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Abstract: The work seeks to identify molecules with inhibitory activity against the DNA gyrase of 

gram-negative microorganisms resistant to fluoroquinolones. Previously designed compounds 

were used to study antimicrobial potential in silico. Molecular docking was performed with 9 new 

ciprofloxacin analog molecules, optimized through the PM6/ZDO theory level, in GyrA Wild Type 

and Mutant Type of C. jejuni, E. coli (6RKU PDB ID), N. gonorrhoeae, P. aeruginosa, S. enteritidis, and 

S. typhi. The molecule with the highest affinity for GyrA was selected based on its binding free en-

ergy and inhibition constant. In addition, a retrospective docking was carried out, to guarantee the 

correct affinity of the ligand to the receptor at the defined binding site. The results show a molecule 

with greater affinity for GyrA of 5 microorganisms, showing a binding free energy of less than −7.0 

kcal/mol, suggesting a good antibacterial activity in silico. 
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1. Introduction 

Fluoroquinolones are synthetic fluorinated antibiotics analogous to nalidixic acid 

that are born from a common basic chemical structure called 4-quinolone (4-oxo-1,4-dihy-

droquinoline), which consists of a bicyclic system with various substituents in its carbon 

atoms [1]. These compounds include a significant group of drugs with a major impact on 

antimicrobial chemotherapy, since the discovery of nalidixic acid in 1962 by George Y. 

Lesher [2]. The introduction of norfloxacin as the first fluoroquinolone in 1980, obtained 

by the addition of a fluorine atom at position 6 of the quinolone pharmacophore group, 

was the beginning for transcendental development for this new class of molecules [3]. 

They present a quick absorption in the gastrointestinal tract with high serum concentra-

tions in 1–2 h, high bioavailability with large volume of distribution, low affinity for pro-

teins and plasma half-life about 1.5–17 h [4]. 

The lack of effective antibiotics is an evident reality in all countries of the world due 

to the speed with which many microorganisms acquire resistance. In the last decade, an-

timicrobial resistance has become the greatest threat to global health facing humanity, 

putting at risk effective conventional antibiotic therapies against infectious diseases [5]. A 

report by PAHO based on a study of bacterial resistance carried out in 15 Latin American 

countries during 2014–2016, indicates an average of more than 50% of non-sensitivity in 

gram-pathogens to fluoroquinolones in countries such as Brazil, Paraguay, Argentina, 

Chile, Colombia, and Peru [6]. 
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Under those circumstance, the WHO published in 2017 the first list of priority anti-

biotic-resistant pathogens, with 12 species that represent a danger to human health, with 

the aim of encouraging research and development of new molecules [7], through bioin-

formatic tools and computational models to find the most stable, specific and favorable 

way in the interaction between a ligand and its receptor [8]. Thus, molecular docking sim-

ulation has become a starting point for modeling the interaction between new molecules 

and their biological target [8], generating a positive impact on structure-based drug design 

(SBDD) [9]. 

Fluoroquinolones act by selectively inhibiting DNA gyrase or topoisomerase IV, key 

enzymes in the replication, transcription, and repair of bacterial DNA in gram-negative 

and gram-positive species respectively; by preventing DNA supercoiling, action that takes 

place after intracellular antibiotic accumulation in the bacterial cytosol [10]. They bind to 

a region near tyrosine-122 (Tyr-122) in the N-terminal domain of the GyrA subunits of the 

DNA gyrase, to form a drug-enzyme-DNA ternary complex that blocks movement over 

the replication fork, transiently nullifying DNA, and mRNA synthesis [11]. 

DNA gyrase is a type II topoisomerase exclusive to prokaryotic organisms that is 

structurally composed of two subunits A (GyrA) and two subunits B (GyrB) with ATPase 

activity, both encoded by gyrA and gyrB genes respectively, the active enzyme is a heter-

otetrametric complex A2B2 [12], indispensable in DNA replication processes by reducing 

torsion stresses occurring in areas close to the replication fork at the time of unwinding of 

the circular DNA [13]. Subunit A is composed of an N-terminal domain (NTD) and an C-

terminal domain (GyrA-CTD), being an important part of the enzyme for the recognition 

of some substrates, cell targeting and interactions with other proteins; while subunit B is 

responsible for binding with ATP, its hydrolysis, and a support for DNA binding [14]. 

