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1 | INTRODUCTION
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Abstract

The pandemic caused by novel severe acute respiratory syndrome coronavirus
(SARS-CoV-2) has resulted in over 452 822 deaths in the first 20 days of June 2020
due to the coronavirus virus disease 2019 (COVID-19). The SARS-CoV-2 uses
the host angiotensin-converting enzyme 2 (ACE2) receptor to gain entry inside the
human cells where it replicates by using the cell protein synthesis mechanisms. The
knowledge of the tissue distribution of ACE2 in human organs is therefore important
to predict the clinical course of the COVID-19. Also important is the understanding
of the viral receptor-binding domain (RBD), a region within the spike (S) proteins,
that enables the entry of the virus into the host cells to synthesize vaccine and
monoclonal antibodies (mAbs). We performed an exhaustive search of human pro-
tein databases to establish the tissues that express ACE2 and performed an in-depth
analysis like sequence alignments and homology modeling of the spike protein (S) of
the SARS-CoV-2 to identify antigenic regions in the RBD that can be exploited to
synthesize vaccine and mAbs. Our results show that ACE2 is widely expressed in
human organs that may explain the pulmonary, systemic, and neurological deficits
seen in COVID-19 patients. We show that though the S protein of the SARS-CoV-2
is a homolog of S protein of SARS-CoV-1, it has regions of dissimilarities in the RBD
and transmembrane segments. We show peptide sequences in the RBD of SARS-
CoV-2 that can bind to the major histocompatibility complex alleles and serve as

effective epitopes for vaccine and mAbs synthesis.
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to fight SARS-CoV-2 that has started behaving almost like the once-
in-a-century pathogen we have been worried about.®> Management of

The recent outbreak of coronavirus virus disease 2019 (COVID-19)
caused by severe acute respiratory syndrome coronavirus (SARS-
CoV-2) has resulted in widespread mortalities worldwide and has
now been declared as the COVID-19 pandemic.”® The healthcare

leadership, community, and scientists worldwide have come forward

the outbreaks and attempts to contain the current COVID-19 crisis
has proven to be difficult with the rapid spread of SARS-CoV-2
worldwide.”* With no vaccine and specific drugs available that target
the SARS-CoV-2, the current COVID-19 pandemic is annoying and

threatening to the human population worldwide. The hard work of

2792 © 2020 Wiley Periodicals LLC

wileyonlinelibrary.com/journal/jmv

J Med Virol. 2020;92:2792-2803.


http://orcid.org/0000-0003-0626-216X
mailto:abdul.mannan@aku.edu

BAIG ET AL

the scientists,”® devoted scientific institutes, and organizations8 i
has resulted in the identification of the genome of SARS-CoV-2,
providing the structural details of the virus and determining the
ligand-binding attributes on the receptor-binding domain (RBD) of
the virus as quickly as possible, which has allowed exploration and
elucidation the pathogenic proteins encoded by the SARS-CoV-2.
Being taxonomically related to the betacoronaviridae group of the
viral pathogens,®’ the SARS-CoV-2 shares a significant similarity
with other members of the coronaviridae group, which have caused
similar if not identical cross-species viral diseases in humans in the
past.”” Examples of the latter include SARS-CoV-1 (2002 to 2004)
and the Middle East respiratory syndrome (MERS) that affected the
human population in 2012.*>*° Additionally, very little is known
about the diversity of the expression of angiotensin-converting en-
zyme 2 (ACE2) in human organs and tissues. An investigation into the
quantitative and qualitative distribution of ACE2 in different tissues
is needed that can predict the possible organs involved and hint
toward the expected outcome of localized and systemic forms of
COVID-19 presenting in the clinics. The COVID-19 genome (NCBI
Reference Sequence: NC_004718.3) is known to encode several
proteins, of which the surface protein S (NCBI Reference Sequence:
NP_828851.1) is known to be essential to dock the virus to ACE2
receptor on host cells.®”"** It was inferred that as both, SARS-nCoV-1
and SARS-CoV-2, taxonomically belong to the betacoronavirus®®
they would have a similar if not identical composition of the S protein
and the RBD that helps to dock the SARS-CoV-2 on to the ACE2
receptors.®* It is important to mention here that although we know
the target molecular receptor that is needed for the virus to gain
entry into human cells, the RBD of SARS-CoV-2 is very similar but
not identical to the RBD of SARS-CoV-1.° The functional significance
of the regions of disparity between the S protein of SARS-CoV-2 and
SARS-CoV-1 remains to be determined and exploited for therapeutic
gains. The structural model of SARS-CoV-1 is already studied in de-
tail for the binding of neutralizing antibodies and therefore identifi-
cation of the differences between the S proteins of both the SARS-
CoV viruses can be of help in designing more specific neutralizing
monoclonal antibodies (mAbs) against SARS-CoV-2.

