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ABSTRACT

Methicillin-resistant Staphylococcus aureus (MRSA) is a significant universal
public health challenge owing to its resistance to B—lactam antibiotics, mostly
methicillin. Primarily, resistance is mediated through the acquisition of the mecA
gene encoding penicillin-binding protein 2a (PBP2a), which diminishes the

effectiveness of B-lactams. A sulfur-containing compound known as allicin, often
derived from Allium sativum (garlic), has proven broad-spectrum properties of
antibacteria; nevertheless, its information regarding interactions with resistance
protein PBP2a and its likes remains understudied. This study made use of molecular
docking analysis to examine the binding interactions between allicin and PBP2a.
The binding score of allicin was -3.9 kcal/mol, which shows that allicin has a
moderate affinity for the PBP2a active site when compared to vancomycin (positive
control) binding energy of -15.6 kcal/mol. The interaction of allicin with key amino
acids in the PBP2a catalytic site showed no hydrogen bond formation. The outcome
of this research shows that allicin can serve as a potential adjunct or alternative
intervention against MRSA by targeting PBP2a. The study reveals insights into
allicin's mode of action and presents a basis for further research on the application
of compounds derived from plants in combating antibiotic resistance.

INTRODUCTION

Methicillin-resistant ~ Staphylococcus aureus

circumvent the mechanism of resistance (Hassoun
et al., 2017; Avershina et al., 2021).

(MRSA) is currently one of the most challenging
clinical pathogens in the medical practice owing to

its resistance to [3-lactam antibiotics, thus
complicating treatment selections (Tong et al,
2015; Lee et al, 2018; Turner et al., 2019).
Primarily, this resistance is conferred by the mecA
gene acquisition, penicillin-binding protein 2a
(PBP2a) encoding, which decreases the [3-lactams
effectiveness through lowering their binding affinity
(Peacock and Paterson, 2015; Miragaia, 2018;
Shalaby et al., 2020). The MRSA infections
prevalence is particularly common in hospitals and
healthcare settings, which has driven a crucial
search for new therapeutic agents that can

Allicin is a bioactive sulfur compound derived
from garlic (Allium sativum) and has expressed
potential as an effective antibacterial agent against a
broad spectrum of pathogens, together with gram-
positive bacteria like S. aureus (Bhatwalka et al.,
2021; Sasi et al., 2021; Jikah and Edo, 2023; Jikah
et al., 2024). Allicin is enzymatically formed when
a sulfur-containing amino acid called alliin is
converted by alliinase following the mechanical
disruption of garlic cells. Its powerful antimicrobial
activity is held to stem from its capacity to react
with thiol groups in proteins, with effect on cellular
functions and bacterial metabolism (Shang et al.,
2019). In spite of its recognized antibacterial
properties, the precise interactions between MRSA
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resistance proteins and allicin, such as PBP2a, have
not been explored thoroughly.

With the computational methods emergence
and drug discovery, molecular docking has turned
out to be a critical tool for exploring drug-protein
interactions (Katsila et al., 2016; Sarvagalla et al.,
2019; Oyedele et al., 2023). Molecular docking is
applied to predict the binding affinity and
orientation of small molecules, such as allicin, to
target proteins, like PBP2a, presenting insights into
possible inhibition mechanisms. Recent research
has adopted molecular docking to assess natural
compounds' binding potentials against antibiotic-
resistant bacteria, presenting new directions for
therapeutic development (Alvarez-Martinez et al.,
2020; Terreni et al., 2021; Pancu et al., 2021).

In this study, we adopted molecular docking
analysis to investigate the allicin and PBP2a
interaction, aiming to illuminate the antibacterial
potential mechanism of allicin against MRSA. This
provided an understanding of how allicin binds to
PBP2a, revealing novel inhibitory pathways and
suggesting avenues to potentiate its antibacterial
activity, also as a combination and standalone

treatment with [3-lactam antibiotics. Through
applying cutting-edge computational methods, we
aimed to contribute to the unending search for
natural compounds with the potential to mitigate the
public health threat caused by MRSA.

