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Molecular Docking and Molecular Dynamics Aided Virtual Search of OliveNet™ Directory for Secoiridoids to Combat SARS-CoV-2 Infection and Associated Hyperinflammatory Responses
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Molecular docking and molecular dynamics aided virtual search of OliveNet™ directory identified potential secoiridoids that combat SARS-CoV-2 entry, replication, and associated hyperinflammatory responses. OliveNet™ is an active directory of phytochemicals obtained from different parts of the olive tree, Olea europaea (Oleaceae). Olive oil, olive fruits containing phenolics, known for their health benefits, are indispensable in the Mediterranean and Arabian diets. Secoiridoids is the largest group of olive phenols and is exclusive to the olive fruits. Functional food like olive fruits could help prevent and alleviate viral disease at an affordable cost. A systematized virtual search of 932 conformers of 78 secoiridoids utilizing Autodock Vina, followed by precision docking using Idock and Smina indicated that Nüzhenide oleoside (NZO), Oleuropein dimer (OED), and Dihydro oleuropein (DHO) blocked the SARS-CoV-2 spike (S) protein-ACE-2 interface; Demethyloleuropein (DMO), Neo-nüzhenide (NNZ), and Nüzhenide (NZE) blocked the SARS-CoV-2 main protease (Mpro). Molecular dynamics (MD) simulation of the NZO-S-protein-ACE-2 complex by Desmond revealed stability during 50 ns. RMSD of the NZO-S-protein-ACE-2 complex converged at 2.1 Å after 20 ns. During MD, the interaction fractions confirmed multiple interactions of NZO with Lys417, a crucial residue for inhibition of S protein. MD of DMO-Mpro complex proved its stability as the RMSD converged at 1.6 Å. Analysis of interactions during MD confirmed the interaction of Cys145 of Mpro with DMO and, thus, its inhibition. The docking predicted IC50 of NZO and DMO was 11.58 and 6.44 μM, respectively. Molecular docking and dynamics of inhibition of the S protein and Mpro by NZO and DMO correlated well. Docking of the six-hit secoiridoids to IL1R, IL6R, and TNFR1, the receptors of inflammatory cytokines IL1β, IL6, and TNFα, revealed the anti-inflammatory potential except for DHO. Due to intricate structures, the secoiridoids violated Lipinski's rule of five. However, the drug scores of secoiridoids supported their use as drugs. The ADMET predictions implied that the secoiridoids are non-toxic and pose low oral absorption. Secoiridoids need further optimization and are a suitable lead for the discovery of anti-SARS-CoV-2 therapeutics. For the moment, olive secoiridoids presents an accessible mode of prevention and therapy of SARS-CoV-2 infection.
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INTRODUCTION

The current pandemic of coronavirus disease-2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has worsened persons' quality of life and socioeconomic status globally. Rigorous research for the prevention and therapy of SARS-CoV-2 infection using vaccines and small molecules are underway. Natural products are inspiring sources of drugs, including antivirals. It is imperative to explore functional foods as therapeutic combat against SARS-CoV-2, as they are accessible and affordable. Focuses on nutritional supplements as a mode of prevention and therapy for SARS-CoV-2 infection have increased (Zabetakis et al., 2020). Olive fruits (olives) and oil are indispensable in the Mediterranean (Martinez-Gonzalez and Martin-Calvo, 2016) and Arabian diet (Al-Ruqaie et al., 2016) and are known for their health benefits. The northern provinces of Saudi Arabia have suitable climatic conditions and cultivate olive tree, Olea europaea (Oleaceae) for olive oil and olives (Hemida et al., 2014; Fraihat et al., 2017). Olive oil obtained from olives has earned nutritional and therapeutic value. Especially olive oil polyphenols demonstrated antioxidant, antihyperglycemic, anticancer, antilipidemic, antiviral, anti-inflammatory, cardioprotective, and immunomodulation properties (Rigacci and Stefani, 2016; Gorzynik-Debicka et al., 2018). The phytochemicals of olive leaves have also exhibited beneficial effects on ailments like diabetes, cancer, obesity, bacterial, and viral infections (Medina Pradas et al., 2019; Acar-Tek and Agagündüz, 2020). The green, black forms of olives consumed as table olives are high in plant polyphenols implicated in several diseases (Rahmani et al., 2014; Fernández-Poyatos et al., 2019; Conte et al., 2020). Olives contain secoiridoids, the largest group of polyphenols, in their glycoside and aglycone forms. Olives are also composed of other polyphenols-like flavonoids, triterpenes, and lignans (Hashmi et al., 2015). Olives are the primary source of secoiridoids, whereas oil contains the metabolites of secoiridoids (Sivakumar et al., 2018). Secoiridoids are useful in cancer therapy, heart diseases, neurodegeneration, immunoinflammatory, diabetes, obesity, and aging-related ailments (Celano et al., 2019; Castejón et al., 2020). Few studies are available on the antiviral property of secoiridoids against AIDS and influenza viruses (Omar, 2010; Vilaplana-Pérez et al., 2014). Oleuropein, a secoiridoid, possesses potent antiviral activity against parainfluenza type 3 virus, respiratory syncytial virus, hepatitis, and herpes mononucleosis (Omar, 2010). Oleuropein targeted the surface glycoprotein HIV-1 gp41 and HIV integrase, which blocked HIV entry and replication (Lee-Huang et al., 2007). A recent molecular docking study identified the flavonoids Cyanidin-3-rutinoside and Paeonidin-3-rutinoside from Olea europaea as inhibitors of SARS-CoV-2 main protease (Shawky et al., 2020).

