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ABSTRACT 

 

The discovery of a new mode of action insecticide is needed to augment existing tools for 

effective management of fall armyworm (FAW) Spodoptera frugiferda. This study sought to investigate 

the binding mechanism of two diastereomers, PubChem CID 162987453 (D1) and CID 162987454 

(D2), to FAW arylalkylamine N-acyltransferase (aaNAT). Homology modeling was performed to 

predict the 3D structure of the FAW aaNAT receptor. A homology model with the ligands D1 and D2 

was used for molecular docking. The docking results were confirmed by molecular dynamics simulation 

and molecular mechanics Poisson-Boltzmann Surface Area analysis. Finally, per-residue energy 

decomposition analysis was performed to identify specific amino acid residues involved in ligand 

binding. Molecular docking revealed the hydrophobic and allosteric binding sites of the two ligands.  

The binding was stable at 300 ns as shown by molecular dynamics simulation. The binding free energies 

(Gbind) of D1 and D2 were -7.16 kcal/mol and -7.06 kcal/mol, respectively. The hydrophobic residues 

Ile108 and Leu112 contributed significantly to the binding interaction with D1 and D2, as revealed by 

per-residue energy decomposition analysis. Together, D1 and D2 are good prime candidates for 

development as FAW aaNAT allosteric inhibitors. 
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INTRODUCTION 

 
The fall armyworm (FAW), Spodoptera frugiferda is a major insect pest of corn in the Americas 

and has recently spread to Africa and Southeast Asia (Navasero et al. 2019). FAW is a polyphagous 

pest that attacks other economically important crops such as sorghum, rice, cotton and vegetables 

(Hruska 2019). The insect has acquired resistance to many synthetic insecticides (Mota-Sanchez and 

Wise 2019; Ayil-Gutierrez et al. 2018) including resistance to certain genetically modified (GM) corn 

events (Monnerat et al. 2018; Huang 2020). Diamides and spinetoram are still generally effective, but 

resistance to these compounds has been observed in some countries (Gutierrez-Moreno et al. 2019; 

Okuma et al. 2022). If the trend does not change, the number of available modes of action will be very 

limited in the future. In the absence of an effective control measure, FAW can spread rapidly after being 

introduced into an agricultural area (FAO 2020; Wang and Wu 2020). 
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Insect arylalkylamine N-acyltransferase (aaNAT) is a promising target for the development of new 

insecticides. Insect aaNAT is responsible for regulating important physiological functions such as 

cuticle morphology and neural signaling. Inactivation of aaNAT would impair insect survival not only 

by disrupting neural signaling but also by severe consequences of impaired cuticle development 

(O’Flynn et al. 2018). Compared to mammals, insects are particularly susceptible to aaNAT inactivation 

because they lack the enzyme, monoamine oxidase, which functions to inactivate arylalkylamines in 

mammals (Ganguly et al. 2002). Recent work that provided information on both the 3D structure and 

critical amino acid residues in the active site of the red flour beetle Tribolium castaneum aaNAT 

(O’Flynn et al. 2020) is an important contribution that could be applied to designing a new insecticide 

that targets the FAW aaNAT.  At the time of this writing, no previous studies describing FAW aaNAT 

as an insecticidal target have been reported. To date, the IRAC has 32 mode of action classification of 

insecticides (Sparks et al. 2020). The classification scheme does not include aaNAT inhibitors.  

 

The use of molecular docking and molecular dynamics simulation has been suggested to accelerate 

the development of new environment friendly insecticides,  (Iyison et al. 2021). In fact, it is increasingly 

being used to study the insecticidal properties of lead compounds (Iyison et al. 2020; Du et al. 2021; 

Muhseen et al. 2021; Shahraki et al. 2021; Crisan et al. 2022). This has been made possible by recent 

advances in insect genomics (Asma and Halfon 2021) and computer technology (Buch et al. 2010; 

Banegas-Luna et al. 2019). The application of computational methods has also become a promising 

approach to elucidate insect resistance mechanisms (Banba 2021). 