The insights gained from this molecular
docking research will enhance our understanding of
allicin’s mechanism of action to inform future
research on applying plant-derived compounds as
potential replacements or adjuncts to conventional
antibiotics, particularly in the face of growing
antibiotic resistance.

METHODS
Preparation of Protein (Staphylococcus aureus

Penicillin Binding Protein 2a (SauPBP2a))

The  three-dimensional  coordinate  of
SauPBP2a was obtained from the Protein Data
Bank (PDB) database, which is available at
https://www.rcsb.org with PDB codes of 4CIN (X-
ray resolution = 1.95A). The 4CJN files has two
polypeptide chains as A and B. Since PBP2a is a

dimeric structure, the chain B was selected for
further analysis, which contained 642 residues in
the 4CJN file. The chain B also included a ligand
((E)-3-(2-(4-cyanostyryl)-4-oxoquinazolin-3(4H)-

yl) benzoic acid) and a water molecule (Ibrahim et
al., 2021; Masumi et al., 2022). Autodock Mgltools
was used to remove the ligand and water molecule
(Arcon et al., 2021; Sheikholeslami et al., 2024).
Polar hydrogen and charge were then added. The
protein was then renamed and converted to PDBQT
format (Ravi & Kannabiran, 2016).

Preparation of Ligand (Allicin, Gentamicin, and
Vancomycin)

The three-dimensional (3D) coordinates of
allicin and vancomycin in a structure data file
(SDF) were collected from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov). The software
PyMol was then used to convert the SDF files to
PDB files since SDF files cannot be used for
docking simulation. The PBP files were then
subjected to Autodock Mgltool for renaming and
conversion to PDBQT format.

Energy Minimizing (EM) of Prepared Protein
and Ligands

Energy minimization of the prepared protein
was done before the docking simulation. Swiss-
PDB Viewer version 4.1.0 was used. Energy
minimization was administered to all prepared
Ligands using UCSF Chimera 1.15 (Akher et al.,
2019; Lima et al., 2022; Xiao, 2023). Energy
minimization helps to refine the initial 3D structure
of the molecules, it stabilizes the structures by
finding the energetically favorable conformations, it
reduces steric hindrance, it
conformational sampling,
accuracy, it enhances

also allows for
it improves docking
predictive power, and
minimizes artifacts (Mirzaei et al., 2015; Pagadala
et al., 2017; Tripathi & Misra, 2017).
Molecular Docking with the SauPBP2a Active
Site
The following features from a Windows-based
system: installed RAM (8GB), system type (64 bit),
processor (Intel Pentium), and processor speed
(1.60GHz), @ was  used.  AutoDock
(https://autodock.scripps.edu) was used to perform
docking simulation (Chauhan et al., 2021; Blanes-
Mira et al.,, 2022). AutoDock vina predicts the
ligand docking pose using an algorithm
(Lamarckian genetic) and applies partial flexibility
in the receptor (Forli et al., 2016; Chen et al., 2023).
Docking simulation of allicin and vancomycin

vina

(positive control) compounds was done considering
the catalytic site of SauPBP2a. In the binding site of
SauPBP2a, 14 amino acid residues were noted
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Met681, Thr600, Gly599, Ser598, Gly549, Ser548,
Thr500, Asn464, Ser462, Tyrd46, Lys406, Ser403,
Lys340 and Ser337 (Masumi et al., 2022; Tabassum
et al., 2023). But 8 amino acid residues (Ser403,
Lys 406, Try446, Ser462, Asn464, Ser598, Gly599,
Thr600) out of the 14 amino acid residues were
used. The following are grid box settings: X-
dimension, 40; Y-dimension, 40; Z-dimension, 40;
X-center, 24.464; Y-center, -20.988; Z-center, -
8.583; spacing, 0.603A. Individual component
docking poses were set at 8. The binding affinity of
ligand to receptor was considered when the Root
Mean Square Deviation (RMSD) and tolerance of
2.0A, along with the lowest binding involved in the
largest cluster. The amino acid residues within the
binding site of SauPBP2a interacted with ligands
after docking simulation.
Docking Validation

