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Multitarget Inhibition of
MRSA Cell-Wall Biosynthesis
by Zanthoxylum
acanthopodium: Gene
Expression, and Molecular
Docking for Antibiotic-
Resistant Oral Infections

Abstract

Objective: Methicillin-resistant Staphylococcus aureus (MRSA) has
emerged as an important pathogen in persistent oral infections because of its
resistance to f-lactam antibiotics. This study investigated the antibacterial
potential of the methanolic fraction of Zanthoxylum acanthopodium against
MRSA by evaluating its effects on murd and mecA gene expression and
characterizing the molecular interactions of its major phytochemicals with
murA and penicillin-binding protein 2a (PBP2a).

Methods: The methanolic fraction of Z. acanthopodium fruit, , was tested
against MRSA ATCC 33591 at concentrations of 25, 50, and 100 mg/mL.
Relative murdA and mecA mRNA expression levels were quantified using
quantitative real-time PCR and analyzed with the 2"-AACt method.
Statistical analysis used the Shapiro-Wilk and Kruskal-Wallis tests.
Molecular docking was conducted using AutoDock 4.2 to evaluate the
binding interactions of the identified phytochemicals containing diosmetin,
eucalyptol, and gallotannin with mur4 and PBP2a.

Results: The greatest biological suppression of mur4 and mecA expression
occurred at 50 mg/mL, reducing relative expression to .84-fold and .15-fold,
respectively, compared with untreated controls. Although the differences
among treatment groups were not statistically significant (murd, p = .39;
mecA, p = .42), the observed transcriptional trend suggested coordinated
inhibition of bacterial cell-wall biosynthesis and methicillin resistance
pathways. Molecular docking showed that diosmetin had the most favorable
interactions with both mur4 and PBP2a, while eucalyptol and gallotannin
also formed stable non-covalent interactions with both target proteins, which
supports a multitarget antibacterial mechanism.

Conclusion: The methanolic fraction of Z. acanthopodium exhibits
promising anti-MRSA activity through simultaneous modulation of mur4
and mecA and predicted interactions with mur4 and PBP2a. These findings
indicate Z. acanthopodium as a potential source of adjunctive
phytotherapeutic agents for managing antibiotic-resistant oral infections.
Further functional, pharmacological, and clinical studies are needed to
validate its translational application in evidence-based dental practice.
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1. INTRODUCTION

Antimicrobial resistance (AMR) is now a significant
challenge in managing oral infections because it lowers
the effectiveness of empirical antibiotic therapy and raises
the likelihood of treatment failure. A recent systematic
review and meta-analysis that included 53 studies and
12,408 patients with oral and maxillofacial space
infections found that Streptococcus continued to be the
main pathogen (45.51%), while Methicillin-resistant
staphylococcus aureus (MRSA) made up 19.18% of all S.
aureus isolates, showing that resistant staphylococci form
a considerable portion of oral pathogens needing clinical
attention. Persistent bacterial infection can hinder pulp
healing, slow periapical tissue repair, disrupt implant
osseointegration, and raise the risk of prosthodontic
treatment failure. Because of this, finding alternative
antimicrobial agents that can suppress resistant oral
pathogens has become a key research focus.! Methicillin-
resistant staphylococcus aureus (MRSA) has increasingly
been identified as an oral colonizer and opportunistic
pathogen that may play a role in persistent oral infections
and help spread infection in dental settings.? Data from
Yemen indicated that 37% of S. aureus isolates collected
from patients with oral infections were MRSA, while
earlier global reports summarized in the same study
estimated MRSA prevalence between 9.1% and 14.69%
among patients with oral infections.®* Molecular
epidemiological research also showed that oral MRSA
isolates are part of internationally distributed clones, such
as ST45, ST30, and ST22, which suggests that genetically
varied strains have adapted to the oral environment.*3
Clinical studies have confirmed MRSA carriage among
dental healthcare workers, patients, and within the clinical
environment, pointing to the potential for cross-
transmission during routine dental procedures.® The
multicentre European study found a relatively low
prevalence of multidrug-resistant bacteria among
undergraduate dental students, supporting the value of
infection-control measures and highlighting the ongoing
need for surveillance and the search for new plant-derived
antibacterial agents.’

