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a b s t r a c t 

Corona Virus Disease 2019 (COVID-19) caused by Severe Acute Respiratory Syndrome coronavirus (SARS 

CoV-2) has been declared a worldwide pandemic by WHO recently. The complete understanding of the 

complex genomic structure of SARS CoV-2 has enabled the use of computational tools in search of SARS 

CoV-2 inhibitors against the multiple proteins responsible for its entry and multiplication in human cells. 

With this endeavor, 177 natural, anti-viral chemical entities and their derivatives, selected through the 

critical analysis of the literatures, were studied using pharmacophore screening followed by molecular 

docking against RNA dependent RNA polymerase and main protease. The identified hits have been sub- 

jected to molecular dynamic simulations to study the stability of ligand-protein complexes followed by 

ADMET analysis and Lipinski filters to confirm their drug likeliness. It has led to an important start point 

in the drug discovery and development of therapeutic agents against SARS CoV-2. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Coronavirus disease (COVID-19) caused due to newly discov- 

red and deadly coronavirus (family: Coronaviridae ) is a highly con- 

agious disease, named severe acute respiratory syndrome coro- 

avirus disease-2 (SARS Cov-2). The name ‘coronavirus’ is coined 

ue to the crown-like projections on its surface as in Latin, ‘Corona’ 

eans ‘halo’ or ‘crown’[1]. The disease symptoms range from low- 

rade fever to severe breathing problems requiring artificial ven- 

ilation and in exceptional cases, fatal respiratory problems may 

e observed [2] . It can be transmitted through coughing or sneez- 

ng of infected patients without covering mouth and nose, phys- 

cal contact with an infected human being through hand-shakes 

r infected surfaces, its exposure to mucous membranes of nasal, 

acrimal or salivary fluids [1] . Since the identification of the first 

ase of COVID-19 infection in December 2019 the disease has 
Abbreviations: ACE, Angiotensin converting enzyme; ADMET, Absorption, distri- 

ution, metabolism, excretion, and toxicity; COVID-19, Corona virus disease-2019; 

B, Hydrogen bond; MD simulation, Molecular dynamic simulation; Mpro, Main 

rotease; 3CLpro, 3-chymotrypsin-like protease; PLpro, Papain-like protease; RdRP, 

NA-dependent RNA polymerase; EM, Electron microscopy; Dscore, Druggability 

core; nsp, Non-structural protein; RMSD, Root mean square deviation; RMSF, Root 

ean square fluctuation; RoG, Radius of gyration; ASL, Atom specification language; 

ARS CoV-2, Severe acute respiratory syndrome coronavirus 2; SASA, Solvent acces- 

ible surface area; SP, Standard precision; WHO, World health organization. 
∗ Corresponding authors. 

E-mail addresses: tejas.dhameliya@lmcp.ac.in , tmdhameliya@gmail.com (T.M. 

hameliya), gaurang.shah@lmcp.ac.in (G.B. Shah). 

u  

a

(

f

a

t

m

g

[

a

p

ttps://doi.org/10.1016/j.molstruc.2021.130488 

022-2860/© 2021 Elsevier B.V. All rights reserved. 
pread the world over [3] . World health organization (WHO) for 

he first time has declared the novel coronavirus as a high-level 

lobal risk on February 28, 2020 and COVID-19 as a global pan- 

emic on March 11, 2020 [ 2 , 4 ]. More than 132,485,386 confirmed

ases and more than 2875,672 deaths have been confirmed across 

he globe due to SARS CoV-2 till April 8, 2021. Massive vaccination 

rive world-over has begun but the disease spread is still rampant 

nd till April 06, 2021, administration of about 650,382,819 vac- 

ine doses have been achieved according to WHO [4] . Moreover, 

accines do not provide lifelong immunity. 

All these facts necessitate the requirement of effective drugs 

or SARS CoV-2 which can be achieved through the understand- 

ng of its life cycle. The binding of SARS CoV-2 with the human 

ngiotensin converting enzyme 2 (ACE2) receptors through its vi- 

al Spike (S) protein allowed its entry into the cytosol of the host 

ell, followed by its uncoating and biosynthesis of its polypeptides 

sing host cell machinery [ 1 , 5 ]. Later, the synthesis of its RNA is

chieved using the viral enzyme RNA dependent RNA polymerase 

RdRP) [6] . Several structural and non-structural proteins required 

or its replication, catalyzed by Main protease (Mpro) also known 

s 3-chymotrypsin-like protease (3CLpro) and by papain-like pro- 

ease (PLpro) shall be executed through mRNA to facilitate the 

ultiplication of virus [7] . All these proteins can serve as drug- 

able targets against COVID-19 in search of SARS CoV-2 inhibitors 

8–10] . 

