
Computers in Biology and Medicine 179 (2024) 108907

Available online 20 July 2024
0010-4825/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

In silico exploration of 4(α-L-rhamnosyloxy)-benzyl isothiocyanate: A
promising phytochemical-based drug discovery approach for combating
multi-drug resistant Staphylococcus aureus

Soham Bhattacharya a,1, Adrish Dutta b,1, Pijush Kanti Khanra c, Neha Gupta b, Ritesh Dutta d,
Nikolay T. Tzvetkov e, Luigi Milella f,*, Maria Ponticelli e,f

a Department of Agroecology and Crop Production, Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences Prague, Kamýcká 129, Prague
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A B S T R A C T

Multidrug-resistant (MDR) Staphylococcus aureus infections significantly threaten global health. With rising
resistance to current antibiotics and limited solutions, the urgent discovery of new, effective, and affordable
antibacterials with low toxicity is imperative to combat diverse MDR S. aureus strains. Hence, in this study, we
introduce an in silico phytochemical-based approach for discovering novel antibacterial agents, underscoring the
potential of computational approaches in therapeutic discovery. Glucomoringin Isothiocyanate (GMG-ITC) from
Moringa oleifera Lam. is one of the phytochemical compounds with several biological activities, including anti-
microbial, anti-inflammatory, and antioxidant activities, and is also effective against S. aureus. This study focuses
on screening GMG-ITC as a potential drug candidate to combat MDR S. aureus infections through a molecular
docking approach. Moreover, interaction amino acid analysis, in silico pharmacokinetics, compound target
prediction, pathway enrichment analysis and molecular dynamics (MD) simulations were conducted for further
investigation. Molecular docking and interaction analysis showed strong binding affinity towards S. aureus lipase,
dihydrofolate reductase, and other MDR S. aureus proteins, including penicillin-binding protein 2a, MepR, D-Ala:
D-Ala ligase, and RPP TetM, through hydrophilic and hydrophobic interactions. GMG-ITC also showed a strong
binding affinity to cyclooxygenase-2 and FAD-dependent NAD(P)H oxidase, suggesting that it is a potential anti-
inflammatory and antioxidant candidate that may eliminate inflammation and oxidative stress associated with
S. aureus infections. MD simulations validated the stability of the GMG-ITC molecular interactions determined by
molecular docking. In silico pharmacokinetic analysis highlights its potency as a drug candidate, showing strong
absorption, distribution, and excretion properties in combination with low toxicity. It acts as an active protease
and enzyme inhibitor with moderate activity against GPCR ligands, ion channels, nuclear receptor ligands, and
kinases. Enrichment analysis further elucidated its involvement in important biological, molecular, and cellular
functions with potential therapeutic applications in diseases like cancer, hepatitis B, and influenza. Results
suggest that GMG-ITC is an effective antibacterial agent that could treat MDR S. aureus-associated infections.

1. Introduction

Antimicrobial resistance (AMR) is one of the most serious threats to
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public health. The abuse and overuse of antimicrobials in humans and
animals are the main drivers in developing drug-resistant pathogens.
They acquire resistance through various mechanisms, including the

prevention of drug entry, expulsion of the drug via active efflux, mu-
tation of targets, and enzymatic inactivation [1]. Bacterial AMR was
estimated to be directly responsible for 1.27 million global deaths in
2019 and contributed to 4.95 million deaths [2]. AMR makes infections
harder to treat, renders other medical procedures and treatments such as
surgery, cesarean sections, and cancer chemotherapy much riskier, and
undermines modern medicine ineffective. The World Bank also esti-
mates that AMR could result in US$ 1 trillion in additional healthcare
costs by 2050, and US$ 3.4 trillion in gross domestic product (GDP)
losses per year by 2030 [3]. The rise in resistance of disease-causing
pathogens to antibiotics was reported in 76 countries, which is not
bound by any boundaries. Among these, there was a 42 % increase in
third-generation cephalosporin-resistant Escherichia coli and a 35 % in-
crease in methicillin-resistant S. aureus [4]. Given the current arsenal of
medications, including methicillin, vancomycin, daptomycin, and line-
zolid multidrug-resistant S. aureus has emerged as the most resistant
bacterial strain, representing a significant threat to public health. It is
indeed the primary cause of life-threatening infections and diseases in
humans, such as nosocomial pneumonia, osteomyelitis, endocarditis,
sepsis, and bacteraemia [5,6]. Specifically, MDR S. aureus is the pre-
dominant isolate responsible for nosocomial infections, exacerbating
patient morbidity and mortality rates while imposing significant eco-
nomic burdens through increased healthcare expenses and prolonged
hospitalisations [2].

MDR S. aureus strains such as methicillin-resistant S. aureus (MRSA),
vancomycin-resistant S. aureus (VRSA-9), tigecycline-resistant S. aureus
(TRSA), tetracycline-resistance S. aureus (TetRSA), etc. have reported
resistance to β-lactam antibiotics, thereby increasing the overall medical
costs associated with treatment and posing a huge burden to pharma-
ceutical industries [7]. MRSA infection is associated with approximately
$3 billion in annual healthcare costs and is expected to increase over
time [8]. Overuse of antibiotics suppresses susceptible bacteria,
increasing the likelihood that resistant bacteria will survive, thus trig-
gering dormant resistance genes in bacteria, which causes bacterial
resistance emergence [9]. Due to the decreased susceptibility of MDR
S. aureus to antibiotics such as methicillin, vancomycin, tetracycline,
daptomycin, and linezolid, infections become exceedingly difficult to
treat, often resulting in treatment failure and patient death [10,11].
Hence, there is an urgent need for alternative antibacterial to combat
MDR S. aureus infections. Between these, there are plant-based products

that may represent safer options for formulating phytochemical-based
drugs to be adopted as a sustainable alternative antimicrobial agent.

Plant-derived secondary metabolites with antibacterial properties

represent a promising avenue for designing novel therapeutics. Plant
extracts’ phytochemicals are the main contributors, offering diverse
antimicrobial, anti-inflammatory, antioxidant, antihelmintic, and anti-
viral properties. These properties make secondary metabolites effective,
economical, and low in toxicity [12]. In particular, several studies have
shown that phytochemicals obtained from medicinal plants belonging to
different classes, such as coumarins, sterols, triterpenes, carbazole al-
kaloids, pypayafoline, triterpenoid, alkaloids, flavonoids, and phenolic
acids have immense potential to inhibit the growth of MDR strains
[13–15].

Moringa oleifera Lam. is a medicinal plant composed of diverse
phytochemicals like moringin, glucomoringin, glucotropaeolin, palmitic
acid, quercetin, kaempferol, isorhamnetin, and others. The leaves, seeds,
pods, flowers, roots, and bark extracts of Moringa oleifera Lam. are rich in
several alkaloids, saponins, terpenoids, flavonoids, etc., and demon-
strate potent antibacterial activity against multidrug-resistant S. aureus
[16,17]. Additionally, these compounds offer various pharmaceutical
properties, including antioxidant, anti-inflammatory, antidiabetic, and
antimicrobial activities [18,19].

Among the phytochemicals found in M. oleifera, there is a growing
interest in exploring (α-L-rhamnosyloxy)-benzyl isothiocyanate (gluco-
moringin isothiocyanate; GMG-ITC) from M. oleifera seeds. It is released
by the catalyzed hydrolysis of 4 (α-L-rhamnosyloxy)-benzyl glucosino-
late (glucomoringin; GMG) by myrosinase (Fig. 1) [20,21]. GMG-ITC has
been reported to have a variety of biological activities, including anti-
microbial, anti-inflammatory, antioxidant, and anti-ulcer [22], as well
as antibacterial activity against S. aureus and various MDR bacteria such
as S. aureus, E. coli, and Pseudomonas aeruginosa [23]. However, its
probable bacterial drug targets and their molecular interactions with
target proteins have not yet been elucidated. There is thus an urgent
need to explore GMG-ITC as a probable drug candidate against MDR
S. aureus. Therefore, this study aims to investigate GMG-ITC’s potential
as an antibacterial drug against MDR S. aureus. The present investigation
explores the molecular interactions of GMG-ITC with bacterial targets,
analyses the pharmacokinetics, evaluates potential human targets, and
investigates the interaction of GMG-ITC with metabolic pathways to
establish it as a promising drug candidate (Fig. 2).

