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Abstract

:

Over the past few years, COVID-19 has caused widespread suffering worldwide. There is great research potential in this domain and it is also necessary. The main objective of this study was to identify potential inhibitors against acid sphingomyelinase (ASM) in order to prevent coronavirus infection. Experimental studies revealed that SARS-CoV-2 causes activation of the acid sphingomyelinase/ceramide pathway, which in turn facilitates the viral entry into the cells. The objective was to inhibit acid sphingomyelinase activity in order to prevent the cells from SARS-CoV-2 infection. Previous studies have reported functional inhibitors against ASM (FIASMAs). These inhibitors can be exploited to block the entry of SARS-CoV-2 into the cells. To achieve our objective, a drug library containing 257 functional inhibitors of ASM was constructed. Computational molecular docking was applied to dock the library against the target protein (PDB: 5I81). The potential binding site of the target protein was identified through structural alignment with the known binding pocket of a protein with a similar function. AutoDock Vina was used to carry out the docking steps. The docking results were analyzed and the inhibitors were screened based on their binding affinity scores and ADME properties. Among the 257 functional inhibitors, Dutasteride, Cepharanthine, and Zafirlukast presented the lowest binding affinity scores of −9.7, −9.6, and −9.5 kcal/mol, respectively. Furthermore, computational ADME analysis of these results revealed Cepharanthine and Zafirlukast to have non-toxic properties. To further validate these findings, the top two inhibitors in complex with the target protein were subjected to molecular dynamic simulations at 100 ns. The molecular interactions and stability of these compounds revealed that these inhibitors could be a promising tool for inhibiting SARS-CoV-2 infection.
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1. Introduction


Coronavirus disease (COVID-19) first emerged in Wuhan, China, in 2019 [1] and later spread worldwide, becoming a global health emergency in 2020 [2]. SARS-CoV-2, a pathogenic virus responsible for COVID-19 spreads primarily through droplets of saliva or discharge from the nose when an infected person coughs or sneezes. It mostly causes respiratory tract infections [3] and is a major therapeutic problem that requires proper care and treatment [4]. Studies suggest that the prevalence of depression significantly increased during the pandemic, with people reporting more symptoms of depression and anxiety than before [5]. Therefore, there is an urgent need to develop an antiviral drug in order to treat this infection and prevent its entry, replication, and transmission [6].



Numerous studies have reported the role of lipids in viral infections, including the life cycle of hepatitis C virus (HCV) [7,8]. Lipid metabolism is also involved in multiple stages of influenza A virus replication and can be a potential target for future IAV drugs [9]. These drugs modulate the viral life cycle, including fusion of the viral membrane to the host cell, viral replication, viral endocytosis, and exocytosis [8]. In COVID-19, lipids are not only strongly altered, but also play a significant role in the pathogenesis and progression of SARS-CoV-2 infection. Lipids, as key regulators in the life cycle of viruses, act as receptors for viral attachment and membrane fusion [10,11]. Sphingolipids are the class of lipids that have a significant impact on viral infection, including their entry, replication, and exit from the host cell. Several viruses such as human immunodeficiency virus (HIV), rhinovirus, Ebola virus, and measles virus use specific sphingolipids for entry into the host cell [12]. Glycosphingolipids such as galactosylceramide serve as receptors for various viruses [10].



Sphingolipids [13] have also been reported to modulate SARS-CoV-2 infection [14]. Acid Sphingomyelinase (ASM) is an essential lipid metabolizing enzyme that plays a crucial role in various pathogenic infections, including Neisseria gonorrhoeae, HIV-I, and SARS-CoV-2 [15,16]. ASM functions by cleaving sphingomyelin, a type of sphingolipid, to ceramide, thus mediating viral entry into the cell [14]. This is cohesive with a recent study that reported increased levels of ASM and ceramide and decreased levels of sphingomyelin in patients with severe COVID-19 [14]. Therefore, it has been confirmed that ASM inhibition can potentially reduce SARS-CoV-2 entry into the cells. ASM catalyzes the conversion of sphingomyelin into ceramide [17], forming gel-like platforms in the plasma membrane that are further utilized by SARS-CoV-2 for entry into the cells. A study by Carpinteiro et al. [14] reported that the acid sphingomyelinase/ceramide system plays an important role in SARS-CoV-2 infection [14]. The authors demonstrated that the functional inhibition of the ASM/ceramide system with antidepressants reduced the infection with authentic/pseudo viral SARS-CoV-2 in vitro. Therefore, lowering the amount of ceramide through the downregulation/inhibition of ASM can be a therapeutic target for protection against SARS-CoV-2 infection [18].



Multiple studies [16,19] have suggested the significance of FIASMAs (functional inhibitors against ASM) for repurposing as potential drugs against COVID-19. One such anti-depressant, namely fluoxetine, has been tested in vitro for the inhibition of ASM [20]. Various FIASMAs have been identified through in silico, in vitro, or in vivo studies as being potential antiviral drug candidates against SARS-CoV, MERS-CoV, and SARS-CoV-2 [6,21]. Additionally, a study of hospitalized adults illustrated that patients who were given FIASMA medications were less likely to be intubated or die [22]. As targeting SARS-CoV-2 viral entry can serve as an anti-viral therapy, a wide variety of FIASMAs can be used potential anti-virals for host-directed therapy and can be repurposed as anti-viral drugs against SARS-CoV-2 [23].



Various therapeutic targets have been reported for COVID-19, including spike protein (S-RBD), IL-6 [24], ACE-2 [25,26], and COVID-19 main protease (MPro) [27,28]. A number of in silico studies including virtual screening and molecular docking have been performed with these targets in an effort to restrict SARS-CoV-2 infection [22,23]. Hitherto, to the best of our knowledge, no in silico research has been carried out where ASM was targeted to control the infection.



All of the above-mentioned studies showcase the importance of the ASM/ceramide pathway in COVID-19, specifically the inhibition of the acid sphingomyelinase (ASM) enzyme. As reported some anti-depressants are widely used in clinical practice and have a favorable safety profile, there is thus a need to repurpose these FIASMAs against ASM for SARS-CoV-2 infection. The present study was aimed towards achieving the aforementioned goal. To effectuate the inhibitor library against acid sphingomyelinase (ASM) was generated followed by computational molecular docking of the potential inhibitors with the target protein, i.e., ASM. The docking results and ADME properties were analyzed and the top two potential drugs were subjected to molecular dynamics simulation analysis. The workflow of the present study is demonstrated in Figure 1. These inhibitors should be further tested experimentally for approval by the FDA.




2. Results


2.1. Target Protein Structure


The target protein human acid sphingomyelinase, i.e., ASM, with zinc (PDB ID: 5I81) [29], for which no computational work has been reported up until now, is presented in Figure 2.



Human acid sphingomyelinase (ASM) with zinc (PDB ID: 5I81) has been classified as a hydrolase [30]. ASM catalyzes the hydrolysis of sphingomyelin to ceramide and phosphocholine [29]. The enzyme plays a key role in the signaling pathways mediated by ceramide [29]. After visualizing the protein in Discovery Studio visualizer, it was found that human acid sphingomyelinase consists of only one chain and that one chain is involved in the interaction with FIASMAs [29].