The use of in silico tools for drug discovery has been widely 

dopted nowadays [11–13] wherein molecular modeling might 

rovide the key interactions between the ligands and the desired 

https://doi.org/10.1016/j.molstruc.2021.130488
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130488&domain=pdf
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Fig. 1. (a) Pharmacophore hypothesis of the selected targets such as RdRp and (b) 

Mpro. The key features aromatic rings (R) and hydrogen bond acceptor (A), hydro- 

gen bond donors (D), and negatively charged ionizable atoms (N) have been pre- 

sented in brown colored rings, pink spheres with arrows, sky blue colored spheres 

and red-colored spheres, respectively. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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arget of our interest to understand the mode of action of these 

gents [14–16] . Thus, many of the research groups have embarked 

n the repurposing of approved drugs and their in silico evalua- 

ion against SARS CoV-2 [17–20] . The natural products [ 8 , 21 , 22 ]

hould not be underestimated in search of SARS CoV-2 as many 

f them have been reported to act against SARS CoV-2 through in- 

ibition of RdRp [23] and Mpro [ 19 , 24 , 25 ]. This has urged the need

or the drug design and drug discovery of new SARS CoV-2 in- 

ibitors using in silico tools. From literature sources, we identified 

77 phytochemicals and their derivatives having antiviral activ- 

ty. These compounds were analyzed using pharmacophore-based 

creening followed by molecular docking against two main tar- 

ets of SARS CoV-2 namely RdRp and Mpro. The successful can- 

idates were subjected to molecular dynamic simulation for de- 

ermining receptor-ligand complex stability. Further screening was 

arried out using ADMET assay and Lipinski filters to access their 

rug likeliness. The successful compounds are potential therapeu- 

ic agents for SARS CoV-2 and can be studied further using in vivo 

nd in vitro efficacy and safety assays. 

. Results and discussion 

.1. Pharmacophore hypothesis 

.1.1. SiteMap analysis 

Gao et al . reported the cryo-EM crystal structure of RdRp pro- 

ein (resolution of 2.9 Å) comprising of nsp12 (non-structural pro- 

ein) complexed with nsp7 and nsp8 [26] . Hilgenfeld and co- 

orkers reported the unliganded dimeric structure of Mpro or 3CL- 

ro having three domains for each monomer using X-ray diffrac- 

ion with 1.75 Å of resolution [27] . These selected proteins for 

he key targets such as RdRp (PDB ID: 6M71) and Mpro (PDB ID: 

Y2E) have been deposited in protein data bank without any com- 

lexed or bound ligand. Hence, we felt the need to perform the 

iteMap analysis for the selection of suitable binding or active sites 

or the proteins of interest [ 28 , 29 ]. Based on the volume of the

ocket, enclosure, and the degree of hydrophobicity, the drugga- 

ility assessment scores such as Dscore and SiteScore were cal- 

ulated [30] to generate five binding sites ( Table 1 ) and Dscore 

ere taken into consideration for a further selection of the suit- 

ble binding site and generation of a pharmacophore model. The 

inding site with Dscore of 1.055 and Site score of 1.026 was se- 

ected for the RdRp which include residues Tyr122, Thr123, Tyr149, 

sn150, Cys151, Phe165, Val166, Pro169, Leu172, Pro243, Thr246, 

eu247, Arg249, Ala250, Leu251, Thr252, Ser255, Tyr265, Ile266, 

ys267, Trp268, Asp269, Leu270, Val315, Leu316, Ser318, Thr319, 

al320, Phe321, Pro322, Pro323, Phe326, Tyr346, Phe348, Arg349, 

lu350, Thr394, Cys395, Phe396, Tyr456, Arg457, Tyr458, Asn459, 

eu460, Pro461, Thr462, Met463, Ala625, Pro627, Asn628, Met629, 

ys659, Ser664, Val675, Lys676, Pro677, Tyr788, Asn790, Asn791 

nd Val792 of chain A. In the same way, the active sites with 

score of 0.934 and SiteScore 0.923, were selected for Mpro which 

nclude residues Thr24, Thr25, Thr26, Leu27, His41, Cys44, Thr45, 
Table 1 

The obtained D scores and Site scores for the observed sites using site 

map analysis. 