Abbreviations

AMR Antimicrobial resistance
BPs Biological processes
CC Cellular component
CYP Cytochrome P450
GO Gene Ontology
GMG Glucomoringin
GMG-ITC Glucomoringin Isothiocyanate
GDP Gross domestic product
hERG Human ether-a-go-go-related gene
HB Hydrogen bond
HYDE HYdrogen Desolvation
ICM Ion channel modulator
KI Kinase inhibitor
KEGG Kyoto Encyclopedia of Genes and Genomes
Ro5 Lipinski’s rules of five

MRTD Maximum Recommended Tolerance Dose
MRSA Methicillin-resistant S. aureus
MD Molecular dynamics
MFs Molecular functions
MDR Multidrug-resistant
NRL Nuclear receptor ligand
OCT2 Organic cation transporter 2
Rg Radius of gyration
RMSD Root-mean-square deviation
RMSF Root-mean-square fluctuation
SAL S. aureus lipase
SASA Solvent accessible surface area
VDss Steady-state volume of distribution
TetRSA Tetracycline-resistance S. aureus
TRSA Tigecycline-resistant S. aureus
TPSA Topological polar surface area
VRSA-9 Vancomycin-resistant S. aureus
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2. Material and methods

2.1. Target protein identification

To explore the best phytochemical-based drug against MDR S. aureus
it is essential to identify the probable molecular drug targets. For that,
proteins that are mainly involved in S. aureus pathogenesis such as V8
protease (PDB ID: 2O8L) [24], Signal Transduction Protein Trap (PDB
ID: 4AE5) and S. aureus lipase (PDB ID: 6KSI) [25], as well as several
universal bacterial proteins were identified as described by Jianu et al.
(2021) [26]. In addition, resistant bacteria-specific target proteins such
as beta-lactamase (PDB ID: 1GHI) and penicillin-binding protein 2a
(PDB ID: 1MWU) for methicillin-resistant S. aureus [27], Tet repressor
protein (PDB ID: 2FJ1), RPP TetM in complex with 70 S ribosome (PDB
ID: 3J25) [28] and QacA antiporter protein (PDB ID: 7Y58) for
tetracycline-resistant S. aureus [29], MepR transcription regulator (PDB
ID: 3ECO) for tigecycline-resistant S. aureus [30], D-Ala:D-Ala ligase
(PDB ID: 3N8D) for vancomycin-resistant S. aureus [31] were used as
input 3D protein structures. Also, to check the bioactivity of the
phytochemical, several proteins involved in antioxidant and
anti-inflammatory activity such as cyclooxygenase-2 (PDB ID: 1CX2),
Lipoxygenase with protocatechuic acid (PDB ID: 1N8Q), hyaluronidase
(PDB ID: 2PE4), Lipoxygenase (PDB ID: 3V92), inducible nitric oxide
synthase (PDB ID: 4CX7) and 11β-hydroxysteroid dehydrogenase 1 (PDB
ID: 4YYZ) were also investigated. Whereas the proteins for oxidative
activities were human cyclin-dependent kinase 2 complex (PDB ID:
1HCK), FAD-dependent NAD(P)H oxidase (PDB ID: 2CDU), glutathione
peroxidase (PDB ID: 2F8A) and superoxide dismutase (PDB ID: 3HFF).

2.2. Target and ligand preparation

The crystal structures of all the above-mentioned proteins were
retrieved from RCSB PDB database (https://www.rcsb.org/, accessed on
March 12, 2024) and used throughout the study. For docking studies, the
unwanted chains and residues present in the proteins were removed
using UCSF Chimera ver. 1.16 (https://www.rbvi.ucsf.edu/chimera).

The 3D SDF structure of glucomoringin isothiocyanate (GMG-ITC),
the active component of M. oleifera seeds extracts previously reported to
exhibit good antibacterial activity, was downloaded from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/, accessed on March 12,
2024). Along with GMG-ITC, the 3D SDF structures of control com-
pounds such as ascorbic acid [32], ibuprofen [33], and 2-oxazolidinone
[34] were also retrieved. All compounds were imported into Avogadro
software version 1.2.0 and exposed to energy minimization. The energy
minimization was accomplished with the MMFF94 force field using the
steepest descent algorithm. The structures were further converted to the
PDBQT format for docking.

2.3. Molecular docking and interaction analysis

Molecular docking was conducted to understand the interaction and
binding affinity between phytochemicals and bacterial protein re-
ceptors, while also validating their antioxidant and anti-inflammatory
properties. The docking study was performed in two steps (primary
and final screening) using a command Prompt with all the information
from AutoDock Tools as described by Gupta et al. (2023) [35] with slight
modifications. In primary screening, the GMG-ITC compound was
pre-screened with the proteins involved in the S. aureus pathogenesis.
The compound was then further docked with all the proteins taken in
this study to perform final docking studies, simulations, and other

Fig. 1. A schematic diagram showing the purification of GMG-ITC from GMG through catalyzed hydrolysis by myrosinase enzyme.

Fig. 2. Schematic diagram of the workflow.
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analyses. The obtained protein-ligand complexes were visualized and
analyzed by BIOVIA Discovery Studio Visualizer (BIOVIA, San Diego,
CA, USA). The follow-up detailed analysis of the respective amino acid
residue-ligand interaction was also performed using the same software
tool. The compounds with the best binding affinity values, targeting the
proteins used in the study, were selected for further molecular dynamics
simulation analysis.

2.4. Crosschecking docking and interaction of the ligands with proteins

For crosschecking the binding affinities of GMG-ITC with selected
proteins, online docking was performed using the CB-Dock2 online
server (https://cadd.labshare.cn/cb-dock2/index.php, accessed on
March 12, 2024).

2.5. Cross-docking and HYDE analysis

Cross-docking and subsequent HYdrogen DEsolvation (HYDE) anal-
ysis of GMG-ITC with selected eight proteins were performed using the
SeeSAR v.13.1 (www.biosolveit.de, BioSoveIT GmbH, St. Augustin,
Germany, 2024). The docking module implemented in SeeSAR and the
integrated scoring function HYDE have been performed using a standard
docking procedure with the 3D structure of GMG-ITC and protein as
obtained from the initial docking experiments (cf. Experimental part
2.3). The best-ranked docking poses were visually inspected and
selected, if necessary, for further computing in terms of optimization of
torsions/bindings and intra-/intermolecular clashes by using the mo-
lecular editor module in SeeSAR with subsequent re-docking and
-scoring [36]. As integrated in SeeSAR, the HYDE scoring function
considers the hydrogen/salt bridges bonds (usually interpreted as the
enthalpy term ΔH) and dehydration term (interpreted as the entropy
–TΔS) based on the contribution of all non-hydrogen (heavy) atoms for
both ligand and protein to the overall free energy of binding (ΔG,
kJ/mol) [37]. As a result, HYDE rapidly computes the predicted binding
affinities (ΔG) in the form of so-called Ki HYDE ranges (including lower
and upper Ki HYDE boundaries) as well as other relevant drug-like
properties like LE/LLEHYDE, logP/D, and others.

2.6. In silico pharmacokinetics, drug-likeness, and bioactivity analysis

Pharmacokinetics parameters related to absorption, distribution,
metabolism, excretion, and toxicity (ADMET) play a substantial role in
identifying novel drug candidates. To predict the pharmacokinetics of
the candidate molecules, pkCSM (https://biosig.lab.uq.edu.au/pkcsm/p
rediction, accessed on March 12, 2024) online tool was used. Parameters
such as AMES properties, maximum tolerated dose (human), hERG
inhibitory effects, oral rat acute and chronic toxicities, hepatotoxicity,
skin sensitization, fathead minnow toxicity, aqueous solubility scale,
blood-brain barrier permeability, CYP inhibitory activity, and total
clearance were also explored.

In addition to these, molecular properties of top hit compounds such
as molecular weight, hydrogen bond acceptor, hydrogen bond donor,
number of rotatable bonds, topological polar surface area, octanol/
water partition coefficient, and Lipinski’s rule of five were also evalu-
ated and were obtained from SwissADME (http://www.swissadme.ch/,
accessed on March 18, 2024). The bioactivity scores of ligands against
regular human receptors such as GPCRs, ion channels, kinases, nuclear
receptors, proteases, and enzymes were assessed by the molinspiration
web server (https://www.molinspiration.com/cgi/properties, accessed
on March 18, 2024).

