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Abstract

The spike (S) protein of SARS coronavirus (SARS-CoV) has been known to recognize and bind to host receptors, whose conforma-
tional changes then facilitate fusion between the viral envelope and host cell membrane, leading to viral entry into target cells. However,
other functions of SARS-CoV S protein such as proteolytic cleavage and its implications to viral infection are incompletely understood.
In this study, we demonstrated that the infection of SARS-CoV and a pseudovirus bearing the S protein of SARS-CoV was inhibited by
a protease inhibitor Ben-HCl. Also, the protease Factor Xa, a target of Ben-HCl abundantly expressed in infected cells, was able to
cleave the recombinant and pseudoviral S protein into S1 and S2 subunits, and the cleavage was inhibited by Ben-HCl. Furthermore,
this cleavage correlated with the infectivity of the pseudovirus. Taken together, our study suggests a plausible mechanism by which
SARS-CoV cleaves its S protein to facilitate viral infection.
� 2007 Elsevier Inc. All rights reserved.
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Severe acute respiratory syndrome (SARS) is a novel
life-threatening infectious disease caused by SARS coro-
navirus (SARS-CoV) [1]. Viral spike (S) protein is a mul-
tifunctional protein that plays pivotal roles in the biology
and pathogenesis of SARS-CoV. The N-terminal region
of the S protein has been demonstrated to mediate viral
infection, by binding through the receptor-binding
domain (RBD) to a cellular receptor angiotensin-convert-
ing enzyme 2 (ACE2) [2], and subsequently inducing
virus–cell membrane fusion, which involves two domains
in the C-terminal region of the S protein named heptad
repeat (HR) 1 and 2 [3]. However, other functions of
the S protein that are important in viral infection have
not yet been defined.
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In most other members of the coronavirus family, such
as human coronavirus HCoV-OC43 and bovine coronav-
iruses BCoV, the S protein may be post-translationally
cleaved into two fragments, S1 (receptor-binding domain)
and S2 (membrane fusion domain) [4,5]. Studies on other
coronaviruses have further elucidated that conforma-
tional changes of the S protein can be induced at 37 �C
and pH 8.0, accompanied by the cleavage of S1 and S2,
which triggers virus–cell membrane fusion [6,7]. As a
new member of the coronavirus family, SARS-CoV shares
with other coronaviruses some similarity and common
features in the amino acid sequences of the S protein [8].
It has been found that the S protein of SARS-CoV is
post-translationally cleaved into S1 and S2 functional
domains in the process of viral infection [9]. However,
the impact of this cleavage on viral infectivity remains
unclear [10].
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Our previous study has shown that SARS-CoV infectiv-
ity was inhibited over 99.99% in cell cultures by pre-incuba-
tion with two peptides, which correspond to the sequences
(amino acid residues 598–617 and 737–756) proximal to the
potential S1 and S2 cleavage site, suggesting that these crit-
ical sites or regions might be influential in viral infection
[11]. In this study, we aimed to further investigate which
proteases may be important in the cleavage of the S protein
and whether the cleavage of SARS-CoV S protein has an
impact on viral infectivity.
Materials and methods

Inhibition assay of live SARS-CoV infection. Thirteen protease inhibi-
tors, including Ben-HCl, 6-aminohexanoic acid, antipain, aprotinin,
bestatin, chymostatin, E-64, EDTA disodium salt, N-ethylmaleimide,
leupeptin, pepstatin, phosphoramidon, and trypsin inhibitor (Novagen,
USA and Sigma, USA), were selected for testing the potential inhibition of
SARS-CoV infection in cell cultures by plaque reduction assay [12] using
SARS-CoV strain GZ50 (GenBank Accession No. AY304495).

Construction and preparation of pseudotyped SARS-CoV/HIV.

Pseudotyped SARS-CoV/HIV (pseudovirus) bearing the codon-optimized
full-length S protein of SARS-CoV and a defective HIV-1 genome
expressing luciferase as reporter (pNL4-3.luc.RE) was prepared as previ-
ously described [13]. The produced pseudovirus was quantified by mea-
suring p24 protein level using a Vironostika HIV-1 antigen MicroELISA
kit (Biomerieux bv Boxtel, Netherlands).