The spike protein (S protein), a surface structural protein of SARS-CoV-2, binds with a high affinity to human angiotensin-converting enzyme 2 (ACE-2), which facilitates the entry of the virus into the human host (Wrapp et al., 2020). Therefore, inhibition of spike protein and its interaction with ACE-2 can block virus entry into the host. The main protease (Mpro) of SARS-CoV-2, also known as 3CLpro, is responsible for the cleavage of polyproteins 1a and 1b, which is crucial for virus replication (Prajapat et al., 2020). The inhibition of virus replication is possible through the inhibition of Mpro. The S protein and Mpro are thus attractive targets for designing and discovering drugs to combat SARS-CoV-2 infection. On the host's invasion by SARS-CoV-2, there is a hyperinflammatory response by the immune system leading to acute respiratory distress and multiple organ failure. Elevated levels of pro-inflammatory cytokines, interleukin-1 (IL1β), interleukin-6 (IL6), and tumor necrosis factor-α (TNFα) in moderate to severe COVID-19 cases contribute to the hyperinflammatory response (Maiti et al., 2020; Tang et al., 2020). It is of paramount importance to block the actions of inflammatory cytokines to improve the patient's well-being and reduce the fatality rate of SARS-COV-2 infected patients. The receptors IL1R (Maiti et al., 2020), IL6R (Chen et al., 2017), and TNFR1 (Maiti et al., 2020) of cytokines are useful targets to evaluate the anti-inflammatory potential of secoiridoids.

One of the rapid and efficient methods to identify potential small molecule therapeutics is utilizing virtual search methods like molecular docking (da Silva Rocha et al., 2019). OliveNet™ is an active directory of phytochemicals reported from olive leaves, olives, and olive oil (Bonvino et al., 2018). The directory includes 222 phenolic compounds, further subdivided into 13 subgroups, among which the 79 secoiridoids are the principal constituents of olive fruits (Owen et al., 2003; Silva et al., 2006; Obied et al., 2007; Alagna et al., 2012; Ghanbari et al., 2012; Kanakis et al., 2013). Secoiridoids biosynthesis in olive trees involves their parent compounds tyrosol and hydroxytyrosol (Ali et al., 2019). Tyrosol and hydroxytyrosol also possess commendable therapeutic properties (Vilaplana-Pérez et al., 2014; Hashmi et al., 2015). It was intriguing that most secoiridoids were exclusive to the olive fruits, and its consumption could combat SARS-CoV-2 infection and associated hyperinflammatory responses that exemplify the viral disease. Hence, we aimed to explore OliveNet™ by a virtual search for olives' secoiridoids capable of combating S protein and Mpro of SARS-CoV-2. We also predicted the anti-inflammatory property of secoiridoids to combat the SARS-CoV-2 associated hyperinflammatory response by molecular docking to cytokine receptors IL1R, IL6R, and TNFR1. Furthermore, molecular dynamics studies of the hit secoiridoid-S protein and hit secoiridoid-Mpro complexes aided the stability prediction during trajectories for 50 ns.



MATERIALS AND METHODS


Virtual Search of OliveNet™ Directory

We accessed OliveNet™ at https://mccordresearch.com.au/. Autodock Vina was the software used to perform the virtual search of OliveNet™ secoiridoids (Trott and Olson, 2010). The virtual search utilized a target-based docking to the structural and non-structural proteins of the virus (Maia et al., 2020). In this study, the drug targets were mainly the SARS-CoV-2 S protein, a structural protein, and Mpro, a non-structural protein. The virtual search process comprised the steps described herein.


Sources of SARS-CoV-2 Spike Protein, Main Protease, and Secoiridoids

We obtained the three-dimensional X-ray crystallographic structures of SARS-CoV-2 S protein and Mpro from the protein data bank using PDB IDs, 6LZG, and 6LU7, respectively. The targeted viral proteins were in their pdb file formats. The secoiridoids reported in OliveNet™ possess molecular weights between 184 and 2,692 g/mol. We filtered and used those secoiridoids with molecular weight <1,100 g/mol. Based on the molecular weight factor, we excluded oleuropein trimer, oleuropein tetramer, and oleuropein pentamer. Instead, we included the parent compounds tyrosol hydroxytyrosol that was within the molecular weight range. Finally, 78 secoiridoids contributed to the virtual search. OliveNet™, PubChem, and ZINC were the databases used to retrieve the structures of the chosen secoiridoids. We applied the canonical smiles of secoiridoids to generate the three-dimensional structures.



Preparation of SARS-CoV-2 Spike Protein, Main Protease, and Secoiridoids

Chimera 1.13.2 was the program used to prepare the target proteins (Pettersen et al., 2004). The 6LZG is the receptor-binding domain of the SARS-CoV-2 S protein complexed with the human ACE-2 receptor. The S protein chain B and the ACE-2 chain A were retained, and the ligand atoms were removed. The aim was to dock secoiridoids to the interface of S protein and ACE-2. In the case of 6LU7, it is the SARS-CoV-2 Mpro monomer complexed with a peptide inhibitor. The monomer chain A was retained, and the non-standard residues, including the inhibitor, was deleted. Afterward, the prepared protein structures underwent energy minimization to overcome unfavorable backbone and sidechain interactions through the steepest descent of 100 steps under the Amber ff99SB force field. Stabilization of the protein structures involved merging non-polar hydrogens, adding polar hydrogens, and assigning Kollmann charges.

At last, using the Autodock tools program, we assigned partial charges and atom type and saved the stabilized proteins in pdbqt format (Morris et al., 2009). We created and optimized the three-dimensional structures of the secoiridoids and the reference drugs Chloroquine (Wahedi et al., 2020) for S protein and Lopinavir (Kumar et al., 2020) for Mpro using Schrödinger's LigPrep facility (Schrödinger Release, 2020). The OPLS3e force field, when applied to the 3D structures of the ligands, generated 932 conformers of secoiridoids, which served as the input ligands for subsequent docking studies. The resultant minimum energy conformations of the secoiridoids were saved in mol2 format.



