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West Nile virus (WNV) (family Flaviviridae, genus Flavivirus) can cause a potentially fatal infection and has posed
a serious health concern in North America since its introduction in 1999 (Centers for Disease Control and Prevention,
1999). WNV is a zoonotic pathogen that is maintained in an
enzootic cycle involving a mosquito vector and an amplifying bird host. Mammals such as humans and horses are incidental dead-end hosts, as viral titers do not reach levels that
permit transmission back to mosquitoes (Drebot et al., 2003).
Although WNV is a serious public health problem, no antiviral therapies or vaccines are currently available. Understanding the virus life cycle is essential for the design of an
effective therapy.
WNV is a small (approximately 50 nm) enveloped virus
with a single-stranded plus sense RNA genome (Castle et al.,
1985, 1986; Yamshchikov and Compans, 1993; Lindenbach
et al., 2007). Upon uncoating, the viral genomic RNA is
translated into a single polyprotein precursor composed of
ten viral proteins (Brinton, 2002). The structural proteins
wcapsid (C), pre-membrane (prM), and envelope (E)x are
located at the N-terminal and the nonstructural (NS) proteins
are located at the C-terminal in the following order: 59-UTRC-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-UTR-39
(Castle et al., 1985, 1986; Rice et al., 1985; Castle and Wengler, 1987; Brinton, 2002). Within the Flavivirus genus, in
vitro studies suggest that host proteases and the viral protease
heterocomplex, NS2B/NS3 protease, cleave within the polyprotein precursor at specific sites (Chambers et al., 1990b;
Wengler et al., 1991; Cahour et al., 1992; Amberg et al.,
1994). The NS2B/NS3 protease recognizes and cleaves Cterminally to highly conserved dibasic residues followed by
a small side-chain residue, at protein junctions NS2A/NS2B,
NS2B/NS3, NS3/NS4A, and NS4B/NS5 (Chambers et al.,
1990b; Wengler et al., 1991; Yamshchikov and Compans,
1993). The remaining viral proteins are released following
cleavage by host proteases (Cahour et al., 1992; Falgout and
Markoff, 1995; Yu et al., 2008). These proteolytic processing
events are essential for the virus life cycle (Chambers et al.,
1990b), making the NS2B/NS3 protease an appealing antiviral target.
The NS2B/NS3 protease is composed of two viral proteins: NS2B and NS3. The complex molecular interplay
between the viral cofactor NS2B and the NS3 bifunctional
enzyme wprotease (NS3pro) and helicase (NS3hel): NS3prohelx have been a major challenge in studying these inducedfit viral proteases (Richer et al., 2004; Hamill and Jean,
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a fluorescent reporter group (DsRed) tethered to the endoplasmic reticulum membrane by a membrane-anchoring
domain. Between the two domains is a specific peptide linker
that corresponds to the NS2A/NS2B, NS2B/NS3, NS3/
NS4A, and NS4B/NS5 protein junctions within the WNV
polyprotein precursor. When the protease cleaves the peptide
linker, the DsRed reporter group is released, changing its
localization in the cell from membrane-bound punctate perinuclear to diffuse cytoplasmic. This change in protein location can be monitored by fluorescent microscopy, and
cleavage products can be quantified by Western blotting. Our
data demonstrate the robustness of our trans-cleavage fluorescence assay to capture single-cell imaging of membraneassociated WNV NS2B/NS3 endoproteolytic activity and to
perform in-cell selectivity profiling of the NS2B/NS3 protease. Our study is the first to provide cellular insights into
the biological and enzymatic properties of a prime target for
inhibitors of WNV replication.
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2005; Martin and Jean, 2006). In the N-terminus of NS3 is
a 180-amino acid serine protease domain (NS3pro), which
contains the classic catalytic triad of serine proteases, histidine-aspartic acid-serine, at residues 51, 75, and 135, respectively (Bazan and Fletterick, 1989; Gorbalenya et al., 1989a;
Wengler et al., 1991); and C-terminal is a helicase/ATPase
domain (NS3hel) (Gorbalenya et al., 1989b; Wengler, 1991).
Many studies have shown that the viral protein NS2B is
required for NS3 protease activity (Chambers et al., 1991,
1993; Clum et al., 1997; Brinkworth et al., 1999; Yusof et
al., 2000). Hydrophobicity profiles of NS2B illustrate a central hydrophilic region flanked by hydrophobic regions,
which are thought to associate NS2B to the endoplasmic
reticulum (ER) membrane (Wengler et al., 1990; Clum et al.,
1997; Yamshchikov et al., 1997; Brinkworth et al., 1999;
Lindenbach et al., 2007). Deletion studies have demonstrated
that 40 amino acids from the central hydrophilic region of
NS2B are sufficient for the proteolytic activity of the protease domain of NS3 (Chambers et al., 1991, 1993; Clum et
al., 1997; Brinkworth et al., 1999; Yusof et al., 2000).
In vitro studies have exploited this and have investigated
protease activity using truncated bacterial-expressed recombinant forms of the NS2B and NS3 proteins (Nall et al.,
2004; Chappell et al., 2005; Shiryaev et al., 2007a). The 40amino acid hydrophilic domain of NS2B (NS2B40) is linked
with a glycine-serine linker to the protease domain of NS3
(NS3pro), generating a recombinant NS2B40-G4SG4-NS3pro
protein (Nall et al., 2004; Chappell et al., 2005; Shiryaev et
al., 2007a). As a consequence, the flanking N- and C-terminal hydrophobic domains of NS2B and the helicase/
ATPase domain of NS3 are omitted, therefore artificially producing the viral protease complex. In addition, these assays
use synthetic chromogenic and fluorescent peptidyl-substrates with four or six amino acid peptides containing a
chromogenic or fluorogenic group at the P19 position
(Schechter and Berger, 1967), which presents serious limitations for probing the contributions of residues at the Cterminus of the scissile peptide bond to the enzyme
specificity (Hamill and Jean, 2005). Furthermore, optimal
conditions for detecting protease activity in vitro occur at
alkaline pH and with the addition of glycerol and detergents
(Nall et al., 2004; Chappell et al., 2005; Shiryaev et al.,
2007a).
Although in vitro assays have been very informative and
have helped elucidate some of the important residues of
NS2B and NS3 involved in NS2B/NS3 intrinsic enzymatic
properties, these studies remain limited. Assays using recombinant truncated forms of NS2B and NS3 do not take into
account the potential contributions of other nonstructural
protein domains (e.g., NS3hel, NS2B N-terminal domain,
and NS2B C-terminal domain) to the enzymatic properties
of NS3pro. Furthermore, the complexity of the intracellular
environment including the effects of membrane anchoring on
protease activity is not considered.
To this effect, it has been shown in vitro that the addition
of microsomal membranes enhances the efficiency of cleavage by the WNV NS2B/NS3 protease (Wengler et al., 1991;
Yamshchikov and Compans, 1994) and by the related Den-

