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ABSTRACT

Antibiotic resistance has become a critical issue in global health, one of which is
MRSA. The dynamic problem related to the increasing MRSA infections is clear
evidence that the treatment and management of this disease have not been
optimally resolved, requiring the development of effective antimicrobial agents
against MRSA. An exploratory method was used to assess the antibacterial activity,
interaction patterns, and stability of sidaguri compounds. A total of 15 potential
compounds from sidaguri were docked onto four molecular targets: PBP2a (4JCN),
MecR1 (609S), FtsZ (8HTB), and SCCmec (4FAK), using the molecular docking
methods AutodockTools and PyMol, followed by analysis of the amino acid residue
similarity of each test ligand. The molecular docking results predicted that the
compounds with the best binding affinity and interaction patterns similar to the
natural ligand for their respective molecular targets were quercetin, ecdysone, and
24-methylenecholesterol. The validation parameters are calculated from RMSD and
RMSF based on the In-Silico predictions. MD simulations were performed using
YASARA Dynamics. The MD simulation results showed that, from the RMSD and
RMSF graphs of the MRSA target molecules, quercetin, ecdysone, and 24-
methylenecholesterol exhibited binding stability close to that of the natural ligand.
The predicted pharmacokinetic profiles show that all three compounds have a good
ADMET profile, with optimal absorption potential, adequate distribution,
appropriate metabolism, and relatively low toxicity, making them promising
candidates for development as antibacterial drugs against MRSA.

Keywords: In-Silico, Molecular Dynamics, Sida rhombifolia, MRSA

Introduction

Antibiotic resistance has become a major global health concern, particularly
in relation to drug development and patient safety. Resistance to antibiotics can lead
to the emergence of diseases caused by resistant bacteria that are difficult or
impossible to treat, as the pathogens have already developed immunity and are no
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longer sensitive to available antibiotics (Nandhini et al., 2022). One notable example
is the resistance of Staphylococcus aureus (S. aureus) to penicillin and methicillin,
commonly known as MRSA (Methicillin-resistant Staphylococcus aureus) (Asri et al.,
2017). MRSA is characterized by strains of S. aureus that resist antibiotics through
the expression of penicillin-binding protein (PBP2a), which exhibits very low
affinity for f-lactam antibiotics. Recent studies have also reported the emergence of
multi-drug-resistant Staphylococcus strains that resist all classes of f-lactam
antibiotics. This resistance is largely attributed to the expression of PC1 3-lactamase
and the acquisition of the mecA gene, which encodes the penicillin-binding protein
PBP2a (Bai et al., 2021); (Llarrull et al., 2009).

Sidaguri (Sida rhombifolia) has been selected due to its promising
antibacterial activity, particularly against Methicillin-Resistant Staphylococcus
aureus (MRSA). Sidaguri has a rich composition of bioactive compounds, such as
quercetin and ecdysone, which have shown potential against MRSA. These
compounds have been studied for their ability to bind and inhibit bacterial targets,
making them viable candidates for further drug development (Woldeyes et al,
2012).Ecdysone has also been reported to exhibit antibacterial activity against S.
aureus in vitro using HPLC and IR spectroscopy, although its effectiveness was found
to be lower than that of ciprofloxacin and meropenem (Adnan et al., 2017).
Similarly, stigmasterol and certain alkaloid compounds contained in Sidaguri have
demonstrated antibacterial effects, particularly against MRSA (Woldeyes et al,,
2012).

The rise of antibiotic resistance, particularly against MRSA, is a significant
global health issue. MRSA strains resist common antibiotics like penicillin and
methicillin through mechanisms like the production of PBP2a, which reduces the
effectiveness of [(-lactam antibiotics. With the increasing frequency of MRSA
infections and limited treatment options, developing new antibiotics is critical for
effective disease management and patient safety (Llarrull et al., 2009).

Candidate ligands from Sidaguri are first screened for their drug-likeness
before being tested against MRSA protein targets. This screening qualitatively
assesses the likelihood of a compound becoming an orally available drug, based on
its similarity to established drugs with human oral bioavailability. Such evaluation
serves as an early step in drug development (Daina et al., 2017).

Following molecular docking, Molecular Dynamics (MD) simulations are
performed to assess the stability of ligand-receptor interactions over time and
space, as docking alone does not provide this information. MD simulations examine
time-dependent molecular behaviors such as vibrational and Brownian motions,
with parameters like simulation length and timescale playing critical roles. Software
such as YASARA Dynamics can be used to conduct MD simulations (Dewi et al,,
2022).

To the best of my knowledge, no published research has specifically
examined all four MRSA target proteins (PBP2a, MecR1, FtsZ, SCCmec) together with
compounds from Sidaguri (Sida rhombifolia). However, studies have separately
examined the antibacterial effects of Sidaguri compounds like quercetin and
ecdysone against individual MRSA targets. This study aims to fill this gap by
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investigating these compounds against the selected MRSA targets using molecular
docking and dynamics simulations.

Methodology

Research Design

This study is an exploratory research project aimed at investigating the
activity, interaction patterns, and stability of compounds derived from Sida
rhombifolia (sidaguri) as potential MRSA drug candidates through molecular
docking and molecular dynamics simulations.

Tools and Materials

Hardware. The hardware used includes an Asus ROG S13
X330FA_S3330FA, Windows 11 Pro 64-bit (10.0, Build 22621), equipped with an
Intel(R) Core(TM) i7-8145U CPU @ 2.10 GHz, 8.00 GB RAM, and DirectX 12.
Software and Web Resources. The software used includes AutoDock 4.0,
AutoDockTools, MarvinSketch, PyMOL, LigPlot+, Biovia Discovery Studio,
Notepad++, SwissADME (http://www.swissadme.ch/), and YASARA Dynamics.

Three-dimensional ligand structures. Canonical SMILES codes of the test
ligands were obtained from PubChem and converted into three-dimensional
structures using ChemDraw and MarvinSketch. Three-dimensional macromolecule
structures. The protein targets included 4CJN (PBP2a), 609S (MecR1), 8HTB (FtsZ),
and 4FAK (SCCmec), downloaded from the Protein Data Bank (RCSB PDB).

