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In recent years, a total of seven human pathogenic coronaviruses (HCoVs) strains were identified, i.e., SARS-CoV,
SARS-CoV-2, MERS-CoV, HCoV-OC43, HCoV-229E, HCoV-NL63, and HCoV-HKU1. Here, we performed an
analysis of the protease recognition sites and antigenic variation of the S-protein of these HCoVs. We showed
tissue-specific expression pattern, functions, and a number of recognition sites of proteases in S-proteins from
seven strains of HCoVs. In the case of SARS-CoV-2, we found two new protease recognition sites, each of calpain-
2, pepsin-A, and caspase-8, and one new protease recognition site each of caspase-6, caspase-3, and furin. Our
antigenic mapping study of the S-protein of these HCoVs showed that the SARS-CoV-2 virus strain has the most
potent antigenic epitopes (highest antigenicity score with maximum numbers of epitope regions). Additionally,
the other six strains of HCoVs show common antigenic epitopes (both B-cell and T-cell), with low antigenicity
scores compared to SARS-CoV-2. We suggest that the molecular evolution of structural proteins of human CoV
can be classified, such as (i) HCoV-NL63 and HCoV-229E, (ii) SARS-CoV-2, and SARS-CoV and (iii) HCoV-OC43
and HCoV-HKU1. In conclusion, we can presume that our study might help to prepare the interventions for the
possible HCoVs outbreaks in the future.

1. Introduction

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2)
gained universal attention in December 2019 after the onset of a res-
piratory outbreak in China. It now poses a global threat as confirmed
cases spread over 191 countries (Chakraborty et al., 2020a; Chakraborty
et al., 2020b; Wang et al., 2020a). Being a member of B-coronavirus
(CoV) group, SARS-CoV-2 is presumed to be linked with the previous
two outbreaks of SARS-CoV in China (in the year 2002 and 2003), and
Middle East respiratory syndrome coronavirus (MERS-CoV) in the
Middle East (in the year 2012) (Chakraborty et al., 2020a). In addition to

SARS-CoV-2, SARS-CoV, and MERS-CoV, other CoVs known to cause
infection in humans are HCoV-OC43, HCoV-229E, HCoV-NL63, and
HCoV-HKUL. It has been established that these four CoVs strains do not
impose major health threats; however, they might cause respiratory
illnesses, including pneumonia (Zeng et al., 2018). Therefore, there are a
total of seven CoVs strains that can infect the human species. Under-
standing the molecular similarities and variations among SARS-CoV-2
with different strains of CoVs can provide insights into their pathogen-
esis that might further help in the identification of appropriate targets
for intervention (Pal et al., 2020).

Members of Coronaviridae show the remarkable ability for
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interspecies transmission and zoonotic outbreaks (Bosch and Rottier,
2007; Cutler et al., 2010; Woo et al., 2009). It is possible that their
zoonotic potential is due to the viral entry process, which might help to
infect the target cell (Belouzard et al., 2012). It is well observed that
enveloped viruses can show infectivity only when they can invade the
target host cells and incorporate their genome in the host cell. Viral
entry is mediated by one or more surface proteins displayed on the viral
envelope that induce specific attachment to one or more host cell re-
ceptors, followed by fusion of the viral envelope with the cell mem-
brane. Following receptor adherence, a dedicated viral fusion protein
induces fusion of membrane and allows internalization of the virus via
endocytosis (Simons et al., 1982).

It is known that an envelope-anchored spike (S) protein with a dual
function of mediating receptor binding and fusion directs CoV entry into
the host cells (Li, 2016; Mocarski et al., 2013). An excess signal, such as
proteolytic activation, receptor binding, and low pH, is employed by
CoV, which allows the liberation of the fusion peptide into target
membranes at a particular time (Bosch and Rottier, 2007). S-protein is a
class I fusion viral protein that is stimulated for fusion by a variety of
proteases of the host cell (Belouzard et al., 2012; White et al., 2008). The
S-protein has two types of ectodomains (Mocarski et al., 2013) that are
further separated into two functional domains, i.e., S1 subunit for ACE2
receptor-binding and S2 subunit for fusion mechanism. Host cellular
proteases are responsible for the cleavage and activation of the S-protein
that enables the S2 unit for the fusion. As a result, SARS-CoV-2 takes
entrance into the susceptible cells by the combined action of proteolytic
processing as well as receptor-binding of the S-protein to support host
cell-virus fusion (Walls et al., 2020). The membrane fusion of the CoV S-
protein needs two initial cleavages by proteases of the host at the portion
of the S1-S2 boundary. The fusion peptide, located adjacent to the S2’
site, comprises a highly conserved motif called I-E-D-L-L-F in all the
seven strains under study (Burkard et al., 2014; Millet and Whittaker,
2015; Mocarski et al., 2013). Apart from these well-characterized
cleavage sites, the S-protein can also be cleaved at several other less-
characterized locations by a multitude of proteases. Based on CoV’s
strain and the type of infected host cell, the cleavage phenomena occur
at several sites and different stages of the CoV infection cycle. It may be
significant in cell/tissue tropism, modulating pathogenicity, and host
range of the virus (Li, 2016; Mocarski et al., 2013). A large number of
cellular proteases, namely, proprotein convertase (e.g., furin and furin-
like proteases), trypsin, cathepsins, elastase, plasmin, TMPRSS2 (trans-
membrane protease, serine 2), and several others have recognition sites
in variable number and at various locations in different CoV strains
(Belouzard et al., 2010; Gierer et al., 2013; Kam et al., 2009; Matsuyama
et al., 2005; Shirato et al., 2013; Simmons et al., 2013; Williamson et al.,
2013). However, all of them may not be functionally relevant as their
efficiency in cleavage scores is low. Therefore, there is an urgent need to
identify the putative protease recognition sites of seven CoVs along with
this pandemic virus. Additionally, presumed protease recognition sites
of SARS-CoV-2 can help us to understand its pathomechanism.

It has been noted that S-protein has several antigenic sites, which are
the most important target for vaccine development (Bhattacharya et al.,
2020b; Giurgea et al., 2020). The epitopes in S-protein in both SARS-
CoV-2 and SARS-CoV can help develop antibodies (Tian et al., 2020;
Yuan et al., 2020). Therefore, it is necessary to identify the variations
among the antigenic sites in the S-protein of seven CoVs pathogenic to
humans. Moreover, data on the evolutionary relationships of the human
pathogenic strains of CoVs is limited, and further research work is
required in this direction.

