Activation of the SARS coronavirus spike protein via
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The coronavirus spike protein (S) plays a key role in the early steps
of viral infection, with the S1 domain responsible for receptor
binding and the S2 domain mediating membrane fusion. In some
cases, the S protein is proteolytically cleaved at the S1–S2 boundary. In the case of the severe acute respiratory syndrome coronavirus (SARS-CoV), it has been shown that virus entry requires the
endosomal protease cathepsin L; however, it was also found that
infection of SARS-CoV could be strongly induced by trypsin treatment. Overall, in terms of how cleavage might activate membrane
fusion, proteolytic processing of the SARS-CoV S protein remains
unclear. Here, we identify a proteolytic cleavage site within the
SARS-CoV S2 domain (S2ⴕ, R797). Mutation of R797 specifically
inhibited trypsin-dependent fusion in both cell– cell fusion and
pseudovirion entry assays. We also introduced a furin cleavage site
at both the S2ⴕ cleavage site within S2 793-KPTKR-797 (S2ⴕ), as well
as at the junction of S1 and S2. Introduction of a furin cleavage site
at the S2ⴕ position allowed trypsin-independent cell– cell fusion,
which was strongly increased by the presence of a second furin
cleavage site at the S1–S2 position. Taken together, these data
suggest a novel priming mechanism for a viral fusion protein, with
a critical proteolytic cleavage event on the SARS-CoV S protein at
position 797 (S2ⴕ), acting in concert with the S1–S2 cleavage site to
mediate membrane fusion and virus infectivity.
membrane fusion 兩 proteolytic processing 兩 virus entry
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nveloped viruses access their host cells by a process of
membrane fusion that is mediated by a specific fusion, or
‘‘spike’’ protein, encoded by the virus and embedded in the viral
envelope (1, 2). Such proteins are currently grouped into 3
distinct structural classes, with the so-called class I fusion
proteins typically primed for fusion activation by proteolytic
cleavage (3, 4). Fusion activation can be activated by low pH,
receptor binding, or a combination of the two, with the cleavage
event typically occurring in the vicinity of the viral fusion
peptide, which becomes exposed upon activation-dependent
conformational changes of the spike protein and initiates the
fusion reaction following its insertion into the host cell membrane (5). In several cases, such as highly pathogenic avian
influenza virus, mutations in the cleavage site (monobasic vs.
polybasic) and subsequent changes in the molecular basis of
proteolytic cleavage by trypsin-like or furin-like enzymes have
profound implications on virulence (6, 7). As such, understanding spike protein cleavage is fundamental to an understanding of
viral pathogenesis.
The severe acute respiratory syndrome coronavirus (SARSCoV) emerged in 2003 as a significant threat to human health,
and coronaviruses still represent a leading source of novel
viruses for emergence into the human population. The coronavirus spike protein (S) mediates both receptor binding (via the
S1 domain) and membrane fusion (via the S2 domain) and shows
many features of conventional class I fusion proteins, including
the presence of distinct heptad repeats within the fusion domain
(8). Coronaviruses exist in 3 distinct groups, and their spike
proteins appear to differ considerably in their proteolytic activation (9). Whereas some coronaviruses, notably the group 3
avian infectious bronchitis virus (IBV), are efficiently cleaved at
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the boundary between the S1 and S2 domains, many other
coronaviruses apparently remain uncleaved. Early reports analyzing heterologously expressed SARS-CoV spike protein indicated that most of the protein was not cleaved (10, 11), but there
was some possibility of limited cleavage at the S1–S2 position
(11). However, S1–S2 cleavage could be enhanced by expression
of furin family enzymes (12).
