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A B S T R A C T   

The recent emergence of the novel coronavirus (SARS-CoV-2) has resulted in a devastating pandemic with global 
concern. However, to date, there are no regimens to prevent and treat SARS-CoV-2 virus. There is an urgent need 
to identify novel leads with anti-viral properties that impede viral pathogenesis in the host system. Esculentoside 
A (EsA), a saponin isolated from the root of Phytolacca esculenta, is known to exhibit diverse pharmacological 
properties, especially anti-inflammatory activity. To our knowledge, SARS-CoV-2 uses angiotensin converting 
enzyme 2 (ACE2) to enter host cells. This is mediated through the proteins of SARS-CoV-2, especially the spike 
glycoprotein receptor binding domain. Thus, our primary goal is to prevent virus replication and binding to the 
host, which allows us to explore the efficiency of EsA on key surface drug target proteins using the computational 
biology paradigm approach. Here, the anti-coronavirus activity of EsA in vitro and its potential mode of inhib
itory action on the S-protein of SARS-CoV-2 were investigated. We found that EsA inhibited the HCoV-OC43 
coronavirus during the attachment and penetration stage. Molecular docking results showed that EsA had a 
strong binding affinity with the spike glycoprotein from SARS-CoV-2. The results of the molecular dynamics 
simulation revealed that EsA had higher stable binding with the spike protein. These results demonstrated that 
Esculentoside A can act as a spike protein blocker to inhibit SARS-CoV-2. Considering the poor bioavailability 
and low toxicity of EsA, it is suitable as novel lead for the inhibitor against binding interactions of SARS-CoV-2 of 
S-protein and ACE2.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic caused by se
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2, 2019- 
nCoV) is an urgent public health emergency and has rapidly spread 
throughout the world [1]. However, there is currently no regimen to 
treat COVID-19. In view of the high mortality rate due to 2019-nCoV, the 
development of effective drugs against 2019- nCoV is essential [2,3]. 
2019-nCoV consists of a spike protein (S), membrane protein (M), en
velope protein (E), and nucleocapsid (N) [4]. 2019-nCoV enters the host 
cell by mediating viral attachment to angiotensin converting enzyme 2 
(ACE2) receptor by the S glycoprotein [5]. The S-protein is made up of 
two subunits, the S1 subunit is involved in host cell receptor recognition 
and is the receptor-binding domain (RBD) and S2 subunit is responsible 
for fusion of the viral membrane and the host cellular membrane [6]. 
Due to the key role of S-protein in the process of SARS-CoV-2 infection, 

this structural component can be used as a drug target mediated by small 
molecule compounds, thus guiding the design and development of new 
therapeutic molecules [7]. It is important to conduct detailed molecular 
analyses and identification of the interaction between the ACE2 receptor 
and S-RBD of SARS-CoV-2, which is essential for the development of 
vaccines or therapeutic drugs for the prevention and treatment of SARS- 
CoV-2 infection [4]. In this study, the crystal structure of ACE2 and S- 
protein complex and the whole genome sequence of SARS-CoV-2 and 
human ACE2 were used to identify the virus binding residues on the 
ACE2 receptor using an in silico structure-based molecular docking and 
simulation approach. These residues of the SARS-CoV-2 S-protein were 
targeted to identify small molecules for the prevention and treatment of 
SARS-CoV-2 infection. 

In addition, we focused on Esculentoside A (EsA, C42H66O16), a 
saponin isolated from the root of Phytolacca esculenta, commonly known 
as a herb for the treatment of bacteria, viruses and inflammation, which 
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is widely used in China [8,9]. Studies have shown that it has strong anti- 
inflammatory, anti-tumor, anti-viral, and immunomodulatory effects 
[8,10–12]. 

We carried out a virtual screening simulation and the results 
demonstrated the therapeutic potential of EsA as an inhibitory agent 
targeting the interaction between S-protein and ACE-2. Thus, the main 
purpose of this study was to assess the anti-viral effect of EsA on the 
binding interactions between the S-protein and ACE2 receptor. The 
pharmacokinetics and pharmacodynamics of EsA were also studied. A 
classical molecular dynamics (MD) simulation study was performed and 
root-mean-square deviation (RMSD), hydrogen bond analysis, root 
mean square fluctuation (RMSF) calculation, radius of gyration (Rg), 
solvent accessible surface area (SASA), principal component analysis 
(PCA), and secondary structure of the protein were calculated to 
determine the stability of the protein–ligand complex. The free energy 
binding using molecular mechanics Poisson− Boltzmann surface area 
(MM-PBSA) and binding free energy, and energy decomposition calcu
lation demonstrated the stability of EsA complexed with the S-protein 
[7]. Finally, the anti-viral activity of EsA in vitro on human coronavirus 
CoV-OC43 was investigated. 

2. Materials and methods 

2.1. Virus strain and cell culture 

Human colon adenocarcinoma cell -8 (HCT-8, ATCC®CCL-244) was 
grown in Dulbecco's Modified Eagle's Medium (DMEM) containing 2% 
fetal bovine serum (FBS) and incubated in a humidified atmosphere of 
5% CO2 at 37 ◦C. Human coronavirus OC43 (ATCC® VR-1558) was 
originally obtained from the American Type Culture Collection (ATCC, 
Manassas, VA 20108, USA). 

2.2. Reagents and compounds 

Esculentoside A [purity ≥98% by high-performance liquid chroma
tography (HPLC)] was obtained from Shanghai Yuanye Biotechnology 
Company (LOT: P09M10S87832, Shanghai, China), were diluted with 
saline to a final concentration of 0.5% Tween 80 and to the required 
concentrations for in vivo and in vitro experiments. 