Following the validation protocol carried out
by Saliu et al. (2021), the docking procedure was
validated using the oxoquinazolin inhibitor from the
Sau PBP2a. Oxoquinazolin was removed and re-
docked into the active site using AutoDock vina.
Autodock Mgltool was used to open the co-
crystallized structure, then the oxoquinazolin was
removed and saved as an inhibitor, while the Sau
PBP2a was saved as a receptor all in PDBQT files.
An unchanged grid parameter and docking
protocols was followed to ensure precision and
minimize deviation when compared to the actual
co-crystallized complex. PyMol was then used to
superimpose the re-docked multifacet with the
reference co-crystallized complex and calculate the
Root Mean Square Deviation (RMSD).

RESULTS AND DISCUSSION
It was observed that allicin bound to the

PBP2a catalytic site with a binding energy of -3.9

kcal/mol. The docking scores of allicin and
vancomycin (positive control) were shown in Table
1, with allicin having a score of -3.9 and
vancomycin having a docking score of -15.6. Table
2 shows the polar and non-polar interactions of
allicin and vancomycin (positive control) with the
amino acid residue of chain B. Allicin formed non-
polar interactions with 9 amino acid residues and no
hydrogen bond interaction, while vancomycin
formed 1 hydrogen bond, 1 polar interaction, and 45
non-polar interactions with the amino acid residue.
The validation interaction of quinazolione, amino
acid interaction, and RMSD value were all
represented in Table 3. Quinazolione had a binding
score of -7.8, RMSD value of 0.6791, non-polar
interaction with 55 amino acid residues, and a polar
(hydrogen) bond interaction with 3 amino acid
residues in Table 3.

Figure 1 shows allicin interacting in the pocket
region of PBP2a chain B and the crystallographic
binding mode of allicin in the PBP2a chain B active
site. Figure 2 shows vancomycin interacting in the
pocket region of PBP2a chain B and the
crystallographic binding mode of vancomycin in the
PBP2a chain B active site. Figure 3 shows
quinazolione interacting in the pocket region of
PBP2a chain B and the crystallographic binding
mode of quinazolione in the PBP2a chain B active
site.

Table 1. Docking scores of Allicin, Gentamicin, and
Vancomycin (positive control)

Ligand Mode Affinity (kcal/mol)
Allicin 1 -3.9

Vancomycin 1 -15.6

(Positive

control)

Table 2. Interactions and Binding Energy of Allicin and Vancomycin (positive control) with PBP2a

Ligand Binding energy Interacting amino acid residues Number of Hydrog.en bond
(kcal/mol) hydrogen bond  interactions
Allicin -3.9 ILE 614, VAL 633, ASN 632, 0 0

LEU 603, SER 400, LYS 604,
GLY 345, SER 346, PRO 528,
THR 344, THR 399, THR 398,
LYS 394, ILE 397, GLU 389,

LEU 392, LYS 634
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Vancomycin -15.6 TRP 438, GLY 440, TYR

(Positive ASN 442, LYS 430, LEU

control) VAL 449, THR 444, ASP
GLN 457, VAL 448, ARG
ASN 464, TYR 519, GLY
GLU 447, TYR 446, SER
MET 641, ALA 642, HIS
SER 643, LYS 639, TYR
LYS 584, GLU 584, ASP
GLU 609, GLU 523, GLN
GLY 520, LEU 603, SER
GLN 613, THR 600, ALA
GLU 602, GLY 611

441,
513,
516,
445,
522,
598,
583,
644,
586,
521,
400,
601,

1

GLY 640

Table 3. Validation interaction, binding energy, and RMSD value of Quinazolione

Binding energy

Ligand (kcal/mol)

Interacting amino acid residues

RMSD (A)

Hydrogen bond
interactions

Quinazolinone -7.8

LYS 606.