Therefore, we first identified the protease recognition sites of seven
CoVs, including SARS-CoV-2. We also predicted S-protein’s antigenicity
and identified the antigenic sites in S-protein of seven human corona-
viruses (HCoVs) strains via identifying the multi-epitopic regions of B-
cells and T-cells using immunoinformatics tools. Further, we compared
the antigenicity of SARS-CoV-2 with other HCoVs. Finally, we mapped
the evolutionary relationships, sequence similarity, align positions
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(align blocks) analysis of spike (S), membrane (M), envelope (E), and
nucleocapsid (N) proteins among human pathogenic CoVs.

2. Materials and methods
2.1. Retrieval of proteomic data

The S-protein sequences of the seven different strains of HCoVs were
collected from the NCBI (Coordinators, 2017). For protease recognition
sites, the S-protein of the seven different strains of HCoVs information
(numbers of amino acids, accession ID, and version) were retrieved,
which are shown in supplementary table S1. For the prediction of an-
tigenicity and identification of antigenic sites of the S-protein, the
respective retrieved protein information (numbers of amino acids,
accession ID, and version) are shown in supplementary table S2.
Furthermore, we have collected amino acid sequences for all structural
proteins (S-, M-, E-, N-proteins) of seven HCoVs pathogens from NCBI to
analyze the evolutionary relationships, sequence similarity, and align
positions (Supplementary table S3 to S9).

2.2. Mapping of the protease recognition sites and tissue-specific
expression pattern analysis of the proteases

A segment of S-protein was selected (varying in length from 66 to
210 amino acids) encompassing the S1/52 and S2’ junctions, along with
a portion of subunit 2 in between for comparative assessment of protease
recognition sites in the seven strains of CoVs.

The target amino acid sequences from each of the seven strains were
then scanned using Procleave and PROSPER: Protease substrate speci-
ficity web server (Li et al., 2020; Song et al., 2012). In Procleave, all
possible protease recognition sites were identified with cleavage scores
ranging from 0.02 to 0.9. In contrast, in PROSPER, there was a rigidity in
the number of proteases identified, and their putative recognition sites
showed a cleavage score from 0.6 to 1.3. Since a higher score indicates a
strong prediction of cleavage, proteases that were expressed in human
epithelium with cleavage score > 0.7 were considered for further
analysis from both the web servers.

For tissue-specific expression pattern analysis, an extensive literature
survey complemented by data from GeneCards ((Safran et al., 2010;
Stelzer et al., 2011) and The Human Protein Atlas ((Thul and Lindskog,
2018; Uhlen et al., 2010) was used to validate the tissue-specific
expression pattern and function of the proteases. A putative map of
the protease recognition site in the target amino acid sequence of SARS-
CoV-2 was generated to understand the virus’s high infectivity and
disease severity compared to the other six related strains.

2.3. Estimation of location and solvent accessibility of protease
recognition sites in S glycoprotein

With reference to the atomic model of closed SARS-CoV-2 S glyco-
protein ectodomain trimer (PDB 6VXX) (Walls et al., 2020) the solvent
accessibility of the candidate protease recognition sites were cross-
examined in one of the three monomers (monomer A) constituting the
protein structure using PDBePISA server (Krissinel and Henrick, 2007).
It is a bioinformatics tool that explores the interface of biological mac-
romolecules. A similar assessment was done for the open S-protein
trimer (PDB 6VYY). The accessibility was further validated together
with allocating the cleavage sites in the protein structure using PyMOL
software (Del.ano, 2002).

2.4. Identification and selection of B-cell epitopes

The amino acid sequences of selected seven different strains of
HCoVs were explored for accurate identification and selection of B-cell
epitopes using the Immune Epitope Database (IEDB) prediction server.
The IEDB cooperated BepiPred Linear Epitope Prediction algorithm was
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used for the B-cell epitope identification from the targeted S-proteins
sequences of CoV strains (Jespersen et al., 2017; Vita et al., 2015). This
method requires a single FASTA file containing amino acid sequences to
access the B-cell epitopes.

2.5. Identification and selection of T-cell epitopes within selected B-cell
epitopes and their antigenicity prediction

T-cell epitopes are required to trigger the cell-mediated immunity in
the host cell. This analysis used ProPred and Propred-I servers to predict
the MHC-II and MHC-I binding epitopes, respectively (Singh and
Raghava, 2003). These servers predict epitopes with high efficiency and
might propose the interaction with the allelic forms (a probability with
any of 47 MHC-I and 51 MHC-II alleles). The present study has consid-
ered those T-cell epitopes that have a potent interacting affinity towards
the B-cells. The 9mer B-cell epitopes were further processed in the
Proped and Proped-I server to identify T-cell and select known common
epitopes. Hence we predicted the antigenic score to recognize the anti-
genicity of the common epitopes (both B-cells and T-cells) within the S-
protein of seven CoVs strains. Additionally, the VaxiJen 2.0- Drug
Design server was used for the calculation of antigenicity of these
common epitopes within the HCoVs S-protein (Doytchinova and Flower,
2007).

2.6. Immunogenicity and conservancy analysis of common B-cell and T-
cell epitopes

The IEDB class I immunogenicity tool is used to predict the immu-
nogenicity of a peptide MHC (pMHC) complex. This method was vali-
dated only on 9mers presented on the HLA class I molecules (Calis et al.,
2013). Subsequently, the IEDB conservancy analysis tool was employed
to analyze the degree of conservation of B-cell and T-cell epitopes of
seven HCoV strains. This tool calculates the degree of the conservancy of
an epitope within a given protein sequence set at different degrees of
sequence identity (Bui et al., 2007).

2.7. Mapping of molecular phylogenetics

Bioinformatics tool was used to construct the phylogenetic tree of
seven HCoVs strains using different structural proteins. We constructed
the phylogenetic tree with bootstrap values for bootstrap analysis using
software that employs different signature algorithms, such as PhyML,
TreeDyn MUSCLE, and Gblocks (Dereeper et al., 2008). PhyML (for tree
building), TreeDyn (for tree depiction), MUSCLE (for multiple align-
ments), and Gblocks are the highly used algorithms. This tool utilizes the
Maximum-likelihood (ML) algorithm for tree building along with the
Bayesian algorithm for the analysis of molecular phylogenetics.

