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NS1= is a C-terminally extended form of the NS1 protein produced only by encephalitic flaviviruses from the Japanese encephalitis vi-
rus serogroup. Here we show that West Nile virus (WNV) NS1= and NS1 localize to the same cellular compartments when ex-
pressed from plasmid DNAs and also colocalize to viral RNA replication sites in infected cells. Using complementation
analysis with NS1-deleted WNV cDNA, we demonstrated that NS1= is able to substitute for the crucial function of NS1 in
virus replication.

West Nile virus (WNV) is a mosquito-borne flavivirus within
the Japanese encephalitis virus (JEV) serogroup. This sero-

group also includes other encephalitic flaviviruses, such as JEV,
Murray Valley encephalitis virus, and St. Louis encephalitis virus
(1). The natural transmission cycle of WNV is between birds and
mosquitoes, primarily the Culex species; however, it can cause
incidental infections in humans. Since the outbreak of the more
pathogenic WNVNY99 strain in New York in 1999 (2), WNV has
emerged as a major cause of arboviral encephalitis in the United
States (3). WNV strains can be divided into two distinct lineages,
lineage 1 and lineage 2. Lineage 1 includes both WNVNY99 and
Kunjin (WNVKUN) (4), the prevalent strain within Australia (5).
Despite high sequence similarity to the WNVNY99 strain (�98%
on the amino acid level) (6), most WNVKUN strains are highly
attenuated, with only a small number of human infections and
no fatalities reported (5, 7). Since its isolation in early 1960s,
WNVKUN has been used extensively as a model for WNV infection
(8, 9).

The WNVKUN genome is a single-stranded positive-sense RNA
of 11,022 nucleotides (10–12). After translation as a single poly-
protein, it is cleaved by host and viral proteases to produce 3
structural (C, prM, and E) and 7 nonstructural (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) proteins (11, 12). NS1 is a
multifunctional glycoprotein that is involved in viral replication
(13–16) and modulation of the immune response (17–22). The
key role NS1 plays in RNA replication has been shown previously,
with mutations or deletions in the NS1 gene resulting in a lack of
detectable RNA replication. This function can be complemented
in trans by the expression of NS1 (14, 15).

An additional nonstructural protein, NS1=, is produced exclu-
sively by the members of the JEV serogroup due to the presence of
a �1 programmed ribosomal frameshift at the beginning of the
adjacent NS2A gene (23–25). This frameshift, occurring in 30 to
50% of translation events (23, 26), results in the formation of a
52-amino-acid C-terminally extended form of NS1. Although a
role in neurovirulence has previously been demonstrated (23), no
specific functions for NS1= in viral replication or virus-host inter-
actions have been identified. In the present study, we show that the
NS1= protein colocalizes with NS1 in viral RNA replication sites in
the endoplasmic reticulum (ER) of infected cells and can substi-
tute for the function of NS1 in viral replication.

Plasmid DNA-derived expression of NS1 and NS1=. NS1= is
produced in viral infection due to the presence of a slippery hep-

tanucleotide and 3= pseudoknot in the viral RNA resulting in a
ribosomal shift to the �1 reading frame (23, 25). This results in
the addition of 52 amino acids to the C terminus of NS1 protein,
including the N-terminal 9 amino acids of NS2A and 43 amino
acids after the frameshift, terminating NS1= synthesis at a stop
codon (25). To enable studies on the NS1= and NS1 proteins,
CMV promoter-based plasmids expressing NS1= or NS1 (pcDNA-
NS1= and pcDNA-NS1, respectively) were designed as shown in
Fig. 1A. Both constructs contained the WNVKUN envelope protein
(E) signal sequence at the N terminus followed by cDNA for the
protein of interest and C-terminal Myc and Flag tags to assist in
protein detection. pcDNA-NS1= was generated by inserting an
additional nucleotide (Fig. 1B, boxed nucleotide) at the frameshift
site to induce the change in reading frame that leads to NS1= syn-
thesis. To prevent further frameshifting, we also introduced two
single-nucleotide mutations into the slippery heptanucleotide of
the frameshift motif, as published previously (23) (Fig. 1B, circled
nucleotides). To confirm protein production from the designed
plasmids, HEK293T cells transfected with either pcDNA-NS1= or
-NS1 were harvested in radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 1% SDS) at 2 days posttransfection. Cell lysates
were denatured for 10 min at 70°C, separated by electrophoresis in
10% polyacrylamide gels, transferred to nitrocellulose mem-
branes, and analyzed by Western blotting for the presence of NS1
and NS1=. 4G4, a monoclonal antibody that recognizes both NS1
and NS1= proteins (27), detected NS1 (monomer) in lysates from
pcDNA-NS1-transfected cells and NS1= proteins (both monomer
and dimers) in lysates from pcDNA-NS1=-transfected cells (Fig.
1C). Notably, only NS1= and not NS1 expression resulted in gen-
eration of heat-stable dimers. The results confirmed that pcDNA-
NS1 and pcDNA-NS1= plasmids express NS1 and NS1=, respec-
tively.

