Tinospora cordifolia (Giloy) may curb COVID-19 contagion: Tinocordiside disrupts the electrostatic interactions between ACE2 and RBD
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ABSTRACT
SARS-CoV-2 has been shown to bind the host cell ACE2 receptor through its spike protein receptor binding domain (RBD), required for its entry into the host cells. We have screened phytocompounds from a medicinal herb, Tinospora cordifolia, for their capacities to interrupt the viral RBD and host ACE2 interactions. We employed molecular docking to screen phytocompounds in T. cordifolia against the ACE2-RBD complex, performed molecular dynamics (MD) simulation, and estimated the electrostatic component of binding free energy. ‘Tinocordiside’ docked very well at the center of the interface of AEC2-RBD complex, and was found to be well stabilized during MD simulation. Tinocordiside incorporation significantly decreased electrostatic component of binding free energies of ACE2-RBD complex (23.5 and 17.10 kcal/mol in the trajectories without or with the ligand, respectively). It indicates that such an interruption of electrostatic interactions between the RBD and ACE2 would weaken or block COVID-19 entry and its subsequent infectivity. We postulate that natural phytochemicals like Tinocordiside could be the viable options for controlling COVID-19 contagion and its entry into host cells. 
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1. INTRODUCTION

After eighteen years of the first SARS pandemic, once again an epidemic named as coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is resulting in morbidity and mortality on vital note extremely deterring the global economic strength with societal costs. The development of new drugs and approaches and exploring alternative medical systems for the COVID-19 is now the need of the hour. Amid this coronavirus crisis, Indian traditional medical system, ‘Ayurveda’ may offer a number of herbs to strengthen our immune system and prevention of infection, which is the basic requirement in even in the prevention of the most feared communicable diseases. 


Tinospora species (family: Menispermaceae) have been widely investigated medicinal plant in the Ayurvedic system to build up the immunity in human body and prevention of infection (Singh et al., 2003; Saha & Ghosh, 2012; Dhama et al., 2016; Haque et al., 2017). This genus consists of about 15 species including T. cordifolia (Willd.) Miers (Ahmed et al., 2006). T. cordifolia applications include as antihyperglycemic, antihyperlipidemic, antioxidant, antianxiety, neuroprotective, analgesic, antileprotic, osteoprotective, antiinflammatory, antidiarrheal, antiulcer activity, antimicrobial and anticancer agent (Saha & Ghosh, 2012; Dhama et al., 2016; Sharma et al., 2012). There are also various preclinical as well as clinically proven reports of T. cordifolia showing a decrease in the recurrent resistance of viruses, and when used as supplements to the ongoing therapy for improved outcomes (Gupta et al., 2010; Saikia et al., 2019). COVID-19 is especially severe for the people with a weak immune system. The use of Tinospora extract in the treatment of various disorders modulated by the immune system has been scientifically proven [Sharma et al., 2012). T. cordifolia stimulates the B lymphocytes, macrophages and polymorphonuclear leucocytes and haemoglobin proportion, therefore, revealing its promising role of application in the management of the malady. Tinosporin, a component of T. cordifolia and a diterpenoid, has been claimed especially for the treatment of the targeted viruses including (retroviruses) Human Immuno Deficiency (HIV-1, HIV-2) virus, all subgroups, human T-cell lymphotropic virus type 1 (HTLV), Herpes simplex Virus (HSV) and another infectious agents (Kalikar et al., 2008; Akhtar, 2010; Singh & Chaudhuri, 2017; Purthvish & Gopinatha, 2018; Trivedi et al., 2019). Since COVID-19 has been declared as a pandemic by WHO and the search for the cure has been the major theme and is still on. In the current study, we have studied the phytocompounds from T. cordifolia by in-silico method, and have given emphasis on Tinocordiside; another active glycosidic compound consisting of a tricyclic skeleton with a cyclobutane ring. We hypothesize that Tinocordiside may weaken or block the interactions between ACE2 receptor and viral RBD, and thereby could modulate COVID-19 infectivity.

