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1 | INTRODUCTION

The ongoing coronavirus disease 2019 (COVID-2019) pandemic,
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has led to an unprecedented worldwide public health
emergency. Despite the concerted efforts of the scientific field, as of

The global coronavirus disease 2019 (COVID-19) pandemic, caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has led to an un-
precedented worldwide public health emergency. Despite the concerted efforts of
the scientific field, by April 25, 2021, SARS-CoV-2 had spread to over 192 coun-
tries/regions, causing more than 146 million confirmed cases including 31 million
deaths. For now, an established treatment for patients with COVID-19 remains
unavailable. The key to tackling this pandemic is to understand the mechanisms
underlying its infectivity and pathogenicity. As a predominant focus, the coronavirus
spike (S) protein is the key determinant of host range, infectivity, and pathogenesis.
Thereby comprehensive understanding of the sophisticated structure of
SARS-CoV-2 S protein may provide insights into possible intervention strategies to
fight this ongoing global pandemic. Herein, we summarize the current knowledge of
the molecular structural and functional features of SARS-CoV-2 S protein as well as
recent updates on the cell entry mechanism of the SARS-CoV-2, paving the way for

exploring more structure-guided strategies against SARS-CoV-2.
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April 25, 2021, more than 146 million confirmed cases including
31 million death were reported from around 192 countries/regions
all over the world (https://coronavirus.jhu.edu/map.html). For now,
established treatment for patients with COVID-19 remains unavail-
able. Thereby scientific insights and in-depth understanding of the
biology and pathogenesis of the virus are imperative for deciphering
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its mystery and curbing its spread. As a predominant focus, cor-
onavirus spike (S) protein plays an essential role in coronavirus in-
fection, pathogenicity, transmission, and evolution. Changes in just a
few residues around the spike protein can dramatically affect the
infectivity, tropism, and pathogenesis of the virus.> * Furthermore,
potential adaptive mutations in the SARS-CoV-2 genome possibly
make it highly pathogenic and difficult for drug or vaccine develop-
ment. In this review, we summarize the current knowledge of the
molecular structural and functional features of SARS-CoV-2 S pro-
tein as well as recent updates on the cell entry mechanism of the
SARS-CoV-2, providing insights into virus pathogenesis, vaccine de-
sign, and drug target.

Coronaviruses (CoVs), currently the largest known genome size
for RNA virus, are enveloped viruses with positive single-stranded
RNA genomes ranging from 26 to 32kb in length.” The cor-
onaviruses are broadly classified into four genera as alpha, beta,
gamma, and delta,® a-CoVs and B-CoVs primarily infecting mam-
mals,”® whereas y-CoVs and 6-CoVs predominantly infect birds.”*°
To date, seven coronaviruses are known to infect humans (hCoVs)
including HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKUZ,
MERS-CoV, SARS-CoV, and SARS-CoV-2 have so far been identi-
fied (Table S1).*"*® The former four hCoVs were known to cause
just mild clinical symptoms.’* However, the latter three hCoVs are
highly pathogenic, causing relatively severe respiratory disease and
high mortality.*>¢ SARS-CoV-2 exhibits 79.9% sequence identity to
SARS-CoV at the whole genome level and clusters with SARS-CoV in
phylogenetic analysis (Figure 1A). Further comparison and analysis of
the spike (S) gene of the seven hCoVs revealed that the genetic
divergence of the S genes is consistent with that of the full-length
genomes (Figure 1B, Table S2). SARS-CoV-2 belongs to Beta-CoVs B
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lineage closely related to SARS-CoV and SARS-related bat CoVs.>” 8
Although conclusive evidence is lacking, distinctive phylogenetic
distances on the major clade of SARS-CoV-2 provided a clue to the
evolutionary relationships among them.'” Sequence analysis at full-
length genome level showed that SARS-CoV-2 is much closer to the
bat CoV RaTG13 (96.2% identical) than to SARS-CoV (79.5% iden-

tical). In addition, although Zhou et al.?

reported a bat-derived
coronavirus named RmYNO2 from Rhinolophus malayanus sharing
93.3% identity with SARS-CoV-2 in the complete genome, RmYNO2
has a low sequence identity (61.3%) with SARS-CoV-2 in the Re-
ceptor Binding Domain (RBD). However, the RaTG13 was found to

have an 89% RBD identical to SARS-CoV-2, indicating a bat origin.