The increasing incidence of antimicrobial resistance has
accelerated the search for plant-derived compounds as
alternative therapeutic agents for oral infections.
Medicinal plants are recognized as valuable sources of
bioactive metabolites that exhibit antibacterial, anti-
inflammatory, and antioxidant activities, making them
attractive candidates for the management of infections
caused by multidrug-resistant bacteria. Among these
plants, Andaliman (Zanthoxylum acanthopodium), an
endemic species from North Sumatra, Indonesia, contains
abundant flavonoids, alkaloids, terpenoids, phenolic
compounds, and essential oils that have demonstrated
broad-spectrum antimicrobial properties against gram-
positive bacteria, including Staphylococcus aureus.®
Recent investigations have also shown that the essential
oil of Z. acanthopodium possesses potent antibacterial
activity against S. aureus, primarily through disruption of
bacterial membrane integrity and inhibition of cellular
metabolism.” Its direct antibacterial activity, Z.
acanthopodium has been reported to exhibit
immunomodulatory properties and contains endophytic
bacteria capable of producing metabolites that inhibit the
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growth of S. aureus, further supporting its therapeutic
potential.'!! Fractionation of crude extracts is expected
to concentrate bioactive constituents responsible for
antibacterial activity, thereby enhancing their efficacy
against resistant bacteria such as MRSA while facilitating
the identification of active compounds. This integrated
approach may accelerate the discovery of plant-derived
antibacterial candidates for the management of MRSA-
associated oral infections and improve treatment
strategies in restorative dentistry and prosthodontics.®!!
The identification of new antibacterial targets has become
increasingly important to overcome methicillin resistance
in Staphylococcus aureus. Among the essential bacterial
targets, UDP-N-acetylglucosamine enolpyruvyl
transferase (murAd) catalyzes the first committed step in
peptidoglycan  biosynthesis by transferring an
enolpyruvate group from phosphoenolpyruvate to UDP-
N-acetylglucosamine. This reaction initiates the synthesis
of peptidoglycan precursors that are indispensable for
bacterial cell wall formation and structural integrity.'?
Since murdA functions upstream of peptidoglycan
assembly, its inhibition disrupts cell wall biosynthesis at
an early stage, resulting in impaired bacterial growth and
eventual cell lysis.'>'* mur4 has emerged as an attractive
molecular target for the development of novel
antibacterial agents that act through mechanisms distinct
from those of conventional B-lactam antibiotics.!>!?
MRSA is primarily mediated by the mecA gene, which
encodes the low-affinity penicillin-binding protein PBP2a
and enables bacterial survival despite exposure to -
lactam antibiotics.!>'® Although murAd and PBP2a act at
different points in peptidoglycan biosynthesis, both are
necessary for preserving the integrity of the bacterial cell
wall and thus serve as complementary therapeutic targets
in efforts to combat MRSA. Recent studies have
demonstrated that phytochemicals can inhibit bacterial
growth through simultaneous modulation of mur4 activity
and suppression of mecA expression, highlighting their
potential as alternative anti-MRSA agents.'>!> Based on
this rationale, the present study investigated the
antibacterial activity of Andaliman (Z.acanthopodium)
fractions by evaluating their effects on murd and mecA
mRNA expression in MRSA wusing in vitro assays,
followed by molecular docking analysis to characterize
the interactions between the major phytochemical
constituents and both target proteins.

