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Abstract

Spike (S) protein cleavage is a crucial step in coronavirus infection. In this review, this
process is discussed, with particular focus on the novel coronavirus, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Compared with influenza virus
and paramyxovirus membrane fusion proteins, the cleavage activation mechanism of
coronavirus S protein is much more complex. The S protein has two cleavage sites
(S1/82 and S2'), and the cleavage motif for furin protease at the S1/S2 site that results
from a unique four-amino acid insertion is one of the distinguishing features of
SARS-CoV-2. The viral particle incorporates the S protein, which has already un-
dergone S1/S2 cleavage by furin, and then undergoes further cleavage at the S2’ site,
mediated by the type II transmembrane serine protease transmembrane protease

serine 2 (TMPRSS2), after binding to the receptor angiotensin-converting enzyme
2 (ACE2) to facilitate membrane fusion at the plasma membrane. In addition, SARS-
CoV-2 can enter the cell by endocytosis and be proteolytically activated by cathepsin
L, although this is not a major mode of SARS-CoV-2 infection. SARS-CoV-2 variants
with enhanced infectivity have been emerging throughout the ongoing pandemic, and
there is a close relationship between enhanced infectivity and changes in S protein
cleavability. All four variants of concern carry the D614G mutation, which indirectly
enhances S1/S2 cleavability by furin. The P681R mutation of the delta variant directly
increases S1/S2 cleavability, enhancing membrane fusion and SARS-CoV-2 virulence.
Changes in S protein cleavability can significantly impact viral infectivity, tissue
tropism, and virulence. Understanding these mechanisms is critical to counteracting
the coronavirus pandemic.
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INTRODUCTION

to exert its membrane fusion function. The proteases re-
sponsible for this cleavage are not encoded in the viral

Many viruses infect host cells using surface glycoproteins
on viral particles to bind host receptors and fuse with
cell membranes. In coronaviruses, the viral protein
responsible for these functions is the spike (S) protein.
Similar to many other viral proteins that facilitate mem-
brane fusion, the S protein must undergo cleavage by
protease(s) at the appropriate position(s) in the S protein

genome, and the virus uses host proteases to cleave
(proteolytically activate) the S protein so that membrane
fusion can occur. Therefore, understanding the proteolytic
activation mechanism of the S protein is critical for un-
derstanding the infectivity of coronaviruses and the pa-
thogenesis of coronavirus infections. The activation
mechanism of coronaviruses is more complex than that
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syndrome; NTD, N-terminal domain; RBD, receptor-binding domain; S, spike; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMD, transmembrane domain;
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FIGURE 1 Structural domains of SARS-CoV-2 S protein and cleavage
sites. (a) The SARS-CoV-2 S protein is a type I transmembrane protein,
consisting of SI and S2 domains, with a total length of 1273 amino acids.
NTD (14-303), RBD (319-541), FP (816-854), HR1 (942-990), HR2
(1163-1202), and TMD (1214-1234) are shown in light green, yellow, cyan,
blue, orange, and gray, respectively."” The S1/S2 (685/686) and S2' (815/
816) sites are shown by magenta and green scissors, respectively. (b) The
homotrimeric structure is shown in the surface presentation model. One
protomer is shown in the cartoon model. (c) A magnified view of the two
cleavage sites (S1/S2 and S2’) is shown. The light green area shows the S2
domain and the light purple area shows the S2 domain. (b, ¢) Data for PDB
6XR8 were used to create these figures

of, for example, influenza viruses or paramyxoviruses, and
many aspects of activation remain to be elucidated. In
this review, the current knowledge regarding the cleavage
activation mechanisms of coronavirus S proteins is de-
scribed with a focus on the newly emerged coronavirus,
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which causes the pandemic disease, coronavirus
disease 2019 (COVID-19).