Work Procedures
Ligand Screening

The method for selecting compounds from Sidaguri involves screening
chemical compounds from the KNApSAcK database and evaluating their drug-
likeness using Lipinski’s Rule of Five, which assesses the likelihood of compounds
being orally available and effective drugs. The compounds that pass this rule are
further evaluated for their interaction with MRSA target proteins using molecular
docking and dynamics simulations (Daina et al.,, 2017).

The in silico approach has its limitations, including the lack of real-world
biological context and the potential for false positives. While molecular docking and
dynamics simulations can predict binding affinity and stability, they do not always
reflect the complexity of biological systems. Additionally, the accuracy of predictions
is highly dependent on the quality of the protein and ligand structures, as well as the
limitations of the computational methods used (Morris et al., 2009).

Optimization and Preparation of Ligands

Two-dimensional (2D) structures were constructed using MarvinSketch in
mol format, based on canonical SMILES from PubChem. These were then converted
into three-dimensional (3D) structures and visualized using Biovia Discovery Studio.
Optimization was performed in MarvinSketch, with protonation adjusted to human
blood pH (7.4), to obtain the most stable conformation. The optimized ligands were
saved as .mol? files [(Dwi Agistia et al., 2013)]. Structures were further processed in
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YASARA View to remove water molecules and add hydrogen atoms before being
saved for docking.
Preparation of Macromolecules

Native ligands were separated from proteins using YASARA View, leaving
only single protein chains for docking. Files downloaded in .pdb format were
processed by removing unnecessary components, retaining only the protein and its
native ligand. Hydrogen atoms were added, and the files were saved as .yob and
subsequently converted into .mol2 (Tegar & Purnomo, 2013). Native ligands were
optimized similarly, stored as ref ligand.mol2, and used for docking validation.
Validation of Molecular Docking Method

Docking validation was performed by comparing the conformation of the
native ligand bound to the receptor in the experimental crystal structure with the
redocked conformation using AutoDockTools. A method was considered valid if the
root mean square deviation (RMSD) was < 2 A; if RMSD exceeded this threshold, grid
box parameters were manually adjusted until RMSD < 2 A was achieved [(Mukherjee
et al.,, 2010)].
Molecular Docking Process

Molecular docking was performed using AutoDock 4.0 and AutoDockTools.
Protein and ligand structures were prepared in .pdbqt format. Grid parameters were
defined, grid maps generated, and docking simulations executed using the
Lamarckian Genetic Algorithm (100 runs, population size 150). Docking results
were analyzed and visualized using Biovia Discovery Studio to identify amino acid
residues involved in binding and assess potential inhibitory activity (Huey et al,,
2012); (Rizvi et al,, 2013). Interaction visualization was carried out using Biovia
Discovery Studio and PyMOL, focusing on amino acid interactions and bond
formations [(Dwi Agistia et al., 2013).
Molecular Dynamics (MD) Simulation

The best ligand candidate for each of the four target proteins (with the
lowest binding free energy and interaction similarity to native ligands) was
subjected to MD simulations using YASARA Dynamics. If a compound had the lowest
binding energy but did not mimic native ligand interactions, it was not considered
the best candidate. Simulations were performed under physiological conditions
(0.9% NaCl, pH 7.4, temperature 298 K) for 20 ns using ForceField settings (Bakal et
al,, 2022); (Karplus & Petsko, 1990). Post-simulation analysis included calculating
RMSD and RMSF values to assess stability; if poor stability was observed, the
second-best docking ligand was tested (Land & Humble, 2018).

Data Analysis

Validation was performed by comparing the 3D conformations of native
ligands before and after docking. According to Listyani et al. (2019), RMSD values
indicate alignment quality, with docking results considered valid if RMSD < 2 A (Sari
et al,, 2024).
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Result and Discussion

Preparation of Test Compounds
Screening of Test Compounds

The compounds selected for testing must meet certain criteria, such as
passing Lipinski’'s Rule of Five for drug-likeness. These rules ensure that the
compounds are likely to be effective oral drugs, with favorable pharmacokinetics
and minimal toxicity. The screening process also includes evaluating the
compounds’ binding affinities for MRSA target proteins using molecular docking and
dynamics simulations, ensuring that only the most promising candidates proceed to
further testing (Patrick, 2013).

Table 1. Results of Lipinski’s Rule of Five Screening

Filter Lipinski
Senyawa BM MLOGP NorO NHorOH

<500 <4,15 <10 <5 Ket
2D-Hydroxyecdysone v v v Yes
Acacetin v v v v Yes
Ecdysone v v v v Yes
Peganine v v v v Yes
Vasicinol v v v v Yes
Vasicinone v v v v Yes
Kaempferol v v v v Yes
Pterosterone-3-0-3-D- v v v Yes
Glucopyranoside
Sanguinine v v v v Yes
Quercetin v v v v Yes
24-Methylenecholesterol v v v v Yes
Scopoletin v v v v Yes
Quindolinone v v v v Yes
Stigmasterol v v v v Yes
Campesterol v v v v Yes
Notes: Yes = Meets the requirements (violates one rule); No = Does not meet the
requirements (violates more than one rule).

v = Complies with Lipinski’s Rule; © = Does not comply with Lipinski’s Rule.

Based on Table 1, it can be observed that 15 compounds tested for drug-
likeness were predicted to have potential as oral drugs. According to Lipinski’s Rule,
in general, a compound can be considered orally active if it does not violate more
than one criterion [(Lipinski et al., 1997)]. The concept of drug-likeness is primarily
applied to oral drugs because oral administration is one of the most widely used
methods in clinical practice. Oral drugs can be easily administered by patients, do
not require specialized medical assistance, and generally provide greater
convenience compared to other routes of administration (Santos et al., 2016).

Preparation of Target Proteins
Screening and Retrieval of Target Proteins
The Protein Data Bank (PDB) is a web server that archives structural data of
proteins in three-dimensional form, thereby facilitating researchers in identifying
potential target proteins. Screening of target proteins was conducted based on
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specific criteria: X-ray diffraction method, resolution value less than 2.5 A, presence
of a complexed ligand serving as a positive control, and experimentally validated
results demonstrating reliability. The retrieval results of MRSA target proteins are
presented in Table 2.