2 | MOLECULAR CHARACTERISTICS OF
THE SARS-COV-2 SPIKE(S) PROTEIN

The genome of SARS-CoV-2 is approximately 29.7 kb in size, en-
coding four major structural proteins, including spike (S), nucleo-
capsid (N), membrane (M), and envelope (E), and 16 nonstructural
proteins.?° The full-length of SARS-CoV-2 S is 1273 amino acid long
with several functional domains and multiple proteolytic cleavage
sites at S1/S2 boundary and S2' site (Figure 2B). The spike protein (S)
of SARS-CoV-2 is a trimeric class | fusion protein containing two
subunits: S1 and S2, which remain noncovalently bound in a pre-

2324 protruding from the viral sur-

fusion metastable conformation
face as a complete homotrimer and forming the distinctive surface
spikes of coronaviruses.”> The S protein of SARS-CoV-2 and
SARS-CoV have about 74.0% identity at amino acid level. A break-

down of the functional domains of the SARS-CoV-2 S, based on

Spike Gene

FIGURE 1 Phylogenetic analysis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and other hCoVs. (A) Full-length
genome phylogenetic tree of 7 hCoVs; (B) phylogenetic tree of the S gene of 7 hCoVs. Nucleotide sequences of the full-length genome/S genes
were aligned respectively using MEGA 7 and iTOL online software. Maximum likelihood trees were constructed by using 1000 bootstraps.
Respective sequences were obtained from NCBI with indicated accession numbers (SARS-COV-2, NC_045512; SARS-COV, NC_004718.3,
MERS-COV, NC_019843.3; hCoV-OC43, NC_006213.1; hCoV-HKU1, NC_006577.2; hCoV-NL63, NC_005831.2; and hCoV-229E,
NC_002645.1). The phylogenetic trees of the full-length genome/Spike gene of SARS-Cov-2 were made using iTOL online software
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FIGURE 2 Structural features of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S) protein (A) Schematic
representation of the genomic organization of SARS-CoV-2; (B) Schematic representation of the SARS-CoV-2 S. The listed domain boundaries
are mostly defined according to.? SP, Signal Peptide; NTD, N terminal Domain; RBM, Receptor Binding Motif; RBD, Receptor Binding Domain;
FP, Fusion Peptide; HR1, Heptat Repeat 1; HR2, Heptad Repeat 2; TM, Transmembrane Domain; CD, Cytoplasm Domain. (For visual clarity, the
length of the boxes is not proportional to the real sequence length). The data (The listed domain boundaries of the SARS-CoV-2 S and SARS-
COV S) were derived from the following resources available at (DOI: 10.1038/s41423-020-0374-2).?* (C) Schematic drawing of the three-
dimensional (3D) structure of SARS-CoV-2 S; (D) Single monomer from the trimeric SARS-CoV-2 S (PDB ID: 6VSB-1, Represented by Chain
A).?2 (E) Trimeric SARS-CoV-2 spike protein (PDB ID: 6VSB),?? three monomers are shown (magenta, green and cyan). These data that support

the findings of this study are openly available in (PDB) at (https://www1.rcsb.org/)??

TABLE 1 Functions of different subunits/domains of SARS-CoV-2 S protein

Subunit Domain Functions

S1 S1 Mediate receptor recognition and viral attachment to initiate host cell entry
NTD Contribute to determine host range
RBD Recognize and strongly bind to hACE2 receptors
RBM Bind and interact with hACE2

S2 S2 Mediate host-virus membrane fusion and host cell entry
FP Responsible for fusion of virus and target cell membrane
HR1/HR2 Form a 6-helix bundle (6-HB) to mediate membrane fusion between virus and target cell
™ Be crucial for spike protein trimerization and membrane fusion
CcT Contribute to anchor the trimer to the viral membrane and involve in cell-cell fusion

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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SARS-CoV S sequence, reveals that the S1 subunit was quite variable
(63.3% identity) (Figure S1), such observations are in line with pre-
vious reports that the S1 is the most variable region of the molecule,
both across and within the four CoVs genera.’® However the $2
subunit is remarkably much more conserved (90.0% identity). With
such both varied and conserved domains, the spike protein plays a
pivotal role in the biology and pathogenesis of SARS-CoV-2 corre-
sponding to their sophisticated structures (Table 1).

21 |

Structure and function of S1 subunit
Structurally, the S1 subunit is made up of two main domains:

N-terminal domain (NTD) and C-terminal domain (CTD) both in-
volving in RBD recognition (Figure 3). The NTDs show only about

(A)

