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COVID-19, caused by Severe Acute Respiratory Syndrome Corona Virus 2, is declared a Global Pandemic by WHO in early 2020. In the present situation, though more than 180 vaccine candidates with some already approved for emergency use, are currently in development against SARS-CoV-2, their safety and efficacy data is still in a very preliminary stage to recognize them as a new treatment, which demands an utmost emergency for the development of an alternative anti-COVID-19 drug sine qua non for a COVID-19 free world. Since RNA-dependent RNA polymerase (RdRp) is an essential protein involved in replicating the virus, it can be held as a potential drug target. We were keen to explore the plant-based product against RdRp and analyze its inhibitory potential to treat COVID-19. A unique collection of 248 plant compounds were selected based on their antiviral activity published in previous literature and were subjected to molecular docking analysis against the catalytic sub-unit of RdRp. The docking study was followed by a pharmacokinetics analysis and molecular dynamics simulation study of the selected best-docked compounds. Tellimagrandin I, SaikosaponinB2, Hesperidin and (-)-Epigallocatechin Gallate were the most prominent ones that showed strong binding affinity toward RdRp. All the compounds mentioned showed satisfactory pharmacokinetics properties and remained stabilized at their respective binding sites during the Molecular dynamics simulation. Additionally, we calculated the free-binding energy/the binding properties of RdRp-ligand complexes with the connection of MM/GBSA. Interestingly, we observe that SaikosaponinB2 gives the best binding affinity (∆Gbinding = −42.43 kcal/mol) in the MM/GBSA assay. Whereas, least activity is observed for Hesperidin (∆Gbinding = −22.72 kcal/mol). Overall our study unveiled the feasibility of the SaikosaponinB2 to serve as potential molecules for developing an effective therapy against COVID-19 by inhibiting one of its most crucial replication proteins, RdRp.
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INTRODUCTION
The widespread impact of COVID-19 has undoubtedly attained singular importance in the mind of international consciousness. The situation precipitated by the COVID-19 pandemic was certainly extraordinary in its rampant spread and impact across all walks of life. WHO had declared the Wuhan borne COVID-19 virus as a public health emergency of International Concern (PHEIC) (Ibrahim et al., 2020), and later, it was recognized as 2019-nCoV/SARS-CoV-2 (Zhou et al., 2020). It is a painful reflection of the rough times we live in and equally a reminder of how important it is for us to take precise, mature, and proactive action for an effective solution or therapy. Even though more than 180 vaccine candidates with some already approved for emergency use, are currently in development against the COVID-19 worldwide (Lythgoe and Middleton, 2020), the search for specific and effective small-molecule drugs for the treatment of COVID-19 would additionally provide another treatment strategy.
SARS-CoV-2 is an RNA virus belonging to the subgenus Sarbecovirus (beta-CoV lineage B). This strain has been reported to vary from the other beta-coronavirus, including the MERS-CoV and SARS I virus (Walls et al., 2020). SARS-CoV-2 codes for around 16 non-structural proteins (nsp), including RNA-dependent RNA polymerase (RdRp). RdRps share multiple sequence motifs and tertiary structures with all RNA viruses, making it one of the most lucrative targets for developing potential inhibitors. RdRps play a significant role in facilitating viral gene transcription and replication related to other viral and host factors (Gorbalenya et al., 2002). The RdRp is mainly composed of palm, thumb and finger domains, which resembles the typical right-hand RNA polymerase shape. Among the seven RdRp catalytic motifs, five (A–E) are present within the most conserved palm domain, while the other two (F and G) are within the finger domains (Gorbalenya et al., 2002; Venkataraman et al., 2018; Gao et al., 2020). The catalytic site of RDRp is conserved among different organisms and has two successive, surface-exposed aspartate residues projecting out from a beta-turn motif (Doublie and Ellenberger, 1998; Elfiky and Ismail, 2018; Elfiky and Azzam, 2020).
In this study, the SARS-CoV-2 RdRp homology model was built; it was subjected to Molecular docking, molecular dynamic simulation (MDS), MD Trajectory analysis, and MM-GBSA analysis. A structure-based virtual screening was employed in search of promising compounds as RdRp inhibitors from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Two hundred forty-eight plant compounds comprised of flavonoids, alkaloids, lactones, and terpenes with antiviral activity against single-stranded RNA viruses were selected (Supplementary Table S1). Additionally, two nucleoside analogs, favipiravir, and remdesivir which, were recently approved for emergency COVID-19 treatment, have been taken as control. The molecular docking and binding affinity estimation process was used to screen all the natural compounds, including the controls, to compare its results with the hit molecules. The selected compounds were further examined through pharmacokinetics analysis.
