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Introduction: Bacterial infections continue to pose a major global health challenge, intensified by the increasing prevalence of
antimicrobial-resistant pathogens such as Methicillin-resistant Staphylococcus aureus (MRSA). The emergence of resistance mechan-
isms, particularly the mecA gene encoding PBP2a, significantly reduces the effectiveness of existing antibiotics, including advanced
agents like linezolid and daptomycin. Although vancomycin remains a cornerstone therapy, its variable tissue penetration and growing
resistance emphasize the urgent need for alternative treatments. This study explores the potential synergistic effects of 3-hydrazino-
quinoxaline-2-thiol (3HTQ), thymoquinone (THQ), and amphotericin B against clinical MRSA isolates.

Methods: Antibacterial activity was evaluated using broth microdilution and checkerboard assays. Molecular docking and molecular
dynamics (MD) simulations were performed to assess binding interactions and complex stability. Minimum inhibitory concentrations
(MICs) were determined for each compound and their combinations.

Results: Amphotericin B alone exhibited limited antibacterial activity with baseline MIC values ranging from 16-64 pg/mL; however,
when combined with THQ and 3HTQ, the MIC values were markedly reduced—up to 32-fold in some MRSA isolates. Checkerboard
analysis confirmed synergism, with fractional inhibitory concentration index (FICI) values <0.5. Molecular docking suggested
potential interactions with key MRSA proteins, particularly PBP2a, while MD simulations indicated relative stability of these
complexes.

Conclusion: The proposed mechanisms are based solely on in silico analyses and computational modeling, rather than direct
biological or molecular experiments. These findings, supported by in vitro data and computational analyses, suggest that combining
3HTQ, THQ, and amphotericin B could be explored as a potential approach for managing MRSA infections and overcoming emerging
antimicrobial resistance.
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Introduction
Globally, bacterial infections continue to be a major health issue and a leading cause of mortality." Antibiotic resistance,
which limits the efficacy of antimicrobial therapies, further complicates this challenge.2’3 The spread of resistant
pathogens contributes to persistent infections and increased prevalence of disease.*

Several mechanisms allow bacteria to survive antimicrobial exposure, leading to antibiotic resistance.® For example,
methicillin-resistant Staphylococcus aureus (MRSA) obtains resistance through the mecA gene, which encodes an altered
penicillin-binding protein (PBP2a) with decreased affinity for p-lactam antibiotics.”® A number of auxiliary factors are
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also believed to contribute to the full MRSA resistance phenotype.’ In spite of the introduction of newer antibiotics such
as linezolid and daptomycin, resistance has already been reported.'®'" Moreover, vancomycin remains a standard
treatment for MRSA, but its tissue penetration is poor and resistant strains have emerged.'?

Antibiotic resistance is further complicated by the slow pace of development of new antibiotics.'® There has not been
sufficient progress in the discovery of new antimicrobial agents to keep pace with the rapid appearance of resistance in
bacteria.'* Antibiotic research has been discouraged by high development costs, long development timelines, strict
regulatory requirements, and low financial returns. As a result, the pipeline of new antibiotics remains limited, leaving
few alternatives to replace increasingly ineffective ones.”'°

Given these challenges, there is a pressing demand for innovative therapeutic approaches and the development of
novel antibiotics."' One promising approach is the use of combination therapies, where multiple antibiotics are
administered together to enhance their effectiveness.'” This strategy may help to overcome bacterial resistance mechan-
isms and achieve better treatment outcomes.

Drug discovery and target identification are increasingly guided by computational methods, especially in antimicro-
bial research, in addition to experimental approaches. A common application of molecular docking is to predict the
binding mode of small molecules within protein active sites and to estimate the strength and stability of interactions
between proteins and ligands. Using this method, it is possible to identify the most energetically favorable binding poses
by efficiently and systematically exploring possible conformations. Before being validated experimentally, this technique
allows an in-silico evaluation of protein-ligand interactions. Bioinformatics and computational biology have further
improved docking accuracy, including predicting binding affinity and inhibitory constants.'

THQ is a naturally existing bioactive substance compound found in the seeds of Nigella sativa, commonly known as
black cumin or black seed.'® This compound is well-regarded for its anti-inflammatory, antioxidative, and anti-bacterial
properties and anti-cancer.'”'® THQ has shown significant anti-bacterial efficacy and notable anti-fungal activity against
pathogens such as Aspergillus niger and Candida albicans."® Recently, number of simulation studies have provided
compelling evidence suggesting that amphotericin B possesses significant inhibition potential against Methicillin-
resistant S. aureus (MRSA). These studies have utilized a variety of computational techniques to model the interactions
between amphotericin B and MRSA at a molecular level. Through detailed simulations, researchers have been able to
observe how amphotericin B interacts with the bacterial cell membrane, potentially disrupting key processes essential for
the bacteria’s survival and proliferation. The findings from these simulations indicate that amphotericin B can effectively
bind to specific targets within MRSA, thereby inhibiting its growth and reducing its pathogenicity. These results are
promising and suggest that amphotericin B could be developed as a potential therapeutic drug against MRSA infections,
addressing a significant challenge in the treatment of antibiotic-resistant bacterial infections.'” Recently, 3HTQ has
attracted attention as a potential antimicrobial agent. Previous studies have reported its activity against a range of
microbial pathogens, including both bacterial and fungal species such as Candida spp, suggesting a broad antimicrobial
spectrum. Moreover, evidence indicates that 3HTQ may enhance the efficacy of conventional antibiotics, including
penicillin or vancomycin, when used in combination against MRSA, highlighting its potential role in combination-based
therapeutic strategies.'®2*%!

We hypothesized that quinoxaline derivatives, particularly 3-hydrazinoquinoxaline-2-thiol (3HTQ), might exhibit
synergistic activity when combined with thymoquinone (THQ) and amphotericin B against clinical MRSA strains.
Therefore, the aim of this study was to assess the in vitro antimicrobial activity and potential synergistic effects of these
compounds against clinical isolates of MRSA through MIC determination, checkerboard assays, and complementary in
silico analyses.