2. METHODS

Methicillin-resistant  staphylococcus aureus (MRSA)
ATCC 33591 was used as the experimental model because
this reference strain harbors SCCmec type III, a genotype
that has also been identified among MRSA isolates
recovered from the oral cavity. The shared SCCmec
background enhances the clinical relevance of this strain
for evaluating alternative therapeutic agents against oral
MRSA infections.!” To prepare the bacterial cultures, we
grew them in sterile Nutrient Broth (Oxoid, UK) and
incubated them at 37 °C for a period of 16 to 24 hours.

Fresh fruits of Z. acanthopodium were collected from
Dairi, North Sumatra, Indonesia, fractionated using
methanol by reflux method at the Integrated Laboratory,
Faculty of Pharmacy, Universitas Sumatera Utara. The
phytochemical profile of this fraction was characterized

Copyright ©2026 by Riset Publishing Services LLC.



European Journal of Prosthodontics and Restorative Dentistry (2026) 34 (3), 24-33

using high-resolution liquid chromatography—tandem
mass spectrometry (LC-MS/MS) to contain a range of
major phytochemical constituents, including flavonoids
(diosmetin), terpenoids (eucalyptol), and tannins
(gallotannin) at Universitas Brawijaya Central Life
Sciences Laboratory.

The study comprised descriptive and experimental
phases. Initially, the antibacterial activity of Z
acanthopodium fraction (100 mg/mL, 50 mg/mL and 25
mg/mL) was evaluated the wunderlying molecular
mechanism at the Molecular Genetics and Microbiology
Laboratories, Faculty of Medicine, Universitas
Padjadjaran. MRSA cells exposed to the extract were
subjected to RNA isolation, we used the Quick-RNA
MiniPrep Kit (Zymo Research, USA), and then quantified
the relative expression of murd and mecA mRNA with
SensiFAST SYBR® Master Mix. Gene expression levels
were normalized against a validated reference gene and
analyzed using the 2"—AACt method. Experimental data
were analyzed using appropriate statistical Saphiro Wilk

and Kruskal Wallis tests, with a p-value < 0.05 considered
statistically significant.

The computational analyses were carried out at the
Medicinal Chemistry Laboratory, Universitas Indonesia.
The murd protein structure of Methicillin-resistant
staphylococcus aureus (MRSA) was unavailable in the
Protein Data Bank (RCSB PDB) and UniProt databases.
Therefore, a three-dimensional murdA model was
generated using AlphaFold. The predicted structure was
validated using a Ramachandran plot in SWISS-MODEL
to assess its stereochemical quality. The model showed
98.57% of residues in the favored regions, indicating that
it was suitable for molecular docking. The crystal
structure of the mecA protein from the MRSA strain can
be found in the Protein Data Bank (PDB ID: IMWT),
eliminating the need for modeling and validation.
Molecular docking was performed using AutoDock 4.2.

3. RESULTS

Table 1. Relative murA and mecA mRNA Expression in MRSA ATCC 33591 Following Treatment with
Methanolic Fraction of Zanthoxylum acanthopodium Fruit

EJPRD

Treatment Concentration Relative Expression Level
(mg/mL) murA mecA
Methanolic fraction of 100 2,43 5.30
Zanthoxylum 50 0,84 0.15
acanthopodium fruit 25 1,19 0.34
Fosfomycin
(Positive Control) ! 2,01 194.01
Untreated Control - 1,00 1,00
(Negative Control)

Table 2. Comparative Analysis Between Andaliman (AZanthoxylum acanthopodium) Fruit Extract Treatment
with murA and mecA Gene Expression in MRSA ATCC 33591

Relationship -value
IAndaliman extract concentration versus mur4A mRNA expression 0.39
IAndaliman extract concentration versus mecA mRNA expression 0.42

Figure 1. Binding Interactions of murA with Diosmetin (flavonoid)

ejprd.org - Published by Riset Publishing Services LLC
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Figure 4. Binding Interactions of mecA (PBP2a) with Eucalyptol (terpenoid)
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Figure 6. Binding Interactions of mecA (PBP2a) with Gallotannin (tannin)