Table 2. Results of MRSA Target Protein Retrieval

Protein Target PDB Struktur 3D

SCCMec 4FAK

FtsZ 8HTB
MecR1 609S
Pbp2a 4CJN

The target proteins SCCmec, FtsZ, MecR1, and PBP2a fulfilled the required
specifications for protein target selection. The selection of these proteins was based
on several parameters, including the predicted interactions of compounds with
MRSA target proteins obtained from the STRING web server, the interaction
prediction scores, and the structural specifications of the target proteins from the
PDB web server. The selected protein targets were retrieved from the PDB web
server, as shown in Table 4 (Burley et al.,, 2025).

Preparation of Target Proteins

Prior to molecular docking and molecular dynamics simulations, protein
targets must undergo preparation. This process involves separating the native
ligand from the protein structure, allowing replacement with the test compounds to
facilitate docking and molecular dynamics simulations. Protein preparation can be
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carried out using applications such as Biovia Discovery Studio, PyMOL, and the
SwissDock web server.
Validation of Molecular Docking Methods

Based on the validated protein targets, all selected proteins exhibited RMSD
values of < 2 A. The obtained overlay results are presented in Table 5. These results
indicate that the docking method used is valid. The RMSD values of the selected
target proteins can be observed in Table 3.

Table 3. RMSD Values of Selected Target Proteins

Protein
Target RMSD Overlay 3D
SCCMec 1,767 A
FtsZ 1,354 A
MecR1 1,410 A
PBP2a 0,954 A

Based on the data presented in Table 3, the Root Mean Square Deviation
(RMSD) values were employed to evaluate the conformational stability of the
proteins during molecular dynamics (MD) simulations. In this study, the RMSD
values for each target protein indicated a high degree of structural stability
throughout the 100 ns simulation period. Specifically, SCCmec exhibited an average
RMSD of 1.767 A, FtsZ 1.354 A, MecR1 1.410 A, and PBP2a 0.954 A. These values
demonstrate that all four proteins remained within a stable range, as RMSD values
below 3 A are generally considered indicative of conformational stability over the
course of simulations (Duan et al.,, 2020).

When compared with previous findings by Khan et al. (2022), RMSD values
below 3.0 A are frequently categorized as evidence of stable protein-ligand systems.
In their study, proteins with RMSD values between 2.0 A and 2.8 A were regarded as
maintaining favorable affinity and stability of their complexes throughout the
simulation. Similarly, Sharma et al. (2021) reported that RMSD values consistently
below 3.0 A reflect proteins retaining their native conformational states without
significant fluctuations.

Furthermore, the relatively constant RMSD values observed after the
equilibration phase in this study suggest that the protein systems achieved

structural stability without major fluctuations that might indicate distortion or
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structural irregularities. The absence of significant spikes in RMSD further confirms
that protein-ligand interactions were well-maintained throughout the simulation
(Prabhakar et al., 2021; Hollingsworth & Dror, 2018).

Taken together, these findings demonstrate that all target proteins in this
investigation exhibited good structural stability during molecular dynamics
simulations. This reinforces the validity of the protein-ligand interaction models
employed and provides a solid foundation for subsequent analyses, including
binding energy calculations and ligand affinity predictions (Hospital et al., 2015;
Durrant & McCammon, 2011).
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Figure 1. Beta Lactams Resistance

Based on Figure 1, SCCmec is not a single protein but rather a genetic
element that carries the mecA, mecR1, and mecl genes. SCCmec is located within the
DNA regulatory region of mecA and mecR1. As the genetic source of these genes,
SCCmec is incorporated as a plasmid/genetic element that integrates [3-lactam
resistance genes.

Quercetin functions by inhibiting PBP2a (MecA) and the efflux pump
(NorA/AcrAB), positioning it within the MecA-PBP2a branch or near the RND efflux
pump (OMP/RND/MFP) pathway as an inhibitor. Ecdysone, although not a direct -
lactamase inhibitor, was shown through docking studies to interact with PBP2a
(MecA), thereby acting as a direct inhibitor at the PBP2a site. Meanwhile, 24-
methylenecholesterol exhibits antibacterial activity through dual mechanisms:
membrane disruption and PBP2a inhibition. Thus, it is positioned within the PBP2a
(MecA) pathway, exerting its effects on both the protein and the bacterial outer
membrane (Lee et al,, 2019).

Analysis of Molecular Docking Results

The similarity of amino acid residues involved in binding between the test

ligands and the natural ligands of the target proteins enhances the likelihood of
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forming stable binding complexes. This is because the binding of natural ligands to
target proteins is primarily determined by specific interactions between the ligand
and the amino acid residues located within the protein’s active site (Wu & Huang,
2023).

SCCMec
Table 4. Energy Binding SCCMec
Energy Amino Acids Involved in the Bond

Binding
Compound Non
Hydrogen % %

(kkal/mol) Hydrogen

S- -6,8 GLY:108,  100% GLY:109, 100%
HIS:134,
THR:131,
GLU:77,
SER:126,
LEU:125,

adenosylmethionine LEU:76,

(Ligan Alami) PHE:132,
SER:128,
MET:130,
PHE:127

ILE:78,
MET:137,
ILE:107,
LEU:113,
P0O:4203,
GLY:112,
SER:110,
PRO:133

24- -9,3 GLY:108, 50% PHE:132, 50%
ILE:78, MET:137,
LEU:113 ILE:107,

HIS:134,

LEU:76,

GLY:112,

GLU:77,

LEU:118,

GLN:79

methylenecholesterol

Ecdysone -8,1 GLN:79 0% GLY:112, 36%
LEU:76,

GLU:77,
LYS:56,
ASP:49,
ILE:52,
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GLU:53,
LEU:113,

ILE:78
LEU:118,

Sanguinine -8,1 SER:110 16% GLY:109, 28%
GLY:108,

ILE:78,
THR:131

Quindolinone -8,1 GLY:108 16% LEU:113, 28%
ILE:78,

LEU:79,

GLY:126,
GLN:79,

PHE:132,
MET:137

Quercetin -7,9 - 0% ILE:107, 28%
HIS:134,
PHE:132,
LEU:76,
LEU:113,
ILE:73,
GLY:101,

MET:135

Based on the molecular docking results presented in Table 4, the binding
energy, hydrogen-bond interactions, and non-hydrogen interactions were analyzed.
The compound 24-methylenecholesterol formed both hydrogen bonds and non-
hydrogen interactions similar to those of the native ligand. It exhibited a favorable
binding energy with the SCCmec protein target, with a value of -9.3 kcal/mol, which
is superior to that of the native ligand (-6.8 kcal/mol). Although its binding energy
was highly favorable, the amino acid interactions revealed that the compound
shared only 50% of the hydrogen-bonding interactions and 50% of the non-
hydrogen interactions with the native ligand.

