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Abstract

:

The severe acute respiratory syndrome coronavirus 2, also known as SARS-CoV-2, is the causative agent of the COVID-19 global pandemic. SARS-CoV-2 has a highly conserved non-structural protein 12 (NSP-12) involved in RNA-dependent RNA polymerase (RdRp) activity. For the identification of potential inhibitors for NSP-12, computational approaches such as the identification of homologous proteins that have been previously targeted by FDA-approved antivirals can be employed. Herein, homologous proteins of NSP-12 were retrieved from Protein DataBank (PDB) and the evolutionary conserved sequence and structure similarity of the active site of the RdRp domain of NSP-12 was characterized. The identified homologous structures of NSP-12 belonged to four viral families: Coronaviridae, Flaviviridae, Picornaviridae, and Caliciviridae, and shared evolutionary conserved relationships. The multiple sequences and structural alignment of homologous structures showed highly conserved amino acid residues that were located at the active site of the RdRp domain of NSP-12. The conserved active site of the RdRp domain of NSP-12 was evaluated for binding affinity with the FDA-approved antivirals, i.e., Sofosbuvir and Dasabuvir in a molecular docking study. The molecular docking of Sofosbuvir and Dasabuvir with the active site that contains conserved motifs (motif A-G) of the RdRp domain of NSP-12 revealed significant binding affinity. Furthermore, MD simulation also inferred the potency of Sofosbuvir and Dasabuvir. In conclusion, targeting the active site of the RdRp domain of NSP-12 with Dasabuvir and Sofosbuvir might reduce viral replication and pathogenicity and could be further studied for the treatment of SARS-CoV-2.
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1. Introduction


Drug discovery is a time-consuming and costly process that involves a lengthy assessment of clinical trials and has a success rate of only 2%, with an average cost of USD 2–3 billion [1,2], and also fails to deliver at the time of pandemics [3]. On the other hand, drug repurposing has several advantages over drug discovery, and one is that it can be delivered in times of pandemics. At the beginning of February 2020, the World Health Organization (WHO) declared the novel coronavirus disease 2019 (COVID-19) a pandemic due to its rapid spread as well as its high mortality and morbidity rates [4]. COVID-19 first appeared in Wuhan city, China, in late 2019 and is still spreading all over the globe creating a disastrous effect on global health and the economy [5,6]. Due to its highly contagious nature, as of May 2022, the pandemic has spread to more than 200 countries and territories with over 5.5 million confirmed positive cases and mortality of over 350K across the globe [7].



The etiological agent of COVID-19 is severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and it has been reported to originate from the animal coronavirus [8]. SARS-CoV-2 belongs to the genus Betacoronavirus of the family Coronaviridae which already has two other members, i.e., SARS coronavirus (SARS-CoV-1) and Middle East respiratory syndrome coronavirus (MERS-CoV) which caused pandemic onslaughts in 2002 and 2012, respectively, resulting in severe human losses both in terms of morbidity and mortality [9].



Coronaviruses are positive-sense single-stranded RNA with a genome size of ~30 kb containing a 5′ cap-structure and 3′-polyadenylated tail [10]. Their genome encodes for ORF1a and ORF1ab polyprotein which cleaves into multiple subunits and performs a diverse range of functions, i.e., binding and invading the host cell, viral replication, and evading the host immune system [11]. The proteins of coronaviruses perform their function by aggregating multiple subunits into an heteromeric complex, i.e., replication-transcription complex and several other structural proteins that assemble into new virions [12,13]. One of these subunits is a non-structural protein 12 (NSP-12) which involves RNA-dependent RNA polymerase (RdRp) activity.



NSP-12 of SARS-CoV-2 is highly conserved by sharing 96% similarity with SARS-CoV-1 and 70% with MERS-CoV. The recently resolved structure has also revealed conserved structural architecture by comparison with non-structural protein 5 (NS5) of flaviviruses and polymerases of picornaviruses [14]. However, NSP-12 has a length of ~930 amino acids in contrast to the polymerases of Human Poliovirus (PV) and NS5B of Hepatitis C Virus (HCV) which usually comprises ~500 amino acids. NSP-12 is responsible for viral replication and transcription once the virus invades into the host cellular environment by aggregating with cofactors such as NSP-7 and NSP-8 along with some additional subunits to initiate viral replication [15]. Its tertiary structure comprises three highly conserved domains: N-terminal nucleotidyltransferase (also known as nidovirus RdRp-associated nucleotidyltransferase (NiRAN)), interface, and C-terminal RdRp domain [14]. The RdRp domain of NSP-12 is highly conserved and responsible for viral replication and has been reported in several families of RNA genome viruses, while the NiRAN domain is only conserved among the members of nidoviruses by possessing kinase-like fold and involves in attachment with NSP-7 and NSP-8 [15]. RdRp domain contains seven conserved motifs (motif A-G) that involve attachment with nucleotide triphosphate (NTP) and RNA primer during the viral replication [16,17]. Due to these conserved evolutionary features of the RdRp domain, it has been suggested to be an important therapeutic target [18,19,20].



Currently, many studies including single-ligand docking [21,22] as well as screening of the compounds library [19,23] have been conducted to search for potential inhibitors against NSP-12 of SARS-CoV2. In our study, we employed the structural-based homology method to identify structurally-conserved proteins and then identified US Food and Drug Association (FDA)-approved inhibitors of the homologous structure. The selected FDA-approved inhibitors were Dasabuvir Sodium (Dasabuvir) [24] and Sofosbuvir [25] which were previously authorized for inhibiting the NS5B of HCV. Furthermore, the conserved active site of NSP-12 was characterized and the affinity of the inhibitors were evaluated using in silico assessments, i.e., molecular docking and simulations.