2.3. Antiviral activity assay 

HCT-8 cells (2.5 × 104/well) were cultured in 96-well plates and in 
serum-free DMEM for 3 days at 37 ◦C. Cells were washed with serum- 
free Medium and infected with 100 μl of 100 mean tissue culture 
infective dose (TCID50) HCoV-OC43 for 2 h at 37 ◦C. After removing the 
virus-containing medium, the cells were treated with various doses of 
EsA (5, 10, or 20 μg/ml) solution in DMEM. All cultures were incubated 
at 37 ◦C for 72 h. All wells were then observed under a light microscope 
to determine cytopathic effect (CPE). To investigate the preventive and 
therapeutic effects of EsA at different stages of HCoV-OC43 replication, 
the effects on HCoV-OC43 infection were determined by three admin
istration scheme: pre-incubation treatment, simultaneous treatment and 
post treatment. 

2.4. Binding interaction analysis of the SARA-CoV-2 S-protein and ACE2 

To study the binding interaction analysis of the SARA-CoV-2 S-pro
tein and ACE2, the crystal structures of SARA-CoV-2 S-protein receptor 
binding domain bound to the ACE2 receptors (PDB ID:6LZG, 6M0J, 
6VW1, and 7A94) were used [13–16]. The crystal structure of spike 
glycoprotein of SARS-CoV-2 (PDB ID: 6XR8) and its receptor ACE2 (PDB 
ID: 1R42) were obtained from the Research Collaboratory for Structural 
Bioinformatics (RCSB) Protein Data Bank [17,18]. The protein docking 
of the S-protein and ACE2 were performed using ZDOCK server (http:// 
zdock.umassmed.edu/) [19]. The docking results of ZDOCK were 

optimized using the protein-protein docking in Rosetta software [20]. 
The docked structures of lowest interface score (I_sc) was selected for 
further analyzed for ACE2 and S-protein interaction using the Ligplot 
software [21]. 

2.5. Molecular docking simulations of EsA and S-protein 

The molecular docking simulations of EsA and S-protein were per
formed using AutoDock Vina software [22]. The ligands were processed 
by autodock tools and transformed into pdbqt format. PyMOL software 
[23] was used to remove the water molecules, phosphate and redundant 
inactive ligands in the target protein. The target protein was hydroge
nated and charged in autodock tools software. Autogrid was constructed 
around the active site defined in the crystal structure and the box of size 
x = 36.8 Å, y = 44.8 Å, z = 36.9 Å were placed over the S-protein in
ternal region belonging to the ACE2, centering around residues (Phe490, 
Tyr489, Arg403, Asn487, Phe486, Gly485, Gly476, Gly502, Ser477, 
Thr478, Gln498, Tyr505, Gly496, Asn501, Tyr449, Asn450, Ser494, 
Leu452, Tyr453, Leu455, Gln493) with a lattice point spacing of 0.0375 
nm. The semi-empirical potential function was used as the energy 
scoring function to search for the conformation and position of small 
molecules and ten independent docking experiments were carried out. 
The docking results were evaluated by scoring the binding affinity (kcal/ 
mol). The best-scoring pose was judged and selected by the Vina docking 
score and visually analyzed using the LigPlot+1.4 software [21] and 
AutoDockTools 1.5.6 software (http://autodock.scripps.edu/). 

2.6. MD simulation of complex with EsA and S-protein 

MD simulation study is one of the effective tools to check the stability 
of the protein-ligand complex. The ligand with highest binding affinity 
scorer among the docking results was selected for further MD simulation 
studies. 

Classical MD simulations of the systems were performed using two 
MD protocols, implemented in the GROMACS (version 5.0) [24] and 
AMBER software packages (http://ambermd.org/index.php) [25] as 
previously described [26]. All simulation work is done on the computer 
workstation: Intel®Xeon ®E5-2680 2.7 GHz CPU, 128 GB memory, 
500GB hard disk, NVIDIA GeForce RTX 2080ti GPU graphics card.  

(i) AMBER: MD simulations were performed using the sander and 
pmemd modules in the AMBER 18 package, and the receptor and 
ligand proteins used the ff14SB force field. The complex was 
placed in a water cube with the center of mass in the center of the 
box. The system was solvated by the TIP3P water model. Suffi
cient numbers of Na + ad Cl− ions were added to neutralize the 
simulation system and further minimized the system by 
employing the steepest descent algorithm of 10,000 steps. NVT 
and NPT equilibration phases were carried for 1000 ps with 2.0 fs 
integration time step at 300 K temperature. After the system was 
in equilibrium, 50 ns MD simulation was carried out. The binding 
energy (ΔG binding) of the inhibitor with protein and the energy 
contribution during the MD simulation were analyzed by the 
AMBER in-built molecular mechanics/Poisson Boltzmann surface 
area (MM-PBSA) procedure during 50 ns simulation. The free 
energy of binding of either substrates/inhibitors with the protein 
was obtained by computing the difference between bound and 
unbound states: ∆ G0

bind,solv = ∆G0solv,complex − (∆G0
solv,ligand +

∆G0
solv,receptor) (http://ambermd.org/tutorials/advanced/tutoria 

l3/index.php). The energy decomposition is calculated by GBSA 
(generalized Born/surface area) method [27]. The formula for 
the interaction energy of S-protein residues is as follows: △G =
△GVDW + △GELE + △GGB + △GGbsur, where, △GVDW and 
△GELE are the van der Waals interaction energy and electrostatic 
interaction energy of each residue in vacuum, respectively; 
△GGB is the polar solvation energy of each residue, which is 
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calculated by the generalized Bonn model; and △GGbsur is the 
nonpolar solvation energy, which is calculated by LCPO model. 
Each energy is divided into the main chain energy contribution 
and the side chain energy contribution of the residue.  

(ii) GROMACS. MD simulations for all systems were also repeated 
using the GROMACS MD package. 

