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Abstract 
The mycobacterial enzyme gyrase is the target of second-line tuberculosis 
(TB) drugs, fluoroquinolones. Emerging mutations in DNA gyrase subunit B 
including Asparagine (Asn)499Aspartic acid (Asp) and Asn499Lysine (Lys) 
cause resistance to fluoroquinolones like moxifloxacin (MFX). In this study, 
we attempted to discover the moxifloxacin resistance using in silico techniques 
such as molecular docking and molecular dynamics simulation. 10 ns of mo-
lecular dynamic simulation of gyrase-DNA-Moxifloxacin complex was per-
formed with GROMACS and root mean square deviation (RMSD), root mean 
square fluctuation (RMSF), radius of gyration (Rg) were calculated to examine 
the influence of mutation on the stability of the complex. Structural analysis 
showed that the stability of cleaved complex of wild type was well kept during 
simulation, while mutant complexes showed unstable states through the cal-
culation of RMSD and Rg. Also, the distance between Tyrosine (Tyr)129, amino 
acid crucial for function of gyrase, and DNA phosphate in mutant complexes 
were extended compared with wild type. Binding free energy of moxifloxacin 
calculated using molecular docking and Molecular Mechanics/Poisson-Boltz-
mann surface area (MM-PBSA) methods showed the remarkable decreases in 
the mutant systems comparing with wild one. This study will make contribu-
tion to designing of new fluoroquinolones for controlling of drug-resistant tu-
berculosis. 
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1. Introduction 

Tuberculosis is an infectious disease caused by pathogenic bacteria Mycobacte-
rium tuberculosis and became one of the 10 lethal diseases in the world [1]. Fluo-
roquinolones are the second line anti-tuberculosis drugs [2] and shorten the treat-
ment period of disease [3]. These broad-spectrum antibiotics exert their activity 
by inhibiting mycobacterial enzyme DNA gyrase [4]. DNA gyrase constitutes het-
ero-tetramer consisting of two subunits, GyrA and GyrB (GyrA2GyrB2), and N-
terminal domain of GyrA and Toprim domain of GyrB form the reaction core [5]. 
Negative supercoiling introduced by the DNA gyrase facilitates the DNA unwind-
ing which stimulates DNA replication and transcription. The residues of GyrA are 
involved in breakage-reunion process whereas adenosine triphosphate (ATP) hy-
drolysis is performed by GyrB subunit [6].  

Many drug-resistant tuberculosis strains are emerging throughout the world 
and this makes the treatment of tuberculosis with current antibiotics including 
fluoroquinolones more difficult. The fluoroquinolone-resistance is mostly related 
to the mutation of gyrase gene, and most common resistant mutations are at gyrA 
and mutations in gyrB also cause high resistance to fluoroquinolones like ofloxa-
cin and moxifloxacin (MFX) [7]. 

Recently, the crystal structures of TB gyrase-fluoroquinolone cleaved com-
plexes constituting GyrA, GyrB, DNA oligonucleotides, magnesium (Mg) ion and 
fluoroquinolones were determined [8]. Subunit A consists of a N-terminal break-
age-reunion domain and a carboxy-terminal domain and subunit B consists of 
ATPase domain and Toprim domain. Importantly, the breakage-reunion domain 
and the Toprim domain, two domains from different subunits, form the enzyme 
reaction core. The fluoroquinolones targeting gyrase bind to the enzyme-DNA 
complex, stabilizing this complex and resulting in the blocking of DNA replica-
tion [9].  