The RdRp protein with its hit-molecules and inhibitors was subjected to a more in-depth analysis to extract its bio-molecules’ flexible nature, protein conformational changes, protein-ligand interactions, and structural perturbation, atomic detailing in context to time were thoroughly studied. These studies were carefully accomplished through an efficient and well-established computational method, namely MD simulation (Luthra et al., 2009; Mishra et al., 2018; Majewski et al., 2019; Wang et al., 2020). The further implication of MM-GBSA helped us to evaluate the various aspects of molecular interactions, such as the free binding energy estimation, effect of solvation, and thermodynamic integration (Wang et al., 2019; Kumar et al., 2020).
An extensive in-silico evaluation consisting of molecular docking, pharmacokinetics evaluation, MD simulation, and MM-GBSA were used to explore RdRp-hit molecules interactions' various aspects, leading to the selection of potential lead molecules for the development of promising RdRp inhibitors.
MATERIALS AND METHODS
Homology Modeling
The structure of the SARS-CoV-2 RdRp protein (PDB ID: 6m71.1 A) was downloaded from the swiss-model webserver (Waterhouse et al., 2018) in a PDB format, which was further validated using PROCHECK at the EBI server (Laskowski et al., 1993).
Energy Minimization and Model Validation
Energy minimization was performed to obtain a highly stable protein structure using the YASARA Energy minimization server (Krieger et al., 2009) and further validated using PROCHECK (Laskowski et al., 1993). Further ProSa were used to check the authenticity and the structural quality of the SARS-CoV-2 RdRp protein (Wiederstein and Sippl, 2007).
Binding Site Prediction
A literature survey was done to predict the protein’s binding site (Gorbalenya et al., 2002; Venkataraman et al., 2018; Gao et al., 2020), cross-verified using the CASTp webserver. CASTp 3.0 provides dependable, inclusive, and global topological identifications and dimensions of protein designating residues' identification in the binding site pocket and its volume, cavities, and channels (Tian et al., 2018).
Ligand Selection and Ligand file Preparation
A library of 248 plant compounds was prepared, mainly consist of flavonoids, alkaloids, lactones and terpenes. Compounds were selected based on their antiviral activity against single-stranded RNA virus (Lin et al., 2014). Additionally, two nucleoside analogs, favipiravir, and remdesivir were taken as control. SMILES for the selected ligands were taken from the PubChem (https://pubchem.ncbi.nlm.nih.gov/) (Supplementary Table S1) and converted to pdbqt format using Open Babel software.
Molecular Docking
Molecular docking is the most critical part of computational drug designing, ensuring binding the ligand molecule to the selected protein's binding pocket in the right conformation. In the present study, PyRx virtual screening software was used in docking studies. PyRx uses autodock four and autodock vina as docking programs (Trott and Olson, 2010). A grid box was prepared to have a dimension of 120.6361 Å × 115.6029 Å × 116.6400 Å and 26.0286 Å × 44.5394 Å × 43.1279 Å in the X, Y and Z axis, respectively. The grid box covers almost all the active site residues. Compounds having the lowest binding energy were selected for further study. The docked protein-ligand structures were visualized in PyMol software (Lill and Danielson, 2011), and hydrogen bond interactions were studies using LigPlot (Wallace et al., 1995).
Drug Likeliness and Pharmacological Properties
The selected ligand molecules' drug likeliness properties were predicted based on the Lipinski rule (Lipinski, 2004) and Molsoft L.L.C.: Drug-Likeness (http://www.molsoft.com/mprop/) webserver. The pkCSM tool (http://biosig.unimelb.edu.au/pkcsm/prediction) was used to predict the ADMET properties of the selected ligands (Douglas et al., 2015).
Molecular Dynamics (MD) Simulation
All-atoms MD simulation was performed using Amber16, selecting ff14SB force field and TIP3P water molecules (Case et al., 2005; Maier et al., 2015) for the coordinates of RdRP and the docked complexes with drug molecules, Tellimagrandin I, SaikosaponinB2, Hesperidin, and (-)-Epigallocatechin Gallate. A GAFFs force field is used to parameterize all selected ligands (Wang et al., 2006). A cubic simulation box was prepared to keep the protein at the center with an edge distance of 10 Å, and the explicit TIP3P water molecules were padding around the protein (Jorgensen et al., 1983). The counter-ions (Na + Cl−) were added to neutralize the simulation box. Particle Mesh Ewald (PME), a cut-off of 14 Å, was applied for the electrostatic interactions, and a cut-off of about 12 Å was used to manage the Vander Waals forces (Essmann et al., 1995). The SHAKE algorithm was applied to constrain H-bonds (Ryckaert et al., 1977). The prepared systems’ energy minimization was performed in three stages, each of 10,000 steps of steepest descent (SD) and conjugate gradient (CG) to relax the system. Further, each simulation system was gradually heated from 50 to 300 K in six steps, followed by 10,000 steps of SD and CG minimization. Under the NVT ensemble condition, each system is equilibrated for 1 ns? Finally, all five systems were submitted for the production run under NPT ensemble condition for 100 ns with a time step of 2 fs?