gue virus, suggesting that membrane association affects protease activity (Clum et al., 1997). Importantly, flaviviral
NS2B/NS3pro-hel molecules are localized with the virusinduced membrane-bound replication complexes in the host
cytoplasm (Uchil and Satchidanandam, 2003; Lindenbach et
al., 2007; Chernov et al., 2008), making the studies of these
serine proteases in cellulo extremely challenging.
To address these issues, we developed a cell-based transcleavage assay for the detection of full-length WNV NS2B/
NS3pro-hel endoproteolytic activity using ER membraneanchored red-shifted fluorescent substrates. The substrates
consist of an ER membrane-anchoring domain, a proteasespecific cleavage sequence, and a DsRed fluorescent reporter
group. When the protease cleaves the specific sequence, the
DsRed reporter group is released, changing its localization
in the cell from membrane-bound punctate perinuclear to diffuse cytoplasmic. This change in protein location can be
monitored by fluorescent microscopy, and cleavage products
can be detected and quantified with Western blot analysis.
We examined the WNV NS2B/NS3 cleavage activities
against our internally consistent set of ER membraneanchored red-shifted fluorescent substrates encoding for the
proprotein cleavage sequences that correspond to the protein
junctions NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/
NS5 within the WNV polyprotein precursor. In-cell selectivity profiling of the NS2B/NS3 serine protease demonstrated
that only the NS4B/NS5 protein junction sequence is significantly cleaved compared with controls under our experimental conditions. Interestingly, as opposed to what has been
reported in vitro (Nall et al., 2004), all other WNV proprotein
junction sequences tested in cellulo were not significantly
cleaved in trans by NS2B/NS3pro-hel compared with
controls.
Our data demonstrate the robustness of our trans-cleavage
fluorescence-based assay to capture single-cell imaging of
membrane-associated WNV NS2B/NS3 endoproteolytic
activity. Importantly, our work reveals that within the intracellular environment of host cells, the WNV NS2B/NS3
heterocomplex serine protease presents an unexpected substrate selectivity underlying the importance of developing
membrane-targeted activity-based probes to study these complex induced-fit viral proteases associated with the ERanchored replication complexes during flavivirus infection.

Results
Development of novel membrane-anchored redshifted fluorescent protein substrates to detect WNV
NS2B/NS3 endoproteolytic activity in human cells

One of the major goals of this study was to generate a cellbased trans-cleavage assay for monitoring the endoproteolytic activity of the WNV NS2B/NS3pro-hel. We cloned the
full-length WNV NS2B/NS3 polyprotein into the pFLAGmyc-CMVTM-20 epitope mammalian expression vector
(Figure 1A). The NS3 protein contains the classic catalytic
triad of serine proteases, histidine-aspartic acid-serine, located within the protease domain at residues 51, 75, and 135,
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Figure 1 Cell-based trans-cleavage assay for detection of the full-length WNV NS2B/NS3pro-hel endoproteolytic activity.
(A) Schematic of WNV protease plasmids. The full-length NS2B/NS3 was cloned into the pFLAG-myc-CMVTM-20 expression vector.
Serine 135 within the catalytic triad of NS3 was mutated to alanine. Wild type NS2B/NS3 protease is referred to as active WNV protease
and the S135A mutant is referred to as inactive S135A protease. (B) Schematic of substrate plasmids. Each substrate plasmid contains the
ER membrane-anchoring domain (Tm), a specific cleavage sequence (CS) that includes the P6-P1xP19-P49 residues and a fluorescent
reporter group (DsRed). The KRG substrate was generated from the pTm-DSSTPSxSGSW-DsRed plasmid described previously (Martin
and Jean, 2006). The WNV junction site substrate plasmids were generated from the KRG substrate plasmid and correspond to the protein
junction sites NS2A/NS2B (2A/2B), NS2B/NS3 (2B/3), NS3/4A (3/4A), and NS4B/NS5 (4B/5). (C) Schematic representation of the
membrane-anchored cell-based fluorescent substrate assay. Protein topology is depicted respective to the ER membrane. The WNV NS2B/
NS3 protease associates with the ER membrane through the hydrophobic domains of NS2B. Intact substrate produces a perinuclear punctate
DsRed protein pattern at the ER membrane. Upon cleavage sequence processing, DsRed is released from the ER membrane, resulting in a
diffuse cytoplasmic DsRed protein pattern. Change in protein location can be monitored with fluorescence microscopy. Adapted from Martin
and Jean (2006) and Lindenbach et al. (2007).

