
A potential peptide inhibitor of SARS-CoV-2 S and human ACE2 complex

Grijesh Jaiswal, Shivani Yaduvanshi and Veerendra Kumar

Amity Institute of Molecular Medicine and Stem Cell Research (AIMMSCR), Amity University, Noida, India

Communicated by Ramaswamy H. Sarma

ABSTRACT
The disease COVID-19 has caused heavy socio-economic burden and there is immediate need to con-
trol it. The disease is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus.
The viral entry into human cell depends on the attachment of spike (S) protein via its receptor binding
domain (RBD) to human cell receptor angiotensin-converting enzyme 2 (hACE2). Thus, blocking the
virus attachment to hACE2 could serve as potential therapeutics for viral infection. We have designed
a peptide inhibitor (DABP-a2) targeting the RBD of S protein using in-silico approach. Docking studies
and computed affinities suggested that peptide inhibitor binds at the RBD with �95-fold higher affin-
ity than hACE2. Molecular dynamics (MD) simulation confirms the stable binding of inhibitor to hACE2.
Immunoinformatics studies suggest non-immunogenic and non-toxic nature of peptide. Thus, the pro-
posed peptide could serve as potential blocker for viral attachment.
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Introduction

The ongoing global pandemic COVID-19 is caused by a novel
b-coronavirus severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) (previously known as 2019-nCoV). The virus
was first reported in the Wuhan (China) where it caused an
outbreak of pulmonary disease in late December 2019 (Wu,
Zhao, et al., 2020; Zhou, Yang, et al., 2020). SARS-CoV-2 is
the third coronavirus to cause influenza like illness after
SARS-CoV and MERS-CoV. It transfers from human to human
efficiently. Coronaviruses are positive-sense single-stranded
RNA virus enveloped with nucleocapsid of helical symmetry
(Spaan et al., 1988). SARS-CoV-2 genome is about 82% identi-
cal to the SARS-CoV (Ren et al., 2020; Zhu et al., 2020).

The S protein extensively decorates the virion surface as
crown (therefore, called corona). The spike (S) protein is a
type I membrane protein and is glycosylated at 22 sites
(Kumar et al., 2020; Simmons et al., 2004; Walls et al., 2016,
2020). N-glycans linked to N165 and N234 stabilise the RBD
‘up’ conformation and favours S protein binding to hACE2
(Casalino et al., 2020). The S protein is analogous to influenza
hemagglutinin (HA), respiratory syncytial virus (RSV) fusion
glycoprotein (F) and human immunodeficiency virus (HIV)
gp160 (Env). It facilitates the coronavirus entry into host cell
(Li, 2016; Wan et al., 2020). The S protein consists of receptor
binding S1 and membrane fusion S2 subunits. The S1 sub-
unit consists of a receptor-binding domain (RBD) and a core
domain. The RBD consists of a receptor-binding motif (RBM),
which interacts with the claw-like structure of hACE2 (F. Li
et al., 2005; W. Li et al., 2004). The S1 adopts an elongated
structure and undergoes transient hinge-like motions to

become either receptor accessible or inaccessible. The mono-
meric form consists of a large ectodomain, a single-pass
transmembrane anchor and a short intracellular tail at C-ter-
minus (Bosch et al., 2003; Gao et al., 2013).

The virus entry to human cell starts with the attachment
of S protein to the cell membrane protein receptor angioten-
sin-converting enzyme 2 (ACE2) (W. Li et al., 2003; Tai et al.,
2020). The human ACE2 (hACE2) is expressed on the surface
of alveolar cells in the lungs. Upon binding to hACE2, the S
protein is cleaved to S1 and S2 subunits at furin-like cleav-
age site (Coutard et al., 2020; Hoffmann et al., 2020; Xia
et al., 2020). The RBD through its RBM site directly binds to
the peptidase domain (PD) of hACE2 (Shang et al., 2020; Yan
et al., 2020). Later, S1 subunit dissociates from hACE2 and S2
subunit adopts a post fusion state for membrane fusion
(Coutard et al., 2020; Shang et al., 2020; Yan et al., 2020). The
viral membrane and host cell membrane fuse to form a pore
and then viral genome is injected into the host cell. This
leads to the COVID-19 disease, which is associated with a
major immune inflammatory response. Temperature depend-
ent Molecular dynamics (MD) simulation suggests that RBM
motif begins to close at 40 �C and closes completely at 50 �C.
In close conformation receptor binding residues are hidden
and hACE2 cannot bind (Rath & Kumar, 2020). Deaths are
due to respiratory failure associated with cytokine storm with
high serum levels of pro-inflammatory cytokines and chemo-
kines (Feldmann et al., 2020).

