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Abstract

Coronaviruses are the paradigm of emerging 21% century zoonotic viruses, triggering numerous outbreaks and a severe
global health crisis. The current COVID-19 pandemic caused by SARS-CoV-2 has affected more than 51 million people
across the globe as of 12 November 2020. The crown-like spikes on the surface of the virion are the unique structural fea-
ture of viruses in the family Coronaviridae. The spike (S) protein adopts distinct conformations while mediating entry of
the virus into the host. This multifunctional protein mediates the entry process by recognizing its receptor on the host cell,
followed by the fusion of the viral membrane with the host cell membrane. This review article focuses on the structural and
functional comparison of S proteins of the human betacoronaviruses, severe acute respiratory syndrome coronavirus (SARS-
CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Here, we review the current state of knowledge about receptor recognition, the membrane fusion mechanism,
structural epitopes, and glycosylation sites of the S proteins of these viruses. We further discuss various vaccines and other
therapeutics such as monoclonal antibodies, peptides, and small molecules based on the S protein of these three viruses.

Introduction

Coronaviruses (CoVs) are a large family of viruses that
were first identified in the mid-1960s. Since then, viruses
of this family have posed a major health threat to animals
and humans [1]. Seven human coronaviruses (hCoVs) have
been identified so far, including 229E, OC43, NL63 and
HKUI1, which typically infect humans around the world.
Zoonotic transmission due to evolutionary events has been
documented for three other hCoVs, severe acute respiratory
syndrome coronavirus (SARS-CoV), Middle East respira-
tory syndrome coronavirus (MERS-CoV), and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [2, 3].
Three fatal outbreaks of CoV infection have occurred in the
last 20 years, beginning with SARS in 2002-2003, followed
by MERS in 2012, and most recently, COVID-19, caused

Handling Editor: Zhenhai Chen.

< Naidu Subbarao
nsrao.jnu@gmail.com; nsrao@mail.jnu.ac.in

Jyoti Verma
jyoti32_sit@jnu.ac.in

School of Computational and Integrative Sciences,
Jawaharlal Nehru University, New Delhi, India

by SARS-CoV-2 (previously 2019-nCoV) [4]. In late 2019,
several pneumonia cases were reported in the city of Wuhan
in China; a novel type of CoV, 2019-nCoV, now officially
called SARS-CoV-2, was identified as a cause of the pneu-
monia outbreak. The World Health Organization (WHO)
declared the novel CoV outbreak a public health emergency
of international concern and later proclaimed it as the
COVID-19 pandemic. This pandemic has affected 220 coun-
tries worldwide, with 51,547,733 confirmed cases as of 12
November 2020 [5]. The estimated fatality rate of COVID-
19 disease is 3-4%; however, variation has been observed
in different geographical regions. On the other hand, in the
previous CoV outbreaks, SARS infection affected 23 coun-
tries, resulting in more than 8000 cases with a fatality rate
of ~11%, and MERS-CoV infected 2494 people globally
with a fatality rate of nearly 35% [6, 7]. Although the fatal-
ity rate is low for SARS-CoV-2, the total number of cases
is extremely high due to the ease of transmission. To date,
the most severely affected regions are the Americas with
22,203,792 cases, followed by Europe, with 13,890,009
cases, and Southeast Asia, with 9,855,189 confirmed cases
[5]. The transmission rate of SARS-CoV-2 is much higher
than that of MERS-CoV or SARS-CoV, consequently affect-
ing global health and economic stability of the world.
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Coronaviruses belong to the family Coronaviridae and
subfamily Orthocoronavirinae, which is divided into four
genera, namely, Alphacoronavirus, Betacoronavirus, Gam-
macoronavirus and Deltacoronavirus. SARS-CoV, MERS-
CoV and SARS-CoV-2 belong to the genus Betacoronavi-
rus, whose members infect only mammals [8]. CoVs are
single-stranded RNA viruses with the largest genomes (27-
32 kb) known among the RNA viruses. The genome consists
of two untranslated regions (UTRs), an open reading frame
(orfla/b) encoding nonstructural proteins and other reading
frames encoding the structural proteins and accessory pro-
teins [9, 10]. Coronavirus virions are enveloped spherical
particles with the spikes forming crown-like surface pro-
jections (Fig. 1a). These spike (S) proteins mediate virus
entry and are responsible for determining host range. They
are also the first proteins to encounter the host cell; hence,
they are the primary inducer of the host immune response
and are important for tissue tropism. Variations in the S pro-
teins of diverse CoVs have allowed them to interact with a
wide range of receptors and adapt to various environmental

(a) (b)

triggers for membrane fusion. In this review, we discuss the
structure, function, and therapeutics of the S proteins of
SARS-CoV, MERS-CoV, and SARS-CoV-2.

Receptor recognition

Receptor recognition is the first step of viral infection of the
host cell. It is also a significant determinant of cross-species
infection and pathogenesis. CoVs have evolved to interact
with a wide variety of receptors in different hosts. CoVs
belonging to different genera may bind to the same receptor,
or vice-versa. SARS-CoV-2, SARS-CoV and MERS-CoV
all belong to the same genus but recognize different recep-
tors (Fig. 2). MERS-CoV recognizes dipeptidyl peptidase
4 (DPP4) as its host receptor, whereas SARS-CoV and the
recently identified SARS-CoV-2 binds to angiotensin-con-
verting enzyme 2 (ACE2) [11-13]. One of the two subdo-
mains of the S protein, the S1 domain, has two distinctive
units, the N-terminal (S1-NTD) domain and the C-terminal
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Fig. 1 Schematic representation of the spike proteins of SARS-
CoV-2, SARS-CoV and MERS-CoV. a) A coronavirus virion particle
and its spike protein binding to the host cell receptor. b) Schematic
domain organization diagram of the spike protein gene. Shown are
the N-terminal domain (S1-NTD) and the receptor-binding domain
(RBD) of the S1 subunit. The fusion peptide (FP), N-terminal hep-
tad repeat (HR-1 or HR-N), and C-terminal heptad repeat (HR-2 or
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HR-C) of the S2 subunit are labeled. The arrows represent the two
proteolysis sites. At the end of S2 subunit there is a transmembrane
region (TM) and an intracellular domain (IC). The receptor-binding
domain (yellow, beta sheets; red, helices; green, loops) and the S2
HR region as a 6-helix bundle (pink, HR2 or HR-C; blue, HR1 or
HR-N) of SARS-CoV-2, SARS-CoV, and MERS-CoV are shown.
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Fig.2 Crystal structures of human betacoronavirus S1 receptor
binding domains in complex with their receptor. a) Structure of the
SARS-CoV-2 receptor-binding domain (RBD) showing the core
domain (cyan) and the receptor-binding motif (RBM, red) complexed
with human ACE2 (green; PDB ID: 6VW1). b) Structure of the
SARS-CoV RBD showing the core domain (yellow) and RBM (pink)
complexed with human ACE2 (green; PDB ID: 2AJF). c) Structure
of the MERS-CoV RBD showing the core domain (sea green) and
RBM (orange) complexed with human DPP4 (blue; PDB ID: 4L72).
d) Interface between the SARS-CoV-2 RBM and ACE2. Critical