CHARMM36 force field of the inhibitors and proteins were selected 
from CHARMM General Force Field server(https://cgenff.umaryland. 
edu/). The Avogadro program(https://sourceforge.net/projects/ 
avogadro/) was used to add the hydrogens to the heavy atoms. The 
prepared systems were first vacuum minimized for 1500 steps using the 
steepest descent algorithm. Then the structures were solvated in a cubic 
periodic box with water extending 2 Å outside the protein in all sides 
using TIP3P water model [28]. The system was then maintained at an 
appropriate salt concentration of 0.15 M by adding an appropriate 
amount of Na+ and Cl− counter ions. Then, the systems use the steepest 
descent algorithm to minimize the energy by 50,000 steps under sol
vation conditions. Subsequently, the V-type heavy-scale thermostat with 
coupling constant of 0.1 ps was used to gradually heat the system to 
reach 310 K temperature to balance in NVT ensemble. Then, a Parrinello 
Rahman constant with a coupling constant of 0.1 ps was used to main
tain the solvent density at 1 bar and 310 K, and the equilibrium was 
carried out in the NPT ensemble. Finally, 100 ns unconstrained molec
ular dynamics simulation was carried out for the equilibrium system. 
The data generated from the simulation studies were analyzed using 
GROMACS simulation package (a package for molecular simulation and 
trajectory analysis).RMSD(backbone), Hydrogen bond analysis, RMSF 
calculation (Cα), Radius of gyration (Rg), SASA, and secondary structure 
of the protein were calculated using GROMACS utilities such as “gmx 
rms”, “gmx hbond”, “gmx rmsf”, “gmx gyrate”, “gmx sasa”, and “gmx 
do_dssp” respectively. In the RMSD plot, whole trajectory was consid
ered for the analysis (for backbone atoms). While for RMSF, Rg and 
SASA the simulation window with an appreciable stability index was 
considered. PCA was performed to investigate the collective motion of 
proteins [29] and the gmx covar tool was used to generate the covari
ance matrix of backbone atoms for complex. The structural figures were 
visualized using PyMol software. The graphs and plots were generated 
using the Xmgrace tool (Boston, MA,USA). 

2.7. Absorption, distribution, metabolism, elimination and toxicity 
(ADMET) and toxicity prediction by komputer assisted technology 
(TOPKAT) predictions 

Physicochemical properties and pharmacokinetic properties play an 
important role in the discovery of new anti-viral drugs. The EsA was 
submitted to the ADMET and TOPKAT tools of small molecule protocol 
in Discovery Studio software (Acceltrs Software Inc. V2020,USA) for the 
in silico pharmacokinetics and pharmacodynamic studies. The ADMET 

Table 1 
Inhibitory effects of EsA on coronavirus(HCoV-OC43) infection and progeny 
virus production in vitro.  

Administration scheme EsA (μg/ml) Virus-control 

20 10 5 2.5 

Pre-incubation treatment − − − + ++++

Simultaneous treatment − − + ++ ++++

Post treatment − ++ +++ +++ ++++

HCT-8 cells (2.5 × 104/well) were treated with various amounts of EsA (2.5–20 
μg/ml) before, at the same time as, and after inoculation with HCoV-OC43 
coronavirus suspension (100TCID50/well). After incubation for 72 h at 37 ◦C, 
5%CO2, the cell viability was determined by the cytopathic effect (CPE). The 
CPE occurrence was scored using an inverted microscope. “− ”: < 10% CPE; “+”: 
< 25% CPE; “++: < 25% ~50% CPE; “+++”: < 50% ~75% CPE; “++++”: <
75% ~100% CPE. 

Table 2 
Contact residues of the SARS-CoV-2 S-proteine-ACE2 interface.  

Complexes 
(PDB:ID) 

S-proteina Number of 
interactive 
residues in S- 
protein 

ACE2a Number of 
interactive 
residues in 
ACE2 

6LZG 

Gly496, 
Gly502, 
Tyr476, 
Asn501, 
Thr500, 
Ala475, 
Asn487, 
Lys417, 
Gln498, 
Phe456, 
Tyr489, 
Tyr453, 
Leu455, 
Gln493  

14 

Gly354, 
Lys353, 
Arg357, 
Tyr41,Met82, 
Asp355, 
Asn330,Ser19, 
Gln24,Tyr83, 
Thr27,Asp30, 
Leu45,Phe28, 
Asp38,Gln42, 
Glu35,His34  

18 

6M0J 

Asn501, 
Gly502, 
Tyr505, 
Thr500, 
Lys417, 
Tyr449, 
Gly446, 
Gln493, 
Gln498, 
Tyr453, 
Phe456, 
Leu455, 
Tyr489, 
Phe486, 
Asn487, 
Gly496, 
Ala475  

17 

Asn330, 
Lys353, 
Asp355, 
Tyr41,Asp30, 
Gly354, 
Asp38,Leu79, 
Gln42,Lys31, 
His34,Arg357, 
Thr27,Glu37, 
Met82,Phe28, 
Thr83,Glu24  

18 

6VW1 

Tyr489, 
Ala475, 
Phe456, 
Tyr453, 
Gln498, 
Gln493, 
Asn501, 
Thr500, 
Leu455, 
Gly476, 
Tyr449, 
Asn487, 
Tyr505, 
Gly502, 
Gly496, 
Phe486  

16 

Thr27,Phe28, 
Leu45,Ser19, 
Gln42, 
Asn330, 
His34,Glu35, 
Lys31,Tyr41, 
Arg357, 
Asp355, 
Leu79,Glu24, 
Glu37,Asp38, 
Tyr83,Lys353, 
Met82  

19 

7A94 

Phe486, 
Phe456, 
Asn487, 
Gly502, 
Gly476, 
Ala475, 
Tyr505, 
Asn501, 
Leu455, 
Gln498, 
Gln493, 
Thr500  

12 

Gln24,Met82, 
Tyr79,Phe28, 
Ser19,Glu23, 
Thr27,Lys353, 
Lys31,His34, 
Tyr41, 
Arg357,Glu35  

