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The NS1A proteins of human influenza A viruses bind CPSF30, a cellular factor required for the processing
of cellular pre-mRNAs, thereby inhibiting the production of all cellular mRNAs, including beta interferon
mRNA. Here we show that the NS1A protein of the pathogenic H5N1 influenza A/Hong Kong/483/97 (HK97)
virus isolated from humans has an intrinsic defect in CPSF30 binding. It does not bind CPSF30 in vitro and
causes high beta interferon mRNA production and reduced virus replication in MDCK cells when expressed
in a recombinant virus in which the other viral proteins are encoded by influenza A/Udorn/72. We traced this
defect to the identities of amino acids 103 and 106 in the HK97 NS1A protein, which differ from the consensus
amino acids, F and M, respectively, found in the NS1A proteins of almost all human influenza A virus strains.
X-ray crystallography has shown that F103 and M106, which are not part of the CPSF30 binding pocket of the
NS1A protein, stabilize the NS1A-CPSF30 complex. In contrast to the HK97 NS1A protein, the NS1A proteins
of H5N1 viruses isolated from humans after 1998 contain F103 and M106 and hence bind CPSF30 in vitro and
do not attenuate virus replication. The HK97 NS1A protein is less attenuating when expressed in a virus that
also encodes the other internal HK97 proteins and under these conditions binds to CPSF30 to a substantial
extent in vivo. Consequently, these internal HK97 proteins largely compensate for the absence of F103 and
M106, presumably by stabilizing the NS1A-CPSF30 complex.

H5N1 influenza A viruses, which are highly pathogenic in
humans, are prime candidates for the next pandemic influenza
virus (8, 21). The first documented transmission of H5N1 vi-
ruses from chickens to humans occurred in 1997 in Hong
Kong, resulting in the death of 6 out of 18 infected people (4,
27, 28). After all the chickens in the poultry markets in Hong
Kong were killed, H5N1 viruses continued to circulate in poul-
try markets in China, but transmissions to humans were not
documented for several years. This situation dramatically
changed in 2003, when increasing numbers of fatal transmis-
sions to humans resumed (23, 29). Since that time, more than
150 people have died from H5N1 virus infections, and the virus
has now spread from Asia to Europe and Africa (32).

A major issue concerning H5N1 viruses is whether they are
adapting to mammalian cells. Two such adaptations, in the
PB2 subunit of the viral RNA polymerase (7) and in the re-
ceptor-binding hemagglutinin (HA) protein (34), have already
been reported. H5N1 viruses that are virulent in mice encode
lysine at position 627 in the PB2 protein, whereas H5N1 vi-
ruses that are not mice virulent, as well as other avian influenza
A viruses, encode glutamic acid at this position (7). The pres-
ence of lysine at this position apparently enhances virus repli-
cation in mammalian cells (3, 26), but the mechanism of this
enhancement has not been established. Amino acid changes at
two positions in the HA enable some H5N1 viruses recently
isolated from humans to bind to both avian and human sialic

acid receptors (34). These HA changes may contribute to the
acquisition of efficient human-to-human transmissibility, al-
though changes in other viral proteins are also apparently
needed (15).

Here we show that the H5N1 NS genes selected after 1998
enhance virus replication in mammalian cells. The NS1A pro-
tein encoded by the NS gene of human influenza A viruses is
a small, multifunctional protein that participates in both pro-
tein-RNA and protein-protein interactions. Its N-terminal
RNA-binding domain binds double-stranded RNA (dsRNA),
albeit with low affinity (2, 6, 13, 31). The function of this
dsRNA-binding activity during virus infection has been estab-
lished by identifying the defect in virus replication exhibited by
a recombinant influenza A/Udorn/72 (Ud) virus that encodes
an NS1A protein that lacks dsRNA-binding activity (17). This
analysis showed that the primary role of NS1A dsRNA-binding
activity is the inhibition of the alpha/beta interferon (IFN-�/
�)-induced oligo(A) synthetase/RNase L pathway and that
NS1A dsRNA-binding activity has no detectable role in inhib-
iting the production of IFN-� mRNA or inhibiting the activa-
tion of protein kinase R (PKR) (11, 17). The rest of the NS1A
protein, which is designated as the effector domain, has bind-
ing sites for several cellular proteins, including (i) CPSF30, a
cellular factor required for the 3�-end processing of cellular
pre-mRNAs, thereby inhibiting the production of all cellular
mRNAs, including IFN-� mRNA (9, 12, 19, 22, 24); (ii) p85�,
resulting in the activation of phosphatidylinositol-3-kinase sig-
naling (5, 25); and (iii) PKR, resulting in the inhibition of PKR
activation (18).

The CPSF30 binding site is crucial for virus replication, as
shown by the fact that a recombinant human influenza virus
expressing an NS1A protein lacking a binding site for CPSF30
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is highly attenuated (22, 30). Further evidence for the impor-
tance of the CPSF30 binding site was obtained using a 61-
amino-acid domain of CPSF30, comprising two of its zinc fin-
gers (F2F3), which binds efficiently to the NS1A protein (30).
The expression of the F2F3 domain in cells leads to the inhi-
bition of influenza A virus replication, coupled with increased
production of IFN-� mRNA, indicating that F2F3 inhibits
virus replication by blocking the binding of NS1A to endoge-
nous CPSF30 (30). These results indicate that the CPSF30
binding site of the NS1A protein is a potential target for the
development of small-molecule antiviral drugs directed against
influenza A virus.

