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ABSTRACT

The irrational use of antibiotics is known to contribute to decreased effectiveness 
and therapeutic efficacy, ultimately leading to antimicrobial resistance. The 
discovery of new antibacterial agents through in silico modification of the 
pyrazoline structure is one strategic approach to address this issue. In this 
study, an acyl group was introduced into the pyrazoline structure to enhance the 
balance of polarity. The acyl moieties used for this modification were derived 
from saturated and unsaturated fatty acids. A total of seven lipophilic pyrazoline 
derivatives (C1–C7) were docked into the DNA gyrase, a DNA topoisomerase 
involved in DNA replication. The complex stability was evaluated using 
molecular dynamics simulations. The results showed that compounds C1, 
C3, and C5 exhibited high binding affinities, with binding energies of -32.64, 
-31.38, and -30.54 kJ/mol, respectively. Analysis of the chemical interactions 
indicated that the pyrazoline ring plays a key role in establishing hydrophilic 
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interactions with the catalytic residue Asp73, while the acyl group derived 
from saturated fatty acids contributes to hydrophobic interactions within the 
binding site. The C3–DNA gyrase complex demonstrated the highest stability 
compared to the other complexes. Therefore, compound C3 is suggested as a 
promising antibacterial candidate for future synthesis and in vitro validation.

Keywords: antimicrobial, fatty acid, molecular docking, molecular dynamics, 
DNA topoisomerase

INTRODUCTION

The discovery of antibiotics in the past has greatly contributed to saving 
human and animal lives from infectious diseases1. However, over time, certain 
pathogenic microorganisms have developed self-protection mechanisms 
against widely used antibiotics, a phenomenon known as antimicrobial 
resistance. The main causes of antimicrobial resistance include the excessive 
and irresponsible use of antibiotics across various sectors, such as human and 
animal healthcare, agriculture, food production, and even during wartime2. 
The discovery and design of new antibiotic compounds are among the key 
strategies to address this challenge. The development of new antibiotics 
increasingly involves advanced research approaches based on nanotechnology 
and computational methods, namely in silico techniques and fragment-based 
drug design3.

Currently, lipid-based antimicrobials are considered part of a new generation of 
antimicrobial agents derived from lipids, including fatty acids, monoglycerides, 
and their derivatives4-6. Several fatty acids, including lauric acid, capric acid, 
myristic acid, and oleic acid, as well as monoglycerides like monolaurin, 
monocaprin, monomyristin, and monoolein, have shown significant potential 
as broad-spectrum lipid-based antimicrobials7-10. However, due to their 
predominantly lipophilic nature, fatty acids and monoglycerides often face 
limitations in crossing bacterial cell membranes and may have restricted 
absorption or distribution within the human body11. To enhance their 
effectiveness, lipid antimicrobial compounds with lipophilic characteristics 
require a hydrophilic balance, which can be provided by combining them 
with other antimicrobial agents. In this context, polyphenolic compounds like 
vanillyl alcohol12 and vanillic acid13, as well as pyrazoline and its derivatives, 
have demonstrated promising antibacterial activity against both Gram-
positive and Gram-negative bacteria, largely due to their dominant hydrophilic 
properties14.



483Acta Pharmaceutica Sciencia. Vol. 64 No. 3, 2026

Fatty acids, which have a predominantly lipophilic profile, and pyrazoline 
derivatives, which are generally more hydrophilic, can be integrated through 
a chemical reaction that exploits the functional groups present in both 
compounds. This synthetic approach is expected to yield a new compound—
namely, a lipophilic pyrazoline derivative—with significant antibacterial 
activity and an improved balance between lipophilicity and hydrophilicity. An 
esterification reaction is a suitable strategy to link the carboxylic acid group 
(–COOH) of the fatty acid with the hydroxyl group (–OH) of the pyrazoline 
derivative. Both fatty acids and pyrazoline derivatives have demonstrated the 
ability to inhibit Gram-negative bacteria, particularly Escherichia coli6,14,15.