Materials and Methods

Bacterial Strains, Growth Media and Condition

This investigation consisted of comprehensive analysis of 18 MRSA species obtained from King Abdulaziz University
Hospital in Jeddah, Saudi Arabia. These bacteria were meticulously maintained in glycerol and kept at a temperature of
—80°C to maintain their viability over time. Prior to testing, a systematic thawing process was conducted, after which the
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bacteria were cultivated on blood media plates sourced from HiMedia, India. The cultivation process was carried out
overnight at a temperature of 37°C under aerobic conditions to ensure optimal growth and viability of the bacterial
cultures. The sample collection and handling procedures strictly adhered to the guidelines set forth by the ethics and
research committee of the Faculty of Applied Medical Sciences at King Abdulaziz University.

BACT/Alert VIRTUO and BioFire BCID2 panels were used in the initial detection process. Subcultures were carried
out on 5% sheep blood agar, and species identification was performed using the VITEK 2 system. GeneXpert was used
for detection of the mecA gene, as well as disk diffusion testing and mannitol salt agar supplemented with oxacillin for
phenotypic confirmation of MRSA. The VITEK 2 AST-GP card (P580) was used for antimicrobial susceptibility
testing (AST).

The study was conducted in accordance with the ethical approval number 38—712-456 and was fully compliant with
the principles outlined in the Declaration of Helsinki, which governs the ethical standards for research involving human
subjects. The ethical approval for accessing the de-identified clinical isolates data was granted on 09/08/2017. These
procedures did not involve the collection of any patient identifiers such as names, ages, or nationalities. We did not have
access to any patient information and only worked with bacterial cells. Consequently, the ethics committee decided that
informed consent was not needed for the current study, as the use of these de-identified clinical isolates posed no risk to
patient privacy or confidentiality. Overall, this careful and ethically sound approach ensured the integrity of the research
process and the reliability of the findings derived from the analysis of the MRSA isolates.

Antibacterial Agents

This study focused on evaluating the efficacy of various antibacterial agents specifically against MRSA strains. Among
the compounds tested, a novel 3HTQ compound was sourced from Fluorochem Ltd., a reputable supplier based in the
United Kingdom. In addition to 3HTQ, we also examined the effects of thymoquinone and amphotericin B, both of
which were obtained in powder form from Sigma-Aldrich, a globally recognized chemical supply company.

To ensure the accurate preparation and administration of these compounds, both 3HTQ and thymoquinone, as well as
amphotericin B, were dissolved in 5% dimethyl sulfoxide (DMSO). This solvent was chosen due to its ability to
effectively dissolve a wide range of organic compounds while maintaining the stability and activity of the antibacterial
agents.

The selection and preparation of these agents were done with careful consideration to detail to ensure the reliability
and reproducibility of the experimental results. By utilizing high-quality compounds and appropriate solvents, we aimed
to generate robust data on the antibacterial efficacy of these agents against MRSA, thereby contributing valuable insights
to the field of antimicrobial research. The stock solution of each antimicrobial agent was prepared at a concentration of
10 mg/mL. The initial working concentration before performing the double dilution method was 128 pg/mL for 3HTQ
and 256 pg/mL for both Amphotericin B and THQ. The dilutions were prepared using the standard C1V1 = C2V2
equation to ensure accurate concentration adjustments.

Susceptibility Test via Broth Microdilution Assay

To analyse the antimicrobial sensitivity of the specific agents 3HTQ, THQ, and amphotericin B, we conducted
a comprehensive broth microdilution test. This meticulous procedure involved generating a series of two-fold serial
dilutions of the antimicrobial agents within Mueller Hinton Broth (MHB), which was procured from Sigma-Aldrich in
the United States. These serial dilutions were carefully prepared to ensure accurate and consistent concentration gradients
for each antimicrobial agent.

Following the preparation of the serial dilutions, 100 uL of each antimicrobial mixture was precisely filled into
individual wells of 96-well microtiter plates. To achieve a standardized inoculum density, the mixture was diluted to
match a 0.5 McFarland standard using a Biosan Densitometers DEN-1B suspension turbidity detector. This adjustment
was crucial for maintaining uniformity across all test samples and ensuring reliable results. Following this a 5 puL of the
prepared bacterial inoculum was transferred to the corresponding well supplemented with different concentrations of the
antimicrobial agents. The inoculated plates were then incubated for 20 hours at 37°C to allow for bacterial growth and
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interaction with the antimicrobial agents. This incubation period was essential for determining the effectiveness of the
agents in inhibiting bacterial proliferation.

The antimicrobial susceptibility testing was rigorously done in triplicate to attain the accuracy and reproducibility of
the findings. The mean values acquired from these triplicate tests were noted and analysed to determine the Minimum
Inhibitory Concentrations (MICs) of the antimicrobial agents. The MIC is considered as the lowest concentration of
a drug that is able of inhibiting the visible growth of a micro-organism. The MIC outcomes for the three anti-bacterial
drugs were determined utilising the broth microdilution technique and interpreted according to the guidelines set by the
Clinical and laboratory standard institutes (CLSI). These guidelines provide a standardized framework for conducting
and interpreting antimicrobial susceptibility tests, ensuring that our results are both reliable and comparable to other
studies in the field. By adhering to these rigorous procedures and standards, we aimed to generate robust and reliable data
on the antimicrobial sensitivity of 3HTQ, thymoquinone, and amphotericin B against MRSA strains, thereby contributing
valuable insights to the ongoing efforts in combating multidrug-resistant bacterial infections. Each test was done in three

times and the average was estimated.'”"'®

Checkerboard Assay

To thoroughly assess the interactions among the antimicrobial agents 3HTQ, THQ, and amphotericin B, we employed the
checkerboard broth assay. This method allows for the evaluation of potential synergistic effects between multiple
antimicrobial compounds. The procedure began with the preparation of a twofold serial dilution of each antimicrobial
compound in Mueller Hinton Broth (MHB), which was sourced from a reputable supplier. After preparing the serial
dilutions, 33 pL of each dilution was carefully dispensed into the wells of 96-well microtiter plates. Ensuring precise
inoculum-density, the bacterial mixture was diluted to a 0.5 McFarland standard using a Biosan Densitometer DEN-1B
suspension turbidity detector. This step was crucial for maintaining consistency and accuracy across all experimental
conditions. Following this adjustment, five uL of the diluted bacterial inoculum was transferred into each well having the
various concentrations of the antimicrobial agents. Plates were incubated at 37°C for 20 hours.