In the present study, we show that the NS1A protein en-
coded by a pathogenic H5N1 virus that was transmitted to
humans in 1997, H5N1 influenza A/Hong Kong/483/97 (HK97)
virus, has an intrinsic defect in binding CPSF30. It does not
bind the F2F3 fragment of CPSF30 in vitro and causes high
IFN-� mRNA production and reduced virus replication in
MDCK cells when expressed in a recombinant virus in which
the other viral proteins are encoded by Ud. This intrinsic
defect was traced to the identities of the amino acids at posi-
tions 103 and 106 in the NS1A protein, which differed from the
consensus amino acids, F and M, respectively, that are found at
these positions in the NS1A proteins of almost all influenza A
virus strains isolated from humans. In contrast, the NS genes of
H5N1 viruses isolated from humans after 1998 encode F103
and M106, thereby rectifying the intrinsic defect in NS1A pro-
tein-mediated binding of CPSF30. X-ray crystallography has
shown that F103 and M106, which are not part of the CPSF30
binding pocket, stabilize the interaction of the NS1A protein
with CPSF30 (K. Das, L.-C. Ma, R. Xiao, B. Radvansky, J.
Aramini, L. Zhao, J. Marklund, R.-L. Kuo, K. Y. Twu, E.
Arnold, R. M. Krug, and G. T. Montelione, submitted for
publication). The HK97 NS1A protein is less attenuating when
expressed in a virus that also encodes the other internal HK97
proteins and under these conditions binds to CPSF30 to a
substantial extent, showing that these internal cognate (HK97)
proteins largely compensate for the absence of F103 and
M106, presumably by stabilizing the NS1A-CPSF30 complex.

(Our results demonstrating that F103 and M106 of the
NS1A protein play important roles in the binding of CPSF30
by H5N1 NS1A proteins were presented at the Negative
Strand RNA Virus meeting in Salamanca, Spain, 17 to 21 June
2006.)

MATERIALS AND METHODS

Generation of recombinant influenza A viruses. The pHH21 plasmids express-
ing the PB1, PB2, PA, NP, M, and NS genes of HK97 and of influenza A/VN/
1203/04 (VN04) were provided by Yoshihiro Kawaoka (7) and Ruben Donis,
respectively, and a pHH21 plasmid encoding the A/Brevig Mission/1/18 virus
(1918 virus) was provided by Christopher F. Basler (1). To generate recombinant
influenza A viruses, a pHH21 plasmid encoding the NS gene indicated in the text
was cotransfected into 293T cells with the two pHH21 plasmids encoding the Ud
HA and neuraminidase (NA) genes plus five pHH21 plasmids encoding the PB1,
PB2, PA, NP, and M genes indicated in the text. The four pcDNA3 plasmids
encoding the Ud PB1, PB2, PA, and NP proteins were also cotransfected. At 12 h
posttransfection, the medium was changed to Opti-MEM supplemented with 3
�g/ml of N-acetylated trypsin (NAT). After an additional 24 h, the 293T cells
were overlaid onto MDCK cells for virus amplification. The recombinant viruses
were amplified and their titers were determined as described previously (30). All
eight genome RNA segments of the recombinant viruses were sequenced. All
experiments using viruses containing any HK97, VN04, or 1918 gene were car-

ried out in a biosafety level 3 laboratory using biosafety level 3-enhanced pro-
cedures.

Virus infections. For multiple-cycle growth, MDCK cells were infected at a
multiplicity of infection (MOI) of 0.001 PFU/cell of the indicated virus and
incubated in serum-free Dulbecco’s modified Eagle’s medium supplemented
with 2.5 �g/ml of NAT at 37°C. An aliquot of the medium was collected at the
indicated times, and virus production was measured by plaque assay in MDCK
cells. For the plaque reduction assays, monolayers of control and F2F3-express-
ing MDCK cells were infected with approximately 100 PFU of the indicated
virus, and after 1 h of incubation at 37°C, the inoculum was removed and the cells
were overlaid with 1% agarose containing Dulbecco’s modified Eagle’s medium
plus 2.5 �g/ml NAT (30). For single-cycle infections, MDCK cells were infected
with 5 PFU/cell of the indicated virus.

Glutathione-Sepharose affinity selection. Glutathione transferase (GST)-
F2F3 or GST was mixed with the indicated 35S-labeled NS1A protein and
subjected to glutathione-Sepharose affinity selection as described previously (20).
To prepare the labeled NS1A protein, the DNA encoding the appropriate NS1A
protein was subcloned into pcDNA3 and translated using a Promega TNT
coupled transcription/translation kit in the presence of [35S]methionine.