We at first focused on drawing an organ-based distribution of
ACE2 receptor followed by an in-depth analysis of the S protein of
SARS-CoV-2 and its RBD for identification of short sequences that
can be used for vaccine development and synthesis of mAbs against
SARS-CoV-2. By performing sequence alignments and homology
modeling the understating of the RBD of SARS-CoV-2, it is expected
that we will gain an in-depth understanding of the pathogenesis of
the COVID-19 and assemble effective ways to counter the mode of
infection of SARS-CoV-2.

Finally, we performed in silico methods by using automated
epitope-detecting databases that extract sequences of variable
length with the potential of binding to class | and class Il major
histocompatibility complex (MHC) alleles on antigen-presenting cells
and therefore capable of evoking a B/T-killer cell immune response.

For the epitopes generation, the S protein and the RBD of
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SARS-CoV-2 were selected and the epitopes that had shown a strong
binding (SB) prediction with MHC alleles were proposed for vacci-

nation and mAbs synthesis.

2 | METHODOLOGY

2.1 | Messenger RNA encoding and protein
expression of ACE2 in normal human tissues

Online databases that are an integrative web resource on human and

1215 were used to identify the

other mammalian tissue expressions
ACE2 encoding messenger RNA (mRNA). The tissue associations in
these databases for ACE2 were retrieved from manually curated
knowledge in UniProtKB (https://www.uniprot.org/uniprot/?query=
ACE2&sort=score)’® and via automatic text mining of the biomedical
works of literature. The confidence of each association is signified by
signs, where +++++ is the highest confidence and +++, ++, + as the
lowest. Human tissues and Protein Atlas (HPA)' (www.proteinatlas.
org/ENSG00000130234-ACE2/tissue) were used to retrieve the
mRNA expression levels encoding ACE2 in forms of histograms. Both
the servers have a user-friendly interface wherein protein (ACE2)
and other protein molecules can be queried, which results in a list of

organs expressing the protein in question.

2.2 | Databases of human protein expression of
ACE2 at the cellular level by immunohistochemistry

Online databases that are a huge resource of data of expression of
human proteins in a healthy and diseased state like HPA was used to
retrieve and study the expression levels of ACE2 in normal body
tissues as compared with diseased states. Immunohistochemistry of
ACE2-stained tissue was investigated for mild, moderate, and strong

staining.

2.3 | Genomics, phylogenetics, and transcriptomics
of COVID-19 coronavirus

The genome of COVID-19 was obtained from the NCBI database”*®
and the proteins encoded by this virus were retrieved.

NCBI automated server (https://www.ncbi.nlm.nih.gov/tools/
msaviewer/) was used for multiple sequence alignment (MSA) and
building an evolutionary tree of the genome of viruses and the pro-
teins that they encode. Uniprot database®® was also used for MSA
and UniprotKB and NCBI were used to develop the coronavirus
phylogenetic tree of SARS-CoV-2. For comparison, the S-protein
sequence of both the viruses was retrieved from the NCBI database.
Pfam and NCBI database'® were used to obtain circular and rec-
tangular cladograms of evolutionary proteins of the SARS-CoV-2

family.
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2.4 | Sequence analysis of nucleotide, S protein, and
RBD encoded by SARS-CoV and COVID-19

Bioinformatics computational tools were used to search for
protein homologs of the RBD of S protein of SARS-CoV-1 and
SARS-CoV-2. BLASTn and BLASTp tools were used to uncover
nucleotide and protein homologs in between SARS-CoV and
SARS-CoV-2, respectively. BLASTn was selected for nucleotide
similarity searches and BLASTp was selected for the determina-
tion of S protein and RBD homologs. The align tool available in
the Uniprot server'® was used for MSA of different protein se-
quences of SARS-CoV-1 and SARS-CoV-2 in general and S protein
and its RBD in particular. In sequence alignments, particular at-
tention was directed toward identifying the mutations in amino
acid residues of the RBD of SARS-CoV-2 that are known to
engage with ACE2 receptor during the process of host-virus in-
teraction and initiating viral entry into the cells. During com-
parisons of S protein and RBD, we specifically focused on
spotting the occurrence of mutations in the transmembrane re-
gions and motif segments of the S protein of the SARS-CoV-2 as
compared with SARS-CoV-1.

2.5 | Homology modeling of proteins

Sequences of the SARS-CoV-2 S protein and RBD were submitted
to the automated SWISS-MODEL database’’ to develop
template-based models. Similarly, sequences of the SARS-CoV-1
S protein and RBD were submitted to the automated SWISS-
MODEL database for the development of template-based models
so that the differences and similarities between the proteins of
the viruses can be identified. Previous models of SARS-CoV-1 S
protein and RBD were downloaded and compared with a similar
region in the SARS-CoV-2 virus.

