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Recent studies have demonstrated that influenza A virus infection activates the phosphatidylinositol 3-ki-
nase (PI3K)/Akt signaling pathway by binding of influenza NS1 protein to the p85 regulatory subunit of PI3K.
Our previous study proposed that two polyproline motifs in NS1 (amino acids 164 to 167 [PXXP], SH3 binding
motif 1, and amino acids 213 to 216 [PPXXP], SH3 binding motif 2) may mediate binding to the p85 subunit
of PI3K. Here we performed individual mutational analyses on these two motifs and demonstrated that SH3
binding motif 1 contributes to the interactions of NS1 with p85@, whereas SH3 binding motif 2 is not required
for this process. Mutant viruses carrying NS1 with mutations in SH3 binding motif 1 failed to interact with
p85f and induce the subsequent activation of PI3K/Akt pathway. Mutant virus bearing mutations in SH3
binding motif 2 exhibited similar phenotype as the wild-type (WT) virus. Furthermore, viruses with mutations
in SH3 binding motif 1 induced more severe apoptosis than did the WT virus. Our data suggest that SH3
binding motif 1 in NS1 protein is required for NS1-p85@ interaction and PI3K/Akt activation. Activation of
PI3K/Akt pathway is beneficial for virus replication by inhibiting virus induced apoptosis through phosphor-

ylation of caspase-9.

Influenza A viruses are important pathogens that are con-
tagious and cause acute respiratory disease in humans and
different animal species. The RNA segment 8 of influenza A
virus encodes two proteins: NS1 and NS2/NEP (19). NS1 is a
multifunctional protein, which is translated from unspliced
mRNA (20). Two functional domains have been identified in
the NS1 protein: the RNA-binding domain near the N termi-
nus and the effector domain in the C terminus (28). The RNA-
binding activity of NS1 protein correlates with its ability to
inhibit cellular pre-mRNA splicing (23, 29). RNA binding by
NSI1 is also required to efficiently counteract cellular alpha/
beta interferon (IFN-«/B) functions (10) by inhibiting the ac-
tivation of protein kinase R (PKR) (13, 24) and transcription
factors NF-«kB, IRF-3, and IRF-7 (36, 40). Within the effector
domain of NSI, two binding sites for cellular proteins were
identified. The binding site for the cleavage and polyadenyla-
tion specificity factor is positioned around amino acid 186 and
the poly(A)-binding protein II binding site is located between
amino acids 223 and 237 (22). These binding sites are required
for the inhibition of 3’-end processing of cellular pre-mRNAs.
New studies showed that NS1 protein interacts with various
cellular proteins and thus is involved in regulating different
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functions. NS1 of influenza A virus was found to bind to RIG-I
and inhibit downstream activation of IRF-3, thus preventing
the transcriptional induction of IFN-B (26). NS1 was also
found to bind directly to PKR (21) via the amino acid sequence
from amino acids 123 to 127, leading to inhibition of PKR
activation (27).

Phosphatidylinositol 3-kinases (PI3Ks) are a family of cellu-
lar heterodimeric enzymes that consist of a regulatory subunit
(p85) and a catalytic subunit (p110). PI3K is activated by bind-
ing of the Src homology 2 (SH2) domains in the p85 subunit to
autophosphorylated receptor or nonreceptor tyrosine kinases
or some viral proteins in the cytoplasm (4, 14, 32, 34, 35). After
activation, the p110 subunit of PI3K phosphorylates the lipid
substrate phosphatidylinositol-4,5-bisphosphate (PIP2) to pro-
duce phosphatidylinositol-3,4,5-trisphosphate (PIP3) (38).
This molecule serves as a lipid second messenger and is able to
regulate phosphorylation of a number of kinases, including
Akt. Akt is activated via phosphorylation at Thr-308 and Ser-
473 (1). Phosphorylated Akt plays a central role in modulating
diverse downstream signaling pathways associated with cell
proliferation, migration, differentiation, and the prevention of
apoptosis (5, 41).