Inhibition assay of pseudovirus infection. To assess inhibitory effect of
Ben-HCl on the infection of pseudovirus, 293T cells expressing ACE2
(293T/ACE2) were pre-incubated with Ben-HCl at different concentra-
tions for 30 min at 37 �C, followed by infection with varying concentra-
tions of pseudovirus. The medium was replaced after overnight incubation
or at indicated time points, and cells were continually incubated for an
additional 48 h. The infectivity of the pseudovirus was determined by
measuring relative luciferase activities (RLU) using a luciferase kit (Pro-
mega, USA) in a Wallac Microbeta 1420 counter (Perkin-Elmer, USA)
according to the manufacture’s instruction.

Cleavage and inhibition assay of the S protein. The cleavage and inhi-
bition assay of the full-length recombinant SARS-CoV S protein (Protein
Sciences Corporation, USA) was performed using protease Factor Xa and
its inhibitor Ben-HCl (Novagen, USA) according to the manufacturer’s
instruction. In brief, the S protein was incubated with Factor Xa in the
presence or absence of Ben-HCl for 6 h at room temperature. In the
cleavage and inhibition assay of the pseudoviral S protein, pseudovirus
was incubated with different concentrations of Factor Xa in the presence
or absence of Ben-HCl at room temperature for 2 and 6 h, respectively.
Pseudovirus was also added to 293T/ACE2 cells with or without pre-
incubation with Ben-HCl at 37 �C for 30 min. The culture supernatant was
collected at indicated time points.

SDS–PAGE and Western blot. The cleavage and inhibition of the full-
length and pseudoviral S protein were detected by SDS–PAGE and
Western blot according to the protocol described previously [14]. The
cleaved S1 and S2 bands were confirmed using specific primary antibodies
against SARS-CoV S1 (S1-121B8) and S2 (S2-102D7 or -119F6) subunits
[15] and horseradish peroxidase (HRP)-conjugated anti-mouse IgG sec-
ondary antibody (DAKO, Denmark).

Detection of Factor Xa transcription. Transcription of Factor Xa in
293T/ACE2 cells was tested by reverse transcriptase polymerase chain
reaction (RT-PCR). Total cellular RNA was extracted using RNeasy Mini
kit (Qiagen, USA), and cDNA was subsequently synthesized using ran-
dom primers and SuperScript II RT kit (Invitrogen, USA). Three pairs of
primers for amplifying three fragments of the coding region of Factor Xa
were: the forward primers 5 0-GACACAGTACTCGGCCACACCAT
GG-3 0, 5 0-AATGAACGCAGGAAGAGGTCAGTG-3 0, 5 0-AGATTCA
AGGTGAGGGTAGGGGACC-30, respectively, and the reverse primers
5 0-CGTCGTCTTGTCGCTGTCCTCAAAG-3 0, 5 0-TACCCTCACCTTG
AATCTCTTGGCT-30, 50-GAGTGGGATCTCACTTTAATGGAGA-3 0,
respectively. As the internal control, b-Actin was amplified with a forward
primer 5 0-GCACACTTAGCCGTGTTCTTTGCACTTTCT-3 0 and a
reverse primer 50-AGGCGTACAGGGATAGCACAGCCTGGATAG-3 0.
PCR for amplifying specific gene fragments was performed with 40 cycles at
94 �C for 1 min, 55 �C for 1 min, and 72 �C for 1 min, followed by a final
extension at 72 �C for 10 min in the GeneAmp PCR System 9700 (Applied
Biosystems, USA).