2.7. In silico target prediction

The selected ligand GMG-ITC was used for target prediction on a
SwissTargetPrediction server (http://www.swisstargetprediction.ch/,
accessed on March 18, 2024), Utilizing its predictive algorithms,

potential protein targets for the compounds were identified based on
structural and chemical similarities [38], where Homo Sapiens was
designated as the target organism as previously performed by Daina
et al. (2019) [39].

2.8. GO and KEGG pathway analysis

The predicted target data were subjected to Gene Ontology (GO)
analysis to screen for involvement in biological processes (BPs), cellular
components (CCs), and molecular functions (MFs). While Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment analysis identified
critical signalling pathways associated with these biological processes
were collected from the DAVID database (https://david.ncifcrf.gov/,
accessed on April 27, 2024) to elucidate the roles of the target proteins
in gene function and signalling pathways. This combined analysis pro-
vided comprehensive insights into the functional diversity and molec-
ular mechanisms underlying the effects of the compounds [40].
Subsequently, the GO was uploaded to the Bioinformatics platform (http
://www.bioinformatics.com.cn/, accessed on April 27, 2024) for visu-
alization, according to Liu et al. (2024) [41]. KEGG data was obtained
and visualized from ShinyGO (http://bioinformatics.sdstate.edu/go
77/) for further analysis as described by Bodnár et al. (2024) [42].
Statistical methods, including p-value calculation and correction for
multiple testing, were applied to ensure the robustness of the results
[43].

2.9. Protein-ligand molecular dynamics simulation

The six best protein-ligand complexes with tested compounds were
obtained from the molecular docking study for MD simulation based on
the lowest binding energy achieved along with the optimal docked pose.
In this study, we have generated a comparison analysis map based on the
dynamic characteristics of our targeted proteins along with their inter-
active protein-ligand complexes using GROMACS 2019.1 tool. In this
investigation, Molecular Dynamics Simulations (MDS) of protein-ligand
complexes were conducted employing the CHARMM36 force field
(http://www.charmm-gui.org/) within GROMACS version 2019.1. The
parameter files for the chosen docked complexes were prepared
following the guidelines provided in the GROMACS tutorial. The to-
pology and parameter files for each protein and ligand were generated
on the CHARMM-GUI server and further selected protein-ligand com-
plex file preparation has been done via CHARMM-GUI Multicomponent
Assembler (MCA). The length of each side of the cube enclosing the
system was determined based on parameters such as “Calculated Vol-
ume Fraction”, “Minimum Recommended Size Length”, and “Maximum
Volume Fraction”, ensuring a minimum of 20 Å increase in the “Box XYZ
length (Å)” to mitigate risks of periodic image atoms crossing system
boundaries during MD simulation. Guided the system size in the last
step, the solvent composition was automatically calculated, and the
system was solvated by TIP3P water molecules and K+, Cl− ions (at a
concentration of 150 mM) similarly as per the guided protocol of So-
lution Builder. Gromacs files specific to proteins, and protein-ligand
complexes have been extracted from generated chrmm-gui files for
targeted MD run for 100 ns (nanoseconds) with 2 fs (fs) steps.

2.10. MD run post-analysis

MD trajectory analysis is a comparison analysis to compare the sta-
bility and strength of protein-ligand complexes for proteins based on
some topological parameters root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), solvent accessible surface area (SASA),
radius of gyration (Rg), Coul-SR energy, LJ-SR energy, and hydrogen
bond (HB) formation. All those graphs (RMSD, RMSF, SASA, Rg, HB,
Coul-SR, and LJ-SR energy) were plotted by using Qtgrace (https://qtgr
ace.sourceforge.io/) with the aid of extracted data achieved by the
successive run of GROMACS commands (“gmx rms”, “gmx rmsf”, “gmx
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hbond”, “gmx SASA”, “gmx gyrate”, “gmx energy”). Finally, “gmx
trjconv” command of the GROMACS tutorial was run for extraction of
specific protein-ligand interaction complexes with a time interval of 20
ns throughout the whole 100 ns of MD trajectory.

3. Results

3.1. Molecular docking analysis

To identify a potential phytochemical-based drug against MDR
S. aureus, a molecular docking approach was performed with GMG-ITC.
Initially, GMG-ITC was docked with pathogenesis-causing proteins of
S. aureus for primary screening (Table 1), followed by further analysis
with all selected proteins (Fig. S1). The binding energies of all selected
proteins with GMG-ITC and reference drugs are listed in Table 1. GMG-
ITC exhibited good binding affinities of more than − 4.5 kcal/mol with
all the proteins used in the study, ranging from − 7.6 kcal/mol to − 4.7
kcal/mol. Notably, the compound had the strongest binding affinity
(− 7.3 kcal/mol) to S. aureus lipase (PDB ID: 6KSI) compared to other
pathogenic proteins tested in this study, forming hydrogen bond with a
bond length of 4.14 Å with A chain’s amino acid Leu18, along with
various other non-weak interactions with A chain’s amino acid residues
His115, His349, Phe17, Val309, and Val350 (Fig. 3A–B). Additionally,
the tested compound exhibited a binding affinity of − 7.8 kcal/mol with
dihydrofolate reductase (PDB ID: 3SRW), which is essential for bacterial
DNA synthesis. In this case, a hydrogen bond (bond length of 5.31 Å)
with Asp28 and other interactions with Asp28, His31, Ile15, Ser50, and
Thr47 were observed (Fig. 3C–D). In MRSA, penicillin-binding protein
2a (PDB ID: 1MWU) confers broad-spectrum beta-lactam resistance. The
binding of PBPs with an inhibitor disrupts peptidoglycan cross-linking,
hindering cell wall synthesis. Within the protein-ligand complex with
1MWU, GMG-ITC showed a strong binding affinity with a binding

energy of − 6.8 kcal/mol that involved three hydrogen bond interactions
with lengths of 4.52 Å, 5.45 Å, and 4.04 Å for Arg241, His293, and
Thr165, respectively, along with other non-weak interactions with
Asp275, Asp295, His293, Val256, and Val277 (Fig. 4A–B). Similarly, in
VRSA-9, D-Ala:D-Ala ligase (PDB ID: 3N8D) is pivotal for ligase
impairment, while MepR transcription regulator (PDB ID: 3ECO) me-
diates tigecycline resistance by suppressing the multi-drug efflux pump
gene. Additionally, RPP TetM (PDB ID: 3J25) in complex with the 70 S
ribosome contributes to tetracycline resistance by mutating domain IV’s
interaction point with the tetracycline binding site. These proteins can
be considered as probable drug targets for an effective strategy against
VRSA-9, TRSA, and TetRSA. GMG-ITC showed good binding interactions
(Fig. 4) with all of these proteins with a binding energy of − 7.5 kcal/
mol, − 5.9 kcal/mol, and − 7.4 kcal/mol, respectively, compared to the
reference antibiotic 2-oxazolidinone which is an effective drug against
all these bacterial strains.

Further, to check the anti-inflammatory and antioxidant activity of
GMG-ITC, it was docked with the molecular targets responsible for the
anti-inflammatory and antioxidant activity in the human body. The
investigated compound exhibited the highest binding affinity for
cyclooxygenase-2 (PDB ID: 1CX2) (− 7.1 kcal/mol) compared to the
reference anti-inflammatory drug ibuprofen with the interaction of two
hydrogen bonds of length 4.98 Å and 5.09 Å with Asn382 and other
interactions with Glu290, His214, His386, Thr212, and Val291
(Fig. 5A–B). FAD-dependent NAD(P)H oxidase (PDB ID: 2CDU), which
catalyzes the oxidation of 2 equivalents of either NADH or NADPH, was
found to have a good binding affinity with GMG-ITC (− 7.6 kcal/mol).
The interaction involved two hydrogen bonds with lengths of 4.69 Å and
4.45 Å with Lys134 and Ser41, respectively, while other interactions
involved were with Ala300, Ile160, Gly158, and Lys134 (Fig. 5C–D). All
the top-hit docking and their interactions are illustrated in Table S1.

To estimate the binding affinity of GMG-ITC towards eight biological

Table 1
Binding free-energy values (ΔG in kcal/mol) of GMG-ITC as a target ligand along with ascorbic acid, ibuprofen, and 2-oxazolidinone as references for good antioxidant,
anti-inflammatory, and antibacterial agents, respectively.