2.6 | ldentification of epitopes predicted to bind the
MHC class | and Il allele

Though the SARS-CoV-2 is declared to be a novel variant of be-
tacoronavirus, its S protein has homologs (evolutionarily related)
to the taxon of betacoronaviruses. The Immune Epitope
Database and Analysis Resource (IEDB)*® and DTU bioinformatic

servers'??9

were used for epitope mapping in the S protein RBD
sequence in SARS-CoV-2. Filters were applied to search within
betacoronavirus, SARS, and MERS members of the taxa only.
Other filters that were selected included epitope type, host, as-
says type, MHC restrictions, and infectious disease.’” Also, the
amino acid sequence of S protein and RBD of SARS-CoV-1 and
SARS-CoV-2 was used to generate epitopes of sequence lengths
between 5mer and 9mer where a peptide-MHC class | binding

could occur for provoking antibody production in vivo.

2.7 | Epitope prediction method summary

2.7.1 | NetMHC-4.0 method for the prediction of
peptide

The NetMHC-4.0 method for the prediction of peptide-MHC class |
binding affinity is publicly available (http://www.cbs.dtu.dk/services/
NetMHC-4.0). The computer-learning algorithm used by NetMHC-4.0
is based on artificial neural networks, namely the NNAlign method.
By bringing together the training instances onto a shared window of
fixed length, the NNAlign algorithm efficiently creates an MSA re-
presenting the minimal binding core of each peptide submitted as a
query. The novelty of the algorithm is the introduction of insertions
and deletions into the NNAlign learning framework, fundamentally
permitting the creation of gapped sequence alignments. In the
context of the MHC class | scheme, where the length of ligands is
usually not constant, insertions and deletions allow reconciling
peptides of different lengths to a binding core of a common size.
The prediction of the core location can provide insight on the
binding mode of linear peptides to their receptors, such as in the
case of binders bulging out from the middle of the MHC groove or
noncanonical binders protruding at the terminal ends. The
NetMHC-4.0 automated server uses a proteome scan in search of
potential T-cell epitopes; therefore, peptides of optimal length for
the alleles of interest are inherently prioritized. The user inserts a
sequence, as in our case the S-protein FASTA sequence, followed by
the selection of peptide length of (8mer-14mer) range, species, and
HLA class type, and subtype selection. There are options to sort by
predicted affinity and threshold for strong binders: %Rank is set to
0.5 by default. Output can be retrieved in XLS format or simple text.
NetMHC-4.0 ranks the predicted affinity by comparing it to a set of
400.000 random natural peptides. This measure is not affected by
the inherent bias of certain molecules toward higher or lower mean
predicted affinities. Strong binders are defined as having %Rank less
than 0.5 and weak binders with %Rank less than 2. The selection of
the candidate binders was based on %Rank rather than nM affinity,
which is predicted by NetMHC-4.0. A parameter of BindLevel (SB:
strong binder, WB: weak binder) is also attributed to the sequence
predicted as an epitope. The peptide will be identified as a strong
binder if the %Rank is below the specified threshold for the strong
binders, by default 0.5%. The details of the NetMHC-4.0 usage are
available at the abovementioned link, which is user friendly.

2.7.2 | The Immune Epitope Database

IEDB is funded by the National Institute of Allergy and Infectious
Diseases (NIAID) and is a freely available resource for users world-
wide. It catalogs experimental data on antibody and T-cell epitopes
studied in the context of infectious disease, allergy, autoimmunity,
and transplantation. The IEDB also hosts tools to assist in the pre-

diction and analysis of epitopes. We used the IEDB for the prediction
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of epitopes that could interact with the MHC class Il allele on
antigen-presenting cells and T lymphocytes. The database is inter-
active and user friendly as the user has to choose one of the radio
buttons to select protein sequence (RBD of SARS-CoV-2) that con-
tains the MHC class Il epitopes for which predictions get generated.
The sequence will be transferred to the MHC class Il binding pre-
dictions on clicking the “Submit” button. These test data sets are
meant to demonstrate the functionality of the tools and are by no
means considered equivalent to a formal performance evaluation.
For the prediction of MHC class |l epitopes, it has a consensus ap-
proach that combines NN-align, SMM-align, and combinatorial library
methods. An automated server from Immune Epitope Database
Analysis Resource'® was selected and predictions were generated for
RBD of SARS-CoV-1 and SARS-CoV-2 and compared. The automated
IEDB interface shows options like species/locus selection, prediction
of linear B-cell or T-cell epitopes, choice of prediction methods, se-
lection of MHC allele(s), select option for length(s), and output
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formats as XML or text. Details of the use and options can be found

at the automated webserver site at https://www.iedb.org/.

