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Abstract:  This study reports the design and synthesis of a series of pyrazole Schiff bases and their evaluation 
as potential antibacterial agents against methicillin-resistant Staphylococcus aureus (MRSA). The compounds 
were synthesized via condensation of pyrazole amines with aromatic aldehydes and characterized using FT-
IR, NMR, and elemental analysis. Pharmacophore modeling and ADMET predictions indicated favorable 
pharmacokinetic properties. Among the synthesized derivatives, compound 7i showed the most promising 
results, with a docking score of -7.4 kcal/mol against the PBP2a enzyme of MRSA and a binding free energy 
of -42.8 kcal/mol from MM-GBSA calculations. Molecular dynamics simulations confirmed the stability of 
the 7i-PBP2a complex, while density functional theory (DFT) analysis revealed a HOMO-LUMO gap of 4.28 
eV, indicating strong stability and reactivity. Antibacterial studies demonstrated that compound 7i exhibited a 
minimum inhibitory concentration (MIC) of 84 µg/mL and a zone of inhibition of 10 mm at 100 µg, 
highlighting measurable activity against MRSA. Compared with standard antibiotics, these results suggest 
that pyrazole Schiff bases, particularly compound 7i, represent a novel structural class with potential as lead 
molecules for the development of new anti-MRSA agents. 

Index Terms: Pyrazole Schiff base; MRSA; Molecular docking; Molecular dynamics simulation; Drug 
design. 

I. INTRODUCTION  
Methicillin-resistant Staphylococcus aureus (MRSA) is considered one of the most dangerous pathogens 
associated with antimicrobial resistance (AMR) [1]. It has become a serious clinical and economic burden 
worldwide. According to the World Health Organization, nearly 700,000 people die every year due to 
antibiotic-resistant bacterial infections, and by 2050 this number could rise to 10 million annually if proper 
medical measures are not taken [2].  

S. aureus is responsible for a wide range of infections, and their treatment depends mainly on antibiotics that 
target essential bacterial processes such as cell wall synthesis, transcription, translation, and DNA replication. 
However, resistance develops rapidly through different mechanisms, including alteration of drug targets, 
enzymatic inactivation of antibiotics, enhanced efflux of drugs, and reduced uptake. This has created a major 
medical challenge, with high costs to both health and the economy  [2]. The discovery of penicillin in the 
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1940s was a breakthrough in antibacterial therapy, but resistance soon emerged [3]. Methicillin, a semi-
synthetic β-lactam introduced in 1959, also failed due to the emergence of MRSA [4]. Today, more than 90% 
of S. aureus strains are resistant not only to penicillin derivatives but also to many other antibiotics, such as 
aminoglycosides, macrolides, tetracyclines, chloramphenicol, and fluoroquinolones [5].  

MRSA acquires resistance to antibiotics primarily through the mecA gene, which is transferred via horizontal 
gene transfer and encodes the PBP2a protein. This protein enables cell wall synthesis even in the presence of 
β-lactam antibiotics. Additionally, MRSA may use efflux pumps to expel antibiotics from the cells, produce 
enzymes like β-lactamases to degrade antibiotics, and accumulate genetic mutations that confer resistance to 
multiple antibiotic classes. These mechanisms collectively allow MRSA to survive treatment and pose a 
significant challenge in infection control [6]. The combination of efflux pumps, β-lactamase production, and 
genetic mutations makes MRSA one of the toughest pathogens to control [7].  

Schiff bases are important in antimicrobial research because of their simple synthesis, versatile chemistry, and 
wide biological applications [7]. They can act as individual antibacterial agents or work synergistically with 
existing antibiotics to enhance activity. They are also able to target bacterial biofilms, which are often resistant 
to conventional therapy, making them valuable for infection control [8]. The era of heterocyclic-based 
antibacterial agents began with the discovery of penicillin, which targets cell wall synthesis by inhibiting the 
DD-transpeptidase enzyme. Although many researchers have developed derivatives of existing drugs, 
resistance has limited their effectiveness, highlighting the need for new drug candidates employing different 
mechanisms against MRSA [9]. Pyrazole derivatives are another well-known class of heterocyclic compounds 
with diverse pharmacological applications, including antibacterial [10], anticancer [11], anticonvulsant [12], 
antipyretic [13], antidepressant [14], and selective enzyme inhibition. Pyrazole moieties are already present 
in marketed drugs such as Apixaban, Celecoxib, Remogliflozin etabonate, Lonazolac, Fipronil, Tolpiprazole, 
and Deracoxib, which confirms their pharmaceutical relevance. 

