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Abstract

Multidrug-resistant (MDR) Pseudomonas aeruginosa has emerged as a significant clinical threat due
to its high resistance to multiple antibiotic classes and the limited effectiveness of current therapeutic
options. This study aimed to evaluate selected coumarin and indole derivatives targeting the MexB
and GyrB proteins of MDR P. aeruginosa using an integrated in silico approach, supported by molecular
characterization of clinical isolates. A total of 44 clinical P. aeruginosa isolates recovered from sputum,
urine, wound swabs, and burn swabs were examined for antimicrobial susceptibility, revealing
extensive drug resistance. Complete resistance (100%) was observed against amoxicillin-clavulanic acid
(AMC), cefotaxime (CTX), and trimethoprim-sulfamethoxazole (SXT). Resistance rates were 97.7% for
ticarcillin-clavulanic acid (TIM), 88.63% for amikacin (AK), 60% for imipenem (IMP) and meropenem
(MEM), and 52.27% for ciprofloxacin (CIP) and levofloxacin (LEV). PCR analysis confirmed the presence
of the GyrB and MexB genes in all isolates. Representative PCR-positive isolates were sequenced
and verified by BLAST analysis. The nucleotide sequence of the GyrB gene has been deposited in
the DDBJ under accession number LC919849, and the corresponding protein sequence was assigned
GenBank accession number BHR60112.1. Molecular modeling and structural validation of the GyrB
and MexB proteins were performed prior to molecular docking analysis. Novobiocin and PABN were
selected as reference inhibitors for GyrB and MexB, respectively, while coumarin- and indole-based
compounds were evaluated as candidate ligands. Docking analysis revealed strong predicted binding
affinities for novobiocin (-10.2 kcal/mol) and PAPN (-8.1 kcal/mol). The coumarin derivative exhibited
favorable predicted interactions within the ATP-binding pocket of GyrB, whereas the indole derivative
demonstrated favorable predicted binding within the substrate-binding cavity of MexB. ADMET
and toxicity analyses indicated favorable predicted drug-likeness for both compounds, with high
gastrointestinal absorption, no bioavailability violations, and a score of 0.55. However, the indole
derivative showed a positive AMES test prediction, indicating potential mutagenic liability. Molecular
dynamics simulations demonstrated the structural stability of the modeled MexB protein over a 25
ns simulation period. Overall, these findings provide preliminary in silico evidence supporting further
investigation of coumarin and indole derivatives as candidate compounds targeting GyrB and MexB
in MDR P. aeruginosa.
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INTRODUCTION

Pseudomonas aeruginosa is considered
one of the most clinically significant opportunistic
pathogens associated with hospital-acquired
infections, particularly in immunocompromised
patients. The rapid emergence of multidrug-
resistant (MDR) strains has become a major global
health concern due to the reduced effectiveness
of conventional antibiotics and the increasing
prevalence of resistance mechanisms.?

Among the major mechanisms
contributing to antimicrobial resistance in P.
aeruginosa are target modification, enzymatic drug
inactivation, reduced membrane permeability, and
the overexpression of multidrug efflux pumps.
Notably, the Resistance-Nodulation-Division (RND)
family efflux system MexAB-OprM plays a critical
role in antibiotic extrusion and MDR phenotype
development, where MexB functions as the
principal inner membrane transporter responsible
for substrate recognition and binding.>* In parallel,
DNA gyrase subunit B (GyrB) remains an important
antibacterial target due to its essential role in DNA
replication and bacterial survival. Inhibition of
GyrB disrupts ATP-dependent DNA supercoiling,
making it an attractive target for antibacterial drug
discovery.>®

The continuous rise in antibiotic
resistance has accelerated the application of
computer-aided drug design (CADD) approaches
to identify novel antibacterial compounds.
Molecular docking has become one of the most
widely used in silico techniques for evaluating
protein-ligand interactions, predicting binding
affinities, and identifying potential inhibitors
prior to experimental validation.*’” Furthermore,
molecular dynamics (MD) simulations provide
additional insights into the structural stability and
dynamic behavior of protein-ligand complexes
under simulated physiological conditions through
analyses such as root mean square deviation
(RMSD), root mean square fluctuation (RMSF),
radius of gyration (Rg), hydrogen bonding, and
solvent-accessible surface area (SASA).2

In recent years, natural product-derived
scaffolds, such as coumarin and indole derivatives,
have attracted considerable attention as promising
antibacterial agents due to their broad biological
activities and favorable pharmacological

properties. Coumarin-based compounds have
been reported to exhibit antibacterial and enzyme
inhibitory activities, particularly against bacterial
gyrase targets, while indole derivatives have
demonstrated potential as efflux pump inhibitors
and antimicrobial agents.>°

In silico pharmacokinetic and toxicity
prediction methods including absorption,
distribution, metabolism, excretion, and toxicity
(ADMET) analysis are increasingly integrated
into early-stage drug discovery to improve
candidate selection and reduce the probability
of clinical failure. Drug-likeness evaluation based
on Lipinski’s Rule of Five, gastrointestinal (Gl)
absorption, bioavailability, and toxicity predictions
provides valuable information regarding the
pharmacological suitability of candidate
compounds before experimental studies.™

Therefore, the present study aims to
evaluate the interactions of selected coumarin
and indole derivatives with the GyrB and MexB
proteins of P. aeruginosa clinical isolates using
an integrated molecular modeling and in silico
approach. The study include protein modeling
and validation, molecular docking of reference
and candidate ligands, protein-ligand interaction
analysis, and ADMET and toxicity prediction,
as well as MD simulation of the modeled MexB
protein.

