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Abstract
The novel coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has spread worldwide for almost 2 years. It starts from viral adherence to host cells through an interaction between spike 
glycoprotein 1 (S1) containing a receptor-binding domain (RBD) and human angiotensin-converting enzyme-2 (ACE2). 
One of the useful strategies to prevent SARS-CoV-2 infection is to inhibit the attachment of RBD to ACE2. Therefore, the 
current work proposed potent peptides against SARS-CoV-2 infection by carrying out MM-PBSA calculation based on the 
binding of 52 antiviral peptides (AVPs) to RBD. Considering the binding free energies of AVPs to RBD, cyanovirin-N (CV-
N) showed the strongest RBD binding affinity among 52 AVPs. Upon structural analysis of RBD complex with CV-N, it was 
observed that 12 of the 13 key residues of RBD binding to ACE2 were hijacked by CV-N. CV-N bound to RBD at a smaller 
affinity of 14.9 nM than that of ACE2 and inhibited the recruitment of S1 to human alveolar epithelial cells. Further analysis 
revealed that CV-N suppressed SARS-CoV-2 S pseudovirion infection with a half-maximal inhibitory concentration (IC50) 
of 18.52 μg/mL. This study demonstrated a drug screening for AVPs against SARS-CoV-2 and discovered a peptide with 
inspiring antiviral properties, which provided a promising strategy for the COVID-19 therapeutic approach.
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LBD	� Ligand-binding domain
RBM	� Receptor-binding motif
COVID-19	� Coronavirus disease 2019
SARS-CoV-2	� Severe acute respiratory syndrome corona-

virus 2
AVP	� Antiviral peptide
NMR	� Nuclear magnetic resonance
CV-N	� Cyanovirin-N
HIV-1	� Human immunodeficiency virus 1
HSV-2	� Herpes simplex virus 2
MM-PBSA	� Molecular mechanics energies combined 

with the Poisson–Boltzmann and surface 
area continuum solvation

SAV	� Solvent accessible volume
BLI	� Bio-layer interference
IC50	� Half maximal inhibitory concentration
DMEM	� Dulbecco’s modified Eagle medium
PBS	� Phosphate buffer saline
FBS	� Foetal bovine serum
DAPI	� 2-(4-amidinophenyl)-6-indolecarbamidine 

dihydrochloride
RIPA	� Radio-Immunoprecipitation Assay

1  Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is still seriously threatening public health and lives 
[1]. SARS-CoV-2 generally attacks the main human organs 
after viral entry [2], leading to respiratory failure, septicopy-
emia, cardiac failure, hemorrhage and kidney failure, which 
are the leading causes of the death of COVID-19 patients 
[3]. Due to the possible persistent infection of SARS-CoV-2 
for years [4], it is urgent to develop effective antagonists to 
prevent the spread [5].

A ligand–receptor interaction established between SARS-
CoV-2 spike glycoprotein 1 (S1) and host angiotensin-con-
verting enzyme-2 (ACE2) is the initial step of viral infection 
[6]. The affinity of SARS-CoV-2 S1 containing a receptor-
binding domain (RBD) binding to ACE2 is 15.2 nM [7]. 
X-ray crystal diffraction has resolved the detailed structure 
of SARS-CoV-2 RBD binding to ACE2 at 2.45 Å resolu-
tion, in which 18 residues of SARS-CoV-2 S1 constitute the 
receptor-binding motif (RBM) [8].

Drugs targeting the RBD are of interest for the devel-
opment of therapeutics and diagnostics. There is an urgent 
need to identify novel approaches that could be used in 
the emergency phase. The screening and design of small 
molecule drugs to prevent the replication of SARS-CoV-2 
have laid an important foundation for the rapid develop-
ment of anti-SARS-CoV-2 drugs with clinical potential [9]. 

However, small molecule drugs are small in size and can 
only be applied to some small active pockets with partial 
hydrophobicity. Peptides rather than small molecules are 
powerfully to inhibit the recognition and binding of pro-
teins since the protein–protein interaction usually has flat 
interface and large area.

Antiviral peptides (AVPs) naturally present in various 
species express a broad range of antiviral activities against 
several viruses with different antiviral mechanisms of action 
[10, 11]. They can either inhibit viral attachment by binding 
to viral targets on the host cell surface, such as HD5 binding 
to ACE2 [12], or target viral proteins as in the case of the 
envelope proteins; therefore, blocking viral fusion and entry 
into the host cell [13, 14]. Another mechanism of action is 
driven in cells, where spreading of the virus is inhibited by 
suppressing viral gene expression, inhibition of translation, 
or immune-modulatory activities [15].