(S1-CTD) domain. Either of them can function as the
receptor-binding domain (RBD). The S1-NTD is respon-
sible for binding sugars, whereas the S1-CTD recognizes
protein receptors [14—18]. Mouse hepatitis virus (MHV)
is the sole exception, with SI-NTD binding to the protein
CEACAMI [19]. The amino acid sequence of the SARS-
CoV-2 S protein is 76.3% identical to that of SARS-CoV and
29.8% identical to that of MERS-CoV. Among these three
viruses, the S1 domain has more sequence diversity than
the S2 domain, as the fusion core is typically conserved.
The RBD consists of a core structure and a receptor-binding
motif (RBM). Although SARS-like CoVs and MERS-CoV
have little sequence similarity in their RBDs, the core sub-
domain is structurally similar in these viruses, consisting of
five-stranded antiparallel beta-sheets with several short con-
necting alpha-helices. The RBMs, however, differ signifi-
cantly, which explains why their receptor specificities differ.

The S1 subunits of SARS-CoV-2 and SARS-CoV share
64% amino acid sequence identity [20]. Both of them inter-
act with human ACE2 (hACE2) via their S1-CTDs, which

residues of RBM and ACE2 involved in the interaction are labelled
in black and blue, respectively. e) Interface between the SARS-CoV
RBM and ACE2. Critical residues of RBM and ACE2 involved in the
interaction are labelled in black and blue, respectively. f) Interface
between the MERS-CoV RBM and DPP4. Interacting residues of
RBM and DPP4 are labelled in black and red, respectively. The crys-
tal structures with their respective PDB IDs were downloaded from
the RCSB Protein Data Bank (https://www.rcsb.org/), and the figures
were prepared using PyMol (Version 2.0 Schrodinger, LLC).

share significant structural and sequence similarity. The
crystal structures of the RBDs of these two viruses bound
to the hACE2 receptor help in understanding their structural
variations [21, 22]. However, the overall configuration of
the RBD-ACE2 complexes of SARS-CoV and SARS-CoV-2
is identical. The RBM forms a gently concave surface that
binds to the exposed outer surface of the claw-like structure
of hACE2. In both of these viruses, this concave surface
consists of short two-stranded antiparallel beta-sheets held
on either side by two ridges formed by loops. The major
structural difference between SARS-CoV and SARS-CoV-2
RBMs is the conformation of the loops in the receptor-bind-
ing ridge. SARS-CoV contains the three-residue motif Pro-
Pro-Ala in this loop with a sharp turn provided by these
tandem prolines. SARS-CoV-2 contains the four-residue
motif Gly-Val/GIn-Glu/Thr-Gly, allowing the loop to adopt
a different conformation [23]. In comparison to the RBD of
SARS-CoV, the SARS-CoV-2 RBD in complex with hACE2
buries a larger surface area, and the binding interface also
has more residues (17 versus 21) directly interacting with
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hACE2, forming more van der Waals contacts (213 versus
288) as well as H-bonds (11 versus 16) [24]. The residue
Leu472 of SARS-CoV makes a weaker contact than Phe486
of SARS-CoV-2; Phe486 is inserted into the hydrophobic
pocket of hACE2 and makes stronger aromatic-aromatic
interactions with Tyr83. The functionally critical structural
changes in the SARS-CoV-2 RBM/hACE2 interface occur
near two previously detected virus-binding hotspots [25, 26].
The residues Lys31 (hotspot 31) and Lys353 (hotspot 353) of
hACE?2 are critical for CoV binding, as neutralization of
their charge is essential for the interaction of RBM and
ACE2. At SARS-CoV RBM/hACE2 interface both of these
hotspot residues individually make salt bridges buried in the
hydrophobic environment of the interface. At the SARS-
CoV RBM/hACE? interface, Tyr442 in the RBM supports
hotspot 31, and the side chain of Tyr487 stabilizes hotspot
353. The SARS-CoV-2 RBM has evolved to stabilize these
two hotspots by their rearrangement at the interface. The salt
bridge formed between Lys31 and Glu35 at hotspot 31 is dis-
rupted, and GIn493 forms hydrogen bonds individually with
each of these residues. Consequently, Lys353 at the SARS-
CoV-2 RBM/hACE2 interface acquires a slightly different
conformation to support the hydrogen bond with the main
chain of the RBM and maintain the salt bridge with Asp38
from hACE2 [23]. Outside the RBM of SARS-CoV-2, the
residue Lys417 interacts and form a salt bridge with Asp30
of ACE2. In contrast, Val at the same position in SARS-
CoV RBD makes no interaction with the receptor. A surface
electrostatic potential comparison of the two virus-receptor
interfaces revealed a positive patch contributed by Lys417
on the SARS-CoV-2 RBD, which is absent in the SARS-
CoV RBD [22]. Hence, these structural features contribute
to higher hACE2 binding affinity of SARS-CoV-2. However,
Walls et al. reported that both SARS-CoV-2 and SARS-CoV
bind to ACE2 with similar affinity [27].

