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A B S T R A C T   

The novel coronavirus disease has spread rapidly and caused sustained pressure on economic and medical re-
sources to many countries. Vaccines and effective drugs are needed to fight against the epidemic. Traditional 
Chinese Medicine (TCM) plays an important and effective role in the treatment of COVID-19. Therefore, the 
active components of TCM are potential structural basis for the discovery of antiviral drugs. Through screening 
by molecular docking, Oleanolic acid, Tryptanthrin, Chrysophanol and Rhein were found to have better spike 
protein and ACE2 inhibitory activity, which could block the invasion and recognition of SARS-CoV-2 at the same 
time, should be investigated as antiviral candidates.   

1. Introduction 

The novel coronavirus disease (COVID-19) which was caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Vogl 
et al., 2021) has brought out a worldwide epidemic (Hanaei and Rezaei, 
2020) since its outbreak in 2019. SARS-CoV-2 is an enveloped 
positive-sense RNA single-stranded β-CoV (Facchetti et al., 2020), 
similar to severe acute respiratory syndrome of coronavirus (SARS-CoV) 
or the middle east respiratory syndrome-related coronavirus (MER-
S-CoV) in 2003 and 2012 (Mohamed et al., 2021). COVID-19 has caused 
persistent economic and medical pressure to many countries. Vaccine 
and effective drugs are the key tools to fight against COVID-19, espe-
cially in face of the continuous emergence of virus mutants. 

The genomic RNA of SARS-CoV-2 is 29.9 kb, in which there are 11 
open reading frames (ORF). ORF1a and ORF1ab encode the replicase 
polyproteins which are processed into approximately 15 non-structural 
proteins (Hussain et al., 2005). Other ORF is responsible for the pro-
duction of four structural proteins (spike protein, nucleocapsid protein, 
membrane protein, and envelope protein) (Khailany et al., 2020). The 
spike protein (S) is a trimeric transmembrane glycoprotein, each 
monomer consists subunits S1 and S2. 

The renin-angiotensin-aldosterone system (RAAS) is the major 
mechanisms of hypertension (Navar, 2010). Angiotensin converting 
enzyme (ACE) secreted by the lungs and the epithelial cells is the main 
regulator of RAAS, cleave the short peptide angiotensin I to angiotensin 

II which leads to arterioles constriction and blood pressure increase (Yee 
et al., 2010). Angiotensin-converting enzyme 2 (ACE2) distributed at the 
cellular surface of tissues, is a transmembrane protein with the extra-
cellular N-terminal and intracellular C-terminal domains (Serfozo et al., 
2020). The structure of ACE2 consists transmembrane domain, Zn2+

binding domain and a signal peptide (Donoghue et al., 2000). ACE2 is a 
potential regulator of RAAS (Gheblawi et al., 2020), which could 
convert Ang II to Angiotensin (1–7) (Vickers et al., 2002). ACE2 plays a 
protective role in reducing hypertension and activating 
anti-inflammatory pathways after tissue injury (Santos et al., 2018). 
ACE2 is the main receptor of SARS-CoV-2. Besides ACE2, DPP-4 may 
also be utilized by spike glycoproteins as entry receptor (Vankadari and 
Wilce, 2020). The first step for the invasion of virus is binding to ACE2 
(Singh et al., 2021), followed by the division of S1 / S2 subunit (Ren 
et al., 2006) which priming the integration of the virus and host cell 
membranes (Çakır et al., 2021). The receptor-binding domain (RBD) of 
SARS-CoV-2 located in S1 subunit, includes a core domain known as the 
receptor-binding motif (RBM). RBM binds to the viral binding motif of 
ACE2 (Li, 2015), and mediates the recognition of virus to receptor ACE2 
(Wan et al., 2020). SARS-CoV-2 recognizes ACE2 with RBD of S1, and 
downregulates the expression of ACE2 (Suh et al., 2021). 

