


Original Research Article
Synthesis, Characterization and Molecular Docking Study of Erlotinib Linked 1,2,3-Triazole Derivatives

[bookmark: _GoBack]

Abstract
A novel series of Erlotinib-linked 1,2,3-triazole derivatives (3a–g) was designed and synthesized via Cu(I)-catalyzed azide–alkyne cycloaddition (click chemistry). The synthesized compounds were structurally confirmed using 1H and 13C NMR spectroscopy. Considering the pharmacological relevance of triazole scaffolds, molecular docking studies were performed against the mycobacterial enoyl-acyl carrier protein reductase (InhA, PDB ID: 4TZK), a validated target for antitubercular drug discovery. All compounds exhibited favorable binding affinities, supported by key hydrogen bonding and hydrophobic interactions within the active site. Furthermore, 100 ns molecular dynamics (MD) simulations demonstrated the stability of protein–ligand complexes, as evidenced by RMSD, RMSF, and interaction analyses. The results suggest that these hybrids represent promising scaffolds for further antitubercular optimization.
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Introduction 
Infectious diseases remain a major global health challenge, driven by a wide range of pathogenic microorganisms, including bacteria, fungi, and viruses. Among these, tuberculosis (TB), caused by Mycobacterium tuberculosis, continues to be a leading cause of morbidity and mortality worldwide [1]. According to the World Health Organization TB report, approximately 1.23 million deaths were attributed to TB in 2024, including 150,000 among individuals with HIV [2]. TB remains the leading cause of death from a single infectious agent and is among the top ten causes of death globally. In the same year, an estimated 10.7 million people developed TB, comprising 5.8 million men, 3.7 million women, and 1.2 million children. Despite its global presence across all age groups, multidrug-resistant TB (MDR-TB) continues to pose a serious public health and health security threat, with only about 40% of affected individuals receiving appropriate treatment.
Nitrogen-containing heterocycles, particularly azoles, represent an important class of compounds exhibiting diverse biological activities, including antifungal, antibacterial, antimalarial, anti-inflammatory, and antitubercular effects [3,4]. Recent studies, such as those by Wang et al., have highlighted triazine–triazole derivatives as promising α-glucosidase inhibitors [5]. Additionally, N-phenylacetamide and phenoxy acid derivatives have been reported to exhibit a wide spectrum of pharmacological activities, including anticancer [6], antiviral [7], antitubercular [8], anti-inflammatory [9], hypoglycemic [10], antibacterial [11], antioxidant [12], and multidrug resistance-reversing properties. Similarly, Bali et al. described acetophenone-based piperazine derivatives as potential antipsychotic agents [13].
Collectively, these findings suggest that structural motifs such as acetylphenoxymethyl, triazole, and N-phenylacetamide frameworks possess significant pharmacological potential [14]. In continuation of our ongoing efforts toward the synthesis of biologically active molecules [15], we report herein the design and synthesis of novel Erlotinib-linked 1,2,3-triazole derivatives. Furthermore, molecular docking studies were performed to evaluate their interaction with the bacterial enzyme enoyl-acyl carrier protein reductase (InhA), a key target in antitubercular drug development.

2.. Chemistry
For the synthesis of the title compounds, we have used purchased Erlotinib Hydrochloride   (1). The click reaction of Erlotinib Hydrochloride alkyne (1) and substituted azidobenzenes (2a-g) in presence of CuSO4.5H2O and sodium ascorbate in THF and water was performed to furnish corresponding triazole derivatives (3a-g) in good yields as depicted in Scheme 1. The structures of all target compounds were confirmed by nuclear magnetic resonance (1H NMR and 13C NMR).