Some models based on observation and docking calculations have established the Quino-

lone Resistance Determining Region (QRDR) located in NTD of GyrA as the binding site 

for fluoroquinolones [15], because certain alterations of the DNA gyrase that confer re-

sistance to fluoroquinolones reside in chromosomal mutations of genes encoding the tar-

get of the antibiotic [16]. 

This work seeks to investigate new fluoroquinolones derived from ciprofloxacin 

(CPX) that were designed by computational methods and evaluated by molecular docking 

in a previous study, where they showed high affinity and specificity against topoisomer-

ase II of de Leishmania amazonensis [17]. The aim was to predict the affinity of these com-

pounds with the DNA gyrase Wild Type (WT) and Mutant Type (MT) of Campylobacter 

jejuni, Escherichia coli, Neisseria gonorrhoeae, Pseudomonas aeruginosa, Salmonella enterica 

serovar enteritidis, and Salmonella enterica serovar typhi, performing a molecular docking 

analysis to describe the interaction between these molecules and their pharmacological 

target and identify them as potential selective inhibitors of DNA gyrase. These docking 

results were validated through retrospective docking. In addition, it was determined 

whether there are structural differences between the DNA gyrase of the species in this 

study through multiple sequence alignment (MSA).  

2. Materials and Methods 

2.1. Preparation of Ligands 

For each of the 9 molecules designed, its pKa and pH species distribution curve were 

calculated using the MarvinSketch 21.12.0 program and the predominant structure was 

selected at pH 7.0. Then a previous energy optimization of each molecule was executed 

under the Universal Force-Field (UFF) in Avogadro 1.2.0 and then an energy optimization 

and conformational analysis was performed through Gaussian 09W using a semi-empiri-

cal method with PM6/ZDO theory level, the lowest energy conformer was finally chosen 

to be considered in molecular docking. 
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2.2. Search for Protein Structures 

The structure of the subunit A (GyrA) of the DNA gyrase WT was obtained from 

databases. GyrA from Escherichia coli was downloaded from RCSB Protein Data Bank as 

E. coli DNA Gyrase—DNA binding and cleavage domain in State 1 (6RKU PDB ID); GyrA 

WT de Campylobacter jejuni (GenBank ID: KRS63878.1), Neisseria gonorrhoeae (GenBank ID: 

GFL73998.1), Pseudomonas aeruginosa (GenBank ID: ARU38095.1), Salmonella enterica 

serovar enteritidis (GenBank ID: ANF19453.1), y Salmonella enterica serovar typhi (GenBank 

ID: ALG23216.1) were obtained from homology modeling on the SWISS-MODEL server 

starting from amino acid sequence downloaded from the National Center for Biotechnol-

ogy Information (NCBI). We looked for the most suitable template for alignment with the 

target, and we selected structure modeled with the best parameters of the estimated qual-

ity that were reported in each model. For GyrA MT structures in all microorganisms, the 

amino acid sequence was modified in the positions indicated in the literature [18–29], and 

homology modeling was performed in SWISS-MODEL. Finally, each protein structure 

was worked in UCSF Chimera 1.15. to maintain only one GyrA monomer. 

2.3. Molecular Docking 

It began with the preparation of the ligand and protein using AutoDockTools 1.5.6, 

for the structure of the protein was added polar hydrogens, Kollman charges and were 

removed non-polar hydrogens; for the ligand all the hydrogens were added, Gasteiger 

charges and removed the non-polar hydrogens. Next, the dimensions of the grid box were 

generated to cover the residues involved in the binding site of the enzyme, which includes 

all the amino acids within the QRDR, as established by the literature [12,15,30–35]. The 

parameters of the Lamarckian genetic algorithm were then selected and each coupling 

experiment with 10 different conformations was entrusted after a maximum of 2,500,000 

energy evaluations. Then virtual screening was performed using the Raccoon 1.0 exten-

sion, where all ligands were loaded with the protein, as well as the grid configuration files 

(gpf format) and the docking (dpf format). Finally, the program was executed with Auto-

Dock 4.2.6 to obtain the docking results and to analyze them by AutoDockTools 1.5.6, 

where the values of free binding energy, inhibition constant, total intermolecular energy 

and electrostatic energy were tabulated for each conformation in the 9 molecules in the 

docking with wild type and mutant type enzymes for the 6 microorganisms, then a treat-

ment to classify by a scoring system was carried out, the best molecules with high affinity 

for GyrA. The lowest quintile was calculated in each parameter and from this a threshold 

value was calculated with which a score of “1” or “5” was assigned in each conformation 

according to some criteria in order of priority for their biological relevance (Table S1). 

