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N-alkylamides has been increased in view of developing 
potential drugs8. These are plant-derived amides with a 
poly-unsaturated aliphatic fatty acid and an amine8. 
These N-alkylamides are known to pass various 
physiological barriers such as oral, skin, blood-brain 
barrier, and gut mucosa8. Passing these barriers during 
the absorption phase is the primary need for novel drugs 
to be authorized as biologic compound. As per the 
World Health Organization (WHO), approximately 80% 
of nations categorized as low and middle-income rely on 
medicinal plants as their primary source for healthcare9. 
These botanical resources readily available and 
associated with fewer side effects compared to 
conventional pharmaceuticals10. To attest, these N-
alkylamides of Spilanthes species have been shown to 
possess a wider range of biological properties such as 
larvicidal, insecticidal, acaricidal and ant-helmintic 
properties11,12. Moreover, of various N-alkylamides, 
Spilanthol and UDA are two different compounds have 
been isolated from in vitro cultures of Spilanthes 
paniculata and evaluated for both schizonticidal and 
parasiticidal activity 8.   

This study aimed at identifying new potential anti-
malarial agents by virtual screening of two different 
N-alkylamides against prostaglandin G/H synthase 2
(PTGS2) using molecular docking analysis. The
robust binding interactions were also characterized
and suggest a potential mechanism by which N-
alkylamides may exert its antimalarial effects. Hence,
it can emerge as viable alternatives in the exploration
for new therapeutic agents. Moreover, extending
beyond in-vitro exploration, a comprehensive in-silico
research investigation employing molecular dynamics
(MD) simulations presents an opportunity to gain
profound insights into the antimalarial potential of
Spilanthol and UDA. This approach delves into the
intricate binding mechanisms of PTGS2-ligand
complexes, offering a nuanced understanding of their
interactions at a molecular level.

Materials and Methods 
Acquisition of the N-alkylamides corresponding targets 

The two biologically active N-alkylamides such as 
(2E,6Z,8E)-N-isobutyl-2,6,8-decatrienamide (Spilanthol) 
and (2E,4Z)-N-isobutyl-2,4-undecadiene-8,10-diynamide 
(UDA) corresponding targets were obtained from the 
SwissTargetPrediction13 and Super PRED 3.014 

databases. Using associated targets of N-alkylamides 
on their SMILES formulas, these SMILES are 
retrieved from PubChem database. 

Predicting targets of malaria 
The GeneCards15 and OMIM (http://OMIM.org)16 

databases has been used in order to retrieve potential 
malarial targets in Homo sapiens. Further, the targets 
from GeneCards that had a relevance score of >45 
were selected as potential targets. Regarding the 
OMIM databases, all of the datasets are involved. 
Furthermore, the online tool Venny 2.1.0 was used to 
construct a Venn diagram between the N-alkyamides 
and malarial target genes for common target genes. 

Network construction 
Protein-protein interaction (PPI) network 

The construction of protein-protein interactions 
was facilitated using StringDB17, for the overlapping 
target genes which were retrieved from the venny 
2.1.0 online tool. This PPI network reveals the 
influence of protein interaction relationship of 
Spilanthol and UDA genes with corresponding 
malarial genes in Homo sapiens. Later, the TSV 
file (both Excel and cytoscape) and node degree 
data were exported from StringDB17. Molecular 
interaction networks were also visualized using 
Cytoscape_v3.10.145 which also integrates gene 
expression. Then, the TSV file was imported into 
Cytoscape for analyzing topological properties. 
Finally, the core targets were retrieved by the degree 
of nodes in the network using the “CytoHubba” plug-
in in Cytoscape. 

“Gene Ontology” (GO) Functional Enrichment and “Kyoto 
Encyclopedia of Genes and Genomes” (KEGG) Pathway 
Enrichment Analysis 

To study the biological process (BP), cellular 
component (CC), molecular function (MF) and 
KEGG pathway enrichment analysis, the common 
targets were imported to the GO pathway enrichment 
analysis using online tool SRPLOT18. The GO terms 
and KEGG terms with P value < 0.05 were 
considered as potential entries19. Using top 10 signal 
pathways, a histogram and bubble diagram were 
constructed which shows significant “target-pathway” 
network. 

ADMET analysis 
The SwissADME20 online server was used to 

determine the drug-like properties. The two active N-
alkylamides were imported into the SwissADME 
server with their respective canonical smiles 
downloaded from PubChem. Further, the toxicity of 
two active compounds were predicted by using free 
online tool ProTox-II21 which reveals the predicted 



INDIAN J. BIOCHEM. BIOPHYS., VOL. 61, OCTOBER 2024 606 

LD50, reverse mutation assay (Ames test) and also its 
cytotoxicity. 