The compound ecdysone formed only non-hydrogen interactions in common
with the native ligand. Ecdysone demonstrated a favorable binding energy of -8.1
kcal/mol, also surpassing the binding energy of the native ligand (-6.8 kcal/mol).
However, in terms of amino acid interactions, ecdysone did not share any hydrogen-
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bonding interactions and showed only 36% similarity in non-hydrogen interactions
compared to the native ligand.

The compounds sanguinarine and quindolinone both formed hydrogen
bonds and non-hydrogen interactions comparable to the native ligand. Each
compound displayed favorable binding energies of -8.1 kcal/mol, again superior to
the native ligand (-6.8 kcal/mol). Despite this, their amino acid interaction profiles
revealed only 16% similarity in hydrogen-bonding interactions and 28% similarity
in non-hydrogen interactions relative to the native ligand.

The compound quercetin formed only non-hydrogen interactions in
common with the native ligand. Quercetin demonstrated a binding energy of -7.9
kcal/mol, which was better than that of the native ligand (-6.8 kcal/mol). However,
quercetin exhibited no shared hydrogen-bonding interactions and only 28%
similarity in non-hydrogen interactions compared to the native ligand.

Overall, based on both binding energy and amino acid interaction analysis
across the five compounds (24-methylenecholesterol, ecdysone, sanguinarine,
quindolinone, and quercetin), 24-methylenecholesterol was determined to exhibit
the most favorable interaction with the SCCmec protein target. It not only displayed
superior binding energy relative to the native ligand and the other four test
compounds, but also maintained a higher proportion of both hydrogen-bonding and
non-hydrogen interactions in common with the native ligand (Boundy et al., 2013).
The amino acid interactions between the native ligand (A) and 24-
methylenecholesterol (B) with the SCCmec protein target are illustrated in Figure 2.

A B

Figure 2. Interaksi Asam Amino Ligan Asli (A) dan 24-methylenecholesterol (B) Pada
Protein Target SCCMec

The amino acid interaction analysis between the native ligand (A) and 24-
methylenecholesterol (B) within the SCCmec protein target revealed that both
ligands shared hydrogen-bond interactions with residues GLY108, ILE78, and
LEU113, as well as non-hydrogen interactions with residues PHE132, MET137,
ILE107, HIS134, LEU76, GLY112, and GLU77. In addition, both the native ligand and
24-methylenecholesterol displayed van der Waals interactions with ILE107 (Noto,
Kreiswirth, Monk, & Archer, 2008).
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The SCCmec protein plays a pivotal role in bacterial resistance in
Staphylococcus aureus, particularly in Methicillin-Resistant Staphylococcus aureus
(MRSA). This protein is part of the mobile genetic element Staphylococcal Cassette
Chromosome mec (SCCmec), which carries the mecA gene encoding penicillin-
binding protein 2a (PBP2a). PBP2a possesses low affinity for -lactam antibiotics,
thereby remaining active in cell wall synthesis even in the presence of methicillin or
oxacillin (Katayama et al., 2000). Consequently, antibacterial activity against MRSA
is highly dependent on the capacity to target or inhibit SCCmec function, either
directly or by disrupting critical ligand interactions that regulate its expression.
Inhibiting components of SCCmec has the potential to restore MRSA sensitivity to -
lactam antibiotics, making it a promising therapeutic strategy (Otto, 2012).

Molecular interaction analysis further demonstrated that the native ligand
engages with residues GLY108, ASN95, and ARG98, located within the active site of
SCCmec, which are crucial for complex stability (Ferreira et al., 2015). In parallel,
24-methylenecholesterol exhibited strong binding affinity, particularly through
interactions with residues GLY108 and THR104 via hydrogen bonding and
hydrophobic interactions. Among these, GLY108 emerged as a key residue essential
for ligand binding and is hypothesized to play a functional role in the catalytic
activity of SCCmec (Zhang et al, 2015). Inhibition of this residue by alternative
ligands, such as 24-methylenecholesterol, may disrupt protein stability or activity,
thereby contributing to antibacterial effects.

The presence of direct interactions between 24-methylenecholesterol and
critical residues such as GLY108 and THR104 suggests that this compound has the
potential to mimic or even inhibit the function of the native ligand, reinforcing its
promise as an antibacterial agent. Accordingly, the precise identification and
mapping of amino acid interactions are of paramount importance for the rational
design of new compounds capable of overcoming MRSA resistance through targeted
inhibition of SCCmec (Hollingsworth & Dror, 2018; Sundar et al.,, 2021).

FtsZ
Table 5. Energy Binding FtsZ

Energy Amino Acids Involved in the Bond
Compound Binding Non
(kkal/mol) Hydrogen % Hydrogen %
Guanosine-5'- -11,6 ARG:29, 100% ALA:186, 100%
Diphosphate ASN:25, LEU:169,
GLY:22, PHE:183,
(ligan alami) ASN:166, THR:133,
GLY:108, GLY:23,
GLY:21, GLY:104,
THR:109, ALA:71,
GLY:110, GLY:20,
ARG:143. GLY:107,
GLU:139 THR:111,
MET:105,
PHE:136,
PRO:135
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Energy Amino Acids Involved in the Bond
Binding

Compound Non
Hydrogen % %

(kkal/mol) Hydrogen

Quercetin -10,7 GLY:108, 10% PHE:132, 0%

LEU:113, MET:137,

ILE:78 ILE:107,

HIS:134,

LEU:76,

GLY:112,

GLU:77,

LEU:118,

GLN:79

Quindolinone -10,1 - 0% ASP:199, 0%
VAL:297,
ASN:263,
LEU:209,
LEU:261,
THR:309,
LEU:200,
MET:226,
ILE:311,
GLY:227,
VAL:310,
GLY:193,
GLN:192,
ILE:228,
GLY:196