Subsequently, the total score was obtained by multiplying each result, with 625 being the 

highest value to be reached in a conformation for a molecule. Likewise, we calculated the 

average of the total score for each molecule considering its 10 conformations. Finally, in-

teractions with GyrA residues were analyzed by Discovery Studio 2021. 

2.4. Multiple Sequence Alignment 

All GyrA WT structures were loaded to the UCSF Chimera 1.15 program and a 

MatchMaker was made for a structural superposition of proteins, selecting the GyrA WT 

structure of E. coli as a reference for this process. Finally, an alignment was made from the 

initially generated overlap and the alignment of sequences in the QRDR was visualized. 

The same procedure was performed for GyrA MT structures. 

2.5. Retrospective Docking 

Active and inactive compounds against GyrA were identified based on bioassays 

published in the PubChem database [36]. The compounds were treated under the same 

procedure indicated in 2.1. Preparation of Ligands to identify the minimum energy struc-

ture. Subsequently, a blind docking was carried out with the GyrA MT of E. coli, P. aeru-

ginosa, and S. enterica serovar typhi, preparing the ligand and the protein as detailed in 2.3. 

Molecular Docking. The grid box was configured to cover all the protein in its entirety, and 
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then the parameters of the Lamarckian genetic algorithm were configured so that 15 dif-

ferent conformations are derived from each docking after a maximum of 2,500,000 energy 

evaluations. Then the virtual screening was realized using the extension of Raccoon 1.0. 

in the same way that the molecular docking was done. Finally, the results of the blind 

docking were analyzed through UCSF Chimera 1.15, where the binding site where there 

were the greatest number of conformations was observed, and in addition these results 

were analyzed by AutoDockTools 1.5.6 visualizing the positions in which these ligands 

were in relation to the grid box used in the molecular docking with the new fluoroquin-

olones. 

3. Results and Discussion 

The study evaluated 9 new fluoroquinolones as possible inhibitors of DNA gyrase in 

resistant gram-negative pathogens using computational methods. 

3.1. General Characteristics of the Ligands 

The pKa values and the total energy of the minimum energy conformer for the new 

fluoroquinolones molecules analogous to ciprofloxacin used in this study are shown in 

Table 1. Permeability studies in artificial membranes have shown that the capacity, fluo-

roquinolones penetrate the cell membrane is a complex process that depends on physical 

and chemical factors [37]; since mainly these molecules cross the membranes by passive 

transport at physiological pH, which is why it is important to know the ionization state in 

which they are due to their amphoteric nature, by the presence of ionizable groups in their 

structure.  

Table 1. Total energy and pKa of the new fluoroquinolones. 

Molecule pKa Total Energy (kcal/mol) 

1 5,42; 6,96  −77,204 

2 5,20; 6,94  −94,002 

3 5,22; 10,01 −81,015 

4 5,13; 9,62 −61,277 

5 5,22; 10,01 −106,831 

6 5,41; 14,76 −99,272 

7 5,17; 10,00 −74,914 

8 5,80; 14,77 −97,200 

9 5,45; 9,56 −32,860 

Depending on the pH of the medium, it is possible to find four micro species at dif-

ferent concentrations, being these: a basic ionic form (Q−), an acidic ionic form (H2Q+), a 

neutral form (HQ), and a hybrid ion or zwitterion (HQ±). The pKa values shown in Table 

1 are mainly considered for the two relevant ionizable groups at position 3 and on the side 

chain at position 7 of the fluoroquinolone structure, in addition, there are other very weak 

ionizable groups with no greater percentage in their concentration, so these values have 

been disregarded. It can be observed that for the 9 molecules the pKa1 corresponding to 

the dissociation of carboxylic acid on C3 ranges from 5.13 to 5.80; while the pKa2 corre-

sponding to the dissociation of nitrogen on the side chain on C7 takes values from 6.94 to 