To evaluate the synergy between 3HTQ, THQ, and amphotericin B, we determined the Fractional Inhibitory
Concentration index (FICI). The FICI is calculated using this formula FIC = [MIC (3HTQ in combination) divided by
MIC (3HTQ alone)] + [MIC (thymoquinone in combination) divided by MIC (thymoquinone alone)] + FIC = [MIC
(amphotericin B in combination) divided by MIC (amphotericin B alone)]. It involves comparing the MIC of each
compound when used in combination with its MIC when used independently. This approach provides a comprehensive
assessment of the combined inhibitory effects of the compounds, enabling us to determine whether the interactions are
synergistic, additive, or antagonistic.'**

The checkerboard-assay was carefully conducted in triplicate to attain the reliability and reproducibility of the results.
The average values obtained from these three independent experiments were noted and analysed for further
interpretation.

By employing the checkerboard broth assay, we aimed to gain a deeper understanding of how 3HTQ, THQ, and
amphotericin B interact with each other in inhibiting MRSA growth. This methodical approach allowed us to generate
robust and reliable data on the potential synergistic effects of these antimicrobial agents, contributing valuable insights to
the development of more effective combination therapies versus multidrug-resistant bacterial infections. Every test was
performed 3 times to attain the reliability and reproducibility of the results. After conducting the experiments in triplicate,
the data from each set of tests were averaged. This process of replication and averaging helps to minimize the impact of
any outliers or anomalies in the individual test results, providing a more accurate and representative measure of the true
effect or outcome.

Assessment of the Interactions Between the Tested Antimicrobial Agents

To thoroughly investigate the interactions among the 3HTQ, THQ, and amphotericin B under study, we employed
a checkerboard assay design. This method allowed us to systematically construct a comprehensive matrix that covered all
possible dose combinations of the two drugs within their designated concentration ranges. By doing so, we were able to
assess the effects of these combinations on bacterial growth inhibition with a high degree of precision and accuracy.
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To quantitatively characterize the interactions between the two drugs, we calculated the Fractional Inhibitory
Concentration Index (FICI). The FICI provides a numerical value that helps interpret the nature of the drug interactions.
According to established guidelines, the interpretation of FICI results is as follows:

e FICI < 0.5: This value indicates a synergistic interaction between the drugs, meaning that the combined effect is
significantly greater than the sum of their individual effects. In practical terms, this corresponds to a reduction of at
least two dilution steps in the MIC of each drug when used together.

e 0.5 < FICI < 1: Values within this range signify an additive effect, where the combined effect is roughly equal to
the sum of the individual effects of the drugs.

e 1 < FICI < 2: These values suggest indifference, indicating that the combined effect is neither significantly greater
nor less than the sum of the individual effects.

e FICI > 2: Values exceeding 2 indicate antagonism, where the combined effect is less effective than the individual
effects of the drugs, suggesting that the drugs interfere with each other’s activity.

The checkerboard assay was performed meticulously, with each combination being tested in triplicate to ensure the
reliability and reproducibility of the results. The average FICI values were then calculated and recorded for subsequent
analysis.

By employing this detailed and systematic approach, we aimed to gain a comprehensive understanding of how the
antimicrobial agents interact with each other. This information is crucial for developing effective combination therapies,
especially in the context of treating multidrug-resistant bacterial infections. The data obtained from this study provide
valuable insights into the potential synergistic, additive, indifferent, or antagonistic relationships between the tested
drugs, guiding future research and clinical applications.

In silico Analysis

To study the synergetic effect of the triple compounds, we used molecular docking and molecular dynamic simulations
(MD simulation). The ligands were obtained from the PubChem database and prepared for docking using LigPrep in the
Maestro tool (version 2020). The preparation steps include the addition of hydrogen, protonation, and energy minimiza-
tion. An essential protein of Methicillin-Resistant S. aureus (PBP2a) which is involved in the resistance to beta-lactam
antibiotics, was selected for in silico study. The crystal structure of the protein was obtained from PDB database. The
protein was prepared for docking, and then active site and allosteric sites were determined according to previous
publications.*>**

To study the stability of the generated complex we employed the molecular dynamics (MD) simulations using the
Desmond module within the Schrodinger Maestro suite (version 2020). The protein-ligand complexes were solvated in
an orthorhombic box with a 10 A buffer using the TIP4P water model. Counterions (Na"/CI") were added to neutralize
the system and maintain an ionic strength of 0.15 M. The system was first minimized using the OPLS3e force field,
followed by two equilibration steps: NVT ensemble (constant Number, Volume, Temperature) for 1 ns to stabilize the
temperature at 300 K using the Nose—Hoover thermostat. NPT ensemble (constant Number, Pressure, Temperature) for
another 1 ns at 1 atm pressure.

As a first screening step, a 50 ns simulation of the ligand—protein interaction was conducted, although longer
simulations (100-500 ns) are commonly applied for more comprehensive computations. The production MD run was
conducted for 50 ns with a time step of 2 fs. Periodic boundary conditions were applied in all three dimensions, and the
Particle Mesh Ewald (PME) method was used to calculate long-range electrostatics. The trajectories were saved every
100 ps and were used as input for principal component analysis (PCA). VMD software> was used to generate.dcd files
from MD simulation trajectories, which were then used as input for PCA analysis using the Bio3D package.

