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Aim: December 2019 witnessed the emergence of a worldwide outbreak of a novel strain of coronavirus
(CoV) termed SARS-CoV-2. Several preventive strategies are being developed, such as vaccines, to stop the
spread of infection. Materials & methods: A comprehensive immunoinformatics approach was used to
map conserved peptide sequences on the receptor binding domain of SARS-CoV-2 for their B-cell, T-helper
& T-cytotoxic cell epitope profiles. Results & conclusion: The antigenic B-cell epitopes were LFRKSN and
SYGFQPT. Among T-cell epitopes, CVADYSVLY and FTNVYADSF exhibited affinity for MHC class I, while
YRLFRKSNL and VYAWNRKRI exhibited affinity for of MHC class Il alleles. The overlapping epitope be-
tween B- and T-cells was YRLFRKSNL. The deployment of these epitopes in potential vaccine development
against COVID-19 may help in slowing down the SARS-CoV-2 spread.
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The COVID-19 pandemic [1] with its widespread pathogenesis on human body reminds us of the SARS and Middle
East respiratory syndrome (MERS) epidemics [2,5]. Before the emergence of SARS family-mediated epidemics,
coronaviruses (CoVs) were not a notable pathogenic entity, although they have been cited in the literature since
the 1960s (4]. Besides SARS-CoV-2, the SARS-CoV and MERS-CoV were other famous coronaviral strains known
for crossing the species barrier and infecting humans, while 229E, NL63(alpha), OC43 and HKUT1 (beta) strains
of CoVs caused common cold in humans [5]. The SARS-CoV that surfaced during 2002-2003 in China, infected
almost 8000 individuals and caused 774 causalities in 37 countries [6,7] while MERS-CoV emerged in 2012 and
infected 2494 humans causing 858 mortalities [2,8,9]. The ongoing epidemic of SARS-CoV-2 has affected more
than 13 million and caused 0.5 million deaths globally up to 15 July 2020 [10). The detailed viral sequence of
SARS-CoV-2 indicates a genetic similarity to its earlier family members SARS and MERS, harboring six open
reading frames [11]. The genome of CoVs is generally 27-35 kb, stuffed inside a nucleocapsid protein envelope.
There are three structural proteins associated with viral envelope: membrane, envelope and spike (S) proteins [12].
The S protein is essential for viral entry into host but also impels tissue tropism, host diversity as well as host
immune responses [13]. The S protein constitutes S1 and S2 subunits where S1 harbors receptor-binding domain
(RBD) while S2 aids in virus—host cell fusion. Interestingly, the S gene of CoVs has been noticeable for the most
recurring recombination breakpoints in SARS-CoV [14]. In case of SARS CoV, the main entry receptor on host
cell is ACE2 [15] while in case of MERS-CoV, the primary entry receptor is dipeptidyl peptidase 4 (also known as
CD26) (16]. Comparatively, the genomes of SARS-CoV and MERS-CoV although harboring significant similarity,
they potentially harbor variation, particularly from the antigenic response they might generate with reference to
RBD [17].

Receptor-binding protein has been previously targeted for vaccinable solutions [18,19]. However, from the evolu-
tionary standpoint, coronaviral RBD is reported as a hypervariable region [20]. There are no approved treatments
or vaccines available to tackle COVID-19 thus far; however, development has been fast tracked. Contextually,
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vaccinomics approach exploits immunogenomics of SARS-CoV-2 RBD that can lead to potential vaccine candi-
date identification. Immunoinformatics driven in-depth analysis can aid in identifying repertoire of viral antigenic
epitopes that may be either linear or discontinuous and it also helps in identifying whether these epitopes are im-
munogenic or virulent [21]. A comprehensive immunoinformatics data mining of SARS-CoV-2 RBD can increase
our understanding for its antigenic profile. Encouragingly enough, epitope prediction analyses were reported earlier
for SARS and MERS strains [19,22] and more recently for SARS-CoV-2 [23-25].

Numerous studies have reported bats as the primary reservoirs of SARS and MERS viruses [14,26-29]; however,
rodent origin has also been reported [13,30]. A recently reported strain derived from bats, the bat CoV (Bat-
CoV RaTG13) shares more than 96% homology with SARS-CoV-2 and 93% with its S protein, rendering it to
be a close relative of SARS-CoV-2 [11]. Anatomically, conservative peptide sequence of coronaviral RBD compared
with the closest known zoonotic coronaviral strain can provide better potential vaccine candidates for human test-
ing. After the emergence of COVID-19 pandemic, SARS-CoV-2 surface protein has been repeatedly utilized for the
identification of potential vaccine epitopes for SARS-CoV-2 [23-25]. However, there has also been simultaneous spec-
ulation regarding potential existence of cross resistance epitopes between SARS-CoV-2 and SARS-CoV [17,31,32].
Earlier, the computational probing of protein structures for respiratory infections via employment of docking meth-
ods has added useful information to stereochemical properties, virus binding mediated host receptor conformational
transformation and binding preferences (33-37]. Contextually, viral receptor interactions were considered valuable
in the instances of picornaviruses, influenza, HIV and CoVs [20,38-40]. For the SARS-CoV-2-induced infection, the
basic reproduction number for viral transmissibility (R,) as per various estimates is around 1.1-5.5 [41,42]. Since
this threshold suggests very high infectivity rate, it is pertinent to target the viral binding region with vaccines to
prevent infection.

Vaccinable peptide sequence for epitope based vaccine in case of alphaviruses, hepatitis B and C, HIV, HPV,
and influenza viruses for recognition of potent immunogens has given propitious results [43-46]. Several studies
reported on SARS and MERS CoV strains provided useful information regarding the potential epitopes retained
by these strains [47-54], while, the data in context pertinent to SARS-CoV-2 are insufficient. The global COVID-19
pandemic has sparked rigorous R&D activity for vaccine development, and in a matter of just 4 months, various
potential vaccine candidates are in the preclinical and clinical development phases [55]. The clinical behavior of
SARS-CoV-2, infecting people around the world, with varied clinical symptomatology, ranging from completely
asymptomatic to rapidly progressing lethal respiratory insufficiency demands the utilization of thorough and rapid
novel technology platforms with more vaccinable options against SARS-CoV-2 [55,56].

This study reports key findings vis-a-vis SARS-CoV-2 RBD for its variable and conservative residues in com-
parison with BatCoV RaTG13 strain, which can be considered immunogenic epitopes for potential multi-epitope
vaccine candidate for SARS-CoV-2 in the backdrop of its binding orientation.

Materials & methods

To identify the presence of antigenic epitopes within the RBD of S glycoprotein of SARS-CoV-2, in silico analysis
was performed (Figure 1). The antigenicity of RBD was determined through VaxiJen v2.0. It is an alignment-free
method for prediction of antigenicity. It predicts the antigenicity of proteins on the basis of physicochemical
properties of amino acids [57].

Sequence retrieval & multiple sequence alignment

Protein sequences of S glycoprotein of SARS-CoV-2 (reported till 31 March 2020) were retrieved from National
Center for Biotechnology Information. The sequences reported from China, Australia, USA, Taiwan, India,
Pakistan, Nepal, Italy, Sweden, Brazil, Vietnam, Spain, Colombia, Peru and Japan were selected for analysis. The
sequence of S glycoprotein from BatCoV RaTG13 (GISAID accession no. EPI_LISL_402131) and SARS CoV Z]J02
(Accession No. ABB29898) were used as reference for comparison. Sequence analysis was performed to ascertain
the changes in the RBD of S glycoprotein. Multiple sequence alignments were performed using Clustal X. The
consensus sequence of SARS-CoV-2 was used as input for epitope prediction.