Recently, increasing amounts of information have demon-
strated that influenza A virus infection leads to PI3K/Akt path-
way activation by interaction of the viral NS1 protein with the
p85 subunit of PI3K (8, 11, 31). Previously, we proposed three
motifs in the NSI protein, namely, the SH2 binding motif
(amino acids 89 to 93 [YXXXM]), the SH3 binding motif 1
(amino acids 164 to 167 [PXXP]), and the SH3 binding motif
2 (amino acids 212 to 216 [PPXXP]) may be involved in NS1-
p85 interaction and PI3K/Akt pathway activation. Further-
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more, we showed that mutant virus PR8-SH2/SH3mt, which
encodes NS1 with a total of six mutations, including Y89F and
five substitutions for proline, failed to bind to p85 and thus did
not activate PI3K/Akt pathway (31). Consistent with our data,
mutational studies by Hale et al. revealed that both Tyr-89 and
Met-93 are essential for the interaction of NS1 with p858 (11).

The present study was initiated to determine the role of the
two SH3 binding motifs in NS1 protein in p85f interaction and
PI3K/Akt pathway activation. We performed mutational anal-
ysis and report here that SH3 binding motif 1 is essential for
the NS1-p85pB interaction and PI3K/Akt pathway activation,
whereas SH3 binding motif 2 is not required for this process.
Consistent with no PI3K/Akt activation, mutant viruses con-
taining mutations of SH3 binding motif 1 are attenuated for
growth and are more proapoptotic than wild-type (WT) virus.
Our data suggest that SH3 binding motif 1 in NS1 mediates
influenza A virus-induced activation of the PI3K/Akt pathway,
which is beneficial for virus replication by inhibiting virus-
induced apoptosis.

MATERIALS AND METHODS

Cells and virus. A549 cells (human lung carcinoma cells) and 293T (human
embryonic kidney) cells were maintained in Dulbecco modified Eagle medium
(Invitrogen) containing 10% fetal bovine serum. Madin-Darby canine kidney
(MDCK) cells were cultivated in minimal essential medium (Invitrogen) supple-
mented with 10% fetal bovine serum. Influenza A/PR/8/34 (HIN1) (PRS8) was
propagated at 37°C in 11-day-old embryonated chicken eggs. Virus titers were
determined on MDCK cells by plaque assay.

Plasmids. Mutations in the NS1 protein coding sequence were introduced into
the plasmid pHW198-NS (15). Plasmid pHW-NS-SH3-mf-1 encodes mutant NS1
with prolines at 164 and 167 replaced by alanines (P164-167A). It was generated
by replacing the 48 nucleotides between Mfel and BbvCI with an oligonucleotide
pair (Fw [5'-AAT TGT TGG CGA AAT TTC TGC ATT GGC TTC TCT TGC
AGG ACA TAC TGC-3'] and Bw [5'-TCA GCA GTA TGT CCT GCA AGA
GAA GCC AAT GCA GAA ATT TCG CCA AC-3']). Plasmid pHW-NS-SH3-
mf-2 encoding mutant NS1 with a proline at 212 replaced by serine and prolines
at 213 and 216 replaced by alanines (P212S/P213-216A) was generated by site-
directed mutagenesis using the primers NS-P212S/P213-216A Fw (5'-ATG AGA
ATG GGA GAT CTG CAC TCA CTG CAA AAC AGA AAC G-3') and
NS-P212S/P213-216A Bw (5'-CGT TTC TGT TTT GCA GTG AGT GCA GAT
CTC CCA TTC TCA T-3"). Plasmid pHWNS-SH3-mf-1/2mt encodes NS1 pro-
tein with mutations at P164-167A and P212S/P213-216A. It was generated by
replacing the 48 nucleotides of pHW-NS-SH3-mf-2 with the oligonucleotide pair
as described above.

WT NS1 and its respective mutants were PCR amplified by using the plasmids
described above as a template and cloned into pcDNA3.1(—) (Invitrogen) at the
Nhel and EcoRI sites, resulting in plasmids pcDNA-NS1, pcDNA-NS1-SH3-
mf-1, pcDNA-NS1-SH3-mf-2, and pcDNA-NS1-SH3-mf-1/2, respectively. All of
the mutations were confirmed by restriction enzyme digestions, followed by
DNA sequencing.

