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SARS-CoV-2 is the cause of the worldwide outbreak of COVID-19 that has been characterized as a pan-
demic by the WHO. Since the first report of COVID-19 on December 31, 2019, 179,111 cases were con-
firmed in 160 countries/regions with 7426 deaths as of March 17, 2020. However, there have been no
vaccines approved in the world to date. In this study, we analyzed the biological characteristics of the
SARS-CoV-2 Spike protein, Pro330-Leu650 (SARS-CoV-2-SPL), using biostatistical methods. SARS-CoV-
2-SPL possesses a receptor-binding region (RBD) and important B (Ser438-Gln506, Thr553-Glu583,
Gly404-Aps427, Thr345-Ala352, and Lys529-Lys535) and T (9 CD4 and 11 CD8 T cell antigenic determi-
nants) cell epitopes. High homology in this region between SARS-CoV-2 and SARS-CoV amounted to
87.7%, after taking the biological similarity of the amino acids into account and eliminating the
receptor-binding motif (RBM). The overall topology indicated that the complete structure of SARS-
CoV-2-SPL was with RBM as the head, and RBD as the trunk and the tail region. SARS-CoV-2-SPL was
found to have the potential to elicit effective B and T cell responses. Our findings may provide meaningful
guidance for SARS-CoV-2 vaccine design.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The family Coronaviridae has historically been known to cause
common colds and diarrheal illnesses in humans; however,
SARS-CoV emerged as the causative agent of Severe Acute Respira-
tory Syndrome (SARS) in 2002 [1]. Seventeen years after SARS, the
current outbreak of coronavirus disease (COVID-19) caused by
SARS-CoV-2, which has a high similarity with SARS-CoV, has
shocked the world [2]. As of March 17, 2020, SARS-CoV-2 has
infected 179,111 people, involving 160 countries/regions world-
wide, whereas China bears a significant burden, with approxi-
mately 45.3% of cases and 3231 deaths [3]. However, the
evolution of SARS-CoV-2 has continued, with the identification of
two major strains, type L (approximately 70%) and type S (approx-
imately 30%) [4].

SARS-CoV-2 belongs to the beta-coronavirus genus, which
includes SARS-CoV, (Middle East respiratory syndrome) MERS-
CoV, bat SARSr-CoV, and others [5]. SARS-CoV-2 has a positive,
single-strand RNA genome that is over 29 kilobases in length [6].
Moreover, SARS-CoV-2 encodes four major structural proteins,
the spike (S), membrane (M), envelope (E), and nucleocapsid (N)
proteins [7]. The S protein is the most likely target of neutralizing
antibodies as it is the main trans-membrane glycoprotein respon-
sible for receptor-binding and virion entry [7]. Viral mutations
occur in regions with much stronger MHC-I binding ability, while
no other mutations are located near the S receptor-binding domain
(RBD, Cys336-Glu516) [8].

Humoral immunity mediated by antibodies produced by B cells
is critical for effective vaccines, whereas cellular immunity medi-
ated by T cells (CD4 and CD8 T cells) is also considered to be essen-
tial [9]. The CD4 T cell response is critical to both antibody
production and the killing of infected cells mediated by CD8+CTLs.
In addition, only neutralizing antibodies can fully block viral entry
into host cells; however, the general location of the binding of
other antibodies would strongly affect the body’s ability to produce
neutralizing antibodies [7]. To date, no coronavirus vaccine has
been approved [10]. Inactivated SARS-CoV has been demonstrated
to offer incomplete protection, whereas purified coronavirus spike
protein nanoparticles have been found to induce coronavirus
neutralizing antibodies in mice [10]. Therefore, full exposure of
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neutralizing epitopes with other B cell epitopes are likely to
represent important factors in coronavirus vaccine design.

The high homology of the S protein between SARS-CoV-2 and
SARS-CoV resulted in the design of a subunit vaccine for SARS-
CoV-2, which is focused on the RBD region and its vicinity. For
the purpose of vaccine design, we analyzed the biological charac-
teristics (e.g., homology analysis, T and B cell epitope prediction,
and advanced structural analysis) by focusing on Pro330-Leu650
of the SARS-CoV-2 S protein (SARS-CoV-2-SPL) to evaluate its
potential as a vaccine antigen of Pro330-Leu650.