Here we aim to repurpose natural substances as potential 
anti-SARS-CoV-2 agents since AVPs as potential drug can-
didates might block RBD and be used for curbing COVID-
19 [16]. Herein, we created a drug library by selecting 52 
AVPs followed by a successful drug screening and in vitro 
confirmation. Our analysis has revealed that cyanovirin-N 
(CV-N, PDB ID: 2EZM) has comparatively better inhibi-
tory effect. Additionally, CV-N is the most favorable AVPs 
binding to RBD to block SARS-CoV-2 fusion and entry into 
the host cell. Previous reports have confirmed that CV-N is 
multi-target anti-viral peptide that can inhibit HIV-1 and 
HSV-2 [17, 18]. Besides, the current study unveils a novel 
function of CV-N, namely anti-SARS-CoV-2.

2 � Materials and Methods

To search for a potent drug compound, a repository is 
needed to be scanned. Therefore, we created a drug library 
by selecting 52 AVPs from the antimicrobial peptide data-
base [19] (APD, http://​aps.​unmc.​edu/​AP/). Structures of all 
the above AVPs were downloaded from RCSB protein data 
bank (http://​www.​rcsb.​org). These AVPs have residues rang-
ing from 13 to 133 amino acids. Their detailed information 
is listed in Table S1. The drug screening was performed 
using global molecular docking. The top AVPs as a result 
of global molecular docking were subjected to molecular 
dynamics, MM-PBSA calculation and structural analysis. 
For the sake of the visual inspection and rendering of biomo-
lecular structures, the PyMOL software [20] was employed.

2.1 � Molecular Docking of RBD‑AVPs

The 3D structures of 52 AVPs were prepared by remov-
ing water molecules, adjusting the number of hydrogens, 
and fixing the hybridization state. The structures were 

http://aps.unmc.edu/AP/
http://www.rcsb.org
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protonated as well to avoid any misleading scores or poses 
as it is important for calculating the exact Coulombic 
interaction. An optimum pH, equal to 7 was maintained. 
The same procedure was repeated in the case of the RBD’s 
preparation. And since the RBD is located far from the 
N-glycosylation site [5], molecular docking was carried 
out without considering glycosylation. Just as our previ-
ous report on HD5 [12], the global molecular docking of 
RBD and AVPs was performed on the ZDOCK server [21] 
(http://​zdock.​umass​med.​edu/). The ZDOCK algorithm is 
based on IFACE statistical potential, shape complementa-
rity, and electrostatics [22], following the IRaPPA re-rank-
ing [23]. Each global docking was repeated 1000 times 
without residue selection while only the top 10 docked 
conformations for each AVP were downloaded to analyze. 
All docked conformations were prioritized, and the best-
docked conformations were chosen for molecular dynam-
ics simulation to gauge their bonding stability.

2.2 � Molecular Dynamic Simulation

All the RBD-AVP simulations were performed via 
GROMACS 2020.2 software package [24] using 
AMBER99SB-ildn force field [25] and TIP3P water model 

[26] with a time step of 2 fs. The initial periodic bounda-
ries were placed ≥ 10 Å from all the atoms in the protein. 
Some counterions of Na+ or Cl− were added to neutralize 
the overall charge of the MD system to obtain a neutral 
system. First, 1000 steps of steepest descent minimiza-
tion were carried out for obtaining a stable conformation. 
Then, for full relaxation, four 1 ns pre-equilibration simu-
lations with restrained coordinates of the heavy atoms, 
main chain, backbone, and Cα, respectively, were per-
formed step by step at 300 K. Finally, each equilibrium 
simulation with an isothermal–isobaric (NPT) ensemble at 
1 atm and 300 K was performed for a duration of 100 ns. 
During all simulations, for the heavy atoms, the LINCS 
(LINear Constraint Solver) constraints [27] and the non-
bonded pair list were updated every 10 steps. Electrostatic 
interactions were calculated using the particle mesh Ewald 
method [28]. The v-rescale temperature coupling method 
[29, 30] was used to maintain a constant temperature, and 
Berendsen coupling [31] was used to keep a constant pres-
sure inside the box. The last 5 ns of each equilibrated tra-
jectory was used for MM-PBSA calculation.