Plasmid pGEX-4T3-p85B was purchased from Addgene (Addgene plasmid
1406). This plasmid encodes mouse p858 and was used in a glutathione S-
transferase (GST) pull-down assay. Mouse p85B gene was isolated by digesting
pGEX-4T3-p85B with EcoRI/Xhol and then ligated into pcDNA4HisMax-B at
EcoRI/Xhol sites (Invitrogen), generating plasmid pcDNA4-HisMax-mp858.
This plasmid was used in an Ni-Sepharose bead pull-down assay.

Generation of NS1 mutant viruses. NS1 mutant viruses were generated by
using an eight-plasmid reverse genetics system described by Hoffmann et al. (16).
Plasmids pHW191-PB2, pHW192-PB1, pHW193-PA, pHW194-HA, pHW195-
NP, pHW196-NA, pHW197-M, and pHW198-NS (15) were kindly obtained from
E. Hoffmann and R. G. Webster (St. Jude Children’s Research Hospital, Mem-
phis, TN). The cocultured MDCK and 293T cells (3 X 10° cells per well of each
six-well plate) were transfected with eight plasmids (pHW191-PB2, pHW192-
PB1, pHW193-PA, pHW194-HA, pHW195-NP, pHW196-NA, and pHW197-M
and each mutant NS1-encoding plasmid) by using TransIT LT-1 (Mirus) accord-
ing to the manufacturer’s instructions. Briefly, 2 pl of TransIT LT-1 per 1 pg of
DNA was mixed, incubated at room temperature for 45 min, and added to the
cells. After 6 h, the DNA-transfection mixture was replaced by 1 ml of Opti-
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MEM (Invitrogen). Twenty-four hours later, 1 ml of Opti-MEM containing
TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-trypsin (1 wg/ml) was
added to the cells. Seventy-two hours later, the supernatant was harvested and
passaged once on MDCK cells. Mutant viruses were rescued and named PRS-
SH3-mf-1, PR8-SH3-mf-2, and PR8-SH3-mf-1/2. The viruses were propagated in
9- to 10-day-old embryonated chicken eggs and characterized by sequencing of
the reverse transcription-PCR product derived from the NS segment.

Antibodies. Phospho-Akt (Ser-473; 193H12) rabbit monoclonal antibody
(MADb), phospho-Akt (Thr-308; 244F9) rabbit MAb, rabbit polyclonal PARP
antibody, rabbit polyclonal Akt antibody, horseradish peroxidase (HRP)-conju-
gated anti-rabbit immunoglobulin G (IgG), and HRP-conjugated anti-mouse
IgG were purchased from Cell Signaling Technology. Rabbit polyclonal
p-caspase-9 (Ser-196), monoclonal PI3K p858 (T15; non-cross-reactive with
p85a, sc56934) antibody, rabbit IgG, and mouse IgG were purchased from Santa
Cruz Biotechnology. Monoclonal mouse anti-His6 antibody was purchased from
BD Biosciences. Monoclonal M1 antibody was purchased from Serotec. Alkaline
phosphatase-conjugated anti-rabbit IgG and Cy2-conjugated anti-mouse IgG
were purchased from Jackson Immunoresearch. Rabbit polyclonal NS1 was
generated in our laboratory (30).