MATERIALS AND METHODS

Clinical isolates and bacterial identification
Atotal of 613 clinical specimens including
sputum, urine, wound swabs, and burn swabs were
collected from hospitalized patients with suspected
bacterial infections in Najaf and Karbala hospitals,
Irag, between March 2024 and April 2025. All
molecular diagnostic analyses were performed at
the Molecular Postgraduate Laboratory, Faculty
of Medicine, University of Kufa, Irag. Only non-
duplicate clinical isolates were included in the
study; duplicate isolates recovered from the same
patient and contaminated cultures were excluded.
A total of 44 clinical isolates of P. aeruginosa
were recovered from different clinical specimens
and selected for further investigation. Primary
isolation and identification were performed using
standard microbiological procedures, including
colony morphology assessment, Gram staining,
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and conventional biochemical tests. Species-level
identification was subsequently confirmed using
the VITEK 2 Compact automated identification
system (bioMerieux, France) according to the
manufacturer’s instructions.

Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was
performed using the Kirby-Bauer disk diffusion
method on Mueller-Hinton agar, following standard
procedures. The inhibition zone diameters
were interpreted according to the Clinical and
Laboratory Standards Institute (CLSI) guidelines
(CLSIM100, 35t edition, 2025).*2 The antimicrobial
agents tested included amoxicillin-clavulanic acid
(AMC, 30 pg), ticarcillin-clavulanic acid (TIM, 75
ug), cefotaxime (CTX, 30 pg), imipenem (IMP, 10
pg), meropenem (MEM, 10 pg), amikacin (AK, 30
ug), ciprofloxacin (CIP, 5 ug), levofloxacin (LEV, 5
pg), and trimethoprim-sulfamethoxazole (SXT, 25
ug). Escherichia coli ATCC 25922 was used as the
quality control strain. Isolates were classified as
MDR if they exhibited non-susceptibility to at least
one agent in three or more antimicrobial classes.

Molecular detection of target genes

Genomic DNA was extracted using
a commercial bacterial DNA extraction kit
(Promega, USA) according to the manufacturer’s
instructions. Polymerase chain reaction (PCR)
amplification was performed to detect the
GyrB and MexB genes using gene-specific
primers. For the GyrB gene, the forward primer
sequence was 5'-AGGAAGAAGGGGTTTCTGCG-3'
and the reverse primer sequence was
5'-TCCGGTACCTTCACCGAGAT-3', generating an
expected amplicon of 736 bp. PCR amplification
was performed using the following cycling
conditions: initial denaturation at 94 °C for 3 min;
30 cycles of 94 °Cfor 45 sec, 59 °Cfor 45 sec, and 72
°Cfor 45 sec; followed by a final extension at 72 °C
for 5 min. For the MexB gene, the forward primer
sequence was 5'-GAAGAACTTCCTCATGGTGGTC-3',
and the reverse primer sequence was
5'-GAGGGTCTTCACTACCTCATGG-3', producing an
expected amplicon of 727 bp MexB. The cycling
conditions were as follows: initial denaturation at
94 °C for 3 min; 30 cycles of 94 °C for 45 sec, 58
°C for 45 sec, and 72 °C for 45 sec; followed by a
final extension at 72 °C for 5 min.*?

Sequence analysis and phylogenetic tree
construction

Representative PCR-positive isolates were
selected for sequencing to confirm the identity of
the amplified target genes. A total of 10 isolates
were sequenced, including six GyrB and four
MexB isolates. The obtained nucleotide sequences
were analyzed using the BLAST program available
through the National Center for Biotechnology
Information (NCBI) database to determine
sequence identity with reference sequences. The
representative GyrB sequence was deposited
in the DNA Data Bank of Japan (DDBJ) database
under accession number LC919849. Sequence
alignments were performed using NCBI databases.

Phylogenetic analysis was constructed
based on the nucleotide sequences of the GyrB
gene using the NCBI Phylogenetic Tree tool with
the Fast Minimum Evolution method to determine
the genetic relationships between clinical P.
aeruginosa isolates and reference strains retrieved
from the NCBI database.

Protein modeling and validation

Protein sequences were generated using
the NCBI open reading frame (ORF) Finder tool.
Three-dimensional structural models of the GyrB
and MexB proteins were generated using the
SWISS-MODEL server, based on the best available
AlphaFold reference models. The GyrB model was
generated using the AlphaFold model Q917C2.1.A,
whereas the MexB model was derived from
the AlphaFold model AOA5K1SFB4.1.A. Model
quality was assessed using the GMQE score
provided by SWISS-MODEL. Structural quality and
stereochemical validation were further evaluated
through MolProbity analysis, Ramachandran
plot assessment, clash score, and side-chain
geometry analysis. Additionally, the predicted
oligomeric state and structural features, including
transmembrane regions where applicable, were
considered before molecular docking analysis.**