B-cell epitope prediction

For identification of B-cell epitopes, Immune Epitope Database (IEDB) and BepiPred-2.0 were used [58,59]. The
consensus sequence of SARS-CoV-2 was used to predict B-cell epitopes through Karplus & Schulz flexibility,
Kolaskar & Tongaonkar antigenicity, Chou & Fasman beta-turn, Emini surface accessibility and BepiPred linear
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Figure 1. Detailed workflow for analysis of receptor binding domain of SARS coronavirus 2. The sequences of
SARS-CoV-2, BatCoV RaTG13 and SARS-CoV were downloaded from the NCBI followed by multiple sequence
alignment through ClustalX and JalView. Within the receptor-binding domain, the antigenic epitopes were also
determined using immune-informatics approach. Linear and conformational B-cell epitopes were determined. Linear
B-cell epitopes were determined through different methods that included BepiPred, Karplus & Schulz, Kolaskar &
Tongaonkar, Emini, and Chou & Fasman methods. Conformational B-cell epitopes were determined through Ellipro.
Cytotoxic and helper T-cell epitopes were also determined. CTL epitopes were determined through NetCTL followed
by their affinity for specific MHC-I alleles through NetMHCI 4.0. Helper T-cell epitopes were identified through IEDB
followed by identification of allele specificity through NetMHCII 2.3. All the B- and T-cell epitopes were then
subjected to feature profiling by determining their toxicity, mutation, antigenicity, conservation, charge, molecular
weight and nondigesting enzymes. Selected T-cell epitopes were then modeled through PEPFOLD. The interaction
analysis of peptides with HLA-A and HLA-DR was done through MOE. Interacting residues of HLA-A and HLA-DR with
peptides were determined through LigX in MOE and PyMOL.

BatCoV: Bat CoV; CoV: Coronavirus; CTL: Cytotoxic T lymphocyte; IEDB: Immune epitope database; MHC-I: MHC class |;
MOE: Molecular operating environment; NCBI: National Center for Biotechnology Information.
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epitope prediction methods. Kolaskar & Tongaonkar method predicted antigenicity on the basis of amino acid
abundances in naturally occurring epitopes as well as their physicochemical properties. The default threshold was
set to 1.00 for antigenicity determination (60). Emini surface accessibility method predicts the surface accessibility
of epitopes as the surface accessible peptides recognized by the immune system [61]. Chou & Fasman beta-turn
method was used to predict the antigenic regions, exhibiting beta turn as the beta turns are usually hydrophilic in
nature and highly accessible [62]. Karplus & Schulz flexibility method predicts those antigens that are exhibiting
flexible amino acids in nature as flexibility is correlated with antigenicity [63]. BepiPred prediction method based on
hidden Markov model predicts linear epitopes in protein [64]. The B-cell epitopes were also predicted using ElliPro,
which identifies linear and discontinuous epitopes in protein structure. It calculates the protrusion index (PI) of
the residues and then cluster the residues on the basis of protrusion index values [65].

T-cell epitope prediction

For vaccine development, cytotoxic T-lymphocyte (CTL) epitopes play an important role. Hence the T-cell epitopes
were identified that have the ability to bind with MHC class I (MHC-I) and class II (MHC-II). CTL epitopes
were identified through NetCTL 1.2 server. It is based on artificial neural network and trained on different human
MHC alleles for prediction of epitopes [66]. The IEDB and NetMHCI 4.0 server were used to predict the binding of
epitopes with MHC-1. NetMHCI 4.0 predicts the binding affinity through artificial neural network by schooling
81 distinct HLA-A, -B, -C and -E human MHC alleles (67]. T-helper cell epitopes were predicted through IEDB
and NetMHCII 2.3 server [¢8]. The epitopes were predicted having high affinity toward HLA-DR, -DQ and -DP.
The length of the predicted epitopes was set to be 9-mer epitopes as it is reported that most HLA molecules have a
strong preference for binding 9-mer epitopes [33]. For all the T-cell epitopes the threshold for predicting the binding
affinity was set to <500 nM.

B- & T-cell epitopes feature profiling

B- and T-cell epitopes were further scrutinized for their enzymatic digestion, toxicity, hydrophobicity and physio-
chemical properties. The digestion of peptides with enzymes is an important parameter in vaccine development as
the peptides that are digested by many enzymes are usually rendered unstable. Hence, the digestion of peptides by
different enzymes was predicted through protein-digest server. AntiangioPred was used to predict the mutational
variability and other physicochemical properties of peptides. It is based on machine learning model that is gener-
ated on the basis of already reported anti-angiogenic peptide (69). ClanTOX predicted toxicity of peptides [70). It is
trained on set of ion-channel inhibitors and a set of nontoxin proteins. Based on the model, the program predicts
the toxicity of input peptide. Antigenicity of peptides was predicted through Immunomedicine group server. For a
peptide to be antigenic the threshold is 1.0. Antigenic prediction is based on physicochemical properties of epitopes
like hydrophilicity, flexibility and accessibility [60].

Human proteome analysis for nonhuman homologues
To avert autoimmunity, vaccine contenders were screened for human and nonhuman homologues. The nonhuman

homologues were identified by scrutinizing selected epitopes sharing <30% identity with human proteome, via
BLASTp analysis.

Docking of T-cell epitopes with MHC-1 & MHC-1I alleles

The peptides that showed affinity for maximum number of MHC-T and MHC-II alleles were selected for interaction
analysis. The structure of peptides was modeled through PEPFOLD server [71] followed by energy minimization.
In case of MHC-I, the common allele between the peptides was selected for docking. Hence, the crystal structure
of human HLA-A*0101 was downloaded from Protein Databank (PDB; PDB ID: GAT9: resolution = 2.9 A).
Same criterion was followed for MHC-II alleles and for that the crystal structure of HLA-DRB5*01:01 (PDB ID:
1FV1: resolution = 1.9 A) was also downloaded from PDB. Both the structures after ligand removal underwent
protonation followed by energy minimization by AMBER99 force field. In order to analyze the inhibitory potential
of peptides the docking of MHC-I specific peptides was executed with the HLA-A*0101 alleles, while the MHC-II
specific peptides were docked with HLA-DRB5_0101. The docking studies were accomplished with induced fit
docking protocol implemented in molecular operating environment (MOE) version 2016.08. By using, triangle
match as placement method with London-dG scoring and GBVI/WSA dG rescoring function, 50 poses of each
peptide were generated. Interaction analysis was done using MOE and PyMOL v2.3.
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Interaction analysis of BatCoV RaTG13 with bat ACE2

After identification of vaccine epitopes, we further explored whether these vaccine epitopes harbor any important
residues that could be involved in binding of SARS-CoV-2 with human ACE2 (hACE2) and BatCoV RaTG13
with bat ACE2 (bACE2). The interactions of SARS-CoV-2 with hACE2 were recently reported by Lan et a/ [72).
The interaction analysis of BatCoV RaTG13 with bACE2 was performed in the current study. To the best of our
knowledge, the structure of RBD of BatCoV RaTG13 as well as bACE2 has not been determined yet. Hence
the structure of both the proteins was determined through homology modeling using Modeller V9.23. BatCoV
RaTG13 was modeled using SARS-CoV as template (PDB ID: 2GHV). While bACE2 was modeled using hACE
(PDB ID: 1R42) as template. The generated model was subjected to model evaluation and structural validation
via Ramachandran plot, PROSA, ERRAT, QMEAN and MolProbity. Ramachandran plot calculates the presence
of amino acid residues in allowed, favored and outlier regions on the basis of torsional angles (W and @) of amino
acids [73]. PROSA reveal the quality of model by estimating any error in the models. It also calculates the score of
model on the basis of experimentally reported (x-ray and nuclear magnetic resonance) structures of proteins [74].
Qualitative model energy analysis (QMEAN) apprises the geometry of protein structure by measuring the torsion
angles on three consecutive amino acid residues [75]. MolProbity evaluates the protein structure by assessing its
geometry [76]. ERRAT gauged the quality of model by analyzing the statistics between nonbonded interactions and
different type of atoms and compared these values with the extremely refined structures [77). The best model was
then subjected to energy minimization using AMBER99 force field implemented in MOE. Docking of BatCoV
RaTG13:bACE2 was performed using HADDOCK web server [78]. Analysis of protein—protein interactions was
performed through pdbSum [79) and PyMOL v2.3.