 

Diastereomers are a pair of compounds with the same chemical properties but have different 

physical properties (Parente et al. 2018). They are stereoisomers that cannot be superimposed and are 

not mirror images of one another (Nilos et al. 2009). Typically, these compounds are separated using 

high-performance liquid chromatography (Di Fabio et al. 2013; Kato et al. 2017; Cha et al. 2021). A 

recent survey of new agrochemicals used as plant protection agents showed that a significant proportion 

of such products are mixtures of diastereomers (Jeschke 2018). A diastereomeric natural product has 

recently been reported as a promising FAW insecticide (Silva et al. 2022). 

 

To explore the potential of FAW aaNAT enzyme as a potential target for the development of new 

insecticides, the three-dimentional (3D) structure of the enzyme must be known. However, the 

experimentally determined 3D structure of FAW aaNAT is not available in the Protein Data Bank. In 

the absence of a 3D structure, enzyme structure prediction by homology modeling is a suitable option 

to enable in silico studies (Schmidt et al. 2014). The use of homology models of target insect enzymes 

has recently been a well-accepted approach to successful screening campaigns for insecticide discovery 

(Lin et al. 2020; Samurkas et al. 2020; Rodrigues et al. 2021).   

 

This study used homology modeling, molecular docking and molecular dynamics simulation to 

elucidate the binding mechanism of potential FAW aaNAT inhibitors, focusing on two diastereomers, 

PubChem CID 162987453 and PubChem CID 162987454 . These two compounds are closely related 

to the relatively rare dendrodolides for which no insecticidal activity has been reported so far (Sun et 

al. 2013; Oppong-Danquah 2020). Thus, studying the molecular structure to further decipher the 

biological function of these unique compounds provides an opportunity to discover a new mode of 

action insecticide, which is urgently needed to increase the options available for effective management 

of FAW populations. In addition, the results of this study provide theoretical insights into the molecular 

recognition of FAW aaNAT inhibitors. 

 

MATERIALS AND METHODS 

 
Target protein receptor. The amino acid sequence of FAW aaNAT protein, heretofore referred to as 

receptor was obtained from the NCBI database (NCBI 2020) and uploaded to the ModWeb server 

(Modbase 2020) for homology 3D structure modeling. The 3D structure of the FAW receptor has not 
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been determined experimentally. Then, the 3D structure of the ModWeb-generated receptor was 

uploaded to the PREFMD server (PREFMD 2018) for further structure refinement. PREFMD is a 

protein structure refinement method based on molecular dynamics (Lim and Feig 2018). The refined 

receptor model was uploaded to the ProBis web server to predict the ligand and its binding site (Konc 

and Janezic 2010). The position of the allosteric site was predicted using the AlloSite web server (Song 

et al. 2017). Ramachandran plot analysis of the model receptor was performed using the Molprobity 

web server (Chen et al. 2010). 

 

Preparation of ligands. The 3D structures of the two diastereomers (PubChem CID 16297453 and 

PubChem CID 16297454) were obtained from the PubChem compound database in sdf format (Kim et 

al. 2019).  Heretofore, each compound is referred as D1 and D2, respectively. The 2D structure and 

other molecular properties of these two compounds are shown in Fig. 1. 

 

      
IUPAC Name: (4S,5Z,8R,9Z,12R)-  IUPAC Name:  (4S,5Z,8S,9Z,12R)- 

4,8-dihydroxy-12-methyl-1-  4,8-dihydroxy-12-methyl-1- 

oxacyclododeca-5,9-dien-2-one  oxacyclododeca-5,9-dien-2-one 

Mol. Wt= 226.27 g/mol     Mol. Wt= 226.27 g/mol   

PubChem CID 162987453   PubChem CID 162987454 

 

Fig. 1. Chemical structure of two diastereomers PubChem CID 16297453 and PubChem CID 16297454 

utilized for in silico studies. Image source: https://pubchem.ncbi.nlm.nih.gov/compound/ 

 

 

Molecular docking. Molecular docking is a computational tool often used to model the interaction 

between a small molecule and a protein. The docking process involves predicting the  conformation and 

binding pose as well as the binding affinity of the ligand (Meng et al. 2011). D1 and D2 were docked 

separately with the model receptor in a previous step using Autodock Vina as implemented in AMDock 

(Valdes-Tresanco et al. 2020). Each ligand and receptor was protonated at pH 7.3 using the built-in 

program PDB2PQR. Search space has been set to automatic to enable blind docking. All potential 

binding sites for each ligand were identified using the built-in AutoLigand program. Blind docking was 

used to scan the entire receptor surface to identify the predicted allosteric site (Amamuddy et al. 2020). 

