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The Ebola virus (EBOV) VP35 protein blocks the virus-induced phosphorylation and activation of interferon
regulatory factor 3 (IRF-3), a transcription factor critical for the induction of alpha/beta interferon (IFN-o/3)
expression. However, the mechanism(s) by which this blockage occurs remains incompletely defined. We now
provide evidence that VP35 possesses double-stranded RNA (dsRNA)-binding activity. Specifically, VP35
bound to poly(rl) - poly(rC)-coated Sepharose beads but not control beads. In contrast, two VP35 point
mutants, R312A and K309A, were found to be greatly impaired in their dsRNA-binding activity. Competition
assays showed that VP35 interacted specifically with poly(rI) - poly(rC), poly(rA) - poly(rU), or in vitro-
transcribed dsRNAs derived from EBOV sequences, and not with single-stranded RNAs (ssRNAs) or double-
stranded DNA. We then screened wild-type and mutant VP35s for their ability to target different components
of the signaling pathways that activate IRF-3. These experiments indicate that VP35 blocks activation of IRF-3
induced by overexpression of RIG-I, a cellular helicase recently implicated in the activation of IRF-3 by either
virus or dsRNA. Interestingly, the VP35 mutants impaired for dsRNA binding have a decreased but measurable
IFN antagonist activity in these assays. Additionally, wild-type and dsRNA-binding-mutant VP35s were found
to have equivalent abilities to inhibit activation of the IFN-3 promoter induced by overexpression of IPS-1, a
recently identified signaling molecule downstream of RIG-I, or by overexpression of the IRF-3 kinases IKKe
and TBK-1. These data support the hypothesis that dsSRNA binding may contribute to VP35 IFN antagonist
function. However, additional mechanisms of inhibition, at a point proximal to the IRF-3 kinases, most likely

also exist.

Activation of alpha/beta interferon (IFN-«/B) production is
a key step in the innate immune response to viral infection.
Double-stranded RNA (dsRNA) has long been used as an
experimental inducer of IFN-o/B and is potentially synthesized
during the replication of many viruses. Thus, viral dSRNA has
been hypothesized to be a trigger of cellular antiviral responses
(29). A number of cellular dsSRNA recognition proteins have
been implicated in the IFN-induced antiviral response to in-
fection. These include the dsRNA-dependent protein kinase
PKR, the 2',5"-oligoadenylate synthase, and ADARI1 (20, 44,
59, 63). More recently, two IFN-induced, caspase recruiting
domain (CARD)-containing, DEXD/H family helicases, the
retinoic acid-inducible gene I (RIG-I) protein and the mela-
noma differentiation-associated gene 5 (MDA-5) protein, have
been implicated as key sensors of viral infection (1, 30, 56, 66,
67). These proteins are activated by viral infection, possibly
through recognition of dsRNA or of ribonucleoprotein com-
plexes produced during infection, and transduce downstream
signaling to activate the IFN-a/B responses (34).
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The transcription factor interferon regulatory factor 3
(IRF-3) plays a critical role in the activation of the IFN-o/B
gene. A cytoplasmic protein in its inactive state, IRF-3 be-
comes hyperphosphorylated on serine and threonine residues,
dimerizes, and accumulates in the nucleus, where it partici-
pates in initial IFN-o/B gene expression (37, 68, 69). RIG-I and
MDA-5 activate IRF-3 in response to dsRNA or to viral in-
fection upstream of the IRF-3 kinases TBK-1 and IKKe (18,
30, 54, 66). This signaling appears to involve the homotypic
interaction of the CARDs of the helicases with another
CARD-containing protein termed alternatively IPS-1, MAVS,
VISA, or Cardif (31, 41, 53, 65).

Viruses have evolved a variety of mechanisms to avoid rec-
ognition or to block the antiviral responses mediated by IFNs
(2, 19). Several such proteins also exhibit dSRNA-binding ac-
tivity. Examples of dsRNA-binding proteins that counteract
cellular antiviral responses include the NS1 proteins of influ-
enza A (NS1A) and B (NS1B) viruses, the E3L protein of
vaccinia virus, the o3 protein of reovirus, and the pTRS1 pro-
tein of human cytomegalovirus (5, 11, 12, 14, 16, 17, 22, 27, 57).
Although dsRNA binding appears to contribute to IFN an-
tagonist function, NS1A, NS1B, and E3L possess additional
dsRNA-binding-independent mechanisms to inhibit the cel-
lular antiviral response.
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The Ebola virus (EBOV) VP35 protein has been found to
inhibit IFN-o/B production and the activation of IRF-3 (3, 4, 9,
23, 48). Recently, it was suggested that VP35 may contain a
dsRNA-binding motif similar to that found in the NS1 protein
of influenza A virus (23). It was further suggested that this
dsRNA-binding activity may be required for the ability of
VP35 to inhibit IFN production (23). Here, we provide evi-
dence that VP35 has dsSRNA-binding activity that may contrib-
ute to IFN antagonism. It is likely that VP35 also possesses
a dsRNA-binding-independent mechanism(s) that targets a
point at or downstream of the IRF-3 kinases TBK-1 and IKKe.

MATERIALS AND METHODS

Reagents. CNBr-activated Sepharose 4B and polyribonucleotide poly(rT) -
poly(rC) (pIC) were obtained from Amersham Biosciences, United Kingdom.
Rabbit anti-hIRF-3 (sc-9082) was from Santa Cruz Biotechnology (California).
Sheep polyclonal anti-human IFN-B was from PBL Biomedical Laboratories
(New Jersey). Monoclonal anti-FLAG (M2), poly(rA) - poly(rU) (pAU),
poly(rU), and poly(rA) were from Sigma (Missouri). Monoclonal anti-Ebola
virus Zaire VP35 N-terminus (6C5) and C-terminus (17C6) antibodies were
generated in collaboration with the Mount Sinai Hybridoma Center. Recombi-
nant human IFN-B was from Calbiochem (San Diego, CA).

Cell lines and virus. HEK293, 293T, and Vero cells were maintained in
Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine se-
rum, penicillin (100 units/ml), and streptomycin (100 wg/ml). All cell lines were
cultured at 37°C and 5% CO,. Sendai virus Cantell (SeV) and a Newcastle
disease virus expressing green fluorescent protein (NDV-GFP), described
previously (46), were grown in 10-day-old embryonated chicken eggs for 2
days at 37°C.