Entry 

RdRp 

(PDB ID: 6M71) 

Mpro 

(PDB ID: 6Y2E) 

Dscore SiteScore Dscore SiteScore 

1 1.055 1.026 0.934 0.923 

2 1.015 0.968 0.870 0.891 

3 0.990 0.991 0.631 0.662 

4 0.970 1.025 0.578 0.621 

5 0.897 1.003 0.506 0.575 

G

u

m

o

w

(

(

i

n

h

i

a

2 
er46, Met49, Phe140, Leu141, Asn142, Gly143, Ser144, Cys145, 

is163, His164, Met165, Glu166, Leu167, Pro168, Arg188, Gln189, 

hr190 and Gln192. 

.1.2. Pharmacophore development and ligand screening 

The steric and electrostatic features of the ligands with bind- 

ng sites were derived using the energy-based pharmacophore (E- 

harmacophore) dependent hypothesis for the chosen active sites 

f these proteins using a Phase module [31] . The model has been 

enerated with at least seven features ( Fig. 1 ), mainly comprising 

f hydrogen bond acceptor (A), hydrogen bond donor (D), nega- 

ively charged ionizable atom (N), and aromatic ring (R) [such as 

DNRRRR and AAADRRR for RdRp and MPro respectively]. 

The data set for 177 anti-viral compounds comprising of natural 

roducts and their structural congeners were constructed through 

n exhaustive literature survey using PubChem [32] and SciFinder 

33] (Table S1, see supporting information). The previously gener- 

ted hypotheses were validated using these ligands through the 

hase module. Among the selected ligands, 55 (RdRp) and 117 

Mpro) ligands matched with a minimum of four identified fea- 

ures of the respective hypotheses. 

.2. Molecular docking 

The receptor grids with size 10 Å for molecular docking were 

enerated from the predicted binding sites with the highest d - 

core using the Grid-based Ligand Docking with Energetics (GLIDE) 

odule of Schrodinger [34] . Molecular docking was performed 

o get detailed information about ligand-receptor binding affin- 

ty through standard (SP) and extra precision (XP) modules of 

LIDE. The SP docking of ligands filtered through the Phase mod- 

le against the active site of the respective proteins revealed 4 

olecules (RdRp) and 18 molecules (Mpro) having docking score 

f ≤ −6.9 (Table S2, see supporting information). These molecules 

ere further docked using the XP module to shortlist 4 molecules 

RdRp) and 13 molecules (Mpro) with docking score of ≤ −7 

 Table 2 ). 

The docked poses of selected ligands against RdRp with dock- 

ng scores better than −7.0 are represented in Fig. 2 . Herein, tan- 

ic acid was found to fit well into the active site of RdRp with 

ydrogen bond (HB) forming interactions with catalytic residues 

ncluding Ser318, Thr319, Phe321, Thr394, Lys391, Asp390, Asn140 

nd Asp454. Due to the presence of many hydroxyl groups in its 
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Fig. 2. Docked poses of tannic acid (a), dieckol (b), theaflavin-3,3 ′ -digallate (c), and phlorofucofuroeckol A (d) in the catalytic triad of RdRp. The poses of docked compounds 

have been generated and represented using PyMol 2.4.0 [36] . Ligands and protein are represented as yellow-colored balls and stick models and colored cartoons, respectively. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 

Docking scores of compounds having docking scores ≤ −7 in XP docking. 

Entry Compounds Docking score PDB ID 

1 Tannic acid −16.5 RdRp (6M71) 

2 Dieckol −10.0 

3 Theaflavin-3,3 ′ -digallate −9.4 

4 Phlorofucofuroeckol A −8.3 

5 Rutin −11.8 Mpro (6Y2E) 

6 Dieckol −11.3 

7 7-Phloroeckol −10.9 

8 Nictoflorin −9.3 

9 Procyanidin A2 −9.2 

10 Hyperoside −9.1 

11 Phlorofucofuroeckol A −8.8 

12 Epigallocatechin-3-gallate −8.4 

13 Juglanin −8.2 

14 Eckol −7.9 

15 Astragalin −7.6 

16 Procyanidin B1 −7.4 
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tructure and formed these HB interactions, the docked complex of 

annic acid-RdRp could obtain the superior docking score of −16.5 

 Table 2 , Entry 1). Additionally, it could interact with the active 

ite of protein via π–cation interactions with residues Arg249 and 

rg349 ( Fig. 2 a). Dieckol fitted in the selected receptor binding site 

f the RdRp by the formation of HB with the Ile266, Val320 and 

hr246, present in A chain of protein has been presented in Fig. 2 b.