2. Results


2.1. Structural Similarity-Based Searching and Screening for Homologous Proteins


The DALI server was employed for the identification of homologous protein structures to NSP-12 of SARS-CoV-2 that were already submitted in the PDB repository. The submitted query resulted in a total of 1105 homologous structures with a default cutoff of Z-score ≥2 as shown in Supplementary Table S1. For screening significant homologs, a cutoff Z-score value ≥19 was considered, resulting in 611 structures. These resulting homologous structures were involved in the RdRp activity and belonged to four viral families: Coronaviridae, Flaviviridae, Picornaviridae, and Caliciviridae and infected a diverse range of hosts. The representatives belonging to different viral genera were selected from the filtered homologous structures and their similarities were evaluated by using the similarity matrix and a cladogram by the neighbor joining method. The resulting matrix was visualized as a heatmap as shown in Figure 1A. The heatmap of Z-score-based structural similarity revealed the close relationship of coronaviruses with the members of Flaviviridae as well as Caliciviridae and Picornaviridae.



Based on structural similarity, the unrooted cladogram of homologous structures to NSP-12 was clustered into four viral families as shown in Figure 1B. The clade of the coronaviruses, i.e., SARS-CoV-1 and SARS-CoV-2, shares a close relationship with the NS5B of HCV and also with the other representatives of Flaviviridae, i.e., the Zika Virus (ZIKV), Dengue Virus (DENV), Bovine Viral Diarrhea Virus (BVDV), Japanese Encephalitis Virus (JEV), and Classical Swine Fever Virus (CSFV). The members of Picornaviridae included PolV, Human Coxsackievirus (CoxV), Human Rhinovirus (HRV), Human Enterovirus (HEV), Human Enterovirus 71 (HEV71), Foot and Mouth Disease Virus (FMDV), and Encephalomyocarditis virus. The representatives of Caliciviridae were the Sapporovirus (SapV), Rabbit Haemorrhagic Disease Virus (RHDV), Murine Norovirus (MNV), Norwalk Virus (NarV), and Human Norovirus (HNV). The clade of Flaviviridae and coronaviruses shared significant relationships as compared to the members of Caliciviridae and Picornaviridae.




2.2. Sequence and Structural Analysis of Conserved Motifs in NSP-12


The conserved motifs in NSP-12 were analyzed by multiple structures and sequence alignments implemented at the PROMALS3D server. The PROMLS3D server aligns multiple structures based on similarity at the amino acid sequence and secondary structure level. The identified conserved motifs in NSP-12 have been displayed in Figure 2A. NSP-12 has seven highly conserved motifs (motif A-G) which are responsible for NTP catalysis, binding to the 3′ of RNA template, and viral replication by agglomerating with NSP7 and NSP8 [14].



To display the conserved orientation of these motifs at the active site of NSP-12, multiple structures belonging to the family Coronaviridae, Flaviviridae, and Picornaviridae were superposed (structurally aligned) by using the MatchMaker algorithm implemented in UCSF Chimera. The conserved motifs identified from multiple sequence and structural alignment have been shown in Figure 2B. Motifs A–E are located in the palm domain while motifs F and G are present in the fingers domain of NSP-12. Motifs A and C have highly conserved aspartic acid residues which bind to the divalent ions (Mn2+ or Mg2+) and are responsible for executing the catalysis of nucleotide-binding [16,17]. Motifs B, D, E, and G are involved in nucleotide recognition and coordination. Motif F is enriched with positively charged basic residues which interact with the triphosphate moieties of the NTP [26,27]. Motif G has been also reported to involve in adjusting the orientation of the primer and template [28].




2.3. Pharmacophore Modeling and Druggable Site in NSP-12


Pharmacophore modeling is a very useful technique for the detection of ligand-binding or a druggable site in protein that could be targeted to either trigger or to block the biological activity [29]. Pharmacophore modeling was computed by using the CAVITY search module of the CavityPlus server with a selection of “No Ligand” mode and default parameters. The CAVITY search module evaluates the pharmacophore or druggable cavity based on surface energy and site geometry. The analysis resulted in the prediction of a total of 27 cavities in NSP-12 and their information has been shown in Table S2. The cavities were ranked based on factors, i.e., drug score, druggability, and predicted average PKD and the top-scored cavity as shown in Figure 2C was selected for further analysis.



The top-ranked cavity has a higher drug score revealing significant druggability of the active site with a predicted maximum pKd score of 6.99. The predicted maximum pKd score ≥6 indicates a suitable ligand ability of a cavity binding site. There was a total of 154 amino acid residues constituting the predicted cavity and they were compared with the evolutionarily conserved residues of the RdRp domain of NSP-12 from multiple sequence alignments. The comparison has been plotted as a Venn diagram as shown in Figure 3A. The highly conserved residues were K545 and R555 of motif F, D618, and D623 of motif A, S682, G683, T687, and N691 of motif B, D760, and D761 of motif C and W800 of motif D. These residues were further represented as a target in the RdRp domain of NSP-12 for molecular docking with the FDA-approved antivirals.




2.4. Molecular Docking of NSP-12 with FDA-Approved Antivirals


Before molecular docking, the ligands, i.e., Dasabuvir, Sofosbuvir, Ribavirin, GTP, and UTP, were prepared using AutoDock Tools. The grid box was centered at the active site or druggable cavity and the residues were considered rigid for both receptors, i.e., NSP-12 of SARS-CoV-2 and NS5B of HCV. The molecular docking was performed by AutoDock Vina with the parameters that are suggested for a single-docking experiment and the results for each abovementioned ligand were stored. AutoDock Vina predicts the docking score in kcal/mol and the lower energy means higher binding affinity between the ligand and the receptor. The results score of ligand bindings with the active site of NSP-12 and NS5B has been compared and visualized as a bar chart as shown in Figure 3B.