Results

Multiple sequence alignment

RBD of SARS-CoV-2 is 192 amino acids long (within position 330-522 amino acids) lying in S1 region of
S glycoprotein. When comparing the receptor binding motif with the BatCoV RaTG13 there was variation
between the two virus strains (Supplementary Figure 1). The important changes were observed at position 439
(Lys— Asn), 440 (His— Asn), 441 (Ile—Leu), 443 (Thr— Lys), 445 (Glu— Val), 449 (Phe— Tyr), 459 (Ala— Ser),
478 (Lys—Thr), 483 (Gln—Val), 484 (Thr— Glu), 486 (Leu—Phe), 490 (Tyr—Phe), 492 (Ille—Leu), 493
(Tyr—Gln), 494 (Arg— Ser), 498 (Tyr—Gln), 501 (Asp—Asn) and 505 (His— Tyr). The changes at positions
441, 486, 492, 493, 498 and 505 may not have any obvious effect on binding due to similar properties of amino
acids.

B-cell epitopes within RBD

Continuous B-cell epitopes were predicted using B-cell epitope prediction methods on IEDB server. The Kolaskar
& Tongaonkar method predicted 11 antigenic epitopes in the RBD (Table 1), which can prompt B-cell responses.
Surface accessibility analysis revealed four epitopes with surface accessibility (Table 1). Flexibility of epitopes is
a measure of antigenicity [53]. The flexible epitopes in RBD were at positions 352-362, 380-392, 400-410,
421-433, 434-451, 454-473, 472-487 and 495-506. Beta-turns are the more flexible regions of the protein.
According to Chou & Fasman predictions the beta-turn epitopes were at positions 437-443, 455-468, 422-428
and 495-500. Linear epitopes determined by BepiPred method are shown in Table 1. On the basis of consensus
of all the methods, the peptides that can induce B-cell response were placed at positions 423-428, 455-461 and
494-500. The 423-428, 455461 and 494500, were the peptides that may prompt B-cell responses as predicted
by ElliPro method. The mapping of epitopes on 3D structure of protein is shown in Supplementary Figure 2.

Cytotoxic T-cell epitope prediction

The default setting in the NetCTL server was used to predict T-cell epitopes. On the basis of highest combinatorial
scores, five epitopes (with NetCTL score = 1.1-2.5 nM) were opted for subsequent analysis (Table 2). On the basis of
NetCTL scores the peptide with the highest score (2.5 nM) had sequence CVADYSVLY. Further analysis of all the
five peptides for their binding with MHC-I showed that peptide CVADYSVLY illustrated binding with maximum
MHC-I alleles (HLA-A*26:01, HLA-A*01:01, HLA-A*30:02, HLA-B*35:01, HLA-A*11:01, HLA-B*15:01, HLA-
A*68:01, HLA-A*03:01, HLA-B*53:01 and HLA-C*07:01). The next peptide showing the binding with maximum
number of alleles was FTINVYADSE
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Table 1. Prediction of B-cell epitopes by Kolaskar & Tongaonkar, Emini surface accessibility and BepiPred methods.
S. No. Start position End position Peptide Peptide length

Kolaskar & Tongaonkar method

1. 334 341 NLCPFGEV 8
2. 347 353 FASVYAW 7
3. 358 372 ISNCVADYSVLYNSA 15
4. 374 385 FSTFKCYGVSPT 12
5. 387 404 LNDLCFTNVYADSFVIRG 18
6. 407 412 VRQIAP 6
7. 429 436 FTGCVIAW 8
8. 455 461 LFRKSNL 6
9. 423 428 YKLPDD 5
10. 470 478 TEIYQAGST 9
11. 494 500 SYGFQPT 6
Emini method

1. 419 428 ADYNYKLPDD 10
2. 437 442 NSNNLD 6
3. 455 468 LFRKSNLKPFERDI 14
4. 495 500 YGFQPT 6
BepiPred method

1. 382 385 VSPT 4
2. 407 420 VRQIAPGQTGKIAD 14
3. 423 428 YKLPDD 6
4. 439 447 NNLDSKVGG 9
5. 461 463 LKP 3
6. 466 467 RD 2
7. 469 469 S 1
8. 473 483 YQAGSTPCNGV 1
9. 495 506 YGFQPTNGVGYQ 12

Helper T-cell epitope prediction

A total of nine peptides were predicted which exhibited strong affinity for MHC-II alleles (Table 2). Among these
the peptide YRLFRKSNL and VYAWNRKRI reflected affinity for maximum number of alleles. YRLFRKSNL held
strong affinity with large number of MHC-I1 allele including: DRBI_0103, DRB1_0701, DRB1_-0801, DRBI_0802,
DRBI_1602, DRB4_0103, DRB1_1001, DRBI1_1101, DRBI1_1501, DRB4_0103 and DRB5_0101.

B- & T-cell epitopes feature profiling

To identify the best epitope for vaccine construction, different features of T-cell epitopes were determined (Table 3).
The identified epitopes did not exhibit any homology with human proteins, were conserved and predicted to be
nontoxic. The peptides which were digested by fewer enzymes have been considered good potential vaccine
candidates (Table 3). Antigenicity of the peptides depicted that CTL specific peptides can be antigenic except the
peptide ERDISTEIY. In case of helper T-cell epitopes, FELLHAPAT, TGCVIAWNS and VLYNSASES were highly
antigenic. In case of B-cell epitopes, all the three peptides were antigenic.

Interaction analysis of CTL epitopes with MHC-I specific alleles

Two peptides (CVADYSVLY and FTNVYADSF) with the maximum number of bindings with HLA alleles were
selected for interaction analysis. PEPFOLD created five models for each peptide and the model with the best score
was selected for further analysis. HLA-A*0101 was selected as representative allele for interaction analysis. The
docking of HLA-A with the top ranking peptide resulted in generation of 50 complexes for each peptide. The
peptide 3 (CVADYSVLY) binds with HLA with binding energy of -11.3 KJ/mol, while a detailed interaction
analysis revealed that peptide had H-bonding interactions with Asp-115, Arg-156, Tyr-99 and Asn-77 (Figure 2A).
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Table 2. T-cell epitopes predicted to be recognized by MHC class | and class Il alleles.

T-cell epitopes bind to specific MHC-I alleles

S. No. Peptide MHC-I binding

1. NATRFASVY HLA-B*35:01
HLA-A*01:01

2. RISNCVADY HLA-A*30:02, HLA-B*15:01, HLA-A*03:01 and HLA-A*01:01

3. CVADYSVLY HLA-A*26:01, HLA-A*01:01, HLA-A*30:02, HLA-B*35:01, HLA-A*11:01, HLA-B*15:01, HLA-A*68:01, HLA-A*03:01, HLA-B*53:01 and
HLA-C*07:01

4. FTNVYADSF HLA-A*01:01, HLA-B*15:01, HLA-B*15:03, HLA-B*15:17, HLA-A*25:01, HLA-A*26:01, HLA-B*08:03, HLA-B*58:01, HLA-B*53:01 and
HLA-C*03:03

5. ERDISTEIY HLA-A*01:01

T-cell epitopes bind to specific MHC-II alleles

S. No. Peptide MHC-II binding

1 FELLHAPAT DRB1.0101 and DRB1.1001

2 FNATRFAS DRB1.0402

3. TGCVIAWNS DRB1.0403 and DRB3.0202

4 FRKSNLKPF DRB1.0701

5 YRLFRKSNL DRB1.0103, DRB1.0701, DRB1.0801, DRB1.0802, DRB1.1602, DRB4.0103, DRB1_1001, DRB1_1101, DRB1.1501, DRB4.0103 and
DRB5_0101

6 VYAWNRKRI DRB1.1101, DRB1.1301, DRB4.0103, DRB5.0101, DRB1_0402 and DRB3.0202

7. FERDISTEI DRB3_0101

8. IRGDEVRQI DRB3_0101

9 VLYNSASFS DRB3.0202

MHC-I: MHC class I; MHC-IIl: MHC class II.

