S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Microbial Pathogenesis 150 (2021) 104719

Contents lists available at ScienceDirect

"~ MICROBIAL
PATHOGENESIS

'

Microbial Pathogenesis

journal homepage: www.elsevier.com/locate/micpath

FI. SEVIER

Check for

Spike glycoproteins: Their significance for corona viruses and receptor e
binding activities for pathogenesis and viral survival

Ali Noman® ', Muhammad Aqeel °, Noreen Khalid ¢, Mohamed Hashem d.e Saad Alamari &f
Saad Zafar , Muhammad Qasim ", Muhammad Kashif Irshad’, Sameer H. Qari”> "

& Department of Botany, Government College University, Faisalabad, Pakistan

b State Key Laboratory of Grassland Agroecosystems, School of Life Sciences, Lanzhou University, Lanzhou, 730000, Gansu, PR China
¢ Department of Botany, Government College Women University Sialkot, Sialkot, Pakistan

4 King Khalid University, College of Science, Department of Biology, Abha, 61413, Saudi Arabia

€ Assiut University, Faculty of Science, Botany and Microbiology Department, Assiut, 71516, Egypt

f Prince Sultan Bin Abdulaziz Center for Environmental and Tourism Research and Studies, King Khalid University, Abha, Saudi Arabia
8 District Headquarters Hospital, Faisalabad Medical University, Faisalabad, Pakistan

1 Key Laboratory of Molecular Biology of Crop Pathogens and Insects, Institute of Insect Sciences, College of Agriculture & Biotechnology, Ministry of Agricultural and
Rural Affairs, Zhejiang University, Hangzhou, 310058, PR China

! Department of Environmental Sciences, Government College University, Faisalabad, Pakistan

J Biology Department, Aljumum University College, Umm Al - Qura University, Makkah, Saudi Arabia

ARTICLE INFO ABSTRACT

Keywords:

Covid-19

Infection control
Receptors binding complex
Viral replication

The recent outbreak of Covid-19 is posing a severe threat to public health globally. Coronaviruses (CoVs) are the
largest known group of positive-sense RNA viruses surviving on an extensive number of natural hosts. CoVs are
enveloped and non-segmented viruses with a size between 80 and 120 nm. CoV attachment to the surface re-
ceptor and its subsequent entrance into cells is mediated by Spike glycoprotein (S). For enhanced CoV entry and
successful pathogenesis of CoV, proteolytic processing and receptor-binding act synergistically for induction of
large-scale S conformational changes. The shape, size and orientation of receptor-binding domains in viral
attachment proteins are well conserved among viruses of different classes that utilize the same receptor.
Therefore, investigations unraveling the distribution of cellular receptors with respect to CoV entry, structural
aspects of glycoproteins and related conformational changes are highly significant for understanding virus in-
vasion and infection spread. We present the characteristic features of CoV S-Proteins, their significance for CoVs
and related receptor binding activities for pathogenesis and viral survival. We are analyzing the novel role of S-
protein of CoVs along with their interactive receptors for improving host immunity and decreasing infection
spread. This is hoped that presented information will open new ways in tackling coronavirus, especially for the
ongoing epidemic.

and the rest of the world [3,4].
In 1960s, human coronaviruses were characterized for the very first

1. Introduction

The end of the year 2019 marked the beginning of a deadly viral
outbreak in China. The devastating virus was termed as coronavirus
disease (COVID-19) (previously known as 2019-nCoV). The causal agent
belongs to the family Coronaviridae and is a close relative of a SARS-
related CoV (severe acute respiratory syndrome (SARS)-related CoV)
[1,2] and designated as SARS-CoV-2. It is officially declared as the
causal agent of disease spread among residents of Wuhan city in China

* Corresponding author.
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time and observed as causative agents of many respiratory infections
[5]. Coronaviruses are regarded as enveloped and non-segmented vi-
ruses with a size between 80 and 120 nm having positive-sense RNA
genomes of size between 27 and 36 kb [6]. The genomic RNA and
phosphorylated nucleocapsid (N) protein constitute the nucleocapsid of
the virion. The nucleocapsid is buried inside phospholipid bilayers and
possess three proteins, i.e. spike glycoprotein (S) trimmer and, the
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membrane (M) and the envelope protein (E) [7]. The genotypic and
serological basis divided coronavirus subfamily is categorized into four
genera, namely the alpha, beta, gamma and delta coronaviruses.

In the past, infection with different types of coronaviruses was
proved to be fatal with the highest death rate. For example, SARS-CoV
infection in China was reported among 8000 people with 774 deaths
[8]. Similarly, the mortality rate due to MERS-CoV (Middle East respi-
ratory syndrome coronavirus) was recorded up to 35% [9]. Many
Coronaviridae members continuously flow in the human populations
and can be held accountable for typical mild respiratory ailments [10].
Contrarily, SARS-CoV and MERS-CoV can spread in humans from ani-
mals and results in severe respiratory disorders in patients [10,11].
Chinese horseshoe bats have been reported as a natural reservoir of
SARS-CoV-2 and it is transmitted to humans by means of intermediate
hosts [12].