The docking score of NSP-12 with the ligands was in the range of −6.2 to −8.1 kcal/mol, while for NS5B, it was −6.5 to −9.1 kcal/mol, and both had an average difference of 0.84 kcal/mol. The average docking score of NSP-12 and NS5B for Sofosbuvir, Dasabuvir, Ribavirin, GTP, and GTP were −8.2, −8.6, −6.35, −8.25, and −7.6 kcal/mol, respectively. NSP-12 showed the lowest docking score (−8.1 kcal/mol) with Dasabuvir and higher (−6.2 kcal/mol) with Ribavirin. In general, the ligands showed a higher docking score for NS5B as compared to NSP-12.



To examine the interactions between ligand and the conserved residues present at the active site of NSP-12, LigPlot + v2.1, standalone software was used. The predicted interactions of Sofosbuvir and Dasabuvir with NSP 12 have been shown in Figure 4A,B, respectively. The conserved residues involved in forming hydrogen bonds with Sofosbuvir were C622 of motif-A, W800 of motif-D, G811, and S814 of motif-E, while Dasabuvir interacted by the formation of hydrogen bonds with D761 of motif-C and W800 of motif-D. In addition, several conserved residues of motif-A, -C, and -E were also involved in hydrophobic interactions with Sofosbuvir and the residues of motif-A, -B, -C, -E, and -F with Dasabuvir. On the other hand, the native competitors such as GTP interacted with NSP-12 by forming hydrogen bonds with A554, R555, and T556 of motif-F, Y619, K621, and C622 of motif-A, while UTP interacted with S759, D760, and D761 of motif-C, W800 of motif-D, and G811 and S814 of motif-E. In the case of HCV as a receptor, Sofosbuvir binds with motif-B and -C, while Dasabuvir interacted with residues of motif-A, -B, -C, and motif-F, and their receptor–ligand interaction plots have been shown in Figure 4C,D, respectively.




2.5. Molecular Dynamics (MD) Simulation


By binding to a protein’s functional binding cleft, each small molecule has the potential to cause significant conformational changes in the protein’s structure. To investigate the structural stability of 6M71, 100 ns of molecular dynamics (MD) simulations were run with the protein in both its apo and ligand-bound forms. The stability of the systems was evaluated using root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration, and Hydrogen bond analysis.



2.5.1. Root Mean Square Deviation (RMSD)


The average RMSD for 6M71, 6M71-Dasabuvir, Ribavirin, and Sofosbuvir complexes was calculated as 0.23, 0.23, 0.27, and 0.27 nm, respectively. All three systems’ RMSD values, which quantify conformational changes over time, indicated that the simulation was stable for up to 100 ns. The backbone RMSDs plot analysis revealed that the complex was stable throughout MD simulation despite a small deviation from its primary conformation. Figure 5 displays the RMSD plots of all complexes vs. simulated time. The resulting RMSD graph showed increasing trends with increasing RMSD values ranging from 0.10 to 0.33 nm between 0 and 60 ns in the case of 6M71/Ribavirin and 6M71/Sofosbuvir, suggesting the compounds were becoming accustomed to a new conformation inside the binding pocket; after that, the plateau continued and finally, settled at 0.29 nm, which does not exceed the 0.3 nm threshold. However, 6M71/Sofosbuvir has the same evolution to apo 6M71. Lower RMSD values for all complexes investigated shows that Dasabuvir inhibitor is stable inside 6M71 and gives a strong foundation for our research.




2.5.2. Root Mean Square Fluctuation (RMSF)


The root mean square fluctuation (RMSF) method was used to investigate the effect of ligand binding on the flexible structure of protein as well as the behavior of essential amino acids. Throughout the simulation, a lower RMSF value indicates more rigidity, whereas a higher RMSF value indicates more flexibility. In Figure 6, RMSFs of the Apo NSP-12, NSP-12/Dasabuvir, NSP-12/Ribavirin, and NSP-12/Sofosbuvir complexes are displayed. When compared to the apo form of CAII, it ise shown that the fluctuations of the ligand-bound complexes’ residues are relatively stable, particularly at the region where the residues are engaged in ligand binding. Furthermore, the average RMSF values of Apo NSP-12, NSP-12/Dasabuvir, NSP-12/Ribavirin, and NSP-12/Sofosbuvir complexes were 0.10, 0.10, 0.11 and 0.11 nm, respectively. This finding implies that Dasabuvir, Ribavirin, and Sofosbuvir binding helped to maintain NSP-12 structurally stable.




2.5.3. Radius of Gyration


We examined how binding of different ligands affected the protein’s overall compactness in its structure. For this goal, the radius of gyration (Rg) was calculated as a function of time. Any ligand with a high enough Rg value will be more likely to be flexible, making it unstable. On the other hand, lower Rg values point to confirmation of a dense and closely packed conformation. The average Rg values Apo NSP-12, NSP-12/Dasabuvir, NSP-12/Ribavirin, and NSP-12/Sofosbuvir complexes were found to be 2.99, 3.00, 2.97, 2.98 nm, respectively, suggesting that the binding of Dasabuvir, Ribavirin, and Sofosbuvir to NSP-12 packing did not cause significant change. Moreover, based on the graph (Figure 7), it appears that the Rg of NSP-12/Dasabuvir reached a stable equilibrium during the 100 ns simulation than NSP-12/Ribavirin and NSP-12/Sofosbuvir complexes.




2.5.4. Hydrogen Bonds Analysis


Further understanding of the examined chemicals’ molecular recognition, molecular interactions, and selectivity within the receptors can be attained using hydrogen bond analysis. For all MD trajectories of the complex, we calculated the number of hydrogen bonds created. Figure 8 displays the number of hydrogen bonds and pairs within 0.35 nm generated between NSP-12/Dasabuvir, NSP-12/Ribavirin, and NSP-12/Sofosbuvir complexes during the MD simulation. It was noticed that the Dasabuvir binds to the active pocket of NSP-12 with an average of 3.46 hydrogen bonds and 1.13 pairs within 0.35 nm. Similarly, Ribavirin acting as a ligand interacted with NSP-12 as a target within the binding site with an average of 3.97 hydrogen bonds, although the average of pairs within 0.35 nm is 1.66. However, the average of both hydrogen bonds and pairs within 0.35 nm for the NSP-12/Sofosbuvir complex was 1. On the other hand, the H-bonding plot showed that Dasabuvir was able to maintain a more robust interaction with the binding pockets of NSP-12 throughout the simulation time than Ribavirin and Sofosbuvir.