STRUCTURE AND DOMAINS OF THE
SARS-CoV-2 § PROTEIN

The S proteins of coronaviruses are type I transmem-
brane proteins and are composed of the S1 subunit re-
sponsible for receptor binding and the S2 subunit
responsible for membrane fusion (Figure 1). Within the
S1 subunit, there is an N-terminal domain (NTD) and a
receptor-binding domain (RBD).” The RBD, as its name
suggests, is responsible for binding to the receptor, and
in the case of SARS-CoV-2, it binds to angiotensin-
converting enzyme 2 (ACE2) and heparan sulfate.”™”
However, the NTD in certain coronaviruses and possibly
in SARS-CoV-2 can also bind receptors,” including
proteinaceous receptors (CEACAMI1 for mouse hepatitis
virus) as well as glycans.” Presumably in many cor-
onaviruses, both domains bind to different molecules,
and together they are involved in the binding of the S
protein to the cell. The S protein has two major cleavage
sites: the S1/S2 site that divides the S1 subunit from the
S2 subunit, and the S2’ site within the S2 subunit””
(Figure 1). In addition to the N-terminal signal peptide
and the transmembrane region, the S protein has a hy-
drophobic fusion peptide (FP), located immediately
downstream of the S2’ cleavage site in the S2 subunit.
This FP shares structural features with FPs of membrane
fusion proteins of many other viruses. The presence of
this FP at the amino terminus of the S2 subunit is
thought to be critical for membrane fusion because S2’
cleavage, but not S1/S2 cleavage, is essential for the S
protein to exhibit membrane fusion activity. One of the
major features of the SARS-CoV-2 S protein is presence
of a suboptimal furin cleavage motif (FCM) (682-
RRAR|S-686; the arrow indicates the cleavage site) at the
S1/82 site by insertion of unique four amino acids (681-
PRRA-684; Figure 2). This feature is absent in SARS-
CoV, which caused an outbreak in 2002-2003, and the
closest relative of SARS-CoV-2, bat RaTG13 strain, or
any other related bat coronaviruses.” This distinguishing
feature is one of the grounds for the nonscientific argu-
ment that SARS-CoV-2 may be artificially generated.
However, this type of insertion can occur during the
natural evolution of coronaviruses,'”'' although the
cause of this insertion in SARS-CoV-2 is not yet known.
Regardless, this FCM is undoubtedly responsible for
some of the properties of SARS-CoV-2. Acquisition of an
FCM greatly increases virulence for avian influenza A
viruses and is a characteristic of highly pathogenic avian
influenza viruses. However, this feature is not necessarily
correlated with high virulence in coronaviruses. This is
because seasonal human coronaviruses (HCoV-HKU1
and HCoV-OC43), which are clearly less virulent than
SARS-CoV or SARS-CoV-2, also have an FCM at the S1/
S2 site.'”'” However, it is possible that this amino acid
insertion is involved in host range expansion and adap-
tation to humans by SARS-CoV-2.”""*
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FIGURE 2 Amino acid sequences of S1/S2
cleavage sites of SARS-CoV-2 and closely related
coronaviruses. Magenta scissors indicate the S1/52
cleavage site. NTD, RBD, FP, HR1, HR2, and TMD
are shown in light green, yellow, cyan, blue, orange,

and gray, respectively. Basic arginine and lysine SARS-CoV-2
residues are shown in blue boxes. Amino acids are

shown as single characters, and hyphens indicate gaps Alpha Var.lant
in the sequence Delta variant

Bat RaTG13
Bat ZC45

Bat ZXC21
Pangolin Guangxi
Pangolin Guandon
SARS-CoV
Bat RmYNO02

CLEAVAGE AND
CONFORMATIONAL CHANGES OF
SARS-CoV-2 S PROTEIN

The S protein undergoes a dynamic structural change in a
sequential process from receptor binding to membrane
fusion, including the process of S protein cleavage”'” *°
(Figure 3). The timing of the conformational change
must be highly regulated because this alteration during the
fusion process is irreversible. Once the S protein undergoes
the final conformational change, it completely loses its
membrane fusion function. Furthermore, the timing of
cleavage must be properly controlled because cleavage may
affect the structural stability of the S protein, especially in
intracellular organelles where the pH environment is dif-
ferent, such as transport vesicles, endosomes, and lyso-
somes, and therefore precise control is required to prevent
structural changes at inappropriate times. Furin is a pro-
protein convertase that is ubiquitously expressed in the
protein synthesis and transport pathways of cells. Thus, the
S§1/S2 site of SARS-CoV-2 S protein undergoes cleavage by
furin (priming cleavage) during biosynthesis of the S
protein and virus particle formation™' (Figure 4a). The
degree of cleavage (the percentage of S proteins that are
cleaved) is greatly affected by the amino acid sequence of
the cleavage site, and the cleavage is often partial.'” Al-
though furin is the primary protease responsible for this
priming cleavage, a certain level of S1/S2 cleavage occurs
even when furin is completely absent, presumably due to
the action of other proprotein convertases.”””’

