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Previously we found that the amino-terminal region of the NS1 protein of influenza A virus plays a key role
in preventing the induction of beta interferon (IFN-�) in virus-infected cells. This region is characterized by
its ability to bind to different RNA species, including double-stranded RNA (dsRNA), a known potent inducer
of IFNs. In order to investigate whether the NS1 RNA-binding activity is required for its IFN antagonist
properties, we have generated a recombinant influenza A virus which expresses a mutant NS1 protein defective
in dsRNA binding. For this purpose, we substituted alanines for two basic amino acids within NS1 (R38 and
K41) that were previously found to be required for RNA binding. Cells infected with the resulting recombinant
virus showed increased IFN-� production, demonstrating that these two amino acids play a critical role in the
inhibition of IFN production by the NS1 protein during viral infection. In addition, this virus grew to lower
titers than wild-type virus in MDCK cells, and it was attenuated in mice. Interestingly, passaging in MDCK
cells resulted in the selection of a mutant virus containing a third mutation at amino acid residue 42 of the NS1
protein (S42G). This mutation did not result in a gain in dsRNA-binding activity by the NS1 protein, as
measured by an in vitro assay. Nevertheless, the NS1 R38AK41AS42G mutant virus was able to replicate in
MDCK cells to titers close to those of wild-type virus. This mutant virus had intermediate virulence in mice,
between those of the wild-type and parental NS1 R38AK41A viruses. These results suggest not only that the
IFN antagonist properties of the NS1 protein depend on its ability to bind dsRNA but also that they can be
modulated by amino acid residues not involved in RNA binding.

The NS1 protein of influenza A virus is a nonstructural
protein expressed at high levels in virus-infected cells that has
been implicated in inhibition of the host antiviral defense me-
diated by alpha/beta interferon (IFN-�/�) (15), in regulation of
viral translation (1, 9, 12), and in inhibition of host mRNA
processing mechanisms (14, 25, 34). This viral protein is also an
RNA-binding protein which has been shown to bind to several
different species of RNA (17, 19, 20), including double-
stranded RNA (dsRNA), through its N-terminal region (23).
The presence of dsRNA in host cells is a clear signal that virus
infection and replication are occurring and leads to the trig-
gering of a plethora of antiviral host defense mechanisms (8,
36). dsRNA induces the synthesis of IFN-� and certain IFN-�
molecules through the activation of several transcription fac-
tors, including IRF-3, IRF-7, NF-�B, and c-Jun/ATF2. The
secreted IFN-�/� induces an antiviral state in the infected and
uninfected neighboring host cells by stimulating the transcrip-
tion of IFN-stimulated response element (ISRE) promoter-
containing genes via the JAK/STAT pathway (36).

Most viruses have developed different mechanisms to evade
the host antiviral response (21). The NS1 protein of influenza
A virus has been shown to act as an IFN-�/� antagonist, ex-
erting its function at least at two distinct stages within the
virus-infected cells (15). First, the NS1 protein acts at the level

of inhibition of IFN-�/� synthesis by virtue of its ability to
inhibit virus-induced IRF-3, NF-�B, and c-Jun/ATF2 activa-
tion (27, 37, 40). Second, the NS1 protein has been shown to
inhibit the activation of at least two IFN-induced, dsRNA-
activated antiviral pathways, namely the inhibition of protein
kinase R (PKR) and oligoadenylate synthetase pathways (3,
18; N. Donelan and A. García-Sastre, Abstr. 19th Annu. Meet.
Am. Soc. Virol., abstr. W25-4, 2000). However, the mechanism
by which the NS1 protein of influenza A virus exerts its IFN
antagonistic properties is not yet fully understood. Several
lines of evidence suggest that the ability of NS1 to bind to and
sequester dsRNA is important for its role as an IFN antagonist
(37, 40). However, interactions of NS1 with host proteins may
also play an important role in its IFN antagonist function (16,
30).