Molecular targets PBD entry Ligands

GMG-ITC Ascorbic acid Ibuprofen 2-Oxazolidinone

Anti-inflammatory 4YYZ − 6.3 – − 6.2 –
1N8Q − 6.9 – − 7.7 –
2PE4 − 6.9 – − 6.2 –
3V92 − 7 – − 6.3 –
4CX7 6.8 – − 5.7 –
1CX2 − 7.1 – − 6.4 –

Antioxidant 1HCK − 5.9 − 4.8 – –
2CDU − 7.6 − 5.4 – –
2F8A − 5.4 − 4.4 – –
3HFF − 4.7 − 4.1 – –

S. aureus pathogenesis 2O8L − 6.5 – – − 3.4
4AE5 − 5.9 – − 3
6KSI − 7.3 – – − 3.9

Universal bacterial target 1JZQ − 7.2 – – − 3.6
1KZN − 5.3 – – − 3.7
2VEG − 5.8 – – − 3.9
2ZDQ − 5.4 – – − 3.9
3RAE − 6.3 – – − 4
3SRW − 7.1 – – − 3.7
3UDI − 6.2 – – − 3.5
3TTZ − 5.9 – – − 3.3

MRSA 1GHI − 5.6 – – − 3.3
1MWU − 6.8 – – − 3.6

VRSA-9 3N8D − 7.5 – – − 3.9

TRSA 3ECO − 5.9 – – − 3.6

TetRSA 2FJ1 − 6.4 – – − 3.5
3J25 − 7.4 – – − 3.3
7Y58 − 6.6 – – − 3.7
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targets and quantify our docking results, we performed additional cross-
docking analysis using the SeeSAR tool with subsequent HYDE analysis.
The implemented HYDE algorithm considers the contribution of all non-
hydrogen atoms to the overall binding energy (ΔG, kcal/mol) for both
ligand and protein. Therefore, we obtained the so-called Ki HYDE lower
boundaries (from nM to μM ranges). Compared to other proteins tested
in this study, GMG-ITC showed the highest binding activity against

VRSA-9-9 D-Ala:D-Ala ligase (PDB ID: 3N8D, ΔG = − 7.5 kcal/mol, Ki
HYDE = 0.293 μM). It also demonstrated strong binding affinity to
S. aureus lipase (PDB ID: 6KSI, ΔG = − 7.3 kcal/mol, Ki HYDE = 0.458
μM), cyclooxygenase-2 (PDB ID: 1CX2, ΔG = − 7.1 kcal/mol, Ki HYDE =

0.635 μM), and dihydrofolate reductase (PDB ID: 3SRW, ΔG = − 7.1
kcal/mol, Ki HYDE = 0.639 μM). Table S2 summarizes the estimated Ki
HYDE lower boundary values for GMG-ITC against the eight selected

Fig. 3. 3D and 2D interactions of GMG-ITC as ligand with (A) and (B) S. aureus lipase (PDB ID: 6KSI), and (C) and (D) Dihydrofolate reductase (PDB ID: 3SRW)
as proteins.

Fig. 4. 3D and 2D interactions of GMG-ITC as ligand with (A) and (B) penicillin-binding protein 2a (PDB ID: 1MWU), (C) and (D) MepR transcription regulator (PDB
ID: 3ECO), (E) and (F) D-Ala:D-Ala ligase (PDB ID: 3N8D), and (G) and (H) RPP TetM in complex with the 70 S ribosome (PDB ID: 3J25) as proteins.
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biological targets based on the docking score. In general, the cross-
docking experiments using the HYDE algorithm in SeeSAR produced
results consistent with the initial docking studies for the same GMG-
ITC–protein complexes (cf. Table 1 and Table S2). In addition, we
calculated the ligand lipophilicity efficiency (LLE) coefficients for GMG-
ITC using SeeSAR. LLE is an important metric in drug design used to
improve the lead structure optimization process [44]. In particular, LLE
is a measure of the relationship between the in vitro (or in silico pre-
dicted) binding potency of a ligand toward a target of interest and the
lipophilicity (measured or calculated partition/distribution coefficient,
logP/D) [44]. A compound with a LLE value higher than 5.0 can be
considered for further drug optimization. As a part of our investigations,
we estimated the LLE values for the selected eight GMG-ITC–protein
complexes (cf. Table S2). Therefore, the highest LLE values were found
for the highest binding affinities of GMG-ITC to S. aureus VRSA-9-9
D-Ala:D-Ala ligase (LLE = 6.02), S. aureus lipase (LLE = 5.82), the
cyclooxygenase-2 (LLE = 5.69), and dihydrofolate reductase (LLE =

5.68) showing that GMG-ITC exhibit optimal drug-like properties when
taking into account its affinity against these proteins.

3.2. Pharmacokinetic analysis

Based on the docking study, GMG-ITC was selected for further
pharmacokinetic analysis, including ADMET, Lipinski’s rule of five,

bioactivity score, and drug-likeness analysis.

3.3. Absorption, distribution, metabolism, excretion, and toxicity
(ADMET) analysis

Absorption of drug compounds is mainly analyzed through aqueous
solubility, Caco-2 permeability, gastrointestinal absorption in humans,
skin permeability, and whether the molecule acts as a substrate or in-
hibitor of P-glycoprotein. All the parameters for GMG-ITC are included
in Table 2. The results obtained indicated that GMG-ITC is moderately
soluble in water, whereas the reference drug 2-oxazolidinone showed
the highest solubility. Similarly, Caco-2 permeability and human intes-
tinal absorption play crucial roles in determining definitive bioavail-
ability. According to Chandra et al. (2021) [45], a drug compound with
a value exceeding 0.90 of Caco-2 permeability is deemed readily
permeable. In the present investigation, it was seen that the reference
drugs ibuprofen and 2-oxazolidinone are highly permeable, while
GMG-ITC showed moderate permeability. According to Saha et al.
(2021) [46], the human intestine is mostly an active site for drug ab-
sorption, and more than 30 % absorption is considered readily absorbed.
The absorption analysis showed that all compounds, including reference
drugs, have high absorbance rates in the human intestine, with more
than 60 % for GMG-ITC and more than 90 % for the rest of the com-
pounds. The results obtained herein also showed that all investigated

Fig. 5. 3D and 2D interactions of GMG-ITC as ligand with (A) and (B) cyclooxygenase-2 (PDB ID: 1CX2), and (C) and (D) FAD-dependent NAD(P)H oxidase (PDB ID:
2CDU) as proteins.
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compounds are neither P-glycoprotein substrates nor P-glycoprotein
inhibitors.

The drug distribution is mainly analyzed based on human volume of
distribution, human fraction unbound in plasma, blood-brain barrier,
and central nervous system permeability. The steady-state volume of
distribution (VDss) is a crucial pharmacokinetic parameter informing
drug dose range design, representing the theoretical volume in which a
drug dose would achieve similar blood plasma concentrations [47].
Higher VDss values indicate greater tissue distribution over plasma, with
antibiotics and antivirals typically aiming for extensive tissue spread.
VDss is deemed low if log (VDss) < − 0.15, and high if log (VDss) > 0.45
[47]. In the present investigation, it was seen that the distribution of
GMG-ITC and ibuprofen is lower. Similarly, the achieved results indi-
cated a high fraction of unbound value to human plasma for all tested
compounds which ranged between 0.239 and 0.813.

The Cytochrome P450 (CYP) enzyme group consists of isozymes
responsible for metabolizing drugs, fatty acids, steroids, bile acids, and
carcinogens. Drugs metabolism is dependent on their being a Cyto-
chrome P450 substrate or inhibitor. The present study demonstrated
that GMG-ITC and all investigated reference drugs did not act as a
substrate or inhibitor of CYP enzymes (Table 2).

Excretion was analyzed through total clearance to determine
whether or not GMG-ITC acts as a substrate of renal Organic cation
transporter 2 (OCT2). The results indicated that none of the tested
compounds were substrates of renal OCT2, suggesting they may be
eliminated through an alternative route. Additionally, all the tested
compounds exhibited a total clearance below log (CLtot) 1.0 mL/min/kg

(Table 2), indicating high excretion clearance efficacy.
Toxicity analysis encompassed AMES results, maximum tolerated

dose for humans, oral rat-acute toxicity, hepatotoxicity, skin sensitiza-
tion, minnow toxicity, and determination of whether compounds act as
inhibitors of the human ether-a-go-go-related gene (hERG). The results
indicated that all tested compounds, except for 2-oxazolidinone, are
non-mutagenic and non-carcinogenic. Furthermore, it was seen that
GMG-ITC exhibited lower toxicity to humans compared to the tested
reference drugs. The Maximum Recommended Tolerance Dose (MRTD)
offers an estimation of the toxic dose in humans. According to Saha et al.
(2021) [46], MRTD equal to or below log 0.477 (mg/kg/day) is classi-
fied as low. All tested compounds were found to be non-inhibitors of
hERG, suggesting they do not block the K+ channel. However, GMG-ITC
and ibuprofen showed hepatotoxicity, while ibuprofen showed skin
sensitivity. All the tested compounds showed high oral acute toxicity
value (LD50) (Table 2). A molecule with a higher oral rat acute toxicity
(LD50) value is less lethal compared to one with a lower LD50 value [46,
47]. The lethal concentration values (LC50) denote the concentration of
a molecule required to induce 50 % fathead minnow mortality. A
molecule is considered to have high acute toxicity if its log LC50 is less
than 0.5 mM (log LC50 < − 0.3) [46,47]. GMG-ITC, along with reference
drugs, are less toxic as they exhibited good scores that are much higher
than the above-mentioned LC50.