Although Schiff bases and pyrazoles have shown strong biological activities individually, their combination 
as pyrazole Schiff base hybrids has not been widely explored against MRSA. In our design, we hypothesized 
that introducing electron-donating or electron-withdrawing substituents on the benzylidene part of the Schiff 
base would influence antibacterial potential by modulating interactions with PBP2a. This structural approach 
is expected to generate new variants that may help overcome common resistance mechanisms. Based on this 
hypothesis, we synthesized and characterized a new series of pyrazole Schiff bases and studied their 
antibacterial activity against MRSA using spectral analysis, molecular docking, molecular dynamics 
simulation, ADMET, DFT, and MIC assays (Fig. 1).  
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Fig. 1. Drug containing a pyrazole moiety. 

II. MATERIALS AND METHOD 
Chemicals and reagents were procured from Sigma Aldrich (Merck Pvt. Ltd., India). For column 
chromatography, Silica gel was purchased from Merck Pvt. Ltd. (Mumbai, India). TLC monitored the 
completion of the reaction. The FT-IR spectra were recorded on a PerkinElmer Spectrum Version 10.03.09. 
The 1H and 13C spectra (Agilent-NMR) were recorded using CDCl3 as solvent. Chemical shifts were reported 
in parts per million relative to tetramethylsilane as an internal standard. A water micro TOF QII mass 
spectrometer was used to determine the Mass. 

A. Synthesis of Pyrazole Schiff Bases 

Pyrazole Schiff bases were prepared by reacting aromatic aldehydes with pyrazole amine in a minimum 
quantity of ethanol. A catalytic amount of glacial acetic acid was added to the round-bottom flask. 
Subsequently, the reaction mixture was refluxed for 4 hours (Scheme 1). Progress and completion of the 
reaction were monitored by thin-layer chromatography using Ethyl acetate and n-hexane as the mobile phase. 
The product was precipitated by cooling the reaction mixture to room temperature, and then the precipitate 
was filtered and dried.  

 

Scheme 1. Synthetic route for the synthesis of pyrazole Schiff bases. 
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7a. 3-(benzylideneamino)-1H-pyrazol-5-ol 
FT-IR: 3542 (O-H), 2844 (C-H), 1612 (C=N). 1H NMR: δ 5.72 (1H, s, Pyr), 7.37 (3H, d, Ar-H), 7.94 (2H, d, 
Ar-H), 8.99 (1H, s, CH=N), 11.22 (1H, s,OH), 12.57 (1H, s, NH). 13C NMR: δ 123.8, 127.8, 128.4, 128.6, 
135.6, 150.9, 160.0, 161.7. Elemental Analysis: Calculated: For: C10H9N3O (in %):  C-64.16; H-4.85; N-
22.45. Found:C-63.98; H-4.74; N-22.58. 

7e. 3-((4-fluorobenzylidene) amino)-1H-pyrazol-5-ol 
FT-IR: 3526 (O-H), 2894 (C-H), 1640 (C=N). 1H NMR: δ 5.62 (1H, s, Pyr), 7.22 (2H, d, Ar-H), 7.62 (2H, d, 
Ar-H), 8.54 (1H, s, CH=N), 11.08 (1H, s, OH), 12.14 (1H, s, NH). 13C NMR: δ 115.2, 130.4,132.1, 155.6, 
158.2, 160.0, 165.1. Elemental Analysis: Calculated: For: C10H8FN3O (in %): C-58.54; H-3.93; N-20.48. 
Found: C-58.88; H-3.78; N-20.87. 

7f. 3-((4-nitrobenzylidene)amino)-1H-pyrazol-5-ol 
FT-IR: 3558 (O-H), 2920 (C-H), 1636(C=N). 1H NMR: δ 5.63 (1H, s, Pyr), 7.81 (2H, d, Ar-H), 8.31 (2H, d, 
Ar-H), 9.25 (1H, s, CH=N), 10.96 (1H, s, OH), 12.16 (1H, s, NH). 13C NMR: δ 123.8, 129.4, 135.6, 147.3, 
150.9, 160.0, 161.7. Elemental Analysis: Calculated for C10H8N4O3 (in %): C, 51.73; H, 3.47; N, 24.13. 
Found:C-51.44; H-3.22; N-24.37. 

7i. 3-((4-methylbenzylidene) amino)-1H-pyrazol-5-ol 
FT-IR: 3527 (O-H), 2884 (C-H), 1664 (C=N). 1H NMR: δ 2.34 (3H, s, CH3), 5.63 (1H, s, Pyr), 7.06 (2H, d, 
Ar-H), 7.24 (2H, d, Ar-H), 8.46 (1H, s, CH=N), 10.86 (1H, s, OH), 12.06 (1H, s, NH). 13C NMR: δ 21.3, 
123.8, 128.5, 129.1, 135.6, 141.5, 150.9, 160.0, 161.7. Elemental Analysis: Calculated: For C11H11N3O (in 
%): C-65.66; H-5.51; N-20.88. Found: C-65.31; H-5.43; N-20.54. 