Molecular Docking of Secoiridoids to SARS-CoV-2 Spike Protein and Main Protease

Virtual search by docking secoiridoids to S protein-ACE-2 and Mpro utilized the Autodock Vina program. All the 932 conformers were docked to the binding sites identified and presented inside the grid. Repeated precision docking of secoiridoids to the targets using the software Idock (Li et al., 2012) and Smina (Koes et al., 2013) avoided the false-positive identification. We generated the S protein grid, surrounding Asn33, His34, Glu37, Asp38, Lys353, Ala387, Gln388, Pro389, Phe390, Arg393, Lys403, Tyr453, Tyr495, Gly496, Phe497, Ser494, and Tyr505, the critical interface residues of S protein-ACE-2 (Liu et al., 2020a; Shang et al., 2020). For Mpro, we centered the grid on Cys145 (Gurung et al., 2020; Liu et al., 2020b; Zhang et al., 2020). The parameters for docking were: maximum binding modes and energy enabled; exhaustiveness of search of 50. Precise redocking of the three top-ranked secoiridoids under the same docking setup in Idock and Smina gadgets confirmed the results. Modeling the 3D structures of the resultant complexes of SARS-CoV-2 targets and secoiridoids in Biovia Discovery Studio Visualizer v16.1.0.15350 provided details of the 2D, 3D conformations and the number, nature of intermolecular interactions (BIOVIA, 2015). The top-ranked (hit) secoiridoid for S protein and Mpro chosen based on the binding energy and number of binding interactions entered into the subsequent IC50 prediction studies.



Prediction of Inhibition Constant

The binding affinity of the hit secoiridoids, in terms of the inhibition constant (IC50) against S protein and Mpro, was predicted using Autodock tools (Morris et al., 2009). The search protocol for the best docking conformer consisted of a population of 150 individuals and a maximum of 25,000,000 energy evaluations in each run with other docking parameters at default. Overall, 100 conformations of each compound were generated with IC50 values. Finally, we carried out molecular dynamics studies to assess the stability of the complexes of NZO and DMO bound to respective targets.



Molecular Dynamics of Apo and Bound Forms of SARS-CoV-2 Spike Protein and Main Protease

Molecular dynamics (MD) simulation helps understand the dynamic motions of the atoms of protein targets and target-ligand complexes (Hospital et al., 2015). MD also unveils the conformational stability of target proteins and ligands before and after the interaction (De Vivo et al., 2016). MD of the apo (unbound) and the hit secoiridoids-bound forms of SARS-COV-2 S protein and Mpro were studied using the Desmond program (DE Shaw Research, 2020). After creating the topology, the apoproteins and the protein-ligand complexes were placed in the OPLS3e force field to study the number and stability of interactions. The complex was then immersed into a TIP3P water model at 300°K, maintaining 10 Å from the center of the box. The complex underwent energy minimization up to 5,000 steepest descent steps. Then, added sodium and chloride ions to mimic the in-vivo environment. Long-range electrostatic interactions were calculated using the Particle-mesh Ewald (PME) method. The constant temperature and pressure were maintained using a Nose-Hoover thermostat and the Martina-Tobias-Klein method. The motion equations were integrated using the multistep RESPA integrator with an inner time step of 2.0 fs for bonded and non-bonded interactions within the short-range cutoff. Periodic boundary conditions were applied. After equilibration, the target proteins and their complexes with the best secoiridoids were subjected to the production run for 50 ns in the N (total atoms in the system), P (system pressure), and T (system temperature) ensemble. The root mean square deviation (RMSD) analysis, root mean square fluctuation (RMSF), full contacts, and the interaction fractions maintained throughout the MD simulation indicate the protein's stability and ligand's stability in bound form. Origin (2016) software was used to plot the comparative RMSF of the protein and ligand.




Molecular Docking of Top-Ranked Secoiridoids to Inflammatory Protein Receptors

The three top-ranked secoiridoids obtained from docking to S protein and Mpro went through additional docking to cytokine receptors to assess the ability to inhibit the binding, thereby pro-inflammatory cytokine actions. Autodock Vina, Idock, and Smina tools were used for docking. The PDB IDs 1ITB, 1N26, and 1NCF correspond to the 3D structures of IL1R, IL6R, and TNFR1 receptors. We applied the previously prepared energy minimized structures of the secoiridoids for docking. The 3D structures of the cytokine receptors were stabilized using the Chimera tool. Methotrexate served as the standard drug for comparing the secoiridoids' inhibitory effect on IL1R. Methotrexate can directly inhibit the binding of IL1β to IL1R, resulting in inhibition of IL1β mediated cellular responses (Brody et al., 1993). A small-molecule inhibitor of IL6R, Chemiome CID5329098 (Chen et al., 2017), was used as the reference molecule for IL6R inhibition. Physcion-8-glucoside is an inhibitor of TNFR1 (Saddala and Huang, 2019), used as the reference molecule for TNFR1 inhibition. We applied the blind docking method that involves docking ligands to the whole surface of human cytokine receptors.



Virtual Physicochemical, Pharmacokinetics, and Drug Score Screening

Secoiridoids have novel chemical structures that need an investigation of molecular, pharmacokinetic, and toxicity properties. Examining the secoiridoids' molecular properties like molecular weight, the number of hydrogen bond donor/acceptor groups, and the topological polar surface area, for Lipinski's violation provides insight into the oral bioavailability. The SwissADME server was used to predict the molecular properties and the bioavailability score (Daina et al., 2017). The admetSAR 2.0 online tool helped predict the distribution, toxicity, and LD50 (Yang et al., 2019). The OSIRIS property explorer (Osiris, 2020) was used to predict the drug score, which is a combination of drug-likeness score, lipophilicity, hydrophilicity, molecular weight, and the risk of toxicity of secoiridoids. The drug score helps to verify the overall quality of the secoiridoids to be potential drugs.




RESULTS


Virtual Search

The virtual search of the OliveNet™ directory using Autodock Vina, Idock, and Smina was successful. The grids generated around the binding site of the 3D crystalline structures of the S protein-ACE-2 receptor interface (6LZG) and the catalytic Cys145 of Mpro (6LU7) provided reliable results. The virtual search using Autodock Vina generated 932 energy minimized conformers of the screened secoiridoids, which were then docked to the SARS-CoV-2 targets and graded based on the binding energy. All the docked conformers of secoiridoids had the potential to bind to the SARS-CoV-2 S protein's active site and its interface with ACE-2 with binding energies in the range of −8.9 to −4.1 kcal/mol. Similarly, the olive secoiridoids have shown binding affinities between −8.9 and −4.3 kcal/mol toward the binding site of SARS-CoV-2 Mpro. Nüzhenide oleoside (NZO), Oleuropein dimer (OED), and Dihydro oleuropein (DHO) secured the top three ranks, respectively, for binding to SARS-COV-2 S protein-ACE-2 receptor complex. Demethyloleuropein (DMO), Neo-nüzhenide (NNZ), and Nüzhenide (NZE) were the three top-ranked secoiridoids exhibiting efficient binding to SARS-COV-2 Mpro. Hence, the top-ranked secoiridoids passed through the next step of precise docking using the Autodock Vina, Idock, and Smina tools.