Recent records confirm many common symptoms for this disease like
fever, cough, fatigue, dyspnea, leucopenia and lymphopenia [13]. Some
less common symptoms include headache, production of sputum, hae-
moptysis. All patients were diagnosed with pneumonia and in some
cases acute cardiac injury had also been observed. So far, collective
evidence points out the human-to-human transmission for Covid-19
[13]. Symptoms such as dyspnoea, dry cough, fever and abnormalities
in the chest are common between, SARS-CoV, MERS-CoV and Covid-19
[2,14]. As of December 2020, more than 76.332 million confirmed cases
and 1.687 million deaths, and infection has been reported throughout
the world. Unfortunately, no authentic vaccine or antiviral drug has yet
been developed. Leading companies around the globe are working hard
to complete the development of the vaccine to fight this epidemic.

Epithelial cells are considered as the main fence to microbial infec-
tion entering host via body cavities, i.e. the respiratory or gastric tract.
Along with the polarity of epithelial cells affecting both the early as well
as late infection stages, i.e. viruses entry and exit, presence of suitable
cell surface receptors are a key determinant in the attachment to and
movement across the cell membrane [15]. For example, ACE2 (angio-
tensin I-converting enzyme-2) a SARS-CoV receptor is a plasma
membrane-localized in apical epithelial cells [16]. CoV attachment to
the surface receptor and its subsequent entrance into cells is mediated by
Spike glycoprotein [17]. Common among coronaviruses, different
members reflect variations in relation to the size, shape, and distribution
of the S protein on the virion surface [18]. S-proteins consist of S1 and S2
domains and belong to class 1 fusion protein. Therefore, investigations
unraveling the distribution of cellular receptors with respect to CoV
entry, structural aspects of glycoproteins and related conformational
changes are highly significant for understanding virus invasion and
infection spread.

Many missing links in our knowledge and understanding regarding
the source of virus, disease epidemiology, transmission duration, treat-
ment as well as drug discovery require extensive studies. By this article,
we aim to describe a novel role of coronavirus spike glycoproteins and
their interactive partners/receptors in enhancing host resistance for
decreasing infection spread. We are pretty hopeful that our presented
information will open new ways of tackling coronavirus, especially for
the ongoing epidemic Covid-19.

2. What are spike glycoproteins and their significance for CoV
and its spread

Viral penetration and infection spread depend upon the interaction
between the virion and the cell surface proteins. The virion envelope
comprises of three main viral proteins, namely the spike glycoprotein
(S), the membrane (M) and the envelope protein (E) respectively. As-
sembly of CoVs takes place intra-cellularly and the M, E, and some S
proteins of CoV envelope can also be retained intra-cellularly [19].
Numerous spike glycoproteins garnish the CoV virions surfaces and
confer the characteristic corona shape to a virus. S use particular cell
receptors and act as a chief mediator of attachment with the host cell and
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viral entry (Fig. 1) [20,21]. In coronaviruses, S-proteins (size around
200 kDa) are key players in virus virulence, tissue tropism and host
range. S-proteins of SARS and 2019-nCoV share approximately 76%
identity in amino acid sequence [22]. Structural analysis of S trimer in
Covid-19 by cryo-EM reveals a predominant state of the trimer with one
of the three RBDs rotated in an up conformation for enhancing access to
a receptor. It was also confirmed that for binding with ACE2, S-protein
of Covid-19 shows much higher affinity as compared to S-protein of
SARS-CoV. The spike glycoprotein structures of Covid-19 and SARS-CoV
display much homology (root mean square deviation (RMSD) of 3.8 A
over 959 Ca atoms). However conformational differences are also pre-
sent between S in both types of CoVs. A major structural difference
between these two is the RBDs (receptor binding domain) position in
their respective down conformations. RBD in SARS-CoV in its down
conformation reportedly packs tightly against the NTD (N-terminal
domain) of the neighboring protomer while the RBD of S of Covid-19 in
its down conformation is found close to the central cavity of the trimer
[23].

On coronavirus envelope, S-proteins trimers make the distinguishing
big spikes that bind to receptors for mediating virus entry, membrane
fusion and elicit antibodies [24]. Present in the S1 domain (amino--
terminal) of S, the conserved RBD is a key factor in defining host range
[25]. S2 (carboxy-terminal) domain manages viral entry and cell fusion.
Like HIV envelope (env) or influenza hemagglutinin (HA), S proteins of
CoVs are Class I viral fusion protein, characteristically involving prote-
ase cleavage during assembly and exocytosis of virions. In diverse cell
types and tissues as well, a broad range of host protease such as HAT,
TMPRSS-2 (transmembrane protease serine 2), trypsin etc. cleave CoV S
proteins. The cleavage between the S1 and S2 domains permit confor-
mational alterations in S2, activated by receptor binding along with/-
without low pH. These factors mediate membrane fusion, causing virus
entry as well as syncytia formation [26]. CoV S proteins possess two
heptad repeats (HR) in their S2 domain that is reckoned as a typical
character of class I viral fusion proteins. HR consists of abcdefg that is a
repetitive heptapeptide with hydrophobic residues (a and d) essential
for the formation of coiled-coil taking part in the fusion process [27].