The cellular localization of NS1= is similar to that of NS1 in
plasmid DNA-transfected and virus-infected cells. NS1 is
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known to localize to the ER of cells during flavivirus infection (16,
28, 29). To examine whether NS1= also colocalizes to the ER with
NS1, we carried out immunofluorescence assays on cells express-
ing NS1= or NS1 proteins. HEK293T cells transfected with
pcDNA-NS1 or pcDNA-NS1= plasmids were fixed in 80% ace-
tone–20% phosphate-buffered saline (PBS) at 48 h posttransfec-
tion and stained with 4G4, to detect both NS1 and NS1=, and with
NS1=-specific antibodies (FS-Ab) (23). As expected, FS-Ab stained
only pcDNA-NS1=-transfected cells, while 4G4 stained both
pcDNA-NS1- and pcDNA-NS1=-transfected cells (Fig. 2A). Using
4G4 in addition to antibodies recognizing markers for various
cellular compartments, we were able to further examine the local-
ization of NS1= and NS1 in transfected cells. HEK293T cells trans-
fected with pcDNA-NS1 or pcDNA-NS1= plasmids were fixed at
48 h posttransfection in 4% paraformaldehyde (PFA) with 0.1%
Triton X-100 and stained with biotinylated 4G4 and antibodies
recognizing markers of the ER (rabbit polyclonal antibody against
calnexin [Sigma-Aldrich]), Golgi apparatus (mouse monoclonal
antibody against GM130 [Becton, Dickinson]), or endosomes
(mouse monoclonal antibody against EEA-1 [BD Transduction
Laboratories]). Both NS1 and NS1= localized predominantly to
the ER (Fig. 2B), with a small degree of colocalization with the
Golgi apparatus (Fig. 2C) and no distinct localization to the en-
dosomes (Fig. 2D). Moreover, there did not appear to be any
differences in the cellular distribution of plasmid-expressed NS1=

compared to NS1, leading us to conclude that NS1= resides in the
same cellular compartments as NS1.

As 4G4 is able to detect both NS1 and NS1=, it is not possible to
separate NS1 and NS1= localization in cells infected with wild-type
virus (WNVKUN), as it produces both proteins. FS-Ab, on the
other hand, recognizes only NS1= protein. We previously gener-
ated a mutant WNVKUN virus, A30A=, that does not produce NS1=
protein (23). Thus, we used comparative costaining with 4G4
and FS-Ab of cells infected with wild-type or A30A= mutant
WNVKUN viruses in order to assess whether NS1 and NS1=
proteins localize to the same or different cellular compart-
ments. To examine any specific NS1 localization, Vero76 cells
infected with either WNVKUN or A30A= mutant virus at a mul-
tiplicity of infection (MOI) of 10 and fixed at 24 h postinfection
(hpi) in 80% acetone were costained with 4G4 and FS-Ab. In
WNVKUN-infected cells, 4G4-labeled proteins colocalized with
FS-Ab-labeled proteins, indicating that NS1 and NS1= are
found in the same cellular compartments (Fig. 3A). To confirm
that the cellular distribution of NS1 and NS1= detected in trans-
fected cells is the same as in infected cells, we carried out im-
munofluorescence analysis with antibodies detecting marker
proteins for ER, Golgi apparatus, and endosomes. Vero76 cells
infected at an MOI of 10 with WNVKUN or A30A= viruses were
fixed at 24 hpi (4% PFA in PBS with 0.1% Triton X-100) and
stained with biotinylated 4G4 and either anti-calnexin, anti-
GM130, or anti-EEA-1 antibodies. As in transfected cells, NS1
and NS1= localized predominantly to the ER (Fig. 3B), with a
small degree of colocalization with the Golgi apparatus (Fig.
3C) and no localization to the endosomes (Fig. 3D). A compar-
ison between WNVKUN- and A30A=-infected cells should also
indicate unique NS1= staining. No differences in anti-NS1
staining between WNVKUN- and A30A=-infected cells indicate
that NS1= and NS1 localize to the same cellular compartments.
These results, in combination with the results from plasmid-
transfected cells, indicate that NS1= protein has a cellular
distribution similar to that of NS1 during viral infection or
when the proteins are expressed as individual proteins.