SARS-CoV-2 and SARS-CoV use the same entry receptor ACE2 
(Hoffmann et al., 2020), however, the binding affinity of SARS-CoV-2 
for ACE2 receptor appears to be 10 times stronger (Malhotra et al., 
2020). Compared with SARS-CoV, SARS-CoV-2 is more infectious. In the 
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SARS-CoV-2 infection, viral entry into the host cells depends on the 
presence of ACE2 and transmembrane protease serine type 2 
(TMPRSS2). Cells with a relatively high expression of ACE2 should be 
considered as potential SARS-CoV-2 infection sites (Wu et al., 2020). 
Higher ACE2 expression is correlated with higher SARS-CoV-2 viral 
infectivity (Ou et al., 2020). Since ACE2 serves as the main entry point 
for SARS-CoV-2 infection, more severe symptoms may be related to 
higher viral load in affected cells due to easier viral entry (Yang et al., 
2020). So targeting ACE2 expression can be used as a treatment for 
COVID-19 (Swaminathan et al., 2021). Inhibition the entry of 
SARS-CoV-2 into the host cell via the ACE 2 receptors maybe an effective 
strategy to antagonize COVID-19 (Lu et al., 2020). ACE inhibitors have 
been used in the treatment of hypertension. ACE2 and ACE share the 
similar protein sequences (Mehrabadi et al., 2021), however, the ACE 
inhibitors could not block ACE-2 (Tipnis et al., 2000). ACE inhibitors 
have been reported to increase ACE2 expression in RAAS (Oz et al., 
2021). Therefore, it is necessary to find specific antagonists against 
ACE2 to resist SARS-CoV-2 infection. Several key residues of ACE2 may 
affected the interaction with spike protein of SARS-CoV-2. The N720D 
variant of ACE2 affected the stability and flexibility by increasing the 
level of motion in the loop region, resulting in a more favorable site for 
TMPRSS2 (Mohammad et al., 2020). ACE2 residues E564, R559, N556 
were found in the interaction with spike protein (Rui et al., 2020). The 
S1 subunit of CoV could be further divided into an N-terminal domain 
(NTD) and a C-terminal domain (CTD), both NTD and CTD can be used 
as RBD to recognize the receptor of host cell. As to SARS-CoV-2, the viral 
CTD was applied to binding with ACE2 (Wang et al., 2020). The RBM has 
a high degree of structural plasticity to accommodate amino acid 
changes without disrupting ACE2 binding (Thomson et al., 2021). There 
are few variations at the RBM that drastically alter the binding affinity of 
RBD to the ACE2 in SARS-CoV2 (Chakraborty, 2021). 

Traditional Chinese medicine (TCM) has been used to reduce 
symptoms and slow down the course of COVID-19 (Ren et al., 2021). The 
effectiveness and importance of TCM during the treatment of 
SARS-CoV-2 infection has already been demonstrated (Wang and Yang, 
2021). A lot of plants belonging to TCM with natural antiviral effect, 
such as Forsythia suspense, Isatis root, Schisandra chinensis, Licorice 
and Lithospermum, etc. Quercetin distributed in a variety of TCM and 
vegetables is a flavonoid compound with anti-viral activity against a 
variety of viruses (Wenjiao et al., 2016; Huang et al., 2020). Glycyrrhizic 
acid is a compound isolated from the TCM licorice with significant 
antiviral and bactericidal effects (Farag and Wessjohann, 2012). 
Andrographolide is a component of TCM with wide biological activities 
including immunity regulation, antivirus, antibacterial (Kishore et al., 
2016). Schizandrin, Ursolic acid and Baicalin (Ishfaq et al., 2019) also 
have different antioxidant, antiallergic and antiviral activity (H-y et al., 
2015). In addition, Coumarin (Chen et al., 2018) and Radix Isatidis (Xiao 
et al., 2014) are also active ingredients with antiviral effect. 

SARS-CoV2-ACE2 binding-directed approaches mainly consist of 
targeting receptor binding domain, and the domain is relatively con-
servative, which can be used as drug design targets. A putative target on 
the host transmembrane to interfere with the virus RBD is a potential 
site. Blocking or manipulating the SARS-CoV2-ACE2 binding interface 
may offer the best method to fight against the virus (Sharifkashani et al., 
2020). A spike glycoprotein / ACE2 dual antagonist could bind to RBD, 
and compete with the binding of SARS-CoV-2 to ACE2 to prevent the 
virus entry by two mechanisms. In this study, components of TCM with 
antiviral activities, that can effectively inhibit spike protein as well as 
protect the viral binding site of ACE2 receptor were used to screen for 
the dual antagonists against COVID-19 by molecular docking. 

2. Methods and materials 

The interactions of amino acid residues near the binding site of 
SARS-CoV-2 RBD determines the affinity with receptor. The residues 
L455, F486, Q493, S494, N501 and Y505 of RBD played a key role in the 

recognition and affinity of CoV to ACE-2 (Yan et al., 2020). Amino acid 
residues of RBD and the amino acid motif of ACE2 responsible for the 
interactions were used for molecular screening design. Effective ACE2 
receptor antagonists would block the binding of SARS-CoV-2 through 
competition. 