3.4. Lipinski’s rule of five, bioactivity score, and drug-likeness

Lipinski’s rules of five (Ro5), bioactivity, and molecular properties
were predicted by utilizing SwissADME, Molinspiration, and MolSoft
software, respectively, and their results were summarized in Tables 3
and 4. Lipinski’s rule of five expresses crucial molecular properties that
influence a drug’s pharmacokinetics within the human body, encom-
passing aspects such as absorption, distribution, metabolism, and elim-
ination (ADME) [46]. The drug-likeness properties of the chosen
compounds were assessed using Lipinski parameters. The obtained re-
sults indicate that none of the evaluated compounds violated Lipinski
parameters (Table 3). Topological polar surface area (TPSA) calculation
is indicative of the drug molecule’s bioavailability and is closely linked
to the compound’s hydrogen bonding potential. The TPSA of the com-
pounds was noticed in a range between 20.23 and 129.67 Å, which is
well below the range of 160 Å [48]. According to Martin (2005) [49],
any compound with a bioavailability score of ≥0.55 is considered ideal
and absorbed very well by the body. The obtained data indicated good
bioavailability and absorption for all tested compounds (Table 3).

A molecule with a bioactivity score above 0.00 is likely to exhibit
significant biological activities; scores ranging from − 0.50 to 0.00 are
considered moderately active, while those below − 0.50 are presumed to
be inactive. Bioactivity scores of all compounds are illustrated in
Table 4. It was demonstrated that GMG-ITC is highly active toward
protease and enzyme inhibitors and moderately active toward GPCR
ligand, ion channel modulator (ICM), nuclear receptor ligand (NRL), and
kinase inhibitor (KI). Therefore, it is possible to state that GMG-ITC
possesses higher biological activity than reference drugs.

3.5. Component-target analysis

To understand the multiple targets and various pathways in which
GMG-ITC may interact in the human body, a component-target analysis
was performed using Swiss Target Prediction. The parameter of proba-
bility value was set as 0.1 or 10 %. Altogether, 28 targets were obtained
for GMG-ITC (Table 5).

3.6. GO and KEGG enrichment analysis

Performing GO and KEGG enrichment analysis of target genes asso-
ciated with GMG-ITC using bioinformatics and visualizing the results
(Fig. 6) provides valuable insights into its molecular mechanisms and

Table 2
Predicted ADMET pharmacokinetic properties.

Property Model name Compounds

GMG-
ITC

Ibuprofen 2-
Oxazolidinone

Absorption Water solubility (log
mol/L)

‒3.147 ‒3.696 0.243

Caco2 permeability (log
Papp in 10− 6 cm/s)

0.604 1.729 1.582

GI absorption (%) 64.625 94.064 98.901
P-glycoprotein substrate No No No
P-glycoprotein I
inhibitor

No No No

P-glycoprotein II
inhibitor

No No No

Distribution VDss (human) (log L/
kg)

‒0.379 ‒0.803 ‒0.092

Fraction unbound
(human)

0.352 0.239 0.813

Metabolism CYP2D6 substrate No No No
CYP3A4 substrate Yes No No
CYP1A2 inhibitor No No No
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor No No No

Excretion Total clearance (log ml/
min/kg)

0.237 0.263 0.496

Renal OCT2 substrate No No No

Toxicity AMES toxicity No No Yes
Max. tolerated dose
(human) (log mg/kg/
day)

0.497 1.015 1.249

hERG I inhibitor No No No
hERG II inhibitor No No No
Oral Rat Acute Toxicity
(LD50) (mol/kg)

2.503 2.303 2.084

Hepatotoxicity Yes Yes No
Skin Sensitization No Yes No
Minnow toxicity (log
mM)

2.712 0.619 2.872
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potential biological pathways. The GO enrichment analysis ensued a
total of 18 entries, with p-values adjusted using the Benjamini–Hochberg
procedure to account for multiple tests, adhering to a significance
threshold of p < 0.05.

In the category of BPs, the target proteins were primarily associated
with the collagen catabolic process, extracellular matrix disassembly,
extracellular matrix organization, adenosine receptor signaling
pathway, cellular response to UV-A, proteolysis, response to beta-
amyloid, activation of adenylate cyclase activity, and endodermal cell
differentiation. In the molecular function (MF) class, the target proteins
were predominantly associated with endopeptidase activity, metal-
loendopeptidase activity, serine-type endopeptidase activity, peptidase
activity, G-protein coupled adenosine receptor activity, aspartic-type
endopeptidase inhibitor activity, and alpha-glucoside transmembrane
transporter activity. In the cellular component (CC) class, the target
proteins were categorized as extracellular matrix and extracellular
exosomes.

In KEGG analysis, a total of 14 KEGG-enriched items were identified,
with corrected p values (h-corrected) below 0.05 were considered. GMG-
ITC-associated pathways encompassed diverse physiological processes,
including immune signaling (e.g., IL-17, TNF), metabolic pathways (e.
g., Lipid metabolism, Carbohydrate digestion), and disease pathways (e.
g., Cancer, Hepatitis B, Influenza). In our investigation, we used the GO
terms (the so-called GO enrichment score) and the KEGG pathways to
predict the relevance of GMG-ITC as a therapeutic agent and its potential
efficacy in some relevant biological mechanisms. However, further
investigation of its efficacy against MDR-initiated changes was not
conducted.

3.7. MD simulation and analysis

3.7.1. Comparative stability and integrity analysis of protein-drug
complexes

Comparative stability analysis of protein-drug complexes has been
evaluated in terms of RMSD, RMSF, SASA, and Rg to assess structural
integrity. RMSD tracks backbone deviation under MD force field influ-
ence, RMSF indicates residual fluctuation, Rg measures protein
compactness, and SASA reflects solvent behaviour. In the present
investigation, three different conditions were analyzed: protein-only
system (proteins with no drugs), protein with control drugs, and pro-
teins with selected drugs over a 100 ns MD trajectory. The superimpo-
sition of GMG-ITC on the targeted proteins was shown in Fig. 7 to
observe the time-dependent protein-drug interaction.

3.7.2. RMSD analysis
RMSD analysis reveals that protein-only systems and their docked

ligand complexes exhibit distinct backbone stability profiles due to
solvation effects and environmental conditions (Fig. 8). Hydrophobic
surfaces are destabilized in aqueous environments by TIP3P molecules,
causing increased RMSD fluctuations and altered protein folding, while
hydrophilic surfaces remain stable through interactions with TIP3P
water. This highlights the role of solvation effects in protein stability and
dynamics. Modified protein structures showed average RMS deviations
of approximately ~0.27–0.93 nm. Protein-control drug complexes
exhibited deviations ranging from ~0.15 to 1.14 nm, while proteins-

Table 3
Drug likeness properties.

Compounds Lipinski Ro5 Molecular Weight (g/mol) H-bond acceptors H-bond donors cLogP TPSA (Å2) Bioavailability score

GMG-ITC Yes; 0 violation 353.39 7 2 2.03 129.67 0.55
Ibuprofen Yes; 0 violation 206.28 2 1 3.01 37.3 0.85
2-Oxazolidinone Yes; 0 violation 87.08 2 1 − 0.04 38.33 0.55

Table 4
Prediction of bioactivity score of compounds.