The amino acids within the NS1 protein that are required for
binding to RNA have been well defined (39). The basic amino
acids R38 and K41 within the N-terminal domain are thought
to directly interact with RNA, mediating binding. A mutant
RNA-binding-defective NS1 protein was generated by replac-
ing the R38 and K41 amino acid residues with alanines. Plas-
mid-mediated expression of NS1 R38AK41A protein in mam-
malian cells revealed that this mutant protein was severely
impaired in the ability to prevent the activation of IRF-3 and
NF-�B compared to wild-type NS1 (37, 40). In order to inves-
tigate the effect of these two mutations in the context of an
infectious virus, we have generated by reverse genetics a re-
combinant influenza A/WSN/33 (WSN) virus expressing the
mutant NS1 R38AK41A protein. Passaging of the WSN NS1
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R38AK41A virus in tissue culture resulted in the acquisition of
a compensatory mutation (S42G) within the NS1 protein. The
phenotypic characterization of these mutant viruses revealed
that amino acid residues at positions 38, 41, and 42 within the
NS1 protein play a critical role in the prevention of IFN-�
synthesis during influenza A virus infection and in virus patho-
genicity.

MATERIALS AND METHODS

Cells and viruses. 293T, MDCK, Vero, and A549 cells were maintained in
Dulbecco modified Eagle medium with 10% fetal bovine serum. Sendai virus,
strain Cantell, was propagated at 37°C in 10-day-old embryonated chicken eggs.
The construction and growth of Newcastle disease virus-green fluorescent pro-
tein (NDV-GFP) was previously described (32). Recombinant influenza
A/WSN/33 (WSN) viruses expressing wild-type and mutant NS1 proteins were
generated by transfecting 12 plasmids as previously described (6). The viral NS
segments from the rescued viruses were analyzed by reverse transcriptase (RT)-
PCR and sequencing.

Plasmids and GST fusion protein expression. Glutathione S-transferase
(GST) expression plasmids for the NS1 proteins were constructed as follows. The
plasmid pGEX-NS1 encodes a protein consisting of GST fused to the NS1
protein of WSN virus. The wild-type NS1 cDNA was subcloned into pGEX-5X-3
between EcoRI and XhoI restriction sites. pGEX-NS1 R38AK41A was con-
structed by subcloning a mutated NS1 cDNA into pGEX-5X-3 between the
EcoRI and XhoI unique sites. pGEX-NS1 R38AK41AS42G was constructed by
subcloning the mutant NS1 cDNA into pGEX-5X-1 between BamHI (filled in
with Klenow) and EcoRI sites. These fusion proteins were expressed in Esche-
richia coli BL21 and purified by use of glutathione-Sepharose beads (Pharmacia)
as recommended by the manufacturer. Mammalian expression plasmids for NS1
were constructed by subcloning the NS1 cDNAs into the pCAGGS vector (29)
between the EcoRI and XhoI sites.

EMSA. Electrophoretic mobility shift assays (EMSAs) for NS1 binding to
dsRNA were done as previously described (39), with slight modifications. Briefly,
32P-radiolabeled short dsRNA was generated by annealing complementary SP6
(76 nucleotides [nt]) and T7 (80 nt) transcripts, linearized with SfiI and HindIII,
respectively, from the pGEM-11zf vector. Gel shift experiments to investigate
RNA-binding activity were then performed. Briefly, 0.4 �M GST fusion proteins
were incubated on ice for 30 min in 20 �l of binding buffer containing radiola-
beled dsRNA (10,000 cpm, 1 nM). The protein-RNA complexes were resolved
from free RNA by running them on nondenaturing 6% polyacrylamide gels at
4°C for 3 h at 150 V in 0.045 M Tris-borate–0.001 M EDTA running buffer. The
gels were dried, and RNA-containing bands were visualized by autoradiography.

Reporter gene assays in 293T cells. For the experiments investigating IFN-�
and ISRE promoter activation, 293T cells were transfected with a mouse IFN-�
promoter-driven chloramphenicol acetyltransferase (CAT) reporter plasmid,
pIFN-CAT (40), or an ISRE-driven CAT reporter plasmid, pHISG-54-CAT (2,
5). In addition, an internal control plasmid, pGL2-control (Promega), encoding
the firefly luciferase protein, and the appropriate pCAGGS-NS1 expression
plasmid were transfected into the cells. The CAT reporter (0.5 �g) and 0.5 �g of
the luciferase plasmid were transfected along with 4.0 �g of the pCAGGS-NS1
(wild type or mutant) plasmid into 106 293T cells by use of the calcium phosphate
mammalian transfection kit (Stratagene). At 24 h posttransfection, cells were
infected with Sendai virus at a multiplicity of infection (MOI) of approximately
10. At 24 h postinfection, cells were harvested and assayed for CAT expression
as previously described (33) and luciferase protein expression was assayed with
the Promega luciferase assay system according to the manufacturer’s directions.
Levels of CAT activity were normalized among samples according to luciferase
values.