The model of SARS-CoV-2 S-ACE2 complex (PDB ID: 7DF4, 
http://www1.rcsb.org) was used as the model for molecular docking. 
7DF4 was a complex of spike protein trimer and the human ACE2 re-
ceptor protein, the structure was solved by electron microscopy with 
3.80 Å resolution (Xu et al., 2020). Spike protein and ACE2 were sepa-
rated from the complex and used as independent receptors for molecular 
docking screening, respectively. The study was confined to molecular 
docking without validation by molecular dynamics (MD) simulations. 

2.1. RBD of Spike glycoprotein structure analysis 

The RBD of SARS-CoV-2 includes amino acid residues 318–510 
(Gurung et al., 2021). According to the protein-protein interface of 
complex 7DF4, amino acid residues VAL-503, GLY-502, GLN-506, 
THR-500, PRO-499, PHE-497, LEU-455, GLY-446, ALA-475, SER-477, 
PHE-486, GLY-476, PHE-490, GLN-474, GLY-447, TYR-505, GLN-493, 
GLY-49, LEU455, PHE486, SER494, ASN501 and TYR505 were in the 
active sites of docking for screening antagonists against spike. 

2.2. ACE2 modeling and structure analysis 

At present, there are no specific ACE2 antagonists, and existing ACE 
antagonists cannot bind to ACE2. Based on the interface of complex 
7DF4, the key amino acid residues of ACE2 antagonists were composed 
of amino acid residues THR-20, ALA-386, LYS-353, GLY-352, PRO-389, 
PRO-499, ALA-387, GLN-325, GLN-388, LYS-353, SER-19, LYS-31, GLN- 
24, GLY-354, GLY-326, ASP-355, SER-19, GLY-354, THR-371, GLU-375 
and ALA-348. 

2.3. Molecular docking 

The molecular docking experiment was carried out by AutoDock 
Vina software. Before docking experiments, water was removed from 
spike protein and ACE2 receptor protein, then hydrogens were added to 
the macromolecular receptor, followed by charge calculation and atoms 
type assign. M2M was used to optimize the structure of ligand molecules 
to obtain the lowest energy conformation. After docking, the confor-
mations with the lowest binding energies were chosen antagonist can-
didates. The dual antagonists were screened in 28 natural plant active 
ingredients. 

3. Results and discussion 

3.1. spike protein 

Menthol formed 2 hydrogen bonds with the RBD by SER-494 and 
TYR-495, formed π-π interaction with TYR-453 and hydrophobic inter-
action with LEU-455. Chrysophanol binds to the almost same site with 
Menthol. It formed 3 hydrogen bonds with GLN-493 and GLY-496, 
formed π-π interaction with TYR-453. Rhein interacted with RBD 
through 3 hydrogen bonds and π-π interaction. The 3 hydrogen bonds 
were formed between Rhein and GLN-493, TYR-495 and ARG-403. 
Schizandrin formed one hydrogen bond with TYR-453, as well as 3 
hydrophobic interaction with TYR-495, GLY-447 and TYR-449. Phello-
dendrine interacted with GLN-493, SER-494 and TYR-453 through 3 
hydrogen bonds and TYR-505 by π-π interaction. Scopoletin formed 
hydrogen bonds with GLY-496 and TYR-449. Baicalin formed hydrogen 
bonds with GLN-493 and SER-494, hydrophobic force with GLY-496, π-π 
interaction with TYR-505. Shikonin interacted with TYR-453 and SER- 
494 through hydrogen bonds, formed hydrophobic interaction with 
ARG-403. Oleanolic acid formed hydrogen bond interaction with TYR- 
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453 and GLY-496, hydrophobic forces with ARG-403 and SER-494. 
Tryptanthrin made hydrogen interaction with GLN-493 and SER-494, 
π-π interaction with TYR453 and TYR-449. Cimifugin and Berberine 
all formed hydrogen bonds with GLY-496. Coumarin interacted with 
GLN-493 and TYR-453 through hydrogen bonds. Perilla aldehyde 
formed hydrogen forces with TYR-453 and SER-494. Quercetin inter-
acted with SER-494 and TYR-449 by hydrogen bonds, formed π-π 
interaction with TYR-505. 

The key amino acid residues of RBD involved in the formation of 
hydrogen bond are TYR-453, SER-494, GLN-493, GLY-496, TYR-495, 
TYR-449 and ARG-403. Besides hydrogen forces, π-π interaction plays 
an significant role in the interaction. The RBD binding sites of 15 com-
pounds were shown in Fig. 1. 