As mentioned above, S2' cleavage is essential for in-
ducing membrane fusion, and thus S1/S2 cleavage alone
does not trigger membrane fusion. However, S1/S2 clea-
vage destabilizes the S protein, and likely promotes its
binding to ACE2'"** (Figure 5). This is because, through
a hinge-like movement, the RBD of the S protein changes
its position in the S protein trimer from a folded (“down”
or “closed”) to an exposed (“up” or “open”) conformation
to efficiently access and bind to its receptor, ACE2”"’
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(Figure 6). S protein cleaved by furin at the S1/S2 site may
more easily achieve the “up” conformation.”**® Binding
of one protomer to ACE2 promotes sequential conversion
of other protomers to the open conformation ideal for
binding to the receptor.'” SARS-CoV-2 with the D614G
mutation, which emerged early in the epidemic, has
better infectivity and proliferative potential and has
subsequently become the predominant strain in the
pandemic worldwide.””** The 614th amino acid on the S1
subunit is involved in the interaction of the S1 subunit
with the S2 subunit in another protomer'”*" (Figure 7).
The D614, but not G614, acts as a “latch” that secures the
two protomers together”® (Figure 7). The S protein with
the D614G mutation, which therefore affects the inter-
protomer interactions between the S1 and S2 subunits,
tends to adopt the up/open conformation'”***’
(Figure 5). Besides, the 614th amino acid is located in the
vicinity of the S1/S2 cleavage site (Figure 7), and the
D614G mutation increases S1/S2 cleavability by furin®®
(Figure 5). Thus, S protein that contains the D614G
mutation may be more likely to adopt the up/open con-
formation®®*’ (Figure 5). In fact, the D614G mutation is
of great significance when the S protein contains an
FCM.”*

As discussed above, cleavage of the S2’ site is es-
sential for coronavirus infection, and cleavage of this
site occurs after the S protein binds to the receptor, not
during the biosynthesis or intracellular transport of S
protein (Figures 3a and 4a). This is because the con-
formational change of S protein induced by receptor
binding is necessary for the S2’ site to be accessed and
cleaved by specific proteases'™'”*" (Figure 3a). For
SARS-CoV-2, transmembrane protease serine 2
(TMPRSS2) is responsible for this S2’ cleavage’’'
(Figures 3a and 4a). TMPRSS2 is a type II transmem-
brane serine protease (TTSP) that is most highly ex-
pressed in the prostate and in a variety of epithelial
tissues, including the airway epithelium. This enzyme is
expressed in intracellular transport vesicles, as well as on
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FIGURE 3  Structural changes in S protein during the membrane
fusion process. (a) This illustration shows the sequence of structural
changes from the prefusion form before receptor binding, binding to the
receptor ACE2, cleavage of the S2’ site, and the final postfusion form.
NTD, RBD, FP, HR1, HR2, and TMD are shown in light green, yellow,
cyan, blue, orange, and gray, respectively. Magenta and green scissors
indicate the S1/S2 and S2’ cleavage sites, respectively. (b) S2 domain in a
prefusion form. The trimeric structure is shown on the left, and one of the
protomers is shown on the right, both as cartoon models. Green scissors
indicate the S2’ cleavage site. (c) S2 domain in a postfusion form. The
trimeric structure is shown on the left, and one of the protomers is shown
on the right, both as cartoon models. (b, c) Data for 6XR8 (prefusion form)
and 6XRA (postfusion form) were used to create these figures