Virus growth curves. MDCK cells were infected at an MOI of 0.001 with
recombinant influenza A viruses expressing either NS1 R38AK41A, NS1
R38AK41AS42G, or wild-type NS1. At 24, 48, and 72 h postinfection, viruses in
the cell supernatant were titrated by plaque assay on fresh MDCK cells.

NDV-GFP-based assay for IFN antagonist activity. A549 cells were trans-
fected with pCAGGS-NS1 (wild type or mutant) expression plasmids. Cells (105)
were transfected in suspension by use of Lipofectamine 2000 (Invitrogen). Trans-
fection mixtures were prepared in polystyrene tubes as follows: 3 �l of Lipo-
fectamine 2000 diluted in 50 �l of OptiMEM was added to 50 �l of OptiMEM
containing 2.0 �g of plasmid DNA, and the transfection mixtures were incubated
for 20 min before being added to the cells. At 24 h posttransfection, cells were

infected with NDV-GFP (MOI � 2), and at 24 h postinfection, the cells express-
ing GFP were visualized by fluorescence microscopy as previously described (32).

Determination of IFN secretion by a bioassay. Levels of IFN secreted by
virus-infected cells were determined as previously described (31). A549 cells
were infected at an MOI of 2 with WSN (wild type), WSN-NS1 R38AK41A, or
WSN-NS1 R38AK41AS42G virus. Following infection, cells were incubated with
minimum essential medium containing 0.3% bovine serum albumin, and at 24 h
postinfection, supernatants were harvested. Viruses present in the supernatant
were UV inactivated by placing samples on ice 6 in. below an 8-W UV lamp for
15 min with constant stirring. Vero cells were seeded in 24-well plates the day
before and incubated with the UV-inactivated supernatants for 24 h. The pre-
incubated Vero cells were then infected with NDV-GFP (MOI � 2), and at 24 h
postinfection, the cells expressing GFP were visualized by fluorescence micros-
copy. Green fluorescence intensity was quantified by fluorescence-activated cell-
sorting analysis with a Beckman-Coulter Epics XL-MCL fluorescence-activated
cell sorter.

Analysis of IFN-� mRNA by RT-PCR. A549 cells were infected at an MOI of
2, and at 24 h posttransfection, total RNA was extracted by using Trizol reagent
(Invitrogen). RT-PCR was done by using the following primer pairs specific for
human IFN-� and �-actin mRNAs: IFN-� 5��, GGCCATGACCAACAAGTG
TCTCCTCC, and IFN-� 3��, GCGCTCAGTTTCGGAGGTAACCTGT, re-
sulting in a product of approximately 550 bp; and �-actin forward, TGGGTCA
GAAGGACTCCTATG, and �-actin reverse, CAGGCAGCTCATAGCTCT
TCT, also resulting in a 550-bp product.

Animal infections. Six-week-old female BALB/c mice were anesthetized and
infected intranasally with 50 �l of phosphate-buffered saline containing the
indicated amounts of influenza A viruses. For viral lung titrations, mice were
sacrificed at either day 2, 4, or 6 postinfection. Lungs were homogenized, resus-
pended in sterile phosphate-buffered saline, and titrated by plaque assay on
MDCK cells. For monitoring of viral disease, animals were weighed daily and
were euthanized when observed in extremis. All procedures were done in accor-
dance with the National Institutes of Health guidelines on care and use of
laboratory animals.