2.8. Analysis of sequence similarity

ClustalW calculates the best match for sequences, their likeness, and
differences, and it can be detected and evaluated. ClustalW is a well-
accepted algorithm for Multiple Sequence Alignment (MSA). This pro-
gram applies a progressive MSA method, which consists of an algorithm
for 3 phases: distance matrix, neighbor-joining, and progressive align-
ment. The basic algorithm to describe the particular pairwise alignment
scores on the ground of its significant algorithm is Needleman and
Wunsch algorithm (Needleman and Wunsch, 1970), where gaps have no
penalty (d = 0). We utilized Clustal Omega to understand the similarity
and elucidate respective pairwise alignment scores for sequence simi-
larity analysis. The Clustal omega tool has a graphical and user-friendly
interface. This server was developed based on a ‘progressive algorithm’
(Hogeweg and Hesper, 1984). Clustal Omega is designed on the platform
of ClustalW. We used Clustal Omega to understand the similarity and
explain the specific pairwise alignment of all structural proteins (S-, M-,
E-, N-proteins) of seven human CoVs pathogens.
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2.9. Creation of align positions

Previously, we used several sequences of insulin (n = 60) to find the
aligned blocks using a modern method (Gblocks server), which is a
significant server for removing divergent and obscurely aligned blocks
(Chakraborty et al., 2012). In this study, we also utilized the Gblocks
server to understand the aligned blocks between all structural proteins
(S-, M-, E-, N-proteins) of seven human CoVs pathogens. The Gblocks
server explains a set of conserved parts from MSA (Talavera and Cas-
tresana, 2007).

3. Result

3.1. Mapping of the protease recognition sites and tissue-specific
expression pattern analysis of the proteases

In the search for protease candidates for this study, the proteases’
tissue-specific expression pattern was created from an extensive litera-
ture survey. This was then validated with data available from GeneCards
and The Human Protein Atlas. For quantification of gene expression of
proteases, we referred to the tissue-specific confidence scores provided
by TISSUES 2.0 in GeneCards. The proteases with significantly higher
expression in human epithelial tissues and cleavage scores >0.7 were
selected for further analysis. Details of the candidate proteases with
potential recognition sites in all of the seven strains of CoVs have been
summarized in table 1. SARS-CoV-2 evades the human immune sur-
veillance more effectively than SARS-CoV and other CoVs strains for
which their pathogenicity is much higher. So we elaborated our study by
mapping the putative protease recognition sites of SARS-CoV-2 spike
glycoprotein in an attempt to address the pathogenicity of the virus
(Fig. 1).

The variation in host proteases responsible for S-protein activation
determines its host range, tissue tropism, and viral transmissibility. S-
protein of SARS-CoV-2 possesses one furin cleavage site in between the
amino acid residues 682 and 685 (RRAR/SVAS), within the S1/S2
domain (Fig. 1), which is distinct from all other CoVs. A similar furin
cleavage site was also found in MERS-CoV, but its cleavage score (0.1)
was found much lesser than that of SARS-CoV-2 (0.92). A number of
cleavage sites for elastase-2, cathepsin-K, and cathepsin-G in the S-
protein of all the seven viral strains were observed at different locations.
One out of ten recognition sites for elastase-2 in SARS-CoV1(DIPI/GAGI)
and one out of eleven in HCOV-HKU1 (AIPT/NFTI) are identical with
one from seven sites in SARS-CoV-2 each. Out of the six cathepsin G
cleavage sites in SARS-CoV-1, two sites (AYTM/SLGA and LLQY/GSFC)
are indistinguishable from SARS-CoV-2. In contrast, another site
exhibited a slight deviation in the amino acid sequence (SVAY/SNNS).
MMP9 also has multiple recognition sites in the S-protein of all the
strains of Coronavirideae under study. Two sites from SARS-CoV-1
(VDCT/MYIC and (FAQV/KQIY) and another from HCOV-229E (IPTN/
FTIS) showed similarity with recognition sequence in SARS-CoV-2. The
recognition site for calpain-1 was noted in SARS-CoV-1, SARS-CoV-2,
and MERS-CoV-2, whereas only SARS-CoV-2 possessed a cleavage site in
calpain-2. Two cleavage sites for pepsin-A were exclusive only for SARS-
CoV-2. Cleavage sites for caspase-3, caspase-6 and caspase-8 were
identified in the S2 subunit of SARS-CoV-2. The position and recognition
sequence of cleavage sites for all the candidate proteases in the S-protein
of SARS-CoV-2 have been described in supplementary table S10.

3.2. Allocation of protease cleavage sites and assessment of their solvent
accessibility

Among the multiple conformational states available for SARS-CoV-2
S glycoprotein, one with a prefusion ectodomain trimer in both close and
open state was used to determine the position of the cleavage sites in the
protein structure. For that, corresponding structure data represented by
PDB formats 6VXX (closed state) and 6VYY (open state) were considered



