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Abstract
The development of new, more selective, environmental-friendly insecticide alternatives is in high demand for the control 
of Spodoptera frugiperda (S. frugiperda). The major objective of this work was to search for new potential S. frugiperda 
acetylcholinesterase (AChE) inhibitors. A ligand-based virtual screening was initially carried out considering six scaffolds 
derived from eugenol and the ZINC15, PubChem, and MolPort databases. Subsequently, molecular docking analysis of 
the selected compounds on the active site and a second region (determined by blind molecular docking) of the AChE of S. 
frugiperda was performed. Molecular dynamics and Molecular Mechanics Poisson–Boltzmann Surface Area analyses were 
also applied to improve the docking results. Finally, three new eugenol analogs were evaluated in vitro against S. frugiperda 
larvae. The virtual screening identified 1609 compounds from the chemical libraries. Control compounds were selected 
from the interaction fingerprint by molecular docking. Only three new eugenol analogs (1, 3, and 4) were stable at 50 ns 
by molecular dynamics. Compounds 1 and 4 had the best biological activity by diet  (LC50 = 0.042 mg/mL) and by topical 
route  (LC50 = 0.027 mg/mL), respectively. At least three new eugenol derivatives possessed good-to-excellent insecticidal 
activity against S. frugiperda.
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Introduction

Spodoptera frugiperda (S. frugiperda) is a worldwide 
polyphagous insect that affects more than 300 plant spe-
cies [1]. In particular, S. frugiperda prefers corn, and it is 
considered corn’s primary pest. Worldwide production of 
maize in 2018 was 1,147,621,938 tons, of which 52.5% 
was from the American continent, 29% from Asia, 11.1% 
from Europe, 7.1% from Africa, and 0.1% from Oceania 
[2]. S. frugiperda during the larval stage is capable of 
causing a 45% reduction of total corn production due to 
the consumption of buds [3]. Current pest management 
systems use synthetic insecticides, such as organophos-
phates, carbamates, pyrethrins, pyrethroids, spinosyns, 
avermectins, nereistoxin, semicarbazones, oxadiazines, 
and diacylhydrazines to avoid large economic loss. These 
insecticides act on the nervous and/or muscular system 
[4] of S. frugiperda; however, extensive and long-term 
use (sometimes overuse) produces resistance [5]. More-
over, these synthetic insecticides cause soil and aquifer 
contamination and harm non-target organisms [6]. These 
adverse effects motivate an urgent need for developing 
environmentally benign insecticides against S. frugiperda. 
The major objective of this research is to develop new 
and novel eco-friendly insecticide(s) from secondary 

metabolites of plants. A few studies have identified ace-
tylcholinesterase (AChE, EC 3.1.1.7) as a specific target. It 
is an essential enzyme for acetylcholine hydrolysis located 
in nerve cells and the neuromuscular synapse [7]. There-
fore, its inhibition causes the insect’s death. Although 
three natural compounds (Fig. 1) have little or no AChE 
inhibitory and subsequent insecticidal activity against the 
genus Spodoptera [8], potent insecticidal AChE inhibitors 
of natural origin against the genus Spodoptera have been 
developed.

The natural compound, eugenol, and its derivatives 
(Fig. 2) have an inhibitory effect on AChE with lethal 
activity against S. frugiperda [9–12]. Based on this find-
ing, a ligand-based virtual screening (LBVS) was carried 
out to find new eugenol analogs with more efficacy and 
eco-friendly insecticidal activity. Eugenol derivatives 
that demonstrated a half-maximal inhibitory concentra-
tion  (IC50) on AChE (< 29.78 μg/mL) and a half-maximal 
lethal dose  (LD50) against S. frugiperda (< 1 mg/g) were 
used to generate six scaffolds for a database search by 
similarity (TC, Tanimoto coefficient ≥ 0.8) and substruc-
ture in ZINC15, PubChem, and MolPort. Later, the Tice 
bioavailability rule for insecticides was applied to the 
compounds. The selected compounds were subjected to 
molecular docking and molecular dynamics analyses of 
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the AChE of S. frugiperda. Finally, the top three hit com-
pounds in this series were evaluated in an in vivo model 
(diet and topical) against S. frugiperda larvae to validate 
the in silico study.

Materials and methods

Scaffold selection

The scaffolds (Fig. 3) used in the LBVS of the ZINC15, 
PubChem, and MolPort databases were designed based on 

Fig. 1  Natural secondary 
metabolites with AChE inhibi-
tion and biological activity 
against Spodoptera sp.