Molecular docking 
All molecular docking simulations were performed 

using the Python library (pyRx)22. Virtual screening 
experiments were performed using AutoDock tools22 

and Open Babel23 to generate input files for docking 
simulation and ligand preparation, such as energy 
minimization and creation of grid maps that define 
interaction energy between protein and ligand. In 
addition, the 3D structures of the core targets, 
identified as the top 10 based on their significance, 
were acquired from the RCSB Protein Data Bank 
(PDB; http://www.rcsb.org/pdb/)24 in PDB format. 
Subsequently, the removal of water molecules and 
heteroatoms from the PDB structures was executed 
using Swiss-PDB Viewer software25. Subsequently, 
the 3D structures of Spilanthol and UDA were 
procured from the PubChem database in SDF format. 
These structures were further transformed into PDB 
format through the utilization of the open-source 
online tool known as OpenBabel. Later, 
macromolecules (targets) were loaded initially with 
energy-minimized ligand which was converted to 
PDBQT files after selecting the AutoDock ligands. 
Further, molecular docking simulation was performed 
under AutoDock Vina26 wizard of PyRx. Before 
docking, the gird box was centred and constructed in 
a manner where it covers all the binding sites.  The 
docking process involving core compounds and 
targets exhibited stronger binding forces with lower 
docking energies, and the resulting output files 
containing atomic coordinates were extracted for 
subsequent simulation. 

Molecular dynamics simulations 
Molecular dynamics simulations (MD) were 

executed to assess the stability of the protein -ligand 
interactions. In order to execute MD simulations 
Desmond v2022.1.1 was utilized. Based on the 
molecular docking outcomes, the most promising 
protein-ligand complexes for each N-alkylamide were 
chosen for subsequent molecular dynamics (MD) 
simulations. The docked complexes were immersed in 
the TIP3P water model27. To attain a neutral charge, 
counter ions were introduced into the docked complex 
systems, ensuring the maintenance of physiological 
salt concentration at 0.15 M. Further, Periodic 
boundary conditions were applied in the simulation 
system, and electrostatics was computed utilizing the 

particle mesh Ewald (PME) approach28. In addition, 
the Lennard-Jones interactions were obtained by 
applying a cut off distance of 10Å. Subsequently, the 
docked complex underwent simulation in Maestro 
v13.1.137, with energy minimization performed using 
OPLS-2005 force field parameters, followed by a 
relaxation step29. The simulation of the complex was 
conducted in the Berendsen NVT ensemble, 
maintaining a temperature of 10 K to restrict the 
movements of heavy atoms within the solute. In the 
course of MD simulations, a temperature of 300 K 
and pressure scale of 1 atm were maintained through 
the implementation of the Nose-Hoover thermostat 
and Martyna-Tobias-Klein barostat approach. 
Trajectories were recorded at intervals of 4.8 ps 
during the simulation, and the NPT ensemble was 
initiated for a production run lasting 100 ns30. Post-
simulation, essential parameters such as root mean 
square fluctuations (RMSF), root mean square 
deviation (RMSD), and intermolecular interactions 
were extracted using the 'simulation interaction 
diagram' module of Desmond. 

Radius of Gyration 
The radius of gyration (Rg) is an index for 

monitoring the structural changes that occur during 
MD simulation. It also indicates the compactness of 
the protein complex. The lower the Rg (radius of 
gyration) value, the higher the rigidness of the protein 
during simulation31. The radius of gyration can be 
stated as, 

ܴ௚ = ඨ 1ܰ ෍ݎሺ݅ሻ − ௖௘௡௧௥௘vଶேݎ
௜ୀଵ  

Where r(i) refers to coordinates of atom i, 

N refers to the number of protein atoms, 
rcentre refers to the center of mass32. The structural 

variation that occurs during MD simulation is 
quantified using the above formula. 

Monitoring of Hydrogen bond interactions 
A hydrogen bond, formed between a hydrogen 

atom and an electronegative atom covalently bound to 
each other, plays a pivotal role in stabilizing the 
secondary structure of proteins and is crucial for 
maintaining overall protein stability32. The 
quantification of intermolecular hydrogen bonds 
between the protein and the ligand at specific 
positions is computed through the analysis of MD 
simulation trajectories. The primary objective is to 
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assess the structural rigidity of the protein. The MD 
simulation, spanning 100 ns, allows for the 
continuous monitoring of the number of hydrogen 
bonds formed at each time point. 