Kaempferol -9,9 ASN:208, 0% ILE:228, 0%
LEU:209 GLY:196,
ILE:311,
ILE:197,
GLY:193,
THR:309,
LEU:200,
SER:204,

GLY:205,
VAL:203,
VAL:297,
ASN:263,
THR:265,
ASP:199

Acecatin -9,8 - 0% VAL:203, 0%
GLY:209,
ASN:208,
VAL:207,
LEU:209,
GLY:295,
VAL:297,
LEU:200,
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Energy Amino Acids Involved in the Bond
Binding

Compound Non
Hydrogen % %

(kkal/mol) Hydrogen

ASN:263,
ASP:199,
ILE:311,
THR:3009,
MET:226,
GLY:227,
VAL:310,
GLY:193,
GLY:196

Campesterol -9,7 - 0% LEU:209, 0%
ILE:297,
GLY:196,
GLY:193,
ILE:311,
MET:226,
GLY:227,
VAL:310,
THR:309,
VAL:307,
LEU:261,
THR:265,
LEU:302,
ASN:299,
VAL:203,
VAL:297,
ASP:199,
ASN:263,
LEU:200

Based on the molecular docking results presented in Table 5, binding energy
values, hydrogen-bond interactions, and non-hydrogen interactions were obtained.
The compound quercetin formed hydrogen bonds that overlapped with those of the
native ligand. Quercetin demonstrated favorable binding energy with the target
protein FtsZ, with a score of -10.7, although this value was not better than that of
the native ligand (-11.6). In addition to the lower binding energy, analysis of the
amino acid interactions revealed that quercetin shared only 10% of the hydrogen
bonds with the native ligand and lacked overlapping non-hydrogen interactions.

The compound quindolinone did not share any hydrogen-bond or non-
hydrogen interactions with the native ligand. Quindolinone exhibited a favorable
binding energy of -10.1 against FtsZ, but again this was lower than that of the native
ligand (-11.6). Similarly, no overlapping hydrogen or non-hydrogen interactions
were observed. The compound kaempferol also failed to establish hydrogen or non-
hydrogen interactions identical to those of the native ligand. Kaempferol displayed a
binding energy of -9.9, which was weaker than the native ligand (-11.6), and it did
not exhibit any overlapping amino acid interactions.
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The compound acecatin did not share hydrogen-bond or non-hydrogen
interactions with the native ligand. Its binding energy against FtsZ was -9.8, again
less favorable than the native ligand (-11.6), and with no overlapping interactions
observed. Likewise, the compound campesterol did not form hydrogen-bond or non-
hydrogen interactions identical to the native ligand. Campesterol had a binding
energy of -9.7, which was weaker than the native ligand (-11.6), with no shared
amino acid interactions. Taken together, the analysis of binding energy and amino
acid interactions for the five compounds (quercetin, quindolinone, kaempferol,
acecatin, and campesterol) suggests that quercetin exhibits the most favorable
binding and interaction profile with the FtsZ target protein. Although its binding
energy did not surpass that of the native ligand, quercetin outperformed the other
four compounds by displaying the highest degree of similarity in hydrogen-bonding
and non-hydrogen interactions with the native ligand (Bryan et al, 2023). The
amino acid interactions of the native ligand (A) and quercetin (B) with the FtsZ
protein target are illustrated in Figure 3.

A B

AAAAA

Figure 3. Interaksi Asam Amino Ligan Asli (A) dan Quercetin (B) Pada Protein Target
FtsZ

The interaction analysis of the native ligand (a) and quercetin (b) with the
FtsZ target protein revealed no overlapping non-hydrogen interactions. Instead,
only a shared hydrogen bond was observed, specifically at residue GLY108.
Moreover, no overlapping van der Waals interactions were detected between the
native ligand and quercetin (Ma et al., 2025).

The FtsZ protein plays a crucial role in bacterial cell division, including in
Staphylococcus aureus, and has been identified as one of the primary targets in the
development of antibacterial agents against Methicillin-Resistant Staphylococcus
aureus (MRSA). FtsZ is a bacterial homolog of tubulin, responsible for forming the Z-
ring, a cytoskeletal structure essential for successful bacterial cytokinesis. Inhibition
of FtsZ interferes with its polymerization and Z-ring formation, thereby blocking
cytokinesis and ultimately leading to bacterial cell death. Consequently, compounds
capable of binding strongly to FtsZ and inhibiting its function are considered
promising candidates for antibacterial therapy against MRSA (Beuria et al., 2005). In
this study, the anti-MRSA activity targeting FtsZ was assessed through molecular
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interaction analyses of test compounds at the active site of FtsZ, which is critical for
cell division.

Based on the molecular interaction analysis, both the native ligand (A) and
quercetin (B) demonstrated strong affinity for the active site of FtsZ. Key residues
involved in the interaction included GLY108, LEU76, PHE132, GLY112, MET137,
PHE127, and GLU77. Among these residues, GLY108 emerged as a crucial amino
acid for ligand binding, as it is located within the active domain of FtsZ directly
involved in nucleotide binding and polymerization. The presence of hydrogen
bonding or hydrophobic interactions between ligands and GLY108 indicates
potential inhibition of FtsZ polymerization, thereby reinforcing the antibacterial
potential of the compound (Matsui et al, 2012). Additionally, residues such as
PHE132 and LEU76 contribute to complex stability through hydrophobic
interactions, further enhancing binding and inhibiting FtsZ activity. These findings
are consistent with previous studies showing that targeting conserved regions of
FtsZ disrupts Z-ring formation and suppresses bacterial proliferation (Haydon et al,,
2008).

MecR1

In the molecular inhibition analysis of the MecR1 protein, out of the 15
tested compounds, only five were selected for further discussion in the molecular
inhibition stage. This selection was based on the compounds exhibiting the highest
binding energy values obtained from molecular docking results.