Compounds GPCRa ICMb KIc NRLd PIe EIf

GMG-ITC 0.07 0.06 ‒0.4 ‒0.05 0 0.51
Ibuprofen ‒0.17 ‒0.01 ‒0.72 0.05 ‒0.21 0.12
2-Oxazolidinone ‒3.47 ‒3.26 ‒3.67 ‒3.78 ‒3.23 ‒3.4

a GPCR ligand.
b ICM-ion channel modulator.
c KI- kinase inhibitor.
d NRL-nuclear receptor ligand.
e PI- protease inhibitor.
f EI- enzyme inhibitor.

Table 5
Molecular targets of GMG-ITC predicted from SwissTargetPrediction.

Molecular targets GENE ID UniProt ID Probability
Percentage of
the Predicted
Targets

Sodium/glucose
cotransporter 2

SLC5A2, SGLT2 P31639 10 %

Adenosine A2a receptor (by
homology)

ADORA2A P29274 10 %

Adenosine A3 receptor ADORA3 P0DMS8 10 %
S-methyl-5-thioadenosine

phosphorylase (by
homology)

MTAP, MSAP Q13126 10 %

Sodium/glucose
cotransporter 1

SLC5A1, NAGT,
SGLT1

P13866 10 %

Adenosylhomocysteinase AHCY, SAHH P23526 10 %
Adenosine A2b receptor ADORA2B P29275 10 %
78 kDa glucose-regulated

protein
HSPA5 A0A7P0TAI0 10 %

Hypoxanthine-guanine
phosphoribosyltransferase

HPRT1, HPRT P00492 10 %

Glyceraldehyde-3-phosphate
dehydrogenase liver

GAPDH, GAPD,
CDABP0047,
OK/SW-cl.12

P04406 10 %

Thymidylate synthase TYMS, TS, OK/
SW-cl.29

P04818 10 %

ADAM17 SORL1,
C11orf32

Q92673 10 %

Matrix metalloproteinase 13 MMP13 P45452 10 %
Matrix metalloproteinase 1 MMP1 A5GZ69 10 %
Matrix metalloproteinase 7 MMP7 P09237 10 %
Phosphodiesterase 8 B PDE8B D6RJD7 10 %
Matrix metalloproteinase 8 MMP8, CLG1 P22894 10 %
P-glycoprotein 1 ABCB1 P08183 10 %
Caspase-3 CASP3, CPP32 P42574 10 %
Platelet-activating factor

receptor (by homology)
PTAFR, PAFR P25105 10 %

Sodium/nucleoside
cotransporter 2

SLC28A2, CNT2 O43868 10 %

Heat shock cognate 71 kDa
protein

HSPA8, HSC70,
HSP73, HSPA10

P11142 10 %

Dual specificity mitogen-
activated protein kinase
kinase 1

MAP2K1,
MEK1, PRKMK1

Q02750 10 %

Hexokinase type II HK2 P52789 10 %
Interleukin-1 receptor-

associated kinase 4
IRAK4 Q9NWZ3 10 %

Matrix metalloproteinase 3 MMP3 P08254 10 %
Matrix metalloproteinase 9 MMP9, CLG4B P14780 10 %
Transmembrane domain-

containing protein
TMIGD3

TMIGD3,
UNQ1931/
PRO4406

P0DMS9 10 %
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GMG-ITC complexes displayed deviations ranging from ~0.15 to 0.98
nm, indicating varying degrees of structural perturbation induced by
different ligands. Fig. 8 demonstrates that the docked ligand complexes
of 1CX2 (panel A), 6KSI (panel E), and 3J25 (panel F) exhibit substantial
backbone deviations during the intervals of 15–100 ns, 2–62 ns, and
20–100 ns, respectively, compared to their protein-only systems coun-
terparts. This suggests that ligand binding prompts the remodelling of
protein conformation and accelerates protein folding dynamics. Addi-
tionally, the observed backbone instability of the 1CX2, 6KSI, and 3J25
protein-only systems from the beginning of the MD simulation un-
derscores the hydrophobic nature of the protein surfaces and the

consequent desolvation effects. Ligand interactions alleviate reduced
solvation effects, causing unsteady RMSD routes for the 1CX2, 6KSI, and
3J25 protein-ligand complexes. Notably, 3J25 shows greater deviations
with 2-Oxazolidinone than with GMG-ITC, indicating enhanced back-
bone stability and interaction with GMG-ITC, as validated by hydro-
phobic interaction energy decomposition (Fig. 13). Similarly, the 1CX2-
ibuprofen complex shows more erratic deviations compared to in-
teractions with GMG-ITC, indicating greater stability with GMG-ITC,
supported by energy decomposition as well (Fig. 13). In contrast, the
stabilized backbone dynamics and protein folding landscape of 6KSI-
GMG-ITC compared to 6KSI-2-Oxazolidinone suggest more consistent

Fig. 6. GO and KEGG analysis results for GMG-ITC.

Fig. 7. Superimposition of selected drug molecule (GMG-ITC) on the targeted (A)1CX2, (B)1MWU (C) 3N8D (D) 3SRW (E) 6KSI (F) 3J25 at the time interval of 10/
20 ns (ns) to observe the time-dependent protein-drug interaction. The trajectory of the same drug molecules in different time frames is depicted in specific
color codes.
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electrostatic interactions, supported by hydrogen bond formation
(Fig. 12).

3.7.3. RMSF analysis
RMSF analyses revealed increased flexibility of Cα backbone and

amino acid residues in proteins when paired with selective docked

ligands over the 100 ns MD interval, compared to fluctuations observed
in respective protein-only systems. In Fig. 9, panels A, B, C, D, E, and F
displayed RMSF values ranging approximately as 0.17 ± 0.01 nm, 0.26
± 0.15 nm, 0.21 ± 0.02 nm, 0.13 ± 0.12 nm, 0.13 ± 0.14 nm, and 0.32
± 0.16 nm. Despite similar average fluctuation values between protein-
only systems and protein-docked ligand complexes, noticeable abrupt

Fig. 8. Comparative analyses of RMSD of three different backbones of proteins (protein only, proteins with control drug, and proteins with selected drug) throughout
100 ns of MD run. (A)1CX2, (B)1MWU (C) 3N8D (D) 3SRW (E) 6KSI (F) 3J25. For subfigure A the control drug is Ibuprofen and for panel B, C, D, E, and F the control
drug is 2-Oxazolidinone.

Fig. 9. Comparative analysis of RMSF of consecutive amino acids present in different proteins under the effect of no drugs, control drug, and selected drug specific
for those proteins in the dynamic environment MD simulation. The proteins, control drugs, and selected drugs depicted in the subfigures are the same in corre-
spondence to the respective panels A, B, C, D, E, and F of Fig. 7.
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fluctuations in the latter during intermediate intervals of the MD tra-
jectory suggest significant interactions between amino acid residues and
ligand molecules. Similarly, increased fluctuations were observed at the
75th residue (3N8D-docked complexes), 400th residue (1MWU-GMG-
ITC), 195th and 225th residues (6KSI-2-Oxazolidinone), 330th residue
(3J25-GMG-ITC), and 450th and 500th residues (3J25-ligand docked
complexes), indicating higher flexibilities in interaction with specific
ligand molecules.

3.7.4. SASA and Rg analysis
SASA plots (Fig. 10) were analyzed to interpret the solvent behaviour

of proteins in three selective environments (protein-only system, pro-
teins with control drugs, and selected drugs). Additionally, SASA
revealed hydrophobic interactions of proteins in the presence of docked
ligands. SASA values for protein combinations 1CX2, 1MWU, 3N8D,
3SRW, 6KSI, and 3J25 ranged between 240 and 280 nm2, 300–340 nm2,
160–190 nm2, 87–102 nm2, 170–195 nm2 and 330–410 nm2 respec-
tively. These plots indicated significant hydrophobic occupation be-
tween proteins and docked complexes.

The compactness and structural integrity of protein-docked ligand
conformations were assessed through Rg fluctuations (Fig. 11). The
average Rg values for different protein combinations (proteins and
protein-docked ligand complexes) 1CX2, 1MWU, 3N8D, 3SRW, 6KSI,
and 3J25 were 2.49 ± 0.04 nm, 3.69 ± 0.2 nm, 2.24 ± 0.15 nm, 1.57 ±

0.04 nm, 2.09 ± 0.07 nm, and 3.05 ± 0.55 nm, respectively. Notably, in
panels E and F, the average Rg of protein-docked ligand complexes
throughout the MD trajectory was more prominent than the respective
proteins, indicating a gradual deterioration of compactness in the
presence of docked ligands during increased MD intervals. However,
comparative studies revealed that the degree of compactness and sta-
bility of protein-selected drug complexes were better than that of
protein-reference drug complexes, as the average Rg fluctuations of
protein-selected drug complexes maintained closer alignment with Rg
fluctuations of respective protein-only systems throughout the entire
100 ns MD interval.