Ligand binding poses in the receptor active site were visualized with LigPlus ver. 2.2.5 (Laskowski and 

Swindells 2011).  

 

Molecular dynamics (MD). Each bound complex with the highest score from molecular docking study 

was selected as the starting structure for MD simulation using the software GROMACS version 2020.4  

(Abraham et al. 2015).  The steps performed for MDS of unbound and bound receptor-ligand 

complexes, such as topology preparation, system solvation, energy minimization, equilibration and 

production run, have been previously described (Lemkul 2019). The topology of each ligand was 

generated using the CGenFF server (Vanommeslaeghe et al. 2010; Yu et al. 2012). The production run 

for each bound complex was performed for 300 ns on a high performance computing device with 850 

CPU cores. A 300 ns MDS iteration was performed for unbound and bound complexes. 
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Analysis of trajectory files. Trajectory files generated by MD simulations were analyzed using built-

in Gromacs utilities. Before the analysis, the periodic boundary condition was removed from the system 

by using the gmx trjconv tool. The stability of the system was then analyzed with gms rms command. 

The gyration radius was calculated using gmx gyrate to determine the compactness of the system during 

the simulation. The number of H-bonds and the distance between receptor and ligand were calculated 

using gmx hbond. Data were plotted using xmgrace software version 5.1.25 (Cowan and Grosdidier 

2000). 500 frames taken from the 1-300 ns MD simulation of each complex were used for both binding 

free energy and per-residue energy analysis by gmx_MMPBSA (Valdes-Tresanco et al. 2021). 

 

RESULTS AND DISCUSSION 

 

The growing problem of insecticide resistance and the increased risk of beneficial non-target insects 

being exposed to non-selective synthetic insecticides have prompted crop protection technologists to 

seek new mode of action insecticides for FAW control.  An insecticide that specifically inhibits FAW 

aaNAT has not yet been developed (Tsugehara et al. 2013). Thus, the identification and development 

of compounds as FAW aaNAT inhibitors would be an important contribution to the effective 

management of insecticide resistance in FAW control. Therefore, this study used the available 

computational tools to investigate the nature of the inhibitory activity of the selected compounds at the 

insect target site in order to assess its potential to be developed as lead compounds for new insecticidal 

activity against FAW. 

 

Homology modeling. Homology modeling was used to obtain the model receptor needed for molecular 

docking of the selected compounds. Homology models have been successfully used for docking 

analysis (Lohning et al. 2017) and have been shown to be effective when experimental protein structures 

are not available (Cavasotto 2011). A homology model of the receptor together with the predicted 

location of the allosteric site is shown in Figure 2A. The putative ligand (i.e., acetyl coenzyme A) and 

its binding site on the receptor are shown in Figure 2B.  

 

 

 
(A)                                                             (B)    

 

Fig. 2. (A) Homology model containing the predicted allosteric site (depicted as purple spheres) in fall 

armyworm Spodoptera frugiferda arylalkylamine-N-acyltransferase. The list of allosteric site residues 

includes the following: Phe30, Glu34, Leu36 Asn37, Leu42, Leu51, Leu52, Gln54, His55, Ser58, 

Leu84, Asn87, Thr88, Asp89, Ile90, Ser93, Lys96, Glu99, Ile100, Phe105, Ile108, Phe109, Leu112, 

Tyr113, Asn116, Leu117, Ile119, Asn120, Leu121, Phe122, Lys123, Ile130, Glu132, Ile133, Arg134, 

Ile135, Lys168, Thr169, Asp170, Thr172. (B) Model protein receptor with bound acetyl coenzyme A 

(depicted as purple spheres) in the active site. Figures were generated through UCSF Chimera software 

ver. 1.14 (Pettersen et al. 2004). 
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Acetyl coenzyme A has previously been shown to play an important role in the catalytic 

activity of insect aaNATs (Chu-Ya et al. 2020) . The aaNAT 3D structure of the red flour beetle T. 