Fig. 2  Eugenol and its deriva-
tives with inhibitory effects on 
AChE of S. frugiperda 

Fig. 3  The six scaffolds used 
in the LBVS in the ZINC15, 
PubChem, and MolPort chemi-
cal databases
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eugenol and its derivatives (Fig. 2) with lethal effects of 
less than 1 mg/g against S. frugiperda [9, 11–13].

LBVS

The search for compounds analogous to eugenol was car-
ried out by substructure and similarity using scaffolds 1–6 
(Fig. 3) in the three databases: ZINC15 (https:// zinc15. 
docki ng. org/), PubChem (https:// pubch em. ncbi. nlm. 
nih. gov/) and MolPort (https:// www. molpo rt. com/ shop/ 
index). Subsequently, using the OpenBabel program, the 
compounds with a TC value ≥ 0.8 regarding each scaffold 
were selected by similarity [14]. Duplicate compounds 
in the three chemical databases were removed. The Tice 
rule, which includes the following criteria, molecular 
weight ≤ 500 Da, partition coefficient ≤ 5, hydrogen bond 
donors ≤ 2, hydrogen bond acceptors ≤ 8, and rotatable 
bonds ≤ 12 [15], was applied. Subsequently, each com-
pound was minimized, and polar hydrogens were added 
with prepare_ligand4.py from MGL-Tools; finally, they 
were changed to PDBQT format adding the charges and 
type of atom.

AChE construction by homology modeling

The primary sequence of AChE I of S. frugiperda 
(AGK44160) has been partially determined; therefore, 
AChE I of S. litura was used and obtained from GenBank in 
FASTA format with access code AQQ79918 with a length of 
694 amino acids (Fig. S1, Table S1). The three-dimensional 
structure of AChE I of S. frugiperda (AChEmSf) was gener-
ated with the Swiss-Model server in template search mode. 
The primary sequence of AChE I was entered in FASTA 
format. Multiple alignments were performed automatically 
in the SWISS-MODEL template library, selecting the tem-
plates with an identity greater than 40% and a resolution 
less than 2 Å, with a good global model quality estimate 
(GMQE) and quaternary structure quality estimate (QSQE) 
[16]. Dihedral angles were examined with PROCHECK 
[17].

AChEmSf preparation

The removal of additional molecules in the three-dimen-
sional structure of the modeled AChE (AChEmSf) obtained 
from the Swiss-Model was done with the UCSF Chimera 
program. The polar hydrogens and the Gasteiger charges 
were added with Dock Prep [18]. The types of atoms were 
added with MGL-Tools 1.5.6 (http:// mglto ols. scrip ps. edu/) 
to convert to the PDBQT format [19].

Molecular docking of eugenol and derivatives 
on the AChEmSf

Eugenol and its derivatives with AChE inhibitory activ-
ity (Fig. 2) lack information related to enzyme–ligand 
interactions; therefore, blind molecular docking was 
performed on AChEmSf. The dimension of the box was 
64 Å × 74 Å × 68 Å with a 1 Å spacing set with MGL-
Tools. For AutoDock 4.2, a genetic algorithm was used 
with 100 evaluations, while in AutoDock Vina [20], the 
same dimensions of the box were maintained. Eugenol and 
its derivatives (Fig. 2) were drawn in MarvinSketch ver-
sion 20.3.0 [21], saved in mol format, and then processed 
according to the ligand preparation section. The poses of 
the ligands were visualized in the PyMOL open-source 
version 2.4.0a0 program [22] to determine the regions 
where the highest number of dockings occurred.