C. Chakraborty et al.

Infection, Genetics and Evolution 89 (2021) 104729

Table 1
Summary of tissue-specific expression pattern, functions and number of recognition sites of proteases under study in S-proteins from seven strains of HCoVs.
Name of Tissue-specific expression Number of recognition site(s) of proteases in Coronavirus Functions
proteases
SARS- SARS- MERS- HCOV- HCOV- HCOV- HCO-
CoV-2 COV-1 cov 0C43 229E NL63 HKU1
Elastase-2 Blood, Lung, Liver, Bone marrow, 7 10 7 6 8 11 11 Collagen degradation, neutrophil
(ELANE) Eye, Heart, Nervous system, Skin, degranulation, ECM organization and
Intestine, Kidney remodelling, MMP activation, perpetuate
airway inflammatory immune response,
disrupt innate immunity, incite
inflammatory response
MMP-2 Nervous system, Lung, Bone, 0 1 2 2 1 3 2 Regulator in matrix remodelling and
Muscle, Skin, Heart, Intestine, molecules involved in signal transduction,
Kidney, Blood, Gall bladder, Eye, particularly expressed in lung, placenta,
Lymph node, Liver, Pancreas, ovary, pancreas, spleen and intestine
Stomach, Spleen, Thyroid gland,
Bone marrow
MMP-3 Lung, Blood, Skin, Intestine, Bone, 0 0 2 2 0 2 1 Breakdown of ECM in normal physiological
Heart, Muscle, Nervous system processes as well as in disease processes.
MMP-9 Blood, Lung, Bone marrow, 7 10 9 1 8 13 7 Overexpression in human respiratory
Intestine, Lymph node, Heart, epithelial healing, ECM organization and
Nervous system, Liver, Muscle, remodelling
Spleen, Skin, Bone, Kidney, Eye,
Stomach, Pancreas
Cathepsin- Blood, Skin, Bone marrow, Spleen, 5 6 8 4 4 5 7 Activation of secretion from epithelia of
G Lung, Lymph node, Heart airway submucosal glands, Regulation of
innate immunity and inflammation,
stimulates neutrophils to respond to
chemotactic signals, increase pulmonary
immune response by PLTP degradation.
Cathepsin- Bone, Skin, Blood, Spleen, Kidney, 1 2 5 2 3 3 7 Collagen degradation, ECM organization and
K Lung, Nervous system, Pancreas, remodelling, bone remodelling and
Bone marrow, Gall bladder, resorption, affects innate immunity,
Muscle, Eye, Lymph node, Heart apoptosis, TLR cascade.
Calpain-1 Pancreas, Nervous system, Kidney, 2 1 1 0 0 0 2 Stomach and muscle specific cysteine
Liver, Intestine, Lung, Muscle, protease
Blood, Eye, Heart, Stomach, Skin
Calpain-2 Pancreas, Skin, Nervous system, 2 0 0 0 0 0 0 Stomach and muscle specific cystine protease
Liver, Lung, Lymph node, Blood,
Kidney, Intestine, Muscle, Gall
bladder
Pepsin-A Stomach, Nervous system 2 0 0 0 0 0 0 Stomach specific protease
Caspase-6 Blood, Lung, Intestine, Nervous 1 0 0 0 0 0 0 Apoptosis
system
Caspase-8 Blood, Intestine, Lung, Bone 2 0 0 0 0 0 0 Apoptosis.
marrow, Liver, Lymph node,
Nervous system, Heart, Kidney,
Skin, Muscle, Stomach, Pancreas
Caspas-3 Nasal epithelium, Peripheral blood 1 0 0 0 0 0 0 Apoptosis.
mononuclear cells, Lungs, Heart,
Blood
Furin Liver, Blood, Lung, Nervous 1 0 0 0 0 0 0 Secretory protease acting as

system, Kidney, Pancreas, Intestine,
Muscle, Heart, Skin, Spleen

proproteinconvertase, Activation of HIV
envelope glycoproteins gp160 and gp140,
probable role in tumor progression

for analysis using PDBePISA software (Krissinel and Henrick, 2007).
Solvent accessibility of individual amino acid residue located in the
three chains of the S-protein was cross-examined. The target sites for 31
proteolytic cleavages were classified as either accessible or inaccessible,
as shown in table 2. Out of 31 sites, twenty-eight were accessible while
three were inaccessible. The same observation was recorded for the open
conformation also. The structure information provided in the respective
PDB files were used to obtain the protein structure with three chains
using PyMOL (Krissinel and Henrick, 2007). From there, the location of
recognition sites for each of the proteases under study was determined,
and the accessibility was validated. The analysis was done for all the
three S- protein chains in both closed and open states, and the same
observation was recorded in both of the two states. In Fig. 2, a repre-
sentative model has been generated to show the location and the
accessibility of the cleavage sites in one chain only but from different
positions. The representation of every site is mutually exclusive without
any repetition. The model obtained corroborated with the observation

from the PDBePISA platform (Wu et al., 2020).

3.3. Identification and selection of B-cell epitopes

The linear B-cell epitopes were identified within various strains of
CoV. The epitopic prediction of IEDB applying the BepiPred prediction
method is shown in the graphical presentation (Fig. 3). The yellow
portions represent the B-cell epitopes, and the green colors represent the
non-epitopic area.

3.4. Identification and selection of T-cell epitopes within selected B-cell
epitopes and their antigenicity prediction

T-cell mediated immune response and its cascade relay after binding
to peptide-MHC complexes are pivotal for specific cellular immunoge-
nicity. As these epitopes are selected from the B-cell epitopic part of the
S-proteins, these can serve as both B-cell and T-cell epitopes that interact
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Fig. 1. A representative map of putative protease recognition sites in target sequence in S-protein encompassing the S1/S2 site and S2’ site. The coloured bars

corresponds to cleavage site of individual proteases.

with the human target receptor. Here, seven CoV strains were charac-
terized according to their antigenicity and their interacting affinity to-
wards MHC-I and MHC-II alleles (supplementary table S11). Among
them, only the SARS-CoV-2 strain showed the most potent antigenic
epitopes (highest antigenicity score with maximum numbers of epitope
regions) (Fig. 4A). Our analysis also demonstrates that the S-protein of
SARS-CoV-2 contains four epitopic regions (VRQIAPGQT: 0.8675,
YQAGSTPCN: 0.4992, FQPTNGVGF: 0.5711, ILPDPSKPS: 1.2217) that
bear the maximum antigenicity score (>threshold score 0.45) and are
considered as the probable potent antigen for both B-cell and T-cell
(supplementary table S11). Other six strains of HCoVs showed less
numbers of antigenic epitopes (common B-cell and T-cell) and low an-
tigenicity scores compared to SARS-CoV-2 (Fig. 4B).