7j. 3-((4-methoxybenzylidene) amino)-1H-pyrazol-5-ol 
FT-IR: 3512 (O-H), 2908 (C-H), 1638 (C=N). 1H NMR: δ 3.79 (3H, s, OCH3), 5.48 (1H, s, pyr), 7.24 (2H, 
d, Ar-H), 7.44 (2H, d, Ar-H), 8.64 (1H, s, CH=N), 10.64 (1H, s, OH), 12.14 (1H, s, NH). 13C NMR: δ 56.0, 
114.3, 123.8, 130.1, 135.6, 150.9, 160.0, 161.7. Elemental Analysis: Calculated: For:C11H11N3O2 (in %):C-
60.82; H-5.10; N-19.34. Found:C-60.74; H-5.24; N-19.48. 

B. Pharmacophore Model  

The anticipation of pharmacophoric features plays a crucial role in identifying the enhanced activity of 
synthesized pyrazole Schiff base compounds against penicillin-binding protein (PBP2a). In this study, the 
pharmacophore model was generated using the PHASE module implemented in Schrodinger. Numerous 
pharmacophoric features were identified around the active sites of the protein. From these, four key features 
were chosen to formulate a hypothesis regarding the ligand's interaction with the 1MWT protein.  

C. ADMET Prediction 

The ADMET screening was carried out for the five derivatives of the synthesized pyrazole Schiff bases to 
evaluate their pharmacokinetic properties. An ADMET (Absorption, Distribution, Metabolism, Excretion, and 
Toxicity) study is a comprehensive assessment of a drug's pharmacokinetics. This involves predicting the 
destiny of a drug and understanding the effects it induces within the body. Key aspects include determining 
the extent of drug absorption, particularly in oral administration and the gastrointestinal tract. This information 
is pivotal in comprehending the drug's behavior, potential neurotoxic and nephrotoxic effects, and overall 
disposition within the organism. In this work, ADMET predictions were performed using the pkCSM 
pharmacokinetics server (http://biosig.unimelb.edu.au/pkcsm/). This platform enabled the evaluation of 
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gastrointestinal absorption, blood–brain barrier permeability, P-glycoprotein substrate potential, cytochrome 
P450 inhibition profiles, and potential toxicity (including hepatotoxicity and nephrotoxicity). In essence, an 
ADMET study provides valuable insights into how a drug molecule is absorbed, distributed, metabolized, and 
excreted, as well as its potential for inducing toxicity. This comprehensive understanding is fundamental to 
the field of computational drug design, aiding in the identification and optimization of drug candidates during 
the drug discovery process. 

D. Molecular Docking Studies 
Molecular docking analysis was performed using MGL Tools 1.5.6 [15] and AutoDockVina [16], [17] to 
evaluate the inhibitory potential of the 7i molecule against Penicillin G acyl-Penicillin binding protein 2a from 
Methicillin-resistant Staphylococcus aureus (MRSA). The three-dimensional X-ray crystal structure of the 
protein (PDB ID: 1MWT) was obtained from the Protein Data Bank (www.rcsb.org) in PDB format. Non-
polar hydrogen atoms were incorporated into the protein structure using AutoDock Tools (ADT), followed by 
energy minimization for structural optimization and the removal of unfavourable contacts. The prepared 
protein structure was saved in PDBQT format, a format compatible with AutoDockVina for docking 
simulations. [18]. To identify the protein's active site, a grid box with dimensions of 60 Å (x), 60 Å (y), and 
60 Å (z) was created, centered at coordinates (x=-36.765, y=46.021, z=66.777) to encompass the binding site. 
AutoDockVina 1.5.6 was used for the docking process, allowing the 7i molecule to dock into the protein's 
active site. This algorithm explored various ligand conformations and predicted their binding affinities to the 
receptor. The interactions between the 7i molecule and the protein were subsequently visualized and analysed 
using Biovia Discovery Studio 2019 visualizer. [19]. 

E. Molecular Dynamics Simulation 
The dynamics simulation of a protein-ligand complex was performed using the academic version of the 
Desmond modules in the Schrodinger 2020-22 suite [20]. MD simulation setup: The purpose of the MD 
simulation was to assess the stability of the protein-ligand complex inside the active site of the targeted protein. 
The system was prepared by immersing TIP3P water molecules into an orthorhombic box. The water 
molecules were represented using a simple point-charge model. The OPLS3 force field was applied to 
parameterize and assess the complex, ensuring an accurate representation of the intermolecular interactions 
[21]. Compound introduction: A conjugated algorithm was employed to introduce the ligand compound into 
the system. This algorithm helps to position the ligand in a reasonable starting conformation, ensuring 
convergence with a threshold of 1 kcal/mol. This step is essential to properly initialize the ligand in the active 
site and allow it to interact with the protein. System relaxation: The relaxed system, including the protein-
ligand complex and solvated water molecules, underwent energy minimization to remove any steric clashes 
and unfavourable contacts. This process helps to stabilize the system and achieve an energetically favourable 
starting point for the subsequent MD simulations. Molecular dynamics simulation: The system was subjected 
to 100 ns of molecular dynamics (MD) simulations. The simulations were performed in the NPT ensemble, 
maintaining a pressure of 1 bar using the Marryana-Tobias-Klein barostat. The temperature was kept constant 
at 300 K using the Nose-Hoover thermostat. These conditions simulate a realistic environment and allow the 
system to equilibrate and explore different conformations and interactions. Evaluation of stability and 
interactions: The stability of the protein-ligand complex and its interactions were assessed using the root mean 
square deviation (RMSD) and root mean square fluctuations (RMSF). RMSD measures the average deviation 
of the protein-ligand complex structure from the starting conformation throughout the simulation. RMSF 
provides information about the flexibility and fluctuations of individual residues within the complex. These 
analyses help to understand the dynamic behaviour and stability of the complex during the simulation [22]. 