Molecular docking of the new eugenol ligands 
on AChEmSf

The docking of the compounds obtained by LBVS was 
carried out with AutoDock Vina in two regions on the 
AChEmSf: (a) on the active site, where the center coordi-
nates correspond to X = 3.442, Y = 2.478, Z = 27.206; and (b) 
on region 2, determined by blind molecular docking accord-
ing to the highest number of poses docked in the protein with 
coordinates X = −4.332, Y = 6.078, Z = 38.027, both with a 
box dimension of 20 Å × 20 Å × 20 Å. Compounds with free 
binding energy lower than control, acetylcholine (CID 187), 
the natural substrate of AChE, malathion (CID 4004), a car-
bamate insecticide, methomyl (CID 5,353,758), an organo-
phosphate insecticide, insecticides that inhibit AChE revers-
ibly and irreversibly and are used to control S. frugiperda, 
and 9-(3-iodobenzylamino)-1,2,3,4-tetrahydroacridine (ZAI, 
PDB code: 1QON), a compound that inhibits the AChE of 
Drosophila melanogaster, were selected for further study. 
Interaction fingerprints of compounds with a lower free 
binding energy to malathion docked in AChEmSf were 
generated with the Open Drug Discovery Toolkit Version 
0.7 program [23] using the Simple Interaction Fingerprint 
parameter [24], which considers eight types of interaction: 
hydrophobic contacts, face-to-face, edge-to-face π–π inter-
action, hydrogen donor, hydrogen acceptor, positive and 
negatively charged salt bridge, and an ionic bond with a 
metal ion. The interaction fingerprints of these new eugenol 
analogs were compared with the interaction fingerprints of 
the control compounds (malathion, acetylcholine, methomyl, 
and ZAI) and eugenol and its derivatives. The compounds 
with a TC > 7 were selected for further analysis [25]. Addi-
tionally, Protein–Ligand Interaction Profiler [26] was used 
to obtain the complex interaction profile.

https://zinc15.docking.org/
https://zinc15.docking.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.molport.com/shop/index
https://www.molport.com/shop/index
http://mgltools.scripps.edu/
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Molecular dynamics of the AChEmSf–eugenol 
analog complex

Molecular dynamics analysis was performed with 
GROMACS version 2018.4 [27]. First, the topology of the 
eight compounds selected by LBVS, the ZAI control, and 
isoeugenol was generated in the LigParGen server [28] and 
the AChEmSf with GROMACS with the OPLS force field. 
Solvation was done with water molecules in a dodecahedron 
with a minimum distance from the wall of 10 Å, using the 
SPCE water model. Then, Na + and Cl− ions were added to 
neutralize the system with an energy minimization of 50,000 
times. Later, the system was equilibrated with several parti-
cles, volume, and temperature (NVT), and several particles, 
pressure, and temperature (NPT), both at 100 ps. Finally, 
the simulation was performed at a temperature of 300 K for 
50 ns [29, 30]. The root means square deviation (RMSD) of 
each complex was obtained to determine the stability of the 
complex. The binding energy was estimated with molecular 
mechanics Poisson–Boltzmann surface area (MMPBSA) 
with the g_mmpbsa [31] program, recovering 50 frames 
every 0.2 ns of 40–50 ns. Finally, the energy contribution of 
each amino acid was obtained with the MmPbSaDecomp.
py script [32].

S. frugiperda larvae

S. frugiperda larvae were collected from corn crops in 
H33V + JQ Celaya, Tamaulipas, Mexico. The broods were 
nurtured at a temperature of 26 °C, with a photoperiod of 
12 h light: 12 h darkness and 60% relative humidity. The 
larvae were fed an artificial diet (Southland Products Inc., 
type diet: fall armyworm), and each larva was reared in a 
3 cm diameter × 4 cm high plastic bottle. The pupae were 
transferred to a 20 cm diameter × 15 cm high plastic con-
tainer lined with absorbent paper for moth oviposition. The 
adults were fed with 10% sucrose dissolved in sterile water. 
The moth eggs were collected every 24 h and transported to 
a hemispherical container with 30 mL of an artificial diet for 
the hatching of the larvae.

Insecticidal biological activity

Three compounds proposed by molecular dynamics were 
purchased from MolPort (Latvia) with the following codes: 
MolPort-011–119-237 (ZINC000034423376, 20  mg), 
MolPort-046–802-450 (20 mg) and MolPort-002–797-882 
(ZINC000013941780, 20 mg). The evaluation of the insec-
ticidal activity of the compounds was carried out with 25 
neonatal larvae each time in triplicate (n = 75) by topical 
application and ingestion.

For topical evaluation, 1 μL was applied to the dorsum 
of the larva. Six concentrations were evaluated for each 

compound (1 mg/mL, 0.5 mg/mL, 0.250 mg/mL, 0.100 mg/
mL, 0.05 mg/mL, and 0.01 mg/mL) dissolved in 2% DMSO 
in a 2 mL tube. The treated larvae were placed in flasks with 
pieces of an artificial diet with a 0.5 mm × 0.5 mm dimen-
sion. In the diet bioassay, the concentrations evaluated were 
0.250 mg/mL, 0.100 mg/mL, 0.05 mg/mL, and 0.01 mg/mL 
dissolved in 2% DMSO. The compound was incorporated 
into 20 mL of artificial diet. Once solidified, the whole diet 
was divided into 75 small portions put in 1-oz jars where 
neonate larvae of S. frugiperda were added. Mortality (lar-
vae that did not respond to a slight sting with a brush) was 
recorded for both topical application and ingestion and 
determined every 24 h until 168 h [12, 33].

