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ABSTRACT Middle East respiratory syndrome coronavirus (MERS-CoV) utilizes host
cellular proteases to enter cells. A previous report shows that furin, which is distrib-
uted mainly in the Golgi apparatus and cycled to the cell surface and endosomes,
proteolytically activates the MERS-CoV spike (S) protein following receptor binding
to mediate fusion between the viral and cellular membranes. In this study, we reex-
amined furin usage by MERS-CoV using a real-time PCR-based virus cell entry assay
after inhibition of cellular proteases. We found that the furin inhibitor dec-RVKR-CMK
blocked entry of MERS-CoV harboring an S protein lacking furin cleavage sites; it
even blocked entry into furin-deficient LoVo cells. In addition, dec-RVKR-CMK inhib-
ited not only the enzymatic activity of furin but also those of cathepsin L, cathepsin
B, trypsin, papain, and TMPRSS2. Furthermore, a virus cell entry assay and a cell-cell
fusion assay provided no evidence that the S protein was activated by exogenous
furin. Therefore, we conclude that furin does not play a role in entry of MERS-CoV
into cells and that the inhibitory effect of dec-RVKR-CMK is specific for TMPRSS2 and
cathepsin L rather than furin.

IMPORTANCE Previous studies using the furin inhibitor dec-RVKR-CMK suggest that
MERS-CoV utilizes a cellular protease, furin, to activate viral glycoproteins during cell
entry. However, we found that dec-RVKR-CMK inhibits not only furin but also other
proteases. Furthermore, we found no evidence that MERS-CoV uses furin. These find-
ings suggest that previous studies in the virology field based on dec-RVKR-CMK
should be reexamined carefully. Here we describe appropriate experiments that can
be used to assess the effect of protease inhibitors on virus cell entry.
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Many species of enveloped virus utilize host cellular proteases to infect cells (1).
Two major mechanisms are responsible for proteolytic activation of viral spike (S)

glycoproteins. In the case of human immunodeficiency virus and highly pathogenic
avian influenza viruses, a cellular protease called furin cleaves the viral glycoprotein
during biogenesis, thereby converting the precursor glycoprotein to its fusion-
competent state (1–3). Alternatively, the S protein of viruses such as severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) is cleaved by cell surface or endosomal proteases such as
transmembrane protease serine 2 (TMPRSS2), HAT, furin, trypsin, elastase, or cathepsin
L. This cleavage triggers conformational changes during viral entry after the receptor-
binding step (2–14). In the presence of extracellular or cell surface proteases such as
elastase or TMPRSS2, MERS-CoV enters cells after binding to the cell surface receptor;
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however, in their absence, MERS-CoV utilizes cathepsin L in the late endosome (10).
Cleavage releases the receptor-binding S1 subunit from the membrane fusion S2
subunit, which triggers conformational changes in the S2 subunit to induce membrane
fusion (2).

The role of furin in activating the MERS-CoV S protein is controversial. Furin is a
proprotein convertase responsible for maturation of a huge number of inactive pro-
teins; it is localized principally in the trans-Golgi network, from which it is cycled to the
cell surface and the endosomes, which are organelles used by MERS-CoV for cell entry
(11). Of the furin inhibitors reported previously (15–17), dec-RVKR-CMK and a propro-
tein convertase inhibitor (PCI) are often used in virology experiments. Gierer et al. used
a PCI to show that enzymatic processing during biogenesis of the MERS-CoV S protein
by proprotein convertases such as furin is not required for infectivity; however, they
stated that the host cell protease is required for S protein activation during viral uptake
into target cells (14). In contrast, Park et al. used dec-RVKR-CMK to show that mutated
MERS-CoV (in which the furin cleavage site was masked) tended to enter cells via the
endosomal pathway, while the wild-type (wt) virus entered at the cell via cell surface
proteases; this indicates that cleavage of the S protein during biogenesis determines
the tropism of the virus for different cell types (8). Furthermore, Millet and Whittaker
reported that the MERS-CoV S protein harbors furin cleavage sequences at the S1/S2
and S2= sites; these sites could be targeted by host cellular furin during cell entry.
Indeed, noncytotoxic concentrations (2.5 to 100 �M) of dec-RVKR-CMK prevented entry
of pseudotyped and authentic MERS-CoV (13). Burkard et al. used dec-RVKR-CMK to
show that murine coronavirus mouse hepatitis virus (MHV) also uses furin for viral cell
entry (12). However, furin is thought to make only a minor contribution to viral cell
entry because MERS-CoV entry into some cell lines (even furin-expressing cells) is
almost completely blocked by simultaneous treatment with a TMPRSS2 inhibitor
(camostat mesylate) and a cathepsin inhibitor (E64d) (10). In this study, we reexamined
the role of furin during MERS-CoV infection to clarify when and how it is involved in
virus cell entry. The findings raise questions about our current understanding of host
protease usage underlying MERS-CoV infection.