Assay for 3�-end cleavage of pre-mRNAs in vivo. 293 or quail embryo fibro-
blasts (kindly provided by Henry Bose, Jr.) were cotransfected with a pBC12
plasmid carrying a human �-globin gene and a pcDNA3 plasmid encoding the
indicated NS1A protein using the FuGENE 6 transfection reagent for 293 cells
and a CaCl2-containing reagent (20) for the quail cells. The transfected cells
were collected at 40 h posttransfection, and RNA was extracted using TRIzol
reagent (Invitrogen). An aliquot of the total RNA was analyzed by RNase
protection using a uniformly labeled RNA probe, which was prepared as previ-
ously described (12). After this labeled RNA probe was annealed to the cellular
RNA sample, followed by digestion with RNase A and phenol extraction, the
protected RNA fragments were resolved by electrophoresis on a urea-polyacryl-
amide (5%) gel.

Measurement of IFN-� mRNA by real-time quantitative reverse transcrip-
tion-PCR. RNA was isolated from infected cells by using the TRIzol reagent at
the indicated times after infection of MDCK cells. For each sample, 1-�g por-
tions of total RNA, which correspond to equal cell equivalents, were reverse
transcribed using an oligo(dT) primer to generate the DNA complementary to
all mRNAs. The amount of IFN-� mRNA was determined using a TaqMan gene
expression assay (Applied Biosystems) with 5� and 3� primers specific for canine
IFN-� mRNA and a 6-carboxyfluorescein dye-labeled TaqMan MGB (minor
groove binder) internal probe (30). Real-time PCR analysis was carried out using
a Perkin-Elmer/Applied Biosystems 7900HT sequence detector.

Assay for the binding of CPSF30 to the NS1A protein in infected cells. 293T
cells were transfected with a pcDNA3 plasmid encoding 3� FLAG-tagged
CPSF30 (3�FLAG-CPSF30) or, as a control, an empty pcDNA3 plasmid. Twenty-
four hours later, the cells were infected at a MOI of 2 PFU/cell with either Ud,
HK97, or Ud/NS-HK97 virus (see Results for the description of the latter two
viruses). Cells were collected at 12 h postinfection and were extracted using a
solution containing 100 mM Tris-HCl, pH 8.0, 250 mM NaCl, 0.5% NP-40, 0.5%
sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride. Cell extracts were
immunoprecipitated with anti-FLAG M2 monoclonal antibody, and the immu-
noprecipitates were analyzed by immunoblotting using antibody directed against
the Ud NS1A protein. Because the Ud NS1A antibody detected the HK97 NS1A
protein fivefold less efficiently than the Ud NS1A in immunoblots, fivefold-larger
aliquots of the immunoprecipitates from the HK97 and Ud/NS-HK97 virus-
infected cells were analyzed in the immunoblots using this anti-NS1A antibody.
To monitor the efficiency of immunoprecipitation, equal aliquots of each immu-
noprecipitate were analyzed by immunoblotting using anti-FLAG antibody.

RESULTS

The NS1A protein of a 2004 H5N1 virus, but not that of a
1997 H5N1 virus, binds the F2F3 fragment of CPSF30 and
inhibits 3�-end processing of pre-mRNAs. We determined
whether H5N1 NS1A proteins bind CPSF30 in vitro, utilizing
the 61-amino-acid sequence of two of its zinc fingers (F2F3),
which is sufficient for binding to the NS1A protein of human
influenza A viruses (30). Like the NS1A protein of Ud (30), the
NS1A proteins of the mouse-adapted A/WSN/33 virus, the
pathogenic H5N1 VN04 virus, and the 1918 virus bound
to F2F3 in vitro, as determined in a GST pulldown assay
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(Fig. 1A). In contrast, no detectable binding to F2F3 was
observed with the NS1A protein of the pathogenic HK97
virus (Fig. 1A, lanes 5 and 6).

As one approach to determine whether these two H5N1
NS1A proteins bind to CPSF30 in vivo, we used transient
transfection assays that measure the inhibition of the 3�-end
processing of �-globin pre-mRNA (12, 30) (Fig. 1B). Plasmid-
driven expression of the Ud, VN04, or 1918 NS1A protein
effectively inhibited the 3�-end processing of �-globin pre-
mRNA in human 293 cells (Fig. 1B, left panel, lanes 2, 4, and
5), whereas the HK97 NS1A protein lacked this inhibitory
activity (Fig. 1B, left panel, lane 3). Immunoblots showed that
equivalent amounts of the four NS1A proteins were expressed
(data not shown). In addition, the HK97 NS1A protein did not
inhibit 3�-end processing in avian (quail) cells (Fig. 1B, right
panel, lane 3), indicating that this NS1A protein does not bind
either avian or mammalian CPSF30. The A/Teal/Hong Kong/
W312/97 (Teal) NS1A protein, a presumed precursor to the
HK97 NS1A protein (33), also did not bind to F2F3 or inhibit
3�-end processing (data not shown). In contrast, the Ud NS1A
protein effectively inhibited 3�-end processing in avian as well
as mammalian cells (Fig. 1B, right panel, lane 2), indicating
that it is capable of binding avian as well as mammalian
CPSF30.