Ligand selection and preparation

Reference and candidate ligands were
selected based on their previously reported
antibacterial activity and inhibitory effects against
the corresponding target proteins. Novobiocin
and phenylalanine-arginine B-naphthylamide
(PABN) were selected as reference inhibitors for
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GyrB and MexB, respectively, while a coumarin
derivative and an indole derivative were selected
as candidate ligands. The chemical structures,
PubChem Compound Identification (CID) numbers,
molecular descriptors, and SMILES notations
were retrieved from the PubChem database.
Ligand structures were prepared using Discovery
Studio Visualizer (DSV) and subjected to geometry
optimization before molecular docking analysis.*

Molecular docking analysis

Molecular docking analysis was performed
using the CB-Dock2 platform, which integrates
AutoDock Vina to evaluate ligand binding affinity
to target proteins. Protein preparation included
the removal of water molecules, addition of
hydrogen atoms, and structural optimization prior
to docking. Ligands were prepared using DSV
and subjected to geometry optimization before
docking. The CB-Dock2 platform automatically
identified multiple potential binding cavities and
generated corresponding docking parameters,
including cavity center coordinates and docking
box dimensions. Docking was performed within
the predicted cavities, and the cavity with the
lowest binding energy was selected for subsequent
interaction analysis. Protein-ligand interactions
were visualized using DSV.*6”

ADMET and toxicity prediction

Pharmacokinetic properties and drug-
likeness of the candidate ligands were predicted
using the SwissADME web server. Physicochemical
properties assessed included molecular weight
(MW), topological polar surface area (TPSA),
consensus LogP, Gl absorption, Lipinski’s rule
of five, bioavailability score, PAINS alerts, and
Brenk structural alerts. Toxicity predictions were
performed using the pkCSM online platform and
encompassed AMES mutagenicity, maximum
tolerated dose (MTD), oral rat acute toxicity (LD50),
oral rat chronic toxicity (LOAEL), hepatotoxicity,
hERG I/Il inhibition, and skin sensitization. The
in silico ADMET and toxicity predictions obtained
served as preliminary screening tools to prioritize
candidate compounds for further investigation and
were not considered definitive evidence of their
pharmacological safety or toxicity.'®°

Molecular dynamics simulation of the MexB
protein

MD simulations were performed on the
MexB protein using the WebGRO platform to
evaluate its structural stability under physiological
conditions. The simulations employed the
GROMOS96 54a7 force field with the SPC water
model within a triclinic simulation box. The
system was neutralized by adding 0.15 M NacCl.
Energy minimization was performed using the
Steepest Descent algorithm for 5,000 steps.
System equilibration was conducted under NVT
and NPT ensembles at a temperature of 300 K
and a pressure of 1.0 bar, followed by a 25 ns
production run using the leapfrog integrator.
Structural stability and dynamic behavior were
evaluated by analyzing the RMSD, RMSF, Rg,
SASA, and hydrogen bond profiles throughout the
simulation period.?®

Statistical analysis

Statistical analysis was performed using
SPSS software Version 26 and Microsoft Excel
2021.2* Descriptive statistics were expressed as
frequencies and percentages to summarize the
distribution of MDR P. aeruginosa isolates and
the prevalence of the resistance determinants
investigated.?

Ethical approval

This study was conducted in accordance
with the ethical principles outlined in the
Declaration of Helsinki. Ethical approval was
obtained from the Medical Ethics Committee,
Faculty of Medicine, University of Kufa, Iraq
(Approval No. MEC-169, approved on 19 May
2025). All procedures involving clinical specimens
were performed in compliance with institutional
ethical guidelines, and patient confidentiality was
strictly maintained throughout the study.

RESULTS

Clinical characteristics, sample distribution, and
identification of Pseudomonas aeruginosa

A total of 613 clinical specimens were
collected from patients with suspected bacterial
infections, including sputum, urine, wound swabs,
and burn samples, representing a broad range of
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infection sites. Following primary culturing and  Notably, elevated resistance was observed against
initial phenotypic screening, 44 isolates (7.2%)  B-lactam/B-lactamase inhibitor combinations,
were identified as P. aeruginosa (Table 1). The  cephalosporins, carbapenems, aminoglycosides,
presumptive identification of P. aeruginosa was  fluoroquinolones, and folate pathway inhibitors.
based on characteristic colony morphology, A detailed summary of resistance rates for each
pigmentation patterns, and Gram-staining tested antimicrobial agent is presented in Table 2.
features consistent with Gram-negative, non- Overall, the resistance profiles
fermentative bacilli. Species-level confirmation = demonstrated non-susceptibility to agents from
was subsequently achieved using the VITEK2 ND  six distinct antimicrobial categories, fulfilling the
automated identification system, which showed  established criteria for MDR. Furthermore, the
complete concordance with the phenotypic  broad resistance distribution indicates that a
findings. These clinically confirmed isolates  substantial proportion of the isolates exhibited
were selected for subsequent antimicrobial patterns consistent with an extensively drug-
susceptibility testing, molecular characterization  resistant phenotype.

of gyrase-associated genes, and downstream in

silico analyses. Molecular detection and sequence confirmation
of target genes

Antimicrobial susceptibility profiles of clinical Molecular screening using PCR revealed

Pseudomonas aeruginosa isolates the presence of MexB and GyrB genes in all 44

Antimicrobial susceptibility testingof the  clinical P. aeruginosa isolates, confirming their
44 clinical P. aeruginosa isolates revealed a high  universal distribution among the examined strains.
level of resistance across multiple antibioticclasses.  The consistent detection of these target genes

1,500 bp

MexB 727 bp

GyrB 736 bp i [T N S [ S [y W [ Sa—T S— S

N 500 bp

B — T ——— e
100 bp

(A) ®)

Figure 1. Representative PCR Amplification of Target Genes in Clinical Pseudomonas aeruginosa Isolates
(A) Amplification of the GyrB gene showing the expected band size (736 bp)

(B) Amplification of the MexB gene (727 bp) demonstrating clear and specific product amplification.