RESULTS
Evaluation of an appropriate assay to monitor virus cell entry. First, we exam-

ined cell entry by three types of virus: (i) a pseudotyped vesicular stomatitis virus (VSV)
bearing a MERS-CoV S protein in which the VSV glycoproteing (VSV-G) gene was
replaced by the green fluorescent protein (GFP) gene (VSV-ΔG/GFP-MERS-S), (ii) the
same virus in which the GFP gene was replaced by the luciferase (Luc) gene (VSV-ΔG/
Luc-MERS-S), and (iii) authentic MERS-CoV. These viruses were used to infect Vero/
TMPRSS2 cells (18), which are highly susceptible to MERS-CoV (10). Entry of these
viruses into cells was measured using appropriate assays (see Materials and methods).
The range for VSV-ΔG/GFP-MERS-S was narrow (1 to 3 log10 GFP-cell counts) (Fig. 1A),
whereas that for luciferase was broad (1 to 5 log10 Luc units) (Fig. 1B); however, the
range for authentic MERS-CoV (assessed by real-time PCR) was broader still (2 to 7 log10

copies of viral mRNA) (Fig. 1C).
To evaluate the suitability of the assays for the furin inhibition experiments, we

examined the effect of a furin inhibitor (dec-RVKR-CMK; 100 �M) on viral entry into
cells. Infection with VSV-ΔG/GFP-MERS-S in the presence of dec-RVKR-CMK led to a fall
in the number of GFP-positive cells by 60% (0.38 log) (Fig. 1D). Infection by VSV-ΔG/
Luc-MERS-S in the presence of the inhibitor led to a fall of 40% (0.21 log) (Fig. 1E, left
graph). In contrast, infection by authentic MERS-CoV led to a 97% (1.53 log) reduction
in the viral mRNA copy number (Fig. 1F). The pseudotyped virus encoding GFP is
suitable for measuring the percent infection within a narrow range. However, we
surmised that VSV-ΔG/Luc-MERS-S would not provide reliable results because the 40%
reduction observed in the assay is negligible on a logarithmic scale (Fig. 1E, right
graph); the quantifiable range for this virus was 4 logs, and the luminometer used in the
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assay has a dynamic range of 9 logs. Therefore, we used authentic MERS-CoV for
experiments designed to measure the inhibitory effects of dec-RVKR-CMK.

Entry of MERS-CoV into Calu-3 cells in the presence of a furin inhibitor. To
examine the effect of cellular furin on MERS-CoV infection, we infected Calu-3 cells
(which are derived from human bronchial epithelial cells) with authentic MERS-CoV in
the presence of inhibitors. After 6 h of incubation at 37°C, cellular RNA was isolated and
real-time PCR was carried out to quantify the amount of viral mRNA. As shown in Fig.
2, a TMPRSS2 inhibitor (camostat mesylate; 10 �M) suppressed virus entry 100-fold;
similar results were obtained after treatment with 20 �M dec-RVKR-CMK. E64d had little
effect on virus entry, suggesting that MERS-CoV mainly uses the TMPRSS2/cell surface
pathway rather than the cathepsin/endosome pathway to enter Calu-3 cells. Taken
together, the results suggest that either furin is essential for S protein activation or
dec-RVKR-CMK suppresses both furin and TMPRSS2.