F. MM-GBSA 
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The MM-GBSA method is commonly employed to calculate the binding free energy of complex systems. In 
this study, the Prime MM-GBSA module within the Desmond modules of the Schrodinger 2020-2 suite 
software was utilized to determine the binding free energy of the compound 7i when bound to the PBP2a 
protein [23]. The use of an MD simulation trajectory enhances the accuracy of the MM-GBSA calculations 
compared to other scoring functions. [24]. This approach allows for a more comprehensive analysis of the 
protein-ligand complex and provides valuable insights into the thermodynamics of binding. [25]. 
 
G. Quantum Computational Analysis 
The structural geometry of the 7i molecule was optimized and its energy was calculated using DFT with the 
6-311++G(d,p) basis set in Gaussian 09 [26]. The DFT calculations employed a three-parameter hybrid 
exchange function and the LYP correlation function. [27]. Frontier molecular orbitals (FMOs) and molecular 
electrostatic potential (MEP) were derived from the optimized geometry. The estimation of FMOs, their 
energy gap, and related global reactive parameters was done using Koopman’s approximation. [28]. 
Visualization of FMOs was conducted with GaussView 6.0 software [29]. 

H. Antimicrobial Studies 

Methicillin-resistant Staphylococcus aureus (MRSA) strain ATCC43300 was employed in antimicrobial 
assays for both minimum inhibitory concentration (MIC) and zone inhibition by the broth dilution method and 
disc diffusion method. [30]. 

• Broth Dilution Method for Determination of the MIC 

The MRSA cultures were grown in particular broths for 16-18 h at 37°C to obtain cell suspensions. The cell 
density was adjusted to 1 × 10^6 cells/mL using a McFarland Standard of 0.5. Stock solutions of the 
appropriate concentration (100 mg/mL) were then prepared in suitable solvents and diluted with media (2X) 
to obtain the final concentrations indicated by the dilution series. Synthesized compounds had different doses 
ranging from 1 mg/mL for each mL of 0.5, to 0.015 mg/mL, and Clindamycin’s drug concentration, analysed 
was (8 µg/mL: 8 to 0.125 µg/mL) was prepared in Mannitol salt broth. Synthesized compounds were not 
added to the control (mannitol salt) broth during the inoculation process. Potato dextrose broth without any 
medication was prepared in control wells, while 90 µL of test samples/standards of various concentrations 
were combined with 10 µL of inoculum in 96-well plates. The OD values were measured at an optical density 
of approximately 590 nm after 24 hours of incubation at 35°C. The colour was changed from blue to pink 
when resazurin solution (0.015%) was added to each well and further incubated for another 4-6 hours, turning 
it into a purple-blue color. The highest MIC value detected in the dilution series was considered the 
concentration of MIC [31], [32]. 

• Disc Diffusion Method for Determination of Zone of Inhibition 

Synthesized compounds were assessed for the zone of inhibition using Mannitol Salt Agar with Oxacillin from 
Himedia against MRSA. Inocula were prepared from bacterial cultures grown in respective broths at 37°C for 
16-18 hours, with cell density adjusted to 1x106 cells/ml using the 0.5 McFarland Standard. Growth 
requirements indicated that the organism is a facultative anaerobe in mannitol salt broth as well as on plates. 
Synthesized compounds (100 mg/mL), including a sample and Clindamycin (0.1 mg/mL) as a standard, and 
DMSO control, were used. The agar plates (90 mm) were then screened with inoculum mixed with water to 
make them spreadable uniformly, and wells of about 5 mm in diameter were cut out from the surface of the 
agar plate aseptically. Then, these wells were loaded with synthesized compounds (5 µl, 10 µl, and 20 µl; each 
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at a concentration of 100 mg/mL) and Clindamycin (10 µl, concentration: 0.1 mg/mL). Incubation was 
conducted at 37°C for 24 hours, and subsequently, zones of inhibition were observed. [33]. 