Peptide 4 (FTNVYADSF) bound with the HLA-A with an energy value of -12.6 KJ/mol. The peptide exhibited
H-bonding interactions with Glu-63, Arg-156, Gln-155, Asn-77, Thr-143 and Lys-146 (Figure 2B).

Interaction analysis of helper T lymphocyte epitopes with MHC-II specific alleles

Two of the peptides (YRLFRKSNL and VYAWNRKRI) that showed affinity with maximum number of MHC-II
alleles were selected for interaction analysis. Docking of peptides with HLA-DRB5 depicted both the peptides to
be binding with strong affinity. The peptide 6 and peptide 5 with maximum number of alleles were used to study
affinity of these peptides with DRB5_0101. Peptide 5 (YRLFRKSNL) bound with the energy of -10.2 KJ/mol
while peptide 6 (VYAWNRKRI) bound with the energy of -11.3 KJ/mol. The residues Asp-70, Asn-62, Arg-71
and Glu-55 of HLA-DRB5 were having H-bonding interactions with peptide 5 (Figure 2C). Interaction analysis
revealed that Ser-53, Asp-11, Asp-30 and Asp-70 of HLA-DRB5 exhibited H-bonding interactions with peptide 6
(Figure 2D).

Interaction analysis of BatCoV RaTG13 with bACE2

The interactions of BatCoV RaTG13 with bACE2 were done using HADDOCK. There were 155 different
complexes of BatCoV RaTG13:bACE2 that were generated, which clustered into 12 groups. Supplementary Table
1 shows the Z scores of all the seven clusters, size of each cluster, root-mean-square deviation (RMSD) from the
overall lowest energy structure, and energy values of electrostatic, Van der Waals, and desolvation. The cluster with
the best HADDOCK score (-178.9 % 3.6) was further used for analysis. Detailed interaction analysis showed that
26 residues of bACE2 and nine residues of BatCoV RaTG13 were present at the interface. These residues were
involved in 12 H-bonded, two salt bridges and 157 nonbonded contacts. The detailed interactions are shown in
Table 4 and Figure 3.

The important residues of BatCoV RaTG13 that were involved in interactions with bACE2 are Lys-417, Leu-455,
Phe-456, Asn-487, Tyr-489, Asp-501 and His-505. The important conserved residues of BatCoV RaTG13 that
involved in interactions and demonstrated overlapping with epitopes were Leu-455 and Phe-456. These residues
lay within the B-cell epitope (455-LFRKSN-461) and T-cell epitope (453-YRLFRKSNL-461). The important
interacting residues of BatCoV RaTG13 with bACE2 and a comparison with SARS CoV2:hACE2 are shown in
Figure 4.
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Table 3. Profiling of MHC class |, class Il and B-cell specific peptides.

S.No. Peptide
MHC-I peptide

1. NATRFASVY
2. RISNCVADY
3. CVADYSVLY
4. FTNVYADSF
5. ERDISTEIY
MHC-II peptide

1. FELLHAPAT
2. FNATRFAS
3. TGCVIAWNS
4. FRKSNLKPF
5. YRLFRKSNL
6. VYAWNRKRI
7. FERDISTEI

8. IRGDEVRQI
9. VLYNSASFS

B-cell epitopes

1. YKLPDD
2. LFRKSN
3. SYGFQPT

Homology Mutation Toxicity Hydrophobicity Charge Molecular  Antigenicity Nondigesting enzymes

with human  (Y/N) (Y/N) weight

proteins

(Y/N)

N N N -0.13 1.0 1028.24 1.03 Cyanogen bromide, idosobenzoate, proline
endopept, staph protease, trypsin K and
AspN

N N N -0.20 0.00 1040.27 1.07 Cymotrypsin, cyanogen bromide, trypsin K,
endopept, staph protease
andidosobenzoate

N N N 0.11 -1.00 1032.29 1.18 Trypsin, clostripain, cyanogen bromide,
idosobenzoate, proline endopept, staph
protease, trypsin K and trypsin R

N N N 0.03 -1.0 10632.24 1.03 Trypsin, clostripain, cyanogen bromide,
idosobenzoate, proline endopept, staph
protease, trypsin K and trypsin R

N N N -0.30 -2.0 1125.30 0.95 Cymotrypsin, cyanogen bromide,
idosobenzoate, proline endopept and
trypsin K

N N N 0.10 -0.5 998.27 1.09 Trypsin, clostripain, cyanogen bromide,
idosobenzoate, trypsin K, trypsin R and
AspN

N N N -0.14 1.0 913.09 0.98 Cyanogen bromide, idosobenzoate, proline
endopept, staph protease, N trypsin K and
AspN

N N N 0.11 0.0 950.20 1.05 Trypsin, clostripain, cyanogen bromide,
proline endopept, staph protease, trypsin
K, trypsin R and AspN

N N N -0.35 3.0 1136.48 0.99 Cyanogen bromide, idosobenzoate, staph
protease and AspN

N N N -0.43 3.0 1196.54 0.99 Cyanogen bromide, idosobenzoate, proline
endopept, staph protease and AspN

N N N -0.03 3.0 1205.55 0.99 Cyanogen bromide, proline endopept,
staph protease and AspN

N N N -0.23 -2.0 1109.32 0.95 Cyanogen bromide, idosobenzoate, proline
endopept and trypsin K

N N N -0.38 0.00 1085.36 0.98 Cymotrypsin, cyanogen bromide,
idosobenzoate, proline endopept and
trypsin K

N N N 0.06 0.00 987.19 1.09 Trypsin, clostripain, cyanogen bromide,
idosobenzoate, proline endopept, staph
protease, trypsin K, trypsin R and AspN

N N N -0.34 -1.00 749.89 1.05 Clostripain, cyanogen bromide,
idosobenzoate, staph protease, trypsin R
and elastase

N N N -0.44 2.00 763.97 1.03 Cyanogen bromide, idosobenzoate, proline
endopept, staph protease and AspN

N N N -0.06 0.00 798.94 1.03 Trypsin, clostripain, cyanogen bromide,

idosobenzoate, staph protease, trypsin K,
trypsin R, elastase and AspN

Prediction of their toxicity, mutation, homologs present in human proteome, antigenicity, digestion with enzymes and other physiochemical properties as charge, weight and hydrophobicity.
MHC-I: MHC class I; MHC-Il: MHC class II; N: No; Y: Yes.

Discussion

Research on various CoV species eatlier has been continually reported since the last one and a half decade after the
emergence of SARS, for annotating signatures and virulence factors [80]. Viral entry receptors are crucial in viral
life cycle, sustenance and egress [81]. Realizing their particular tissue tropism further augments their importance for
therapeutic targeting and restricting viral entry into cell which can abolish infectivity altogether.
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Figure 2. Interaction analysis of peptides with HLA-A & HLA-DR. (A) CVADYSVLY:HLA-A*01:01. (B) FTNVYADSF:HLA-A*01:01. (C)
YRLFRKSNL:DRB5_0101. (D) VYAWNRKRI:DRB5_0101. HLA-A protein is shown in grey while HLA-DR protein is shown in yellow. The

residues involved in interactions are highlighted as stick representation.