Scheme 1: Synthesis of Erlotinib Linked 1,2,3-Triazole Derivatives
Table 1. Physical properties of Erlotinib linked 1,2,3-triazole derivatives
	Entry
	Triazole derivatives
	Yield
(%)a
	M. P. (oC)

	3a
	

	87
	97-100

	3b
	

	90
	84-87

	3c
	

	85
	88-90

	3d
	

	82
	130-133

	3e
	

	83
	91-96

	3f
	

	90
	105-107

	3g
	

	90
	86-88



3. Computational Study
3.1. Molecular docking
Molecular docking is a powerful computational tool widely used in structure-based drug design to predict ligand–protein interactions and binding affinity [17]. In the present study, docking simulations were performed using the Glide module of Schrödinger Suite against the crystal structure of InhA (PDB ID: 4TZK).
The prepared protein structure revealed a well-defined active site comprising key residues such as SER13, ILE15, ILE16, THR17, ARG49, and HIS93. Docking results indicated that all synthesized compounds exhibited favorable binding within the active pocket, with an average Glide score of −2.93 and binding energy of −44.57 kcal/mol.
Key Interactions
· Hydrogen bonding: SER13, THR17, ARG49, HIS93 
· Hydrophobic interactions: ILE15, ILE16, ILE50, VAL92 
· Electrostatic interactions: ARG49 and HIS93 
These interactions suggest strong ligand stabilization within the binding cavity. Notably, compound 3g exhibited the most favorable binding conformation, indicating its potential as a lead molecule.
3.2. Molecular Dynamics Simulation
To validate docking results, a 100 ns molecular dynamics simulation was performed using the Desmond package under NPT conditions at 300 K.
Key Observations
· Protein RMSD: Stable within 1–3 Å, indicating structural integrity 
· Ligand RMSD: Minimal deviation, confirming stable binding 
· RMSF: Reduced flexibility at binding residues 
· SSE Analysis: No major conformational changes observed 
Interaction Stability
· Persistent hydrogen bonding 
· Stable hydrophobic contacts 
· Presence of water bridge interactions 
· Favorable ligand torsional stability 
These results confirm that the ligand remains stably bound within the active site throughout the simulation period. The combined docking and MD simulation results demonstrate that the synthesized Erlotinib-triazole hybrids exhibit strong binding affinity and structural compatibility with the InhA enzyme. The presence of both polar and hydrophobic interactions contributes significantly to ligand stabilization. Among the series, compound 3g showed superior interaction profiles, suggesting that substituent effects play a crucial role in modulating binding affinity.