SARS-CoV-2 spike (S) protein binds to hACE2 with higher
affinity than the other SARS-CoV S proteins, a likely reason
for high infectivity of SARS-CoV-2 (Lan et al., 2020; Walls
et al., 2020; Wrapp et al., 2020). The monoclonal antibodies
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for SARS-CoV S protein are not able to neutralise SARS-CoV-2
(Tian et al., 2020). Thus, despite the high sequence and struc-
tural similarity, there are notable differences between the
SARS-CoV and SARS-CoV-2 S proteins. Further, MD simulation
studies suggested a stable salt bridge between Lys417/Asp30
(SARS-CoV-2/hACE2) and three stable hydrogen bonds
between Tyr449/Asp38, Gln493/Glu35 and Gln498/Lys353
(SARS-CoV-2/hACE2) in SARS-CoV-2/hACE2 complex but not
in SARS-CoV/hACE2 (Ali & Vijayan, 2020). The affinity
between the viral RBD and host ACE2 during the initial
attachment of virus determines the susceptibility of hosts to
the SARS-CoV infection (Belouzard et al., 2012; F. Li, 2015; W.
Li et al., 2004). Thus, viral entry into the host cell is a critical
step in viral infection and could be exploited for therapeutics
development.

The current pandemic has created immediate needs for
therapeutics to treat COVID-19. Computational approaches
have been employed to discover the potential drugs against
SARS-CoV-2 (Chandel et al., 2020; Khan et al., 2020; Mirza &
Froeyen, 2020; Wu, Liu, et al., 2020; Zhou, Hou, et al., 2020).
Drugs targeting either the S protein or the protease domain,
have been screened. The inhibitors that can effectively block
association of the SARS-CoV-2 S protein with hACE2 may
have the potential to treat COVID-19. In our previous study,
we have identified a double helical inhibitor amantadine
binding protein (DABP)-D25Y (residue 65) that binds at the
RBM site of SARS-CoV-2 RBD with higher affinity than hACE2.
Here, we reported that the helix 2 of DABP-D25Y (called
DABP-a2) alone is highly effective to block the association of
SARS-CoV-2 RBD/hACE2.

Materials and methods

Structural analysis

All the protein structures were downloaded from Protein
Data Bank (PDB) and their codes are mentioned as they
appear in the manuscript (Berman et al., 2000). The struc-
tures were manually visualised and manipulated in Coot,
Pymol and UCSF Chimera (DeLano, 2002; Emsley et al., 2010;
Pettersen et al., 2004). Structural comparison was done using
Pymol. All the figures were prepared using Pymol (DeLano,
2002). Binding affinities were computed using the PRODIGY
server. The program computes the interfacial contacts and
non-interacting surface in a protein complex (Xue
et al., 2016).

Molecular docking

Molecular docking is used to dock the binding of a peptide
or ligand on a macromolecule. The RBD domain (336-518) of
SARS-CoV-2 S protein (PDB 6M17) was used as a receptor.
The DABP-a1 (LKYLVKQLERALRELKKSLDELERSLEELEKN), DA
BP-a1-V10K (LKYLKKQLERALRELKKSLDELERSLEELEKN), DABP-
a1-D25Y (LKYLVKQLERALRELKKSLYELERSLEELEKN), DABP-a1-
V10K-D25Y (LKYLKKQLERALRELKKSLYELERSLEELEKN), and
DABP-a2 (PSEDALVENNRLNVENNKIIVEVLRIIL) peptides were
docked using HADDOCK2.4 program (van Zundert et al.,

2016). Mutations in peptide sequences are underlined.
Docking by HADDOCK program is driven by prediction of
likely residues (called ambiguous interaction restraints [AIRs])
found at the interface. These residues may be active (inter-
acting residue) or passive (nearby interacting residue). The
binding interface of RBD and peptides were predicted using
CPORT (de Vries & Bonvin, 2011) and BIPSPI (Sanchez-Garcia
et al., 2019) servers as described previously (Jaiswal & Kumar,
2020). Before docking protocol, the pdbs were ‘cleaned’ by
removing water and non-bonded ions in a text editor. The
HADDOCK program has generated about 200 complexes and
clustered them. The cluster with highest HADDOCK score
and lowest electrostatic energy was selected. The best com-
plex was chosen based on cluster size, HADDOCK score and
electrostatic energy.

Molecular dynamics (MD) simulation

The MD simulation was performed for RBD/DABP-a2 complex
in Gromacs 2020.2 for 100 ns (Abraham et al., 2015).
Simulation inputs were built using CHARMM-GUI web with
CHARMM36 force field (Jo et al., 2008; Lee et al., 2016). The
complex was immersed in a cubic box filled with TIP3P water
molecules and 150mM NaCl. Sodium and chloride ions were
added to neutralise the charge of the system. MD simulation
was run using periodic boundary conditions (PBC). Initial
geometries of the system were minimised with 5000 steps
with the steepest descent algorithm. The system was relaxed
at 303 K and 1 atm for 500 ps at 2 fs time steps. Production
MD was performed for 100 ns. During production run tem-
perature was maintained at 303 K using velocity rescaling.
Bond lengths were constrained with the LINCS algorithm.
The pressure was controlled by isotropic coupling using
Parrinello-Rahman barostat. A Verlet scheme was used for
van der Waals and Particle Mesh Ewald electrostatics interac-
tions within 1.2 nm. Van der Waals interactions were
switched above 1.0 nm.