The structure of the MERS-CoV S1-CTD, when com-
pared with those of the two SARS-like CoVs, provides an
interesting example of structurally similar RBDs recognizing
different protein receptors [28]. Similar to the SARS-like
CoVs, the RBD of MERS-CoV also has a core domain and
a receptor-binding subdomain. The RBM of MERS-CoV
has four-stranded antiparallel beta-sheets with a long loop
connecting two of its strands, presenting a flat surface to
bind to its receptor. The disulfide bond that stabilizes the
receptor-binding subdomain of the RBD, is arranged differ-
ently in MERS and SARS-like viruses. The fact that its core
subdomain is structurally similar to those of SARS-CoV
and SARS-CoV-2 suggests that they share an evolutionary
origin and that their different RBMs resulted from diver-
gent evolution [29, 30]. The type II transmembrane protein
DPP4, also called CD26, has been identified as the cellular
receptor for MERS-CoV [31, 32]. DPP4 does not share any
sequence or structural similarity with the receptor ACE2; it
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instead forms a homodimer, with each monomer contain-
ing a hydroxylase and a beta-propeller domain [33]. The
MERS-CoV RBD binds laterally to the side surface of the
beta-propeller domain, away from the peptidase catalytic
site of DPP4 and fails to interfere with the peptidase activ-
ity of the receptor [31]. Similarly, the binding of SARS-
CoV to its receptor ACE2 does not affect its enzymatic
activity [34]. The binding interface of MERS-CoV/DPP4
primarily consists of a group of hydrophilic residues that
form a polar contact network with hydrogen bonds and salt
bridges [31]. Comparable to the hotspots at the SARS-CoV
and SARS-CoV-2 receptor interface, the MERS-CoV/DPP4
interface consist of two major binding patches. In patch I,
the MERS-CoV residues Glu536, Asp537 and Asp539 form
a negatively charged surface, with Asp539 forming a salt
bridge with Lys267 of DPP4. Also, Tyr499 in the same patch
forms a hydrogen bond with the DPP4 residue Arg336. The
MERS-CoV RBM forms a slightly concave outer surface
accommodating a short alpha-helix of DPP4. Consequently,
patch II makes a hydrophobic core consisting of Leu506,
Trp553 and Val555 from MERS-CoV RBD and Leu294 and
11295 from DPP4. A group of hydrophilic residues from
both MERS-CoV RBD (Asp510, Glu513 and Tyr540) and
DPP4 (His298, Arg317 and Gln344) surrounds this core.
The RBM residues Asp510 and Glu513 form salt bridge and
hydrogen bond interactions with DPP4 residue Arg317 and
GIn344, respectively [11]. These structural studies revealed
that the RBD with a conserved core domain can recognize
different receptors with structural modification in the acces-
sory subdomain. The S1 subunits of CoVs share a common
evolutionary origin, but extensive divergent evolution might
have resulted in their varying sequence and structure [35].
Therefore, the evolution of the receptor recognition patterns
of different CoVs is a critical determinant of their host range.

Membrane fusion
S proteolysis and trigger for membrane fusion

After receptor binding, enveloped viruses rely on the fusion
of their membrane with the host cell membrane. They also
require a trigger mechanism, which can be low pH, proteo-
Iytic cleavage, receptor binding, or a combination thereof
[36]. The characteristics of the CoV-S-protein-mediated
fusion process are similar to those mediated by the class I
viral fusion proteins of other viruses [37]. However, different
structural features and a complex triggering mechanism that
causes them to undergo conformational changes facilitating
the fusion process make CoV S proteins unique. Priming
of the S protein involves proteolytic cleavage at the S1/S2
interface and upstream of the fusion peptide (Fig. 3). Pro-
teolytic processing of the S protein in most CoVs occurs
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Fig.3 Spike (S) protein models for SARS-CoV (a), MERS-CoV (b),
and SARS-CoV-2 (c). Models were build using the SWISS-MODEL
server to show the fusion peptide (FP) and cleavage sites (S1/S2 and
S2’). The PDB IDs 6ACD, 6Q04, and 6VSB were used as templates
for the SARS-CoV, MERS-CoV, and SARS-CoV-2 S model, respec-

later in the cell entry process, usually after receptor binding.
These proteolytic cleavages mediated by the host proteases
can occur at different stages of the viral life cycle. Proprotein
convertases, including furin, cleave immature glycoproteins
to convert them into mature ones during viral packaging.
Extracellular proteases act during virus release in the extra-
cellular space, whereas cell-surface proteases cleave after
attachment of the virus to its target cell. After endocytosis
of the virus particle in the target cell, lysosomal proteases
such as cathepsin L and cathepsin B perform the triggering
step that initiates the fusion process [38]. The requirement
for these different proteases is responsible for viral tropism
differences and different routes of entry. Thus, whether these
viruses enter the endosome or fuse at the plasma membrane
depends upon the host cell type and the availability of the
required proteases. It has been reported that SARS-CoV,
MERS-CoV, and SARS-CoV-2 can all be triggered to fuse
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tively. The FP (green), S1/S2 (yellow), and S2’ (blue) cleavage sites
in all of the trimers and monomers are shown. Monomers of the
SARS-CoV, MERS-CoV, and SARS-CoV-2 S protein are depicted as
cartoons along with sequences of the FPs and cleavage sites.

at either the endosomal membrane or the plasma membrane
[27, 39, 40].

Endosomal pathway

SARS-CoV particles enter the host cell by both clathrin-
dependent and clathrin-independent endocytosis pathways
in the absence of exogenous proteases [41, 42]. The SARS-
CoV virus S protein is not cleaved by the proprotein con-
vertase enzyme during viral packaging [43, 44]. It therefore
contains uncleaved S protein on its surface and relies on the
host proteases cathepsin L and cathepsin B. This observa-
tion was confirmed when SARS-CoV infection was inhibited
by either endosomal acidification inhibitors or lysosomal
cysteine protease inhibitors [45, 46]. The endocytic mecha-
nism of cell entry is a pH-dependent process, and mem-
brane fusion occurs at low pH. However, the low pH in the
endosome is not directly responsible for fusion but instead
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activates the lysosomal proteases that trigger fusion. The
overall cell entry mechanism of MERS-CoV and SARS-
CoV-2 is similar to that of SARS-CoV. MERS-CoV and
SARS-CoV-2 particles can also enter the host cell through
endocytosis [47, 48]. The lysosomal cysteine protease
activates the MERS-CoV S protein for membrane fusion.
Studies on SARS-CoV-2 have also shown that cathepsin L
is essential for priming the S protein [20]. Hence, for both
MERS-CoV and SARS-CoV-2, the low pH of the endosome
acts as an indirect trigger for membrane fusion by activating
the lysosomal protease, which in turn acts on the S protein
to initiate the fusion process. In endosomal entry of SARS-
CoV, cathepsin L cleaves the S protein at residue Thr678,
downstream of the S1/S2 site, although cleavage site in the
S2’ region remains unidentified [49]. A study reporting the
potential cleavage sites in MERS-CoV suggested that cath-
epsin L could process the S protein at auxiliary sites [50].

