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Background:  The  striking  difference  in severity  of SARS  CoV2  infection  among  global  population  is  partly
attributed  to  viral  factors.  With the  spike  (S) and  nucleocapsid  (N)  are  the  most  immunogenic  subunits,
genetic  diversity  and  antigenicity  of S and  N are  key  players  in virulence  and  in  vaccine  development.
Aim:  This  paper  aims  at identifying  immunogenic  targets  for  better vaccine  development  and/or
immunotherapy  of  COVID  19 pandemic.
Methods:  18  complete  genomes  of SARS  CoV2  (n =  14), SARS  CoV  (n  =  2)  and  MERS  CoV  (n =  2)  were  exam-
ined.  Bioinformatics  of  viral  genetics  and protein  folding  allowed  functional  tuning  of NH2  Terminal
Domain  (NTD)  of  S protein  and  development  of  epitope  maps  for B  and  T cell  responses.
Conclusion:  A deletion  of amino  acid  residues  Y144  and G107  were  discovered  in NTD  of  S protein  derived
from  Indian  and  French  isolates  resulting  in  altered  pocket  structure  exclusively  located  in  NTD  and
reduced  affinity  of NTD  binding  to  endogenous  nAbs  and disrupted  NTD  mediated  cell  entry.  We therefore,

proposed  a  set  of B and  T cell epitopes  based  on  Immune  Epitope  Database,  homologous  epitopes  for  nAbs
in  convalescent  plasma  post  SARS  CoV  infection  and  functional  domains  of  S (NTD,  Receptor  Binding
domain  and  the  unique  polybasic  Furin  cleavage  site  at  S1/S2  junction).  Nevertheless,  laboratory  data  are
required to develop  vaccine  and  immunotherapeutics.

© 2020  The  Authors.  Published  by  Elsevier  Ltd on  behalf  of King  Saud  Bin  Abdulaziz  University  for
Health  Sciences.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.
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Introduction

Currently seven pathogenic corona viruses have been isolated
from humans. Four cause mild respiratory diseases; HKU1, NL63,
OC43 and 229E [1,2], whereas SARS CoV, MERS CoV and the
recently discovered SARS CoV2 are associated with severe pneu-
monia symptoms and higher rates of morbidity and mortality [3,4].
The alarmingly fast human to human transmission resulted in more
than 23 million people infected and high fatality of 3.5% of infec-
tions in more than 200 countries [5].

The infection rate is extremely higher in four main areas of the
globe; Asia, Middle East, Europe and North America [6]. SARS CoV2

has an RNA genome size of ∼30 Kilobases, encoding, like other
members of the family coronaviridae, structural and nonstructural
proteins [7]. Structural proteins include the spike (S), the nucle-
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capsid (N), the membrane (M)  and the envelope (E) [8]. The N
rotein holds the RNA genome, while M,  E and S glycoproteins make
p the viral envelope [9]. For coronaviruses family, there are four
ecognized protein receptors called peptidases: angiotensin con-
erting enzyme 2 (ACE2), aminopeptidase N (APN), and dipeptidyl
eptidase 4 (DPP4) [10]. The spike comprising 2 subunits S1 and
2 in each monomer to bind the permissive cell receptor (ACE2)
11]. Moreover, previous research showed that the corona viruses
amily would attach to certain molecules on the host cell surface,
ncluding glycosamineglycan (GAGs) as molecules, to promote the
ssociation with the target cell [12]. Recent studies using cryogenic
lectron microscopy (Cryo-EM) revealed that binding to cell recep-
or allows dissociation of S1 and S2 at the furin sensitive cleavage
ite PRRA at residues 683–686 located at S1-S2 junction discovered
xclusively in SARS CoV2 [13]. The S subunit cleavage is followed by

ssociation of S1 and ACE2 [14] and a cascade of events leading to
ell damage. Recent studies pointed to the significance of binding
f spike to ACE2 receptors as a critical initial step toward the patho-
enesis of SARS CoV2 [13,15]. Structural proteins of SARS CoV and
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MERS CoV are known to stimulate nAbs and cell mediated immune
responses [16]. The S protein is the most exposed protein of SARS
CoV so that antibody responses to S protein have been shown to
protect mouse models from infection [17,18]. In addition, several
studies on SARS CoV infected patients revealed that N protein is
amply expressed during infection resulting in abundant immuno-
genicity and generation of plentiful amounts of anti N antibodies
during the infection [19].