Principal component analysis (PCA)

Principal component analysis (PCA) was done to detect the
direction and amplitude of the dominant motions in the
MD trajectory (Yang et al., 2009). PCA method is used to
reduce the complexity of a data set to extract biologically
relevant movements of protein domains. GROMACS in built
tool covar was used to obtain eigenvalues and eigenvectors
by calculating and diagonalising the covariance matrix. This
removed the translational and rotational components from
the system. The eigenvectors that correspond to the largest
eigenvalues are called principal components (PCs). They
represent the largest-amplitude collective motions.
GROMACS utility tool anaeig was used to analyse the
eigenvectors.

Immunoinformatics

To predict the drug ability of peptide DABP-a2, immuno-
genic and toxic properties were determined using various
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immunoinformatic tools. The peptide sequence of the DABP-
a2 was used for different immunoinformatic studies. The pro-
tective antigens were predicted from VaxiJen 2.0 with default
parameters (Doytchinova & Flower, 2007). The server uses
bacterial, viral and tumour protein datasets. It outputs the
antigenicity score using the physicochemical properties of
the proteins.

The T-cell epitopes were identified using NetCTL version
1.2 server which outputs the combinatorial score of MHC-I
binding, proteasomal C-terminal cleavage and TAP transport
(Larsen et al., 2007). The B cell epitope prediction was done
using IEDB tool. DiscoTope tool was used to predict the con-
formational B cell epitope (Kringelum et al., 2012). To check
if the peptide is toxic and can cause damage to the cell,
ToxinPred server was used (Gupta et al., 2013). The server
allows to predict the toxicity of peptides shorter than 50
amino acids.

Results

Several SARS-CoV-2 RBD/hACE2 complex structures have
been solved and deposited in PDB. We used pdb 6M17 for
our analysis. The peptide inhibitor is derived from ABP (pdb
code 6H9H) as described in our previous study (Jaiswal &
Kumar, 2020). In brief, we have reported a double helical
protein ABP (pdb 6n9h) structurally homologous to the PD
domain of hACE2. ABP is a synthetic peptide (80 AA) and is
known for binding to the drug amantadine, hence called
ABP. Removing few residues from both N- and C-terminus
(DABP, 65 AA) and a point mutation D25Y (DABP-D25Y)
greatly improves the affinity to SARS-CoV-2 RBD. MD simula-
tion study has confirmed the stable binding of DABP-D25Y
to SARS-CoV-2 RBD. Thus, DABP-D25Y could serve as poten-
tial blocker of viral S and hACE2 (Jaiswal & Kumar, 2020). In
this study, we have analysed the individual helices of DABP.

Docking analysis

The previously identified inhibitor (DABP-D25Y) of RBD has
two helices (a1 and a2) homologous to the PD domain of
hACE2 (Jaiswal & Kumar, 2020). The inhibitor (DABP-D25Y)
binds to RBD with higher affinity compared to hACE2. To fur-
ther examine, the role of individual helices of DABP in inter-
action with RBD, we examined the following peptides –
DABP-a1, DABP-a2, DABP-a1-V10K, DABP-a1-D25Y and
DABP-a1-V10K-D25Y. The mutations (D25Y and V10K) were
introduced to complement the a1 helix of hACE2 (Jaiswal &
Kumar, 2020). We docked all peptides into SARS-CoV-2 RBD.

The interaction restraints were generated using CPORT and
BIPSPI servers (de Vries & Bonvin, 2011; Sanchez-Garcia et al.,
2019). Both servers predicted peptides binding at RBM site
of RBD. Therefore, RBM site residues (483–507) and all resi-
dues of peptides were used as active residues for docking.
Best complex structures were selected based on the cluster
size and the HADDOCK score. HADDOCK score is computed
as a weighted sum of van de waals, electrostatic, desolvation
and AIRs energies. The DABP-a2 showed the best HADDOCK
score (Table 1). DABP-a2 peptide sits between the two heli-
ces of DABP-D25Y (Figure 1(A) and Supplementary file 1).
The N terminus and C-terminus of peptide are shifted about
8.9 and 3.2 Å respectively, towards RBD in comparison to a2/
DABP-D25Y. Thus, the DABP-a2 is closer to RBD compared to
DABP-D25Y. The DABP-a2 peptide partially overlaps with a1/
hACE2 (Figure 1(B)). The fragment up to residue Ile56 (His34
of hACE2) superimpose very well. From residue Glu35
(hACE2) onwards the a1/hACE2 deviates away from SARS-
CoV-2 RBD. However, DABP-a2 peptide lies parallel to RBM
throughout its length (Figure 1(B)). Hence the bound peptide
showed higher binding contacts with SARS-CoV-2 RBD
(Table 2).

However, the DABP-a1 peptide and its mutants bind
SARS-CoV-2 RBD with lower affinity (Table 1). Further, the
DABP-a1 peptides bind at a different position than a1/DABP-
D25Y (Supplementary Figure 1(A)). The DABP-a2 peptide also
binds RBD of other coronaviruses at the same site. Binding
score varies depending on the RBM site residues. The DABP-
a2 peptide binds 2005–2006 SARS coronavirus civet strain
RBD (pdb 3d0i) with best HADDOCK score (�85.6 ± 0.2). The
binding score is better than SARS-CoV-2 RBD. However, the
bound peptide does not cover the whole RBM site
(Supplementary Figure 1(B)). Thus, the proposed inhibitor
has the potential to block the broader range of
coronaviruses.