Plasma membrane route

When the extracellular and cell-surface proteases are pre-
sent, the virus undergoes direct fusion with the plasma mem-
brane for immediate entry into the cell. These proteases are
also involved in the activation of the CoV S protein for mem-
brane fusion. Studies have revealed that trypsin can medi-
ate S-protein-induced cell-cell and cell-virus fusion [40].
Trypsin treatment after receptor binding resulted in signifi-
cant infection by SARS-CoV and MERS-CoV at the plasma
membrane [40, 51]. Similarly, in the case of SARS-CoV-2,
trypsin was found to induce cell-cell fusion by efficiently
activating the S protein [20]. Different proteases, such as
trypsin and thermolysin, enable the adsorption of SARS-
CoV and MERS-CoV particles to the cell surface. Trypsin
activates fusion of SARS-CoV by sequential cleavage at two
distinct sites. The first cleavage occurs at the S1/S2 site,
Arg667, which probably facilitates the second cleavage at
position Arg797 near the S2’ region [52, 53]. However, the
site of thermolysin cleavage remains unknown. In addition,
elastase, a protease produced in the lungs during inflam-
mation, also enhances these viral infections [54, 55]. For
SARS-CoV, elastase mediates cleavage at residue Thr795,
a few residues away from the fusion peptide [56]. However,
for MERS-CoV and SARS-CoV-2, the exact cleavage sites
of these exogenous proteases have not yet been determined.
A member of the transmembrane protease, serine subfam-
ily (TMPRSS) such as TMPRSS2 or TMPRSS4 can induce
SARS-CoV and MERS-CoV fusion [57, 58]. Type II trans-
membrane serine proteases (TTSPs) have also been shown to
affect SARS-CoV and MERS-CoV fusion. TMPRSS11a can
cleave and activate the SARS-CoV S protein and trigger the
fusion mechanism [59]. Studies on MERS-CoV cell fusion
revealed that TMPRSS11a and TMPRSS1 1e could also acti-
vate the S protein [60]. Another cell membrane protease
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known as human airway trypsin-like protease (HAT) acti-
vates the MERS and SARS-CoV S proteins and supports
viral spread in infected humans [60, 61]. TMPRSS2 is a
membrane-bound serine protease that is known to activate
SARS-CoV, MERS-CoV, and SARS-CoV-2 S proteins for
fusion [51, 58, 62—65]. The activation site for TMPRSS2
is in the motif RSAR in the S2’ region in both MERS-CoV
and SARS-CoV-2, and this step requires prior S1/S2 cleav-
age [50, 65], while for SARS-CoV, the TMPRSS2-medi-
ated S protein cleavage is at Arg667, and activation near
the S2’ region occurs at Arg797 [66]. Unlike SARS-CoV,
the MERS-CoV S proteins are pre-cleaved by host propro-
tein convertases during viral packaging, as they contain a
furin cleavage site (RSVR) at S1/S2. However, a two-step
sequential protease cleavage model has been proposed for
both SARS-CoV and MERS-CoV, involving a priming
cleavage at the S1/S2 site and an activating cleavage at S2’
site [52, 67]. Hence, MERS-CoV S protein fusion occurs
only when this sequential cleavage takes place, first by the
furin protease in the trans-Golgi network at the S1/S2 site
and, second, after virus binding to the receptor. MERS-CoV
particles without the furin-cleaved S protein are unable to
initiate fusion at the plasma membrane and are less infec-
tious [54]. No prior furin cleavage is required for SARS-
CoV plasma membrane fusion, although conformational
changes after receptor binding or an S1/S2 cleavage event
can further expose the S2’ site for membrane fusion. Recent
studies have revealed unique potential furin-like cleavage
at the S1/52 region of the SARS-CoV-2 S protein [68, 69].
Hence, a MERS-CoV-like furin cleavage event at the S1/S2
site during viral packaging has been proposed for SARS-
CoV-2 [27]. In conclusion, proteolysis is an essential trigger
preceding CoV membrane fusion. Moreover, protease activi-
ties vary with different cell types and host species, expand-
ing the host range of CoVs.

Mechanism of fusion core formation

The CoV S protein has been categorized as a class I fusion
protein based on the structural and functional features of its
fusion core [70]. As described above, the S protein, upon
receptor binding, undergoes proteolytic processing and
triggering to initiate the membrane fusion process. Class
I fusion proteins acquire different conformations during
membrane fusion: a pre-fusion native-state conformation,
followed by a metastable pre-fusion conformation forming
a pre-hairpin intermediate, and finally a stable post-fusion
structure [71, 72]. This class of fusion proteins, includ-
ing the CoV S protein, forms a homotrimer in its pre- and
post-fusion conformation [73]. The fusion protein has to
overcome an energy barrier in order undergo the transition
from one state to another. The proteolytic processing and
environmental triggers help to generate the energy for the
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conformational transition of CoV spikes. The S2 subunit
of the S protein is an alpha-helical transmembrane protein
containing a fusion peptide (FP), an N-terminal (HRN or
HR1) heptad repeat, and a C-terminal (HRC or HR-2) heptad
repeat, followed by a transmembrane domain (TM) and a
cytoplasmic intracellular domain (IC) (Fig. 1b). The hydro-
phobic fusion peptide consists of a short helix and a loop,
with most of the non-polar residues buried within the protein
core. Initially, the S protein has a trimer conformation in its
pre-fusion native state. After successful priming by a host
protease at S1/S2 site, the S1 subunit dissociates, forming
a pre-fusion metastable state. Subsequent fusion triggering
by the required proteases allows the domains to rearrange
into coiled coils of three HR1 heptad repeats, forming a ther-
modynamically stable pre-fusion stalk conformation (pre-
hairpin intermediate). As a result, the hydrophobic fusion
peptide is exposed and inserts into the target membrane. In
the final stage of membrane fusion, the hairpin-intermediate
refolds into a stable six-helical bundle (6HB) with the cen-
tral HR1 trimeric coiled-coil onto which HR2 helices fold
in an antiparallel manner to form the fusion pore [74, 75].
The post-fusion conformation appears as a dumbbell-shaped
structure with the 6HB; it appears as a rod-like structure in
the middle, and the region between the N-terminal end and
HR-N (HR-1), as well as between HR-N and HR-C, forms
a globular structure at both ends. A large amount of energy
is released during this conformational transition, driving
the viral and host membranes together to fuse. The over-
all fusion mechanism of all members of the family Coro-
naviridae is identical and resembles that of other class I
fusion proteins. However, some distinctive features such
as the long 6HB, double cleavage sites, and internal fusion
peptide make them unique [76]. The structures of various
CoV S protein trimers have been determined using electron
microscopy [77-80]. The SARS-CoV and SARS-CoV-2 S2
subunits share 89.9% sequence identity, while the fusion
core is highly conserved between MERS and SARS-like
CoVs [81, 82]. The fusion core structures of SARS-CoV,
MERS-and SARS-CoV-2 have been determined at atomic
resolution [81-83]. The amino acid sequence of the HR1
domain of SARS-CoV-2 has multiple variations when com-
pared to SARS-CoV, while the HR2 domain is identical.
These changes have been reported to enhance the interaction
between the HR1 and HR2 domains, which in turn increases
the binding affinity and thereby enhances viral infectivity
or transmissibility [82]. The viral HR1 domain is an impor-
tant drug target for the development of viral fusion or entry
inhibitors. Several peptide-based fusion inhibitors have been
discovered for MERS and SARS CoVs [82-85].