L: DNA ladder (100 bp); lanes 1-9: representative positive clinical isolates.

Table 1. Distribution of Clinical Specimens and Isolation Rates of P. aeruginosa

Specimen Total Total P. aeruginosa Isolation Rate

Type Samples Samples Isolates within Specimen
(n=613) (%) (n=44) Type (%)

Urine 342 55.8 23 6.7

Sputum 130 21.2 12 9.2

Burn samples 76 12.4 4 53

Wound samples 65 10.6 5 7.7

Total 613 100 44 7.2 (overall)
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across all isolates underscores their essential role
in bacterial viability and validates their selection
for further molecular and in silico analyses.
Representative PCR amplification profiles of the
GyrB and MexB genes are shown in Figure 1.

For sequence-level characterization, a
representative subset of 10 PCR-positive isolates
was selected for sequence analysis, including
six isolates for the GyrB gene and four isolates
for MexB. DNA sequencing was performed by
Macrogen (South Korea). The obtained sequences
were analyzed using the BLAST algorithm available
through NCBI to confirm gene identity and
sequence similarity before performing multiple
sequence alignment, mutation assessment,
and protein structure modeling. The nucleotide
sequence of the GyrB gene was deposited in the
DDBJ under accession number LC919849, and the
corresponding protein sequence was assigned
GenBank accession number BHR60112.1.

<l g-proteob

Genetic variability, sequence analysis, and
phylogenetic analysis of the GyrB gene

Sequence analysis of the GyrB gene
revealed a high degree of similarity to P. aeruginosa
reference sequences available in the NCBI
database. BLAST analysis demonstrated sequence
identities ranging from 95%-99%, indicating that
the GyrB gene is highly conserved among the
examined clinical isolates.

Multiple sequence alignment further
confirmed the conserved nature of the analyzed
coding region, with no significant insertions or
deletions detected. Although minor nucleotide
variations were observed, these changes did not
affect the conserved functional motifs of DNA
GyrB. The translated protein sequence (GenBank
accession No. BHR60112.1), derived from the
deposited GyrB nucleotide sequence (DDBJ
accession No. LC919849), retained the conserved
ATP-binding and catalytic domains characteristic

ia | 40 leaves

o Pseud:

aeruginosa strain PA1045 chromosome, complete genome

@ Pseudomonas aeruginosa Iraq 23
g-proteobacteria | 49 leaves

Pseudomonas aeruginosa strain 60503 chromosome, complete genome
Pseudomonas aeruginosa strain ST773 chromosome, complete genome
Pseudomonas aeruginosa strain PA15_L5_37.22_ST773_VIM2 chromosome, complete genome

Pseudomonas aeruginosa strain S33 chromosome

Pseudomonas aeruginosa strain FO53 chromosome, complete genome

Pseudomonas aeruginosa strain S68 chromosome

Pseudomonas aeruginosa strain LS.2¢ chromosome, complete genome

Pseudomonas aeruginosa strain B81 chromosome

Pseudomonas aeruginosa strain strain KUD2 chromosome, complete genome

Pseudomonas aeruginosa strain S40 chromosome

Figure 2. NCBI Phylogenetic Tree of the GyrB Gene in Pseudomonas aeruginosa

Table 2. Resistance Rates of Clinical P. aeruginosa Isolates (n = 44)

Antibiotic Antimicrobial Resistant
Class Isolates (%)
Amoxicillin-clavulanic acid (AMC) B-lactam 44 (100%)
Ticarcillin-clavulanic acid (TIM) B-lactam 43 (97.72%)
Cefotaxime (CTX) Cephalosporin 44 (100%)
Imipenem (IMP) Carbapenem 26 (60%)
Meropenem (MEM) Carbapenem 26 (60%)

Amikacin (AK)

Ciprofloxacin (CIP)

Levofloxacin (LEV)
Trimethoprim-sulfamethoxazole (SXT)

Aminoglycoside
Fluoroquinolone
Fluoroquinolone
Folate Inhibitor

39 (88.63%)
23 (52.27%)
23 (52.27%)
44 (100%)
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of GyrB, supporting its suitability as a stable
molecular target for inhibitor binding.

Phylogenetic analysis of the GyrB
gene demonstrated that the representative
clinical isolates clustered closely with reference
P. aeruginosa strains retrieved from the NCBI
database, indicating a high level of genetic
conservation and confirming the molecular
identity of the studied isolates (Figure 2). These
findings further support the use of the GyrB gene
as areliable molecular marker and a suitable target
for subsequent computational analyses.

The phylogenetic tree based on GyrB
gene nucleotide sequences shows the clustering

of representative clinical isolates (highlighted)
alongside reference P. aeruginosa strains retrieved
from the NCBI database. The phylogenetic tree was
constructed using the Fast Minimum Evolution
method. The scale bar (0.0002) represents the
evolutionary distance, expressed as the number
of nucleotide substitutions per site.