Binding affinity

The binding affinity of therapeutic agents to the receptor is
an important parameter in predicting their effectiveness as
promising drug candidates. To compute the binding affinity
of peptides, we use PRODIGY server. The binding affinities of
individual peptides are listed in Table 1. The predicted affin-
ities are in accordance with HADDOCK score. The PRODIGY
server predicted a dissociation constant (KD) of 2.6 nM (DG
�11.7 kcal mol�1) and 0.049 nM (DG �14.1 kcal mol�1) for
DABP-a1 and DABP-a2 peptides, respectively. The predicted
KD of DABP-D25Y is 0.6 nM (DG �12.6 kcal mol�1) (Jaiswal &

Table 1. HADDOCK docking statistics of various DABP peptides.

Peptides HADDOCK scorea

Van der Waals
energy (Evdw)
(kcal mol�1)

Electrostatic energy
(Eelec) (kcal mol�1)

Desolvation energy
(Edesol) (kcal mol�1)

Restraints violation
energy

(EAIR) (kcal mol�1)

PRODIGY
dissociation constant
nM (DG kcal mol�1)

DABP-a1 �68.7 ± 5.0 �53.7 ± 4.5 �217.4 ± 26.4 �2.3 ± 2.4 308.1 ± 20.08 2.6 ( �11.7)
DABP-a1-V10K �71.7 ± 8.6 �51.0 ± 2.1 �236.7 ± 30.2 �2.0 ± 0.6 286.8 ± 67.00 16.0 (�10.6)
DABP-a1-D25Y �70.6 ± 3.8 �61.5 ± 5.0 �127.5 ± 42.2 �16.8 ± 3.1 331.9 ± 72.20 5.2 (�11.3)
DABP-a1-V10K-D25Y �66.0 ± 4.9 �49.8 ± 5.8 �161.6 ± 31.5 �19.2 ± 5.2 353.2 ± 62.52 69.0 (�12.6)
DABP-a2 �74.0 ± 5.3 �54.9 ± 5.3 �200.6 ± 15.1 �10.0 ± 3.8 310.2 ± 64.25 0.049(�14.1)
aHADDOCK score: 1.0 Evdw þ 0.2 Eelec þ 1.0 Edesol þ 0.1 EAIR.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 3

https://doi.org/10.1080/07391102.2021.1889665


Kumar, 2020). The dissociation constants of mutant DABP-a1-
V10K, DABP-a1-D25Y and DABP-a1-V10K-D25Y are 16.0 nM
(DG �10.6 kcal mol�1), 5.2 nM (DG �11.3 kcal mol�1) and
69 nM (DG �9.8 kcal mol�1), respectively. The order of

peptides affinity to SARs-CoV-2 RBD is DABP-a2>DABP-
a1>DABP-D25Y> DABP-a1-D25Y>DABP-a1-V10K>DABP-
a1-V10K-D25Y. The experimentally determined KD for hACE2
to ectodomain S protein interaction is 4.7 nM (Lan et al.,

Figure 1. Binding of peptide inhibitor DABP-a2 on the SARS-CoV-2 RBD. (A) The peptide inhibitor DABP-a2 binds on RBD at a site which is between the two heli-
ces of DABP-D25Y binds. The receptor-binding domain (RBD) is shown as surface. (B) The Peptide inhibitor DABP-a2 binding partially overlaps with the a1/hACE2.
The DABP-a2 inhibitor showed much higher affinity for hACE2 because it forms more interaction with hACE2.

Table 2. MM-GBSA binding energy calculation of RBM site and DABP-a2 peptide residues.