3.5. Immunogenicity and conservancy analysis of common B-cell and T-
cell epitopes

Immunogenicity prediction of peptide epitope is typically based on
amino acid sequence configuration. The enrichment of an amino acid in
an immunogenic peptide is determined by the importance of the posi-
tion at which it was found to calculate the score of HLA class I within the
presented peptide. In prediction results, the higher score indicates a
greater probability of eliciting an immune response. Out of the total 20
epitope sequences (common for B-cell and T-cell) from HCoVs analyzed,
the SARS-CoV-2 strain epitopes bear the highest immunogenicity (table
3) compared to all other CoV strains epitopes. Whereas the epitope
conservancy analysis is applied to analyze the variability or conserva-
tion of studied epitopes. The calculated of conservancy degree and the
matching between minimum identity andmaximum identity levels
within the protein sequence set of each HCoVs S-protein is presented in
table 4. Different epitopes were identified from the protein data set,
showing the positions and the matching protein sub-sequences. The
corresponding matching identity of the epitope in every protein
sequence is also depicted. In our current study, 16 identified epitopes

from the S-protein have more than 5% of protein sequence matches.
Likewise, the minimum identity was determined from the given seven
pathogenic HCoVs S-protein sequences.

3.6. Mapping of molecular phylogenetics

The genome of SARS-CoV-2 encodes polyproteins (ppla and pplb)
and structural proteins (Fig. 5). The structural proteins of CoVs are the
building blocks of their capsid that encase different proteins, i.e., E-, M-,
N- and S-proteins (Supplementary table S12). Our molecular evolution
study involves different SPs of the seven HCoVs pathogens (Supple-
mentary table S12). We have collected amino acid sequences for all
structural proteins for seven HCoVs pathogens from NCBI. We used the
latest computational biology tools to generate data on the structural
proteins of seven recognized human pathogenic CoVs. We specifically
analyzed four critical points in the phylogenetic tree.

First, the S-protein of CoVs showed origin from an ancestral node for
HCoV-NL63 and HCoV-229E. Similarly, SARS-CoV, as well as SARS-
CoV-2, expresses the same line and point of origin. Besides, HCoV-
0C43 and HCoV-HKU1 are associated with MERS-CoV as they showed
the origin point from the ancestral node (Fig. 6A). Secondly, the M-
protein of different viral strains showed HCoV-229E and HCoV-NL63
having the same point of origin from the ancestral node. Likewise,
HCoV-HKU1 and HCoV-OC43 are also expressed at the same origin
point. It was also observed that the SARS-CoV-2 and SARS-CoV origi-
nated from the ancestral node that links MERS-CoV (Fig. 6B). Thirdly,
the E-protein of different strains has illustrated that HCoV-HKU1, HCoV-
0C43 originated from the ancestral node associated with MERS-CoV.
Also, SARS-CoV-2 and SARS-CoV originated from ancestral nodes
similar to HCoV-NL63 and HCoV-229E (Fig. 6C). Fourth, the N-protein
showed HCoV-NL63 and HCoV-229E with a similar point of origin.
Therefore, it can be suggested that SARS-CoV-2 and SARS-CoV are
linked and share the same point and line of origin as MERS-CoV. HCoV-
HKU1 and HCoV-OC43 also showed the same origin point (Fig. 6D).
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Table 2
Summary of accessibility of protease cleavage sites on SARS-CoV-2 spike protein
(600-798 amino acid residues).

Serial Position of Name of Cleavage Solvent

Number cleavage site protease site accessibility

1 666 Elastase 2 DIPI/GAGI accessible

2 679 Calpain 1 TQTN/ accessible*
SPRR

3 679 Caspase 8 TQTN/ accessible”
SPRR

4 683 MMP9 SPRR/ accessible*
ARSV

5 685 Furin RRAR/ accessible*
SVAS

6 693 Elastase 2 QslI1/ accessible
AYTM

7 696 MMP9 IAYT/MS accessible

8 697 Cathepsin G AYTM/ accessible
SLGA

9 700 Cathepsin K MSLG/ inaccessible
AENS

10 703 MMP9 GAEN/ inaccessible
SVAY

11 707 Cathepsin G SVAY/ inaccessible
SNNS

12 716 Elastase 2 AIPT/NFTI accessible

13 717 MMP9 IPTN/FTIS accessible

14 718 Cathepsin G PTNF/ accessible
TISV

15 720 Elastase 2 NFTI/ accessible
SVIT

16 729 Elastase 2 ILPV/ accessible
SMTK

17 729 Cathepsin G ILPV/ accessible
SMTK

18 730 MMP9 LPVS/ accessible
MTKT

19 738 Caspase 3 SVDC/ accessible
TMYI

20 739 MMP9 VDCT/ accessible
MYIC

21 739 Elastase 2 VDCT/ accessible
MYIC

22 756 Cathepsin G LLQY/ accessible
GSFC

23 759 Pepsin A SFCT/QLN accessible

24 764 Calpain 1 TQLN/ accessible
RALT

25 776 Caspase 6 EQDK/ accessible
NTQE

26 776 Caspase 8 EQDK/ accessible
NTQE

27 778 Pepsin A QEVE/ accessible
AQVK

28 781 Elastase 2 TQEV/ accessible
FAQV

29 785 MMP9 FAQV/ accessible
KQIY

30 790 Calpain 2 QIYK/TPPI accessible

31 791 Calpain 2 KQIY/ accessible
KTTP

¢/’ indicates cleavage site.
" Accessibility predicted based on their positions as the residues are not pre-
sent in crystal structure.

3.7. Analysis of sequence similarity
To understand the sequence similarity of structural proteins of seven
HCoVs, we performed multiple sequence alignment (MSA). We found a

high level of sequence similarity between different human pathogenic
CoVs strains in S-, M-, E- and N-proteins (Supplementary Fig. S1-S4).

3.8. Creation of HCoVs align positions

To understand the align positions of structural proteins of HCoVs, we
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performed a G-Block analysis. Several align positions of different path-
ogenic HCoVs have been noted in S-proteins (Supplementary Fig. S5),
M- protein (Supplementary Fig. S6), E-protein (Supplementary Fig. S7),
and N-protein (Supplementary Fig. S8). More number of align positions
are found in S-proteins because it may be a long protein compare to
other proteins.

4. Discussion

The SARS-CoV infection in China occurred in 2002-03, and the
MERS-CoV outbreak followed in the Middle East a decade later (Chak-
raborty et al., 2020a; Zaki et al., 2012). Although the human pathogenic
CoVs, namely HCoV-HKU1, HCoV-NL63, HCoV-229E, and HCoV-OC43
have been well-established, they didn’t create significant health
threats. But, they were associated with respiratory illnesses, including
pneumonia (Zeng et al., 2018). Therefore, we focused on the seven
human pathogenic CoVs.

