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A B S T R A C T   

COVID-19, a new strain of coronavirus family, was identified at the end of 2019 in China. The COVID-19 virus 
spread rapidly all over the world. Scientists strive to find virus-specific antivirals for the treatment of COVID-19. 
The present study reports a molecular docking study of the stilbenolignans and SARS-CoV-2 main protease 
(SARS-CoV-2 Mpro) inhibitors. The detailed interactions between the stilbenolignan analogues and SARS-CoV-2 
Mpro inhibitors were determined as hydrophobic bonds, hydrogen bonds and electronic bonds, inhibition ac-
tivity, ligand efficiency, bonding type and distance and etc. The binding energies of the stilbenolignan analogues 
were obtained from the molecular docking of SARS-CoV-2 Mpro. Lehmbachol D, Maackolin, Gnetucleistol, 
Gnetifolin F, Gnetofuran A and Aiphanol were found to be − 7.7, − 8.2, − 7.3, − 8.5, − 8.0 and − 7.3 kcal/mol, 
respectively. Osirus, Molinspiration and SwissADME chemoinformatic tools were used to examine ADMET 
properties, pharmacokinetic parameters and toxicological characteristics of the stilbenolignan analogues. All 
analogues obey the Lipinski’s rule of five. Furthermore, stilbenolignan analogues were studied to predict their 
binding affinities against SARS-CoV-2 Mpro using molecular modeling and simulation techniques, and the 
binding free energy calculations of all complexes were calculated using the molecular mechanics/Pois-
son–Boltzmann surface area (MM-PBSA) method. With the data presented here it has been observed that these 
analogues may be a good candidate for SARS-CoV-2 Mpro in vivo studies, so more research can be done on 
stilbenolignan analogues.   

1. Introduction 

Coronavirus disease 2019 (or COVID-19) emerged worldwide as a 
threat to public health in Wuhan, is the capital of Hubei Province in the 
People’s Republic of China in late December 2019 [1,2]. The outbreak 
was initially detected in the seafood and animal markets in Wuhan re-
gion. Afterwards, COVID-19 spread from person to person particularly in 
Wuhan, and then spread to other cities in Hubei province and other 
provinces of the People’s Republic of China and lastly to other world 
countries [3]. COVID-19 is a virus defined as a result of a research 
conducted in a group of patients in whom such as fever, cough, shortness 
of breath were observed on January 13, 2020. COVID-19 was recognized 
as a pandemic by the World Health Organization (WHO) globally first on 
March 11, 2020 and WHO named SARS-CoV-2 Mpro pathogen as Severe 
Acute Respiratory Syndrome CoronaVirus 2 (SARS CoV-2) as a type of 
coronavirus [4]. No specific effective antiviral therapy for COVID-19 has 
been found. Although in most COVID-19 patients a mild or moderate 
course is observed, in up to 5–10% there can be a severe, potentially life- 
threatening course, and effective medications are urgently needed. 

Many treatments have been tested including chloroquine, hydroxy-
chloroquine, favipiravir, brincidofovir, lopinavir, ritonavarin, mono-
clonal antibodies, and plasma of recovering patients against the 
coronovirus disease [5]. Optimized supportive care continues to be the 
mainstay of treatment. SARS-CoV-2 Mpro pandemic affects the whole 
world due to lack of a treatment. This pandemic has caused the death of 
nearly two and a half million people and still has a fatal effect. Infor-
mation on treatment for COVID-19 is changing rapidly and there are 
vaccine studies at the moment. Furthermore, there are approved vac-
cines in the world and some vaccines have already started to be 
administered to people [6–9]. 

Many medicinal plants have been utilized to treat lots of diseases for 
thousands of years [10,11]. Moreover, these plants have an important 
role in the production of drug raw materials or new drugs in modern 
pharmacy since the compounds obtained by these plants constitute the 
basis in particular of pharmacology [12,13]. Studies on medicinal plants 
will continue as long as humanity exists since studies on important 
medicinal plants have contributed to the treatment processes of diseases 
for many years. It is important to determine the biological activities of 
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these plants, which have not been sufficiently studied as a result of 
herbal medicines. Stilbenelignans produced by plants is a group of 
natural products formed from a stilbenoid and a lignan, intersecting 
moiety of non conventional lignans [14,15]. Stilbenes having an 
important biologic activity are composed ofa Cinnamoyl-Coenzyme A 
group and three malonate units. Therefore, these structures formed by 
the unification of C6-C3 stilbenes with the Cinnamoyl-CoA are regarded 
as stilbenolignans. 