Given the level of genetic distance in the N and the S genes
among various geographical isolates, it is likely that sequences of
N and S proteins of SARS CoV2 viruses discovered in diverse geo-
graphical locations will determine, at least in part, the transmission
rate and severity of SARS CoV2 infections in each population. Apart
from the roles of host factors, it is expected that sequence varia-
tions in S and N the most exposed, immunogenic and abundantly
expressed SARS CoV2 proteins are likely to clench disease viru-
lence. Here we designed phylogenetic trees and genetic distances
of the complete genome, S and the N sequences of SARS CoV2
isolates derived from populations ranging in severity of infection
from mild to severe. As of August, 24 2020, the infection rates (IR)
in the selected population ranged from the highest to the low-
est as follows; Spain (0.87%), Italy (0.43%), France (0.37%), USA
(1.79%), Israel (1.15%), Iran (0.44%),Japan (0.049%), Egypt (0.099%),
and India (0.229%). The death rates/infections (DR) were in Italy
(13.67%), France (12.56%). Spain (7.07%), Egypt (5.4%), Iran (5.75%),
USA (3.07%), India (1.86%) and Israel (0.81%). Further, the conva-
lescence rates/infections (CR) were: Iran (86%), Spain (39%), Egypt
(67.7%), Italy (79%), France (35%), Israel (77.9%), India (75.3%) and
USA (53.9%) [20]. The genetic distance of S and N nucleotide
sequences and amino acid alignments among severe versus mod-
erate infections as indicated by death and convalescence rates, e.g.
France vs. India may  presumably highlight mutational events which
might define, at least partly, different levels of disease severity. The
immunogenic responses and epitope maps account for severity of
infection [21] and narrow down the strategic make up for successful
vaccine against SARS CoV2.

Strategies for vaccine against SARS CoV2 attempt to elicit neu-
tralizing antibodies as well as CD4+ T cells [22]. The S1 subunit is
more exposed at the viral surface than S2 subunit and therefore, is
likely to be under selection pressure of the immune system thus
facilitating less genetic conservation than S2 [23].

Bioinformatics based identification of SARS CoV2 derived B cell
and T cell epitopes within S and N proteins were searched on
the Immune Epitope Database IEDB (http://tools.iedb.org/tepitool/
) [24]. To further narrow down the selection process to experimen-
tally efficient B cell and T cell epitopes, we focused on those in silico
determined epitopes that are identical to the available experimen-
tally – determined SARS CoV B cell and T cell epitopes.

Methods

Phylogenetic tree

Fourteen full-length viral genomic sequences of SARS-CoV2, 2
MERS and 2 SARS CoV were obtained from the Genbank and ana-
lyzed by the MEGA program version 10.8 [25] to provide DNA-based
phylogenetic tree; The evolutionary history was indicated by using
the neighbour-joining method and the evolutionary distances were
calculated using the Maximum Composite Likelihood method. The
isolates include 14 SARS CoV2, 2 MERS CoV and 2 SARS CoV com-
plete genomes. SARS CoV2 genomes were derived from USA (3

isolates), Italy (2 isolates, China (3 isolates) and one isolate from
each of Spain, France, Japan, Iran, India and Israel. Details of the iso-
lates are shown in Table 1. The phylogenetic trees for the nucleotide
sequences of SARS CoV2 complete genomes, spike and nucleocap-
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id genes were carried out by using the molecular evolutionary
enetics analysis program MEGA X. The genetic distance was  per-
ormed only for the S and N genes.

pike protein alignment

Multiple alignment of S protein sequences were performed
sing constraint-based multiple alignment tool through NCBI.
he data obtained from the alignment of the S proteins derived
rom the selected SARS CoV2 isolates revealed complete simi-
arity among the studied strains except for strains derived from
rance (Accession ID # MT320538.1, IR 0.37%; DR 12.56%; CR 35%;
here IR = number of infections/country‘s population, DR = number

f deaths/number of infections and CR = number of convales-
ence/number of infections) and India (Accession ID # MT012098.1,
R 0.23%; DR 1.86%; CR 75.3%), where S shows great genetic distance
rom the rest of SARS CoV2 S genes. Interestingly, 2 amino acid dele-
ions were noted within the NTD of the S protein derived from the
rench and the Indian strains (G107 and Y144 respectively).