III. RESULTS AND DISCUSSIONS 
A. Chemistry  
The structure of the synthesized pyrazole Schiff base compounds was confirmed by different spectral 
techniques, FT-IR, 1H-NMR, and HRMS. The theoretical values of the elemental analysis are in good 
agreement with the experimental values (Table 1), which lie within ± 0.4 % [34]. FT-IR spectra were recorded 
using KBr pellets in the range of 4000-400 cm-1. IR spectra of compound 7i show that the band at 1664 cm-1 
corresponds to the C=N vibration characteristic of imines, and the absorption band at 2884 cm-1 is due to 
aromatic C-H stretching [35], [36]. The 1H-NMR spectra of the oxadiazole Schiff base were recorded using 
CDCl3. Their peak multiplicity and integration assigned the expected resonances. The spectral integration 
shows good accordance with the synthesized Schiff bases. The 1H-NMR peak at δ 9.25 ppm is due to the imine 
proton, which confirms the formation of the Schiff base [37]. The proton spectral data are in good accordance 
with the number of protons and their chemical shifts with the proposed structure. Mass spectra of the 
synthesized Schiff bases showed an M+ fragmentation peak in agreement with their molecular formula [38]. 

Compound Substituent (Ar) Structural description Molecular 
formula 

7a Phenyl (-C6H5) 3-(Benzylideneamino)-1H-pyrazol-5-ol C10H9N3O 
7e p-Fluorophenyl (-

C6H4F) 
3-((4-Fluorobenzylidene)amino)-1H-
pyrazol-5-ol 

C10H8FN3O 

7f p-Nitrophenyl (-
C6H4NO2) 

3-((4-Nitrobenzylidene)amino)-1H-
pyrazol-5-ol 

C10H8N4O3 

7i p-Methylphenyl (-
C6H4CH3) 

3-((4-Methylbenzylidene)amino)-1H-
pyrazol-5-ol 

C11H11N3O 

7j p-Methoxyphenyl 
(-C6H4OCH3) 

3-((4-Methoxybenzylidene)amino)-1H-
pyrazol-5-ol 

C11H11N3O2 

Table 1. Summary of synthesized pyrazole Schiff bases and their substituents. 

B. Pharmacophore Model  

The resulting four-featured hypothesis comprised two acceptor groups, one donor group, and one aromatic 
ring group. The developed pharmacophore yielded approximately 14 modules with varied pharmacophoric 
features. Among the generated pharmacophoric features, the AHRRR (Acceptor, Hydrophobic, Ring 
Aromatic) five-featured model was deemed the most optimal based on the site score, as detailed in Table 2. 
This selected model, with its five features, effectively distinguished the synthesized compounds into active 
and inactive categories, employing fitness scores and volume scores (refer to Table 2). Notably, compound 
7i exhibited a commendable fitness score of 3. All five compounds (7a, 7e, 7f, 7i, and 7j) were subsequently 
subjected to ADMET analysis for further evaluation. 
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Compound Vector 
score 

Volume 
score 

Site 
score 

Fitness 
score 

Structure Docking 
score 

Active 
 
 
 

7a 

 
 
 
1 

 
 
 

0.969 

 
 
 

0.99 

 
 
 

2.969 

 

-7.0 

7e 1 0.995 0.99 2.995 

 

-7.2 

7f 1 0.936 0.99 2.935 

 

-7.2 

7i 1 1 1 3 

 

-7.3 

7j 1 0.938 0.99 2.937 

 

-7.1 

Table 2. Pharmacophore Model results of novel synthesized pyrazole Schiff base compounds. 

C. ADMET Prediction 

The ADMET properties of the five derivatives exhibit notable similarities, prompting a meticulous evaluation 
and comparison of each property among the derivatives. Essential criteria for a compound to be considered 
for drug administration include low toxicity. Among the five compounds, 7a and 7f displayed AMES toxicity, 
leading to their exclusion from further assessment. Further analysis focused on the Oral Rat Chronic Toxicity 
(LOAEL), where compound 7i demonstrated significantly lower toxicity compared to the other two 
compounds, making it a favourable choice. Additionally, other toxicity parameters showed marginal 
differences, warranting further comparison and analysis [39]. Compound 7i displayed a moderate level of 
absorption and distribution. The metabolic profiles of all five compounds were essentially similar. Although 
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7j exhibited the highest total clearance value, 7i also demonstrated a commendable value of 0.504 log 
ml/min/kg, indicating favourable excretion properties. A comprehensive summary of these results is provided 
in Tables 3, 4, and 5. 

Table 3. ADMET analysis: Absorption and Distribution results of novel synthesized pyrazole Schiff base compounds. 

 

Table 4: ADMET analysis: Metabolism and Excretion results of novel synthesized pyrazole Schiff base compounds. 