To confirm the antibacterial potential of the newly designed compound, this 
study aimed to investigate the inhibitory activity of lipophilic pyrazoline 
derivatives against the DNA gyrase enzyme using an in silico approach. 
DNA gyrase is a member of the DNA topoisomerase family that alters DNA 
topology by converting DNA between relaxed and supercoiled forms. This 
function makes DNA gyrase essential for DNA replication, transcription, and 
chromosome decondensation16. Notably, DNA gyrase is absent in mammalian 
cells but plays a crucial role in the DNA replication cycle of bacterial cells. 
Therefore, DNA gyrase is considered an important therapeutic target and a 
promising focus for the development of new antibacterial agents.

METHODOLOGY

Protein preparation and docking protocol validation

The DNA gyrase protein structure (PDB ID: 6YD9) was obtained from 
the RCSB Protein Data Bank and used as the targeted enzyme. Protein 
preparation involved separating the native ligand, repairing missing atoms, 
adding polar hydrogens, and assigning Kollman charges. The native ligand 
was also prepared by adding hydrogens, merging polar hydrogens, and saving 
the structure in PDBQT format. The reliability of the docking protocol was 
assessed by redocking the native ligand, with the protocol considered valid if 
the root mean square deviation (RMSD) value is below 2 Å17.

Tested ligand preparation

Compounds C1–C7, used as test compounds, were initially drawn as 2D 
structures using ChemDraw Professional 16. These structures were then 
converted into 3D conformations and subjected to preliminary geometry 
optimization using the MM2 force field in Chem3D 16. Further geometry 
optimization was carried out using the AM1 semi-empirical method with 
Gaussian 09 software. The optimized structures were prepared for molecular 
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docking using AutoDock Tools (ADT) version 1.5.6, following the same protocol 
as used for the native ligand. All prepared compounds were subsequently saved 
in PDBQT format.

Molecular docking

The prepared test compounds were subsequently docked into the DNA 
gyrase protein by defining the grid box coordinates and dimensions. The 
center of the grid box was set at x = 10.798, y = –4.991, and z = 6.743, with 
dimensions of 30 Å × 30 Å × 30 Å and a spacing of 1 Å. Molecular docking was 
performed by executing the configuration file via command prompt, using an 
exhaustiveness value of 16. The docking process generated ten conformations 
for each compound, along with their corresponding binding energies. The 
conformation with the lowest binding energy was selected for further analysis 
of chemical interactions. Visualization and interaction analysis of the selected 
ligand–protein complexes were carried out using BIOVIA Discovery Studio 
Client.

Molecular dynamics

Three compounds exhibiting the highest binding affinities from the molecular 
docking results were selected for further evaluation of their binding stability 
through molecular dynamics (MD) simulations. The MD simulations were 
carried out following the protocol described in a previous study using Gromacs 
202318. The resulting simulation trajectories were analyzed to determine the 
root mean square deviation (RMSD), root mean square fluctuation (RMSF), 
and the number of hydrogen bonds formed during the simulation.

RESULTS and DISCUSSION

Molecular docking

In this study, the design of antibacterial candidate compounds was carried 
out by modifying the pyrazoline structure, a five-membered heterocyclic ring 
known for its broad-spectrum antibacterial activity. Structural modification 
was achieved through the introduction of various saturated and unsaturated 
fatty acids to yield a series of acylated pyrazoline derivatives (Figure 1). The 
saturated fatty acids used include caprylic acid, capric acid, and lauric acid, 
while the unsaturated group consists of oleic acid, linoleic acid, linolenic acid, 
and ricinoleic acid. These fatty acids are well-documented for their broad-
spectrum antibacterial properties.
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Figure 1. New design of lipophilic pyrazolines and pyrazoline

The antibacterial potential of the acylated pyrazoline derivatives was evaluated 
using molecular docking against the target protein DNA gyrase. To validate 
the docking protocol, the known inhibitor compound 16a, serving as the native 
ligand, was re-docked into the active site of DNA gyrase. The superimposition 
between the native ligand (blue) and the re-docked ligand (green) is presented 
in Figure 2, yielding an RMSD value of 0.92 Å, which confirms the validity 
of the docking protocol19. Analysis of the molecular interactions revealed 
that compound 16a formed critical interactions with key amino acid residues 
within the binding site of DNA gyrase. Notably, hydrophilic interactions were 
observed between Asp73 and Arg136, mediated by hydrogen bonds involving 
the pyrrole ring and carbonyl moiety. In addition, a π-cation interaction 
between the benzene ring and Arg76 was identified, along with the formation 
of a salt bridge between the thiazole ring and Glu5020.
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Figure 2. The docking validation and chemical interaction visualization