4. DISCUSSION

Table 1 shows that the methanolic fraction of
Zanthoxylum acanthopodium produced a concentration-
dependent but non-linear effect on the expression of mur4
and mecA genes in MRSA ATCC 33591. The strongest
suppression of both genes appeared at 50 mg/mL, where
murA and mecA mRNA levels dropped to .84-fold and
.15-fold of the untreated control, respectively. At 25
mg/mL, mecA expression was still greatly reduced (.34-
fold), while murA expression was only slightly above the
control (1.19-fold). In contrast, treatment with 100
mg/mL led to increased expression of both genes, and
fosfomycin strongly induced mecA expression (194.01-
fold) even though it only moderately increased murA
expression. In line with these findings, the Kruskal-Wallis
analysis (Table 2) found no statistically significant
differences among treatment concentrations for either
murd (p = .39) or mecA (p = .42). From a molecular
standpoint, the biological response at 50 mg/mL is notable
because simultaneous downregulation of mur4 and mecA
could interfere with two key steps of peptidoglycan
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biosynthesis. The murd gene encodes UDP-N-
acetylglucosamine enolpyruvyl transferase, which
catalyzes the first committed cytoplasmic step in the
synthesis of peptidoglycan precursors. Reduced murA
expression is therefore expected to lower the production
of UDP-N-acetylmuramic acid precursors, limiting the
supply of building blocks needed for bacterial cell wall
assembly. At the same time, suppression of mecAd may
decrease the production of penicillin-binding protein 2a
(PBP2a), the low-affinity transpeptidase that maintains
peptidoglycan cross-linking in the presence of B-lactam
antibiotics. Simultaneous impairment of precursor
synthesis and transpeptidation is likely to weaken cell
wall integrity, which then restricts bacterial growth and
survival. Recent studies have shown that murd is an
attractive antibacterial target because inhibition of this
enzyme disrupts the earliest stage of peptidoglycan
biosynthesis, while suppression of mecA undermines the
main resistance mechanism of MRSA against B-lactam
antibiotics.!8-2?

Copyright ©2026 by Riset Publishing Services LLC.
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Flavonoids and other phytochemicals are now seen as
multitarget antibacterial agents that can affect bacterial
gene expression and also influence membrane integrity,
oxidative balance, and key metabolic enzymes, resulting
in a combined inhibitory effect on bacterial
proliferation.?>?> Although there was a clear biological
reduction in murA and mecA expression at intermediate
concentrations, these differences were not statistically
significant (p > 0.05). This gap is likely due to a mix of
biological and methodological factors rather than an
absence of antibacterial activity. Bacterial transcriptional
responses to phytochemicals are highly dynamic and
often display biphasic or hormetic dose-response patterns
instead of simple linear concentration-dependent effects.
At moderate concentrations, bioactive compounds may
suppress transcription of genes involved in cell wall
synthesis; at higher concentrations, however, severe
cellular stress can activate compensatory regulatory
pathways that temporarily boost the expression of genes
linked to cell wall repair and antibiotic resistance. These
adaptive responses have been widely reported in MRSA
exposed to cell wall-active agents and represent an
attempt to maintain cell envelope integrity under
stress.?"?? The notable induction of mecA after fosfomycin
treatment also supports this view, suggesting activation of
a compensatory cell wall stress response rather than
increased resistance directly caused by fosfomycin,
whose main molecular target remains murA. Plant extracts
contain multiple phytochemicals with different molecular
targets and pharmacodynamic properties. Synergistic or
antagonistic interactions among flavonoids, terpenoids,
tannins, and other secondary metabolites may lead to
varied  transcriptional = responses at  different
concentrations, increasing biological variability and
reducing statistical power.?>** In addition, limited
biological replicates, inter-sample variability, RNA
stability, differences in qRT-PCR amplification efficiency,
and the transient nature of mRNA expression may also
contribute to the lack of statistical significance despite
biologically meaningful trends. Similar results have been
reported in recent studies examining phytochemical-
mediated modulation of MRSA virulence and resistance
genes, where measurable changes in gene expression did
not always correspond to statistically significant
differences because bacterial adaptive regulatory
networks can partially compensate for antimicrobial
stress.?226 At this time, no published meta-analysis has
specifically assessed the effects of Zanthoxylum
acanthopodium on mur4 and mecA expression in MRSA.
Still, recent systematic reviews consistently report that
plant-derived phytochemicals show anti-MRSA activity
through several molecular targets, including inhibition of
peptidoglycan biosynthesis, disruption of bacterial
membranes, reduction of resistance determinants, and
interference with quorum sensing, although substantial
heterogeneity in extraction methods, phytochemical
composition, bacterial strains, and experimental protocols
remains a major limitation for quantitative evidence
synthesis.?*