RESULTS

Generation of a recombinant influenza A virus expressing a
mutant NS1 protein (NS1 R38AK41A) defective in dsRNA
binding. In order to investigate the role of the dsRNA-binding
activity of the NS1 protein during influenza A virus infection,
we generated WSN-NS1 R38AK41A virus by plasmid trans-
fection. This recombinant virus is isogenic with wild-type WSN
virus, except for the NS1 gene, which encodes a mutant NS1
protein with two alanine residues at positions 38 and 41 instead
of arginine and lysine, respectively (Fig. 1A). These two amino
acid changes were previously found to result in attenuation of
dsRNA binding without affecting protein dimerization (39).
WSN-NS1 R38AK41A virus was rescued upon transfection in
293T-MDCK cocultures of eight plasmids encoding the influ-
enza virus RNA segments from a human polymerase I pro-
moter together with four viral protein expression plasmids, as
described previously (13, 35). Rescued viruses were passaged
three times in MDCK cells. Interestingly, viral titers as mea-
sured by plaque assay dramatically increased 	2 log between
the first passage and the last passage. The NS gene of the virus
that was passaged three times was amplified by RT-PCR using
specific primers, and the obtained cDNA was cloned into
pGEM-T. Sequence analysis of several clones revealed that the
majority of these clones (seven of eight) differed from the
original NS1 R38AK41A sequence by a single nucleotide sub-
stitution, resulting in an amino acid change (S42G) immedi-
ately after the original R38AK41A mutations (Fig. 1A). The
mutant NS1 R38AK41A and NS1 R38AK41AS42G genes
were reintroduced into recombinant viruses by plasmid trans-
fection. Viruses present in the supernatants of transfected cells
were plaque purified in MDCK cells, and seed viruses derived
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FIG. 1. Characterization of recombinant influenza A viruses and
their NS1 mutations. (A) Schematic diagram of wild-type and mutant
NS1 proteins. Underlined amino acid residues were mutated to ala-
nine. The star highlights the serine-to-glycine mutation in the NS1
R38AK41AS42G protein. (B) Multicycle growth curves of recombi-
nant influenza A/WSN/33 viruses expressing wild-type and mutant NS1
proteins. MDCK cells were infected at an MOI of 0.001 with the
different recombinant viruses. Viruses released to the supernatant
were titrated at 24, 48, and 72 h postinfection by plaque assay on fresh
MDCK cells. (C) Binding of GST-NS1 proteins to dsRNA in vitro.
Each GST-NS1 fusion protein (0.4 �M) was incubated with 32P-radio-
labeled dsRNA (10,000 cpm, 1 nM). The protein-RNA complexes
were then resolved from free RNA by running them on a 6% nonde-
naturing polyacrylamide gel at 4°C for 3 h at 150 V in 0.045 M
Tris-borate–0.001 M EDTA running buffer.
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from one plaque were prepared in MDCK cells. RT-PCR and
sequence analysis of the NS genes in the new WSN-NS1
R38AK41A and WSN-NS1 R38AK41AS42G virus seeds con-
firmed the presence of the introduced mutations and the ab-
sence of additional changes. These virus seeds were used for all
other experiments involving recombinant viruses.

Decreased replication of WSN-NS1 R38AK41A, but not of
WSN-NS1 R38AK41AS42G, virus in MDCK cells. The multi-
cycle growth kinetics of the mutant NS1 viruses were investi-
gated in MDCK cells. These viruses were compared to the
isogenic wild-type WSN virus, also generated by plasmid trans-
fection. Infections were done at a low MOI (0.001), and viruses
in supernatants from infected cells were titrated at 24, 48, and
72 h postinfection by plaque assay. The wild-type and WSN-
NS1 R38AK41AS42G viruses grew to approximately 108

PFU/ml after 48 h, whereas WSN-NS1 R38AK41A virus grew
to titers between 1.0 and 1.5 log lower (Fig. 1B). These exper-
iments indicate that the R38AK41A mutations in the NS1
protein result in viral growth attenuation in MDCK cells and
that this phenotype can be compensated for by a third amino
acid substitution (S42G) within the NS1 N-terminal region.

Both the NS1 R38AK41A and NS1 R38AK41AS42G mutant
proteins are defective in binding to dsRNA in vitro. In order to
investigate whether the amino acid change S42G in the NS1
R38K41 protein results in a gain of dsRNA-binding activity, we
determined by EMSA the ability of the wild-type NS1 and
mutant NS1 R38K41 and NS1 R38K41S42G proteins to bind
to dsRNA. These proteins were expressed in bacteria as GST
fusion proteins and used in an in vitro dsRNA-binding assay.
GST (Fig. 1C, lane 1) does not bind to dsRNA, while dsRNA
incubated with GST-NS1 wild type (Fig. 1C, lane 2) shows a
typical gel shift consistent with dsRNA binding. The GST-NS1
R38AK41A mutant protein (Fig. 1C, lane 3) was unable to
bind to dsRNA, as previously reported (39). Interestingly, the
GST-NS1 R38AK41AS42G mutant protein was also defective
in binding to dsRNA (Fig. 1C, lane 4).