2. MATERIALS AND METHODS
Structures

Phytocompounds from Tinospora cordifolia (Tiwari et al., 2018) were studied by in-silico method (refer to Table 1 for the phytocompounds). Our strategy was to interrupt the binding of viral RBD to the host ACE2 receptor; hence, the search was for the phytocompounds that bind the interface. The 3D structures of all the phytocompounds were sourced from PubChem database (https://pubchem.ncbi.nlm.nih.gov).

Molecular docking


The structure of SARS-CoV-2 RBD complexed with ACE2 receptor (PDB ID: 6M17, 2.9 Å resolution) was retrieved from protein data bank (http://rcsb.org). Clean protease domain of Chain B (ACE2) and chain E (RBD) were selected after editing on PyMol (DeLano, 2002). Energy minimization was performed by 100 steps of steepest descent, followed by 500 steps of conjugate gradient using UCSF Chimera-1.13.1 after adding hydrogens (Pettersen et al., 2004), and the stereo-chemical quality of the energy minimized structure was checked using VERIFY 3D (Lüthy et al., 1992), ERRAT (Colovos & Yeates, 1993), PROCHECK (Laskowski et al., 1993) and RAMPAGE (Lovell et al., 2003).

The structure data files (SDF) of all the ligands were downloaded from the PubChem database, and then converted into PDB files using OpenBabel 2.4.1 (O'Boyle et al., 2011). Hydrogens were added using UCSF Chimera-1.13.1 (Pettersen et al., 2004). The ligand docking against the ACE2-RBD complex was performed by three steps of docking. Firstly, AutoDock Vina module in PyRx Virtual Screening Tool (PyRx VST) (Dallakyan & Olson, 2015) was used to dock the phytocompounds centered on the ACE2-RBD interface (protein centre: x = 176.340, y = 108.160, z = 243.178) with the grid size of 30× 30 × 30 xyz points using default parameters. Secondly, the phytocompounds which showed the binding energy > 7 kcal/mol was subjected to blind docking covering the whole complex’ surface using PyRx VST with the default parameters. As a third step in docking, phytocompound that bound the ACE2-RBD interface center was subjected to focused/targeted docking using AutoDock Vina-1.1.2 (ADV-1.1.2) (Trott & Olson, 2010), based on the location of the ligand derived from the previous step. For intermediary steps in focused docking, such as PDBQT files for protein and ligands preparation and grid box creation were performed using Graphical User Interface program AutoDock Tools-1.5.6 (ADT-1.5.6) (Morris et al., 2009). ADT was used to assign polar hydrogens and Gasteiger charges. ‘Choose ligand’ option was used to set map file types. AutoDock Tool was used to save the prepared files in PDBQT format. To obtain the maximum number of poses, we set num_modes to 20, energy range to 9, and exhaustiveness to 8. In focused docking, residues around 4 Å from the ligand were rendered as flexible. The side chains of the residues Lys26, Leu29, Asp30, Asn33, His34, Glu37, Gln96, Gln388, Pro389, Phe390 (ACE2) and Arg403, Tyr505 (RBD) were assigned as flexible. The size of the grid was set to 30 × 30 × 30 xyz points with the grid centre of 172.353, 109.058 and 242.227. Docking was initiated with the random seed.


In all the steps of docking, the pose with lowest binding energy was extracted and aligned with the receptor for the analysis using Discovery Studio 2017 R2 Client (Dassault Systèmes BIOVIA DS, 2017). Discovery Studio 2017 R2 Client (Dassault Systèmes BIOVIA DS, 2017) and PyMol (DeLano, 2002) were used to generate all the graphics.