MM- GBSA- Binding free energy analysis
The determination of binding energy holds 

paramount importance in evaluating the structural and 
energetic attributes of protein complexes. Assessing 
the inhibitory potential of a ligand within the catalytic 
region is directly correlated with the overall binding 
free energy of the complex. Consequently, the 
calculation of binding free energy stands out as a 
pivotal factor in computational methodologies. In this 
study, the analysis of binding free energy was 
conducted employing the MM-GBSA (Molecular 
Mechanics with Generalized Born and Surface Area 
Solvation) technique within the Schrödinger Prime 
software. The estimation encompassed various protein 
complexes, including the Ligand-Receptor complex 
(RL), free ligand (L), and free receptor (R), as 
determined by the following equation, 

∆Gbind = ∆GRL – [∆GR + ∆GL] 

∆Emm = ∆Ebonding + ∆EvdW + ∆Eele 

Where ∆EvdW, ∆Eele  and ∆Gbind  are Van der waals, 
electrostatics protions, and bonded energy 
respectively37. 

Free energy decomposition was estimated to 
understand individual residue contributions to the 
intermolecular interaction32. To calculate the 
decomposition factors, the binding free energies 
(∆EvdW, ∆Eele, ∆Gbind, etc.) are then broken down into 
per residual energy parameters. The raw data required 
for free energy decomposition analysis was obtained 
from the MM-GBSA output data. 

Results 

Overlapping Targets 
In this study, an extensive retrieval of malarial and 

two N-alkylamides targets was executed using online 
tools including Gene Cards, OMIM, Swiss target 
prediction, and Super-PRED. After eliminating 
duplicates from each dataset, we individually 
compiled malarial targets and compounds-related 
targets, resulting in the identification of 2506 malarial 
targets and 248 phytocompound targets (Fig. 1). The 
Venn diagram, generated using the Venny online tool, 
revealed an overlap of 77 gene targets between the 
two datasets. These common targets form the basis for 

further analysis, providing a foundation for 
unravelling the intricate molecular interactions 
between malarial targets and phytocompounds. 

Construction and analysis of the compound-target-disease 
network 

In our study, we conducted a node degree analysis 
to identify the top 5 key targets crucial for drug 
discovery. Table 1 presents a comprehensive 
overview of these targets, encompassing gene 
symbols, scores, and betweenness centrality values. 
Notably, MMP9 emerged as the most prominent 
target, reflecting a high node degree score of 29 and a 
betweenness centrality of 0.0787037. MMP9's pivotal 
role in extracellular matrix remodelling underscores 
its potential significance as a primary target for drug 
intervention. 

Following MMP9, SRC, TLR4, EGFR, and PTGS2 
also surfaced as noteworthy targets, each 
demonstrating substantial node degree scores and 
betweenness centrality values. SRC, a key player in 
cell signaling, and TLR4, integral to the innate 
immune system, hold promise as critical nodes in the 
drug discovery network. Furthermore, EGFR, a well-
established therapeutic target in cancer, and PTGS2, 
associated with inflammation and pain, contribute to 
the multifaceted repertoire of potential drug targets 
(Table 1). Further, we performed a comprehensive 
approach to analyze the Compound-Target-Disease 
network, utilizing 77 overlapping targets to construct 
a “Protein-Protein Interaction” (PPI) network through 

Fig. 1 — The Venn diagram showing intersection of disease and 
phytochemical targets 

Table 1 — Top 5 key targets with node degree score 

Target name Gene symbol Score Betweenness Centrality 

MMP9 29 29 0.0787037 
SRC 27 27 0
TLR4 26 26 0
EGFR 26 26 0.037037 
PTGS2 23 23 0 
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StringDB. The resulting PPI network comprised of 77 
nodes and 293 edges, each delineating the intricate 
relationships between the two N-alkylamides such as 
Spilanthol and UDA and disease targets (malaria) 
(Fig. 2). The network's average node degree, a key 
metric indicative of the connectivity of nodes, was 
calculated at 7.61, providing a nuanced understanding 
of the interplay within the system (Fig. 3). 

To further elucidate the core targets within the 
network, the “protein-protein interaction” (PPI) 
network was exported as a TSV file format and 
imported into Cytoscape software. By using the 
degree method, the identification of the top 10 core 
targets was accomplished, comprising 10 nodes and 
41 edges. This prioritization sheds light on the most 
central elements within the network, offering valuable 
insights into potential key players in the antimalarial 
efficacy of Spilanthol and UDA. These findings not 
only contribute to our understanding of the intricate 
interactions within the Compound-Target-Disease 
network but also provide a foundation for targeted 
drug design and therapeutic interventions in the realm 
of antimalarial research. 