Western blot analysis. Western blotting was performed as described previously
(30) with minor modifications. Briefly, A549 cells (1 X 10°) or MDCK cells (7 X
10°) were plated into 35-mm dishes and were mock infected or infected with
influenza viruses at a determined multiplicity of infection (MOI). At the indi-
cated times, cell monolayers were washed with 0.01 M phosphate-buffered saline
(PBS; 0.138 M NaCl, 0.0027 M KCI [pH 7.4]) and lysed with cell lysis buffer (Cell
Signaling Technology) supplemented with 1 mM phenylmethanesulfonyl fluoride
(Sigma). The lysates were collected and incubated on ice for 10 min. Lysates
were cleared by centrifugation for 5 min at 12,000 X g at 4°C. The supernatant
was analyzed for total protein content by using a Bradford assay (Bio-Rad). A
portion (30 pg) of total protein was resolved by sodium dodecyl sulfate-10%
polyacrylamide gel electrophoresis (SDS-10% PAGE) and transferred onto ni-
trocellulose membranes (Bio-Rad). Membranes were blocked for nonspecific
binding with Tris-buffered saline (0.1 M Tris [pH 7.6], 0.9% NaCl) containing
0.1% Tween 20 and 10% skim milk for 1 h at room temperature. For examina-
tion of NS1 and His-tagged protein, cell lysates were probed with NS1 (1:2,000)
or Hisg (1:3,000) antibody, followed by incubation with alkaline phosphatase-
conjugated anti-rabbit IgG (1:10,000). The immunoblots were then visualized by
incubating with BCIB/NBT premix solution (Sigma). For examination of phos-
phorylated Akt, total Akt, p85B, p-caspase-9, or PARP, a primary antibody was
diluted according to the manufacturer’s suggestion and applied overnight at 4°C.
A secondary antibody of HRP-conjugated anti-rabbit IgG or HRP-conjugated
anti-mouse IgG was then added at room temperature for 1 h. The immunoblots
were visualized with an enhanced chemiluminescence reagent (ECL Advance
Western Blotting Detection Kit; GE Healthcare).

Coimmunoprecipitation analysis. A549 cells were mock infected or infected
by the viruses at an MOI of 1. At 6 h postinfection (p.i.), cell lysates were
prepared as described above. Cell lysates (500 pg) were precleared by 5 ng of
rabbit IgG and protein A-Sepharose beads (GE Healthcare). Then, 5 pg of NS1
antibody or rabbit IgG was immobilized to protein A-Sepharose beads, followed
by incubation with precleared cell lysates for 2 h at 4°C. After extensive washes,
the precipitated proteins were subjected to SDS-PAGE, followed by Western
blotting with NS1 or p85@ antibody.

Transfection. 293T cells were seeded in a six-well plate at a density of 10%/well.
A total of 1 ug of pcDNA3.1(—), pcDNA-NS1, pcDNA-NS1-SH3-mf-1, pcDNA-
NS1-SH3-mf-2, or pcDNA-NS1-SH3-mf-1/2 was transfected by using CaCl, ac-
cording to a protocol described previously (17). After 24 h, cell lysates were
prepared as described above and subjected to a GST pull-down assay.

293T cells seeded in a six-well plate were cotransfected by 1 pg of pcDNA-NS1
or its derivatives and 1 pg of pcDNA4HisMax-mp858 using the CaCl, method.
Twenty-four hours later, cell lysates were prepared and subjected to a Ni-
Sepharose bead pull-down assay.

GST and Ni-Sepharose bead pull-down assay. Escherichia coli BL21 cultures
expressing GST-p85p fusion protein or GST alone were grown to mid-log phase
and induced with 0.1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) at 22°C
for overnight. The bacterial pellets were resuspended in PBS and sonicated to
lyse the cells. Triton X-100 was added to the lysates to a final concentration of
1%, and the mixture was incubated for 30 min to aid in solubilization of the
fusion protein. Pellets were removed by centrifugation at 12,000 X g for 10 min
at 4°C. The protein concentration was measured by Bradford assay. Aliquots of
the supernatant were stored at —20°C.