An Ud reassortant virus containing the gene encoding the
HK97 NS1A protein is attenuated and induces high levels of
IFN-� mRNA. To determine how the HK97, VN04, and 1918
NS1A proteins affect virus replication, we generated recombi-
nant Ud viruses in which the Ud NS gene was replaced by
either the HK97, the VN04, or the 1918 NS gene. The recom-
binant viruses containing the VN04 or 1918 NS gene were

indistinguishable from the Ud parent virus, as measured by
plaque size in MDCK cells (Fig. 2A) and by multiple-cycle
growth in MDCK cells (Fig. 2B). In contrast, the recombinant
virus containing the HK97 NS gene formed pinpoint plaques,
and the rate of replication and virus yield during multiple-cycle
growth were approximately 100-fold lower than with the parent
Ud virus. These results demonstrate that the HK97 NS gene
attenuates virus replication in mammalian (MDCK) cells.

We have shown that the expression of F2F3 in cells leads to
the inhibition of influenza A virus replication, coupled with
increased production of IFN-� mRNA (30), indicating that
F2F3 blocks the binding of the NS1A protein to endogenous
CPSF30. The most dramatic evidence for this inhibition is
provided by plaque reduction assays (30). As is the case for the
parental Ud virus (30), the number of plaques produced on
F2F3-expressing cells by the recombinant Ud viruses contain-
ing either the 1918 or the VN04 NS gene was only 10% of that
produced on control cells (Fig. 3A), verifying that the NS1A
proteins encoded by the 1918 and VN04 NS genes bind to
CPSF30 during virus infection. In contrast, no reduction in
plaque number was observed for the F2F3-expressing cells with
the Ud recombinant containing the HK97 NS gene, demon-
strating that the encoded NS1A protein does not bind CPSF30
in infected cells.

This lack of CPSF30 binding to the NS1A protein resulted in
a substantial increase in the production of IFN-� mRNA dur-
ing single-cycle virus growth, as measured by quantitative re-
verse transcription-PCR (Fig. 3B). We used these high-MOI
conditions to ensure that we were measuring the amount of
IFN-� mRNA produced per infected cell. The amount of
IFN-� mRNA produced in cells infected by the Ud recombi-

FIG. 1. The HK97 NS1A protein does not bind the F2F3 fragment of CPSF30 and does not inhibit 3�-end processing of cellular pre-mRNAs.
(A) GST pulldown assay. GST-F2F3 or GST was mixed with 35S-labeled NS1A protein of the indicated virus. (B) 3�-end processing assay. 293 cells
(left panel) or quail embryo fibroblasts (right panel) were cotransfected with a pBC12 plasmid carrying a human �-globin gene and either an empty
pcDNA3 plasmid (lane 1) or a pcDNA3 plasmid encoding the indicated NS1A protein. RNA was analyzed by RNase protection using a
270-nucleotide-long RNA probe spanning the 3� cleavage site of the �-globin pre-mRNA. The protected RNA fragment corresponding to the
uncleaved pre-mRNA is 210 nucleotides long, and the RNA fragment corresponding to the 3�-end-cleaved pre-mRNA is 160 nucleotides long. No
residual probe containing 270 nucleotides was detected.
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nant containing the HK97 NS gene was approximately fourfold
greater than that produced in cells infected by either the Ud
parental virus or the Ud recombinant containing the VN04 NS
gene. These results indicate that the attenuation caused by the
HK97 NS gene likely resulted from increased production of
IFN-� mRNA due to the lack of CPSF30 binding by the en-
coded NS1A protein. Interestingly, the amount of IFN-�
mRNA produced in cells infected by the Ud recombinant
containing the 1918 NS gene was reproducibly fourfold lower
than that produced in cells infected by either the Ud parental
virus or the Ud recombinant containing the VN04 NS gene.

Two amino acid changes in the HK97 NS1A protein gener-
ate CPSF30 binding in vitro and in vivo. Based on the above
results, we predicted that we should be able to generate
CPSF30 binding by the HK97 NS1A protein by changing one

or more of its amino acids to the corresponding amino acid(s)
in the VN04 NS1A protein. Alignment of NS1A amino acid
sequences showed that the Teal and HK97 NS1A proteins
shared 13 amino acids that differed from the corresponding
amino acids that were shared by the VN04 and 1918 NS1A
proteins, assuming that the deletion of amino acids 80 to 84 in
the VN04 sequence is not relevant (Fig. 4). Of these 13 differ-
ences, we targeted 9, which were divided into the designated
four groups. The specific amino acid changes introduced into
the HK97 NS1A protein in each of these four groups are
designated in the legend of Fig. 4.

Changing the amino acids of the HK97 NS1A protein in
group 2 (G2) to their corresponding amino acids in the VN04
and 1918 NS1A proteins (L103-to-F and I106-to-M) yielded a
mutant HK97 NS1A protein that bound to F2F3 in vitro in a
GST pulldown assay (Fig. 5A, lane 6). In contrast, the amino
acid changes in the other three groups did not result in such a

FIG. 2. The Ud virus whose NS gene is replaced by the HK97 NS
gene is attenuated. (A) Size of the plaques on MDCK cells of the Ud
viruses containing the indicated NS gene. (B) Growth curves of the Ud
viruses containing the indicated NS gene after infection of MDCK cells
at a MOI of 0.001 PFU/cell.