48.9% homology to that of SARS-CoV (Figure S1), indicating its'
the most diverse region in SARS-CoV-2. A recent study showed
the major differences in the NTD between SARS-CoV-2 and SARS-
CoV lie in three short insertions (GTNG) (GTNGTRR) (YLTPGD) in
SARS-CoV-2.'" Nevertheless, whether the insertions display sialic-
acid-binding activity linked to glycoproteins as it does in MERS-
CoV>° needs to be further clarified. Among them, one insertion
(YLTPGD) (248-253) is present only in SARS-CoV-2, RaTG13, and
Guangxi pangolin CoVs, but is absent in other bat CoVs. This in-
sertion formed a conformational cluster at the NTD of the spike
trimer and may contribute to the host range.?® Furthermore, a
new type of ganglioside-binding domain (GBD), which was used as
viruses receptor and/or attachment element for cell entry,*> was
identified at the tip of the NTD of the SARS-CoV-2 S by Fantini
et al.*® This GBD (111-112), enriched in aromatic and basic amino
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FIGURE 3 Structure of the receptor-binding domain (RBD) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and SARS-
CoV. (A) Sequence alignment of the RBDs between SARS-CoV and SARS-CoV-2. Alignment file produced by ClustalW, aligned and annotated
using ESPript 3.0 online software and then adjusted for format by Photoshop. Arrows indicate the critical binding residues for interaction
between RBD and receptor, stars indicate Five of these six amino acids differ between SARS-CoV-2 and SARS-CoV that are critical for hACE2
binding; dots indicate a four-residue motif that allows the ridge to become more compact and allow better contacts with hACE2; triangle marks
virus-binding hotspots that lead to considerable stabilization of binding and higher affinity for ACE2. (B) Crystal structures of the SARS-CoV-2
RBD (core in green and RBM in blue) with the receptor ACE2 (in yellow) (PDB: 6LZG)>*; (C) Structural similarity of the RBD-hACE2 complex
between SARS-CoV-2 (green) (PDB: 6LZG) and SARS-CoV (yellow) (PDB: 2AJF).>* These data that support the findings of this study are openly
available in (PDB) at (https://www1.rcsh.org/)*
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acid residues, is longer than all linear GBD characterized to date.
It's fully conserved among worldwide clinical isolates and may
facilitate contact with ACE2 receptor.*¢

The RBD, as a key element of the CTD in SARS-CoV-2, consists
of two motifs: a core structure and an extended loop, the latter also
known as a receptor-binding motif (RBM). The core is a twisted five-
stranded anti-parallel g sheet (B1, B2, 83, B4, and B7), with three
short helices (a1, a2, and a3); The RBM, formed by a two-stranded £
sheet (B5 and p6), lies at one edge of the core and contains most of
the contacting residues binding to hACE2°° (Figure 4A). Homology
modeling between SARS-CoV-2 and SARS-CoV has shown that both
the overall RBD structure model and the RBD-ACE2 binding model
are strikingly similar>° (Figures 4B,C). Even in the more variable
RBM (45.7% identity), the overall structure is still highly similar.%° In
others words, most amino acid residues that are critical for hACE2
binding are highly conserved in SARS-CoV-2 (Figure 4A). RBD-ACE2
binding affinity has been shown to be a crucial element determining
the infectivity of SARS-CoV.%” Despite the nearly identical structure
with a highly similar binding interface between SARS-CoV-2 (6LZG)
and SARS-CoV (PDB: 2AJF), biophysical and structural evidence
showed that the RBD-ACE2 binding affinity of SARS-CoV-2
(14.7nM) was 10-20 fold higher than that of SARS-CoV
(325.8 nM).>?*® Few residues' mutations and structural changes in
the RBD of SARS-CoV-2 compared with SARS-CoV may explain such
subtle differences: (i) An ACE2-binding ridge in SARS-CoV-2 RBD has
a much tighter conformation largely caused by a four-residue motif
(residues 482-485: Gly-Val-Glu-Gly) (Figure 4A). This structural
change allows the ridge to become more compact and allow better
interactions with hACE2°?; (ii) Previous studies have shown that two
virus-binding hotspots (lysine Lys31 and Lys353) within human ACE2
are critical for SARS spike binding,*® and regulate the infectivity,

5733
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pathogenesis, and cross-species transmissions of SARS-CoV.***2 The
SARS-CoV-2 RBM has evolved to stabilize the two hotspots with
GIn493 and Leu455 stabilizing hotspot Lys31, whereas Asn501
stabilizing hotspot Lys353 (Figure 4A), contributing to considerable
stabilization and higher affinity for RBD-ACE2 binding.®? (iii) Six key
residues (L455, F486, Q493, S494, N501, and Y505) in RBD of
SARS-CoV-2 S, which correspond to Y442, L472, N479, D480, T487,
and Y491 in SARS-CoV S, have been shown to be critical for receptor
binding as well as cross-species transmission of SARS-CoV-2.%” Five
out of these six key residues differ between them. (Figure 4A).
Among them, L455, F486, Q493, and S494 in SARS-CoV-2 were
revealed to provide favorable recognition and interactions with
hACE2, hence enhancing viral binding, while N501 recognizes hACE2
more efficiently than that of SARS-CoV S, which increased
SARS-CoV-2 infectivity.®”

Paradoxically, despite the extraordinary potency of its RBD
binding affinity, the overall binding ability of SARS-CoV-2 S is com-
parable or even lower than that of SARS-CoV S.*° Cryo-electron
microscopy at the atomic level revealed different conformations of
the homo-trimeric SARS-CoV-2 S with both “open” (receptor-
accessible) and “close” (receptor-accessible) states. In the “close”
state all the three RBDs are tightly packed together, while in the
“open” state, the SARS-CoV-2 S was conformed in an asymmetric
conformation in which one RBD was in “up” state whereas the other
2227 or two RBDs in “up” while the other one in
“down” state.****> Cryo-EM structure studies revealed that the RBD
in SARS-CoV S is mostly in “up” state,’®*” while the RBD in
SARS-CoV-2 S is mostly in “down” state.???’” Therefore, although
SARS-CoV-2 RBD has stronger hACE2 binding affinity, it is less ac-
cessible, resulting in comparable or even lower overall binding ability
compared to SARS-CoV.