Detection of Factor Xa protein expression. Expression of Factor Xa in
293T/ACE2 cells at the protein level was detected by immunoprecipitation
(IP) and Western blot. b-Actin was included as a house-keeping protein
control. IP was done using EZview Red Protein A Affinity Gel kit in
accordance with the manufacturer’s instruction (Sigma, USA). Precipi-
tated proteins (30 lg) were separated on SDS–PAGE and analyzed by
Western blot as described above. The primary antibodies for IP and
Western blot were anti-Factor Xa (R&D Systems, USA) and anti-b-actin
(Abcam, USA).
Results

A protease inhibitor Ben-HCl inhibited SARS-CoV infection

To assess which protease inhibitor(s) would affect
SARS-CoV infectivity in cell cultures, we screened 13
potential protease inhibitors, which are listed in Materials
and methods, for their inhibitory effects on SARS-CoV
infection. Among these inhibitors, only Ben-HCl was able
to inhibit SARS-CoV infection in cell cultures. Fig. 1A
shows that Ben-HCl inhibited the SARS-CoV plaque for-
mation in Vero E6 cells in a concentration-dependent man-
ner. The inhibition rates of SARS-CoV were 1.5% at
1 mM, 40% at 2 mM, and 70% at 4 mM of Ben-HCl. The
results indicate that at least one protease inhibitor can sup-
press SARS-CoV infection or replication.

To confirm that the suppression of SARS-CoV infection
by Ben-HCl occurs at the level of viral entry but not at
other steps of viral replication, the inhibitory effect of
Ben-HCl on SARS-CoV S protein/ACE2-mediated cell
entry was detected using a pseudovirus expressing the S
protein of SARS-CoV. As shown in Fig. 1B, RLU
decreased progressively with increased concentrations of
Ben-HCl. Fig. 1C further shows that the inhibition rates
of Ben-HCl were closely correlated to the concentration
of Ben-HCl but were independent of the concentration of
the pseudovirus. In addition, treatment with 20 mM of
Ben-HCl resulted in nearly complete inhibition of the
pseudovirus infection. The results further demonstrate that
Ben-HCl indeed inhibited viral entry into the target cells.
SARS-CoV S protein was cleaved by protease Factor Xa and

the cleavage was inhibited by its inhibitor Ben-HCl

Since Ben-HCl is an inhibitor of a panel of proteases
including Factor Xa, thrombin, and trypsin, we tested
these proteases for their activities to cleave the full-length
recombinant S protein of SARS-CoV. We found that only
Factor Xa was able to effectively cleave the S protein into
S1 and S2 subunits, and the cleavage was inhibited by



Fig. 2. In vitro cleavage of SARS-CoV S protein by Factor Xa. (A) The
full-length recombinant S protein (1.55 lg) was incubated with 0.5 U
Factor Xa (S + FXa) for 6 h. Untreated S protein (S only), and S protein
incubated with Factor Xa and 20 mM Ben-HCl (S + FXa + Ben) for 6 h,
were detected by Western blot. The cleaved S1 (�105 kDa) and S2
(�75 kDa) fragments, which were respectively recognized by anti-S1
(121B8), anti-S2 (102D7), and both (anti-S1 + -S2) are indicated. (B) The
pseudovirus (3 ng p24) was incubated with Factor Xa (FXa) at the
indicated concentrations with or without 80 mM Ben-HCl (Ben) for 2 h,
and detected by Western blot using anti-S1 (121B8) and anti-S2 (119F6),
respectively. (C) The pseudovirus (Ps) was incubated with 0.5 U Factor Xa
(Ps + FXa), with buffer only (Ps only), or with 0.5 U Factor Xa and
80 mM Ben-HCl (Ps + FXa + Ben) for 6 h. Proteins were detected by
Western blot using the same antibodies as in (B). The molecular marker
(kDa) is indicated on the left.