Plasmids. The Ebola virus Zaire VP35 open reading frame (ORF) was sub-
cloned from a pcDNA3 expression vector, described elsewhere (4), into the
mammalian expression vector pCAGGS (45). The VP35 point mutants R312A
and K309A were generated by site-directed mutagenesis with the Quik-
Change-XL kit (Stratagene). The RIG-I ORF was subcloned from a pEF-BOS
vector (56) into pCAGGS, and an N-terminal FLAG tag sequence was added
during cloning. IPS-1 (IFN-f promoter stimulator 1) was PCR amplified from a
human 5751684 pCMV-SPORT6 clone obtained from the ATCC and cloned
into pCAGGS with an amino-terminal hemagglutinin tag. Plasmids encoding
human FLAG-tagged TBK-1 and IKKe were kindly provided by John Hiscott
(McGill University) and have been described previously (54). The reporter
vectors pHISG-54-CAT (CAT, chloramphenicol acetyltransferase) and pIFN-
B—CAT have been described previously (8, 61). Firefly luciferase cloned into
pCAGGS was used as a transfection control.

Reporter gene assays. 293T cells (1.6 X 10°) were transfected with the indi-
cated amount of expression plasmid DNA together with the ISG54-CAT or
IFN-B-CAT reporter plasmids by the calcium phosphate precipitation method
(51). Twenty-four h posttransfection, cells were lysed or infected with SeV
(multiplicity of infection [MOI] of 8) for 1 h. Twelve h postinfection, cells were
lysed with reporter lysis buffer (Promega) and CAT activities were determined
(51). Firefly luciferase activity was assayed as recommended by the manufac-
turer (Promega) and was used to normalize CAT activity. Reporter gene
activation is expressed as induction (fold) over an uninduced, empty-vector-
transfected control.

Interferon bioassay. Conditioned media (100 wl) from 293T-transfected, SeV-
infected cells were UV treated to inactivate infectious SeV and overlaid onto
Vero cells seeded in a 96-well black microtiter plate (Costar, Corning, NY).
After 24 h of treatment, the Vero cells were infected with the IFN-sensitive virus
NDV-GFP for 1 h at an MOI of 6. Twenty-four h postinfection, viral replication
was assessed by fluorescence microscopy and GFP fluorescence was quantified in
a FLUOstar OPTIMA plate reader (BMG Labtechnologies, North Carolina) set
with excitation and emission wavelengths at 485 and 530 nm, respectively. To
verify the presence of IFN-B, a neutralizing anti-hIFN-B was added (at a final
concentration of ~10 wg/ml) to the indicated conditioned medium 30 min before
it was overlaid onto Vero cells. Recombinant hIFN-f was added directly to Vero
cells in a series of twofold dilutions 24 h prior to NDV-GFP infection to induce
antiviral effect.

Poly(rI) - poly(rC)-Sepharose coprecipitation and Western blotting. 293T
cells were transfected by the calcium phosphate precipitation method with the
indicated plasmids. Twenty-four h posttransfection cells were lysed in 500 pl of
lysis buffer (50 mM Tris, pH 8.0, 280 mM NaCl, 1% Igepal, 0.2 mM EDTA, 2
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mM EGTA, 10% glycerol), supplemented with 1 mM orthovanadate, 1 mM
dithiothreitol, and a cocktail of protease inhibitors (Roche). Clarified cell lysates
were mixed with the indicated amount of pIC-Sepharose suspension, previously
washed with phosphate-buffered saline. Beads and cell lysates were incubated for
2 h at 4°C with gentle agitation. Then beads were washed 10 times with lysis
buffer, and precipitated proteins were separated by 12% polyacrylamide gel
electrophoresis (PAGE) under denaturing and reducing conditions. After elec-
trophoresis, proteins were transferred to a polyvinylidene difluoride membrane,
blocked in 5% nonfat dry milk dissolved in Tris-buffered saline, and then probed
with the indicated primary antibody. Secondary antibodies conjugated to horse-
radish peroxidase and a chemiluminescence detection system (Perkin-Elmer)
were used to visualize the antigens. To assess the specificity of dsRNA binding,
cell lysates were mock treated or incubated with soluble competitors including
pIC, pAU, in vitro-generated dsRNA, poly(rU), poly(rA), and double-stranded
DNA (dsDNA) before pIC-Sepharose coprecipitation. Precise molar concentra-
tions of these synthetic RNAs are not available, because the manufacturers do
not provide information regarding their length. In vitro-transcribed dsRNAs of
200, 400, 600, 800, and 1,000 bp were also used as competitors. These dsSRNAs
were generated with the T7 RiboMax Express RNAi system (Promega) using
PCR fragments amplified from an EBOV VP35 cDNA. Forward PCR primers
were designed with a 5'-T7 promoter sequence followed by the first 20 nucleo-
tides of the VP35 ORF. Reverse primers annealed at different positions of the
VP35 ORF to generate PCR products of the desired length.

Bacterially produced VP35. The carboxy-terminal 171 amino acids of the Zaire
Ebola virus VP35 were expressed with a carboxy-terminal six-histidine tag, from
pET22b(+) in Escherichia coli Origami B host strains. Bacterially produced
protein was purified from cell lysates with a Talon Cobalt metal affinity bead
column. After loading, the column was washed with HEPES-buffered saline
containing 17 mM imidazole to remove any contaminants and then eluted with
HEPES-buffered saline containing 250 mM imidazole.

IRF-3 dimer formation. To assess the activation of endogenous IRF-3, we
performed a native PAGE that resolves IRF-3 monomers and dimers, as de-
scribed previously (42). HEK293 cells were transfected with the indicated plas-
mids using Lipofectamine 2000 (Invitrogen). Twenty-four h posttransfection,
cells were infected with SeV (MOI of 8) for 1 h. Eight h postinfection, cells were
lysed in 50 pl of 50 mM Tris-HCI, pH 8.0, 1% Igepal, 150 mM NaCl, supple-
mented with 5 mM orthovanadate and a cocktail of protease inhibitors (Roche).
Lysates were clarified by centrifugation and loaded onto a 7.5% native polyac-
rylamide gel that had been prerun for 30 min at 40 mA, with and without 0.2%
sodium deoxycholate in the cathode and anode chambers, respectively. The
samples were electrophoresed at 25 mA for 50 min. Western blot assays were
performed as previously described. Rabbit anti-hIRF-3 antibody was used at a
1:500 dilution.