Protein preparation, structural modeling, and
validation of target proteins

The three-dimensional structures of the
target proteins, GyrB and MexB, were prepared for
molecular docking analysis. The GyrB nucleotide
sequence obtained from P. aeruginosa isolates

A) MexB protein model

B) GyrB protein model

Figure 3. Three-Dimensional Structural Models of the GyrB and MexB Proteins
Three-dimensional structural models of GyrB and MexB were generated using the SWISS-MODEL server and

validated through MolProbity analysis.

(A) The GyrB protein model shows excellent stereochemical quality.
(B) The MexB protein model demonstrates good structural reliability and accurately predicts the transmembrane

region.

The validated models were optimized and subsequently used for molecular docking analysis and MD simulation.

Table 3. Chemical Characteristics of Reference Inhibitors and Candidate Ligands

Ligand PubChem Molecular Molecular  SMILES
CID Formula Weight
(g/mol)
Novobiocin 54675769  C,H,N.O 612.60 CC1=C(C=CC2=C10C(=0)C(=C20)NC(=0)C3=CC(=C(C=C3)
O)CC=C(C)C)0[C@H]4[C@@H]([C@@H]([C@H](C(04)
(C)C)OC)OC(=0)N)O
Coumarin 13295 C,H,,NO, 253.25 COC1=CC2=C(C=C1)C(=CC(=0)02)C3=CC=NC=C3
derivative
PABN 90665180 C,H,,CI.N.O, 519.50 C1=CC=C(C=C1)C[C@@H](C(=O)N[C@@H](CCCN=C(N)
N)C(=0)NC2=CC3=CC=CC=C3C=C2)N.CI.CI
Indole 589138 C,H,N,0 236.27 C1=CC=C(C=C1)NC(=0)C2=CC3=CC=CC=C3N2
derivative
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Figure 4. Protein-Ligand Interaction Analysis of GyrB and MexB Complexes

Two-dimensional (2D) and three-dimensional (3D) representations of protein-ligand interactions are shown. (A)
GyrB-Novobiocin complex, (B) GyrB-Coumarin complex, (C) MexB-PAPBN complex, and (D) MexB-Indole complex.
Key interactions, including hydrogen bonds, 7t-interactions, and hydrophobic contacts, are illustrated within the

binding sites

Table 4. Reference Inhibitors and Candidate Ligands Selected for Molecular Docking and ADMET Analysis

Target Protein  Reference Inhibitor

Candidate Ligand

Chemical/Functional Class

Novobiocin
PABN

GyrB
MexB

Coumarin derivative
Indole derivative

ATP-binding/Gyrase inhibitor
Efflux pump inhibitors

was translated into its corresponding amino
acid sequence based on the predicted ORF. The
translated protein sequence (GenBank accession
No. BHR60112.1), derived from the deposited
GyrB nucleotide sequence (DDBJ accession No.
LC919849), was subsequently used for structural
modeling. Three-dimensional structural models
of GyrB and MexB were generated using the
SWISS-MODEL server, based on the best available
AlphaFold reference models. The GyrB model
was generated using the AlphaFold reference
model Q917C2.1.A, which has 100% sequence
identity, a GMQE score of 0.88, and a predicted
monomeric oligomeric state. Structural validation
using MolProbity demonstrated excellent model
quality, with a MolProbity score of 0.58, a clash
score of 0.00, and 97.64% of residues located in
favored regions of the Ramachandran plot.

The MexB model was generated using
the AlphaFold reference model AOA5K1SFB4.1.A,
which has 100% sequence identity, a GMQE score
of 0.91, and a QMEAN score of 0.89 + 0.05, and is
predicted to be monomeric. The model exhibits
60% sequence similarity across the entire protein
length (residues 1-721), indicating a robust and
complete structural model suitable for docking
analysis. Additionally, the model is predicted to
contain a transmembrane segment, consistent
with the membrane-associated nature of MexB.

Protein preparation involved adding
hydrogen atoms and performing structural
optimization through energy minimization to
ensure model stability. Active binding sites were
identified based on conserved functional domains,
particularly the ATP-binding pocket of GyrB and
the substrate-binding catalytic site of MexB. The
modeled three-dimensional structures of GyrB and
MexB are presented in Figure 3A and B.
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Selection, structural classification, and ADMET  selection strategy included established reference
profiling of candidate ligands inhibitors as well as structurally related candidate

A panel of reference inhibitors and ligands selected based on previously reported
candidate ligands was selected for molecular  antibacterial activity and their potential to
docking analysis against GyrB and MexB. The interact with conserved functional regions of the
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Figure 5. Molecular Dynamics Simulation Analysis of the MexB Protein

(A) RMSD of the MexB protein

(B) RMSF of the MexB protein

(C) Rg of the MexB protein

(D) Intramolecular hydrogen bonds of the MexB protein

(E) SASA of the MexB protein

The plots illustrate the structural stability, residue flexibility, compactness, intramolecular hydrogen-bonding
network, and solvent accessibility of the MexB protein throughout the 25 ns MD simulation
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respective target proteins. The selected ligands
were classified according to their target specificity
and chemical class. The chemical structures,
PubChem CID numbers, molecular formulas, MWs,
and SMILES notations of the selected ligands are
summarized in Table 3. Novobiocin and PAbN were
used as reference inhibitors for GyrB and MexB,
respectively, while a coumarin derivative and an
indole derivative were evaluated as candidate
ligands (Table 4).