Two phenol structures in stelbenes placed symmetrically along the 
double bond have been observed and it’s hard to distinguish figuring out 
which one comes from Cinnamoyl-CoA or malonate group has been 
difficult. It has been seen that hydroxyl moieties in the stilbenolignan 
structure have different properties such as meta-oriented or orto- 
oriented because of the different binding sites [16]. Moreover, only six 
stilbenolignans have been identified in the literature. The stilbenoli-
gnans used in this work were found to be from three different plant 
families. As shown in Fig. 1, Lehmbachol D, Gnetifolin F and Gnetofuran 
A are identified from Gnetum cleistostachyum (Gnetaceae). Maackolin is 
identified from Maackia amurensis (Fabaceae) and, Aiphanol is identified 
from Aiphanes aculeata (Arecaceae). The Stilbenolignans produced from 
plants are proposed as anti-inflammatory, anti-angiogenic, antioxidant 
activities for leading compounds in drug discovery. Scientists around the 
world are actively trying to discover potentially effective drugs that can 
fight COVID-19 [17,18]. Currently, there are no COVID-19 specific 
antiviral drugs. Nowadays, the works done on this SARS-CoV-2 Mpro 
pandemic are very important and scientifically meaningful. Thus, the 
aim of this study is to determine the molecular docking, molecular 
modelling studies and pharmacokinetic properties between stilbenoli-
gnans analogues and the SARS-CoV-2 Mpro and to investigate their 
molecular docking results, binding energies and detailed interactions 
such as binding affinities and the hydrogen, hydrophobic and electronic 
bonds. 

2. Experimental methods 

2.1. Docking methodology 

The three-dimensional x-ray crystal structure of SARS-CoV-2 Mpro 
(pdb code: 6LU7) was is retrieved in pdb format from Protein Data Bank 
with resolution 2.16 Å, respectively [19]. The co-crystallized ligand of 
the SARS-CoV-2 Mpro (6LU7) structure was extracted. Then, it was 
prepared in AutodockVina by removal of water and solvent molecules, 
removal of the bound ligand, addition of polar hydrogens and partial 

charge assignment and saved as .pdbqt format using AutodockVina to be 
included as a reference in the virtual screening. The grid box was defined 
by selecting the co-crystallized inhibitors to keep the center of each 
docked stilbenolignan analogues with same dimensions of binding box. 
Moreover, the grid box center was adjusted X = − 12.298, Y = 12.598 
and Z = 63.594 with dimensions for SARS-CoV-2 Mpro and its size was 
set to 20x20x20 Angstroms to cover the active site of the SARS-CoV-2 
Mpro (6LU7). BIOVIA Discovery Studio software was used molecular 
modeling visual inspection of docking poses (2D and 3D images) 
designed for the all complexes [20,21]. The complex structure between 
the SARS-CoV-2 Mpro and co-crystallized inhibitor of the SARS-CoV-2 
Mpro was illustrated in Fig. 2. AutodockVina program was performed 
between stilbenolignan analogues and SARS-CoV-2 Mpro for molecular 
docking analysis such as binding types, binding energies, inhibition 
activities, ligand efficient, distances and possible interactions. Molecular 
docking scores were set as AutoDock tools of the molecular graphics 

Fig. 1. Structures of stilbenolignans obtained from Gnetaceae, Fabaceae and Arecaceae plants.  

Fig. 2. Complex between SARS-CoV-2 Mpro and its inhibitors.  
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laboratory software package by keeping the analogue flexible [22]. 
Binding Pocket coordinates of the stilbenolignan analogues were 
employed to define the active site in SARS-CoV-2 Mpro as shown in 
Fig. 3. 

2.2. Osiris/Molinspiration and ADMET analyses 

Osiris and Molinspiration analyses are performed to describe 2D 
models and to indicate the type of pharmacophore site [23]. These an-
alyses are employed to predict pharmacore site and biological activity of 
the stilbenolignan analogues and also to determine the drug-likeness 
score, steric effect, electrostatic properties of the stilbenolignan ana-
logues. In addition, these analyses reports key features about the stil-
benolignan analogues-SARS-CoV-2 Mpro interactions. The Osiris/ 
Molinspiration parameter values were identified via Cheminformatics 
free web services (http://www.molinspiration.com/cgi-bin/properties) 
and (https://www.organic-chemistry.org/prog/peo/). The pharmaco-
kinetic and toxicity properties of the Stilbenolignan analogues were 
achieved with using the SwissADME which is an open online tool (http 
://www.swissadme.ch). 