3 | RESULTS

3.1 | ACE2 is expressed in diverse organs with a
predominance in the lungs, endothelium, heart
muscle, kidney, gastrointestinal tract, testicular
tissue, brain, and adrenal glands

The mRNA encoding ACE2 dominates in the endothelial cell, lungs,
heart muscle, kidney, gastrointestinal tract, testicular tissue, adrenal
glands, and nervous system when compared with the rest of the
organs and tissues in the human body. The ACE2 (Figure 1A) protein
is expressed in different organs and tissues (Figure 1B,C) with its
structure (Figure 1D) deposited in a protein database that can be a

(A) Protein — ACE2 Spike Protein 4 ACE2 4 Brain
length -805 ——> Fi
Mass (Da) - 92, 463 » P
Lungs e
Cardiac muscle
Intestines
Kidneys |
( B) Testis 3
L
Name of the Human | Knowledge and Source and/ or Confidence &
Organ or Tissue Evidences Basis Z-Score ACE2
Pneumocytes,
Respiratory UniProtKB Curated 35 At
epithelium
Blood vessels Literature 3.9 ++ _
endothelium -
Vasculature
Brain UniprotKB Curated 4.1 e
Heart UniProtKB Curated 4.9 +
Cardiac muscle and mRNA-seq
Human Protein Atlas
Kidney and Urinary | UniProtKB Curated 5.1 +++
bladder And High: antibodies
staining Human
Protein Atlas
Foregut derived GIT | UniProtKB Curated, 3.7 Httt
organs Human Protein Atlas,
Intestine High: antibodies
Liver staining in intestine
Gall Bladder
Adrenal Gland Human Protein Atlas 34 +++
Testis Human Protein Atlas 3.9 -+
High: antibodies
staining in
Seminiferous tubules

FIGURE 1 A Details of the ACE2 protein showing schematic interaction with S protein. B, The distribution of ACE2 protein in different
tissues based on the evidence of microarray, the protein expression data, and published literature. A scoring and confidence level of tissue
distribution is also shown. C, Animated image to show the ACE2 distribution in organs of the human body. D, SARS-CoV-2 spike protein (6m0j.1)
bound to the human ACE2 complex (https://doi.org/10.2210/pdb6MO0J/PDB) is shown (data retrieved from References 15, 12, and 11,
respectively in accord with the policy of the database resource, which enables the third parties to have access to the data shown). ACE2,
angiotensin-converting enzyme 2; GIT, gastrointestinal tract; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2
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target of the SARS-CoV-2. The data shown (Figure 1B) were derived
from the data retrieved from HPA, tissue expression database, and

UniProtKB as mentioned in Section 2.

3.2 | Immunostaining comparison of ACE2 receptor
in different organs showed predominant expression
in the intestines, kidney, adrenals, gastrointestinal
tract, and testis

The representative immunohistochemistry staining of ACE2 in differ-
ent tissues (Figure 2) was retrieved from https://www.proteinatlas.
org/ENSG00000130234-ACE2/tissue. The retrieved images show the
differential staining of ACE2 in foregut derivatives like the intestine
(duodenum, ileum, colon, and rectum) and gall bladder, which showed
stain with maximum intensity (Figure 2). Kidney and testicular cells
and tubules also showed a high expression of ACE2 receptors. Cardiac
muscle and adrenal glands stained with moderate intensity in the re-
trieved images (Figure 2 histogram and image).

3.3 | SARS-CoV-2 and SARS-CoV-1 share a common
ancestor and belong to the same taxon

The BLASTn results showed that the genome of SARS-CoV-2 (Gen-
Bank ID: QHD34416.1) had 100% sequence identities with related
SARS-CoV-2 clinical isolates reported from other countries (with few
exceptions, see below) and shared 82% to 99% sequence identities
with SARS-CoV-1 genome. The NBCI automated server?® was used
to perform an MSA and build an evolutionary tree for the top mat-
ches with SARS-CoV-1 and the bat coronaviruses (Figure 3A). The
phylogenetic cladogram shows the COVID-19 Wuhan CoV-Hu-1 A
and SARS-CoV-1 share a common ancestor (Figure 3B, black arrow).
The BLASTn search with coronaviruses selected in the NCBI server
showed (Figure 3B) the genomes of a diverse SARS-CoV-1 and bat
coronavirus (Figure 3A, black star) as homologs, which justifies it to
be named as SARS-CoV-2 based on its taxonomy. With the recently
deposited SARS-CoV-2 genomes from different clinical isolates from
around the world, the occurrence of mutations in the genome of
SARS-CoV-2 has been noticed, some of which have sequences