Molecular Docking of Secoiridoids to SARS-CoV-2 Spike Protein and Main Protease

The three top-ranked secoiridoids on precise docking in Autodock Vina, Idock, and Smina displayed better binding efficiency at the S protein-ACE-2 interface and Mpro binding sites than the reference drugs shown in Table 1. The secoiridoid-SARS-CoV-2 target complexes obtained from precise docking in Autodock Vina, when probed in Discovery Studio Visualizer, unraveled the in-silico binding inhibitory mechanisms. Figures 1A–C show the 3D best binding poses of NZO, OED, and DHO docked to the S protein-ACE-2 target interface. The intermolecular bonds of NZO, OED, and DHO with the S protein-ACE-2 interface are shown in Figures 2A–C. NZO interacted with the S protein-ACE-2 interface through 10 hydrogen bonds and 1 attractive charge interaction (Figure 2A). Four hydrogen bonds existed with S protein, and six hydrogen bonds were with the ACE-2. Lys417 of the S protein was involved in the formation of two hydrogen bonds with NZO. The attractive charge interaction was between the cationic Lys26 of the ACE-2. Six hydrophobic interactions of π-alkyl and alkyl-alkyl type also existed in the NZO-S protein-ACE-2 complex. Hydrogen bonds were the main forces stabilizing the bound form of NZO as they were shorter than the hydrophobic bonds. OED and DHO interacted through four and nine hydrogen bonds, respectively. OED also established an electrostatic charge interaction with cationic residue Lys417 of the S protein (Figure 2B). Two hydrophobic interactions between Lys417 of S protein and DHO is also significant (Figure 2C). Chloroquine interacted with S protein through a hydrogen bond with Glu406, a π-alkyl interaction with Lys417, besides a hydrogen bond, a π-cation interaction with His34, and an attractive charge interaction with Glu37 of ACE-2.


Table 1. Binding energies during precise docking of the three top-ranked olive secoiridoids to SARS-CoV-2 targets.
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FIGURE 1. Most active secoiridoids docked to the SARS-CoV-2 spike protein-ACE-2 interface. (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein. Mesh around the binding site represents it's solvent accessible surface (SAS). All models show the spike protein in blue and ACE-2 in green. Panel (A) represents the SARS-CoV-2 S protein-ACE-2 in their secondary structure forms, (B) represents targets in the CPK model, and ribbons in C represent targets.
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FIGURE 2. Intermolecular interactions of (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein with SARS-CoV-2 spike protein-ACE-2 interface residues. Interaction with Lys417 of the spike protein is considered crucial for inhibition. Nature of bonds: black—hydrogen bonds; yellow—attractive charge; brown—π-alkyl; blue—alkyl-alkyl interactions.


Table 1 shows the results of precise docking of the top-ranked secoiridoids to Mpro. The binding energies of olive compounds were less than the reference drug Lopinavir. Figure 3 shows the active conformations of the DMO (Figure 3A), NNZ (Figure 3B), and NZE (Figure 3C) bound to the Mpro. DMO established nine hydrogen bonds with Mpro (Figure 4A). Besides other significant interactions, one hydrogen bond with catalytic Cys145 and one hydrophobic π-alkyl interaction with catalytic His41 predicted for DMO indicated its inhibitory property. NNZ established seven hydrogen bonds with Mpro, of which one bond was with the catalytic Cys145 (Figure 4B). NNZ also interacted with the catalytic duo Cys145-His41 through two hydrophobic alkyl-alkyl and three π-alkyl interactions, respectively. The predicted hydrogen bonds were stable than the hydrophobic interactions due to their shorter bond lengths. NZE also made nine hydrogen bonds with the Mpro. The active Cys145 residue was engaged in hydrogen bonding with NZE (Figure 4C), while His41 made one π-alkyl interaction with NZE. Lopinavir formed six hydrogen bonds with Mpro, including one with Cys145. It also interacted through π-anion, π-alkyl, π-sulfur, and π-π stacked forces with Glu166, Met49, Met165, and His41, respectively.


[image: Figure 3]
FIGURE 3. Most active secoiridoids docked to SARS-CoV-2 main protease. (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide. The viral protease is in the CPK model. Mesh around the binding site represents it's solvent accessible surface (SAS).
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FIGURE 4. Intermolecular interactions of (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide with SARS-CoV-2 main protease. Interaction with Cys145 of the Mpro is considered crucial for inhibition. Nature of interactions: black—hydrogen bonds; yellow—π-sulfur; brown—π-alkyl; blue—alkyl-alkyl interactions.




Prediction of Inhibition Constant

AutoDock predicted IC50 against the screened drug targets helped confirm the inhibitory property of the top-ranked secoiridoids NZO and DMO. The IC50 of NZO against SARS-CoV-2 S protein was 11.58 μM, and the IC50 of DMO against Mpro was 6.44 μM.



Molecular Dynamics of Apo and Bound Forms of SARS-CoV-2 Spike Protein and Main Protease