The ADME properties define blood-brain barrier (BBB) permeability 
and passive human gastrointestinal absorption (HIA) as well as substrate 
or non-substrate permeability glycoprotein (P-gp) and Cytochrome P450 
(CYP) [24]. Moreover, SwissADME enables predictions for risks of 
toxicology such as mutagen test and carcino rat. 

2.3. Molecular dynamics and free energy calculation 

Molecular dynamic simulations were performed with NAMD 2.12 
using Amber ff14SB forcefield and the input files for the simulation are 
prepared with Amber14 tools [25]. The the SARS-CoV-2 Mpro-stilbe-
nolignan analogues’ complexes were solvated using TIP3P water model 
in cubic water box with at least 12 Å from the each complex to the edge 
of box. The ion concentration was maintained at 0.15 M and the net 
charge of system were neutralized by adding 67 Na+ and 55 Cl- ions. 
Langevin dynamics with periodic boundary conditions were applied in 
the simulation. Van der waals and electrostatic interactions were trun-
cated at 12 Å with a switching function from 10 Å. Particle Mesh Ewald 
was applied for long-range electrostatic interaction calculations. First, 
the system underwent a 5000-step minimization with a fixed backbone, 
and then a subsequent 5000-step minimization without constraint. 
Then, all atoms in the protein were fixed for 100 ps equilibration of the 
water. Harmonic constraint of 1 kcal mol− 1∙Å− 2 was applied to the 
SARS-CoV-2 Mpro and stilbenolignan analogues’ complexes alpha car-
bon atoms, and the system was then gradually heated from 0 K to 310 K 
with 1000- step/K in the canonical ensemble simulation. The system was 
maintained at 310 K for 1 ns equilibration with alpha carbon atoms 
constraints and another 2 ns equilibration without constraints in ca-
nonical ensemble system. The system was switched to an isothermal- 
isobaric ensemble simulation and all constraints were removed for the 
50 ns production run. Finally, grid box for SARS-CoV-2 Mpro and stil-
benolignan analogues’ complexes were set exactly identical as for their 
complex by specifying the grid box size and center [26]. Trajectory 
analysis, the clusters of ten models of complexes found in the trajectory, 
RMSD and RMSF values of all the complexes were performed using a 
Python 2.7 object-oriented package combined with a Fortran-based 
CABS algorithm implementation [27]. Molecular Mechanics Pois-
sonBoltzmann surface area (MM-PBSA) were computed to understand 
the binding free energy of the SARS-CoV-2 Mpro-stilbenolignan ana-
logues’ complexes for an ensemble (collection/trajectory) of structures. 
Molecular mechanics-Poisson-Boltzmann surface area (MM-PBSA) is a 
widely used end point method in free energy calculations [25]. In MM- 
PBSA, the binding free energy (ΔGbind) of the SARS-CoV-2 Mpro-stil-
benolignan analogues’ complexes was calculated as the equations 
below. 

ΔGMM - PBSA = ΔGcomplex −
(
ΔGprotein + ΔGligand

)

For each molecular dynamic snapshot, the binding free energy of 
each SARS-CoV-2 Mpro-stilbenolignan analogues’ complexes was 
calculated and the detailed free energy decompositions were performed 
for all snapshots collected in the sampling phases of molecular dynamic 
simulations. The Poisson-Boltzmann calculations were performed using 
the with DelphiForce program [28]. 

3. Results and discussion 

3.1. Molecular docking studies 

The stilbenolignans produced from plants are proposed as anti- 
inflammatory, anti-angiogenic, antioxidant activities for leading com-
pounds in drug discovery [29–31]. Moreover, main interactions be-
tween SARS-CoV-2 Mpro and stilbenolignan analogues such as the 
binding affinities and the hydrogen bonds and the bond lengths etc. 
were obtained by using Autodock Vina. Also, native ligand as reference 
ligand, and the recommended drugs for SARS-CoV-2 Mpro treatment; 
Lopinavir and Nelfinavir were used to compare the molecular docking 
results of the stilbenolignan analogues [32,33]. The six stilbenolignan 
analogues formed from some plants were investigated in this study as 
potential inhibitors of the SARS-CoV-2 Mpro in Fig. 3. Molecular 
docking is a molecular modeling technique that it is one of the most 
common methods employed to analyze the detailed interactions 

Fig. 3. Active site of SARS-CoV-2 Mpro.  
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between SARS-CoV-2 Mpro and stilbenolignan analogues. The crystal 
poses of six stilbenolignan analogues were docked into the binding site 
of SARS-CoV-2 Mpro with identified docking search algorithms and 
scoring functions. 