Fig. 1   Screening histogram of AVPs (A), Venn diagram of key resi-
dues confirmed by current calculation of RBD-CV-N and experi-
mental studies of RBD-ACE2 (B), BLI experimental curves of CV-N 
binding to SARS-CoV-2 RBD (C). Screening histogram indicated 

that CV-N had the strongest RBD-binding affinity among 52 AVPs. 
Venn diagram proved that 12 of the 13 residues of RBD binding to 
ACE2 were hijacked by CV-N. BLI experiment curves showed the 
affinity of CV-N binding to RBD was stronger than that of ACE2

http://zdock.umassmed.edu/
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2.3 � MM‑PBSA Calculation

The binding free energies were calculated using the molecu-
lar mechanics energies combined with the Poisson–Boltz-
mann surface area continuum solvation (MM-PBSA) [32] 
as well as solvent accessible volume (SAV) model [33] in 
terms of g_mmpbsa procedure [33] for GROMACS based on 
5000 snapshots sampled every 10 ps from total 5 ns equili-
brated trajectory. During the calculation of MM-PBSA, the 
dielectric constant of water is set to 78 and the temperature 
is set as 300 K.

2.4 � Identification of Non‑covalent Interface 
Interactions

A PPCheck webserver for quantifying the strength of a pro-
tein–protein interface (http://​caps.​ncbs.​res.​in/​ppche​ck/​index.​
html) [34] was used to identify the non-covalent interactions 
at the interface of RBD complexes with AVPs.

2.5 � Bio‑layer Interferometry (BLI)

The binding of CV-N (Guoping Pharmaceutical, Anhui 
Province, CHN) to biotinylated SARS-CoV-2 RBD 
(40592-V08B-B, Sino Biological, Beijing, CHN) was 
measured using Forte Bio’s “Octet Red 96” BLI (Sartorius, 

Göttingen, GER). The high-performance liquid chromatog-
raphy and mass spectrum results of CV-N are shown in Fig. 
S1. RBD prepared in PBS was immobilized on SA biosen-
sors at 15 μg/mL. CV-N were prepared in PBS with gradient 
concentrations. Association and disassociation were con-
ducted at a shaking speed of 1000 rpm for 300 s. The data 
were processed using Fortebio Data Analysis 7.0 software. 
The equilibrium dissociation constant (KD) was obtained by 
a 1:1 fitting model.

2.6 � Immunofluorescence Microscopy

Human alveolar epithelial A549 cells obtained from the 
cell bank of Chinese Academy of Sciences (CAS, Shang-
hai) and cultured in Dulbecco's modified Eagle medium 
(DMEM, Gibco, Thermo Fisher Scientific, Shanghai, 
CHN) containing 10% foetal bovine serum (FBS, Gibco) 
were seeded into a 12-well plate with sterile glass slides at 
a density of 2.5 × 105 cells/well. Cells cultured overnight 
and washed with sterile PBS were incubated with 10 μg/
mL of S1 (40591-V08H, Sino Biological) pretreated with 
20 μg/mL of CV-N at 37 °C for 15 min. Co-incubation was 
conducted at 4 °C for 1 h. The cells were then washed with 
PBS and fixed in 4% paraformaldehyde. A primary anti-
spike rabbit monoclonal antibody (40150-R007, Sino Bio-
logical, 1:100) and a donkey anti-rabbit secondary antibody 

Fig. 2   Exploring molecular interactions of RBD with CV-N. For 
clarity, RBD was colored in cyan and CV-N in red, and 11 hydro-
gen bonds were shown in yellow, 3 salt bridges were highlighted in 

orange, and 1 hydrophobic interaction was colored in purple. The 
molecular interactions were visualized through PyMOL

http://caps.ncbs.res.in/ppcheck/index.html)
http://caps.ncbs.res.in/ppcheck/index.html)
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(Alexa Fluor 555, A0453, Beyotime, Shanghai, CHN) were 
employed to stain S1. A primary anti-ACE2 mouse mono-
clonal antibody (10108-MM36, Sino Biological, 1:100) and 
a goat anti-mouse secondary antibody (Alexa Fluor 488, 
A0428, Beyotime) were employed to stain ACE2. Nuclei 
were stained with 2-(4-amidinophenyl)-6-indolecarbamidine 
dihydrochloride (DAPI, C1002, Beyotime). The cells were 
observed using a Zeiss LSM 780 NLO confocal microscope.

2.7 � Western Blot

A549 cell is a commonly used cell line for respiratory infec-
tions. Thus, we obtained A549 and human renal tubular epi-
thelial HK-2 cells from the cell bank of CAS and cultured 
them in DMEM containing 10% FBS, and seeded them 
into a six-well plate at a density of 1 × 106 cells/well. The 
cells were incubated with 20 μg/mL of SARS-CoV-2 S1 
pre-treated with different CV-N concentrations (1, 10, and 

50 μg/mL) at 37 ℃ for 15 min. Co-incubation was performed 
at 4 ℃ for 1 h. After three times of wash with PBS, cells 
were collected and processed with RIPA lysis and extraction 
buffer (89900, Thermo Fisher Scientific, Shanghai, CHN). 
A primary anti-spike rabbit monoclonal antibody (40150-
R007, Sino Biological, 1:500) and a goat anti-rabbit sec-
ondary antibody (A0208, Beyotime, 1:1000) were applied 
to detect S1. β-Actin determined by a mouse monoclonal 
antibody (AA128, Beyotime, 1:1000) was used as a refer-
ence. This experiment was repeated three times on different 
days to avoid counting any personal or environmental errors.

