Molecular Docking and Simulation Analysis: Uncover Potential Phytochemical Inhibitors of the SARS-CoV-2 Main Protease

Abstract
The global outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2020 has had a profound worldwide impact, with over 773 million confirmed cases reported across multiple countries. To mitigate this crisis, several vaccines and repurposed drugs have been deployed under emergency use authorization. However, concerns remain regarding the side effects and limited efficacy of some repositioned therapeutics. In the search for alternative strategies, computational approaches have identified numerous potential inhibitors of the viral main protease (Mpro), a key enzyme in viral replication. In this study, we compiled a phytochemical library of 2,453 compounds with reported antiviral properties, curated through an extensive literature review. Virtual molecular docking analysis identified five bioactive compounds- theaflavate C, theaflavin-3,3′-O-digallate, amentoflavone, hinokiflavone, and theaflavin-3-gallate-that displayed notably high binding affinities toward SARS-CoV-2 Mpro, with docking scores ranging from –10.1 to –9.7 kcal/mol. These top candidates were subsequently subjected to 20-nanosecond molecular dynamics (MD) simulations using the GROMACS package. Post MD analysis and MM-PB/GBSA calculations indicated that four out of the top five docked compounds exhibit significant stability, flexibility, and favorable binding affinity towards the COVID-19 Mpro (Mpro). Phytochemicals: Theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate can be used to design effective antiviral drugs against the SARS- CoV-2. 
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Introduction
Coronavirus disease (COVID-19) a respiratory infectious disease, originated from a novel virus strain called SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus-2). The first reported case emerged on December 31st, 2019, in Wuhan, China, and after that infection had quickly outspread over the 212 countries of the world influencing millions of people. On January30, World Health Organization (WHO) declared this respiratory infectious disease as a Public Health Emergency of International Concern. It was stated that Covid-19 was initially hosted by bats and then transmitted to human. However, further transmission was occurred through human-to-human mode (Patel et al., 2021, Pushkaran et al., 2021 and Rajagopal et al., 2020). Transmission of SARS-CoV-2 encompasses various modes: contact, droplet, airborne, fomite, faecal-oral, bloodborne, mother-to-child, and animal-to-human. Common symptoms of COVID-19 encompass fever, dry cough, difficulty breathing, muscle ache, tiredness, headache, nasal congestion, sneezing, throat discomfort, reduced sense of smell, and pneumonia (Tian et al 2022). Additionally, gastrointestinal symptoms such as diarrhea, nausea, vomiting, and abdominal pain have been observed. This infection induces respiratory, gastrointestinal, and neurological illnesses, varying from mild to severe conditions or mortality. (Parihar et al., 2022 and Shereen et al., 2020)
SARS-CoV-2 is single-stranded, positive-sense RNA virus with genome size of range from 26 to 32kb (29, 903 nucleotides) with 5’-cap, 5’-untranslated region(5’UTR), open reading frame (ORF), 3’UTR, and 3′-poly-A tail. At the genome's 5’ end, polyproteins 1a (486 kDa) or 1ab (790 kDa) are encoded, covering about two-thirds of the entire genomic length and encodes 16 non-structural proteins. Conversely, the 3’ end encodes four structural proteins: Spike (S), Envelope (E), Membrane (M), and Nucleocapsid (N) proteins (Islam et al., 2021 and Muhseen et al., 2021). These structural viral proteins help SARS-CoV-2 in recognition and fusion with membrane receptor for initiating infection and subsequent transmission within the host. SARS-CoV2 invades alveolar type II cells by the interaction between the virus's spike protein and a specific host receptor called angiotensin-converting enzyme 2 (ACE-2), leading to acute alveolar damage (Jannat et al., 2020 and Joshi et al., 2020). After entry into host, viral genome starts translation by attaching to host’s ribosomes. After the attachment of viral genome to the host’s ribosomes, translation of large polyproteins take place that are later modified by proteolysis (Lin et al., 2023, Nallusamy et al., 2021 and Yadav et al., 2021).