Susceptibility of furin-deficient LoVo cells to infection by MERS-CoV. LoVo cells
(derived from human colon adenocarcinoma cells) lack furin activity because they
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FIG 1 Comparison of three assays to quantify virus cell entry. (A to C) Cell entry by pseudotyped or authentic MERS-CoV.
Vero/TMPRSS2 cells in 96-well plates were infected with the serially diluted viruses indicated at the top. The relationship between
inoculated virus titer (x axis) and data values (average of two experiments) for each assay (y axis) is shown. (A) GFP-positive cells were
counted at 20 h postinfection. (B) Luciferase activity in cells was measured at 20 h postinfection. (C) The amount of viral mRNA in cells
at 6 h postinfection was measured by real-time PCR. (D to F) Effect of a furin inhibitor on cell entry by pseudotyped or authentic
MERS-CoV. Vero/TMPRSS2 cells were inoculated with viruses in the presence or absence of the furin inhibitor dec-RVKR-CMK. Virus
entry was measured using appropriate assays. (D) Effect of dec-RVKR-CMK on cell entry by VSV-ΔG/GFP-MERS-S. Cells were inoculated
with 103 infectious units of VSV-ΔG/GFP-MERS-S (MOI � 0.01). GFP-positive cells were counted at 20 h postinfection (n � 4). (E) Effect
of dec-RVKR-CMK on cell entry by VSV-ΔG/Luc-MERS-S. Cells were inoculated with 104 infectious units of VSV-ΔG/Luc-MERS-S (MOI �
0.1). Luciferase activity in cells was measured at 20 h postinfection (n � 4). Data are presented on linear (left) and logarithmic (right)
scales. (F) Effect of dec-RVKR-CMK on cell entry by authentic MERS-CoV. Cells were inoculated with 105 infectious units of authentic
MERS-CoV (MOI � 1). The amount of viral mRNA in cells at 6 h postinfection was measured by real-time PCR (n � 4). A two-tailed
Student t test was used to analyze statistical significance.
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harbor two distinct mutant alleles of the furin gene (1286T and 1639C) (19, 20). We
purchased LoVo cells from the American Type Culture Collection (ATCC) and quantified
expression of mRNA encoding proteins involved in cell entry by MERS-CoV. We con-
firmed that like Calu-3 and Huh-7 (derived from human liver carcinoma) cells, LoVo cells
expressed DPP4, furin, cathepsin L, and TMPRSS2; however, unlike Calu-3 and Huh-7
cells, LoVo cells expressed HAT (Fig. 3A). Furin expression was highest in Huh-7 cells. We
also confirmed deletion and substitution (1286T and 1639C) mutations within the furin
mRNA sequence (Fig. 3B) (19, 20). Next, we inoculated MERS-CoV onto LoVo cells and
measured virus propagation at 24 h. As reported previously (21), MERS-CoV infected
and replicated in LoVo and Calu-3 cells (Fig. 3C). This indicates that furin is not essential
for MERS-CoV infection.