2.8 � Cell Experiments with Pseudovirions

HEK-293T-hACE2 cells obtained from Prof. Ye and cul-
tured in RPMI 1640 medium (Gibco, Thermo Fisher Scien-
tific) containing 10% FBS were seeded into a 96-well plate 
at a density of 5 × 103 cells/well [35]. A total of 1 × 107 TU 

Table 1   Intermolecular interactions of RBD complex with CV-N

Hydrogen bonding

No. Residue of RBD Hydrogen bond Residue of CV-N Distance (Å)

1 LYS417 NZ—HZ2…OE2 GLU68 1.65
2 GLY446 O…HH—OH TYR9 1.72
3 GLU484 OE1…HZ2—NZ LYS3 1.89
4 GLU484 OE2…HZ2—NZ LYS3 2.04
5 ASN487 N—H…OD1 ASP89 1.85
6 TYR489 OH—HH…OD2 ASP89 1.51
7 GLN493 NE2—HE22…OD1 ASP88 1.66
8 GLN493 OE1…HG—OG SER5 1.72
9 SER494 OG…HE21—NE2 GLN6 2.08
10 GLY502 N—H…OD1 ASN10 1.96
11 TYR505 OH—HH…OG SER66 2.01

Salt bridges

. Residue of RBD Cationic–anionic pair Residue of CV-N Distance (Å)

1 LYS417 NZ…OE2 GLU68 2.64
2 GLU484 OE1…NZ LYS3 2.81
3 GLU484 OE2…NZ LYS3 2.90

Favorable electrostatic interactions

No. Residue of RBD Electrostatic pairs Residue of CV-N Distance (Å)

1 LYS417 CB…CB GLU68 8.77
2 LYS444 CB…CB GLU23 9.99
3 GLU484 CB…CB LYS3 9.04

Hydrophobic interactions

No. Residue of RBD Hydrophobic groups Residue of CV-N Distance (Å)

1 TYR505 CB…CB TYR9 4.5
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Fig. 3   The inhibition of CV-N on SARS-CoV-2 S1 adherence and 
S pseudovirus infection. A Immunofluorescence microscopy reveal-
ing the adherence of S1 to A549 cells. In the sham group, cells were 
treated with normal rabbit IgG. Here, the scale bar indicated 20 μm. 
B Protein bands of S1 pretreated with increasing CV-N binding con-
centrations to A549  cells. C The inhibition of CV-N on S1 recruit-

ment observed in human renal proximal tubular epithelial HK-2 cells 
abundant in ACE2 receptor. Here β-actin was provided as a reference. 
D IC50 determination. Results shown as mean ± standard deviation 
were processed by nonlinear curve fitting. The above results demon-
strate that CV-N can inhibit SARS-CoV-2 invasion by blocking viral 
spike recruitment



61Interdisciplinary Sciences: Computational Life Sciences (2022) 14:55–63	

1 3

of SARS-CoV-2 S pseudovirions containing dual-luciferase 
reporter (Genewiz, Suzhou, CHN) were added to the cul-
ture medium after co-incubation with CV-N (100, 75, 50, 
25, 12.5, 6.25, 3.13, and 1.56 μg/mL) at 37 ℃ for 30 min. 
The pseudovirions were removed after 12 h. The cells were 
cultured in RPMI 1640 medium containing 10% FBS for 
another 48 h. The infection of pseudovirions was assessed 
by determining the luciferase activity using a dual-luciferase 
reporter assay system (E1910, Promega, Beijing, CHN). This 
experiment was conducted in triplicate and repeated twice.

3 � Results and Discussion

3.1 � Peptide Screening by MM‑PBSA Method

The final results derived from MM-PBSA calculation indi-
cated that 23 AVPs with negative free binding energies could 
bind to RBD of SARS-CoV-2 while 7 AVPS have a compar-
atively stronger binding affinity towards RBD than the rest of 
the peptides. CV-N had the strongest RBD binding affinity 
among 52 AVPs (Fig. 1A, Table S2), indicating that CV-N 
may be the best inhibitor for RBD in the current research.