heaflavin-3,3 ′ -digallate formed π- π interactions with Tyr265 and 

B with Ile266, Thr252 and Asn459 with the ligand-binding site 

f the protein ( Fig. 2 c). Sadhukhan et al . also found the almost

imilar binding mode of theaflavin-3,3 ′ -digallate against RdRp [35] . 

he tight binding mode has been also observed with Phlorofuco- 

uroeckol A through π-cationic interactions with Arg349 and HB 

ith Ile266, Ser255, Thr319, Asn459 and Thr394 residues of the 

dRp ( Fig. 2 d). 

Further, we analyzed and studied the docked poses of ligands 

aving docking scores greater than −9.0 against Mpro ( Fig. 3 ). 
3 
ith a docking score of −11.8 ( Table 2 , Entry 5), rutin could make

B with Leu141, Gly143, Glu166, Thr25 and Thr26 residues in S1 

nd S1’ subunits of target protein ( Fig. 3 a). These results have been

ound in consonance with the recently reported in silico analy- 

is by Chhabria et al . highlighting rutin as a promising Mpro in- 

ibitor [37] . Procyanidin got bound between the S2 and S4 sub- 

nits through π–π interactions with His41 and HB with Leu167, 

lu166, His163, His164, Gly143 and Cys44 ( Fig. 3 b). Nictoflorin fit- 

ed snugly at the junction of catalytic sides of S1’, and S1 subunits 

long with the HB formation with Gly143, Glu166, Leu167 and 

hr26 ( Fig. 3 c). The tight binding bode of hyperoside was observed 

ue to HB interactions with Glu166, Leu141, Asn142, Gly143 and 

hr26 residues of S1, S1’ and S4 subunits ( Fig. 3 d). Similar binding

odes were observed with dieckol (Thr26, Gln189, His163, Glu166, 

ly143 and Asn119, Fig. 3 e) and 7-phloroeckol (Phe140, Asn142, 

hr25, Gln189 and Glu166, Fig. 3 f) through HB interactions. 

Further, the docking poses of natural products including phlo- 

ofucofuroeckol A, epigallocatechin-3-gallate, juglanin, eckol, astra- 

alin, procyanidin B1 against Mpro are represented in Fig. 4 us- 

ng PyMol. The phlorofucofuroeckol A ( Fig. 4 a) formed HB with 

esidues present in the active site of Mpro including Thr24, Thr26, 

ly143, His163 and Glu166. Total three HB with residues His41, 

he140 and Glu166 ( Fig. 4 b) were formed by epigallocatechin- 

-gallate with the main protease enzyme. The docked complex 

f juglanin with Mpro was stabilized by the formation of HB 

ith residues including Thr25, Thr26, Gly143, His163 and Glu166 

 Fig. 4 c) at the cleft in between the S1 and S1’ domain of the

nzyme. The eckol was found to bind at the junction of S1 and 

4 subunits forming HB interactions with Gly143, His163, Glu166 

nd Gln189 residues of Mpro ( Fig. 4 d). A similar HB formation 

as recognized with astragalin (Thr26, Asn142, Gly143 and Glu166, 

ig. 4 e) docked in S1 along with deeply extending towards the S4 

omain. Whereas, procyanidinB1 was bound at the centroid of the 

ctive site with a slight inclination towards the S4 domain by the 

ormation of HB with His41, Cys44, Asn142, Glu166 and Gln189 

 Fig. 4 f). 
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Fig. 3. Docking interactions of compounds with Mpro rutin (a), procyanidin (b), nictoflorin (c), hyperoside (d), dieckol (e), 7-phloroeckol (f). The poses of docked com- 

pounds were generated and represented using PyMol 2.4.0 [36] wherein ligands and protein are represented as a yellow-colored ball and stick models and colored cartoons, 

respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Docking interactions of compounds with Mpro phlorofucofuroeckol A (a), epigallocatechin-3-gallate (b), juglanin (c), eckol (d), astragalin (e), procyanidin B1 (f). The 

poses of docked compounds have been generated and represented using PyMol 2.4.0 [36] . The ligands and protein are symbolized as yellow-colored ball and stick models 

and colored cartoons, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

4 
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Fig. 5. The schematic plots of RMSD-L (a), RMSD-P (b), RMSF (c), RoG (d), SASA (e) and HB (f) for the docked complex of Mpro-rutin. 
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.3. MD simulation 