Spike proteins are considerable actors in cell tropism activities. The
changes in tropism straightly correspond with S protein [28] although
the avirulence is also the result of attenuated mutations. In chimeric
viruses such as MHV (mouse hepatitis virus) and FCoV (feline CoV) data
corroborates direct linkage of S proteins with pathogenesis and tropism
[29]. Such changes or differences in S protein-mediated tropism are
linked with prime functions of proteins, i.e. fusion and receptor binding.
A fusion of membranes, i.e. viral and host is mediated by changes in
S-protein conformation. Such fusion is activated by different triggers.
Although conformational changes get started after binding with receptor
yet additional triggers like pH changes or proteolytic cleavage some-
times become essential for fusion activity [27]. Any mutation in both
domains of S may lead to viral dysfunction, including replication [30]
and infection spread. Therefore, avirulence can be aptly attenuated by
mutation(s) in S. Besides, we have an option that mutations, deletions or
exchange of genes may affect recombination as well as give rise to more
virulence e. g. FIPV (feline infectious peritonitis virus) from FECV (feline
enteric coronavirus) [31-33]. We consider this a crucial tip during
infection control and management procedures. Two main functions are
generally attributed to S proteins, i.e. Binding with receptor and Fusion
[27]. CoVs of all four groups use one or the other receptors for binding
and entry into host cells. For instance, CoVs in serogroup 1, i.e.
HCoV-229E, FCoV, TGEV and CCoV use APN as receptor. HCoV-229E
may use hAPN or fAPN as a receptor. It is possible that viruses of one
group can bind to a common site in host APN receptor [34,35]. The
dissemination and pathogenesis of Covid-19 have been attributed to
receptor ACE2, the one used by SARS-CoV for entrance [22]. Some CoVs
such as BCoV and HCoV-OC43 show binding activity with sialic acid
[36]. Betacorona viruses are well able to bind carbohydrates with the
help of a galectin fold like structure in S1 of NTD (N-terminal domain)
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Fig. 1. Spike glycoproteins (S) use specialized cell
receptors and act as a chief mediator of attachment
with the host cell and viral entry. Successful
completion of Spike glycoprotein-receptor complex
results in infection. Spike glycoproteins furnish sur-
face of CoVs and give characteristic Corona shape to
these viruses. Conformational differences are also
present between S among different types of CoVs. A
major structural difference between S of these CoV
types is the position of RBDs (Receptor Binding
Domain) in their respective conformations.

[37]. Type 1 FCoV spike bind with heparan sulfate [27]. Likewise,
neutralizing antibodies for S proteins provide protection in different
animals. For example, one key neutralizing epitope has been detected in
the ACE2-binding region of the S protein of SARS. Detailed mapping of
neutralizing epitope-containing regions highlight some overlapping re-
gions, particularly a neutralizing epitope 80R of a human monoclonal
antibody [38]. This point out the significance of overlaps in biological
functions. The most important aspect comes on the front is neutraliza-
tion based vaccine against S. Such S-protein based vaccination may
induce the function of neutralizing antibodies for preventing binding
and entry of virus into cells. For all types of CoVs in general and
Covid-19 in particular, functional analysis and characterization of S
glycoprotein is immensely required for identification of susceptible
hosts and cells.

3. Spike glycoproteins necessarily interact with different host
receptors and regulate viral entry

For CoV entry into target cells, special receptors are bound by S-
glycoproteins [21,27]. Overall, the binding between viral attachment
proteins (VAPs) and their particular receptors is the first step in
host-CoV interaction. Post-binding changes in VAP conformation ends in
virus entry into a host cell. Such protein-receptor complex(s) are the real
point of order in unwinding the host-virus relationships [39]. The shape,
size and orientation of receptor-binding domains in VAP are well
conserved among viruses of different classes that utilize the same re-
ceptor. Frequently, the VAP bind to a site possessing one or more hy-
drophobic residues in receptor protein, e.g. HA glycoprotein of influenza
A virus binds to sialic acid receptors [40]. Similarly, the RGD domain of
VP1 that is VAP of foot and mouth disease virus binds to integrin avp3
[41]. Any mutation in amino acid of the VAPs can perturb the capacity
of a virus to use different integrins as receptors in vivo [41]. In 1991, a
multifunctional protein CEACAM1 (Carcinoembryonic antigen-cell
adhesion molecule) was identified as premier CoV receptor bound by
MHV spike glycoproteins. CEACAM1 belongs to the immunoglobulin
superfamily and is a type I transmembrane protein [21,27]. In both of its
allelic forms, i.e. a and b, CEACAM1 act as a receptor. N-terminal
domain N in ectodomain of CEACAM1 takes part in binding with S in
MHYV. Interesting is the fact that infection spread can be independent of

CEACAM]1. After the establishment of primary infection, the virus use
cell-to-cell fusion and rapidly propagate independently of the receptor.
This stance gets support from the fact that neurovirulence of MHV-JHM
strain is linked to the quick spread of viral infection in the brain without
the involvement of CEACAMI1. In vitro requirement of CEACAM]1 as re-
ceptor for JHM and in vivo independence of this receptor [42] advocates
our opinion that JHM may use any other alternative receptor. Addi-
tionally, this neurovirulence is directly proportional to the length of the
hypervariable region in S1.