castaneum (Protein Data Bank I.D. 6V3T) aaNAT was used as a template to build a 3D model of the 

FAW protein receptor.  Based on the results of the ModWeb server (data not shown), the T. castaneum 

template has the highest amino acid sequence identity (34%) with the FAW protein receptor. Amino 

acid sequence identity below 30% tends to give an inaccurate estimate of the 3D structure of the protein 

model (Baker and Sali 2001).  The Ramachandran plot is used in the final step of structure 

determination, such as by homology modeling, to identify unrealistic conformations in the model 

(Hollingsworth and Karplus 2010). The Ramachandran plot represents the distribution of torsion angles 

phi () and psi () for each amino acid residue in the FAW model receptor (Fig. 3). The distribution 

of these torsion angles in the diagram indicates that the conformation is energetically favorable 

(Kleywegt and Jones 1996), because there are no steric clashes between amino acid residues in the 

predicted model. The plot showed that 98.1%, 100% and 0% of the total residues were in favored 

regions, in allowed regions and outliers, respectively.  The proportion of residues in the favored region 

(indicated as the inner contour lines in the plot) exceeded the 90% threshold required for a model to be 

considered highly reliable (Laskowski 1993). The absence of outliers also indicates that no error was 

introduced into the model during structure refinement. 

 

 
 

Fig. 3. Ramachandran plot of predicted homology model of fall armyworm Spodoptera frugiferda 

arylalkylamine-N-acyltransferase. Inner blue contour line indicates the favored region, outer purple 

contour line indicates allowed region. Open circles depict the , values for each amino acid residue in 

the model. 

 

Alignment of the sequence with other insect aaNATs (Fig. 4) revealed that the predicted active site of 

the protein receptor contains eleven highly conserved residues (Phe30, Glu34, Ile135, Leu136, Ser137, 

Val138, Arg143, Gly144, Gly146, Ala148 and Phe175) which aligned with insect aaNATs such as the 

red flour beetle, T. castaneum (6V3T), the yellow fever mosquito, Aedes aegypti (4FD6), and the 

fruitfly, Drosophila melanogaster (3TE4).  
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Fig. 4. Sequence alignment of fall armyworm Spodoptera frugiferda (FAW_aaNAT.pdb), red flour 

beetle Tribolium castaneum (6V3T), dengue mosquito Aedes aegypti (4FD6), and fruitfly Drosophila 

melanogaster (3TE4) arylalkyl N-acyltransferase. Residues highlighted with green background are in 

interaction with acetyl coenzyme A. Position of predicted hotspot residues Ile108 and Leu112 in protein 

receptor is indicated by red arrow. Sequence alignment was performed with UCSF Chimera software 

built-in sequence alignment tool (Petersen et al. 2004). 

 

 

Corresponding residues of Glu34 in D. melanogaster aaNAT (i.e, Glu47), silkworm Bombyx 

mori (i.e., Glu27) and T. castaneum (i.e., Glu25) showed critical amino acid residues for catalysis 

(Cheng et al. 2012; Battistini et al. 2019). Complete loss of enzyme activity resulted from the Phe166Ala 

mutant in T. castaneum aaNAT (O’Flynn et al. 2020). Glu34 and Phe175 are hypothesized to have a 

similar important function in the active site of the protein receptor. The predicted allosteric site 

contained the charged amino acids Glu34, His55, Asp89, Lys96, Glu99, Lys123, Glu132, Arg134, 

Lys168 and Asp170 (Fig. 2A). In addition, seventeen residues were hydrophobic, consisting mainly of 

leucine and isoleucine. 

 

Molecular docking. The purpose of molecular docking is to predict the conformation of a ligand in its 

receptor and provide an estimate of the affinity of its interaction (Guedes et al. 2014). In this study, 

blind docking was performed to identify potential targets of D1 and D2 in the FAW receptor. The 

estimated LE values indicated that both compounds had a good interaction with the binding site (Table 

1). 
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Table 1. Molecular docking results of Spodoptera frugiferda arylalkylamine N-acyltransferase. 