two in “down” state,
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FIGURE 4 The fusion core structure of SARS-CoV-2 S. (A) The sequence alignment of HR1 and HR2 domains in SARS-CoV-2 and
SARS-CoV, Alignment file produced by ClustalW and then adjusted for format by Photoshop. (B) Top view of the fusion core structure
formed by the HR1 and HR2 in the S2 subunit of SARS-CoV-2 (PDB ID: 6LXT)"?; (C) side view of the fusion core structure (PDB ID: 6LXT).>?

These data that support the findings of this study are openly available in (PDB) at (https://www1.rcsb.org/
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2.2 | Structure and function of the S2 subunit

The S2 subunit of SARS-CoV-2, which plays a key role in virus-cell
fusion and viral entry,?” contains a fusion peptide (FP) (residues
943-982), a cleavage S2’ site (residues 815/816), two heptad-repeat
domains (HR1/HR2) (residues 984-1104/1246-1295), a transmem-
brane domain (TD) (residues 1296-1317) and a cytoplasm domain
(CD) (residues 1318-1353)?" (Figure 2B). Sequence comparison at
amino acids level of the S2 subunit between SARS-CoV-2 S and
SARS-CoV S confirmed high level of conservation (S2, 90%; FP,
78.9%; HR1, 87.7%; HR2 100%; TM,91.7%, and CD, 97.2%)
(Figure S1).

The FP (7ggl YKTPPIKDFGGFNFSQILgoe), located at a site im-
mediately upstream S2’, is biochemically characterized by its hydro-
phobic nature owing to its abundance of hydrophobic residues. The
potential lipids-binding residues in FP of SARS-CoV-2 is centralized amid
in Lys790, Thr791, Lys795, Asp808, and GIn872 residues, contributing to
lipid interaction and penetration.*® Surface models predicted that the FP
of SARS-CoV-2 S was organized in a more compact conformation than
that of SARS-CoV S.*7 Cleavage at S2" exposes the FP domain, which, in
turn, inserted in the host membrane triggering the viral fusion.?” With
strong membrane-perturbing capacities,”® FP plays a crucial role in cell
fusion.>* Mutations in this region have been shown to block cell fusion
for many viruses.”*

HR1 and HR2, also known as the “fusion core region” of SARS-
CoV-22! are separated by an intervening stretch of 180 amino acid
residues. Both HR1 and HR2 domains in SARS-CoV-2 and SARS-CoV
showed a high degree of homology, with 87.7% and 100% identity,
respectively (Figure S3). However, in the fusion core of HR1, 8 of the
26 residues showed amino acid changed (~30.8% difference). These
mutations were reported to enhance interaction with HR2 and im-
parted more stability to the six-helix bundle (6-HB) core®?
(Figure 4B). When the HR1 and HR2 domains are exposed to interact
with each other, three long helices of HR1 in SARS-CoV-2 assemble
into a coiled-coil trimer, whereas, three short helices of HR2 fold
back to HR1 trimer forming an anti-parallel 6-HB fusion core
(Figure 4C), which facilitates the insertion of the hydrophobic IFP
into the host membrane and bridges the viral TM helix and host
membranes at the proximity to promote fusion,”®
result in the release of the viral RNA into the host cell. The 6-HB
fusion core formed by HR1 and HR2 plays a key role in membrane

and ultimately

fusion in SARS-CoV-2 making it one of the most important targets
for vaccine and drug design.’? Several studies have reported that
HR1 and HR2 derived peptides can inhibit this fusion.?*>?

With a stretch of 24 hydrophobic amino acid residues, the
transmembrane domain (TM), which anchors the spike protein to the
viral membrane, has been shown to be crucial for spike protein tri-
merization and membrane fusion.>? It is hypothesized that the TM
(anchored in the viral envelope) interacts with the FP (partitioned in
the host membrane) to facilitate formation of the fusion pore.”* The
S2 subunit ends with a CD tail, which contains a palmitoylated
cysteine-rich region (of 36 residues with 8 cysteines) and comprises
the intracellular short tail part. Located at the C-terminal of the S

protein and the inner side of the cell membrane, CD is reported to be
involved in viral assembly, intracellular transport, and cell-cell

fusion.*®

2.3 | Cleavage motifs and their role in priming and
activating of SARS-CoV-2 spike protein

For SARS-CoV-2 to enter host cells, besides host cell receptor
binding, priming and activation of the spike protein by host proteases
is another crucial event modulating tropism and pathogenicity.>®
“Priming” occurs at S1/S2 boundary providing the SARS-CoV-2 S
protein with the structural flexibility required for separating S1 and
$2.°° And a subsequent “activation” cleavage at S2’site generates the
exposure of FP and its insertion into the membrane.”” A variety of
proteases including, but are not limited to, Furin, TMPSS2, and ca-
thepsin B/L, have been shown to mediate SARS-CoV-2 for priming
and activation,’® “° indicating a relatively high degree of flexibility in
cleavage mechanisms. Indeed, to maintain its high infectivity as well
as immune surveillance evasion, SARS-CoV-2 relies on a second

strategy: host protease priming and activation.