13 

6XR8-1R42 

Phe490, 
Tyr489, 
Arg403, 
Asn487, 
Phe486, 
Gly485, 
Gly476, 
Gly502, 
Ser477, 
Thr478, 
Gln498, 
Tyr505,  

21 

Pro135,Val49, 
Gln175, 
Leu162, 
Glu166, 
Pro490, 
Asn159, 
Gly130, 
Tyr158, 
Ser170, 
Glu171, 
Tyr613, 
Thr125,  

24 

(continued on next page) 
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study included parameters such as human intestinal absorption, aqueous 
solubility, blood–brain-barrier penetration (BBB), cytochrome CYP2D6 
inhibition, plasma protein binding (PPB) and hepatotoxicity. The TOP
KAT study included parameters such as animal models such as rat oral 
LD50, ocular irritation, skin irritancy, skin sensitization, weight of evi
dence carcinogenicity(WOE_prediction), rat inhalational LC50 and Ames 
mutagenicity. All these models were developed and validated based on a 
quantitative-structure toxicity relationship (QSTR) [30]. In addition, the 
chemical informatics analysis of EsA was carried out by SwissADME 
program (http://www.swissadme.ch/index.php) [31] and FAF-Drugs4 
software (https://fafdrugs4.rpbs.univ-paris-diderot.fr/). 

3. Result 

3.1. Assessment of EsA anti-coronavirus ability in vitro 

We examined the inhibitory effects of EsA on HCoV-OC43 corona
virus infection and progeny virus production in vitro in three different 
scheme, as shown in Table 1. HCT-8 cells infected with HCoV-OC43 
coronavirus microscopically showed cytopathic effect (CPE), including 
cell rounding, detachment and death. 5–20 μg/ml EsA significantly 
reduced CPE caused by infected HCT-8 cells. Treatment with EsA (5–20 
μg/ml) before inoculation of coronavirus (HCoV-OC43) to HCT-8 cells 
resulted in a 10% less CPE (Table 1). The results showed that EsA could 
protect HCT-8 cells from virus infection. 

3.2. Interaction of SARS-Cov-2 spike protein with human ACE2 receptor 

The crystal structures of SARS-Cov-2 S-protein and its receptor ACE2 
complex have been solved, such as 6LZG, 6M0J, 6VW1, and 7A94. By 
performing protein-protein docking, we obtained an interactive com
plex structure for S-protein of 2019-nCoV with ACE2. We further 
analyzed the interactions to examine the binding ability of S-protein to 
ACE2. 

The contact between the ACE2 and the S-protein involve the inter
face region of RBG of S-protein. In these complexes, there are 14 
(6LZG),17(6LZG),16(6LZG) and 12(6LZG) amino acid residues in 2019- 
nCoV RBD that are directly in contact with ACE2. The interface region 
between the S-protein (6XR8) and ACE2(1R42) had the maximum 
number of residues in direct contact with ACE2 in the 2019-nCoV RBD 
(Table 2). 

A total of 21 residues of the RBD of 2019-nCoV were in stable and 
efficient contact with 24 residues of the ACE2 receptor (Figs. 1–2, 
Table 2). An important feature of the S-RBD-CoV-2/ACE2 interface is the 

Table 2 (continued ) 

Complexes 
(PDB:ID) 

S-proteina Number of 
interactive 
residues in S- 
protein 

ACE2a Number of 
interactive 
residues in 
ACE2 

Gly496, 
Asn501, 
Tyr449, 
Asn450, 
Ser494, 
Leu452, 
Tyr453, 
Leu455, 
Gln493, 

Pro612, 
Ala614, 
Asp615, 
Leu143, 
Lys131, 
Thr129, 
Cys141, 
Gln139, 
Pro138, 
Cys133, 
Val132  

a Analyzed in the Ligplot program.  

Fig. 1. The S-protein interacts with the ACE2 receptor.  
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Fig. 2. The molecular interactions of S-protein and ACE2, and molecular binding site interactions of EsA docked to 2019-nCoV.  

Fig. 3. The details of the binding between EsA and S-protein (A), and the structures of complex of S-protein (B) and EsA(C).  
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number of hydrophilic interactions and hydrogen bonds (HBs) detected 
in the relevant crystal structures (Fig. 1). The hydrogen bonds (HBs) and 
3 salt bridges (SBs) stably populate the S-protein CoV-2/ACE2 interface 
(Fig. 1). As atomistic structural and energetical information would 
greatly improve our understanding of interaction between the viral S- 
protein RBD and its cellular ACE2 receptor, providing fundamental in
dications about important protein targets for the molecular docking . A 
receptor grid-box was generated by centering around residues in 2019- 
nCoV S-protein that are directly in contact with ACE2(Fig. 2). 

3.3. Molecular docking of EsA with 2019-nCoV S-protein 

The molecular docking was performed to investigate the potential 
binding between S-protein and EsA. In this study, we selected the 
centering around residues in 2019-nCoV RBD that are directly in contact 
with ACE2 as the molecular binding site (Fig. 3). 

The binding energy of EsA was summarized in Table 3. The docking 
energy of EsA was − 13.1 kcal/mol. The contributions of different en
ergies were analyzed to further dissect the docking energy. In the 
interaction between S-protein and EsA, van der Waals's interaction, 
hydrogen bond (H-bond), desolvation energy and electrostatic energy 
were the main parts. The vdW + Hbond+desolv energy of EsA was 
− 24.19 kcal/mol and electrostatic energy was − 5.485 kcal/mol in the 
docking results (Table 3). All results showed that EsA had better binding 
ability to S-protein. 

The binding pocket of EsA was located in the RBD site, which has 
been observed to be an acceptor for ACE2. EsA fitted well with the shape 
of the pocket, as shown in Fig. 3A–B. To further understand the details of 
S-protein binding to EsA, the interaction of S-protein with EsA was 
visualized in a two-dimensional plot (Fig. 4), which formed a total of six 

Table 3 
The energies for the binding between EsA and S-protein.  