2.6. MMPBSA Binding Energy


Before MM/PBSA calculation, each complex between the receptors or inhibitors/ligands should reach the equilibrium state. From Figure 9, it is clear that the temperature of each complex quickly reaches the target value (300 K) and remains stable over 100 ns.



After that, we utilized a python script MmPbSaStat.py to calculate average free binding energy of the selected complexes (Table 1), as provided in the g_mmpbsa package. This script calculates the average free binding energy and its standard deviation/error from the output files, which were obtained from g_mmpbsa.



The energy liberated during the process of bond formation, or alternatively, the interaction between a ligand and protein, is shown in the form of binding energy. The lesser the binding energy, the better the binding of the ligand and protein. The final binding energy is a cumulative sum of van der Wall, electrostatic, polar solvation, and SASA energy. Except for the polar solvation energy, all other forms of energy contributed favorably to the interaction between different molecules (Dasabuvir, Ribavirin, and Sofosbuvir) and NSP-12. The bioactive molecule Dasabuvir showed the least binding free energy (−42.151 KJ/mol) among all the selected molecules. A comparison of the binding free energies of all the complexes was made by plotting the binding energy versus time graphs. Further, we examined the contribution of each residue of NSP-12 in terms of binding free energy to the interaction with the selected. The contribution of each residue was calculated by decomposing the total binding free energy of the system into per residue contribution energy molecules using python script MmPbSaDecomp.py provided by MM-PBSA package. From the overall results, it was observed that the amino acid residue Trp 800 showed the lowest contribution binding energy for all the tree complexes, suggesting their significant role in binding; indeed, contribution energy analysis of amino acid residues Tyr619, Cys622, Trp800, Glu811, Ser814, and Asp761 revealed that these amino acids played an important role during interaction, which confirms the docking result.



Finally, the Sofosbuvir and Dasabuvir could be established as a repurposed drug against the COVID-19 main protease.





3. Discussion


Drug repurposing or repositioning is a term coined for the study of therapeutic uses of existing drugs that are either previously approved or currently under the investigational phase. Drug repurposing offers potential advantages over the discovery of novel drugs, and one is that it can be delivered quickly without lengthy assessments and time-consuming clinical trials. Due to this significance, drug repurposing offers an effective way to save lives and time during pandemics. Many drugs have been already suggested for the current pandemic caused by SARS-CoV-2, of which the most prominent are FDA-approved Chloroquine and its derivatives—an anti-malarial drug and Remdesivir. Remdesivir, a nucleoside analog, has been shown to significantly reduce the SARS-CoV-2 pathogenicity in in vitro study [30] and is still under investigation [31]. However, there is still a need for the identification of more drugs that could be further investigated for efficiency in reducing viral pathogenicity by using in vitro studies. These drug searches can be improved by employing computational methods such as in silico screening and structure-based drug targeting methods.



In this study, we searched for homologs of NSP-12 of SARS-CoV-2 and evaluated its binding affinity with the FDA-approved antivirals, i.e., Sofosbuvir and Dasabuvir, which specifically target the evolutionarily conserved site of NS5B of HCV [32]. The initial search for a homologous protein identified a total of 1105 structures by employing the DALI server. Further screening of these structures based on the quality of structural alignment (Z-score ≥ 19) resulted in 611 structures that belonged to four viral families, i.e., Coronaviridae, Flaviviridae, Picornaviridae, and Caliciviridae, responsible for RdRp activity during viral replication. The NSP-12 of SARS-CoV-2 displayed significant homology to the NS5 of Flaviviridae or NS5B of HCV as compared to the polymerases of Picornaviridae and Caliciviridae. Based on the pairwise alignment of amino acid sequences, NSP-12 shares 96% identity with SARS-CoV-1, 11% with HCV and HNV, and 10% with Poli. Despite sharing a lower identity based on sequence, NSP-12 has seven highly conserved motifs in the RdRp domain that play a key role in viral replication. These motifs have been previously reported to play essential roles in the viral replication of several viral families [33,34,35]. Motifs A–C have highly conserved residues while motifs D-G have conserved structural orientation at the active site of the RdRp domain.



The active site of RdRp was also identified as a suitable site for drug targeting based on the highest druggability score evaluated by using the CavityPlus webserver. The conserved residues and residues predicted from CavityPlus that were participating in ligand binding showed significant overlap when compared. The overlap included the conserved residues of motifs A, B, C, D, and F of the RdRp domain of NSP-12. These conserved residues have been also described previously to involve interactions with nucleoside, RNA primer attachment, and the RdRp activity [16]. The active site of the RdRp domain of NSP-12 was further evaluated for binding affinity with FDA-approved antivirals by the molecular docking method. Molecular docking was performed using AutoDock Vina which revealed a significant binding affinity of NSP-12 with Sofosbuvir and Dasabuvir as compared to Ribavirin. Despite that, NS5B showed higher binding affinity (lower binding energy) as compared to NSP-12; however, the differences were still insignificant. Further, MD simulations were carried out to determine the time dependent structural stability and intermolecular interactions.



