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Abstract

Antimicrobial resistance represents a growing threat to global public health [1]. The in-
discriminate use of antibiotics has accelerated the emergence of resistant strains, reducing
the therapeutic effectiveness of currently available drugs, fluoroquinolones being no ex-
ception [2,3]. In this context, the design of new antimicrobials remains a significant chal-
lenge. This study evaluated, using in silico tools, the binding affinity of eight novel fluo-
roquinolone derivatives against the DNA gyrase of six bacterial species, using moxifloxa-
cin as the reference compound. Target protein sequences were retrieved from the Protein
Data Bank and GenBank and subsequently modeled using SwissModel, I-TASSER, and
Phyre2. The generated structures were assessed with MolProbity, and those with the best
scores were selected for molecular docking. Proteins were prepared using Chimera 1.18
and AutoDockTools 1.5.7. The active site was identified with Discovery Studio 2024. Lig-
ands were built in ZINC, prepared using Open Babel v3.1.1.60, and docked with Auto-
Dock Vina v1.2.3.57. Docking validation was performed with DockRMSD. Considering
these results, four new molecules (A1, B1, C1, and D2) were designed to improve their
pharmacokinetic properties by modifying the TPSA value of the original structures. How-
ever, the new docking assays revealed that these optimized compounds did not exhibit a
significant increase in affinity toward the target enzyme. The findings suggest that com-
pound C retains a favorable profile as a potential antimicrobial agent against resistant
strains.

Keywords: antimicrobial resistance; fluoroquinolone derivatives; molecular docking;
DNA gyrase

1. Introduction

Antimicrobial resistance (AMR) has emerged as a significant global health threat,
compromising the effectiveness of antibiotics and restricting therapeutic options. The
widespread use of antimicrobial agents over the last century has accelerated the emer-
gence of resistance mechanisms, posing a serious challenge to public health [1-3]. Current
treatments are becoming increasingly ineffective against multidrug-resistant (MDR)
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bacteria, while the demand for new antibiotics continues to grow [1]. Among the most
concerning pathogens are the so-called ESKAPE organisms— Enterococcus faecium, Staph-
ylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.—which represent the leading cause of hospital-acquired infections
worldwide and are associated with high rates of morbidity and mortality [1,2].

Fluoroquinolones are broad-spectrum antimicrobials widely used in clinical practice.
Their primary mode of action is the inhibition of bacterial DNA synthesis [4]. The cellular
targets of these agents are two essential bacterial enzymes, DNA gyrase (topoisomerase
II) and topoisomerase IV, which play crucial roles in DNA replication and transcription
[2,4-6]. Resistance to fluoroquinolones has emerged through various mechanisms, includ-
ing target-site mutations that reduce drug binding, increased expression of efflux pumps,
and the acquisition of resistance-conferring genes [2,4]. Mutations in DNA gyrase and
topoisomerase IV typically cluster within a conserved domain of the GyrA and ParC sub-
units, known as the quinolone resistance-determining region (QRDR). In Escherichia coli,
this region spans amino acids 67-106 in GyrA and 63-102 in ParC, and mutations within
this domain markedly decrease drug affinity for the DNA—-enzyme complex [4,7].

Despite the clinical success of fluoroquinolones, the quinolone scaffold remains an
attractive framework for further chemical optimization. Structural modifications hold po-
tential for improving pharmacokinetic and pharmacodynamic properties, thereby broad-
ening their therapeutic utility [2]. In this context, molecular docking has emerged as a
powerful in silico tool to explore drug-target interactions. This approach enables the pre-
diction of binding affinities and modes of interaction between small molecules and protein
targets, providing valuable insights into the biochemical processes underlying drug action
[8].

The present study aimed to evaluate, through computational approaches, the bind-
ing affinity of newly designed fluoroquinolone derivatives against DNA gyrase from E.
coli, K. pneumoniae, Salmonella infantis, S. enteritidis, S. aureus, and Mycobacterium tuberculo-
sis.

2. Materials and Methods
2.1. Protein Retrieval and Modeling

The crystal structures of gyrases from E. coli in complex with the co-crystallized lig-
and MFX (Moxifloxacin) (PDB ID: 9GGQ), S. aureus (PDB ID: 5NPP), and M. tuberculosis
(PDB ID: 5BS8) were retrieved in PDB format from the Protein Data Bank (PDB)
(http://www.rcsb.org) [9]. For K. pneumoniae (AOA4855P94), S. infantis (AOASU9GQ37),
and S.enteritidis (ANF19453) structural models were generated from protein sequences
obtained from UniProt (https://www.uniprot.org/) and Gen Bank
(https://www.ncbi.nlm.nih.gov/genbank/) [10,11]. Homology modeling was performed
using four servers: I-TASSER (https://zhanggroup.org/I-TASSER/) [12], Swiss-Model
(https://swissmodel.expasy.org/) [13], and Phyre2
(http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index) [14]. The resulting models
were evaluated using MolProbity (http://molprobity.biochem.duke.edu/) [15], and the
best-scoring structures were selected for further analyses.