Glandular cells Glandular cells Cells in tubules Leydig cells
Staining: Medium Staining:  High Staining:  High Staining:  High
Intensity: ~ Strong Intensity:  Strong Intensity:  Strong Intensity:  Strong
Quantity: <25% Quantity: 75%-25% Quantity: 76%-256% Quantity: >75%

Cytoplasmic/
Cytoplasmic/ _ Cytoplasmic/ tion: CYtoplasmic/ Location:
Location: SmBranous Location: b Location: Membranous membranous
High — 8 &
=
= -
] =
& 2
z 0 e
. g - 5 3 ‘g
Medium - 5 < 3 5
i 3 5] 7 "I
[ = ==
< = = = Zz =
< S G v & &
: ardiac muscle
Low —
Myocytes
Staining:  Medium
Intensity: Moderate
Quantity: >75%
Location:  CYtoPIasmic/
Not — T e membranous
FIGURE 2 Immunocytochemistry data of quantitative expression, location, and staining intensity of ACE2 in human tissues. Protein expression

overview of ACE2 showed it to be expressed highly in the intestines, gall bladder, kidney, and testicular tissue. Human Protein Atlas (HPA) did not
have neuronal tissue staining in its archive (data retrieved from the HPA database in accord with the policy of the database resource retrieval
which enables the third parties to have access to the data shown, http://www.proteinatlas.org/ENSG00000130234-ACE2/tissue)
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Q

Label color map

ey |
I from type material
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I—' Blast names color map

l viruses

—9Bat SARS-like coronavirus isolate bat-SL-CoVZC45, complete genome
@Bat SARS-like coronavirus isolate bat-SL-CoVZXC21, complete genome
9 Wuhan scafood market pneumonia virus isolate 2019-nCoV_HKU-SZ-005b_2020, complete genome
OWuhan scafood market pncumonia virus isolate 2019-nCoV_HKU-SZ-002a_2020, complete genome
QWuhan scafood market pncumonia virus isolate 2019-nCoV/USA-WA1/2020, complete genome
?\Vnhnn seafood market pneumonia virus isolate 2019-nCoV/USA-IL1/2020, complete genome
3Wuhnn seafood market pneumonia virus isolate Wuhan-Hu-1, complete genome

© Wuhan seafood market pneumonia virus isolate Wuhan-Hu-1, complete genome

| 0.0001 I

’70 Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CA-CZB-1X00101/2020, complete genome [99.97%]
- 9 Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CA-CZB-EX00725/2020, complete genome  [100 %]

@Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CA-CZB.
i'Severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1, complete genome %* S

@ Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CA-CZB-

IX00125/2020 [99.97%]

EX00706/2020 [99.97%]

FIGURE 3 A, Graphic summary of sequences producing significant alignments of severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) isolate Wuhan-Hu-1, complete genome. B, The phylogenetic tree developed for SARS-CoV-2 Wuhan-Hu-1 virus in the form

of a rectangular cladogram showed its root of origins in the taxon of coronaviruses. B, The bat coronavirus, SARS-CoV-1 and SARS-CoV-2
Wuhan-Hu-1 virus showed a common ancestor. The BLASTn results of SARS-CoV-2 Wuhan-Hu-1 virus (Wuhan seafood coronavirus, GenBank
ID: QHD34416.1) nucleotides showed bat coronavirus (black star) and bat SARS-like CoV as the top homologs of this virus. C, The phylogenetic
tree of the SARS-CoV-2 Wuhan-Hu-1 virus (yellow highlighted with red stars) compared with the recently deposited genomes of diverse clinical
isolate (May 2020) show the occurrence of mutation (99.97% sequence identities) at early (top node) proximal node and recently after the

outbreak (blue stars) coronavirus (wild type, black star)

identities of 99.97% (Figure 3C, top node and blue stars) and the
00.03% difference could be of pathogenic significance.

3.4 | MSA of the RBD encoded by SARS-CoV-1 and
SARS-CoV-2

The sequence of the S protein of the SARS-CoV-1 and SARS-CoV-2 is
well-established. The sequence alignment of the RBD of the S protein
SARS-CoV-1 (NP_828851.1) with the SARS-CoV-2 (YP_009724390.1)
showed a remarkable homology with a sequence identity of 73.09%.
The pairwise alignment also showed the differences between the
S protein sequences. The RBD of SARS-CoV-1 that stretches between
the 306th and 527th amino acids (aa) is located within the
S protein sequence of the protein length of 1255 aa. While the RBD