All stilbenolignan analogues were docked using similar optimized 
docking conditions. The native ligand, nelfinavir, lopinavir drugs were 
identified as shown in Table 1. The binding energy, inhibition activity, 
ligand efficiency and hydrophobic, hydrogen bonds and electrostatic 
interactions of stilbenolignan analogues-SARS-CoV-2 Mpro were illus-
trated in Table 2. Initially, the drug score, Volume A3 and Surface A3 

were determined for stilbenolignan analogues-SARS-CoV-2 Mpro 0.77, 
702.27 and 842.81, respectively. The binding affinity values of stilbe-
nolignan analogues ranged from − 8.5 to − 7.3 kcal/mol and their ligand 
effiencies were obtained between − 0.21 and − 0.25 using Autodock 
Vina. The binding affinity of Gnetofilin F was found to be − 8.5 kkal/mol 
higher than the value of the reference ligand. The binding affinity of 
Maackolin was also a very close value as − 8.2 kcal/mol. The binding 
affinities of the Gnetucleistol and Aiphanol analogues (− 7.3 kcal/mol) 
were found lower than those of the other stilbenolignan analogues in 
this study. 

This is thought to be due to the numbered hydroxyl moieties and 
different structures of the stilbenolignan analogues [12,34]. When the 
molecular docking results of the stilbenolignan analogues were inves-
tigated, all analogues showed alkyl interactions with Cys145, Met165, 
Pro168, Ala191, Leu50, Leu167, His141, His165, His172 residues in 
active site in the SARS-CoV-2 Mpro and all analogues except 4 analogue 
showed π-alkyl interactions with Met165, Leu167, Cys145, and Cys145 
residues in the active site of the SARS-CoV-2 Mpro. All analogues except 
1 analogue showed hydrophobic bonding type Van der Waals with 
Phe140, Leu167, Cys145, Gln192, Pro168 and Gln166 residues in the 
active site of the SARS-CoV-2 Mpro [35]. As shown in Fig. 4 and Table 2, 
the complex structures between stilbenolignan analogues and the SARS- 
CoV-2 Mpro were stabilized by hydrogen bonds containing oxygen (-O), 
hydrogen (-H) and carbonyl (-C––O) moieties simultaneously as donor 
and acceptor with Cys145, Leu141, Glu166, Arg188, Thr190, Asn142, 
Gly143, Ser144, His163, Asp148, His164, Gln189, Pro168 [36] and also, 
the analogue 4 showed π donor hydrogen bond with Pro168 residue in 
the active site of the SARS-CoV-2 Mpro [37]. Stilbenolignan analogues 
had electronic interactions with the SARS-CoV-2 Mpro amino acids 
Glu166, Gln189, Leu167, Cys145, Asp187 and His141 as shown in 
Table 2. Maackolin included π-anion bond phenyl moiety with the SARS- 
CoV-2 Mpro amino acid Glu166 at a distance of 4.47 Å (Molecular 
docking simulations of analogues are given in Supplemantal Materials 
file). 

Gnetucleistol includes π-lone pair bond phenyl moiety with the 
SARS-CoV-2 Mpro amino acid Glu166 at a distance of 4.52 Å. Gnetifolin 
F having the highest binding energy includes π-sigma bond with amino 
acid Gln189 at a distance of 4.21 Å, π-anion with amino acid Glu166 at a 
distance of 3.69 Å, amide π-stacked with amino acids Leu167 and 
Cys145 at distances of 4.71 and 4.60 Å. Gnetofuran A includes amide 
π-stacked with amino acid Asp187 at a distance of 5.14 Å and π-π T- 
shaped with amino acid His141 at a distance of 6.01 Å. Aiphanol in-
cludes amide π-donor hydrogen bond with amino acid Cys145 at a 

distance of 4.19 Å. 

3.2. Pharmacokinetic studies 

Osiris and Molinspiration analyses were performed to investigate the 
pharmacophore features and drug-like properties of the stilbenolignan 
analogues [38]. The toxicity risk and bioavailability and drug-score 
properties of the stilbenolignan analogues were calculated using the 
Osiris Property Explorer in Table 3. The toxicity risk categories can be 
harmful in the risk category specified [39]. As shown in Table 3, the 
stilbenolignan analogues did not show mutagenic, tumorigenic, irrita-
tive effects. However, Gnetucleistol, Gnetofuran A and Aiphanol ana-
logues showed high toxic effects on the reproduction. The cLogP value 
which is octanol/water partition coefficient, is calculated by the Osirus 
Property Explorer and Molinspiration. The cLogP values of the stilbe-
nolignan analogues were found smaller than 5.0 which means these 
analogues have rational good absorption and permeability. Solubility is 
a significant parameter for drug design and pharmacology due to the 
potential absorption and distribution characteristics, so preparing well 
soluble drugs is always preferred in drug industry [40]. 