MD Trajectory Analysis and MM-GBSA Assay
From the obtained MD trajectories, using the cpptraj tool available in Amber16, the structural order parameters (RMSD, Rg, RMSF, and SASA) were computed to analyze the structural stability of RdRP and binding complexes with drug molecules, Tellimagrandin I (-)-Epigallocatechin Gallate, SaikosaponinB2, and Hesperidin, respectively. The binding free energy of protein-ligand complexes was estimated utilizing the Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) method, taking the structural ensembles from the last 20 ns trajectory (Wang et al., 2019; Kumar et al., 2021). The binding free energy components can be represented according to the equations:
[image: image]
where ∆G represents the binding free energy of the receptor-ligand system, Gcomp denotes the free energy of receptor complexed with ligand and, Grec and Glig define the individual free energy of receptor and ligand, respectively. The binding free energy of each of these was calculated using the MMPBSA. py script (Amber16). The bonded and non-bonded energy terms, electrostatic interactions, and van der Waals energies are defined by molecular mechanics energy (EMM). The polar solvation free energies [image: image] and nonpolar solvation free energies [image: image] are calculated from the solvent-accessible surface area, and [image: image] using the generalized Born approach.
RESULTS
Homology Modeling, Energy Minimization and Model Validation
The degree of sequence similarity between the template and the query amino acid sequence dramatically determines the generated models' solidity (Azam et al., 2014). Here, the PDB ID- 6m71.1 A having a sequence similarity of 100%, was selected as a template. SWISS-MODEL web server computed a ligand and co-factor free model with an excellent GMQE (Global Model Quality Estimation) score of 0.86 and QMEAN Z-scores −1.52 (Waterhouse et al., 2018). The RdRp model structure was downloaded, and the Ramachandran plot was further used to validate the model via PROCHECK (Laskowski et al., 1993). The predicted model had 100% residues in favored, additionally allowed, and generously allowed regions (Supplementary Figure S1).
YASARA Energy minimization webserver was used to enhance the modeled structure's stereochemistry (Supplementary Figure S2). RdRp structure was further evaluated through ProSa. The z-score was −12.9 (Supplementary Figure S3A), and ProSa designated energy plots (Supplementary Figure S3B) showed an excellent structure.
Binding Site Prediction
Binding site residues or binding pockets were anticipated through a literature survey (Gorbalenya et al., 2002; Gao et al., 2020; Venkataraman et al., 2018) and a CASTp web server. The superimposed residues were considered as binding site residues (Supplementary Figure S4A,S4B). This structurally conserved RdRp core plays a vital role in viral RdRp enzymatic function and shows an excellent drug target (Shu and Gong, 2016). The palm region ranging from 582–628 amino acids, was considered a binding site for further studies (Supplementary Figure S4A,S4B).
Molecular Docking and Interaction Study
The Plant compounds, composed of 248 molecules, were docked against the SARS-CoV-2 RdRp protein using PyRx software. To some extent, all the molecules interacted with the binding site of the target protein. However, out of 248 molecules, four molecules, namely Tellimagrandin I, SaikosaponinB2, Hesperidin, and (-)-Epigallocatechin Gallate, showed the best docking score of −9.6 kcal/mol, −8.9 kcal/mol, −8.6 kcal/mol, and −8.1 kcal/mol, respectively (Table 1). Two nucleoside analogs, namely favipiravir, and remdesivir, were taken as a control and docked against the RdRp protein with the same grid dimension used for the target protein and showed −5.7 and −6.9 kcal/mol docking score, respectively (Table 1).
TABLE 1 | Binding energy values (kcal/mol) and interactions of the ligand with the key residue of RNA dependent DNA polymerase of SARS-CoV-2 evaluated by PyRx docking.
[image: Table 1]The protein-ligand interaction was visualized using PyMol software, and the best positions were selected (Figures 1A–D). LigPlot analysis revealed the hydrogen bond interaction between the targeted protein and ligand molecules (Figures 2A–D). It was noticeable that our four selected molecules formed strong H-bond interaction commonly with the amino acid residues- ASP 617, ASP 618, LYS 620, ASP 622, and ARG 623 exhibiting a great affinity between them.
[image: Figure 1]FIGURE 1 | The docking results of (A) Tellimagrandin I (B) (-)-Epigallocatechin Gallate (C) SaikosaponinB2, and (D) Hesperidin inside binding pocket of RNA dependent DNA polymerase (RdRp) of the SARS-CoV-2. Hydrogen bonded interactions are shown as black dotted lines.