(319th-541staa) of S protein in SARS-CoV-2, which is composed
of 1273aa has now been elucidated.’’?> We aligned the RBD
(319th-541staa) of SARS-CoV-2 (YP_009724390.1) with the RBD
(306th-527th aa) of SARS-CoV-1 (NP_82885.1.1) (Figure 4A) and pair-
wise alignments showed 73.09% sequence identities. Interestingly, we
found that the RBD of SARS-CoV-2 had mutations at five (Figure 4A,
red stars) of the six amino acids that are needed to engage with the
human ACE2 receptors, as has also been reported by others.*

3.5 | Homology modeling RBD of S protein in
SARS-CoV-2 and SARS-CoV-1

The SARS-CoV-2 RBD (319th-541st aa) was subjected to template-
based model developments. The FASTA sequence of the above amino
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FIGURE 4 A, Multiple sequence alignment (MSA) results of the receptor-binding domain (RBD) (319th-541st aa) (top row) of severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) (accession# YP_009724390) and the RBD of S protein (306th-527th aa) of SARS-CoV-1

(accession# NP_828851) showed 73.09% of sequence identities. Note five (red stars) of the six amino acid residues mutated in (top row) in RBD
of SARS-CoV-2. B, Except for the motif, segments of transmembrane regions and points of mutagenesis were noted in between the S protein of

and SARS-CoV-2 (top row) and of SARS-CoV-1 (bottom row)

acids of RBD of SARS-CoV-2 was submitted to the SWISS-MODEL
automated server!” for homology modeling, which developed a
template (5x5b.1)-based model of SARS-CoV-1 S protein (Figure 5A)
RBD (Figure 5A, circle) with 73.42% sequence identities. The RBD of
SARS-CoV-1 (306th-527thaa) was also subjected to homology
modeling (Figure 5B) to determine its homology with SARS-CoV-2
RBD. The automated server developed a template (6vw.1)-based
model of SARS-CoV-2 RBD in complex with human ACE2 (Figure 5B,
green ribbons) with 87.50% sequence identities (Figure 5B, brown
ribbons).

3.6 | Epitopes identified in SARS-CoV-2 RBD for
vaccine and monoclonal antibody development

The entire sequence of S protein of SARS-CoV-2 (1273 aa)

(YP_009724390.1) was submitted to the healthtech dtu dk

18,19

server, and the IEDB?° for the generation of epitopes. The

results from the healthtech dtu dk server fetched four epitopes
within the RBD (319-541 aa) with SB prediction to the HLA-A and
HLA-B class | allele (Figure 6A, stars). The IEDB automated server
was used to fetch sequences in the RBD of SARS-CoV-2 for predicted
binding to the MHC class Il allele. Shown are the sequences that fall
between 319 and 541aa of the RBD of SARS-CoV-2 as a result
(Figure 7A,B). The RBD regions of the SARS-CoV-2 that contain these
sequences are shown on the model of SARS-CoV-2 spike protein
(Figure 7A,1,2).

4 | DISCUSSION

The knowledge of the pathogenesis of the SARS-CoV-2 and the un-
derstanding of the diversity of its clinical presentation is still sketchy
and much remains to be elucidated.?>?> We know very little about
the translational significance of the genomic, transcriptomic, and
proteomic discoveries on SARS-CoV-2 that have emerged recently.
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FIGURE 5 Homology modeling results of receptor-binding domain (RBD) of severe acute respiratory syndrome coronavirus-1 (SARS-CoV-1)
and SARS-CoV-2. A, The results for SARS-CoV-2 RBD (319th-541st aa) showed a template-based model of perfusion structure of RBD of S
protein of SARS-CoV-1. B, On homology modeling, the RBD of SARS-CoV-1 (306th-527th aa) developed a template-based model of SARS-CoV-2
RBD (brown ribbons) in complex with ACE2 (green ribbons) with PDB ID (6vw.1). C, The sequence of RBD of SARS-CoV-2 aligned with the
template (5b5x chain A, B, C) sequences show the near-identical amino acid similarities between the B and C chains of the template and the
Seqres S protein (top row) (template-based models were developed by SWISS-MODEL automated and accessible at the database: https://
swissmodel.expasy.org/templates/6vw1.1 and PDB ID at https://www.rcsb.org/3d-view/6VW1/1)

Though we know the tissue distribution of the ACE2, a molecular
target of RBD of SARS-CoV-2, the cascade of host and virus protein
interaction in human organs and tissue remains obscure; therefore, an
understanding of the pathogenesis of SARS-CoV-2 is urgently nee-
ded.?® It is noteworthy that though the SARS-CoV-2 uses the same
ACE2 receptor for human cell infection in various organs and tissues
that express this receptor subtype (Figures 1 and 2), the RBD of SARS-
CoV-2 is different when compared with SARS-CoV-1"22?42% and be-
sides different ACE2 alleles may show perceptible variations in the
molecular interactions with the RBD of SARS-CoV-2.%? Phylogenetic
analysis clearly showed the origin of SARS-CoV-2 from the linage of

betacoronaviruses (Figure 3A,B),%?*

and its strong association with
different clinical isolates that have been identified during the recent
pandemic (Figure 3C). Regarding the mutations occurring in proteins
encoded by SARS-CoV-2, we show that the in clinical isolates from the