Several point mutations in the GyrB including Asp500Asn, Asn499Asp and 
Asn499Lys and its genetic background were reported in many studies [10]-[12]. 
Among these mutations, Asn499Asp mutation cause cross-resistance to four fluo-
roquinolones involving ciprofloxacin, levofloxacin, ofloxacin and moxifloxacin 
while Asn499Lys mutation conferred resistance moxifloxacin only [13]. Especially, 
Asn499Asp mutation was also associated with fourfold increases in resistance to 
quinolones and 12 - 30 fold decrease in DNA supercoiling activity inhibition in 
some isolates [10]. Clinical isolates and transductants harboring Asn499Asp mu-
tation conferred resistance to all fluoroquinolones and their minimum inhibition 
concentrations (MICs) were at least 4 fold bigger than wild isolates [13]. Fluoro-
quinolone-resistance mechanism of mutation at the Asn499 residue of GyrB was 
not fully illuminated despite these mutations play a crucial role in resistance. To 
analyze the impacts of these mutations on the moxifloxacin efficacy in the dy-
namic behavior, molecular dynamics (MD) simulation was conducted with gy-
rase-DNA-MFX complex. Also, the molecular docking give helps to the under-
standing of drug-resistance mechanism. Mutation of Asn499 residue makes the 
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structure of gyrase-DNA complex unstable and decreases the binding energy of 
moxifloxacin in mutant structures comparing with wild one. 

2. Materials and Methods 
2.1. Preparation of Gyrase Structures 

The crystal structure of the gyrase reaction core used in this study was retrieved 
from protein data bank (https://www.rcsb.org) (PDB ID: 5BS8). This structure 
contains breakage-reunion domain of GyrA and Toprim domain of GyrB and 
moxifloxacin as a ligand as well as DNA oligonucleotides and Mg ion. As mutant 
structures were not provided, in-silico mutation was done by mutating Asn499 to 
Asp and Lys using DS 2017 (Discovery Studio 2017 R2, BIOVIA Corp. San Diego, 
USA). The 3D structure of moxifloxacin was downloaded from Drugbank data-
base (ID: DB00218) in sdf format. Gyrase-DNA-ligand complexes of wild and mu-
tant structures were projected to 10ns MD simulation.  

2.2. Molecular Dynamics Simulation 

MD simulation was performed using GROMACS 2019 software package [14] in 
GROMOS 54A6 force field [15]. DNA and ligand topology for MD simulation 
were prepared by PRODRG server [16]. Gyrase-DNA-ligand complex was solv-
ated in a cubic box with simple point charge (SPC) water model. Sodium ions 
were added for neutralization of the system. Then the system was energy-mini-
mized by steepest descent algorithm. It was equilibrated by NVT ensemble (Con-
stant number of particles, Volume, Temperature) for 100 ps. Berendsen thermo-
stat algorithm was applied for temperature coupling at 310 K [17]. The system was 
also equilibrated in NPT (Constant number of particles, Pressure, Temperature) 
condition for 100 ps using Parrinello-Rahman method [18]. Particle Mesh Ewald 
method [19] was used for long-range electrostatics using cut-off length of 0.9 nm 
and linear constraint solver (LINCS) method [20] was employed to constrain the 
system. Simulation was done for 10 ns and trajectories were recorded at every 
1000 steps for analysis. GROMACS-inbuilt tools were used to calculate the root 
mean square deviation (RMSD), root mean square fluctuation (RMSF) and radius 
of gyration (Rg) by analyzing the structural changes. In general, bigger RMSD and 
RMSF values show instability compared with smaller one and in our study the 
frequency was observed to assess and compare the dynamic stability of the gyrase-
ligand complexes and evaluate the dynamic tendency. The distances between some 
amino acid residues in the MFX binding site was analyzed to observe the confor-
mational change of the ligand binding site. 

2.3. Molecular Docking Analysis and MM-PBSA Binding Energy 
Calculation 

AutoDock 4.2 [21] was used to perform molecular docking analysis. The grid 
point spacing was set to 0.375 Å. Docking was performed with 150 runs of the 
Lamarckian genetic algorithm (LGA), using a maximum of 25 × 106 energy eval-
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uations, a maximum number of 27 × 103 generations, a gene mutation rate of 0.02 
and a crossover rate of 0.8 [21] [22].  