In case of SARS-CoV and MERS-CoV, S protein and specially S1 regions have been the prime focus in
developing immune strategies against these strains [52]. Similar strategy can be employed by investigating the S
protein for identifying immune epitopes against SARS-COV-2. Vaccines against SARS-CoV-2 can serve as one of
the most promising modes of containing COVID-19 pandemic. To date no reliable treatment options are available
for COVID-19, so logically vaccine against it is a much needed solution. As the global burden of infectivity
by COVID-19 pandemic is increasing every day, computational biology aided vaccine design for SARS-CoV-2
with removal of unnecessary antigenic load and screened allergic response can provide the characteristic immune
response required for preventing SARS-CoV-2 infection. Similar to SARS-CoV and MERS-CoV, SI region of
CVOID-19 harbors the RBD which is involved in the entry of virus into a host cell. Hence, the identification of
antigenic peptides within RBD can be a good strategy to forestall infection. The present study focused on deriving
immunogenic epitopes capable of triggering both humoral and cell mediated immune response, on the basis of
high degree of comparative sequence similarity of RBD from BatCoV RaTG13 with SARS-CoV-2. Previously,
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Table 4. Interactions of bat coronavirus RaTG13 with bat angiotensin-converting enzyme2.

bACE2 BatCoV RaTG13

S. No. Residue name Type of interactions Residue name Distance (A)

1. Glu-24 H-bond Tyr-473 2.73

2. Asp-30 H-bond Lys-417 2.63

3. Thr-30 H-bond His-505 2.78

Lys-353

4 Lys-35 H-bond Arg-494 3.08

5 Asp-38 H-bond Tyr-498 2.55

6 GlIn-42 H-bond Glu-445 2.73

7. Lys-61 H-bond Glu-445 2.86

8 Leu-79 H-bond Tyr-489 2.84

9 Asn-82 H-bond Asn-487 3.03

10. Lys-31 H-bond Leu-455 2.01
Phe-456 3.8

11. GIn-42 H-bond Tyr-489 34

12. His-41 H-bond Asp-501 3.9

13. Asp-30 Salt bridge Lys-417 2.63

14. Lys-61 Salt bridge Glu-445 2.77

bACE2: Bat ACE2; BatCoV: Bat coronavirus.

Y-473 L
F-
S-19 K-458

Figure 3. Top scoring complex of bat coronavirus RaTG13:bat ACE2. BatCoV RaTG13 is shown in blue while bACE2 is shown in pink.
bACE2: Bat ACE2; BatCoV: Bat coronavirus.

immunogenic epitopes for SARS-CoV-2 by immunoinformatics method have been reported in comparison with
SARS-CoV [23-25]. Using this approach may yield rather specific epitopes against SARS-CoV-2. Contextually,
cross-reactivity of SARS-CoV antibodies against SARS-CoV-2 epitopes is also under debate and is providing useful
information against potential SARS-CoV-2 host immune response [17,31,32].

Current results from analysis of RBD of SARS-CoV-2 revealed that 423-YKLPDD-428, 455-LFRKSN-461 and
494-SYGFQPT-500 are the B-cell epitopes that are highly antigenic. The two epitopes lie in receptor binding
motif and also muddled in interactions with hACE2 [72). The Leu-455, Phe-456, Ser-494 and Thr-500 were the
conserved residues among all the SARS-CoV-2 sequences hooked in interactions with hACE2. In case of T-cell
epitopes, several epitopes were identified from IEDB and NetCTL and the peptides manifesting affinity with
maximum number of MHC-I/MHC-II alleles were further selected for analysis. Previously, it has been reported
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Bat_RatG13 331N | TNLCPFGEVFNATTFASVYAWNRKR I|[SNCVADYSVLYNSTSFSTFKCYGVSPTKLNDLC|F
covin-19 331N | TNLCPFGEVFNATRFASVYAWNRKR [[SNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCIE

TNVYADSFp00
TNVYADSFW00

Bat_RaTG13 401V | TGDEVRQI APGOTGP.( IADYNYKLPDDFTGCV | AWNSKH I DAKEGGNFNY LYRLFRKANLK
covite 401V | RGDEVRQI APGQTGK | ADYNYKLPDDFTGCV | AWNSNNLDSKVGGNYNY L)YRIL FRKSNLK
L

(]
Bat_RaTG13 471E | YQAGSKPCNGQTGLI:ICQYP | YRYGFYPT‘[.)GVGI:lQPYRVVVLSFELLNAPATV 524
covip-19 471E | YQAGSTPCNGVEGFNCYFPL(JSYG FQPTINGVGYQPYRVVVLSFELLHAPATYV 524
° ° o °

Figure 4. Sequence alignment of receptor binding domain of SARS coronavirus 2 with bat coronavirus RaTG13. B-cel
highlighted with orange boxes. CTL epitopes are highlighted with blue boxes. T-helper cell epitopes are highlighted as

PFERD | ST470
PFERD | ST470

| epitopes are
green boxes. Green

dots represent SARS-CoV-2 interacting residues with hACE2 while blue dots represent interacting residues of BatCoV RaTG13 with bACE2.

bACE2: Bat ACE2; BatCoV: Bat CoV; CoV: Coronavirus; CTL: Cytotoxic T lymphocyte; hACE2: Human ACE2.

that peptides showing affinity with maximum number of HLA alleles could be very antigenic [53,54]. In case of CTL
epitopes, two epitopes (peptide 3: CVADYSVLY and peptide 4: FTNVYADSF) were found to be highly antigenic
and also showed strong binding with HLA-A allele. HLA are polymorphic proteins with variable expression in
different population. Therefore, a vaccine which is suited for all population without inciting any autoimmunity
met by for T-cell epitopes by HLA selectivity is crucial for an effective vaccine candidate (82]. In case of HLA-
A*0101, the already docked peptide in crystal structure (PDB ID: 6AT9) has shown interactions with Tyr-7, Phe-9,
Phe-33, Val-34, Tyr-59, Glu-63, Asn-77, Tyr-84, lle-97, Tyr-99, Thr-143, Lys-146, Trp-147, Gln-155, Arg-156
and Tyr-159 of HLA-A [83]. Peptide 3 (CVADYSVLY) has paraded interactions with Arg-156, Tyr-99 and Asn-77
while peptide 4 (FTNVYADSF) showed interactions with maximum number of amino acids (Glu-63, Arg-156,
GlIn-155, Asn-77, Thr-143 and Lys-146). In case of helper T-cell epitopes, YRLFRKSNL and VYAWNRKRI
illustrated affinity with maximum number of MHC-II alleles. One of the MHC-II allele HLA-DRB5*0101 was
used to study possible interactions of peptide with HLA-DR. In case of HLA-DRB5*0101 (PDB ID: 1FV1) the
crystallized structure displayed interactions with Asp-9, Phe-12, Glu-55, Met-23, Ser-53, Asn-62, Asp-66, Asn-69,
Asp-11, Tyr-13, Asp-70, Arg-71, Tyr-78 and Asn-82 (84]. When we studied peptide 5 (YRLFRKSNL), Asn-62,
Arg-71 and Glu-55 were residues important for binding of peptide. In case of peptide 6 (VYAWNRKRI), the
Ser-53, Asp-11 and Asp-70 were involved in interactions with peptide. The interaction as well as binding energy
data depicted these two peptides to be binding with HLA-DRB5 and can be used in vaccine construction. The
peptide 453-YRLFRKSNL-461, present within the receptor binding motif and Leu-455 and Phe-456 illustrated
interactions with hACE2 (721 as well as bACE2.

On the basis of different properties of these selected B- and T-cell epitopes, it can be observed that these epitopes
were 100% conserved from the reported data, as predicted by conservation analysis. These peptides also did not
exhibited homology with any human protein hence may not incite any autoimmunity. These peptides did not
display any toxicity. The digesting enzyme data showed these peptides to be indigestible by a range of enzymes and
hence are safer to use for vaccine development (Table 3). The B- and T-cell epitopes (LFRKSN and YRLFRKSNL)
are overlapping, hence the presence of YRLFRKSNL in vaccine construct along with other peptides may enhance the
efficacy of a vaccine. The analysis on the sequences submitted until October 2020 has shown that all the predicted
epitopes have been fairly conserved except one change observed in T-cell epitope (453-YRLFRKSNL-461) region
at position 453 as Y453F. This mutation was labeled as mink mutation and found in SARS-CoV-2 sequences
obtained from Denmark, South Africa and The Netherlands [85,86]. The results proposed herein are preliminary
and further i vitro and in vivo testing is required for the proposed vaccinable targets of SARS-CoV-2. Based on
the study results, the predicted epitopes harbor attractive capability to be considered for ascertaining therapeutic
potency. The identified epitopes from this study can further be investigated along with conserved region epitopes of
S protein for molecular simulation studies, in construction of experimental vaccine constructs and for considering
its potential as a peptide based vaccine.