A total of 250 pg of each GST fusion protein lysates was bound to 25 pl of 50%
pre-equilibrated glutathione-agarose beads slurry (GE Healthcare) for 1 h at
4°C; the beads were then washed three times with radioimmunoprecipitation
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FIG. 1. Characterization of mutant viruses. (A) Schematic diagram showing the locations of two SH3 binding motifs on WT NS1 and the
changes in amino acid sequence in NS1 encoded by mutant viruses. (B) Plaques formed by WT, PR8-SH3-mf-1, PR8-SH3-mf-2, and PR8-SH3-
mf-1/2 viruses on MDCK cells. (C) Multiple cycle growth curves of WT, PR8-SH3-mf-1, PR8-SH3-mf-2, and PR8-SH3-mf-1/2 on MDCK cells.
Cells were infected in triplicate with each virus at an MOI of 0.001. Media were collected at 12-h intervals until 72 h p.i., and titers were determined
by plaque assay on MDCK cells. The mean titer values at each time point were plotted with the associated standard deviation displayed as error
bars. (D) Intracellular localization of NS1 protein encoded by WT, PR8-SH3-mf-1, PR8-SH3-mf-2, or PR8-SH3-mf-1/2 mutant viruses. Cells were
infected by the viruses at an MOI of 1; at 7 h p.i. the cells were fixed, permeabilized, and stained with NS1 antibody, followed by Cy2-conjugated

anti-rabbit IgG.
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assay buffer (0.5 M Tris [pH 8.0], 0.15 M NaCl, 0.1% SDS, 1% NP-40, 1%
deoxycholate) containing 1X Complete protease inhibitor cocktail (Roche).
Then, 100 pl of lysates (1 pg/pl) from infected A549 cells or transfected 293T
cells was incubated with glutathione-agarose bead GST fusion protein complexes
in PBS. After 2 h of incubation at 4°C, the beads were washed five times in
radioimmunoprecipitation assay buffer. Bound proteins were resolved by SDS-
PAGE, followed by Western blotting with NS1 antibody.

Next, 200 pl of cotransfected cell lysates (0.5 pug/pl) was incubated with 50 pl
of 50% Ni-Sepharose 6 Fast Flow (GE Healthcare) slurry. The reaction volume
was made up to 500 pl with PBS and incubated for 2 h at 4°C. After five washes,
bound proteins were resolved by SDS-PAGE, followed by Western blotting with
NS1 or Hisg antibody or Coomassie blue staining.

Immunofluorescence staining. MDCK cells (2 X 10*well) were plated on an
eight-well chamber slide and infected by WT or mutant viruses at an MOI of 1.
At predetermined times postinfection, cells were fixed in a mixture of acetone-
methanol (1:1) for 15 min at —20°C. After rehydration with PBS, cells were
incubated with polyserum NS1 or monoclonal M1 antibody for 1 h at room
temperature. Cells were rinsed three times with PBS and incubated with Cy2-
conjugated goat anti-rabbit or anti-mouse IgG for 45 min at room temperature.
Finally, the cells were counterstained with DAPI (4',6'-diamidino-2-phenylindole;
Roche) for 5 min. Images were obtained on a Carl Zeiss Axiovert 200M inverted
fluorescence microscope.