rotein modeling

The S protein sequences for SARS CoV2 isolates derived from
uhan, India and France were obtained from GenBank with the

ollowing accession IDs NC 045512, MT012098.1, and MT320538.1
espectively. Phyre2 is a protein modeling program available on the
eb (http://www.sbg.bio.ic.ac.uk/phyre2). The phyre2 program

an predict and analyze protein structure, function and muta-
ions [26,27]. Phyre2 uses HMM-HMM  (hidden Markov model)
or performing multiple protein alignments to compare a protein
equence to proteins in a fold library. If a match can be found, the
uery structure is modeled on the matching structure. Phyre2 uses
dvanced remote homology detection methods to build 3D mod-
ls, predict ligand binding sites and analyze the effect of amino acid
ariants for a submitted protein sequence.

he Epitope mapping

 Cell Epitope selection (linear epitopes)
On the basis of the published genome sequence of the SARS

oV2 (GenBank: MT072688.1), we  downloaded structural proteins
, and N into the Immune Epitope Database (IEDB) (http://tools.
edb.org/tepitool/) and analysis software to examine the physical
arameters of the proteins, such as hydrophilicity, flexibility, acces-
ibility, turns, exposed surface, polarity and antigenic propensity of
olypeptide chains. These have been correlated with the location
f continuous epitopes (Fig. 3a and b).

 Cell epitopes
Peptides for CTL epitopes were selected based on bioinformat-

cs provided by the Immune Epitope Database (IEDB) (http://tools.
edb.org/tepitool/) software. For the identified T cell epitopes, addi-
ional information about the associated MHC  alleles were provided
o seek maximization of global population coverage (Fig. 3).

esults

hylogenetic trees and genetic distances

Total of 18 complete genome sequences were aligned and phy-
ogenetic tree was  constructed (Fig. 1a). Nucleotide sequences of

 and N derived from various isolates of SARS-CoV2 were aligned

nd the phylogenetic tree was constructed (Fig. 1b and c) using
he same parameters. Fig. 1a shows that Indian (MT012098.1) and
hinese (MN998531.1) isolates as well as Japanese (LC 534418.1)
nd French (MT320538.1) isolates are closely related and the four
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Table  1
Designations, lengths and accession IDs of SARS CoV2, SARS CoV and MERS CoV complete genomes. Genome sequences of SARS CoV2 were derived from isolates of diverse
populations covering four geographical areas worldwide; Asia, Middle East, Europe and North America.

Accession
number

S protein N protein Genome sequence

1 NC 045512 21,563.25384 28,274.29533 Severe acute respiratory syndrome coronavirus 2 isolate
Wuhan-Hu-1, complete genome

2  MT077125.1 21,507.25328 28,218.29477 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/ITA/INMI1/2020, complete genome

3  MT066156.1 21,563.25384 28,274.29533 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/ITA/INMI1/2020, complete genome

4  LC534418.1 21,559.25380 28,270.29529 Severe acute respiratory syndrome coronavirus 2
SARS-CoV-2/Hu/DP/Kng/19-031 RNA, complete genome

5  MN996531.1 21,550.25371 28,261.29520 Severe acute respiratory syndrome coronavirus 2 isolate WIV07,
complete genome

6  MT012098.1 21,550.25368 28,258.29517 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/IND/29/2020, complete genome

7  MT020880.1 21,563.25384 28,274.29533 Severe acute respiratory syndrome coronavirus 2 isolate
2019-nCoV/USA-WA1-A12/2020, complete genome

8  MN938384.1 21,531.25352 28,242.29501 Severe acute respiratory syndrome coronavirus 2 isolate
2019-nCoV HKU-SZ-002a 2020, complete genome.

9  MT027064.1 21,563.25384 28,274.29533 Severe acute respiratory syndrome coronavirus 2 isolate
2019-nCoV/USA-CA5/2020, complete genome

10  MT292569.1 21,509.25330 28,220.29479 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/ESP/Valencia13/2020, complete genome

11  MT304491.1 21,563.25384 28,274.29533 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/USA/TX 2967/2020, complete genome

12  MT320538.1 21,562.25380 28,270.29529 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/FRA/KRA-ROB/2020, complete genome

13  MT320891.1 21,525.25346 28,236.29495 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/IRN/HGRC-1.1-IPI-8206/2020, complete
genome

14  MT276598.1 21,567.25388 28,278.29537 Severe acute respiratory syndrome coronavirus 2 isolate
SARS-CoV-2/human/ISR/ISR IT0320/2020, complete genome

15  KT225476.2 21450.25511 28,560.29801 Middle East respiratory syndrome coronavirus isolate
MERS-CoV/THA/CU/17 06 2015, complete genome

16  KJ556336.1 21,240.25301 28,350.29591 Middle East respiratory syndrome coronavirus isolate MERS
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17  AY274119.3 21,492.25259 28,120.2
18  NC 006577.2 22,942.27012 28,320.2

strains share common ancestor. Also the three USA (MT027064.1,
MT  020880.1, MT  304491.1) isolates together with the Italian iso-
late (MT  066156.1) share great homology to the reference strain
derived from Wuhan isolate (NC045512.2) (Fig. 1b and c).