The solubility values of most drugs sold in the market are greater 
than − 4.0 and the solubility values of all stilbenolignan analogues 
except Gnetucleistol and Gnetofuran A were in the range of − 2.90 and 
− 3.58. Their solubility values were also very close to − 4; − 4.18. 
Moreover, when the druglikeness values of the stilbenolignan analogues 
were observed, it was seen that only two analogues had positive values. 
The drug likeness values of Lehmbachol D and Mackolin were 1.97 and 
2.50. Actually, positive value reflects that it contains predominantly 
fragments frequently present in the commercial drugs [41]. When the 
log P, H-bond donors, H-bond acceptors and moleculer weight param-
eters were assessed for the stilbenolignan analogues, it was seen that all 
analogues obeyed the Lipinski’s rule of five. In addition to Osirus cal-
culations, Molinspiration which is a web-based tool, was utilized to 
predict the bioactivity scores of the stilbenolignan analogues as well as 
the molecular properties such as moleculer weight, clogP (octanol/ 
water partition coefficient), polar surface area, volume, number of 
hydrogen bond donor and acceptor etc. as shown in Table 3. 

Furthermore, GPCR ligands, ICM, KI, NRL, PI and other EI inhibitors 
of the stilbenolignan analogues were illustrated with the prediction 
bioactivity scores using online-site Molinspiration in Table 3. Drug 
metabolism and pharmacokinetic (ADME) and drug-induced toxicity 
properties of the stilbenolignan analogues were calculated using Swis-
sADME database as shown in Table 3. The mutagenicity and carcino-
geniticy of the stilbenolignan analogues were evaluated using the 
SwissADME server [42]. The pharmacokinetic and toxicity properties of 
the Maackolin, Gnetifolin F, Gnetofuran A analogues with high bonding 
energy were evaluated as these analogues can be potential drug candi-
dates. As seen in Table 3, the transporter class P-glycoprotein (P-gp) and 
Cytochrome P450 (CYP) metabolic enzymes, which are important in 
drug metabolism, were assessed in this study. Maackolin analogue was 
found to be non-inhibitors of all CYPs. Gnetifolin F was found to be non- 
inhibitors of CYP1A2, CYP2C19, CYP2C9 and CYP2D6 except CYP3A4 
inhibitor. Furthermore, Gnetofuran A analogue was found to be 

Table 1 
Properties of SARS-CoV-2 Mpro inhibitor candidates.  

No Binding Affinity (kcal/mol) Inhibition Activity (uM) Ligand Efficiency Intermole cular Energy VDW-H Bond Desolvation Energy 

Lehmbachol D − 7.7 2.1 − 0.23 − 10.43 − 10.30 
Maackolin − 8.2 0.964 − 0.25 − 10.89 − 10.49 
Gnetucleistol − 7.3 4.58 − 0.21 − 10.57 − 10.33 
Gnetifolin F − 8.5 0.59 − 0.27 − 10.89 − 10.51 
Gnetofuran A − 8.0 1.29 − 0.25 − 11.02 − 10.76 
Aiphanol − 7.3 4.54 − 0.22 − 10.27 − 9.96 
Nelfinavir − 10.7 736.89 − 0.27 − 14.30 − 13.83 
Lopinavir − 9.4 126.76 − 0.2 − 14.18 − 13.83 
Reference Ligand − 8.3 13.91x10-3 − 0.17 − 14.33 − 14.33  
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inhibitors of CYP2C9, CYP2D6 and CYP3A4. The CYP inhibitors of the 
these analogues are significant to explore the pharmacokinetics for 
preventing undesired drug-drug interactions and also, Gnetofuran A 
having P-gp and CYP3A4 can be a barrier in the transmembrane trans-
portation of drugs since both are good transporters in the intestine [43]. 

In addition to pharmacokinetic properties, the inhibition constant 
values of these analogues are compatible with their binding affinities. 
Gnetifolin F analogue had the lowest inhibition constant value with 
6.73 nM in the stilbenolignan analogues. Besides, Gnetifolin F was found 
inhibition constant with 0.59 nM as result of molecular docking of the 
Gnetifolin F-SARS-CoV-2 Mpro. It was observed that these analogues 
obtained good results in terms of their toxicity properties for Ames 
mutagenicity test from SwissADME database. 