respectively (Bazan and Fletterick, 1989; Chambers et al.,
1990a; Wengler et al., 1991). We used site-directed mutagenesis to mutate residue serine 135 to alanine (S135A) (Figure 1A). No autocatalytic cleavage products were detected
in the S135A mutant compared to wild type, indicating that
this mutation rendered the NS2B/NS3 protease catalytically
inactive (data not shown), which is consistent with previous
reports (Chappell et al., 2005; Bera et al., 2007).
The membrane-bound fluorescent substrates consist of a
fluorescent reporter group, DsRed, tethered to the ER
membrane by a membrane-anchoring domain (Tm) wTm is
the hepatitis C virus (HCV) NS5A N-terminal amphipathic
a-helix amino acid residues 1–34; see Martin and Jean,
2006x. Between Tm and DsRed is a cleavage sequence com-

prising 10 amino acids corresponding to P6-P1xP19-P49 residues (Figure 1B). For cleavage to occur, there is a critical
requirement for colocalization of both the substrate and protease within the cell (Martin and Jean, 2006). That is, the
substrate cannot be cleaved unless the protease encounters
the substrate at the ER membrane allowing the initial protease-substrate complex and subsequent endoproteolytic
cleavage of the substrate, resulting in the release of the enzymatic reaction product from the ER membrane. Intact fluorescent substrate is localized perinuclear, observed as a
punctate pattern of DsRed at the ER membrane, whereas the
cleaved fluorescent reaction product displays a diffuse cytoplasmic DsRed pattern (Figure 1C) that can be monitored
with fluorescent microscopy in intact cells.
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The parent substrate plasmid (pTm-DSSTPSxSGSWDsRed) was generated previously for the NS3/NS4A heterocomplex serine protease of HCV (Martin and Jean, 2006).
The NS3 protease of HCV has a preferred cleavage sequence
of (D/E)XXXX(C/T)x(S/A) (Grakoui et al., 1993; Richer et
al., 2004), whereas the NS3 protease of WNV has a cleavage
sequence preference of (K/R)RxGG (Shiryaev et al., 2007b).
We modified the P2P1xP19 residues with three sequential
rounds of site-directed mutagenesis to generate the substrate
pTm-DSSTKRxGGSW-DsRed (Figure 1B; KRG).
With the recent demonstration by Hinson and Cresswell
that the N-terminal amphipathic a-helices of viperin and
HCV NS5A (Tm) that are responsible for the ER localization
of both cellular and viral protein in host cells are also necessary and sufficient to localize both proteins to lipid droplets, we investigated the subcellular localization of the KRG
membrane-anchored fluorescent substrate within intact cells
using markers for ER membrane (anti-calnexin antibody) and
lipid droplets (anti-ADRP antibody; Figure 2) (Hinson and
Cresswell, 2009).
Using confocal microscopy, we demonstrated a high
degree of colocalization between the KRG substrate and the
ER endogenous membrane marker calnexin in Huh7 cells
(Figure 2; KRG-calnexin-merge) when compared with the
relative colocalization of KRG and the lipid droplets endogenous marker ADRP (Figure 2; KRG-ADRP-merge).
We tested for trans-cleavage of the KRG substrate by double-transfecting active WNV protease or inactive S135A protease and monitoring cleavage with fluorescent microscopy.
A diffuse cytoplasmic DsRed protein pattern was only
observed upon transfection of active WNV protease (Figure

3; WNV-DsRed), whereas a perinuclear punctate DsRed pattern was observed with inactive S135A protease (Figure 3;
S135A-DsRed) and in substrate-only controls (Figure 3; substrate only-DsRed). Protease expression was confirmed in the
active WNV protease and inactive S135A protease samples
with immunofluorescent microscopy (Figure 3; myc panel).
These results demonstrate that our membrane-anchored cellbased fluorescent substrate assay can be used to monitor the
endoproteolytic activity of the WNV NS2B/NS3pro-hel in
intact cells. To our knowledge, this is the first experimental
evidence demonstrating that the WNV NS2B/NS3 protease
is active at the ER membrane using intact cells.
In-cell substrate selectivity of WNV NS2B/NS3
protease

Building from our KRG proof-of-concept study, our next goal
was to use our cellular assay to test a series of membraneanchored fluorescent substrates engineered to present the
cleavage sequences of the WNV NS polyprotein precursor
that was proposed to be proteolytically cleaved by the NS3
protease. In vitro studies suggest that the flaviviral protease
cleaves the C-terminal side of dibasic residues at protein
junctions NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/
NS5. The P6-P1xP19-P49 amino acid residues found at these
protein junctions are DPNRKRxGWPA, LQYTKRx
GGVL, FASGKRxSQIG, and KPGLKRxGGAK, respectively (Figure 1B).
We wanted to evaluate the relative trans-cleavage endoproteolytic activity of WNV NS2B/NS3pro-hel when tested
using an internally consistent set of membrane-anchored sub-