In this study, the binding free energies were calculated with g_mmpbsa package 
using the Molecular Mechanics/Poisson-Boltzmann surface area (MM-PBSA) al-
gorithm [23]. 21 snapshots were chosen by every 0.5 ns from MD trajectory. The 
binding energy consists of three energetic terms, potential energy in vacuum, po-
lar-solvation energy and non-polar solvation energy. The vacuum, solvent and 
solute dielectric constants were set at 1, 80 and 2, respectively. The calculation of 
nonpolar solvation energy was based on solvent accessible surface area (SASA) 
model. The entropy contribution was not included in the calculation of binding 
energy. 

3. Result and Discussion 
3.1. The Structural Stability of the Cleaved Complex 

One of the important measures to compare the inhibitive activities of gyrase-in-
hibiting drugs is the stability of gyrase-DNA-fluoroquinolone cleaved complex 
[8]. Although mutations in gyrB are rarely emerged but recent studies found that 
the impact of gyrB mutations was obvious on fluoroquinolone resistance [24]. 
Mutation of Asn499 of GyrB lowered the inhibitive activity of MFX, resulting in 
recovery of gyrase activity. The activity of enzyme is mostly related to its structure 
and the structural change of enzyme leads to the its change of activity. 

MD simulation showed that the structure of cleaved complex kept its stability 
in wild typed system while mutated systems had tendency of instable states (Fig-
ure 1).  

 

 
Figure 1. Graphs showing RMSD (a) and Rg values (b) of cleaved complex during simulation. Time-dependent plot placed 
in the distribution plot. Wild type is colored in black, Asn499Asp mutant is colored in red and Asn499Lys is colored in 
blue. 
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In detail, RMSD distribution in wild system made a single peak at ~0.3 nm (fre-
quency = ~600), meaning that maintained equilibrium in RMSD values for entire 
time. However, in Asn499Asp and Asn499Lys systems, 2 and 3 peaks in RMSD 
distribution were observed, respectively. These RMSD distributions in cleaved 
complexes referred that wild system had more stable dynamic features than mu-
tant systems.  

Also, Rg distribution of cleaved complex showed the comparison between wild 
and mutant systems. Rg value is an index for measuring the compactness of struc-
ture so it is necessary to analyze the Rg values of cleaved complex for estimating 
its structural stability. Wild cleaved complex had the one peak of the highest fre-
quency at ~370 in Rg distribution, relating the approximately unchanged ten-
dency of Rg values. In comparison, in Asn499Asp cleaved complex, Rg distribu-
tion had 2 peaks with frequencies with less than 300 because Rg values for the first 
3 ns decreased sharply from ~3.7 nm to ~3.6 nm and then kept Rg values for rest 
of time. Then, Asn499Lys system showed the one peak of Rg distribution with ~260 
of frequency value due to the continuous decrease of Rg values for entire simula-
tion time. RMSD and Rg distributions totally suggested that wild cleaved complex 
had more stable dynamic tendency than Asn499Asp and Asn499Lys systems. 

3.2. The Flexibility and Structural Change of MFX Binding Cavity 

MFX binds the space between the gyrase and DNA strand (Figure 2) and the 
structural stability of MFX binding cavity significantly influences the binding of 
drug.  

 

 
Figure 2. The structure of gyrase-DNA-MFX complex and MFX binding site. 

 
As shown in Figure 2, in wild structure MFX interacted with Arg482 of GyrB 

and Arg128 of GyrA as well as Mg ion and DNA molecule. Asn499 residue do not 
interact with MFX even though Asn499 is located in the surrounding of MFX.  
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MFX binding cavity consists of gyrase residues, DNA strand and Mg ion but 
the determinant is conformational change of binding pocket because the residual 
and structural change of residues in MFX binding cavity can directly affect the 
stability of MFX binding. MD simulation showed the alteration of residual flexi-
bility in the different systems through RMSF values (Figure 3).  

 

 
Figure 3. Bar chart of RMSF of MBS residues in wild and mutant gyrase structures. Black color represents for wild type, red color 
for Asn499Asp and blue color for Asn499Lys mutants. 