[image: Figure 2]FIGURE 2 | Diagrammatic sketch illustrating the interactions between (A) Tellimagrandin I (B) (-)-Epigallocatechin Gallate (C) SaikosaponinB2 (D) Hesperidin and RNA dependent DNA polymerase of the SARS-CoV-2 by Ligplot. Ligand is shown in purple and: green dashed lines indicate hydrogen bonds with distance in angstrom (Å), spoked red arcs indicate hydrophobic contacts, atoms are shown in black for carbon, blue for nitrogen, red represents oxygen, green represents fluorine, and yellow represents sulfur.
The docking and interaction pattern of the top four ligand molecules shows that they are capable of binding with the catalytic palm region of the protein, thus inhibiting the activity of RdRp and blocking the viral replication and transcription. This study unlocked the door for the proposed molecules for further pharmacokinetic analysis.
Pharmacokinetics Studies
Selected ligands were subjected to pharmacokinetics, including Lipinski rule 5, Drug likeness and ADMET analysis.
Result Obtained from the Lipinski rule of five are listed in Supplementary Table S2 (-)-Epigallocatechin Gallate satisfied all the Lipinski rule parameters. Whereas other molecules violate the Lipinski rule, previous studies suggest that saikosaponinB2 and tellimagrandin I have been known to have inhibitory activity against coronavirus 229 E and HCV, respectively (Cheng et al., 2006; Tamura et al., 2010). Again, the Hesperidin has antiviral activity against rotavirus (Bae et al., 2000). While (-)-Epigallocatechin Gallate was found effective against SARS-CoV-2 (Singh et al., 2020). However, all four molecules show favorable drug-likeness properties (Supplementary Table S2 and Supplementary Figures S5A–D).
pkCSM web tool was used to predict the ADMET properties of the selected molecules.
Absorption: Absorption is mainly calculated on account of water solubility, Caco2 permeability, human intestinal absorption, skin permeability, and whether the molecule is a P-glycoprotein substrate or inhibitor (Azam et al., 2014; Bhowmik et al., 2020; Sinha et al., 2020). The water solubility of the compound reflects at 25°C. All the selected molecules are moderately soluble in the water (Table 2). Caco2 permeability and human intestinal absorption determine the ultimate bioavailability; a drug having a value of more than 0.90 is considered readily permeable (Azam et al., 2014; Bhowmik et al., 2020; Sinha et al., 2020). All the ligands molecules show good permeability (Table 2).
TABLE 2 | Absorption and distribution profile of the Tellimagrandin I, SaikosaponinB2, Hesperidin, and (-)-Epigallocatechin Gallate by pKCSM tool.
[image: Table 2]The human intestine is the primary site where drugs usually get absorbed. Hydrophilic molecules are easily absorbed. A molecule with more than 30% absorbency is considered readily absorbed (Azam et al., 2014; Bhowmik et al., 2020; Sinha et al., 2020). Tellimagrandin I is found to be highly absorbed in the human intestine (Table 2). All the selected molecules are substrates for P-glycoprotein. Other than Hesperidin, all the molecules are either P-glycoprotein I or P-glycoprotein II inhibitors (Table 2). Thus, selected molecules could regulate P-glycoprotein's physiological function in the distribution of drugs.
Distribution: In the pKCSM tool, distribution is calculated in the following mentioned parameters - Human volume of distribution, human fraction unbound in plasma, blood-brain barrier, and central nervous system permeability. The volume of distribution is a theoretical volume that defines the drug’s overall dose, which needs to assort identically across to give a similar blood plasma concentration. The higher the VDss value, the more of a drug is distributed in tissue rather than plasma. More extensive tissue distribution is desirable for antibiotics and antivirals (Bhowmik et al., 2020; Sinha et al., 2020). VDss is considered low if the log VDss value is lower than −0.15, while the value higher than 0.45 is considered high (Bhowmik et al., 2020; Sinha et al., 2020). Among all the molecules, hesperidin shows the highest value, followed by (-)Epigallocatechin Gallate, Tellimagrandin I, and SaikosaponinB2, respectively (Table 2). Most plasma drugs will occur in symmetry in between unbound or bound states concerning serum proteins. The drug's effectiveness may be stirred by a limit to which it binds to the blood's proteins; as more can bind, it can transverse cellular membrane (Bhowmik et al., 2020; Sinha et al., 2020). Fraction unbound to human plasma should lie between 0.02 and 1.0 (Sinha et al., 2020). All the compounds show a good value (Table 2).
Metabolism: Metabolism of a drug depends upon the molecule to be a Cytochrome P450 substrate or inhibitor. All the selected molecules are non-inhibitor of any cytochrome enzyme, which indicates that they will be metabolized by the enzyme's action, suggesting that they will not be hampered through the body's biological transformation (Supplementary Table S3).