Figure 2 Subcellular localization of KRG substrate.
Huh7 cells were transfected with the KRG substrate and fixed 24 h post-transfection. Cells were probed with either a lipid droplet maker
(anti-ADRP monoclonal antibody) or an ER membrane marker (anti-calnexin polyclonal antibody). The KRG substrate DsRed protein
pattern was observed using the DsRed signal. Shown is the KRG substrate with lipid droplet marker ADRP (top row) and KRG substrate
with ER membrane marker calnexin (bottom row). DIC (differential interference contrast) was acquired at the time of imaging (first column,
DIC); the KRG substrate DsRed protein pattern (second column, DsRed) (shown in red); lipid droplet and ER membrane marker (third
column, ADRP or calnexin, respectively) (shown in green); merged DsRed and lipid droplet or ER membrane marker (fourth column,
merge); merged DsRed, lipid droplet, or ER membrane marker and DIC (last column, mergeqDIC). Cells were imaged using a Leica TCSSP5 confocal microscope (Leica Microsystems).
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Figure 3 Proof-of-concept: active WNV protease is able to cleave substrate at the ER membrane.
Huh7 cells were double-transfected with active WNV protease and KRG substrate, or with inactive S135A protease and KRG substrate, or
single transfection with KRG substrate only. Then 24 h post-transfection, cells were fixed and protease was probed for with anti-myc
monoclonal antibody. Processing of the substrate cleavage sequence by the WNV NS2B/NS3 protease was monitored using the DsRed
signal. Shown are active WNV protease with KRG substrate (top row), inactive S135A protease with KRG substrate (middle row), and
KRG substrate-only control (bottom row). DIC (differential interference contrast) was acquired at time of imaging (first column, DIC).
Processing of substrate cleavage sequence (second column, DsRed) (shown in red); protease probe (third column, myc) (shown in green);
merged DsRed and myc signal (fourth column, merge); merged DsRed, myc, and DIC (last column, mergeqDIC). Cells were imaged with
a Leica TCS-SP5 confocal microscope (Leica Microsystems).

strates. We modified the cleavage sequence of the KRG substrate with several rounds of site-directed mutagenesis to
generate substrates containing the P6-P1xP19-P49 amino acid
residues found at these protein junctions (Figure 1B; 2A/2B,
2B/3, 3/4A, 4B/5). We then double-transfected substrates
with active WNV protease or inactive S135A protease and
monitored cleavage with fluorescent microscopy. A diffuse
cytoplasmic DsRed protein pattern was only observed with
active WNV protease transfected with the 4B/5 substrate
(Figure 4; WNV-4B/5). All other protein junction substrates
transfected with active WNV protease, as well as substrates
transfected with inactive S135A protease and in substrateonly controls, illustrated a perinuclear punctate DsRed pattern (Figure 4). Protease expression was confirmed with
immunofluorescent microscopy in active WNV protease and
inactive S135A protease samples (data not shown). The
results demonstrate that only the NS4B/NS5 protein junction
site can be endoproteolytically cleaved efficiently in trans
by the WNV NS2B/NS3pro-hel under our experimental
conditions.
We next examined substrate cleavage with Western blot
analysis and observed that the intact substrate migrated at
34 kDa (Figure 5A; white arrow) and the DsRed-containing
cleavage product migrated at 29 kDa (Figure 5A; WNV,
black arrow). A faint cleavage band was observed in substrate-only controls and in inactive S135A protease samples
(Figure 5; thin black arrow). In the active WNV protease

samples, the 4B/5 substrate was processed efficiently compared with the other protein junction site substrates tested
with 2A/2B substrate being processed the least. Processing
of the KRG substrate was comparable to the 4B/5 substrate
(Figure 5A; WNV).
We subsequently quantified and calculated the percent of
substrate cleaved from the Western blots by dividing the lower cleavage band signal by the total signal (uncleavedqcleaved) (Figure 5B) (Table 1). In the active WNV protease samples, the 4B/5 substrate had a higher percent of cleavage
compared with the other substrates tested (2A/2Bs5.0"0.9%;
2B/3s16.0"4.3%; 3/4As7.5"1.3%; 4B/5s34.5"9.3%)
(Figure 5B; WNV, black bars) with significant differences
(p-0.05) between 4B/5 compared with 2A/2B and 3/4A substrates as well as between controls (S135As7.0"0.7%; substrate-onlys8.2"1.9%) (Figure 5B; S135A, gray bar;
substrate-only, white bar). The other protein junction site
substrates tested (2A/2B, 2B/3, and 3/4A) were not significant above inactive S135A protease or substrate-only controls (Figure 5B and Table 1). Interestingly, a trend of a lower
percent of substrate cleaved was observed in the inactive
S135A protease samples (Figure 5B; S135A, gray bars) compared with the substrate-only samples (Figure 5B; substrateonly, white bars), suggesting that the inactive WNV S135A
protease forms an initial enzyme-substrate complex that
could protect the membrane-anchored substrates from being
cleaved by host protease(s) (Table 1).
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Figure 4 Trans-cleavage of fluorescent substrates containing WNV protein junction site sequences.
Huh7 cells were double-transfected with active WNV protease and WNV junction site substrates, or with inactive S135A protease and
WNV junction site substrates, or singly with substrate only. Then 24 h post-transfection, cells were fixed and processing of the substrate
cleavage sequence was monitored with the DsRed signal (shown in red). Shown are active WNV protease with substrate (top row, WNV),
inactive S135A protease with substrate (middle row, S135A), and substrate-only controls (bottom row, substrate-only). Substrates correspond
to the WNV protein junction sites NS2A/NS2B (first column, 2A/2B), NS2B/NS3 (second column, 2B/3), NS3/4A (third column, 3/4A),
and NS4B/NS5 (fourth column, 4B/5). Nuclei were visualized with Hoechst staining (shown in blue). Cells were imaged with an Olympus
Fluoview scanning confocal microscope (Olympus Corporation).