The half-maximal lethal concentration  (LC50) was deter-
mined with a Probit analysis in the SPSS statistical program 
with a significance level of 0.05.

Results and discussion

Plant-derived compounds have been associated with low 
toxicity and rapid reincorporation into the environment [8]. 
For this reason, six scaffolds of semisynthetic compounds 
(derived from eugenol) were generated in this study. Their 
main feature is a propyl group with and without the trans 
geometry [12]. This property is suggested to be related to 
the  IC50 on AChE and the  LC50 against S. frugiperda larvae.

AChE S. frugiperda construction by homology 
modeling

The structure of a T. californica AChE (PDB ID: 6G1U, 
resolution 1.79 Å) was selected as a template due to 44.82% 
identity and 77% coverage of the primary amino acid 
sequence of S. litura AChE, and the sequence AChE I of S. 
litura was used because it has 100% identity with the AChE 
I S. frugiperda (Fig. S1, Table S1). In the three-dimensional 
modeling of the AChE, I of S. frugiperda (AChEmSf), a 
QMEAN of −1.7 was obtained, indicating good quality 
since the acceptance range is 0 to −4 [34]. The dihedral 
angles of the amino acids were 87.8% in favored regions, 
10.9% in additionally favored regions, whereas 1.3% are 
generally permitted regions (Fig. S2). A quality structure 
is considered when ≥ 90% of the residues are in the favored 
regions A, B, and L. Accordingly, the modeled AChEmSf 
possesses acceptable quality.

The structural comparison of 6G1U with AChEmSf in 
PDB-eFold [35] shows an RMSD of 0.56 Å, indicating 
that the overall folding AChEmSf is similar to the template 
(Fig. 4), which also allowed identification of homologous 
residues on the active site of AChEmSf, an important finding 
in the catalysis [7].
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The three-dimensional model of the AChEmSf shows 
an identity greater than 30%. This percentage is considered 
adequate for subsequent studies [36, 37]. Furthermore, the 
structural alignment of 6G1U and AChEmSf indicates that 
the amino acids that participate in the catalysis of acetylcho-
line were properly constructed, and all the dihedral angles of 
the amino acids were in the allowed regions; therefore, the 
structure of AChEmSf should be considered appropriate for 
molecular docking and dynamics studies.

Molecular docking of controls, eugenol, and its 
derivatives on the active site of AChEmSf

Initially, the molecular docking analysis of the control’s 
acetylcholine, malathion, methomyl, ZAI, eugenol, and its 
derivatives was carried out on the active site of AChEmSf. 
The binding energy values and the interaction profile are 
shown in Table 1. Considering the interaction profile, ace-
tylcholine and methomyl interacted through hydrogen bonds 
with the catalytic residue (S313) and malathion with a salt 
bridge with H553. Only methomyl interacted with G233, 
which is part of the oxyanion cavity. The eugenol derivatives 

formed hydrogen bonds on the active site with S313, the 
oxyanion cavity G233, and eugenol itself with H553.

LBVS databases

The identification of new eugenol analogs as potential 
inhibitors of AChEmSf from the ZINC15, PubChem, and 
MolPort databases was based on the search by similarity 
and substructure, using six scaffolds (Fig. 3, methodology). 
Initially, 22,137 compounds were selected by similarity from 
the three databases. This number was reduced to 1198 by 
applying a TC ≥ 0.8 [38] with respect to their scaffold. Simi-
larly, 7200 were selected from the three databases by sub-
structure. As a second criterion, the Tice rule was applied to 
select compounds with bioavailability; 582 and 1027 com-
pounds obtained by similarity and substructure, respectively 
(Table S2), were selected for molecular docking analysis by 
AutoDock Vina, which is highly reliable [39] in predicting 
insecticidal activity [33] on the active site of AChEmSf.