The identification and subsequent ranking of five 
pivotal target genes were carried out in accordance 

with a descending order of node degree scores was 
reported33. The ranked targets, from highest to lowest 
node degree scores, include MMP9 (29), SRC (27), 
TLR4 (26), EGFR (26), and PTGS2 (23) (Fig. 4). 

Fig. 2 — The PPI network of the 77 common targets between malaria and phytochemicals 

Fig. 3 — The key malaria targets of Spilanthol and UDA
determined through topology analysis 
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Further, the ranking of key genes was determined 
based on their degree score and Betweenness 
centrality. Then, the resulting order of these crucial 
genes is presented in (Table 2). It encapsulates the 
outcomes of a pathway enrichment analysis, unveiling 
key molecular contexts associated with the dataset 
under scrutiny. The "Neuroactive ligand-receptor 
interaction" pathway (hsa04080) emerges as a focal 
point, exhibiting a substantial gene ratio of 19 out 
of 71, coupled with remarkably low p-values 
(1.42964E-10) and q-values (1.80587E-08). Similarly, 
the "Calcium signaling pathway" (hsa04020) and 
"Proteoglycans in cancer" (hsa05205) demonstrate 
significant enrichment, featuring gene ratios of 12 out 
of 71 and 11 out of 71, alongside low p-values 
(8.07843E-07, 1.22196E-06) and q-values (3.68372E-
05). Other pathways, such as "Relaxin signaling 
pathway" (hsa04926), "Prostate cancer" (hsa05215), 
and "Endocrine resistance" (hsa01522), exhibit 

notable gene ratios and statistical significance. 
Additional pathways, including "Lipid and 
atherosclerosis" (hsa05417), "Fluid shear stress 
and atherosclerosis" (hsa05418), "Bladder cancer" 
(hsa05219), and "ErbB signaling pathway" (hsa04012), 
contribute to a comprehensive comprehension of the 
molecular underpinnings associated with the dataset, 
fostering a deeper insight into potential biological 
processes and pathways implicated in the analyzed data. 

GO and KEGG pathway enrichment analysis 
Utilizing the SRPLOT online tool, we conducted a 

comprehensive “Gene Ontology” (GO) and “Kyoto 
Encyclopedia of Genes and Genomes” (KEGG) 
pathway enrichment analysis, revealing a total of 
1481 enriched GO terms (P< 0.01)34. These GO terms 
were distributed across “biological processes” (BP), 
“cellular components” (CC), and “molecular 
functions” (MF), yielding 1260, 100, and 121 terms, 
respectively. The top 10 GO terms, ranked based on 
p-values for BP, CC, and MF, were visually
represented in a histogram, encompassing pivotal
biological processes such as extracellular matrix
disassembly, response of multicellular organisms to
stress and G protein-coupled receptor signaling
pathway coupled to cyclic nucleotide second
messenger. Simultaneously, KEGG pathway
enrichment analyses, employing a screening criteria
of P< 0.01, identified 217 pathways (Fig. 5A). The
subsequent construction of a bubble diagram
(Fig. 5B) highlighting the top 10 enriched pathways
unveiled a significant "target-pathway" network,
offering comprehensive insights into potential
molecular mechanisms associated with the analyzed
dataset (Fig. 5B). In the constructed network, circle
size corresponds to the number of genes correlated
within the pathways, while colour signifies the
p-value, with red denoting smaller values and blue

Table 2 — Top 10 KEGG pathways ranked based on p-value 

ID Description Gene Ratio p-value q-value Count

hsa04080 Neuroactive ligand - receptor interaction 19/71 1.42964E-10 1.80587E-08 19 
hsa04020 Calcium signaling pathway 12/71 8.07843E-07 3.68372E-05 12
hsa05205 Proteoglycans in cancer 11/71 1.22196E-06 3.68372E-05 11 
hsa04926 Relaxin signaling pathway 9/71 1.42542E-06 3.68372E-05 9
hsa05215 Prostate cancer 8/71 1.61797E-06 3.68372E-05 8 
hsa01522 Endocrine resistance 8/71 1.74977E-06 3.68372E-05 8
hsa05417 Lipid and atherosclerosis 10/71 1.38777E-05 0.000250425 10
hsa05418 Fluid shear stress and atherosclerosis 8/71 2.36345E-05 0.000343776 8
hsa05219 Bladder cancer 5/71 2.4494E-05 0.000343776 5 
hsa04012 ErbB signaling pathway 6/71 8.54555E-05 0.001079438 6 

Fig. 4 — A network of top 10 key malaria targets of Spilanthol
and UDA ranked based on node degree score 
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deviations and suggesting a departure from the 
anticipated stability observed in the Spilanthol-
PTGS2 complex. The ligand RMSD plot also reveals 
substantial deviations from the protein RMSD, 
indicating that the ligand has diffused away from its 
initial binding site, further suggesting instability 
compared to the Spilanthol-PTGS2 complex, as 
outlined in previous analyses38. Figure 7D represents 
the protein RMSF plot, where UDA shows C-α and 
B-factor values greater than 10.