The profiling of NSP-12 and ligand interaction revealed firm binding due to the formation of hydrogen bonds and hydrophobic interactions. The participating conserved residues of motif-A, -B, -C, -D, -E, and -F of the RdRp domain were involved in these interactions with the ligands, i.e., Dasabuvir, Sofosbuvir, as well as with their native competitors, i.e., GTP and UTP. Similarly, in the case of HCV as a receptor, the residues of motif-A, -B, -C, and -F were involved in interactions with the above-mentioned ligands. In general, both Sofosbuvir and Dasabuvir showed higher binding to the active site of NS5B of HCV and NSP-12 of SARS-CoV-2.




4. Material and Methods


4.1. Structural-Based Search for Homologous Proteins


We retrieved NSP-12 of SARS-CoV-2 with PDB ID: 6M71 at 2.9 Å resolution from the Protein Data Bank (PDB) repository that was recently submitted by Gao et al. [36]. For the identification of homologous structures in the PDB repository, 6M71 chain A was submitted to the DALI server (http://ekhidna2.biocenter.helsinki.fi/dali/ accessed on 16 March 2020). The DALI server identifies and ranks homologous protein structures based on the quality of structural alignment in the form of a Z-score [37]. The Z-score is a quantitative expression for comparing the intramolecular similarity between two homologous protein structures and its value ≥2 is suggested to be significant [38,39]. In this study, we used a Z-score cutoff of ≥19. To obtain a similarity matrix and a cladogram based on structural similarity, the same server was employed by using an “all against all” analysis for a total of 53 representative homologs. The heatmap was visualized by using the Pheatmap v1.0.12 package in R and the cladogram in FigTree v1.4.4 software.




4.2. Homologous Structures and Amino Acid Sequence Analysis


The selected homologous proteins responsible for RdRp activity were analyzed for conserved sequences (motifs) and secondary structure by employing the PROMALS3D server [40]. The resulting alignments were exported into ESPript 3.0 server for visualization (http://espript.ibcp.fr accessed on 5 April 2020). To further study the conserved residues at the active site of NSP-12, multiple structures were aligned by using the MatchMaker algorithm implemented in the University of California, San Francisco (UCSF) Chimera v.14 and visualized [41].




4.3. Pharmacophore Modeling and Prediction of Druggable Sites in NSP-12


For pharmacophore modeling or assessing druggable cavities in 6M71-A, the CavityPlus server (http://www.pkumdl.cn:8000/cavityplus/computation.php accessed on 12 April 2020) was employed by submitting the structure file. The CAVITY search module of the CavityPlus server was used to detect the ligand-binding cavity and druggability was predicted based on the energy of residues and site geometry with default parameters [42,43]. Those residues that were reported to be evolutionarily conserved in the RdRp domain as well as identified from druggable cavity search were visualized in the Venn diagram using Venny 2.1—an online server for plotting Venn diagram [44].




4.4. Preparation of Ligand and Receptor


AutoDock Tools v1.4.5 was employed for the ligand and receptor preparation [45]. In general, we followed the “Single-docking experiment with AutoDock Vina” method by following the guidelines as suggested by Forli et al. for ligand-receptor docking [46]. Initially, the Canonical SMILES IDs of the ligand compounds, i.e., Sofosbuvir (CID: 45375808), Ribavirin (CID: 37542), and Dasabuvir (CID: 56640146) were retrieved from the PubChem library [47] and then imported in Chimera v.14 for converting into PDB files. Subsequently, the structures were prepared by minimizing the free energy and addition of hydrogen atoms. On the other hand, the receptor structures were acquired from PDB and then processed in AutoDock Tools by removing water molecules, isolation of a single chain, addition of charges, merging non-polar hydrogens, and assigning appropriate atom types [46].




4.5. Molecular Docking


AutoDock Vina v1.1.2 was employed for molecular docking between ligand molecules and receptor [35]. A grid box of size 48 × 44 × 54 Å was selected and centered at the druggable cavity of 6M71-A oriented at 117.4, 115.3, 129.5 Å, while the NS5B of HCV (PDB ID: 1YUY-A) was considered as a control with the same size of the grid box used at the origin of 0.6, 80.0, and 64.2 Å. The parameters for molecular docking were used as described for running the single-docking experiment [46]. Furthermore, we chose the default scoring function implemented in AutoDock Vina [48]. The resulting score of molecular docking of NSP-12 of SARS-CoV-2 and NS5B of HCV were compared and plotted using a bar plot. For depicting protein–ligand interaction, LigPlot + v2.1 was used for characterization and visualization [49].




4.6. Molecular Dynamics (MD) Simulation


The MD simulation of the apo and ligand-bound complex of NSP-12 protein was done using the GROMACS v.2021 and GROMOS96 54a7 force field. The systems were solvated in a cubic box of TIP3P water model and neutralized with the addition of counter ions. The neutralized systems were minimized using the steepest descent algorithm with a maximum force of 1000 KJ mol−1 nm−1 to adjust the geometry. To obtain further convergence, the minimized systems were equilibrated for in an NVT ensemble followed by NPT ensemble. Finally, a 100ns production run was executed, with coordinates and energies being saved in the output trajectory file at 10ps intervals. The RMSD, RMSF, radius of gyration (Rg), and hydrogen bond contacts were used to determine the degree of convergence for all of the simulated systems.




4.7. MM-PBSA Calculation


The molecular mechanic/Poisson–Boltzmann surface area (MM-PBSA) methods were used to calculate of binding free energy NSP-12/Dasabuvir, NSP-12/Ribavirin, and NSP-12/Sofosbuvir complexes. This calculation validates the thorough ligand–protein interaction investigation. The binding energy constitutes potential energy, polar and non-polar solvation energies, and they were calculated by the ‘g_mmpbsa’ packages using GROMACS. The binding energy calculations in this method were calculated using the following equation:


ΔG binding = G complex − (G receptor + G ligand)











The ΔG binding represents the total binding energy of the complex, while the binding energy of the free receptor is the G receptor, and that of unbounded ligand is represented by the G ligand.