Fig. 1. Ben-HCl inhibits the infection of SARS-CoV and pseudotyped
SARS-CoV/HIV. (A) Inhibitory effect of Ben-HCl on Vero E6 cells
infected with wild-type SARS-CoV. The mean values from three
independent assays are shown with standard error (SE). (B) Inhibitory
effect of Ben-HCl on viral entry. 293T/ACE2 cells were infected with
pseudovirus in the presence or absence of Ben-HCl, and RLU was
measured. The data are shown as mean + SE of three independent
experiments. (C) Correlation of entry inhibitory activity of Ben-HCl on
pseudovirus infection. The data are presented as mean values of three
independent experiments.
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20 mM of Ben-HCl (Fig. 2A). We further demonstrate that
Factor Xa also cleaved the S protein in pseudotyped
SARS-CoV/HIV. When the pseudovirus was incubated
with Factor Xa at room temperature for 2 h, the pseudovi-
ral S protein was partially cleaved, and the cleavage
increased with the concentration of Factor Xa (Fig. 2B).
When the incubation time was extended to 6 h, the pseud-
oviral S protein could be almost completely cleaved by
0.5 U of Factor Xa (Fig. 2C). Furthermore, the cleavage
of pseudoviral S protein by Factor Xa was inhibited by
Ben-HCl at the concentration of 80 mM, showing the same
pattern as untreated pseudovirus (Fig. 2). These results
indicate that both recombinant and pseudoviral S protein
can be cleaved by Factor Xa into S1 and S2 subunits,
and that the cleavage can be prevented by the inhibitor
Ben-HCl.
The S protein was cleaved when the pseudovirus was

incubated with target cells

To determine if the infectivity of pseudovirus SARS-
CoV/HIV is associated with the cleavage of the S protein
by proteases on the target cell membrane, we tested the
cleavage of the S protein in the culture supernatant by
Western blot and the infectivity of the pseudovirus in cell
lysate by luciferase assay, after the pseudovirus was incu-
bated with 293T/ACE2 cells for 2 and 4 h in the presence
or absence of Ben-HCl (20 mM). Fig. 3A shows extra
bands in the pseudovirus infected culture supernatant in
the absence of the inhibitor Ben-HCl at 2 and 4 h, which
reacted with anti-S1 (121B8) and anti-S2 (119F6) mAbs,
respectively, indicating that the cleavage enhanced with



Fig. 3. Association of pseudovirus infection with the cleavage of S
protein. (A) Culture supernatant of 293T/ACE2 cells infected with
pseudovirus (3 ng p24) in the presence (Ps + Ben Incub) and absence (Ps
Incub) of Ben-HCl (20 mM) was collected at the indicated time points and
detected for the cleavage of S protein by Western blot using anti-S1
(121B8) and anti-S2 (119F6), respectively. The pseudovirus alone (Ps
alone) incubated at the same condition was included as a control. (B) After
removing the pseudovirus at the indicated time points, the cells were
continually cultured for 48 h and harvested for luciferase assay to
determine pseudovirus infectivity, which is shown as mean + SE of
RLU from three independent experiments.

Fig. 4. Expression of protease Factor Xa in 293T/ACE2 cells. (A) RT-
PCR products of indicated sizes were amplified from total RNA samples
extracted from 293T/ACE2 cells. The products correspond to nucleotide
sequences 5–260 (255 bp), 552–889 (337 bp), and 872–1502 (630 bp) of
Factor Xa transcript, respectively. The molecular marker (bp) is shown on
the left. RT-PCR product of b-actin mRNA (172 bp) was amplified in the
same RNA samples as an internal control. (B) Factor Xa protein
expression was detected in 293T/ACE2 cell lysate by Western blot. Factor
Xa of 53 kDa and b-actin of 42 kDa were recognized by their specific
antibodies, respectively. The molecular marker (kDa) is indicated on the
left.
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the increase of incubation time. In contrast, no such bands
were detected in the pseudovirus infected supernatant in
the presence of Ben-HCl or the pseudovirus alone. Lucifer-
ase assay further demonstrates that the infectivity of the
pseudovirus SARS-CoV/HIV increased with the extension
of incubation and the cleavage of more S protein (Fig. 3B).
The above results indicate that the infectivity or the infec-
tion process of the pseudovirus SARS-CoV/HIV was clo-
sely associated with the cleavage of the S protein into
functional S1 and S2 subunits.