Expression of wild-type NS1 and NS1 R38AK41AS42G, but
not NS1 R38AK41A, proteins prevents IFN-� and ISRE pro-
moter activation. The NS1 protein of influenza A virus has
been shown to prevent the virus-induced activation of ISRE
and IFN-� promoters (37, 40). We next investigated, by using
a transfection-based assay, whether the NS1 R38AK41A and
R38AK41AS42G mutant proteins, which are defective in bind-
ing to dsRNA in vitro, are also defective in preventing the
activation of these promoters. 293T cells were transfected with
expression plasmids for the NS1 wild-type and R38AK41A and
R38AK41AS42G mutant proteins together with a reporter
gene under the control of the ISG54-ISRE or IFN-� promoter.
Activation of these promoters was induced 24 h later by infec-
tion with Sendai virus. Interestingly, the NS1 R38AK41AS42G
mutant protein was able to inhibit Sendai virus-induced IFN-�
and ISRE promoter activation to levels similar to those for
wild-type NS1 (Fig. 2A). However, the NS1 R38AK41A mu-
tant was severely impaired in the ability to inhibit activation of
these promoters, as was previously found (40). All NS1 pro-
teins were expressed in 293T cells at similar levels, as measured
by Western blotting (data not shown).

Enhancement of replication of IFN-sensitive NDV-GFP by
expression of wild-type NS1 and NS1 R38AK41AS42G, but not
NS1 R38AK41A, proteins. Transfection of plasmid DNA into

A549 cells results in the induction of an IFN-mediated antiviral
state that prevents replication of IFN-sensitive NDV-GFP.
However, transfection of a plasmid encoding an IFN antago-
nist protein prevents the induction of the IFN-mediated anti-
viral state, allowing for replication of NDV-GFP. This can be
easily monitored by GFP expression (32). In order to investi-
gate the ability of NS1 wild-type and R38AK41A and
R38AK41AS42G mutant proteins to inhibit the IFN system in
this virus-based assay, we transfected A549 cells with either
empty plasmid or pCAGGS-NS1 expression plasmids and at
24 h posttransfection infected them with NDV-GFP. At 24 h
postinfection, cells were monitored for NDV replication by
fluorescence microscopy. In the cells transfected with
pCAGGS-empty plasmid, NDV-GFP replication was signifi-
cantly inhibited. However, cells expressing wild-type and NS1
R38AK41AS42G proteins replicated NDV-GFP to high levels,
as shown in Fig. 2B. The levels of replication of NDV-GFP in
A549 cells expressing the NS1 R38AK41A mutant protein
were significantly lower than those in cells expressing the wild-
type or the NS1 R38AK41AS42G protein.

Infection of A549 cells with WSN-NS1 R38AK41A virus in-
duces higher levels of IFN-� than infection with WSN-NS1
R38AK41AS42G and wild-type viruses. When the NS1
R38AK41AS42G mutant protein was expressed in cells by
plasmid transfection, it displayed IFN antagonistic properties
similar to those of wild-type NS1 protein, while the NS1
R38AK41A protein was defective in preventing the activation
of the IFN system. However, the wild-type and mutant NS1
proteins are overexpressed from a mammalian promoter in
these assays, and therefore subtle differences in activity be-
tween these proteins might not be detectable. We therefore
investigated the IFN-inducing properties of recombinant influ-
enza virus expressing the wild-type and mutant NS1 proteins.
Human epithelial lung A549 cells were infected at an MOI of
2 with either wild-type recombinant WSN, mutant WSN-NS1
R38AK41A, or mutant WSN-NS1 R38AK41AS42G virus, and
at 24 h postinfection, supernatants from these infected cells
were tested for the presence of IFN by a bioassay based on
inhibition of NDV-GFP replication in Vero cells (31). Figure
3A and B show that supernatants from WSN-NS1 R38AK41A
virus-infected A549 cells caused the highest level of inhibition
of NDV-GFP replication, as measured by GFP expression in
pretreated Vero cells. In contrast, levels of NDV-GFP repli-
cation were similar between mock-pretreated Vero cells (data
not shown) and Vero cells pretreated with supernatants from
wild-type WSN virus-infected A549 cells, indicating that levels
of IFN induced by wild-type influenza A/WSN virus infection
in A549 cells were not detectable by this bioassay. Infection of
A549 cells by WSN-NS1 R38AK41AS42G resulted in levels of
secreted IFN that were intermediate between those present in
supernatants from cells infected with wild-type and WSN-NS1
R38AK41A viruses. The levels of NS1 expression in the virus-
infected A549 cells were comparable among the three viruses,
as monitored by Western blotting (data not shown). These
results indicate that while the NS1 R38AK41AS42G protein is
a better inhibitor of IFN production than the NS1 R38AK41A
protein in the context of an infectious influenza A virus, the
S42G mutation did not completely revert the phenotype of the
recombinant WSN-NS1 R38AK41AS42G virus to that of the
wild-type virus.
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FIG. 2. IFN inhibitory activities of wild-type and mutant NS1 proteins. (A) Inhibition of Sendai virus-induced IFN-� and ISRE promoter
activation by plasmid-mediated expression of wild-type and mutant NS1 proteins. The IFN-� or ISRE promoter-driven CAT reporter plasmid (0.5
�g) and 0.5 �g of the luciferase control plasmid were transfected along with 4.0 �g of empty plasmid or the pCAGGS-NS1 (wild-type or mutant)
plasmid into 106 293T cells. At 24 h posttransfection, the cells were infected with Sendai virus at an MOI of approximately 10. At 24 h postinfection,
cells were harvested and assayed for CAT and luciferase expression. (B) NDV-GFP replication in A549 cells expressing wild-type and mutant NS1
proteins. A549 cells (105) were transfected with 2.0 �g of empty plasmid or pCAGGS-NS1 (wild-type or mutant) expression plasmid. At 24 h
posttransfection, cells were infected with NDV-GFP (MOI 	 2), and at 24 h postinfection, the cells expressing GFP were monitored by
fluorescence microscopy. The results shown are from one representative experiment of three total experiments.
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RT-PCR analysis of the IFN-� mRNA present in virus-
infected A549 cells confirmed that infection with WSN-NS1
R38AK41A virus induces higher levels of IFN-� than infection
with wild-type WSN or WSN-NS1 R38AK41AS42G virus (Fig.
3C, compare lane 4 with lanes 2 and 3). It should be noted that
this analysis does not allow a precise quantitative comparison
of IFN-� mRNA levels in virus-infected cells.