Molecular dynamic (MD) simulations have been considered an 

mportant tool to claim the time-dependent stability of ligand into 

he active site of protein through several statistical parameters 

 38 , 39 ]. To address the stability of docked ligand into the active

ite of target protein, next, we carried out the molecular dynamic 

MD) simulations for 10 ns using GROMACS 2020.1 [ 40 , 41 ] for the

elected hits from results obtained through docking followed by 

anual analysis. However, MD run of ≤ 10 ns has been regarded 

s the more suitable and satisfactory for preliminary in silico stud- 

es as evident in scientific literatures [42–47] . The time-dependent 

tability of the ligand in the active site was studied using statis- 

ical tools such as root mean square deviation (RMSD), root mean 

quare fluctuation (RMSF), radius of gyration (RoG), solvent acces- 

ible surface area (SASA) and hydrogen bonds (HB). 

The RMSD for the protein-ligand complex of Mpro-rutin has 

een found in the range of 0.04–0.58 nm with an average of 

.374 nm for ligand ( Fig. 5 a) and from 0.005 to 0.26 nm with an

verage of 0.19 nm for protein ( Fig. 5 b). This has suggested the

tability of the complex without any major changes in orientation. 

he structural integrity and atomic mobility of the complex were 

valuated using RMSF ( < 0.39 nm, Fig. 5 c). The plot of fluctuations 

n RoG (nm) against the time (ns) is presented in Fig. 5 d to eval-

ate the compactness of the protein-ligand complex. Herein, RoG 

as found in the range from 2.183 to 2.248 nm with an average 

f 2.219 nm. The surface area (nm 

2 ) accessed by solvents or wa- 

er molecules inside the active site was further studied using the 

lots of SASA versus run time (ns). We have observed the surface 

rea in the range of 145.0 0–157.0 0 nm 

2 with an average of 150.549

m 

2 ( Fig. 5 e) along with up to nine HB in the period of 10 ns

 Fig. 5 f) for the complex. The short-range electrostatic (Coul-SR) 

nd van der Waals/hydrophobic (LJ-SR) energies were found to be 

173.141 ± 6.1 kJ/mol and −110.926 ± 4.6 kJ/mol, respectively. 

Next, we performed the MD simulations of the Mpro-dieckol 

omplex and studied these parameters to access the stability of 

ieckol into the active site of Mpro. The RMSD for ligand (0.04–

.7 nm with an average of 0.418 nm, Fig. 6 a) and that for protein

0.005–0.27 nm with an average of 0.209 nm, Fig. 6 b) unveiled its 

tability devoid of fluctuations in the orientation of dieckol against 

pro. The structural integrity and atomic mobility of the complex 

ere found unique as evident from the plot of RMSF (not more 
5 
han 0.9 nm, Fig. 6 c). The least fluctuations in RoG ( Fig. 6 d) found

n the range from 2.189 to 2.249 nm with an average of 2.204 nm 

upported our hypothesis of compactness of protein-ligand com- 

lex. The other plots for the obtained complex revealed the sur- 

ace area in the range of 142.0 0–156.0 0 nm 

2 and with an average

f 148.605 nm 

2 ( Fig. 6 e) along with ten hydrogen bonds during MD 

un of 10 ns ( Fig. 6 f). The short-range electrostatic potential (Coul- 

R, −124.748 ± 4.8 kJ/mol) revealed the significant contribution of 

he electrostatic interactions as compared to hydrophobic interac- 

ions (LJ-SR, −189.294 ± 2.2 kJ/mol). All these results indicated the 

tability of dieckol at the active site of Mpro in agreement with the 

iterature [37] . 