RESULTS

VP35 binds specifically to dsRNA. Wild-type VP35 was pre-
viously hypothesized to bind dsRNA, and two VP35 point
mutants, R312A and K309A, were predicted to be impaired in
dsRNA binding and to impair IFN antagonist function (23).
We therefore assessed the ability of these VP35s to bind to
dsRNA with an in vitro “pull-down” assay. 293T cells were
transfected with hemagglutinin-tagged VP35, untagged wild-
type VP35, or untagged VP35 mutant (R312A or K309A)
expression plasmids. Also included as controls were plasmids
encoding firefly luciferase or a previously described dsRNA-
binding protein, RIG-I (67). Lysates from the transfected cells
were then incubated with pIC-Sepharose beads with a lysate/
beads ratio of 0.05. As shown in Fig. 1A, RIG-I and wild-type
VP35 coprecipitated with pIC beads, whereas neither R312A
nor K309A detectably bound to the pIC beads. To address the
possibility that activation of the IFN-o/B response might modu-
late the function of VP35, we compared dsRNA-binding activities
in mock-infected and SeV-infected cells but found no differences
in binding by either wild-type or mutant VP35 (Fig. 1A). Note
that no VP35 was coprecipitated with “empty” Sepharose beads
(data not shown). Finally, we confirmed that all VP35 constructs
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FIG. 1. Ebola virus VP35 binds to dsRNA. (A) 293T cells were transfected with 500 ng of the indicated protein expression plasmids (Luc, firefly
luciferase). Twenty-four h posttransfection, cells were either mock infected (mock) or infected with SeV at an MOI of 8. Twelve h postinfection,
cell lysates were prepared and incubated with pIC-Sepharose for 2 h at 4°C. Protein complexes were collected by centrifugation, washed 10 times,
and separated by 12% sodium dodecyl sulfate-PAGE. Proteins were transferred to a polyvinylidene difluoride membrane and visualized by
Western blotting using anti-Flag M2 (WB: FLAG) or anti-VP35 6C5 (WB: VP35) monoclonal antibodies. To determine levels of protein
expression, a fraction (2%) of the whole-cell extracts (WCE) was separated for Western blotting. (B) To assess the degree of impairment in dSRNA
binding by the VP35 mutants, increasing amounts of lysates from cells expressing wild-type VP35 (VP35) or a VP35 mutant (R312A or K309A)
were incubated with a fixed amount of pIC-Sepharose to obtain cell lysate/bead ratios of 0.05, 0.5, and 5 (wedges), and binding was assessed as
in panel A. Input levels of wild-type and mutant VP35 proteins were assessed by Western blotting (WB: VP35). (C) The specificity for dssSRNA
binding was determined by competition assay. Soluble pIC, pAU, poly(rU) (pU), poly(rA) (pA), or dsDNA (from salmon sperm) at 12.5, 25, 50,
and 100 pg/ml was added to cell lysates prior to addition of pIC-Sepharose (wedges, upper panel). Soluble dSRNA molecules were further tested
at concentrations of 1, 10, 100, 1,000, and 10,000 ng/ml before pIC-Sepharose was added (wedges, lower panel). (D) Viral RNA was synthesized
in vitro by using a T7-driven promoter cloned in front of VP35 sequences such that either positive-sense or negative-sense transcripts of different
lengths were generated. Complementary ssRNAs were annealed in vitro to obtain the corresponding dsSRNAs. These dsRNAs were analyzed on
an agarose gel. Lanes: 1, 210 bp; 2, 409 bp; 3, 609 bp; 4, 809 bp; 5, 1,013 bp. A DNA ladder is present in the leftmost lane and contains molecules
of the indicated sizes in base pairs. (E) Cell lysates containing wild-type VP35 were incubated without competitor (—) or with the indicated in
vitro-transcribed dsRNA competitor molecules (see panel D) before pIC-Sepharose was added. The concentration of each dsRNA was 30 nM for
each binding reaction. As a control, soluble pIC was used at 20 pwg/ml. VP35 was detected by Western blotting as described previously. (F) The
carboxy-terminal 171 amino acids of wild-type VP35 (C-171) were produced in a bacterial expression system with a C-terminal His tag and purified
using a Talon Cobalt metal affinity column. Purified protein was used at ~80 ng/ml in pIC-Sepharose binding assays as described previously,
without (—) or with (+) soluble pIC as competitor. As a positive control, lysates from wild-type VP35-transfected 293T cells were run side by side.
Input represents 2% of the total protein used for the immunoprecipitation. VP35 was detected with the C-terminal 10C7 monoclonal antibody.
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were expressed at similar levels by Western blotting of the cell
lysates used for the pull-down assays (Fig. 1A).

Next, we further assessed the extent to which the dsRNA-
binding activity of the R312A and K309A mutants was im-
paired. Increasing amounts of cell lysates (5, 50, and 500 )
containing equivalent amounts of wild-type or mutant VP35s
were incubated with a fixed amount of pIC beads such that the
ratios of cell lysates to pIC beads were 0.05, 0.5, and 5, respec-
tively. By this protocol, we were able to coprecipitate wild-type
VP35 when either 50 or 500 wl of cell lysates was used (Fig.
1B). The point mutants R312A and K309A were virtually un-
detectable in the Western blot, although R312A showed a very
weak binding activity at the highest volume of cell lysate used
(Fig. 1B). To address the binding specificity of VP35 for
dsRNA, different soluble synthetic polynucleotides were added
to VP35-containing lysates prior to addition of pIC beads. Only
the dsSRNA molecules pIC and pAU were able to compete with
pIC-Sepharose for binding VP35 (Fig. 1C). The single-
stranded RNAs (ssRNAs) poly(rU) and poly(rA) and dsDNA
(salmon sperm DNA) were unable to compete with pIC-
Sepharose at the tested concentrations. The specificity of VP35
for dsRNA-type molecules was underscored by the relatively
low amount of soluble pIC and pAU needed for the competi-
tion assay. As little as 100 ng/ml of synthetic pIC or pAU was
sufficient to abrogate binding of VP35 to the pIC beads, while
100 pg of the ssRNA or dsDNA molecules was insufficient to
block VP35 binding (Fig. 1C).

Next, we wanted to assess the ability of VP35 to bind to
dsRNA molecules with a more “natural” composition (i.e.,
molecules with a nucleotide composition that might actually be
encountered by VP35 in infected cells). Towards this end,
dsRNA molecules were generated from single-stranded RNAs
in vitro transcribed from a VP35 ¢cDNA in a size range of 200
to 1,000 bp (Fig. 1D). Each of these molecules, when used at
approximately 30 nM, was an effective soluble competitor,
inhibiting VP35 binding to pIC-Sepharose (Fig. 1E). Serving as
a positive control for this experiment was soluble pIC at 20
pg/ml (Fig. 1E).