WSN-NS1 R38AK41AS42G virus is attenuated in mice but
shows increased replication and virulence when compared to
WSN-NS1 R38AK41A virus. In order to study the phenotypes
of the recombinant WSN viruses bearing mutations in the NS1
protein during host infections, we next conducted infection
experiments in mice. Six-week-old BALB/c mice were intrana-
sally infected with either wild-type or mutant NS1-expressing
virus. We monitored body weight loss (Fig. 4A) and viral lung
titers (Fig. 4B) as indicators of virus pathogenicity and repli-
cation, respectively. Infection with 105 PFU of WSN-NS1
R38AK41A did not result in any loss of body weight and the
mice consistently gained weight over the course of the exper-
iment. However, infection with WSN-NS1 R38AK41AS42G
virus caused a transient reduction (between 5 and 10%) in the
body weight of the mice, which recovered to their original
weight at 7 days postinfection. Mice infected with wild-type
WSN virus lost approximately 25% of their total body weight
by day 5 postinfection and all eventually succumbed to the
infection (Fig. 4A). Virus replication in lungs, as determined
by plaque assay in MDCK cells, was monitored at days 2, 4, and
6 in mice intranasally infected with 104 PFU of the different
viruses (Fig. 4B). The wild-type WSN virus was consistently
found to replicate to titers of 	106 PFU/ml at all days postin-
fection. WSN-NS1 R38AK41A virus replicated very poorly in
mouse lungs and could only be detected, at a very low titer of
	102 PFU/ml, in one of three mice at day 2. WSN-NS1
R38AK41AS42G virus showed an intermediate profile in the
ability to replicate in mice, consistent with its virulence phe-
notype. At day 2, titers of approximately 104 PFU/ml were
detected, but by day 4 this mutant virus could only be detected,

at a low titer (5 
 102 PFU/ml), in one of three mice, and by
day 6 there was no detectable virus in the lungs from three
infected mice. It should be noted that the limit of detection of
viral lung titers was 102 PFU/ml.