Analysis of both SARS-CoV infection and transduction by
SARS-CoV S-pseudotyped virions has indicated that the virus is
sensitive to inhibitors of endosomal acidification (13–17), and it
has been shown that SARS-CoV S-pseudotyped virions use the
endosomal protease cathepsin L to infect cells (18, 19). These
data suggested that SARS-CoV S required a novel, endocytic
protease-primed cleavage event during virus entry, in contrast to
the majority of class I viral fusion proteins that are primed during
virus assembly or following release from the cell. However, in
addition to cathepsin L, several other proteases have been shown
to cleave SARS-CoV S. Early reports showed that S1–S2 cleavage was enhanced by exogenous trypsin (20), and it was subsequently shown that SARS-CoV infection is enhanced by the
addition of exogenous proteases, such as trypsin, thermolysin,
and elastase (14, 17), as well as by expression of factor Xa (21).
These data suggested that an alternative, nonendosomal route of
SARS-CoV entry exists. Notably, infection mediated by exogenous proteases was considered to be 100– to 1,000-fold more
efficient than by the endosomal route (17). Based on cleavage
patterns on SDS/PAGE gels, the predominant cleavage event
mediated by the exogenous protease appears to be at the S1–S2
boundary, and subsequent biochemical analysis by N-terminal
sequencing identified R667 (SLLR-S) as a site of trypsin cleavage (22). Similarly, exogenous cathepsin L can also cleave the
S1–S2 junction at residue T678 (VAYT-M) (23).
Although cleavage of SARS-CoV S is readily achieved at the
S1–S2 boundary, it is notable that mutation of the 2 basic
residues in this region (R667 and K672) failed to affect trypsinprimed membrane fusion, despite blocking S1–S2 cleavage (24),
suggesting that the proteolytic processing of SARS-CoV S that
leads to an activation of infectivity may occur at a different site.
Here, we investigate the proteolytic cleavage sites in SARS-CoV
S and characterize a novel cleavage site in the S2 domain (S2⬘),
which acts in concert with the S1–S2 cleavage site to mediate
SARS-CoV S-mediated membrane fusion and virus infectivity.
Results
Role of the S1–S2 Boundary in Trypsin-Mediated Activation of SARSCoV S Membrane Fusion. To investigate more precisely the role of

proteolytic cleavage at the S1–S2 boundary on SARS-CoV
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Fig. 1. Role of the S1–S2 boundary in trypsin-mediated activation of SARS-CoV S membrane fusion. (A) BHK cells transiently expressing SARS-CoV S wild type
(SARS wt) or the SARS-R667N mutant were treated with 1 g/mL trypsin for 30 min or 1 h. Samples were analyzed by Western blot analysis, with the C-terminal
part of the spike protein detected by using an anti-C9 antibody. (B) VeroE6 cells expressing SARS-CoV S wild type (SARS wt) or the SARS-R667N mutant were
treated with 2 g/mL trypsin for 20 min, then incubated for 40 min in absence of trypsin and analyzed by immunofluorescence microscopy using an anti-S
monoclonal antibody (green), with nuclei counterstained with Hoechst 33548 (blue). (Magnification: 200⫻.) (C) BHK cells cotransfected with plasmids encoding
the SARS-CoV S wild type (SARS wt) or SARS-R667N, as well as a plasmid encoding luciferase under the control of the T7 polymerase were overlaid with VeroE6
cells expressing the T7 polymerase. Cell– cell fusion was induced by treating the cells with increasing amount of trypsin for 20 min. At 5 h after fusion induction,
the cells were lysed to monitor luciferase activity. Results are presented as relative light units (RLU). Error bars represent the standard error of the mean for 3
independent experiments.