LYS 581, LYS 584, THR 582,
GLU 585, GLU 460, HIS 583,
ASP 586, SER 462, GLU 447,
LYS 430, TYR 440, ASN 464,
VAL 443, SER 643, SER 598,
GLY 599, ALA 642, GLY 540,
MET 641, THR 600, ASN 442,
GLY 520, ASP 516, GLY 402,
ILE 512, TRP 438, TRP 441,
GLY 440, GLN 521, GLY 522,
GLU 602, ILE 614, ASN 632,
PRO 528, VAL 633, SER 346,
LYS 634, LEU 525, GLU 523,
GLY 345, THR 399, THR 398,
TYR 344, LYS 394, ILE 397,
LEU 392, GLU 389, LYS 387,
LEU 603, LYS 604, ARG 612,
THR 610, MET 605, GLU 609,

0.6791

SER 480, TYR
519, THR 444.

RMSD: Root Mean Square Deviation
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(A) (D)

Figure 2. (C) Vancomycin interacting in the pocket
region of protein chain B (D) Crystallographic
binding mode of Vancomycin in chain B active site

Figure 1. (A) Allicin interacting in the pocket
region of protein chain B (B) Crystallographic
binding mode of allicin in chain B active site

©

Figure 3. (E) Quinazolione interacting in the pocket
region of protein chain B (F) Crystallographic
binding mode of quinazolione in chain B active site
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Docking analysis results show that allicin
exhibits a moderate binding affinity to PBP2a,
which is the main enzyme responsible for
methicillin resistance in MRSA. The binding energy
of allicin (-3.9 kcal/mol) was considerably lower
than that of the positive control vancomycin (-15.6
kcal/mol), indicating a weaker interaction (Bouley
et al., 2015; Khameneh et al., 2021). Regardless of
the weak interaction, allicin still interacted with
critical amino acid residues in the active site of
PBP2a, including ILE 614, VAL 633, and SER 400.
Allicin- PBP2a lacks hydrogen bond formation,
suggesting that the lack of non-polar interaction
may play a more significant role in stabilizing the
allicin binding conformation.

Allicin’s binding score, although it may not be
as potent as vancomycin, has potential as a
supplementary agent (Wiillner et al, 2019;
Bhatwalkar et al., 2021). With the rising interest in
the use of plant-derived compounds to fight
antibiotic resistance, the capacity of allicin to bind
to PBP2a provides a novel avenue for exploration
and research (Shang et al.,, 2019; Ashraf et al,,
2023; Jo et al., 2024). Furthermore, complementary

therapy using allicin alongside [3-lactam antibiotics
may improve their effectiveness against MRSA by
potentially disrupting the bacterial resistance
mechanisms.

The wvalidation process using quinazolione
showed consistent results, further supporting the
accuracy of the docking procedure (Huang et al.,
2019; Patel et al., 2019; El-Sayed et al., 2021;
Sarkar et al., 2021; Eissa et al., 2021). This supports
the evidence that allicin could disrupt MRSA
resistance, although its binding affinity is lower
than traditional antibiotics like vancomycin.

CONCLUSION
In conclusion, this study on molecular docking

has provided insights into the interface between
allicin and PBP2a, a critical enzyme in MRSA's

resistance to [3-lactam antibiotics. Allicin revealed
moderate binding affinity, stressing its potential as a
natural compound with antibacterial properties.
Although allicin may not substitute current
antibiotics such as vancomycin, it could aid as an
adjunctive therapy, enhancing the usefulness of
conventional antibiotics. Additional experimental

validation and optimization of allicin derivatives

may advance its binding affinity and antibacterial
effectiveness against MRSA.
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