To investigate whether VP35 can bind directly to dsSRNA, we
attempted to produce the full-length protein in a bacterial
expression system. However, soluble forms of the protein could
be obtained only when the carboxy-terminal 171 amino acids
(C-171) were expressed and purified. Because this region con-
tains a putative dsSRNA-binding motif (23), we tested this mu-
tant protein in our binding assays. As shown in Fig. 1F, C-171
was coprecipitated with pIC beads and soluble pIC could effi-
ciently compete for C-171 binding (Fig. 1F).

Cumulatively, these data suggest that VP35 directly binds to
dsRNA through its carboxy terminus and that the mutations
R312A and K309A each significantly impair this activity. Al-
though additional biochemical studies will further elucidate
the interaction between VP35 and dsRNA, we next asked
whether this activity plays a critical role in the “IFN-antago-
nist” activity of VP35.

dsRNA-binding mutants of VP35 inhibit IFN-3 gene expres-
sion induced by SeV infection. dSRNA-binding activity is a
property shared by several viral proteins that inhibit host IFN
responses, including the influenza A virus NS1 protein, the
influenza B virus NSI1 protein, and the vaccinia virus E3L
protein (16, 17, 57, 64). It is also a property of several IFN-
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induced proteins implicated in the host antiviral response
whose enzymatic activity is modulated by dsRNA, including
PKR, OAS, and ADARI1 (52). To determine the extent to
which dsRNA binding may influence the ability of VP35 to
inhibit IRF-3 activation and IFN-«/B production, we compared
the abilities of wild-type VP35, R312A, and K309A to inhibit
the SeV-induced activation of an IFN-B promoter reporter
plasmid that expresses the CAT enzyme. Although these mu-
tants were previously reported to be impaired for IFN antag-
onist activity, we wished to perform a more quantitative com-
parison of these two mutants and to interpret these results in
light of the dsRNA binding data presented above. Upon viral
infection, reporter gene expression was strongly induced in
empty-vector-transfected cells (Fig. 2A). Wild-type VP35 in-
hibited this activation to background levels at all plasmid DNA
concentrations tested. Interestingly, transfection of VP35 and
K309A (25 ng, 250 ng, or 2,500 ng of plasmid) resulted in
comparable levels of inhibition (Fig. 2A). The R312A mutant
also inhibited reporter gene activation when 250 and 2,500 ng
of plasmid were transfected, but at 25 ng, the inhibitory activity
substantially diminished (Fig. 2A). The differences in reporter
gene activation were not due to differences in protein expres-
sion because all constructs showed similar protein levels (Fig.
2A, inset). These data demonstrate that the R312A mutant is
a less effective inhibitor of SeV-induced IFN response than are
wild-type VP35 and K309A, at least when these proteins are
expressed at relatively low levels.

Next, we assessed the abilities of wild-type VP35 and
dsRNA-binding mutants to inhibit the SeV-induced produc-
tion of endogenous IFN-B by employing an IFN bioassay. In
these experiments, 293T cells were transfected with empty
expression plasmid or with plasmids that expressed wild-type
VP35, R312A, or K309A. One day posttransfection, the cells
were mock infected or infected with SeV (MOI of 8) to induce
IFN production. One day later, the media from these cells
were harvested and irradiated with UV light to inactivate any
infectious SeV. The inactivated medium was then subjected to
twofold serial dilutions and transferred to Vero cells. IFN
present in this medium (induced by the SeV) would be ex-
pected to induce an antiviral state in the Vero cells. After an
overnight incubation, the medium was removed, and the Vero
cells were then infected with NDV-GFP (MOI of 6). Expres-
sion of GFP was then used as an indicator of virus replication.
SeV infection of empty-vector-transfected 293T cells resulted
in the production of IFN which blocked NDV-GFP replication
(Fig. 2B, compare empty-vector, mock-infected to empty-vec-
tor, SeV-infected panels). That IFN-B largely mediates the
antiviral effect in this assay was demonstrated by the ability of
an anti-IFN-B antibody to neutralize the antiviral activity (Fig.
2B, empty vector, infected plus anti-IFN-B). This last test also
argues against any effect, on NDV-GFP replication in Vero
cells, of live SeV that resisted the UV treatment. Transfection
of even low amounts of plasmids expressing wild-type VP35
and K309A rescued NDV-GFP replication in Vero cells, dem-
onstrating the capacity of these two proteins to antagonize the
production of IFN-B (Fig. 2B). The R312A mutant was also
able to rescue NDV-GFP infection when 250 or 2,500 ng of
expression plasmid was transfected. This last mutant was
clearly less effective than the other constructs in blocking IFN
production (Fig. 2B, middle row). Thus, the IFN bioassay re-
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FIG. 2. Wild-type and dsRNA-binding mutant VP35s inhibit IFN-f gene expression induced by SeV infection. (A) Increasing concentrations
(25, 250, or 2,500 ng, indicated by wedges) of plasmids expressing VP35 and the K309A and R312A mutants were transfected into 293T cells
together with 300 ng each of an IFN-B-CAT reporter and a constitutive pPCAGGS-firefly luciferase reporter. Twenty-four h posttransfection, cells
were infected with Sendai virus (MOI of 8), and 12 h postinfection, CAT and luciferase activities were determined. Values are expressed as
induction (fold) over an empty-plasmid mock-infected control (not shown). Virus-induced CAT activity was normalized to firefly luciferase activity.
Error bars indicate standard deviations of at least three independent experiments. Expression levels of the different VP35 constructs were
determined by Western blotting (inset). Blots were probed with a monoclonal antibody to VP35 (6C5). Two exposures of the same blot are shown;
expression levels in the 25-ng samples were detected only when the film was overexposed (inset, lower panel). (B) After UV irradiation, a series
of twofold dilutions of conditioned media from the experiment described in panel A was overlaid onto Vero cells in a 96-well plate. Twenty-four
h after treatment, cells were infected with NDV-GFP (MOI of 6), and 24 h postinfection, virus replication was examined by fluorescence
microscopy. Shown are the results obtained when the conditioned media from 293T cells transfected with 25, 250, or 2,500 ng of VP35 and R312A
and K309A mutant plasmids were used. Right column: in the empty-vector mock-infected panel, NDV-GFP replication is readily detected by the
presence of green fluorescence. The empty-vector SeV-infected panel lacks GFP expression, demonstrating the antiviral state created by IFN. IFN
is present in the conditioned media due to the Sendai virus infection of the transfected 293T cells. This is demonstrated in the empty-vector
SeV-infected plus anti-IFN-B panel, where neutralizing anti-IFN-f antibody rescues NDV-GFP replication. All panels are from cells treated with

a 16-fold dilution of the conditioned medium.

sults mirror the reporter gene assay, where the R312A mutant
is impaired relative to wild-type VP35 and the K309A mutant.
However, both dsRNA-binding mutants retain some ability to
inhibit SeV-induced IFN-B production.