The spike-ACE-2 receptor complex's apoprotein, when subjected to MD simulation studies, had a zero-net charge, 91,253 total atoms, 67.355 mM of Na+ ions, 50.690 mM of Cl− ions surrounded by 26,184 water molecules. The final simulation box for the S-protein-ACE-2-NZO complex consisted of 26,110 water molecules, 68.243 mM of Na+ ions, and 50.834 mM of Cl− ions, possessing a zero-net charge, and 91,167 total atoms maintained at 300°K. For an MD run of 50 ns, RMSD and RMSF were predicted for the apo and bound forms. A ligand's interaction can ward off unfolding and stabilize the protein (Mazal et al., 2018). Hence, we analyzed the protein's secondary structures before and after docking to understand the conformational changes due to ligand binding. Figure 5 shows the results of RMSD analysis of the spike protein-ACE-2 interface before and after docking NZO. The spike protein-ACE-2 apo form attained an equilibrium after 10 ns (Figure 5A). A stable conformation was achieved by the target protein at RMSD 1.2 Å, an acceptable value for protein structures. RMSD of the NZO complex with S-protein was stable after 20 ns and got fixed and converged at 2.1 Å that disclosed the stability of the complex (Figure 5B). The plot of RMSF for apo spike protein-ACE-2 indicated that the N-terminal and C-terminal residues oscillated above 3.0 Å RMSF. The other secondary structures remained consistent throughout the trajectories, and the RMSF of the protein-ligand complex (Figure 6A) predicted was below 2.5 Å, indicating conformational stability during the simulation. Given that the S-protein-ACE-2 receptor interface targeted involved both proteins' residues, the total number of atoms in the simulated system was high, justifying high RMSF of the terminals. Moreover, it is usual for a protein's N and C-terminals to fluctuate more than the other stable secondary structures like α-helices and β-strands (Kato et al., 2017). Analysis of RMSF of the NZO-S-protein complex (Figure 6A) indicated fewer fluctuations (Figure 6A) shows the secoiridoid had a proper fit into the protein's binding site. The secondary structure of the apo S-protein-ACE-2 (Figure 6B) had 40.50% α-helices and 6.22% of β-strands, while the NZO-docked S protein-ACE-2 (Figure 6C) had 40.23% α-helices and 7.11% β-strands. The negligible increase in the % of β-strands indicated the minimum unfolding of the α-helices during MD of the complex.


[image: Figure 5]
FIGURE 5. Results of MD of NZO-SARS-CoV-2 S-protein-ACE-2 complex. (A) RMSD of the apo form of SARS-CoV-2 S-protein-ACE-2. (B) RMSD of the NZO-SARS-CoV-2 S-protein-ACE-2 complex. The RMSDs were stable after 20 ns and converged at 2.1 Å.
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FIGURE 6. Results of MD of NZO-SARS-CoV-2 S-protein-ACE-2 complex. (A) RMSF of the NZO-SARS-CoV-2 S-protein-ACE-2 complex. RMSF of protein and ligand were < 2 Å for most of the simulation time. (B) Secondary structure elements (SSE) of the apo form of SARS-CoV-2 S-protein-ACE-2. (C) SSE of the NZO-SARS-CoV-2 S-protein-ACE-2 complex. No significant change in the percentage of SSE between the apo and bound proteins indicates conformational stability.


Analysis of intermolecular interactions of the NZO-S-protein-ACE-2 complex during the MD simulation, shown in Figure 7A, indicated that analyzed trajectories exhibited a minimum of 8 and a maximum of 24 contacts confirming the molecular docking results. Additionally, the plot of interaction fractions against the binding site residues (Figure 7B) confirmed that Lys417 of the spike protein furnished multiple contacts (interaction fraction greater than 1.5). Results of molecular docking were consistent with the MD results, as the plot indicated that the binding site residues of the spike protein Gln409, Lys417, and Tyr505 were involved in bonding for 23, 100, and 95.5% of the simulation time, respectively. The hydrophobic interactions of NZO with Pro389 of ACE-2 receptor and Tyr453 of the S protein were also prominent. These interactions contributed to the stability of the complex for 50% of the simulation time.


[image: Figure 7]
FIGURE 7. Results of MD of NZO-SARS-CoV-2 S-protein-ACE-2 complex. (A) Timeline of the total contacts between NZO and SARS-CoV-2 S-protein-ACE-2 interface. (B) Stacked bar chart represents the normalized interactions throughout the trajectory. Y-axis represents the % of simulation time the specific interaction was maintained. Asn33 of ACE-2 receptor, chain A maintained hydrogen bond contact for 50% of the simulation time. Lys417 of the S protein, chain B, value above 1 indicates that it maintained multiple hydrogen bond contacts with the ligand throughout the simulation time.


The final system of the apo SARS-CoV-2 Mpro was composed of 35,926 total atoms, zero net charges, 50.742 mM of Na+, and 50.743 mM of Cl− surrounded by 10,391 molecules of water at a temperature of 300°K. The DMO-Mpro complex for MD runs had 35,902 total atoms, zero net charges, 59.636 mM of Na+, 50.866 of mM Cl−, and 10,366 water molecules. The RMSD of apo Mpro in Figure 8A indicated that the system stabilized at the start of the simulation itself. The RMSD remained unchanged and stable at 1.5 Å throughout the 50 ns, except for a slight increase at 25 ns. The RMSD of the docked DMO-Mpro equilibrated at 5 ns and remained stable and converged for the rest of the simulation time (Figure 8B). The convergence of the RMSD at 1.6 Å of DMO and Mpro in the complex occurred at 12 ns. The convergence of RMSD values indicated the DMO and Mpro maintained their contacts throughout the MD. The RMSF of the docked DMO-Mpro (Figure 9A) was commendable as it was <1.5 Å. The RMSF of the ligand <2 Å indicated its proper fit into the protein's binding site throughout the MD run. The analysis of secondary structures of the apo (Figure 9B) and docked forms of Mpro (Figure 9C) revealed that it achieved a stable conformation without much unfolding after interaction with the secoiridoid. The apo Mpro was made up of 16.57% of α-helices and 23.04% of β-strands; Mpro docked to DMO was composed of 18.09% of α-helices and 23.70% of β-strands indicating the conformational stability of the protein.


[image: Figure 8]
FIGURE 8. Results of MD of DMO-SARS-CoV-2 Mpro complex. (A) RMSD of the apo form of Mpro. (B) RMSD of the DMO-Mpro complex. RMSDs were stable, <2.4 Å, and converged throughout the run time, indicating the complex's stability.
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FIGURE 9. Results of MD of DMO-SARS-CoV-2 Mpro complex. (A) RMSF of the DMO-Mpro complex. RMSF of protein and ligand were <2 Å throughout the simulation time. (B) SSE of the apo form of Mpro. (C) SSE of the DMO-Mpro complex. Mpro was conformationally stable as there was no considerable change in % SSE.