The comprehensive assessment of overall RMSD
fluctuations, coupled with the minimal deviation 
difference between protein RMSD and ligand 
RMSD39, underscores the high stability of the selected 
complex. Specifically, the Spilanthol-PTGS2 docked 
complex exhibits greater stability compared to the 
UDA-PTGS2 docked complex. These findings 
provide a nuanced understanding of the protein's 
dynamic behavior, emphasizing the specific residues 
involved in ligand interactions and highlighting the 
structural elements maintaining stability throughout 
the simulation period. Figures 8A and 8B illustrate 
the dynamic interplay between the ligand and protein 
throughout the simulation. The Y-axis illustrates the 

interaction fraction, while the X-axis corresponds to 
the amino acid residues within the binding site. The 
classification of protein-ligand contacts encompasses 
four types: Hydrogen bonds (green), hydrophobic 
contacts (purple), ionic interactions (pink), and water 
bridges (blue). Of particular significance, hydrogen 
bonds play a pivotal role in ligand binding dynamics, 
aligning with established criteria40. The geometric 
standards for protein-ligand H-bonding include a 
distance of 2.5 Å between the donor and acceptor 
atoms, with a donor angle of ≥ 120° and an acceptor 
angle of ≥ 90°, contributing to the robust 
understanding of the intricate intermolecular 
interactions governing stability and specificity. 

In Figure 8A, the H-bonds exhibit a substantial 
interaction fraction exceeding 0.5 (50%), notably 
prevalent in GLN(202) (51%) and HIS(388) (80%) 
amino acid residues, indicating persistent interactions 
over 50% of the simulation duration. Moreover, water 
bridges play a significant role in mediating protein-
ligand interactions, displaying heightened interaction 
fractions, particularly in GLN(202) and HIS(388) 
residues. In contrast, Figure 8B portrays fewer H-
bonds but an increased occurrence of hydrophobic 

Fig. 7 — (A) The RMSD plot of PTGS2-Spilanthol complex during MD simulation; (B) The RMSF plot of PTGS2-Spilanthol complex 
during MD simulation; (C) The RMSD plot of PTGS2-UDA complex during MD simulation; and (D) The RMSF plot of PTGS2-UDA
complex during MD simulation 
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contacts, accompanied by extensive water bridges 
involving VAL_116 and ALA_527 residues. The 
histogram plot further underscores interaction 
fractions surpassing 0.3 (30%) simulation time for 
any given residue, highlighting prolonged interaction 
fractions observed in residues HIS(388) and 
GLN(203) within the Spilanthol-PTGS2 complex. 
These findings are corroborated through residue 2D 
interaction analysis. In Figure 9A, HIS(388) and 
GLN(203) residues are prominently engaged, 
accounting for 82% and 47% of the simulation time, 
respectively, within the ligand binding site. This 
underscores their sustained involvement in the 
Spilanthol-PTGS2 complex over the simulation. 
Figure 9B further substantiates these observations, 
illustrating the consistent positioning of HIS(388) 
throughout the simulation period, emphasizing its 
stability and role within the complex. 

The average bond formation events for Spilanthol 
during the simulation were observed to be 3 (Fig. 9C). 
HIS(388) exhibited prolonged contacts, spanning 
from 13 to 82 sec, with additional interactions 
between 85 to 90 sec and 95 to 100 sec. Additionally, 
TYR(385) displayed its longest contact period 

between 0 to 10 sec, while GLN(203) demonstrated 
varied contact intervals. Similarly, for UDA, the 
average bond formation events were 3 during the 
simulation (Fig. 9D). Noteworthy contacts included 
Ser 530, spanning from 7 to 35 sec and again from 81 
to 88 sec, and TYR(355) exhibited prolonged 
interactions between 18 to 44 sec, 77 to 83 sec, and 90 
to 99 sec. VAL(349) had contact periods from 0 to 12 
sec, while VAL(116) demonstrated interactions 
between 45 to 52 sec and 96 to 100 sec. ARG(120) 
also displayed contacts between 43 to 52 sec. This 
detailed analysis provides insights into the dynamic 
interactions between the ligands and target residues 
over the simulation period. 