3.3. Molecular dynamics simulations 

All SARS-CoV-2 Mpro-stilbenolignan analogues’ complexes were 
subjected for subsequent molecular dynamics and free energy calcula-
tion due to investigate the dynamic stability of the SARS-CoV-2- 
inhibitor complexes. The root mean-square deviations (RMSDs) and 
root mean square fluctuations (RMSFs) of the Cα atoms for the each 
complex were calculated by the CABS-flex web server. RMDSs and 
RMSFs were plotted for SARS-CoV-2 Mpro-stilbenolignan analogues’ 
complexes that converged during the 50 ns MD simulation in Figs. 5 and 
6 [44]. It was observed that all complexes induced flexibility to some 
residues in the SARS-CoV-2 Mpro. The highest fluctuations were 
observed in several regions, ranging from 54 to 59 for Lehmbachol D and 
Gnetifolin F analogues, 145–150 for Maackolin and Gnetifolin F ana-
logues, 163–168 for Aiphanol analogue (See Supplemantal Materials 

Table 2 
Molecular docking results and interactions detail of the stilbenolignan analogues.  

No Hydrobophic Bond Hydrogen Bond 

Bonding 
Type 

Protein Ligand Distance 
(Å) 

Bonding Type Protein Ligand Distance 
(Å)   

Interacting Amino 
Acids 

Interacting Atoms or 
Rings   

Interacting Amino 
Acids 

Interacting Atoms or 
Rings  

Lehmbachol 
D 

alkyl Cys145 -CH3 4.91 Conventional H 
bond 

Cys145 O 4.75 
Met165 -CH3 5.62 Leu141 -H 6.76 
Pro168 -CH3 5.54 Glu166 -H 4.27 
Met:165 -CH3 4.55 Arg188 -H 5.82 

π-alkyl Met:165 -Ph 5.88 
Leu167 -CH3 3.44 

Maackolin alkyl Met165 -Ph 5.96 Conventional H 
bond 

Thr190 -H 4.09 
His163 -CH3 6.31 Thr190 -H 4.58 
His172 -CH3 5.25 Arg188 -H 6.00 

π-alkyl Cys145 -CH3 4.82 Glu166 -H 4.37 
Van der 
Waals 

Phe140 -CH3 4.67 Asn142 -H 3.93 
Gly143 -O 3.90 
Cys145 -O 4.82 
Ser144 -O 3.49 
Ser144 -H 3.07 
His163 -O 5.73 

Carbon H bond Glu166 -O 4.37 
π-anion Glu166 -Ph 4.47 

Gnetucleistol alkyl Ala191 -CH3 4.16 Conventional H 
bond 

Thr190 -O 4.35 
Leu50 -CH3 4.74 Gly143 -O 4.16 

π-alkyl Cys145 -Ph 7.09 Leu141 -H 5.24 
Van der 
Walls 

Leu167 -CH3 6.56 His163 -O 5.41 
π-lone pair Glu166 -Ph 4.52 

Gnetifolin F alkyl Pro168 -CH3 5.87 Conventional H 
bond 

Thr190 -H 4.68 
Met165 -CH3 5.34 Glu166 -H 4.15 

Van der 
Waals 

Cys145 -Ph 6.74 Asn142 -H 4.03 
Gly143 -O 3.80 
Gly143 -O 3.53 
Leu141 -H 6.51 
Ser144 -H 2.45 

π-donor hydrogen 
bond 

Pro168 -O 4.97 

π-sigma Gln189 -Ph 4.21 
π-anion Glu166 -Ph 3.69 
Amide-πstacked Leu167 -CH3 4.70 

Cys145 -CH3 4.61 
Gnetofuran A alkyl Pro168 -CH3 4.84 Conventional H 

bond 
Glu166 -H 4.95 

Leu167 -CH3 4.70 Asp187 -H 4.60 
π-alkyl Pro168 -Ph 4.24 His164 -H 3.33 

Met165 -Ph 6.55 Amide-π stacked Asp187 -Ph 5.14 
Met165 -Ph 4.98 π-π T-Shaped His41 -Ph 6.01 

Van der 
Waals 

Gln192 -CH3 2.87 
Pro168 -O 4.27 

Aiphanol alkyl His172 -CH3 5.26 Conventional H 
bond 

His163 -O 5.44 
His163 -CH3 6.18 Ser144 -H 2.64 
Cys145 -CH3 4.74 Leu141 -H 5.79 
His141 -CH3 5.82 Cys145 -O 4.19 