Figure 10A shows that a minimum of nine hydrogen bonds was maintained between DMO and Mpro from 12 to 50 ns of MD simulation time. Probing the interactions fractions during the MD trajectories confirmed that DMO could inhibit Cys145 of the Mpro for 100% of MD run time (Figure 10B). Besides, Thr26, His41, Asn142, Gly143, Ser144, and Thr190 also contributed considerably toward the interactions of Mpro with DMO. Hydrophobic interactions did not significantly contribute to the stability of the complex of DMO with Mpro. The interactions revealed by MD were in correlation with intermolecular interactions predicted by molecular docking of DMO to Mpro.


[image: Figure 10]
FIGURE 10. Results of MD of DMO-SARS-CoV-2 Mpro complex. (A) Timeline of the total contacts between DMO and Mpro. (B) Interactions fractions during simulation time. Cys145 of Mpro, a crucial residue for inhibition of Mpro, maintained hydrogen bonds with DMO for 100% of simulation time.




Molecular Docking of Top-Ranked Secoiridoids to Inflammatory Protein Receptors

We used Autodock Vina, Idock, and Smina for molecular docking to avoid false-positive identification of potential cytokine receptor inhibitors. The docking tools evaluated the binding energies and scored the secoiridoids. The six secoiridoids, when docked to the inflammatory cytokine receptors, exhibited good binding affinity except for DHO. IL1R interactions with the reference drug Methotrexate was similar to the interactions of secoiridoids. The binding site for the inhibitors of IL1R shown in Figure 11A comprised of Asn216, Leu237, Asp239, Ala241, Lys244, Ile250, Glu252, Glu259, Tyr261, Thr277, Thr294, Ile303, Ala305, and Tyr307 shows a high binding affinity with Methotrexate and NZO due to less binding energy of −7.8 kcal/mol. NZO and DMO, the identified SARS-CoV-2 inhibitors, can inhibit IL1R because of stronger hydrogen bond interactions with Ile250 and Tyr261 compared to Methotrexate.


[image: Figure 11]
FIGURE 11. Interactions of NZO and DMO with cytokine receptors (A) NZO interactions with IL1R (B) DMO interactions with IL6R (C) NZO interactions with TNFR1. Green color bonds are the hydrogen bonds, Red color bonds are the π-alkyl, and Blue color bonds are the alkyl-alkyl interactions.


Docking calculations predicted Chemiome CID5329098 to be less active than the olive secoiridoids, though both compounds occupied the same binding site. The binding site of IL6R was made up of Glu34, Lys45, Pro46, Ala47, Arg54, Agr65, Ser72, Asn74, Leu90, Ser122, Leu123, and Thr124. NNZ made vital hydrogen bond contacts with Ala47 and Ser72 of IL6R characteristic for its inhibition. DMO, as in Figure 11B, established hydrogen bond contacts with Ser122, Leu123, Thr124, and hydrophobic contacts with Pro46. The interactions of Chemiome CID5329098 and DMO precisely correlated with each other. NZO ranked fourth due to high binding energy and interacted with residues different from Chemiome CID5329098 and DMO but occupied the same binding site.

NZO was more efficient than Physcion-8-glucoside, a default TNFR1 inhibitor, and other secoiridoids in binding to TNFR1. All the secoiridoids filled a binding cavity outlined by residues Arg77, Arg99, Asn101, Gln102, His105, His126, Leu127, Gln130, Lys132, Gln133, and Val136. NZO, as shown in Figure 11C, interacted with TNFR1 through seven hydrogen bonds and one electrostatic attractive charge interaction. Physcion-8-glucoside formed four hydrogen bonds, one each with Ser74, Arg77, Arg104, and Lys132. The reference inhibitor and the secoiridoids occupied the same binding site. Physcion-8-glucoside and the secoiridoids similarly interacted with Lys132.



Virtual Physicochemical, Pharmacokinetics, and Drug Score Screening

Olive secoiridoids are natural products possessing new, intricate structures. Their physicochemical and ADMETox properties influence the biological activity; hence we proceeded to predict them. Table 2 presents the results of virtual physicochemical, pharmacokinetics, and drug score screening of the six-hit secoiridoids. The predicted human intestinal absorption of secoiridoids was lesser than Lopinavir. All the secoiridoids violated Lipinski's rule of five due to their molecular weight higher than 500, the number of hydrogen bond acceptors like oxygen atoms greater than ten, and the number of hydrogen bond donors like -OH greater than five. Secoiridoids possess a topological polar surface area >150 Å2, which might pose problems in oral absorption, but the predicted bioavailability was favorable. Secoiridoids are non-irritant, non-mutagenic, non-tumorigenic, and are safe on the reproductive system as predicted by SwissADME. The admetSAR predicted all six secoiridoids to achieve subcellular distribution to the mitochondria. Secoiridoids were non-inhibitors of P-glycoprotein, CYP450 1A2, CYP2C19, CYP450 2C9, CYP450 2D6, and CYP450 3A4 enzymes. The non-inhibition of these hepatic metabolizing enzymes by secoiridoids indicates that they will not interfere with the drug metabolism and are safe to co-administer (Showande et al., 2019). The admetSAR tool predicted that secoiridoids are substrates for P-glycoprotein and CYP450 3A4. If a molecule is a substrate for P-glycoprotein, it may face the problems of low bioavailability and drug resistance; therefore, secoiridoids may suffer from this disadvantage (Srivalli and Lakshmi, 2012). Predicted blood-brain barrier penetration of secoiridoids was less than the standard drug Lopinavir. Predicted acute oral toxicity (LD50) of secoiridoids was higher than 2000 mg/kg (on the conversion of predicted values in Table 2 in mol/kg to mg/kg), indicating that they are safe in humans. The overall drug score was in favor of the secoiridoids ranging from 0.220 to 0.359. It is a combination of cLogP (lipophilicity), log S (hydrophilicity), molecular weight, drug-likeness, mutagenicity, tumorigenicity, irritant, and reproductive effects. Osiris predicted drug score for Lopinavir was 0.168.