Statistical Analysis
The data obtained from the experiments were analyzed using GraphPad Prism version 8. To compare the antibacterial
efficacy between monotherapy and combination therapy, an unpaired ¢-test was performed. An unpaired #-test was used to
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compare the effects of monotherapy and triple-combination treatment by grouping each condition as a single outcome.
The checkerboard design was used to evaluate the general difference between the two treatment strategies rather than
multiple pairwise comparisons. This statistical test was chosen to determine whether there was a significant difference
between the means of the two groups. A p-value of less than 0.05 was considered statistically significant, indicating that
the observed differences were unlikely to have occurred due to random variation. This approach ensured the reliability
and accuracy of the statistical comparisons conducted in this study.

Results
MIC Values of THQ, 3HTQ, and Amphotericin B

Before implementing the checkerboard-assay, it is essential to assess the minimum inhibitory concentrations (MICs) of
3HTQ, amphotericin B, and THQ. This step is crucial for ensuring accurate and reliable results. The MIC is defined as
the lowest concentration of the compound that fully inhibits visible growth of the organism after overnight incubation.
The MIC values for THQ, as presented in Table 1, range from 8 to 64 ng/mL. For 3HTQ, the MIC value is consistently
32 pg/mL, whereas amphotericin B exhibits MIC values varying from 16 to 64 pg/mL (Table 1). With these MIC results,
we meticulously designed a checkerboard assay. This assay involved mixing different concentrations of thymogquinone
and 3HTQ to investigate their combined effects. The experimental design was structured to evaluate the potential
synergistic or additive interactions between these compounds, particularly against resistant MRSA strains. The detailed
MIC data and the subsequent checkerboard-assay are integral to understanding the interactions between THQ, 3HTQ,

Table | The MICs Interpretation of 3HTQ, Amphotericin B, and THQ

Number of Strains MIC of 3-Hydrazinoquinoxaline-2-Thiol MIC of Amphotericin MIC of Thymoquinone
(ug/mL) B (ug/mL) (ug/mL)

I MRSA 72 32 64 32

2 MRSA 73 32 32 16

3 MRSA 101 32 32 16

4 MRSA 102 32 16 32

5 MRSA 104 32 16 32

6 MRSA 98 32 64 32

7 MRSA 107 32 64 64

8 MRSA 106 32 32 32

9 MRSA 93 32 64 16

10 MRSA 95 32 16 64

Il MRSA 80 32 32 32

12 MRSA 90 32 64 64

I3 MRSA 105 32 32 32

14 MRSA 91 32 64 32

I5 MRSA 92 32 64 32

16 MRSA 70 32 64 32

17 MRSA 75 32 64 8

18 MRSA 100 32 64 32
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Figure | MIC reductions observed with thymoquinone (THQ), 3-hydrazinoquinoxaline-2-thiol (3HTQ), and amphotericin B, alone and in combination. The y-axis
represents compound concentrations (ug/mL). Combination therapy produced up to 32-fold MIC decreases (MRSA 107). Statistical analysis (t-test) showed significant
differences between monotherapy and combination therapy (**p = 0.0098), highlighting the enhanced effect of the combinations.

and amphotericin B. These findings will contribute significantly to the development of more effective treatments for
infections caused by resistant MRSA strains and various clinical MRSA species.

In our study, we conducted a checkerboard test to evaluate how the combination of 3HTQ, amphotericin B and THQ
affects various clinical strains of MRSA. Initially, we found that amphotericin B alone was ineffective in inhibiting
MRSA growth, which was consistent across individual applications of each drug. However, a significant finding emerged
when thymoquinone was combined with both 3HTQ and amphotericin B. We noticed a remarkable reduction in the MICs
of THQ, with reductions of up to 32-fold in certain strains. Similarly, when 3HTQ and amphotericin B were paired with
THQ, significant decreases in their MICs were noted, also reaching reductions of up to 32-fold in specific strains. Of
note, once 3HTQ and THQ were added to amphotericin B, huge decreases in their MICs were noted, also reaching
reductions of up to 32-fold in different species (Figure 1).

Furthermore, our study revealed that combining thymoquinone, 3HTQ, and amphotericin B led to even greater
reductions in MICs, specifically by 4-fold and 16-fold versus certain MRSA strains. This substantial decrease in MICs
underscores the enhanced efficacy of the combination therapy, as detailed in Table 2 and illustrated in Figure 2 of our
findings. 100% synergy was noticed when we employed the combination of THQ, 3HTQ, and amphotericin B against 18
different MRSA clinical strains. Suggesting that the triple antibiotic combination produces synergistic effect against
different clinical MRSA strains (Table 2 and Figure 2).

Table 2 FIC and FICI of 3HTQ, Amphotericin B, and THQ

Number of FIC of 3-Hydrazinoquinoxaline- FIC of Amphotericin | FIC of FICI | Interpretation

Strains 2-Thiol B Thymoquinone

I MRSA 72 0.04 0.041 0.057 0.138 | Synergy

2 MRSA 73 0.093 0.061 0.067 0.221 | Synergy

3 MRSA 101 0.06 0.168 0.057 0.285 | Synergy

4 MRSA 102 0.033 0.061 0.04 0.134 | Synergy

5 MRSA 104 0.08 0.074 0.081 0.235 | Synergy

6 MRSA 98 0.067 0.068 0.067 0.202 | Synergy
(Continued)
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Table 2 (Continued).

Number of FIC of 3-Hydrazinoquinoxaline- FIC of Amphotericin | FIC of FICI | Interpretation
Strains 2-Thiol B Thymoquinone

7 MRSA 107 0.06 0.038 0.031 0.129 | Synergy
8 MRSA 106 0.08 0.172 0.047 0.299 | Synergy
9 MRSA 93 0.096 0.266 0.082 0.444 | Synergy
10 MRSA 95 0.107 0.095 0.053 0.255 | Synergy
Il MRSA 80 0.083 0.041 0.186 0.31 Synergy
12 MRSA 90 0.109 0.023 0.048 0.18 | Synergy
13 MRSA 105 0.088 0.059 0.061 0.208 | Synergy
14 MRSA 91 0.137 0.058 0.075 0.27 | Synergy
15 MRSA 92 0.083 0.034 0.091 0.188 | Synergy
16 MRSA 70 0.109 0.057 0.067 0.233 | Synergy
17 MRSA 75 0.136 0.141 0.083 0.36 | Synergy
18 MRSA 100 0.136 0.061 0.081 0.278 | Synergy

Notes: Fractional Inhibitory Concentration (FIC) and Fractional Inhibitory Concentration Index (FICI) of 3HTQ, Amphotericin B, and THQ combinations against tested
microbial strains. FIC values were calculated by dividing the MIC of each drug in combination by its MIC alone.