2.3.1 | Unique Furin-like motif at S1/S2 site of
SARS-CoV-2 absent in CoVs of the same clade

Rather than the single arginine at S1/S2 observed in SARS-CoV, the
SARS-CoV-2 S displays a unique feature with a polybasic motif in-
sertion (P-R-R-A-R685]), forming an exposed flexible loop that is
easily available for protease cleavage at the $1/52 boundary.*’ This
Furin-like motif,°>“? notably missing from SARS-CoV and other
B-CoVs even in the closest related Bat-RaTG13 or the pangolin
viruses,®® but present in other human coronaviruses including hCoV-
0C43, hCoV-HKU1, and MERS-CoV>>** (Figure 5). Furin recognizes
the R-X-K/R-R motif and is known for its ability in the proteolytic
activation of a broad range of viruses, and thus enhancing cell-to-cell
fusion.®>¢® The presence of the polybasic Furin-like cleavage motif in
SARS-CoV-2, as a hallmark of enhanced virulence,®” allows effective
cleavability by Furin and other proteases and thus increase the
transmission efficiency in human as compared with other
B-CoVs.c*“® Cleavage of spike protein by Furin at $1/S2 site is es-
sential for SARS-CoV-2 entry into human lung cells.>?¢0:63:6369
Structural and biochemical data indicated that the Furin-like clea-
vage motif in SARS-CoV-2 enhances the structural plasticity of the
RBD and facilitates the adoption of an open conformation required
for RBD-hACE2 binding.”® A Furin cleavage motif insertion at the S1/
S2 junction of SARS-CoV enhances spike-driven cell to cell fusion.®®
However blockade of the Furin cleavage motif in SARS-CoV-2 af-
fected its entry into the TMPRSS2* human lung cell line Calu-3.%°
Collectively, the Furin-like motif provides SARS-CoV-2 with a gain-
of-function for more efficient transmission in human, reducing its
dependence on host cell proteases for entry and expanding its entry

into multi-type of cells.**¢%¢?
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FIGURE 5 Amino acid residues at the S1/S2 border and S2'site among different coronavirus spike proteins. Mono- and multibasic motifs
suitable for host cell protease-mediated cleavage are highlighted with red bold; red asterisks indicate canonical Furin-like cleavage motif at the

S$1/S2 boundary in different coronavirus

2.3.2 | Dibasic S2’ cleavage site

Proteolysis at a second cleavage site S2’ is essential for fusion ac-
tivation of all characterized CoVs spike proteins.”® Multiple cellular
proteases including TMPRSS2 have been implicated in the sub-
sequent cleavage.”® Proteolytic activation at the S2’ site anchored
spike proteins in the target cells membrane, eventually leading to
early fusion at the cytoplasmic membrane.”® This process has been
proposed to activate the spike protein with irreversible conforma-
tional changes and trigger the membrane fusion activity.®* Unlike the
low pathogenic hCoVs that harbor a monobasic S2’ cleavage site
(R]), the S2’ cleavage site of SARS-CoV-2, in common with bat-CoVs,
SARS-CoV and MERS-CoV, exhibits a markedly different feature
with a dibasic cleavage site (KR|) ¢ (Figure 5), indicating that one or
more proteases could involve in cleaving the S2'motif. TMPRSS2
cleaves at single arginine or lysine residues (R/K|), and therefore
activate viral fusion proteins. Recent studies highlighted that
TMPRSS2 is also essential for SARS-CoV-2 to enter human lung
cells.”””%72 TMPRSS2 expressing cell lines are highly susceptible to
SARS-CoV-2.”* Downregulation of TMPRSS2 activity dramatically
inhibits SARS-CoV-2 replication.”? Entry of SARS-CoV-2 into Calu3
cells is partially blocked by camostat mesylate, an inhibitor of
TMPSRR2.%?

2.4 | Mutations in SARS-CoV-2 S protein

RNA viruses are known to have higher mutation rates than DNA
viruses.”® As a typical RNA virus, coronavirus could evolve at a rate
of 107 substitute/bp/year.”* A recent study analyzed a total of
10022 genomes of SARS CoV-2 from 68 countries, 65 776 variants
with 5775 separate variants were identified in total. Estimation of
mutation rate showed a median of 1.12 x 10”3 mutations/site/year.””
Mutations in SARS-CoV-2 are being collected each day. As of May
2021, a total of 3678 mutation sites were identified in S protein of
SARS-Cov-2 (https://bigd.big.ac.cn/ncov/variation/spike), of which,
2694 lead to amino acid changes. Among the changed amino acids,
403 locate in the RBD, 41 are from the 17 key amino acids critical for
protein interactions (Table 2).