NS1 has been shown previously to colocalize with double-
stranded RNA (dsRNA) at the sites of flavivirus RNA replication
in WNVKUN-infected cells (16). To determine whether NS1= also
colocalizes with dsRNA, Vero76 cells infected with WNVKUN or
A30A= (MOI of 10) were fixed at 24 hpi (80% acetone) and
costained with anti-dsRNA antibodies and either biotinylated
4G4 or FS-Ab. Proteins stained with both 4G4 and FS-Ab colocal-
ized with dsRNA (Fig. 3E and F, respectively), demonstrating that
NS1= is also associated with dsRNA and therefore with the sites of
viral RNA replication.

NS1= complements replication of NS1-deleted viral RNA.
Due to the colocalization of NS1= with NS1 in the ER and with
dsRNA, we hypothesized that NS1=, like NS1, could also play a role in
virus replication. To test whether NS1= can substitute for the function
of NS1 in viral replication, we constructed a CMV promoter-driven
WNVKUN genomic cDNA with a large (�80%) internal deletion of
the NS1 gene (pKUNdNS1) (Fig. 4A). This deletion (dNS1.1) has
been used previously by our group in an RNA-based system to dem-
onstrate trans-complementation of replication of NS1-deleted viral
RNA by the NS1 expressed from WNVKUN replicon RNA (14). We
cotransfected HEK293T cells with pKUNdNS1 and either pcDNA-
NS1 or pcDNA-NS1= plasmids to determine whether expression in
trans of NS1 or NS1= could rescue replication of replication-deficient

FIG 1 Design and characterization of plasmid DNAs expressing NS1 and
NS1= genes. (A) Plasmid constructs pcDNA-NS1 and pcDNA-NS1=, for ex-
pression of NS1 and NS1=, respectively, contain an N-terminal signal sequence
consisting of the last 26 codons of the WNV E protein and Myc and Flag tags at
the C terminus. (B) Alignment of the nucleic and amino acid sequences of
NS2A, NS1= and pcDNA-NS1= showing the �1 frameshift occurring at the
beginning of the NS2A gene that leads to the generation of NS1=. Underlining
shows the slippery heptanucleotide of the frameshift motif, open boxes show
inserted nucleotides, and circles show mutated bases. (C) Western blot show-
ing expression of NS1 and NS1= from pcDNA-NS1 and pcDNA-NS1=, respec-
tively. Lysates were heat denatured and analyzed by Western blotting with
anti-NS1 (4G4).
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pKUNdNS1. Transfection of repBHK cells expressing all of the
WNVKUN nonstructural proteins, including NS1 and NS1=, with
pKUNdNS1 was also performed as a positive control (14), and
cotransfection of pKUNdNS1 with a green fluorescent protein
(GFP)-expressing plasmid was included as a negative control. To ex-
amine rescue of RNA replication, total RNA was harvested from
cotransfected cells at 2 or 4 days posttransfection with TriReagent
(Sigma-Aldrich, St. Louis, MO), according to the manufacturer’s in-
structions. Isolated RNA (5 �g) was subjected to denaturing 1.5%
agarose gel electrophoresis followed by transfer to Hybond-N mem-
branes (GE Healthcare Limited, Buckinghamshire, United King-
dom). RNA was cross-linked to the membrane by UV irradiation,
and Northern hybridization with a 32P-labeled (PerkinElmer, Wal-
tham, MA) WNVKUN-specific 3= untranslated-region (UTR) probe
was carried out to detect accumulation of viral RNA. No viral RNA
was detected in mock-transfected cells (Fig. 4B, lanes 9 and 10), and
transfection of repBHK cells with pKUNdNS1 resulted in increasing
accumulation of viral genomic RNA (Fig. 4B, lanes 11 and 12). A
small level of RNA accumulation in the pKUNdNS1-only-trans-
fected cells was detected as expected (Fig. 4B, lanes 1 and 2), due to the
transcription of NS1-deficient RNA driven by the CMV promoter.