In CoVs, S-proteins’ tethering to the viral envelope is essential for
receptor binding, followed by membrane fusion and viral entry in host
cells. Therefore, it is a significant determinant of its infectivity (Ou et al.,
2016; Xia et al., 2020). The two subunits, i.e., S1 and S2, of the trimeric
S-protein, assist binding and membrane fusion, respectively (Colman
and Lawrence, 2003; Lamb and Jardetzky, 2007). S-glycoprotein with a
metastable perfusion conformation following translation is a typical
representative of class I fusion protein. It needs to be activated by pro-
teolytic cleavage at S1/S2 and/or S2’ sites by proteases of the host cell
followed by a configuration change in the S2 subunit that facilitates the
release of spike fusion peptide to promote the fusion reaction and viral
entry (Hulswit et al., 2016; Wang et al., 2020b). Therefore, we restricted
our search for candidate protease recognition site to a segment of the S-
protein starting from 25 amino acid upstream of S1/S2 junction,
encompassing the S2 subunit up to 10 amino acid downstream of S2’ site
in each of the seven strains of CoVs. The S-protein size is highly variable
among different CoVs species ranging from approximately 1100 to 1600
residues in length (Hoffmann et al., 2020). An in silico study was per-
formed using the target sequences of SARS-CoV-1 (159 aa), SARS-CoV-2
(137 aa), MERS-CoV (167 aa), HCoV-HKU1 (134 aa), HCoV-OC43 (66
aa), HCoV-229E (147 aa), and HCoV-NL63 (210 aa). In the present
study, an in silico analysis was performed using the target sequences of
these seven HCoVs pathogens, wherefrom a number of proteases with a
significant level of expression in human epithelium and high level of
cleavage efficiency were selected for our analysis (Table 1). SARS-CoV-2
evades the human immune surveillance more effectively than SARS-CoV
and other CoV strains for which their pathogenicity is much higher.
Therefore, our study concentrated on mapping the putative protease
recognition sites of SARS-CoV-2 S-glycoprotein (Fig. 1).

S-protein activation is a complex process that involves multiple
cleavage events at discrete locations by a multitude of host proteases, as
reported in SARS-CoV, MERS-CoV, and other CoVs (Hoffmann et al.,
2020). Moreover, the host proteases that can prime S-protein activation
vary among different CoVs. This diversity is a deciding factor for the
virus’s epidemiological and pathological properties, like host range,
tissue tropism, transmissibility, and mortality (Wang et al., 2020b). S-
protein of SARS-CoV-2 possesses a unique multi basic furin cleavage site
(—RRAR-) in between the amino acid residues 682 and 685, within the
S$1/S2 domain (Fig. 1), discrete from SARS-CoV and other related CoVs
which contain only trypsin or TMPRSS2 cleavage site at R667 (Wang
et al., 2020b). The presence of a similar furin cleavage site has also been
reported in MERS-CoV (Hoffmann et al., 2020; Millet and Whittaker,
2014). However, our analyses revealed that the efficiency of cleavage
for MERS-CoV is much lesser than that of SARS-CoV-2, indicating a
higher basic reproductive rate. Hence, the greater infectivity trans-
missibility of the later (Wang et al., 2020b). The overexpression of furin
in saliva and the salivary gland may expedite the process of mucous
membrane invasion by SARS-CoV-2 in the upper respiratory tract (Zupin
et al., 2020). The ubiquitous expression of furin in multiple organs and
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Caspase 3, MMP 9,
Elastase 2, Cathepsin G,
Pepsin A, Calpain 1

Caspase 8, Caspase 6,

Elastase 2, MMP 9,
Calpain 2, Pepsin A,

Fig. 2. SARS-CoV-2 spike glycoprotein showing location of recognition sites for proteases from three orientations, A, B and C in both closed (6VXX) and open (6VYY)
states. The positions are mutually exclusive. Out of the three chains in Spike protein structure, one chain was selected (marked in cyan) to mark the location of
protease cleavage site. In the chain, red coloured patches indicate the presence of individual and overlapping positions of recognition sites. In orientation (A)
proteolytic cleavage sites are shown in between amino acid sequence from 600 to 720. In orientations (B) and (C) cleavage sites are shown in between amino acid
sequences 738-761 and 776 to 798 respectively. Only the sites accessible to solvent have been shown. Three sites that were inaccessible have not been shown

(see Table 2).

tissues like the lung, gastrointestinal tract, brain, pancreas, liver, and
reproductive tissues allows SARS-CoV-2 to access and infect these or-
gans or tissues that are impervious to other CoVs, causing systematic
infection humans (Hoffmann et al., 2020).

There are multiple recognition sites for cysteine proteases elastase-2,
cathepsin-K, and serine protease cathepsin-G in the S-protein of all the
seven viral strains. However, the number and positions are variable.
Following receptor binding, lysosomal cathepsins, elastase, or TMPRSS-
2 are reported to activate S-protein for viral entry either alone or
through cumulative effect with furin. The efficiency and magnitude of
this protease-mediated activation step of the target cells may regulate
cellular tropism and viral pathogenesis (Coutard et al., 2020). One of the
ten recognition sites for elastase in SARS-CoV-1 is identical with one
from seven sites in SARS-CoV-2. Out of the six cathepsin G cleavage sites
in SARS-CoV-1, two sites are indistinguishable from SARS-CoV-2, while
two other sites are similar with minor alteration in amino acid se-
quences. Considering elastase-2, only HCOV-HKU1 has a recognition
site similar to SARS-CoV-2.

The majority of these protease cleavage sites (28 out of 31) were
found to be accessible in protein structure analysis. Our observation
corroborated with findings in several reports that advocated that coro-
naviruses use conformational masking and glycan shielding to limit
recognition by the immune system of affected individuals (Walls et al.,
2019). As most of the cleavage sites are accessible, most of the host
proteases available can cleave the S-protein to facilitate the fusion of
viral membrane with the host cell membrane in a tissue-specific manner
(Walls et al., 2020).