 

Compound 

code 

PubChem ID Binding affinity 

(kcal/mol) 
Ki (M) Ligand 

efficiency (LE) 

D1 CID 162987453 -7.1 6.25 -0.44 

D2 CID 162987454 -7.4 3.77 -0.46 

 

 

The preferential binding of D1and D2 to a common protein receptor target is shown in Figures 5A 

and 6A. Nine residues (Phe30, Leu36, Leu52, Phe105, Ile108, Leu112, Arg134, Ile135 and Thr172) 

were in hydrophobic contact with D1. On the other hand, three residues (Glu34, Asn37 and Asp170) 

were hydrogen bonded with D1. Similarly, nine residues (Leu36, Leu52, His55, Phe105, Phe109, 

Ile108, Leu112, Ile125, Ile135) were in hydrophobic contact with D2. Three residues (Glu34, Asn37, 

Arg134) in the binding site were hydrogen bonded with D2. In both cases of binding, the residues are 

located within the protein receptor (Fig. 5B and 6B). 

 

 

 
 

                                          (A)                                                          (B) 

 

 

Fig. 5. Receptor-ligand interaction analysis. A) PubChem compound CID  162987453 (D1)-FAW 

aaNAT docked complex structure generated through LigPlus ver. 2.2.5 showing hydrogen bonds with 

Glu34, Asn 37 and Asp170 as green dashed lines and hydrophobic interactions as red arcs. B) PubChem 

compound CID 162987453 (D1)-FAW aaNAT docked complex structure generated through UCSF 

Chimera software ver. 1.14 (Pettersen et al. 2004).  
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(A)                                                         (B) 

 

Fig. 6. Receptor-ligand interaction analysis. A) PubChem compound CID 162987454 (D2)-FAW 

aaNAT docked complex structure generated through LigPlus ver. 2.2.5 showing hydrogen bonds with 

Glu34, Asn 37 and Asp170 as green dashed lines and hydrophobic interactions as red arcs. B) PubChem 

compound CID 162987454 (D2)-FAW aaNAT docked complex structure generated through UCSF 

Chimera software ver. 1.14 (Pettersen et al. 2004). 

 

 

Molecular dynamics. All-atom molecular dynamics simulation is a technique that allows 

understanding the structural dynamics, conformational behavior and stability of proteins and protein-

ligand complexes (Hollingsworth and Dror 2018). The root mean square deviation (RMSD) was used 

to evaluate the overall stability of the system. The RMSD profile of the simulated systems was 

calculated for protein backbone and is shown in Figure 7A. It can be seen from the plot that the RMSD 

profile of both the unbound receptor and the bound complexes do not show significant differences. This 

indicates that the three systems were stable under the given simulation conditions. The RMSD of the 

unbound receptor (black line) began to increase continuously from 0.1nm beginning at 0 ns to 0.155 

nm until 100 ns. Thereafter, the RMSD gradually decreased and stabilized at approximately 0.15 nm 

from 200 ns to the end of simulation. The RMSD profile of D1-FAW receptor complex (red line) 

remained stable at approximately 0.15 nm throughout the simulation. The RMSD profile of D2-FAW 

receptor complex (green line) was similar to that of the unbound receptor. From 0.125 nm at 0 ns, the 

RMSD increased continuously to 0.2 nm until 100 ns and then, leveled off to 0.15 nm until end of the 

simulation. No large variations were observed in the simulation, indicating that no significant 

conformational changes occurred in the three systems (Zrieq et al. 2021). Thus, the convergence shown 

by the three systems towards an equilibrium state indicated stability. The observed stability may indicate 

that D1 and D2 are potentially active protein receptor inhibitors. It was previously reported that the 

molecular stability of the interaction between a compound and its pharmacological target correlates 

with the actual inhibitory effect (Ramos et al. 2020). 