The molecular docking visualization in Figure 1 shows
that diosmetin sits within a mur4-binding pocket, which
is surrounded by residues Asn23, Ile94, Arg95, Ala9s,
Prol125, His129, Phel64, Serl166, Vall67, Glyl68, and
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Glul71. The hydroxyl and carbonyl groups on the
diosmetin flavone scaffold may serve as hydrogen-bond
donors or acceptors, allowing for possible interactions
with polar or charged residues such as Arg95, His129,
Ser166, Glul71, and Asn23. Its aromatic rings, on the
other hand, are likely stabilized by hydrophobic and van
der Waals interactions with I1e94, Ala98, Pro125, Phel64,
and Vall67. Diosmetin's close position to Arg95 and the
Phel64-Glul71 region could be functionally important,
since these residues are involved in substrate recognition
and help stabilize the murd catalytic pocket.
Consequently, diosmetin  binding may  restrict
conformational flexibility of the enzyme or interfere with
the access and appropriate  positioning  of
phosphoenolpyruvate and UDP-N-acetylglucosamine
within the catalytic site. Unlike fosfomycin, which
irreversibly inhibits murA by forming a covalent bond
with the catalytic cysteine residue, diosmetin lacks a
strongly electrophilic group capable of comparable
covalent modification and is therefore more likely to act
as a reversible competitive or non-covalent inhibitor that
stabilizes a  less  catalytically active  murd
conformation.'>!32%27 Inhibition of mur4 would reduce
the formation of  UDP-N-acetylglucosamine-
enolpyruvate, an essential early precursor of
peptidoglycan biosynthesis, potentially resulting in
impaired cell-wall formation, defective bacterial division,
increased susceptibility to osmotic stress, growth
inhibition, and ultimately MRSA cell death. This
proposed mechanism matches evidence that flavonoids
show antibacterial activity through several targets,
including enzyme inhibition, membrane disruption,
interference  with  peptidoglycan  synthesis, and
modulation of bacterial virulence.?**> As a comparison,
catechin-related flavonoids from Uncaria gambir have
also been computationally predicted to bind to the mur4
active pocket through hydrogen bonding and hydrophobic
interactions, supporting the potential of hydroxyl-rich
plant polyphenols as natural murA4 inhibitors.?® Similarly,
resveratrol and curcumin, polyphenolic compounds
associated with grapes and Curcuma longa, respectively,
have been reported to alter the expression of MRSA
virulence-associated genes, indicating that
phytochemicals may inhibit bacterial pathogenicity
through both direct protein interactions and modulation of
bacterial gene regulation.?®