The genetic distances of the S and N proteins in the selected
populations are displayed in Tables 2 and 3 respectively. These
showed that the N protein, unlike the S protein, appears less
diverse than the S protein and shows great similarity among N
proteins derived from SARS CoV2 isolates published from several
global populations. The Japanese isolate (LC534418.1) is identi-
cal to all selected strains except for slight variations from Israeli
(MT276598.1) and Persian (MT320891.1) strains. The greatest dis-
similarity is noted with MERS (KJ556336.1, and KT225476.2) and
SARS CoV (AY274119.3 and NC 006577.2) isolates described in this
study. The Chinese WIV07 (MN996531.1) is identical to all selected
strains except, like the Japanese isolate, for Israeli (MT276598.1)
and Persian (MT320891.1) isolates.

On the other hand the S protein displays greater diversity
in genetic distance between virulent infections (e.g. France) and
others with less virulence (e.g. India). Further, genetic distance
of the Indian strain is extremely far from the mild strain HKU1
(NC 006577.2) and SARS CoV (AY274119.3) sequences. On the
other hand, S protein in Indian isolate displayed the same distance
with S isolates from Iran (MT320891.1), Wuhan (NC 045512), the
two Italian isolates (MT077125.and MT066156.1) and an isolate
derived from USA (MT027064.1). Besides, similar distances were
observed with the Japanese DP/Kng (LC534418.1) and the Chi-

nese WIVO7 (MN996531.1) isolates. The S protein derived from
the Italian isolate (MT066156.1) displayed very far distance from
HKU1 (NC 006577.2) and SARS CoV (AY274119.3), followed by the

t
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Jeddah 1 2013, complete genome
SARS-related coronavirus isolate Tor2, complete genome
SARS Human coronavirus HKU1, complete genome

rench strain (MT320538.1). On the other hand, it showed close
istance with all studied isolates described in this study, with the
xception of HKU1 and SARS CoV which showed the furthest dis-
ance from Italian strain. The S protein derived from the Spanish
MT292569.1) isolate showed a short genetic distance from India,
ran, Wuhan and Japan. On the other hand the Spanish strain is
ar distant genetically from HKU1, SARS CoV and MERS Co. The
apanese strain is genetically far distant from both SARS CoV and

ERS. Moderate genetic distance was noticed between S protein
n Japanese isolate and each of the Indian, French, Spanish and CA5
SA (MT027064.1) isolates, whereas the closest strains are: WIVO7
hina, WA1  USA (MT020880.1), Italy (MT066156.1 and MT077125),

ran and Wuhan.

mino acid alignment and protein folding

Amino acid sequence of the N protein is identical among all
ARS CoV2 N sequences (results not shown). Multiple amino
cid alignment for NTD of S proteins in diverse populations are
hown in (Fig. 2a). Contrary to the great similarity of N protein
equences among studied populations, identity of the S protein
erived from the same diverse population provides support to the
enetic findings derived from phylogenetic trees and genetic dis-
ance described herein. Amino acid alignment of SARS CoV2 isolates
evealed that the S protein derived from France (MT320538.1) had a
eletion of Glycine residue at position 107 (G 107). Further, a dele-

ion of tyrosine residue at amino acid 144 (Y 144) was observed
n the S protein derived from the Indian strain (MT012098.1). The
mpact of these deletions on S protein 3D structure is illustrated
n Fig. 2b and c. For example, residues Y 144, Y 145 and V 146
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Table 2
Genetic distance of SARS CoV2, SARS CoV and MERS CoV spike proteins between different populations. The numbers reflect the relative inter-relation between strains on the X-axis with 14 strains on the Y axis. The smaller the
number  indicates the greater sequence identity between any 2 isolates.