Entry of MERS-CoV into furin-deficient LoVo cells. Next, we examined the effect
of protease inhibitors on MERS-CoV entry into LoVo cells. E64d suppressed entry of
MERS-CoV, but camostat did not, suggesting that the cathepsin/endosomal pathway
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FIG 2 Effect of a furin inhibitor on MERS-CoV entry into Calu-3 cells. Calu-3 human bronchial epithelial
cells were pretreated for 30 min with increasing concentrations (0 to 100 �M) of the furin inhibitor
dec-RVKR-CMK. E64d (10 �M), camostat (10 �M), or a combination of both was used as a comparison
control. The cells were then infected with 105 PFU of MERS-CoV (MOI � 1) in the presence of inhibitor.
The amount of viral mRNA in Calu-3 cells at 6 h postinfection was measured by real-time PCR (n � 4).
A two-tailed Student t test was used to analyze statistical significance.
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rather than the TMPRSS2/cell surface pathway is dominant in LoVo cells (Fig. 4A).
Treatment with 100 �M dec-RVKR-CMK completely suppressed entry of MERS-CoV,
similar to cotreatment with camostat and E64d (Fig. 4A). Furthermore, cell entry by
SARS-CoV, in which the S protein lacks furin cleavage sites (13), was also suppressed by
dec-RVKR-CMK (Fig. 4B).

MERS-CoV mutants in which the S protein lacks furin cleavage sites at R748 (the
S1/S2 site) and/or R884 (the S2= site) were generated using a recently developed
reverse genetics system (22). Western blot analysis of S proteins harboring mutations at
R748 (R748S or R748S/R884S) detected no 80-kDa cleavage product on virions (Fig. 5A,
lanes 2 and 4). To characterize the cleavability of these S proteins within cells,
Vero/TMPRSS2, Huh-7 (expressing high levels of furin), and LoVo (lacking furin) cells
were infected with viruses and cell lysates were examined by Western blotting. The S
proteins of wt and R884 mutant viruses in Vero/TMPRSS2 and Huh-7 cells were cleaved,
but those of R748 mutant viruses (R748S or R748S/R884S) were not (Fig. 5B). In contrast,
none of the S proteins were cleaved in LoVo cells (Fig. 5B). This confirmed that LoVo
cells lack furin activity and that the R748 mutation in S protein lies within the furin
cleavage site. To assess the furin-dependent cell entry of these mutant viruses, they
were inoculated onto Huh-7 or LoVo cells and the amount of viral mRNA at 6 h
postinfection was measured by real-time PCR. No significant difference was observed
between wt and mutant viruses in Huh-7 cells (Fig. 5C), indicating that high levels of
furin expressed by these cells did not affect S protein activation during viral entry.
Treatment with dec-RVKR-CMK suppressed cell entry by both wt MERS-CoV and mutant
MERS-CoV in which the S protein lacks furin cleavage sites (Fig. 5D). These results
indicate that entry of furin-deficient cells by virus lacking furin cleavage sites is blocked
by the furin inhibitor, suggesting that the molecule targeted by dec-RVKR-CMK during
MERS-CoV entry is not furin.

Exogenous furin does not activate the S protein. Next, we examined direct
activation of the S protein by exogenous furin. First, we confirmed that commercial
furin had the advertised level of activity by testing it using a furin substrate, BOC-RVRR-
AMC (Fig. 6A). Treatment with exogenous trypsin, but not exogenous furin, increased
virus entry into LoVo cells (Fig. 6B) and cell-cell fusion by MERS-CoV-infected LoVo cells
(Fig. 6C). Therefore, we concluded that furin does not activate the MERS-CoV S protein.
In addition, Western blot analysis detected very small amounts of cleaved S protein (80
kDa) in non-protease-treated viruses propagated in Vero cells (Fig. 6D, lane 1); similar
results were obtained for viruses propagated in Vero/TMPRSS2 cells (Fig. 5A). No 80-kDa
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statistical significance.
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S protein was detected when cells were treated with exogenous furin (2,000 units/ml),
although the 150-kDa and 50-kDa products were detected (Fig. 6D, lane 5). Of note, the
S protein-harboring virions used for the experiments in Fig. 6D were propagated in
Vero cells cultured in medium lacking trypsin (a nonenzymatic cell dissociation solution
[C5914; Sigma] was used for cell passage). The intensity of the 80-kDa band increased
only when cells were exposed to exogenous trypsin (0.1 �g/ml) (Fig. 6D, lanes 3 and 7).
Therefore, we conclude that the S protein is cleaved by furin during biogenesis, not on
virions after they exit the cells.