5. Conclusions


Structural homology-based drug repurposing is a significant approach to exploring the homologous proteins which have been already targeted by either approved or investigational drugs. In this study, we searched for structural homologs of NSP-12 of SARS-CoV-2 and identified their relationship with the members of three viral families, i.e., Flaviviridae, Picornaviridae, and Caliciviridae. The RdRp domain of NSP-12 is highly conserved in terms of both sequence and architecture and assessed for binding affinity with FDA-approved antivirals, i.e., Dasabuvir and Sofosbuvir. These antivirals were initially approved for targeting the NS5B of HCV and serve as competitive inhibitors for binding to the active site that results in reducing viral pathogenesis. The results of this study revealed that the six conserved motifs (motif A-F) were involved in the formation of hydrogen bonds and hydrophobic interactions with the ligands. However, there is still a further need for in vitro analysis of these drugs to assess their efficiency before entering into clinical trials.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27227732/s1, Table S1: NSP-12 homologous structures predicted by DALI server; Table S2: NSP-12 cavities and their information predicted by CavityPlus server.





Author Contributions


Conceptualization, A.A. and M.S.; Data curation, F.M.A. and K.M.A.-Z.; Formal analysis, S.B. and M.A. (Mamdouh Allahyani) Funding acquisition, M.A. (Mazen Almehmadi); Methodology, A.S. and B.K.B.; Resources, M.A. (Mamdouh Allahyani); Software, S.B.; Supervision, M.A. (Mazen Almehmadi); Validation, A.M.I. and S.A.; Writing—original draft, A.S. All authors have read and agreed to the published version of the manuscript.




Funding


The authors would like to acknowledge the support of Taif University and special thanks to the Deanship of Scientific Research, Taif university, Taif, KSA. This study was funded by Deanship of Scientific Research, Taif University, KSA [Research project number-1-443-2].




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Taif University and King Abdul Aziz University for their assistance during the work on this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yeu, Y.; Yoon, Y.; Park, S. Protein localization vector propagation: A method for improving the accuracy of drug repositioning. Mol. BioSyst. 2015, 11, 2096–2102. [Google Scholar] [CrossRef]

	



Nosengo, N. Can you teach old drugs new tricks? Nature 2016, 534, 314–316. [Google Scholar] [CrossRef] [PubMed]

	



Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.; McNamee, C.; et al. Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov. 2019, 18, 41–58. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Available online: https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov) (accessed on 7 May 2020).

	



McKibbin, W.; Fernando, R. The Global Macroeconomic Impacts of COVID-19: Seven Scenarios; CAMA Working Paper No. 19/2020; SSRN: Amsterdam, The Netherlands, 2020. [Google Scholar]

	



Sohrabi, C.; Alsafi, Z.; O’Neill, N.; Khan, M.; Kerwan, A.; Al-Jabir, A.; Iosifidis, C.; Agha, R. World Health Organization declares global emergency: A review of the 2019 novel coronavirus (COVID-19). Int. J. Surg. 2020, 76, 71–76. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Available online: https://www.who.int/emergencies/diseases/novel-coronavirus-2019/situation-reports (accessed on 29 May 2020).

	



Andersen, K.G.; Rambaut, A.; Lipkin, W.I.; Holmes, E.C.; Garry, R.F. The proximal origin of SARS-CoV-2. Nat. Med. 2020, 26, 450–452. [Google Scholar] [CrossRef]

	



Paules, C.I.; Marston, H.D.; Fauci, A.S. Coronavirus infections—More than just the common cold. JAMA 2020, 323, 707–708. [Google Scholar] [CrossRef]

	



Bosch, B.J.; van der Zee, R.; de Haan, C.A.; Rottier, P.J.M. The coronavirus spike protein is a class I virus fusion protein: Structural and functional characterization of the fusion core complex. J. Virol. 2003, 77, 8801–8811. [Google Scholar] [CrossRef]

	



Snijder, E.J.; van der Meer, Y.; Zevenhoven-Dobbe, J.; Onderwater, J.J.M.; van der Meulen, J.; Koerten, H.K.; Mommaas, A.M. Ultrastructure and origin of membrane vesicles associated with the severe acute respiratory syndrome coronavirus replication complex. J. Virol. 2006, 80, 5927–5940. [Google Scholar] [CrossRef]

	



Brian, D.; Baric, R. Coronavirus genome structure and replication. In Coronavirus Replication and Reverse Genetics; Springer: Germany, 2005; pp. 1–30. [Google Scholar]

	



Chen, Y.; Liu, Q.; Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis. J. Med. Virol. 2020, 92, 418–423. [Google Scholar] [CrossRef]

	



Kirchdoerfer, R.N.; Ward, A.B. Structure of the SARS-CoV nsp12 polymerase bound to nsp7 and nsp8 co-factors. Nat. Commun. 2019, 10, 2342. [Google Scholar] [CrossRef]

	



Lehmann, K.C.; Gulyaeva, A.; Zevenhoven-Dobbe, J.C.; Janssen, G.M.C.; Ruben, M.; Overkleeft, H.S.; van Veelen, P.A.; Samborskiy, D.V.; Kravchenko, A.A.; Leontovich, A.M.; et al. Discovery of an essential nucleotidylating activity associated with a newly delineated conserved domain in the RNA polymerase-containing protein of all nidoviruses. Nucleic Acids Res. 2015, 43, 8416–8434. [Google Scholar] [CrossRef] [PubMed]

	



Ng, K.K.-S.; Arnold, J.J.; Cameron, C.E. Structure-function relationships among RNA-dependent RNA polymerases. RNA Interf. 2008, 320, 137–156. [Google Scholar] [CrossRef]

	



Choi, K.H. Viral polymerases. In Viral Molecular Machines; Springer: Germany, 2012; pp. 267–304. [Google Scholar]

	