US mutations have emerged (Figure 3C, blue stars) as compared with

the original isolate SARS-CoV-2 (GenBank ID: YP_009724390.1)
identified and archived in NCBI’° (Figure 3C, red star). Others
have also reported mutations involving RNA-dependent RNA
polymerase.”®

The significance of the mutations in RBD of the S protein of
SARS-CoV-2 as compared with SARS-CoV-1 has just begun to be
elucidated with the insight that the mutations in the RBD of S protein
of SARS-CoV-2 has increased its affinity for the ACE2 by several
folds.” In contrast, different ACE2 alleles could reduce the affinity of
RBD of SARS-CoV-2 to infect human cells as mentioned above. We,
like the other,?* report mutations in five out of six key amino acids of
the RBD of SARS-CoV-2 compared with SARS-CoV-1, which are car-
dinal for engaging the ACE2 receptors (Figure 4A, red stars). Sequence
alignments showed other regions of mutagenesis in SARS-CoV-2 in
regions like transmembrane, while the motif has shown to be remained

conserved (Figure 4B, arrows and brown alphabets). The next step in
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Prediction of peptide-MHC class I binding
using artificial neural networks (ANN5)
RBD HLA Peptide Log- Affinity(nM) Rank Binding: Strong
transformed binding (SB)
[starting aa binding
319-541 ] affinity.
* 361 HLA-A0101 VADYSVLY 836.57 0.378 0.50 <=SB
* 394 HLA-A2402 VYADSFVI 0.502 219.07 0.40 <=SB
* 342 HLA-B0801 NATRFASV 0.573 101.91 0.30 <=SB
Yk 452 HLA-B0801 RLFRKSNL 0.554 124.41 0.40 <=SB
Non-RBD HLA Peptide Log- Affinity(nM) Rank Binding: Strong
transformed binding (SB)
[(1-319 & binding
[(541-1273)] affinity.
257 HLA-A0101 | WTAGAAAY 0.442 418.29 0.40 <=SB
871 HLA-A0101 | TDEMIAQY 0.522 176.47 0.20 <=SB
3 HLA-A0201 | FLVLLPLV 0.692 28.15 0.40
<=SB
1214 HLA-A2402 | YIKWPWYI 0.516 188.27 0.40
<=SB

FIGURE 6 The peptides (third column) identified in the RBD (319-541 aa) region of the S of severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2) (stars) had SB predictions (seventh column). The binding prediction to the MHC class | allele (second column) with log-
transformed binding affinity, nM affinity, and rank (fourth, fifth, and sixth column, respectively) are shown. The non-RBD resident sequences
with SB and nM affinity are shown in the last four columns that were predicted to bind the MHC class | allele. Note the double stars (452-
459 aa) of which 455 is a known residue in the RBD of S protein that engages with the ACE2 receptor.?* HLA, human leukocyte antigen; MHC,
major histocompatibility complex; RBD, receptor-binding domain; SB, strong binding

our study was to explore the structural details of the S protein and its
RBD in SARS-CoV-2 to see how it differs from SARS-CoV-1, which
could help uncover the rate of transmission and infectivity of SARS-
CoV-2 in human cells. As the structural details of the S protein and
RBD of SARS-CoV-2 got resolved and deposited early after the out-
break of COVID-19,%*?° we performed homology modeling
of the structures of the RBD of SARS-CoV-1 and SARS-CoV-2 to
compare them for homology and compute their interaction with ACE2.
The RBD sequence of SARS-CoV-2 and SARS-CoV-1 was subjected to
homology modeling (Figure 5). The RBD of SARS-CoV-2 developed a
template-based model of SARS-CoV-1 (Figure 5A) and the RBD of
SARS-CoV-1 developed a template-based model of SARS-CoV-2 RBD
in complex with human ACE2 (Figure 5B), which showed them to be
homologs (evolutionarily related) reinforcing the taxonomical relation
between the two viruses. We show that in contrast to the A chain, the
B and C chains of the template (5x5b.1) developed for SARS-CoV-2