3. Materials and Methods
3.1. General procedure for synthesis of 6,7-bis(2-methoxyethoxy)-N-(3-(1-phenyl-1H-1,2,3-triazol-4-yl)phenyl)quinazolin-4-amine derivatives
Erlotinib hydrochloride alkyne (1, 10 mmol) and substituted azidobenzenes (2a–g, 10 mmol) were dissolved in a mixture of THF and water. To this reaction mixture, CuSO₄·5H₂O and sodium ascorbate were added as the catalytic system, and the reaction was stirred at room temperature. The progress of the reaction was monitored by thin-layer chromatography (TLC).
Upon completion, the solvent was removed under reduced pressure. The resulting residue was poured into crushed ice, leading to the formation of a solid precipitate. The solid was filtered, washed thoroughly with water, and dried. The crude products were further purified by recrystallization from ethanol to afford the corresponding 1,2,3-triazole derivatives (3a–g) in good yields (82–90%).
3.2. 6,7-bis(2-methoxyethoxy)-N-(3-(1-(3-nitrophenyl)-1H-1,2,3-triazol-4-yl)phenyl) quinazolin-4-amine (2a) : 1H NMR (600 MHz, DMSO-d6): δ 9.54 (s, 1H), 9.50 (s, 1H), 8.73 (t, J = 2.1 Hz, 1H), 8.40 (d, J = 12.4 Hz, 2H), 8.31 (s, 1H), 8.27 (d, J = 7.5 Hz, 1H), 7.89 – 7.84 (m, 3H), 7.59 (d, J = 7.8 Hz, 1H), 7.45 (t, J = 7.9 Hz, 1H), 7.15 (s, 1H), 4.22 (d, J = 25.9 Hz, 4H), 3.69 (d, J = 36.0 Hz, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150Hz, DMSO-d6): 156.85, 154.08, 153.39, 149.05, 148.58, 147.44, 140.66, 137.69, 132.08, 130.63, 129.67, 126.39, 123.60, 122.91, 121.02, 120.60, 119.54, 115.07, 109.42, 108.65, 103.66, 70.60, 70.53, 68.83, 68.51, 58.87, 58.82.
3.3. N-(3-(1-(2-fluorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-6,7-bis(2-methoxyethoxy) quinazolin-4-amine (2b) : 1H NMR (600 MHz, DMSO-d6): δ 9.52 (s, 1H), 9.01 (s, 1H), 8.41 (s, 1H), 8.29 (s, 1H), 7.94 – 7.76 (m, 3H), 7.63 – 7.49 (m, 3H), 7.46 – 7.36 (m, 2H), 7.15 (s, 1H), 4.27 – 4.18 (m, 4H), 3.73 – 3.64 (m, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150Hz, DMSO-d6): 156.84, 155.21, 154.09, 153.40, 148.56, 147.39, 140.63, 131.87, 130.75, 129.60, 126.55, 126.07, 123.39, 122.73, 121.07, 119.47, 117.74, 117.61, 109.45, 108.68, 103.70, 70.60, 70.53, 68.84, 68.50, 58.87, 58.81.
3.4. N-(3-(1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-6,7-bis(2-methoxyethoxy )quinazolin-4-amine (2c) : 1H NMR (600 MHz, DMSO-d6): δ 9.63 (s, 1H), 9.22 (s, 1H), 8.47 (s, 1H), 8.28 (s, 1H), 8.04 – 7.76 (m, 4H), 7.77 (d, J = 7.6 Hz, 1H), 7.42 (dt, J = 12.5, 8.3 Hz, 3H), 7.16 (s, 1H), 4.31 – 4.15 (m, 4H), 3.75 – 3.62 (m, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150 Hz, DMSO-d6): 162.97, 161.34, 156.97, 156.95, 154.20, 153.10, 148.66, 147.79, 140.46, 133.70, 130.94, 129.62, 122.87, 122.81, 120.44, 119.60, 117.35, 117.19, 108.31, 103.78, 70.58, 70.52, 68.86, 68.56, 58.88, 58.82.
3.5. N-(3-(1-(2-chlorophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-6,7-bis(2-methoxyethoxy )quinazolin-4-amine (2d) :  1H NMR (600 MHz, DMSO-d6): δ 9.52 (s, 1H), 8.98 (s, 1H), 8.41 (s, 1H), 8.30 (s, 1H), 7.84 (d, J = 10.6 Hz, 2H), 7.75 – 7.69 (m, 2H), 7.60 – 7.51 (m, 3H), 7.42 (t, J = 7.9 Hz, 1H), 7.15 (s, 1H), 4.26 – 4.17 (m, 4H), 3.74 – 3.64 (m, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150Hz, DMSO-d6): 156.85, 154.08, 153.39, 148.57, 147.43, 146.98, 140.63, 135.02, 131.07, 130.88, 129.60, 129.12, 129.00, 128.95, 124.18, 122.66, 121.03, 119.47, 109.43, 108.65, 103.71, 70.60, 70.53, 68.84, 68.51, 58.87, 58.82.
3.6. N-(3-(1-(2-bromophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-6,7-bis(2-methoxyethoxy) quinazolin-4-amine (2e) : 1H NMR (600 MHz, DMSO-d6): δ 9.53 (s, 1H), 8.95 (s, 1H), 8.41 (s, 1H), 8.30 (s, 1H), 7.90 – 7.79 (m, 3H), 7.67 (dd, J = 7.8, 1.5 Hz, 1H), 7.57 (t, J = 7.7 Hz, 2H), 7.50 (t, J = 8.6 Hz, 1H), 7.42 (t, J = 7.9 Hz, 1H), 7.15 (s, 1H), 4.25 – 4.17 (m, 4H), 3.73 – 3.65 (m, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150Hz, DMSO-d6): 156.86, 154.09, 153.38, 148.57, 147.39, 146.91, 140.62, 136.71, 134.13, 132.57, 130.93, 129.60, 129.48, 129.23, 124.19, 122.63, 121.01, 119.46, 109.43, 108.63, 103.71, 99.99, 70.60, 70.53, 68.84, 68.51, 58.87, 58.82.
3.7. N-(3-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)phenyl)-6,7-bis(2-methoxyethoxy) quinazolin-4-amine (2f) : 1H NMR (600 MHz, DMSO-d6): δ 9.53 (s, 1H), 9.27 (s, 1H), 8.41 (s, 1H), 8.28 (s, 1H), 7.86 (dd, J = 16.5, 7.6 Hz, 4H), 7.76 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 7.6 Hz, 1H), 7.43 (t, J = 7.9 Hz, 1H), 7.15 (s, 1H), 4.22 (d, J = 24.8 Hz, 4H), 3.69 (d, J = 34.8 Hz, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150Hz, DMSO-d6): 156.85, 154.08, 153.39, 148.57, 147.96, 147.43, 140.62, 136.31, 133.31, 130.81, 129.61, 122.78, 122.37, 121.81, 121.00, 120.18, 119.47, 109.42, 108.65, 103.67, 70.59, 70.53, 68.83, 68.50, 58.87, 58.81.
3.8. 6,7-bis(2-methoxyethoxy)-N-(3-(1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)phenyl) quinazolin-4-amine (2g) : 1H NMR (600 MHz, DMSO-d6): δ 9.52 (s, 1H), 8.84 (s, 1H), 8.40 (s, 1H), 8.26 (s, 1H), 7.88 – 7.81 (m, 2H), 7.59 (dd, J = 21.0, 7.7 Hz, 2H), 7.48 (t, J = 7.9 Hz, 1H), 7.49 (t, J = 7.9 Hz, 1H), 7.26 (d, J = 8.2 Hz, 1H), 7.15 (s, 1H), 7.09 (t, J = 7.6 Hz, 1H), 4.22 (d, J = 25.5 Hz, 4H), 3.89 (s, 3H), 3.69 (d, J = 34.6 Hz, 4H), 3.29 (s, 3H), 3.27 (s, 3H); 13C NMR (150Hz, DMSO-d6): 156.87, 154.07, 153.40, 152.31, 148.55, 147.44, 146.66, 140.56, 131.38, 131.20, 129.51, 126.42, 126.20, 123.93, 122.53, 121.35, 121.03, 119.42, 113.48, 109.44, 108.66, 103.72, 68.83, 68.50, 58.87, 58.51, 56.64.