Ko, W.-C.; Rolain, J.-M.; Lee, N.-Y.; Chen, P.-L.; Huang, C.-T.; Lee, P.-I.; Hsueh, P.-R. Arguments in favour of remdesivir for treating SARS-CoV-2 infections. Int. J. Antimicrob. Agents 2020, 55, 105933. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, Z.; Liu, C.; Guo, Y.; He, Z.; Huang, X.; Jia, X.; Yang, T. SARS-CoV-2 and SARS-CoV: Virtual screening of potential inhibitors targeting RNA-dependent RNA polymerase activity (NSP12). J. Med. Virol. 2021, 93, 389–400. [Google Scholar] [CrossRef]

	



Ren, P.X.; Shang, W.J.; Yin, W.C.; Ge, H.; Wang, L.; Zhang, X.L.; Li, B.Q.; Li, H.L.; Xu, Y.C.; Xu, E.H.; et al. A multi-targeting drug design strategy for identifying potent anti-SARS-CoV-2 inhibitors. Acta Pharmacol. Sin. 2022, 43, 483–493. [Google Scholar] [CrossRef]

	



Elkarhat, Z.; Charoute, H.; Elkhattabi, L.; Barakat, A.; Rouba, H. Potential inhibitors of SARS-CoV-2 RNA dependent RNA polymerase protein: Molecular docking, molecular dynamics simulations and MM-PBSA analyses. J. Biomol. Struct. Dyn. 2020, 40, 361–374. [Google Scholar] [CrossRef]

	



Kumar, S.; Sharma, P.P.; Upadhyay, C.; Kempaiah, P.; Rathi, B. Multi-targeting approach for nsp3, nsp9, nsp12 and nsp15 proteins of SARS-CoV-2 by Diosmin as illustrated by molecular docking and molecular dynamics simulation methodologies. Methods 2021, 195, 44–56. [Google Scholar] [CrossRef]

	



Singh, S.K.; Upadhyay, A.K.; Reddy, M.S.J.B. Screening of potent drug inhibitors against SARS-CoV-2 RNA polymerase: An in silico approach. 3 Biotech 2021, 11, 93. [Google Scholar] [CrossRef]

	



Gentile, I.; Buonomo, A.R.; Borgia, G. Dasabuvir: A non-nucleoside inhibitor of NS5B for the treatment of hepatitis C virus infection. Rev. Recent Clin. Trials 2014, 9, 115–123. [Google Scholar] [CrossRef]

	



Feng, J.Y.; Ray, A.S. HCV RdRp, sofosbuvir and beyond. Enzymes 2021, 49, 63–82. [Google Scholar] [CrossRef] [PubMed]

	



Butcher, S.J.; Grimes, J.M.; Makeyev, E.V.; Bamford, D.H.; Stuart, D.I. A mechanism for initiating RNA-dependent RNA polymerization. Nature 2001, 410, 235–240. [Google Scholar] [CrossRef] [PubMed]

	



Gong, P.; Peersen, O.B. Structural basis for active site closure by the poliovirus RNA-dependent RNA polymerase. Proc. Natl. Acad. Sci. USA 2010, 107, 22505–22510. [Google Scholar] [CrossRef] [PubMed]

	



E Gorbalenya, A.; Pringle, F.M.; Zeddam, J.-L.; Luke, B.T.; E Cameron, C.; Kalmakoff, J.; Hanzlik, T.N.; Gordon, K.H.; Ward, V.K. The Palm Subdomain-based Active Site is Internally Permuted in Viral RNA-dependent RNA Polymerases of an Ancient Lineage. J. Mol. Biol. 2002, 324, 47–62. [Google Scholar] [CrossRef]

	



Langer, T.; Hoffmann, R.D. Pharmacophore modelling: Applications in drug discovery. Expert Opin. Drug Discov. 2006, 1, 261–267. [Google Scholar] [CrossRef]

	



Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and chloroquine effectively inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020, 30, 269–271. [Google Scholar] [CrossRef]

	



Grein, J.; Ohmagari, N.; Shin, D.; Diaz, G.; Asperges, E.; Castagna, A.; Feldt, T.; Green, G.; Green, M.L.; Lescure, F.X.; et al. Compassionate Use of Remdesivir for Patients with Severe COVID-19. N. Engl. J. Med. 2020, 382, 2327–2336. [Google Scholar] [CrossRef]

	



De Albuquerque, P.P.; Santos, L.H.; Antunes, D.; Caffarena, E.R.; Figueiredo, A.S. Structural insights into NS5B protein of novel equine hepaciviruses and pegiviruses complexed with polymerase inhibitors. Virus Res. 2020, 278, 197867. [Google Scholar] [CrossRef]

	



Venkataraman, S.; Prasad, B.V.L.S.; Selvarajan, R. RNA dependent RNA polymerases: Insights from structure, function and evolution. Viruses 2018, 10, 76. [Google Scholar] [CrossRef]

	



Jia, H.; Gong, P. A structure-function diversity survey of the RNA-dependent RNA polymerases from the positive-strand RNA viruses. Front. Microbiol. 2019, 10, 1945. [Google Scholar] [CrossRef]

	



Shu, B.; Gong, P. Structural basis of viral RNA-dependent RNA polymerase catalysis and translocation. Proc. Natl. Acad. Sci. USA 2016, 113, E4005–E4014. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Yan, L.; Huang, Y.; Liu, F.; Zhao, Y.; Cao, L.; Wang, T.; Sun, Q.; Ming, Z.; Zhang, L.; et al. Structure of the RNA-dependent RNA polymerase from COVID-19 virus. Science 2020, 368, 779–782. [Google Scholar] [CrossRef] [PubMed]

	



Holm, L.; Rosenström, P. Dali server: Conservation mapping in 3D. Nucleic Acids Res. 2010, 38, W545–W549. [Google Scholar] [CrossRef] [PubMed]

	



Holm, L.; Laakso, L.M. Dali server update. Nucliec Acids Res. 2016, 44, W351–W355. [Google Scholar] [CrossRef]