In the KRG substrate, significant differences were observed between the active WNV protease compared with the
inactive S135A protease and substrate-only samples
(WNVs33.5"8.3%; S135As7.7"1.2%; substrate-onlys
11.2"0.8%; p-0.05). In the active WNV protease samples,
no significant differences were observed between the KRG
and 4B/5 substrates. The substrates KRG, 4B/5, and 2B/3 all
contain the KRxGG sequence (Figure 1B); however, the
2B/3 substrate was poorly processed compared with the other
two (Figure 5B) (Table 1), suggesting that the other residues
present in the cleavage sequences tested have an effect on
WNV NS2B/NS3 protease substrate selectivity and/or cleavage efficiency.

Discussion
In this study, we report novel membrane-anchored fluorescent substrates for detecting the endoproteolytic activity of
the full-length WNV NS2B/NS3pro-hel intracellularly. Our
results demonstrate that the substrate that corresponds to the
NS4B/NS5 junction site was cleaved in trans, whereas the
remaining substrates that correspond to the NS2A/NS2B,
NS2B/NS3, and NS3/NS4A proprotein junction sites were
poorly processed in trans under our experimental conditions.

To our knowledge, this is the first demonstration that the
WNV NS2B/NS3pro-hel is an active endoproteolytic
enzyme at the ER membrane and the first study reporting
the in-cell selectivity profiling of the membrane-anchored
flaviviral protease.
Processing of the polyprotein precursor by the NS2B/NS3
protease is essential in the flavivirus life cycle (Chambers et
al., 1990b), and as such, it has been one of the prime antiviral
targets for WNV therapy. Typically, in vitro substrate assays
are used to assess WNV NS2B/NS3 protease activity using
the truncated bacterial-expressed recombinant form of the
protease, NS2B40-G4SG4-NS3pro (Nall et al., 2004; Chappell
et al., 2005, 2006, 2007, 2008a,b; Shiryaev et al., 2006,
2007a,b,c; Bera et al., 2007; Radichev et al., 2008). Nall et
al. (2004) investigated the enzymatic characterization of the
WNV recombinant NS2B40-G4SG4-NS3pro protease in vitro.
The substrates synthesized were chromogenic hexapeptidyl
substrates composed of the P6-P1 residues corresponding to
the protein junctions NS2A/NS2B (Ac-DPNRKR-pNA),
NS2B/NS3 (Ac-LQYTKR-pNA), NS3/NS4A (Ac-FASGKRpNA), and NS4B/NS5 (Ac-KPGLKR-pNA). The authors
ranked the relative substrate processing efficiency based on
performance constants (kcat/Km: M-1 s-1) as NS3/NS4A
(4222"313))NS4B/NS5 (1827"124)GNS2A/NS2B (1756"
96)GNS2B/NS3 (1233"86 units) with NS3/NS4A being
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Figure 5 In-cell substrate selectivity profiling of WNV NS2B/
NS3 protease.
(A) Trans-cleavage of fluorescent substrates detected by Western
blot analysis. Huh7 cells were double-transfected with active WNV
protease and each substrate, or with inactive S135A protease and
each substrate, or singly transfected with substrate only. Then 24 h
post-transfection, cells were harvested and whole cell lysates were
probed by Western blotting using the anti-DsRed polyclonal antibody. Intact substrate was detected at 34 kDa (white arrow), and
cleaved substrate was detected at 29 kDa (black arrow). Shown are
active WNV protease with substrate (top row), inactive S135A protease with substrate (middle row), and substrate-only controls (bottom row). Substrates correspond to the KRG substrate (first column,
KRG) and the WNV protein junction sites NS2A/NS2B (second
column, 2A/2B), NS2B/NS3 (third column, 2B/3), NS3/4A (fourth
column, 3/4A), and NS4B/NS5 (last column, 4B/5). (B) Quantification of Western blot analysis. Depicted are percent of substrate
cleaved (y-axis). Substrates correspond to the KRG substrate and
the WNV protein junction site substrates, 2A/2B, 2B/3, 3/4A, and
4B/5 (x-axis). Active WNV protease samples (black bars), inactive
S135A protease samples (gray bars), and substrate-only samples
(white bars). Results shown are the average of four independent
experiments run in duplicate. Significance was noted in samples
having differences in substrates with active WNV protease compared to substrate with inactive S135A protease and substrate-only
controls (*p-0.05).

cleaved the best and NS2B/NS3 cleaved the least (Nall et
al., 2004).
Shiryaev et al. (2007b) examined the substrate recognition
pattern of the WNV recombinant protease NS2B40-G4SG4NS3pro in vitro. They used fluorescent-biotin tagged octa-