Fig. 4  AChEmSf residues involved in acetylcholine hydrolysis. In T. 
californica (PDB: 6G1U) (a, b), in the AChEmSf (c, d). The resi-
dues for AChEmSf (d) in yellow correspond to the active site (S313, 
H553, and E439), in gray to the oxyanion cavity (G232, G233, and 

A314), in light blue, the anionic site (W198, Y244, Y442, and F443), 
in orange the acyl cavity (C400 and F402) and the peripheral anionic 
site (PAS) in aquamarine (I184, D186, Y235, W394, and Y446). The 
images were generated in PyMOL open- source Version 2.4

Table 1  The free binding energy of the control compounds, eugenol and its derivatives, and their amino acid interactions on the active site of 
AChEmSf 

HI, Hydrophobic interaction; HB, hydrogen bond; SB, salt bridge; π–S, π–π stacking; and π–C, π-cation

Compound Score (kcal/mol) Amino acid interactions

Active site ZAI −10.0 HI. Y235 W346 W394 F402 F443 L472 V508 F513; π–S. F402 H512
Malathion −6.1 HI. W346 Y442 F513; SB. H553
Methomyl −5.1 HI. W346 F443; HB. G233 S313
Acetylcholine −4.2 HI. W346 F402 F443; HB. S313; SB. H553; π–C. H512
Isoeugenol acetate −6.6 HI. W198 Y235 W346 F402 Y442 F443
Isoeugenol −6.5 HI. W346 W394 F402 Y447; HB. G233 S313; π–S. F443
Dihydroeugenol −6.3 HI. W346 F402 F443 Y447; HB. G233 S313; π–S. F443
Eugenol −6.2 HI. W346 F402 F443 Y447; HB. G233 S313 H553; π–S. F443
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Molecular docking of the compounds on the active 
site of AChEmSf

A total of 582 (similarity) and 1027 (substructure) com-
pounds were simulated by molecular docking on the active 
site of AChEmSf. Considering the binding energy of metho-
myl (−5.1 kcal/mol, Table 1) as a cutoff point, 537 com-
pounds by similarity and 998 compounds by substructure 
with a key substructure achieved this requirement. The inter-
action fingerprints of the compounds that reached the cutoff 
point were generated by the Open Drug Discovery Toolkit 
(ODDT), which compared the interaction fingerprints of 
the controls, eugenol, and its derivatives, selecting the 
compounds with a similarity (TC > 0.7) in the interaction, 
regarding 233 compounds by similarity and 331 compounds 
by substructure (Fig. S3), a criterion selected by Mojaddami 
et al. to obtain potentially active compounds. This method 
made it possible to obtain new compounds maintaining the 
eugenol structure with diversification in smaller functional 
groups since these were considered better in work carried 
out by Rosado-Solano et al.

The selected compounds were later ranked according 
to docking binding energy. The ten compounds (Fig. S4) 
with the best binding energy (from −10.8 to −11.6 kcal/
mol) were selected. The binding energy could be attributed 
to the size of the compounds. Interactions such as hydro-
gen bonds on the active site and with an oxyanion cavity 
were observed. Also, most compounds have π–π stacking 
interactions since they have more than one aromatic ring. 
However, the compounds were discarded because they did 

not show the structure of some scaffolds, and these com-
pounds are not commercially available.

A manual search of the 233 compounds (similarity) and 
331 compounds (substructure) using the six scaffolds as 
a reference and their commercial availability was carried 
out. Therefore, five compounds belonging to scaffolds 1, 2, 
4, and 6 with the best free binding energy (−6.6 kcal/mol 
to −7.8 kcal/mol) were selected for molecular dynamics 
analysis (Fig. 5).

All five compounds (Fig.  5) demonstrated interac-
tions with AChEmSf residues that catalyze acetylcholine 
(Fig. 4); therefore, these compounds could compete with 
the natural substrate. Compounds 1–5 interacted on the 
active site by a hydrogen bond with S313. Only compound 
5 showed interaction with H553 by a salt bridge. Com-
pounds 2–5 on the oxyanion hole interacted with G232 and 
G233 through hydrogen bonds, while compound 1 only 
interacted with G232. Compound 2 on the anionic site 
interacted hydrophobically with W198, while compound 
3 with π–π stacking; compounds 2–4 interacted hydro-
phobically with Y244, and compound 3 showed an addi-
tional interaction through a hydrogen bond. Compounds 
1 and 4 interact hydrophobically with the residue F443, 
while compounds 1 and 5 with π–π stacking. Compounds 
1 and 4 on the acyl pocket have hydrophobic interactions 
with F402, while compound 5 showed π–π stacking. Com-
pounds 1, 4, and 5 on PAS interact with Y235 hydrophobi-
cally, and compound 4 showed an additional hydrophobic 
interaction with W394.