Excretion: Excretion is calculated with total clearance and whether the molecule is a renal OCT2 substrate. Organic cation transporter 2 (OCT2) is a renal uptake transporter that deposits and clears drugs from the kidney (Sinha et al., 2020). Only Tellimagrandin I acts as a substrate for Renal OCT2, while other drugs are removed via a different route. All the selected molecules show total clearance less than log(CLtot) 1 ml/min/kg (Table 3).
TABLE 3 | Excretion and toxicity profile of the Tellimagrandin I, SaikosaponinB2, Hesperidin, and (-)-Epigallocatechin Gallate by pKCSM tool.
[image: Table 3]Toxicity: The AMES test showing a negative value indicates that it is non-mutagenic and non-carcinogenic. None of the selected ligand molecules shows positive AMES results (Table 3). The Maximum recommended tolerance dose (MRTD) provides an estimate of the toxic dose in humans. MRTD less than or equal to log 0.477 (mg/kg/day) is considered low (Sinha et al., 2020). All the compounds have low toxicity to humans (Table 3). hERG (human ether-a-go-go gene) is responsible for blocking potassium channels (Sinha et al., 2020). All the selected ligands are non-inhibitor of hERG and do not induce hepatotoxicity and non-skin sensitive (Table 3).
A molecule with a high oral rat acute toxicity (LD50) value is less lethal than the lower LD50 value (Bhowmik et al., 2020; Sinha et al., 2020). For a given compound, the LD50 is the amount that causes the death of 50% of the test animals (Bhowmik et al., 2020; Sinha et al., 2020). All the selected ligands showed high oral rat acute toxicity (LD50) value (Table 3). The lethal concentration values (LC50) represent a molecule’s concentration necessary to cause 50% of Fathead Minnows’ death. For a given compound, if the log LC50 < 0.5 mM (log LC50 < −0.3), then it is regarded as high acute toxic (Bhowmik et al., 2020; Sinha et al., 2020), all the compounds shows good score indicating that they are less toxic (Table 3).
MD Simulation
To determine RdRp docked complexes’ conformation stability with drug molecules, Tellimagrandin I, SaikosaponinB2, Hesperidin, and (-)-Epigallocatechin Gallate, we computed the backbone root mean square deviation (Cα-RMSD), as shown in Figure 3. The result shows that the RMSD trajectory of RdRp-Tellimagrandin I quickly attains equilibrium during 0–5 ns and remains steady with RMSD value 3.0 ± 0.2 Å at the end of simulation at 100 ns (Figure 3A). Similarly, the RMSD plot of the RdRp-SaikosaponinB2 complex shows a relatively stable structure during ∼0–37 ns with RMSD ∼2.57 Å. With slight drift, RMSD increase to ∼3.0 Å at ∼37 ns, which settles at ∼65 ns, and a stable equilibrium is continued for the remaining period of simulation (Figure 3C). However, RdRp-(-)-Epigallocatechin Gallate’s plot shows a gradual increase in RMSD during ∼0–35 ns, which slowly attains equilibrium at ∼50 ns and remains consistent around RMSD value ∼3.0 Å till 100 ns (Figure 3B). The conformational dynamics of RdRp- Hesperidin also shows an initial increase in RMSD up to ∼25 ns? The structure remains stable with RMSD ∼2.80 Å at ∼25–60 ns. Further increase in RMSD can be noticed due to several small drifts that settle at ∼85 ns, and the simulation ends with an increase in RMSD ∼3.50 Å (Figure 3D).
[image: Figure 3]FIGURE 3 | Backbone root mean square deviation (Cα-RMSD) results of all four complexes. RMSD values of RdRp-Tellimagrandin I (A), RdRp-(-)-Epigallocatechin Gallate (B), RdRp-SaikosaponinB2 (C), and RdRp-Hesperidin (D). Molecular dynamic simulations were conducted for 100 ns?
To examine the structural compactness and integrity of RdRp-drug bound complexes, the radius of gyration (Rg) is calculated for each system (Nygaard et al., 2017; Prakash et al., 2018a). Figure 4 shows that the structure of RdRp-Tellimagrandin I is stabilized around Rg value 31.25 Å, and we can see only the minor perturbations with small drifts of ∼0.20 Å at 0–25 ns, but it remains stable for the remaining period of simulation (Figure 4A). The Rg plot of RdRp-SaikosaponinB2 shows a slight drop down in trajectory during 0–25; after that, a drift of ∼0.70 Å can be seen at ∼25–30 ns, which settles gradually at ∼60 ns, and the structure remains stable for the period of 100 ns (Figure 4C). Whereas the conformational dynamics of RdRp-(-)-Epigallocatechin Gallate and RdRp-Hesperidin shows less perturbed structure throughout the simulation period with Rg value 31.25 Å (Figures 4B,D respectively).