3.7.5. Analysis of H bonds based subsequent pairing analysis
Hydrogen bonds (H bonds) act as the decisive “master key to mo-

lecular recognition,” crucial for ligand-dependent enzyme catalysis. The
binding affinity of docked ligands with specific proteins was assessed
based on the H bond formation of ligands-proteins interaction (Fig. 12).
In the case of 1CX2–GMG-ITC, two hydrogen bonds were detected, thus
corroborating the molecular docking result. For the 1MWU–GMG-ITC
complex, only one hydrogen bond was initially detected, however, over
time, it was increased and three H bonds were detected at the end. For
the complex 3N8D–GMG-ITC, two H bonds were found in the initial
point, but at the end, three H bonds were detected. For 3SRW–GMG-ITC,
two H-bonds were detected at the starting point, then their number
increased to three H bonds, and finally, their number reduced to two H
bonds which was very close to docking interaction analysis. The protein-
ligand complex 6KSI–GMG-ITC showed only one H bond initially, which
increased to two H bonds and, at the endpoint it was detected two H
bonds. In the complex 3J25–GMG-ITC, three H bonds throughout a
particular MD interval have been detected. All detected H bonds of all
protein-ligand complexes showed a similarity with docking results.
Comparison with control drug-protein complexes (Fig. 12B) revealed
less occupancy, suggesting more persistent and stable binding affinities
of selected drugs over reference drugs throughout the 100 ns MD tra-
jectory. These simulation studies further support and validate the 2D
docking interaction studies.

3.7.6. Analysis of interaction energy
Interaction energy was analyzed in terms of short-range electrostatic

(Coul-SR) and van der Waals/hydrophobic (LJ-SR) interactions. Average
values of Coul-SR energy (in KJ/mol) for protein-selected drugs
(Fig. 13A) and protein-control drugs (Fig. 13B) ranged as follows: 2.58
× 10^6 kJ/mol (1CX2–GMG-ITC), − 8.62 × 10^6 kJ/mol (1MWU–GMG-
ITC), − 1.97 × 10^6 kJ/mol (3N8D–GMG-ITC), − 1.07 × 10^6 kJ/mol
(3SRW–GMG-ITC), − 1.98 × 10^6 kJ/mol (6KSI–GMG-ITC), and − 6.03
× 10^6 kJ/mol (3J25–GMG-ITC). For protein-control drugs, the values
were: 2.58 × 10^6 kJ/mol (1CX2–ibuprofen), − 8.62 × 10^6 kJ/mol

Fig. 10. SASA analysis of proteins in 3 different environments is represented in this figure designated by different color codes. The proteins, control drugs and
selected drug used in the specific subfigures are respectively same as depicted in the explicit panels A, B, C, D, E, and F in Fig. 7.
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(1MWU–2-Oxazolidinone), − 2.58 × 10^6 kJ/mol (3N8D–2-Oxazolidi-
none), − 1.07 × 10^6 kJ/mol (3SRW–2-Oxazolidinone), − 1.98 × 10^6
kJ/mol (6KSI–2-Oxazolidinone), and − 6.03 × 10^6 kJ/mol (3J25–2-
Oxazolidinone). Similarly, the interpreted data of LJ-SR energy showed
the dynamics of selected drug-protein (Fig. 13C) and control drug-
protein (Fig. 13D). The average LJ-SR energy ranged as follows: 2.1 ×

10^5 kJ/mol (1CX2–GMG-ITC), 7.68 × 10^5 kJ/mol (1MWU–GMG-ITC),
1.62 × 10^5 kJ/mol (3N8D–GMG-ITC), 0.9 × 10^5 kJ/mol (3SRW-GMG-
ITC), 1.62 × 10^5 kJ/mol (6KSI–GMG-ITC), and 5.25 × 10^5 kJ/mol
(3J25-GMG-ITC). For control drug-protein dynamics, the values were:
2.07 × 10^5 kJ/mol (1CX2–ibuprofen), 7.65 × 10^5 kJ/mol (1MWU–2-
Oxazolidinone), 2.2 × 10^5 kJ/mol (3N8D–2-Oxazolidinone), 0.9 ×

10^5 kJ/mol (3SRW–2-Oxazolidinone), 1.62 × 10^5 kJ/mol (6KSI–2-
Oxazolidinone), and 5.25 × 10^5 kJ/mol (3J25–2-Oxazolidinone). The
steady energy flow of protein-docked ligand complexes throughout the
whole MD trajectory backed docking results and stability of the com-
plexes and, more precisely, signifies that hydrophobic/van der Waals, as
well as electrostatic interaction, have played a crucial role in consistent
equilibration of the protein-ligand interactions in a diverse set of ion-
solvent MD environment.

4. Discussion

In the present study, GMG-ITC was screened against potential

Fig. 11. Rg of proteins in 3 MD environments (without drugs, with control drugs, with selected drug) are reported where the proteins, control drugs, and selected
drug in specific subfigures are respectively same as mentioned in the corresponding panels A, B, C, D, E, and F of Fig. 7.

Fig. 12. Figure illustrates the total number of hydrogen (H) bonds formation and pairing (within 0.35 nm) of proteins to selected drug (GMG-ITC) and control drugs
(ibuprofen and 2-Oxazolidinone to specific proteins) up to 100,000 ps (ps) depicted respectively in subfigure A and B.
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molecular drug targets of MDR S. aureus and its anti-inflammatory and
antioxidant potential was also analyzed. It is well-established that nat-
ural products have long been key sources for pharmaceutical discov-
eries, with many plant-derived compounds such as flavonoids, alkaloids,
phenols, lactones, and terpenes showing promising antibacterial prop-
erties [17,35].

M. oleifera, renowned in traditional medicine, offers diverse phar-
macological advantages attributed to its rich phytochemical profile.
Particularly noteworthy is GMG-ITC, a potent compound found in its
seeds, which is released through the hydrolysis of GMG by the myr-
osinase enzyme. GMG-ITC has a history in drug development, under-
scoring its potential therapeutic significance. Previous research
highlights its broad pharmacological properties, including antimicro-
bial, anti-inflammatory, antioxidant, antidiabetic, anticancer, anti-
ulcer, and neuroprotective activities [20,22,50], with notable antibac-
terial effects against S. aureus and its multidrug-resistant variants [23,
51].

In this study, GMG-ITC showed the best binding affinity toward
S. aureus lipase (SAL) with a docking score of − 7.1 kcal/mol. S. aureus
lipase is triacylglycerol esterase, which is an important virulence factor
responsible for its pathogenesis, mainly degrades the immune-
responsive lipids and inhibits the activation of innate immune cells,
and also interferes with the host immune system to affect innate immune
recognition in the microbe [25]. Therefore, SAL is one of the drug targets
for inhibiting S. aureus infections. However, very few SAL inhibitors
have been introduced to date, so the binding affinity of GMG-ITC with
SAL demonstrates its potential as a probable SAL inhibitor for further
drug development interventions. Similarly, GMG-ITC exhibited strong
binding affinity with dihydrofolate reductase (− 7.8 kcal/mol), which is
essential for bacterial survival as dihydrofolate reductase is involved in
the thymidine synthesis pathway that is essential for DNA synthesis. So,
the inhibition of dihydrofolate reductase can inhibit the further repli-
cation of microbes. For MRSA, penicillin-binding protein 2a (1MWU) is
a probable drug target for combating MDR bacteria, which possess cell
wall biosynthesis in the presence of β-lactams [52]. Similarly, D-Ala:
D-Ala ligase (3N8D), MepR transcription regulator (3ECO), and RPP
TetM in complex with the 70 S ribosome (3J25) are the molecular tar-
gets to address the threat of other MDR variants of S. aureus such as

VRSA-9, TRSA, TetRSA, respectively [28,30,31]. GMG-ITC exhibited a
good docking score with all of these protein targets compared to the
studied reference drug 2-Oxazolidinone (Table 1) representing it as a
potential candidate for inhibition of MDR S. aureus. Further, antioxidant
and anti-inflammatory activity was evaluated to check its potentiality to
minimize oxidative stress and to reduce inflammation in the human cells
procured due to bacterial infection. GMG-ITC showed the best binding
affinity with cyclooxygenase-2 (− 7.5 kcal/mol) which catalyzes the
biosynthesis of pro-inflammatory prostanoids. COX inhibitors are
commonly employed to alleviate both acute and chronic pain as well as
inflammation [53]. These results demonstrate the potentiality of
GMG-ITC to reduce bacterial inflammation in the body. Galuppo et al.
(2014) [54] reported the anti-inflammatory activity of GMG-ITC in a
mouse model against autoimmune encephalomyelitis. Another study by
Jaafaru et al. (2018) [55] also reported that GMG-ITC induces apoptosis
and inhibits proliferation of human prostate adenocarcinoma cells.
Similarly, GMG-ITC showed a well-binding interaction with
FAD-dependent NAD(P)H oxidase, which is primarily involved in ROS
production [56]. Therefore, a strong inhibition of this enzyme by
GMG-ITC can minimize cellular oxidative stress. A study by Tumer et al.
(2015) [57] showed the direct and indirect antioxidant activity of
GMG-ITC.