2.2. Protein Preparation

For modeled proteins, DNA chains and Mg? ions were incorporated using Discovery
Studio Visualizer 2024, extrapolating their position from the crystallized E. coli structure
with Chimera v1.18. The processed structures were saved in PDB format. For crystallo-
graphic proteins, water molecules and non-essential ions were removed using Chimera
v1.18. Input files for docking simulations were prepared with AutoDock Tools v1.5.7,
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where polar hydrogens and Kollman charges were added, AD4 atom type were assigned,
and the final files were saved in PDBQT format.

2.3. Ligand Preparation

Ligand SMILES codes were obtained from the ZINC database (https://zinc.dock-
ing.org/) [16]. The ligands were converted into 3D structures, protonated at pH 7.4, and
energy-minimized using the UFF force field with Open Babel v3.1.1. The prepared ligands
were exported in PDBQT format for docking analysis.

2.4. Docking and Validation

Docking simulations were performed with AutoDock Vina v1.2.3.57. The docking
grid box was centered on the active site (coordinates: x = 207.75, y = 220.194, z = 225.083)
with dimensions of 14 x 24 x 18 A, covering the QRDR domain for E. coli. Ten confor-
mations were generated for each ligand. Moxifloxacin was used as a reference compound,
and docking validation was carried out through RMSD calculation using the DockRMSD
server (https://zhanggroup.org/DockRMSDY/) [17].

3. Results and Discussion

The docking protocol was validated by calculating the RMSD between the docked
pose for moxifloxacin and its co-crystal structure with E. coli, yielding a value of 0.973,
which falls within the accepted range for computational studies [18,19] and confirms the
reliability of the methodology. The binding affinity of four in silico-designed fluoroquin-
olone derivatives (A-D) was evaluated against DNA gyrase from E. coli, K. pneumoniae, S.
infantis, S. enteritidis, S. aureus, and M. tuberculosis (Figure 1). For each ligand, 10 confor-
mations were generated, and the top-ranked pose was selected for analysis.

Figure 1. Molecular structures of the selected ligands.

The binding energies found ranged from —7.46 to —17.88 kcal/mol (Table 1), consistent
with stable ligand-enzyme interactions. Compound A exhibited lower binding affinities
than the control in most species, except for S. aureus, where it displayed stronger affinity
(-11.30 kcal/mol). Compound B showed a similar trend, with generally weaker affinities
than the control, although its interaction with K. pneumoniae was comparable. In contrast,
Compound C emerged as the most promising candidate, showing the strongest affinities
across all bacterial species, surpassing the control in most cases, except for M. tuberculosis,
where the binding affinity was similar (-17.52 kcal/mol vs. —17.88 kcal/mol). Compound
D demonstrated lower affinities overall, but exceeded the control in S. aureus (-11.03
kcal/mol) and showed comparable interaction with K. pneumoniae.
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Table 1. Molecular docking results showing binding affinities (kcal/mol) of four in silico-designed

fluoroquinolone derivatives (A-D) compared with moxifloxacin, against DNA gyrase.

E. coli

S. enteritidis S. infantis K. pneumoniae S. aureus M. tuberculosis

Moxifloxacin *

-10.12

-8.31 -8.39 -8.29 -9.27 -17.88

A

-9.63

-7.53 -7.56 -7.46 -11.30 -14.26

-9.61

-8.19 -8.17 -8.62 -8.69 -17.14

-12.14

-9.19 -9.12 -9.11 -12.23 -17.52

B
C
D

-10.02

-8.64 -8.24 -8.63 -11.03 -17.85

*: control.

Analysis of binding interactions (Table 2) revealed the recurrent participation of res-
idues located within the quinolone resistance-determining region (QRDR), particularly
SER83 (Figure 2). Quinolone resistance has most commonly been associated with muta-
tions in the amino-terminal domains of GyrA (residues 67 to 106 in E. coli numbering),
with SER83 and ASP87 being the most frequent substitutions [4,20,21]. Additional stabi-
lizing interactions were also observed, involving residues such as ARG121, GLY81,
PTR129, and ARG128, depending on the bacterial species. These findings are consistent
with previous reports describing mutations in GyrA and ParC as key contributors to re-
duced fluoroquinolone affinity [4,5,7]. Specifically, mutations at SER83 strongly affect
fluoroquinolone binding to GyrA, whereas mutations at Argl21 do not exert the same
impact [22]. Notably, Compound C established stronger and more diverse interactions
with essential residues across all enzymes, correlating with its superior binding energies
and suggesting enhanced robustness against resistance-associated mutations.

Table 2. Key amino acid residues involved in the interactions between fluoroquinolone derivatives

(A-D) and DNA gyrase from the bacterial species analyzed, as predicted by molecular docking.