2. Methods

2.1. Antigen sequences and alignment

The spike protein sequences of SARS-CoV-2 and SARS were
obtained from GenBank (QHD43416.1 and AAP41037.1). Both of
the protein sequences were aligned by MEGA X. The correspon-
dence between SARS spike Pro317-Leu636 (SARS-CoV-SPL) and
SARS-CoV-2 spike Pro330-Leu650 (SARS-CoV-2-SPL) was
determined.

2.2. T and B cell epitope predictions of SARS-CoV-2-SPL

The B cell epitopes of SARS-CoV-2-SPL were predicted online
with DiscTope2 [11] and IEDB [12]. A DiscTope score peak chart
was subsequently constructed using GraphPad Prism 8.0. The
MHC-I (9 mer) and MHC-II (15 mer) presentation scores were pre-
dicted by netMHCpan4 [13] and MARIA [14], respectively. Thirty-
two MHC alleles were included in the analysis of CD4 and CD8 T
cell epitopes with a more stringent 99.5% threshold for both
netMHCpan4 and MARIA. An oligopeptide was selected if it was
presented by more than one of three common alleles [8].

2.3. Homology modeling of SARS-CoV-2-SPL

The approximate tertiary structures of the monomer SARS-CoV-
2-SPL (PDB: 6nb6.1.C) and SARS-CoV-SPL (PDB: 6crx.1.C), as well as
the homotrimer SARS-CoV-2-SPL (PDB: 6vsb.1.A) were constructed
with SWISS-MODEL using homology modeling [15].

3. Results

3.1. The Pro330-Leu650 region possesses RBD and important B and T
cell epitopes.

Angiotensin-converting enzyme 2 (ACE2) was identified as the
SARS-CoV-2 receptor, with its receptor binding domain (RBD)
located on the spike protein [5]. The RBD region was referred to
as the Arg319-Phe541; however, Cys336-Phe515 was sufficient
for maintaining the RBD structure [5]. The SARS-CoV-2-SPL con-
tains an RBD region (Pro330-Phe541) and tail region (Asn542-
Leu650).

According to the DiscoTope scores of each amino acid, the
potential B cell epitope motif distribution of SARS-CoV-2-SPL and
SARS-CoV-SPL was created using GraphPad Prism software
(Fig. 1). There were five B cell epitope motifs in the SARS-CoV-2-
SPL, Ser438-Gln506 (Gly446, 3.263; Thr500, 3.290), Thr553-
Glu583 (Lys558, �1.298), Gly404-Aps427 (Lys417, �2.402),
Thr345-Ala352 (Ala352, �7.612), and Lys529-Lys535 (Asn532,
�7.715) (Fig. 1A). Among these motifs, three were located in the
RBD region, whereas two were located in the tail region. As
expected, there were also five motifs in the SARS-CoV-SPL,
Thr425-Gln492 (Thr433, 2.403; Thr486, 0.943), Leu538-Leu571
(Arg544, 1.618), Val389-Asp414 (Val404, �1.604), Thr332-Trp340
(Ala339, �5.031), and Thr517-Lys521 (Asp518, �8.507) (Fig. 1B).
Furthermore, the two DiscoTope score peaks were almost mirror
images (Fig. 1).

According to the MARIA percentiles for all possible 15 mer pep-
tide sequences and NetMHCpan4 percentiles for all possible 9 mer
peptide sequences for SARS-CoV-2-SPL, broad coveragewas defined
as being presented by 1/3 of MHC alleles [8]. We found that 15 CD4
epitopes and 17 CD8 T cell epitopes met this requirement. After
overlapping integration, there were nine potential CD4 and 11
potential CD8 T cell antigenic determinants (Table 1). The RBD
region possessed seven CD4 epitopes and nine CD8 T cell epitopes,
whereas the tail region has two CD4 epitopes and two CD8 T cell
epitopes. Moreover, when comparing these epitopes with verified
CD4 and CD8 T cell epitopes of SARS-CoV-SPL [16], a one-to-one
correspondence was observed (e.g., Ser516-Asn530 [SARS-CoV] to
Ser530-Asn544 [SARS-CoV-2]) for the CD4 T cell epitope and
Lys411-Val420 (SARS-CoV) to Lys424-Val433 (SARS-CoV-2).
3.2. High homology between SARS-CoV-2-SPL and SARS-CoV-SPL