Molecular Docking

A molecular docking study was performed to explore the possible binding conformations and interactions of the tested
ligands with the target protein. To evaluate the reliability of the docking protocol, the co-crystallized ligand Penicillin
G was redocked into the active site of penicillin-binding protein 2a (PBP2a). The redocking reproduced the ligand pose
with an RMSD of 2.8 A between the docked and crystallographic conformations (Figure 3), indicating a reasonable,
though not optimal, reproduction of the binding mode. All ligands were subsequently docked into both the active and
allosteric sites of the PBP2a protein. The docking scores of the ligands are summarized in Table 3. The XP scores were
—3.8 kcal/mol for thymoquinone and —4.1 kcal/mol for 3-Hydrazinoquinoxaline-2-thiol, while amphotericin B showed
the lowest docking score (—6 kcal/mol), suggesting a potentially stronger predicted interaction with the target site
(Figure 4).

MD Simulation

The MD simulation was utilised to evaluate the stability of the generated complex formed from the interaction of three
ligands—thymoquinone, 3-Hydrazinoquinoxaline-2-Thiol, and amphotericin B—with the PBP2a protein of methicillin-
resistant S. aureus (MRSA). This approach is particularly relevant for combating pathogenic infections caused by B-
lactam-resistant microbial strains, as the ligands showed potential binding interactions with the PBP2a protein at both the
active and allosteric sites. The RMSD plot provides insight into the structural stability of the protein—ligand complexes
during the simulation when interacting with the target protein. The RMSD in Figure 5A and B), shows the interaction
between thymoquinone and PBP2a, in which protein’s RMSD stabilizes following an initial period of fluctuation,
suggesting that the protein structure suggesting that the protein structure remains relatively stable during the interaction.
Throughout the simulation, the ligand represented by the red line also shows higher fluctuation in range of 1.4 To 5.4A.
This suggests that thymoquinone may undergo conformational adjustments within the PBP2a binding pocket.
Meanwhile, the ligand 3-Hydrazinoquinoxaline-2-Thiol showed an early period of adjustment, and the RMSD of the
PBP2a protein stabilizes, demonstrating structural stability. Throughout the simulation time, the ligand’s RMSD showed
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Figure 2 Checkerboard Assay of MRSA 107 Clinical Strain with 3HTQ, Amphotericin B, and THQ. This figure shows the combined effects of 3HTQ, Amphotericin B, and
THQ against MRSA 107. Drug concentrations are arranged along the axes, with white cells indicating no bacterial growth (inhibition) and dark cells indicating growth. The
figure highlights the synergistic interactions among the three agents.

Figure 3 Redocking of the co-crystallized ligand Penicillin G within the active site of penicillin-binding protein 2a (PBP2a) from methicillin-resistant Staphylococcus aureus
(MRSA) strain 27r. The figure displays both the original ligand conformation (in green) extracted from the crystal structure and the redocked conformation (in white)
predicted via molecular docking. Penicillin G, a B-lactam antibiotic, contains a fused -lactam and thiazolidine ring core, a carboxylic acid group, and a benzyl side chain, all of
which contribute to its binding affinity. The active site cavity is shown as a semi-transparent surface, with protein secondary structures illustrated as colored ribbons (cyan
and purple). The docking protocol successfully re-positioned the ligand within the binding pocket, achieving an RMSD of 2.8 A between the docked and crystallographic
poses. This RMSD indicates a moderate agreement and confirms that the docked ligand adopts a similar overall orientation, with some variation in side-chain positioning—
especially in the benzyl group—likely due to conformational flexibility.
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Table 3 Docking Scores of the Ligands and Protein PBP2a

Compound PubChem ID | XP score | Protein RMSD | Ligand RMSD
Thymoquinone 10281 -3.8 2.12 £ 035 3.87 £ 0.74
3-hydrazinoquinoxaline-2-thiol | 781248 —4.1 1.94 £ 0.28 2.01 +0.39
Amphotericin B 5280965 -6 1.66 + 0.23 1.54 £ 0.21

a lower fluctuation when compared to thymoquinone. The relatively stable RMSD values of both the ligand and protein
suggest that the ligand may maintain stable interactions with residues within the active site during the simulation period,
these results suggest that the ligand may maintain relatively stable interactions with the active site residues during the
simulation period, which may contribute to stable binding within the active site.

3-Hydrazinoquinoxaline-2-Thiol interacts with a stable hydrogen bond with PBP2a MET 372, indicating that this
residue plays a crucial role in binding to this ligand (Figure 6A and B). In alignment with our findings, various

computational and experimental studies have demonstrated similar interactions of different bioactive molecules with
27-29

these essential residues (MET 372, Glu239, and Lys148), suggesting their critical role in protein activity.