H-bond monitoring during 100 ns MD simulation

The intermolecular H-bond interactions between
Spilanthol and UDA with target PTGS2 were 
analysed and validated by H-Bond monitored during 
MD simulation. In molecular dynamics (MD) 
simulations, hydrogen bonds play a crucial role in 
determining the structure, stability, and dynamics of 
biomolecules such as proteins, nucleic acids, and 
other macromolecules41. 

Fig. 8 — (A) Histogram of protein-ligand contacts established between PTGS2 and Spilanthol during the simulation; and (B) Histogram
of protein-ligand contacts established between PTGS2 and UDA during the simulation (Green, blue and violet colour bars represents 
hydrogen bond, water bridges and hydrophobic interactions, respectively) 
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During the molecular dynamics (MD) simulation, 
the Spilanthol-PTGS2 complex (Fig. 10A) exhibited a 
dynamic pattern of hydrogen bond formation, 
reaching a peak of 4 bonds within the initial 12 ns. 
Subsequently, a gradual decline to 3 hydrogen bonds 
occurred by 32 ns, stabilizing at 2 hydrogen bonds 
from 35 ns to 100 ns. Despite a minor fluctuation with 
3 hydrogen bonds at 78 ns, the overall equilibrium 
and stability of the complex remained unaffected. 
This observation aligns well with the interaction 
histograms seen previously, depicting that more than 
50% of hydrogen bonds were sustained throughout 
the MD simulation, indicating their stabilization after 
35 ns with minimal fluctuation. 

Contrastingly, the UDA-PTGS2 complex (Fig. 10B) 
presented a diverse behaviour over the 100 ns 
simulation. It initially demonstrated a substantial 
number of hydrogen bonds (1-2) within the first 
20 ns, increasing to 3 hydrogen bonds between 43 ns 
and 62 ns. However, the simulation revealed a 
considerable fluctuation in the number of hydrogen 
bonds, suggesting weak hydrogen bonding and overall 
instability in the protein-ligand complex. This 
observation is reinforced by Figure 8B, where the 
histogram of protein-ligand contacts between PTGS2 
and UDA illustrates only 12% hydrogen bonding and 
a predominant percentage of interactions involving 
water bridges. This nuanced comparison sheds light 

Fig. 9 — 2D representation and timeline representation of fraction of contacts made by Spilanthol and UDA with PTGS2; (A) Spilanthol
with the residues of PTGS2; (B) UDA with the residues of PTGS2 during MD simulation. (The purple arrows represent hydrogen bonds); 
(C) Timeline representation of Spilanthol during a 100 ns MD simulation; and (D) Timeline representation of UDA during a 100 ns MD
simulation
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on the divergent behaviour of the two complexes, 
emphasizing the stability of the Spilanthol-PTGS2 
complex in terms of sustained hydrogen bonds 
throughout the simulation. 

Radius of Gyration (Å) 
In our analysis, the parameter of radius of gyration 

(Rg) serves as a critical metric for assessing the 
stability of protein folding. A consistent Rg value 
signifies stable folding, while fluctuations over time 
indicate instability in the folding process42. As 
depicted in Figure 10C, the Rg profile for Spilanthol 
(RG_Spilanthol) maintains a remarkably stable range 
between 24.2 Å and 24.7 Å throughout the entire 100 
ns simulation. This observation underscores the stable 

folding of the protein induced by Spilanthol. 
Conversely, the Rg profile for UDA (RG_UDA) 
exhibits notable fluctuations over the entire 
simulation period, indicating a comparatively less 
stable folding in the UDA complex. 

Furthermore, the graphical representation 
illustrates the dynamic fluctuations in both 
Spilanthol and UDA complexes. Intriguingly, these 
fluctuations in both phytocompounds tend to 
linearized after 80 ns, suggesting that the protein 
complex attains a state of increased stability beyond 
this point in the simulation. This critical analysis 
provides valuable insights into the temporal 
dynamics of protein folding stability induced by 
Spilanthol and UDA, contributing to a 
comprehensive understanding of their impact on the 
protein structure. 

Analysis of binding free energy by MM-GBSA 
The assessment of ligand persistence in binding to 

the target protein structure involves a thorough 
examination of binding free energy measurements, as 
outlined in (Table 4). This table presents diverse 
energy factors, measured in kilocalories per mole 
(Kcal/mol), for two ligands: UDA and Spilanthol. 
These energy factors signify the energetics associated 
with the interaction between the ligands and the target 
molecule or receptor. 