14.77. According to the pKa values and the microspecies distribution curve for each mol-

ecule (Figure S1), the predominant form at pH 7.0 for molecules 1, 2, 5, 6, and 8 was the 

basic ionic form; while for molecules 3, 4, 7, and 9 the zwitterionic form prevailed. The 

latter with a significant dipole that at physiological pH usually predominates over the 

neutral species and additionally expresses a better antibacterial activity, which has led 

some studies to consider the possibility that these species can diffuse through the mem-

brane by passive transport to some extent even in molecules of high molecular weight 

[38]. 
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However in minimum energy structures (Figure S2) of molecules 3 and 7 it was ob-

served that the most stable conformation shown corresponds to the neutral form of fluo-

roquinolone reaching energy values of −81,015 and −74,914 kcal/mol respectively, this is 

probably due to the spatial arrangement of their atoms especially in the protonated nitro-

gen of the side chain and the carboxylate of the 3 position, where by difference in electro-

negativity oxygen is able to recapture that hydrogen again to provide more stability to the 

modeling molecule in the gas state. Authors claim that the cross of these molecules 

through the lipid bilayer is usually done only with non-ionized forms [38]. 

3.2. Alignment of GyrA protein structures 

The multiple alignment of sequences for the structures of the GyrA, in the six micro-

organisms allows us to show the structural differences that may influence in the biological 

function of the protein. The sequences for GyrA WT and MT were aligned based on the E. 

coli GyrA sequence (6RKU PDB ID) as a reference, the sequence of this protein was deter-

mined by cryo-electron microscopy [39]. 

3.2.1. Identity between GyrA WT Structures 

The identity percentages obtained from the multiple alignment of sequences in the 

GyrA WT of the 6 g-negative microorganisms exceeds 50% in all comparisons, indicating 

a structural homology between them (Figure 1); since two proteins are considered as ho-

mologous when they reach a percentage greater than or equal to 25% [40]. This identity is 

commonly used to identify certain conserved regions of interest that allow to locate the 

active site of an enzyme in species that have some evolutionary relationship [41]. Among 

the results, it is interesting to note the value reaching between E. coli and the two sero-

varieties of S. enterica as enteritidis and typhi, which were 83.46% and 95.16% respectively 

(Table S2); this would indicate a structural similarity of the DNA gyrase, something that 

is also corroborated with some genetic and molecular studies in these species that suggest 

a great genetic identity, as these mention the divergence of both genera from a common 

ancestor about 100 million years ago; in addition it is known that about 50% of the virulent 

genes of Salmonella are also present in E. coli, some of these are responsible for synthesiz-

ing proteins responsible for repairing damage to the DNA of the microorganism [42]. 

 

Figure 1. The identity percentages achieved for the GyrA WT between each of the species of microorganisms in relation 

to the GyrA WT of E. coli. 

The identity percentages were obtained from the results provided by the multiple 

alignment of the amino acid sequence that codes for the subunit A in DNA gyrase by the 

gyrA gene (Figure S3), since the primary structure determines the folding of the protein, 

which is related to its three-dimensional structure [43]. 
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The alignment on QRDR was analyzed, considering that it is the site where drug-

receptor interactions take place; except for species such as C. jejuni and N. gonorrhoeae, 

QRDR in the other 4 microorganisms is included among 67–106 residues, which shows a 

high conservation of amino acids, which also suggests a high affinity of the same molecule 

for the gyrase of different microorganisms. While for C. jejuni and N. gonorrhoeae, changes 

of some residues on their corresponding QRDR regions are evident, which differ slightly 

from the amino acids of the other sequences, which is reflected in an identity that does 

not exceed 55%. 

3.2.2. Identity between GyrA MT Structures 

The results shown for GyrA MT in the 6 microorganisms (Figure 2) do not differ sig-

nificantly (Table S3) to those of GyrA WT. These enzymes have mutations in 2 or 3 amino 

acids, which give the microorganism the property of acquiring resistance against fluoro-

quinolones within the QRDR; which usually occur in the same position but with a differ-

ent residue. 