Figure 4 Structural and Interaction Analysis of PBP2a from S. aureus with Three Ligands The figure illustrates the 3D structure of Penicillin-Binding Protein 2a (PBP2a) from
Staphylococcus aureus with ligand interactions highlighted. The main structure is represented as a ribbon diagram, with different domains color-coded for clarity. The ligand
binding sites are enlarged for detailed visualization. (A) Interaction of Thymoquinone with the active site of PBP2a. The chemical structure of Thymoquinone is shown,
highlighting its key interactions with residues in the active site. The interaction with ARG |51 (48% occupancy) suggests a potential role in inhibiting enzymatic function. (B)
Binding of 3-Hydrazinoquinoxaline-2-Thiol in the active site. The enlarged view displays the interaction of this compound with MET 372 (98% occupancy), indicating strong
binding affinity. (C) Amphotericin B interacting with the allosteric site of PBP2a. The interaction network, including hydrogen bonding and hydrophobic interactions, is
depicted. Residues such as TYR 369, TYR 372, ASP 367, and GLU 189 are involved in stabilizing the ligand in the allosteric pocket.
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Figure 5 Molecular dynamics (MD) simulation plots depicting the root mean square deviation (RMSD) of Thymoquinone (red) and PBP2a (blue) over time (A). The RMSD
of PBP2a represents the overall structural stability of the protein, while the RMSD of Thymoquinone indicates the stability of ligand binding within the protein’s active site.
A lower and more stable RMSD suggests a well-maintained interaction. (B) The histogram illustrates the frequency of molecular interactions between Thymoquinone and
PBP2a throughout the simulation. Hydrogen bonds (green) contribute to binding specificity and stability, hydrophobic interactions (purple) stabilize the complex by excluding
water molecules, and water bridges (blue) mediate indirect interactions through solvent molecules, playing a role in ligand binding dynamics.

Amphotericin B exhibited relatively stable interactions with the protein backbone at the allosteric site and maintains
a relatively stable profile throughout the simulation during the whole simulation time, as shown in Figure 7A, the ligand
and protein alpha atoms are in contact through most of the simulation period. This stability suggests that amphotericin
B may interact favorably with the protein and could potentially influence its activity, although experimental validation is
required. Overall, the RMSD profiles suggest that the ligands maintain relatively stable interactions with PBP2a during
the simulation period, supporting the docking observations. Notably, Amphotericin B exhibited the most stable interac-
tion profile with the lowest RMSD fluctuations, while Thymoquinone showed greater conformational variability during
the simulation, which may indicate a more flexible binding mode (Table 3).
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Figure 6 Molecular dynamics (MD) simulation plots depicting the root mean square deviation (RMSD) of 3-Hydrazinoquinoxaline-2-Thiol (red) and PBP2a (blue) over time
(A). The RMSD of PBP2a represents the overall structural stability of the protein, while the RMSD of 3-Hydrazinoquinoxaline-2-Thiol indicates the stability of ligand binding
within the protein’s active site. A lower and more stable RMSD suggests a well-maintained interaction. (B) The histogram illustrates the frequency of molecular interactions
between 3-Hydrazinoquinoxaline-2-Thiol and PBP2a throughout the simulation. Hydrogen bonds (green) contribute to binding specificity and stability, hydrophobic

interactions (purple) stabilize the complex by excluding water molecules, and water bridges (blue) mediate indirect interactions through solvent molecules, playing a role
in ligand binding dynamics.

More details about the interaction of the compounds with protein residues is shown in histograms (Figure 7B),
thymoquinone interaction with protein forms significant contacts with several residues, most notably ARG 151, which
shows a stable hydrogen bond, suggesting a strong stability with the protein active site. Other residues such as GLU 239,
LYS 148, and VAL 256 also show notable water bridges shown in blue color (Figure 5B). Amphotericin B exhibits
a more diverse interaction profile, with significant contacts with several residues including GLU 189, LYS 215, and
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Figure 7 Molecular dynamics (MD) simulation plots depicting the root mean square deviation (RMSD) of Amphotericin B (red) and PBP2a (blue) over time (A). The RMSD
of PBP2a represents the overall structural stability of the protein, while the RMSD of Amphotericin B indicates the stability of ligand binding within the protein’s active site.
A lower and more stable RMSD suggests a well-maintained interaction. (B) The histogram illustrates the frequency of molecular interactions between Amphotericin B and
PBP2a throughout the simulation. Hydrogen bonds (green) contribute to binding specificity and stability, hydrophobic interactions (purple) stabilize the complex by excluding
water molecules, and water bridges (blue) mediate indirect interactions through solvent molecules, playing a role in ligand binding dynamics.

SER 376. Those high numbers of stable hydrogen (green), hydrophobic (purple) and water bridge bonds (blue) could
have contributed to amphotericin B significantly higher binding stability during MD simulation. Residue SER 376 is
considered among the most important catalytic residues in the allosteric site of this protein.*°

Principal Component Analysis (PCA)

PCA and RMSF analyses were performed to evaluate the dynamic behaviour of the PBP2a protein in complex with the
ligands during MD simulations.*® As shown in Figure 8A, the first principal component (PC1) accounts for the highest
proportion of variance (38.93%), followed by PC2 (13.68%) and PC3 (11.99%). The PCA plots show clusters
representing sampled conformational states of the protein-ligand complexes over the 50 ns simulation. The dispersion
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Figure 8 Principal Component Analysis (PCA) and Root Mean Square Fluctuation (RMSF) Analysis of the Protein-Ligand Complex (A) PCA of the protein-ligand complex. The plot
represents the projection of the molecular dynamics (MD) trajectory onto the first three principal components (PCI, PC2, and PC3). Each point corresponds to a conformational state
of the complex sampled during the simulation. The color gradient from red to blue represents different time points along the trajectory, with red indicating the initial frames and blue
representing the later frames. The eigenvalues associated with the first three principal components suggest that PC1 captures the largest variance (38.93%), followed by PC2 (13.68%)
and PC3 (11.99%). The scree plot in the bottom right corner illustrates the proportion of variance explained by each eigenvalue, highlighting the dominance of the first few principal
components. (B) Root Mean Square Fluctuation (RMSF) along the first principal component (PC1). The plot represents the RMSF values of individual residues along the PC1 eigenvector,
showing fluctuations in atomic positions during the MD simulation. The black and blue lines correspond to different states or conditions of the protein-ligand complex. Higher RMSF
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and secondary structure elements exhibit relatively lower mobility.
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of clusters, particularly along PC1, suggests that distinct conformational states of the protein may be stabilized by each
ligand, which may influence ligand binding dynamics and should be further investigated experimentally.*'

RMSF analysis provides residue-level flexibility along PC1, with different protein-ligand states indicated by black
and blue lines. High RMSF values correspond to flexible regions, while lower values correspond to more rigid regions.*
Increased flexibility was observed in the N-terminal and some loop regions, whereas the protein core remained more
stable In the ligand-binding region (residues 200—350), overall lower fluctuations were observed, suggesting that different
ligands may modulate local protein flexibility, which could be relevant to their interaction dynamics and should be further
investigated experimentally (Figure 8B).