Table 2. Results of virtual physicochemical, pharmacokinetics, and drug score screening.
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DISCUSSION

The Mediterranean and Arabian diet consist of consuming olive fruits (olives) regularly. OliveNet™ is the exclusive, unique database of phytochemicals of the olive tree, Olea europaea. The largest group of polyphenols called secoiridoids reported in OliveNet™ were mainly from olives (MacCord Research OLIVEAMINE®, 2017). The other groups of phenols like Catechol, Gallic acid, flavonoids like Hesperidin, Luteolin, Quercetin, Rutin reported in the OliveNet™ have undergone rigorous virtual screening for anti-SARS-CoV-2 activity as they are commonly present in most of the plants. The research question was whether the consumption of olives could prevent SARS-CoV-2 entry and replication. Therefore, the study aimed to explore the secoiridoids of olives reported in OliveNet™ directory for their potential to combat SARS-COV-2 entry, replication by inhibition of the interaction of SARS-CoV-2 spike protein with human ACE-2 receptor, and inhibition of SARS-CoV-2 Mpro. The methodology was to search OliveNet™ by virtual means applying molecular docking using the Autodock Vina technique. The three-dimensional structure minimization using LigPrep yielded 932 conformers of secoiridoids. Virtual search involved molecular docking of all the 932 conformers to S protein and Mpro in Autodock Vina. The Autodock Vina technique scores the binding poses based on the binding energy in kcal/mol. The secoiridoids NZO, OED, and DHO topped the score list for the best inhibitory potential against the SARS-CoV-2 S protein-ACE-2 receptor. NNZ, NZE, and DMO were the top scorers for their lowest binding energies to interact and inhibit SARS-CoV-2 Mpro.

We repeated the molecular docking of the above-mentioned top-ranked conformers of secoiridoids using Autodock Vina, Idock, and Smina techniques for precision. Virtual search predictions were precise because we obtained similar results with all three techniques applied for docking. On probing the 3D structure of the complexes obtained from precise docking, the secoiridoids' inhibitory binding to SARS-CoV-2 targets was explicit. The residues Glu406, Arg408, Gln409, Lys417, Tyr453, Gly504, and Tyr505 of the S protein and Lys26, Asp30, Asn33, His34, Asn90, Gln96, Gln388, Pro389, and Arg393 residues of the ACE-2 receptor marked the binding site for olive secoiridoids. Asp30, Asn33, His34, Pro389, Arg393, Lys417, Tyr453, and Gly504 amino acids are crucial for the binding of the SARS-CoV-2 S protein with human ACE-2 receptor, hence for its entry (Wahedi et al., 2020). The potential of olive secoiridoids to bind to the critical residues at the interface suggests that they can prevent the viruses' S protein binding to ACE-2 and block the entry of SARS-CoV-2 into the host (Khan et al., 2020). Olive secoiridoids exhibited lesser binding energy and higher binding efficiency than Chloroquine. Though the binding site was the same, Chloroquine made lesser hydrogen bonds than secoiridoids.

Exploring the 3D structures of secoiridoids bound to Mpro provided insight into the mechanism of binding and inhibition. The binding site of Mpro was composed of Thr24, Thr26, Leu27, His41, Met49, Phe140, Leu141, Asn142, Gly143, Ser144, Cys145, His163, Met165, Glu166, Arg188, Gln189, and Thr190. The SARS-CoV-2 Mpro is a cysteine protease, and targeting the catalytic Cys145-His41 residues is indispensable for achieving efficient inhibition of virus replication in-vivo (Liu et al., 2020b, Zhang et al., 2020). The secoiridoids were able to bind to the active residues Cys145 and His41 of Mpro, indicating potential virus replication inhibition. Olive secoiridoids and Lopinavir interacted similarly with Cys145 and His41, but Lopinavir's binding energy was more than that of secoiridoids. The IC50 values of the most active secoiridoids confirmed their inhibitory potential against SARS-CoV-2 S protein and Mpro. Therefore, the secoiridoids NZO and DMO were chosen against S protein and Mpro, respectively, and carried over to molecular dynamics simulation studies.

Molecular dynamics of apoproteins and protein-ligand complexes constitute a significant paradigm in assessing the conformational stability of protein and its complex with any ligand in a simulated biological environment (Hospital et al., 2015). The prediction of RMSD and RMSF values of the protein's trajectories alone and its ligand docked structure throughout the simulation time is a valuable tool to determine the validity of the molecular dynamics protocol, stability of protein structure, and its interactions with the ligand (Kato et al., 2017). The RMSD and RMSF of the apo SARS-CoV-2 S protein-ACE-2 receptor and its NZO docked complex were <3.0 Å. There was no variation in the RMSD and RMSF values between the apo and docked forms of the S protein, indicating that the conformational change induced by the ligand was minimum. Also, protein and ligand RMSD during the simulation were stable and converged, revealing the stability of S-protein-NZO interactions.

Furthermore, the lack of significant change in the percentage composition of the protein's secondary structure elements before and after docking confirmed that the protein existed in a stabilized conformation during the molecular dynamics simulation. When we subjected the SARS-CoV-2 Mpro in its apo and DMO docked forms to MD run, it was clear that the systems stabilized well below 2 Å, starting from 0 to 50 ns. The system also exhibited a constant, converged RMSD revealing the stability of Mpro-DMO interactions. A significant proportion of interaction of DMO with Cys145- His41, and Ser144 suggests a potent inhibition of the function of Mpro. There was no considerable variation in the secondary structure elements of Mpro before and after binding to DMO, which suggested that the ligand has not induced a significant conformational change.

Molecular docking results followed by molecular dynamics simulation studies were consistent and identified Nüzhenide oleoside and Demethyloleuropein as potential inhibitors of the SARS-CoV-2 S protein-ACE-2 interface and Mpro, respectively. The identified olive secoiridoids formed strong stabilizing hydrogen bond interactions with crucial residues of virus targets, suggesting that the compounds could inhibit SARS-CoV-2 entry into the host and its replication.

