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ABSTRACT

analysis.

The SARS-CoV-2 outbreak has spread rapidly and widely since December 2019, and the effective drugs
are urgently needed. The two key proteins, Mpro and Spike, are attractive therapy targets for developing
drugs against SARS-CoV-2 infection. In this study, we searched for the potential inhibitors targeting Mpro
and Spike based on protein sequences and structural pharmacological analysis. We found that both
Mpro and Spike of SARS-CoV-2 were homologous with bat SARS-like-CoV. SARS-CoV-2 Mpro showed
high conservation (sequence similarities >99%), and the existing few point mutants in different patients
from diverse cities suggested that SARS-CoV-2 probably underwent adaptive evolution when the virus
infection transmitted from Wuhan patients to other non-Wuhan patients. Moreover, some inhibitors for
SARS-CoV Mpro could probably inhibit the activity of SARS-CoV-2 Mpro, because they do not target
conserved mutated sites of SARS-CoV-2 Mpro, such as SDJ, ACE-THR-VAL-ALC-HIS-H, B4Z inhibitor,
Beclabuvir, Saquinavir, and Lopinavir. In contrast, Spike of SARS-CoV-2 had more mutations and
some mutant sites were distributed in the interaction domain between Spike and ACE2. A new peptide
FRKSNLKPFERDISTEIYQAGSTPC, based on interactions between Spike and ACE2, could be a potential
drug to treat SARS-CoV-2 patients. In summary, our study provided potential new inhibitors for targeting
Mpro and Spike in SARS-CoV-2 virus-infected patients based on sequence and structural pharmacology
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Introduction

In December 2019, a pneumonia associated with
the 2019 novel coronavirus (SARS-CoV-2) occurred
in Wuhan, Hubei Province, China (1). And the new
coronavirus pneumonia (NCP) named as COVID-19 has
spread rapidly over many countries around the world
(2, 3). As of 30 March 2020, >730,000 cases have been
confirmed and the number of patients is still increasing,
with an estimated mortality risk of ~ 4.6% (3, 4).
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However, the source of the virus, the effective drugs, and
the pathogenesis are still not clear (5, 6).

SARS-CoV-2 has a single-stranded RNA, with distinct
clade from the f-coronaviruses associated with the human
severe acute respiratory syndrome (SARS) and was
classified in the B-coronavirus 2b lineage (7, §). Similar
to SARS, SARS-CoV-2 genome encodes non-structural
proteins, structural proteins and accessory proteins (7).
Non-structural protein, such as 3-chymotrypsin-like
protease (3CLpro, also known as main protease Mpro),
is one of the key enzymes for the viral life cycle (9).
Structural protein-Spike protein, responsible for viral
entry, binds to the cellular receptor angiotensin-converting
enzyme 2 (ACE2) and mediates the fusion between the
viral and cellular membranes (10). There are two regions
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(S1 and S2) in the Spike protein (11). In the S1 region,
there is a receptor binding domain (Spike-RBD) that
interacts with ACE2 (12). The functional importance of
the Mpro and Spike in the viral life cycle has attracted a
lot of interests for developing drugs against SARS-CoV-2.

Many scientists have envisaged that vaccines,
monoclonal antibodies, peptides, interferon therapies
and small-molecule drugs might be used to control and
prevent emerging infections (13-15). However, there is
no evidence to support specific drug treatment against
the NCP in suspected or confirmed cases. Hence, our
objectives were to search for potential drugs based on
sequence and structural pharmacological analysis from
Mpro and Spike of SARS-CoV-2.

Materials and Methods
Data preparation

Whole genome sequences of SARS-CoV-2 were
downloaded from CNCB/BIG (https://bigd.big.ac.cn/ncov)
and NCBI. According to gene locations, the nucleotide
sequences of Mpro, Spike and Spike-S1 of SARS-CoV-2
and their corresponding amino acids were acquired by
BioEdit software (16). To explore the origin of proteins,
each of Mpro, Spike and Spike-S1 in SARS-CoV-2 was
employed in BLAST search. The 100 sequences with
the highest similarity to Mpro/Spike/Spike-S1 of SARS-
CoV-2 were downloaded from the BLAST results,
redundant sequences were deleted (17). Subsequently, 93
Mpro sequences of SARS-CoV-2 and 87 Mpro sequences
of SARS/SARS-like, and 82 Spike/Spike-S1 sequences of
SARS-CoV-2 and 98 Spike/Spike-S1 sequences of SARS/
SARS-like were obtained.