π-alkyl Pro168 -Ph 4.25 Gln189 -H 3.85 
Met165 -Heg 4.72 Pro168 -H 6.16 

Van der 
Waals 

Glu166 -CH3 4.01 π-donor hydrogen 
bond 

Cys145 -Ph 4.19  
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file). 
All complexes were are almost more fluctuated during the simulation 

in loop region. The superimpose analysis of the receptor binding do-
mains were carried separately for SARS-CoV-2 Mpro-stilbenolignan 
analogues’ complexes. As the Gnetifolin F analogue showed the highest 
binding affinity, superimposed structure of SARS-CoV-2 Mpro-Gnetifo-
lin F complex was depicted in Fig. 7. Initial and last confirmation of the 
dynamics trajectory of the all complexes were analyzed using the Pymol 
software [45]. RMSD values of the SARS-CoV-2 Mpro-stilbenolignan 
analogues’ complexes (Lehmbachol D, Maackolin, Gnetucleistol, Gne-
tifolin F, Gnetofuran A and Aiphanol) were found to be 2.127, 1.839, 
1.483, 1.668, 1.792 and 1.684, respectively. 

The binding free energies the SARS-CoV-2 Mpro-stilbenolignan an-
alogues’ complexes were calculated for molecular dynamic snapshots 
and the MM-PBSA calculations of all complexes were performed using 
the Delphi web server [46–47]. The binding free energy values from the 
MM-PBSA calculation of the SARS-CoV-2 Mpro-stilbenolignan ana-
logues’ complexes were reported in Table 4. 

The results indicated that SARS-CoV-2 Mpro-Maackolin complex 
possessed highest negative binding free energy value of − 103.61 kJ/mol 

followed by SARS-CoV-2 Mpro-Gnetifolin F complex with value of 
− 99.59 kJ/mol. SARS-CoV-2 Mpro-Gnetofuran A complex showed close 
affinity with value of − 97.54 kJ/mol. SARS-CoV-2 Mpro-Lehmbachol D 
and SARS-CoV-2 Mpro-Aiphanol complexes showed lowest affinity with 
values of − 91.25 and − 92.31 kJ/mol. The nature of interactions of Glu, 
His, Phe140 residues of the SARS-CoV-2 Mpro-Maackoline complex 
were observed as hydrogen bonding and Van der Waals hydrophobic 
bonding type. Moreover, the SARS-CoV-2 Mpro-Gnetifolin F complex 
had same interactions as well as π-donor, π-sigma, π-anion bonding 
types. However, the interactions of the SARS-CoV-2 Mpro-Lehmbachol 
D and the SARS-CoV-2 Mpro-Aiphanol complexes are less. Furthermore, 
some residues of SARS-CoV-2 Mpro contributed with small negative 
binding energies were determined such as Met165, Cys145 and Pro168. 
MM-PBSA results of the SARS-CoV-2 Mpro-stilbenolignan analogues’ 
complexes revealed that hydrophobic and hydrogen bonding in-
teractions which govern changes in bonding properties of the stilbeno-
lignan analogues to residues of SARS-CoV-2 Mpro. The finding results 
were compared to the latest researches which is focused on MM-PBSA 
binding energy calculations of the drugs used against SARS-CoV-2 
Mpro [48,49]. It was observed that the important binding site residues 

Fig. 4. All types of interactions between stilbenolignan analogues and SARS-CoV-2 Mpro.  
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Met165, Cys145, Pro168, Phe140, Asp187, Thr190, His163, Arg188, 
Gly143, Leu167 and Glu143 reported was same with residues identified 
in this study. Furthermore, all SARS-CoV-2 Mpro-stilbenolignan ana-
logues’ complexes as binding energy were found to be better than many 
repurposing inhibitors against SARS-CoV-2 Mpro [50]. The MM-PBSA 
results of the SARS-CoV-2 Mpro-stilbenolignan analogues’ complexes 
were an significant clue and these stilbenolignan analogues can be a 
strong inhibitory for SARS-CoV-2 Mpro. The significant key residues 
were found to be Met165, Glu166, Leu141, Phe140 and His163. The 
MM-PBSA binding free energy results show that all stilbenolignan ana-
logues may act as a lead compound for clinical drug against SARS-CoV-2 
Mpro. 