S-mediated membrane fusion, we first mutated residue R667 to
N to inhibit trypsin-mediated cleavage. As shown in Fig. 1A,
wild-type SARS-CoV S was readily cleaved at the S1–S2 boundary by trypsin, whereas the R667N mutant showed no detectable
cleavage at this position. We next monitored the fusion properties of the wild-type and mutant S protein in cell–cell fusion
assays. Vero E6 cells expressing the wild-type SARS-CoV S or
the R667 mutant were treated with trypsin and processed for
immunofluorescence microscopy to visualize syncytia formation. Syncytia formation for the R667N mutant was the same as
for the wild-type protein (Fig. 1B). These data are consistent
with previous reports (24). To quantify the syncytia formation,
we used a luciferase-based cell–cell fusion assay. BHK cells were
cotransfected with the wild-type or mutant SARS-CoV S protein
and with a plasmid encoding the luciferase gene driven by a T7
polymerase promoter. After 24 h, these cells were overlaid with
VeroE6 cells transiently expressing the T7 polymerase. Cell–cell
fusion was then induced by treating the cells with different doses
of trypsin for 20 min. The amount of fusion increased with the
dose of trypsin for the wild-type protein, reaching a plateau at
2 g/mL trypsin (Fig. 1C). The mutant R667N was still able to
cause cell–cell fusion; however, the fusion was not as efficient as
that observed for the wild-type protein (maximum fusion for the
mutant was ⬇50% of the fusion of the wild-type protein). These
data suggest that although the R667 at the S1–S2 boundary does
have some role in cleavage activation of SARS-CoV S-mediated
membrane fusion, other residues are likely to have more critical
roles.
Identification of Additional Cleavage Sites Within the Coronavirus S
Protein. To investigate the possibility that additional, possibly

cryptic, cleavage sites exist within the coronavirus spike protein,
we examined a comprehensive selection of spike proteins from
coronaviruses in groups 1, 2, and 3 by using the ProP 1.0 server
(www.cbs.dtu.dk/services/ProP/). This server predicts arginine
and lysine propeptide cleavage sites in eukaryotic protein sequences by using an ensemble of neural networks. Based on the
known importance of furin sites in viral fusion proteins (25), we
used furin-specific prediction as the default. One coronavirus
spike protein in particular showed a very strong prediction for
furin cleavage within the S2 domain (Fig. S1). This spike protein,
from the IBV strain Beaudette, belongs within coronavirus
group 3 and is well-established to be cleaved at the S1–S2
boundary via a furin cleavage site (26). Most IBV strains [e.g.,
the prototype strain Massachusetts 41 (M41)] have a restricted
tropism, being able to infect only primary chicken cells in tissue
culture; however, the Beaudette strain presents an extended
tropsim and is able to infect a wide range of cell lines (27).
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Alignment of the IBV spike protein shows that all database
sequences of the Beaudette strain contain a second consensus
furin cleavage site within S2, which is absent in all other IBV
strains (Fig. S2). This furin cleavage site (-RRRR- or -RRKR-)
is located between residues 687 and 690, and we named it S2⬘.
To determine whether this second furin site is actually cleaved
in IBV S, we analyzed the profile of the IBV Beaudette and M41
spike proteins by Western blot analysis, using an antibody
specific for the S2 domain (28). Two cleavage products (65 kDa
and 50 kDa) were clearly observed for the Beaudette strain,
representing cleavage at S1–S2 as well as at S2⬘, whereas the M41
presented only a single cleaved product (65 kDa) due to cleavage
at S1–S2. (Fig. S2). These data suggest that the second cleavage
site can be present in the coronavirus S2 domain, which may have
important properties for membrane fusion and virus entry.
IBV Beaudette was the only coronavirus for which the ProP
server predicted a furin site clearly above threshold within S2.
However, analysis of the SARS-CoV S protein (group 2b)
revealed a relatively high cleavage potential by furin at the S2⬘
position, with very limited cleavage potential at the S1–S2
boundary (Fig. S1), indicating the possibility of a cryptic cleavage
site at the S2⬘ position. The S2⬘ site of SARS-CoV S comprises
a dibasic motif K796, R797 (Fig. S2) that could be such a
cleavage site, and so we decided to investigate the role of these 2
basic residues in the membrane fusion and entry of SARS-CoV.
Introduction of a Furin Site at S2ⴕ Induces SARS-CoV S-Mediated
Membrane Fusion. To examine the potential use of the SARS-CoV

S1–S2 and S2⬘ positions as sites for proteolytic cleavage, we first
introduced furin cleavage recognition sites at these locations by
making the following mutations 664 SLLRSTSQSI-SLLRRSRRSI671 (S1–S2) and 792LKPTKRSF-LKRTKRSF799 (S2⬘).