peptidyl substrates composed of the P4-P1xP19-P49 residues
spanning several potential cleavage sites within the WNV
polyprotein precursor. They demonstrated that the protease
was able to cleave substrates corresponding to the NS2B/
NS3, NS4B/NS5, and NS2A/NS2B junction sites; however,
no cleavage was detected with the NS3/NS4A peptidyl substrate (relative cleavage efficiencies of 73%, 73%, 64%, 0%,
respectively) (Shiryaev et al., 2007b).
On the contrary, our results using decapeptidyl substrates
demonstrate that in the context of the host cell, the 4B/5
substrate is the only membrane-anchored red-shifted fluorescent protein substrate efficiently cleaved in trans by WNV
NS2B/NS3pro-hel under our experimental conditions (Table
1). Interestingly, similar results were demonstrated in a cellular expression system of the related Yellow Fever virus
(YFV) (Chambers et al., 1991). Chambers et al. (1991) demonstrated via a vaccinia virus-T7 expression system of YFV
that the NS4B/NS5 junction site was efficiently cleaved in
trans, whereas the NS2A/NS2B and NS3/NS4A junctions
were inefficiently cleaved. They suggested that perhaps ciscleavage is preferred at these junction sites (Chambers et al.,
1991). Taken together, the results suggest that the membrane
microenvironment and/or the other nonstructural protein
domains not examined in vitro (e.g., NS3hel, NS2B N-terminal domain, and NS2B C-terminal domain) contribute to
the flaviviral NS3pro-enzymatic properties in host cells.
Alternatively, the experimental conditions used to perform
the enzymatic tests in vitro such as high pH, the addition of
glycerol, and detergents – not used in our cell-based transcleavage assay – could also explain, in part, the apparent
discrepancy between these results obtained using in vitro and
in cellulo enzymatic assays. For example, Ezgimen et al.
(2009) recently showed that varying detergents have an
effect on the protease activity of WNV. They demonstrated
in vitro that nonionic detergents such as Triton X-100,
Tween, and NP-40 enhanced WNV protease activity 2- to
2.5-fold, ultimately making these detergents unsuitable for
drug discovery (Ezgimen et al., 2009).
Another important difference in the experimental design
developed in our in cellulo study in contrast to in vitro studies is the engineering of an internally consistent set of
membrane-anchored fluorescent protein substrates encompassing the amino acid residues from P6-P1xP19-P49 around
the scissile peptide bond of the WNV nonstructural polyprotein precursor cleavage sites. In general, in vitro enzymatic
tests are performed using tetrapeptidyl or hexapeptidyl substrates based on the NS2B/NS3 protein junction site (Chappell et al., 2006, 2007; Shiryaev et al., 2006, 2007a,b,c;
Chernov et al., 2008). The tetra- and hexa-peptidyl substrates
contain a chromogenic or fluorogenic group in the P19 position; as a consequence, the influence of the residues in the
Pn9 position of the cleavage site is not taken into account.
Our results obtained using decapeptidyl substrate sequences
demonstrated that despite the fact that both the NS2B/NS3
and NS4B/NS5 protein junction sites have the KRxGG (P2P1xP19-P29) primary sequence, the 4B/5 substrate was
cleaved more efficiently compared with the 2B/3 substrate
(Table 1). This strongly suggests that the other residues locat-
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Table 1 Percent of substrate cleaved.
Protease

WNV
S135A
Substrate-only

Substrate
KRG

2A/2B

2B/3

3/4A

4B/5

33.5"8.3*
7.7"1.2
11.2"0.8

5.0"0.9
5.2"0.2
8.2"2.2

16.0"4.3
6.5"0.6
12.2"2.6

7.5"1.3
10.7"0.7
14.0"2.9

34.5"9.3*
7.0"0.7
8.2"1.9

ed within the P6-P1xP19-P49 positions around the scissile
peptide bond of the substrates have an effect on trans-cleavage and that the WNV NS2B/NS3 protease has broader
substrate requirements than previously appreciated. The P6P1xP19-P49 amino acid residues found at the NS2B/NS3 and
NS4B/NS5 junction sites are LQYTKRxGGVL and
KPGLKRxGGAK, respectively, with differences in amino
acid properties occurring at P6, P5, P4, P3, and P49, suggesting that these residues affect the enzyme-substrate
molecular interactions perhaps favoring the NS4B/NS5 protein junction site to be cleaved in trans. Interestingly, it has
been reported that mutation of certain residues at the YFV
proprotein junction sites affect cleavage efficiency and flaviviral polyprotein processing (Lin et al., 1993). Furthermore, Chambers et al. (1995) showed that varying
substitutions at the P4-P19 residues of the NS2B/NS3 junction site of the YFV polyprotein precursor reduced or
enhanced cleavage efficiency, suggesting that the wild type
residues are not optimal for cleavage by the flaviviral protease (Chambers et al., 1995). In this regard, one might argue
that the lack of apparent trans-cleavage of the other
membrane-anchored fluorescent protein substrates tested in
our study could be temporal. Our enzymatic assays were
performed at 24 h post-transfection; perhaps this time point
could be too early for trans-cleavage event to occur efficiently at the other flaviviral proprotein junction sites examined in this study. Taken together, these results underline the
importance of the amino acid residues present at the proprotein cleavage sites for the NS2B/NS3 site-specific mediated
cleavage events of the viral polyprotein precursor and the
resultant intracellular viral protein molarity of the nonstructural flavivirus endoproteolyic products during WNV
replication.
Replication of the flaviviral genome takes place within a
membrane-associated replication complex that is composed
of the viral protein NS5 (the RNA-dependent RNA polymerase) and the helicase/ATPase domain of NS3 (Uchil and
Satchidanandam, 2003). The viral proteins NS1, NS2A, and
NS4A are thought to be involved in the replication complex
although their exact function is still unclear (Uchil and Satchidanandam, 2003). Using the full-length NS2B and NS3
proteins allows us to study the WNV NS2B/NS3 protease
with all protein domains considered, allowing for the proper