Figure 3. Binding energies of standard ligand, parent ligand, and compound C1-C7
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The hydrophobic environment within the DNA gyrase binding site also 
contributes to stabilizing the interaction between inhibitor 16a and the 
enzyme21,22. These interactions involve various non-covalent forces, including: 
(a) a π–δ interaction between inhibitor 16a and the Thr165 residue; (b) 
an amide–π stacking interaction with Asn46; and (c) alkyl and π–alkyl 
interactions with residues Val43, Ala47, Val71, Ile78, Pro79, Val120, and 
Val167. The molecular docking results of the seven acylated pyrazoline 
derivatives, standard ligand, and pyrazoline against DNA gyrase yielded a 
range of binding energies, as illustrated in Figure 3. Ciprofloxacin is a broad-
spectrum antibiotic that acts through the inhibition of DNA gyrase and was 
utilized as a standard ligand. The binding energy and interaction profiles 
of ciprofloxacin were used as benchmarks for assessing the activity of the 
designed compounds. Ciprofloxacin exhibited a binding energy of -30.12 kJ/
mol. Analysis of the binding mode revealed key interactions within the active 
site, particularly a halogen bond with residue Arg76. In contrast, hydrophobic 
stabilization of the ciprofloxacin–protein complex was limited, with only a 
single alkyl interaction observed involving residue Ile78 (Figure 4). 

Figure 4. 2D and 3D interaction of ciprofloxacin compound at DNA gyrase
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Figure 5. 2D and 3D interaction of pyrazoline compound at DNA gyrase

The parent pyrazoline compound exhibited the most favorable binding energy 
among the evaluated ligands, with a value of -36.82 kJ/mol. The N1 atom of 
the pyrazoline ring contributed to complex stabilization through the formation 
of a hydrogen bond (Figure 5). In addition, π-electron resonance across the 
pyrazoline and benzene rings facilitated a π–cation interaction with residue 
Arg76. Several hydrophobic interactions were also observed, involving residues 
Val43, Ala47, Val71, Ile78, and Pro79. Collectively, these interactions indicate 
that the pyrazoline scaffold represents a promising lead structure for further 
structural modification toward the development of novel antibacterial agents.

Structural modification of the parent compound with various fatty acid 
derivatives yielded intriguing results that warrant further investigation. 
Among the derivatives bearing saturated fatty acid substituents, compound C1 
exhibited the highest binding affinity with a binding energy of –32.64 kJ/mol, 
followed by compounds C3 and C2 with binding energies of –31.38 and –30.12 
kJ/mol, respectively. Overall, the analysis of chemical interactions revealed 
that the nitrogen atom in the pyrazoline ring plays a critical role in forming 
hydrogen bonds with key amino acid residues, particularly Asp73 located in 
the polar region of the binding site (Figure 6)23. In addition, the benzene ring 
substituted with the acyl group forms a salt bridge with the Glu50 residue, 
while the carbonyl group in the acyl chain contributes to hydrogen bonding 
with Arg76.
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Figure 6. Molecular docking results of saturated lipophilic pyrazolines

An interesting phenomenon was observed regarding the effect of a long-
saturated acyl chain on the binding energy. The findings indicate that the 
elongation of the acyl chain in the lipophilic pyrazoline structure leads to a 
decrease in binding affinity, as seen in compounds C1 and C2. This outcome 
is likely due to conformational changes in the extended acyl chain, which 
causes the terminal portion to avoid interaction with several key amino acid 
residues in the hydrophobic site, namely His83, Ala90, and Ile94. These 
crucial interactions are present in compound C1 but are absent in compound 
C2 (Figure 7).
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Figure 7. Molecular docking results of unsaturated lipophilic pyrazolines

Among the lipophilic pyrazoline derivatives containing acyl moieties from 
unsaturated fatty acids, the compound substituted with linoleic acid showed 
the highest binding affinity, with a binding energy of –30.54 kJ/mol. However, 
the introduction of additional double bonds in the acyl chain was found 
to reduce the binding affinity, as observed in compounds C5 and C6. The 
increased number of double bonds leads to conformational changes in the acyl 
chain, which in turn results in the loss of key interactions with several amino 
acid residues in the hydrophobic site, particularly His83 and Ala90. This loss 
of interaction ultimately diminishes the binding affinity of the unsaturated 
lipophilic pyrazoline derivatives toward the enzyme.