Epitopes and glycosylation sites

The S proteins on the virion surface are the principal anti-
genic determinants that simulate the host immune response.
There is considerable information regarding the T cell and B
cell epitopes of previously emerged betacoronaviruses, such
as SARS-CoV and MERS-CoV. However, various immu-
noinformatic and experimental studies have also revealed
immunogenic regions in the SARS-CoV-2 sequence [86]. Of
the viral proteins, the S protein has the most identified anti-
genic T cell and B cell epitopes [87]. Some of the structural
epitopes of the S protein are listed in Table 1 with their PDB
ID numbers. It has been observed that many T cell and B cell
epitopes on the S protein are conserved between SARS-CoV
and SARS-CoV-2. Since the MERS-CoV S protein shares
only about ~30% sequence identity with the SARS-CoV-2
S protein, the antigenic epitopes are less likely to be con-
served between these two viruses. However, a recent analy-
sis of plasma from recovered COVID-19 patients detected
IgGs that could recognize the S proteins of SARS-CoV-2,
SARS-CoV, and MERS-CoV [88]. Hence, it is of utmost
importance to identify the critical and conserved epitopes for
design of vaccines that generate cross-protective immunity
against multiple betacoronaviruses.

Glycosylation of viral envelope proteins plays a crucial
role in protein folding, stability and immune evasion. Gly-
cans often shield specific epitopes that are recognized by
neutralizing antibodies and thereby facilitate immune eva-
sion. The S protein is a single-pass type I transmembrane
protein with 21 to 35 N-glycosylation sites among the dif-
ferent CoVs. The SARS-CoV and SARS-CoV-2 S proteins
encode 22 N-linked glycosylation sites in each monomer,
while S protein monomer of MERS-CoV has 23 glycan
modifications (Fig. 4). Site-specific analysis of N-linked
glycosylation of SARS and MERS CoV S proteins has
revealed extensive heterogeneity in their glycan type [89].
The MERS-CoV S protein trimer has specific mannose clus-
ters on the surface due to an abundance of oligomannose-
type glycans. The glycans at N66, N125, N155, N166, N222,
N236 and N410 on the MERS S protein are all predomi-
nantly of the oligomannose type. However, the SARS-CoV
and SARS-CoV-2 S proteins do not have mannose clusters
on their surface; they instead have several complex-type
glycans [90]. Viruses have evolved to shield their recep-
tor binding sites with glycans to protect themselves from
neutralizing antibodies. However, the MERS-CoV recep-
tor binding site is not obstructed by glycans, as is observed
for SARS-CoV and SARS-CoV-2. These structural varia-
tions might also account for differences in the virulence and
pathogenicity of these viruses.
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Table 1 Epitopes of the spike protein of SARS-CoV-2, SARS-CoV and MERS-CoV. The epitope data are from the IEDB database (www.iedb.
org), and only experimentally confirmed spike protein epitopes with available 3D structure are listed in the table.

Virus Epitope Epitope ID No. of 3D structure
B cell
assays
SARS-CoV-2 R403, D405, E406, R408, Q409, T415, G416, K417, D420, Y421, L455, F456, R457, 1083498 9 7C01
K458, N460, Y473, Q474, A475, G476, S477, FA486, N487, Y489, Q493, Y495,
G502, Y505
Y369, N370, S371, A372, F374, F377, K378, C379, Y380, G381, V382, S383, P384, 997006 7 6W41
T385, K386, L390, F429, T430, F515, ES16, L517
R346, K444, G446, G447, N448, Y449, N450, L452, V483, E484, G485, F490, S494 1075135 8 TBWI]
R403, Q409, T415, G416, K417, D420, Y421, L455, F456, R457, K458, S459, N460, 1075136 5 TBZ5
Y473, Q474, A475, G476, S477, FA86, N487, Y489, F490, Q493, Y495, G496,
Q498, N501, G502, Y505
G446, Y449, E484, G485, F486, Y489, F490, 1492, Q493, S494, G496, Q498, N501, 1087140 4 7BYR
Y505
D405, R408, T415, G416, Y421, F456, R457, K458, N460, Y473, Q474, A475, G476, 1075913 2 6XCM; 6XCN
F486, N487, T500, N501, G502, Y505
SARS-CoV  R426, S432, T433, Y436, N437, K439, Y440, Y442, P469, P470, A471, 1472, N473, 77442 1 2GHW
C474, Y475, W4T76, LAT8, N479, D480, Y481, G482, Y484, T485, T486, T487,
G488, 1489, Y491, Q492
T359, T363, K365, K390, G391, D392, R395, R426, Y436, G482, Y484, T485, T486, 77444 5 2DD8
T487, G488, 1489, G490, Y491, Q492, Y494
G446, P462, D463, Y475 910052 4 6NB6; 6NB7
Y369, N370, S371, A372, F374, F377, K378, C379, Y380, G381, V382, S383, P384, 997006 7 6W41
T385, K386, L390, F429, T430, F515, ES16, L517
R346, K444, G446, G447, N448, Y449, N450, L452, V483, E484, G485, F490, S494 1075135 7BWI
R403, Q409, T415, G416, K417, D420, Y421, L455, F456, R457, K458, S459, N460, 1075136 7BZ5
Y473, Q474, A475, G476, S477, F486, N487, Y489, F490, Q493, Y495, G496,
Q498, N501, G502, Y505
R403, D405, E406, R408, Q409, T415, G416, K417, D420, Y421, L455, F456, R457, 1083498 9 7C01
K458, N460, Y473, Q474, A475, G476, S477, F486, N487, Y489, Q493, Y495,
G502, Y505
G446, Y449, E484, G485, F486, Y489, F490, L492, Q493, S494, G496, Q498, N501, 1087140 4 7BYR
Y505
MERS-CoV V527, 8528, 1529, V530, P531, S532, W535, E536, D539, Y540, Y541, R542 434785 3 4756
N501, K502, S504, F506, D510, E513, P531, W535, E536, D537, G538, D539, Y540, 461728 6 4XAK
Y541, R542, W553, V555, S557, G558, S559
N501, K502, S504, F506, D510, R511, T512, ES13, W535, E536, D537, G538, D539, 766969 10 6C6Z
Y540, Y541, R542, W553, V555, A556, S557
R242,1.244, 5245, D246, N256, N258, Q259, Y260, S261, P262, S265, K280, L282, 780242 9 5ZXV
S283, P284, 1L.285, E286, G287
R242,1.244, 5245, V251, Q253, N256, A257, Q259, Y260, P262, K280, L282, S283, 780243 6 5YYS
P284, 1285, E286, G287, L291
D510, 1529, P531, W535, ES36, D539, Y540, Y541, R542, K543, Q544, W553 832133 3 5GMQ
K493, 1495, K496, 1529, P531, S532, T533, W535, E536, D539, Y540, Y541, T560, 910130 2 6NB3; 6NB4