The cysteine protease enzyme, recognized as the main protease (Mpro) or 3-chymotrypsin-like protease (3CLpro), features a crucial cysteine–histidine (C145–H41) catalytic dyad, significantly involved in COVID-19 replication and maturation (Neupane et al., 2020 and Wang et al., 2020 and Abouelela et al., 2021). Upon translation of viral mRNA into polyproteins, Mpro carries out autocleavage, leading to the creation of the mature enzyme. This mature form then processes the polyprotein into 11 non-structural proteins (nsps), pivotal for regulating the viral replication process. Hence, the activity of Mpro is essential for various viral functions, including viral polyprotein processing, replication, transcription, and maturation. Inhibiting Mpro activity is crucial to impede viral replication and transmission (Das et al., 2021 and Fiorucci et al., 2020). The SARS-CoV-2 main protease is one of the highly potent and vital targets to design and develop antiviral drugs for the inhibition of COVID-19 contamination (Halder et al., 2022 and Sheng et al., 2024). A specific Mpro inhibitor needs to be non-toxic because no human proteases share any comparable recognition sequences with Mpro (Rutwick and Praveen 2021). 
After the COVID 19 outbreak, a diverse array of drugs, either singularly or in combination, has been extensively utilized worldwide. However, the adverse effects linked with repurposed drugs have raised concerns, and their effectiveness is currently undergoing evaluation. There is urgency for safe and effective treatment options. Natural product with anti-viral property can be used because of their low toxicity profile in comparison to synthetic compounds, as they have been already used in the past for treatment of other viruses such as influenza, MERS-CoV, and HIV (Hasan et al., 2020, Mahmud et al., 2021 and Singh et al., 2025). Phytochemicals are plants derived chemical compounds, generally help to resist against fungi, bacteria, and virus infections (Mostafa et al., 2022 and Murugesan et al., 2021). Many potential phytochemicals have been found with anti-inflammatory, anti-allergic, COVID-19 main protease (Mpro) inhibitory activities and diverse therapeutic potentials that could be considered as a valuable resource for the discovery of novel drug leads (Ebada et al., 2020, Mpiana et al., 2020 and Zang et al., 2020). The interaction between active phytochemicals and Mpro reduces viral transcription and replication by inhibiting the cleavage of polyproteins into non-structural proteins (nsps) (Mitra et al., 2021). An important way of identifying potential phytocompounds that can bind to and block the main protease of COVID-19 can be done through computational screening methods. Computational screening reveals promising prospects for preclinical compound discovery targeting SARS-CoV-2 viral infection (Sawant et al., 2021 and Sharma et al., 2025). Here, a deep literature survey is conducting to prepare phytochemicals library for identifying effective candidates against the SARS-CoV-2 main protease and after that molecular Docking used for determining binding affinity of the target with compounds of an in-silico library. By using molecular docking technique best bioactive phytochemicals are identifying and further analyzed through molecular dynamics simulations to address issues such as suboptimal binding efficacy, motion impact, and solvation effects observed in the molecular docking pipelines. Molecular dynamic simulation is used to understand the time dependent interactions that are responsible for biological activity of a molecule (Khan et al., 2021 and Kumar et al., 2020). Computer-aided drug design encompasses the creation of a simulated environment mirroring the conditions within the human body (Alamri et al., 2020 and Zheng et al., 2022). This simulation facilitates the study of receptor-ligand interactions under controlled conditions, offering advantages in terms of both time and cost savings. Hence, computational technology has become a vital tool in drug candidate identification (Gowrishankar et al., 2021).
MATERIALS AND METHODS