Figure 2 illustrates the predicted binding mode of
diosmetin with penicillin-binding protein 2a (PBP2a), the
protein encoded by the mecAd gene, indicating that
diosmetin occupies a binding cavity within the
transpeptidase domain of PBP2a. The flavonoid scaffold
features several hydroxyl and carbonyl groups that can
serve as hydrogen-bond donors or acceptors, forming
stabilizing interactions with nearby polar amino acid
residues. Its planar aromatic rings also contribute to
hydrophobic and van der Waals interactions, which help
stabilize the protein-ligand complex. These non-covalent
interactions are thought to reduce the conformational
flexibility of PBP2a and may interfere with substrate
accommodation or the dynamics of the catalytic domain.
Unlike B-lactam antibiotics, which are sterically excluded
from the active site because of the intrinsically low
affinity of PBP2a, flavonoids may inhibit PBP2a through
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reversible occupation of either the catalytic cavity or
neighboring allosteric regions, thereby perturbing the
conformational changes required for transpeptidase
activity and peptidoglycan cross-linking.!*2!?° PBP2a is
the principal determinant of methicillin resistance in
MRSA, impairment of its catalytic function would be
expected to weaken cell-wall biosynthesis, reduce
peptidoglycan  cross-linking  efficiency, increase
susceptibility to osmotic stress, and potentially restore
bacterial sensitivity to B-lactam antibiotics.?!* This
mechanism aligns with previous studies showing that
plant-derived flavonoids display anti-MRSA activity by
targeting PBP2a through stable hydrogen-bonding and
hydrophobic interactions.?*** Supporting evidence was
provided by Alhadrami et al., who experimentally and
computationally demonstrated that several naturally
occurring flavonoids interact with PBP2a and exhibit
significant anti-MRSA activity, suggesting that PBP2a is
a promising molecular target for flavonoid-based
antibacterial development.’® Likewise, Masumi et al.
performed large-scale virtual screening and molecular
dynamics simulations of 46 natural flavonoids against
PBP2a and identified rutin and kaempferol 3-rutinoside-
7-sophoroside as highly stable binders at both the catalytic
and allosteric sites, highlighting the ability of
polyphenolic  compounds to modulate PBP2a
conformation and inhibit MRSA through non-covalent
interactions.?! Collectively, these findings support the
hypothesis that diosmetin may function as a reversible
PBP2a inhibitor capable of disrupting the resistance
mechanism mediated by mecA4.

Figure 3 shows that eucalyptol, also known as 1,8-cineole,
is positioned inside a murA cavity surrounded by Glul92,
Arg236, Leu300, Pro301, His302, Pro306, Thr307,
Asp308, and Val330. Because eucalyptol is a compact
bicyclic oxygenated monoterpene with only one ether
oxygen and no hydroxyl group, its stabilization within this
pocket is likely to depend mainly on hydrophobic and van
der Waals contacts with Leu300, Pro301, Pro306, and
Val330. Its ether oxygen might serve as a weak hydrogen-
bond acceptor for polar or charged residues such as
Arg236, His302, Thr307, Glul92, or Asp308. This
interaction pattern differs from that of polyhydroxylated
flavonoids, which usually form more extensive hydrogen-
bond networks, and thus suggests that eucalyptol may act
as a moderate and reversible mur4-binding ligand rather
than as a high-affinity covalent inhibitor. Nevertheless,
occupancy of this cavity could sterically interfere with
substrate accommodation or restrict local conformational
movements required for the catalytic transfer of the
enolpyruvyl group from phosphoenolpyruvate to UDP-N-
acetylglucosamine. Because murAd catalyzes the first
committed cytoplasmic step of peptidoglycan
biosynthesis, interference with its activity may reduce
peptidoglycan-precursor formation, impair cell-wall
assembly and bacterial division, increase osmotic
vulnerability, and ultimately suppress MRSA growth.'*
142027 The biological plausibility of targeting murd with
plant terpenoids is supported by Funes Chaban et al., who
demonstrated that diterpenes obtained from Lepechinia
meyenii and their synthetic analogues inhibited murA
enzymes from both Escherichia coli and Staphylococcus
aureus, confirming that hydrophobic terpenoid scaffolds
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can interfere with this essential bacterial enzyme.32
However, ecucalyptol probably acts through several
antibacterial targets rather than mur4 inhibition alone. In
an experimental study using MRSA ATCC 43300,
Hartman et al. found that 1,8-cineole showed measurable
antibacterial activity and participated in interactions with
other essential-oil constituents, supporting its direct but
relatively modest anti-MRSA potential.33 Recent
mechanistic evidence in E. coli O157:H7 further showed
that eucalyptol disrupted membrane integrity, altered
cellular morphology, caused leakage of intracellular
macromolecules, and affected the expression of genes
associated with survival, adhesion, quorum sensing, and
biofilm formation, indicating that membrane damage and
transcriptional dysregulation may complement any
predicted murA-directed effect.34 Therefore, the present
docking result supports a hypothesis in which eucalyptol
contributes to MRSA inhibition through partial, non-
covalent interference with murA, together with broader
membrane- and regulatory-level effects.