Molecular dynamics (MD) simulation


The ligand that bound to the center of the ACE2-RBD complex’ interface, Tinocordiside, was subjected to MD simulation; control run without the Tinocordiside was also performed. The Ligand-ACE2-RBD complex was obtained after the focused/targeted molecular docking. The simulation systems for ACE2-RBD complex without or with the Tinocordiside were prepared using the VMD software (Humphrey et al., 1996). Ligand parameterization was done with CHARMM-GUI web interface (http://www.charmm-gui.org) using CHARMM General Force Field (Jo et al., 2008). MD simulation was performed with CHARMM36 force field using the NAMD package (Phillips et al., 2005). The protein complex without or with the Tinocordiside was solvated with TIP3P water molecules 5 Å from the protein. The systems were ionized and neutralized with 145 mM of NaCl. The systems contained 45543 and 45495 water molecules in the protein complex without and with the Tinocordiside, respectively. NPT ensemble was used with periodic boundary conditions. Pressure was fixed at 1.01325 bar, while the temperature was 310 K. The particle-mesh Ewald method was used to evaluate the Coulomb interactions. 2 fs of time step was used in all MD simulations. Initially, water was equilibrated for 200 ps at 310 K after fixing the protein and energy minimization of 1000 steps. 1000 steps of energy minimization of the whole system were performed, and further equilibration for 500 ps at 310 K after releasing the protein was done. Production run was of 2000 ps. The trajectory data were saved at every 20 ps to analyze the change in the dynamics of ACE2-RBD binding interface. The results for local flexibility were analyzed by plotting the non-H atoms RMSD values against the 100 conformations. Trajectory clustering was performed by UCSF Chimera-1.13.1 (Pettersen et al., 2004), using the step size of 1 and default parameters.

Electrostatic component of binding free energy computation of ACE2-RBD complex


Post MD simulation, trajectory clustering was performed using VMD (Humphrey et al., 1996) with the default parameters. Poisson–Boltzmann equation (PBE) was solved in the implicit solvent model (Fogolari et al., 2002) to study the interaction between the receptor ACE2 and the viral RBD. The electrostatic component of ΔΔG, ΔΔGel can be quantified by solving the Poisson-Boltzmann equation (PBE) with the assumption that there are no conformational changes upon binding (Baker, 2004). We used DelPhi v8.4.3 (Li et al., 2012) to calculate the electrostatic component of the binding free energies in the MD trajectories without or with the Tinocordiside, in the trajectories obtained after clustering. The above term, ΔΔGel can be obtained by subtracting the Grid energy of the binding partners from that of the complex (DelPhi manual). Grid size of 165, scale 1 and ionic strength of 0.145 M were used for the calculation. Protein and solvent dielectric constants were 4 and 80, respectively. GraphPadPrism 7 was used to apply t-test (parametric) to compare the electrostatic component of binding free energies in the trajectories simulated without or with the Tinocordiside.

3. RESULTS AND DISCUSSION


Tinocordiside, a rearranged cadinane sesquiterpene glycoside consisting of a tricyclic skeleton with a cyclobutane ring, was isolated from the immunomodulatory aqueous fraction of the Indian medicinal plant Tinospora cordifolia (Ghosal & Vishwakarma, 1997). Sharma et al. (2012) also showed its immunomodulatory properties. Bala et al. (2015) identified the compound Tinocordiside including others through the spectral analysis in T. cordifolia. The phytocompounds were shown to exhibit anti-cancer properties on several human cancer cell lines including KB (human oral squamous carcinoma), CHOK-1 (hamster ovary), HT-29 (human colon cancer) and SiHa (human cervical cancer). Here we show the probable anti-viral ability of Tinocordiside by in-silico studies. The phytocompound is shown to weaken the interactions between the host ACE2 receptor and viral RBD. 


Phytocompounds reported in T. cordifolia plant were docked against ACE2-RBD complex. We sought for the phytocompounds that bind the complex’ interface. From the first step of docking, 16 phytocompounds having docking score > 7 kcal/mol were selected for further processing. The results of the second step docking are displayed in Table 2. Of the compounds docked, four compounds docked at the complex’ interface, and only the Tinocordiside was bound at the center of the interface (Table 2). Then, the Tinocordiside was subjected to focused/targeted docking; it was found to be well-bound at the ACE2-RBD interface by three H-bonds (Glu37, Gln388 and Asn33 of ACE2 to Tinocordiside), alkyl and van der waals interactions (Figure 1). 

Upon MD simulation, it was observed that the Tinocordiside was well stabilized in the ACE2-RBD complex’ interface; its all atoms’ RMSD was 2.23 Å compared to the starting position. On analyzing the ligand interaction, it was found that ACE2 N33, A387 and R393 residues form H-bonds to the Tinocordiside in the simulated coordinate, whereas V93 forms C-N H-bond to Tinocordiside. Additionally, the Tinocordiside was stabilized by van der waals and alkyl interactions (Figures 2A and 2B). For local flexibility analysis, total RMSD of non-H atoms of the binding interface residues of RBD, RMSD of non-H atoms of aa 424 to 494 was determined (Figure 3). The data shows the local RMSD changes; RMSD was decreased in the simulation of with the Tinocordiside after 750 ps, in the region of aa 424 to 494 (binding interface residues in RBD). 