Expression of these mutants in VeroE6 cells induced cell–cell
fusion in the absence of any trypsin treatment to different extents
(Fig. 2A). As described previously (29), introduction of the furin
site at position 667 (furin667) enhanced cell–cell fusion to a
modest extent (17% of nuclei in syncytia) compared with
wild-type spike, where ⬍5% of nuclei were in syncytia (Fig. 2B).
In contrast, the mutant furin797 showed extensive syncytia formation, with ⬇55% of cells in syncytia. We also created an
additional mutant with furin recognition sites at both S1–S2 and
at S2⬘ (furin667furin797). This mutant protein induced formation
of very large syncytia, with ⬎95% of cells in syncytia. To quantify
the level of membrane fusion induced by these mutants, we used
a luciferase-based cell–cell fusion assay to quantify the fusion
activity of these mutants (Fig. 2C). Luciferase activity observed
for the furin667 mutant was only slightly increased (1.3 ⫾ 0.15fold). Insertion of the furin site at the S2⬘ position (furin797)
Belouzard et al.

markedly increased the luciferase activity (4.3 fold ⫾ 3.5-fold)
but, as seen in Fig. 2B, this effect was dramatically increased
(12.3 ⫾ 3.6-fold) by addition of the furin cleavage site at S1–S2
(furin667furin797).
We next analyzed the cleavage efficiency of these mutants in
a cell surface biotinylation assay (Fig. 2D). The SARS-CoV spike
protein was present on the cell surface mainly as an uncleaved
protein, but a weak band corresponding to cleavage at S1–S2
(85–95 kDa) also was observed. In contrast, the SARS spike
protein harboring a cleavage site at the S1–S2 boundary (furin667)
was efficiently cleaved into S1 and S2 subunits. With a single
furin site at the S2⬘ position (furin797), a cleaved product of
(65–70 kDa) was clearly produced, although the cleavage product was only detected after longer exposure times. The presence
of the 65- to 70-kDa product occurred along with a decrease in
the amount of S2 (85–95 kDa). The mutant with the double furin
cleavage site (furin667furin797) also showed a clear band corresponding to the cleavage at S2⬘, but this cleavage product was less
abundant compared with the cleavage product produced at the
S1–S2 boundary. Taken together, these data suggest that SARSCoV can be proteolytically cleaved at the S2⬘ position to activate
membrane fusion, and that cleavage at the S1–S2 boundary
facilitates both cleavage at S2⬘ (797) and S2⬘-activated membrane fusion.
Belouzard et al.

Mutation of R797 at SARS-CoV S2ⴕ Inhibits Trypsin-Induced Membrane
Fusion. To determine the role of the dibasic residues at the

SARS-CoV S2⬘ position in membrane fusion in more detail, we
examined the effects of mutating residues K796 and R797 on
trypsin-primed fusion. We generated different mutants: the
single mutations K796A and R797N, as well as the double
mutant K796A/R797N. We first monitored the cell surface
expression of these mutants by cell surface biotinylation assay.
Mutation of the dibasic residues reduced cell surface expression
of the protein; however, cell surface expression could be rescued
by incubating cells at 32 °C (Fig. S3). All of the mutants showed
at least 62% of the expression of the SARS wild-type protein on
the cell surface (Fig. S3). We then analyzed the fusion properties
of these mutants. We first analyzed syncytia formation by
immunofluorescence microscopy (Fig. 3A). Trypsin treatment of
VeroE6 cells expressing the SARS-CoV wild-type protein induced robust syncytia formation, whereas syncytia formation
was virtually undetectable for cells expressing the mutant
K796A/R797N. Similar results were obtained for the cells expressing the R797N mutant. However, the mutant K796A still
showed efficient trypsin-induced syncytia formation. To quantify
this effect, we used a luciferase-based cell–cell fusion assay (Fig.