Cumulatively, the detailed interaction analysis of BatCoV RaTG13 has shown that hydrophobic and charged
residues have been involved in binding with bACE2. Analogous pattern has been observed in binding of SARS-
CoV-2 with hACE2 receptor [72]. The important residues of BatCoV RaTG13 that were involved in interactions
with bACE2 are Lys-417, Leu-455, Phe-456, Asn-487, Tyr-489, Asp-501 and His-505. The residues at these
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positions in SARS-CoV-2 were also involved in interactions with hACE2 (721. Among them Lys-417, Leu-455,
Phe-456, Asn-487 and Tyr-489 were the conserved residues (Figure 4).

Designing an effective vaccine against viral infection such as COVID-19 is tricky. On one hand, it has to be
ensured that the vaccinable epitopes hold enough antigenic potential to mount a befitting yet specific immune
response so as to rapidly clear the infection if the need arises; on the other hand, the host immune response
should not be strong enough to trigger chronic inflammation which in case of COVID-19 might significantly
deteriorate lung infection. Lung as an organ is highly sensitive to inflammatory changes initiated by a surge of
cytokine response [87). Mutations in the viral genome are capacitating CoVs to breach species barrier repeatedly. As
the CoVs harbor an error-prone RNA dependent-RNA polymerase, it may engender recombination events with
mutational diversity, concocting therapeutic challenges and survival advantage to the virus (80). This has been the
case observed in SARS-CoV epidemic of 2004 (88,89]. It is of grave concern that SARS-CoV-2 has the potential to
reach pandemic proportions while considering the low persistent R, estimates. As bats are considered primary hosts
for CoV species, it will be interesting to scrutinize how bats evade viral entry as previous studies have identified
bats evolving a mechanism for defying interferon pathway activation by the STING interferon pathway [90].

Conclusion

The current study proposed the identification of potential multiple epitopes for vaccine development against SARS-
CoV-2. The potential vaccine epitopes have been rigorously screened for multiple HLA, B-Cell, CTL and helper
T lymphocyte epitopes thus augmenting its capability in inducing both humoral and cellular immune responses.
Furthermore, it can be co-opted with adjuvant treatment in further enhancing viral disease control. The epitopes
were further screened and validated for 100% conservancy with nonoverlapping human proteome thus additionally
reducing the chances of autoimmunogenic side effects. The molecular docking of epitopes with HLA alleles were
further validated for their mode of binding patterns and analysis of binding energy affinities.

Summary points

e The December of 2019 witnessed emergence of worldwide outbreak by a novel strain of coronavirus (CoV)
termed SARS-CoV-2.

e There is no therapeutic or preventive strategy like vaccine developed so far to overcome infection.

e The receptor binding domain of SARS-Cov-2 for any potential vaccine epitopes were explored using
immunoinformatics approach.

e The B-cell epitopes LFRKSN and SYGFQPT, were found to be highly antigenic. Among T-cell epitopes, the epitope
CVADYSVLY and FTNVYADSF were antigenic and exhibited affinity for maximum number of MHC class | alleles.
The T-cell epitopes YRLFRKSNL and VYAWNRKRI displayed affinity for maximum number of MHC class Il alleles.
The overlapping epitope among B- and T-cells was YRLFRKSNL.

e The epitopes were further screened and validated for 100% conservancy with nonoverlapping human proteome
thus additionally reducing the chances of autoimmune side effects.

e The important conserved residues of BatCoV RaTG13, the Leu-455 and Phe-456 that have been involved in
interactions, also demonstrated overlap with epitopes. These residues lay within the B-cell epitope
(455-LFRKSN-461) and T-cell epitope (453-YRLFRKSNL-461).

e The deployment of these epitopes in potential vaccine against COVID-19 may help in sweeping the COVID-19
infectious spread.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at:
www.futuremedicine.com/doi/suppl/10.2217 /fvl-2020-0269

Acknowledgments

We would like to acknowledge the Shanghai Public Health Clinical Center and School of Public Health, Central Hospital of Wuhan,
Huazhong University of Science and Technology, Wuhan Center for Disease Control and Prevention, National Institute for Com-
municable Disease Control and Prevention, Chinese Center for Disease Control, and University of Sydney Australia for releasing
the sequence of COVID-19 genome, and Department of Chemistry, COMSATS, Abbottabad, for computational lab support.

10.2217/fv1-2020-0269 Future Virol. (Epub ahead of print) future science group


http://www.futuremedicine.com/doi/suppl/10.2217/fvl-2020-0269

Scouting the receptor-binding domain of SARS-CoV-2  Research Article

Declaration of interest statement
The authors declare no conflict of interest. All the data used in the study are publicly available and have been cited properly. No
human participant was directly involved in the study.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any organization or entity with a financial interest in or finan-
cial conflict with the subject matter or materials discussed in the manuscript. This includes employment, consultancies, honoraria,
stock ownership or options, expert testimony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

References
1. Coronavirus latest: WHO officially names disease COVID-19. www.nature.com/articles/d41586-020-00154-w

2. Zaki AM, Van Boheemen S, Bestebroer TM, Osterhaus AD, Fouchier RA. Isolation of a novel coronavirus from a man with pneumonia

in Saudi Arabia. N. Engl. J. Med. 367(19), 18141820 (2012).

3. Drosten C, Gunther S, Preiser W ez al. Identification of a novel coronavirus in patients with severe acute respiratory syndrome. N. Engl.

J. Med. 348(20), 19671976 (2003).
4. Fouchier RA, Kuiken T, Schutten M e al. Aetiology: Koch’s postulates fulfilled for SARS virus. Nature 423(6937), 240 (2003).

5.  Wang, SunJ, Zhu A, Zhao J. Current understanding of middle east respiratory syndrome coronavirus infection in human and animal
models. /. Thorac. Dis. 10(Suppl. 19), S2260-S2271 (2018).

6. Chan-Yeung M, Xu RH. SARS: epidemiology. Respirology 8(Suppl. 1), S9-S14 (2003).
7. Peiris JS, Guan Y, Yuen KY. Severe acute respiratory syndrome. Naz. Med. 10(Suppl. 12), S88-S97 (2004).

8. Lee], Chowell G, Jung E. A dynamic compartmental model for the Middle East respiratory syndrome outbreak in the Republic of
Korea: a retrospective analysis on control interventions and superspreading events. /. Theor. Biol. 408, 118-126 (2016).

9. Lee]Y, Kim Y], Chung EH ez al. The clinical and virological features of the first imported case causing MERS-CoV outbreak in South
Korea, 2015. BMC Infect. Dis. 17(1), 498 (2017).

10. Worldometer. Coronavirus (COVID-19) cases statistics. www.worldometers.info/coronavirus/coronavirus-cases/

11. Zhou P, Yang XL, Wang XG ¢t a/. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nazure 579(7798),
270-273 (2020).

12. Wu A, Peng Y, Huang B ¢ a/. Genome composition and divergence of the novel coronavirus (2019-nCoV) originating in China. Ce//
Host Microbe 27(3), 325-328 (2020).

13. SuS, Wong G, Shi W ez 4l. Epidemiology, genetic recombination, and pathogenesis of coronaviruses. Trends Microbiol. 24(6), 490-502
(2016).

14. Hu B, Zeng LP, Yang XL ez al. Discovery of a rich gene pool of bat SARS-related coronaviruses provides new insights into the origin of
SARS coronavirus. PLoS Pathog. 13(11), €1006698 (2017).

15.  Jeffers SA, Tusell SM, Gillim-Ross L ez 2. CD209L (L-SIGN) is a receptor for severe acute respiratory syndrome coronavirus. Proc. Natl
Acad. Sci. USA 101(44), 15748-15753 (2004).

16. Meyerholz DK, Lambertz AM, Mccray PB Jr. Dipeptidyl peptidase 4 distribution in the human respiratory tract: implications for the
Middle East respiratory syndrome. Am. J. Pathol. 186(1), 78-86 (2016).