The expression of protease Factor Xa in 293T/ACE2 cells

The expression of the protease Factor Xa in 293T/ACE2
cells was further confirmed by RT-PCR (Fig. 4A) and Wes-
tern blot (Fig. 4B). As shown in Fig. 4A, RT-PCR prod-
ucts of 255, 337, and 630 bp, which are respectively
corresponding to nucleotide sequences 5–260, 552–889,
and 872–1502 of Factor Xa transcript, were amplified from
RNA extracts of 293T/ACE2 cells. b-Actin was also ampli-
fied in the same sample as the internal control. Fig. 4B
shows that, biologically active 53 kDa Factor Xa protein
was detected from 293T/ACE2 cell lysate by Western blot
using mAb specific to Factor Xa, whose expression level
was compatible with that of the internal control b-actin.
The results at both RNA and protein levels clearly indicate
the expression of the protease Factor Xa in 293T/ACE2
cells, implying that this protease could be at least one of
the proteases responsible for the cleavage of the S protein
during the course of pseudovirus infection.

Discussion

In this study, we initially screened 13 inhibitors of pro-
teases which might potentially correspond to the cleavage
of the S protein, for their effects on the suppression of
SARS-CoV infection. This is based on a hypothesis that
the inhibitors might inactivate proteases on the cell mem-
brane and thus block the cleavage of the S protein, thereby
suppressing viral infection. Our results show that one
inhibitor, Ben-HCl, is able to effectively suppress SARS-
CoV infection (Fig. 1A). Using the pseudovirus SARS-
CoV/HIV, we further defined that Ben-HCl inhibits viral
entry into the target cells but apparently does not suppress
other steps of viral replication (Fig. 1B).
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It has been known that Ben-HCl is an inhibitor of a ser-
ies of proteases, including trypsin, trypsin-like enzymes,
and serine proteases such as thrombin and Factor Xa
[16,17]. We therefore investigated if these proteases could
cleave the S protein into functional S1 and S2 subunits.
Our results indicate that one of these proteases, Factor
Xa, is able to effectively cleave the full-length recombinant
S protein into S1 (�105 kDa) and S2 (�75 KDa) subunits,
and that the cleavage can be inhibited by its inhibitor Ben-
HCl (Fig. 2A). However, the protease thrombin cannot
cleave the full-length recombinant S protein, while trypsin
cleaves the S protein into multiple small fragments (data
not shown).

We further explored if the cleavage of the S protein
indeed plays a critical role in SARS-CoV infection. Our
results demonstrate that: (1) Factor Xa can effectively
cleave the S protein in the pseudovirus SARS-CoV/HIV
into S1 and S2 subunits and this cleavage is inhibited by
Ben-HCl (Fig. 2B); (2) the S protein can be cleaved into
S1 and S2 subunits when the pseudovrus is incubated with
its target cells (293T/ACE2) and the level of the cleavage
correlates with viral infectivity (Fig. 3); and (3) the target
cells express Factor Xa (Fig. 4), a membrane-bound prote-
ase [18]. As a whole, our study suggests a plausible mecha-
nism by which SARS-CoV cleaves the S protein through
the protease Factor Xa of infected cells to facilitate viral
infection. Thus, the infection of SARS-CoV not only
involves the binding of RBD with its receptor ACE2 and
the fusion between viral envelope and host cell membrane,
but also is associated with the cleavage of the S protein by
proteases on the cell membrane, such as Factor Xa. It has
been reported that the S protein of SARS-CoV forms tri-
meric peplomer on the surface of the virion [11]. The cleav-
age of the S protein may trigger virus–cell fusion
subsequent to the binding with ACE2 receptor and the dis-
sociation of trimeric S protein to monomers.

Previous studies have explored several targets for vac-
cine and antiviral agent developments. For example, vac-
cine candidates targeting the RBD are able to induce
strong neutralizing antibodies and thus provide protection
against SARS-CoV infection [19,20]. Antiviral peptides
targeting the HR2 region of the S protein can block the
entry of SARS-CoV into target cells [21]. Small molecules
targeting SARS-CoV proteases, such as main proteases
3C-like protease (3CLpro) [22], papain-like protease 2
(PLP2) [23] and helicase [24], can inhibit viral replication.
In addition to these targets, here we have provided the
cleavage of the S protein as another crucial target for the
development of vaccines and antiviral agents. Inhibition
of the cleavage of the S protein into functional S1 and S2
subunits using agents such as Ben-HCl can effectively block
viral entry.
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