     

The radius of gyration indicates compactness of a system. The radius of gyration (Rg) of the unbound 

and bound complexes is shown in Figure 7B. The average Rg value of the two bound complexes was 

approximately 1.73 nm. The average Rg value of the unbound receptor was approximately 1.71 nm. The 

slightly higher Rg value of the two bound complexes indicates that the tight binding of D1 and D2 had 

stabilized the receptor structure. A similar observation has been described previously (Khan et al. 2021).       
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Fig. 7. A) Root mean square deviation of fall armyworm Spodoptera frugiferda arylalkyamine-N-

acyltransferase during 300 ns MD simulation. Unbound (black), bound ligand D1 (red), bound ligand 

D2 (green). B) Radius of gyration of fall armyworm Spodoptera frugiferda arylalkyamine-N-

acyltransferase during 300 ns MD simulation. 

 

Iintermolecular H-bonds were calculated to evaluate the stability of the two bound complexes 

(Sakthivel et al. 2019). The number of hydrogen bonds present during the simulation between the two 

bound complexes varied between 1 and 5 H-bonds. The observed hydrogen bonding, which occurred 

frequently during the simulation, provides further evidence for stable binding of D1 and D2 to the 

protein receptor (Fig.8A and Fig. 8B).  

 

 
 

Fig. 8. Number of hydrogen bonds occurring between A) D1 (PubChem CID 162987453) and B) D2 

(PubChem CID 162987453) in fall armyworm Spodoptera frugiferda arylalkyamine-N-acyltransferase 

putative allosteric site during 300 ns MD simulation. 

  

Free energy of binding and energy decomposition analysis. The binding affinity of the two 

diastereomeric compounds obtained from molecular docking was investigated by evaluating the free 

energy of binding using the MMPBSA method. The total free energy of binding (Gbind) components 

are shown in Table 2. The calculated Gbind of both bound complexes indicated favorable binding of 

D1 and D2 to the protein receptor.  
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Table 2. Free binding energy of receptor-ligand complexes using MMPBSA method implemented in gmx_MMPBSA, where: energy 

components contributes to total relative binding energy (G total) of the ligand including van der Waals (VDWAALS) molecular 

mechanics energy, electrostatic molecular mechanics energy (EEL), polar contribution to the solvation energy (EPB), non-polar 

contribution of repulsive solute-solvent interactions to the solvation energy (ENPOLAR), non-polar contribution of attractive solute-

solvent interactions to the solvation energy (EDISPER), total gas phase (G gas) molecular mechanics energy, total solvation energy 

(G solv) (Nguyen et al. 2022) . 

 

Complexes Free binding energy (kcal/mol) ± standard deviation 

VDWAALS EEL EPB ENPOLAR EDISPER GGAS GSOLV GTOTAL 

FAW 

aaNAT-D1 

-25.61±2.00 -2.89±1.31 5.35±0.89 -21.44±0.87 37.43±0.92 -28.50±2.00 21.34±1.33 -7.16±2.10 

FAW 

aaNAT-D2 

-25.67±2.08 -2.29±1.07 5.14±0.77 -21.69±0.89 37.46±0.90 -27.97±2.13 20.91±1.35 -7.06±2.23 
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Binding is mainly driven by GGAS in both bound complexes, which consists of van der Waals 

(VDWAALS) and electrostatic forces (EEL). A large energy contribution from van der Waals forces is 

expected because the cavity of the protein receptor binding site is mostly lined with hydrophobic 

residues. Another study found that non-polar interactions exhibit the highest energy in the binding 

process (Lin et al. 2015). van der Waals forces have been shown to be determinants of the formation 

and stability of protein-ligand complexes (Humphris and Kortemme 2008; Bitencourt-Ferreira et al. 

2019). In both complexes, the effect of electrostatic force on GGAS was small but significant. The 

estimated total energy of solvation (GSOLV) was not energetically favorable in either complex. 

GSOLV consists of a polar contribution to the solvation energy (EPB) and a non-polar contribution 

to the attractive solute-solvent interaction (EDISPER). In addition, the non-polar contribution to the 

solvation energy (ENPOLAR) from repulsive solute-solvent interactions is favorable for both 

complexes. Overall, the favorable total gas phase molecular mechanics energy (GGAS) 

counterbalanced the negative effect of GSOLV, which ultimately affected the favorable Gbind of D1 

( -7.16±2.10 kcal/mol) and D2 ( -7.06±2.23 kcal/mol) binding to the protein receptor. The 0.1 kcal/mol 

difference in Gbind between D1 and D2 seemed negligible. A similar observation was reported 

previously, where two enantiomers bound to the same allosteric site had only a small difference in 

binding affinity (Hernandez et al. 2019).  