RESULTS

Generation and characterization of mutant viruses carrying
mutations in NS1 SH3 motifs. In order to investigate the
contribution of two SH3 binding motifs on NS1 to the binding
of p85 and the subsequent activation of the PI3K/Akt pathway,
we generated three mutant viruses by reverse genetics. PRS-
SH3-mf-1 carries mutations in NS1 SH3 binding motif 1, where
prolines at amino acids 164 and 167 were replaced by alanines.
PR8-SH3-mf-2 bears mutations in NS1 SH3 binding motif 2,
where prolines at amino acids 212, 213, and 216 were mutated.
To avoid introducing any mutations in NS2 protein, the proline
at amino acid 212 was replaced by serine and the prolines at
amino acids 213 and 216 were replaced by alanines. PR8-SH3-
mf-1/2 harbors mutations in NS1 SH3 binding motifs 1 and 2
(Fig. 1A). These mutant viruses allowed us to identify the role
of each individual motifs, as well as whether the two SH3
binding motifs work synergistically in the PI3K/Akt signaling
pathway. The genotype of the mutant viruses were character-
ized and confirmed by DNA sequencing of the reverse tran-
scription-PCR product derived from the NS gene of mutant
viruses. Mutant viruses PR8-SH3-mf-1, PR8-SH3-mf-2, and
PRS8-SH3-mf-1/2 grown in 9- to 10-day-old embryonated eggs
had titers of 8.79 X 107 PFU/ml, 2.13 X 10® PFU/ml, and 8.9 X
107 PFU/ml, respectively. We examined the replication poten-
tial of the mutant viruses in MDCK cells by monitoring the
plaque size and multiple cycle growth kinetics. As shown in
Fig. 1B, PR8-SH3-mf-1 and PR8-SH3-mf-1/2 formed small
plaques, whereas PR8-SH3-mf-2 formed plaques similar in size
to those of the WT virus, indicating that PR8-SH3-mf-1 and
PR8-SH3-mf-1/2 are attenuated for growth. To assess the de-
gree of attenuation for the mutant viruses, we compared the
multiple cycle growth kinetics of the mutant viruses to that of
the WT PR8 in MDCK cells. MDCK cells were infected at an
MOI of 0.001, supernatant was harvested at 12-h intervals until
72 h p.i., and virus titers were determined by plaque assay. All
of the viruses reached a plateau at 36 h p.i. PR8-SH3-mf-1 and
PRS8-SH3-mf-1/2 grew to titers approximately 1 to 1.5 log lower
than the WT virus. PR8-SH3-mf-2 grew slightly slower than
WT virus after 60 h p.i. (Fig. 1C). Finally, to determine
whether the mutant NS1 proteins show a different subcellular
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FIG. 2. SH3 binding motif 1 in NS1 is required for PI3K/Akt acti-
vation. A549 cells (A, B, and E) or MDCK cells (C and D) were mock,
WT, PR8-SH3-mf-1, PR8-SH3-mf-2, or PR8-SH3-mf-1/2 infected at
an MOI of 1 (A, B, C, and D) or at an MOI as indicated (E). Cell
lysates prepared at 8 (A, C, and E) or 16 h (B and D) p.i. were
subjected to Western blotting with phospho-Akt (Ser-473), phopho-
Akt (Thr-308), Akt, or NS1 antibody.

localization in comparison with the WT NS1, MDCK cells
were infected with viruses at an MOI of 1; at 7 h p.i. the cells
were fixed, permeabilized, and stained with NS1 antibody. NS1
proteins encoded by PR8-SH3-mf-1, PR8-SH3-mf-2, and PRS-
SH3-mf-1/2, like the WT NS1 protein, are localized in the
nuclei of infected cells (Fig. 1D).

SH3 binding motif 1 in the NS1 protein is required for
PI3K/Akt pathway activation. We have shown that influenza A
virus infection leads to Akt phosphorylation at Ser-473 at 6 h
p.i. and is sustained for the remainder of the infection (30). In
order to examine the ability of PR8-SH3-mf-1, PR8-SH3-mf-2,
and PR8-SH3-mf-1/2 to activate the PI3K/Akt pathway, A549
and MDCK cells were serum starved overnight and infected by
the mutant viruses at an MOI of 1. Phosphorylation of Akt at
Ser-473 and Thr-308, as well as the levels of Akt and NS1, were
assessed by Western blotting at 8 and 16 h p.i. (Fig. 2). At 8 and
16 h p.i., a striking amount of phosphorylation of Akt at both
Ser-473 and Thr-308 was detected in A549 cells that were
infected by WT and PR8-SH3-mf-2 (Fig. 2A, lanes 2 and 4; Fig.
2B, lanes 2 and 4), but neither pAkt (Ser-473) nor pAkt (Thr-
308) was detected in mock, PR8-SH3-mf-1 and PR8-SH3-mf-
1/2 infected cells (Fig. 2A, lanes 1, 3 and 5; Fig. 2B, lanes 1, 3
and 5). Similarly, phosphorylation of Akt at Ser-473 could be
detected in MDCK cells infected by WT and PR8-SH3-mf-2 at
both time points (Fig. 2C, lanes 1 and 3; Fig. 2D, lanes 1 and
3) but not in PR8-SH3-mf-1-, PR8-SH3-mf-1/2-, and mock-
infected MDCK cells (Fig. 2C, lanes 2, 4, and 5; Fig. 2D, lanes
2, 4, and 5). We did not detect phosphorylation of Akt at
Thr-308 in MDCK cells. This may be the result of insufficient
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FIG. 3. SH3 binding motif 1 in NS1 is essential for NS1-p858 interaction in vitro. A549 cells were mock, WT, PR8-SH3-mf-1, PR8-SH3-mf-2,
or PR8-SH3-mf-1/2 infected at an MOI of 1. (A) Cell lysates were prepared at 6 h p.i. 293T cells were transfected with pcDNA-3.1(—),
pcDNA-NS1, pcDNA-NS1-SH3-mf-1, pcDNA-NS1-SH3-mf-2, or pcDNA-NS1-SH3-mf-1/2. (B) Cell lysates were prepared at 24 h posttransfec-
tion. GST-p85B or GST was immobilized to beads and incubated with the infected or transfected cell lysates. Precipitated proteins were subjected
to either Western blotting with NS1 antibody or SDS-PAGE, followed by Coomassie blue staining.