The comprehensive binding free energy values 
serve as indicators of the thermodynamic 
favorability of ligand binding to the target, with 
lower values generally indicating stronger binding 
affinity. Both Spilanthol and UDA complexes, 
particularly with PTGS2, demonstrate exemplary 
binding energy in the docking process. The 
establishment of covalent bonds between the 
protein and ligand ensures a robust, stable, and 
enduring connection. Specifically, Spilanthol 
exhibits a notable ∆Gbind_Covalent energy of 
1.833, surpassing UDA with a value of 1.576. This 
discrepancy highlights the high degree of electron 
sharing and, consequently, the enhanced stability 
conferred by Spilanthol in forming covalent bonds 
within the protein-ligand complex. 

The significance of hydrogen bonding in protein-
ligand interactions cannot be overstated, as it 
profoundly influences binding affinity, specificity, 
and overall complex stability. Negative values, as 
observed with spilanthol and UDA, signify favorable 
hydrogen bonding, with spilanthol exhibiting an 

Fig. 10 — H-bond monitoring during 100 ns; (A) Spilanthol-
PTGS2 complex, (B) UDA – PTGS2 complex; and (C) Radius
of Gyration plot from MD simulation for both spilanthol
and UDA 
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exceptional ∆Gbind_H-bond of -0.825 and UDA 
showing a commendable value of -0.178. In 
summary, spilanthol demonstrates robust and stable 
protein-ligand bonding during the docking process. 

The binding free energy estimation during the 
simulation period was assessed using the MM-GBSA 
method . Figure 11A illustrates that the total free 
energy for the spilanthol-PTGS2 docked complex 
ranges from -55 Kcal/mol to -73 Kcal/mol, 
showcasing excellent total energy and hydrogen 
bonding stability. Similarly,Figure 11B exhibits a 
total free energy range from -50 Kcal/mol to -73 
Kcal/mol for the UDA-PTGS2 docked structure. 
These findings underscore the favorable and stable 
energetics of both complexes during the MD 

simulation, further reinforcing their potential as 
promising candidates for continued investigation. 

Discussion 
The recent strides in drug development within 

computational biology have significantly advanced 
the identification and modulation of crucial drugs. 
Despite these achievements, certain diseases, 
including malaria, pose persistent challenges in drug 
development. Malaria, characterized as a parasitic 
disease with substantial public health implications, 
remains a formidable target for therapeutic 
interventions. This groundbreaking study introduces a 
comprehensive computational approach to assess the 
potential of N-alkylamides, specifically Spilanthol 
and UDA, as inhibitors for novel malaria-associated 
targets. These secondary metabolites, predominantly 
found in herbaceous plants, have garnered attention 
for their pharmacological effects on various 
diseases11. The amalgamation of “network 
pharmacology”, “molecular docking”, and “molecular 
dynamics simulations” offers a nuanced exploration 
of the interactions between these drugs and malarial 
target genes, shedding light on their inhibitory 
capacities. 

Traditionally, phytochemicals derived from plants 
have been harnessed for centuries in the treatment of 
malaria. Earlier studies have indicated the efficacy of 
Spilanthes acmella and its specific N-alkylamides, 
Spilanthol and UDA, against Plasmodium falciparum. 
In vivo experiments involving mice infected with 
P. yoelii yoelii 17XNL revealed a significant
reduction in parasitemia in mice blood, demonstrating
their potential as anti-malarial agents43. Additionally,
both Spilanthol and UDA have exhibited
biotherapeutic potential against the erythrocytic stages
of the malaria parasite8.

Similarly, the current study establishes Spilanthol 
as an effective inhibitor against the PTGS2 target. 
Network pharmacology identified key target genes 
based on their node degree score and betweenness 

Table 4 — MM-GBSA free-energy calculation for spilanthol and UDA 

Energy factors 
(Kcal/mol) 

UDA Spilanthol 

Mean Standard deviation Mean Standard deviation 
∆G bind -51.267 5.927 -50.385 9.302 
∆G bind_Coulomb -3.792 3.915 -16.839 3.503 
∆G bind_Covalent 1.576 1.049 1.833 1.168 
∆G bind_Hbond -0.178 0.240 -0.825 0.288 
∆G bind_Lipo -23.678 2.074 -19.200 3.527 
∆G bind_vdW -46.506 1.436 -36.823 3.005 