A562

Vaccines and other therapeutics targeting
the S protein

The functional significance of S protein makes it an impor-

tant target for developing therapeutic agents against CoVs.
It has major antigenic determinants that are responsible
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for inducing an immune response against the viral infec-
tion. Hence, it is a significant target for the development
of vaccines and neutralizing antibodies. Various peptides
and small molecules target the S protein, affecting its func-
tion and ultimately interfering with virus entry and rep-
lication. However, no anti-CoV therapeutic agents have
been approved for human use. Different S-protein-based
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Fig.4 Site-specific N-linked glycosylation of the S proteins of
SARS-CoV-2, SARS-CoV and MERS-CoV. The N-linked glycan
sites are represented as branches. NTD, N-terminal domain; RBD,

therapeutics against MERS and SARS-like CoVs are dis-
cussed in this section.

Vaccines based on the S protein

From the time of the first CoV outbreak to the latest COVID-
19 pandemic, various research groups from all around the
world have developed various candidate vaccines. Several
S-protein-based vaccines against various CoVs have been
reported, as this protein is an important target for vaccine
development. There are multiple types of S-protein-based
vaccines, including full-length, RBD-based and recombi-
nant-S-protein-based vaccines, DNA/RNA vaccines, and
viral-vector-based vaccines. Each of them has its own advan-
tages and disadvantages. Several recombinant viral/bacterial
vector vaccines encoding the SARS-CoV S protein are in the
pre-clinical stage for SARS-CoV vaccine development. They
have been shown to induce long-lasting T-cell- and B-cell-
mediated immune responses [91]. Recombinant-platform
vaccines employ viruses as a vector, such as parainfluenza
virus, adeno-associated virus, Newcastle disease virus, and
replication-defective vesicular stomatitis virus to express
the S protein. These vaccines induce neutralizing antibod-
ies and T-cell responses and decrease virus titers, eventually

receptor binding domain; FP, fusion peptide; HR-N, N-terminal hep-
tad repeat; HR-C, C-terminal heptad repeat; TM, transmembrane
domain

protecting against SARS-CoV infection [92]. Other studies
have also reported the use of recombinant measles viruses,
baculoviruses, and rabies virus as vectors expressing the
SARS S protein to elicit an immune response in transgenic
mice [93-95]. The use of the full-length S protein gene in a
DNA vaccine also resulted in SARS CoV neutralization and
immunity in mice [96]. Wang et al. identified two neutral-
izing regions in the SARS- CoV S protein produced from
DNA vaccine plasmids encoding full-length S or parts of the
S protein [97]. Furthermore, construction of DNA vaccines
encoding specific regions of the S protein was used as a
strategy to produce an immune response against SARS-CoV
[98, 99]. The vaccine VRC-SRSDNAO015-00-VP, a DNA
vaccine encoding the ectodomain of the SARS S protein,
has completed its phase I clinical trials [100, 101]. Another
recombinant S-protein-based SARS vaccine is undergoing
phase I clinical trials [102]. Various studies have reported
that the RBD of the SARS-CoV S protein contains major
neutralizing epitopes that react with antisera from SARS-
CoV-infected mice and humans [103, 104]. Immunization
of mice with the RBD subunit vaccine induces long-term
protection and a cellular immune response against SARS-
CoV infection [105-107]. Thus, the recombinant protein/

@ Springer



706

J.Verma, N. Subbarao

peptide-based subunit vaccines containing the RBD of the
S protein appear to be safe and effective [108].

The approach for the development of MERS-CoV vac-
cines is similar to that used for SARS-CoV vaccines. The
most common viruses used as a vector for recombinant-
virus-based vaccines for MERS are adenovirus and modified
vaccinia virus Ankara (MVA). Various groups have carried
out studies using recombinant human adenovirus type 5
(rAd>5) as a vector encoding the S protein or its ectodomain,
reporting successful induction of an immune response in
mice [109-111]. However, pre-existing immunity against
human adenovirus type 5 in humans has hampered its effi-
cacy as a vector. Consequently, chimpanzee adenovirus
(ChAdOx1) is used as an alternative in vector-based vac-
cines against MERS-CoV [112, 113]. MVA and Newcastle
disease virus are also used as recombinant vectors for S-pro-
tein-based vaccines against MERS infection [114-116]. All
of the DNA vaccines developed against MERS-CoV encode
the full-length S protein or the S1 domain. Immunization of
mice with DNA plasmids encoding the S1 domain elicits a
strong immune response and protects mice from developing
pneumonia-like clinical symptoms [117, 118]. Similar to
the SARS-CoV vaccines, most of the MERS-CoV subunit
vaccines have focused on the RBD of S protein. However,
Jiaming et al. have shown that recombinant NTD of the S
protein induces neutralizing antibodies and reduces MERS-
CoV infection [119]. Currently, two viral-vector-based
MERS-CoV vaccines, MERS001 and MVA-MERS-S, are
undergoing phase I clinical trials [120, 121]. The DNA vac-
cine GLS-5300, expressing the S protein of MERS-CoV is
undergoing phase I/II clinical trials [122].

The COVID-19 pandemic has prompted scientists around
the world to develop a vaccine against the novel CoV. There
has been remarkable progress in the development of vac-
cines against SARS-CoV-2 since its outbreak. Scientists
are also using an immunoinformatics approach to develop
peptide-based vaccine candidates [123, 124]. According
to the Coalition for Epidemic Preparedness Innovations,
around 115 candidate vaccines are in the R&D landscape,
and among them, 73 are in the early stage of development
[125]. So far, 47 vaccine candidates against SARS-CoV-2
have entered clinical trials, according to a recent report
by WHO, and a few of them are listed in Table 2. Among
them, Ad5-nCoV, a recombinant adenovirus type 5 vector
vaccine encoding S protein, was the first one to enter phase
II clinical trials [126]. Another viral-vector-based vaccine,
ChAdOx1 nCoV-19, is also undergoing a phase I-II trial
[127]. Other S-protein-based vaccines, BNT162 (al, bl, b2,
c2) and INO-4800, have completed phase I trials. There is a
long list of candidate vaccines scheduled for phase I clinical
trials in 2020 [128]. However, the success rate for a vaccine
candidate to pass from pre-clinical research to phase I tri-
als is about 41-57% [129]. Nevertheless, the earlier studies
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on SARS-CoV and MERS-CoV vaccine development have
helped in moving SARS-CoV-2 vaccine design forward.