3B). In line with microscopy data, these results show that
mutation of both basic residues K796A/R797N strongly inhibited
trypsin-induced membrane fusion activated by SARS-CoV S
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MICROBIOLOGY

Fig. 2. Introduction of a furin site at S2⬘ induces SARS-CoV S-mediated membrane fusion. (A) VeroE6 cells expressing SARS-CoV S wild type (SARS wt) or the
mutants SARS-Fur667, SARS-Fur797, or SARS-Fur667-797 were analyzed by immunofluorescence microscopy using an anti-S monoclonal antibody (green), with
nuclei counterstained with Hoechst 33548 (blue). (Magnification: 200⫻.) (B) VeroE6 cells expressing SARS-CoV S wild type (SARS wt) or furin mutants were
analyzed by immunofluorescence microscopy, and the number of nuclei involved in syncytia formation was counted for each mutant. Error bars represent the
standard error of the mean for 3 independent experiments. Data were analyzed by using a Student’s t test. (C) BHK cells were cotransfected with SARS-CoV S
wild type (SARS wt) or furin mutants and with a T7-driven luciferase plasmid and then were overlaid with VeroE6 cells expressing the T7 polymerase. Luciferase
activity was then measured after 8 h. Results are presented as relative light units (RLU). Error bars represent the standard error of the mean for 3 independent
experiments. Data were analyzed by using a Student’s t test. (D) BHK cells expressing SARS-CoV S wild type (SARS wt) or furin mutants were analyzed by Western
blot analysis, with the C-terminal part of the spike protein detected by using an anti-myc antibody. (Lower) A longer exposure time of a portion of the Western
blot analysis to more clearly show the cleavage products for the mutant furin797 (F797).

Fig. 3. Mutation of R797 at SARS-CoV S2⬘ inhibits trypsin-induced membrane fusion. (A) VeroE6 cells expressing SARS-CoV S wild type (SARS wt) or the S2⬘
mutants were treated with 2 g/mL trypsin for 20 min, then incubated for 40 min in the absence of trypsin and analyzed by immunofluorescence microscopy
using an anti-S monoclonal antibody (green), with nuclei counterstained with Hoechst 33548 (blue). (Magnification: 200⫻.) (B) BHK cells, cotransfected with
plasmids encoding the SARS-CoV S wild type (SARS wt) or mutants and a plasmid encoding luciferase under the control of the T7 polymerase, were overlaid with
VeroE6 cells expressing the T7 polymerase. Cell– cell fusion was induced by treating the cells with 1 g/mL trypsin for 20 min. At 5 h after fusion induction, the
cells were lysed to monitor luciferase activity. Results are presented as relative light units (RLU). Error bars represent the standard error of the mean for 3
independent experiments. Data were analyzed by using an ANOVA test.

(2.5% ⫾ 1.1%). Analysis of the role of each residue independently shows that mutation of K796 only partially affected the
fusion induced by trypsin (79.5% ⫾ 4.9%), whereas mutation of
R797 completely blocked membrane fusion induced by trypsin
(2.5% ⫾ 0.8%). As shown for Fig. 1, the mutation R667N
(S1–S2) had limited fusion activity (48.8% ⫾ 2.9%).