Construction of Phytochemical Library: Library of 2453 phytochemicals were prepared after a profound literature search. The tertiary structures of these phytochemicals were extracted from the PubChem database which is available at NCBI (http://www.pubchem.ncbi.nlm.nih.gov). For the ligands whose structures were not available, the 3D structures were obtained using open babel tool (O'Boyle et al., 2011) by using their SMILES (Simplified Molecular Input Line Entry System).
Target Preparation: The three-dimensional crystal structure of SARS-CoV-2 main protease (Mpro) with PDB ID 7BQY, resolved at 1.70 Å, was obtained from the RCSB Protein Data Bank. This crystal structure consists one chain of 306 amino acids and one fragment of N3 compound. The pre-processing of Mpro protein structure was accomplished by the removing water molecules, ions, and bound ligands from the protein crystal structure; hydrogen atoms and kollman charges were added in protein through the Autodock tool (version 4.2) (Morris et al., 2009). 
Ligand Preparation: The ligand library was prepared for docking by atom-typing and by adding hydrogen through AutoDock Vina command line. The ligands were initially obtained in sdf format and subsequently converted to pdbqt format, ensuring their compatibility for docking in AutoDock Vina.
Molecular Docking: Molecular docking was carried out using AutoDock Vina 1.2.0 (Eberhardt et al., 2021) to evaluate the orientations, conformations, and binding affinities of ligands within the active site of Mpro. In this setup, the protein was treated as rigid, while the ligands were modeled as flexible, allowing rotation of all rotatable bonds. Binding site of the main protease was analysed by using the information about the amino acid residues interacting with the known, co-crystallized inhibitor.  A grid box was generated specifically targeting the active site of the main protease, set at X: 10.614, Y: -1.936, Z: 23.513, encompassing the binding region using the AutoDock Vina grid program.
PyMol were used to visualize the non-bonding interactions within the docked protein–ligand complex, and to analyze the docking pose. The molecular interactions, such as hydrogen bonds and their respective bond lengths within the protein-ligand complexes, were analyzed and presented using the LigPlot+ v.1.4.5 program (Laskowski & Swindells 2011).
Molecular dynamics (MD) simulations: A 20-nanosecond molecular dynamics (MD) simulation of the protein–ligand complex was performed using GROMACS 2020.3 (Bekker et al., 1993) with the CHARMM36 all-atom force field. Protein topology files were generated using the pdb2gmx module in GROMACS, while ligand topologies were prepared through the CGenFF server. The complexes were solvated in a dodecahedron box with TIP3P explicit water molecules, and the system was neutralized by adding four sodium ions at random positions using the gmx solvate tool. Energy minimization was conducted using the steepest descent method with a cutoff of 1000 kJ·mol⁻¹ for up to 50,000 steps, reducing steric clashes. Equilibration was carried out in two phases: (i) NVT ensemble, where the system was gradually heated from 0 to 300 K and equilibrated for 200 ps, and (ii) NPT ensemble, where the system was equilibrated at 300 K and 1 bar for 500 ps using the Berendsen coupling scheme for both temperature and pressure.
Finally, a 20 ns production run was performed to assess the stability of the protein–ligand complex. Trajectories were analyzed for structural and dynamic properties, including root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), hydrogen bond interactions, principal component analysis (PCA), and solvent-accessible surface area (SASA). These analyses were conducted using built-in GROMACS modules (rms, rmsf, gyrate, sasa, hbond, covar, and anaeig), and graphical representations were generated using XMGrace.
MM/G/P/BSA binding free energy calculations: Binding free energy was estimated using the Molecular Mechanics–Generalized Born/Poisson–Boltzmann Surface Area (MM-GB/PBSA) method. For each system, MMPBSA analysis was performed over the final 2 nanoseconds of the combined MD trajectories. This approach provides a reliable balance between computational efficiency and accuracy in predicting binding affinities. The gmx_MMPBSA tool (Valdés-Tresanco et al., 2021) was used to independently minimize the receptor, ligand, and receptor–ligand complex, and the total binding free energy was then calculated using the standard MMPBSA energy equation.