the plasma membrane. TMPRSS2 gene-knockout mice
exhibit perfectly healthy growth and fertility,”*”* but its
physiological functions remain unknown. While clea-
vage of the S1/S2 sites is not necessarily critical for the
infectivity of coronaviruses, for SARS-CoV-2 to become
fully infectious, S1/S2 cleavage by furin is essential.”’
During the receptor-binding process, the N-terminal
region of the S2 protein generated by furin-mediated S1/
S2 cleavage (in some studies, this N-terminal region is
also referred to as FP) may be targeted to the plasma
membrane, and after receptor binding, S2 is further
cleaved at the S2’ site by TMPRSS2 on the plasma
membrane, placing the FP at the new N terminus of the
S2 subunit (in some papers, this region is referred to as
internal FP)."”’* This S2’ cleavage finally triggers an
extensive and irreversible conformational change to
cause membrane fusion’* (Figure 3). The S1/S2 cleavage
may also have additional significance. It has been shown
that neuropilin-1 binds to the RRAR sequence at the
carboxyl terminus of the S1 subunit generated by furin-
mediated S1/S2 cleavage, and this binding enhances
ACE2-mediated infection by SARS-CoV-2."""°

., A 4 : s ‘
ACE2 TMPRSS2 S2’cleavage
Early pathwa

Cathepsin L - @
S1/82 cleavage gae.”ﬂﬁ . Binding
v ?‘_ ‘? A M~ © Endocytosis
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FIGURE 4 Entry pathways of SARS-CoV-2 and timing of S protein
cleavage activation. (a) The S1/S2 site of the S protein is cleaved during
virus particle formation. After binding to the receptor, ACE2, the S2’ site is
cleaved by TMPRSS2 and enters the cell (early pathway); if TMPRSS2 is not
available, the virus particles are endocytosed and the S protein is cleaved
and activated by lysosomal cathepsin L (late pathway). (b) If SARS-CoV-2
is cultured in cells that do not express TMPRSS2, the FCM at the S1/S2 site
is lost due to mutation, and the virus infects the cells using only the late
pathway

TWO MAJOR CELL ENTRY
PATHWAYS OF SARS-CoV-2 AND
INDIVIDUAL ROLES OF HOST
PROTEASES (FURIN, TMPRSS2, AND
CATHEPSIN L)

It has been established that the S1/S2 site is cleaved by furin
and the S2' site is cleaved by TMPRSS2.'*"*""*® Notably,
cleavage by both furin and TMPRSS2 is required for efficient
SARS-CoV-2 infection of lung epithelial cells (Calu-3
cells)."*””" Each enzyme plays a different role because one
enzyme cannot compensate for the other. For SARS-CoV-2
to be efficiently activated by TMPRSS2, the FCM is re-
quired.”"”>*" These results indicate that furin and TMPRSS2
(S1/S2 and S2’ cleavage) work in concert. However, the fol-
lowing complicates our understanding of coronavirus cleavage
activation. In many studies, VeroE6 cells, which do not express
TMPRSS2, have been used to isolate and grow SARS-CoV-2.
These findings indicate that TMPRSS2 may not necessarily be
required for SARS-CoV-2 infection. As has been shown with
other coronaviruses,”’ SARS-CoV-2 can enter the cell by
the endocytic pathway without the support of furin or
TMPRSS2 and can be activated by lysosomal cathepsin L*"***’



SARS-COV-2 ACTIVATION

D614G
Alpha, Beta,
Gamma, Delta

bz N

S1/S2 cleavage P681R
by furin e Delta

N501Y Up (Open) S2’ cleavage
Alpha, Beta, conformation by TMPRSS2
Gamma
(E484K) ﬂ ﬂ
Beta, Gamma,
(Alpha)
Receptor (ACE2) Membrane
ég:LZNm/ng - binding fusion
L452R X] ‘/
Delta
T478K
s Infectivity
FIGURE 5 Chart notation of enhanced infectivity by furin cleavage