The inhibitor dec-RVKR-CMK targets the early stage of MERS-CoV infection. Our
next task was to identify the true target of dec-RVKR-CMK during MERS-CoV infection.
First, we examined the effect of dec-RVKR-CMK on endocytosis. pHrodo dextran, which
is nonfluorescent at neutral pH but exhibits fluorescence as the pH becomes acidic, was
used as a tracker of endocytic internalization and lysosomal sequestration within live
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cells. In Calu-3 cells, bafilomycin A1, which blocks acidification of endosomes, clearly
inhibited development of pHrodo red, but dec-RVKR-CMK, camostat, and E64d did not
(data not shown); this suggests that dec-RVKR-CMK has no effect on endocytosis.

Next, to clarify the time point at which inhibitors block MERS-CoV infection, LoVo
cells were treated with 100 �M dec-RVKR-CMK or a mixture of 10 �M E64d and 10 �M
camostat (E64d/camostat) during infection with MERS-CoV. Lopinavir, which targets
MERS-CoV 3CL protease and blocks viral RNA replication, was used for comparison. The
inhibitors were added at the desired time points, and cellular RNA was isolated 6 h after
infection. Samples collected at 6 h postinfection were used as a control for no inhibitor
treatment. The amount of viral mRNA was quantified by real-time PCR. Dec-RVKR-CMK
and E64d/camostat showed inhibitory effects within 30 min after infection (Fig. 7A). In
comparison, addition of lopinavir at 2 h postinfection still inhibited viral RNA replication
(Fig. 7A). In Calu-3 cells, dec-RVKR-CMK and E64d/camostat showed similar effects: both
of these inhibitors act at the very early stage of infection (within 30 min) (Fig. 7B). Taken
together, the data indicate that dec-RVKR-CMK targets an early step during MERS-CoV
entry, potentially S protein activation by TMPRSS2 and cathepsin L.

Inhibitory effect of dec-RVKR-CMK on commercial proteases and TMPRSS2.
Next, we examined the inhibitory effect of dec-RVKR-CMK on various proteases. We
purchased proteases from commercial sources and tested them using a fluorescent
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protease assay kit which measures degradation products of fluorescein-labeled casein.
Unfortunately, the kit was unable to detect furin activity because casein does not
contain the furin cleavage site. First, 10-fold serially diluted protease was incubated
with the substrate to identify the appropriate concentration representing the linear
phase of the reaction at 30 min; this was used for the experiments described below.
Next, appropriate concentrations of various proteases required to degrade the sub-
strate were mixed with dec-RVKR-CMK and inhibition kinetics were measured. Figure 8A
shows that a high concentration (100 �M) of dec-RVKR-CMK completely suppressed the
activities of cathepsin L, cathepsin B, trypsin, and papain, partially suppressed those of
proteinase K and dispase, and slightly suppressed those of elastase and chymotrypsin.
Neither E64d nor bafilomycin A1 (used as a control) suppressed the activity of trypsin,
chymotrypsin, or elastase (Fig. 8B).

To examine the inhibitory effect of dec-RVKR-CMK on TMPRSS2, we performed a
fusion-from-without (FFWO) assay as described previously (10). This assay detects viral
S protein-mediated cell-cell fusion activated by TMPRSS2 on the cell surface; the assay
excludes the effects of inhibitors on virus replication, meaning that it detects TMPRSS2
activity directly. Briefly, a high titer (multiplicity of infection [MOI] � 10) of MERS-CoV
was adsorbed onto Vero/TMPRSS2 cells on ice for 1 h. The cells were then shifted to
37°C in the presence or absence of inhibitors. Cell-cell fusion was first observed at 3 h
after warming. The dec-RVKR-CMK inhibitor (100 �M) suppressed cell-cell fusion com-
pletely, as did camostat (10 �M; used as the control) (Fig. 8C). These results strongly
suggest that dec-RVKR-CMK targets cell surface TMPRSS2, which plays a role in cell
entry by MERS-CoV.