[image: Figure 4]FIGURE 4 | The radius of gyration (Rg) results of all four complexes. Rg values of RdRp-Tellimagrandin I (A), RdRp-(-)-Epigallocatechin Gallate (B), RdRp-SaikosaponinB2 (C), and RdRp-Hesperidin (D). Molecular dynamic simulations were conducted for 100 ns?
We also analyzed the root mean square fluctuation (RMSF) plots of all four complexes (Figure 5). The residues belonging to stable secondary conformations (α-helix and β-sheet) show a lower degree of residual fluctuations, whereas the residues belonging to the terminal (N-and C-terminal) and loop regions have a high degree of fluctuations. The RMSF plots of RdRp-Tellimagrandin I, RdRp-(-)-Epigallocatechin Gallate, and RdRp-SaikosaponinB2 represent typical pattern profiles that the amino acid residues belonging to termini (N-and C-terminal) and loops have average atomic fluctuation >1.5 Å (Figures 5A–C respectively). In contrast, the conformational dynamics of stable secondary structure, α-helices, and β-sheets remain stable during the simulation, providing elegance evidence of the stable molecular interactions with ligands. However, the plot of RdRp-Hesperidin shows that along with the regions belonging to loops, the residues 300–400 also having comparatively higher average fluctuations >2.0 Å (Figure 5D). This result indicates the loosely bounded conformation of Hesperidin with RdRp.
[image: Figure 5]FIGURE 5 | The root mean square fluctuation (RMSF) plots of all four complexes. RMSF plots of RdRp-Tellimagrandin I (A), RdRp-(-)-Epigallocatechin Gallate (B), RdRp-SaikosaponinB2 (C), and RdRp-Hesperidin (D). Molecular dynamic simulations were conducted for 100 ns?
We also examine the solvent-accessible surface area (SASA) of RdRp-inhibitor complexes, which provides the conformational concerning solvent around the protein (Figure 6). Results show a slight change or rather no change in the conformational dynamics of RdRp-Tellimagrandin I, RdRp-(-)-Epigallocatechin Gallate, and RdRp-SaikosaponinB2, which are converged around SASA values ∼150 Å2, respectively (Figures 6A–C respectively). However, the plot of RdRp-Hesperidin shows an increase in SASA value ∼80 Å2 during 0–5 ns, but it remains consistent up to 55 ns with the average fluctuation of ∼25–30 Å2 (Figure). However, the sharp drift of ∼50 Å2 can be seen at ∼60 ns, which gradually dropped at ∼75 ns, and the structure remains stable for ∼75–100 ns (Figure 6D).
[image: Figure 6]FIGURE 6 | The solvent-accessible surface area (SASA) results of all four complexes. SASA plots of RdRp-Tellimagrandin I (A), RdRp-(-)-Epigallocatechin Gallate (B), RdRp-SaikosaponinB2 (C), and RdRp-Hesperidin (D). Molecular dynamic simulations were conducted for 100 ns?
Thus, the combined results of structural order parameters highlighted the more stable structural dynamics of RdRp complexed with Tellimagrandin I, SaikosaponinB2, and (-)-Epigallocatechin Gallate as compared to Hesperidin.
MM-GBSA Assay
Finally, to evaluate the molecular binding of drug molecules with RdRp, the quantitative assessment of binding free energy (∆Gbinding) was carried out using MM-GBSA (Genheden and Ryde, 2015; Wang et al., 2019) on the conformational ensemble of protein-ligand complexes. Considering the convergence of MM/GBSA free energy estimates, only the last 20 ns of data were used for the analysis (Genheden and Ryde, 2015; Wang et al., 2019; Kumar et al., 2021). Results revealed that the binding affinities (∆Gbinding) of the selected drug molecules against RdRp range from −42.43 to −22.72 kcal/mol (Table 4). The non-bonded terms van der Waals energies (∆EvdW) are relatively more negative than the others from −64.57 to −37.35 kcal/mol, indicating that all four compounds have good hydrophobic contacts at the active site of RdRp (Table 4). However, the bonded terms electrostatic interactions (∆Eelectrostatic) ranges between −26.24 to −4.96 kcal/mol, which shows less contribution energy component, electrostatic in the relative stabilities of ligands (Table 4). Furthermore, the polar solvation energies (ΔEGB) act against the complexation, neutralized by bonded and non-bonded interactions. We noticed the higher contribution of ∆Eelectrostatic = −26.24 kcal/mol and lower ∆Eelectrostatic = −4.96 kcal/mol for drug molecules, SaikosaponinB2 and (-)-Epigallocatechin Gallate, respectively (Table 4). However, the higher contribution of ∆EvdW = −39.95 kcal/mol results in the more favorable binding of (-)-Epigallocatechin Gallate, as compared to Hesperidin (∆EvdW = −37.35) (Table 4). Among the four compounds, SaikosaponinB2 shows the best binding affinity (∆Gbinding = −42.43 kcal/mol) for RdRp, whereas the least activity is noticed for the drug molecule, Hesperidin (−22.72 kcal/mol) (Table 4).