 

Figure 2. The identity percentages achieved for the GyrA MT between each of the species of microorganisms in relation 

to the GyrA MT of E. coli. 

The identity percentages were obtained from the results provided by the multiple 

alignment of the amino acid sequence for GyrA MT (Figure S4). Although the alignment 

carried out considers the mutations in residues within the QRDR region, there are changes 

in the amino acids that maintain similar physico-chemical characteristics and allow a sub-

stitution between them [44]. This means that despite showing a different sequence, pro-

teins do not differ notably in their structure, therefore they maintain their biological func-

tion and the same three-dimensional folding. 

3.3. Molecular Docking 

All results obtained from molecular docking performed at pH 7.0 for the 9 molecules 

designed in the docking with wild type and mutant type enzymes are fully shown in the 

Supplementary Material (Tables S5–S28).  

3.3.1. Molecular Docking Results in GyrA MT of Campylobacter jejuni 

Table 2 shows the statistical treatment carried out in subunit A of the DNA gyrase 

MT in Campylobacter jejuni, where for each parameter the calculation of the lowest quintile 

was made from the quotient between the difference of the maximum with the lowest value 

obtained from the whole data set and divided for five; from this result the threshold value 

was obtained for the difference between the minimum value and the calculated quintile, 

the threshold value were used to establish the score that subsequently allowed to identify 

a group of better molecules. 
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Table 2. Statistical treatment for docking in GyrA MT of C. jejuni. 

 
Binding Free  

Energy (kcal/mol) 

Inhibition  

Constant (µM) 

Total Intermolecular  

Energy (kcal/mol) 

Electrostatic Energy 

(kcal/mol) 

Min. −7,14 5,82 −8,93 −2,2 

Max. −5,06 194,14 −6,26 −0,32 

R 2,08 188,32 2,67 1,88 

R/5 0,416 37,664 0,534 0,376 

Threshold Value −6,724 43,484 −8,396 −1,824 

Min.: The minimum value obtained among all the data. Max The maximum value obtained among all the data. R: Differ-

ence between the maximum value and the minimum value. R/5: Lowest quintile. Threshold Value: Min.—(R/5). 

Molecule 7 in its conformation 3 was the best molecule with a high score in the dock-

ing with the GyrA MT of C. jejuni, which had the lowest binding free energy, −7.14 

kcal/mol, and jointly obtained the lowest inhibition constant of 5.82 µM compared to the 

other molecules (Table S4), even better than ciprofloxacin which reached values of −6.32 

kcal/mol and 23.29 µM respectively for binding energy and inhibition constant. Therefore, 

it is evident that molecule 7 has a greater affinity for its receptor in a spontaneous process 

allowing the binding of the drug to the protein with a suitable orientation [45] and that 

requires low concentrations, suggesting a good efficacy of the antagonist drug to inhibit 

the activity of bacterial gyrase [46]. 

3.3.2. Summary of Molecular Docking Results 

Table 3 summarizes the best values of the parameters and shows molecule 7 as the 

one with the highest affinity against GyrA of each microorganism. Molecule 7 showed 

high affinity with topoisomerase II in Leishmania amazonensis and with the DNA gyrase of 

Salmonella, and low affinity with human α and β topoisomerases, under an in silico study 

that also indicates compliance with the properties of this new molecule against Lipinski’s 

rule of five [17], these favorable features would suggest this compound for further studies 

at experimental level.  

Table 3. Fluoroquinolone molecules with higher affinity for GyrA. 

Molecule Microorganism 
Binding Free  

Energy (kcal/mol) 

Inhibition  

Constant (µM) 

Total Intermolecular  

Energy (kcal/mol) 

Electrostatic  

Energy (kcal/mol) 