Hyperinflammatory responses due to cytokine storm after SARS-CoV-2 infections are fatal. Therefore, it is essential to identify and treat hyperinflammatory responses at an early stage of COVID-19. Current clinical interventions include the use of glucocorticoids, Tocilizumab, Chloroquine, and other inhibitors of IL1, IL6 (Gao et al., 2020). To explore the anti-inflammatory potential of the top-ranked secoiridoids, we performed molecular docking to three receptors of inflammatory proteins IL1β, IL6, and TNFα. Molecular docking utilizing the same three docking tools was reliable in identifying cytokine receptor inhibitors from olives. DHO did not show good binding to any of the inflammatory cytokine receptors. The olive secoiridoids NZO and DMO, which emerged from the study with high inhibitory potential toward the SARS-COV-2 S protein and Mpro, can inhibit inflammatory actions of IL1β, IL6, and TNFα by blockade of their receptors. The binding sites and binding modes of secoiridoids with cytokine receptors were similar to the reference molecules. The NZO and DMO can bind and significantly inhibit IL1R, IL6R, and TNFR1 in-silico. The binding of secoiridoids to cytokine receptors shall inhibit the binding of inflammatory cytokines leading to an anti-inflammatory effect that may be beneficial in COVID-19. The cytokine receptor antagonistic property of NZO, DMO, and other secoiridoids was comparable to Methotrexate, Physcion-8-glucoside, and Chemiome CID5329098, the reference inhibitors. The binding of secoiridoids, a significant number of interactions with IL1R, IL6R, and TNFR1 indicate that they can combat cellular inflammatory responses, which need further investigations to confirm the cytokine-inhibitory potential.

The multiple modes of action of the secoiridoids resulting in inhibition of SARS-CoV-2 entry, replication, and inhibition of associated hyperinflammatory responses present a feasible array of therapeutic molecules. Though the secoiridoids are potential enough to combat the SARS-CoV-2 S protein and Mpro, their physicochemical properties do not favor their drug-likeness. The overall drug score of the secoiridoids was acceptable with a safe pharmacokinetic profile. Secoiridoids contain chemical structures with more than 10 hydrogen bond donors and acceptor groups, as predicted by the online tools SwissADME, admetSAR, and Osiris. High molecular weight and oxygen atoms greater than 10 might present problems in oral absorption. However, olive fruits and olive oil are well-known functional foods (Alagna et al., 2012; Hashmi et al., 2015; Rigacci and Stefani, 2016). The reported in-vivo bioavailability of olive oil phenols, which have molecular weight, the number of hydrogen bond donors/acceptor groups, and topological polar surface area similar to the hit secoiridoids, was <66 mol/100 g (Vissers et al., 2004). Therefore, the oral absorption of secoiridoids from olives needs investigation. Nevertheless, the drug score for all the secoiridoids was higher than the reference drug Lopinavir.

Deducing the shape and pharmacophores of the identified inhibitors' active conformers inside the binding site during interaction is essential for further lead optimization and design. Figure 12 provides the active conformations of the three top-ranked secoiridoids neutralizing the SARS-CoV-2 S protein: (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein. All the compounds have adopted a “U” shaped geometry in the binding site at the S protein-ACE-2 receptors' interface. Dihydro oleuropein though a smaller molecule compared to Nüzhenide oleoside and Oleuropein dimer, has also assumed a “U” shape. The larger the molecule's size, the more influential the occupancy at the interface as the binding cavity is broad, covering both the SARS-COV-2 S protein and the ACE-2 receptor. Hence, maintaining the same number of rings in Nüzhenide oleoside during future drug design shall provide the appropriate size for efficient binding and help establish necessary hydrophobic contacts. The hydrogen bonds with the crucial residues Lys417 of S protein and Asp30 of ACE-2 receptor involved the ligand's electronegative oxygen atoms in the bridges and the side chains. Lipinski's violations for the lead likeness could be resolved by reducing the hydrogen bond acceptor atoms like oxygen in the rings. Figure 13 represents the active conformations of the three top-ranked secoiridoids (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide extracted from the binding sites of Mpro. All three secoiridoids have accommodated inside the binding site of Mpro in similarly extended “L” conformations. It was clear that small molecules like Demethyloleuropein can bind to Mpro's active site more effectively than larger secoiridoid like Nüzhenide oleoside. The presence of phenolic hydroxyl groups and the carboxylic acid group in Demethyloleuropein significantly influence hydrogen bond interactions. The topological polar surface area must be less for better druggability qualities of Demethyloleuropein. Hence, lead optimization studies to reduce the number of oxygen atoms in the bridges could benefit, as they do not interact with the virus protease.
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FIGURE 12. Closeup of 3D conformations of (A) Nüzhenide oleoside (B) Oleuropein dimer (C) Dihydro oleuropein exposing the shape of the active secoiridoids at the SARS-CoV-2-ACE-2 interface. The perfect “U” shape acquired by the ligands is significant for binding.
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FIGURE 13. Closeup of 3D conformations of (A) Demethyloleuropein (B) Neo-nüzhenide (C) Nüzhenide showcasing the shape of the active secoiridoids inside the binding cavity of SARS-CoV-2 Mpro. Secoiridoids assumed an “L” shape favoring the intermolecular interactions.


In summary, the research identified olive secoiridoids as inhibitors of SARS-CoV-2 entry and replication. The virtual search generated 932 conformers of 78 secoiridoids in the OliveNet™, unraveling Nüzhenide oleoside (NZO) and Demethyloleuropein (DMO) as the most active SARS-CoV-2 spike protein and Mpro inhibitors. The potential of olive secoiridoids to combat the hyperinflammatory responses in COVID-19 is an additional benefit. Molecular dynamics of the virus targets bound to the secoiridoids confirmed virus protein stability and secoiridoids interactions. Due to intricate molecular structures, secoiridoids may present problems in oral absorption. Given the longstanding use of olive fruits in Mediterranean and Arabian diets, the bioavailability of secoiridoids can be explicated but needs investigation. Also, the dose of secoiridoids that can combat the virus entry and replication, the amount of secoiridoids in different forms of olives, and recommended daily intake require further research. Besides, in-vitro and in-vivo studies to substantiate the virtual anti-SARS-CoV-2 activity of olive secoiridoids are imminent. The explored secoiridoids are novel leads for the design, discovery, and development of anti-SARS-CoV-2 therapeutics. For now, the known safety of olives as a functional food and the explored anti-SARS-COV-2 activity of olive secoiridoids afford a plausible intervention of SARS-CoV-2 infection and associated hyperinflammatory responses.
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