TABLE 4 | Binding free energy (kcal/mol) approximation of drug molecules (Tellimagrandin I, SaikosaponinB2, Hesperidin, and (-)-Epigallocatechin Gallate) against RNA dependent RNA polymerase (RdRp).
[image: Table 4]DISCUSSIONS
In this present study, RNA dependent RNA polymerase was taken as a drug target as this protein is essential for viral replication and transcription of SARS-CoV-2. The conserved RdRp catalytic motifs (A–E), the palm regions were taken as active sites. Plant products, mainly flavonoids, alkaloids, lactones, and terpenes, were considered during the investigation as inhibitors against the target protein. It has been earlier noted that natural products have traditionally provided the pharmaceutical industries with many vital leads to discover new drugs. Many compounds were isolated from a plant having an anti-viral activity (Lin et al., 1999; Cheng et al., 2004; Chang et al., 2005).
In this study, 248 natural compounds as ligands were selected. Four ligands possess an excellent binding affinity toward the target protein's active site depicting the lowest binding energy (Table 1), demonstrating their potentiality as inhibitors for SARS-CoV-2. The compound Tellimagrandin I depicted the best docking score of -9.6 kcal/mol (Table 1). The Druglike properties of the selected ligands were evaluated based on Lipinski parameters. Other than (-)-Epigallocatechin Gallate, all molecules violate the Lipinski rule as they have higher molecular weight. As a rule, it does not predict if a compound is pharmacologically active, and the already established antiviral activity in the previous study cannot be overlooked (Lin et al., 2014). Generally, a molecule showing a negative drug score is not considered a promising drug candidate; all four selected molecules show a favorable/positive drug score (Supplementary Table S2 and Supplementary Figures S5A–S5D); additionally, SaikosaponinB2 possess antiviral activity against HCOV-229 E (Cheng et al., 2006) and possesses a high activity with an IC50 value of 1.7 μmol/L (Cheng et al., 2006). Therefore, SaikosaponinB2 can be considered a potent inhibitor against COVID-19.
In the present study, hesperidin showed good drug scores, as shown in Supplementary Table S2 and Supplementary Figure S5D. This compound changes the immune system response by regulating interferons during influenza A virus infection and shows antiviral activity against influenza A virus (Randall and Goodbourn, 2008). This compound also exhibits antioxidant, anti-inflammatory, and lipid-lowering properties (Li and Schluesener, 2017) (-)-Epigallocatechin Gallate is one of the selected molecules favoring all the Lipinski rules with a good drug score (Supplementary Table S2 and Supplementary Figure S5B) (-)-Epigallocatechin Gallate had antiviral activity against the Hepatitis C virus with IC50 value 5 μg/L (Calland et al., 2012), Enterovirus 71 (Ho et al., 2009), and Zika virus (Carneiro et al., 2016). This polyphenol has antioxidant properties. Tellimagrandin I obtained from Rosea rugosa showed the highest binding affinity toward the target protein and possessed an excellent drug score (Supplementary Table S2 and Supplementary Figure S5A). Tellimagrandin I compound is also reported to have antiviral activity against the Hepatitis C virus (Tamura et al., 2010). Hence, Hesperidin (-)-Epigallocatechin Gallate, and Tellimagrandin I can also be considered potential drug candidates against SARS-CoV-2 RdRp protein.
In comparison, the two nucleoside analogs-favipiravir and remdesivir currently being evaluated in clinical trials for the treatment of COVID-19 scored lower −5.7 and −6.9 kcal/mol respectively against the RdRp (Table 1), thus enunciating the possibility of our proposed molecules to be a potent inhibitor against the SARS-CoV-19 RdRp protein.
The ligand-binding directly induced the structural changes needed to be accounted for the proteins to compute their binding free energies reliably, so we have followed this procedure.
A drug molecule’s efficacy depends on the spatial binding at the target protein’s active site and the protein-ligand complex’s structural stability (Luthra et al., 2009; Mishra et al., 2018; Majewski et al., 2019; Wang et al., 2020). Structure-based virtual screening is a reliable strategy to identify a potential inhibitor in the drug development process (Meng et al., 2011; Agrawal et al., 2019). The molecular docking using AutoDock allows our compounds to interact with our query protein in a single rigid conformation upon which score based ranking is determined. (Forli et al., 2016; Sulimov et al., 2019). Thus, to understand the protein-ligand molecular interactions, MD simulation can provide a comprehensive insight into protein-ligand interactions' structural stability and dynamic (Luthra et al., 2009; Prakash and Luthra, 2012; Wang et al., 2013; Panda et al., 2020). Thus, to determine the conformational dynamics and stability of protein-ligand complexes, MD simulations were carried out for 100 ns at the 300 K.