The length of the hypervariable region is inversely proportional to
dependence upon CEACAM1 based cell-cell fusion and the infection
spread [43]. This use of receptors also provide clues about ancestors.
Aminopeptidase N (APN) is a Zn?' dependent protease of type II
transmembrane protein expressed on the apical domain of respiratory
and enteric epithelial cells. This is used as a common receptor by
different CoVs such as CCoV (Canine coronavirus), HCoV-229E (Human
coronavirus 229E), serotype 2 FCoV (Feline Coronavirus) and TGEV
(Transmissible gastroenteritis virus). All these virus types have homol-
ogous S-proteins. Interestingly, besides their host-specific APN, these
viruses also bind to feline APN. This proposes the origin of mentioned
virus types from a common ancestor CoV infecting felines that used APN
as a receptor [44]. S in MERS-CoV targets DPP4 receptor (dipeptidyl
peptidase 4). Sub-domain in RBD of MERS-CoV interacts with f-pro-
peller of DPP4. RBD in MERS-CoV and SARS-CoV present high structural
resemblance in their core subdomains, but are notably divergent in the
receptor-binding subdomain [45]. A type I integral membrane protein
ACE2 (angiotensin-converting enzyme 2) is abundantly expressed in
lung tissue. Human SARS-CoV can bind to human as well as palm civet
ACE2 but the palm civet virus is unable to bind human ACE2 (hACE2).
The mentioned adaptation of the virus to humans is attributed to point
mutations in RBD of S protein [46]. Identification of more mutations will
be very helpful in recognizing the further interactions of receptors with S
proteins. In bats, SARS-CoV like viruses have been isolated [47,48]. It is
noteworthy that in this case, viral entry is independent of ACE2 and
receptor(s) involved still need to be explored and investigated in depth.
The dissemination and pathogenesis of Covid-19 has been attributed to
receptor ACE2, the one used for entrance by SARS-CoV [22]. This is a
very important implication for understanding the Covid-19 infection.
This highlights a very clear point common between SARS-CoV and
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Covid-19. We anticipate the use of the same cells by both CoVs and the
earlier known diffident expression of ACE2 in the upper respiratory tract
[48] might lower Covid-19 transmission. Furthermore, it is worth
mentioning that the expression of ACE2 is not restricted only to the lungs
and SARS-CoV may extend to extra-pulmonary regions in ACE2+- tissues
[49]. Expecting the same for Covid-19 is not so irrelevant and its affinity
with SARS-CoV must be matched. The S cleavage is the main determi-
nant of effective MHV neutralization by means of the soluble receptor
[50]. Perhaps the S in CoVs has sufficient flexibility to present a mem-
brane fusion peptide without requiring protease activation for receptor
binding. Here, we suggest the elaboration of receptor-mediated
neutralization of Covid-19 and its entry into a host for better preven-
tion strategies and treatment.

In SARS spike protein-ACE2 interaction, many of the residues are
located on the surface of the beta-sheets as well as inter-connecting
loops influence the S-ACE2 bonding. The different types of residues
including charged, hydrophobic and polar depict that all such differ-
ential interactions can be directly or indirectly involved in the S RBD-
ACE2 association [51]. As discussed earlier, a mutation in the form of
amino acid sequence replacement, i.e. found between residues 323 and
505 with the corresponding sequence of the SARS-CoV RBD is adequate
to permit use of hACE2 [52,53]. Moreover, in SARS-CoV and MERS-CoV,
structures of RBD-receptor complex have been proposed by the super-
imposition of S-protein trimmers. It is on record that S trimmers are
cross-linked by binding of CD26 to standing RBD in S of MERS-CoV. Very
importantly, MERS-CoV believed to depict more eagerness in binding a
receptor as compared to SARS-CoV hosted by the same surface [54]. It
means that flexible RBD in S proteins is an essential component in the
establishment of pathogenesis. This binding is a guarantee of the
entrance of the virus into a host cell. Our view is advocated by studies of
Yuan et al. [54] describing that top of S1 is found in the open state due to
the presence of flexible RBD. This open state makes central stem in S
trimmer accessible along with heptad repeat 1 (HR1) and central helix to
inhibitors of antiviral proteins. Such accessibility of flexible RBD ex-
plains the efficiency of RBD-directed neutralization of antibodies. Any
perturbance in the establishment of this binding complex would hamper
the viral life cycle. Therefore, we suggest developing some antibodies
that can target N-terminal domain in RBD and may interrupt the binding
of S protein to a receptor. This will be very feasible for designing future
epidemic control programs and disease prevention. Additionally, RBD in
S proteins of Covid-19must be targeted to discover its corresponding
receptor. Our view provides a very important and pragmatic framework
to unravel infection control strategies and drug development for any
future epidemic outbreak.

The recent investigations on Covid-19 have revealed pangolin as
intermediate host and bats as the first host for this virus. Despite 96%
sequence similarity between Covid-19and BatCoV, It was revealed by
Wong et al. [55] that RBM of Covid-19and BatCoV show divergence in
amino acid similarity (435-510 AA residues). Such divergence is usually
representative of the alternative source of Covid-19 RBM coding
sequence. The metagenomic investigation of pangolin genome depicts a
complex origin of Covid-19 and high sequence similarity between both
CoV genomes. This provides foot marks of some recombinant events in
host receptor-protein binding taken place many years ago and contrib-
uted in viral evolution and involvement of intermediate hosts. The
genome of RaTG13 (BatCoV) shares only one out of five key amino acids
involved in RBM, while the pangolin coronavirus shares five out of five
key amino acid residues [55]. Hence, it seems that due to the recom-
bination event between CoV strains of pangolin and RaTG13 RBM was
introduced in Covid-19. But more and more pangolin derived virus data
sets are required for multiple genome alignments with focus on other
aspects rather than S. Keeping in view the significance of host receptor-S
protein binding, we can get comprehensive information about com-
monalities in infection progression and ultimate survival strategies.
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4. Where are receptors expressed?