4. Conclusions 

In conclusion, this study revealed molecular interaction analyses of 
docking and ADMET properties between SARS-CoV-2 Mpro and the 
stilbenolignan analogues. The molecular docking simulations of the 
stilbenolignan analogues-SARS-CoV-2 Mpro revealed to show similar 
binding conformations. As result of the molecular interaction analyses of 
Gnetifolin F, the binding affinity was found to be − 8.5 (kcal/mol) with 
the residues of Glu166 and it was observed that Gnetifolin F can be a 
strong inhibitor candidate. A stable conformer and good binding site 
occurred by creating aromatic, hydrogen and hydrophobic bonds in the 
SARS-CoV-2 Mpro active site residues such as Pro168, Met165, Cys145, 
Thr190, Glu166, Asn142, Gly143, Leu141, Ser144. In addition, π-donor 
hydrogen bond interaction with the residue of Pro168, π-sigma inter-
action with the residue of Gln189, π-anion interaction with the residue 

Table 3 
Drug likeliness properties of the stilbenolignan analogues by some web tools.a,b,c  

Drug likeness properties Lehmbachol D Maackolin Gnetucleistol Gnetifolin F Gnetofuran A Aiphanol 

Bioavailability and drug-scorea 

Molecular weight g/mol 466.0 452.0 436.0 466.0 436.0 452.0 
cLogP 3.17 2.90 4.18 3.17 4.18 3.58 
Solubility − 3.55 − 3.23 − 4.22 − 3.55 − 4.22 − 4.05 
TPSA 117.8 128.8 108.6 117.8 108.6 117.8 
Druglikeness 1.97 2.50 − 0.55 − 4.81 − 0.55 − 0.49 
Drug-score 0.77 0.77 0.77 0.77 0.77 0.77 
Toxicity risksa 

Mutagenic nt nt nt nt nt nt 
Tumorigenic nt nt nt nt nt nt 
Irritant nt nt nt nt nt nt 
Reproductive effective nt nt ht nt ht ht 
Druglikenessb 

GPCR ligand 0.20 0.21 0.29 0.19 0.29 0.14 
Ion channel modulator − 0.07 − 0.07 − 0.11 − 0.08 − 0.11 − 0.02 
Kinase inhibitor − 0.08 − 0.09 − 0.05 − 0.10 − 0.05 − 0.13 
Nuclear receptor ligand 0.13 0.13 0.08 0.12 0.08 0.22 
Protease inhibitors − 0.02 − 0.02 − 0.16 − 0.01 − 0.16 0.02 
Enzyme inhibitor 0.08 0.08 0.35 0.07 0.35 0.23 
Pharmacokineticsc 

Ames_test – Non-mutagen – Non-mutagen Non-mutagen – 
Carcino_Rat – Negative – Negative Negative – 
BBB permeant – no – no no – 
GI absorption – high – high high – 
P-gp – yes – no yes – 
Inhibition Constant nM) – 7.26 – 6.73 6.75 – 
1A2 – no – no no – 
2C19 – no – no no – 
2C9 – no – no yes – 
2D6 – no – no yes – 
3A4 – no – yes yes – 

nt = not toxic; ht = high toxic; GI:Gastrointestinal absorption; BBB: Blood brain barrier; P-gp:Permeability Glycoprotein; CYP: Cytochrome P450; a = Osiris; b =
Molinspiration; c = SwissAdme. 

Fig. 5. RMDS plots of the a) SARS-CoV-2 Mpro-Gnetifolin F b) SARS-CoV-2 Mpro-Maackolin analogues complexes.  
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of Glu166 and amide-π stacked interaction with the residue of Cys145 
played an important role in the Gnetifolin F analogue-SARS-CoV-2 Mpro 
binding. Moreover, the results of ADMET and pharmacokinetic analyses 
suggested that stilbenolignan analogues were consonant with the many 
accepted rules and the criteria of drug-likeness. Besides, the toxicity 
results of the SwissADME suggest that Maackolin, Gnetifolin F and 
Gnetofuran A analogues were nonmutagenic and noncarcinogenic and 

also these analogues might have potential activity in the SARS-CoV-2 
disease due to good binding energy and pharmacokinetic properties. 
Moreover, as result of binding free energy calculations, SARS-CoV-2 
Mpro-Maackolin analogue complex showed the highest negative bind-
ing free energy value of − 103.61 kJ/mol, followed by SARS-CoV-2 
Mpro-Gnetifolin F analogue complex with value of − 99.59 kJ/mol. It 
was observed that all SARS-CoV-2-stilbenolignan analogues’ complexes 
had close values for binding free energy. Analysis of the molecular dy-
namic trajectory and MM-PBSA results revealed that all stilbenolignan 
analogues with SARS-CoV-2 Mpro showed good binding with key resi-
dues towards COVID-19 targets. Therefore, it can be considered that the 
in vitro and in vivo studies of these analogues can be done in detail as 
drug candidates against SARS-CoV-2 disease. The stilbenolignan ana-
logues might be suitable drugs for medical applications in drug industry. 
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