2.2. Binding Site Prediction


Sequence alignment analysis yielded 86% sequence similarity between human acid sphingomyelinase (PDB: 5I81) and murine acid sphingomyelinase bound with the inhibitor AbPA (PDB: 5FI9), which suggests that murine ASM can be used as a reference protein to predict the potential binding pocket of our target protein, i.e., human ASM. Human ASM consists of one chain, i.e., chain A, whereas murine ASM possesses two chains, i.e., chain A and chain B. Both proteins were structurally aligned using PyMol and the alignment indicated that chain B of the reference protein (murine ASM) aligned with chain A of the target protein. Following the structure alignment, the binding pocket residues of the murine ASM were used as a reference to predict the pocket residues of the target protein. The binding pocket of human ASM is shown in Figure 3. The histidine at position 459 served as a central residue of the binding pocket.




2.3. Molecular Docking and ADME Analysis


Before carrying out the docking of FIASMAs with the target protein, the docking protocol was applied on murine ASM (PDB: 5FI9), where the native ligand AbPA was docked with the crystal structure. Multiple binding poses were generated and subjected to RMSD analysis. It was observed that the top scoring docked pose exhibited a minimum RMSD of 1.01 Å when compared with the native ligand (Figure 4). The outcome validated that the designed docking protocol and docking experiments were carried out with FIASMAs and human ASM. The docking experiments revealed strong interactions of FIASMAs with the target protein (human ASM). Various binding modes were recorded, each with a specific binding affinity. The binding mode with the least binding affinity was regarded as the best mode because of its stability [31]. The top 5% drug complexes were shortlisted based on the binding affinity scores. Table 1 depicts the details of the binding affinity scores and ADME analysis details, including the molecular weight, XlogP value, number of H-bond donors and acceptors, polar surface area, number of rotatable bonds, and Lipinski violation for the top 5% docked drugs. The binding scores for all of the inhibitors is provided in supplementary Table S1. The ADME analysis revealed that the top three drugs with the lowest binding affinity that were also non-toxic were Cepharanthine, Zafirlukast, and Atovaquone.



The interactions of the specific amino acids taking part in the binding of the drug and protein were also recorded. The docked complexes were visualized in Discovery Studio.




2.4. Visualization and Analysis of Docked Complexes


Three-dimensional view of the receptor−ligand interactions of the best poses generated by the top three ligands, i.e., Cepharanthine, Zafirlukast, and Atovaquone, are shown in Figure 5, Figure 6, and Figure 7, respectively. The amino acid residues in the binding site are shown in the form of thin grey colored lines, while the ligand itself is represented in blue sticks. Interactions such as hydrogen bonds and pi−pi interactions are shown in dotted lines. The graphical visualization was performed on Discover Studio visualizer and images were recorded at an optimal viewing angle that best described the protein–ligand interactions. Details of the active site residues involved in various interactions along with bond distances are tabulated in Table 2.



Cepharanthine docked with human ASM showed significant binding, yielding a binding affinity of −9.6 kcal/mol (Figure 5) and is considered as a top scoring drug. The ligand Cepharanthine was predicted to be bound to the inside of the binding pocket forming eight molecular interactions with the central residue of the binding pocket, i.e., HIS-459 and key amino acids of the binding pocket of target protein (Figure 5). The major interactions between Cepharanthine and binding pocket residues of human ASM include hydrogen bonds between Cepharanthine HIS-459, pi–pi interaction with HIS-575, alkyl interactions with ILE-489 and LEU-491, etc. In the ADME analysis, Cepharanthine was found to obey Lipinski’s rule with log p value of 6.5, no hydrogen bond donors, 8 hydrogen bond acceptors, a topological surface area of 61.9 Å2, 2 rotatable bonds, and 1 violation, i.e., molecular weight greater than 500.



The docking of Zafirlukast with human ASM revealed that the ligand had a high affinity of −9.5 kcal/mol. Molecular docking of Zafirlukast with the target protein led to 15 molecular interactions between the ligand and the pocket residues of human ASM. The best fitting of ligand inside the core pocket region of ASM was further evidenced by the conventional hydrogen bond of Zafirlukast with ASN-318, HIS-575, and ILE-489, and pi–alkyl and alkyl interaction with ILE-489 (Figure 6). On ADME analysis, Zafirlukast was found obeying Lipinski’s rule with log p value of 5.5, 2 hydrogen bond donors, 6 hydrogen bond acceptors, topological surface area of 54.4 Å2, 2 rotatable bonds and 1 violation i.e., molecular weight greater than 500.



With three conventional hydrogen bonds—one carbon–hydrogen bond and two pi–donor hydrogen bonds—Atovaquone showed promising activity with human ASM with binding affinity of −9.1 kcal/mol. It showed strong interaction with human ASM in the binding pocket (Figure 7). The major interactions between the ligand and binding pocket residues of the target protein include the conventional hydrogen bond of Atovaquone with ASN-318 and TYR-488, the carbon–hydrogen bond with HIS-457, pi–cation interaction with HIS-319, and alkyl interaction with LEU-491. In the ADME analysis, Atovaquone was found to be obeying Lipinski’s rule with a log p value of 5.2, one hydrogen bond donors, three hydrogen bond acceptors, topological surface area of 54.4 Å2, two rotatable bonds, and a molecular weight of 366.8.



These docking results indicate that the top FIASMAS under consideration, namely Cepharanthine, Zafirlukast, and Atovaquone, strongly bind to human acid sphingomyelinase. The FIASMAS established strong molecular interactions and thus can effectively be used to inhibit ASM, thereby inhibiting SARS-CoV-2 entry into the cell. Furthermore, these results emphasize the need for the adaptation of docking-based drug discovery approaches for other target proteins that are pharmacologically important.




2.5. Molecular Dynamics and Simulation


Based on the docking scores and interactions with the pocket residues, the top two docked complexes, i.e., Cepharanthine docked with target protein (compex-1) and Zafirlukast docked with target protein (complex-2), were subjected to MD simulations to further validate the findings. RMSD and RMSF analyses were carried out to evaluate the stability of the ligand inside binding pocket of the target protein. The complex stability was inferred from three parameters, i.e., fluctuations in the target protein structure, ligand stability inside the binding pocket, and overall deviation in the protein–ligand complex. The RMSD and RMSF values are summarized in Table 3.



The RMSD plot of complex-1 showed that the protein attained equilibrium after 2.5 ns and remained stable until 100 ns, with minor deviations, with an average RMSD value of 2.9 Å (Figure 8A). RMSF analysis was conducted to explore the per residue fluctuation of the system. The average RMSF recorded was 1.27 Å. Residues at the N-terminal displayed more fluctuations; however, the binding pocket residues were stable (Figure 8B). The ligand RMSD analysis of complex-1 was quite stable with an average RMSD of 0.57 Å, which indicated a stable interaction with the target binding pocket (Figure 8C).