The amino acid identity was 76.25% between SARS-CoV-2-SPL
and SARS-CoV-SPL (Fig. 2). There were 76 amino acid differences
between them, 36 of which were located in the receptor-binding
motif (RMB) (Ser438-Gln506), accounting for 47.4% (36/76).
Empirically, the biological characteristics of some amino acids
(e.g. Arg-Lys, Thr-Ser, Glu-Asp, and Ile-Leu) were similar. After tak-
ing the biological similarity of amino acids into account and elim-
inating the RBM, the amino acid identity was approximately 87.7%.

According to the overall topology of the SARS-CoV-2-SPL mono-
mer (Fig. 3A), there were six disulfide bonds (Cys336-Cys361,
Cys379-Cys432, Cys480-Cys488, Cys391-Cys525, Cys538-Cys590,
and Cys617-Cys649). Correspondingly, the SARS-CoV-SPL mono-
mer also had six disulfide bonds (Cys323-Cys348, Cys366-
Cys419, Cys467-Cys474, Cys378-Cys511, Cys524-Cys576, and
Cys603-Cys635) (Fig. 3B). Furthermore, the six pairs of cysteines
from the two coronaviruses were located at the same position in
both the primary (Fig. 2) and tertiary (Fig. 3) structures. When arti-
ficially divided into three parts, the region contained a head
(receptor-binding motif, RBM), trunk (RBD except RBM) and tail
(remainders). The structural differences of the trunk, especially
the head, were obvious (e.g., the head and trunk of SARS-CoV-2-
SPL appeared to be more compact than those of SARS-CoV-SPL),
whereas the tail region was highly similar (Fig. 3). Homotrimer
SARS-CoV-2-SPL was arranged in a barrel with three RBMs situated
on the top (Fig. 3C).
3.3. The acquisition of SARS-related antigen provides the basis for
SARS-CoV-2 vaccine candidate preparation.

In our previous study regarding SARS-related antigens from
2003 [17], we prepared an insoluble SARS-related antigen with
high antigenicity using prokaryotic expression, chromatography
purification, and an in-house dialysis procedure. Moreover, the
immunogenicity of this SARS-related antigen was also preliminar-
ily confirmed (unpublished). Compared with inactivated virions
and other subunit antigens prepared in cell culture, antigens pre-
pared using our method have clear advantages, including
decreased time and labor, as well as enhanced convenience.

As mentioned above, the presence of a complex structure and
numerous cysteines in SARS-CoV-2-SPL is likely to seriously hinder
the correct folding of the protein, which is crucial for the vaccine to
generate effective immunity. Therefore, the successful preparation
of SARS-related antigens may increase the speed at which a SARS-
CoV-2 vaccine can be developed and thereby control the COVD-
2019 outbreak.



Fig. 1. The potential B cell epitope motifs in SARS-CoV-2-SPL (A) and SARS-CoV-SPL (B) (RBM in red-purple).

Table 1
Potential CD4 and CD8 T cell epitopes in the SARS-CoV-2-SPL.

Initial
site (aa)

CD4 T cell epitope Initial
site (aa)

CD8 T cell epitope

347 FASVYAWNRKRISNC 345 TRFASVYAW
397 ADSFVIRGDEVRQIAPGQTG 366 SVLYNSASFTF
430 TGCVIAWNSNNLDSKVGG 392 FTNVYADSFVI
468 ISTEIYQAGSTPCNG 417 KIADYNYKL
494 SYGFQPTNGVGYQPY 433 VIAWNSNNL
512 VLSFELLHAPATVCG 444 KVGGNYNYL
531 TNLVKNKCVNFNFNG 464 FERDISTEI
565 FGRDIADTTDAVRDPQ 495 YGFQPTNGV
629 LTPTWRVYSTGSNVFQ 503 VGYQPYRVVVLSFEL

576 VRDPQTLEILDITPCSF
625 ADQLTPTWRVYSTGSNV
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4. Discussion

Based on the knowledge gained from SARS-CoV vaccine devel-
opment, a SARS-CoV-2 vaccine should target the structural pro-
teins, particularly the RBD region [18]. The RBD of SARS-CoV-2
and SARS-CoV possesses a similar structure, despite amino acid
variations at some key residues [6]. Therefore, many SARS-
related studies may provide a valuable reference for SARS-CoV-2
vaccine development.