and significance of major mutations in VOC

(Figure 4a). This entry route of infection is called “the late
pathway,” while the route from the plasma membrane using
TMPRSS2 is called “the early pathway” (Figure 4a). Cathepsin
L is thought to cleave near the S1/S2 site,”**** but it may also
cleave near the S2’ site.'” Analyses of lung epithelial Calu-3
cells, intestinal epithelial Caco-2 cells, and primary human
airway epithelia cultured at an air-liquid interface (HAE-ALI
culture) have shown that the cathepsin L pathway is in-
efficiently used and that the early pathway using furin and
TMPRSS2 is the major route of SARS-CoV-2 infection in these
cells.”*>*" In fact, the expression level of cathepsin L is very
low in Calu-3 cells and HAE-ALI culture, whereas it is very
high in VeroE6 cells.'*® In the tissues of the nose and lungs,
both TMPRSS2 and cathepsin L are detected clearly, although
the expression levels are not so high."” Therefore, the late
pathway may also play a role in infecting the respiratory tract
in vivo. However, the dependence of SARS-CoV-2 on
TMPRSS2 in the early pathway is more evident than that of
SARS-CoV" because SARS-CoV-2, but not SARS-CoV, has
an FCM." The fact that the major mode of SARS-CoV-2
infection in vivo is the early pathway using TMPRSS2 is ex-
plained in more detail in the following section.

SIGNIFICANCE OF THE FCM VARIES
BY CELL TYPE

When SARS-CoV-2 is propagated in VeroE6 (or Vero) cells,
the virus is clearly under a strong selection pressure that
causes mutations in the FCM or deletion in the loop con-
taining the FCM.">*"">* The length of the loop is also
important for cleavage by furin because it affects the ac-
cessibility of the protease.”” Viruses whose S protein is not
cleaved by furin (SARS-CoV-2 AFCM) are more infectious
to VeroE6 cells and replicate faster in these cells than wild-
type SARS-CoV-2.7**"*>" Therefore, it is clear that when
propagating in VeroE6 cells, S1/S2 cleavage by furin is not

Microbiology and Imnmunology

FIGURE 6 S protein in down conformation and in up conformation
binding to the receptor, ACE2.The homotrimeric structure is shown in the
surface presentation model. One protomer is shown in color, the other two
in white. NTD, RBD, FP, HRI, HR2, and TMD are shown in light green,
yellow, cyan, blue, orange, and gray, respectively. ACE2 is shown in cyan.
The S protein in down conformation is shown on the left, and in up
conformation binding to ACE2 on the right. Data for PDB 6XR8 (down
conformation) and 7LNB (up conformation) were used to create these
figures

FIGURE 7 Alteration of interprotomer interaction by D614G
mutation. (a—c) The homotrimeric structure is shown in the cartoon
model. One protomer is shown in color, the other two in white. NTD,
RBD, FP, HR1, HR2, and TMD are shown in light green, yellow, cyan, blue,
orange, and gray, respectively. Magenta scissors indicate the S1/S2 cleavage
site. The blue dashed lines indicate the loop containing the FCM. The
orange area shows the surrounding area of the 614th amino acid. (a, b) The
S protein trimer with 614D. (c) The S protein trimer with 614G. (b, ¢)
Magnified views of the area around the 614th amino acid showing the
hydrogen bonds formed with the 614th amino acid (yellow dotted lines).
(a-c) Data for PDB 6VSB (614D) and 6XS6 (614G) were used to create
these figures
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necessary ~ and may even be detrimental for SARS-CoV-2
propagation (Figure 4b). The disadvantage of having an
FCM is not observed in VeroE6 cells expressing TMPRSS2
(VeroE6/TMPRSS2).”"”” When infecting VeroE6/TMPRSS2
cells, SARS-CoV-2 can use both the TMPRSS2-mediated
early and cathepsin-mediated late pathways; however, the
TMPRSS2-mediated early pathway is preferentially used””*’
(Figure 4a). Nevertheless, this does not mean that presence
of the FCM is advantageous for SARS-CoV-2. Why, then,
does SARS-CoV-2 have an FCM? Some answers can be
obtained from the following observations. SARS-CoV-2
AFCM has reduced infectivity and proliferative potential in
respiratory epithelial Calu-3 cells'****”">*® and in human
airway organoids (hAOs).”” Therefore, in most cases, the
FCM is maintained in HAE-ALI cultures’” and hAOs.™
However, in one case of HAE-ALI culture, deletion muta-
tions in the FCM increased as observed in VeroE6 cells.”’
These observations may be due to interexperimental
differences in HAE-ALI cultures. Presumably, in cases
where FCM mutations accumulate, the expression level of
TMPRSS2 may be expected to be very low. The expression
level of hepatocyte growth activator inhibitor-2, a physio-
logical inhibitor of TMPRSS2, may also have influenced
these results’” °' (Figure 4a). Leastwise, the presence of an
FCM is a distinctive feature of SARS-CoV-2, and its con-
servation has been confirmed by genetic analysis of a vast
number of clinical strains. Therefore, the mode of entry via
the late pathway in VeroE6 cells that affects (deletes or
destroys) the FCM (Figure 4b) would not be the main mode
of entry of SARS-CoV-2 in patients.