DISCUSSION

Cellular furin plays a role in virus infection and numerous other biological phenom-
ena, most of which were identified by experimental observations using the furin
inhibitor dec-RVKR-CMK (11, 13, 23–25). However, the results presented herein indicate
that dec-RVKR-CMK inhibited not only furin but also cathepsin L and TMPRSS2 (Fig. 8A
and C). In addition, we observed that dec-RVKR-CMK blocked entry of viruses harboring
an S protein lacking furin cleavage sites; it even blocked entry into furin-deficient LoVo
cells (Fig. 5D). This suggests that the results of previous studies using dec-RVKR-CMK
may have to be reexamined.

In addition, virus entry or cell-cell fusion assays provided no evidence that the S
protein was activated by exogenous furin (Fig. 6B and C). A previous study claims to
show direct evidence of S protein activation by furin because induction of cell-cell
fusion in S protein-expressing Huh-7 cells was observed after removal of dec-RVKR-CMK
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from the culture medium and addition of exogenous furin (13). However, exogenous
furin may not be required to induce cell-cell fusion of Huh-7 cells because these cells
induce cell-cell fusion after MERS-CoV infection in the absence of proteases (26).

Here we discuss the use of host proteases by MERS-CoV for cell entry. Studies show
clearly that TMPRSS2 activates the MERS-CoV S protein (4, 10, 27). Expression of
TMPRSS2 at the cell surface induces both virus entry into cells and cell-cell fusion of S
protein-expressing cells (4, 10, 27). Furthermore, these phenomena are suppressed by
the serine protease inhibitors camostat mesylate and nafamostat mesylate (4, 10, 28).
In addition, other extracellular proteases, such as trypsin and elastase, activate the
MERS-CoV S protein in a manner similar to that of TMPRSS2 (10).

However, cathepsin L usage by MERS-CoV remains controversial because there is no
clear evidence that the S protein is activated by exposure to exogenous cathepsin L. A
previous study shows that cell-cell fusion induced by exogenous cathepsin L in
SARS-CoV S protein-expressing cells is insufficient (29). Also, our previous study shows
that cathepsin L requires chlorpromazine, a membrane-permeable cationic drug that
lowers the energy requirement for membrane fusion, to induce a small increase in cell
entry by murine coronavirus (30). Therefore, it is unclear whether cathepsin L plays a
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role in activating the coronavirus S protein. However, it is at least certain that the
enzymatic activity of cathepsin is necessary for proteolytic activation of the MERS-CoV
cell entry because expression of TMPRSS2 overcomes blockade of viral cell entry by
cathepsin inhibitors (10).

Taken together, the results presented herein do not support a role for cellular furin
during direct activation of MERS-CoV S protein for viral cell entry. These findings are
compatible with those of a previous study by Gierer et al. showing that MERS-CoV does
not require furin for infectivity (14). Park et al. report that the only role played by furin
during MERS-CoV infection is to determine the cell tropism of the virus (8). What is
certain is that the MERS-CoV S protein precleaved by furin at the S1/S2 site still requires
cell surface/extracellular and endosomal proteases, such as TMPRSS2, elastase, and
cathepsin L, for cleavage at the S2= site.

MATERIALS AND METHODS
Cells and viruses. LoVo and Calu-3 cell lines were cultured as recommended by the ATCC. Vero cells

obtained from the ATCC and Vero cells expressing TMPRSS2 (Vero/TMPRSS2) (18) were maintained in
Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich, USA) supplemented with 5% heat-inactivated
fetal bovine serum (Gibco-BRL, USA). MERS-CoV strain EMC and SARS-CoV strain Frankfurt 1 were
propagated in Vero cells.