Depending on the docking analysis, further pharmacokinetic study
was performed to analyze GMG-ITC as a potent drug. In the present
investigation, it was demonstrated that GMG-ITC has moderate solubi-
lity and permeability with a high absorption rate in the human intestine
indicating its high bioavailability and low variability [58]. Additionally,
GMG-ITC showed a high fraction of unbound value in human plasma,
indicating a substantial amount of free fraction available for interaction
with targeted proteins. This suggests enhanced potential for drug ac-
tivity. Also, GMG-ITC showed an excretion clearance efficiency along
with less toxicity. Further, the studied candidate is not mutagen or
carcinogen and is less lethal with high oral acute toxicity, indicating that
it is a potential drug candidate. Any potential drug typically binds with a
biological target, often enzymes, ion channels, and receptors. GMG-ITC
exhibits high activity toward protease and enzyme inhibitors while
showing moderate activity toward GPCR ligands, ICM, NRL, and KI.

Enrichment analysis highlights GMG-ITC’s involvement in various

Fig. 13. Coulomb (SR) energy is represented by panels A and C based on the MD interaction of proteins with selected drug (GMG-ITC) and control drug (ibuprofen/2-
Oxazolidinone) respectively. Similarly, LJ (SR) energy is illustrated by panels B and D based on the same interaction study. Comparative analyses of different
combinations are displayed with the above-mentioned color codes.
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biological processes, including tissue remodelling, repair, and homeo-
stasis. It affects processes like collagen breakdown, extracellular matrix
disassembly, and endodermal cell organization [59,60]. Additionally,
GMG-ITC can influence cellular responses through adenosine receptor
signaling and adenylate cyclase activation [61]. It also exhibited a
promising approach to protect against UV-induced damage and neuro-
protection from beta-amyloid toxicity [62]. Its impact on proteolytic
processes suggests a role as a protease inhibitor or modulator, aligning
with the biological activity findings in this investigation. Furthermore,
GMG-ITC is implicated in diverse enzymatic functions like endopepti-
dase, metalloendopeptidase, and serine-type endopeptidase activity,
hinting at its role in regulating proteolytic processes [59]. It may also
hinder aspartic-type endopeptidases. Additionally, GMG-ITC is associ-
ated with G-protein coupled adenosine receptor and Alpha-glucoside
transmembrane transporter activities, possibly impacting adenosine
receptor signaling and glucose transport regulation. Its presence in the
extracellular matrix and exosomes suggests cell-cell communication and
signaling involvement. KEGG analysis links GMG-ITC to immune sig-
nalling pathways such as IL-17, and TNF, suggesting a role in immune
response modulation [63,64]. It also indicates GMG-ITC’s involvement
in metabolic pathways (e.g., lipid metabolism, carbohydrate digestion)
and potential therapeutic applications in diseases like cancer, hepatitis
B, and influenza.

MD simulation showed the interaction of the GMG-ITC with selected
proteins and its outputs. RMSD values remained stable for all in-
teractions except 1CX2, 6KSI, and 3J25. However, interactions of GMG-
ITC demonstrate greater stability compared to protein-control drug in-
teractions. RMSD plots illustrate the influence of SASA on hydrophobic
and hydrophilic protein surfaces, ligand-induced protein folding alter-
ations, and solvation dynamics via backbone fluctuations. H-bond
analysis reveals that GMG-ITC forms more favorable electrostatic in-
teractions than 2-Oxazolidinone and ibuprofen with proteins 1CX2,
1MWU, 3N8D, 3SRW, and 6KSI, evidenced by higher H-bond intensity.
This consistency with docking scores substantiates the docking perfor-
mance. Due to the volumetric size of proteins, particularly in the 3J25
system, there is an extensive hydrophobic surface area, resulting in
decreased compactness and accelerated protein folding. This is evi-
denced by pronounced hydrophobic interactions upon 3J25-docked
complex formation. Specifically, the interaction between 3J25 and
GMG-ITC results in greater hydrophobic energy dissipation than the
3J25 and 2-Oxazolidinone interaction, as supported by SASA (Fig. 10)
and energy decomposition plots (Fig. 13). Notable integrity in the Rg
trajectory, overlapping RMSD routes, and residual fluctuations in the
RMSF plot highlight solvation and desolvation effects in ligand in-
teractions and protein folding stability, especially in 3N8D, as validated
by increased H-bond formation (Fig. 12). The Rg value of proteins and
protein-ligand complex indicate the compactness and integrity of pro-
teins in the presence of GMG-ITC compared to control drugs. Ligand-
induced backbone instability, residual flexibility, and accelerated
folding are notable in 1CX2, 6KSI, and 3J25 complexes, unlike the more
stable 3SRW and 1MWU. The 1MWU and 3SRW systems exhibit
heightened solvation effects and minimal electrostatic interactions, with
fewer H bonds and reduced electrostatic energy dissipation. The MD
simulations collectively reinforce the docking findings, confirming the
stability of the complex formed by the interaction of six different pro-
teins with GMG-ITC compared to selected control drugs, characterized
by high structural compactness and minimal to no fluctuations.

These findings indicate that GMG-ITC can be a potential antibacterial
drug against S. aureus infections and also can be able to reduce infection-
related inflammation and oxidative stress. However, Phytochemical-
based drug discovery via molecular docking and ADMET analysis of-
fers a robust, efficient, and cost-effective method for identifying novel
antibacterial agents. This approach enables rapid screening of natural
compounds with high throughput and detailed molecular interaction
insights, addressing multi-drug resistance without extensive lab work.
Similarly, Mallick et al. (2022, 2023) demonstrated the potential of

docking and ADMET analysis for novel therapeutic development [65,
66]. Nevertheless, in silico methods depend on structural data, which
may not fully predict actual pharmacokinetics, toxicity, protein dy-
namics, cellular environment, and off-target effects. To enhance pre-
diction accuracy, deep learning methods and high-throughput
computational models, such as a multistep Laplace-optimized decom-
position method and an optimized hybrid approach using a KNN clas-
sifier, could be acquired and planned for future studies [67–69].
Additionally, in vitro and in vivo studies will be performed to validate the
predicted activity and confirm the antimicrobial efficacy of GMG-ITC
against MDR S. aureus strains.

5. Conclusion

This study evaluated the antibacterial potential of GMG-ITC against
MDR S. aureus through in silico docking approach, revealing inhibitory
efficacy and promising molecular interactions with key bacterial pro-
teins. Also, GMG-ITC demonstrated favorable docking scores with anti-
inflammatory and antioxidant proteins, indicating its potential to miti-
gate infection-induced inflammation and cellular damage. Further, MD
simulations support docking results, confirming the stability of the
GMG-ITC complex with targeted proteins. GO enrichment analysis
underscored its efficacy in tissue remodelling, repair, maintaining ho-
meostasis, regulating proteolytic processes, glucose transport, and
intercellular communication. Additionally, KEGG analysis suggested its
potential therapeutic applications in diseases such as cancer, hepatitis B,
and influenza. Moreover, a comprehensive pharmacokinetic and
bioactivity profile supports GMG-ITC as a promising candidate for drug
development. This systematic analysis bridges in vitro and in vivo anti-
bacterial activities, providing insights into the molecular mechanisms
and paving the way for further investigations into S. aureus infection
prevention. Furthermore, this study hints at GMG-ITC’s potential to
counteract MDR S. aureus pathogenesis. Nevertheless, rigorous in vitro
and in vivo pharmacological evaluation and quality assessment are
imperative to validate its practical applicability.
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