To overcome the reduction in binding affinity caused by multiple double bonds 
in unsaturated lipophilic pyrazolines, a modification strategy was employed 
by introducing a ricinoleyl group into the pyrazoline backbone (Compound 
C7). However, molecular docking results revealed that the binding energy of 
Compound C7 was actually lower than that of Compound C5. The hydroxyl group 
of the ricinoleyl moiety formed a hydrogen bond only with the Asn46 residue, 
while no hydrophobic interactions with key residues including His83 and Ala90 
were observed. This lack of interaction contributes to the reduced binding 
affinity of Compound C7. A detailed summary of the chemical interactions 
between all seven compounds and DNA gyrase is provided in Table 1.
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Table 1. Chemical interaction of lipophilic pyrazolines

Compounds
ID

Compound 
Name

Interaction

Hydrogen 
Bond

Distance 
(Å) Hydrophobic Other

Native ligand Inhibitor 16a Asp73
Arg136

1.79
2.80

Val43, Asn46, 
Ala47, Val71

Ile78, Pro79, Val120, 
Thr165, Val167

Glu50
Arg76

Standard 
ligand Ciprofloxacin Thr165 2.90 Asn46, Ile78, Ile94

Glu50
Arg76
Gly77

- Pyrazoline Asp73
Thr165

2.42
3.20

Val43, Ala47, Val71, 
Ile78, Pro79, Val167

Glu50
Arg76

C1 Caprilil 
pyrazoline

Val71
Asp73
Thr165

3.53
2.53
3.68

Val43, Ala47, Ile78, 
Pro79,

Ala90, His83, Ile94

Glu50
Arg76

C2 Capril 
pyrazoline

Val71
Asp73
Arg76
Thr165

3.49
2.38
3.16
3.65

Val43, Ala47, Ile78, 
Pro79, Glu50

C3 Lauril 
pyrazoline

Asp73
Arg76
Thr165

2.36
3.13
3.21

Val43, Ala47, Val71, 
Ile78,

Pro79, Ile94
Glu50

C4 Oleil 
pyrazoline

Val71
Asp73
Arg76
Thr165

3.35
2.64
5.87
3.69

Val43, Ala47, Ile78, 
Pro79,

His83, Ala90, Ile94, 
Val167

Glu50

C5 Linoleil 
pyrazoline

Val71
Asp73
Arg76
Thr165

3.47
2.48
3.37
3.65

Val43, Ala47, Ile78, 
Pro79,

His83, Ala90, Ile94
Glu50

C6 Linolenil 
pyrazoline

Val71
Asp73
Thr165

3.35
2.50
3.60

Val43, Ala47, Ala53, 
Ile78,

Pro79, Ile94, Val167

Glu50
Arg76

C7 Risinoleil 
pyrazoline

Asn46
Asp73
Arg76
Thr165

1.47
2.45
5.69
3.16

Val43, Ala47, Val71, 
Ile78,

Pro79, Ile94
Glu50

Overall, the pyrazoline ring, particularly the N1 atom, was consistently observed 
to play a key role in stabilizing hydrophilic interactions across all modified 
compounds, notably with residue Asp73. Although the binding energies of the 
lipophilic pyrazoline derivatives were slightly lower than that of the parent 
pyrazoline compound, these modified ligands still exhibited several critical 
interactions at both the hydrophilic and hydrophobic regions of the enzyme. 
The acyl moiety primarily contributed to hydrophobic interactions, especially 
with residue Pro79. Moreover, the carbonyl group within the acyl chain further 
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stabilized the ligand–enzyme complex through hydrogen bond formation 
with residue Arg76. These interactions are likely responsible for the improved 
binding affinity of the modified compounds compared to ciprofloxacin. 
These findings collectively demonstrate that the modification of pyrazoline 
into lipophilic pyrazoline derivatives represents a promising strategy for the 
development of novel antibacterial candidates.