In a similar fashion to rutin ( Fig. 5 ) and dieckol ( Fig. 6 ), we ob-

erved RMSD for the protein-ligand complex of RdRp-tannic acid 

n the range from 0.006 to 0.4 nm with an average of 0.305 nm 

or ligand ( Fig. 7 a) and from 0.009 to 0.36 nm with an average of

.302 nm for protein ( Fig. 7 b) suggesting the stability of the com- 

lex. The RMSF value has been found with an average of 1.256 nm 

 Fig. 7 c) supported the structural integrity and atomic mobility of 

he complex. The RoG of the complex has reached up to 5.01 nm 

fter the continuous stability period up to 6.37 ns ( Fig. 7 d). The

urface area accessed by solvents or water molecules inside the 

ctive site versus run time (ns) was found in the range of 398.00–

32.00 nm 

2 along with an average of 417.741 nm 

2 ( Fig. 7 e). Dur-

ng the dynamic simulation, up to thirteen HB were formed by the 

igand into the active site of protein ( Fig. 7 f). The short-range elec- 

rostatic (Coul-SR) and van der Waals/hydrophobic (LJ-SR) energies 

ere found −326.319 ± 6.3 kJ/mol and −245.418 ± 6.3 kJ/mol re- 

pectively. 

Similarly, the RMSD for the protein-ligand complex of RdRp- 

ieckol was found in the range from 0 to 0.71 nm with an av- 

rage of 0.573 nm for ligand ( Fig. 8 a) and from 0.09 to 0.35 nm

ith an average of 0.292 nm for protein ( Fig. 8 b). The RMSF of

he present complex was found maximum up to 0.4 nm indicat- 

ng the stability of the atoms in the complex ( Fig. 8 c). The RoG has

anged from 2.99 to 3.08 nm with an average of 3.041 nm ( Fig. 8 d)

nd SASA ( Fig. 8 e) were significantly ranging from 462 to 477 nm 

2 

ith an average of 469.97 nm 

2 . Up to eight HB have been ob- 

erved during the run time of 10 ns ( Fig. 8 f). The short-range elec-

rostatic (Coul-SR) and van der Waals/hydrophobic (LJ-SR) energies 

ave been found −100.311 ± 9 kJ/mol and −231.75 ± 1.3 kJ/mol 

espectively. 
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Fig. 6. The RMSD-L (a), RMSD-P (b), RMSF (c), RoG (d), SASA (e) and H-bonds (f) plots for the complex of Mpro-dieckol. 

Fig. 7. The RMSD-L (a), RMSD-P (b), RMSF (c), RoG (d), SASA (e) and H-bonds (f) plots for the complex of RdRp-Tannic acid. 
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.4. ADMET analysis 

The ADMET analysis of selected hits using the QikProp mod- 

le of Schrödinger [48] was performed to predict several physical 

roperties such as molecular weight, octanol/water partition coeffi- 

ient, aqueous solubility, QPPcaco for cell permeability, brain/blood 

artition coefficient, QPlogHERG for blockage of HERG K 

+ channels, 

etab for the number of metabolic reactions, QPlogKhsa for pre- 

iction of binding affinity to human serum albumin and percent- 

ge human oral absorption and mutagenicity ( Table 3 ). 

Being natural products, most of them have not fitted with the 

esired ranges for molecular weight and log P, the parameter for 

ipophilicity. From the value of logS, we can predict that most of 

he compounds have good aqueous solubility ( −4.723 to −2.134). 

everal absorption enhancement methods during the formulation 

evelopment may be adopted to tackle these limitations. Most of 

he hits have been observed with very poor gut cell permeability 

ue to their hydrophilic nature. All the compounds except juglanin, 

ckol, and astragalin have been found with highly poor blood-brain 
6 
arrier permeability due to its lipophobic nature indicating the 

east risk of CNS toxicity. Since, most of the compounds fit in the 

ange of the number of metabolic reactions, blockage of HERG K 

+ 

hannels and binding to human serum albumin suggesting their 

ood distribution and metabolic parameters. The poor oral absorp- 

ion properties have indicated the mode of administration other 

han oral routes. 

We also studied the Lipinski parameters for the selected drugs 

o test their vulnerability for drug likeliness [49] . Although Lipin- 

ki’s rule of five has not been considered as the rigid standard to 

laim the drug likeliness as about half of USFDA approved drugs do 

ot co-align with the rule of five along with the marketed natural 

roducts and their semisynthetic derivatives [50] . In our case, the 

elected natural products could not pass through the Lipinski fil- 

ers sufficiently (Table S3, see supporting information) but should 

ot limit the claim potential of these drugs as new SARS CoV- 

 inhibitors and also, modification in the structure may alter the 

hysicochemical features with the maintenance of their inhibitory 

ffects. 
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Fig. 8. The RMSD-L (a), RMSD-P (b), RMSF (c), RoG (d), SASA (e) and H-bonds (f) plots for the complex of RdRp-Dieckol. 

Table 3 

ADMET parameters of the hits. a . 