DISCUSSION

We have shown in this report that amino acid residues in the
NS1 protein of influenza A virus that play a critical role in the
ability of this protein to bind to dsRNA (R38 and K41) are also
critical for the optimal IFN antagonist activity of NS1. Infec-
tion with influenza A viruses with mutated NS1 proteins at
these amino acid residues results in increased IFN secretion.
There is a good correlation between the levels of IFN induced
by viral infection in lung epithelial A549 cells and the attenu-
ation of the viruses in mice. Of the two studied mutant viruses,
WSN-NS1 R38AK41A virus induced the highest levels of IFN
secretion in A549 lung epithelial cells and was the most atten-
uated virus in mice. WSN-NS1 R38AK41AS42G mutant virus
induced lower levels of IFN in A549 cells than WSN-NS1
R38AK41A, but the levels were still higher than in the wild-
type WSN virus, and this virus had an attenuated phenotype in
mice that was between those of the other two viruses. Neither
the NS1 R38AK41A nor the NS1 R38AK41AS42G mutant
protein was able to bind in vitro to dsRNA. These results
suggest that although the ability of the NS1 protein of influ-
enza A virus to bind to RNA is needed to efficiently inhibit
IFN-�/� production during viral infection, other mechanisms
also play a role in this inhibition. Our results also demonstrate
a definitive role for the N-terminal RNA-binding domain of
the NS1 protein in the inhibition of the IFN response. This
inhibition is independent of the NS1-mediated effects on host
mRNA splicing and export (7, 14, 25, 28, 30) that appear not
to be affected by the R38AK41A mutations (22).

Our first attempt to generate a recombinant WSN-NS1
R38AK41A virus expressing an NS1 protein defective in RNA-
binding activity resulted in a virus that upon a few passages in
MDCK cells grew to higher titers and acquired a third amino
acid mutation in its NS1 protein, S42G. In order to demon-
strate that this new amino acid substitution was sufficient to
confer increased viral growth properties in MDCK cells, we gen-
erated a new recombinant WSN virus from plasmids encoding
wild-type virus RNAs, except for the NS viral RNA that codes for
an NS1 R38AK41AS42G mutant protein. When the growth prop-
erties of clonal populations of recombinant wild-type WSN and
mutant WSN-NS1 R38AK41 and WSN-NS1 R38AK41S42G vi-
ruses were compared, it was evident that the S42G mutation in
the background of an NS1 R38AK41A protein was sufficient to
increase the replication levels of the mutant virus in MDCK cells
to wild-type levels. Due to the quasispecies nature of RNA vi-
ruses, we cannot conclude that the S42G mutation is the only
difference between WSN-NS1 R38AK41A and WSN-NS1
R38AK41S42G. However, experiments involving cells transfected
with plasmids expressing the NS1 mutant proteins clearly support
a role for the S42G mutation in promoting viral replication. The
crystal structure of the first 73 amino acids of the NS1 protein has
been solved and consists of three �-helices interconnected by
loops (23). Amino acid residues 39, 41, and 42 are all located in
the second �-helix, which is comprised of amino acids 30 to 50,
and therefore our results highlight a critical role for this �-helix

FIG. 3. Induction of IFN-�/� synthesis in A549 cells infected with
recombinant influenza A viruses expressing wild-type and mutant NS1
proteins. (A) Vero cells were pretreated for 24 h with UV-inactivated
supernatant from A549 cells infected with the indicated influenza
viruses. The pretreated Vero cells were then infected with NDV-GFP,
and at 24 h postinfection, the cells expressing GFP were monitored by
fluorescence microscopy. (B) Quantification by fluorescence-activated
cell sorting of GFP expression in NDV-GFP-infected Vero cells pre-
treated with UV-inactivated supernatant from WSN or WSN-NS1
mutant virus-infected A549 cells. undil, not diluted. (C) RT-PCR anal-
ysis of IFN-� mRNA levels in virus-infected A549 cells. Cells were
infected at an MOI of 2, and at 24 h posttransfection, total RNA was
extracted and RT-PCR was done using primer pairs specific for human
IFN-� and �-actin mRNA.
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structure in the IFN antagonistic activity of the NS1 protein of
influenza A virus.

The increased replication properties of WSN-NS1
R38AK41AS42G virus in MDCK cells correlated with a gain of
function of the NS1 protein with respect to the ability to inhibit
IFN-� promoter activation and to promote replication of an
IFN-sensitive virus when expressed in trans by plasmid trans-
fection. However, experiments using recombinant WSN vi-
ruses demonstrated that the S42G mutation, although resulting
in an increased inhibition of IFN production during viral in-
fection, did not restore the potency of the NS1 protein to

wild-type levels. Interestingly, this partial gain of IFN inhibi-
tory function conferred by the S42G mutation was not accom-
panied by a gain of dsRNA-binding activity. These results
suggest that the NS1-dependent inhibition of IFN synthesis is
not completely mediated by binding to and sequestering
dsRNA generated during virus infection. It is possible that
interactions of the N-terminal domain of the NS1 protein with
host proteins involved in induction of IFN synthesis may also
contribute to the IFN antagonist activity of this protein. The
S42G change would then be responsible for restoring these
protein-protein interactions. On the other hand, we cannot