For complex-2, the average RMSD was 3.17 Å, which also suggests backbone stability. The RMSF value was 1.27 Å; however, the ligand displayed major deviations inside the binding pocket with an average RMSD of 2.62 Å (Figure 9). A high ligand RMSD could be related to the ligand structure, which was more flexible because of the presence of rotatable bonds compared with the complex-1 ligand, which possessed fewer rotatable bonds.



For complex-1, the receptor–ligand docking interactions displayed multiple interactions, including carbon–hydrogen, pi–cation, pi–donor hydrogen bond, pi–pi, alkyl, pi–alkyl and a few unfavorable interactions (Figure 10A). However, when the receptor–ligand interactions were observed after simulations of 100 ns, SER-498 formed a new conventional hydrogen bond with the ligand, while the carbon–hydrogen and pi–alkyl bonds also remained intact. The unfavorable interactions were also removed following the simulation (Figure 10B).



For complex-2, the docking interactions showed that the ligand formed strong conventional hydrogen, pi–sigma, and alkyl and pi–alkyl bonds, as well as a carbon hydrogen and pi–donor hydrogen bond with the receptor (Figure 11A). However, when receptor–ligand interactions were observed after 100 ns simulations, the system for complex-2 showed major deviations. The ligand formed van der Waals, carbon–hydrogen, pi–carbon, pi–sigma, pi–sulfur, pi–pi Y shaped, and amide–pi stacked bonds, while the alkyl and pi–alkyl bonds remained intact (Figure 11B).



The aforementioned results suggest that both inhibitors established strong interactions with the binding pocket of human ASM, and thus could serve as potential drugs to inactivate the ceramide pathway, thereby inhibiting viral entry into the host cells. However, the two drugs could further be validated via experimental analysis to confirm the findings.





3. Discussion


Carpinteiro et. al. [14] found out the ASM/ceramide system was activated by SARS-CoV-2, resulting in the formation of ceramide-enriched membrane domains, which facilitated viral entry and infection by forming cluster-like structures with the ACE2 receptor. Acid sphingomyelinase (ASM) is an enzyme that is responsible for cleaving sphingomyelin to ceramide [32]. Therefore, inhibiting ASM will lead to viral blockage [14]. As ASM is found in intralysosomal membranes, it is protected from proteolytic inactivation. The most efficient way is to functionally inhibit ASM. FIASMAs also known as functional inhibitors of acid sphingomyelinase are the group of drugs that could functionally inhibit ASM [16,19]. FIASMAs have been reported to reduce the activity of ASM in human patients [33,34,35]. In present study we employed computational techniques to report that blockade or downregulation of ASM with FIASMAs will protect against the infection with SARS-CoV-2. Studies have reported multiple receptors including angiotensin-converting enzyme (ACE2), dipeptidyl peptidase-4 (DPP4) and glucose-regulating protein 78 (GRP78) that are used by virus to translocate into the cells [36]. In this study, we have specifically addressed ACE2 receptor to curb the COVID-19 by targeting ASM pathway. Recently various mutations have been reported in SARS-CoV-2 variants including K417N, K417T, N501Y, E484K, and S477N. These mutations lead to an increased affinity for ACE2 [37]. This indicates that ACE2 is the most common receptor used by SARS-CoV-2 for infection and blocking it via targeting ASM is a promising strategy to control the viral infection.



With aim to discover new potential inhibitor for SARS-CoV-2, we repurposed FIASMAs inhibiting human ASM against COVID-19. Encouraged by earlier studies [22], we have utilized in-silico techniques to unravel the potential of FIASMAs against ASM to target SARS-CoV-2. Library of FIASMAs as reported in studies [16,19] was constructed. Three dimensional molecule structures were downloaded from PUBCHEM followed by the energy minimization to relax the steric clashes if any. To the best of our knowledge, this is the first study where molecular computational techniques are applied to screen FIASMAs against human acid sphingomyelinase to inhibit the infection by SARS-CoV-2. Total 258 FIASMAs were docked with human ASM. Molecular docking generated binding affinity scores for all the docked complexes. An effective drug must not only bind strongly with the target but also have appropriate ADME properties [38]. Although most of the FIASMAs possess favorable ADME properties but to rule out any possibility the top 5% of the best scoring docked complexes were further tested for ADME properties using SwissADME [39]. SwissADME computes physicochemical descriptors, ADME and pharmacokinetic properties. These properties help in deducing the drug-like nature of molecules. Based on binding scores and ADME properties, three potential drugs were shortlisted namely Cepharanthine, Zafirlukast, Atovaquone with the score of −9.6, −9.5 and −9.1 kcal/mol respectively. It has been observed that all three drugs accommodated at the binding pocket of human ASM, established key interactions with the pocket residues. Cepharanthine formed multiple carbon hydrogen bonds with key residues of binding pocket including HIS-457, ILE-489. The role of hydrogen bond is well established in intermolecular interactions [40]. Although CH bonds has received less importance in the process of drug design, their potential significance cannot be ignored [41,42]. Earlier studies have reported the significance of CH bonds in molecular recognition [43,44,45]. In addition, the ligand also displayed hydrophobic interactions with the binding pocket of human ASM (Figure 5).



Zafirlukast established strong interactions with vital residues of target protein. These include four conventional hydrogen bonds within distance of 3 Å, two carbon-hydrogen bonds at distance of 3.2 Å and 3.7 Å and one pi-donor hydrogen bond at 2.6 Å. Besides hydrogen bonds, multiple alkyl, pi-alkyl and pi-sigma bonds were also evident (Figure 6). All of these mentioned interactions are in the vicinity of the active site region. Atovaquone the third top scoring drug formed three conventional hydrogen bonds, one carbon-hydrogen bond, two pi-donor hydrogen bonds, and multiple pi-alkyl (hydrophobic) and pi-cation (electrostatic) interactions with the active site region of target protein (Figure 7).



To further validate the stability of these interactions, the top two docked complexes were subjected to molecular dynamic simulation of 100 ns. The simulation analysis demonstrated that the top scoring Cepharanthine retained the position at the binding site with slight variations in molecular interactions. For complex-1 (Cepharanthine), two unfavorable interactions were removed that were present before the simulation. One new hydrogen bond was established between the potential drug and SER-498 of the target protein. Two carbon hydrogen bonds were formed with the pocket residue GLY-407 (Figure 10B). In addition to the hydrogen bonds, hydrophobic interactions were also observed. Hydrophobic interactions are crucial to the binding and specificity of drug molecules with biomolecules, and play a significant role in enhancing the inhibitor affinity and selectivity [46,47]. Cepharanthine exhibited two hydrophobic (alkyl) interactions with LYS-166 and ILE-406, thereby enhancing the stability of complex-1, as also evident from the RMSD of the complex (2.99 Å) and ligand RMSD (0.57 Å) (Figure 8).



In the case of complex-2 (Zafirlukast), more variations were recorded following the simulation of 100 ns. Before the simulation, the drug was well accommodated in the binding pocket, displaying strong interactions with the residues (Figure 11A). However, after the simulation, hydrogen bonds were removed and the number of hydrophobic interactions were reduced as well (Figure 11). The RMSD of the ligand inside the pocket was recorded at 2.62 Å, which suggested the ligand was slightly unstable compared with the first complex.