Three-dimensional (3D) spatial structure of Mpro of
SARS-CoV-2 was downloaded from the PDB database
(18). And 72 Mpro structures in the PDB database were
download for comparing the Mpro structure of SARS-
CoV-2 with other coronavirus. Meanwhile, structures
of Mpro-ligand complex and Spike-ACE2 complex for
SARS-CoV were downloaded from the PDB database
(PDB ID: 5i08) (11).

Genetic and phylogenetic analysis

Weblogo was implemented to find the conserved sites/
area in Mpro/Spike/Spike-S1 (19). The sequences of
proteins and the similarities between sequences were
aligned by the BioEdit software. Unrooted tree topology
based on multiple alignments of amino acids was
established with the neighbor-joining method in MEGA
6.06 (20). Consistency of branching was tested using a
bootstrap analysis with 500 resamplings of the data in
MEGA 6.06.

Structural pharmacology analysis

The I-TASSER (Iterative Threading Assembly
Refinement) algorithm was utilized to predict the
structures of Spike and Spike-S1 of SARS-CoV-2 (21).
The RMSD (root-mean-square deviation) between two
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structures was computed by the Rosetta software. Physical
and chemical parameters for a protein were predicted by the
ProtParam tool (https://web.expasy.org/protparam/) (22).

To investigate differences in the electrostatic properties
between proteins, adaptive Poisson-Boltzmann solver
(APBS) and PDB2PQR were applied to each protein
(http://nbcr-222.ucsd.edu/pdb2pqr_2.1.1/) (23). The pqr
file of each structure was generated using the PDB2PQR
program. The dx file of each structure was generated
by utilizing APBS. The pqr file and dx file were then
uploaded in VMD to render the molecular surface
electrostatic potential map.

The largest possible binding pocket of these proteins,
i.e., Mpro and Spike-S1, was predicted by Discovery
Studio 3.0, respectively. These predicted pockets were
utilized to construct an initial coarse model of the Mpro-
ligand and Spike-S1-ACE2 complexes. Then, structures
of complexes were refined by the Rosetta software
(RosettaDock and FelxPepDock module), respectively
(24). The final structure was obtained based on energy
scores. The interactions between proteins and molecular
ligands were calculated by Discovery Studio 3.0 (25).
Meanwhile, interactions between proteins were computed
based on distances between atoms and type of residues.
Expression levels for ACE2 in human tissues were
obtained from The Genotype-Tissue Expression (26).
High quality 3D images of the proteins were drawn by
PyMOL (27).

Results

Sequence analysis could be helpful to evaluate the
repurposing of existing antiviral agents to treat SARS-
CoV-2. Phylogenic trees were built (neighbor-joining,
bootstrap = 500) for three proteins (Mpro, Spike,
Spike-S1) based on selected 185 virus sequences obtained
from CNCB/BIG (https://bigd.big.ac.cn/ncov) and NCBI
blast results (Figure 1A, B and C, access date 7 March
2020). The results indicated that all of these three proteins
of SARS-CoV-2 probably originated from bat SARS-like-
CoV, and pangolin as a mammal is probably a potential
intermediate host (Figure 1A, B and C). According to
homologous analysis, Mpro sequences of SARS-CoV-2
had very high conservation (100% identify for 93 Mpro),
and they were remarkably close to corresponding proteins
of bat SARS-CoV and SARS-CoV (sequence similarities
> 95%) (Figure 1D). However, Spike and Spike-S1
protein sequences of SARS-CoV-2 already displayed
point mutants (SARS-CoV-2 to SARS-CoV-2 sequence
similarities > 99%), and all their corresponding sequence
similarity values for bat SARS-like-CoV and SARS-CoV
are between 0.6 and 0.8 (Figure 1D, F). These results
indicated that Mpro is much more conserved than Spike
proteins in SARS-CoV-2. Compared to SARS-CoV, twelve
conserved amino acids mutations, i.e. 35V, 46S, 65N, 86V,
88K, 94A, 134F, 180N, 202V, 267S, 285A, and 286L,
were detected in the Mpro sequences of SARS-CoV-2
(Figure 1E, Figure 2A and Figure 2B). Meanwhile,
six point mutations (46, 65, 86, 88, 134 and 180 sites)
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were distributed in the inhibitor binding pocket of SARS-  which interacts with mammalian ACE2. Point mutation
CoV Mpro (Figure 1F). It suggested that inhibitors of occurred in this domain may affect the interaction
Mpro for SARS which target these sites probably could between Spike and ACE2, and then impact the capability
not inhibit the activity of Mpro for SARS-CoV-2. of coronavirus entry into mammalian normal cells with