Antibodies targeting S protein epitopes

Structural proteins are the major antigenic determinants
responsible for inducing an immune response against viral
infections. As mentioned in the previous section, the S
protein is the viral protein with the most antigenic epitopes
for inducing T-cell and B-cell responses. Antibodies gen-
erated by B cells bind to the virus, but only a few are
capable of neutralizing it. Hence, passive infusion of
monoclonal antibodies (mAbs) produced against the virus
are used to treat several viral infections [130]. This form
of therapy is known as neutralizing-antibody-mediated
protection. Various groups have developed potent mouse
and human mAbs against the SARS-CoV and MERS-CoV
[131-133]. The mouse mAbs targeting SARS-CoV S pro-
tein were shown to effectively inhibit SARS-CoV infec-
tion in human cells [134]. However, these mouse mAbs
may have the potential to induce an anti-mouse antibody
response in humans, giving rise to various allergic reac-
tions. However, numerous human mAbs have shown effi-
cacy when tested in vivo against both SARS and MERS
CoV infections. The majority of mAbs for both SARS-
CoV and MERS-CoV target their S protein precisely in
the RBD, preventing the virus attachment. The mAbs 80R,
m396, CR3014, and S230.15, produced against different
strains of SARS-CoV, target epitopes in the RBD of its S
protein [135-137]. Some mAbs against MERS-CoV tar-
geting a non-RBD region of the S protein such as G, and
G, show cross-reactivity and protection in transgenic mice
[138]. However, there is a predominance of RBD-based
mAbs for MERS-CoV, such as LCA60, MERS-4, MERS-
27, m336, 4C2, and 2E6, that prevent virus-receptor inter-
actions [139]. Two mAbs, REGN3048 and REGN3051,
isolated from mice immunized with the MERS-CoV S pro-
tein are undergoing a phase I clinical trial [140]. Another
MERS-CoV neutralizing antibody (nAb), SAB-301, which
was isolated from transchromosomic cattle is undergoing
a phase I clinical trial [141]. Current efforts in developing
nAbs against SARS-CoV-2 represent initial steps towards
the treatment of COVID-19. The first reported human
mAbs against SARS-CoV-2 are from a Chinese research
lab. Those researchers isolated two human mAbs that bind
to the SARS-CoV-2 RBD, blocking its interaction with
the hACE2 receptor [142]. A recently published study
from Utrecht University reported a neutralizing mAb,
47D11, which targets a conserved epitope in the SARS-
CoV and SARS-CoV-2 RBD and has cross-neutralizing
ability without affecting receptor interactions [143]. Since
SARS-CoV and SARS-CoV-2 are closely related, many
researchers have investigated the cross-neutralizing ability
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Table 2 Vaccines and therapeutics under clinical evaluation for the treatment of COVID-19. Only a few candidates have been listed in the table.

The data were retrieved from ClinicalTrials.gov.

Category Name Description Current clinical phase Clinical trial no.
Vaccine Ad5-nCoV Recombinant adenovi- Phase III; randomized NCT04526990
(Developers or sponsors) (CanSinoBIO) rus type 5 vector
AZD1222 Modified chimp adenovirus vec-  Phase III; randomized NCT04516746
(University of Oxford, AstraZen- tor
eca) (ChAdOx1)
BNT162bl; BNT162b2 mRNA RBD antigen; mRNA full Phase II/III; randomized NCT04368728
(BioNTech, Pfizer) spike protein
Unnamed Inactivated SARS-CoV-2 (Vero Phase III; randomized NCT04510207
(China National Biotec Group cells)
Company Limited)
Gam-COVID-Vac Non-replicating adenovirus-based Phase III; randomized NCT04530396
(Gamaleya Research Institute of containing S protein gene
Epidemiology and Microbiol-
ogy)
CoronaVac Inactivated SARS-CoV-2 Phase III; randomized NCT04456595
(Butantan Institute, Sinovac)
mRNA-1273 Lipid nanoparticle dispersion Phase I1I; randomized NCT04470427
(Moderna, NIAID, BARDA) containing mRNA
Ad26.COV2.S Non-replicating viral vector Phase III; randomized NCT04505722
(Janssen Vaccines & Prevention
B.V)
Unnamed Recombinant protein subunit Phase II; randomized NCT04466085
(Anhui Zhifei Longcom Biologic
Pharmacy Co. Ltd)
CVnCoV mRNA Phase II; randomized NCT04515147
(CureVac AG)
NVX-CoV2373 SARS-CoV-2 recombinant spike  Phase I/II; randomized NCT04368988
(Novavax) protein nanoparticle with adju-
vant
INO-4800 DNA plasmid delivered by elec-  Phase I/II; randomized NCT04447781
(International Vaccine Institute) troporation
AGO0301-COVID-19 DNA plasmid Phase I/IL; non- randomized NCT04463472
(AnGes, Inc.)
Lunar-COV19/ARCT-021 mRNA vaccine Phase I/II; randomized NCT04480957
(Arcturus Therapeutics, Inc.)
GX-19 DNA vaccine Phase I/IT; randomized NCT04445389
(Genexine, Inc.)
LV-SMENP-DC Lentiviral vector with minigene  Phase I/II; N/A NCT04276896
(Shenzhen Geno-Immune Medi- modifying DCs
cal Institute)
SCB-2019 Spike protein trimeric subunit Phase I; randomized NCT04405908
(Clover Biopharmaceuticals AUS ~ with GSK adjuvant
Pty Ltd)
COVAX-19 Recombinant protein Phase I; randomized NCT04453852
(Vaxine Pty Ltd)
SARS-CoV-2 Sclamp Molecular-clamp-stabilized spike Phase I; randomized NCT04495933

(The University of Queensland)

protein with MES9
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Table 2 (continued)