Jeon et al. [48] also reported an antiviral activity of Cepharanthine against SARS-CoV-2 in Vero cells. The computational findings from our study also provide significant evidence in favor of the mentioned drug. The simulation RMSD graphs of the complex and ligand and the RMSF graph of the protein backbone further conferred the stability of protein–ligand complex, making it a plausible inhibitor. This compound can further be tested experimentally and used as an initial hit to develop new inhibitors.




4. Materials and Methods


4.1. Target Protein Selection and Preparation


The 3D structure of human acid sphingomyelinase (ASM) was retrieved from the RCSB Protein Databank [49] (PDB ID: 5I81) [29]. The protein was preprocessed using AutoDock Tools [50], i.e., polar hydrogens were added and water molecules and HETATMS were removed from the pdb file. The structure was saved in pdbqt format for docking.




4.2. Binding Site Identification


Prior knowledge of the binding site is important for carrying out computational docking. As the binding pocket of human ASM has not yet been reported, we predicted the site through structure alignment with another protein (PDB: 5FI9) [51], having known the binding site that shared 80% sequence similarity with the target protein. Furthermore, 5FI9 is the closed-form of murine acid sphingomyelinase in complex with bisphosphonate inhibitor AbPA. Here, 5FI9 served as a reference protein to find the potential binding site of the target protein, as both the proteins have similar functions, i.e., both convert sphingomyelin to ceramide and belong to the class of enzymes, i.e., hydrolases. These proteins differ based on the organism in which they are present, i.e., humans and mice for 5I81 and 5FI9, respectively.



ClustalW [52] was used for performing the sequence alignment and PyMol [10] was used to carry out the structural alignment of both the proteins.




4.3. Ligand Collection and Preparation


Previous studies have reported functional inhibitors against ASM (FIASMAs) [14]. These inhibitors were exploited to block the entry of SARS-CoV-2 into cells. A small drug library was prepared by retrieving the 3D structure of FIASMAS from the PubChem Database [46]. The collected inhibitors were minimized using USCF Chimera [53] to remove any steric clashes. OpenBabel [54] was employed to convert the ligands to pdbqt format for the docking run.




4.4. Molecular Docking


For Molecular Docking [55], AutoDock Vina [51] was used. Water molecules and HETATMS were removed from the crystal structure prior to the docking. Grid Box [56] was set as per the predicted binding site using 5IF9 as the reference protein. The grid box size was set to 30 Angstroms, while the values of the x, y, and z coordinates of the grid center were set to -11.031, −30.163, and −28.533, respectively. Exhaustiveness and number of modes were set to 16 and 20, respectively. The receptor file was saved in pdbqt format. The Linux operating system was used with three processors and 4 GB RAM in a virtual box. It took approximately 1–2 min for one ligand to dock to the receptor molecule, while the overall time for 257 drugs was approximately 3–4 h. As a retrospective control, the molecular docking of AbPA to the murine acid sphingomyelinase (PDB: 5FI9) was also carried out using the same software and parameters. RMSD of the docked ligand pose with native pose was calculated using DockRMSD tool [57].




4.5. ADME Analysis


As the early estimation of ADME properties can greatly reduce the chances of pharmacokinetics-related failure in the clinical phases [58], the docking results were screened based on the binding affinity scores as well as ADME properties [38,59]. In silico screening of the pharmacological properties ADME and evaluation of drug-likeness were performed using the SwissADME web tool [39] and PubChem database [60]. The drug-likeness prediction was based on several rules, including Lipinski [61], Ghose, Veber, Egan, and Mugge [62]. The pharmacokinetics properties observed were: molecular weight, XLogP3-AA, H-bond Donor, H-bond Acceptor, Topological polar surface area, No. of rotatable bonds.




4.6. Molecular Dynamic Simulation


Here, 100 ns MD simulation was carried out using AMBER 20 software for the selected docking complexes [63] using a similar protocol, as defined in a previous study [64]. Ligand preparation was carried out using the Antechamber program [65] in the Amber12 tools. The Amber forcefield (GAFF) was chosen for the ligand [66], whereas the forcefield 99SB was used for the protein. The complex integration into a TIP3P water box was accomplished where the padding distance was set to 12 Å between the protein and box boundaries. Neutralization of the system was achieved through the addition of Na+ ions to it. The system hydrogen atoms, solvation box, carbon alpha atoms, and all non-heavy atoms were minimized for 500, 1000, 1000, and 300 steps, respectively. Subsequently, heating of the system to 300 K (NVT) for 20-ps was done in langevin dynamics to maintain system temperature. Here, restraint of 5 kcal/mol-A2 on carbon alpha atoms at a time step of 2-fs was allowed. In equilibration, the system was relaxed for 100-ps. System pressure was maintained by means of NPT ensemble for 50 ps. While preparing the system for simulation, the protein was numbered from position 1, unlike the protein available in crystal form (PDB: 5I81), which started from position 84. This led to variations in the position numbering of amino acids in the simulated complex. The simulation trajectories were further assessed by analyzing the various physical properties: Root Mean Square Deviation (RMSD) of the complex molecule, ligand RMSD, and root mean square fluctuation (RMSF).





5. Conclusions


Herein, we targeted acid sphingomyelinase (ASM) to prevent SARS-CoV-2 infection. Studies have indicated that ASM converts sphingomyelin into ceramide and thus facilitates viral entry into the cell. Therefore, if acid sphingomyelinase activity is inhibited pharmacologically or surface ceramide is neutralized, SARS-CoV-2 infection in the cells will be prevented. A library of reported functional inhibitors against ASM (FIASMAs) was constructed from PubChem. These inhibitors were docked computationally with human ASM. The idea was to repurpose these inhibitors to block the entry of SARS-CoV-2 into cells. The docking results revealed strong interactions of these inhibitors with human ASM, making them potential drugs against SARS-CoV-2. The top 5% of the docked inhibitors were subjected to ADME analysis and the results were further screened based on the toxic and non-toxic properties. Together, docking binding affinity scores and ADME properties analysis demonstrated that the top three drugs with the lowest binding affinity and those that were non-toxic were Cepharanthine, Zafirlukast, and Atovaquone. These drugs established strong molecular interactions with the target protein and can effectively be used to inhibit ASM, thereby inhibiting SARS-CoV-2 entry into the cell. To validate it further, the top two complexes were subjected to molecular dynamic simulations for a time period of 100 ns. The simulation analysis revealed that between the two, Cepharanthine displayed an overall higher stability inside the binding pocket compared with to Zafirlukast. Therefore, this drug can serve as a plausible drug to control SARS-CoV-2 infection. This study is a key step towards further exploiting the ASM inhibitors for controlling COVID-19 and designing new drugs targeting SARS-CoV-2.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28072989/s1. Table S1: Binding Scores of all inhibitors.