Generation of a pseudotyped virus. The VSV-pseudotyped virus expressing GFP or luciferase and
harboring the MERS-CoV S protein was prepared as previously described (31). Briefly, at 24 h after
transfection with pKS-MERS-St16, 293T cells were infected with VSVΔG-G/GFP or VSVΔG-G/Luc at an MOI
of 0.1. After absorption for 1 h, the inoculum was replaced with culture medium. After a further
incubation for 24 h, the culture supernatants were collected and stored at �80°C. The titer of VSV-
pseudotyped viruses was determined in Vero cells. For the VSV-pseudotyped virus expressing GFP,
images were captured under a BZ8000 microscope (Keyence, Japan) and GFP-positive cells were counted
using image measurement and analysis software (VH-H1A5 version 2.6; Keyence). For the VSV-
pseudotyped virus expressing luciferase, cells were lysed and assayed for luciferase activity using a
luciferase assay kit (Promega, USA) and a Glomax 20/20 luminometer (Promega).

Generation of recombinant MERS-CoV from BAC plasmids. A bacterial artificial chromosome
(BAC) clone carrying the full-length infectious genome of the MERS-CoV EMC2012 strain (termed
pBAC-MERS-wt) was used to generate recombinant MERS-CoV (22). Amino acid substitutions at the P1
site within the fusion cleavage sites in the S protein were generated by modification of the pBAC-
MERS-wt (the template) using a Red/ET recombination system counterselection BAC modification kit
(Gene Bridges, Heidelberg, Germany). This yielded pBAC-MERS-S/R748S, pBAC-MERS-S/R884S, and pBAC-
MERS-S/R748S/R884S. Huh-7 cells were grown to approximately 60% confluence in a 6-well plate
(VIOLAMO, Japan) and then transfected with 4 �g of the desired BAC DNA using the X-tremeGENE 9 DNA
transfection reagent (Roche). Transfected cells were cultured at 37°C for the appropriate times, and the
culture supernatants and cell pellets were collected. The culture supernatants were inoculated onto a
10-cm dish (VIOLAMO) containing Huh-7 cells and cultured overnight. Infected cells were incubated at
37°C for 3 or 4 days until a cytopathic effect (CPE) was observed. Culture supernatants were collected,
centrifuged at 2,500 � g for 5 min at 4°C, and stored at �80°C.

Proteases and protease inhibitors. The following proteases were used: cathepsin L (16-12-030112;
Athens, USA), cathepsin B (16-12-030102; Athens), trypsin (T8802; Sigma, USA), papain (53J6521; Wor-
thington, USA), proteinase K (166-21051; Wako, Japan), dispase (1 276 921; Roche, Switzerland), elastase
(Sigma; E-0258), chymotrypsin (Sigma; C-3142), and furin (P8077; New England BioLabs [NEB], UK). The
following inhibitors were used: dec-RVKR-CMK (3501; Tocris Bioscience, UK), E64d (330005; Calbiochem,
USA), camostat (3193; Tocris Bioscience), bafilomycin A1 (B1793; Sigma), and lopinavir (SML1222; Sigma).

Cell entry assay for authentic MERS-CoV. Confluent cells in 96-well plates were pretreated for 30
min with inhibitors. Cells were then inoculated with MERS-CoV and incubated (with the inhibitors) for 1
h on ice, followed by culture at 37°C for 6 h. Cellular RNA was isolated by addition of Isogen reagent
(315-02504; Nippon Gene, Japan). A real-time PCR assay was performed to quantify the amount of newly
synthesized subgenomic MERS-CoV RNA using the primers and probes described previously (10). PCR
analysis was performed in a LightCycler-Nano instrument (Roche Diagnostics, Switzerland).

Quantification of transcripts in LoVo cells. Total RNA was isolated from LoVo cells using the Isogen
reagent. Real-time PCR was performed to quantify expression of mRNAs encoding glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), DPP4, furin, cathepsin L, TMPRSS2, and HAT using the primers and
probes described previously (10). Comparative expression of mRNA was calculated from a calibration line
obtained by stepwise dilution (10-fold) of RNA samples.