7 
C. jejuni MT 

−7.14 5.82 −8.93 −1.22 

CPX −6.32 23.29 −7.22 −0.84 

7 
C. jejuni WT 

−7.64 2.51 −9.43 −0.83 

CPX −6,2 28.52 −7.1 −1.64 

7 
E. coli MT 

−7.45 3.44 −9.24 −1.3 

CPX −6.46 18.53 −7.35 −1.09 

7 
E. coli WT 

−7.44 3.54 −9.23 −1.24 

CPX −6.29 24.65 −7.18 −0.94 

3 
N. gonorrhoeae MT 

−6.81 10.21 −8,3 −2.53 

CPX −6.52 16.51 −7.42 −1.53 

7 
N. gonorrhoeae WT 

−7.11 6.14 −8,9 −1.74 

CPX −6.15 31.21 −7.04 −1.86 

7 
P. aeruginosa MT 

−8.13 1.1 −9.92 −1.51 

CPX −6.38 21.22 −7.27 −1.54 

7 
P. aeruginosa WT 

−7.95 1.48 −9.74 −1.43 

CPX −6.5 17.13 −7.4 −1.46 

5 
S. enteritidis MT 

−7.91 1.58 −9.11 −0.99 

CPX −6.49 17.56 −7.38 −0.93 

5 S. enteritidis WT −7.75 2.1 −8.94 −0.87 
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CPX −6.43 19.44 −7.32 −1.3 

7 
S. typhi MT 

−7.38 3.92 −9.17 −1.2 

CPX −6.28 24.96 −7.17 −0.93 

7 
S. typhi WT 

−7.38 3.89 −9.17 −1.27 

CPX −6.31 23.84 −7.2 −0.99 

3.3.3. Results of Interactions in Molecular Docking 

The residues involved in the interaction with the best conformation of the molecule 

are highly variable from species to species. In this sense among the enzymes of the same 

bacterium there are similarities, and they offer an overview of their influence on the stable 

formation of the drug-protein complex; although within QRDR it is possible to establish 

similarities between all microorganisms (Table S29). 

For E. coli and S. typhi, two enterobacteria under molecular and genetic criteria to 

some extent similar, share interactions in residues Pro95, Met101, Asp104, Gly105, 

through hydrogen bridges at an average distance between 2.0 to 3.0 Å , which occurs with 

the carboxyl group of position 3, the carbonyl group in C4, and the amino group of the 

side chain on C7 (Figure 3); this type of interaction is strong in the binding of fluoroquin-

olone to the enzyme, because amino acids are near the active site of the protein [47]. 

Among the residues involved in the interaction of P. aeruginosa and S. enteritidis, 

Arg91 (Figure S5), a non-covalent bond with an electrostatic nature, plays an important 

role in the rigidity and stability of a ligand-receptor complex [48]. 

On the other hand, there are no similarities in the interactions registered for C. jejuni 

and N. gonorrhoeae (Figure S6), probably because the position of their QRDR differs in both 

cases, being comprised between residues 69–120 and 55–110 respectively, which generates 

different docking positions for each case. Although the appearance of interactions by hy-

drogen and hydrophobic bridges is highlighted in both species, the latter are very weak 

and not significant due to the presence of hydrophobic residues such as Val and Tyr [49]. 

Although its presence is justified by the aromaticity of the fluoroquinolone molecule. 

 

Figure 3. Interactions of molecule 7 with residues of GyrA MT from (a) E. coli, and (b) S. typhi; obtained after molecular 

docking through the Discovery Studio program. 
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Therefore, the mutations induced in those residues reported by the literature, as the 

main involved in the resistance to fluoroquinolones did not produce a significant change 

in the interaction with these new molecules, suggesting an important performance of 

these compounds against resistant pathogens. 

3.4. Retrospective Docking 

In view of the fact that there is no software capable of accurately predicting the mode 

of binding between a molecule and its receptor [8], and in order to ensure a good agree-

ment on the docking generated by the algorithm used in AutoDock 4.2.6 between the lig-

ands and their protein target, a retrospective docking was carried out from a library of lig-

ands and decoy molecules observing the binding sites in which the docking of the mole-

cules with activity takes place primarily in front of that protein [50]. 

We worked with a comparative methodology, using active and inactive molecules 

(Figure S7) in the GyrA MT of E. coli, P. aeruginosa, and S. typhi. Thus, based on the capacity 

of the software, it will be possible to differentiate the active molecules from those that do 

not bind to the active site of the protein [8].  