Wild-type VP35 and dsRNA-binding mutants can inhibit
IFN-B gene activation mediated by RIG-I. The RIG-I protein
reportedly plays a key role in sensing viral infection and acti-
vating IFN-o/f production (30, 56, 67). RIG-I recognizes
dsRNA, possibly through its DExD/H box helicase domain,
and activates downstream signaling through its N-terminal
CARD, resulting in the activation of IRF-3 (30, 56, 67). Given
VP35’s ability to inhibit the activation of IRF-3 (3), we inves-
tigated whether wild-type VP35 and the dsRNA-binding mu-
tants could block the RIG-I-activated signaling pathway. First,
we tested the ability of the VP35 constructs to block the RIG-
I-induced activation of the IRF-3-responsive ISG54 promoter.
We found that in the absence of viral infection, overexpression
of RIG-I in 293T cells was sufficient to activate this promoter.
As shown in Fig. 3A, transfection of 250 ng of RIG-I plasmid
resulted in a greater-than-600-fold induction of the promoter
relative to empty plasmid transfection control. When 2,500 ng
of wild-type VP35 or dsRNA-binding mutants was cotrans-
fected with RIG-I, a strong inhibition of reporter gene activa-
tion was seen, indicating that wild-type and dsRNA-binding
mutant forms of VP35 could inhibit virus-independent signal-
ing by RIG-I (Fig. 3A). However, RIG-I functions in the virus-
induced activation of IFN responses, and expression of RIG-I
followed by virus infection results in a synergistic activation of

the IFN-B gene (56, 67). We therefore also tested the abilities
of the VP35 constructs to inhibit reporter gene activation in
RIG-I-transfected, SeV-infected cells. Towards this end, we
transfected small amounts (25 ng) of RIG-I plasmid DNA and
increasing concentrations of wild-type or mutant VP35 plasmid
(2.5, 25, 250, and 2,500 ng), together with an IFN-B-CAT
reporter gene. Under these conditions, overexpression of RIG-I
alone resulted in a 30-fold induction of reporter gene. Upon
viral infection, reporter gene induction was greater than 700-
fold in empty-plasmid-transfected cells. When 25 ng of RIG-I
expression plasmid was transfected in cells that were subse-
quently infected with SeV, reporter gene induction increased
to nearly 4,000-fold (Fig. 3B). Remarkably, wild-type VP35
efficiently blocked this synergistic activation following transfec-
tion of 2,500 and 250 ng of expression plasmid. Decreasing the
amounts of VP35 plasmid to 25 and 2.5 ng resulted in a loss of
inhibitory activity (Fig. 3B). The R312A and K309A mutants
were also able to inhibit reporter gene activation but only when
higher amounts of expression plasmid were transfected. IFN
antagonist activity was lost rapidly (compared to wild-type
VP35) as the mutant DNA was diluted. To verify that the
differences in reporter gene activation were not due to differ-
ences in protein expression, extracts from transfected cells
were analyzed by Western blot assay. Comparable amounts of
RIG-I were detected in all transfections (Fig. 3C, top panel).
The different VP35s were readily detected where the two high-
est concentrations of plasmid DNA were transfected but could
not be detected at the two lowest concentrations, correlating with
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FIG. 3. Wild-type VP35 and dsRNA-binding mutants inhibit IFN- gene activation mediated by RIG-I. (A) 293T cells were transfected with
250 ng of RIG-I expression plasmid with and without 2,500 ng of VP35 or R312A or K309A mutant plasmid. An ISG54-CAT reporter gene and
a constitutively expressed firefly luciferase control reporter were also transfected at 300 ng. CAT and luciferase activities were measured 24 h
posttransfection. Values are expressed as induction (fold) over an empty-vector-transfected control. Error bars represent standard deviations of
at least three independent experiments. (B) 293T cells were transfected with 25 ng of RIG-I expression plasmid alone or with 2.5, 25, 250, and 2,500
ng of the indicated VP35 constructs (increasing amounts indicated by the wedges). Twenty-four h posttransfection, cells were mock infected or
infected with Sendai virus (MOI of 8). The IFN-B—CAT reporter gene and the firefly luciferase transfection control plasmids were used at 300 ng.
CAT and luciferase activities were measured 12 h postinfection. Values are expressed as before. Error bars represent standard deviations of at least
three independent experiments. (C) Expression of RIG-I, wild-type VP35, and VP35 mutants from the experiment described in panel B was
assessed by Western blotting using monoclonal anti-FLAG and anti-VP35 antibodies. (D) 293T cells were transfected with 25, 250, and 2,500 ng
(increasing amounts indicated by the wedges) of each VP35 construct (wild-type VP35, R312A, or K309A) as described above, and cell extracts
were prepared 24 h posttransfection. Lysates from Vero cells that were mock infected or infected with Zaire EBOV (MOI of 1) were prepared
48 h postinfection and gamma irradiated to eliminate infectious virus. VP35 expression was detected by Western blot assay as before. A monoclonal
anti-human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was used as a loading control. (E) An IFN bioassay was performed
as described before (see Fig. 2B) with UV-irradiated, twofold dilutions of conditioned media from the experiment described in panel B before.
The main panels represent supernatants from 293T cells transfected with 2.5, 25, 250, and 2,500 ng of VP35 plasmid. Shown are data from cells
treated with 64-fold-diluted conditioned media. (F) The IFN bioassay was analyzed with a fluorescence plate reader. Data for all twofold dilutions
of conditioned media are presented. ®, empty vector mock infected; @, RIG-I, mock infected; A, empty vector, SeV infected; @, RIG-I, SeV
infected; [J, VP35 plus RIG-I, SeV infected; A, K309A plus RIG-I, SeV infected; O, R312A plus RIG-I, SeV infected. Only the data from
transfections using 2.5 pg of plasmid DNA are shown. y-axis values are relative GFP fluorescence units. x-axis values are the reciprocal of the
dilutions of the conditioned media. This is a representative result of an experiment replicated three times.

the diminished IFN-antagonist function seen in these transfec-
tions (Fig. 3C, lower panel). Based on these data, the dsRNA-
binding mutants retain an ability to inhibit reporter gene activa-
tion induced by the combination of SeV infection and RIG-I
overexpression, but the mutants are less potent than wild-type
VP35. To determine whether our ectopic expression of VP35
results in protein levels comparable to what are seen in virus-
infected cells, we performed Western blot assays for VP35 on

transfected-cell extracts and EBOV-infected Vero cell extracts
(MOI of 1, 48 h postinfection). VP35 was expressed in EBOV-
infected cells at levels comparable to that seen in cells transfected
with 250 or 2,500 ng of expression plasmid (Fig. 3D). We there-
fore conclude that we are studying biologically relevant levels of
VP35 in our transfection experiments.