ΔG(bind) = Gcomplex – (Gligand + Greceptor) 
ΔG        = ΔGgas + ΔGsol - TΔS 
ΔGgas    = ΔEelectrostatic + ΔEvdW 
ΔGsolv    = ΔGGB + ΔGSA 



where, ΔG(bind) = Binding free energy 
G = Free energy of complex, protein and ligand
T = Temperature
ΔS = Entropy
ΔGgas= Gas phase molecule free energy
ΔGsolv = Solvation free energy
ΔGGB = Polar solvation free energy
ΔGSA = Non polar solvation free energy


RESULTS AND DISCUSSION
[bookmark: _Hlk119476163][image: ]Molecular Docking: Before performing whole docking procedure, re-docking of the N3 compound (native co-crystal ligand) has been done. The redocking results shown that it binds to the same site as the co-crystal ligand bind on of the Mpro. The major amino acid interaction includes: Thr25, Leu27, His41, Met49, Tyr54, Phe140, Leu141, Asn142, Cys145, His163, His164, Met165, Glu166, Asp187, Arg188, Gln189, Thr190 (Fig.1). N3 inhibitor binds with the His41- Cys145 dyad of Mpro.
Fig.1: 3D and 2D top docking interaction of inhibitor N3 with COVID-19 Mpro (7BQY)
The optimized structures of all phytochemicals were docked into the Mpro binding site using the same docking protocol employed for the N3 inhibitor's redocking process. Out of 2453 ligands screened against SARS-CoV Mpro, top five potential candidates (theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate) were selected for further analysis (Table1), which had binding affinities of −10.1, −9.9, −9.7, −9.7, and −9.7 kcal/mol, respectively.
Table 1: Top five best docked phytochemicals with COVID-19 Mpro
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	Phytochemical Name
	Pubchem Id
	Binding Energy
	Structure

	1
	Theaflavate C
	101446897
	-10.1
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	2
	Theaflavin-3,3-O-digallate
	13543795
	-9.9
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	3
	Amentoflavone                 
	5281600
	-9.7
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	4
	Hinokiflavone                 
	5281627
	-9.7
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	5
	Theaflavin3-gallate
	136825044
	-9.7
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Theaflavate C has displayed the highest binding affinity with the receptor, as demonstrated in Fig. 2a.  Docking study has revealed that theaflavate C interacts with 20 amino acid residues- Thr25, Thr26, His41, Ser46, Glu47, Met49, Leu141, Asn142, Gly143, Ser144, Cys145, His163, Met165, Glu166, Leu167, Pro168, Asp187, Arg188, Gln189, Thr190 (Fig.2a).
Theaflavin-3,3-O-digallate, another important phytochemical, demonstrated a binding energy of -9.9 kcal/mol. It engaged with a total of 17 amino acid residues, among which 14 residues (Thr25, Leu27, His41, Met49, Phe140, Leu141, Cys145, His163, Met165, Glu166, Asp187, Arg188, Gln189) in common with those interacting with the N3 inhibitor, as depicted in Fig. 2b. Therefore, it can be concluded that theaflavin-3,3-O-digallate binding to all major amino acid residues contributes significantly to inhibiting the receptor protein. Amentoflavone, a biflavonoid, has demonstrated notable binding affinity, displaying a binding energy of -9.7 kcal/mol (Fig.2c).The docking study has revealed that  amentoflavone interacted with 15 amino acid residues among which 11 (Thr25, His41, Leu141, Asn142, Cys145, His164, Met165, Glu166, Asp187, Arg188, Gln189) coincides with that of the native co-crystal ligand which suggests  that amentoflavone is responsible for inhibition of COVID-19 Mpro. Yet another flavonoid, hinokiflavone has interacted with 14 major amino acid residues among which 10 amino acids (Thr25, His41, Met49, Cys145, His164, Met165, Glu166, Arg188, Gln189, Thr190) are same as of the native ligand (Fig.2d). Theaflavin3-gallate exhibit a considerably good binding affinity towards the target with a binding energy of -9.7 Kcal/mol. This phytochemical interacts with 17 amino acid residues and among them, 14 amino acid residues interaction (Thr25, His41, Met49, Tyr54, Phe140, Leu141, Asn142, Cys145, His163, Met165, Glu166, Asp187, Arg188, Gln189) are like that of the native ligand (Fig.2e).
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Fig. 2. Binding site interactions of SARS-CoV-2 Mpro with selected ligands. Amino acid residues forming polar hydrogen bonds with the ligands are highlighted in green using LigPlot. (a) Theaflavate C, (b) Theaflavin-3,3′-O-digallate, (c) Amentoflavone, (d) Hinokiflavone, and (e) Theaflavin-3-gallate.







Hydrogen bonds are critical in defining the binding affinity of protein–ligand complexes. In general, a higher number of hydrogen bonds correlates with stronger binding interactions. To assess the binding affinity of phytochemicals with Mpro, we analyzed the protease residues involved in both hydrogen bonding and hydrophobic interactions. These molecular interactions play a key role in stabilizing the docking complexes and shaping their overall conformational stability.
Table2: Docking results of selected top five phytochemicals and list of residues involving in hydrophobic and hydrogen bonding interactions in docked complex.
	Rank
	Binding Energy
	Phytochemical Name
	                Amino acid interactions

	
	
