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Abstract An ongoing pandemic Coronavirus disease

(COVID-19), caused by a newly emerged Coronavirus,

SARS-CoV-2 has affected millions of people globally. One

of the most crucial structural proteins of SARS-CoV-2 is

the Spike glycoprotein (S-glycoprotein), for which the first

de novo modelling was envisaged by our group in early

2020, and was superimposed to its predecessor SARS-CoV

S-glycoprotein, to determine structural divergence, glyco-

sylation and antigenic variation between SARS-CoV-2 and

SARS-CoV. S-glycoprotein is involved in binding with the

cellular receptor, membrane fusion, internalization via

angiotensin-converting enzyme 2 (ACE2) receptor, and

tissue tropism. Upon internalization into the target host

cells, the viral genome encodes two precursor polypeptides

which get processed into 16 mature nonstructural proteins

that play a crucial role in replication and transcription of

SARS-CoV-2. Currently S-glycoprotein is one of the most

vital targets for vaccine and therapeutics development for

COVID-19.
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Abbreviations

ACE2 Angiotensin-Converting Enzyme 2

APN Aminopeptidase N

BALF Broncho-Alveolar Fluid

CoV Coronavirus

CTL Cytotoxic T Lymphocyte

MERS Middle East Respiratory Syndrome

NSP Non-structural protein

ORF Open Reading Frame

RBD Receptor-Binding Domain

RBM Receptor Binding Motif

RMSD Root Mean Square Deviation

SARS Severe Acute Respiratory Syndrome

ssRNA Single-Stranded Ribonucleic Acid

TM Transmembrane

TMPRSS2 Transmembrane Protease Serine 2

Introduction

Numerous cases of pneumonia with novel etiological

factors have emerged in Wuhan, Hubei region of China in

December 2019 [1–4]. Consequently, the metagenomic

sequencing analysis of bronchoalveolar lavage fluid

samples taken from the patient suggested the novel

coronavirus (nCoV) outbreak in Wuhan. On January 31,

2020, the World Health Organization (WHO) confirmed

this nCoV as a public health emergency of international

concern [2, 5]. Considering the high sequence similarity

with SARS-CoV, the International Committee on
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Taxonomy of Viruses (ICTV) has renamed this nCoV as

the Severe Acute Respiratory Syndrome Coronavirus-2

(SARS-CoV-2) [6]. So far, at least 50 million confirmed

cases and *1.2 million deaths have been reported glob-

ally [7]. Clinically, a person infected with SARS-COV-2

shows respiratory illness, which is related to the other

respiratory viral infections. Understanding of viral

dynamics and host responses are necessary for develop-

ment of effective vaccination strategies, antiviral treat-

ment, and the epidemiological control of COVID-19 [8].

So far, the SARS-CoV-2 is 7th coronavirus which has

infected humans [9, 10]. SARS-CoV-2 morphology is

elliptic or round or pleomorphic with an approximate

diameter of 60–140 nm in size [11]. Coronaviruses

encodes for 16 nonstructural proteins (nsp1-nsp16) and

four structural proteins spike glycoprotein (S-glycopro-

tein), membrane (M), envelope (E), nucleocapsid (N) and

hemagglutinin (HE) protein as exhibited in Fig. 1a

[12, 13]. However, SARS-CoV-2 is devoid of the

hemagglutinin gene. SARS-CoV-2 is a positive sense

single-stranded (? ss) RNA virus of 29.8–29.9 kb gen-

ome size encoding *9860 amino acids long polyprotein

[14]. The infection of coronaviruses (CoVs) commence

with S-glycoprotein mediated virus attachment to the host

cellular receptor. The first de novo modelling of S-gly-

coprotein was envisaged by our group in early 2020

before the WHO has announced the public health emer-

gency [12]. Receptor recognition is crucial for cellular

tropism of a CoVs. Among the seven identified human

coronaviruses (hCoVs), HKU1 and HCoV-OC43 are able

to exceptionally connect to sugar moieties for cellular

attachment, while the other hCoVs identifies proteina-

ceous peptidases as their potential target receptors. The

HCoV-229E virus interacts with aminopeptidase N

(hAPN) whereas, human dipeptidyl peptidase 4 (hDPP4

or hCD26) is required for MERS-CoV interaction for

their internalization. Whereas, SARS-CoV and hCoV-

NL63 attach to the hACE2 for entry [15–18]. Similarly,

SARS-CoV-2 uses hACE2 receptor for its attachment and

internalization into the host cell. S-glycoprotein embed-

ded at the surface of the SARS-CoV-2 exhibits receptor

recognition and membrane fusion activity. Upon S protein

binding of the hACE2 receptor, conformational transfor-

mation occurs in S protein that results in the integration

of E protein with the host membrane. The process of viral

attachment to ACE2 receptors is a crucial step during

SARS-CoV-2 infection therefore, understanding this

phenomenon is important for identification of potential

attachment inhibitors [6, 19]. Here, we highlights the

genome structure of the CoV and discuss the mechanism

of S-glycoprotein mediated SARS-CoV-2 attachment to

target host cell receptor ACE2.