LC534418.1,
CV2
Japan

KJ556336.1
MERS Jeddah

MN996531.1
CV2
Wuhan

MT012098.1
CV2 India

MT020880.1
CV2 USA
WA

MT027064.1
CV2 USA
CA

MT066156.1
CV2 Italy

MT077125.1
CV2 Italy

MT276598.1
CV2 Israel

MT292569.1
CV2 Espagne

MT320538.1
CV2 France

MT320891.1
CV2 Iran

NC 045512.2
CV2 Wuhan

AY274119.3
CV Tor2

KJ556336.1
MERS Jeddah

1.080

MN996531.1
CV2
China

0.000 1.080

MT012098.1
CV2 India

0.000 1.081 0.000

MT020880.1
CV2 USA
WA

0.000 1.080 0.000 0.000

MT027064.1
CV2 USA
CA

0.000 1.081 0.000 0.001 0.000

MT066156.1
CV2 Italy

0.000 1.080 0.000 0.000 0.000 0.000

MT077125.1
CV2 Italy

0.000 1.080 0.000 0.000 0.000 0.000 0.000

MT276598.1
CV2 Israel

0.000 1.080 0.000 0.001 0.000 0.001 0.000 0.000

MT292569.1
CV2 Espagne

0.000 1.080 0.000 0.001 0.000 0.001 0.000 0.000 0.000

MT320538.1
CV2 France

0.001 1.080 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000

MT320891.1
CV2 Iran

0.000 1.080 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

NC 045512.2
CV2 Wuhan

0.000 1.080 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000

AY274119.3
CV Tor2

0.470 1.342 0.470 0.469 0.470 0.469 0.470 0.470 0.470 0.470 0.470 0.470 0.470

NC 006577.2
CV HKU1

1.115 1.394 1.115 1.116 1.115 1.114 1.115 1.115 1.116 1.116 1.116 1.115 1.115 1.353
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Table 3
Genetic distance of SARS CoV2, SARS CoV and MERS CoV nucleocapsid proteins between different populations. The numbers reflect the relative inter-relation between strains on the X-axis with 14 strains on the Y axis. The smaller
the  number indicates the greater sequence identity between any 2 isolates.

LC534418.1
CV2

Japan

KJ556336.1
MERS

Jeddah

MN996531.1
CV2

Wuhan

MT012098.1
CV2 India

MT020880.1
CV2 USA

WA

MT027064.1
CV2 USA

CA

MT066156.1
CV2 Italy

MT077125.1
CV2 Italy

MT276598.1
CV2 Israel

MT292569.1
CV2 Espagne

MT320538.1
CV2 France

MT320891.1
CV2 Iran

NC 045512.2
CV2 Wuhan

AY274119.3
CV Tor2

KJ556336.1
MERS Jeddah

8.850

MN996531.1
CV2 Wuhan

0.000 8.850

MT012098.1
CV2 India

0.000 8.850 0.000

MT020880.1
CV2 USA WA

0.000 8.850 0.000 0.000

MT027064.1
CV2 USA CA

0.000 8.850 0.000 0.000 0.000

MT066156.1
CV2 Italy

0.000 8.850 0.000 0.000 0.000 0.000

MT077125.1
CV2 Italy

0.000 8.850 0.000 0.000 0.000 0.000 0.000

MT276598.1
CV2 Israel

0.002 8.887 0.002 0.002 0.002 0.002 0.002 0.002

MT292569.1
CV2 Espagne

0.000 8.850 0.000 0.000 0.000 0.000 0.000 0.000 0.002

MT320538.1
CV2 France

0.000 8.850 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000

MT320891.1
CV2 Iran

0.001 8.850 0.001 0.001 0.001 0.001 0.001 0.001 0.003 0.001 0.001

NC 045512.2
CV2 Wuhan

0.000 8.850 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001

AY274119.3
CV Tor2

0.192 9.113 0.192 0.192 0.192 0.192 0.192 0.192 0.199 0.192 0.192 0.194 0.192

NC  006577.2
CV HKU1

11.335 13.175 11.335 11.335 11.335 11.335 11.335 11.335 11.358 11.335 11.335 11.335 11.335 12.393
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Figure 1. Radiation Phylogram of the phylogenetic tree showing comparison of the s
(c)  of SARS CoV2. The tree was constructed based on the available diverse sequence

form a conserved pocket in the NTD of S1 subunit in Wuhan refer-
ence strain (NC 045512). However, in the French isolate, the G107
deletion is linked with conformational changes in the pocket pat-
tern in the entire NTD of the S protein. The YYV pocket at position
(144–146) is replaced by a pocket made of only two  residues, i.e.
Y144 and H145. Also in the Indian strain with a deletion of Y144,
similar to the French strain, a new two amino acid pocket YH at posi-
tion 144 has become a part of the NTD specific large pocket. Besides,
de novo pockets were created at several positions e.g. amino acid
residue 19 that did not exist in the French or Wuhan isolates. The
data of Fig. 2b showed that the above mutations in SARS CoV2 S
from France and India created different changes in the large pocket
structure that are apparently distinct from isolates derived from
other studied populations. Fig. 2c shows the 3 D structure of the
S protein in the reference Wuhan strain. The large pocket (red) is
seen at the interface with the NTD (blue) and represents a target for
binding to small molecules as well as for binding to nAb that might
act on disrupting the cascades of events leading to interference with
binding of the S to its cellular receptor ACE2.

