affinities (Figure 4).

Table 1 lists the binding affinities of the EcR/USP-ligand complexes for the geometry-optimized
20E, ponA, and ponA derivatives. Note that a more negative value for binding affinity indicates a
more stable complex, and therefore stronger binding of the ligand to the receptor. Our docking
results show that the binding of 20E to the receptor is weaker than that of ponA, which is
consistent with biological data (Dhadialla et al., 1998). In comparison, the docking results of
Browning et al. (2007) predicted better binding of 20E over ponA. Consequently, they suggested
that important effects were poorly treated in their models, particularly (de)solvation effects.

Figure 4. Superimposition of the co-crystallized 20E (orange) and the re-docked 20E (green), with
RMSD of 0.354 A.
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Table 1. Binding affinities of the most stable complex predicted by molecular docking of

20E, ponA, and ponA derivatives.

Ligand Binding affinity / k] mol-!
20E -35.1
ponA -50.2
ponA-ketone -49.8
ponA-enol -48.5
ponA-eqOH -49.0
ponA-axOH -45.2

The stronger binding affinity of ponA can be mostly accounted for by its additional binding
interactions, which are correspondingly absent in 20E. These include H-bonding with E309 and
alkyl interactions with 1339 and M413 (Figure 5). On the other hand, the 25-OH group of 20E,
which is absent in ponA, does not show any detectable conventional H-bonding interaction and
therefore contributes insignificantly to the calculated binding affinity. The carbonyl oxygen of
both 20E and ponA form H-bond with the backbone amino hydrogen of A398. This H-bond,
however, is much weaker for 20E due to the longer donor-acceptor distance (Table 2). This could
explain the significant difference in binding affinity between 20E and ponA, in addition to the
(de)solvation effects suggested by Browning et al. (2007). The significant contribution of H-
bonding interaction with A398 to the binding affinity is further supported by the higher binding
affinities of the ponA derivatives (Table 1), which also show shorter H-bond donor-acceptor
distances compared with 20E (Table 2).
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Figure 5. The 2D interaction diagram of 2R40 with ponA (left) and 20E (right) showing
conventional H-bonds (green), hydrophobic interactions (pink), and unfavorable H-bonds (red).
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Table 2. Distances and angles for the H-bond between A398 backbone N-H and the
corresponding acceptor O of 20E, ponA, and ponA derivatives.

Ligand NH—O distance / A N-H—O angle / deg
20E 2.724 150.42
ponA 1.855 163.86
ponA-ketone 1.741 169.05
ponA-enol 1.984 173.08
ponA-eqOH 1.847 173.48
ponA-axOH 2.103 147.45

To determine other possible H-bonding interactions not detected by site-specific docking in
Autodock Vina, MD simulations of binding of 20E and ponA to the EcR/USP receptor were
performed. Although these interactions do not account for the binding affinity values reported in
Table 1, they can further explain the higher affinity of ponA to the receptor, compared to that of
20E. Figure 6 shows the H-bonds predicted by MD simulations and the percentage of simulation
time in the selected trajectory (0 to 20 ns) that they occurred. For ponA, the significant ligand:
protein H-bonds include 2-OH: R383 (101%, indicating multiple H-bond sites on R383), 6-CO:
A398 (100%), and 20-OH: Y408 (94%), which are consistent with those reported by Billas et al.
(2003). For 20E, the MD simulations did not detect any H-bonds with R383. In addition, Y408 was
found to interact with 14-OH of 20E instead of 20-OH as seen in ponA. Although the 25-OH of 20E
(which is absent in ponA) have interactions with T343 and N504, these occurred in no more than
25% of the simulation time. Moreover, ponA also has interactions with these residues in other
sites of the molecule. It can also be seen in Figure 6 that there is an intramolecular H-bond in 20E
between the carbonyl oxygen on C6 and 3-OH. This could account for the weaker H-bond between
the backbone amino hydrogen of A398 and 20E compared to that of ponA, as mentioned above.
The MD simulations generally predict more consistent and stronger H-bonds for ponA, some of
which are not detectable in the site-specific docking with Vina. The 20-ns simulation time was
determined to be sufficient for investigating the protein-ligand contacts because the complexes
remained stable and equilibrated, as indicated by the low protein and ligand RMSD (< 2 A), over
the course of the simulation (Figure 7).

A398 A398

A T343 1 Y408

L396 T343

Y408

Figure 6. The H-bonds present in the 2R40 complex with ponA (left) and 20E (right) resulting
from the 20-ns MD simulation. Percentages of the interaction occurrence over the course of
simulation are shown along with the amino acid residues involved. The colors depict the nature
of the residues (green, hydrophobic; blue, polar; purple, positively charged; red, negatively
charged).
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Figure 7. Protein-ligand RMSD plots of the 20-ns MD simulation for 20E (a), ponA (b), 6-keto-7§-
deacetylnomilol (c), and chromafenozide (d). For each plot, the top curve shows the RMSD
evolution of the protein, and the bottom curve shows the RMSD evolution of the ligand atoms.