RBD (319th-541st aa) have identical amino acids when compared with
the model developed (Figure 5C, top row-Seqres). After the identifi-
cation of the RBD sequence of SARS-CoV-2 and their differences with
SARS-CoV-1, we were curious to identify sequences in the RBD of
SARS-CoV-2 that are capable of serving as epitopes to bind the HLA
class | and class Il allele in macrophages to mount an immune response
against RBD of SARS-CoV-2 neutralizing its capability to infect human
cells. As expected, any short or long sequence extracted from the S
protein would not match any human protein as we checked (data not
are shown). There is no certainty that sequences picked in this way
would interact with the HLA class | and class Il allele in macrophages
to mount an immune response. The sequences that were identified to
have the potential to bind the HLA class | (Figure 6) and class Il allele
(Figure 7) in macrophages for antigen presentation are shown. The
DTU bioinformatics portal,'? recognizes a minimal five to nine amino

acid length peptides with a binding core directly in contact with the
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382 | 385 VSPT 4
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FIGURE 7 A, BepiPred 1.0 prediction software in the automated Immune Epitope Database and Analysis Resource (IEDB) server was used
that predicted the location of linear B-cell epitopes using a combination of a hidden Markov model and a propensity scale method. Results are
based on a large benchmark calculation containing close to 85 B-cell epitopes. Note stars (494-511 aa), which contain 501 and 505 amino acids
that are known to engage with ACE2 receptor.”® B, BepiPred-2.0: Sequential B-Cell Epitope Predictor automated serve was used to predict
B-cell epitopes from receptor-binding domain (RBD) of the S of protein of SARS-CoV-2, using a random forest algorithm trained on epitopes and
non-epitope amino acids that are determined from crystal structures. Note stars (457-492 aa) which contain 486, 501, and 505 amino acids that
are known to engage with ACE2 receptor.”® The structure of SARS-CoV-2 RBD (PDB ID: 6évsb.1) is shown (1) with the peptides predicted (A, B)
to be located within the RBD (two zoomed circles) of the template-based model of SARS-CoV-2

MHC allele, predicted binding affinity is in nanomolar units, a rank of
the predicted affinity (Figure 6) with strong binders (SB, defined as
having %Rank <0.5). The automated IEDB?° server Bepipred-1.0
Linear Epitope Predictor and BepiPred-2.0: Sequential B-Cell Epitope
Predictor identified the peptide sequence with the predictions of
binding to the MHC class Il allele (Figure 7). An important observation
that was needed to be taken into account was to spot an epitope(s)
that would attack the ACE2 binding amino acid residues®” in the RBD
of the S protein of SARS-CoV-2. We show (Figure 7AB, stars) the
epitopes we present in this study can perhaps mount a T-cell response
in particular by binding HLA class Il allele(s), which was previously
reported by using the IEDB server by us for SARS-CoV-2 in a pre-
print?” and others studies on the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV).”® The mechanism of T-cell-mediated

cytotoxicity unlike 1gG-type humoral response is expected to cause a
limited cytokine formation and therefore lesser tissue damage. We
infer that the peptides we are reporting in this study have stronger
MHC class | and Il allele binding predictions with their affinity in
nanomolar units that make them superior over other peptides that are
proposed for vaccine development reported previously by us.?” Also,
reverse vaccinology and machine learnings have been applied to
generate epitopes for a vaccine against SARS-CoV-2, SARS-CoV-1, and
MERS-CoV.?? It is obvious now that this is the right time to consider
investing in vaccines against emerging viruses, which if delayed could
lead to loss of human lives®' as evident in the ongoing pandemic.
Though vaccines against other proteins and targets including the

d,30'31

S protein have been detaile epitopes reported by us are niched

around the RBD of the S-protein with more importance positioned
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around prophylaxis and prevention of reinfection by SARS-CoV-2 in
COVID-19.

5 | CONCLUSIONS AND FUTURE
DIRECTIONS

The areas that need attention in our fight against COVID-19 are the
differences in tissue distribution of ACE2 in different organs,
the differential binding affinities of RBD of S-protein to ACE2 in
diverse ethnic populations,®” the understanding of the RBD basis of
the SARS-CoV-2 infection caused by mutations in this segment” 242>
and an urgent attempt to prepare vaccine®°/mAbs to combat
COVID-19.?7 It would be ideal if the mAbs generated against the
epitopes could be produced in mass in vitro to be given by infusions,
as this could lessen the need for the convalescent plasma of patients
recovered from COVID-19 infections. Unraveling these pivotal
components is likely to make us capable to fight the COVID-19. We
implore to speed up the process of vaccine development and
synthesis of mAbs against SARS-CoV-2 to fight the pandemic caused
by COVID-19, by testing the sequences submitted in this study and
other similar reports.??*° Also, much needed is a safe and efficacious
antiviral agent that could eradicate COVID-19 with minimal adverse
effects.
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