Fig. 5  Interactions of five new 
eugenol analogs on the active 
site of AChEmSf with the best 
free binding energy
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Blind molecular docking of controls, eugenol, 
and derivatives on AChEmSf

Since the binding mode of eugenol and derivatives on 
AChE has not been reported (Fig. 2), blind molecular dock-
ing (AutoDock 4.2 and AutoDock Vina) was carried out, 
counting the number of poses of each compound with the 
protein. The same analysis was also considered for the con-
trol compounds. The results showed six regions where the 
compounds had a higher affinity (Table S3). However, the 
sites with the highest number of docked poses were consid-
ered possible binding regions. Region 1, corresponding to 
the active site (previously analyzed), has 549 docked poses, 
and region 2 has 139 docked poses (Fig. 6). The remaining 
regions were discarded for further analysis due to the small 
number of poses counted (< 105, Table S3) on molecular 
docking, indicating that these regions have little affinity 
for eugenol and derivatives. Based on this information, the 
molecular docking of controls compounds, eugenol, and its 
derivatives in region 2 was considered for a new analysis.

The control compounds were docked on region 2, and 
a binding energy of −3.8 to −7.7 kcal/mol was observed, 
while for eugenol and its derivatives, the observed range 
was −5.2 to −5.6 kcal/mol (Table 2). In silico, acetylcholine 
demonstrated weak binding energy than the control com-
pounds, and eugenol and derivatives had activity against the 
AChE of S. frugiperda.

Subsequently, the 537 compounds obtained by similar-
ity and the 997 by substructure, complied with the Tice 
rule, were analyzed by molecular docking on region 2 of 
AChEmSf to obtain their binding energy and interaction fin-
gerprint. The compounds that showed an interaction similar-
ity > 0.7 with respect to controls, eugenol, and derivatives 
were selected (Table 2), resulting in 172 compounds by 
similarity and 235 compounds by substructure in region 2 
(Fig. S5). The ten compounds (Fig. S6) with the best binding 
energy (−8.1 to −10.1 kcal/mol) were selected. The com-
pounds have more than one aromatic ring responsible for 
hydrophobic interactions. However, the compounds were 
discarded because they did not have the structure of some 
scaffolds, and they were not commercially available.

Therefore, based on the six scaffolds (Fig. 3) and their 
commercial availability, a manual search of the 172 (simi-
larity) and 235 (substructure) compounds was carried 
out. Compounds 1, 2, and 3 (Fig. 7), respectively, derived 
from scaffolds 2, 3, and 5, showed the best binding energy 
(−5.6 kcal/mol to −6.3 kcal/mol) over region 2 of AChEmSf. 
These compounds were selected for molecular dynamics 
analysis (Fig. 7).

In region 2, due to the lack of information on the pro-
posed cavity and its ability to bind inhibitors, the residues 
observed in interaction with the four compounds were 
emphasized. Hydrophobic interactions with P345, Y511, 
W640, Q641, L644, P645, and hydrogen bonds with T343 
were considered.

Molecular dynamics analysis of the new eugenol 
analogs on AChEmSf

Many molecules were selected from the interaction finger-
print. Molecular dynamics were carried out based on the 

Fig. 6  Proposed regions as active sites for AChEmSf: The cavity in 
yellow is region 1 (the active site previously reported), and the cavity 
in green is region 2

Table 2  The binding energy of 
control compounds, eugenol and 
its derivatives, and their amino 
acid interactions on region 2 of 
AChEmSf 

Compound Score (kcal/mol) Amino acid interaction

Region 2 ZAI −7.7 HI. Y511 W640 Q641 P645 M648
Malathion −4.5 HI. Y511 W640 Q641
Methomyl −4.2 HI. L644 P645; HB. W640
Acetylcholine −3.8 HI. Y511 W640; SB. E519
Isoeugenol acetate −5.6 HI. Y511 Q641 P645 M648
Isoeugenol −5.5 HI. P345 Y511 L644 P645; HB. T343
Dihydroeugenol −5.2 HI. P345 Y511 L644 P645
Eugenol −5.2 HI. P345 Y511 L644 P645; HB. T343
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commercial availability and binding affinity on the active 
site and region 2 of AChEmSf. Initially, the molecular 
dynamics analysis of AChEmSf was carried out, showing 
an RMSD of 0.01 to 3.06 Å. The complex with the reference 
compound ZAI varied from 0.79 to 4.63 Å, showing a differ-
ence between the oscillations of 3.83 Å, suggesting a com-
plex with good stability. Furthermore, isoeugenol showed 
an oscillation of 0.85 to 6.72 Å in the first 10 ns and then 
stabilized with a fluctuation of 4.17 to 6.52 Å. Subsequently, 
the eight selected new eugenol analogs were analyzed (5 
compounds that interact on the active site and 3 that interact 
on region 2 of the AChEmSf). This analysis allowed deter-
mining the stability of the complex formed in the molecu-
lar docking. Compounds with an RMSD lower than ZAI 
(4.63 Å) were selected: compound 1 (ZIN000034423376) 
with a fluctuation from 0.60 to 3.55 Å, compound 3 (Mol-
port-046–802-450) from 0.67 to 3.94 Å, and compound 4 
(ZIN000013941780) from 0.54 to 3.55 Å (Fig. 8), with a 
difference between the oscillations of 2.95 Å, 3.27 Å, and 
3.01 Å, respectively. These compounds appeared to be the 
most stable. In most molecular dynamics simulations, the 
trajectory generally has a difference of 0.7–9 Å [40–43] 
depending on the receptor–ligand complex analyzed. How-
ever, according to Zhang et al. [44], the compound with the 
lowest RMSD and minimal differences between the oscil-
lations is the most stable. Based on the above, these three 
compounds were purchased from MolPort for in vivo evalu-
ation against S. frugiperda larvae. The result of molecular 
dynamics for the five remaining compounds presented a very 
large fluctuation of RMSD. This finding was interpreted as 