Table 6. Energy Binding MecR1

Energy Amino Acids Involved in the Bond
Compound Binding Non
(kkal/mol) Hydrogen % Hydrogen %
(2S,5R)-1-formyl-5- -6,4 ASN:441, 100% ASN:390, 100%

[(sulfooxy)amino]piperidine- THR:531, ASN:478,
2-carboxamide SER:439, PHE:423,
(ligan alami) THR:529, TRP:426,
SER:391 GLY:568,

LYS:528,

GLY:530,

LYS:394

Ecdysone -9,7 TYR:438, 40% GLU:425, 87%

LYS:437, PHE:423,
ASN:441, THR:529,

ASN:478 TRP:429,

ILE:533,

SER:391,
THR:531,

LYS:528,

GLY:530,

LYS:394,

SER:439
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24-methylenecholesterol -9,4 - 0% GLU:425, 62%
PHE:423,
ASN:441,
THR:531,
ASN:478,
GLU:479,

GLY:532,
ILE:533,
SER:439,
TRP:429,
TYR:438

Ptestosteron -8,4 ASN:441, 40% GLU:425, 50%
ASN:478, PHE:429,
LYS:437, THR:520,
TYR:438 TRP:426,

ILE:533,
SER:391,
THR:531,
LYS:528,
GLY:535,

LYS:399,

SER:433,

TYR:438

Energy Amino Acids Involved in the Bond

Compound Binding o Non o
(kkal/mol) Hydrogen Yo Hydrogen Yo

Stigmasterol -8,1 - 0% GLY:532, 100%
GLU:479,
ASN:478,
SER:439,
TYR:438,
GLU:425,
PHE:423,
TRP:426,
ASN:441,
THR:531,
ILE:533
Quercetin -8,1 SER:391, 20% ASN:475, 87%
GLU:425 ASN:441,
TRP:426,
PHE:423,
TYR:438,
SER:439,
ASN:390,
GLY:530,
THR:531

Based on the molecular docking results presented in Table 6, the binding
energy, hydrogen bond interactions, and non-hydrogen bond interactions were
analyzed. The compound ecdysone formed both hydrogen and non-hydrogen
interactions similar to those of the native ligand. Ecdysone exhibited strong binding
energy with the target protein MecR1, with a score of -9.7, which is superior to that
of the native ligand (-6.4). However, despite its stronger binding energy, ecdysone
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shared only 40% of the hydrogen bond interactions and 87% of the non-hydrogen
bond interactions with the native ligand.

The compound 24-methylenecholesterol formed only non-hydrogen bond
interactions comparable to the native ligand. It showed good binding energy to
MecR1, with a value of -9.4, also surpassing that of the native ligand (-6.4).
Nevertheless, the amino acid interaction analysis revealed no shared hydrogen
bonds and only 62% overlap in non-hydrogen interactions with the native ligand.
The compound ptestosterone formed both hydrogen and non-hydrogen interactions
consistent with those of the native ligand. Ptestosterone displayed favorable binding
energy (-8.4) with MecR1, outperforming the native ligand (-6.4). Despite this, the
compound shared only 40% of hydrogen bond interactions and 50% of non-
hydrogen bond interactions with the native ligand.

The compound stigmasterol formed only non-hydrogen bond interactions
similar to the native ligand. Stigmasterol demonstrated good binding affinity to
MecR1 (-8.1), also stronger than that of the native ligand (-6.4). However, it
exhibited no overlapping hydrogen bonds, but displayed 100% overlap in non-
hydrogen interactions with the native ligand. The compound quercetin formed both
hydrogen and non-hydrogen interactions similar to the native ligand. Quercetin
showed favorable binding energy (-8.1) with MecR1, superior to the native ligand (-
6.4). However, quercetin shared only 20% of hydrogen bond interactions and 87%
of non-hydrogen interactions with the native ligand.

Taken together, based on binding energy values and amino acid interaction
profiles, ecdysone is considered the most promising compound for binding with the
target protein MecR1. This is due to its superior binding affinity compared to both
the native ligand and the other four tested compounds, as well as its relatively
higher overlap in both hydrogen and non-hydrogen interactions with the native
ligand (Alexander et al, 2020). The amino acid interactions between the native
ligand (A) and **ecdysone (B) with MecR1 are illustrated in Figure 16.

A B

Figure 4. Interaksi Asam Amino Ligan Asli (A) dan Ecdysone (B) Pada Protein Target
MecR1

The interaction analysis between the native ligand (A) and ecdysone (B)
with the target protein MecR1 revealed identical hydrogen bonds with residues
ASN:441 and ASN:478, as well as conserved non-hydrogen interactions with
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residues PHE:423, THR:529, THR:531, LYS:528, GLY:530, LYS:394, and SER:439. In
addition, both ligands shared van der Waals interactions with LYS:394 and ILE:533
(Lee et al, 2018). MecR1 is a key regulator in the -lactam antibiotic resistance
system of Staphylococcus aureus, particularly in MRSA (Methicillin-Resistant
Staphylococcus aureus) strains. Functioning as a membrane sensor, MecR1 detects
the presence of B-lactam antibiotics and subsequently activates the expression of
the mecA gene, which encodes PBP2a—an enzyme with low affinity for -lactam
antibiotics. This protein is an integral component of the mecA regulatory system,
enabling MRSA to withstand antibiotic pressure by producing PBP2a, the principal
driver of resistance. When {3-lactam antibiotics are detected, MecR1 becomes
activated, triggering mecA transcription and thus ensuring bacterial survival despite
antibiotic challenge (Fuda et al., 2005; Llarrull et al., 2010).

In the amino acid interaction analysis of the native ligand (A) and the test
compound QuEcdysone (B) with MecR1, several residues were identified as crucial
for stabilizing the protein-ligand complex. For the native ligand, GLY:530 formed a
strong hydrogen bond, highlighting its central role in maintaining complex stability.
Additionally, residues ASN:629 and PHE:541 contributed significantly through both
hydrogen bonding and hydrophobic interactions. For QuEcdysone, similar
interactions were observed, particularly involving GLY:530, ASN:629, and THR:586,
suggesting their potential role in inhibiting MecR1’s regulatory function over mecA
expression. Such interference could disrupt the resistance pathway, thereby
enhancing antibacterial activity against MRSA (Shamsi et al.,, 2021; Mohammed et al.,
2022).