To support the results obtained from the IFN-B reporter
assay, we performed an IFN bioassay with the media from
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these transfected cells. The limited amounts (25 ng) of RIG-I
plasmid transfected in this experiment did not result in a sig-
nificant production of IFN-B, as assessed by the bioassay (Fig.
3E, right side, top panel). When cells containing RIG-I were
infected with SeV, IFN- secretion was greatly enhanced com-
pared with the empty-vector, SeV-infected control (Fig. 3E,
right panel, compare empty-vector SeV-infected to RIG-I,
SeV-infected panels). It should be noted that in Fig. 3E, the
cell supernatants were diluted 64-fold, whereas in the previous
experiment (Fig. 2B), the supernatants were diluted 16-fold.
This is why in Fig. 3E the medium from empty-vector, SeV-
infected sample does not greatly reduce NDV-GFP replica-
tion. Again, addition of a neutralizing anti-IFN-B antibody
restored NDV-GFP infection (Fig. 3E, RIG-I, SeV-infected
plus anti-IFN-B). Transfection of 250 or 2,500 ng of VP35
plasmid inhibited the IFN-B secretion induced by RIG-I plus
SeV (Fig. 3E, VP35 panels). In this experiment, each of the
dsRNA-binding mutants displayed reduced IFN-inhibitory ac-
tivity relative to wild-type VP35. The activity of the R312A
mutant was clearly reduced, even when 2,500 ng of plasmid was
transfected, although some ability to inhibit IFN-f production
was still evident (Fig. 3E, R312A panels). The K309A mutant
displayed greater IFN-B-antagonist activity, but it remained
less effective than wild-type VP35 (Fig. 3E, K309A panels).
Results of the IFN bioassay were also analyzed in a fluores-
cence plate reader (Fig. 3F). The media from empty-vector or
RIG-I transfections and mock infection did not produce levels
of IFN-B sufficient to induce an antiviral state in Vero cells;
therefore, in cells treated with these supernatants, NDV-GFP
showed the highest levels of replication as assessed by GFP
fluorescence (Fig. 3F, filled circles and squares, respectively).
The medium from SeV-infected, RIG-I-transfected cells had to
be diluted approximately 1,000-fold before detectable IFN activ-
ity was lost (Fig. 3F, filled diamonds). In contrast, a 128-fold
dilution was required to eliminate IFN activity from empty-vec-
tor-transfected, SeV-infected cells, confirming the synergistic ef-
fect observed in the IFN-B reporter assay (Fig. 3F, filled trian-
gles). When VP35 was transfected at 2,500 ng in SeV-infected
cells, only an 8- to 16-fold dilution was required to eliminate IFN
activity from the medium (Fig. 3F, empty squares). Cells trans-
fected with 2,500 ng of the dsRNA-binding mutants displayed
intermediate levels of IFN-B production after SeV infection, and
the R312A mutant (Fig. 3F, empty circles) was again more im-
paired than the K309A mutant (Fig. 3F, empty triangles). Both
mutants, however, retained some ability to suppress IFN-f pro-
duction. These results indicate that, under conditions of enhanced
IFN induction, the two dsRNA-binding mutants are less effective
IFN antagonists than wild-type VP35; however, the mutants re-
tain some activity.

Effect of VP35 and dsRNA-binding mutants on virus- and
RIG-I-mediated activation of IRF-3. IRF-3 plays a key role in
the dsRNA- and virus-induced activation of IFN-a/B- and
IFN-stimulated gene expression (37, 62, 69). Upon viral infec-
tion, IRF-3 is phosphorylated at critical serine/threonine resi-
dues at its C terminus, triggering its homodimerization and
association with cotransactivators in the nucleus (28, 37, 42,
68). IRF-3 dimerization has frequently been used as a measure
of its activation and can be monitored by a native PAGE assay
(28, 42). Here, we found that wild-type VP35 inhibited, com-
pared to empty-plasmid-infected control, endogenous IRF-3

J. VIROL.
S QO TFTFS Do T
SFEETTFFESE
- - ] - - ——DIMER

= - s W o - - —=—NONOMER

' — — - — —g— P56
o ——— S P35
e —————— i L
SeV RIG-I
SeV

FIG. 4. Effect of VP35 and dsRNA-binding mutants on virus- and
RIG-I-mediated activation of IRF-3. HEK293 cells were transfected
with 4 pg of plasmids that express wild-type VP35 (VP35), R312A, and
K309A, with or without 40 ng of RIG-I plasmid as indicated. Twenty-
four h posttransfection, cells were either mock SeV infected or in-
fected with Sendai virus (MOI of 8), as indicated. Eight h postinfec-
tion, cells were lysed and proteins were separated in a continuous 7.5%
native gel that was prerun with and without 0.2% sodium deoxycholate
in the cathode and anode chambers, respectively. Endogenous IRF-3
was detected by Western blotting with a primary rabbit anti-hIRF-3
(1:500) antibody and a secondary goat anti-rabbit immunoglobulin
G-horseradish peroxidase (1:5,000) antibody (top panel). Expression
of P56 and the different forms of VP35 in the same cell lysates was
analyzed by Western blotting following separation of proteins by
12.5% sodium dodecyl sulfate-PAGE. A mouse anti-human p-tubulin
antibody was used as a loading control.