Expression of different receptors for a diverse range of proteins
strongly correlates with infection sites in the body. Such infections are
directly dependent upon the stage of tissue differentiation as well as
expression of mRNA [52,56]. Irrespective of apical or basal polarity,
receptors are generously expressed in well-differentiated cells and
facilitate viral entry and replication. But most of the time, viral entry
occurs through the apical surface. Harmer et al. [57] described the
expression of ACE2 in 72 tissues of the human body. The relative
expressional levels were obviously different among tissue types and
positively correlated within related tissue types, e.g. duodenum,
jejunum, ileum. The highest expression was recorded in cardiovascular
and renal tissues. A comparatively high expression was also noticed in
gastrointestinal tissues. The tissue-specific expression was altogether
advocated by expression of one type ACE2 in only that tissue as
compared to the other. For instance, testicular ACE2 was expressed in
testes but the same receptor was not expressed/poorly expressed in
jejunum and pancrease. Very limited expression of ACE2 was observed
in lymphoid tissue [57]. ACE2 expression was also observed in endo-
thelial cells of smooth muscles, lung alveolar, skin, bone marrow and
cardiovascular tissues [56]. This multi-tissue immuno-localization of
ACE2 and its binding by S proteins of SARS as well as newly reported
Covid-19 shows that both infections can harm different body organs.
This resemblance with SARS must be a focal point in future in-
vestigations for control and treatment of 2019-nCoV.Since CoVs also use
receptors for entry and virulence, therefore, such information seems
essential for studying infection biology of CoVs.

Taking ACE2 into consideration, apical distribution of this receptor
in lungs proposes enzyme-dependent cleavage of peptides at the
mucosal surface or respiratory tract [58]. For viral entry and infection,
mucosa of pulmonary tract and eyes seem most suitable facilitators, e.g.
SARS-CoV. Detailed tissue biopsy of persons with acute SARS symptoms
revealed this CoV in proximal as well as distal epithelia of air passage
[59]. This infection not only imbalance tissue metabolism but also,
destruct tissue, cause type II cell hyperplasia and sometimes responsible
for multinucleated syncytial cells [60]. Such deviations from normalcy
reveal the collective impacts of infection, host defense reactions and
therapeutic interferences as well. This specifically reflects that
receptor-expressing cells have differentially high infection susceptibility
as compared to receptor non expressing cells. A negative correlation of
ACE2 in poorly differentiated epithelia with low infection rate as well as
positive complementation of ACE2 with enhanced transduction in the
same tissue with S protein-pseudotyped virions in a dose-dependent
fashion [58] advocates our stance.

In the context of infection spread and viral release in close vicinity to
the capillaries of pulmonary tissues, we may infer a probable general
virus transmission to distant organs in the human body. For PEDV
(Porcine epidemic diarrhea virus) and HCoV-229E, APN protein
(aminopeptidase N) is a functional receptor. But it was confirmed by Li
et al. [61] that this is not an essential receptor for PEDV entry. The
overexpressing APN reduces the susceptibility of MDCK cells to TGEV
contrary to PEDV. The APN knockout human and porcine cell lines
revealed S1-APN binding in both cell types showing positive trait against
viral spread [61]. This represents differential ability and responses of
receptors to different viral spike glycoproteins. Receptor responsive to
one type of viral spike glycoprotein type should not very necessarily be
responsive to another type.

This has been confirmed that human CoV dissemination is regulated
by the S-proteins interacting with a receptor present on the human cell
surface. Protein-protein docking in binding between S and human re-
ceptor revealed that S of 2019-nCoV binds with ACE2 in humans. The
73% binding affinity between Covid-19 S and ACE2 is almost similar to
SARS-CoV that depicts a similar mode of transmission in humans for
both types of CoVs [62,63]. RBD in S of Covid-19, inclusive of its RBM,
directly contacts ACE2 [63]. This also proves that 2019-nCoV uses ACE2
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as a receptor. ACE2 from different animal species, such as cats, pigs and
ferrets are also recognized by 2019-nCoV [63]. This may provide clues
of intermediate hosts playing their roles in transmission. In ACE2
expressing cells, it had been recorded that DC/L-SIGN (den-
dritic-cell-specific ICAM3-grabbing nonintegrin) augmented SARS-CoV.
But without ACE2, DC/L-SIGN are not adequate in spreading infection.
Besides ACE2, L/DC-SIGN has also been reported for SARS-CoV re-
ceptors, but no receptor other than ACE2 seems to have been discussed
for Covid-19. Literature supports both Covid-19 and SARS infections
taking place by means of ACE, although SARS-CoV S protein binds ACE2
more strongly. The difference in the infection pathway between the two
is still unclear. So we hypothesize the essential involvement of other
receptor(s). This reflects that route of infection between SARS-CoV and
Covid-19should be different. Identification/differentiation of route of
infection has critical implications for disease management and cure
strategies. The detailed and targeted studies may also offer in depth
analyses of viral entry, receptor use, infectivity and origin of CoV.
Because we are still lacking in detection of appropriate receptors for S
protein of Covid-19, it is highly recommended to reinvigorate the role of
already known and unknown receptors/co-receptors/attachment factors
by means of molecular and histo-pathological data for disease control.
The analogy for receptors between different types of viruses must be
focused avenue and data must be kept updated.