A report from the United States over a period of 11 weeks
(submitted between January 19 and April 15, 2020) revealed 16
variations in the S protein out of 579 complete SARS-CoV-2 genome
sequences, and all these mutations were nonsynonymous. Out of
these 16 mutations, four were in the NTD fragment, four were found
in the RBD region, and the remaining eight were located in different
regions within the S protein with no mutation in the FP region.”® A
recent analysis of 10333S protein sequences revealed 8155 proteins
comprising one or more mutations. And a total of 9654 mutations
were observed that correspond to 400 distinct mutation sites. Mu-
tations are distributed in almost all regions of the S protein. The
protease cleavage site (between residues 675 and 692) in the S
protein is associated with the maximum mutation density.”” Through
in silico methods, Ahamad et al.”® identified the selected mutations
R408lI, L455Y, F486L, Q493N, Q498Y, N501T on RBD, and A930V,
D936Y on HR1 as highly deleterious, damaging the stabilization of
spike protein. Furthermore, to investigated the S protein mutations
and their biological importance, Qiangian Li, et al.? discovered that
the D614G, along with variants containing both D614G and another
amino acid change, were significantly more infectious. Sequences
containing A475V, L452R, V483A, and F490L showed resistance to
several neutralizing antibodies. Notably, of all variants, the D614G
mutation has become the globally dominant form of SARS-CoV-2,
with the frequency reaching 70.99%.”° Although this mutation is
located in the SD2 region, nearly all D614G mutation strains also
have a replication-responsible protein mutation (ORFlab P4715L/
RdRpP323L), which can affect the speed of replication of the virus.””

Data are available in (CNCB-NGCC) at: (https://bigd.big.ac.cn/

ncov/variation/spike?lang=en).

3 | CELL ENTRY MECHANISM

Coronaviruses can invade host cells through different strategies, the
most important of which is receptor-mediated membrane fusion. The
diversity of receptor usage is a striking feature of coronaviruses.®®
Different coronaviruses use different receptors to invade host cells
and at the same time exhibit different tissue tropism resulting in
different clinical symptoms (Supplementary Tab.1). Understanding
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Number of Genomic Number of Genomic TABLE 2 Mutations locate in the RED
Mutation virus strains location Mutation virus strains location that are from the 17 key amino acids
critical for protein interaction

50IN>Y/H/D 465756 23063 449Y>F/C/S 21 22908

417K>T/M/R 7179 22812 456F>1/L/V 18 22928

417K>N 4579 22813 456F>L 18 22930

501N>S/I/T 2082 23064 505Y>C 17 23076

453Y>F 709 22920 496G>D/V 16 23049

446G>D/V/A 415 22899 500T>S/P/A 16 23060

455L>LX/F 389 22927 489Y>H/N 15 23027

475A>V/G 255 22986 498Q>K/X 10 23054

475A>T/P/S 137 22985 455L>S 9 22926

486F>L 137 23020 486F>S 8 23019

493Q>R/L 105 23040 487N>H/D 8 23021

496G>S/R 99 23048 498Q>R 8 23055

493Q>H 93 23041 502G>S/C 8 23066

501N>K/ 85 23065 489Y>C/S/F 7 23028

NPFL

449Y>N/D/H 81 22907 487N>T/S 5 23022

493Q>*/K/E 59 23039 502G>D/V 5 23067

455L>X/V 58 22925 500T>1 4 23061

446G>R/S 57 22898 417K>E 8 22811

505Y>D/H/X 37 23075 456F>Y 3 22929

486F>L/I 34 23018 453Y>H 2 22919

498Q>H 32 23056

Abbreviation: RBS, Receptor Binding Domain.

how SARS-CoV-2 enters human cells is a high priority for deci-
phering its mystery and curbing its spreading.

3.1 | ACE2-dependent receptors in viral
pathogenesis

Evidence that SARS-CoV-2 utilizes host ACE2 (hACE2) as a critical
receptor for cell entry is now strong and convincing,'”/2%37781
which is strikingly similar to the mechanism exploited by
SARS-CoV.2? Tissues with high ACE2 expression are considered
targets with potential high infection risk for SARS-CoV-2.2° Although
there is no evidence showing a linear correlation between the se-
verity of the disease and the expression level of ACE2, the efficiency
of ACE2 usage was reported to be a key determinant of SARS-CoV
transmissibility.2*#> SARS-CoV-2 S protein binds ACE2, and in con-
cert with host proteases, principally FURIN and TMPRSS2 promote
cellular entry.f° Cell entry is a complex process including (i) binding
of the virus to the host cell receptor brings about a conformational

change in the S2 domain, followed by the proteolytic cleavage at

$1/52 boundary®®%; (ii) a second conformational rearrangement by
cleavage at $2’ occurs for exposing the FP®*®7; and (iii) the formation
of an anti-parallel 6-HB fusion core formed by HR1 and HR2 that
bridges the viral and host cell membranes into close proximity and
ultimately results in cell fusion and the release of viral RNA into the
host cell.?® Figure 6 summarizes the spike protein-mediated cell fu-
sion of SARS-CoV-2 in a multistep process.