Molecular dynamics

The evaluation of chemical interactions as a function of simulation time was 
conducted for the three top-ranked compounds based on molecular docking 
results: C1, C3, and C5. The stability of each ligand within the binding site of the 
protein, before and after molecular dynamics simulation, was assessed through 
root mean square deviation (RMSD) analysis. A low RMSD value indicates 
that the ligand remains consistently stable in the binding site throughout the 
simulation period24.

Figure 8. RMSD ligand fit protein of three best compounds

The RMSD plot (Figure 8) revealed distinct behaviors among the three tested 
compounds. Compound C5 exhibited significant displacement from the binding 
site, with its RMSD value reaching 4.17 nm by the end of the simulation, indicating 
that the ligand had exited the binding pocket. Compound C1 remained in the 
binding site only during the initial phase of the simulation but gradually shifted 
until reaching equilibrium at around 20 ns. After this point, C1 maintained 
relatively stable binding, with an RMSD of 0.81 nm at the end of the simulation.
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In contrast to the other two compounds, compound C3 exhibited remarkable 
stability throughout the simulation. A slight increase in RMSD was observed 
only within the first 3 ns; thereafter, compound C3 remained stably bound 
within the binding site, maintaining a consistent RMSD value of approximately 
0.27 nm until the end of the simulation. These results indicate that compound 
C3 possesses the highest binding affinity and interaction stability compared to 
compounds C1 and C5.

Figure 9. RMSF plot for of three best compounds

The flexibility of amino acid residues in the protein-ligand complexes was 
analyzed using the RMSF (Root Mean Square Fluctuation) plot. As shown 
in Figure 9, the flexibility levels of several key residues within the binding 
site were evaluated. Overall, all three complexes exhibited a similar RMSF 
pattern, suggesting comparable positional fluctuations of amino acid residues 
throughout the simulation. Notably, critical residues within the binding site, 
such as Asp73 and Arg136, displayed RMSF values below 0.08 nm. These 
low values indicate structural rigidity, which contributes to the stability of 
ligand–enzyme interactions25. Similarly, residues involved in hydrophobic 
interactions—namely Val43, Asn46, Ala47, Val71, Ile78, Pro79, Val120, Thr165, 
and Val167—also consistently showed average RMSF values around 0.08 nm. 
This conformational stability of binding site residues supports the sustained 
interaction between the tested compounds and the target protein during the 
simulation.
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Figure 10. Number of hydrogen bond from: a) compound C1, b) compound C3, and compound C5

Hydrogen bonding, a type of non-covalent interaction, plays a significant 
role in the stability of ligand–enzyme complexes26. Among the three tested 
compounds (C1, C3, and C5), compound C3 exhibited the highest mean 
number of hydrogen bonds, with an average of 2.69. In comparison, compound 
C1 and C5 formed an average of 1.73 and 0.15 hydrogen bonds, respectively. 
The number of hydrogen bonds formed during the simulation is illustrated in 
Figure 10. Compound C5 showed inconsistent hydrogen bonding interactions 
throughout the simulation, indicating poor stability. Compound C1 maintained 
a single hydrogen bond during the early stage of the simulation (up to 12 ns), 
which then increased to three hydrogen bonds that persisted until the end of 
the simulation. In contrast, compound C3 consistently maintained up to four 
hydrogen bonds during the entire simulation period. These findings indicate 
that compound C3 exhibits the most stable interaction with the target protein. 
Therefore, compound C3 is proposed as a promising candidate for synthesis 
and further in vitro validation of its antibacterial activity.

A computational study was conducted to predict the inhibitory potency of 
lipophilic pyrazoline derivatives against DNA gyrase using molecular docking 
and molecular dynamics approaches. The findings revealed that the nitrogen 
atom of the pyrazoline ring plays a crucial role in forming hydrogen bonds 
with key amino acid residues at the catalytic site of the enzyme. Structural 
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modification of the pyrazoline scaffold through the introduction of a saturated 
acyl chain via esterification was shown to be more favorable than the use of 
an unsaturated acyl chain. The presence of a saturated acyl chain enhanced 
hydrophobic interactions, thereby increasing the binding affinity toward the 
enzyme. Based on all evaluated parameters, compound C3 was identified as 
the most promising candidate for DNA gyrase inhibition. Therefore, further 
investigation is proposed, including rational retrosynthetic analysis for the 
design of compound C3 and in vitro assays to confirm its antibacterial activity.
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