However, the levels of accumulated RNA were notably higher in cells
cotransfected with either pcDNA-NS1 (a 5.5-fold increase at day 2
and a 10-fold increase at day 4) (Fig. 4B, lanes 3 and 4) or pcDNA-
NS1= plasmids (a 3-fold increase at day 2 and a 5-fold increase at day
4) (Fig. 4B, lanes 5 and 6) compared to those in pKUNdNS1-only-
transfected cells. Notably, some variations in the Northern blot de-
tection of complemented genomic RNA between three different
complementation experiments (data not shown) were observed, pro-
ducing a range of increases for pcDNA-NS1 complementation be-
tween 1.5- and 14-fold and for pcDNA-NS1= complementation be-
tween 1- and 5-fold. No distinct band for genomic RNA was detected
in cells cotransfected with GFP-expressing plasmid (Fig. 4B, lanes 7
and 8), possibly due to either an inhibitory effect of GFP expression
on transcription of KUNdNS1 RNA or enhanced degradation of
KUNdNS1 RNA in the presence of GFP expression. trans-comple-
mentation of viral RNA replication by NS1= was further supported by
immunofluorescence analysis of cotransfected HEK293T cells (fixed
in 4% PFA with 0.1% Triton X-100 at 2 days posttransfection) using
staining with mouse monoclonal anti-c-Myc antibodies (9E10 hy-
bridoma; ATCC) (NS1 or NS1= proteins) and rabbit polyclonal anti-
NS3 antibodies (16) (pKUNdNS1-expressed NS3 protein). Increased

FIG 2 Cellular localization of plasmid-expressed NS1= and NS1. (A) Immunofluorescence analysis showing production of NS1 and NS1= using 4G4 (which
stains both NS1 and NS1=) and FS-Ab (an NS1=-specific antibody) in transfected HEK293T cells. (B to D) Immunofluorescence analysis showing colocalization
of plasmid-expressed NS1 and NS1= with the ER (B), the Golgi apparatus (C), and endosomes (D). Transfected HEK293T cells were stained with antibodies to
appropriate cell markers (calnexin, GM130, and EEA-1, respectively) and biotinylated anti-NS1 (4G4).
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production of NS3 protein in pcDNA-NS1- and pcDNA-NS1=-
cotransfected cells, compared to pKUNdNS1-only-transfected cells
(Fig. 4C), further demonstrated that trans-complementation of rep-
lication of the NS1-deleted viral RNA was successful. Therefore, we
conclude that NS1= protein can rescue replication deficiency of NS1-
deleted viral RNA.

To detect virus production from cotransfected cells, and thus
further confirm successful complementation, culture fluid from
transfected HEK293T cells was harvested at 2 days posttransfec-
tion and used to infect repBHK cells. If complementation was
successful, viral particles containing the NS1-deleted RNA would
be able to infect the repBHK cells, replicate, and form viral parti-
cles due to the continuing expression of NS1 and NS1= in the

repBHK cells. Prior to infection, the culture fluid was treated with
10 units RQ1 DNase (Promega, Madison, WI) and 10 �g RNase A
for 2 h at room temperature to digest any remaining plasmid DNA
or uncoated RNA. Two days after infection, cells were fixed (4%
PFA with 0.1% Triton X-100) and stained with anti-E antibodies
to detect infected cells. Immunofluorescence images of repBHK
cells infected with undiluted culture fluids and stained with 3.67G,
a monoclonal anti-E antibody (30), showed that only cells that
were cotransfected with either pcDNA-NS1 or pcDNA-NS1= plas-
mids produced secreted viral particles (Fig. 4D). No secreted viral
particles were produced in pKUNdNS1-only-transfected cells
or in cells cotransfected with pKUNdNS1 and GFP-expressing
plasmid (Fig. 4D). The lack of E-positive repBHK cells infected