SIGNIFICANCE OF THE FCM IN THE
PATHOGENICITY AND
TRANSMISSION OF SARS-CoV-2

Demonstrating the importance of the FCM in SARS-CoV-2
pathogenicity, mutant strains that have lost furin-mediated
cleavability (SARS-CoV-2 AFCM) are attenuated in animal
models (hamsters, transgenic mice).””*”” Pathological
changes and inflammation in the lungs are also significantly
reduced in SARS-CoV-2 AFCM-infected animals.”*”” The
SARS-CoV-2 AFCM mutant strains retain proliferative ability
in the nasal cavity, but the virus titers in the lungs are
markedly reduced in animal models.” Changes in the cell
types infected have also been observed in animals infected
with SARS-CoV-2 AFCM mutants. In animals infected with
the wild-type SARS-CoV-2 strain, infection can be observed
in both epithelial cells and pneumocytes, but in animals in-
fected with SARS-CoV-2 AFCM mutants, the infectivity of
epithelial cells is reduced while infection of pneumocytes is
mainly observed.” This change in cell types due to differ-
ential sensitivity to proteases (furin) is very interesting. The
importance of the FCM in transmission of SARS-CoV-2 is
also shown with a ferret model."” For SARS-CoV and Middle
East respiratory syndrome-related (MERS-) CoV, TMPRSS2
has been already demonstrated to play an important role in

the in vivo growth.”” In TMPRSS2 gene-knockout mice, the
infectivity of SARS-CoV in bronchial epithelium (the primary
infection site in this animal model) is severely affected, while
the infectivity in pneumocytes is relatively stable, although
the viral titer in the lungs is significantly decreased.®” Similar
analysis is required to show the role of TMPRSS2 in in vivo
proliferation of SARS-CoV-2.

VARIANTS OF CONCERN AND
CHANGES IN PROTEASE
SENSITIVITY

The emergence of variants with increased infectivity or reduced
vaccine efficacy has become a public health concern, and there
has been much discussion about mutations within the S protein
in particular. As mentioned earlier, SARS-CoV-2 with the
D614G mutation, which emerged early in the epidemic and has
become a major cause of the global pandemic,””**** has gained
increased infectivity because of the D614G mutation. This
mutation in the S protein increases the efficiency of S1/S2
cleavage by furin® and thus facilitates the adoption of an “up”
conformation that favors binding to ACE2°** (Figure 5).
Currently, SARS-CoV-2 strains with increased infectivity and
transmissibility or altered antigenicity are designated as variants
of concern (VOCs), and as of August 8, 2021, four variants
labeled alpha, beta, gamma, and delta are considered VOCs. All
of these VOCs have the D614G mutation (Figure 5). The alpha-
variant emerged in the United Kingdom in November 2020°*
and has an N501Y mutation that directly affects the interaction
with ACE2, making it more contagious than previous strains’’
(Figure 5). The alpha variant also has an amino acid mutation,
P681H, in the S1/S2 site (681-HRRAR|S-686; the mutated
amino acid is underlined; Figure 2). A study showed that this
mutation increases the cleavability of the S protein but has no
significant effect on viral infectivity or membrane fusion abil-
ity.”” The beta and gamma variants emerged in South Africa
and Brazil, respectively,””*® and in addition to N501Y, they
have mutations, K417N/T and E484K, which may directly af-
fect the interaction with ACE2, resulting in enhanced ACE2
binding®”’" (Figure 5). However, there are conflicting ob-
servations that E484K and K417N/T are mutations acquired to
escape from neutralizing antibodies and rather reduce binding
to ACE2.”" The delta variant has spread rapidly in India since
the end of 2020. It does not have mutations found in the
aforesaid three VOCs, such as N501Y, E484K, and K417N/T.
Instead, it has 1452R and T478K mutations. Both of these
mutations are located in positions that can affect the interaction
with ACE2 and are likely to increase ACE2 binding (Figure 5).
Similar to the alpha variant, the S protein of the delta variant
has the P68IR mutation in addition to L452R and T478K
(Figure 5). Notably, this mutation adds a strong basic amino
acid, arginine, to the S1/S2 cleavage site (681-RRRAR|S-686;
the mutated amino acid is underlined; Figure 2). The P681R
mutation promotes furin-mediated S1/S2 cleavage and confers
the strong membrane fusion activity characteristic of the delta
variant, which has been shown to have increased virulence”
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(Figure 5). The same mutation (P681R) has been found in
another variant that is not a VOC, and a study with this variant
has also demonstrated that the P681R mutation increases
the cleavability of the S protein.”” However, in that study, the
P681R mutation alone was not sufficient to increase the
infectivity of the original Wuhan SARS-CoV-2 strain.”’
Nevertheless, given the effect of the D614G mutation and the
characteristics of the delta variant, it is likely that cleavability by
furin is deeply involved in the infectivity and transmissibility of
SARS-CoV-2.