Fig. 11 — Binding free energy comparison for (A) Spilanthol –
PTGS2 complex; (B) UDA – PTGS2 complex 
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centrality properties, with MMP9 emerging as the 
primary target with a node degree of 29. Notably, the 
most effective target gene had a node degree value of 
23, challenging the assumption that the gene with the 
highest node degree is always the most effective 
target. Molecular docking results revealed that among 
the top targets, PTGS2 exhibited a lower binding 
affinity with Spilanthol (-6.5 Kcal/mol) and UDA 
(-6.1 Kcal/mol), emphasizing its significance as a 
target for inhibitory activity. Previous research on 
Spilanthol from Acmella oleracea explored its 
anti-tumor activity against gastric cancer, targeting 
JAK1 (binding affinity: -8.38 kJ/mol) and  
JAK2 (binding affinity: -9.71 kJ/mol) proteins. 
Furthermore, the prevalence of van der Waals forces 
between Spilanthol and JAK proteins indicated 
structural stability44. The majority of amino acid 
interactions between PTGS2 and Spilanthol (amino 
acid residues: HIS 388, GLN 203) were attributed to 
Vander Waals forces, emphasizing their role in 
structural stability. 

The assessment of drugs' ability to traverse 
physiological barriers and their pharmacokinetic 
properties provides crucial insights into their efficacy. 
These aspects are comprehensively examined through 
ADMET studies. Both Spilanthol and UDA 
demonstrated high “gastrointestinal absorption” and 
“blood-brain barrier” permeability. A notable FDA-
approved malaria drug, Chloroquine, is commonly 
prescribed for treatment. In comparison, Spilanthol and 
UDA exhibited no toxicity in the AMES test, whereas, 
Chloroquine demonstrated significant toxicity 
(Probability - 0.9106) (https://go.drugbank.com/drugs/ 
DB00608). Moreover, they displayed no hepatotoxicity 
or carcinogenicity. During molecular dynamic 
simulation, the Spilanthol-PTGS2 complex exhibited 
greater stability than the UDA-PTGS2 complex, as 
indicated by factors inferred from RMSD and RMSF 
plots. The hydrogen bond analysis conducted over the 
100 ns Molecular Dynamics (MD) simulation provides 
valuable insights into the stability of the complexes. The 
spilanthol-PTGS2 complex exhibits a sustained pattern 
of hydrogen bonds, indicative of stable interactions. 
Utilizing the radius of gyration (Rg) to evaluate protein 
folding stability in both spilanthol-PTGS2 and UDA-
PTGS2 complexes, it is observed that the former 
maintains a consistent and stable Rg throughout 
the simulation, signifying robust protein folding. 
Conversely, UDA-PTGS2 experiences fluctuations in 
Rg, suggesting comparatively less stability. The eventual 
linearization of fluctuations post-80 ns indicates an 

attaining of stability, but the presence of fluctuating 
hydrogen bonds in UDA-PTGS2 implies weaker and 
less stable binding. 

The MM-GBSA analysis further quantifies various 
energy factors contributing to ligand binding. Notably, 
Spilanthol demonstrates a higher ∆Gbind_Covalent 
energy, indicating strong covalent bonding. Favorable 
∆Gbind_H-bond values for both compounds underscore 
the significant contributions of hydrogen bonding. 
Consistently lower ∆Gbind, ∆Gbind_Lipo, and 
∆Gbind_vdW values for Spilanthol compared to UDA 
suggest stronger and more stable binding interactions. 
This comprehensive analysis reinforces Spilanthol's 
superiority in terms of binding strength and stability, 
supporting its potential as a robust anti-malarial 
candidate. Our integrated computational analysis not 
only identifies promising inhibitors for malaria target 
genes but also establishes a foundation for further 
experimental validation and potential drug development 
endeavours in the pursuit of effective antimalarial 
agents. 

Conclusion 
This study utilized molecular docking, network 

pharmacology and molecular dynamics to investigate 
the potential of secondary metabolites, Spilanthol and 
UDA, for malaria treatment. Screening identified 77 
common target genes, with MMP9, SRC, TLR4, 
EGFR, and PTGS2 selected as core targets. GO and 
KEGG pathway analysis revealed anti-malarial 
effects, inhibiting key pathways. Molecular docking 
highlighted strong affinity between Spilanthol and 
PTGS2, and ADMET profiling favoured Spilanthol 
for its excellent biocompatibility. Molecular dynamics 
indicated stability in the Spilanthol-PTGS2 complex, 
with a prolonged interaction fraction between residues 
HIS (388) and GLN(203). This comprehensive 
analysis provides profound insights into the potential 
therapeutic role of N-alkylamides against malarial 
targets, positioning both secondary metabolites as 
promising anti-malarial agents. 
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