Discussion

MRSA strains showed varying resistance profiles to thymoquinone (THQ), 3-hydrazinoquinoxaline-2-thiol (3HTQ), and
amphotericin B in the study. However, when combined with 3HTQ or amphotericin B, THQ’s antimicrobial activity was
markedly enhanced, resulting in significant reductions in MIC values. There was a significant improvement in efficacy
with the triple combination, suggesting that simultaneous targeting of multiple bacterial pathways may enhance
antibacterial activity.

The observed reductions in MIC values when using combination therapies have significant clinical implications. The
ability to lower MICs suggests that lower doses of each agent can be used, potentially reducing the risk of adverse effects
and toxicity associated with higher doses of individual drugs.'* Furthermore, the synergistic effects observed in our study
provide a strong rationale for further investigation into combination therapies as a viable strategy to combat multidrug-
resistant MRSA infections.

Our research highlights the synergistic effects of combining 3HTQ and thymoquinone on various clinical strains of
Methicillin-resistant S. aureus (MRSA). The observed synergy can be attributed to multiple mechanisms comprising of
the inhibition of distinct signalling pathways. THQ acts its antimicrobial action primarily by producing unreversible harm
to bacterial morphology, which includes compromising cell membrane integrity, leading to protein leakage, and disrupt-
ing intracellular proteins.®*>> This multifaceted attack disrupts the bacterial cell’s structural and functional integrity.
Conversely, 3HTQ has been demonstrated to play a crucial role in inhibiting DNA synthesis. By impeding DNA
synthesis, 3HTQ adds an additional layer of effectiveness in controlling the proliferation and survival of MRSA
strains.?®®

In addition, the combined action of thymoquinone and 3HTQ against diverse MRSA strains may be attributed to the
generation of reactive oxygen species (ROS). Increasing ROS levels can disrupt electron transport chains, cause
oxidative stress, and ultimately lead to bacterial cell death. It has been suggested that thymoquinone may contribute to
its antimicrobial activity by encouraging ROS formation. The synergistic effects of 3HTQ and thymoquinone on MRSA
strains could partly be explained by the combined effect of ROS generation and their distinct mechanisms.***' While
these mechanisms are inferred from previous literature, the present study did not include molecular assays to directly
confirm ROS generation, DNA synthesis inhibition, or membrane disruption. Therefore, these explanations remain
hypothetical and require further experimental testing.

It has been demonstrated that the anti-bacterial possibility of amphotericin B was detected via antimicrobial screen-
ing, molecular docking analysis, and structural dynamics evaluations using molecular dynamics simulations. The
antimicrobial screening demonstrated considerable anti-bacterial activity of amphotericin B, with a MIC of 16 pg/mL
and a minimum bactericidal concentration (MBC) of 32 pg/mL. Molecular docking suggested potential interactions of
amphotericin B with the target protein, particularly at both the active and allosteric sites, which may contribute to its
observed in vitro activity, interacting effectively with both the active site, the C-terminal, and non-penicillin binding
regions.'” MD simulations revealed the extraordinary stability of the amphotericin B -protein complex. Notably,
amphotericin B showed the ability to bind to both the C-terminal active site domain and non-penicillin binding domain,
which are crucial for allosteric regulation.'” Our results are in agreement with the previous study.*® The computational
findings may explain the observed in vitro activity, but in silico predictions should be interpreted cautiously, as they do
not necessarily confirm direct biological target engagement.
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Amphotericin B can be considered a strong anti-bacterial drug for combating pathogenic infections, particularly those
caused by B-lactam-resistant microbial strains as it shows strong binding to the PBP2a protein at both active sites and
allosteric regions. Additionally, we assessed hydrogen bond formation during the simulations to better understand the
stability and interaction dynamics of the complexes. The molecular docking study provided valuable insights into the
potential interactions between three ligands—thymoquinone, 3-Hydrazinoquinoxaline-2-Thiol, and amphotericin B and
the PBP2a protein of Methicillin-Resistant S. aureus (MRSA). The docking scores revealed that amphotericin
B exhibited the most favourable binding affinity with a docking score of —6 kcal/mol, compared to —3.8 and —4.1
kcal/mol for thymoquinone and 3-Hydrazinoquinoxaline-2-Thiol, respectively. These results suggest that amphotericin
B has a higher potential for interacting effectively with the PBP2a protein, possibly due to its ability to establish more
stable and significant contacts at the allosteric site.

The MD simulation provided further insights into the stability and binding dynamics of these ligands with PBP2a.
The RMSD analysis indicated that all three ligands interacted differently with the protein. Thymoquinone showed
substantial fluctuations, suggesting conformational changes when binding to the active site, while
3-Hydrazinoquinoxaline-2-Thiol exhibited more stability, implying a consistent interaction with the protein’s active
site. MD simulations indicated relatively stable interactions of amphotericin B with the protein, particularly at the
allosteric site, which could support its potential inhibitory activity, though experimental validation is needed. The stable
interaction patterns observed in amphotericin B could serve as a robust inhibitor of PBP2a, thus offering a promising
approach for combating MRSA infections. Although amphotericin B was traditionally classified as an antifungal, our
in vitro and in silico studies suggest it may have antibacterial activity; however, further mechanistic and experimental
studies are needed to confirm its potential.

Detailed residue interaction analysis revealed that thymoquinone, 3-Hydrazinoquinoxaline-2-Thiol, and amphotericin
B formed significant contacts with crucial residues in PBP2a. For instance, thymoquinone’s stable hydrogen bond with
ARG _151 and water bridges with residues like GLU 239 and LYS_148 suggest a strong binding affinity to the protein’s
active site. Similarly, 3-Hydrazinoquinoxaline-2-Thiol’s interaction with MET 372 highlighted its potential for stable
binding. Amphotericin B exhibited a diverse interaction profile, forming multiple stable hydrogen, hydrophobic, and
water bridge bonds with residues like GLU 189, LYS 215, and SER 376, which may have contributed to its superior
binding stability during the MD simulation.