dimer formation induced by SeV (Fig. 4, top panel). Only weak
IRF-3 dimer formation was detected in K309A-expressing
cells. In contrast, IRF-3 dimerization was readily detected in
cells transfected with the R312A mutant, although dimer levels
remained lower than that seen in the empty-vector, SeV-in-
fected control (Fig. 4, top panel). When RIG-I was overex-
pressed in cells infected with SeV, endogenous IRF-3 dimer
formation was again blocked in cells expressing wild-type VP35
and K309A. In contrast, IRF-3 dimerization was enhanced in
cells expressing the R312A mutant (Fig. 4, top panel). Next, we
examined whether the observed patterns of IRF-3 activation
correlated with the transcription of an endogenous, IRF-3-
responsive gene, the human 561 gene. The product of this
gene, the P56 protein, is readily induced during viral infection
in an IRF-3-dependent manner (21, 47). The same cell extracts
used for IRF-3 dimer formation were analyzed by Western
blotting with anti-P56 antibody. Empty-vector-transfected,
mock-infected cell lysates did not contain detectable levels of
P56, but by 8 h post-SeV infection P56 was clearly induced
(Fig. 4, middle panel). Wild-type VP35 and K309A were strong
inhibitors of P56 expression induced either by virus alone or by
RIG-I plus virus. The R312A mutant was not able to com-
pletely inhibit P56 expression induced by virus infection, and
the impairment of the R312A mutant was even more evident in
the cells with RIG-I plus virus. Thus, the R312A mutant was
less potent than either wild-type VP35 or the K309A mutant in
preventing IRF-3 activation and subsequent gene activation.
Wild-type VP35 and dsRNA-binding mutants can impair
IFN-{3 reporter gene activation induced by IPS-1, TBK1, and
IKKe. Because the dsSRNA-binding mutants of VP35 retained
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panel A, but with 50 ng of IKKe expression plasmid as the activator of
gene expression.
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the ability to antagonize IFN-B production induced by viral
infection and RIG-I, we sought to investigate the abilities of
these mutants to impair signaling components downstream of
RIG-I, components which are not known to either sense or
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interact directly with dsSRNA. The recently described CARD-
containing protein IPS-1, also known as MAVS, VISA, or
Cardif, has been shown to function downstream of RIG-I and
serve as an adaptor molecule for RIG-I signaling (31, 41, 53,
65). When we overexpressed IPS-1 in 293T cells, the IFN-B
promoter was strongly induced, as previously reported. Nota-
bly, wild-type VP35, K309A, and R312A all showed a similar
concentration-dependent inhibition of reporter gene activation
by IPS-1 (Fig. 5A). Next, to further understand where VP35
may affect RIG-I/IRF-3 signaling, we investigated the effect of
the VP35s on the activation of the IFN-B promoter by the
IRF-3 kinases TBK1 and IKKe. These kinases are responsible
for the phosphorylation of IRF-3 (18, 54) and function down-
stream of IPS-1 (31, 53). Overexpression of TBK1 and IKKe
was able to strongly induce reporter gene activation, as previ-
ously reported. Surprisingly, as was observed with IPS-1, wild-
type VP35 and dsRNA-binding mutants showed a similar con-
centration-dependent inhibition of reporter gene activation by
the kinases (Fig. 5B and C).

Cumulatively, these data indicate that the dsRNA-binding
activity of VP35 may play a role in its ability to inhibit signaling
to IRF-3 by virus infection. However, because wild-type VP35
and the dsRNA-binding mutants can equally block down-
stream signaling components of the virus-RIG-I pathway,
mechanisms independent of dsRNA-binding activity most
likely contribute to VP35’s IFN antagonist activity.

DISCUSSION

Production of dsRNA species during viral replication has
long been considered a potential trigger of innate antiviral
responses. Recently, the DExD/H box helicases RIG-I and
MDA-5 were shown to function as viral dSRNA sensors lead-
ing to the production of IFN-a/B (1, 56, 66, 67). Viruses have
evolved mechanisms to evade this recognition, and some en-
code proteins such as the E3L protein of vaccinia virus, the
NS1 proteins of influenza A and B viruses, and the ¢3 protein
of reovirus that reportedly antagonize the host antiviral re-
sponse, at least in part, by binding to dsRNA (5, 16, 17, 64).

Recently, it was suggested that the EBOV VP35 protein may
have dsRNA-binding activity and that this function might be
required for its IFN antagonist properties (23). This report
provides the first experimental demonstration of a dsRNA-
binding activity associated with VP35. We used an established
“pull-down” assay in which pIC covalently bound to Sepha-
rose beads is used to coprecipitate a possible dsSRNA-bind-
ing protein. Such assays have recently been used to demon-
strate dsRNA-binding activity for the cellular protein RIG-I
and the human cytomegalovirus protein pTRS1 (22, 67). We
found that VP35, present in whole-cell extracts of mock-in-
fected or SeV-infected 293T cells, can be coprecipitated with
pIC-Sepharose beads. Several lines of evidence argue that the
interaction of VP35 with the pIC beads is specific for dSRNA.
First, VP35 did not detectably coprecipitate with Sepharose
beads to which no nucleic acid had been cross-linked (data not
shown). Second, neither synthetic homo-oligomeric ssRNA
molecules [poly(rA) and poly(rU)] nor dsDNA could, at any
concentration tested, compete with the pIC beads for binding
to VP35. In contrast, three types of dsRNA molecules did
effectively compete with the pIC beads for binding to VP35.
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Soluble pIC and pAU were able to compete with pIC-Sepha-
rose for VP35 binding, even when the soluble dsSRNAs were
present in amounts 1,000-fold lower than the amounts of sin-
gle-stranded or dsDNA molecules tested. In addition, dSRNA
molecules of a more “natural” structure and complexity, rang-
ing in size from approximately 200 to 1,000 bp, which were in
vitro transcribed from an EBOV c¢cDNA, also effectively com-
peted for binding to VP35.

To address whether VP35 may directly interact with dsSRNA,
we sought to use purified, bacterially expressed VP35. Al-
though full-length VP35 could not be produced in a soluble
form, we were finally able to produce limited amounts of a
soluble, truncated VP35 (amino acids 171 to 340). The mutant
protein was coprecipitated with pIC-Sepharose beads, and sol-
uble pIC could efficiently compete for binding, suggesting that
VP35 can directly interact with dSRNA. An important goal will
be to produce dsRNA-binding, mutant versions of C-171 and
perform more-extensive biochemical comparisons of these
proteins’ dsSRNA-binding affinities.