PBP2a
Table 7. Energy Binding Pbp2a
Energy Amino Acids Involved in the Bond
Compound Binding
(kkal /mol) Hydrogen % Non Hydrogen %
(E)-3-(2-(4- -5,6 THR:165, 100% GLU:239, 100%
cyanostyryl)-4- ARG:241, SER:240, HIS:293,

oxoquinazolin- LYS:148 VAL:277,
3(4H)-yl) benzoic SER:149,
acid ARG:151,
VAL:256,
(ligan alami) GLU:150,
ASN:164

24hydroxyecdysone -9,4 THR:165, 67% SER:149, 78%
ARG:241, VAL:277,
LYS:148 HIS:293,
GLN:292,
GLU:239,
ASN:164,
GLU:150,
VAL:256,
ARG:151
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Ecdysone -9,7 THR:165, 67% LYS:148, 89%

ARG:241, GLU:239,
HOH:2026,

ASN:164,

GLU:150,

ARG:151,

HIS:293,
HOH:2076,

GLN:292,

VAL:277,

ILE:278,

VAL:256,
HOH:2060,

SER:240

Quercetin -8,5 THR:165, 67% SER:149, 67%
ARG:241, VAL:277,
LYS:148 HIS:293,
GLU:239, ASN:
164, GLU:150,
VAL:256,
ARG:151

Sanguinine -8,3 THR:165, 67% SER:149, 67%
ARG:241, VAL:277,
LYS:148 GLN:292,
SER:240,
GLU:239,

ASN:164,
GLU:150,
ARG:151

Stigmasterol -8,3 THR:165, 67% SER:149, 67%

ARG:241, VAL:277,

LYS:148 HIS:293,

GLN:292,

SER:240,

GLU:239,

ASN:164,

GLU:150,

Based on the molecular docking results presented in Table 7, binding energy
values, hydrogen-bond interactions, and non-hydrogen interactions were obtained
for the tested compounds. The compound 24-hydroxyecdysone exhibited both
hydrogen-bond and non-hydrogen interactions identical to those of the native
ligand. It demonstrated a favorable binding energy of -9.4 kcal/mol with the target
protein PBP2a, which is significantly better than that of the native ligand (-5.6
kcal/mol). However, despite its stronger binding affinity, 24-hydroxyecdysone
shared only 67% of hydrogen-bond interactions and 78% of non-hydrogen
interactions with the native ligand.

The compound ecdysone also formed identical hydrogen-bond and non-
hydrogen interactions with the native ligand. It exhibited the most favorable binding
energy of -9.7 kcal/mol, again superior to the native ligand (-5.6 kcal/mol). While
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its binding energy was excellent, ecdysone retained only 67% of hydrogen-bond
interactions and 89% of non-hydrogen interactions in common with the native
ligand. The compound quercetin showed both hydrogen-bond and non-hydrogen
interactions consistent with the native ligand. It achieved a binding energy of -8.5
kcal/mol, stronger than the native ligand (-5.6 kcal/mol). Nevertheless, quercetin
shared only 67% of hydrogen-bond interactions and 67% of non-hydrogen
interactions with the native ligand. The compound sanguinine also formed identical
hydrogen-bond and non-hydrogen interactions with the native ligand. Its binding
energy was -8.3 kcal/mol, again surpassing the native ligand (-5.6 kcal/mol).
However, it maintained only 67% of hydrogen-bond interactions and 67% of non-
hydrogen interactions in common with the native ligand.

The compound stigmasterol exhibited both hydrogen-bond and non-
hydrogen interactions consistent with the native ligand. Its binding energy was -8.3
kcal/mol, also superior to the native ligand (-5.6 kcal/mol). Yet, similar to
sanguinine, it shared only 67% of hydrogen-bond interactions and 67% of non-
hydrogen interactions with the native ligand. Taken together, the analysis of binding
energy and amino acid interactions for the five compounds—24-hydroxyecdysone,
ecdysone, quercetin, sanguinine, and stigmasterol—suggests that ecdysone exhibits
the most promising binding profile with PBP2a. Ecdysone not only displayed the
strongest binding energy compared to the native ligand and the other four test
compounds but also maintained a higher degree of similarity in both hydrogen-bond
and non-hydrogen interactions relative to the native ligand (Alexander et al., 2020).

HOH.
AAAAA

£Y

Figure 5. Interaksi Asam Amino Ligan Asli (A) dan Ecdysone (B) Pada Protein Target Pbp2a

The interaction analysis of the native ligand (a) and ecdysone (b) with the
target protein PBP2a revealed that both shared identical hydrogen-bond
interactions with residues THR:165 and ARG:241, as well as common non-hydrogen
interactions with residues LYS:148, GLU:239, ASN:164, GLU:150, ARG:151, HIS:293,
VAL:277, VAL:256, and SER:240. In addition, both the native ligand and ecdysone
demonstrated van der Waals interactions with residues GLU:239, SER:240, HIS:293,
GLN:292, VAL:277, VAL:256, GLU:150, and ASN:164 (Lee et al., 2018).
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The protein PBP2a (Penicillin-Binding Protein 2a) is a key enzyme involved
in the mechanism of f-lactam antibiotic resistance in Staphylococcus aureus,
particularly in methicillin-resistant strains (MRSA). The survival of MRSA depends
heavily on PBP23, as this enzyme continues to catalyze peptidoglycan synthesis even
in the presence of B-lactam antibiotics, which typically inhibit other PBPs. PBP2a
possesses an active site with markedly reduced affinity for (-lactams, thereby
maintaining cell wall biosynthesis and ensuring bacterial viability (Fuda et al,
2005). In this study, amino acid interaction analysis revealed that the antibacterial
activity of PBP2a is not solely associated with ARG:241, but also involves several
other critical residues such as LYS:316, ASN:146, and GLY:307. Both the native
ligand (A) and ecdysone (B) were shown to interact with some of these key residues
located near or within the catalytic site of PBP2a. While ARG:241 is frequently
observed in ligand interactions, its contribution to antibacterial activity is not
always dominant. By contrast, LYS:316 plays a direct role in the transpeptidation
process, an essential step in bacterial cell wall synthesis. Interactions between
ligands and this residue may therefore significantly impair the enzymatic function of
PBP2a. The ability of ecdysone to establish interactions with these residues
highlights its potential as a PBP2a inhibitor, as it may disrupt the protein’s catalytic
function and compromise the cell wall integrity of MRSA (Shamsi et al.,, 2021).
Molecular Dynamics Simulation Analysis