an unstable complex over time; thus, these compounds were 
discarded for subsequent biological activity studies (see 
RMSD Fig. S7).

Per residue energy decomposition

The energy contribution analysis in molecular dynamics is 
an important step in determining residues of key amino acids 
in their interaction with ligands.

The energy contribution of amino acids in the binding 
energy of isoeugenol and new eugenol analogs was analyzed 
by molecular dynamics in AChEmSf (Fig. 9). Isoeugenol pre-
sented six amino acids with an energy contribution less than 
−0.5 kcal/mol: S313 (−0.6 kcal/mol), W346 (−1.14 kcal/
mol), E401 (−0.57 kcal/mol), F402 (−0.63 kcal/ mol), F443 
(−0.8 kcal/mol), and F513 (−0.73 kcal/mol), except E312 
(1.27 kcal/mol). Compound 1 presented nine residues that 
contribute to the free binding energy less than −0.5 kcal/
mol: G233 (−0.68 kcal/mol), Y235 (−0.56 kcal/mol), W346 
(−1.74 kcal/mol), E393 (−0.51 kcal/mol), F402 (−0.91 kcal/
mol), E439 (−0.58 kcal/mol), F443 (−2.01 kcal/mol), H512 
(−1.0 kcal/mol), and F513 (−0.89 kcal/mol), and a residue 
contributes more than 1 kcal/mol, while for compound 3 
four residues are involved with less than −0.5 kcal/mol in 
binding energy: W198 (−1.99 kcal/mol), E401 (−0.53 kcal/
mol), Y442 (−0.79 kcal/mol), and F443 (−0.64 kcal/mol), 
except E312 (1.25 kcal/mol). Eleven AChEmSf residues 
aid binding with less than −0.5 kcal/mol in the compound 
4: W198 (−0.62 kcal/mol), G233 (−0.78 kcal/mol), Y235 
(−0.74 kcal/mol), S313 (−0.84 kcal/mol), A314 (−1.07 kcal/
mol), F402 (−1.4 kcal/mol), E439 (−0.58 kcal/mol), F443 
(−2.48 kcal/mol), Y447 (−1.78 kcal/mol), F513 (−1.07 kcal/
mol), H553 (−0.52 kcal/mol), except E312 (3.41 kcal/mol).

Analysis by MMPBSA showed that in compounds 1, 
3, and 4, the residue F443 of the anionic site largely con-
tributed to the binding energy of −0.64 to −2.48 kcal/mol 
and the polar part E312 with 1.25 at 3.41 kcal/mol. Addi-
tionally, the residues greater than 1 kcal/mol in compound 
1 were W346 and H51; the latter close to the active site; 
in compound 3, only W198 (anionic site); in compound 
4, it was A314 (oxyanion cavity), F402 (acyl cavity), and 
Y447. Finally, the number of residues contributing less than 

Fig. 7  Interactions of euge-
nol analogs on region 2 of 
AChEmSf with the best free 
binding energy

Fig. 8  RMSD of ZAI, isoeugenol, and three new eugenol analogs 
with good stability in the molecular dynamic’s simulation
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−0.5 kcal/mol in compounds 4 > 1 > 3 could explain why 
compound 4 had the best in vivo activity.

Biological activity of the new eugenol analogs 
against S. frugiperda larvae

Compounds 1, 3, and 4 were evaluated against G3 neo-
nate larvae of S. frugiperda for 7 days in two ways: diet 
and topical. Through a Probit analysis in IBM SPSS with a 

significance level of 0.05, the  LC50 for the three compounds 
was determined. In the evaluation of the three tested com-
pounds by diet, four concentrations were used.