Molecular Docking Study
 Structure-based drug discovery benefits greatly from the use of molecular docking simulation. It makes it possible to study how the chemical derivatives interact with the target protein binding site. [17] The ability of multidrug-resistant (MDR) bacteria to withstand several drugs makes them a serious hazard to public health.  Two primary mechanisms are responsible for this resistance: efflux pumps and enzymatic modification of target proteins. Membrane proteins called efflux pumps actively move antibiotics out of bacterial cells, lowering the drug's intracellular concentration and potency.  Bacteria can expel a variety of drugs recognitions to this process, which reduces their susceptibility to therapy.  Conversely, it is possible to modify or suppress enzymes, which lowers resistance to antibiotics like fluoroquinolones.  Mutations in the genes encoding these target proteins have the potential to increase resistance in addition to affecting structural changes that make it difficult for antibiotics to bind.[18]  The Glide (Grid-Based Ligand Docking With Energetics) program (Schrödinger, LLC, New York, NY, 2018) was used to perform the molecular docking study for which the 3D crystal structure of mycobacterial enoyl-ACP reductase (InhA) complexed with its inhibitor (PDB code: 4TZK) was retrieved from the RCSB’s Protein Data Bank (http://www.rcsb.org/pdb/) and refined using the Protein Preparation Wizard to correct the experimental errors which involve elimination of all crystallographically observed water molecules (since they are not known to be conserved in the ligand interaction), adding the missing hydrogen atoms and side chains, assignment of all atom force field (OPSL-2005) charges and atom types, creating the disulfide bonds, identification of atom/residue overlaps and finally energy minimization of the cleaned structure until the average RMSD of non-hydrogen atoms converged to 0.3 Å. Next, the shape and properties of the active site of the enzyme for docking was defined using the receptor grid generation panel to include residues within a 10.0 Å radius of the crystallized ligand for which a grid box of 10X10X10Å dimensions around the centroid of the native ligand was generated. The 2D structures of the ligands to be docked were sketched with the build panel in Maestro and converted using the ligand preparation panel to energy minimized 3D structures. This ligand optimization procedure involves assignment of correct protonation states and atom types to the molecule, ascribing partial atomic charges (OPLS-2005 force field) and then final energy minimization (until their average RMSD reached 0.001Å) to generate single low energy 3D structure for docking. With this setup, flexible docking was executed with extra precision (i.e., with GlideXP) scoring function to identify the modes of binding for these bioactive molecules and gauze their binding affinities towards InhA. The docking poses generated as output file analyzed for the most significant thermodynamic interactions with the active site residues through the Pose Viewer utility of Maestro.
Molecular docking study revealed that all the bioactive ERLOTINIB-1,2,3-trazole derivatives ( 2a-2g) could recognize the binding site of InhA and got deeply embedded in it engaging in a network of bonded and non-bonded interactions. They have produced an average docking score (Glide Score) of -2.93 with an average binding energy (Glide energy) of -44.57 kcal/mol signifying a promising binding affinity towards the target. Furthermore, to gain a more detailed insight into the most significant interactions guiding the ligand-receptor binding, a per-residue interaction analysis was performed between these molecules and the active site residues.
Binding Site Identification
The prepared receptor structure obtained after protein preparation and active-site refinement revealed a well-defined binding pocket composed mainly of residues SER13, ILE15, ILE16, THR17, ARG49, ILE50, GLN30, VAL92 and HIS93 located within chain A of the protein. These residues form a compact hydrophobic and polar microenvironment suitable for ligand accommodation and stabilization.
The presence of polar residues (SER, THR, ARG, GLN, HIS) together with hydrophobic residues (ILE, VAL, LEU) suggests that the binding pocket supports mixed hydrophobic–hydrogen bonding interactions, which is characteristic of kinase and receptor-binding domains
Ligand–Protein Interaction Analysis
Docking simulations revealed that the designed ligands occupied the active pocket deeply and adopted a stable conformation within the catalytic region. The binding orientation indicates that the triazole-linked scaffold fits well into the receptor cavity and interacts with key residues responsible for ligand recognition.