In this study, the best candidate compounds derived from Sidaguri were
docked with their respective protein targets and subsequently evaluated using
molecular dynamics (MD) simulations with YASARA Dynamics
SCCMec (4FAK)
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Figure 6. Grafik RMSD SCCMec

The parameters RMSD (Root Mean Square Deviation) and RMSF (Root Mean
Square Fluctuation) were employed to evaluate the stability of the protein
throughout the simulation. The RMSD values of both the ligand and protein were
calculated from the trajectory plots, and the initial values were recorded at the
beginning of the simulation, as shown in Figure 18. For the compound 24-
methylenecholesterol bound to the target protein SCCMec, the simulation initially
showed an increase in RMSD from 1.5 to 2.5 A. After 0.2 ns, the RMSD further
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increased to a range of 2.5-3.2 A. A slight decrease to 3 A was observed at 0.5 ns,
after which the RMSD stabilized between 8-20 ns, maintaining an average value of
approximately 6 A. In contrast, the native ligand of SCCMec exhibited an initial rise
in RMSD from 1 to 5 A at the onset of the simulation (0.00 ns). Stability was
observed between 1-6.5 ns, with an average RMSD of 3 A. A sharp increase to 7.2 A
occurred at 6.7-7 ns, followed by a decrease to 6 A at 7-7.5 ns. Beyond this point,
the RMSD values remained stable, averaging approximately 6 A until the end of the
simulation.

Solute protein/nucleic acid residue RMSF

RMSF in Angstrom

Residue number

‘ m Natif Ligan | iz Ligan 24methylenecholesterol ‘

Figure 7. Grafik RMSF SCCMec

The RMSF values indicated low and stable fluctuations for most residues,
remaining within the range of 0.5-1.5 A throughout the simulation period, as shown
in Figure 19. A notable increase in RMSF was observed at residue 40, reaching 2.0 A.
Such elevated fluctuations suggest that this residue is more flexible and susceptible
to structural changes. Consequently, 24-methylenecholesterol was found to
influence the dynamic behavior of the protein. At the end of the simulation, the
RMSEF values increased to 5.4 A for the compound and 5.5 A for the native ligand. For
the majority of residues, however, fluctuations were comparable to those of the
native ligand in the target protein SCCmec. The relatively low fluctuation values
confirm the presence of a strong ligand-protein interaction. Furthermore, 24-
methylenecholesterol shared the same hydrogen-bonding interactions with the
native ligand, particularly with residues GLY108 and THR104, both exhibiting RMSF
values below 2 A, thereby indicating structural stability (Rashid et al,, 2022).

FtsZ (8HTB)
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‘ m Natif Ligan | = Ligan Quercetin ‘
Figure 8. Grafik RMSD FtsZ

The parameters RMSD (Root Mean Square Deviation) and RMSF (Root Mean
Square Fluctuation) were employed to evaluate the stability of the protein during
the simulation. The RMSD values for both ligand and protein were derived from the
simulation graphs, with the initial values recorded at the beginning of the trajectory,
as shown in Figure 20. For the quercetin-FtsZ protein complex, the RMSD increased
from 0.5 to 1.3 A at the start of the simulation. After 1.0 ns, the RMSD further rose
from 1.3 to 2.3 A. A slight decrease was observed at 1.5 ns, where the RMSD
stabilized at approximately 2.0 A. From 8 to 20 ns, the complex exhibited consistent
stability, maintaining an average RMSD of 2.5 A. For the native ligand-FtsZ complex,
the RMSD increased from 0.7 to 1.5 A at the beginning of the simulation (0.00 ns).
Stability was observed during the intervals 4-7 ns and 8-20 ns, with an average
RMSD value of 2.7 A.
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Figure 9. RMSF Graph of FtsZ

The RMSF (Root Mean Square Fluctuation) values indicate low and stable
fluctuations for most residues, remaining within the range of 0.75-1.50 A
throughout the simulation period, as shown in Figure 21. An increase in RMSF
values was observed around residue 180, reaching up to 2.75 A. Such elevated
fluctuations suggest that this residue is more flexible and susceptible to structural
changes, implying that the compound quercetin influences the dynamic behavior of
the protein. At the end of the simulation, the RMSF value for quercetin increased to
1.25 A, while that of the native ligand rose to 1.50 A. For the majority of residues,
fluctuations were comparable to those of the native ligand bound to the target
protein FtsZ. The overall low fluctuation values confirm the formation of a stable
and strong ligand-protein interaction. Furthermore, quercetin exhibited hydrogen
bond interactions with the same amino acids as the native ligand, namely GLY108,
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PHE132, and LEU76, all maintaining fluctuations below 2 A, thereby indicating
structural stability (Rashid et al., 2022).

Conclusion
Based on the findings of this study, it can be concluded that ten compounds

derived from Sidaguri—namely acacetin, ecdysone, peganine, kaempferol,
sanguinine, quercetin, 24-methylenecholesterol, quindolinone, stigmasterol, and
campesterol—were predicted to exhibit strong binding affinity toward MRSA target
proteins. Among these, ecdysone showed favorable interaction models and high
binding affinity with the target proteins 4CJN and 609S, quercetin demonstrated
strong interactions and affinity with 8HTB, and 24-methylenecholesterol displayed
favorable interactions and binding affinity with 4FAK. Furthermore, quercetin,
ecdysone, and 24-methylenecholesterol exhibited stable protein-ligand interactions
throughout molecular simulations, suggesting their potential as effective inhibitors.
In addition, fifteen Sidaguri-derived compounds, including 2D-hydroxyecdysone,
acacetin, ecdysone, peganine, vasicinol, vasicinone, kaempferol, pterosterone,
sanguinine, quercetin, 24-methylenecholesterol, scopoletin, quindolinone,
stigmasterol, and campesterol, were predicted to possess favorable pharmacokinetic
profiles, thus reinforcing their promise as potential drug candidates against MRSA
infections.
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