	
	Hydrogen Bonds
	Hydrophobic interactions

	1
	-10.1
	Theaflavate C
	Thr25, Ser46, Ser144, Cys145, Glu166, 
	Thr26, His41, Glu47, Met49, Leu141, Asn142, Gly143, His163, Met165, Leu167, Pro168, Asp187, Arg188, Gln189, Thr190

	2
	-9.9
	Theaflavin 3,3'-di-O gallate
	 His41, Ser144, Leu141, His163, Glu166, Leu167, Arg188
	Thr25, Thr26, Leu27, Ser46, Met49, Phe140, Asn142, Cys145, Met165, Pro168, Asp187, Gln189

	3
	-9.7
	Amentoflavone                 
	Thr26, Ser46, Asn142
	Thr25, His41, Cys145, Leu141, Gly143, Met149, His164, Met165, Glu166, Asp187, Arg188, Gln189, 

	4
	-9.7
	Hinokiflavone                 
	Thr24, Thr45, Ser46, Cys145
 
	Thr25, His41, Met49, His164, Met165, Glu166, Pro168, Arg188, Gln189, Thr190

	5
	-9.7
	Theaflavin3-gallate
	Ser46, Tyr54, Leu141, Gly143, Ser144, His163
 
	Thr24, Met49, His41, Phe140, Asn142, Cys145, Met165, Glu166, Asp187, Arg188, Gln189, 



Molecular Dynamic Simulation
Stability Analysis: RMSD and RMSF in Mpro-Ligand Complexes: RMSD analysis performed to know the conformational changes occur in protein backbone throughout the molecular dynamic simulation. TAs the simulations progressed, protein RMSD values were expected to stabilize which indicated a steady state within the binding pocket.. Theaflavate C shows higher rmsd value than other protein-ligand complexes throughout the simulation (Fig.3). Protein in complex with amentoflavone and theaflavin3-gallate show rise and fall for rmsd value below 0.3nm. Complex theaflavin-3,3-O-digallate and hinokiflavone were found to be more stable than other ligands as these ligands maintained low rmsd throughout the simulation time scale.

[image: ]
Fig.3: RMSD of the C-α backbone atoms of Mpro with phytochemicals: theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate


[image: ]
Fig.4 Residue-wise RMSF deviations (nm) of Mpro with top five docked phytochemicals: theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate.
The root mean square fluctuation (RMSF) value is calculated to know at what extent the ligand binding to protein affects its flexibility. Through RMSF analysis, it has been observed that theaflavin-3,3--digallate and hinokiflavone structure have low RMSF value. Whereas Theaflavate C show little higher RMSF value in all areas as compared to others. Phytochemical amentoflavone found to have local flexibility at residue Met49, LEU50 and Asn51 (S2 pocket). Theaflavin 3-gallate shows local fluctuation between residue 90 to100 which are not part of binding site of Mpro (Fig.4). RMSF analysis of docked complexes showed less conformational changes during binding and can act as a stable complex.
There are noticeable fluctuations within specific residue ranges, namely residues 20–30, 40–60, 70-80, 140–170, and 175–200. The groupings of residues within 20–30 and 40–60 belong to the binding site, forming the S1’ and S2 pockets respectively. Meanwhile, the larger cluster spanning residues 175–200 represents the S1 and S4 pockets of the binding site. Residues outside of these ranges are not involved in the protein's binding site. Significant fluctuations, reaching up to 0.5 nm in magnitude, were observed specifically within the residues comprising the S2 binding pocket.
[bookmark: _Hlk119486820][image: ]Radius of gyration (Rg) and Surface accessible solvent area (SASA) analysis: The radius of gyration (Rg) reflects the structural compactness throughout molecular dynamic simulation. A lower Rg value indicates a higher level of compactness and rigidity within the system. Theaflavate C show comparatively higher Rg value than other systems. Theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate show the almost same Rg value during simulation except for region between 8-10ns where amentoflavone increase its Rg value and after that again decreased (Fig.5a). This rise shows that protein structure expands between region 8-10ns and then again compact itself. 
Fig.5: (a) Radius of Gyration and (b) SASA analysis of protein for complex with theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate
Moreover, we performed SASA analysis across all complexes to assess the receptor's exposure to the solvent throughout the MD simulation. The interaction of phytochemicals could potentially alter SASA, impacting the protein structure significantly. When observing SASA values between 145-155 nm², it was evident that the binding of ligands did not induce notable alterations in the protein folding, as depicted in Fig. 5b.