RESIDUE VDW ELE GB SA Total RESIDUE VDW ELE GB SA Total

RBM Site DABP-a2
RBD/DABP-a2 �93.14 �189.56 232.76 �13.36 �63.31
G-476 �0.83 1.11 �0.07 �0.13 0.08 P-38 �1.83 2.5 0.29 �0.44 0.52
S-477 �1.83 �7.05 7.35 �0.44 �1.96 S-39 �0.74 �0.42 0.41 �0.1 �0.85
T-478 �0.94 �0.11 0.54 �0.16 �0.67 E-40 �0.09 �10.09 10.04 0 �0.14
P-479 �0.11 �0.25 0.26 �0.01 �0.12 D-41 �0.29 �14.7 15.28 �0.01 0.27
C-480 �0.03 �0.31 0.37 0 0.03 A-42 �1.77 0.65 0.47 �0.32 �0.98
N-481 �0.01 0.03 0.01 0 0.03 L-43 �1.15 �0.6 0.58 �0.25 �1.41
G-482 �0.01 �0.19 0.23 0 0.04 V-44 �0.15 �0.03 0.13 0 �0.05
E-484 �0.1 15.54 �14.98 0 0.46 E-45 �1.05 �20.57 21.41 �0.06 �0.27
G-485 �0.09 1.17 �0.87 0 0.21 N-46 �4.82 �1.78 4.84 �0.65 �2.41
F-486 �2.51 �0.81 1.94 �0.57 �1.95 N-47 �0.67 �0.1 0.86 �0.13 �0.04
N-487 �2.49 �3.1 5.15 �0.29 �0.73 R-48 �0.45 22.35 �21.15 �0.02 0.74
C-488 �0.51 0.54 �0.35 0 �0.32 L-49 �3.29 �1.31 1.74 �0.57 �3.44
Y-489 �3.52 �1.86 2.54 �0.59 �3.43 N-50 �1.89 0.75 0.96 �0.23 �0.41
F-490 �0.24 0.06 0.37 0 0.19 V-51 �0.19 0.23 �0.07 0 �0.03
P-491 �0.13 0.56 �0.56 0 �0.13 E-52 �1.85 �48.67 49.25 �0.36 �1.64
L-492 �0.13 �0.07 0.33 0 0.14 N-53 �3.1 �2.5 3.71 �0.55 �2.43
Q-493 �2.11 �3.3 4.94 �0.39 �0.86 N-54 �0.24 0.16 0.27 0 0.18
S-494 �0.94 0.88 0.82 �0.13 0.64 K-55 �0.42 32.39 �30.92 �0.02 1.03
Y-495 �1.81 0.85 0.82 �0.22 �0.35 I-56 �3.15 0.09 0.11 �0.5 �3.44
G-496 �1.51 2.02 �0.75 �0.14 �0.38 I-57 �0.72 �0.84 0.87 �0.1 �0.78
F-497 �1.45 �1.79 1.9 �0.07 �1.41 V-58 �0.17 0.24 0.01 0 0.08
Q-498 �2.9 2.32 �1.16 �0.31 �2.03 E-59 �0.34 �45.42 43.31 �0.28 �2.72
P-499 �0.24 �0.92 1.12 0 �0.03 V-60 �2.8 �0.67 0.75 �0.41 �3.14
T-500 �0.45 �12.57 8.71 �0.25 �4.55 L-61 �0.4 �0.07 0.34 0 �0.12
N-501 �2.65 �2.42 4.85 �0.41 �0.63 R-62 �2.3 23.66 �20.3 �0.4 0.65
G-502 �0.11 1.79 �1.81 0 �0.13 I-63 �7.25 �1.15 2.5 �1.07 �6.97
V-503 �0.04 0.45 �0.41 0 0 I-64 �4.35 0.36 1.09 �0.69 �3.58
G-504 �0.07 �0.1 0.26 0 0.09 L-65 �1.11 �29.24 32.09 �0.32 1.41
Y-505 �2.7 �1.58 2.44 �0.35 �2.19
Q-506 �0.27 �2.27 2.41 0 �0.14
P-507 �0.14 �0.14 0.11 0 �0.18

VDW: Van der Waals potentials, ELE: electrostatic potentials, GB: polar solvation free energies predicted by the Generalised Born model, SA: nonpolar contribu-
tion to the solvation free energy calculated by an empirical model.
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2020; Walls et al., 2020). Thus, DABP- a2 peptide binds SARS-
CoV-2 RBD with higher affinity (�95 fold) than hACE2. A
designed inhibitor should have a selective binding at the tar-
get site with relatively high binding energies. Thus,
HADDOCK score and predicted KD suggests that DABP-a2
peptide binds RBD with remarkably high affinity.

RBD/DABP-a2 complex

The peptide DABP-a2 is parallelly aligned with RBM b sheet
and covers the RBM site fully (Figure 1). The N-terminus of
peptide interacts with the RBD capping loop (472–488) and
C-terminus of peptide interacts with RBD loop (498–505).
Thus, DABP-a2 peptide forms extensive contact with SARS-
CoV-2 RBD. Sequence analysis of coronaviruses RBDs sug-
gests that SARS-CoV-2 RBD has unique residues- Leu455,
Phe486, Gln493, Ser494 and Asn501. These unique residues
form extensive contact with the hACE2 and responsible for
higher affinity of SARS-CoV-2 RBD to hACE2 (Shang et al.,
2020; Yan et al., 2020). Thus, the designed inhibitor should
disengage these residues from hACE2 interaction.

Leu455 of SARS-CoV-2 RBD enhances the viral binding to
hACE2 because of its favourable interactions with hotspot 31
(Lys31 of hACE2) (Wan et al., 2020). In SARS-CoV-2 RBD,
Leu455 interacts with Asp30, Lys31 and His34 of hACE2. In
RBD/DABP-a2 peptide complex, Leu455 interacts with Glu52,
Asn53, Lys55 and Ile56 (Figure 2(A)). In SARS-CoV-2 RBD,

Phe486 does not interact with a1/hACE2. Capping loop
which harbours Phe486 is flexible and deviates towards
bound peptide in DABP-a2 complex. In RBD/DABP-a2 com-
plex, the Phe486 is coordinated by triad Leu43, Asn46 and
Asn47. The phenyl ring of Phe486 is sandwiched between
side chain of Asn46 and Asn47 (Figure 2(B)). In SARS-CoV-2
RBD, Gln493 forms salt bridge interactions with Lys31 and
Glu35 of hACE2. In RBD/DABP-a2 complex also, Gln493
forms similar strong salt bridge interaction with Asn53 of
peptide (Figure 2(C)). Ser494 does not form any contact with
hACE2 in SARS-CoV-2 RBD/hACE2 complex. However, in
RBD/DABP-a2 complex Ser494 forms interaction with Val60
of DABP-a2 enhancing peptide interaction with viral RBD
(Figure 2(C)). Lastly, Asn501 in SARS-CoV-2 RBD/hACE2 com-
plex interacts with Tyr41 of ACE2. However, Asn501 interacts
with Arg62 and Ile63 of peptide in RBD/DABP-a2 complex
(Figure 2(D)). Thus, DABP-a2 can form very strong interaction
with RBD.