Prior to docking, ligand structures
were retrieved from the PubChem database,
prepared using DSV, and subjected to geometry
optimization. Drug-likeness and pharmacokinetic
properties were subsequently evaluated through in
silico ADMET analysis, which included assessments
of physicochemical characteristics, Lipinski’s rule

of five parameters, Gl absorption, bioavailability,
and toxicity prediction. This integrated approach
enabled the prioritization of candidate ligands
based on both their predicted binding affinity and
favorable pharmacokinetic profiles.

Molecular docking validation using reference
inhibitors

To validate the molecular docking
protocol, established reference inhibitors were
used for each target protein. Novobiocin and
PABN were selected as reference ligands for GyrB
and MexB, respectively. Both reference inhibitors
exhibited favorable binding affinities and stable
interactions within the functional binding sites of
their respective proteins. Novobiocin bound to
the ATP-binding pocket of GyrB, whereas PABN

Table 5. Molecular Docking Results and Predicted Binding Cavity Parameters for Selected Ligands Targeting GyrB

and MexB
Target Ligand Type Best Binding Cavity Center Docking
Protein Pocket Energy Volume (x,y,2) Size
(kcal/mol) (A3) (x,y,2)
GyrB Novobiocin Control Cc1 -10.2 7174 (-16, -2, 8) (35, 29, 35)
GyrB Methoxy-4 Candidate Cc1 -8.2 7174 (-16, -2, 8) (35, 34, 35)
(4-pyridyl)
Coumarin
MexB  PABN Control c4 8.1 428  (276,316,186) (24,24,24)
MexB  N-phenyl-1H- Candidate c1 7.7 6691  (291,310,241) (33,27, 35)
indole-2-
Carboxamide
Table 6. Key Interaction Residues in Protein-Ligand Complexes
Target  Ligand Type Key m-Interactions Hydrophobic Notable
Hydrogen Contacts Residues
Bonds
GyrB Novobiocin Control Asn267 Argd82 Ala387 Glu483
(mr-cation), Arg384 Gly481
Phe460 (m-11) Arg391 Pro521
GyrB Coumarin Candidate Asn265 Arg391 Ala387 Glu483
(rt-cation), Arg384 Arg482
Phe460 (ri-i) l1le769
MexB PABN Control Glug7 Argd6 Alal101 Tyrd4
His184 (mr-cation), Arg98 1le180
Glu40 Glug7 Phel91
(amide-m)
MexB Indole Candidate Ser352 Glu393 Ala356 Leu349
Asn351 (m-anion) Val502 Gly350
Arg358 Met391 Asp253
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interacted with the substrate-binding cavity of
MexB. These findings confirm the suitability of the
docking protocol for the subsequent evaluation of
candidate ligands.

Molecular docking results for selected ligands

Molecular docking analysis was
performed to evaluate the binding affinity of
selected reference inhibitors and candidate ligands
against the GyrB and MexB proteins. Multiple
binding cavities were automatically predicted for
each target protein using the CurPocket platform.
The cavity with the lowest predicted binding
energy was selected as the optimal binding site
for each ligand, and the corresponding cavity
parameters are summarized in Table 5.

For GyrB, the reference inhibitor
novobiocin exhibited the strongest binding
affinity, with a binding energy of -10.2 kcal/mol
in the highest-ranked binding pocket (C1). The
coumarin derivative also demonstrated favorable
binding (-8.2 kcal/mol) within the same pocket,
indicating its potential to interact with the ATP-
binding site of GyrB. For MexB, the reference
inhibitor PABN showed a binding energy of -8.1
kcal/mol in the top-ranked binding pocket (C4).
The indole derivative exhibited a slightly lower
binding affinity (-7.7 kcal/mol) but maintained
favorable interactions within the predicted binding
cavity (C1), suggesting its potential as an efflux
pump inhibitor.

Overall, the docking results indicate that
GyrB exhibited stronger ligand-binding interactions
than MexB. Although the candidate ligands
displayed slightly lower binding affinities than
their respective reference inhibitors, they showed
comparable potential as promising antibacterial
lead compounds.

Binding interaction analysis of GyrB and MexB
complexes

The protein-ligand interaction analysis
was conducted to further evaluate the binding
modes and stability of the selected ligands within
the active sites of the GyrB and MexB proteins.

For GyrB, the reference inhibitor
novobiocin demonstrated a well-established
interaction network within the ATP-binding pocket.
It formed a conventional hydrogen bond with
Asn267, a m-cation interaction with Arg482, and
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n-nt stacking with Phe460. Additional hydrophobic
interactions were observed with residues such as
Ala387, along with polar interactions involving
Arg384 and Arg391, supported by multiple van
der Waals contacts and charged interactions.
The coumarin-based candidate ligand exhibited
a similar binding orientation within the same
pocket, forming a hydrogen bond with Asn265,
n-mstacking with Phe460, and a t-cation interaction
with Arg391. These interactions indicate that the
candidate ligand adopts a binding orientation
comparable to that of the reference inhibitor,
although it has fewer predicted interactions and
a lower predicted binding affinity.