folding and subcellular localization and the effects of
membrane anchoring to be taken into account.
NS3, mostly a hydrophilic protein, is predicted to be associated to the ER membrane through its interaction with
NS2B, and NS2B is thought to be membrane-associated via
its hydrophobic domains (Figure 1C) (Wengler et al., 1991;
Lindenbach et al., 2007). Clum et al. (1997) examined the
effects of membranes on the viral protease of the related
Dengue virus. They demonstrated that the addition of microsomal membranes in vitro enhanced the activity of the protease. They concluded that the membrane association of the
NS2B protein might influence the activity of the NS3 protease (Clum et al., 1997). In this study, we observed a difference in substrate selectivity compared to in vitro
conditions, which can be attributed, in part, to the intracellular microenvironment, such as the interplay of membranes
on the proper folding and/or function of the WNV NS2B/
NS3 heterocomplex serine protease.
In conclusion, we report a novel series of internally consistent sets of ER membrane-anchored red-shifted fluorescent
substrates to examine the membrane-associated WNV NS2B/
NS3 endoproteolytic activity in host cells. The results of our
in-cell selectivity profiling of the full-length WNV NS2B/
NS3 serine protease reveal that the viral protease behaves
differently within the complex intracellular environment of
the host cell compared with in vitro conditions, emphasizing
the need for cell-based assays for studying flaviviral inducedfit proteases, such as the one described in this report. This
assay is an invaluable tool that will significantly advance our
understanding of WNV protease biology and allow for the
biochemical characterization of the full-length NS2B/
NS3pro-hel heterocomplex serine protease in a more physiologically relevant environment. Furthermore, the information obtained will be useful for the rational design of specific
flaviviral NS2B/NS3 protease inhibitors that in turn can be
validated in our novel cell-based assay.

Materials and methods
Construction of plasmids expressing WNV
full-length NS2B/NS3pro-hel
Total RNA was extracted from a WNV bird sample (a kind gift
from Dr. Michael A. Drebot, National Microbiology Laboratory,
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5B). Percentages were calculated from the average of four independent duplicate
experiments.
*Significance was noted in samples having differences in substrates with active WNV
protease compared to substrate with inactive S135A protease and substrate-only controls
(p-0.05). Statistical analysis was performed with a two-tailed, unpaired Student’s t-test.
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Public Health Agency of Canada) with an RNeasy Kit (Qiagen,
Mississauga, ON, Canada). cDNA was made and the full-length
NS2B/NS3pro-hel was cloned into pFLAG-myc-CMVTM-20
Expression Vector (Sigma, St. Louis, MO, USA) using the EcoRI
and XbaI restriction sites (forward primer: 59-CGC GAA TTC AGG
ATG GCC CGC AAC T-39; reverse primer: 59-CCT CTA GAA
CGT TTT CCC GAG GC-39; EcoRI and XbaI restriction sites
underlined, respectively). Wild type NS2B/NS3pro-hel was indicated as active WNV protease (Figure 1A). An alanine mutation was
generated with site-directed mutagenesis (Stratagene, La Jolla, CA,
USA) within the N-terminal serine protease domain of NS3 at the
catalytic triad residue serine 135 (S135A) (Bazan and Fletterick,
1989; Wengler et al., 1991; Chappell et al., 2005). Mutation was
confirmed by automated sequencing (UBC DNA Sequencing Laboratory, Vancouver, BC, Canada). The S135A mutant was indicated
as inactive S135A protease (Figure 1A).
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Construction of substrate plasmids expressing WNV
nonstructural polyprotein precursor cleavage sites
The parent substrate plasmid contained an ER membrane-anchoring
domain (Tm) (N-terminal amphipathic a-helix of HCV NS5A protein amino acid residues 1–34), a protease-specific cleavage
sequence that includes the P6-P1xP19-P49 residues (Schechter and
Berger, 1967), and a fluorescent reporter group (DsRed-Express,
referred to as ‘DsRed’), as has been reported previously (Martin and
Jean, 2006). pTm-DSSTPSxSGSW-DsRed was sequentially mutated with site-directed mutagenesis (Stratagene) to generate the substrate plasmid, pTm-DSSTKRxGGSW-DsRed (designated ‘KRG’)
(Figure 1B). The KRG substrate plasmid was sequentially mutated
with site-directed mutagenesis (Stratagene) to generate substrate
plasmids containing cleavage sequences corresponding to the protein junctions that are cleaved by the WNV NS2B/NS3 protease
within the polyprotein precursor: NS2A/NS2B (pTm-DPNRKRx
GWPA-DsRed), NS2B/NS3 (pTm-LQYTKRxGGVL-DsRed),
NS3/NS4A (pTm-FASGKRxSQIG-DsRed), and NS4B/NS5
(pTm-KPGLKRxGGAK-DsRed) (Figure 1B). All mutations were
confirmed by automated sequencing (UBC DNA Sequencing
Laboratory).

Cell culture
Human hepatocellular carcinoma cells (Huh7 cells) were grown in
complete Dulbecco’s modified Eagle’s medium (DMEM; Gibco/
Invitrogen, Burlington, ON, Canada) supplemented with heat-inactivated 10% v/v fetal bovine serum (Gibco/Invitrogen), 50 units/ml
penicillin, 50 mg/ml streptomycin, and 100 mM non-essential amino
acids (Gibco/Invitrogen). Cells were grown at 378C in the presence
of 5% CO2.