Retrospective Docking in GyrA MT of E. coli 

Figure 4 shows the docking for some conformations of each of the four fluoroquino-

lone molecules that were used as ligands, with activity against the DNA gyrase, the selec-

tion of conformations was carried out after observational analysis of a total of 15 different 

modes in which the ligand binds to the receptor. Priority was given to the site in which 

there is a greater number of conformations for the same molecule. For Moxifloxacin, a 

conformation away from the common site where molecules such as Ofloxacin, Delaflox-

acina and Gatifloxacina coincided, was observed, but from the three-dimensional view it 

was evident that this molecule was positioned in a back plane close to this binding site, 

therefore this coupling was also considered. 

 

Figure 4. Molecular docking of the active ligands against the GyrA MT of E. coli. The image obtained by the UCSF Chimera 

program shows some conformations as a result of the blind docking performed for each molecule represented by a charac-

teristic color (see image), in the GyrA MT of E. coli (gray). 

When analyzing the results of the blind docking obtained with the four fluoroquin-

olones, it was observed that most of the docking occurs in an area too close to the region 

covered by the grid defined as the binding site of the new molecules with which we 
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worked during this investigation (Table S8). In some cases, conformations within the grid 

were evident, with the possibility of interactions with residues from the QRDR region, a 

binding site characteristic of fluoroquinolones. 

Figure 5 shows the docking of some conformations for four molecules that do not 

show pharmacological potential against the DNA gyrase, the best conformations were se-

lected in the same way that was considered for the active molecules in the previous case. 

Here we could observe a diverse affinity of inactive molecules by different sites through-

out the structure of the protein. 

  

Figure 5. Molecular docking of the inactive ligands against the GyrA MT of E. coli. The image obtained by the UCSF 

Chimera program shows some conformations as a result of the blind docking performed for each molecule represented by 

a characteristic color (see image), in the GyrA MT of E. coli. 

When analyzing the positions of the different couplings generated in the blind docking 

in relation to the position covered by the grid, it was observed that several conformations 

of the inactive molecules are far from the QRDR (Figure S9). This explains the inactivity 

of these compounds against GyrA, as has been mentioned in bioassays made with these 

molecules, where synthetic molecules of heteroaromatic tricyclic acrylic bound to a p-phe-

nylenediamine group, obtained through the modification of a hybrid molecule of quino-

line-aminopiperidine; inhibited with high specificity the DNA gyrase of M. tuberculosis, 

but showed no activity against the DNA gyrase of S. aureus, E. coli, and P. aeruginosa dur-

ing DNA supercoiling assays [36]. 

The validation on the GyrA MT of P. aeruginosa (Figures S10–S13) showed that the 

conformations of the active compounds are close to each other and included within the 

grid, while in the inactive molecules most of their conformations are attached to one end 

of the protein. Although the presence of few structures near the grid region was evident, 

this was not a predominant binding site that suggests the affinity of these compounds. 

On the other hand, the images obtained for the validation in GyrA MT in S. typhi 

(Figures S14–S17) showed a coupling in a region quite close to the grid, for most confor-

mations in fluoroquinolones, while the inactive compounds were attached to one end of 

the protein structure. 

Considering the results, the existence of a degree of affinity between the new mole-

cules and the GyrA was established with reliable molecular docking results; whereas after 

retrospective docking it was observed that compounds with inhibitory activity on the 

DNA gyrase reported by the literature were coupled over a very close area or within the 
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QRDR, place that was defined as the binding site of the 9 designed molecules, and where 

the docking of most of their conformations occurred. Therefore, based on the experimental 

molecular docking results initially obtained, it is assumed that molecule 7 should have a 

good probability of being active against the GyrA; this compound has demonstrated a 

high affinity for its receptor in terms of free binding energy, which would lead it to be a 

candidate for further experimental studies. 