Molecules vdW +
Hbond+desolv 
energy (kcal/ 
mol) 

Electrostatic 
energy 
(kcal/mol) 

Total 
binding 
energy 
(kcal/ 
mol) 

The best 
docking 
energy 
(kcal/ 
mol) 

Binding 
free 
energy 
(kcal/ 
mol) 

EsA − 24.19 − 5.485 − 42.899 − 13.1 − 24.81  

Fig. 4. The interaction between EsA and S-protein receptors.  
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hydrogen bonds. The abundant H-bonds indicated that H-bonds play an 
important role in the binding of EsA to S-protein. The residues of the S- 
protein receptor, namely Arg-594 (bond length: 3.21 Å), Pro-595 (bond 
length: 3.26 Å), Tyr-141 (bond length: 2.69 Å), Asn-142(bond length: 
3.15 Å), and Arg-238 (bond length: 2.80 and 2.63 Å), formed five 
hydrogen bonds with EsA. These results showed that EsA bound to the 
receptor in the active pocket, forming a stable complex that inhibited the 
activity of the S-protein. 

3.4. The dynamics stability MD simulation of EsA with S-protein 

EsA showed good binding ability to S-protein in molecular docking 
test. During the MD simulation, EsA and S-protein also showed stable 
binding in the binding pocket during the simulation period (Fig. 5). 

3.4.1. MD trajectory stability analysis 
The RMSD of MD simulation trajectory is an important basis to 

measure whether the system is stable or not. It was found that the larger 
the RMSD value, the greater the molecular position variation; the 
smaller the RMSD value, the greater the molecular position variation 
and the more stable the system. Therefore, it is an important basis to 
measure whether the system is stable or not [32]. To test the stability of 
the MD trajectory, a molecular dynamics simulation of 100 ns was 
performed on the complex with EsA and S-protein. Taking the initial 
protein conformation of the crystal as a reference, the variation trend of 
the RMSD of the backbone atoms in the protein was analyzed with the 
simulation time, and the stability of the protein conformation of the 
complex system was investigated. There is a small change in the position 

of the ligand relative to the protein(Fig. 6). The binding pose was well 
maintained during the simulation, suggesting that the presence of EsA 
changed the conformation of the protein and that the overall range of 
change was small (Fig. 6A). This is mainly because EsA stabilized the 
overall conformation of the S protein, thus better maintaining the 
original conformation of the protein. The RMSD value reached the 
maximum at about 30 ns and then gradually balanced (Fig. 6B). After 
equilibration, the RMSD value ranged from 0.218 nm to 0.461 nm and 
the average RMSD value was 0.325 nm. Compared with the initial 
protein crystal conformation, complex system of EsA-S-protein changed 
very little (Fig. 6C). Both time series show the RMSD levels off to ~0.1 
nm, indicating that the structure is very stable. Subtle differences be
tween the plots indicate that the structure at t = 0 ns is slightly different 
from this crystal structure. The RMSD level of the two time series almost 
overlaps, indicating that the structure is very stable. 

To study the fluctuation of amino acid residues in S-protein, the 
RMSF of Cα atoms for each residue of S-protein was calculated during 
molecular dynamics simulation (Fig. 6D). The average RMSF value of 
amino acid residues in the complex was 0.146 nm and most of the res
idues fluctuated at lower values. In general, the RMSF profile shows 
fluctuations at the loop regions with ligand. The RMSF of EsA showed a 
fluctuation with a high peak at regions 29–54, 119–123, 321–325 and 
408–412 of S-protein. Apart from these, no obvious conformational 
fluctuations were observed in the active site and the binding residues 
with EsA were very stable. 

3.4.2. Radius of gyration (Rg) 
To understand the influence of inhibitors on protein compactness, we 

Fig. 5. Molecular dynamics structures at 5 ns (A), 10 ns (B), 30 ns (C) and 50 ns (D), and superimposed structures of EsA with S-protein, showing the position of the 
binding pocket over the stimulation period. 
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calculated radius of gyration (Rg) of the protein. The radius of gyration 
of a protein is a measure of its compactness which is greatly influenced 
by the combination of secondary structures (alpha and beta proteins). If 
a protein is stably folded, it will likely maintain a relatively steady value 
of Rg. If a protein unfolds, its Rg will change over time. As can be seen 

from the plot of Rg values over time, the protein maintains a very stable 
compact (folded) form over the course of 100 ns, indicating that the Rg 
of the system is very stable after EsA binding to the protein (Fig. 7). The 
value of Rg in the complex is between 0.2484 and 2.659 nm, with an 
average value of 2.590 nm. It reaches the maximum value at about 10 ns 
and then gradually balances (Fig. 7). 

3.4.3. Hydrogen bond analysis 
Hydrogen bonding is an important force in substrate recognition and 

in maintaining the stability of proteins and ligands. The hydrogen bond 
formed between S-protein and EsA was analyzed by GROMACS pro
gram. The geometric criterion for hydrogen bond is that the angle be
tween hydrogen donor receptor is not more than 30◦ and the distance 
between donor receptor is not more than 0.3500 nm. In order to analyze 
the hydrogen bonding during the simulation more visually, we analyzed 
the number, length and angle of the hydrogen bonds. During the simu
lation, the hydrogen bond numbers varied between the EsA and S-pro
tein were recorded and plotted in Fig. 8A. EsA showed stable hydrogen 
bond interactions with S-protein during the simulation period, with 1–3 
hydrogen bonds, and the highest number reached 5 hydrogen bonds. 
These results show that the hydrogen bond interaction between EsA and 
S-protein was very stable and continuous. 