Figure 4 illustrates the predicted interaction of eucalyptol
(1,8-cineole) with PBP2a, the protein product encoded by
the mecA gene, within a cavity surrounded by Tyr446,
Ser462, Thr582, His583, Ser598, Thr600, and Ala642.
Because cucalyptol is a small oxygenated monoterpene
containing only one ether oxygen, its binding is expected
to be stabilized mostly by hydrophobic and van der Waals
contacts, especially with Tyrd46 and Ala642. Its ether
oxygen might form a weak hydrogen bond or dipole
interaction with nearby serine, threonine, or histidine
residues. The closeness of eucalyptol to the His583-
Thr600 region indicates that it may occupy a secondary
cavity next to the PBP2a transpeptidase domain, rather
than directly interacting with the catalytic Ser403 residue.
As a result, its predicted mechanism aligns more with
reversible, non-covalent modulation of local protein
conformation than with direct catalytic inactivation. This
type of binding could limit the flexibility of loops that
control substrate access, disrupt peptidoglycan-substrate
positioning, and partly interfere with the transpeptidase
activity necessary for cell-wall cross-linking. Since
PBP2a enables MRSA to maintain peptidoglycan
synthesis in the presence of P-lactam antibiotics, its
functional perturbation could weaken cell-wall integrity
and potentially increase bacterial susceptibility to -
lactams.?"® This interpretation is consistent with
evidence that natural compounds can interact with
catalytic or allosteric regions of PBP2a and suppress its
resistance-associated function.>*3! Eucalyptol also shows
membrane-disruptive and anti-biofilm effects.’>3* Its anti-
MRSA activity is likely multitarget and cannot be
attributed solely to PBP2a binding. Molecular-dynamics
simulation, purified PBP2a transpeptidase assays,
peptidoglycan cross-linking analysis, and [-lactam
combination testing are needed to confirm the functional
significance of this docking pose.

Figure 5 shows that gallotannin occupies a relatively large
region within the mur4 binding pocket, interacting with
residues including Leu76, Tyrl09, Glyl121, Serl23,
His141, Lys142, Glul194, Glu227, and Arg236. Owing to
its highly polyhydroxylated structure and several galloyl
groups, gallotannin has a strong ability to form many
hydrogen bonds along with van der Waals, electrostatic,
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and aromatic interactions inside the binding cavity. The
simultaneous engagement of polar residues such as
Glul94, Glu227, Lys142, Arg236, Ser123, and Hisl41
suggests that gallotannin may form a stable protein-ligand
complex capable of reducing the conformational
flexibility of murdA and partially hindering the
accommodation of its natural substrates,
phosphoenolpyruvate and UDP-N-acetylglucosamine. As
murA catalyzes the first committed step in peptidoglycan
biosynthesis, interfering with this catalytic process could
impair  cell-wall  precursor  formation, weaken
peptidoglycan assembly, and ultimately inhibit the growth
and survival of MRSA.!>142027 Although no previous
study has specifically demonstrated that gallotannin binds
directly to murA, the docking pattern observed in the
present study is consistent with the well-established
physicochemical behavior of hydrolysable tannins, whose
multiple phenolic hydroxyl groups enable the formation
of extensive hydrogen-bond networks with bacterial
proteins and contribute to their broad-spectrum
antibacterial activity.>#?> This interpretation is further
supported by recent reviews showing that tannins
frequently exert antibacterial effects through interactions
with essential bacterial proteins, membrane-associated
proteins, extracellular enzymes, and metal ions, thereby
disrupting multiple physiological pathways rather than
acting through a single molecular target.?>3*
Consequently, the present findings suggest that
gallotannin may act as a multitarget antibacterial
compound, with murA being one plausible intracellular
target predicted by molecular docking.