 
MFX surroundings within 0.6 nm distance were 17 amino acids including 

Arg482, Arg123 and Asn499, and RMSF values of these residues reflected the 
structural change features of MFX binding cavity.  

RMSF values of Asp94, Asp89 and Ala90 of GyrA were not changed in wild and 
mutant gyrases, while Arg128 residue in wild structure had smaller RMSF value 
than those in both mutant structures and Tyr129, Gly88, Ser91, Lys441, Gly483 
and Lys484 residues acted inversely. Also, RMSF values of Gly460, Asp461, Leu481 
and Arg482 of GyrB in Asn499Asp mutant were smallest among wild and 
Asn499Lys mutant, of which their RMSF values were approximately equal or 
slightly different, while RMSF values of Asn499, Thr500 and Glu501 residues were 
ordered at Asn499Lys > Wild > Asn499Asp. MFX binding cavity residues of GyrA 
except Arg128 had similar trends of which RMSF values in wild structure were 
greater than mutants and residues of GyrB except Lys441 had trend of having 
smallest RMSF in Asn499Asp. Obviously, the residue of interest, Asn499, had 
change in flexibility and also other residues’ flexibility had changed respectively, 
in spite of different ordered RMSF in different systems. Therefore, the alteration 
of residual flexibility of MFX binding site may change the binding stability of MFX 
by structural change of molecular binding site (MBS). 

Also, through the calculation of distances between MBS residues, the structural 
change of MBS in mutant gyrases was evaluated. 
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Figure 4. The distance between residues of MFX binding site (a) residues around MFX (b) Ala90-Arg482, (c) Ala90-
Asn499, (d) Asp94-Lys441, (e) Tyr129-Lys441, (f) Tyr129-Asn499. 

 
As shown in Figure 4, the distances between MBS residues were changed in 

mutant systems compared to wild system. The distance between Ala90 and Arg482 
showed contraction in Asn499Asp mutants, while wild and Asn499Lys mutant 
were almost kept in similar distance. On the other hand, in Asn499Asp mutant 
expanded the distance between Ala90 and Asn499 residues and between Tyr129 
and Asn499. Then, the distance between Tyr129 and Lys441 expanded in both 
mutant systems and Asp94 had decreased distance from Lys441 in Asn499Lys mu-
tant. 

The distance changes between MBS residues during simulation showed the ob-
vious structural change of MBS and these changes may affect the interaction of 
MFX and its surroundings.  

3.3. Interaction of MFX and MBS Residues 

MFX can bind to the gyrase firmly to inhibit the activity of enzyme and the MFX 
resistance of mutant gyrase may be correlated to the unstable interaction between 
MFX and its binding site. 

Molecular docking result showed the difference in MFX interaction in wild and 
mutant gyrases, well correlated to previous research [25].  

The binding energy of MFX to MBS calculated by AutoDock 4.2 were −9.9 
kcal/mol in wild gyrase and −9.61 kcal/mol and −9.34 kcal/mol in Asn499Asp and 
Asn499Lys mutants, respectively. The molecular docking represented that the in-

https://doi.org/10.4236/jbm.2025.138013


M. Choe et al. 
 

 

DOI: 10.4236/jbm.2025.138013 153 Journal of Biosciences and Medicines 
 

teraction energy of MFX in wild system was largest and mutant systems had 
smaller values. 

The interaction properties of MFX were also characterised by MM-PBSA bind-
ing free energy during simulation.  
 

Table 1. MM-PBSA binding free energy calculation result. 

System VDW (kJ/mol) ElecStat (kJ/mol) Polar (kJ/mol) Apolar (kJ/mol) Total (kJ/mol) 

Wild −230.6 ± 3.0 −339.9 ± 31.7 297.4 ± 15.3 −17.7 ± 0.2 −291.7 ± 21.1 

Asn499Asp −210.5 ± 2.3 −274.0 ± 30.7 337.9 ± 20.0 −87.8 ± 1.5 −233.9 ± 19.3 

Asn499Lys −218.1 ± 2.9 −146.0 ± 24.7 324.4 ± 16.3 −18.6 ± 0.3 −59.4 ± 13.8 

VDW: Van der waals interaction, ElecStat: Electrostatic potential, Polar: Polar solvation energy, Apolar: Apolar solvation energy. 
 