The structural order parameters evaluate the molecular stability of protein-ligand complexes. Figures 3A–D suggests that out of four complexes, the structure of RdRp- Tellimagrandin I and RdRp-(-)-Epigallocatechin Gallate quickly attain a stable equilibrium, and the RMSD trajectory observed consistent till the simulation ends at 100 ns? RMSD plot of RdRp-SaikosaponinB2 observed equilibrated around ∼2.7 Å, but the small drifts at ∼37 ns and ∼65 ns suggested the structural adjustment to accommodate the ligand at the active site protein, respectively (Figures 3A–C respectively). However, the structure of RdRp-Hesperidin shows a continuous rise in RMSD during the initial ∼0–25 ns and remains stable for ∼25–65 ns? A further slight increase in RMSD of ∼0.7 Å indicates relatively less stable conformational dynamics of complex structure with Hesperidin (Figure 3D).
Further, the structural compactness of RdRp-drug complexes determines by Rg analyses suggest the stable molecular interaction with all four compounds, which are stabilized in between the range of 31.25–33.50 Å (Figures 4A–D). However, the drifts of 0.20–0.40 Å can be seen during the initial stages of simulation in the Rg trajectory of Tellimagrandin I and SaikosaponinB2, which indicated the structural perturbation to accommodate the ligands. The average atomic fluctuations measured through RMSF plots suggest that all four RdRp-drug complexes show similar spatial binding patterns, which indicates that all four compounds remain well accommodated at the binding pocket of RdRp with favorable molecular interactions (Figures 5A–D). The hydrophobic interactions play a crucial role in determining the protein conformational dynamics, which ensure the structural stability of molecular interactions (Prakash et al., 2018b; Banerjee and Bagchi, 2020). Thus, we also investigated the SASA plots of all four complexes, suggesting no considerable changes in the conformational dynamics of Tellimagrandin I (-)-Epigallocatechin Gallate, and SaikosaponinB2 stabilized around SASA values 150 Å2, respectively (Figures 6A–C respectively). Whereas large deviation in SASA value approximately ∼50–80 Å2 reveals a relatively less stable structure of RdRp- Hesperidin complex (Figure 6D).
We further applied MM/GBSA free energy calculations to assess the thermodynamics stability of the RdRp complexed with drug molecules in terms of the binding free energy (Wang et al., 2019; Kumar et al., 2020). The MM/GBSA free energy calculation summarized in Table 4 provided clear evidence that the drug molecules were spatially stable at the active site of RdRp by van der Waals (∆EvdW) and electrostatic interactions (∆Eelectrostatic). Although the energy components, ΔEGB, act against the complexation, Van der Waals and electrostatic interactions mostly neutralize it. We can observe the more favorable molecular action of SaikosaponinB2 (∆Gbinding = −42.43 kcal/mol), suggesting it as a potential candidate against RdRp in therapy against COVID-19 (Table 4).
CONCLUSION
The present study explored the ligands' impacts, namely, Tellimagrandin I, SaikosaponinB2, Hesperidin (-)-Epigallocatechin Gallate’s molecular interactions and analyzed them as prospective drug candidates against the SARS-COV-2 RdRp protein. The screened molecules showed excellent docking scores, excellent pharmacokinetic profiles, MD simulation, and MM/GBSA profile. Moreover, these molecules cohere affirmatively with the predetermined amino acid residues present in the core palm region of the RdRp protein, thus inhibiting the viral gene replication and transcription. The ADMET results revealed excellent bioavailability and enzymatic inhibitory effect. Though the proposed molecules already have good IC50 values against different viruses, a further experimental analysis must be carried ahead to inspect its efficacy against the SARS-CoV-2. The binding free energy estimation using MM/PBSA assays revealed that selected-inhibitors: SaikosaponinB2, Tellimagrandin I, and (-)-Epigallocatechin Gallate possess better binding free energy and molecular affinity as compared to Hesperidin. Therefore, we proposed that selected molecules might be used as lead molecules in COVID-19 therapy.
The pharmacological profiling, docking analysis, MD simulation, MD trajectory, and MM/GBSA studies evaluated Saikosaponin B2 as a potent prospective drug candidate against the SARS-CoV-2 RdRp proteins that might inhibit duplication of COVID-19 virus, resulting in mitigating the disastrous global effects of the COVID-19 pandemic.
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