3.2 � Structural Analysis of RBD Complex with CV‑N

According to the molecular simulation results, all residues 
that affected the binding between RBD and CV-N were 
shown in Fig.  1B. CV-N bound tightly to RBD, which 
formed 7 hydrogen bonds, 3 salt bridges, 3 favorable long-
range electrostatic interaction, and 1 hydrophobic interac-
tion. The detailed molecular interactions between RBD 
and CV-N were shown in Fig. 2 and Table 1. The frame 
backbone root mean square deviation (RMSD) analysis 
confirmed the complex’s stable nature, where minor fluc-
tuation was observed in the first 10 ns from where it stabi-
lized till the end of simulation ranging from 0.12 to 0.20 nm 
(Fig. S2). Also, CV-N could almost cover all key residues of 
RBD. For example, there were 17 residues of RBD within 
5 Å of CV-N. According to the crystallography report of the 
2019-nCoV RBD/ACE2-B0AT1 complex (PDB ID: 6M17) 
[36], the residues of RBD within 5 Å of ACE2 were 13 
residues. 12 of the 13 key residues of RBD binding to ACE2 
were hijacked by CV-N (Fig. 1B). 

Previously, CV-N as lectin was supposed to target 
N-linked glycans of S glycoproteins. The binding free 
energy of CV-N with the S glycoprotein glycan [37] had 
been calculated as − 280.506 kJ/mol. Combined with our 
current research (− 356.979 kJ/mol), it can be concluded 
that CV-N is a multi-target peptide inhibitor, which can bind 
both glycan and RBD. The result proves that CV-N has the 
diversity of biological function and the potential medicinal 
prospect.

3.3 � Bio‑layer Interferometry (BLI) Determining 
the Binding Affinities

The recruitments of CV-N to RBD were measured with 
BLI experiment. The affinity of CV-N binding to RBD was 
14.9 nM (Fig. 1C), smaller than that of RBD interacting with 
ACE2 (15.2 nM) [7], suggesting that CV-N was sufficient to 
inhibit the binding of RBD to ACE2.

3.4 � Suppression of CV‑N on S1 Recruitment 
and Pseudovirion Infection

To evaluate the RBD-binding effect on S1 recruiting to 
ACE2, we conducted an experimental approach where the 
A549 cells were exposed to 10 μg/mL of S1 in the absence 
and presence of CV-N. Confocal microscopy showed that 
S1 adhered mainly to the cell surface in the lack of CV-N 
(Fig. 3A). Nevertheless, when cells were pretreated with 
20 μg/mL of CV-N, it dramatically reduced the recruit-
ment of S1. Western blot supported that CV-N dramatically 
decreased S1 adherence to A549 cells, and CV-N inhibition 
was in a dose-dependent manner (Fig. 3B). The inhibition of 
CV-N on S1 recruitment was also observed in human renal 
proximal tubular epithelial HK-2 cells abundant in ACE2 
receptor (Fig. 3C) [38, 39]. SARS-CoV-2 S pseudovirions 
contain psPAX2 and luciferase reporter system, which were 
then employed to HEK-293T-hACE2 in the presence of 
increasing concentrations of peptides [40]. CV-N suppressed 
pseudovirion infection in a dose-dependent manner with a 
half-maximal inhibitory concentration (IC50) of 18.52 μg/
mL (Fig. 3D), thus demonstrating that CV-N can inhibit 
SARS-CoV-2 invasion by blocking viral spike recruitment.

4 � Conclusions

To summarize the discovery of an effective inhibitor against 
SARS-CoV-2, the MM-PBSA was used to evaluate the bind-
ing of 52 AVPs to RBD, respectively. CV-N showed the 
strongest RBD binding affinity among 52 AVPs. Further-
more, the structural analysis of RBD complex with CV-N 
indicated that 12 of the 13 key residues of RBD binding to 
ACE2 were hijacked by CV-N. The BLI affinity of CV-N 
binding to RBD was 14.9 nM, smaller than that of RBD 
interacting with ACE2 (15.2 nM), which suggests that CV-N 
can inhibit effectively the binding of RBD to ACE2. Cell 
experiments and immunofluorescence microscopy also 
revealed the anti-SARS-CoV-2 virus effect of CV-N. West-
ern blot supported that CV-N dramatically decreased S1 
adherence to A549 cells, and the inhibition of CV-N was in 
a dose-dependent manner with an IC50 of 18.52 μg/mL. All 
of the above outcomes demonstrate that CV-N can inhibit 
SARS-CoV-2 invasion by blocking viral spike recruitment 
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and prevent SARS-CoV-2 from adherence and entry into 
the host cell.
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