The angle of hydrogen bond fluctuates in the range of 0.5◦–29.5◦ and 
the average hydrogen bond angle was 15◦ (Fig. 8B). The bond length of 
hydrogen bond fluctuated in the distance of 0.242–0.347 nm, and the 
average length of hydrogen bond was 0.295 nm (Fig. 8C). The above 
results showed that the hydrogen bonds between S-protein and EsA were 

Fig. 6. MD simulation trajectory analysis. (A) RMSD change of LIG_Heavy atoms in MD simulation. (B) RMSD change of S-protein backbone atoms in MD simulation. 
(C) Change of backbone RMSD of complex system relative to crystal structure position with simulation time. (D) RMSF of residues in the protein during dynamics 
simulations. 

Fig. 7. Plot of radius of gyration varies with time.  

M.-S. Zeng et al.                                                                                                                                                                                                                                



International Journal of Biological Macromolecules 183 (2021) 2248–2261

2256

relatively stable and strong during the simulation, which played an 
important role in the stability of the complex. 

3.4.4. Secondary structure analysis 
Time evolutions of secondary structural units were also analyzed 

using DSSP, GROMACS result analysis module, as shown in Fig. 9. It was 
observed that the secondary structure of amino acid residues existed 
mainly in the form of α-helix during the period of 50–100 ns. With the 
progress of simulation, the secondary structure mainly transformed 
between coil, β-sheet, bend and turn. Finally, the secondary structure 

Fig. 8. Inter-molecular H-bond for complex of EsA-S-protein. (A) Plot of hydrogen bond number varies with time. (B) Plot of hydrogen bond angle varies with time. 
(C) Plot of hydrogen bond distance varies with time. 

Fig. 9. Secondary structure changes of complex.  
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was stable in the form of bend. It can be seen that the presence of ligands 
stabilized the secondary structure of S-protein, but also caused changes 
in the secondary structure of the residues. 

3.4.5. Solvent accessible surface area (SASA) analysis 
The solvent exposed surface area of a protein was analyzed using 

SASA, which the interaction of proteins with various solvents and li
gands depends primarily on their surface properties. The total solvent 
accessible surface area of the complexes ranged from 263.125–301.527 
nm with an average of 287.17 nm and was relatively stable during the 
simulation (Fig. 10). These results indicated that the interaction be
tween EsA and S-protein has little effect on the solvent accessible area of 
protein structure. 

3.4.6. Binding energy and energy decomposition analysis 
The binding energy and the energy contribution were analyzed by 

the MM-PASA program during the 50 ns simulation (Fig. 11). The 
binding energy of S-protein with EsA was − 13.12 kcal/mol. The residue 
TPR503 in the complex of EsA-S-protein contributed the most to the 
binding energy (<− 4.0 kcal/mol) and PRO-241 and Arg-238 were also 
the main primary contributors (Fig. 11). Most of the residues involved in 
the contribution to the binding energy were consistent with the major 
residues in the above docking results. 

A molecular simulation approach was used to study the binding 
properties of EsA to S protein to explain its antiviral molecular mecha
nism. Binding free energy of S-protein with EsA was over − 24.81 kcal/ 
mol (Table 2). According to the trajectories, the RMSF of EsA binding 
with S-protein is shown in Fig. 6B. In general, the RMSF profile shows 
fluctuations at the loop regions with ligand. The RMSF of EsA showed a 
fluctuation with a high peak at regions 29–54, 85–99, 109–147, 
270–290 and 475–482 of S-protein. Apart from these, no obvious 
conformational fluctuations were observed in the active site and the 
binding residues with EsA was very stable. 

In order to study the binding mechanism of S-protein and EsA, the 
GBSA module of AMBER 18 software was used to calculate the inter
action between EsA and the residues of S-protein. The energies decom
position of the main residues was shown in Table 4. 

It can be seen from Table 4 that the binding free energy of EsA with 
the residues of TPR593, PRO241, SER240 and ARG238 were greater. 
The contribution of each residue on the receptor to the binding energy 
was smaller than that on the ligand. Although PRO241 had smaller van 
der Waals interaction energy (− 1.664 kcal/mol) and the smallest polar 
solar energy (− 0.435 kcal/mol), the contribution of PRO241 (− 2.023 
kcal/mol) ranked second in the contribution of receptor residues due to 
the larger electronic interaction energy (0.467 kcal/mol) on the side 
chain. TPR593 (− 3.280 kcal/mol) contributed the most to the binding 
free energy of the receptor with smaller van der Waals interaction en
ergy (− 2.664 kcal/mol) and the smallest non polar solar energy 
(− 0.358 kcal/mol) on its side chain, which was offset by its larger polar 
solar energy (2.586 kcal/mol). The ligand makes the largest contribu
tion to the binding free energy (− 13.123 kcal/mol), mainly from the van 
der Waals interaction energy (− 18.707 kcal/mol) and the electro
chemical interaction energy on the side chain (− 2.743 kcal/mol). As 
found in the molecular docking structure, the whole ligand was trapped 
like a key in the cavity composed of TRP593, SER240, PRO241, 
ARG238, etc. (Fig. 3). The above energy decomposition results well 

Fig. 10. Plot of solvent accessible surface area (SASA) of complex.  

Fig. 11. Residue binding energy contribution of EsA-S-protein complex. The marked residues contribute to the binding energy values ≦− 4.0 kcal/mol.  
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Fig. 12. Principal components analysis (PCA) of MD trajectory. (A) Cross- 
correlation matrix of Cα atom fluctuation near its corresponding average po
sition after equilibrium. The matrix shows the covariance between atoms. Red 
indicated that two atoms moved in the same direction, while blue indicated that 
they moved in opposite directions. The depth of red indicated the amplitude of 
the wave. (B) 2D-projection of the atomic motion of complex in phase space 
along the first two principal eigenvectors. (C) Eigenvector index obtained from 
the Cα covariance matrix constructed in the equilibrium phase of MD simula
tion. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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validated the binding mode of S-protein and EsA. These results provided 
clues for the rational design of inhibitors based on the S-protein 
structure. 