FIG. 3. The Ud virus whose NS gene is replaced by the HK97 NS
gene does not bind CPSF30 and induces increased levels of IFN-�
mRNA during infection. (A) Plaque reduction assays on control and
F2F3-expressing MDCK cells using Ud viruses containing the indi-
cated NS gene. The plaque assay for the Ud recombinant containing
the HK97 NS gene was incubated for a day longer than the plaque
assay shown in Fig. 2A to increase the size of the plaques. (B) The
relative amounts of IFN-� mRNA produced during single-cycle growth
in MDCK cells of the Ud viruses containing the indicated NS gene.
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gain of function. It should be emphasized that the bases that
were mutated to produce the G2 amino acid changes are in the
intron that is removed by splicing to produce NS2 mRNA and
hence do not change the amino acid sequence of the NS2
protein encoded by the HK97 NS gene (10).

To determine the effects of these NS1A protein mutations
during virus infection, we generated a recombinant Ud virus in
which the Ud NS gene was replaced by an HK97 NS which
contained the G2 (�) mutations L103F and I106M [Ud/NS-
HK97(G2�) virus] and compared this recombinant virus to the
recombinant Ud virus containing the wild-type (wt) HK97 NS
gene [Ud/NS-HK97 virus]. During single-cycle growth, the
amount of IFN-� mRNA produced by infection with the Ud/
NS-HK97 virus was substantially (�25-fold) greater than that
produced by infection with the Ud/NS-HK97(G2�) virus (Fig.
5B), demonstrating that the mutational restoration of F2F3
binding to the NS1A protein resulted in reduced IFN-�
mRNA production during infection. This reduction in IFN-�
mRNA production resulted in an increased rate of virus rep-
lication during multiple-cycle growth: the rate of replication
and virus yield of the Ud/NS-HK97(G2�) virus were 100-fold
greater than those for the Ud/NS-HK97 virus (Fig. 5C). In

addition, the number of plaques produced on F2F3-expressing
cells by the Ud/NS-HK97(G2�) virus was only 10% of that
produced on control cells (Fig. 5D), verifying that the NS1A
protein encoded by this NS gene binds to CPSF30 during virus
infection. Changing only one of these two amino acids, either
L103 to F or I106 to M, in the HK97 NS1A protein had
intermediate effects on both reduction of IFN-� mRNA pro-
duction and increase in the rate of virus replication (data not
shown).

When the HK97 NS1A protein is expressed by a recombi-
nant virus encoding the other HK97 internal proteins, it is less
attenuating and binds CPSF30 to a substantial extent. The
above results suggested that the HK97 NS gene would also
attenuate virus replication in the context of the HK97 virus
itself. This possibility is counterintuitive, because the HK97
virus is highly pathogenic in mice, chickens, ferrets, and hu-
mans (7, 35). To test this possibility, we generated recombinant
viruses containing all HK97 genes except those encoding HA
and NA, which were derived from the Ud virus. We did not
include the HK97 HA and NA genes because of biosafety
concerns and because we are evaluating virus replication in
tissue culture cells rather than pathogenicity in animal models.

FIG. 4. Alignment of the protein sequences of Teal, HK97, VN04, and 1918 viruses (14). The positions of the groups (G1, G2, G3, and G4)
of mutations introduced into the HK97 NS1A protein are indicated. G1 consists of R55E, E60A, and H63Q; G2 consists of L103F and I106M;
G3 consists of N139D, A143T, and D152E; and G4 consists of T202A.
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One recombinant virus contained the wt HK97 NS gene, and
the other recombinant contained an HK97 NS gene with the
G2 (�) mutations (L103F and I106M). During multiple-cycle
growth, the rate of virus replication of the HK97 recombinant
virus containing the wt NS gene was approximately 20-fold
lower than that of the recombinant virus containing the G2 (�)

mutations (Fig. 6A). This reduced rate of replication was cou-
pled with increased production of IFN-� mRNA production
(�9-fold), as assayed during single-cycle growth (Fig. 6B).

One explanation for these results is that the wt HK97 NS1A
containing the G2 (�) amino acids at positions 103 and 106 (L
and I, respectively) does not bind CPSF30 when it is expressed

FIG. 5. The G2 (�) (I106M and L103F) mutations in the HK97 NS1A protein are required for the acquisition of CPSF30 binding that
effectively suppresses IFN-� mRNA synthesis in infected cells and enhances virus replication. (A) GST pulldown assay. GST-F2F3 or GST was
mixed with the wt or indicated mutant HK97 35S-labeled NS1A protein. (B) The relative amounts of IFN-� mRNA produced during single-cycle
growth in MDCK cells of the Ud recombinants containing either the wt or G2 (�) mutant HK97 NS gene. (C) Growth curves of the Ud
recombinant viruses containing the wt or G2 (�) mutant HK97 NS gene after infection of MDCK cells at low MOI. (D) Plaque reduction assay
on control and F2F3-expressing MDCK cells using the Ud recombinant containing the G2 (�) mutant HK97 NS gene.

FIG. 6. The HK97 NS gene also attenuates virus replication in the context of the other internal HK97 genes due to the identity of the amino
acids at 103 and 106 in the NS1A protein. (A) Growth curves of recombinant viruses containing either the wt or G2 (�) mutant HK97 NS gene
and all HK97 genes except those encoding HA and NA. (B) The amount of IFN-� mRNA produced during single-cycle growth of the recombinant
containing the wt HK97 NS gene relative to that produced by the recombinant containing the G2 (�) mutant HK97 NS gene.
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in a recombinant virus that encodes the other HK97 internal
proteins (HK97 virus), as is the case when the HK97 NS1A
protein is expressed in a recombinant virus that encodes inter-
nal Ud proteins (Fig. 2 to 5). However, this is not the case: the
wt HK97 NS1A protein does indeed bind CPSF30 to a sub-
stantial extent when it is expressed in the HK97 virus. Several
lines of evidence established this conclusion.