Epitope mapping

Epitopes for B and T cell immunity are illustrated in Fig. 3. A total
of 60 peptides ranging in size from 20 to 22 amino acid residues
were determined by IEDB software (described in Methods section).
Then 30 peptides out of the 60 were selected based on the similar-
ity with the experimentally-determined epitopes and displaying

high antigenicity in SARS CoV1 convalescent patients. Further, the
30 epitopes comprised amino acid sequences located at the S1/S2
boundaries known as polybasic domain. The latter is a cleavage
site sensitive to furin and other host proteases and is considered

M
w
I
i

174
ity, among diverse populations, of complete genomes (a) Spike (b) and nucleocapsid
g MEGA program (see Methods section).

n epitope selection process. Other functional epitopes within RBD
nd NTD were also selected. Also studies on MERS CoV revealed
hat NTD of the S protein contains specific loop structure for bind-
ng to G2, a potent murine nAb targeting MERS CoV S protein. This
inding strongly disrupted the attachment of MERS-CoV S to its
eceptor dipeptidyl peptidase-4 (DPP4). However, the NTD of SARS
oV2 does not contain similar epitope sequence to the G2 antibody
pecific epitope described in MERS CoV virus.

The T cell epitopes are distributed all over the S protein. However
 out of the 6 T cell epitopes are located in the near vicinity of B cell
pitopes at amino acids 39 (S1 NTD), 412 (S1 RBD) and 1007 (S2). It
s interesting to note that the T cell epitope at amino acid 140 lies
ery closely to the Y 144 deletion described in the Indian isolate
nd an important 3 amino acid pocket structure VYY characteristic
f the Wuhan reference strain. The latter pocket has been modified
o an altered pocket structure in Indian and French strains which
oints to the functional importance of this epitope.

iscussion

To examine the hypothesis that differences in amino acid
equences of the S reflect variations in the severity of SARS
oV2 infection among the studied populations, the genetic dis-
ance between S protein sequences in the reference Wuhan strain
as compared to the less virulent population such as Japan or

ndia (expressed as lower infection rate (IR) and death rate (DR)
ssociated with higher convalescence rate (CR); Accession ID #

T012098.1, IR 0.23%; DR 1.86% and CR 75.3%) when compared
ith virulent strains as in Spain, Italy, USA and France (Accession

D # MT320538.1, IR 0.37%; DR 12.56%; CR 35%). The results shown
n figure (1b) and Table 2 revealed that phylogenetic and genetic
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Fig. 2. (a) Multiple amino acid alignment between NH2-Terminal Domain of SARS CoV2 S proteins derived from 6 diverse populations covering the most stricken 3 continents
Asia,  Europe and North America. Homologous sequences are shown in red while mutations are indicated in black. Multiple alignments were performed using Cobalt software.
(b)  Pocket pattern of The NH2-Terminal Domain of the S protein. Pattern of amino acid pockets that make up the largest pocket at the farther end of the NTD derived from
Wuhan  reference strain as compared with the pocket pattern resulted from the Y144 and G107 deletions in the NTD of the India (accession ID # MT012098.1) and France
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(accession ID # MT320538.1) SARS CoV2 isolates respectively. The amino acid pock
proteins  in the reference strain derived from Wuhan China. Complete sequence of th
was  developed using Phyr2 program. The largest pocket (neutralizing antibody bind

distance of S gene in the Indian isolate is farthest from the French
isolate followed by WA1  USA and Spanish isolates. Multiple align-
ment of amino acid sequence of S protein derived from the current
diverse population supported the phylogenetic and genetic dis-
tance data and revealed that only the Indian and the French isolates
proteins displayed single amino acid deletions at Y144 and G107
respectively. These deletions resulted in significant changes in the
pattern and structure of the large pocket located exclusively in the
NTD of the S protein. Such changes in the pocket structure most
likely explain, at least in part, the difference in the severity and vir-
ulence of infection between the above two distinct populations. The
exact role of difference in pocket structure of SARS CoV2 S protein
in mutant strains derived from France and India requires excessive
wet laboratory studies.