In the diet bioassay against S. frugiperda larvae after 
168 h, compound 1 presented the best  LC50 (0.042 mg/
mL) (Table  3). However, it did not have the lowest 
binding free energy (−6.6 kcal/mol) in the analysis of 
molecular docking of the three selected compounds. How-
ever, compound 1 is a derivative of scaffold 1 (based on 

Fig. 9  The energy contribution of amino acids in AChEmSf calcu-
lated with MMPBSA. Derivative of eugenol (a), compound 1 (b), 
compound 3 (c), and compound 4 (d). In the X-axis, the number of 

residues is shown; in the Y-axis, the energy contribution in kcal/mol; 
the dotted blue lines are equivalent to ± 1 kcal/mol; and the residues 
that contribute less than ± 0.5 kcal/mol in the interaction are in blue
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trans-anethole,  LD50 = 0.027 mg/g), presenting two pri-
mary amine groups without the trans geometry in the pro-
pyl moiety, which could favor biological activity through 
a free rotation and hydrogen bond. Compounds 3 and 
4 presented  LC50 values (0.060 mg/mL and 0.062 mg/
mL), both derived from reference scaffold 4, which could 
explain the similar  LC50 values. The first compound with 
the imidazolidine-2,4-dione group bond to the trans 
geometry could restrict rotation; therefore, it could influ-
ence the  LC50 value, while compound 4, with an improve-
ment of 0.002 at the  LC50 with regard to compound 3, 
has a more bulky group N-(2-hydroxypyridin-3-yl)prop-
2-enamide than the other two compounds. Precisely, this 
group is the one that forms the hydrogen bonds with the 
active site and the cavity oxyanion.

The  LC50 of compound 3 could not be determined in 
the topical evaluation due to similar mortality in all the 
concentrations evaluated. The best  LC50 was shown by 
compound 4 (0.027 mg/mL) (Table 3). It was the second 
best in the diet test, followed by compound 1 (0.037 mg/
mL). In both bioassay application routes, the  LC50 was 
calculated, except for compound 3. These findings indi-
cate that the compounds could be effective in the field 
through these two application routes. Comparing the com-
pounds with the best  LC50 values, compound 4 (topical) is 
1.55 times better than compound 1 (diet). With this, it was 
observed that the route of application affects the effec-
tiveness of each compound, for which it can be inferred 
that compound 4 is better overcoming the barrier of the 
insects in the tegument; however, in the diet, it presented 
an  LC50 of 0.060 mg/mL, which suggests that it would not 
have a good inhibitory effect on AChE.

The  LC50 of the three compounds is consistent with 
the study of Torres et al. [45], where they showed the 
extract (secondary metabolites) of Yucca periculosa 
with  LC50 values of 5.4 ppm (0.0054 mg/mL), 6.4 ppm 
(0.0064 mg/mL), and 27.6 ppm (0.0276 mg/mL) with a 
structure similar to the compounds evaluated in this work, 
supporting that the  LC50 of the three compounds is com-
parable to the synthesized compounds,  LD50 = 0.65 mg/g 
and  LD50 = 27.6 mg/g [33]. The compounds evaluated in 
this work were more effective.

Conclusions

The use of six scaffolds from eugenol and its derivatives 
with inhibitory activity on the AChE of S. frugiperda for 
the LBVS of compounds by substructure and similarity 
in the databases used led to the identification of five new 
eugenol analogs with excellent affinity to AChEmSf. The 
blind molecular docking of eugenol and its derivatives 
with activity on S. frugiperda AChE elucidated an addi-
tional region to the active site with a higher affinity. Addi-
tionally, the combination of LBVS and subsequent molecu-
lar docking resulted in the selection of eight new eugenol 
analogs that mimicked the interaction of the control 
compounds, eugenol, and their derivatives on AChEmSf. 
However, the molecular dynamics analysis optimized 
compound selection by evaluating the binding stability of 
the eight compounds in an aqueous system to obtain three 
new eugenol analogs (1, 3, and 4) with an RMSD with an 
oscillation between 1 and 3.9 Å. The determination of the 
insecticidal activity of the three compounds in neonate 
S. frugiperda larvae allowed validation of the in silico 
study by obtaining compounds with an  LC50 lower than 
0.062 mg/mL. This study may help in developing new and 
novel eco-friendly insecticides through further research.
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