Author Contributions


Conceptualization, A.N., S.A., S.S. and S.W.A.; methodology, A.N., S.A. and S.W.A.; software, A.A., S.W.A. and S.S.; validation, S.S., K.M.A., A.M.A. and M.E.H.; formal analysis, S.S. and A.A.; investigation, A.A. and S.S.; resources, K.M.A., A.M.A. and M.E.H.; data curation, A.N. and S.A.; writing—original draft preparation, S.S., A.N., S.A., K.M.A., A.M.A., A.A. and M.E.H.; writing—review and editing, S.S. and A.A.; visualization, K.M.A., A.M.A., M.E.H. and S.W.A.; supervision, S.S.; project administration, S.A. and A.N.; funding acquisition, A.A., K.M.A., A.M.A. and M.E.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2023R402), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.




Acknowledgments


The authors thank Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2023R402), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia, for funding this work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, H.; Liu, S.-M.; Yu, X.-H.; Tang, S.-L.; Tang, C.-K. Coronavirus disease 2019 (COVID-19): Current status and future perspectives. Int. J. Antimicrob. Agents 2020, 55, 105951. [Google Scholar] [CrossRef] [PubMed]

	



Alberca, G.G.F.; Fernandes, I.G.; Sato, M.N.; Alberca, R.W. WHAT IS COVID-? In How to Fight Harmful Microbial Bugs and Superbugs; Frontiers for Young Minds: Lausanne, Switzerland, 2021; p. 109. [Google Scholar]

	



Fong, S.J.; Dey, N.; Chaki, J.; Fong, S.J.; Dey, N.; Chaki, J. An introduction to COVID-19. In Artificial Intelligence for Coronavirus Outbreak; Springer: Berlin/Heidelberg, Germany, 2021; pp. 1–22. [Google Scholar]

	



Ambrosino, P.; Calcaterra, I.L.; Mosella, M.; Formisano, R.; D’anna, S.E.; Bachetti, T.; Marcuccio, G.; Galloway, B.; Mancini, F.P.; Papa, A. Endothelial dysfunction in COVID-19: A unifying mechanism and a potential therapeutic target. Biomedicines 2022, 10, 812. [Google Scholar] [CrossRef]

	



Salari, N.; Hosseinian-Far, A.; Jalali, R.; Vaisi-Raygani, A.; Rasoulpoor, S.; Mohammadi, M.; Rasoulpoor, S.; Khaledi-Paveh, B. Prevalence of stress, anxiety, depression among the general population during the COVID-19 pandemic: A systematic review and meta-analysis. Glob. Health 2020, 16, 57. [Google Scholar] [CrossRef] [PubMed]

	



Le Corre, P.; Loas, G. Repurposing functional inhibitors of acid sphingomyelinase (fiasmas): An opportunity against SARS-CoV-2 infection? J. Clin. Pharm. Ther. 2021, 46, 1213. [Google Scholar] [CrossRef]

	



Negro, F. Abnormalities of lipid metabolism in hepatitis C virus infection. Gut 2010, 59, 1279–1287. [Google Scholar] [CrossRef]

	



Abu-Farha, M.; Thanaraj, T.A.; Qaddoumi, M.G.; Hashem, A.; Abubaker, J.; Al-Mulla, F. The role of lipid metabolism in COVID-19 virus infection and as a drug target. Int. J. Mol. Sci. 2020, 21, 3544. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Pu, J.; Wu, Y. The role of lipid metabolism in influenza A virus infection. Pathogens 2021, 10, 303. [Google Scholar] [CrossRef] [PubMed]

	



Schneider-Schaulies, J.; Schneider-Schaulies, S. Viral Infections and Sphingolipids; Springer: Berlin/Heidelberg, Germany, 2013. [Google Scholar]

	



Yager, E.J.; Konan, K.V. Sphingolipids as potential therapeutic targets against enveloped human RNA viruses. Viruses 2019, 11, 912. [Google Scholar] [CrossRef]

	



Schneider-Schaulies, J.; Schneider-Schaulies, S. Sphingolipids in viral infection. Biol. Chem. 2015, 396, 585–595. [Google Scholar] [CrossRef]

	



Hannun, Y.A.; Obeid, L.M. Sphingolipids and their metabolism in physiology and disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 175–191. [Google Scholar] [CrossRef]

	



Carpinteiro, A.; Edwards, M.J.; Hoffmann, M.; Kochs, G.; Gripp, B.; Weigang, S.; Adams, C.; Carpinteiro, E.; Gulbins, A.; Keitsch, S. Pharmacological inhibition of acid sphingomyelinase prevents uptake of SARS-CoV-2 by epithelial cells. Cell Rep. Med. 2020, 1, 100142. [Google Scholar] [CrossRef]

	



Smith, E.L.; Schuchman, E.H. The unexpected role of acid sphingomyelinase in cell death and the pathophysiology of common diseases. FASEB J. 2008, 22, 3419. [Google Scholar] [CrossRef]

	



Kornhuber, J.; Tripal, P.; Gulbins, E.; Muehlbacher, M. Functional inhibitors of acid sphingomyelinase (FIASMAs). In Sphingolipids: Basic Science and Drug Development; Springer: Berlin/Heidelberg, Germany, 2013; pp. 169–186. [Google Scholar]

	



Simonis, A.; Schubert-Unkmeir, A. The role of acid sphingomyelinase and modulation of sphingolipid metabolism in bacterial infection. Biol. Chem. 2018, 399, 1135–1146. [Google Scholar] [CrossRef]

	



Kornhuber, J.; Hoertel, N.; Gulbins, E. The acid sphingomyelinase/ceramide system in COVID-19. Mol. Psychiatry 2022, 27, 307–314. [Google Scholar] [CrossRef]

	



Kornhuber, J.; Tripal, P.; Reichel, M.; Mühle, C.; Rhein, C.; Muehlbacher, M.; Groemer, T.W.; Gulbins, E. Functional Inhibitors of Acid Sphingomyelinase (FIASMAs): A novel pharmacological group of drugs with broad clinical applications. Cell. Physiol. Biochem. 2010, 26, 9–20. [Google Scholar] [CrossRef]

	



Pauletto, P.; Bortoli, M.; Bright, F.O.; Delgado, C.P.; Nogara, P.A.; Orian, L.; da Rocha, J.B.T. In silico analysis of the antidepressant fluoxetine and similar drugs as inhibitors of the human protein acid sphingomyelinase: A related SARS-CoV-2 inhibition pathway. J. Biomol. Struct. Dyn. 2022, 29, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Yan, Y.; Chang, L.; Wang, L. Laboratory testing of SARS-CoV, MERS-CoV, and SARS-CoV-2 (2019-nCoV): Current status, challenges, and countermeasures. Rev. Med. Virol. 2020, 30, e2106. [Google Scholar] [CrossRef] [PubMed]

	



Hoertel, N.; Sánchez-Rico, M.; Gulbins, E.; Kornhuber, J.; Carpinteiro, A.; Lenze, E.J.; Reiersen, A.M.; Abellán, M.; de La Muela, P.; Vernet, R. Association between FIASMAs and Reduced Risk of Intubation or Death in Individuals Hospitalized for Severe COVID-19: An observational multicenter study. Clin. Pharmacol. Ther. 2021, 110, 1498–1511. [Google Scholar] [CrossRef] [PubMed]