SARS-CoV-2 genome organization

Upon interaction of S-glycoprotein with hACE2 receptor,

SARS-CoV-2 gets internalized via an endosomal pathway

that results in release of viral RNA. The SARS-CoV-2

genome is 29.8–29.9 kb positive sense RNA with 50 UTR
region of 265 and 30UTR region of 358 nucleotides. The 50

end comprises of orf1ab which is more than two third of

the genome that encodes for orf1ab polyproteins whereas

30end comprises of genes encoding structural and accessory

proteins (3a, 6, 7a, 7b, 8, and 10). Following internaliza-

tion, viral RNA gets translated into long polyproteins (pp1a

and pp1b). These polyproteins get processed via proteolytic

cleavage of polyproteins into nsps. The negative strand of

viral RNA acts as a template strand for generation of

genomic RNA (gRNA) of positive sense as well as

subgenomic RNA (sgRNA). sgRNA further encodes for

structural proteins which involves in the packaging of

gRNA for assembling of progeny virions [20].

Spike glycoprotein of CoVs

Entry of CoV is mediated by S-glycoprotein which pro-

trudes from the viral surface as homotrimeric transmem-

brane protein. S-glycoprotein assembled into trimeric

conformation on the surface of the virus to form the typical

‘‘corona’’, or crown-like appearance [21]. S-glycoprotein is

essential for membrane fusion, receptor binding, internal-

ization, tissue tropism, and host range. S-glycoprotein

consists of two functional subunits S1, required for the

attachment to cellular receptors and S2, involved in viral

and cell membrane fusion. The S-glycoprotein is cleaved

from the interface of S1 and S2 subunits that remains non-

covalently linked in prefusion conformation. S1 subunit is

required for the stability of prefusion conformation of

membrane linked S2 subunit. To activate the S-glycopro-

tein, host proteases are involved in the processing of spike

protein specifically at the S20 site present at the upstream

fusion peptide which ultimately requires for its membrane

fusion activity.

Spike glycoprotein and ACE-2 mediated SARS-
CoV-2 entry

The functional aspect of ACE2 receptor in coronavirus

infection has been primarily identified during SARS-CoV

outbreak. The general physiological function of the

receptor ACE2 is the conversion of angiotensin I and II

into angiotensin (1–9) and angiotensin (1–7) respectively

[22, 23]. Angiotensin (1–9) binds with Mas receptor that
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leads to anti-inflammatory effects and vasodilatation which

is antagonistic to the ACE function. Two functional regions

of ACE2 have been identified as N-terminal peptidase

domain M2 and the C-terminal collectrin domain. Con-

sidering the higher sequence similarity among the S-gly-

coproteins, a similar function of ACE2 receptor was

observed during SARS-CoV-2. S1 subunit of S-glycopro-

tein comprises a receptor binding domain (RBD) (aa resi-

dues 333–527) which is responsible for the virus

attachment with ACE2 receptor [23]. Due to the presence

of four residues (Gly-Val-Glu-Gly) at 482–485 named as

receptor binding motif (RBM), the affinity of S-glycopro-

tein ectodomain towards ACE2 receptor is 10–20 folds

higher in comparison with SARS-CoV [24]. The critical

point of attachment for S-glycoprotein is the presence of

two lysine residues in ACE2 receptor that interacts with

Gln493 and Leu455 in the SARS-CoV-2 S-glycoprotein

RBM for substantial binding stabilization with receptor

[23].

SARS-CoV-2 spike glycoprotein structure

Like other CoVs, SARS-CoV-2 internalization in the target

host cell is exhibited by S-glycoprotein. A prominent

sequence variation in the S-glycoprotein of SARS-CoV-2

was determined as compared with SARS-CoV and other

CoVs. Specifically, we have observed, 12.8% of sequence

variation in S-glycoprotein and 23.6% differences in min-

imal RBD among SARS-CoV and SARS-CoV-2 [12].