All the pockets of the S protein in Wuhan reference strain as
well as the strains derived from other populations are identically

located within the NTD between amino acid residues 65 and 265
and folded to form the largest pocket at the end of S protein
NTD.

Y
T
t

175
re identified using Phyre2 program (see Methods section). (c) The 3 D models of S
otein (blue) derived from the reference strain Wuhan (accession ID # NC 045512),
op) is located at the end of the NH2-Terminal Domain (red).

The S1-NTD of corona viruses comprise 3 layer structure; Core,
op and bottom. The top layer binds proteins or glycan recep-
ors; the bottom binds to the COOH-Terminal Domain (CTD). Both

ake a sandwich around a galectin-like core 28–29. Studies on the
unction of MERS CoV S1-NTD have shown that NTD primarily

ediates interaction with several host factors such as sialic acid
rior to binding to its cell receptor DPP4 [30]. The Fab of murine
Ab G2 was  shown to interact with loops 1 and 2 on the interface
f MERS CoV S1-NTD and to protect against a lethal infection of
ouse model [28]. On the other hand, in SARS CoV2 two of the

urrently selected B cell epitopes at amino acid residues 69 and
44 are located near to amino acid pockets described in Wuhan,

ndia and France with minor amino acid difference in the Indian
train. These results point to an association of the overall B cell
pitope, amino acid pocket structure and level of disease sever-
ty. It is therefore, tempting to speculate that deletions G107 or

144 represent escape variants against S1-NTD endogenous nAb.
hese escape mutants modify pocket pattern conformation, alter
he binding affinity to nAb and allow NTD mediated viral entry. This
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Fig. 3. Location of SARS CoV2-S (a) and N (b) proteins derived B cell and T cell epito
marked as follows: NH2-Terminal Domain (a.a. 1–333), Receptor Binding Domain (a

speculation requires experimental evidence from wet  laboratory
studies. Further, a SARS-CoV RBD-specific human neutralizing mAb,
CR3022, may  recognize SARS CoV2 RBD specific epitope (s) that do
not overlap with ACE 2 receptor binding [31]. Studies from SARS-
CoV and MERS-CoV demonstrated that the principle domains of the
S protein, i.e. S1-NTD, RBD and S2 are potential targets for nAbs.
Given the exclusive function of the polybasic cleavage site at S1/S2
junction of SARS CoV2, the overall research on SARS CoV, MERS
CoV and SARS CoV2 will provide major guidelines for designing
SARS CoV2 nAbs and vaccines. Recently, plasma from convalescent
SARS CoV2 were transfused to critically ill patients and was associ-
ated with clinical improvement in most patients [32]. However, the
study was un-controlled and the patients had history of receiving
other antiviral treatments and the nAb levels in each convalescent
plasma was not justified. Therefore, we assume that identification
of epitopes specific for nAbs is crucial for immunotherapeutic and
prophylactic interventions. Structural studies revealed that SARS
CoV2 appears to comprise a RBD within the S protein that binds
to ACE2 in humans [33]. The S protein of SARS CoV2 contains a
unique functional poly basic PRRA (residues 683-S 686) cleavage
site at the junction between S1 and S2, the 2 spike subunits [34]
that was never reported in other corona viruses. This site allowed
the acquisition of 3 O-linked glycan shields for immune evasion [4].
A classical option is to develop S subunit vaccine cloned in a replica-
tive defective-Adenovirus vectors; AdHu5 or AdC7 vectors driven
by CMV  or Chicken � actin promoters respectively [35]. However,
using intact S subunit presumably preserves the poly basic cleav-
age sites and hence O-linked glycan that shield epitope or furin
specific residues and allows immune evasion and reducing vaccine
efficiency.

Although monoclonal antibodies against SARS CoV2 have not
yet been reported, polyclonal antibodies from convalescent SARS
CoV2 patients are currently used to treat succumbed patients [36].
Since SARS CoV2 is closely related to SARS CoV with great homol-
ogy between S2 subunits and less homology in S1 subunits [37]
several laboratories are working on producing such mAbs or other
immunotherapeutic agents to protect from or cross neutralize SARS
CoV2. Investigators are currently attempting to produce cross reac-

tive or cross nAbs against SARS CoV2 infection. The most attractive
target for nAb development is the RBD located within the sequence
439–506 in the S1 subunit and does not overlap with ACE2 binding
site [31].

i
A
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CH1 and MCH2) on the protein structure. Functional domains in the S protein are
8–506) and S1/S2 cleavage site (a.a. 683–686).