Comp. MW 

b logP c Log S d QPlog HERG e QPPCaco f QPlog BB g Metab h QPlog Khsa i % Oral Abs j 

Dieckol 742.55 0.994 −4.183 −7.011 0.40 −5.426 11 −0.279 0 

Theaflavin-3,3 ′ -Digallate 866.69 −0.956 −3.911 −6.296 0.02 −6.624 16 −0.56 0 

Phlorofurofucoeckol A 602.46 1.137 −4.31 −6.797 1.44 −4.519 10 −0.192 0 

Rutin 610.52 −2.595 −2.134 −5.19 0.74 −4.593 10 −1.263 0 

7-Phloroeckol 496.38 0.649 −3.175 −5.897 3.76 −3.68 8 −0.388 15.13 

Nictoflorin 594.52 −1.826 −2.472 −5.694 3.17 −4.006 9 −1.216 0 

Procyanidin A2 576.51 0.301 −4.038 −5.569 1.58 −3.871 12 −0.21 0 

Hyperoside 464.38 −1.397 −2.656 −5.379 2.79 −3.808 8 −0.901 0.839 

Epigallocatechin-3-gallate 458.37 −0.251 −3.553 −5.694 1.03 −4.335 10 −0.442 0 

Juglanin 418.35 −0.318 −2.912 −5.418 11.5 −2.981 6 −0.66 31.16 

Eckol 372.28 0.476 −2.38 −4.825 20.2 −2.397 6 −0.434 40.16 

Astragalin 448.38 −0.748 −2.452 −4.933 9.63 −2.937 7 −0.751 14.25 

Procyanidin B1 578.52 0.461 −4.723 −6.564 0.81 −4.671 14 −0.22 0 

a The parameters were calculated using QikProp [48] . b Molecular weight in Dalton 130–725 Da 
c Partition coefficient ( −2.0 to 6.5) 
d Solubility coefficient ( −6.5 to 0.5). 
e Prediction of blockade of HERG K + channels ( > −5). 
f Permeability across gut in nm/s [ < 25 (poor) and > 500 (excellent)]. 
g Brain/blood partition coefficient ( −3 to 1.2). 
h Number of metabolic reactions (1–8). 
i Extent of binding to human serum albumin (–1.5 to 1.5), and j Extent of human oral absorption [ < 25 (poor) and > 80 (excellent)]. 
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. Conclusions 

In search of potent inhibitors of SARS CoV-2, the molecu- 

ar modeling of selected 177 phytochemicals of medicinal impor- 

ance against the predicted active site of RdRp and Mpro was 

erformed using site map analysis and pharmacophore screening. 

otal four natural chemical entities with promising inhibition of 

dRp along with twelve of these natural products inhibiting Mpro 

rotein were identified through different modes of docking with 

ignificant docking score and binding interactions. The molecu- 

ar dynamic simulation studies have further supported the time- 

ependent (10 ns) stability of selected ligands into the active site 

f the chosen targets along with their compactness, arrangement 

f secondary structure into 3-dimensional space without major al- 

erations in binding poses of ligands. The dual targeting inhibitors 

ncluding dieckol, theaflavin-3,3 ′ -digallate and phlorofucofuroeckol 

 were found to inhibit both RdRp and Mpro significantly. Ad- 

itionally, rutin derived from Ruta graveolens, Tephrosia purpurea 

nd Eucalyptus sp. and 7-phloroeckol derived from Ecklonia bicyclis 
7 
ave immense potential to inhibit Mpro with sufficiently higher 

tability, suggesting their candidature as promising SARS CoV-2 in- 

ibitors. 

. Experimental section 

.1. Preparation of ligands 

Total 177 natural products and their structural congeners with 

nown anti-viral activity were selected through literature survey 

nd their 3-dimensional structures were downloaded from Pub- 

hem [32] and SciFinder [33] . The 2-dimensional structures of the 

elected ligands, their biological sources are presented in Table S1 

see supporting information). These ligands were prepared using 

igPrep to process for generation of possible states of ionization at 

argeted pH 7.0 + / −2.0 using Epik, the addition of metal binding 

tates, de-saltation, and generation of tautomers and stereoisomers 

y employing OPLS3e (Optimized Potentials for Liquid Simulations) 

orce field [51] . 
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.2. Preparation of proteins 

The 3-dimensional structures of selected proteins RdRp (PDB 

D: 6M71) and Mpro (PDB ID: 6Y2E) were downloaded from 

CSB Protein Data Bank [52] . The structural correctness in terms 

f hydrogen consistency, bond orders, steric interactions, charges, 

ptimization, energy minimization using OPLS3e forcefield were 

erformed using protein preparation wizard (PrepWizard) of 

chrodinger suite (Maestro 12.5) [53] . The minimized proteins 

ere used for pharmacophore screening, sitemap analysis, recep- 

or grid generation and as well as for molecular docking. 