3.4.7. Principal component analysis (PCA) 
The PCA was performed to analyze the atomic motions of S-protein 

alone and in the presence of compounds using Cartesian coordinates of 
the Cα atoms. The principal motion was used to get insight into the 
correlated motion of a protein characterized by eigenvector and 
eigenvalues. 

We calculated the cross-correlation matrix describing the fluctuation 
of protein Cα atoms to further explore the effect of EsA binding on the 
internal dynamics of S-protein, as shown in Fig. 12. The matrix showed 
the covariance between atoms. Red indicated that two atoms moved in 
the same direction, while blue indicated that they moved in opposite 
directions. The depth of red indicated the amplitude of the wave. The 
combination of EsA had a significant effect on the motion mode of S- 

protein (Fig. 12A). The first two eigenvectors accounted for the signif
icant amount of overall motion of complex, thus first two eigenvectors 
were selected for the analysis. The PCA highlight that complex covered a 
larger phase space along PC1 and PC2 (Fig. 12B). Fig. 12C showed the 
relationship between the eigenvalue and the eigenvector index after 
diagonalization of the covariance matrix constructed by atomic co
ordinates. The results showed that the complex of S- protein and EsA 
decreased in exercise intensity and maintained a relatively stable 
structure. 

3.5. Computational pharmacoinformatic study on EsA 

Estimation of ADMET properties for EsA using Discovery Studio 
software are given in Table 5. We evaluated EsA absorption, distribu
tion, metabolism and excretion in five aspects: water solubility, BBB, 
PPB, hepatotoxicity and human intestinal absorption. The absorption 
profile is directly related to the availability of drug in systemic circu
lation. The ADMET results revealed that EsA exhibited poor intestinal 
absorption and water solubility. Distribution of drugs to the various 
tissue and organs guaranteed its better treatment efficiency. EsA has low 
blood–brain barrier penetration and Plasma-Protein Binding. The drug 
metabolism analysis suggested that EsA was predicted as either non- 
inhibitors of CYP2D6 enzymes or non-toxicity for hepatocytes. Over
all, EsA is non-toxic to hepatic cells, non-inhibitors of a metabolic 
enzyme (CPYD26), and exhibit very high to medium penetration across 
the BBB and PPB (Table 5). 

Further, EsA was also evaluated for its carcinogenicity and hepato
toxicity (Table 6). Quantitative-structure toxicity relationship (QSTR)- 
based toxicity parameters such as rat (TD50), rat_oral (LD50), rat_
inhalation_ fathead minnow (LC50), Skin sensitization, Skin irritancy, 
and Ocular irritancy are summarized in Table 6. The pharmacodynamic 
models of EsA are free from carcinogens and mutagens in silico. EsA 
showed weak skin sensitization but moderate-to-severe irritation to the 
skin and eyes (Table 6). In a short, EsA possess poor bioavailability and 
low toxicity and carcinogenicity. 

SwissADME and FAF-Drugs were employed to perform chemical in
formatic analyses to further evaluate the drug abilities, and Lipophilicity 
of EsA. The results were showed in Table 7 and Fig. 13. The logarithm of 
the partition coefficient between water and 1-octanol (known as log P) 
of EsA was 1.72, less than five, and the values of Log Po/w, Log Po/w, Log 
Po/w, Log Po/w, Log Po/w, Consensus Log Po/w were 3.92, 0.83, 0.62, 
− 0.62, 0.21 and 0.99 respectively, which indicated that EsA was a lip
osolubility drug with good absorption. These results indicated that EsA 

Table 5 
Computational pharmacokinetic parameters (ADMET) properties of EsA.  

Compounds MW Aqueous solubility 
level 

Blood-brain barrier 
(BBB) 

Cytochrome (CYP-2D6) 
binding 

Hepato-toxicity Intestinal absorption 
level 

Plasma-protein binding (PPB) 
prediction 

EsA 826.9 2 (Yes, low) 4 (very low) False (non-inhibitor) FALSE (non- 
Toxic) 

3 (very poor) False (poorly bounded)  

Table 6 
Computational toxicity risk assessment parameters (DS TOPKAT, Accelrys, USA) OF EsA.  

Compounds Rat oral LD50 
(g/kg) 

TOPKAT_Rat_inhalational_LC50 (mg/ 
m3/h) 

TOPKAT_Ames 
mutagenicity 

TOPKAT_WOE_prediction Skin 
sensitization 

Skin 
irritancy 

Ocular 
irritancy 

EsA 3.15164 1.35905 Non-mutagen Non-carcinogen Weak Moderate Severe  

Table 7 
The chemical informatics analyses of EsA.  

Molecules LogP Log Po/w 

(iLOGP) 
Log Po/w 

(XLOGP3) 
Log Po/w 

(WLOGP) 
Log Po/w 

(MLOGP) 
Log Po/w 

(SILICOS-IT) 
Consensus Log Po/w 

EsA 1.72 3.92 0.83 0.62 − 0.62 0.21 0.99  

Fig. 13. Bioavailability radar of EsA. The colored zone is the suitable physi
cochemical space for oral bioavailability. LIPO(Lipophilicity):− 0.7 < ALOGP3 
< +5.0; SIZE:150 g/mol < MV < 500 g/mol; POLAR(Polarity):20 Å2 

< TPSA 
<130 Å2; INSOLU(Insolubility):0 < Log S (ESOL) < 6; INSATU (Insatura
tion):0.25 < Fraction Csp3 < 1; FLEX(Flexibility): 0 < Num.rotable bonds <9. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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had low gastrointestinal tract absorption and no probability of pene
tration into the CNS via the BBB. 