Another attractive epitope is the polybasic furin specific cleav-
ge site; between S665 and S695 at the boundaries of S1 and S2. A
hird and promising target for immunotherapeutic or prophylactic
ntervention is located in the NTD in the form of a loop structure.
his site was  previously described in MERS CoV infection as it is
omposed of 2 adjacent loops that allow binding of heavy and light
hains of the Fab portion of a murine nAb. Although our search in
ARS CoV2 S protein for similar epitopes to MERS CoV loop struc-
ure failed to detect homologous sequence, our bio informatics data
evealed identical locations of pockets with potential B cell epitopes
t residues 244 and 69 within S NTD of Wuhan reference strain.
uring the pan epidemic crises of SARS CoV2 outbreak, there is

 critical need to use sera from convalescent SARS CoV2 subjects
or treating patients who  succumbed to the disease [32,38]. The

ajor hurdle facing this strategy is that the recorded convalescent
ubjects are relatively few. The bio-informatics approach used in
his study helps defining an epitope panel for detection of nAbs in
onvalescent plasma. This strategy focuses on high risk population
uch as health care workers specially those working in quarantine
ospitals, relatives of infected patients as well as subjects who con-
racted SARS CoV2 infection at subclinical or asymptomatic levels
ithout even knowing they were infected. Besides CD4+ T cell spe-

ific antigenicity, the exploration of S and N epitopes specific for
ross nAbs are of utmost importance for vaccine design, particularly
ia reducing S protein-mediated SARS CoV2 entry. Recent studies
mphasized the striking structural similarity between SARS Co V
nd SARS CoV2 S glycoproteins [13] and their roles in target cell
ntry via the human ACE2 receptor [39,40] and the finding that
ntibody responses potentially neutralize SARS CoV2 S mediated
ntry into cells. The majority of these nAbs are directed to the S1
rotein particularly those directed against the RBD (438–506) and
lock S-receptor binding [13].

The T cell epitope located at a.a. 140 lies within the vicinity of
he Y 144 deletion described in the Indian isolate. It is interest-
ng to note that both G107 and Y144 deletions were associated

ith remarkable alteration in the VYY pocket characteristic of
he Wuhan isolate. This change most likely plays important role
n the S mediated immune dysregulation in SARS CoV2 severe

nfections (death rates 12.6% in France vs. 1.86% in India, as of 24
ugust, 2020). Such immune dysregulation involves lymphopenia,

ow CD4+ counts and elevated cytokines (TNF�, IL1 and IL6) as well
s chemokine (IL8) [41]. This picture of immune response i.e. higher
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expression of cytokines and chemokine associated with excessive
consumption of helper T cells (Th) i.e. CD4+ and regulatory T cells as
well as suppressor T cells (CD8+) might result in outraged inflam-
mation with a production of cytokine storm and further worsening
of the disease.

This study highlights the striking difference in SARS CoV2 infec-
tion rates among diverse populations worldwide. The recorded
rates of corona infection depend on the competence of patient
enrollment, efficient diagnosis, and efficacy of healthcare protocols
as well as on immunological and genetic host factors in specific pop-
ulations. The current study implements 3 lines of research: (1) The
viral factors associated with population specific degree of virulence.
(2) Phylogenetic tree, genetic distance and protein sequence align-
ment as integrative tools to identify strain dissimilarities within
populations and the role of mutational events in disrupting Spike
mediated cell entry. (3) Maximizing the value of combining wet
laboratory findings and bioinformatics in elucidating better designs
for B and T epitopes for future immune-therapeutics and vaccine
development.

The study showed that the selected populations from Asia,
Europe and North America had great homology of the S protein
sequences known at the earlier times of the outbreak, i.e. January
2020. Although 12 of the 14 strains had 100% homology of S
sequences, only 2 strains from India and France had deletion muta-
tions within the NTD of S1 protein. We  therefore aimed to discuss
the structure–function impacts of those 2 deletions, where both
obviously revealed significant conformational changes of S1 glyco-
protein. The main limitations of the current study are the relatively
small number of presented population. Furthermore, the principle
conclusion of the in silico analyses requires, indeed, extensive wet
laboratory experiments employing site directed mutagenesis of S1
NTD.
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