 

Table 5. ADMET analysis: Toxicity results of novel synthesized pyrazole Schiff base compounds. 
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D. Molecular Docking 
To support the results of the in vitro biological assays, we conducted a detailed molecular docking analysis 
for compounds 7a, 7e, 7f, 7i, and 7j to evaluate their binding affinity toward the crucial bacterial resistance 
protein, Penicillin G Acyl-Penicillin Binding Protein (PBP2a). This protein, derived from MRSA strain 27r, 
has been structurally resolved at a 2.45 Å resolution. It plays a central role in MRSA’s resistance mechanism 
by maintaining its transpeptidase activity even in the presence of β-lactam antibiotics, due to its markedly low 
affinity for these drugs [40]. As a result, PBP2a bypasses the inhibitory effects on conventional penicillin-
binding proteins, sustaining cell wall synthesis and conferring high-level resistance. Using the crystal structure 
(PDB ID: 1MWT), all five ligands were docked into the active site of PBP2a, and their docking scores were 
compared. Among them, compound 7i showed the strongest interaction, with a docking energy of -7.4 
kcal/mol, indicating a more stable and favorable binding than the other analogs (Fig. 2) [41]. This result 
positions compound 7i as a promising candidate for further development as an anti-MRSA agent [42]. 

 

Fig. 2. Molecular docking: (a) surface and (b) cartoon model representation of the targeted protein, where 
the 7i molecule is bound inside the active site. 

To examine the nature of the binding in more detail, especially for compound 7i, we analyzed the docking 
results using Discovery Studio Visualizer, which provided clear surface and cartoon representations of the 
protein-ligand complex (Fig. 2). The ligand was well accommodated within the binding pocket of the receptor, 
with its pyrazole ring and benzene centroid playing a significant role in the interaction. Notably, the nitrogen 
atoms of the pyrazole unit formed hydrogen bonds with two key residues: ASN464 and SER462, with bond 



Volume 02 - Issue 01 (January 2026)                              DOI: 10.64823/ijter.2601004                                   ISSN: 3068-109X 

 
2126-0121-1003 International Journal of Technology & Emerging Research (IJTER) | www.ijter.org 42 

 

distances of 2.34 Å and 2.91 Å, respectively. These bonds were mediated by the lone pairs and hydrogen atoms 
on the pyrazole’s nitrogen, forming a highly stable interaction network, as shown in Fig. 3 and detailed in 
Table 6 [43]. Furthermore, TYR446 contributed additional stabilization through π–π T-shaped stacking and 
π–alkyl interactions with the benzene ring and methyl groups of the ligand (Table 6; Fig. 3) [44]. HIS583 also 
played a role in maintaining the ligand orientation through interactions with the same moiety. The combined 
influence of these hydrogen bonds, aromatic stacking, and hydrophobic interactions ensured that compound 
7i remained securely positioned in the active site throughout the simulation. This binding configuration was 
further validated through molecular dynamics simulations, which confirmed the robustness and persistence of 
the protein-ligand interactions over time. 

 
Fig. 3. 2D view of interactions between the 7i molecule and 1MWT protein. 

 
Table 6. Detailed amino acid residue-ligand interactions in the active site of the protein. 

 
 
 

PDB ID Residue Ligand Interaction Type Distance 

 

 

 

 

1MWT 

ASN464 Pyrazole NH  Conventional hydrogen bond 2.34 

ASN464 Pyrazole nitrogen π-donor hydrogen bond 3.13 

SER462 Centroid of the pyrazole ring Conventional hydrogen bond 2.91 

TYR446 Centroid of benzene ring  π-π T-shaped 4.18 

TYR446 CH3 carbon π-carbon 5.34 

HIS583 Centroid of benzene ring π- π carbon 4.52 

HIS583 CH3 carbon π-carbon 5.09 
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E. Molecular Dynamics Simulation  
To investigate the conformational integrity and dynamic behavior of the protein–ligand complex, a 100ns 
molecular dynamics (MD) simulation was conducted using the PBP2a protein and the 7i molecule as the 
interacting system. This long-term simulation was designed to mimic physiological conditions, enabling a 
comprehensive evaluation of the complex’s structural stability and binding interactions over time. A central 
parameter examined during the simulation was the Root Mean Square Deviation (RMSD), which served as a 
measure of how much the atomic positions of the protein and ligand fluctuated relative to their initial 
conformation [45]. Beyond structural displacement, special attention was paid to the quality and consistency 
of intermolecular interactions, including hydrogen bonding, π–π stacking, and hydrophobic forces, which are 
essential in sustaining the ligand's occupancy within the active site [46]. These analyses provided critical 
insights into the stability of the interaction throughout the simulation period. A detailed visual breakdown of 
these metrics is provided in Fig. 4, which highlights the structural and dynamic attributes of the complex. The 
results reinforce the conclusion that compound 7i maintains a stable and bioactive binding mode with PBP2a. 
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Fig. 4. (a) RMSD of protein and ligand, (b)RMSF of protein, and (c) Fingerprints of protein-ligand 
interactions during the simulations. 