First, the replication of the HK97 virus is approximately
100-fold faster than that of the Ud/NS-HK97 virus (Fig. 7A),
and the increased rate of replication of the HK97 virus is
accompanied by a ninefold reduction in the production of
IFN-� mRNA compared to that of the Ud/NS-HK97 virus
(Fig. 7B). Second, the HK97 virus has a property that is not
shared by the Ud/NS-HK97 virus, specifically, inhibition of
replication in F2F3-expressing cells (Fig. 7C). The number of
plaques on F2F3-expressing cells formed by the HK97 virus
was reduced 70%, whereas no reduction in plaque number was
observed for F2F3-expressing cells with the Ud/HK97-NS virus
(Fig. 3A and 7C). The inhibition observed for F2F3-expressing

cells is less than that observed when the HK97 NS1A protein
contains F103 and M106, in the presence of either Ud or HK97
internal genes: plaque reduction in the F2F3-expressing cells
was 90% (Fig. 3A, 5D, and 7C). These F2F3 inhibition results
show that CPSF30 gains substantial access to the consensus
CPSF30 binding site on the HK97 NS1A protein only when it
is expressed in the presence of its cognate (HK97) internal
proteins, despite the absence of F103 and M106 in the HK97
NS1A protein. Such access of CPSF30 to a binding site on the
HK97 NS1A protein explains the decreased production of
IFN-� mRNA by the HK97 virus compared to that of the
Ud/NS-HK97 virus (Fig. 7A).

To verify that the HK97 NS1A protein expressed by the
HK97 virus binds CPSF30, we transfected 293T cells with a
plasmid expressing 3�FLAG-CPSF30 or as a control with an
empty plasmid. Twenty-four hours later, the cells were infected
with either the Ud, the HK97, or the Ud/NS-HK97 virus for
12 h. Cell extracts were immunoprecipitated with anti-FLAG
antibody, followed by immunoblotting using anti-NS1A anti-
body. As shown in Fig. 8, the Ud NS1A protein and the HK97
NS1A protein expressed by the HK97 virus coimmunoprecipi-
tated with 3�FLAG-CPSF30. In contrast, little or none of the
HK97 NS1A protein expressed by the Ud/NS-HK97 virus co-
immunoprecipitated with 3�FLAG-CPSF30. We conclude
that the presence of coexpressed cognate (HK97) internal pro-
teins enables the HK97 NS1A protein that lacks F103 and
M106 to bind CPSF30 in virus-infected cells. Nonetheless,
CPSF30 binding is more effective when the HK97 NS1A pro-
tein expressed by the HK97 virus contains F103 and M106,
because the presence of these two consensus amino acids re-
sults in a 20-fold increase in the rate of HK97 virus replication
coupled with a decrease in IFN-� mRNA production (Fig. 6A
and B) and also results in greater inhibition of virus replication
in F2F3-expressing cells, i.e., 90% rather than 70% inhibition
of plaque number (Fig. 3A, 5D, and 7C). Thus, the internal
cognate (HK97) proteins substantially, but not completely,
compensate for the absence of F103 and M106 in the HK97
NS1A protein (see Discussion).

FIG. 7. The HK97 virus is substantially less attenuated than the
Ud/NS-HK97 virus and, unlike the Ud/NS-HK97 virus, is inhibited in
F2F3-expressing cells. (A) Growth curves of the HK97 and Ud/NS-
HK97 viruses after infection of MDCK cells at low MOI. (B) The
amount of IFN-� mRNA produced during single-cycle growth of the
HK97 virus relative to that produced by the Ud/NS-HK97 virus.
(C) Plaque reduction assays on control and F2F3-expressing MDCK
cells of the recombinant viruses expressing the indicated NS and in-
ternal (PA, PB1, PB2, NP, M) genes. The plaque assay for the Ud/
NS-HK97 virus was incubated for a day longer than the other plaque
assays to increase the size of the plaques.

FIG. 8. The HK97 NS1A protein binds to CPSF30 in cells infected
by the HK97 virus but not in cells infected by the Ud/NS-HK97 virus.
293T cells were transfected with the indicated plasmids and infected
with the indicated recombinant influenza A viruses. Extracts from cells
collected at 12 h after virus infection were immunoprecipitated with
anti-FLAG M2 monoclonal antibody, and the immunoprecipitates
were analyzed by immunoblotting with either anti-Ud NS1A antibody
or anti-FLAG antibody.
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DISCUSSION