4. Discussion 

2019-nCoV results in a wide spectrum of life-threatening symptoms 
in patients, mainly affecting the respiratory and gastrointestinal sys
tems, which is based on the S-protein protruding from the viral envelope 
[33–35]. There are no approved vaccines or drugs that are effective 
against this deadly strain of the virus. Thus, there is an urgent need to 
manage the situation by identifying potential inhibitors of 2019-nCoV. 
This preliminary study was carried out to identify effective inhibitors 
of the 2019-nCoV spike glycoprotein. 

Esculentoside A, a triterpene saponin, was isolated from the root of 
the perennial herb, Phytolacca esculenta [36]. It was previously found 
that EsA has activity in regulating immune response, inhibiting cell 
proliferation and apoptosis, and anti-inflammation [12,37,38]. In 
particular, EsA has strong anti-inflammatory activity, and inhibits pro- 
inflammatory factors and inflammatory cytokine production in vitro 
and in vivo [39–41]. This in silico and in vitro study also suggested that 
EsA is a bioactive compound against the S-protein of 2019-nCoV. 

We found that EsA had an inhibitory effect on the human CoV-OC43 
coronavirus during the attachment and penetration stage. The inhibitory 
effect of EsA on coronavirus was high both before and upon viral inoc
ulation, but was low after viral inoculation. EsA inhibited viral repli
cation when added before viral adsorption. 

SARS-CoV-2, which causes COVID-19 disease, uses the fusion spike 
glycoprotein to penetrate into the host cell via ACE2, a transmembrane 
protein expressed on the surface of lung alveolar cells. This results in a 
major immune inflammatory response. Deaths are due to respiratory 
failure, which has been linked to a cytokine storm with high serum levels 
of pro-inflammatory cytokines and chemokines [42]. As this interaction 
is essential for SARS-CoV-2 entry into the host cell and infection, drugs 
targeting S-protein–ACE2 interface protein-protein interactions could 
potentially inhibit virus entry into host cells and thus, may provide a 
solution for controlling SARS-CoV-2 infections [2]. 

In this study, the interaction between EsA and the S-protein was 
studied using a molecular docking and MD simulation. The docking 
results of EsA with S-protein showed that the ligand and receptor formed 
a stable complex. The MD simulation of this complex system was carried 
out using GROMACS. Then, RMSD, hydrogen bond, RMSF, Rg, SASA, 
secondary structure of the protein, PCA and binding free energy and 
energy decomposition calculation were used to analyze the complex 
system after the dynamic simulation. The results showed that the com
plex system of EsA and S-protein demonstrated less fluctuation and 
formed a low-energy dynamic equilibrium state during the MD simula
tion. The ligand EsA can limit the conformation of S-protein, and play a 
key role in controlling the changes in protein secondary structure, core 
distance of the key residual matrix, etc., resulting in a stable EsA-S- 
protein complex. The results of PCA showed that motion of the com
plex system was not obvious during the simulation process. Following 
simulation, EsA forms stable hydrogen bonds with some important 
residues at the active site of S-protein. EsA can not only form hydrogen 
bonds with Arg594, Pro595, Tyr141, Asn142, and Arg238, but also form 
key hydrophobic interactions with Asp592, Trp593, Tyr596, Ser237, 
Ala597, Arg238, Leu145, Val474, Tyr596, and Ser237 in the active 
pocket, which makes it stable in the active pocket. It was found that van 
der Waals energy, electrostatic interaction energy and nonpolar solva
tion energy are favorable for the binding of EsA with S-protein. During 
the MD simulation, the main residues Trp593, Ser240, Pro241, Arg238, 
Tyr505, Asn501, Gln498, and Thr500 near the active pocket play an 
important role in binding the inhibitor with the S-protein. The results of 
the bioactivity test, molecular docking and binding energy calculation of 
MM-PBSA were consistent. These results provide an important theoret
ical basis for further understanding of the anti-viral mechanism of EsA 
on the S-protein. 

Our docking results demonstrated that EsA has an inhibitory effect 
on the S-protein. EsA is a triterpene saponin derived from the root of 
Phytolacca esculenta, which has been traditionally used in China for the 
management of various disease such as inflammation, fever, and treat
ment of infections, and autoimmune disorders such as arthritis [36]. EsA 
is also a well-known regulator of various interleukins, chemokines, and 
cytokines. Recent studies have shown that the levels of tumor necrosis 
factor-α, interleukin-1, interleukin-6, nitric oxide, and interferons were 
elevated in patients with SARS-CoV-2 [43]. Therefore, EsA can be used 
as an alternative therapy for the management of various signs and 
symptoms associated with SARS-CoV-2 infection. 

We further analyzed the ADMET and TOPKAT of EsA. According to 
the Lipinski rule for drug-likeness, any drug molecule with MW ≥ 500 g/ 
mol, hydrogen-bond-donating atoms ≥5, and hydrogen-bond-accepting 
atoms ≥10 is not considered a good pharmaceutical agent in terms of 
oral activity. As EsA did not meet 3 of the 5 criteria of Lipinski's rule, EsA 
was considered not to have drug-likeness and would have problems with 
oral bioavailability. EsA is a liposoluble drug with good absorption, and 
is a safe compound. Therefore, designing an attachment inhibitor from 
EsA may provide a safe and effective method for combating SARS-CoV-2 
infection. The findings in the present study could facilitate the use of EsA 
as a useful lead for drug structure transformation of potent anti-viral 
agents for the prevention and treatment of SARS-CoV-2. In the future, 
we aim to perform clinical, in vitro, and in vivo experiments to confirm 
the efficacy of EsA against SARS-CoV-2. 

5. Conclusion 

In conclusion, EsA could act as a spike protein blocker to inhibit 
SARS-CoV-2. Considering the pharmacokinetic and toxicity of EsA, It is 
suitable for EsA as novel lead for the drug structure transformation of 
inhibitor against the S-protein of SARS-CoV-2. 
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