FIG. 4. Pathogenicity in mice of recombinant influenza A viruses expressing wild-type and mutant NS1 proteins. (A) Weight loss of BALB/c
mice was monitored after intranasal inoculation with 105 PFU of WSN-WT, WSN-NS1 R38AK41A, or WSN-NS1 R38AK41AS42G virus. Five
mice per group were infected and the average percentages of original body weight were monitored for 15 days postinfection. (B) Viral lung titers
in mice on days 2, 4, and 6 postinfection with 104 PFU of intranasally administered virus. Three mice per group were infected and viral lung titers
were determined by plaque assay on MDCK cells.
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exclude the possibility that the NS1 R38AK41AS42G protein,
while not binding to the in vitro-synthesized dsRNA used in
our experiments, may have acquired specific binding to influ-
enza virus-generated dsRNA in vivo. However, given the im-
portant role that basic residues usually play on RNA-protein
interactions, we do not favor this hypothesis.

In addition to attenuating IFN synthesis during viral infec-
tion, the NS1 protein of influenza A virus inhibits an important
IFN-induced antiviral pathway, namely, the dsRNA-activated
PKR (3, 18, 26). The dsRNA-binding activity of NS1 appears
to be responsible for PKR inhibition (26), although direct
protein-protein interactions between NS1 and PKR have also
been suggested (38). We are currently investigating the ability
of NS1 R38AK41A and NS1 R38AK41AS42G proteins to in-
hibit PKR activation.

In summary, our results demonstrate a critical role for
amino acid residues located within the second �-helix of the
NS1 protein of influenza A virus in preventing IFN-�/� secre-
tion in virus-infected cells and in viral replication and patho-
genicity in the host. IFN-�/� secretion is not only a critical
component of the innate antiviral immune response but also
appears to modulate the specific antiviral cellular immune
response (4). Further studies are required in order to deter-
mine whether the NS1 protein of influenza A virus has an
impact in the induction of specific immune responses. In this
respect, it is interesting that induction of IFN-�/� secretion by
influenza virus infection in dendritic cells is also attenuated by
the NS1 protein (10, 11, 24). Finally, our studies indicate that
the N-terminal domain of the NS1 protein might be an attrac-
tive target for antiviral drug design.
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24. López, C. B., A. García-Sastre, B. R. Williams, and T. M. Moran. 2003. Type
I interferon induction pathway, but not released interferon, participates in
the maturation of dendritic cells induced by negative-strand RNA viruses.
J. Infect. Dis. 187:1126–1136.

25. Lu, Y., X. Y. Qian, and R. M. Krug. 1994. The influenza virus NS1 protein:
a novel inhibitor of pre-mRNA splicing. Genes Dev. 8:1817–1828.

26. Lu, Y., M. Wambach, M. G. Katze, and R. M. Krug. 1995. Binding of the
influenza virus NS1 protein to double-stranded RNA inhibits the activation
of the protein kinase that phosphorylates the eIF-2 translation initiation
factor. Virology 214:222–228.

27. Ludwig, S., X. Wang, C. Ehrhardt, H. Zheng, N. Donelan, O. Planz, S.
Pleschka, A. García-Sastre, G. Heins, and T. Wolff. 2002. The influenza A
virus NS1 protein inhibits activation of Jun N-terminal kinase and AP-1
transcription factors. J. Virol. 76:11166–11171.

28. Nemeroff, M. E., S. M. Barabino, Y. Li, W. Keller, and R. M. Krug. 1998.
Influenza virus NS1 protein interacts with the cellular 30 kDa subunit of
CPSF and inhibits 3�end formation of cellular pre-mRNAs. Mol. Cell 1:991–
1000.

29. Niwa, H., K. Yamamura, and J. Miyazaki. 1991. Efficient selection for
high-expression transfectants with a novel eukaryotic vector. Gene 108:193–
199.

30. Noah, D. L., K. Y. Twu, and R. M. Krug. 2003. Cellular antiviral responses
against influenza A virus are countered at the posttranscriptional level by the
viral NS1A protein via its binding to a cellular protein required for the 3� end
processing of cellular pre-mRNAS. Virology 307:386–395.

31. Park, M. S., A. García-Sastre, J. F. Cros, C. F. Basler, and P. Palese. 2003.
Newcastle disease virus V protein is a determinant of host range restriction.
J. Virol. 77:9522–9532.
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