	



Schloer, S.; Brunotte, L.; Goretzko, J.; Mecate-Zambrano, A.; Korthals, N.; Gerke, V.; Ludwig, S.; Rescher, U. Targeting the endolysosomal host-SARS-CoV-2 interface by clinically licensed functional inhibitors of acid sphingomyelinase (FIASMA) including the antidepressant fluoxetine. Emerg. Microbes Infect. 2020, 9, 2245–2255. [Google Scholar] [CrossRef]

	



Vatansever, H.S.; Becer, E. Relationship between IL-6 and COVID-19: To be considered during treatment. Future Virol. 2020, 15, 817–822. [Google Scholar] [CrossRef]

	



Sharma, P.; Joshi, T.; Joshi, T.; Mathpal, S.; Maiti, P.; Nand, M.; Chandra, S.; Tamta, S. In silico screening of natural compounds to inhibit interaction of human ACE2 receptor and spike protein of SARS-CoV-2 for the prevention of COVID-19. J. Biomol. Struct. Dyn. 2021, 41, 646–658. [Google Scholar] [CrossRef]

	



Khayrani, A.C.; Irdiani, R.; Aditama, R.; Pratami, D.K.; Lischer, K.; Ansari, M.J.; Chinnathambi, A.; Alharbi, S.A.; Almoallim, H.S.; Sahlan, M. Evaluating the potency of Sulawesi propolis compounds as ACE-2 inhibitors through molecular docking for COVID-19 drug discovery preliminary study. J. King Saud Univ.-Sci. 2021, 33, 101297. [Google Scholar] [CrossRef]

	



Khaerunnisa, S.; Kurniawan, H.; Awaluddin, R.; Suhartati, S.; Soetjipto, S. Potential inhibitor of COVID-19 main protease (Mpro) from several medicinal plant compounds by molecular docking study. Preprints 2020, 2020, 2020030226. [Google Scholar]

	



Khan, S.; Siddiqui, F.; Jain, S.; Sonwane, G. Discovery of potential inhibitors of SARS-CoV-2 (COVID-19) Main Protease (Mpro) from Nigella Sativa (black seed) by molecular docking study. Coronaviruses 2021, 2, 384–402. [Google Scholar] [CrossRef]

	



Zhou, Y.-F.; Metcalf, M.C.; Garman, S.C.; Edmunds, T.; Qiu, H.; Wei, R.R. Human acid sphingomyelinase structures provide insight to molecular basis of Niemann–Pick disease. Nat. Commun. 2016, 7, 13082. [Google Scholar] [CrossRef] [PubMed]

	



Banks, R.W.; Ellaway, P.H.; Prochazka, A.; Proske, U. Secondary endings of muscle spindles: Structure, reflex action, role in motor control and proprioception. Exp. Physiol. 2021, 106, 2339–2366. [Google Scholar] [CrossRef]

	



Tanchuk, V.Y.; Tanin, V.O.; Vovk, A.I.; Poda, G. A new, improved hybrid scoring function for molecular docking and scoring based on AutoDock and AutoDock Vina. Chem. Biol. Drug Des. 2016, 87, 618–625. [Google Scholar] [CrossRef]

	



Schissel, S.L.; Jiang, X.-c.; Tweedie-Hardman, J.; Jeong, T.-s.; Camejo, E.H.; Najib, J.; Rapp, J.H.; Williams, K.J.; Tabas, I. Secretory sphingomyelinase, a product of the acid sphingomyelinase gene, can hydrolyze atherogenic lipoproteins at neutral pH: Implications for atherosclerotic lesion development. J. Biol. Chem. 1998, 273, 2738–2746. [Google Scholar] [CrossRef]

	



Kuzu, O.F.; Gowda, R.; Noory, M.A.; Robertson, G.P. Modulating cancer cell survival by targeting intracellular cholesterol transport. Br. J. Cancer 2017, 117, 513–524. [Google Scholar] [CrossRef]

	



Kornhuber, J.; Muehlbacher, M.; Trapp, S.; Pechmann, S.; Friedl, A.; Reichel, M.; Mühle, C.; Terfloth, L.; Groemer, T.W.; Spitzer, G.M. Identification of novel functional inhibitors of acid sphingomyelinase. PLoS ONE 2011, 6, e23852. [Google Scholar] [CrossRef]

	



Riethmüller, J.; Anthonysamy, J.; Serra, E.; Schwab, M.; Döring, G.; Gulbins, E. Therapeutic efficacy and safety of amitriptyline in patients with cystic fibrosis. Cell. Physiol. Biochem. 2009, 24, 65–72. [Google Scholar] [CrossRef] [PubMed]

	



Chu, H.; Chan, C.-M.; Zhang, X.; Wang, Y.; Yuan, S.; Zhou, J.; Au-Yeung, R.K.-H.; Sze, K.-H.; Yang, D.; Shuai, H. Middle East respiratory syndrome coronavirus and bat coronavirus HKU9 both can utilize GRP78 for attachment onto host cells. J. Biol. Chem. 2018, 293, 11709–11726. [Google Scholar] [CrossRef] [PubMed]

	



Barton, M.I.; MacGowan, S.A.; Kutuzov, M.A.; Dushek, O.; Barton, G.J.; Van Der Merwe, P.A. Effects of common mutations in the SARS-CoV-2 Spike RBD and its ligand, the human ACE2 receptor on binding affinity and kinetics. Elife 2021, 10, e70658. [Google Scholar] [CrossRef]

	



Vrbanac, J.; Slauter, R. ADME in drug discovery. In A Comprehensive Guide to Toxicology in Nonclinical Drug Development; Elsevier: Amsterdam, The Netherlands, 2017; pp. 39–67. [Google Scholar]

	



Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [Google Scholar] [CrossRef]

	



Bitencourt-Ferreira, G.; Veit-Acosta, M.; de Azevedo, W.F. Hydrogen bonds in protein-ligand complexes. Methods Mol. Biol. 2019, 2053, 93–107. [Google Scholar]

	



Herrebout, W.; Suhm, M. Weak hydrogen bonds–strong effects? Phys. Chem. Chem. Phys. 2011, 13, 13858–13859. [Google Scholar] [CrossRef]

	



Sarkhel, S.; Desiraju, G.R. N–H…O, O–H…O, and C–H…O hydrogen bonds in protein–ligand complexes: Strong and weak interactions in molecular recognition. Proteins: Struct. Funct. Bioinform. 2004, 54, 247–259. [Google Scholar] [CrossRef]

	



Adhikari, U.; Scheiner, S. Magnitude and mechanism of charge enhancement of CH·· O hydrogen bonds. J. Phys. Chem. A 2013, 117, 10551–10562. [Google Scholar] [CrossRef] [PubMed]

	



Gamrad, W.; Dreier, A.; Goddard, R.; Pörschke, K.R. Cation–Cation Pairing by N–C–H…O Hydrogen Bonds. Angew. Chem. Int. Ed. 2015, 54, 4482–4487. [Google Scholar] [CrossRef]

	