Hydrogen Bonding Interactions
Hydrogen bonding is a major stabilizing force in ligand binding. The docking pose indicates that ligands establish strong hydrogen bond interactions with the following residues:
· SER13 and THR17: These residues provide hydroxyl groups that act as hydrogen bond donors/acceptors, stabilizing the ligand near the entrance of the binding pocket. 
· ARG49: The guanidinium side chain enables strong electrostatic and hydrogen bond interactions, anchoring the ligand firmly in the catalytic site. 
· HIS93: The imidazole ring contributes to hydrogen bonding and π–interaction stabilization within the pocket. 
These interactions indicate strong ligand anchoring and contribute significantly to binding affinity.
Hydrophobic Interactions
Hydrophobic residues surrounding the ligand create a favorable non-polar environment that enhances van der Waals interactions: Key hydrophobic residues:
· ILE15 and ILE16 
· ILE50 
· VAL92 
· LEU74 (near pocket region) 
These residues form a hydrophobic cage that stabilizes the aromatic and aliphatic portions of the ligands. Hydrophobic interactions play a critical role in:
· Increasing ligand residence time 
· Improving binding affinity 
· Enhancing conformational stability 
Electrostatic and π-Interactions
The presence of ARG49 and HIS93 suggests possible electrostatic and π–cation interactions between the ligand aromatic rings and charged residues. Such interactions are often associated with strong and selective receptor binding.
Binding Mode Interpretation
The docking results indicate a deep pocket binding mode, where:
· Polar pharmacophoric groups orient toward polar residues (SER, THR, ARG, HIS) 
· Aromatic and hydrophobic moieties occupy the hydrophobic cavity (ILE, VAL, LEU) 
This dual interaction pattern confirms the structure–activity compatibility of the designed triazole derivatives with the receptor binding site.
Implications for Biological Activity
The observed interaction pattern strongly supports the potential biological activity of the designed compounds:
1. Stable hydrogen bonding → strong receptor affinity 
2. Hydrophobic pocket fitting → enhanced binding stability 
3. Electrostatic anchoring → improved selectivity 
Such interaction profiles are typically associated with effective inhibition of receptor activity, suggesting that the synthesized derivatives may act as promising inhibitors
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Figure 1. Binding pose of 2g into the active site of mycobacterial enoyl ACP reductase (InhA). 
Conclusion of Docking Study The molecular docking investigation demonstrates that the binding designed ligands show favorable within the active site of the target protein. The interaction network involving hydrogen bonds, hydrophobic contacts, and electrostatic interactions indicates strong binding affinity and structural compatibility.Overall, the docking study supports the hypothesis that the synthesized triazole derivatives possess promising potential for further biological evaluation and drug development. The lowest energy docked conformation of 2g showed that the compound could snuggly fit into the active site of mycobacterial enoyl ACP reductase (InhA) with an excellent binding affinity (Glide score of -2.93 and Glide binding energy  44.57 kcal/mol) at the coordinates close to the native ligand engaging in a series of steric and electrostatic interactions (Fig. 1).   
MD Simulation 
A 100 ns molecular dynamics (MD) simulation was performed using the Desmond package to evaluate the structural stability and binding behaviour of the protein–ligand complex (PDB ID: 4TZK). The simulation was conducted under an NPT ensemble at 300 K. The solvated system contained: Total atoms: 19,261, Protein residues: 269 (Chain A), Ligand atoms: 70 (C₂₉H₃₀N₆O₅), Water molecules: 5,048, Neutralizing ions: Na⁺ (17), Cl⁻ (13), the ligand possesses 13 rotatable bonds, indicating moderate conformational flexibility that necessitates dynamic stability evaluation.
Result and Discussion 
Protein Stability  
The protein RMSD remained within the acceptable range (~1–3 Å), indicating, proper equilibration of the protein structure, absence of major conformational drift, and maintenance of the native fold throughout 100 ns. Stable RMSD convergence suggests the system reached equilibrium and the simulation duration was sufficient for reliable analysis. Ligand Stability in Binding Pocket
Ligand RMSD (Lig-fit-Prot) 
Evaluates ligand movement relative to the protein backbone observation indicating, ligand RMSD remained comparable to protein RMSD. And no major deviation or drift from the binding site was observed that interprets, the ligand remained firmly anchored in the active site, indicating a stable binding mode throughout the trajectory.
Flexibility (Protein RMSF)
Root Mean Square Fluctuation (RMSF) identifies flexible and rigid regions of the protein. Indicates, higher fluctuations were observed in terminal regions (N- and C-termini)., secondary structure regions (α-helices and β-sheets) exhibited low fluctuation, and residues interacting with the ligand showed reduced flexibility. These observation indicating the ligand binding stabilized the binding pocket residues, indicating strong protein–ligand interactions.
 Protein Secondary Structure Stability
The Secondary Structure Elements (SSE) during simulation shows distribution, α-helix: 29.62%, β-strand: 13.31% and the total SSE: 42.93%. The SSE distribution remained consistent during the simulation. These indicates No major unfolding or structural distortion occurred, confirming structural integrity of the protein under simulation conditions.
Ligand Flexibility Analysis (Ligand RMSF)
Ligand RMSF evaluates fluctuations of individual ligand atoms shows most ligand atoms exhibited low fluctuation and Higher fluctuations occurred in peripheral flexible fragments, that interpretate the core scaffold remained rigid and firmly bound., Flexible substituents adapted to the binding pocket environment and this behaviour is typical for ligands showing stable binding. 
Protein–Ligand Interaction Analysis
Hydrogen Bonding
Hydrogen bonds were consistently maintained throughout the simulation. That signify Key determinant of binding specificity and Enhances ligand recognition and stability these shows Persistent hydrogen bonding indicates strong polar interactions within the binding pocket.