Figure 6 illustrates the predicted interaction of gallotannin
with penicillin-binding protein 2a (PBP2a), the resistance
protein encoded by the mecA gene, within a broad binding
region involving residues Lys430, Glu447, Tyrd46,
Val448, Thr582, Gly587, and Asp638. The numerous
phenolic hydroxyl and carbonyl groups distributed across
the galloyl moieties serve as hydrogen-bond donors and
acceptors, which allows for simultaneous polar
interactions with Lys430, Glu447, Thr582, Gly587, and
Asp638. Its aromatic rings, on the other hand, may
provide hydrophobic, van der Waals, and m-mediated
contacts with Tyr446 and Val448. This combination of
interactions could help stabilize gallotannin inside the
protein cavity and may limit the local conformational
changes needed for substrate entry and transpeptidase
activity. Because PBP2a preserves peptidoglycan cross-
linking when other penicillin-binding proteins are
inhibited by B-lactams, interference with its catalytic or
adjacent regulatory region may weaken cell-wall
formation and potentially increase MRSA susceptibility
to PB-lactam antibiotics.??*3! However, the present
docking result should not be interpreted as evidence that
gallotannin has previously been proven to inhibit PBP2a;
rather, it is consistent with the general protein-binding
behavior of hydrolysable tannins, whose multiple
phenolic groups enable extensive hydrogen bonding with
bacterial proteins and contribute to membrane disruption,
enzyme inhibition, and other multitarget antibacterial
effects.”®*> As a botanical comparison, polyphenolic
constituents of sappan wood (Caesalpinia sappan),
including brazilin and protosappanins, have been
evaluated by molecular docking against PBP2a and were

ejprd.org - Published by Riset Publishing Services LLC

predicted to interact with its binding region, supporting
the broader feasibility of plant-derived polyphenols as
non-covalent PBP2a modulators.3¢

5. CONCLUSION

The methanolic fraction of Zanthoxylum acanthopodium
demonstrated promising anti-MRSA activity by targeting
two essential components of bacterial cell-wall
biosynthesis. The greatest biological suppression of mur4
and mecA expression was observed at 50 mg/mL, while
molecular docking predicted that diosmetin, supported by
eucalyptol and gallotannin, forms favorable interactions
with murdA and PBP2a, suggesting a multitarget
mechanism involving inhibition of peptidoglycan
precursor synthesis and interference with the methicillin-
resistance determinant. Although the transcriptional
changes were not statistically significant, the consistent
biological trend together with the in silico findings
indicates  that Andaliman (Z.  acanthopodium)
phytochemicals  possess meaningful antibacterial
potential that warrants further mechanistic and functional
validation.

These findings have important implications for clinical
dentistry because MRSA is increasingly implicated in
persistent  endodontic  infections, peri-implantitis,
odontogenic abscesses, and biofilm-associated oral
infections that frequently respond poorly to conventional
antibiotics. Andaliman-derived phytochemicals therefore
represent promising candidates for the development of
adjunctive antimicrobial agents that could enhance the
management of antibiotic-resistant oral infections while
reducing reliance on conventional antibiotics. Although
immediate clinical application cannot yet be
recommended, this study provides a strong preclinical
rationale for advancing Andaliman into translational
research, including molecular dynamics simulations,
enzyme inhibition studies, anti-biofilm evaluation,
pharmacological safety assessment, and clinical trials, to
establish its future role as a novel phytotherapeutic
strategy in evidence-based dental practice.
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