Compound

Structure

Key Residues
S. enter- S. infan-
itidis tis

K. pneu- M. tubercu-
S. aureus .
losis

E. coli .
moniae

J ARG121

ASP82
SERS83
ALA84

ASP82
SERS83

ASP82

GLY448 SERS3

ARG458
GLU435

PTR129

LYS 447
ARGI121

ASP82
SERS83
ALAS84

ASP82
SERS83

ASP82
SERS83
ALAS84

ARG458 ARG128

GLU435

ASP426 ARGA58

ARGI121

ARGI128

GLY8I PTR129

GLYS81 GLYS81

ASPS82
SERS83
ALAS84

ASPS82
SERS83
ALAS84

ARGI128

ASP426
GLY8 PTR129

ARGI21 ARG458
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Figure 2. Interaction of GyrA of E. coli with the docked ligand C. Key interactions of C with pro-
tein residues include ARG121 and SERS83. Figure generated using Discovery Studio Visualizer 2024.

These designed molecules were optimized to enhance their pharmacological profiles
(Figure 1). In molecule A, the substituent at position C3 was removed to leave this site free
and avoid interference with the FQ mechanism. In molecules B and C, one -NH: group
was introduced at position C5 to enhance pharmacokinetic properties and decrease the
TPSA value—improving absorption in molecule B and preventing BBB penetration in
molecule C. Finally, in molecule D, the substituent at position C7 was replaced with a 2-
(hydroxymethrl)morpholin group.

Molecular docking analyses were conducted for the optimized molecules, and the
corresponding binding affinities are summarized in Table 3. Overall, the affinity for the
target pocket decreased across most bacterial species compared with previous results.
This reduction was attributed to unfavorable ligand—enzyme interactions arising from the
introduction of the amino group in molecules B and C. In molecule A, the substituent at
position C7 also produced steric hindrance effects, generating unfavorable interactions
due to its size. Nevertheless, a slight increase in binding affinity toward the GyrA subunit
of S. enteritidis was observed for compounds Al and B1, with Bl also exhibiting greater
affinity for S. aureus. Conversely, compound D2 demonstrated a modest improvement in
affinity for S. infantis relative to the original molecule D.

Table 3. Molecular docking scores (in kcal/mol) of optimized molecules against DNA gyrase.

E. coli S. enteritidis S. infantis K. pneumoniae S. aureus M. tuberculosis
Moxifloxacin * -9.95 -8.28 -8.31 -8.28 -9.37 -17.72
Al -9.25 -7,75 -7.35 -7.47 -6.02 -11.14
B1 -9.06 -8.24 -7.79 -7.92 -9.46 -15.16
C1 -10.42 -8.78 -8.77 -8.76 -11.11 -16.54
D2 -8.86 -8.54 -8.35 -7.93 -9.37 -15.69
*: control.

The interactions of the optimized molecules were generally consistent with those pre-
viously observed (Table 4). However, additional interactions were identified for com-
pound Al, involving residues ALA119 and ALA118 in E. coli. In the case of S. aureus, an
interaction with residue GLY459 was detected. All of these residues lie outside the QRDR
region and are not associated with resistance arising from gyrase enzyme mutations.
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Table 4. Key amino acid residues involved in the interactions between fluoroquinolone derivatives

(A-D) and DNA gyrase from the bacterial species analyzed, as predicted by molecular docking.

Key Residues
S.enter- S.i - K - M. tubercu-
Compound Structure E. coli ,3?1 ,er m,f o P nfzu S. aureus " fzrcu
itidis tis moniae losis

ARGI121 ASP82  ASP82 SERS83 GLY459

PTR129
A1l LSO ALAL9 SER83  SERS3 ~ ALA84 ARG5S . =
o ALA118 ALA84 ALAS4 GLU435
[
NH, O (0]
. GLY459
. ARG128
00 GLYS1 ARG458
B1 \ ARGI21 GLY81  GLYS1 PTR129
@‘ s A SERS3 LEU457
[ . GLU435
]
HaN
N N ARG4 ARGI12
c1 e ah ARGI21 GLY81 GLYS81  GLYS8I GL;; 4;’2 PTI% 298
OO SERS3 ~ SERS3 ~ SERS3 ~ SER83 . -
NH, O O
HO
. V/F ASPS2  ASP82  ASPS2 ARG128
D2 NN ARGI121 SER83 SERS83  SER83  ARG458  PTR129
AN O ALAS84 ALA84 ALAS4
o] (o]

The differences observed in the results underscore the structural diversity of each
target enzyme and illustrate how this variability can be strategically exploited to combat
antimicrobial resistance and enhance ligand affinity. These findings suggest that the struc-
tural modifications introduced in compound C not only decreased its binding affinity but
also confer a distinct interaction profile across multiple bacterial species, an important
attribute when targeting multidrug-resistant ESKAPE pathogens [23].

Collectively, these results establish compound C as a strong candidate for advanced
preclinical evaluation, underscoring its selective antimicrobial potential and reduced like-
lihood of off-target effects on human topoisomerases. Nevertheless, the inherent limita-
tions of docking studies should be acknowledged, as they do not account for protein con-
formational dynamics or the cellular environment. Future molecular dynamics simula-
tions, complemented by in vitro and in vivo assays, will be essential to validate the ther-
apeutic potential and safety of these derivatives [23-25].
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