	



Holm, L. DALI and the persistence of protein shape. Protein Sci. 2020, 29, 128–140. [Google Scholar] [CrossRef]

	



Pei, J.; Kim, B.-H.; Grishin, N.V. PROMALS3D: A tool for multiple protein sequence and structure alignments. Nucleic Acids Res. 2008, 36, 2295–2300. [Google Scholar] [CrossRef]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera?A visualization system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [Google Scholar] [CrossRef]

	



Xu, Y.; Wang, S.; Hu, Q.; Gao, S.; Ma, X.; Zhang, W.; Shen, Y.; Chen, F.; Lai, L.; Pei, J. CavityPlus: A web server for protein cavity detection with pharmacophore modelling, allosteric site identification and covalent ligand binding ability prediction. Nucleic Acids Res. 2018, 46, W374–W379. [Google Scholar] [CrossRef]

	



Yuan, Y.; Pei, J.; Lai, L. Binding site detection and druggability prediction of protein targets for structure-based drug design. Curr. Pharm. Des. 2013, 19, 2326–2333. [Google Scholar] [CrossRef]

	



Oliveros, J.C. VENNY. An Interactive Tool for Comparing Lists with Venn Diagrams. Available online: http://bioinfogp.cnb.csic.es/tools/venny/index.html (accessed on 13 May 2020).

	



Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [Google Scholar] [CrossRef]

	



Forli, S.; Huey, R.; Pique, M.E.; Sanner, M.F.; Goodsell, D.S.; Olson, A.J. Computational protein–ligand docking and virtual drug screening with the AutoDock suite. Nat. Protoc. 2016, 11, 905–919. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem 2019 update: Improved access to chemical data. Nucleic Acids Res. 2019, 47, D1102–D1109. [Google Scholar] [CrossRef]

	



Hill, A.D.; Reilly, P.J. Scoring functions for AutoDock. Glycoinformatics 2015, 1273, 467–474. [Google Scholar] [CrossRef]

	



Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand–protein interaction diagrams for drug discovery. J. Chem. Inf. Model. 2011, 51, 2778–2786. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 27 07732 g001 550] 





Figure 1. Comparative analysis of the homologous structures identified using the DALI server. (A) Heatmap of correlational similarity among homologous structures based on Z-score. (B) Unrooted tree of the homologous protein structures clustered into four viral families; Coronaviridae, Caliciviridae, Flaviviridae, and Picornaviridae. 
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Figure 2. Analysis of the conserved motifs in NSP-12 and identification of druggable cavity. (A) Multiple sequences and secondary structure alignment of the homologous protein about NSP-12 of SARS-CoV-2 shows the conserved residues and secondary structure responsible for RdRp activity. Residues that have been highlighted in red are highly-conserved amino acids in the functional domain of RdRP protein. (B) Structurally and functionally conserved seven motifs A–G located at the active site of the RdRp domain of NSP-12. (C) The predicted druggable cavity at the active site of the RdRp domain of NSP-12. The predicted active residues participating in ligand interactions have been shown as a gray surface where the conserved residues are also located. 
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Figure 3. Comparison of conserved residues participating in ligand interactions and molecular docking score between NS5B and NSP-12. (A) A Venn diagram of active residues predicted from pharmacophore modeling and evolutionarily conserved residues of the RdRp domain of NSP-12. (B) Bar chart for comparison of binding energy score from AutoDock Vina between NSP-12 of SARS-CoV-2 and NS5B of HCV. 
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Figure 4. Receptor–ligand interaction profiling. The interactions between receptors, i.e., Nsp-12 and NS5B and ligands, i.e., Sofosbuvir and Dasabuvir. The dotted green line represents hydrogen bonding while the residues shown participate in hydrophobic interactions. (A) Interactions between NSP-12 and Sofosbuvir. (B) Interactions between NSP-12 and Dasabuvir. (C) Interactions between NS5B and Sofosbuvir. (D) Interactions between NS5B and Dasabuvir. 
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Figure 5. Structural stability analysis. RMSD of protein backbone vs. simulation time for solvated NSP-12 protein in complex with Dasabuvir, Ribavirin, and Sofosbuvir during 100 ns of molecular dynamics simulations. 
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Figure 6. Ligand-induced flexibility. Root mean square deviation (RMSF) values of NSP-12 alone and in a complex with Dasabuvir, Ribavirin, and Sofosbuvir vs. the number of residues. 
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Figure 7. Structural compactness of NSP-12. The radius of gyration (Rg) for backbone atoms of NSP-12 alone and in complex with Dasabuvir, Ribavirin, and Sofosbuvir throughout the simulation. 
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Figure 8. Intermolecular interactions. Hydrogen bonds numbers made between Dasabuvir, Ribavirin, and Sofosbuvir, with the NSP-12 protein active site residues during MD simulation. 
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Figure 9. The system’s temperature during 100 ns of MD simulation. 
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Table 1. List of observed average and standard deviations of all energetic components including the binding energy taken from MM-PBSA analysis.
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	Complexes
	Binding Energy

(KJ/mol)
	SASA Energy

(KJ/mol)
	Polar Solvation Energy

(KJ/mol)
	Electrostatic Energy

(KJ/mol)
	Van der Waal Energy

(KJ/mol)





	NSP-12/Dasabuvir
	−42.151 ± 21.735
	−20.615 ± 1.635
	228.354 ± 25.854
	−87.631 ± 20.339
	−162.259 ± 16.736



	NSP-12/Ribavirin
	60.285 ± 28.431
	−8.846 ± 1.638
	420.099 ± 75.663
	−327.013 ± 76.448
	−23.956 ± 20.920



	NSP-12/Sofosbuvir
	−26.168 ± 54.225
	−9.734 ± 5.282
	94.581 ± 68.246
	−26.753 ± 24.025
	−84.262 ± 47.830
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