5. Can receptors be blocked for controlling CoV infection
spread?

Virus entry into the host is directly linked with its early-stage
propagation. All steps during the virus entry process are likely objec-
tives for understanding unique antiviral agents called as viral entry in-
hibitors. Blockage at any level restricting viral entry into the host
definitely decreases the chances of viruses to evolve as well as become
resistant against antiviral drugs. Hence, for addressing the prime need
for designing vaccines or approval of anti-Covid-19 therapies, appraisal
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of interactions between CoVs and their cellular receptors as well as entry
blockage activities would offer new understandings into the CoV path-
ogenesis and related treatment (Figs. 1 and 2). So far entry limiting in-
hibitors for several viruses are on record, e.g. enfuvirtide for HIV, RFI
641 for RSV [64-66] while many others are undergoing the develop-
mental process. We anticipate, in the light of a growing body of evi-
dence, entry inhibitors would be very promising besides
reverse-transcriptase or protease inhibitors being used for the treat-
ment of viral infections. Since 2000, research advances have elaborated
many molecules of different characteristics and origin for controlling
disease progression and management. For example, HCV (hepatitis C
viruses) receptors have been searched with the help of pseudotyped
HCVs [67]. Use of pseudo-typed viruses, i.e. SARS, HCV offer in-depth
assay of neutralizing antibodies, cell tropism as well as recognition of
drugs that inhibit the virus entry into host cell [68-70]. Small molecules
as inhibitors can be designed chemically and synthesized e.g. TAK-779
for HIV-1 [71] or they can be isolated from natural products e.g. gly-
cirhizin and luteolin against SARS-CoV [70]. These inhibitors differ in
their potency in regulating entry of different viruses. Likewise, trypto-
phan dendrimers exhibit exclusive in vitro potency as antivirals against
enterovirus (EV-A71). Sun et al. [72] described MADAL385 (a trypto-
phan dendrimer) accountable for preventing bonding and internaliza-
tion of enterovirus. The 5-fold vertex of EV-A71 is targeted by
MADAL385 and in turn blocks receptor. In our opinion, such findings
open novel research arenas and support in anti-CoV drug development.
Receptors may also induce the membrane fusion reaction and point to be
noted is presence of alternative fusion triggers i.e. pH [73]. Recovering
patients of SARS had shown a neutralizing antibody reaction against S
protein. The resembling neutralizing antibody associated response was
noticed in Covid-19 patients however its efficiency was not as high as
reported in SARS-CoV [22]. This response actually reflects reductionin S
protein mediated viral entry into host cell like in SARS-CoV has been
noticed.

Very possibly, the isolates of natural origin or synthetic inhibitors

Fig. 2. Virus entry into the host is directly linked
with its early-stage propagation. Expression of
different receptors for a diverse range of proteins
strongly correlates with infection sites in the body. In
the context of infection spread and viral release in
close vicinity to the capillaries of pulmonary tissues,
we may infer a probable general virus transmission to
distant organs in the human body. Blockage at any

decreases the chances of viruses to evolve. Appraisal
of interactions between CoVs and their cellular re-
ceptors as well as entry blockage activities would
offer new understandings into the CoV pathogenesis
and related treatment.

* level restricting viral entry into the host definitely

e
UL

NO EFFECT
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perform the antiviral activity by interfering CoV-host cell fusion process.
Actually, the energy of receptor binding allows exposure of S2 fusion
peptide which introduces this peptide into a target membrane. In Ebola
Virus (EBoV), glycoproteins also manage viral entry into cells. Addi-
tionally, these glycoproteins counter the antiviral activity of host pro-
teins, e.g. tetherin. This protein is appropriately antagonized by
glycoprotein of EBoV. It was observed in mice that an antibody directed
against EBoV may block glycoprotein dependent antagonism to tetherin
[74]. So very simply, we can infer that virus neutralizes the antiviral
protein(s) by means of glycoprotein. Normally, alteration of glycopro-
teins with N-glycans is attuned with effective expression and proteins
dependent viral entry into cell [74]. Absence or inappropriate glyco-
sylation can categorically disturb protein expression leading to impeded
viral actions. The glycan shield of S proteins makes them stable during
biogenesis [75,76]. Among viral genotypes, Glycosylation sites are
found highly conserved [77]. N-terminal part of the RBD is furnished
with glycosylation sites and found close to each other not only in the
sequence but in structure also. We argue that glycosylation sites must be
functional for S-receptor interaction(s). Dysfunctional glycosylation
sites i.e. mutation in residues hampered protein expression but do not
affect binding to receptor. This has been proved in case of SARS-S and
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ACE2 interaction. Mutagenesis of the fragment S319-518 supported the
notion that atleast a single glycosylation site is essential for appropriate
expression of CoV protein [78]. Inhibition of glycosylation by some
compounds like tunicamycin lead to the production of virions without S
glycoproteins [79]. These aspects must be taken into consideration
during investigations dealing with both glycoproteins and receptors for
managing CoV spread and control. Similarly, the use of nano-carriers
and the associated process of protein deglycosylation must be kept in
mind to modulate disease symptoms and related treatment [80]. In this
regard, macrophage receptors can also be focused for checking uptake
and recognizing viral ligands, protein(s) and related events. Therefore,
we think that inhibitors for blocking CoV entry change this energy as
well as triggers of binding process. This provides a mechanistic chal-
lenge to be accepted for designing drugs to control Covid-19. Amal-
gamation of in hand information with somewhat expected outcomes will
certainly gear the process of drug discovery.