Fluorescence and immunofluorescence microscopy
Huh7 cells were seeded in 24-well plates on top of a glass coverslip
at 20 000 cells/well and grown for 2 d until approximately 60%
confluent. Huh7 cells were double-transfected with 1.0 mg of active
WNV protease plasmid and 1.0 mg of each substrate plasmid using
TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI, USA).
Controls included double-transfection of Huh7 cells with 1.0 mg of
inactive S135A protease and 1.0 mg of each substrate plasmid or
single transfection with 1.0 mg of substrate plasmid. All processing
steps were done at room temperature unless otherwise noted. Then
24 h post-transfection, cells were washed two times with 0.5 ml
phosphate buffered saline (PBS) and fixed in 3.8% v/v formaldehyde (Fischer Scientific, Pittsburg, PA, USA) in PBS (30 min). Cells

were rinsed two times with 0.5 ml PBS. For immunofluorescent
microscopy, cells were permeabilized for 30 min in 0.5 ml PBS
containing 0.05% w/v saponin (PBS-S) (Sigma-Aldrich Corp., St.
Louis, MO, USA). Cells were blocked in 0.2 ml of PBS-S containing 3% w/v bovine serum albumin (BSA) (Sigma-Aldrich) (30 min).
For the lipid droplet marker, primary anti-ADRP (adipocyte differentiation-related protein) monoclonal antibody was added directly
to cells (ready to use, Progen, Heidelberg, Germany) (60 min). The
other primary and all secondary antibodies were diluted in PBS-S
containing 3% BSA. For the ER membrane marker, primary anticalnexin polyclonal antibody was added to cells (1:100, SigmaAldrich) for 60 min. For protease detection, cells were probed with
primary anti-myc monoclonal antibody (1:100, Stratagene)
(60 min). Cells were then washed six times with 0.5 ml PBS-S.
Cells were probed with secondary Alexa Fluor-488-conjugated donkey anti-mouse monoclonal antibody or Alexa Fluor-488-conjugated
donkey anti-rabbit polyclonal antibody (1:100, Molecular Probes/
Invitrogen) (60 min). Cells were washed three times with 0.5 ml
PBS-S, then three times with 0.5 ml PBS. Nuclei were stained using
0.5 ml Hoechst stain (Invitrogen; 5 mg/ml, 15 min). Cells were
washed three times with 0.5 ml PBS, then two times with 0.5 ml
HPLC water (Sigma-Aldrich). Coverslips were removed from 24well plates and air-dried. Coverslips were mounted with mounting
solution containing 2.5% w/v DABCO (1,4-diazabicyclow2.2.2x
octane, Sigma-Aldrich) in 1:10 buffered glycerol and sealed with
clear nail polish. Images were acquired using either a Leica TCSSP5 confocal microscope (Leica Microsystems, Richmond Hill,
Canada) or an Olympus Fluoview FV1000 laser scanning confocal
microscope (Olympus Canada Inc., Markham, Canada).

Transfections and Western blotting
Six well plates were seeded with Huh7 cells at 200 000 cells/well
and grown for 3 d until approximately 80% confluent. Huh7 cells
were double-transfected with 2.5 mg of active WNV protease plasmid and 2.5 mg of each substrate plasmid using TransIT-LT1 Transfection Reagent (Mirus Bio). Controls included double-transfection
of Huh7 cells with 2.5 mg of inactive S135A protease and 2.5 mg
of each substrate plasmid or single transfection with 2.5 mg of substrate plasmid. Then 24 h post-transfection, cells were placed on ice
and washed with 3 ml PBS containing 1= protease inhibitor cocktail
(PBS-PI) (EDTA-free Complete Protease Inhibitor; Roche, Laval,
QC, Canada). Cells were harvested by scraping in 0.5 ml PBS-PI,
pelleted (16 110 g, 1 min, 48C), then frozen (-868C) for Western
blot analysis. Cell pellets were resuspended in 0.2 ml hypotonic
lysis buffer (20 mM Tris pH 7.4, 10 mM MgCl2, 10 mM CaCl2)
containing 1= protease inhibitor cocktail (Roche). Cells were placed
on ice and vortexed every 5 min for a total of 15 min. Then, 15 ml
of sample was removed, added to 15 ml of 2= SDS-PAGE sample
buffer (0.1 M Tris pH 6.8, 20% v/v glycerol, 4% w/v SDS, 0.002%
w/v bromophenol blue, 0.7 M 2-mercaptoethanol), and boiled
(10 min, 958C). Then, 20 ml of sample was resolved on a 12%
SDS-polyacrylamide gel (110 V, 90 min) and transferred to a nitrocellulose membrane (25 V, 60 min) using a semi-dry electrophoretic
transfer system (Bio-Rad Laboratories, Mississauga, ON, Canada).
Membranes were rinsed three times in PBS and blocked for 60 min
with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE,
USA). The membranes were probed according to Odyssey Infrared
Imaging System Western blot analysis protocol (LI-COR
Biosciences).
Primary and secondary antibodies were diluted in Odyssey Blocking Buffer (LI-COR Biosciences) containing 0.1% v/v Tween-20
(Sigma-Aldrich). Membranes were probed with primary anti-DsRed
polyclonal antibody (1:1000, Clontech Laboratories, Mountain
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View, CA, USA) (60 min). Membranes were washed six times with
PBS containing 0.1% v/v Tween-20. Membranes were probed with
secondary IRDye 680-conjugated goat anti-rabbit polyclonal antibody (1:10 000, LI-COR Biosciences) (30 min). Membranes were
washed six times with PBS containing 0.1% v/v Tween-20, then
imaged using an Odyssey Infrared Imaging System (LI-COR
Biosciences).

Quantification and statistical analysis
Analysis and quantification of integrated band intensity were performed using the Odyssey Infrared Imaging System application software version 2.1.12 (LI-COR Biosciences). The percent of substrate
cleaved was calculated by dividing the cleaved signal by the total
signal (cleaved plus uncleaved), thereby normalizing the readout for
each sample. Averages were calculated from four independent
experiments run in duplicate. GraphPad Prism (GraphPad Software,
Inc., La Jolla, CA, USA) was used for graphical representation and
statistical analysis. p-Values were obtained for two-tailed, unpaired,
Student’s t-test, and significance was considered for p-0.05.
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