Itoh, Y.; Nakashima, Y.; Tsukamoto, S.; Kurohara, T.; Suzuki, M.; Sakae, Y.; Oda, M.; Okamoto, Y.; Suzuki, T. N+-CH··· O Hydrogen bonds in protein-ligand complexes. Sci. Rep. 2019, 9, 767. [Google Scholar] [CrossRef]

	



Kim, C.U.; Lew, W.; Williams, M.A.; Liu, H.; Zhang, L.; Swaminathan, S.; Bischofberger, N.; Chen, M.S.; Mendel, D.B.; Tai, C.Y. Influenza neuraminidase inhibitors possessing a novel hydrophobic interaction in the enzyme active site: Design, synthesis, and structural analysis of carbocyclic sialic acid analogues with potent anti-influenza activity. J. Am. Chem. Soc. 1997, 119, 681–690. [Google Scholar] [CrossRef]

	



Lou, L.L.; Martin, J.C. Selected thoughts on hydrophobicity in drug design. Molecules 2021, 26, 875. [Google Scholar] [CrossRef]

	



Jeon, S.; Ko, M.; Lee, J.; Choi, I.; Byun, S.Y.; Park, S.; Shum, D.; Kim, S. Identification of antiviral drug candidates against SARS-CoV-2 from FDA-approved drugs. Antimicrob. Agents Chemother. 2020, 64, e00819-20. [Google Scholar] [CrossRef]

	



Rose, P.W.; Prlić, A.; Altunkaya, A.; Bi, C.; Bradley, A.R.; Christie, C.H.; Costanzo, L.D.; Duarte, J.M.; Dutta, S.; Feng, Z. The RCSB protein data bank: Integrative view of protein, gene and 3D structural information. Nucleic Acids Res. 2016, 45, gkw1000. [Google Scholar]

	



Morris, G.M.; Huey, R.; Olson, A.J. Using autodock for ligand-receptor docking. Curr. Protoc. Bioinform. 2008, 24, 8–14. [Google Scholar] [CrossRef] [PubMed]

	



Gorelik, A.; Illes, K.; Heinz, L.X.; Superti-Furga, G.; Nagar, B. Crystal structure of mammalian acid sphingomyelinase. Nat. Commun. 2016, 7, 12196. [Google Scholar] [CrossRef]

	



Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 1994, 22, 4673–4680. [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] [PubMed]

	



O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An open chemical toolbox. J. Cheminformatics 2011, 3, 33. [Google Scholar] [CrossRef]

	



Dias, R.; de Azevedo, J.; Walter, F. Molecular docking algorithms. Curr. Drug Targets 2008, 9, 1040–1047. [Google Scholar] [CrossRef] [PubMed]

	



Meng, E.C.; Shoichet, B.K.; Kuntz, I.D. Automated docking with grid-based energy evaluation. J. Comput. Chem. 1992, 13, 505–524. [Google Scholar] [CrossRef]

	



Bell, E.W.; Zhang, Y. DockRMSD: An open-source tool for atom mapping and RMSD calculation of symmetric molecules through graph isomorphism. J. Cheminform. 2019, 11, 40. [Google Scholar] [CrossRef]

	



Hay, M.; Thomas, D.W.; Craighead, J.L.; Economides, C.; Rosenthal, J. Clinical development success rates for investigational drugs. Nat. Biotechnol. 2014, 32, 40–51. [Google Scholar] [CrossRef] [PubMed]

	



Benet, L.Z.; Hosey, C.M.; Ursu, O.; Oprea, T.I. BDDCS, the Rule of 5 and drugability. Adv. Drug Deliv. Rev. 2016, 101, 89–98. [Google Scholar] [CrossRef]

	



Kim, S.; Cheng, T.; He, S.; Thiessen, P.A.; Li, Q.; Gindulyte, A.; Bolton, E.E. PubChem Protein, Gene, Pathway, and Taxonomy data collections: Bridging biology and chemistry through Target-Centric Views of PubChem data. J. Mol. Biol. 2022, 434, 167514. [Google Scholar] [CrossRef] [PubMed]

	



Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2012, 64, 4–17. [Google Scholar] [CrossRef]

	



Shi, H.; Tian, S.; Li, Y.; Li, D.; Yu, H.; Zhen, X.; Hou, T. Absorption, distribution, metabolism, excretion, and toxicity evaluation in drug discovery. 14. Prediction of human pregnane X receptor activators by using naive Bayesian classification technique. Chem. Res. Toxicol. 2015, 28, 116–125. [Google Scholar] [CrossRef] [PubMed]

	



Case, D.A.; Cheatham III, T.E.; Darden, T.; Gohlke, H.; Luo, R.; Merz, K.M., Jr.; Onufriev, A.; Simmerling, C.; Wang, B.; Woods, R.J. The Amber biomolecular simulation programs. J. Comput. Chem. 2005, 26, 1668–1688. [Google Scholar] [CrossRef] [PubMed]

	



Abbasi, S.; Raza, S.; Azam, S.S.; Liedl, K.R.; Fuchs, J.E. Interaction mechanisms of a melatonergic inhibitor in the melatonin synthesis pathway. J. Mol. Liq. 2016, 221, 507–517. [Google Scholar] [CrossRef]

	



Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular mechanical calculations. J. Mol. Graph. Model. 2006, 25, 247–260. [Google Scholar] [CrossRef]

	



Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber force field. J. Comput. Chem. 2004, 25, 1157–1174. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 28 02989 g001 550] 





Figure 1. Workflow followed in the present study to identify potential drugs to prevent SARS-CoV-2 infection. 
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Figure 2. Discovery studio visualizer representation of the PDB structure of human acid sphingomyelinase, i.e., ASM with zinc; EC number-3.1.4.12; PDB ID-5I81. Red represents helices, blue indicates beta sheets and grey corresponds to loop regions. 
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Figure 3. Surface representation of human acid sphingomyelinase (PDB: 5I81) with labelled binding pocket residues demonstrated in rainbow colors. 
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Figure 4. Three-dimensional representation of the native AbPA ligand (yellow) and docked AbPA ligand (blue) in the crystal structure of murine acid sphingomyelinase. The protein with active site residues is displayed in pink. 
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Figure 5. Three-dimensional interaction diagram showing the molecular interactions of Cepharanthine with binding pocket residues (grey). Molecular interactions include carbon hydrogen bond (pale green), unfavorable positive–positive (red), pi–cation (tangerine), pi–donor hydrogen bond (transparent green), pi–pi T-shaped (rose pink), and alkyl and pi–alkyl (light pink). 
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Figure 6. 3D interaction diagram showing molecular interactions of Zafirlukast with the amino acids (grey) mainly involved in the binding pocket identified. Molecular interactions include conventional hydrogen bond (green), carbon–hydrogen bond and pi–donor hydrogen bond (pale green), pi–sigma (purple), and alkyl and pi–alkyl (light pink). 
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Figure 7. 3D interaction diagram showing molecular interactions of Atovaquone with the amino acids (grey) mainly involved in the binding pocket identified. Molecular interactions include conventional hydrogen bond (green), carbon hydrogen and pi–donor hydrogen bond (pale green), pi–cation (tangerine), pi–pi T-shaped (rose pink), and alkyl and pi–alkyl (light pink). 
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Figure 8. (A) Protein–ligand RMSD, (B) RMSF versus residue number plot, and (C) ligand RMSD for the Complex 1 over the simulation run of 100 ns. 
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Figure 9. (A) Protein–ligand RMSD, (B) RMSF versus residue number plot, (C) ligand RMSD for the complex-2 over the simulation run of 100 ns. 
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Figure 10. 2D representation of complex-1 before (A) and after (B) the simulation run of 100 ns. The ligand has been colored by element where grey represents carbon atoms, red corresponds to oxygen atoms and purple shows nitrogen atoms. 
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Figure 11. 2D representation of complex-2 before (A) and after (B) the simulation run of 100 ns. The ligand has been colored by element where grey represents carbon atoms, red corresponds to oxygen atoms, purple shows nitrogen atoms and yellow indicates sulfur atom. 
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Table 1. Table representing the top 5% drugs selected after docking (on the basis of binding affinities) and ADME toxicity analysis.