ROLES OF OTHER TTSPs

Analysis using knockout mice has demonstrated that
TMPRSS2 plays a major role in the in vivo replication and
pathogenicity of SARS-CoV, MERS-CoV, and influenza A
viruses.””*>’*”> TMPRSS2 is a member of the TTSP family,
which contains about 20 different TTSPs.”® For influenza
viruses, TMPRSS4 and matriptase (suppression of tumor-
genicity 14) have also been shown to have hemagglutinin
(HA) cleavage activity, but it is unclear whether these TTSPs
are involved in HA cleavage in vivo.””””” For SARS-CoV-2,
TMPRSS13  (mosaic serine protease large-form) and
TMPRSS11D (human airway trypsin-like protease) also
activate S protein, although they may be less efficient than
TMPRSS2.**°%%%"% TMPRSS4, TMPRSS11E (differentially
expressed in squamous cell carcinoma gene 1), and
TMPRSS11F may also have the ability to activate the S
protein of SARS-CoV-2, but the results have varied greatly
among published studies.””*""**"** Thus, the importance
of these TTSPs in vivo in the pathogenicity of SARS-CoV-2
requires further analysis.

CONCLUSION

Focusing on SARS-CoV-2, we have sought to discuss the
proteolytic activation of coronavirus S protein. Unlike
coronaviruses, the mechanism of cleavage activation of
paramyxoviruses and influenza viruses is simple because
there is only one cleavage site for the membrane fusion
protein, and this cleavage occurs during protein synthesis,
transport, and the formation of viral particles.”* *° Al-
though cleavage is essential for paramyxoviruses and in-
fluenza viruses, the cleavage itself is not directly involved
in the triggering of membrane fusion. In Newcastle disease
virus (paramyxovirus) and avian influenza viruses, there is
a clear difference in pathogenicity closely related to
whether the membrane fusion protein has an FCM or
not.”**>" In comparison, cleavage of the coronavirus S
protein is much more complex. However, we are yet to
fully understand this mechanism. As discussed in this
review, presence of an FCM at the S1/S2 site is one of the
distinguishing features of SARS-CoV-2, and some of the
characteristics of the mutant viruses seem to be explained
by differences in the cleavability of the S protein. Changes
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in cleavage properties and the proteases available for
cleavage can cause significant changes in viral prolifera-
tion, tissue tropism, and virulence.”*®” Coronaviruses,
including SARS-CoV-2, seem to be no exception to
this. Therefore, elucidating the mechanism of S protein
cleavage activation, which is closely related to S protein-
mediated membrane fusion activity, is essential for un-
derstanding the infection mechanism of coronaviruses
and the diseases by which coronavirus infections may
again cause future pandemics. Such understanding will
contribute to the risk assessment, early detection, and
prevention of further pandemics and the development of
new therapeutic agents against coronaviruses.
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