17. Walls AC, Park Y], Tortorici MA, Wall A, Mcguire AT, Veesler D. Structure, function, and antigenicity of the SARS-CoV-2 spike
glycoprotein. Cel/ 181(2), 281-292 €286 (2020).

18. Jiang S, Lu L, Liu Q, Xu W, Du L. Receptor-binding domains of spike proteins of emerging or re-emerging viruses as targets for
development of antiviral vaccines. Emerg. Microbes Infect. 1(8), e13 (2012).

19. ZhuX, Liu Q, DuL, Lu L, Jiang S. Receptor-binding domain as a target for developing SARS vaccines. /. Thorac. Dis. 5(Suppl. 2),
S142-S148 (2013).

20. Dul, YangY, ZhouY, LuL, LiF, Jiang S. MERS-CoV spike protein: a key target for antivirals. Expert Opin. Ther. Targers 21(2),
131-143 (2017).

21. Davies MN, Flower DR. Harnessing bioinformatics to discover new vaccines. Drug Discov. Today 12(9-10), 389-395 (2007).

22. Srivastava S, Kamthania M, Singh S, Saxena AK, Sharma N. Structural basis of development of multi-epitope vaccine against Middle
East respiratory syndrome using iz silico approach. Infect. Drug Resist. 11, 2377-2391 (2018).

23. Ahmed SF, Quadeer AA, Mckay MR. Preliminary identification of potential vaccine targets for the COVID-19 coronavirus
(SARS-CoV-2) based on SARS-CoV immunological studies. Viruses 12(3), 254 (2020).

24. Baruah V, Bose S. Immunoinformatics-aided identification of T cell and B cell epitopes in the surface glycoprotein of 2019-nCoV. /.
Med. Virol. 92(5), 495-500 (2020).

future science group 10.2217/fv1-2020-0269


http://www.nature.com/articles/d41586-020-00154-w
http://www.worldometers.info/coronavirus/coronavirus-cases/

Research Article

Rehman, Fahim & Bhatti

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Bhattacharya M, Sharma AR, Patra P ez al. Development of epitope-based peptide vaccine against novel coronavirus 2019
(SARS-COV-2): immunoinformatics approach. /. Med. Virol. 92(6), 618-631 (2020).

Kuehn BM. More evidence emerges that bats may have spread SARS. JAMA 310(20), 2138 (2013).

Lau SK, Woo PC, Li KS ez al. Severe acute respiratory syndrome coronavirus-like virus in Chinese horseshoe bats. Proc. Natl Acad. Sci.
USA 102(39), 14040-14045 (2005).

Kan B, Wang M, Jing H ¢z al. Molecular evolution analysis and geographic investigation of severe acute respiratory syndrome
coronavirus-like virus in palm civets at an animal market and on farms. /. Virol 79(18), 11892-11900 (2005).

Ge XY, Li JL, Yang XL ¢t al. Isolation and characterization of a bat SARS-like coronavirus that uses the ACE2 receptor. Nazure
503(7477), 535-538 (2013).

Forni D, Cagliani R, Clerici M, Sironi M. Molecular evolution of human coronavirus genomes. Trends Microbiol. 25(1), 35-48 (2017).

Tian X, Li C, Huang A ez a/. Potent binding of 2019 novel coronavirus spike protein by a SARS coronavirus-specific human monoclonal
antibody. Emerg. Microbes Infect. 9(1), 382-385 (2020).

Yuan M, Wu NC, Zhu X ez 4. A highly conserved cryptic epitope in the receptor binding domains of SARS-CoV-2 and SARS-CoV.
Science 368(6491), 630—-633 (2020).

Bakkers MJ, Zeng Q, Feitsma L] ¢# a/. Coronavirus receptor switch explained from the stereochemistry of protein—carbohydrate

interactions and a single mutation. Proc. Natl Acad. Sci. USA 113(22), E3111-3119 (2016).

Kannan S, Kolandaivel P. Computational studies of pandemic 1918 and 2009 HIN1 hemagglutinins bound to avian and human
receptor analogs. /. Biomol. Struct. Dyn. 34(2), 272-289 (2016).

Pan D, Xue W, Wang X, Guo J, Liu H, Yao X. Molecular mechanism of the enhanced virulence of 2009 pandemic influenza A (HIN1)
virus from D222G mutation in the hemagglutinin: a molecular modeling study. /. Mol. Model. 18(9), 4355-4366 (2012).

Tran-to Su C, Ouyang X, Zheng J, Kwoh CK. Structural analysis of the novel influenza A (H7N9) viral neuraminidase interactions with
current approved neuraminidase inhibitors oseltamivir, zanamivir, and peramivir in the presence of mutation R289K. BMC

Bioinformatics 14(Suppl. 16), S7 (2013).

Xu X, Chen P, Wang J ez al. Evolution of the novel coronavirus from the ongoing Wuhan outbreak and modeling of its spike protein for
risk of human transmission. Sci. China Life Sci. 63(3), 457-460 (2020).

Skehel JJ, Wiley DC. Receptor binding and membrane fusion in virus entry: the influenza hemagglutinin. Annu. Rev. Biochem. 69,
531-569 (2000).

Kwong PD, Wyatt R, Robinson J, Sweet RW, Sodroski J, Hendrickson WA. Structure of an HIV gp120 envelope glycoprotein in
complex with the CD4 receptor and a neutralizing human antibody. Nature 393(6686), 648-659 (1998).

Rossmann MG, He Y, Kuhn R]. Picornavirus-receptor interactions. Trends Microbiol. 10(7), 324-331 (2002).

Chen J. Pathogenicity and transmissibility of 2019-nCoV-A quick overview and comparison with other emerging viruses. Microbes Infect.
22(2), 69-71 (2020).

Zhao S, Lin Q, Ran J ¢t al. Preliminary estimation of the basic reproduction number of novel coronavirus (2019-nCoV) in China, from
2019 to 2020: a data-driven analysis in the early phase of the outbreak. /nz. J. Infect. Dis. 92, 214-217 (2020).

Sominskaya I, Skrastina D, Dislers A ¢¢ a/. Construction and immunological evaluation of multivalent hepatitis B virus (HBV) core

virus-like particles carrying HBV and HCV epitopes. Clin. Vaccine Immunol. 17(6), 1027-1033 (2010).

Rodrigues RL, Menezes GL, Saivish MV ez al. Prediction of MAYV peptide antigens for immunodiagnostic tests by immunoinformatics
and molecular dynamics simulations. Sci. Rep. 9(1), 13339 (2019).

Stanekova Z, Vareckova E. Conserved epitopes of influenza A virus inducing protective immunity and their prospects for universal
vaccine development. Virol. J. 7, 351 (2010).

Jabbar B, Rafique S, Salo-Ahen OMH et al. Antigenic peptide prediction from E6 and E7 oncoproteins of HPV types 16 and 18 for

therapeutic vaccine design using immunoinformatics and MD simulation analysis. Fronz. Immunol. 9, 3000 (2018).

Dutta NK, Mazumdar K, Lee BH ez al. Search for potential target site of nucleocapsid gene for the design of an epitope-based SARS
DNA vaccine. Immunol. Lett. 118(1), 65=71 (2008).

Liu §J, Leng CH, Lien SP ez al. Immunological characterizations of the nucleocapsid protein based SARS vaccine candidates. Vaccine
24(16), 3100-3108 (2006).

Zhao J, Huang Q, Wang W, Zhang Y, Lv P, Gao XM. Identification and characterization of dominant helper T-cell epitopes in the
nucleocapsid protein of severe acute respiratory syndrome coronavirus. /. Virol. 81(11), 6079-6088 (2007).

Zhou M, Xu D, Li X ez al. Screening and identification of severe acute respiratory syndrome-associated coronavirus-specific CTL

epitopes. /. Immunol. 177(4), 2138-2145 (20006).

Gupta V, Tabiin TM, Sun K ez a/. SARS coronavirus nucleocapsid immunodominant T-cell epitope cluster is common to both
exogenous recombinant and endogenous DNA-encoded immunogens. Virology 347(1), 127-139 (2006).