Pathogenesis of acute lung injury is caused by inflammatory damage
in the epithelium of alveoli and endothelial capillary membrane and

subsequent basement membrane degradation. Matrix metallopeptidases
(MMPs) have a significant role in a wide range of such pulmonary pa-
thologies by degrading extracellular matrix parts, which are non-matrix
mediators of lung injury (cell surface receptors and chemokines) and the
basement membrane (Davey et al., 2011). All of the seven strains of CoV
were found to have several recognition sites for MMP-9, while the
recognition sites for MMP-2 and MMP-3 were found in all strains except
for SARS-CoV-2.

Calpains are calcium-dependent cysteine proteases that cleave
cytoskeletal and cytoplasmic proteins leading to apoptosis and necrosis.
Calpain-1 and calpain-2 are stomach and muscle-specific enzymes. In
this study, we identified calpain-1 cleavage site in all of the CoV strains
that cause a severe form of respiratory ailments, whereas only SARS-
CoV-2 S- protein could be cleaved by calpain-2. It has been previously
reported that conventional calpains’ elevated activity may aggravate
cardiovascular diseases, such as cardiac hypertrophy, cardiac infarction,
diabetes-related myocardial hypertrophy, and hyperglycemia (Sor-
imachi and Ono, 2012). A severe form of COVID-19 can be associated
with similar symptoms in patients with cardiovascular disorders, which
may be attributed to calpain activity in S-protein priming.

Two cleavage sites were identified for pepsin-A in SARS-CoV-2 only
out of all the strains studied. Aspiration of gastric fluids damages airway
epithelial cells leading to chronic lung diseases. Apart from low pH, the
presence of pepsin A induces the release of inflammatory mediators, like
IL-6 and IL-8 (Bathoorn et al., 2011). These mediators are an essential
component of the cytokine storm that complements the severe form of
COVID-19. So in patients with gastroesophageal reflux disease, Pepsin-A
activity may trigger an elevated cytokine storm in the case of COVID-19
co-infection.
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Fig. 3. Graphical representations of B-cell epitopic region from seven strains of HCoVs S-protein using Bepipred prediction portal of IEDB server. (A: SARS-CoV-2, B:
SARS-CoV, C: MERS-CoV, D: HCoV-229E, E: HCoV-NL63, F: HCoV-OC43 G: HCoV-HKU1). A red line is drawn in the score versus residue position plot at the chosen
score threshold value to predict epitopes. The yellow peaks show the peptide sequences that are potential epitopes whereas the green peaks show the peptides that

are not epitopic in nature.

In the process of apoptosis, caspase-8 acts as initiator while caspase-3
and 6 act as executioner molecules. In most viral infections character-
ized by host cell death, the viruses can utilize apoptotic caspase activity
to facilitate their proliferation through the formation of cleavage prod-
ucts with novel activities. While caspase-3 mediated, cleavage of
Amdovirus protein NS1 and Hepatitis C virus protein NS5A promotes
nuclear entry, nucleoprotein of Influenza A activation by caspase-3 fa-
cilitates the transport of ribonucleoprotein complexes into the

cytoplasm. All these mechanisms enhance the replicative proficiency of
the viruses (Connolly and Fearnhead, 2017). So the S2 subunit cleavage
by caspases-3, caspases-6, caspases-8 upstream of the S2’ site may play a
significant role in the release of fusion peptide and hence in viral
replication and proliferation.

In the second part of our analysis, advanced immunoinformatic ap-
proaches were applied to understand the viral antigens of seven HCoVs
strains. It was required to predict the multiepitopes and to assess their



C. Chakraborty et al.

(a)

Infection, Genetics and Evolution 89 (2021) 104729

Antigenicity score (S protein)

-04

0
SARS-CoV-2 SARS-CoV-2 SARS-CoV-2 SARS-CoV-2 SARS-CoV SARS-CoV MERS-CoV MERS-CoV MERS-CoV MI

Starins of different Human Coronaviruses

Threshold Antigenic score +0.45

V  MERS-CoV HCoV-OC43 HCoV-OC43 HC 43 HCOV-NL63 HCOV-NL63 HCoV-HKU1 HCoV-HKU1 HCoV-HKU1 HCoV-229

(b)

5
4 4
24
£
53
-3
S
=
[=5 2 2 2
@5 . —
e
k-]
@
o0 4 1
E 14 _
0 - r . . . L r
SARS-CoV-2 SARS-CoV MERS-CoV HCoV-OC43  HCoV-NL63  HCoV-HKU1  HCoV-229F

Strains of different Human Coronaviruses

Fig. 4. (A) Graphical representations shows the antigenicity score of common B-cell and T -cell epitopes from S-protein of seven strain HCoVs. (B) Nos of epitopes
(common for B-cell and T-cell) present in seven HCoVs strains.

Table 3
Immunogenicity (HLA class I) analysis of S-protein epitopes.of seven HCoVs.
SL Human Common B and T- Epitope Immunogenicity
no CoVs strain cell epitopes (peptide) (HLA class I) score
name sequence length
1 SARS-CoV- VRQIAPGQT 9 0.0849
2 2 YQAGSTPCN 9 —0.11862
3 FQPTNGVGF 9 0.1157
4 ILPDPSKPS 9 —0.33629
5 SARS-CoV VRQIAPGQT 9 0.0849
6 FSPDGKPCT 9 —0.19214
7 MERS-CoV LLSGTPPQV 9 —0.06928
8 YGTDTNSVC 9 —0.04887
9 LTPRSVRSV 9 —0.12674
10 YQNISTNLP 9 —0.00468
11 LGNSTGIDF 9 0.02641
12 HCoV- YRRKPDLPN 9 —0.20596
13 0C43 FKPQPAGVF 9 —0.04141
14 FTGPYKCPQ 9 —0.25874
15 HCoV- VKSGSPGDS 9 —0.14958
16 NL63 VRPRNSSDN 9 —0.24021
17 HCoV- ITAYDPRSC 9 —0.03284
18 HKU1 YNSPSSSSS 9 —0.61797
19 YYYPEPISD 9 0.09036
20 HCoV-229E LPRSGSRVA 9 —0.2046

antigenicity. In this work, common B-cell and T-cell epitopes were
identified from the S-protein of seven HCoVs strains for characterizing
the antigenic infections on the host body. The S-protein of SARS-CoV-2
consisting of four epitopic regions (VRQIAPGQT: 0.8675, YQAGSTPCN:
0.4992, FQPTNGVGF: 0.5711, ILPDPSKPS: 1.2217) bearing the
maximum antigenicity score (>threshold score 0.45) were considered as
the potential potent antigens for both B-cell and T-cell (Fig. 3 and Fig. 4)
(Table 3). Our previous work identified different epitopic regions of S-
protein (SARS-CoV-2) that demonstrated a potential of activating the
immune system (Bhattacharya et al., 2020a; Bhattacharya et al., 2020b;
Bhattacharya et al., 2020c). The six strains of HCoVs show antigenic
epitopes (common B-cell and T-cell) fewer in numbers than SARS-CoV-2.
Our analysis also demonstrates that the SARS-CoV-2 is more infectious
and can inflict excessive respiratory infection on the human respiratory
tract. Our study may help towards the vaccine development of these
seven human pathogenic CoVs.