ACE2 is ubiquitously expressed in human tissues with high levels
in the heart, vessels, kidneys, brain, lung, and so forth.?” As an en-
dogenous counter-regulator of the renin-angiotensin system (RAS)
and a cell-surface peptidase that hydrolyzes angiotensin | to angio-
tensin 1-9 and angiotensin Il to angiotensin 1-7. ACE2 plays a vital
role in the maintenance of the cardiovascular system, as well as in
renal, intestinal, and respiratory systems.”®?* ACE2 protein was
found in two forms, namely the full-length membrane-bound ACE2
(mACE?2) and circulating soluble ACE2 (sACE2). mACE2 is located on
cell membranes with a transmembrane anchor and an extracellular
domain. While sACE2 lacks membrane anchors and is shed from
sACE2 into the circulation in low concentrations. Growing evidence
suggested the protective role of SACE2 as a competitive interceptor
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FIGURE 6 Hypothesized mechanism of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral entry. The SARS-CoV2 S
engages with the hACE2 receptor and is subsequently cleaved at S1/S2 and S2’ sites by proteases including, but not limit to, Furin, TMPRSS2,
and cathepsin L. This leads to activation of the S2 and the forming of fusion core, ultimately drives membrane fusion and the release of viral

RNA into host cell

of SARS-CoV-2 by preventing the binding of the virus to the
mACE2.7%7% In this line, a genetically modified sACE2, called human
recombinant ACE-2 (hrsACE2) protein was developed to saturate
the viral S-protein and thus prevent the cellular entry of
SARS-CoV-2.7% Nevertheless, Yeung et al.”® reported that sACE2
could facilitate virus cell entry, in vitro data showed endogenous
sACE2 could interact with the S of SARS-CoV-2 in the extracellular
compartment. The sACE2-S complex could then enable cell entry by
receptor-mediated endocytosis. Reasons for such conflicting results
are yet not clear. Moreover, a decline in ACE2 expression, being a
receptor for SARS-CoV-2, would prevent cellular entry of the virus
thereby reducing progression of the infection. However, increased
ACE2 expression have beneficial effects in the maintenance of
healthy condition. The intricacy of ACE2 expression level and its
regulatory mechanism in viral entry are complex, Thorough com-
prehension of the role of ACE2 in different pathways may help to
clarify this intricate situation.

3.2 | ACE2-independent receptors in viral
pathogenesis

It is now well established that SARS-CoV-2 utilizes the host ACE2
receptor to gain host cell entry.””° But SARS-CoV-2 seems to infect
a diverse range of cell types,”® and ACE2 is widely expressed across
a variety of organs. The lung, with only moderate but not the highest
expression of ACE2,°” however, is the major infected organ. Fur-
thermore, the unique Furin motif at S1/S2 and dibasic cleavage S2’
site may allow SARS-CoV-2 to undergo virus-cell fusion (receptor-
independent entry) as well as cell-cell fusion.”® Therefore, it's rea-
sonable to speculate that there might be other co-receptors or
ACE2-independent receptors for viral cell entry that are yet to be
discovered.

Wang et al.”’ demonstrated that CD147, also known as Ba-
sigin (BSG) or EMMPRIN, functionally facilitates cell entry of
SARS-CoV-2. Co-localization of CD147 and SARS-CoV-2 S was

detected by immuno-electron microscopy; the binding and inter-
action of the two proteins were also confirmed by Co-
Immunoprecipitation and ELISA; more importantly, Meplazumab
(an anti-CD147 antibody) could efficiently inhibit SARS-CoV-2
infection in a dose-dependent manner. Furthermore, a clinical trial

by Bian et al.*®°

showed confirmatory proof that treatment with
Meplazumab enhanced virus clearance, and decreased lymphocy-
topenia and inflammation index. A recent study, however, re-
ported that they were unable to find evidence supporting the role
of basigin as a putative spike binding receptor. In their research,
no proof for a direct interaction between the viral S protein to
either of the two common isoforms of BSG could be found. Re-
moving BSG from the surface of human lung epithelial cells by
CRISPR/Cas? resulted in no change in their susceptibility to SARS-
CoV-2 infection.’® Besides this, a genomic study investigating
variants in genes involved SARS-CoV-2 infection failed to discover
BSG variants in patients with COVID-19.°? Although CD147/BSG
could have some biological relevance through indirect routes
which could indirectly influence COVID-19 clinical progression,'®
the hypothesis that CD147/BSG acts as a coreceptor or an equally
essential new receptor remains to be well established.