4. Conclusions 

The results of molecular docking point to molecule 7 as the largest affinity against 

the subunit A of the DNA gyrase wild type and mutant type of Campylobacter jejuni, Esch-

erichia coli, Pseudomonas aeruginosa, and Salmonella enterica serovar typhi, suggesting it as a 

possible bacterial gyrase inhibitor in resistant gram-negative pathogens, by showing bet-

ter affinity parameters with respect to its analog ciprofloxacin. Retrospective docking en-

sures that the affinity shown by new molecules to GyrA has a good degree of reliability, 

as several conformations of active compounds bind to an area very close to QRDR, defined 

as the preferential binding site in experimental docking performed with new fluoroquin-

olones. In vitro studies are needed to confirm the effectiveness of these compounds.  
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Biologically relevant criteria used in the scoring system to classify molecules with greater affinity 
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age between structures of GyrA MT, Table S4. Molecules with higher affinity for GyrA MT of C. 

jejuni, Table S5. Statistical treatment for docking in gyrA WT of C. jejuni, Table S6. Molecules with 

higher affinity for GyrA WT of C. jejuni, Table S7. Statistical treatment for docking in gyrA MT of E. 

coli, Table S8. Molecules with higher affinity for GyrA MT of E. coli, Table S9. Statistical treatment 

for docking in gyrA WT of E. coli, Table S10. Molecules with higher affinity for GyrA WT of E. coli, 

Table S11. Statistical treatment for docking in gyrA MT of N. gonorrhoeae, Table S12. Molecules with 

higher affinity for GyrA MT of N. gonorrhoeae, Table S13. Statistical treatment for docking in gyrA 

WT of N. gonorrhoeae, Table S14. Molecules with higher affinity for GyrA WT of N. gonorrhoeae, Table 

S15. Statistical treatment for docking in gyrA MT of P. aeruginosa, Table S16. Molecules with higher 

affinity for GyrA MT of P. aeruginosa, Table S17. Statistical treatment for docking in gyrA WT of P. 

aeruginosa, Table S18. Molecules with higher affinity for GyrA WT of P. aeruginosa, Table S19. Statis-

tical treatment for docking in gyrA MT of S. enteritidis, Table S20. Molecules with higher affinity for 

GyrA MT of S. enteritidis, Table S21. Statistical treatment for docking in gyrA WT of S. enteritidis, 

Table S22. Molecules with higher affinity for GyrA WT of S. enteritidis, Table S23. Statistical treat-

ment for docking in gyrA MT of S. typhi, Table S24. Molecules with higher affinity for GyrA MT of 

S. typhi, Table S25. Statistical treatment for docking in gyrA WT of S. typhi, Table S26. Molecules 

with higher affinity for GyrA WT of S. typhi, Table S27. Docking results in ciprofloxacin with higher 

affinity for GyrA, Table S28. Average scores for new molecules in molecular docking with GyrA, 

Table S29. Molecular docking interactions with GyrA residues, Figure S1. Species distribution curve 

as a function of pH for the designed fluoroquinolones, Figure S2. Low-energy 3D structures of de-

signed fluoroquinolones, Figure S3. Multiple sequences alignment on the QRDR for GyrA WT ob-

tained through the UCSF Chimera program, Figure S4. Multiple sequences alignment on the QRDR 

for GyrA MT obtained through the UCSF Chimera program, Figure S5. Interactions with GyrA res-

idues MT from a) molecule 7 in P. aeruginosa, and b) molecule 5 in S. typhi; obtained after molecular 

coupling through the Discovery Studio program, Figure S6. Interactions with GyrA residues MT 

from a) molecule 7 in C. jejuni, and b) molecule 3 in N. gonorrhoeae; obtained after molecular coupling 

through the Discovery Studio, Figure S7. Structures of active and inactive compounds used for ret-

rospective docking, Figure S8. Blind docking result with active ligands in GyrA of E. coli, Figure S9. 

Blind docking result with inactive ligands in GyrA of E. coli, Figure S10. Molecular docking of the 

active ligands against the GyrA of P. aeruginosa, Figure S11. Molecular docking of the inactive lig-

ands against the GyrA of P. aeruginosa, Figure S12. Blind docking result with active ligands in GyrA 

of P. aeruginosa, Figure S13. Blind docking result with inactive ligands in GyrA of P. aeruginosa, Fig-

ure S14. Molecular docking of the active ligands against the GyrA of S. typhi, Figure S15. Molecular 

docking of the inactive ligands against the GyrA of S. typhi, Figure S16. Blind docking result with 

active ligands in GyrA of S. typhi, Figure S17. Blind docking result with inactive ligands in GyrA of 

S. typhi. 
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