However, length of encoded proteins in both the coron-

aviruses is found almost the same [25] with the introduc-

tion of four amino acids at the interface of S1 and S2 that

acts as a furin cleavage site necessary for priming of

SARS-CoV-2 S-glycoproteins. Around 3.8 Å RMSD of

structural divergence was observed when crystal structures

of S-glycoprotein of SARS-CoV-2 with SARS-CoV were

compared [26]. Our first de novo modelling of S-glyco-

protein [12] has exhibited the structural divergence of

S-glycoprotein of SARS-CoV-2 (Fig. 1b) and SARS-CoV

(Fig. 1c) suggests structural resemblance and raises hope

towards the treatment of COVID-19 (Fig. 1d). Considering

this, the earlier trialed attachment inhibitor used for SARS-

CoV might be effective as the current option of treatment

of COVID-19. Interestingly, SARS-CoV-2 S-glycoprotein

exhibits larger differences in RBDs with 10 times more

binding affinity towards ACE2. Similar to other CoVs,

S-glycoprotein of SARS-CoV-2 comprises two subunits S1

and S2 (Fig. 1a). S1 subunit consists of signal peptide,

N-terminal domain (NTD) and RBD. Whereas, S2 subunit

consists of two heptad-repeat (HR) regions both at N and C

terminal (HR-N and HR-C) that forms coiled coil structure

within protein ectodomain that assist in membrane fusion

[6, 20, 25, 27].

Proteolytic cleavage and activation of spike
glycoprotein

SARS-CoV-2 entry into host cell follows several steps that

start with binding of S-glycoprotein with host cell surface

receptor ACE2 via RBD (Fig. 2), changes in S-glycopro-

tein conformation, its proteolysis and the release of subunit

S2, which further exhibits virus fusion and endocytosis

[23, 28]. The S-glycoprotein cleaved from the site of

cleavage that makes S1 and S2 subunits. The RBD is

present in S1 subunit that mediates S-glycoprotein binding

to the host cell receptor [29]. Upon binding to the ACE2

receptor, a proteolytic cleavage site gets exposed on S2

subunit, where transmembrane protease serine 2

(TMPSSR2), a host cell protease start the cellular entry

process by priming the S-glycoprotein [30]. During this

process, the RBD ties up to the carboxypeptidase area of

ACE2. The RBM present inside the RBD facilitates the

initial interaction with ACE2 peptidase domain. The pro-

cessing of the S-glycoprotein occurs in two steps, first

‘priming’ and second ‘activation’ of cleavage at the

boundary of S1 and S2 subunits that comprises multi-basic

arginine residues. In addition, a furin cleavage site (R-R-A-

R) is present at the interface of S1 and S2 subunits of

S-glycoprotein, which is absent in SARS-CoV [30].

Elimination of this motif affects the cellular attachment

and internalization into the target host cell. The furin site

extends the flexibility of SARS-CoV-2 for processing by

cellular proteases and possibly the tropism and transmis-

sibility attributable to the wide cell articulation of furin

proteases especially in the respiratory system. This implies

that recently synthesized virions may be emitted in a ’pre-

activated’ form ready to infect diverse cell types without

the requirement to bind with a cell receptor, for example,

ACE2. In the two-step mechanism, the cleavage site at the

S20 is required for activation of the S-glycoprotein for

fusion with cell membrane. Hindrance of TMPRSS2

bFig. 1 Representation of the genomic organization of the SARS-

CoV-2 and domain structure of Spike glycoprotein (A). S-glycopro-

tein contains S1 and S2 subunits where S1 subunit consists of signal

sequence, N-terminal domain (NTD) and receptor binding domain

(RBD). The S2 subunit consists of heptad-repeat (HR) regions as HR-

N and HR-C involves the formation of coiled coil structure within the

protein ectodomain. At the interface of S1 and S2 subunit various

cleavage sites are present including protease, furin and S20 protease.
S- Spike glycoprotein gene, E-Envelope protein gene, N- nucleocap-

sid protein gene, M- membrane protein gene, RBD- receptor-binding

domain. Structural comparison of Spike glycoprotein of SARS-CoV-2

(B), with SARS-CoV (C), suggesting minimal structural difference in

superimposed spike glycoproteins structures (D)
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utilizing camostat mesylate somewhat obstructs the entry

of SARS-CoV-2 [32]. Despite TMPRSS2, S-glycoprotein

of SARS-CoV-2 can also get activated proteolytically by a

number of other proteases such as endosomal cysteine

proteases; cathepsin B and L. Some other proteases like

furin, factor X, trypsin and elastase are also able to perform

this ‘priming’ proteolysis that begins the cellular entry

process [23]. Using computer aided drug designing; we

have recently shown several of the potential antiviral

molecules that may interfere with the interaction of spike

with ACE2 receptors [33, 34].