Quantification of furin activity. Recombinant human furin (P8077; New England BioLabs, UK) was
mixed with 100 �M furin substrate (boc-RVRR-AMC; I-1645; Bachem, Switzerland) in phosphate-buffered
saline containing 1 mM CaCl2 (32). After 30 min at 37°C, fluorescence analysis was performed using a Power
Scan HT instrument (DS Pharma, Japan) fitted with fluorescein excitation/emission filters (360/480 nm).

Western blot analysis. To detect cleaved S protein in virions, viral supernatant was mixed with
recombinant human furin (P8077; New England BioLabs) or trypsin (T-8802; Sigma) in furin reaction
buffer (20 mM HEPES [pH 7.5], 0.1% Triton X-100, 0.2 mM CaCl2, and 0.2 mM �-mercaptoethanol) and
incubated at 37°C for 1 h. A one-quarter volume of sample buffer (30% glycerol, 250 mM Tris [pH 6.8],
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2.5% SDS, a small amount of bromophenol blue, 100 mM dithiothreitol [DTT], and 1 mM Pefabloc SC) was
added to the reaction mixture and boiled for 5 min. Samples were loaded onto SDS-PAGE (3 to 10%
gradient) gels (e-PAGEL; ATTO, Japan), transferred to a polyvinylidene difluoride (PVDF) membrane
(Immobilon-P; Millipore, USA), and soaked in ImmunoBlock (CTKN001; DS Pharma Biomedical, Japan).
Western blot analysis was carried out using an anti-S2 antibody and anti-rabbit IgG (sc-2054; Santa Cruz
Biotech, USA). Immunoreactive bands were visualized with an enhanced chemiluminescence kit (ECL;
RPN2232; GE Healthcare, USA) and a LAS-3000 instrument (Fuji, Japan).

To detect the S protein in MERS-CoV-infected cells, cells were dissolved in sample buffer and
subjected to Western blot analysis as described above. After detection by an anti-S2 antibody, the
membrane was soaked in stripping buffer (46428; Thermo Fisher, USA) for 5 min at room temperature
to remove the antibodies and then rinsed 10 times with rinse buffer (20845; Millipore). The membrane
was then blocked and reprobed with an anti-GAPDH antibody (IMG-5143A; IMGENEX, USA), followed by
anti-rabbit IgG.

Fluorescent protease assay for commercial proteases. The activities of the proteases listed above
were quantified using a fluorescent protease assay kit (23266; Pierce, USA), which measures the
degradation products of fluorescein-labeled casein. To measure the activity of neutral pH-dependent
proteases (trypsin, papain, proteinase K, dispase, elastase, and chymotrypsin), experiments were carried
out according to the manufacturer’s protocol. To measure the activities of low-pH-dependent cathepsin
L and cathepsin B, the substrate (which has neutral pH-dependent fluorescence) was first dissolved in
low-pH buffer (50 mM sodium acetate [pH 5].0, 1 mM EDTA, and 5 mM DTT). After a 30-min incubation
with cathepsin at 37°C, 1/20 volume of 1 M Tris-HCl buffer (pH 8.0) was added to render the fluorescein
detectable at neutral pH. Fluorescence analysis was performed using a Power Scan HT instrument (DS
Pharma, Japan) fitted with fluorescein excitation/emission filters (485/528 nm).

FFWO assay. The FFWO assay was performed as previously described (10). Briefly, Vero/TMPRSS2
cells (105) in 96-well plates were inoculated with a high titer (106 PFU) of authentic MERS-CoV. Cells were
then incubated at 37°C in the presence of inhibitors. After incubation for 5 h, cells were fixed with 4%
formaldehyde and stained with crystal violet.

Statistical analysis. Statistical significance was assessed using a two-tailed Student t test. A P value
of �0.05 was considered statistically significant. In figures, significance is indicated as follows: n.s., not
significant; *, significant (P � 0.05); **, highly significant (P � 0.01); and ***, very highly significant (P �

0.001). Error bars indicate standard deviations (SD).
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