In this study we show that the NS1A protein of the patho-
genic HK97 virus that was transmitted to humans in 1997 has
an intrinsic defect in binding CPSF30. It does not bind CPSF30
in vitro and causes high IFN-� mRNA production and reduced
virus replication in MDCK cells when expressed in a recombi-
nant virus in which the other viral proteins are encoded by Ud.
We traced the defect in CPSF30 binding to the identity of two
NS1A amino acids, L at position 103 and I at position 106,
which were present in all the H5N1 viruses isolated from hu-
mans in 1997 and 1998 (Table 1). In contrast, the NS1A pro-
tein of the 2004 pathogenic VN04 virus has F and M at posi-
tions 103 and 106, respectively, and as a result binds CPSF30 in
vitro and does not attenuate virus replication in MDCK cells.
All the NS1A proteins of H5N1 viruses isolated from humans
after 2003 have F and M at these positions (Table 1). These
two amino acid changes in the NS1A protein result from two
single-base mutations: an A-to-C mutation that converts a
UUA codon (L) to a UUC codon (F), and a U-to-G mutation
that converts an AUU codon (I) to an AUG codon (M) (un-
derlining indicates base mutation) (14). It is unlikely that the
functional significance of these two single-base changes could
be deduced from the sequence analysis of the HK97 and VN04
NS genes. Essentially all (	98%) of the influenza A viruses
(H3N2, H2N2, and H1N1) that have been isolated from hu-
mans, including the H3N2 Ud and 1918 H1N1 viruses, contain
F and M at positions 103 and 106, respectively, in their NS1A
proteins (14) (see Table 3). The high conservation of these two
amino acids strongly suggests that replication in humans pro-
vides selective pressure for efficient binding of CPSF30 by the
NS1A protein to suppress the production of IFN-� mRNA.

Surprisingly, the NS1A protein of several H5N1 viruses iso-
lated from avian species in 1997, unlike the NS1A protein of
H5N1 viruses isolated from humans at that time, had F and M
at 103 and 106, respectively (14) (Table 2). In addition, from
1999 to 2002, a period during which no H5N1 viruses were
isolated from humans, the vast majority of the H5N1 viruses
isolated from avian species encoded NS1A proteins with F and
M at these positions. We presume that these avian H5N1
viruses were the source of the H5N1 viruses that were trans-

mitted to humans in 2003. The predominance of these avian
H5N1 viruses after 1998 suggests two possibilities: (i) that
replication of H5N1 viruses in avian species, as well as in
humans, provides selective pressure for efficient binding of
CPSF30 by the NS1A protein to suppress the production of
IFN-� mRNA; and/or (ii) that during the 1999-to-2002 period
there were a significant number of undocumented H5N1 virus
infections of mammalian species, where the selective pressure
for efficient suppression of IFN-� production occurred. Con-
sistent with the latter possibility, the single H5N1 virus isolate
from mammals in 2001 (A/swine/Fujian/F1/2001) encodes an
NS1A protein with the consensus mammalian sequence at
positions 106 (M) and 103 (F) (14). In contrast to the avian
H5N1 NS1A proteins, there is considerable variability in the
identities of the amino acids at positions 103 and 106 in the
NS1A proteins of the avian H9N2 and H6N1 viruses that were
cocirculating with avian H5N1 viruses from 1997 to 2006 (14)
(Table 3). Although the majority (78%) of the H6N1 NS1A
proteins contain M at 106, only 17% contain both M106 and
F103. Only 11% of the H9N2 NS1A proteins contain both
M106 and F103. Apparently, replication of H6N1 and H9N2
viruses in avian species tolerates different efficiencies of

TABLE 1. Identities of the amino acids at 106 and 103 in H5N1
NS1A proteins isolated from humans since 1997 (14)

Yr of isolation

No. of virus isolates with indicated
amino acid at NS1A positiona:

106 103

I M L F

1997 16 0 16 0
1998 1 0 1 0
1999 0 0 0 0
2000 0 0 0 0
2001 0 0 0 0
2002 0 0 0 0
2003 0 5 0 5
2004 0 16 0 16
2005 0 15 0 15
2006 0 44 0 44

a The positions corresponding to amino acids 103 and 106 are based on the
sequence of the HK97 NS1A protein.

TABLE 2. Identities of the amino acids at 106 and 103 in H5N1
NS1A proteins isolated from avian species since 1997 (14)

Yr of isolation

No. of virus isolates with indicated
amino acid at NS1A positiona:

106 103

I M L F

1997 11 5 11 4
1998 0 0 0 0
1999 0 5 0 1
2000 2 13 1 4
2001 1 49 2 47
2002 4 37 3 37
2003 1 50 2 47
2004 3 171 1 172
2005 3 208 3 207
2006 0 109 0 109

a The positions corresponding to amino acids 103 and 106 are based on the
sequence of the HK97 NS1A protein.

TABLE 3. The amino acids at 106 and 103 in the NS1A proteins of
human and avian (H9N2 and H6N1) influenza A viruses (14)

Virus strain

Amino acid (% of total) at positiona:

106 103

M I Other F Y L Other

Human H3N2 99.9 0.1 0 99.5 0 0.4 0.1
Human H2N2 100 0 0 100 0 0 0
Human H1N1 99.5 0.5 0 98.5 0 1 0.5
Avian H9N2 14.2 85.2 0.6 23.9 1.1 73.9 1.1
Avian H6N1 78.3 21.7 0 19.5 2.2 78.3 0

a The positions corresponding to amino acids 103 and 106 are based on the
sequence of the HK97 and Ud virus NS1A proteins. The number of virus strains
included in this analysis are as follows: for human H3N2, 945 (1968 to 2005); for
human H2N2, 49 (1957 to 1974); for human H1N1, 200 (1918 to 2004); for avian
H9N2, 176 (1997 to 2006); and for avian H6N1, 46 (1997 to 2006). Of the avian
H9N2 and H6N1 NS1A proteins, 11% and 17%, respectively, contain both M at
106 and F at 103. The two mouse-adapted H1N1 strains, A/WSN/33 and A/PR8/
34, were not included in the human strains.
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CPSF30 binding and different levels of IFN-� mRNA produc-
tion.