For MexB, the reference inhibitor PABN
formed a robust interaction network within the
substrate-binding cavity. It established multiple
hydrogen bonds with Glu97, His184, and GIn40,
along with a m-cation interaction with Arg46 and
amide-nt stacking with Glu97. The indole-based
candidate ligand exhibited a predicted interaction
profile that included hydrogen bonds with
Ser352, Asn351, and Arg358, as well as a m-anion
interaction with Glu393 and several hydrophobic
contacts involving Ala356, Val502, and Met391.
However, the predicted interaction network was
less extensive than that observed for PABN.

Overall, the interaction analysis
suggested that both candidate ligands could
occupy the predicted functional binding sites of
their respective targets and establish favorable
protein-ligand interactions (Table 6 and Figure 4).
Although the candidate ligands displayed slightly
lower predicted binding affinities compared to the
corresponding reference inhibitors, their binding
orientations shared several key interactions with
the reference compounds. These docking results
provide computational evidence supporting the
potential for further investigation; however, they
should not be interpreted as direct evidence
of inhibitory activity and require experimental
validation.

ADMET and toxicity analysis of selected candidate
ligands

The pharmacokinetic and drug-likeness
properties of the selected candidate ligands were
evaluated using in silico ADMET prediction tools.

Key parameters analyzed included MW, TPSA,
consensus LogP, Lipinski’s rule of five compliance,
Gl absorption, bioavailability score, PAINS alerts,
Brenk structural alerts, and predicted toxicity
endpoints. The results indicated that both
the coumarin and indole derivatives exhibited
favorable predicted drug-like characteristics (Table
7). Each compound complied fully with Lipinski’s
rule of five and was predicted to have high Gl
absorption. Additionally, both ligands displayed
moderate TPSA values (TPSA<60 A?), consensus
LogP values of 2.55 and 2.90, respectively, and a
predicted bioavailability score of 0.55, suggesting
favorable physicochemical properties for oral drug
candidates.

Neither compound exhibited PAINS alerts;
however, the coumarin derivative showed one
Brenk structural alert, while the indole derivative
showed none. Toxicity predictions indicated that
the indole derivative was negative for AMES
mutagenicity, hepatotoxicity, hERG I/Il inhibition,
and skin sensitization. In contrast, the coumarin
derivative showed a positive AMES prediction
despite its otherwise favorable physicochemical
and pharmacokinetic properties, indicating a
potential mutagenic liability that warrants careful
consideration and further experimental validation.

Overall, the in silico ADMET analysis
provides a preliminary computational assessment
of the pharmacokinetic and toxicity profiles of the
selected ligands. These computational predictions
can help prioritize candidate compounds for
further investigation; however, they should not
be considered definitive evidence of safety or
biological efficacy and must be validated through
experimental studies.

Molecular dynamics simulation of the MexB
protein

MD simulations were performed for
25 ns to evaluate the structural stability of the
MexB protein. The RMSD profile showed an initial
increase during the early stage of the simulation,
followed by fluctuations within approximately
0.4-0.5 nm for the remainder of the simulation.
This pattern indicates that the protein underwent
conformational adjustments before reaching a
relatively stable dynamic state (Figure 5A).
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The RMSF analysis demonstrated
generally low residue fluctuations across most
of the protein, with pronounced peaks observed
onlyin a limited number of residues corresponding
to flexible loop regions (Figure 5B). These
localized fluctuations are consistent with the
intrinsic flexibility commonly observed in protein
structures. The Rg remained relatively stable
throughout the simulation, fluctuating between
3.70 and 3.80 nm, suggesting that the overall
compactness of the protein was maintained during
the simulation period (Figure 5C).

The number of intramolecular hydrogen
bonds exhibited moderate fluctuations but
remained within a relatively narrow range
throughout the simulation, indicating the
preservation of the internal hydrogen-bonding
network and the structural integrity of the protein
(Figure 5D). The SASA initially decreased, followed
by minor fluctuations, and eventually stabilized
toward the end of the simulation. This behavior
suggests only limited changes in solvent exposure
during the simulation period (Figure 5E).

Overall, the MD simulation indicated
that the modeled MexB protein maintained its
structural integrity throughout the 25 ns simulation
period. These findings support the protein’s
structural stability under the simulated conditions.
However, these results should be interpreted with
caution due to the limited simulation duration.
Longer simulations, combined with protein-ligand
complex MD analyses, are required to further
evaluate ligand-induced stability.

DISCUSSION

The present study demonstrated a
high prevalence of MDR P. aeruginosa among
the investigated clinical isolates, confirming
the increasing therapeutic challenges posed
by this opportunistic pathogen. The observed
resistance patterns align with previous reports
describing the widespread dissemination of
MDR P. aeruginosa in hospital settings, largely
attributed to the combined effects of intrinsic
resistance mechanisms, target modifications,
and multidrug efflux systems. These findings
further emphasize the urgent need to identify
alternative antibacterial targets and develop novel
therapeutic strategies against MDR isolates.?

In the present study, molecular detection
confirmed the presence of the GyrB and MexB
genes among the investigated isolates, supporting
their importance as conserved resistance-
associated targets. Furthermore, phylogenetic
analysis demonstrated that the representative GyrB
sequences clustered with reference P. aeruginosa
strains, confirming the high conservation of this
target and supporting its suitability for target-
based computational drug discovery. Similar
findings have been reported in previous studies
investigating resistance determinants in P.
aeruginosa, where GyrB and MexB were identified
as critical proteins involved in bacterial survival
and antimicrobial resistance.??