 

To further elucidate the role of specific residues in ligand binding, a per-residue binding free energy 

decomposition analysis was performed using the program gmx_MMPBSA. Details of per residue 

contribution to the binding free energy of the bound complex are shown in Table 3. Most of the 

interacting residues of both ligands were similar and hydrophobic, consistent with the buried location 

of the binding site. In particular, the hotspot hydrophobic residues Ile108 and Leu112 made the most 

important contribution to binding of these two ligands. Ile108 contributed -1.0 kcal/mol and -1.21 

kcal/mol to D1 and D2 binding, respectively. Leu112 contributed -1.10 kcal/mol and -1.19 kcal/mol to 

D1 and D2 binding, respectively. The hotspot residue contributes at least -1.0 kcal/mol to the binding 

energy of the interaction with the receptor (Humphris and Kortemme 2008).  Ile108 is located at 

conserved sites in four insect aaNATs (Fig. 3). Therefore, it is probably related to the important 

regulatory function of the protein receptor. Leu112 is a non-conserved residue that may be crucial for 

binding site selectivity. In addition to stability provided by strong hydrophobic interactions in the 

binding cavity, the orientation of D1 and D2 to their bound form may result from hydrogen bonds with 

Asn37 and Arg134, respectively. The electrostatic interaction generated by the hydrogen bond is 

important because it directs the ligand to its binding form and ensures specific interactions with the 

complex (Talibov et al. 2021). Thus, both MD simulation and per-residue energy decomposition 

analysis results confirmed and clarified the docking results.  

 

Table 3.  Per-residue energy contributions to the formation of ligand-fall armyworm Spodoptera 

Frugiferda arylalkylamine N-acyltransferase complex. 

 

Complex Residues (Per-Residue Energy (kcal/mol±standard 

deviation) 

D1-FAW aaNAT Phe30 (-0.58±0.25), Asn37 (-0.58±0.25), Leu52 (-

0.67±0.25), His55 (-0.70±0.67), Ile108 (-1.0±0.24), 

Phe109 (-0.57±0.22), Leu112 (-1.10±0.27), Arg134 (-

0.81±0.48), Ile135 (-0.87±0.31) 

D2-FAW aaNAT Phe30 (-0.54±0.25), Leu36 (-0.55±0.28), Leu52 (-

0.55±0.30), Phe105 (-0.61±0.27), Ile108 (-1.21±0.30), 

Phe109 (-0.56±0.23), Leu112 (-1.19±0.28), Arg134 (-

0.82±0.53), Ile135 (-0.82±0.30), Asp170 (0.55±047) 
Note: Hot spot residues are shown in bold. 
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Limitations of the model receptor, docking method (Pantsar and Poso 2018), and MD simulations 

(Hollingsworth and Dror 2018) do not allow firm conclusions about receptor specificity in this study 

based on reported results alone. However, the aforementioned simulations can be particularly useful for 

the design of new FAW insecticides that target a binding site different from the native ligand. For 

example, simulations have been shown to be able to identify allosteric sites in protein structures 

(Hollingsworth and Dror 2018). This study further hypothesizes that D1 and D2 bind to the allosteric 

site of the protein receptor, as suggested by the results of MD and per-residue energy decomposition 

analyses. Gene cloning and site-directed mutagenesis studies should be performed to confirm the role 

of Ile108 and L112 in FAW aaNAT allosteric inhibition.  

 

CONCLUSION 

 

The FAW aaNAT binding interaction of D1 and D2 diastereomers was successfully investigated 

using homology modeling, molecular docking and molecular dynamics simulations. Binding 

calculations and per-residue energy decomposition analysis showed that hotspot and hydrophobic 

residues Ile108 and Leu112 played an important role in the molecular recognition of D1 and D2 in the 

binding site. D2 is a better candidate for development as a lead FAW aaNAT allosteric inhibitor, based 

on its higher ligand efficiency. 
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