The recently obtained X-ray crystal structure of the complex
of the Ud NS1A effector domain with F2F3 has identified the
CPSF30 binding pocket on the NS1A protein, which is com-
prised of amino acids that are highly conserved among human
influenza A viruses, including the 1918 virus and all H5N1
viruses (e.g., HK97 and VN04) (Das et al., submitted). The
crystal structure also shows that F103 and M106 are not part of
the CPSF30 binding pocket but rather participate in critical
intermolecular interactions that stabilize the NS1A:F2F3 com-
plex, and their replacement by other amino acids, L at 103 and
I at 106, disrupts the complex. These structural results explain
why the HK97 NS1A protein, which contains L103 and I106,
does not bind F2F3 in vitro and does not bind CPSF30 in vivo
when it is expressed in a virus that encodes the internal pro-
teins of a different influenza A virus, i.e., the Ud virus.

However, CPSF30 does bind to a substantial extent to the
consensus binding pocket on the HK97 NS1A protein when it
is expressed in a virus that also encodes the other internal
HK97 internal proteins. Consequently, these cognate (HK97)
internal proteins, unlike their Ud counterparts, are capable of
substantially, though not completely, compensating for the ab-
sence of F103 and M106 and thus enabling CPSF30 to bind to
the HK97 NS1A protein. This result indicates that one or more
of these cognate (HK97) internal proteins most likely interact
with, and hence substantially stabilize, the complex containing
the HK97 NS1A protein and CPSF30. Preliminary results show
that such binding of CPSF30 to the HK97 NS1A protein re-
quires the HK97 polymerase complex (PB1, PB2, PA, and NP)
but not the HK97 M protein. These results strongly suggest a
specific NS1A-polymerase interaction, i.e., that the HK97 poly-
merase complex, unlike its Ud counterpart, interacts with the
HK97 NS1A protein to stabilize the structure of the
HK97NS1A:CPSF30 complex in vivo in the absence of M at
106 and F at 103. As a consequence, the F2F3 region of
CPSF30 would be able to access the consensus binding pocket
on the HK97 NS1A protein, albeit not as effectively as when
these two NS1A amino acids are present. It is reasonable to
propose that a similar NS1A-polymerase interaction also oc-
curs with other influenza A viruses, but such an interaction
would not be evident when the NS1A protein contains the
consensus F103 and M106 amino acids that by themselves are
sufficient to stabilize the NS1A:CPSF30 complex. We are cur-
rently carrying out experiments to elucidate the molecular
mechanisms underlying this apparent NS1A-polymerase inter-
action.

Despite encoding an NS1A protein with an intrinsic CPSF30
binding defect, the 1997 HK97 virus is still highly pathogenic in
birds, humans, mice, and ferrets (7, 35). In addition, the NS1A
protein of the mouse-adapted influenza A/PR8/34 (PR8) virus,
which is pathogenic in mice (33), lacks the human F103 and
M106 consensus sequence (14) and does not bind F2F3 in vitro
(R.-L. Kuo, K. Y. Twu, J. Marklund, and R. M. Krug, unpub-
lished experiments). These findings indicate that pathogenicity
does not require a fully functional NS1A protein and that other
viral proteins are sufficient to confer a pathogenic phenotype,
consistent with other results indicating that pathogenicity/vir-
ulence is polygenic (8, 21, 33). In other words, virulence cannot
be ascribed to a single specific viral gene but rather requires a

combination of several viral genes. Consequently, more than
one virus-induced effect on the host may be required for vir-
ulence and/or virulence may require that two or more of the
viral proteins undergo specific interactions with each other
(21). The latter situation is likely the case for the HK97 virus,
because the intrinsic CPSF30 binding defect of the HK97
NS1A protein is apparently ameliorated by an interaction with
its cognate (HK97) polymerase complex. Without this amelio-
ration of CPSF30 binding, it is not likely that the HK97 virus
would be pathogenic in mammals. We are currently determin-
ing whether the PR8 NS1A protein and the small number
(
2%) of the human virus NS1A proteins that lack F103 and
M106 bind to CPSF30 when they are expressed by a virus that
also encodes their cognate internal proteins.

In addition, our results may explain why the VN04 virus is
more pathogenic than the HK97 virus (16). The VN04 NS1A
protein, unlike the HK97 NS1A protein, is not intrinsically
defective in binding CPSF30, and hence the VN04 NS1A pro-
tein is more effective than the HK97 NS1A in blocking the
production of IFN-� mRNA and is not attenuating for virus
replication. The superior activity of the VN04 NS1A protein
may be responsible for rendering the VN04 virus more patho-
genic than the HK97 virus. We are currently testing this hy-
pothesis in animal models.
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