We further calculated the binding affinity for the RBD/
DABP-a2 complex using MM-GBSA method on HawkDock
server (Weng et al., 2019). The total binding energy of the
DABP-a2 and RBD is �63.31/kcal/mol (Table 2). The binding
energy contribution of individual residues confirms that
unique RBD residues of SARS-CoV-2 forms strong interaction
with DABP-a2 (Table 2). The van de waals and electrostatic
energies calculated from HADDOCK and MM-GBSA are in
good agreement (Tables 1 and 2).

Figure 2. Interaction of viral RBD and DABP-a2 peptide. All critical amino acid residues (A) Leu455, (B) Phe486, (C) Gln493, Ser494 and (D) Asn501 are involved in
the interaction with DABP-a2 peptide. The SARS-CoV-2 RBD/DABP-a2 complex is shown in orange and SARS-CoV-2 RBD/hACE2 complex is shown in grey.
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MD Simulation

The MD simulation calculates the time dependent behaviour
of the molecular system. Advent of high-performance com-
puting (HPC) and simplification of MD algorithms have made
possible to simulate the entire proteins in solution, mem-
brane embedded proteins or large macromolecular com-
plexes like nucleosomes or ribosomes (Brandman et al., 2012;
Roccatano et al., 2007; Sharma et al., 2007; Tinoco & der,
2009). The fluctuations and conformational changes of bio-
logical macromolecules can be studied using MD simulations.
Conformational ensembles of a molecule can also be ana-
lysed using MD simulations at biologically relevant time
scale. To understand the interactions between viral RBD and
DABP-a2, 100 ns classical MD simulation of the complex was
performed. To assess the dynamic behaviour of the complex,
the time dependent root-mean-square deviation (RMSD) of
all protein atoms was calculated using original docked com-
plex as reference. The RMSD value of the whole complex
fluctuates between 0.3-0.4 nm suggesting flexible nature of
the complex (Figure 3(A)). However, the RBM site and DABP-
a2 peptide exhibit RMSD value of �0.2 nm. Thus, the inter-
face between peptide inhibitor and RBM is quite stable
(Figure 3(A)).

The dynamic behaviour of the protein at residue level was
estimated by RMS fluctuations (RMSF). RMSF reflects the
positions of the individual atoms with respect to the average
position across the whole simulation trajectory. The peptide
DABP-a2 residues are rigid and do not fluctuate much (RMSF
< 0.15 nm) (Figure 3(B)). Similarly, the RBD residues are

stable except some the loops. Particularly two flexible
regions are present in the RBD. The loop (380–396) on the
RBD surface is flexible. This loop is far from the DABP-a2
interaction site. The second flexible region is the capping
loop (476–490) near the DABP-a2 interaction site. The com-
position of this loop is remarkably different from SARS-COV.
The following mutations Pro469/Val483, Pro470/Glu484,
Thr468/Gly482, Cys467/Cys480, Lys465/Thr478, Asp463/
Gly476 and Pro462/Ala475 (SARS-CoV/SARS-CoV-2) make
SARS-CoV-2 loop more flexible. Additionally, an extra amino
acid (Asn481) is present in SARS-CoV-2 loop. The absence of
two Pro residues, presence of Gly and Cys, and insertion of
Asn481 in SARS-CoV-2 make the capping loop more flexible
(RMSF�0.8 nm) (Figure 3(B)). However, interface residues
showed overall low RMSF (0.1–0.2 nm) and all critical amino
acids maintain their interactions with DABP-a2 peptide. The
single a helical peptide inhibitor of SARS-CoV-2 based on PD
domain of hACE2 was found to be less stable (Han & Kr�al,
2020). However, DABP-a2 peptide retains its shape and pro-
vides full coverage to RBM site (Figure 3(B)).

Radius of gyration (Rg) is the measure the compactness of
the molecule in the solution. The Rg of SARS-CoV-2 RBD/
DABP-a2 complex fluctuates between 1.87 and 1.97 nm.
Significant variation is seen at around 50ns simulation which
can be attributed to the flexible loops of RBD (Figure 3(C)).
Similarly, solvent accessible surface area (SASA) curve sup-
ports the Rg plot (Figure 3(D)). Thus, classical MD simulation
studies suggest that the interface of the complex is stable,
and the inhibitor DABP-a2 does not dissociate from RBD. A

Figure 3. MD simulation of SARS-CoV-2 RBD/DABP-a2 complex. (A) RMSD analysis of MD simulation trajectory of whole complex (black), peptide inhibitor (green)
and RBM site (red). (B) Averaged root-mean-square fluctuation for each amino acid in SARS-CoV-2 RBD/DABP-a2 complex. RBD and DABP-a2 peptide residues are
shown by dotted arrow. (C) Radius of gyration (Rg) of the complex during the 100 ns simulation. (D) Solvent accessible surface area (SASA) is shown dur-
ing simulation.
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good peptide inhibitor should have selective binding to the
receptor, complementary shape and low flexibility of the
interface residues (W�ojcik & Berlicki, 2016).