On the other hand, Spike-S1 has a conserved domain  ACE2. In 82 sequences of SARS-CoV-2 Spike-S1, there
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Figure 1. The evolution and conservation for Mpro and Spike of SARS-CoV-2. (A), (B) and (C) represent phylogenetic trees of
Mpro, Spike, and Spike RBD. (D) Amino acid sequence similarity among SARS-CoV-2, bat SARS-like-CoV, and SARS-CoV. L- and H-
represent the lowest and highest sequence similarity between sequences in two types of coronavirus, respectively. (E) Sequence logo of
Mpro for SARS-CoV-2 and SARS-CoV. (F) Differential conserved amino acids of Mpro/Spike between SARS-CoV-2 and SARS-CoV.
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were 11 sequences with amino acid point mutation (11/82,
13%) and up to three mutation sites for each mutation
sequence (Figure 1D). Eight key mutation sites (F191,
H36Y, S234R, N341D, D351Y, V354F, T5591, and
D601G) located in different regions (Figure 1F). F191
and T5591 were only distributed in SARS-CoV-2 that
were from Wuhan, China. N341D and D351Y were only
presented in SARS-CoV-2 that were from Shenzhen,
China. H36Y, S234R, V354F, and D601G only occurred
in Spike-RDB domains of SARS-CoV-2 that were from
Guangdong (China), Australia, France, and Germany,
respectively. These results indicated SARS-CoV-2
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probably underwent adaptive evolution in the human
body.

It was well-known that protein sequence determines its
structure, which in turn decides its biological function,
such as pharmacological properties. According to
sequence analysis, we tested the hypothesis that the Mpro
structure of SARS-CoV-2 was very close to that of SARS-
CoV. Then, Mpro of SARS-CoV-2 (PDB ID: 6LU7,
https://www.rcsb.org/structure/6LU7) was utilized to
compare with other Mpro proteins in the PDB database.
We found that Mpro of SARS-CoV (PDB ID: 5¢50) was
very close to Mpro of SARS-CoV-2 (RMSD = 0.41A)

83
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Figure 2. Sequence logos and inhibitors for Mpro in SARS-CoV-2 and SARS-CoV. (A) The sequence logo for Mpro in SARS-CoV-2;
(B) The sequence logo for Mpro in SARS-CoV; (C) The complex for peptide and Mpro-SARS-CoV-2.
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Figure 3. Structural pharmacology analysis of Mpro and Spike. (A) Structural alignment of SARS-CoV-2 Mpro and corresponding
protein of SARS-CoV (PDB ID: 5c50). (B) A ligand (SDJ) of SARS-CoV interacts with Mpro of SARS-CoV-2. Orange, cyan, and black
represent h bond, Pipistack, and VDW. (C) Surface electrostatic potential values of Mpro and Spike-S1 for SARS-CoV-2 and SARS-
CoV. (D) Structure comparison of SARS-CoV-2 Spike-S1 and SARS-CoV Spike-S1 (orange cartoon). (E) Physical and chemical
parameters, including theoretical pl (isoelectric point), GRAVY (grand average of hydropathicity), negatively/ positively, and instability
index of Spike-S1 for SARS-CoV-2 and SARS-CoV. (F) The complex of Spike-S1 for SARS-CoV-2 and ACE2, and the interaction sites
between two proteins. (G) The interaction force type of Spike-S1 and ACE2 in SARS-CoV-2 and SARS-CoV. (H) ACE2 expression levels