The immunogenicity analysis reveals that higher immunogenicity is
present among the common B-cell and T-cell epitopes of SARS-CoV-2 S-
protein compare to all other HCoV strains. From conservancy analysis of
S-protein, we found that the MERS-CoV has maximum conserved epi-
topes, whereas HCoV-OC43 epitopes have a minimum level of conser-
vancy pattern. Therefore, the maximum variations (multivalent) and
high immunogenic epitopes might be suitable for the peptide-based
vaccine development.

The third part of our study shows that the molecular evolution of
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Table 4
Epitope conservancy analysis of S-protein epitopes of seven HCoVs.

SL Human CoVs strain Common B and T-cell epitopes Epitope (peptide) Percent of protein sequence matches at Minimum Maximum
no name sequence length identity < 100% identity identity
1 SARS-CoV-2 VRQIAPGQT 9 5.26% (1/19) 11.11% 100.00%
2 YQAGSTPCN 9 5.26% (1/19) 11.11% 100.00%
3 FQPTNGVGF 9 0.00% (0/19) 22.22% 88.89%
4 ILPDPSKPS 9 5.26% (1/19) 11.11% 100.00%
5 SARS-CoV VRQIAPGQT 9 5.56% (1/18) 22.22% 100.00%
6 FSPDGKPCT 9 5.56% (1/18) 22.22% 100.00%
7 MERS-CoV LLSGTPPQV 9 5.00% (1/20) 22.22% 100.00%
8 YGTDTNSVC 9 5.00% (1/20) 22.22% 100.00%
9 LTPRSVRSV 9 5.00% (1/20) 22.22% 100.00%
10 YQNISTNLP 9 5.00% (1/20) 11.11% 100.00%
11 LGNSTGIDF 9 5.00% (1/20) 22.22% 100.00%
12 HCoV-0C43 YRRKPDLPN 9 0.00% (0/20) 22.22% 88.89%
13 FKPQPAGVF 9 0.00% (0/20) 11.11% 77.78%
14 FTGPYKCPQ 9 0.00% (0/20) 22.22% 88.89%
15 HCoV-NL63 VKSGSPGDS 9 5.00% (1/20) 22.22% 100.00%
16 VRPRNSSDN 9 5.00% (1/20) 22.22% 100.00%
17 HCoV-HKU1 ITAYDPRSC 9 5.00% (1/20) 11.11% 100.00%
18 YNSPSSSSS 9 5.00% (1/20) 11.11% 100.00%
19 YYYPEPISD 9 5.00% (1/20) 11.11% 100.00%
20 HCoV-229E LPRSGSRVA 9 0.00% (0/17) 22.22% 88.89%
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Fig. 5. The genomes and structural proteins of different human pathogenic CoVs. The polyprotein includes ppla and pplb. Along with the structural proteins 3’
terminus SARS-CoV- 2 genome contain accessory protein (3a, 3b,p6, 7a, 7b, 8b,9b, orf14). Similarly 3’ terminus SARS-CoV genome contain accessory protein (3a, 3b,
p6, 7a, 7b, 8a,8b, 9b). Likewise 3’ terminus MERS-CoV genome contain accessory protein (3, 4a, 4b, 5, 8b) include spike (S), membrane (M), envelope (E), and

nucleocapsid (N) (Walls et al., 2019; Walls et al., 2020).

structural proteins of HCoVs can be classified into some groups: (i)
HCoV-NL63 and HCoV-229E, (ii) SARS-CoV-2 and SARS-CoV, and (iii)
HCoV-0C43 and HCoV-HKU1 (Fig. 6). The HCoV-229E and HCoV-NL63
group appear to possess the same pathogenic profile reported for sero-
conversion in children (Dijkman et al., 2008). As shown in our analysis,
SARS-CoV-2 and SARS-CoV share the same evolutionary path and point
of origin for all four structural proteins as predicted in the recent report
that named SARS-CoV-2 (C.S.G of the International, 2020). A previous
study has already pointed out that HCoV-HKU1 and HCoV-OC43 have
common ancestors (Al-Khannagq et al., 2016).

5. Conclusion

This current study is highly significant because it will increase our
understanding level in several novel directions. First, the putative pro-
tease recognition sites of seven CoVs can help to understand their
pathomechanism. Second, the expression of different proteases in
different organs and tissues like the brain, liver, lung, pancreas,
gastrointestinal tract, and reproductive tissues allows us to comprehend
the infectivity of seven human pathogenic CoVs with the SARS-CoV-2 to
access and infect those organs or tissues. Third, epitopic variations of the
S-protein of seven human pathogenic CoVs and the SARS-CoV-2 will
help us assist in peptide-based vaccine development. Fourth, our anal-
ysis reaffirms that the three groups of CoVs came into existence due to

10
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Fig. 6. Molecular evolution of structural proteins of seven human pathogenic CoVs ((A) evolution of spike protein in human pathogenic CoV, (B) evolution of
membrane protein in human pathogenic CoV, (C) evolution of envelope protein in human pathogenic CoV, and (D) evolution of nucleocapsid protein of human

pathogenic CoV.

cross-species transmission. The co-evolution of human pathogenic viral
strains occurs in host animals in a million years to create distinct pat-
terns and different structural proteins evolutionarily. This study pro-
vides scientific evidence for the evolutionary grouping of human
pathogenic CoVs using computational biology. Finally, we can conclude
that our research will contribute to future preparedness to encounter
possible outbreaks of infectious diseases.
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