The Principal Component Analysis (PCA) and Root Mean Square Fluctuation (RMSF) plots offered additional
insights into the dynamic behaviour of the PBP2a protein in complex with these ligands. The PCA revealed distinct
clusters representing various protein-ligand conformations, with significant variance along PCl1, indicating that each
ligand might stabilize different conformational states of the protein, which could influence their inhibitory mechanisms.
The RMSF analysis showed that the regions where ligands bind (residues 200 to 350) exhibited higher stability,
indicating that ligand binding could significantly affect the flexibility and rigidity of specific protein regions.
Computational analyses, including docking and MD simulations, suggest that amphotericin B may interact more stably
with PBP2a compared to thymoquinone and 3-Hydrazinoquinoxaline-2-Thiol. These findings complement the observed
in vitro synergy, providing mechanistic hypotheses that warrant further experimental validation. These findings pave the
way for further experimental validation and development of these compounds as effective treatments against MRSA.

One of the limitations of this study is that the hypothesized mechanism of action for the observed synergy between
3-Hydrazinoquinoxaline-2-Thiol, thymoquinone and amphotericin B was based primarily on speculation and literature-
derived insights, rather than direct experimental validation. While we have proposed potential mechanisms, such as the
involvement of reactive oxygen species (ROS) generation or DNA synthesis inhibition, these remain speculative without
experimental confirmation. Future studies that incorporate experimental validation, such as ROS quantification and DNA
synthesis inhibition assays, will be necessary to better understand the underlying synergistic mechanisms. Another
limitation of this study is that the discussion extrapolates the findings to potential clinical applications without sufficient
supporting in vivo or clinical trial data. While we have highlighted the promising in vitro results, we acknowledge that
the lack of in vivo studies or clinical trials limits the direct applicability of our findings to clinical practice. Additionally,
there is a limitation to this study in that the observed reductions in MIC values were obtained under in vitro conditions,
which may not be directly applicable to clinically achievable drug concentrations or pharmacokinetic profiles. It should
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be noted that the molecular docking and molecular dynamics simulation performed for this study only provide
preliminary computational insights into the potential interaction between Amphotericin B and PBP2a. In silico
approaches do not fully account for the complex physiological environment of bacterial cells. The dense peptidoglycan
wall of MRSA also presents a permeability barrier. Consequently, while the simulations suggest possible binding
stability, they do not necessarily confirm physiological target engagement. For these findings to be validated, further
experimental studies are needed.

Further research involving in vivo models and clinical trials is essential to validate the therapeutic potential of the
combination treatment and to assess its safety and efficacy in human subjects. The present study also lacks a standard
reference MRSA strain for comparative analysis. By including an established reference strain, reproducibility could be
improved, and previous publications could be compared more easily.

This gap will be addressed in future studies to strengthen the clinical relevance of our findings. While the results
demonstrate promising synergistic activity against MRSA, direct extrapolation to clinical applications is limited without
pharmacokinetic, pharmacodynamic, and toxicity data.

Biological and clinical feasibility of drug combinations should be evaluated in future studies. The safety profile and
therapeutic window of these combinations should be evaluated using in vitro mammalian cytotoxicity assays and in vivo
models. At higher concentrations, amphotericin B is known to be toxic. Further pharmacokinetic and pharmacodynamic
studies are needed to determine whether synergistic concentrations observed in vitro can be achieved in vivo. This study
will clarify the translational potential of these findings and bridge the gap between in vitro observations and clinical
applications.

Further investigations, including time-kill kinetics, biofilm assays, and in vivo efficacy and safety models, are
essential to assess whether these concentrations can be safely attained in patients. Future work will also include testing
against reference MRSA strains to validate the reproducibility and broader applicability of our findings. Moreover, future
studies will include the use of scanning electron microscopy to investigate the morphological effects of the triple drug

combination on MRSA cell membranes.

Conclusion

Our study has unveiled significant findings regarding the efficacy of THQ, 3HTQ, and amphotericin B against various
clinical strains of MRSA. The MICs of these agents demonstrated considerable variability, highlighting the complex
resistance mechanisms of MRSA and the potential benefits of combination therapies. Remarkably, when THQ was
combined with 3HTQ and amphotericin B, there were significant reductions in MIC values, indicating a synergistic
effect. Specifically, the MICs of thymoquinone decreased up to 32-fold in certain strains, and similar reductions were
observed for 3HTQ and amphotericin B when combined with THQ. The triple combination showed even greater efficacy,
with some strains experiencing up to 16-fold decreases in MICs. This enhanced efficacy may be attributed to the
simultaneous targeting of different cellular processes within MRSA bacteria. Potentially, this could reduce resistance
development and improve antibacterial activity. By utilizing this synergistic interaction, lower doses of each agent may
be used, potentially minimizing adverse effects associated with higher drug concentrations. Combination therapies may
be important for treating multidrug-resistant MRSA infections, according to our findings. As a result of the combination
of thymoquinone, 3-hydrazinoquinoxaline-2-thiol, and amphotericin B, multiple bacterial pathways may be influenced,
enhancing antimicrobial activity. It is possible that these effects are caused by mechanisms such as membrane damage
induced by THQ, DNA synthesis inhibition caused by 3HTQ, and possible interactions of amphotericin B with bacterial
target proteins. These mechanisms, however, were not directly investigated in the present study and should be considered
proposed explanations that require further experimentation. Therefore, future research should identify the precise
mechanisms underlying these synergistic effects and evaluate their efficacy and safety in appropriate biological models.
It should be noted that the results of this study are based on in vitro experiments and computational analyses.
Consequently, further in vivo studies and mechanistic investigations are needed to confirm these combinations’ clinical
applicability and therapeutic potential.
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