.3. Site map analysis 

The selected PDB IDs are deposited in the protein data bank 

ithout any specific or co-crystallized ligand or inhibitor. In search 

f the specific binding site for the protein, the site map analysis 

as performed for all three proteins [29] . To visualize and evaluate 

he top-most binding sites, the potential binding site regions were 

enerated with a minimum of fifteen site points for each binding 

ite under a more restrictive hydrophobic environment using the 

tandard grid for the selected proteins. The receptor-binding site 

ith the highest druggability score (D-score) from the generated 

op five binding sites were selected for further molecular modeling. 

.4. Pharmacophore development and screening 

There are no ligands co-crystallized with selected proteins of 

nterest including RdRp (PDB ID: 6M71) [26] and Mpro (PDB ID: 

Y2E) [27] . In search of potent inhibitors, we planned to gener- 

te the pharmacophore-based hypothesis using the Phase module 

f Schrödinger [31] . The receptor cavity-based E-pharmacophore 

ethod was adopted after specifying residues through atom spec- 

fication language (ASL) of the best site map with the highest d - 

core. The model was generated for the selected binding site along 

ith the generated seven features, mainly comprising of hydrogen 

ond acceptor (A), hydrogen bond donor (D), negative ionizable 

N), and aromatic ring (R) [such as ADNRRRR and AAADRRR for 

dRp and MPro respectively]. 

Next, with a view of screening of ligands against the devel- 

ped hypothesis, the molecules prepared after the LigPrep were 

ubjected to match a minimum four of the identified features of 

he pharmacophore model. For each ligand, a maximum of fifty 

onformers were generated which were processed for their energy 

inimization. The acceptor and donor were preset as negative and 

ositive equivalent, respectively to calculate the Phase screen score 

or each conformer. Out of 177, 55 (RdRp) and 117 (Mpro) ligands 

atched with the set features of the hypothesis ( Fig. 9 ). 

.5. Molecular docking 

.5.1. Receptor grid generation 

The receptor grids for all the proteins were generated on the 

redicted binding site from site map analysis with the highest d - 

core using the GLIDE module of Schrodinger [34] . The generated 

ite map points were used to generate the grid box of size 10 Å. 

.5.2. Ligand docking 

Next, molecular docking was carried out using GLIDE. The lig- 

nds matching through the developed hypothesis were docked on 

elected active sites of all three proteins using standard precision 

SP) to generate 10 poses per ligand through flexible ligand sam- 

ling. The ligands with docking scores less than −6.9 obtained in 

P docking were further docked on the same binding site using ex- 

ra precision (XP) to generate 3 poses per ligand. 
8 
.6. Molecular dynamic (MD) simulation 

Further, selected compounds were assessed for performing the 

olecular dynamic simulation ( Fig. 9 ) to check the ligand stabil- 

ty at the binding site in ligand-receptor complex using GROnin- 

en MAchine for Chemical Simulations (GROMACS) 2020.1 [ 40 , 41 ] 

oftware and CHARMM36 (Chemistry at Harvard Macromolecular 

echanics) as an all atom force field [54] . CHARMM General Force 

ield (CGenFF) server was used to generate topology for the ligand 

 55 , 56 ]. The complex was solvated using the TIP3P water model, 

eutralized using Na + and Cl − ions, equilibrated using a canoni- 

al [number of particles (N), system volume (V) and temperature 

T), NVT] and isobaric-isothermic [number of particles (N), system 

ressure (P) and temperature (T), NPT] ensemble for 100 picosec- 

nds and finally, subjected to molecular dynamic run using NPT 

roup at 300 K temperature and 1 bar pressure for 10 ns. 

.7. ADMET and lipinski filters 

The absorption, distribution, metabolism, excretion, and tox- 

city (ADMET) analysis and Lipinski parameters of selected hits 

ere carried out in the QuikProp module of Schrodinger [48] and 

wissADME [57] to study the information about functional groups, 

hysical and chemical properties, and ADME parameters for all the 

op ligands. 
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