Table 1. Table representing the top 5% drugs selected after docking (on the basis of binding affinities) and ADME toxicity analysis.





	Ligands
	Binding

Affinity
	Molecular

Weight
	XLogP3-AA
	H-Bond Donor
	H-Bond Acceptor
	Topological

Polar Surface Area (Å2)
	No. of Rotatable Bonds
	Lipinski

Violation





	Dutasteride
	−9.7
	528.5
	5.4
	2
	8
	58.2
	2
	No-2



	Cepharanthine
	−9.6
	606.7
	6.5
	0
	8
	61.9
	2
	Yes-1



	Zafirlukast
	−9.5
	575.5
	5.5
	2
	6
	124
	9
	Yes-1



	Carbenoxolone
	−9.2
	570.8
	6.4
	2
	7
	118
	6
	No-2



	Telmisartan
	−9.2
	514.6
	6.9
	1
	4
	72.9
	7
	No-2



	Atovaquone
	−9.1
	366.8
	5.2
	1
	3
	54.4
	2
	Yes-0



	Doxorubicin
	−8.9
	543.5
	1.3
	6
	12
	206
	5
	No-3



	Pirarubicin
	−8.9
	627.6
	2.7
	5
	13
	204
	7
	No-2



	Profenamine
	−8.7
	312.5
	4.8
	0
	3
	31.8
	5
	Yes-1



	Ritanserin
	−8.7
	477.6
	5.2
	0
	6
	61.2
	5
	Yes-1



	Solasodine
	−8.7
	413.6
	5.4
	2
	3
	41.5
	0
	Yes-1



	Tomatidine
	−8.7
	415.7
	6.2
	2
	3
	41.5
	0
	Yes-1



	Astemizole
	−8.6
	458.57
	5.97
	4
	1
	42.32
	8
	Yes-1
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Table 2. Table displaying docking interactions and bond distances of the top scoring ligands with the active site of the target protein.






Table 2. Table displaying docking interactions and bond distances of the top scoring ligands with the active site of the target protein.





	
Ligand Name

	
Residues Involved in Interaction

	
Type of Interaction

	
Bond Distance (Å)






	
Cepharantine

	
LIG:C---HIS457:O

	
Carbon Hydrogen Bond

	
2.99




	
HIS575:NE2---LIG

	
Pi-Cation

	
4.64




	
LIG:H---HIS459

	
Pi-Cation; Pi-Donor Hydrogen Bond

	
2.89




	
ILE489:HN---LIG

	
Pi-Donor Hydrogen Bond

	
2.60




	
HIS575---LIG

	
Pi-Pi T-shaped

	
4.64




	
LIG:C---PRO580

	
Alkyl

	
3.65




	
HIS430---LIG:C

	
Pi-Alkyl

	
5.01




	
HIS575---LIG:C

	
Pi-Alkyl

	
4.64




	
LIG---ILE489

	
Pi-Alkyl

	
4.76




	
LIG---LEU491

	
Pi-Alkyl

	
5.30




	
Zafirlukast

	
ASN318:HD21---LIG:O

	
Hydrogen Bond

	
2.05




	
HIS575:HD1---LIG:O

	
Hydrogen Bond

	
2.46




	
HIS575:HD1---LIG:O

	
Hydrogen Bond

	
2.09




	
LIG:H---ILE489:O

	
Hydrogen Bond

	
2.11




	
PRO580:CD---LIG:O

	
Carbon Hydrogen Bond

	
3.70




	
LIG:C---THR458:O

	
Carbon Hydrogen Bond

	
3.23




	
ILE489:HN---LIG

	
Pi-Donor Hydrogen Bond

	
2.61




	
GLY490:CA---LIG

	
Pi-Sigma

	
3.64




	
VAL284---LIG

	
Alkyl

	
4.91




	
VAL324---LIG

	
Alkyl

	
4.70




	
LIG:C---ILE489

	
Alkyl

	
4.55




	
LIG:C---ILE489

	
Alkyl

	
4.81




	
HIS319---LIG

	
Pi-Alkyl

	
5.42




	
LIG--- ILE489

	
Pi-Alkyl

	
4.70




	
LIG---LEU491

	
Pi-Alkyl

	
5.34




	
Atovaquone

	
ASN318:HD21---LIG:O

	
Hydrogen Bond

	
2.57




	
ASN318:HD22---LIG:O

	
Hydrogen Bond

	
2.76




	
TYR488:HH---LIG:O

	
Hydrogen Bond

	
2.35




	
HIS457:CE1---LIG:O

	
Carbon Hydrogen Bond

	
3.75




	
HIS282:NE2---LIG

	
Pi-Cation

	
4.87




	
HIS319:NE2---LIG

	
Pi-Cation

	
3.68




	
HIS319:HE2---LIG

	
Pi-Cation; Pi-Donor Hydrogen Bond

	
3.08




	
ILE489:HN---LIG

	
Pi-Donor Hydrogen Bond

	
2.60




	
HIS319---LIG

	
Pi-Pi T-shaped

	
4.52




	
LIG:CL---VAL460

	
Alkyl

	
5.40




	
LIG:CL---LEU491

	
Alkyl

	
4.24




	
HIS459---LIG

	
Pi-Alkyl

	
5.11




	
TYR488---LIG

	
Pi-Alkyl

	
5.03




	
HIS575---LIG:CL

	
Pi-Alkyl

	
4.93




	
LIG---VAL284

	
Pi-Alkyl

	
5.27




	
LIG---VAL324

	
Pi-Alkyl

	
4.85




	
LIG---ILE489

	
Pi-Alkyl

	
4.56
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Table 3. Root mean square deviation and root mean square fluctuation for the top two complexes subjected to molecular dynamic simulation analysis.






Table 3. Root mean square deviation and root mean square fluctuation for the top two complexes subjected to molecular dynamic simulation analysis.





	Parameters
	Complex 1
	Complex 2





	RMSD of complex
	2.99 Å
	3.17 Å



	Ligand RMSD
	0.57 Å
	2.62 Å



	RMSF
	1.27 Å
	1.33 Å
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