in different human organs.
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(Figure 3A). This result indicated that the inhibitors of
this protein probably also inhibit the activity of Mpro of
SARS-CoV-2. After screening, a unique ligand for 5c5o,
i.e. SDJ (phenyl-B-alanyl (S, R)-N-decalin type inhibitor:
(2S)-3-(1H-imidazol-5-y1)-2-({[(3S, 4aR, 8aS)-2-(N-
phenyl-B-alanyl) decahydroisoquinolin-3-yl] methyl}
amino) propanal, was utilized to dock with Mpro of
SARS-CoV-2 (Figure 3B). The interaction sites between
the inhibitor and Mpro of SARS-CoV-2 were almost the
same (Figure 3B, PDB ID: 5c50) (9), and there is no
conserved amino acid mutations for Mpro. Hence, this
inhibitor of SARS-CoV Mpro could act as an effective
inhibitor for Mpro of SARS-CoV-2. Furthermore, based
on other proteins that were close to Mpro of SARS-CoV-2,
we also found that peptide ACE-THR-VAL-ALC-HIS-H
[Biologically Interesting Molecule Reference Dictionary
(BIRD), ID: PRD_000815] and B4Z inhibitor (BIRD ID:
PRD 000910) could probably inhibited SARS-CoV-2
infection (Figure 2C). Meanwhile, electrostatic potential
values for the surface of Mpro proteins of SARS-CoV and
SARS-CoV-2 were almost the same as well (Figure 3C).
These results indicated that inhibitors (molecules and
peptides, such as, Beclabuvir, Saquinavir, and Lopinavir)
for Mpro of SARS-CoV probably could be utilized to
inhibit the activity of Mpro in SARS-CoV-2, if these
inhibitors do not target conserved mutation amino acids of
Mpro SARS-CoV-2.

For drug design based on the interaction between
Spike-S1 and ACE2, we obtained protein structures of
Spike and Spike-S1 by utilizing the I-TASSER algorithm.
Compared to SARS-CoV, five factors were different from
Spike-S1 proteins of SARS-CoV-2: 1) surface electrostatic
potential values (Figure 3C); 2) 3D spatial structure
(RMSD = 7.54 A, aligned based on 367 atoms)
(Figure 3D, PDB ID: 5i08); 3) physical and chemical
parameters (theoretical pI, GRAVY, negatively/ positively,
and instability index) (Figure 3E); 4) interaction sites
between Spike-S1 and ACE2 (Figure 3F, PDB ID:
5108) (11); 5) interaction force type between Spike-S1
and ACE2 (Figure 3G, PDB ID: 5i08). These factors
play important roles in designing inhibitors for ACE2.
Therefore, some inhibitors of ACE2, effectively inhibit the
entry of SARS-CoV into normal cells, might not perform
well for SARS-CoV-2. However, peptides for SARS-
CoV-2 could be designed based on predicted structure
of the Spike-S1-ACE2 complex. For example, such as a
predicted peptide, FRKSNLKPFERDISTEIYQAGSTPC,
could interact with ACE2 with one ionic bond and four
H bonds according to predicted Spike-S1-ACE2 complex
(Figure 3F). Meanwhile, according to ACE2 expression
level in human tissues (Figure 3H), we should pay more
attention to the functional changes of intestinal tract,
testis, liver, lung and kidney, during clinical diagnosis and
treatment for SARS-CoV-2 patients.

Discussion
Our results showed that both Mpro and Spike of SARS-
CoV-2 were homologous with those of bat SARS-
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like-CoV. Although protein sequence and structure for
SARS-CoV-2 Mpro were conserved, Spike of SARS-
CoV-2 had many mutations and some mutant sites were
distributed in the Spike-S1. Based on sequence and
structural pharmacology analysis, we found that some
Mpro inhibitors for SARS-CoV probably also inhibit
activity of Mpro if they do not target conserved mutated
sites for Mpro of SARS-CoV-2 (Figure 1). In addition,
we found that SARS-CoV-2 probably underwent adaptive
evolution when the virus spread from Wuhan patients to
other non-Wuhan patients, which could be helpful for
discovering potential drugs for the treatment of NCP
cases. Furthermore, a potential peptide, that was predicted
based on interactions between Spike-S1 and ACE2,
could probably serve as a potential drug, and further
study can be conducted for its function test and peptide
modification.
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