6. Can changes in S conformation and blocked receptors reduce
infection spread?

. For enhanced CoV entry and successful pathogenesis of CoV,
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Fig. 3. Future drug design and mechanism; A) With reference to Fig. 1, the formation of the pre-fusion complex and post-fusion complex is pre-requisite for infection.
Failure to form these complexes can block infection spread. B) Any conformational change in S can be beneficial in infection control. Such changes will prevent the
formation of a fusion complex and can be very helpful in infection control. C) Bonding of antibodies to a receptor can also protect from infection spread. D) In case of
binding between peptides or small molecules, the binding site will no more be available for S. This can be a good option for designing future drugs to control Covid-19
infection. E) By using molecular techniques, receptors can be Knockout or knockdown. This may hamper their activation or deform their binding site. By such drug

design and discovery, the disease can be managed more efficiently.
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proteolytic processing and receptor-binding act synergistically for in-
duction of large-scale S conformational changes [75]. Viruses require
different receptors for penetrating hosts. Two distinguished conforma-
tions of S-protein on a structural basis are on record, i.e. prefusion and
postfusion. The transition in conformation from prefusion to postfusion
of S must be triggered that leads to membrane fusion (Figs. 1 and 3B)
[51]. The fusion peptide in S2 subunit is thought to the most significant
in the activation of membrane fusion. The RBD in S of SARS-CoV and
MERS-CoV S displays diverse conformational positions that control the
capacity to work together with host cells by means of available
receptor-binding motifs (RBMs) [81,82]. Previously it was considered
that binding with receptor may start membrane fusion [83]. Contrarily,
the S in other CoVs assumes a closed conformation. Such diversity in
conformation renders it incompatible for engaging a receptor and
highlights structural rearrangements preceding receptor binding as
pre-requisite for entry [76,84]. Studies focusing upon structural,
biochemical and functional aspects have elaborated main steps of
glycoprotein induced membrane fusion and unveiled the complexity of
this process in HIV [85]. Due to unusual mechanism and concealing
RBM conformation, our knowledge of activation of CoV membrane
fusion is limited.

Receptors are highly selective in their choice of ligand and respective
performance. Many receptors function at diverse levels ranging from
replication of the virus, ionic flux to in vivo spread of infection [86].
Receptor blockage by antibody molecule such as Siglec-1 by
anti-Siglec-1 monoclonal antibodies can cease viral uptake, i.e. EBoV.
Blocking entry into cytoplasm offers cross-protection against viruses,
including HIV [87]. Moreover, some studies support knockout and
knockdown of receptors (Fig. 3C and D) and reduced expression of
related proteins restrict attachment and entry of some viruses such as
HCV. For instance, SDC-2 gene knockout decreased HCV infection
establishment by 70%. On the other side, the overexpressing SMAD6
incremented expression of SDC-1 and SDC-2 and, ultimately, increased
HCV infection [88,89]. Therefore, a positive correlation is evident in the
mentioned cases. In the light of previous studies focusing on viral entry
and cell-to-cell dissemination, we agree that infection spread can be
blocked by using neutralizing antibodies. The restricted HCV infection
by E1/E2 antibodies [90] advocates our stance. In the same way,
monoclonal antibodies (mAbs) recovered from survivors of the disease
are also a good option to be used against viral infection in general [91].
A recent report by Wrapp et al. [23] has revealed that RBD of Covid-19
did not present much binding affiliation for some mAbs, i.e. $230, m396
and 80R but contrary to SARS-CoV. Besides the relatively small surface
area of the mAbs epitopes interacting with Covid-19 RBD, the absence of
observed binding proposes that SARS-directed mAbs would not essen-
tially be cross-reactive and that isolation of antibody in future and drug
design efforts would be benefited by using S proteins of Covid-19 as
probes [23].