In the post 1000 ps MD simulation trajectory clustering analysis, total seven clusters were obtained in the simulation with or without the Tinocordiside. The electrostatic component of the binding free energies of ACE2-RBD complex were estimated on the representative trajectories of these clusters using DelPhi v8.4.3 (Li et al., 2012), to assess the hypothesis that the proposed phyto-compound weakens the interactions between ACE2 and RBD. The ΔΔGel of the complex with the ligand (12.08 kcal/mol) was decreased by 7.61 kcal/mol as compared to that without the ligand (19.69 kcal/mol), when estimated in the final trajectories, and it was decreased by 6.4 kcal/mol when estimated on the representative trajectories (23.5 and 17.10 kcal/mol in the trajectories without or with the ligand, respectively) (Figure. 4). This indicates that the binding of Tinocordiside at the interface weakens the interactions between the ACE2 and RBD.

4. CONCLUSION

A strategy has been developed that may be utilized to block or weaken the viral infections like COVID-19, via disruption of the electrostatic interaction of the interacting viral protein with the ACE2 receptor. Phytocompounds present in Indian medicinal herb Tinospora cordifolia were screened by molecular docking, performed MD simulation with the selected phytocompound ‘Tinocordiside’, and its effect on ACE2-RBD complex stability was studied. ACE2-RBD interactions were studied by calculating the electrostatic component of binding free energy between the viral RBD and its ACE2 receptor in the presence or absence of Tinocordiside; the presence of Tinocordiside significantly decreased the energy. This study highlights the importance of natural origin phytocompounds in controlling COVID-19 entry into host cells, and provides an attractive and alternative means for the management of COVID-19 infection.
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Table 1: Studied phytocompounds from Tinospora cordifolia
	Phytocompounds 
	Phytocompounds

	Aporphine
	Palmatoside G

	Berberine
	Palmatine

	β-sitosterol
	Syringin

	Choline 
	Tetrahydropalmatine

	Columbin
	Tinosporide

	Cordioside
	Tembetarine

	Cordifolioside A
	Tetrahydrofuran

	Ecdysterone
	Tinosporin A

	Ferulic acid
	Tinocordiside

	Isocolumbin
	Tinocordifolioside

	Jatrorrhizine
	Tinocordifolin

	Magnoflorine
	20- β-hydroxyecdysone

	Makisterone A
	Vanillic acid

	N-trans-feruloyltyramine
	


Table 2: Docking scores and binding positions of the T. cordifolia 

phytocompounds

	Second step docking (Blind docking)
	Docking score (kcal/mol)
	Binding location in ACE2-RBD complex

	Columbin
	-7.8
	Side of the interface

	Cordioside
	-7.8
	Side of the interface

	Tinocordiside
	-7.8
	Center of the interface

	Palmatoside G
	-8.4
	Side of the interface
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Figure legends
Figure 1. Binding pose of Tinocordiside in ACE2-RBD complex. The pose was obtained after focused/targeted docking with Tinocordiside. Hydrophobicity of the binding pocket has been marked to show the binding area. Interacting amino acids side chains have also been depicted.

Figure 2. (A). Stabilization of Tinocordiside at the ACE2-RBD complex’ interface (after simulation, 2000 ps). RMSD of all atoms is 2.23 Å compared to starting position. (B). Tinocordiside’ interactions with ACE2-RBD complex as seen in the final trajectory.

Figure 3. RMSD changes of non-H atoms of the aa424 to 494 of RBD in the ACE2-RBD complex in 2000 ps time, in the presence and absence of Tinocordiside.

Figure 4. Comparison of electrostatic component of binding free energies of the ACE2-RBD complexes with or without the Tinocordiside. Electrostatic component of binding free energy is significantly decreased (p<0.005) in the trajectories simulated with the Tinocordiside, compared to the trajectories simulated without the Tinocordiside. In the analysis with trajectories, Mean ± SEM values are presented.
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