Compared with 20E, all of the limonoids used in this study were found to have weaker binding to
the receptor. Among them, 6-keto-7(-deacetylnomilol showed the strongest binding (Table 3)
due to the presence of H-bond interactions with R383 and A398. Ligand contacts with the same
protein residues are also responsible for the calculated binding affinity of 20E, although they are
weaker for the limonoid due to the longer H-bond distances. Nomilinic acid, on the other hand,
does not have interactions with these residues. Methyl deacetylnomilinate has H-bonds with
A398 and T346, but these are offset by the unfavorable steric and repulsive contacts with Y408
and T343, respectively. Calamin also has unfavorable steric contact with Y408 despite having H-
bond interactions with 339, T346, and R383. Deacetylnomilinic acid showed the weakest binding
among the limonoids calculated due to the same unfavorable contacts found in methyl
deacetylnomilinate and calamin. The binding affinities calculated for the diacylhydrazines are
also less negative compared to that obtained for 20E, primarily due to the absence of strong
contacts with the receptor in the site-specific docking calculations. Most ligand-protein contacts
found in these compounds when they are restricted to the same binding site as 20E are
hydrophobic, such as alkyl and m-alkyl interactions.

Table 3. Binding affinities calculated for the most stable complex predicted by molecular
docking of calamondin limonoids and DBH compounds.

Ligand Binding affinity / k] mol1
deacetylnomilinic acid -16.3

methyl deacetylnomilinate -24.7

calamin -22.6
6-keto-7B-deacetylnomilol -26.4

nomilinic acid -25.5
chromafenozide -33.9
methoxyfenozide -8.8
tebufenozide -31.4
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Based on the calculated binding energies from site-specific docking, all of the limonoids and DBH
compounds used in this study have weaker binding to EcR than the natural ligand 20E. Thus, MD
simulations were performed only for the top limonoid and DBH compound. Figure 8 shows that
the H-bonding interactions of 6-keto-73-deacetylnomilol are through water molecule bridges
only and not direct H-bonding with the receptor residues. Moreover, the observed H-bonding
with A398 in the site-specific docking is not detected in the MD simulation. For chromafenozide,
one direct H-bonding interaction is present between the ligand and N504. This is far less than the
H-bonding interactions present in the MD simulation of 20E (Figure 6). Since diacylhydrazines
are known to effectively disrupt molting in lepidopterous insect pests by mimicking the action of
20E, it is likely that site-specific molecular docking was not able to predict their correct binding
poses resulting in low binding affinities. As reported by Billas et al. (2003), the ligand-binding
domain of tobacco budworm EcR can adopt different binding cavities. Thus, it is recommended to
perform flexible or blind docking when investigating the binding of ligands, such as limonoids, to
the tobacco budworm EcR.
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Figure 8. The H-bonds present in the 2R40 complex with 6-keto-73-deacetylnomilol (left) and
chromafenozide (right) resulting from the 20-ns MD simulation. Percentages of the interaction
occurrence over the course of simulation are shown along with the amino acid residues involved.
The colors depict the nature of the residues (green, hydrophobic; blue, polar; purple, positively
charged; red, negatively charged).

CONCLUSIONS

This study aimed to screen limonoids in calamondin for potential insecticidal activity by
calculating their binding affinities to EcR using molecular docking. Site-specific docking using
AutoDock Vina was able to predict the higher affinity of ponA to EcR compared with 20E, despite
the absence of 25-OH in ponA. Measurement of hydrogen bond distances suggests that the
interaction between residue A398 of the receptor and C6-carbonyl oxygen of ponA is stronger
than that of 20E. This is supported by the molecular dynamics simulations that revealed more
consistent and stronger H-bonds for ponA, which contribute to its stronger binding to EcR.
Although site-specific docking was able to explain the conundrum of ponA/20E binding affinity,
its results showed weaker binding for the known ecdysone agonists when compared against 20E.
This indicates that the binding site of these ligands may not be identical to that of 20E since the
ligand-binding pocket of EcR is known to be highly flexible and ligand-dependent. Site-specific
docking also indicated weaker binding of the limonoids to EcR, suggesting the possibility of
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binding modes that are not identical to that of 20E. Thus, it is recommended to use blind docking
in calculating the binding affinities of such non-steroidal ligands in order to evaluate their
potential insecticidal activity.
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