Hydrogen bond interactions of Mpro and phytochemicals: H-bond helps to determine the binding strength between the ligands and protein.More the number of hydrogen bonds formed, stronger the binding affinity.Theaflavin-3-gallate formed a maximum of nine hydrogen bonds, consistently maintaining at least five hydrogen bonds throughout the entire simulation.. In case of theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone, maximum 7, 8, 8 and 9 hydrogen bonds were formed respectively (Fig.6).
[image: ]
Fig.6: Inter H-bond formation between Mpro and phytochemicals: theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate.

[image: ]Principal component analysis (PCA): To study the coordinated movements within protein-ligand complexes, we conducted PCA analysis focusing on C-α atoms.  Plotting the first two eigenvectors against each other allowed us to visualize correlated motions, where clustered dots signify greater structural stability and dispersed dots indicate lower stability. From PCA, we observed that except theaflavte C all complexes displayed well-clustered and thus very stable dots. 

Fig.7: 2D Scatter Plot: Principal component Analysis (PC1 & PC2) for theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone and theaflavin3-gallate.

Binding Energy Calculation: The ligand's affinity for the receptor is quantitatively evaluated through binding free energy calculation using gmx_MMPBSA. This energy comprises various non-bonded interactions, encompassing van der Waals energy, electrostatic energy, polar solvation energy, and SASA energy. The binding free energy analysis reveals that polar solvation energy consistently contributes positively to the total binding free energy. Conversely, among negative contributors, van der Waals interactions dominate over electrostatic interactions across all cases. SASA energy makes a relatively minor contribution compared to the overall binding energy. Analysis of all ligands bound to COVID-19 Mpro indicates the major role of hydrophobic interactions in stabilizing the protein-ligand complex, evidenced by the notably high negative values of van der Waals energy (Table 3). Among top docked phytochemicals complex amentoflavone and hinokiflavone shows highest binding free energy.


Table 3: Van der Waals, electrostatic, polar solvation, SASA and binding energy (kcal/mol) for the docked compounds into Mpro inhibition site

	Ligand
	Van der Waals Energy
	Electrostatic Energy
	Polar Solvation Energy
	SASA Energy
	Binding Free Energy

	Theaflavate C
	-33.31 ± 3.16
	-32.08 ± 10.83
	50.57 ± 8.56
	-4.72 ± 0.39
	-19.54 ± 3.96

	Theaflavin 3,3'-di-O gallate
	-33.16 ± 2.65
	-19.31 ± 7.33
	34.99 ± 5.32
	-4.10 ± 0.32
	-21.59 ± 3.11

	Amentoflavone                 
	-44.25 ± 2.88  
	-23.98 ± 4.45
	44.03 ± 3.28
	-5.96 ± 0.23
	-30.16 ± 2.62

	Hinokiflavone                 
	-54.53 ± 3.52
	-30.43 ± 8.79
	60.63 ± 6.88
	-7.52 ± 0.34
	-31.85 ± 3.53

	Theaflavin3-gallate
	-38.04 ± 3.13
	-35.70 ± 8.33
	53.56 ± 6.74  
	-5.46 ± 0.38
	-25.65 ± 3.52



Conclusion
In this study, computational analysis was conducted to carry out in-silico screening of phytochemicals obtained from deep literature study against the COVID-19 Mpro to check the binding affinity of the ligands with the protein and performed molecular dynamic simulations of selected phytochemicals. The virtual molecular docking results reveals that among the docked 2453 phytochemicals, 404 bioactive compounds have higher binding affinity towards Mpro as compared to co-crystal ligand inhibitor N3. The results of docking studies indicated that theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone, theaflavin3-gallate have the lowest binding energy against SARS-COV-2 Mpro. The molecular dynamics simulations (20 nanoseconds) indicate that four out of the top five docked compounds exhibit significant stability, flexibility, and favorable binding affinity towards the COVID-19 Mpro (Mpro). It has been demonstrated that theaflavate C, theaflavin-3,3-O-digallate, amentoflavone, hinokiflavone, and theaflavin3-gallate hold promise for further optimization as inhibitors of the Mpro. Subsequent in vitro and in vivo evaluations of these compounds can confirm their antiviral activity and, consequently, their potential as drug candidates. 
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