Principle component analysis (PCA)

PCA is a standard method to characterise the variable corre-
lations from atomic fluctuations in an MD trajectory. PCA can
provide a brief description of the motions. PCA extracts
highly correlated motions from the MD trajectories using
dimensional reductions. To understand the motion of DABP-
a2 peptide, RBM site and capping loop, PCA analysis was
performed (Figure 4). The core of the RBD, the bound pep-
tide and RBM site do not show any motion (Figure 4(A)). The
C terminus of peptide showed slight twisting motion and
shifted away from RBD significantly (�6.0 Å). However, these
residues are not involved in the direct interaction with RBD.
Without complete protein fold, isolated helical peptides are
usually unstable which in turn reduces the affinity of the
peptides to the target protein (Chakrabartty et al., 1994). The
peptide DABP-a2 maintained its helicity and remained bound
to viral RBD throughout the simulations. The pose of peptide
did not change during the simulation. Specially, the central
portion of peptide DABP-a2 maintained its interaction with
viral RBD (Supplementary File 2).

However, the capping loop (476–490) of RBD showed the
highest degree of motion (Figure 4(B)). The capping loop fluc-
tuates between open and close conformations (Figure 4(B)

and Supplementary File 2). The DABP-a2 peptide maintains its
interaction with capping loop throughout its transition from
open to closed state. The second significant motion occurred
in the fragment between residues (358–394) of RBD. This
region is on the surface of RBD and far from the interface of
RDM and DABP-a2 peptide (Figure 4(C)).

Immunoinformatics

The peptide inhibitor is recognised as a foreign substance by
the human host cells, thus inducing a host immune response
(Fernandez et al., 2018). The antibodies can affect the effi-
cacy of the drug by reducing the lifetime, neutralising the
activity and altering the pharmacokinetics of the drug. Thus,
an ideal inhibitor should not be antigenic. The DABP-a2 pep-
tide was not antigenic according to VaxiJen version 2.0 ser-
ver (Doytchinova & Flower, 2007). The server predicted
protective antigen score of �0.0046, which is much lower
than the threshold 0.4. The B cell epitope is a portion of an
antigen recognised by either a particular B cell receptor or
the elicited antibody (Parker, 2016). There are two types of B
cell epitopes � (1) Continuous and linear and (2)
Discontinuous or structural. More than 90% of B cell epitopes
are structural (El-Manzalawy & Honavar, 2010; Potocnakova
et al., 2016; Sanchez-Trincado et al., 2017). DiscoTope analysis
suggests the propensity scores of the individual residues for
discontinuous B cell epitope (Figure 5(A)). The server did not
find any B cell epitope on DABP-a2 surface.

Figure 4. Dominant motion of SARS-CoV-2/DABP-a2 complex using principal component analysis. (A) Porcupine plot of the first eigenvector of SARS-CoV-2/DABP-
a2 complex. (B) The capping loop I (476–490) near RBM site and C) loop II (358-394) show the maximum motion. SARS-CoV-2 RBD and DABP-a2 are shown in
limon and wheat colour, respectively. Last frame of RBD is shown in grey.
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The recognition of viral peptides-MHC class I complex by
CD8þ T cells is necessary for antiviral immunity. The T cell
epitopes are necessary to design an effective vaccine, how-
ever, will pose a challenge to peptide-based drugs. We used
NetCTL version 1.2 server to predict Cytotoxic T lymphocyte
(CTL) epitopes (Figure 5(B)). This tool outcomes combined
score of MHC class I binding, proteasomal C terminal cleav-
age and TAP transport efficiency. The highest score (0.5391)
was predicted for peptide (LVENNRLNV) fragment. Thus, no
CTL epitopes were predicted on DABP-a2 sequence.
ToxinPred is an in-silico method to predict the toxicity of a
peptide. The server uses a support vector machine (SVM) to
predict toxicity along with all possible mutations (Gupta
et al., 2013). The server predicted the toxic score of �0.90
with the threshold 0.1 used for calculation. Thus, immunoin-
formatics analysis suggests that DABP-a2 is non-immuno-
genic and non-toxic peptide. Therefore, it will be a probable
candidate for therapeutic use.