SARS-CoV S-Mediated Virus Entry Is Dependent on Cleavage at S2ⴕ, as
Well as at the S1–S2 Boundary. To analyze the role of the S1–S2 and

S2⬘ cleavage sites in vivo, in the context of the viral particles we
used a murine leukemia virus (MLV)-based pseudotyping system that produces particles that induce luciferase expression
upon transduction of permissive cells (30). We produced SARSCoV S-pseudotyped MLV particles containing the different
mutants and analyzed trypsin-induced infection of cells. To
increase the transduction efficiency in this system, we used BHK
cells coexpressing the SARS-CoV receptor ACE2 (31), as well
as DC-SIGN, which has been shown to increase the level of
SARS-CoV infection (32). Cells were pretreated for 1 h in
presence of NH4Cl to inhibit infection by the endosomal pathway, the pseudotyped virons were bound at the cell surface for
2 h in presence of NH4Cl, and fusion was induced by a short
trypsin treatment at 37 °C in the presence of NH4Cl. The cells
were then incubated for 30 min in presence of NH4Cl, and
luciferase activities were measured after 48 h. The results show
that mutation of the dibasic residues K796A, R797N completely
inhibited trypsin-primed infection of the pseudoparticles, suggesting that these residues play a key role in SARS-CoV infection
induced by trypsin (Fig. 4; see also Fig. S4). As expected, the
effect of mutation K796A was weak (84.8% ⫾ 14% of the
wild-type level), but mutation of R797 induced a strong decrease
of infection induced by trypsin (3.8% ⫾ 2.3% of the wild-type
level). Surprisingly, whereas mutation R667N decreased cell–
cell fusion induced by trypsin by ⬇50%, infection recovery
induced by trypsin was strongly impaired (21.4% ⫾ 10.6% of the
wild type). This suggests that in the context of the virus infection,
cleavage at the S1–S2 boundary may play a more important role
than in cell–cell fusion. To further confirm the role of the S1–S2
cleavage in the context of trypsin-induced infection, we generated pseudoparticles containing the furin667 mutation and analyzed trypsin-induced infection of cells. The results show that the
infection recovered by this mutant was substantially higher than
infection recovered for the wild-type protein (216% ⫾ 78%). We
also assessed the effect of the R797N mutation on virus entry in
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the absence of endosomal acidification. This mutant showed no
effect on transduction in the absence of NH4Cl and trypsin (Fig.
S5), indicating that R797 is not a critical residue for the
endosomal route of SARS-CoV entry, which is presumably
primed by cathepsin L cleavage.
Discussion
Triggering of membrane fusion by viral fusion proteins is often
preceded by a critical proteolytic priming event. We show here
a novel mechanism of priming for the SARS-CoV S protein,
based on sequential proteolytic cleavage at 2 distinct sites. Class
I viral fusion proteins typically undergo a single cleavage event
that primes the fusion machine (1); however, the respiratory
syncytial virus (RSV) F protein is known to be cleaved twice,
with both cleavage events being necessary for full fusion activity
in vivo (33, 34). In the case of RSV, however, the 2 events appear
to occur independently, which is in contrast to the mechanism of
SARS-CoV S fusion presented here, which suggests that cleavage is a sequential event—with cleavage at the S1/S2 boundary

Fig. 4. Role of S1/S2 and S2⬘ cleavage in virus entry mediated by SARS-CoV
S. BHK cells coexpressing ACE2 and DC-SIGN were pretreated for 1 h with 25
mM NH4Cl. Virions pseudotyped with the SARS-CoV S wild type (SARS wt) or
the different mutants were bound at 4 °C for 2 h in the presence of drug. Viral
entry was induced by a 5-min treatment of the cells at 37 °C with trypsin. The
results are expressed as the percentage of infection recovery obtained for the
wild type. Error bars represent the standard error of the mean for 3 independent experiments. Data were analyzed by using a Student’s t test.
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CoV S activation at the cell surface in a trypsin-independent
manner. This work is in general agreement with the data presented
here and highlights the importance of residue R797 in the context
of SARS-CoV infection. Multiple sequence alignments show that
this arginine residue is extremely well-conserved across all coronaviruses. This raises the possibility that cleavage in the S2⬘ region
is a common mechanism for fusion activation across the Coronaviridae. In support of this is the finding that a neutralizing epitope
for the anti-MHV antibody 5B19, which is known to block fusion
activation, binds at the S2⬘ position of the MHV spike (49). It has
also become apparent that cleavage at the S1/S2 boundary can
occur in group 1 coronaviruses, which were previously thought to
be uncleaved (9, 47). Thus, the mechanism of fusion activation by
sequential cleavage at 2 distinct sites revealed here for SARS-CoV
may be applicable to all coronaviruses. In the case of paramyxoviruses, insertion of the 2 furin cleavage sites of the RSV F protein
into the Sendai virus F protein led to both enhanced cell–cell fusion
and a decreased dependency on the HN attachment protein for
activity (50). It will be interesting to explore the possibility that
modulation of the 2 coronavirus spike cleavage sites might reduce
the reliance on species-specific receptors and play a role in host
range or viral pathogenesis.