Hydrophobic Interaction
The ligand shows following interactions, π–π stacking, π–cation interactions and Non-specific hydrophobic contacts. These interactions contributed significantly to ligand stabilization by: Reducing solvent exposure and Enhancing binding affinity 
Ionic Interactions
Ionic contacts between oppositely charged residues and ligand atoms were observed and suggest the long-range electrostatic stabilization and  reinforcement of ligand anchoring 
Water Bridge Interactions
Water-mediated hydrogen bonds were detected and suggest the stabilize ligand orientation and bridge gaps between ligand and protein residues. Water bridges often play a crucial role in drug binding and receptor recognition. Interaction Timeline Analysis, The interaction timeline revealed. Continuous contacts throughout 100 ns, Multiple residues interacting simultaneously, Persistent interaction network. That Interpretate the ligand maintained long-term interactions with key residues, confirming stable binding over the entire trajectory. Ligand Conformational Analysis (Torsion Profile) The torsion analysis of 13 rotatable bonds showed:
· Ligand adopted energetically favourable conformations 
· No excessive torsional strain detected 
· Stable conformational adaptation to the binding pocket 
This confirms the ligand does not require high-energy conformations to remain bound.
Ligand Physicochemical Properties During Simulation
List 1 : Several ligand properties remained stable
	Property
	Significance