Spike glycoprotein mediated translation inhibition
in coronavirus infected cell

Upon SARS-CoV-2 infection, host cells mediate various

host genes expression including chemokines and proin-

flammatory cytokines up-regulation at both transcriptional

and translational levels [35]. More specifically, IL-8, IL-6,

TNF-a and IFN, have been considered as the major medi-

ators of the SARS-CoV-2 pathogenesis. These over-

produced cytokines and chemokines elicit inflammasome

response by the induction of acute injury in the cell and the

tissues [36]. S-glycoprotein of SARS-CoV interacts with

the eIF-3f, a subunit of the eukaryotic initiation factor 3,

which results in inhibition of protein synthesis [37]. Since

the inhibition takes place at the later stages of the virus

replication cycle, virus-induced transcripts including

proinflammatory cytokines and chemokines translational

process is primarily affected. The inhibition of translation

exhibits a crucial role in the pathogenesis of CoVs. The

inhibitory effect seems to be general, as both the viral and

cellular protein synthesis gets affected. Conversely,

aggregation of S-glycoprotein up to a certain amount in the

host cell is a signal for translational inhibition, it would

affect only at the final stage of viral infection. This can be

majorly advantageous to the virus. Upto this, the viral

replication and translation in the host cell are almost

completed, inhibition of viral protein synthesis would be

less affected causing sufficient viral production and fol-

lowing contamination of neighboring cells. In contrast,

inhibition of infected cell protein synthesis, specifically,

the virus-induced transcripts translation which accumulated

Fig. 2 Structure of the severe acute respiratory syndrome coron-

avirus-2 (SARS-CoV-2) and interaction with host cellular receptor

ACE2. SARS-CoV-2 encodes for four structural proteins, spike

glycoprotein, membrane glycoprotein (M), Envelope (E), nucleocap-

sid (N). Spike glycoprotein is embedded in the host derived

membrane which binds with the host cell receptor ACE2. The inset

is showing the protein–protein interaction of SARS-CoV-2 S-glyco-

protein with host cell receptor ACE2 mediated via receptor binding

domain (RBD) present in spike glycoprotein and peptidase domain of

ACE2
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at high concentration would have reduced the protein

product production dramatically from these genes. Most of

the synthesized proteins are proinflammatory in nature, and

thereby production and secretion of these cytokines/che-

mokine causes inflammatory response, induces the adjacent

cells and may cause cell death [38]. The direct outcome of

this cell/tissue reaction could be the restraint and elimi-

nation of viral infection.

Post translational modifications of S-glycoprotein
and other structural, non-structural proteins

Numerous CoV proteins undergo post translational modi-

fications (PTMs) which include glycosylation, palmitoy-

lation of the E and S-glycoprotein. More specifically,

glycosylation at Asn residues (N linked) or hydroxyl group

of Ser and Thr (O-linked) of the M-protein, ADP-ribosy-

lation of N-protein and other PTMs on NSPs and accessory

protein have been observed in CoVs [39]. In addition,

incorporation of disulfide bonds in S-glycoprotein and

conserved cysteine residues into its cytosolic domain has

been reported with palmitoylation.

N-linked glycosylation

The N-linked glycosylation in S-glycoprotein of CoVs was

first reported for mouse hepatitis virus. S-glycoprotein of

SARS-CoV has exhibits oligosaccharides containing high

mannose and trimers within 30 min after the entry into

endoplasmic reticulum, former to the acquirement of

multifaceted glycans present in Golgi apparatus [40].

Monitoring of SARS-CoV S-glycoprotein susceptibility to

endoglycosidase H (endo H), shows its maturation status

[39]. Using molecular cloning techniques, the S-glyco-

protein coding sequences of various CoVs were cloned,

following determination of N-linked glycosylation sites.

However, all the putative glycosylation sites were not

functional. In SARS-CoV S-glycoprotein, 12 sites were

found glycosylated out of the 23 putative sites [41].

N-linked glycosylation is associated with protein confor-

mation, and hence intensely affects the antigenicity of

S-glycoprotein and receptor binding. Similarly, S-glyco-

protein of SARS-CoV-2 has been found to exhibit 22 N-

linked glycan structure detected using mass spectrometry

which showed complex and hybrid glycans likely to play

an important role in protein folding and immune evasion

[42].