As shown in Table 1, the total binding free energy of MFX in wild system was 
largest as −291.7 kJ/mol and Asn499Asp and Asn499Lys mutants showed smaller 
binding free energies (i.e. Asn499Asp: −233.9 kJ/mol, Asn499Lys: −59.4 kJ/mol). 
In detail, Van der waals interaction energy and electrostatic potential in wild sys-
tem were greater than mutant systems, and polar and apolar energy of wild system 
were less than mutant systems. 

Also, residues interacting with MFX showed different contributions in binding 
free energy in different systems (Figure 5).  

 

 
Figure 5. Contributions of MBS residues in MM-PBSA binding free energy. 

 
Asp89, Asp94, Lys441, Lys484 and Glu501 had similar contributions in all sys-

tems but contribution of Arg128 in Asn499Lys mutant had increased compared 
to wild and Asn499Asp systems. Asp461 residue showed greater energy contribu-
tion in mutant systems, while Arg482 had opposite tendency. In particular, the 
residue of interest, Asn499, were completely different energy contributions in dif-
ferent systems. In wild system the contribution of binding free energy of Asn499 
was almost zero but Asp499 made increase in binding energy between Asp499 and 
MFX and in reverse, Lys499 residue lowered the interaction energy of MFX, re-
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ferring the impact of mutation of Asn499 residue in the MFX binding to gyrase.  

3.4. Calculation of Distance between Tyr129 and DNA 

During the breakage and reunion process, a transient covalent bond was formed 
between tyrosine of Gyrase A and DNA phosphate [26]. As the protein-DNA-
ligand complex was stable, this covalent bond formation is stable. The distance 
between catalytic tyrosine at the 129th position of GyrA and DNA phosphate can 
reflect the stability of the cleaved complex. 

 

 
Figure 6. Distance between Tyr129 and DNA molecule during MD simulation. 

 
As shown in Figure 6, the distances between Tyr129 and DNA in different sys-

tems were changed. In wild system, the distance was stable at ~0.4 nm during 
simulation but mutant systems showed fluctuating values, indicating change of 
interaction between Tyr129 and DNA molecule and resulting in unstable cleaved 
complex.  

MD simulation result showed the unstable cleaved complex in mutant systems, 
indicating the decrease in the gyrase-inhibiting activity of MFX. Also, the distance 
of Tyr129 and DNA molecule were fluctuating, not stable in mutant systems com-
pared to wild system, resulting in the adverse impact on the stability of cleaved 
complex.  

4. Conclusions 

The present study was designed to determine the effect of mutation Asn499Asp 
and Asn499Lys of gyrase on the moxifloxacin resistance. No research which men-
tioned the resistance mechanism of this mutation site, Asn499 was found. In the 
current study, the structural and interaction profiles of gyrase-DNA-MFX com-
plex were compared in wild and mutants. MD simulation result showed the un-
stable cleaved complex in mutant systems, indicating the decrease in the gyrase-
inhibiting activity of MFX. Molecular docking study demonstrated that the inter-
action energy of MFX and mutant gyrase decreased than those in wild system. 
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Also, MM-PBSA binding free energy calculation showed the decrease energy in 
mutant systems. These findings provided direct evidence for the unstable binding 
of MFX in mutants. Specifically, the interaction energy of MFX and Asn499 resi-
due were changed, resulting in the impact to the overall binding mode of MFX. 
Again, in wild gyrase, MFX did not interact with Asn499 residue but in mutant 
gyrases MFX could interact with this residue.  

In conclusion, the MFX resistance conferred by gyrase mutated in Asn499 res-
idue was caused by the structural instability of cleaved complex and correspond-
ing change of MBS, resulting in the alteration of binding mode of MFX and MBS. 
These findings have important implications for developing new drugs for moxi-
floxacin-resistant patients.  
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