Protein modeling and validation
demonstrated high structural quality of the
generated GyrB and MexB models, as evidenced
by MolProbity analysis, Ramachandran plot
assessment, and SWISS-MODEL quality metrics.
Reliable structural models are essential for
obtaining meaningful molecular docking
predictions, and similar computational approaches
have been successfully employed in previous
studies targeting bacterial resistance proteins.'#2?>2¢

Molecular docking analysis revealed
that the reference inhibitor novobiocin exhibited
the strongest predicted binding affinity toward
GyrB (-10.2 kcal/mol), consistent with its well-
established inhibitory activity against bacterial
DNA gyrase. The coumarin derivative also
demonstrated favorable predicted binding within
the same ATP-binding pocket (-8.2 kcal/mol).
Protein-ligand interaction analysis showed that
both compounds shared key interactions with
Phe460 and Arg391, suggesting a comparable
predicted binding mode. However, the coumarin
derivative exhibited fewer predicted interactions
and a lower predicted binding affinity than the
reference inhibitor. These observations align with
previous reports describing the gyrase inhibitory
potential of coumarin derivatives.?”?

Similarly, docking analysis of MexB
showed that the reference inhibitor PAbN
exhibited the strongest predicted binding affinity
within the substrate-binding cavity (-8.1 kcal/mol).
The indole derivative displayed a comparable
predicted binding orientation, with a docking
score of -7.7 kcal/mol, and interacted with
several key residues, including Ser352, Asn351,
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and Arg358. These findings align with previous
studies identifying indole derivatives as promising
scaffolds for developing antibacterial agents
and efflux pump inhibitors.?® Nevertheless, it is
important to note that molecular docking results
are computational predictions of binding behavior
and should not be interpreted as direct evidence
of inhibitory activity.

The in silico ADMET analysis indicated
that both candidate ligands satisfied Lipinski’s
rule of five without any violations and exhibited
favorable predicted physicochemical properties,
including high GI absorption and acceptable
bioavailability scores. The indole derivative was
predicted to be negative for AMES mutagenicity,
hepatotoxicity, hERG I/Il inhibition, and skin
sensitization, whereas the coumarin derivative
showed a positive AMES prediction despite its
otherwise favorable pharmacokinetic profile.
Therefore, the predicted mutagenic liability
of the coumarin derivative should be carefully
considered and requires further experimental
validation. Overall, these in silico ADMET results
provide a preliminary computational assessment
for prioritizing candidate compounds and should
not be interpreted as direct evidence of safety or
biological efficacy.'®313?

Based on docking and in silico ADMET
analyses, MD simulations were performed to
evaluate the structural stability of the modeled
MexB protein under simulated physiological
conditions. The RMSD profile demonstrated
an initial structural adjustment followed by
stabilization during the 25 ns simulation period,
indicating acceptable complex stability. RMSF
analysis revealed limited residue fluctuations
except within flexible loop regions, whereas
the Rg remained relatively constant, suggesting
preservation of protein compactness. The
intramolecular hydrogen-bonding network and
SASA profile also remained stable throughout the
simulation. Collectively, these findings support
the structural stability of the modeled MexB
protein under the simulated conditions. However,
these computational findings should be regarded
as preliminary and require further validation
through longer MD simulations and experimental
antibacterial and efflux pump inhibition studies
before definitive conclusions regarding biological
activity can be drawn.334

CONCLUSION

The present study combined clinical
microbiology with molecular modeling and
in silico approaches to investigate candidate
compounds targeting MDR P. aeruginosa. The
high prevalence of antimicrobial resistance
among clinical isolates highlights the urgent need
for alternative therapeutic strategies. Molecular
analysis confirmed the presence of the GyrB
and MexB genes, while phylogenetic analysis
demonstrated the conservation of the GyrB gene
among the investigated isolates, supporting its
suitability as a target for computational drug
discovery.

Molecular docking and in silico analyses
indicated that the coumarin and indole derivatives
exhibited favorable predicted binding affinities
to the GyrB and MexB proteins, respectively. The
in silico ADMET evaluation suggested acceptable
predicted pharmacokinetic properties for both
compounds; however, the coumarin derivative
showed a positive AMES test prediction, warranting
further investigation. MD simulations confirmed
the structural stability of the modeled MexB
protein under the simulated conditions.

Overall, these findings provide preliminary
molecular modeling evidence supporting further
investigation of coumarin and indole derivatives
as candidate compounds targeting GyrB and MexB
in MDR P. geruginosa. However, these in silico
predictions should be considered hypothesis-
generating and require experimental validation
through in vitro and in vivo studies before
definitive conclusions regarding antibacterial or
efflux pump inhibitory activity can be drawn.

Highlights

e GyrB and MexB have been identified as
conserved therapeutic targets in multidrug-
resistant P. aeruginosa.

¢ Novobiocin and PABN showed the strongest
predicted docking affinities against GyrB and
MexB, respectively.

e The coumarin derivative demonstrated
favorable predicted binding affinity within the
GyrB ATP-binding pocket.

e Theindole derivative demonstrated favorable
predicted binding to the MexB protein.

e Insilico ADMET analysis suggested favorable
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predicted pharmacokinetic properties for the
indole derivative.

e Molecular dynamics simulations supported
the structural stability of the modeled MexB
protein.
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