3.2. ACE2 

Menthol formed hydrogen bonds with GLN-102 and SER-77, formed 

hydrophobic interaction with LEU-73, TRP-69 and ASN-103. Chrys-
ophanol binds to ACE2 by hydrogen bonds with SER-511 and HIS-505, 
formed π-π interaction with TRY-510. Rhein formed hydrogen bonds 
with GLU-329, LEU-333, TRP-48 and ARG-357, formed hydrophobic 
interaction with ASN-330 and SER-331. Schizandrin formed one 
hydrogen bond with HIS-34, interacted with GLU-37 and PHE-390 by 
hydrophobic force. Scopoletin formed hydrogen bonds with TRP-566, 
LEU-95 and LYS-562. Baicalin formed hydrogen bonds with GLN-102 
and LYS-562, hydrophobic force with ALA-396 and ALA-99. Shikonin 
interacted with GLU-37, HIS-34, ARG-393, ASN-33 and ALA-387 
through hydrogen bonds, formed hydrophobic interaction with GSN- 
388. Oleanolic acid formed hydrogen bond interaction with LYS-562, 
hydrophobic forces with LEU-73 and ALA-99. Tryptanthrin made 
hydrogen interaction with LYS-94 and GLY-211, hydrophobic interac-
tion with GLN-98, GLU-208, ASN-210 and LEU-85. Cimifugin formed 
hydrogen bonds with GLN-101, ILE-88, LEU-85 and LYS-94. Berberine 
interacted with HIS-378 and HIS-401, interacted with PHE-390 and 

Fig. 1. Binding region of RBD.  
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PHE-40 by π-π interaction. Coumarin formed hydrogen bond with ASN- 
210. Perilla aldehyde formed hydrogen forces with TRP-566. Quercetin 
formed hydrogen force with GLU-564, GLU-208, ASN-394 and GLU-398, 
formed π-π interaction with TRP-566. 

According to the analysis of amino acids at the binding sites, 

histidine and lysine are more involved in the formation of hydrogen 
bonds. The major amino acid residues involved in the formation of 
hydrogen bonds are LYS-562, LYS-94, HIS-34, GLN-102 and TRP-566. 
The ACE2 receptor binding sites of 15 compounds were shown in Fig. 2. 

3.3. Binding energy 

As to the ACE2 receptor, the lowest binding energy was got by 
Oleanolic acid with -7.1 kcal/mol, followed by Phellodendrine, 
Berberine, Tryptanthrin and Quercetin. For spike protein, the binding 
energy of Tryptanthrin -4.37 kcal/mol was the lowest, followed by 
Chrysophanol, Rhein, Scopoletin and Oleanolic acid. The number of 
hydrogen bonds is related to the binding energy. The more the hydrogen 
bonds, the lower the binding energy. Hydrogen bond has a strong sta-
bilizing effect on the binding of antagonists to receptors. From the 
perspective of binding energy, Oleanolic acid, Tryptanthrin, Chrys-
ophanol and Rhein are potential dual antagonists against SARS-CoV-2 
By simultaneously blocking the virus spike protein and virus receptor 
ACE2, respectively. 

The molecular dynamics simulations of antagonists have not been 
carried out yet, the study did not consider the possible flexibility and the 
exposition (Behloul et al., 2021) of the interface residues of RBD pre-
dictions. The binding energy of potential dual antagonists were shown in 
Fig. 3. 

4. Conclusion 

TCM and natural plants play an important role in the fight against 

Fig. 2. Binding region of ACE2.  

Fig. 3. Binding energy of 15 antagonists.  
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COVID-19. Natural products are rich sources of antiviral compounds. 
The target models of spike protein RBD and ACE2 receptor binding site 
were established on the complete structure of SARS-CoV-2 and ACE2 
complex to improve the accuracy of molecular docking. 28 compounds 
selected from the natural products with antiviral activity were screened 
for effective antagonists. Oleanolic acid, Tryptanthrin, Chrysophanol 
and Rhein are potential dual antagonists, which could block the invasion 
and recognition of SARS-CoV-2 and become antiviral candidates. The 
molecular dynamics simulation of complexes should be further devel-
oped. At present, there are no exclusive inhibitors for ACE2, and ACE 
inhibitors cannot inhibit ACE2. Therefore, screening ACE2 receptor in-
hibitors is of great significance for finding antagonists to all virus with 
ACE2 as receptor. 
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