As illustrated in Fig. 4a, the RMSD profile shows the time-dependent structural changes for both the ligand 
and the protein across the 100 ns simulation. Compound 7i displayed an initial adjustment phase before 
stabilizing in the binding pocket, maintaining an average deviation of approximately 3.9 Å, indicating 
successful accommodation within the active site [47]. On the other hand, the PBP2a protein underwent a short 
equilibration period during the first 20 ns, after which its conformation remained largely stable, with RMSD 
values ranging between 2.4 and 5.8 Å. This steady behavior suggests minimal global structural fluctuations. 
Further investigation using Root Mean Square Fluctuation (RMSF), presented in Fig. 4b, revealed that the 
residue-level flexibility ranged from 1 to 7 Å, with most active site residues showing fluctuations below 3 Å, 
pointing to their rigid and well-maintained structure. These observations jointly confirm that compound 7i 
remained securely bound within the active site. In contrast, the protein structure remained conformationally 
stable, reinforcing the overall robustness of the complex under simulated physiological conditions [48]. 
A more detailed analysis of ligand–receptor interactions was performed using interaction fingerprint mapping, 
as shown in Fig. 4c. This analysis revealed the persistence of several critical hydrogen bonds formed by 7i 
with key residues of PBP2a, specifically SER462, ASN464, TYR519, GLY520, and GLN521. Among these, 
ASN464 and SER462 were particularly significant, forming stable hydrogen bonds with the pyrazole nitrogen 
of 7i for approximately 93% and 70% of the simulation duration, respectively. These interactions played a 
foundational role in anchoring the ligand in the binding pocket. Additionally, TYR519 and GLY520 
contributed to binding stability through hydrophobic contacts and water-mediated bridging interactions. 
Together, these long-lived, cooperative interactions exemplify the complex network of non-covalent forces 
that preserve the spatial arrangement of the ligand during simulation. Overall, the results highlight the crucial 
role of hydrogen bonding and hydrophobic interactions in maintaining a dynamically stable and specific 
binding between 7i and the PBP2a protein. 

F. Molecular Mechanics Generalized Born Surface Area (MM-GBSA) 
MM-GBSA analysis was used to assess the binding free energy between compound 7i and the target protein 
[49]. This calculation was carried out by analyzing the MD simulation trajectory over a 100 ns period, with 
MM-GBSA analysis conducted for each frame at 10 ns intervals. The complex structure of 7i-PBP2a 
underwent a thorough examination, revealing a notably negative net binding free energy of -42.81kcal/mol 
[50]. This suggests a substantial contribution of the binding free energy to the stability of the complex. 
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Consequently, the favorable energetics of the 7i-PBP2a interaction are pivotal for maintaining complex 
stability (Fig. 5). 

 
Fig. 5. Evaluated MM-GBSA binding energies for the 7i-PBP2a complex. 

 
G. Molecular Geometry Optimization of Compound 7i 
To understand the electronic configuration and charge distribution of compound 7i at a quantum chemical 
level, we employed Density Functional Theory (DFT) calculations using Gaussian 16 software, applying the 
B3LYP/6-311+G(d,p) basis set. The optimized molecular structure, shown in Fig. 6a, reveals the spatial 
arrangement and geometrical parameters critical for its electronic behavior. Further insight was obtained 
through the Molecular Electrostatic Potential (MEP) map, depicted in Fig. 6b, which displays zones of varying 
electron density across the molecular surface. The analysis shows that positive electrostatic potential is 
concentrated on the pyrazole NH group and its adjacent hydrogen atoms, indicating regions susceptible to 
nucleophilic attack or electron acceptance. Conversely, electron-rich domains were observed at the pyrazole 
nitrogen lone pair and benzene ring centroid, serving as electron donor sites. These features underscore the 
internal polarity of the molecule and highlight areas likely to engage in intermolecular interactions [51]. 
In parallel, the Frontier Molecular Orbitals (FMOs), including the Highest Occupied Molecular Orbital 
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO), were visualized to evaluate the molecule's 
charge transfer potential. As illustrated in Fig. 6, the HOMO and LUMO orbitals are rendered in three-
dimensional form with lobes marked in pink and green, representing their positive and negative phases, 
respectively. The computed HOMO–LUMO energy gap was determined to be 4.283 eV (Fig. 7), indicating a 
relatively wide band gap that reflects strong chemical stability and suggests good electron transfer properties 
[52]. The electron density in the HOMO was primarily distributed over the pyrazole unit, the C=N double 
bond in the Schiff base, and parts of the benzene rings. In contrast, the LUMO density was more localized 
around the central benzene core. This spatial separation suggests that electron excitation would involve charge 
redistribution between these distinct π-conjugated regions, relevant for applications involving optical or redox 
activity. 
To further characterize the chemical reactivity of compound 7i, a series of global descriptors was calculated 
based on orbital energy values, and the results are summarized in Table 7. These include the electrophilicity 
index (ω), chemical potential (ν), global hardness (η), and softness (s). The recorded EHOMO and ELUMO 
values suggest that the molecule could support photoactive or biologically relevant electronic transitions. 
Specifically, the compound showed a low global hardness of 2.141 eV, paired with a highly negative chemical 
potential of -3.873 eV, indicating that it is a soft and highly polarizable molecule. Moreover, the 
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electronegativity and electrophilicity index measured at 3.873 eV and 3.502 eV, respectively, reflect the 
molecule's strong electron-withdrawing capacity, suggesting its potential as an electrophilic species capable 
of participating in biological targeting or catalytic transformations [53]. 