Glucose Regulated Protein 78 (GRP78), also known as BiP or
HSPAS5, was indicated by accumulated proof to be another receptor
for SARS-CoV-2 cell entry.'®* % Four regions of the SARS-CoV-2
Spike protein were predicted by molecular docking to bind the host
cell surface GRP78.2°* Palmeira et al.'°® found preliminary evidence
that further proposed GRP78 as a possible molecular target to in-
hibit SARS-CoV-2 infection. The same proposition has confirmed by
Allam et al.,’®” who identified nine compounds that could act as
potential blockers of SARS-CoV-2 cell entry through GRP78.
Nevertheless, although the model study confirmed that SARS-CoV-2
S could stably interact with the GRP78, the structure of SARS-CoV-2
S this study relied on differs from the previously published structure
obtained by cryo-EM.?? Further mechanistic studies, as well as the
role of GRP78 as entry receptor in SARS-CoV-2 infection, remain to
be demonstrated.
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Takaharu Ichimura et al.*®”

reported that Kidney injury molecule-
1 (KIM-1), a drastically upregulated biomarker for kidney injury,**°
serves as an alternative receptor to ACE2 for SARS-CoV-2. KIM-1 was
expressed in lung and kidney epithelial cells in patients with COVID-
19, and colocalization of KIM-1and SARS-CoV-2 nucleocapsid protein
was detected in alveolar epithelium cells. Enhanced KIM-1 expression
by human kidney tubuloids increased uptake of virosomes. And
treatment with anti-KIM-1 antibody or TW-37(a newly discovered
inhibitor of KIM-1 small molecule inhibitor) dramatically blocked entry
of the SARS-CoV-2. Using in silico simulation, co-immunoprecipitation,
fluorescence resonance energy transfer Chen Yang et al.** showed
confirmatory evidence that further supports KIM1 as a novel receptor
for SARS-CoV-2. They demonstrated that KIM-1 binds with the
receptor-binding domain of SARS-CoV-2 and facilitates its attachment
to the cell membrane. The interaction between the SARS-CoV-2
receptor-binding domain and KIM-1 is potently blockaded by a ra-
tionally designed KIM-1-derived polypeptide AP2. In addition, they
also found that SARS-CoV-2-RBD binds to KIM-1 with a higher affinity
than that of SARS-CoV-RBD and MERS-COV-RBD, which probably
underlies the stronger contagion of SARS-CoV-2. Thus, the role of
KIM1 in the cell entry of SARS-CoV-2 is worth further exploring.

4 | CONCLUSIONS

Emerging and re-emerging viral infections are continuous global
threats to human health. Coronaviruses clearly have evolved to
cross the species barrier into new hosts, making it straightforward
to predict that more pandemics might outbreak in the future. The
newly emerging and ongoing COVID-19 has spread all over the
world, having a mortality of more than 31 million lives so far.
Extensive progress in every field has been made in terms of un-
derstanding the SARS-CoV-2 as well as COVID-19. Close resem-
blance to other coronaviruses suggests general principles that may
manage its biological activities. Nevertheless, initial testing of the
drugs used against SARS-CoV and MERS-CoV has been proved to
be ineffective in controlling SARS-CoV-2. And genetic mutations in
the SARS-CoV-2 continue to increase, making it more challenging
for vaccine design. Recent studies have demonstrated that the
SARS-CoV-2 spike protein, a major target for eliciting antibodies,
plays a vital role in virus invasion. Therefore, an in-depth under-
standing of the biological properties of the SARS-CoV-2 S is ur-
gently important for structure-based strategies targeting
SARS-CoV-2. In this view, we systematically summarized the mo-
lecular characteristics of SARS-COV-2 S using SARS-CoV S as a
comparison. The cell entry mechanism of SARS-COV-2 has also
been discussed. In particular, we offered a perspective on the
notable features of the SARS-CoV-2 S that set it apart from SARS-
CoV and other hCoVs. Collectively, our comprehensive under-
standing of the sophisticated structure and powerful function of
SARS-CoV-2 S as well as its cell entry mechanism, herein, may

provide insights into the mechanism of pathogenesis, interspecies

transmission as well as structure-guided intervention strategies
targeting SARS-CoV-2. Notably, an intact S structure is yet still
unavailable for any CoVs, and most of the structural and func-
tional analysis of SARS-CoV-2 S are based on the discrete func-
tional domains, although the cryo-electron microscopy structures
of SARS-CoV-2 S have been well demonstrated,?>“¢ which re-
vealed the detailed structure of the SARS-CoV-2 RBD and how it
contacts host ACE2 with striking differences compared to SARS-
CoV.*° The overall interaction between SARS-CoV-2 S and hACE2,
however, remains to be elucidated. Future research will shed light
on the biological features as well as the mechanism of SARS-CoV-2
infection.
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