Wang L, Shi W, Joyce MG et al. Evaluation of candidate vaccine approaches for MERS-CoV. Nat. Commun. 6, 7712 (2015).

10.2217/fvI-2020-0269

Future Virol. (Epub ahead of print) future science group



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.
65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.
81.

Scouting the receptor-binding domain of SARS-CoV-2

Shi ], Zhang ], Li S et al. Epitope-based vaccine target screening against highly pathogenic MERS-CoV: an 77 silico approach applied to
emerging infectious diseases. PLoS ONE 10(12), 0144475 (2015).

Tahir Ul Qamar M, Saleem S, Ashfaq UA, Bari A, Anwar F, Alqahtani S. Epitope-based peptide vaccine design and target site depiction
against Middle East respiratory syndrome coronavirus: an immune-informatics study. /. Transl. Med. 17(1), 362 (2019).

Thanh Le T, Andreadakis Z, Kumar A ez al. The COVID-19 vaccine development landscape. Nat. Rev. Drug Discov. 19(5), 305-306
(2020).

Kang S, Peng W, Zhu Y ez al. Recent progress in understanding 2019 novel coronavirus (SARS-CoV-2) associated with human
respiratory disease: detection, mechanisms and treatment. nt. J. Antimicrob. Agents 55(5), 105950 (2020).

Doytchinova IA, Flower DR. VaxiJen: a server for prediction of protective antigens, tumour antigens and subunit vaccines. BMC
Bioinformatics 8, 4 (2007).

Vita R, Overton JA, Greenbaum JA ez al. The Inmune Epitope Database (IEDB) 3.0. Nucleic Acids Res. 43(Database issue), D405-412
(2015).

Jespersen MC, Peters B, Nielsen M, Marcatili P. BepiPred-2.0: improving sequence-based B-cell epitope prediction using conformational
epitopes. Nucleic Acids Res. 45(W1), W24-W29 (2017).

Kolaskar AS, Tongaonkar PC. A semi-empirical method for prediction of antigenic determinants on protein antigens. FEBS Let.
276(1-2), 172-174 (1990).

Emini EA, Hughes JV, Perlow DS, Boger J. Induction of hepatitis A virus-neutralizing antibody by a virus-specific synthetic peptide. /.
Virol. 55(3), 836-839 (1985).

Chou PY, Fasman GD. Prediction of the secondary structure of proteins from their amino acid sequence. Adv. Engymol. Relat. Areas Mol.

Biol. 47, 45-148 (1978).
Vihinen M, Torkkila E, Riikonen P. Accuracy of protein flexibility predictions. Prozeins 19(2), 141-149 (1994).
Larsen JE, Lund O, Nielsen M. Improved method for predicting linear B-cell epitopes. fmmunome Res. 2, 2 (2006).

Ponomarenko J, Bui HH, Li W ¢z a/. ElliPro: a new structure-based tool for the prediction of antibody epitopes. BMC Bioinformatics 9,
514 (2008).

Larsen MV, Lundegaard C, Lamberth K, Buus S, Lund O, Nielsen M. Large-scale validation of methods for cytotoxic T-lymphocyte
epitope prediction. BMC Bioinformatics 8, 424 (2007).

Andreatta M, Nielsen M. Gapped sequence alignment using artificial neural networks: application to the MHC class I system.
Bioinformatics 32(4), 511-517 (2016).

Jensen KK, Andreatta M, Marcatili P ez a/. Improved methods for predicting peptide binding affinity to MHC class II molecules.
Immunology 154(3), 394-406 (2018).

Ettayapuram Ramaprasad AS, Singh S, Gajendra PSR, Venkatesan S. AntiAngioPred: a server for prediction of anti-angiogenic peptides.
PLoS ONE 10(9), €0136990 (2015).

Naamati G, Askenazi M, Linial M. ClanTox: a classifier of short animal toxins. Nucleic Acids Res. 37(Web Server issue), W363-W368
(2009).

Maupetit J, Derreumaux P, Tuffery P. PEP-FOLD: an online resource for de novo peptide structure prediction. Nucleic Acids Res.
37(Web Server issue), W498-W503 (2009).

Lan J, Ge J, Yu ] ez al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor. Nature 581(7807),
215-220 (2020).

Sheik SS, Sundararajan P, Hussain AS, Sekar K. Ramachandran plot on the web. Bioinformatics 18(11), 1548-1549 (2002).

Wiederstein M, Sippl MJ. ProSA-web: interactive web service for the recognition of errors in three-dimensional structures of proteins.

Nucleic Acids Res. 35(Web Server issue), W407-W410 (2007).

Benkert P, Tosatto SC, Schomburg D. QMEAN: a comprehensive scoring function for model quality assessment. Proteins 71(1),
261-277 (2008).

Williams CJ, Headd JJ, Moriarty NW ez a/. MolProbity: more and better reference data for improved all-atom structure validation.
Protein Sci. 27(1), 293-315 (2018).

Colovos C, Yeates TO. Verification of protein structures: patterns of nonbonded atomic interactions. Prozein Sci. 2(9), 1511-1519
(1993).

Van Zundert GCP, Rodrigues J, Trellet M ez al. The HADDOCK2.2 web server: user-friendly integrative modeling of biomolecular
complexes. /. Mol. Biol. 428(4), 720-725 (2016).

Laskowski RA, Jablonska J, Pravda L, Varekova RS, Thornton JM. PDBsum: structural summaries of PDB entries. Protein Sci. 27(1),
129-134 (2018).

Cui ], Li F, Shi ZL. Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 17(3), 181-192 (2019).
Marsh M, Helenius A. Virus entry: open sesame. Cell 124(4), 729-740 (2006).

Research Article

future science group

10.2217/fv1-2020-0269



Research Article

Rehman, Fahim & Bhatti

82.
83.

84.

85.
86.

87.

88.

89.

90.

Maenaka K, Jones EY. MHC superfamily structure and the immune system. Curr. Opin. Struct. Biol. 9(6), 745-753 (1999).

Toor ]S, Rao AA, Mcshan AC ez al. A recurrent mutation in anaplastic lymphoma kinase with distinct neoepitope conformations. Front.
Immunol. 9, 99 (2018).

LiY, Li H, Martin R, Mariuzza RA. Structural basis for the binding of an immunodominant peptide from myelin basic protein in
different registers by two HLA-DR2 proteins. J. Mol. Biol. 304(2), 177-188 (2000).

Dyer O. Covid-19: denmark to kill 17 million minks over mutation that could undermine vaccine effort. BMJ 371, m4338 (2020).

Tegally H, Wilkinson E, Lessells R] ez a/. Sixteen novel lineages of SARS-CoV-2 in South Africa. Nat.
Med. doi:10.1038/541591-021-01255-3 (2021) (Epub ahead of print).

Liu Q, Zhou YH, Yang ZQ. The cytokine storm of severe influenza and development of immunomodulatory therapy. Cell. Mol.
Immunol. 13(1), 3-10 (2016).

Graham RL, Baric RS. Recombination, reservoirs, and the modular spike: mechanisms of coronavirus cross-species transmission. /. Virol.

84(7), 3134-3146 (2010).

Dawson P, Malik MR, Parvez F, Morse SS. What have we learned about Middle East respiratory syndrome coronavirus emergence in
humans? A systematic literature review. Vector Borne Zoonotic Dis. 19(3), 174-192 (2019).

XieJ, LiY, Shen X ez al. Dampened STING-dependent interferon activation in bats. Cell Host Microbe 23(3), 297-301 €294 (2018).

10.2217/fvI-2020-0269

Future Virol. (Epub ahead of print) future science group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 400
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 400
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'PPG Indesign CS4_5_5.5'] [Based on 'PPG Indesign CS3 PDF Export'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks true
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 600
        /LineArtTextResolution 2400
        /PresetName (Pureprint flattener)
        /PresetSelector /UseName
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.835590
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