 

Fig. 6. (a) 3-dimensional DFT geometry optimized electronic structure and (b) Molecular electrostatic 
potential plot of 7i compound. 

 

Fig. 7. Three-dimensional plots of the HOMO and LUMO of 7i with their energy gap value. 
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Parameter Molecule value 

EHOMO (eV)  -6.015 

ELUMO (eV) -1.731 

Energy gap (ΔE) (eV)  4.283 

Ionization potential (IP) (eV) 6.015 

Electron affinity (EA) (eV) 1.731 

Electronegativity (χ) (eV)  3.873 

Chemical potential (μ) (eV) -3.873 

Global Hardness (η) (eV) 2.141 

Softness(σ) (eV-1) 0.466 

Global Electrophilicity (ω) (eV) 3.502 
 

Table 7. Global chemical reactivity descriptors of the 7i molecule calculated using DFT at the B3LYP/6-
311+G(d,p) level of theory. 

H. Antibacterial Studies 
• MIC Assay  
The minimum inhibitory concentration (MIC) values of the synthesized pyrazole Schiff base compounds 
against MRSA are presented in Table 8. The results demonstrate that antibacterial activity is influenced by the 
nature of the substituents on the benzylidene moiety. Compounds with electron-withdrawing groups, such as 
the nitro group in 7f and the fluoro group in 7e, showed the lowest MIC values, indicating stronger 
antibacterial activity [54]. In contrast, compounds with electron-donating groups, such as the methyl group in 
7i and the methoxy group in 7j, exhibited comparatively higher MIC values, while the unsubstituted derivative 
7a also showed reduced potency. Overall, the MIC study highlights a clear structure–activity relationship, 
where electron-withdrawing substituents enhance antibacterial potency, whereas electron-donating or 
unsubstituted systems result in moderate to weak activity.  

Compound MIC (µg/mL) 
7a 92 
7e 75 
7f 71 
7i 84 
7j 96 

Table 8. MIC values for synthesized triazoline compounds 
 
• Zone of Inhibition Assay 
Clindamycin, an antibiotic used as a standard at 100 µg in the zone inhibition assay against the MRSA strain, 
had a zone of inhibition of 16 mm, indicating slight resistance to MRSA. In contrast, the control sample, which 
contained only DMSO, showed no inhibition. Compound 7i exhibited different responses at various 
concentrations. It showed no inhibition at two concentrations: 25 µg and 50 µg, but resulted in an inhibition 
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zone of diameter measuring about 10mm when used at 100 µg (Fig. 8); this moderate inhibitory effect 
indicates its effectiveness against MRSA’s replication process. 
 

 
Fig. 8. Zone of inhibition assay of compound 7i against MRSA strain: A- Standard (Clindamycin; 

50μg/well), B- Control (DMSO), C- Sample (25μg /well), D-Sample (50μg /well), E- Sample (100μg/well). 
 

IV. CONCLUSION 
In this study, a series of pyrazole Schiff bases was designed and synthesized for their potential antibacterial 
activity against MRSA. Structural characterization was confirmed by FT-IR, 1H NMR, 13C NMR, and 
elemental analysis, which validated the successful formation of the imine (C=N) group and the expected 
substitution patterns in the synthesized derivatives. These spectral results provided strong evidence for the 
purity and correct structure of the compounds. Utilizing a comprehensive approach that encompassed 
pharmacophore modeling, ADMET screening, molecular docking, molecular dynamics simulations, and 
Density Functional Theory calculations, compound 7i emerged as a promising candidate. It exhibited high 
binding affinity and favourable pharmacokinetic properties, making it a valuable lead compound. Detailed 
analysis of the protein-ligand interactions underscored the significance of hydrogen bonding and hydrophobic 
interactions in stabilizing the complex, while molecular dynamics simulations confirmed its stability. 
Electronic structure and reactivity analysis revealed 7i’s favourable stability, softness, and electrophilic nature, 
supporting its potential as a drug candidate. The combined spectral, computational, and biological findings 
identify compound 7i as a promising scaffold for combating antibiotic-resistant MRSA strains, warranting 
further optimization and development in the fight against resistant pathogens. 
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