Category Name Description Current clinical phase Clinical trial no.
Antiviral drugs Chloroquine phosphate Anti-inflammatory Phase IV; randomized NCT04331600
Hydroxychloroquine Antimicrobial/anti-inflammatory ~ Phase IV; randomized NCT04382625
Tetrandrine Antagonist of calmodulin (anti- Phase IV; randomized NCT04308317
inflammatory)
Remdesivir Nucleotide pro-drug Phase I1I; randomized NCT04292899
Baricitinib JAK-1 and JAK-2 inhibitor Phase III; randomized NCT04421027
Famotidine Histamine-2 blocker Phase III; randomized NCT04504240
Isotretinoin Vitamin-A derivative (retinoid) Phase III; randomized NCT04361422
Favipiravir Nucleoside analog Phase II; randomized NCT04445467
Lopinavir/ritonavir HIV protease inhibitor Phase II; randomized NCT04372628
BLD-2660 Inhibitor of calpain (CAPN) 1, Phase II; randomized NCT04334460
2,and 9
EIDD-2801 Nucleoside analog Phase II; randomized NCT04405570
Immunomodulators Sarilumab Monoclonal antibody against Phase II/I1I; randomized NCT04315298
IL-6
Tocilizumab IL-6 inhibitor Phase II; N/A NCT04445272
SNGO001 IFN-f1a for nebulisation Phase II; randomized NCT04385095
LY-CoV555+ LY-CoV016 Neutralizing monoclonal anti- Phase II; randomized NCT04427501
body
REGN109334+REGN10987 Monoclonal antibody against Phase I/II; randomized NCT04425629
spike protein
Nuvastatic Immunomodulator adjuvant Phase I; randomized NCT04542447
CPI-006 Monoclonal antibody targeting Phase I; non-randomized NCT04464395

CD73

of SARS-CoV nAbs in SARS-CoV-2 infection. However, a
lengthy procedure of in vivo evaluation in animal models,
pre-clinical testing, and clinical trials might cause it to
take several years for a SARS-CoV-2 nAb to get approved
for human use [144].

Peptides and small-molecule inhibitors

Peptide-based therapeutics have great potential to be used
as antiviral drugs. The first approved antiviral peptide, enfu-
virtide, is an inhibitor of the HIV fusion mechanism. This
peptide is derived from HIV gp41 HR2 region and prevents
the interaction between HR1 and HR2, inhibiting fusion core
formation [145]. However, various peptidomimetic inhibi-
tors have been designed by different approaches to target
the entry of viruses into cells. Coronavirus S-protein-based
therapeutics involve various peptides that block RBD-recep-
tor interactions, inhibit S protein cleavage and block fusion
core formation. Peptides derived from both the RBD and
the virus-binding motif of ACE2 can block the interaction
of S1 with ACE2, inhibiting SARS-CoV entry into the cell
[146, 147]. A study has also shown that synthetic peptides
corresponding to the S1-S2 cleavage site region can interfere
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with this cleavage and restrict the production of functional
S1 and S2 subunits [148]. Multiple peptides based on the
HR2 domains of S proteins from SARS-CoV and MERS-
CoV have been reported. Various biological techniques have
been used to show that HR2 peptides compete with the viral
S protein’s HR2 domain to bind to HR1 and prevent fusion
core formation, with effective concentrations in the micro-
molar range [85, 149, 150]. Although the HR2 region and
the fusion mechanism are conserved in MERS and SARS-
like CoVs, there are differences in the HR1 and HR2 binding
interface that could explain the difference in their sensitivity
to HR2 peptides. Also, the HR2 peptides derived from these
viruses were not cross-reactive. However, a recent report
describes a pan-CoV fusion inhibitor targeting the HR1
domain of various human CoVs [151]. With the emergence
of SARS-CoV-2, the authors, who had previously published
a study of the pan-CoV inhibitor EK1, generated various
lipopeptides derived from EK1 and found EK1C4 to be the
most potent fusion inhibitor of SARS-CoV-2 [82]. Another
recent report from China describes an HR2-sequence-based
lipopeptide fusion inhibitor (IPB02) that inhibits SARS-
CoV-2 S-protein-mediated cell-cell fusion and pseudovirus
transduction [152]. Various computational and experimental
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studies are in progress to develop a peptide-based inhibitor
of the SARS-CoV-2 S protein. Regardless of their inhibitory
actions, the in vivo efficacy of these peptides is essential.
Various small-molecule entry inhibitors targeting the
envelope proteins of viruses have been reported in the scien-
tific literature; however, very few are under clinical develop-
ment. A few studies have reported small-molecule inhibitors
of CoV S proteins blocking viral entry. After the outbreak
of SARS-CoV, Kao et al. identified 104 compounds with
anti-SARS-CoV activity, 18 of which targeted S protein-
ACE2 mediated cell entry. Among them, VE607 had potent
antiviral activity (ECs, < 10 pM) and inhibited SARS-CoV
entry [153]. It has also been reported that novel small mol-
ecules based on Chinese herbal medicine can inhibit the
interaction of the S protein with ACE2 and can interfere with
the fusion process as well [154, 155]. A study of potential
SARS-CoV entry inhibitors showed that two of them inhib-
ited the S protein. SSAAQ9E2 blocked the interaction of S
protein with ACE2, and SSAAQ9E3 prevented the fusion
process [156]. The number of small molecules known to
target the MERS-CoV S protein is limited. An HIV entry
inhibitor, ADS-J1, targeting gp41, was found to prevent the
interaction between the HR1 and HR2 of MERS-CoV, thus
inhibiting MERS-CoV pseudovirus infection [157]. To iden-
tify small-molecule MERS-CoV fusion inhibitors, a study
evaluated some known MERS-CoV replication inhibitors
and concluded that they could also inhibit clathrin-mediated
endocytosis [158]. Until now, no small molecule inhibitor
against the S protein of SARS-CoV-2 has reached its pre-
clinical stage. A few candidate vaccines and therapeutics
undergoing clinical evaluation are listed in Table 2. Moreo-
ver, drug repurposing is being adopted as a strategy against
SARS-CoV-2, and various candidate drugs are undergoing
clinical trials [159-161]. Many studies are being carried out
rapidly to develop therapeutics and combat the novel CoV.

Concluding remarks

A structural and functional comparison of the S proteins of
various CoVs helps to understand the basis of their evolution
and pathogenicity. A few mutations or structural changes in
the spike RBD can result in virus evolution and the emer-
gence of new strains. Hence, structure-based prediction of
probable mutations in the RBD, cleavage sites, fusion pep-
tide, and glycosylation sites of these viruses might help to
predict their future evolution. Furthermore, understanding
the structural basis of their receptor recognition and cell
entry process may assist in elucidating cross-species infec-
tion and human-to-human transmission. Hence, these stud-
ies may enhance our understanding of the intermediate host
of the novel CoV, providing greater insight into its origin.
Atomic-level comparisons of S proteins may bring forth a

new understanding of CoV antigenicity and aid in the devel-
opment of therapeutic strategies. Structural similarities in
the S protein epitopes, receptor-binding regions, and fusion
core provide useful insight to develop broad-spectrum treat-
ment against these re-emerging viruses. Various vaccines
and drugs are under development to combat the ongoing
pandemic caused by SARS-CoV-2. Our comparative study
also provides a valuable summary for further development
of COVID-19 therapeutics.
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