Discussion

The COVID-19 pandemic has caused the inconceivable loss
to the economy and human lives. The vaccines have been
proved to be the most powerful tool to fight the viral infec-
tions. However, traditional drug discovery is not an efficient
option as it takes longer time. Different strategies have been
employed to develop therapeutics to combat the SARS-CoV-
2 (Alattar et al., 2020; Dong et al., 2020; Thanh Le et al.,
2020; Wu, Liu, et al., 2020; Zhou et al., 2006). The molecules
that can effectively check the interaction of SARS-CoV-2 S
protein with hACE2 will be a potential drug candidate. Here,
we have reported a potential peptide DABP-a2 to block the
association of S protein with hACE2. Thus, this study
addresses an important problem to combat COVID-19.
Computer aided drug design has become an indispensable
too in drug discovery. We have proposed a lead inhibitor
using computational approach to block the association of
coronavirus to human host. The proposed study paves the
path for synthesis, screening and validation of proposed
inhibitor on biological system.

Peptides are smaller and easy to produce either chemically
or biologically. The advantages of peptides as drugs include the
low toxicity, ease of modifications, specificity to the target,
greater affinity, etc. Peptide inhibitors have been reported to
block the SARS-CoV-2 attachment to hACE2. These peptide
inhibitors are derived either from the interaction site of RBD/
hACE2 or de novo designed to bind viral RBD. Some peptide
inhibitors are also reported to bind non-interface region of S
protein. Huang et al. have proposed a peptide inhibitor for
SARS-CoV-2/hACE2 association using EvoDesign approach
(Huang et al., 2020). The proposed inhibitor showed a stronger
binding affinity to RBD compared to hACE2 (Huang et al., 2020).
Hsiang et al. have shown that the peptides SP-4 (GFLYV
YKGYQPI), SP-8 (FYTTTGIGYQPY) and SP-10 (STSQKSIVAYTM)
can significantly block the interaction of SARS-CoV S protein
with hACE2 (Ho et al., 2006). However, these peptides are
derived from viral spike protein and their target is hACE2. This
will limit their use as therapeutics because they might affect
normal function of hACE2 (Ho et al., 2006). Alanine scanning
showed that residues between 22 and 57 of hACE2 are import-
ant for its binding with viral RBD. Several peptide inhibitors
have been reported based on this region of hACE2 (Baig et al.,
2020; D. P. Han et al., 2006). Han and Kral (2020) also showed
potential peptide inhibitors of RBD derived from PD domain of
hACE2. Similarly, Barh et al. have designed several peptides
with potential to block the association of SARS-CoV-2 RBD and
hACE2 (Potential chimeric peptides to block the SARS-CoV-2
Spike RBD). Miniproteins AHB1 and AHB2 were designed using
ACE2 as scaffold. They neutralised SARS-CoV-2 with IC50 35 and
16 nM, respectively. Employing de novo approach, two mini
proteins LCB1 and LCB3 were identified. The LCB1 and LCB3
neutralised SARS-CoV-2 in picomolar range. These miniproteins
showed cross reactivity with SARS-CoV RBD (Cao et al., 2020).
Similarly, a 23 mer peptide fragment derived from a1/ACE2
helix was reported to bind specifically SARS-CoV-2 RBD with
nanomolar affinity (Zhang et al., 2020). Thus, RBD is suitable tar-
get for virus inhibition. Peptide inhibitors derived from PD
domain of hACE2 has the potential to block the association of
coronavirus to host cell.

One critical limitation in using peptide inhibitors as drug is
their short half-life in vivo. However, the conjugation of

Figure 5. Immunoinformatics analysis of DABP-a2 peptide. (A) DiscoTope analysis predicted the propensity score of B cell epitope. The residues shown in red are
potential B cell epitope. (B) Box plot depicting NetCTL scores for predictions of cytotoxic T lymphocyte (CTL) epitopes on the DABP-a2 peptide.
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peptides with lipid exhibit significantly improved antiviral
potency and better pharmacokinetics (Chong et al., 2017; Vilas
Boas et al., 2019). The field of peptidomimetics is used to get
derivatives of peptides which have better bioavailability,
improved blood-brain barrier transport, reduced rate of clear-
ance and better stability against peptidases (Lenci &
Trabocchi, 2020; Vagner et al., 2008). Some examples of pepti-
domimetics are the D-amino acid substitutes, altered amide
bonds, peptoids, urea peptidomimetics, peptide sulfonamides,
oligocarbamates, partial or full retro-inverso peptides, azapep-
tides, b-peptides and N-modified peptides etc. Further, com-
putational protein design can be combined with experimental
setup to accelerate the drug design. We have verified the bind-
ing of DABP-a2 peptide to SARS-CoV-2 RBD by various compu-
tational tools. However, it warrants the experimental
verification to assess the drug ability of DABP-a2.

Conclusion

In summary, using classical MD simulations, we have shown
that the peptide DABP-a2 extracted from ABP provide a
highly promising trail for SARS-CoV-2 blocking. MD simulations
revealed that the peptides maintain their helical structure and
provide a highly specific and stable binding to SARS-CoV-2
RBD. The DABP-a2 peptide specifically engages with critical
residues of SARS-CoV-2 RBD. Binding affinity prediction sug-
gests that the peptide binds to viral RBD with �95-fold higher
affinity than hACE2. Thus, the peptide will outcompete the
hACE2. Immunoinformatics analysis suggests that proposed
peptide inhibitor is non-immunogenic and nontoxic.
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