FIG 3 Localization of NS1=, NS1, and dsRNA in WNVKUN-infected cells. (A) Immunofluorescence analysis showing colocalization of NS1 and NS1= in infected
Vero76 cells using 4G4 (which stains both NS1 and NS1=) and FS-Ab (an NS1=-specific antibody). (B to D) Immunofluorescence analysis showing colocalization
of virally expressed NS1 and NS1= with the ER (B), the Golgi apparatus (C), and endosomes (D). Infected cells were stained with antibodies to appropriate cell
markers (calnexin, GM130, and EEA-1, respectively) and biotinylated anti-NS1 (4G4). (E and F) Immunofluorescence analysis showing colocalization of NS1
and NS1= with dsRNA in infected cells stained with anti-dsRNA and either biotinylated 4G4 (E) or FS-Ab (F).
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with DNase- and RNase-treated undiluted culture fluids from
pKUNdNS1-only-transfected and pKUNdNS1-plus-GFP-ex-
pressing-plasmid-cotransfected cells also demonstrates that no
transfected DNA or uncoated viral RNA was carried through to

infection. To determine the titers of secreted viral particles,
repBHK cells infected with serial 10-fold dilutions of collected
culture fluids were stained with anti-E antibodies, and foci of
E-positive cells were counted. Titration of viral particles was

FIG 4 NS1= complements replication of NS1-deleted viral RNA. (A) Schematic diagram of pKUNdNS1 plasmid DNA containing a large deletion in the NS1 gene
(amino acid 4 to amino acid 298) of WNVKUN genomic cDNA. CMV, cytomegalovirus promoter; HDVr, hepatitis delta virus ribozyme; pA, poly(A) signal; UTR,
untranslated region. (B) Northern blot with a radiolabeled 3=-UTR probe showing replicating genomic RNA. RNA was harvested from cotransfected cells at 2 or
4 days posttransfection. (C) Immunofluorescence of HEK293T cells cotransfected with pKUNdNS1 and either NS1 or NS1=. Cotransfected cells were stained for
c-Myc and NS3. (D) Immunofluorescence analysis showing production of infectious particles from cells cotransfected with pKUNdNS1 and either NS1 or NS1=.
Culture fluid (CF) was harvested from cotransfected cells and used to infect repBHK cells. Infected repBHK cells were stained for E. (E) Titers were determined
by infection of repBHK cells with serial dilutions of CF from cotransfected cells at day 2 (white bars) or 4 (gray bars) posttransfection and counting E-positive foci
at day 2 postinfection. The graph is representative of two independent experiments. The difference between titers of complemented viruses expressing NS1 and
NS1= was not significant (P � 0.05), as determined by a standard one-way analysis of variance (ANOVA).

Young et al.

9388 jvi.asm.org Journal of Virology

http://jvi.asm.org


carried out for two independent complementation experi-
ments, and the average viral titers were determined. The viral
titers were similar from NS1- and NS1=-complemented cells,
and both were similar to the viral titers obtained in repBHK
cells at 2 days after transfection (Fig. 4E). Notably, the accu-
mulation of viral RNA and viral titers in NS1 and NS1= com-
plementation experiments decreased from day 2 to day 4 after
transfections, while transfection of pKUNdNS1 into repBHK
cells led to a corresponding increase in RNA level and no de-
crease in viral titers (Fig. 4B and E). This is likely due to the
ability of complemented virus to spread in repBHK cells, where
100% of cells express complementing NS1 and NS1= proteins,
while the spread of complemented virus is not possible in
cotransfection experiments, as untransfected cells do not sup-
port replication and thus spread of complemented virus. From
these results, we concluded that NS1= could successfully com-
plement deletion of NS1 in virus replication and that there was
no significant difference in the efficiency of complementation
between NS1 and NS1=.

We have shown in this study that NS1= has a cellular distribu-
tion similar to that of NS1 with respect to the ER, Golgi apparatus,
and endosomes, that both NS1 and NS1= are colocalized in viral
RNA replication sites in infected cells, and that NS1= is able to
rescue replication of NS1-deleted viral RNA. From our data it is
reasonable to assume that NS1= may not have a unique function in
replication that is different from that of NS1 and thus may simply
serve as an additional NS1 protein. Given that NS1= does contain
the entire NS1 protein, it was not entirely unexpected that NS1=
has a similar localization and can perform the same function(s) as
NS1 in the virus life cycle. Although here we tested the function of
NS1= only in viral replication, NS1= may also be involved in other
reported functions of NS1, such as interactions with the comple-
ment system (17–20, 22) and inhibition of Toll-like receptor 3
(TLR3) signaling (21). Further studies are required to clarify this.
However, the presence of the additional C-terminal 52 amino ac-
ids in the NS1= protein compared to NS1 may also result in NS1=
having a unique function(s) in viral infection. Studies focused on
identifying potential differences between the NS1 and NS1= pro-
teins are under way in an effort to explain the in vivo differences
observed between NS1=-producing and NS1=-lacking WNVKUN

viruses (23).
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