	Radius of gyration
	Maintained compactness

	Intramolecular H-bonds
	Internal stability

	Molecular surface area
	Structural consistency

	SASA
	Stable solvent exposure

	PSA
	Maintained polarity


These results indicate no unfolding or instability of the ligand during simulation.
Overall Interpretation
The 100 ns MD simulation demonstrates that: The protein structure remained stable., The ligand stayed firmly bound in the active site., Key interactions were maintained throughout the simulation., The ligand adopted energetically favorable conformations., No structural instability or dissociation was observed. 
Conclusion
The MD simulation confirms that the studied ligand forms a stable and persistent complex with the target protein. The combination of hydrogen bonding, hydrophobic interactions, ionic contacts, and water bridges collectively stabilizes the complex. These findings strongly support the potential of the ligand as a promising candidate for further optimization and biological evaluation. The MD simulation confirms that the studied ligand forms a stable and persistent complex with the target protein. The combination of hydrogen bonding, hydrophobic interactions, ionic contacts, and water bridges collectively stabilizes the complex. These findings strongly support the potential of the ligand as a promising candidate for further optimization and biological evaluation.
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Figure- 2:-   Ligand RMSF and Ligand-Protein Contacts
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Fig-3:-    Ligand Torsion Profile
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Fig-4:- Protein-Ligand Contact
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Fig-6 Protein-Ligand Contact
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Fig-7:   Protein Secondary Structure
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Fig-8:   Protein-Ligand Contacts (cont.)
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