Amino acid sequence variations between the RBD of the SARS-
CoV-2 spike protein RBD and other coronaviruses have been eluci-
dated completely [6,19]. Despite the high sequence homology with
the SARS-CoV spike protein (approx. 76%), SARS-CoV RBD-specific
antibodies could not bind to SARS-CoV-2 [7], and vice versa
[20,21]. Therefore, exploiting SARS-CoV-related antigens to
develop a SARS-CoV-2 vaccine is not practical. In this study, our
focus was centered on SARS-CoV-2-SPL, which was found to con-
tain the RBD and skeleton supporting its conformation. Further-
more, we analyzed the protein skeleton comparisons instead of
performing simple sequence comparisons between SARS-CoV and
SARS-CoV-2. The similar protein skeleton was suggestive of a sim-
ilar protein structure and procedure of prokaryotic expression and
chromatography purification.

Burial of the neutralization epitope and an unsustainable T cell
response might result in the failure of an inactivated SARS vaccine.
Moreover, the inclusion of effective B and T cell epitopes is essen-
tial for inducing specific humoral and cellular immunity in an ideal
vaccine [22]. The recognition of effective B cell epitopes is depen-
dent on antigenicity, accessibility of the surface and assistance of
T helper (CD4 T) cells. CD4 T cells are the main components of
the immune system found to impart immunological ‘memory’ to
the new strains. Pathogen-specific T cell responses are also
required for protection against infection [23]. In addition, a specific
cellular response is considered to be equally important for sustain-
able protection and pathogen elimination, and CD4 T cells assist in
promoting the production of antibodies and CTL reactions. The
SARS-CoV-2-SPL was found to possess 5B cell epitopes, 15 CD4 T
cell epitopes, and 17 CD8 T cell epitopes, respectively. Moreover,
from the overall topology (Fig. 3A), we found that most of these
epitopes were exposed on the surface, which is an advantage of a
small molecular protein. In addition, the RBD region of the SARS-
CoV-2-SPL appeared to be compact, which might explain why
SARS-CoV-2 RBD exhibited a stronger affinity with ACE [5]. The
preparation of SARS-CoV-2-SPL was successfully performed in
our laboratory. A high level of antibodies to SARS-CoV-2-SPL



Fig. 2. Sequence alignment of SARS-CoV-2-SPL and SARS-CoV-SPL.

Fig. 3. Overall topology of SARS-CoV-2-SPL monomer (A), SARS-CoV-SPL monomer (B) and SARS-CoV-2-SPL homotrimer (C).
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appeared in the Balb/C mice after immunization. However, further
neutralization experiments demonstrated that antibodies other
than neutralizing antibodies were predominantly generated. In
this circumstance, antibody-dependent enhancement (ADE) may
exist, which would enhance viral invasion. Thus, a potential vac-
cine antigen should not contain too many epitopes, especially B
cell epitopes. Deleting unnecessary B cell epitopes or inserting neu-
tralizing epitopes to virus-like particles may be a practical means
of achieving this reduction.

Empirically, the structure of the three distinct parts (head,
trunk, and tail) is critical for protein stability. Moreover, the
topology of SARS-CoV-2-SPL and SARS-CoV-SPL appear similar
to a goldfish, with RMB as the head, RBD as the trunk, and
remainders as the tail (Fig. 3A and 3B). The RMB (head; critical
for receptor binding) of SARS-CoV-2-SPL was completely exposed
on the surface (Fig. 3A), which is also crucial for the production
of neutralizing antibodies. Homotrimer SARS-CoV-2-SPL was
arranged in a barrel with three RBMs on the top (Fig. 3A), which
might represent the natural state of the SARS-CoV-2-SPL
structure.
5. Conclusions

In this study, we analyzed the biological characteristics of SARS-
CoV-2-SPL, and found it possessed a B cell-epitope-rich head and
trunk and T cell-epitope-rich tail, giving it an ideal antigenic struc-
ture. Thus, these findings may provide meaningful guidance for
future SARS-CoV-2 vaccine design.
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