Palmitoylation

Palmitoylation is a process of the covalent attachment of

fatty acids like palmitic acid, to cysteine etc. Four cysteine

rich clusters are present in the cytoplasmic ends of SARS-

CoV S-glycoprotein. Mutational study revealed palmitoy-

lation of cysteine clusters I and II. Even though the cellular

expression of SARS-CoV S-glycoprotein was unaffected

considerably by cysteine clusters I and II mutations, S

mediated fusion of cells was clearly reduced as compared

with the wild type protein. This suggests the requirement of

palmitoylation in the endodomain for the SARS-CoV

S-glycoprotein fusogenic activity.

However, post translational modifications have also

been observed in following other structural and accessory

proteins of SARS-CoV [39].

Envelope protein

• N-linked glycosylation and palmitoylation

• In SARS-CoV, N-linked glycosylation depends on the

membrane topologies

Membrane protein

• O-linked glycosylation in some beta-coronaviruses

while in other PTMs occur by N-linked glycosylation

Nucleocapsid protein

• Modification by proteolytic cleavage, phosphorylation,

ADP-ribosylation and sumoylation.

• During coronavirus induced programmed cell death,

caspase cleaved the N protein of coronavirus.

Nonstructural proteins and accessory proteins

• CoV nsp3 and nsp4 are multi-spanning transmembrane

proteins which get modified via N-linked glycosylation.

This may have a crucial role during viral replication and

vesicle formation.

• In some beta-coronaviruses the accessory proteins

hemagglutinin-esterase 3a and 8ab of SARS-CoV

modified by glycosylation.

Possible remedial approaches to deal with COVID-
19

Development of vaccine based on S-glycoprotein

S-glycoprotein plays a major role in attachment of virus

particles. The similarity in the antigenicity of the SARS-

CoV-2 with SARS-CoV may be allied with the similar type

of antigenic response and thus this may be used for the
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designing peptide-based vaccine based on S-glycoprotein

[12, 43].

Restraining the activity of TMPRSS2 and protease

activity

The initial priming of the S-glycoprotein is a crucial step

for the entry and infection of SARS-CoV-2 via ACE2

receptor. Inhibition of the proteases (TMPRSS2, endoso-

mal cysteine proteases; cathepsin B and L.) may prevent

the viral entry into the host cell. It is reported that camostat

mesylate, a serine protease inhibitor can partially block

TMPRSS2 activity [23, 32. 44, 45].

ACE2 receptor blockage

It is well reported that SARS-CoV-2 enters into the host

cell via ACE2 receptor. The use of some other molecule

which targets this binding site can prohibit the entry of

virus in the host cell [44, 46]. We have also shown the use

of convalescent plasma therapy in order to prevent the

infection [47].

Novel epitope-based vaccine

The variation found in the RBD domain of S-glycoprotein

suggests that SARS-CoV-2 may experience modification in

virus binding capacity and internalization into the host cell.

While comparing the antigenic sites of S-glycoprotein of

SARS-CoV-2, we have found novel CTL epitopes exhib-

ited by SARS-CoV-2 that may cause distinctive antigenic

responses as compared to SARS-CoV. Our novel CTL

epitopes in S-glycoprotein suggested various opportunities

for the designing peptide based vaccine for preventing

COVID-19 [12]. Consequently, a recombinant adenovirus

type-5 (Ad5) vectored COVID-19 vaccine has been

designed that express S-glycoprotein of SARS-CoV-2

which found to elicit rapid specific T-cell responses [48],

suggesting the importance of S-glycoprotein associated

vaccines for further investigations.

Conclusions

In the middle of the worldwide public health emergency

i.e. COVID-19, it is logical to question why the origin of

this pandemic matters. Thorough understanding of cross

species viral transmission will support the prevention of

upcoming zoonotic events. SARS-CoV-2 shows many

similarities and variations with SARS-CoV on sequence

alignment, structural, and antigen basis. SARS-CoV-2

utilizes the receptor ACE2 for the entry into the host cell.

S-glycoproteins present in the virus particle help in

attachment and activation of the process. Still, many areas

are unexplored and the mechanism is unknown. Efficient

SARS-CoV-2 vaccines are crucial to reduce the severity

and transmission of the disease. Developing a vaccine takes

time, till then it is important to follow the authority’s

instructions and maintain social distancing. Restricted

information on the SARS-CoV-2 results in some limita-

tions to explain the entire role of S-glycoprotein and

antigenicity.
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