Given the ability of VP35 to inhibit IRF-3 activation and
IFN-B production and given its dsRNA-binding activity, we
examined the abilities of wild-type and mutant VP35s to inhibit
the virus-induced IFN response. As was previously reported,
wild-type VP35 inhibits SeV-induced activation of IRF-3 and
production of IFN-B (3, 23). The two dsRNA-binding mutants
were previously found to be largely inactive (R312A) and of
intermediate activity (K309A) when tested for their abilities to
inhibit SeV-induced activation of the IRF-3-responsive ISG56
promoter (23). In the present study, by titrating the amounts of
each VP35 construct, we find a similar pattern, where the
R312A mutant is more impaired than the K309A mutant, even
though neither mutant is able to detectably bind dsSRNA. Most
significantly, however, we find that both mutants retain some
ability to block IFN-B promoter activation, endogenous IFN-3
protein production, and the activation of IRF-3. Thus, as noted
above when SeV alone is used as an activator, the dsRNA-
binding activity may not be absolutely essential for the IFN
antagonist activity of VP35.

The current model to explain how virus infection activates
IFN-a/B gene expression places RIG-I early in the pathway
that leads to activation of IRF-3, at least in somatic and con-
ventional dendritic cells (30, 35). It should be noted, however,
that another cellular RNA helicase, MDA-5, has also been
identified as a sensor of virus infection that leads to IRF-3
activation and IFN production (1, 66). Activation of these
cellular helicases leads to a signaling pathway that requires
IPS-1, followed by the phosphorylation of IRF-3 by TBK-1 and
IKKe (7, 25, 31, 65).

Given that both RIG-I and MDA-5 are thought to be dsRNA-
activated sensors of virus infection, we asked whether wild-type
and mutant VP35s would inhibit signaling through RIG-I.
VP35 and its mutants were able to inhibit IRF-3-responsive
ISG54 promoter activation when RIG-I was overexpressed,
suggesting that VP35 acts at the level of RIG-I or downstream
of RIG-I in the signaling pathways leading to IRF-3 activation.
In further support of this conclusion, when relatively small
amounts of RIG-I were expressed in cells that were subse-
quently infected with SeV, a potent synergistic activation of
IFN-B expression was detected, and VP35 retained its ability to
block this activation. As was seen when virus alone was used as
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an activator, the dsSRNA-binding mutants were both impaired
relative to wild-type VP35; however, the K309A mutant was
again less impaired than was R312A. To connect the gene
expression data with activation of IRF-3, we directly examined
activation of endogenous IRF-3, in the absence or presence of
wild-type and mutant VP35s, by a dimerization assay. Consis-
tent with our other findings, the R312A mutant was less effec-
tive at inhibiting IRF-3 dimerization than was wild-type VP35
or K309A. This was true whether SeV or SeV plus RIG-I was
used as an activator. Examination of P56, the product of an
IRF-3-responsive endogenous gene, provided further confir-
mation of this conclusion. It is important to note that there is
a general correlation between our reporter gene data and our
data examining IRF-3 dimerization and the activation of P56
gene expression. In all cases, wild-type VP35 is a more potent
inhibitor of IRF-3 than is K309A, and K309A is a more potent
inhibitor than R312A. However, this assay does not readily
distinguish between different samples where IRF-3 is strongly
activated in both. Thus, although SeV infection alone induced
less total reporter gene expression than did expression of
RIG-I plus virus infection, we cannot see differences in IRF-3
dimer levels between cells activated by SeV alone and cells that
received both RIG-I and Sendai virus. This apparent discrep-
ancy likely reflects several facts. The activation of the reporter
gene is assessed by the accumulation over time of the CAT
enzyme, which is a relatively stable protein with a half-life of
about 50 h (58). On the other hand, endogenous proteins like
IRF-3 go through a dynamic process of phosphorylation-de-
pendent activation and phosphorylation-dependent degrada-
tion, especially during viral infection, when the reactions occur
with faster kinetics (37). Therefore, our Western blots repre-
sent a “snapshot” of IRF-3 activation. Further, during our SeV
infection, it is likely that 100% of cells are infected and there-
fore the observed patterns of endogenous gene activation are
representative of the whole cell population. By contrast, the
VP35s will affect endogenous gene activation only in trans-
fected cells. Although transfection efficiency in 293T cells is
usually high, it is unlikely to reach 100%. Thus, while all trans-
fected cells receiving the reporter gene will harbor the different
VP35 constructs and have a direct effect on the reporter gene
induction, the patterns of endogenous gene activation will re-
flect the average effect of those cells successfully transfected
with the VP35s. What is clear is that both dSRNA mutants
retained a strong IFN antagonist function during viral infection
but were impaired when tested under strong stimulatory con-
ditions (i.e., RIG-I plus viral infection). However, the K309A
mutant appears to be a more efficient IFN antagonist than the
R312A mutant.

Finally, we assessed the abilities of wild-type and mutant
VP35s to target those components of the IRF-3-activating sig-
naling pathways that lie downstream of RIG-I. Our results
indicate that wild-type and dsSRNA-binding mutant VP35s had
equal abilities to inhibit activation of the IFN-B promoter
induced by overexpression of IPS-1, a recently identified sig-
naling molecule downstream of RIG-I, and by overexpression
of the IRF-3 kinases TBK-1 and IKKe. These data support the
hypothesis that, while dsSRNA-binding activity may contribute
to the VP35 IFN antagonist function, it is likely that VP35 has
a dsRNA-independent function by impairing signaling at or
downstream of TBK-1 and IKKe. Evidence also exists for
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dsRNA-binding-independent targeting of IFN production
by the influenza A virus NS1 protein and the influenza B
virus NS1 protein (16, 17).

It should also be kept in mind that dsSRNA-binding activity
may also affect other functions of VP35. The ability of VP35 to
inhibit other aspects of the host innate antiviral response has
not yet been examined in detail. In addition to suppressing IFN
production, the influenza virus NS1 protein and the vaccinia
virus E3L protein also inhibit other antiviral functions includ-
ing dsRNA-activated proteins with antiviral activities, such as
PKR, 2',5'-oligoadenylate synthetases, and the RNA-specific
adenosine deaminase ADARI (6, 13, 15, 24, 33, 38, 39, 49, 50,
55, 60). E3L also inhibits apoptosis (32, 40), while the influenza
B virus NS1 protein inhibits ISG15-ylation (70-72). There is
also evidence that NS1 and E3L can inhibit RNA silencing,
although the role of RNA silencing in the antiviral response in
mammalian cells remains unclear (10, 36). The ability of VP35 to
antagonize these functions and the possible role of its dsSRNA-
binding activity in any inhibition may be of interest. In addition
to interactions with host cell pathways, VP35 also plays an
essential role in viral RNA synthesis and formation of viral
nucleocapsid structures. dsRNA-binding activity could con-
ceivably influence these functions as well (26, 43). The avail-
ability of the R312A and K309A mutants is a first step toward
addressing these other potential functions of VP35 dsRNA-
binding activity.
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