Other than antibodies, some peptides and small molecules can also
block receptors and function in developing immunity against viral in-
vasion and other disease-causing agents (Fig. 3D and E). LDLR (low-
density lipoprotein receptor) and ApoER2 are bound by Proprotein
convertase subtilisin/kexin type 9 (PCSK9) for induction of its inter-
nalization as well as degradation. This binding is dependent upon EGF-A
peptide (epidermal growth factor-like repeat A). Contrastingly, EGF-A
constrains bonding between PCSK9 and VLDLR in the mouse.
Although it is apparent that different receptors can be approached by the
same molecule but interaction involves other crucial factors that can be
beneficial for one but infeasible for the other [92]. Adding to previous
evidence, lipidated peptides such as pepducins do not activate intra-
cellular receptors, i.e. G-proteins by the same molecular mechanism as
done by other agonists in routine. This is because of lipid conjugate
added to the peptide that particularly needs C-tail of a receptor for
interaction [93]. Such  distinguished interfaces  between
effector-receptor offer a baseline for the development of new targeted
immunogenic strategies. Equally, synthetic peptides can be useful in
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making antibodies well able to elicit a special immune response and
restrict viral entry. Such synthetic peptides with biologically active se-
quences have raised antibodies and successfully tested against S proteins
in SARS-CoV [94]. For designing such synthetic peptides to control viral
infection, some key points must be borne in mind. Choy et al. stated that
[94] sequences in such peptides should be able to target the surface of
S-proteins. The designed peptide should be of a rigid structure by
adopting a helix motif. This will increase its antigenicity. Some linkers
can be added for cycling the linear peptides or disulfide bonds to sta-
bilize peptide. The loop structures in the peptides can be additionally
accustomed and reinforced to improve the conforming antigenicity.

Keeping in view all of these data, with particular reference of Covid-
19, some very important issues come to the front. The first is a deter-
mination of infection spread mode, i.e. whether Covid-19 is spread cell-
to-cell or this CoV infect uninfected cells using its extra-cellular progeny.
Besides, the most important issue in tackling Covid-19 is the molecular
basis of the underlying mechanism(s) of surface receptors and related
antibodies, small molecules or peptides for controlling transmission. The
role of attachment and post-attachment events at receptor levels in
Covid-19 infection and cell-to-cell spread is elusive. Like HCV, these
attachment and post attachment receptors [88] should be thoroughly
investigated. It must be unraveled that whether the neighboring cells are
preferred over random cells for infection spread or not?

7. Conclusion and future perspectives

Since 2000, two outbreaks of super pathogenic CoVs, i.e. SARS and
MERS have revealed that CoVs would remain circulating among humans
due to facilitated interaction between animals and humans. The
advanced molecular biology tools have identified CoV strains among
different animals with resembling pathogenic characteristics. This
shows a constant risk of emergence of highly hazardous CoVs outbreak.
These emerging CoVs can be similar symptomatically or antigenically to
previously recorded CoVs with disastrous implications. Therefore, strict
public health measures must be implemented to check CoV infection
spread along with disease surveillance.

This emerging COVID-19 has offered a daunting challenge to re-
searchers in all fields of natural, physical and social sciences. The
imperative measures are linked together for formulating any model to
control the epidemic. In the light of current prevention strategies, social
scientists must engage public by devising and launching public aware-
ness strategies about infection spread and prevention. Some surveys
regarding losses done due to non-compliance of prevention strategies
must be conducted and information should be disseminated through
media among the public.

It is imperative to conduct strategic research programs to target
control of CoVs for saving global public health from such emerging
threats. Like many other viruses or diseases, seasonal recurrence of
COVID-19 is not out of the question. For sustained control of CoV
infection, the development of a vaccine is essential. So far, we lack any
absolute vaccine for control of this disease. Therefore, we recommend
the development of vaccines, antivirals as well as a synthetic peptide-
based strategy as a feasible measure to prevent infection. Synthetic
peptides can be a basic step in probing COVID-19 related research
involving spike proteins as well as diverse receptors. RBD in S proteins of
COVID-19 must be targeted to discover its corresponding receptor(s).
Structural data and functional information of spike glycoproteins with
emphasis on binding sites must be focused to find out their receptors and
for related blockage efforts. Investigations must be carried out to mimic
conformation of epitope regions for the production of recombinant
proteins analogous to proteins working for immunogenic purposes in
hosts. The antigenic sites in viral proteins should also be brought into
focus for generating new recombinant proteins with high antiviral effi-
cacy. Data banks having DNA, RNA, protein sequences of Covid-19
should be designed to monitor polymorphism. For all types of proteins
related to antiviral as well as viral activity binding kinetics and
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biophysical attributes must be studied for unveiling structural and
functional relations between different CoVs. With the best efforts being
carried out for control of Covid-19, the increasing evidence has sug-
gested bats as potential host and reservoir like other CoV epidemics in
the past. With a theme alarmingly indicative of the co-infection or re-
assortment mechanisms used by other viruses, the animals inhabiting
the similar habitat like bats or adjoining area must be phylogenetically
evaluated to assess the relationship of CoVs on the basis of reservoirs and
hosts for harboring infections. This may address any future epidemic
outbreak due to pathogenic CoVs in humans Inter-species spread ought
to be systematically inspected together by processes of mutation-based
evolution as well as RNA recombination. For researchers in all do-
mains of biology, this is the real-time to accept the challenge of devel-
oping vaccines/antivirals to fight a genetically improved virus capable
of quick emergence. Absolutely, ecology and epidemiology of current
outbreak reiterate the extreme necessity for developing proficient
therapeutics against viruses existing heterogeneously and in highly
irregular reservoirs. Inter-species spread ought to be systematically
inspected together by processes of mutation-based evolution as well as
RNA recombination. This Covid-19 epidemic is an indication of the utter
requirement of efforts and strategies from a united platform to thwart
emerging disease extortions before their occurrence.
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