Materials and Methods
Cell–Cell Fusion Assays. For visualization of syncytia, VeroE6 cells were grown
on coverslips in 24-well plates and transfected with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. After 24 h, cells
were treated for 20 min in serum-free medium containing various concentrations of trypsin to induce fusion. Medium was replaced by medium containing
10% FBS, and the cells were incubated for 40 min, fixed with 3% paraformaldehyde, and processed for indirect immunofluorescence essentially as described previously (51) by using the monoclonal anti-SARS-CoV S antibody
341CD (National Institutes of Health Biodefense and Emerging Infections
Research Resources Repository, Manassas, VA). Images were captured by using
a Nikon E600 microscope with a 20⫻ Plan Apo objective (numerical aperture,
0.75) and equipped with a Sensicam EM camera (Cooke Corp.), as well as IPLab
software (Scanalytics).
For syncytia formation quantification of the mutants containing furin
cleavages sites, cells were fixed without any protease treatment. The percentage of cells involved in syncytia formation was determined by counting the
number of cells containing 2 or more nuclei, compared with the number of
total nuclei in transfected cells. At least 150 cells were counted for each
mutant, and the experiment was repeated 3 times.
For quantitative cell– cell fusion assays based on luciferase expression, BHK
cells were grown in 24-well plates and cotransfected with wild-type or mutant
SARS-CoV S-expressing plasmids, as well as a plasmid expressing luciferase
under the control of a T7 promoter. VeroE6 cells grown in a 60-mm dish were
also transfected with a plasmid encoding the T7 polymerase. After 24 h,
transfected BHK cells were overlaid with transfected VeroE6 cells and cocultured for 3 h. Cells were then incubated for 20 min in serum-free medium
containing various concentrations of trypsin to induce fusion. The medium
was replaced with fresh medium containing 10% FBS, and the cells were
incubated for 6 h before lysis. Luciferase activity was detected by using a
Luciferase Assay Kit (Promega), and light emission was measured by using a
Glomax 20/20 luminometer (Promega).
Production of Pseudotyped Virions. Pseudotyped virions were produced essentially as described previously (30), with plasmids for pseudotyping kindly
provided by Jean Dubuisson (Lille Pasteur Institute, Lille, France). Briefly, 293T
cells were cotransfected with an MLV-based transfer vector encoding luciferase, an MLV Gag-Pol packaging construct, and an envelope glycoproteinexpressing vector (pcDNA3.1-SARS-CoV S) by using Exgen 500 (Fermentas), as
recommended by the manufacturer. Cells were incubated at 32 °C for 72 h,
and after harvesting the supernatants were filtered through 0.45-m poresized membranes.
For transduction of pseudoparticles, BHK cells were first cotransfected with
equal amounts of plasmid pcDNA3.1(-)/ACE2 (kindly provided by Michael
Farzan, New England Primate Research Center, Southborough, MA) and
pcDNA3-DC-SIGN (National Institutes of Health AIDS Research & Reference
Reagent Program, Germantown, MD). Cells were preincubated for 1 h in
presence of 25 mM NH4Cl at 37 °C to inhibit virus entry through the endosomal
route, and then were transferred to ice. Pseudotyped virions were bound at
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promoting subsequent cleavage at the S2⬘ position, which in turn
leads to the triggering of membrane fusion.
Our original rationale for cleavage at the CoV S2⬘ position was
based on the efficient furin-based cleavage at this location of the
IBV spike protein. Our bioinformatic studies (Fig. S1) suggested
that instead of the efficient cleavage occurring with IBV S, there
was the possibility of a cryptic, poorly used cleavage site at the S2⬘
position of wild-type SARS-CoV S. Even with the introduction of
a consensus furin site, only a relatively low fraction of the SARSCoV S protein was cleaved in our assays, suggesting the site is less
exposed in the 3-dimensional structure of SARS-CoV S compared
with IBV. However, this small fraction of cleaved SARS-CoV S is
sufficient to prime the fusion event. This raises the general suggestion that not all spike proteins on a coronavirus particle are
necessarily cleaved identically; i.e., there is a heterogeneous population of cleaved and uncleaved spikes. It is also possible that the
dibasic site at SARS-CoV S2⬘ is a recognition site for other
members of the proprotein convertase family. Many cell types
express these furin-related enzymes, which typically are less stringent in their requirements for basic residues, having the general
consensus BxB, where x ⫽ 0, 2, or 4 residues (35–37). Indeed, the
KR sequence at S2⬘ has previously been considered to a possible
cleavage site for SARS-CoV S (12). Although S2⬘ cleavage is not
readily apparent for wild-type S, the use of proprotein convertase
family members by SARS-CoV remains a possibility and will be
explored in future studies.
The experiments reported here explore SARS-CoV Smediated membrane fusion by furin or trypsin, presumably at the
cell surface or during virus assembly. However, SARS-CoV
infection is known to be sensitive to inhibitors of endosomal
acidification (13–15), via the action of the endosomal protease
cathepsin L (18, 19). As expected, infection of cells by virus
particles pseudotyped with the wild-type SARS-CoV spike was
sensitive to inhibitors of endosomal acidification and cathepsin
L. However, none of the point mutants described in this paper
showed an effect on virus entry in the absence of endosomal
acidification or cathepsin L inhibitors (Fig. S5). This may be due
to the relatively indiscriminate recognition site of cathepsin L,
compared with trypsin or furin (37)—leading to the suggestion
that either cathepsin L is not involved in S2⬘ cleavage, or that
cathepsin-based cleavage can still occur at satellite sites in the
S2⬘ region. Based on the trypsin-mediated activation of membrane fusion shown here, our data suggest that R797 is an
important site of S processing. However SARS-CoV S has
primarily respiratory tropism, and so we suggest that in vivo, a
trypsin-like serine protease localized to the respiratory tract may
cleave SARS-CoV S, as is the case for influenza virus (38). Based
on the situation with many other class I viral fusion proteins, it
is possible that cleavage at S2⬘ exposes a viral fusion peptide.
This will be explored in future experiments.
In the case of bovine respiratory syncytial virus F, the 2
furin-mediated cleavage events lead to the release of a 27-aa
peptide, termed virokinin, that is a bioactive peptide of the
tachykinin family and an important pathogenicity factor (39, 40).
In the case of Ebola virus GP, cleavage by cathepsins B and L
results in the shedding of an extensive part of the fusion protein,
which is important for both attachment and fusion (41–44). It
remains possible that the domain between S1–S2 and S2⬘ is
released from the trimeric S ectodomain upon protease action.
One possibility for our mutants where furin sites were introduced at S1–S2 and/or S2⬘ is that we serendipitously created a
basic heparin sulfate-binding site, and so we cannot rule out the
possibility of cross-talk between heparin sulfate-binding and
furin cleavage for SARS-CoV S, as previously suggested for
other viruses (45, 46, 47).
While this work was in progress, Taguchi and coworkers (48)
generated a SARS-CoV S construct with a furin site at the S2⬘
position (793KPTKR797 to 793KRRKR797) and have shown SARS-

4 °C for 2 h in RPMI containing 0.2% BSA, 20 mM Hepes, and 25 mM NH4Cl.
Cells were then warmed by addition of RPMI containing 3 g/mL trypsin, 0.2%
BSA, 20 mM Hepes, and 25 mM NH4Cl and were incubated for 5 min in a water
bath at 37 °C. The cells were then incubated for 30 min in complete medium
containing 25 mM, and the medium was replaced. Luciferase activity was
detected by using a Luciferase Assay Kit (Promega) and light emission measured by using a Glomax 20/20 luminometer (Promega).
For additional information see SI Methods.
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