antibody sensitivity coupled with less PI3K/Akt pathway acti-
vation in this cell type. Viral infection of the MDCK cells
produced less pAkt (Ser-473) phosphorylation compared to
that observed in A549 cells. This, coupled with the reduced
immunoreactivity of the pAkt (Thr-308) antibody compared to
the pAkt (Ser-473) antibody, may have made phosphorylation
on Thr-308 difficult to detect in the MDCK cells. Western
blotting with total Akt antibody showed an equal amount of
Akt in all samples, indicating that the changes in Akt phos-
phorylation by infection with different viruses were not due to
an altered total level of Akt (Fig. 2A to D). NS1 expression
levels in A549- and MDCK-infected cells were also assessed. In
both types of cells, PR8-SH3-mf-2 produced similar amount of
NS1 compared to WT virus, whereas PR8-SH3-mf-1 and PR8-
SH3-mf-1/2 produced slightly less NS1 protein than WT. This
might be due to a destabilizing effect of the mutations or to the
reduced viral replication rate noted in Fig. 1C. Nonetheless,
the inability of PR8-SH3-mf-1 and PR8-SH3-mf-1/2 to phos-
phorylate Akt was significantly more marked than the slight
reduction in NS1 levels. Further, phosphorylation of Akt was
still not observed when higher MOIs (MOI of 10) were used to
infect cells with mutant viruses PR8-SH3-mf-1 (Fig. 2E, lane 3)
and PR8-SH3-mf-1/2 (Fig. 2E, lane 5), where NS1 expression
was increased to levels comparable to that of WT infection at
an MOI of 1 (Fig. 2E, lanes 3 and 5 versus lane 1).

SH3 binding motif 1 in the NS1 protein is required for the
NS1-p85p interaction in vitro. Previous studies showed that
influenza A virus activates PI3K/Akt pathway by binding of
NS1 to the PI3K regulatory subunit p85 (8, 11, 31). Three
distinct genes encoding class IA PI3K regulatory subunits exist
in mammals: Pik3rl (p85«), Pik3r2 (p85B), and Pik3r3
(p55°™) (9, 37). p85a is ubiquitously expressed and is thought
to be the major response pathway for most stimuli, whereas
p85P also is widely expressed but at a lower level than p85a
(39). Hale et al. demonstrated that NS1 binds to p85p but not
p85a (11). Our previous results have shown that viruses con-

taining NS1 mutations in SH3 binding motif 1 were not able to
activate PI3K/Akt. To ascertain the biological relevance of
NS1-p858 interaction and PI3K/Akt pathway activation, we
examined whether the NS1 protein encoded by the mutant
viruses would interact with p858 using a GST pull-down assay.
A549 cells were mock, WT, or mutant virus infected at an MOI
of 1. Cell lysates were prepared at 6 h p.i. and were incubated
with GST-p85p fusion protein or GST protein immobilized on
beads. Pulled-down proteins were analyzed by Western blot-
ting with polyclonal NS1 antibody (Fig. 3A). WT NS1 and NS1
encoded by PR8-SH3-mf-2 interacted with p85B efficiently
(Fig. 3A, lanes 3 and 7). However, NS1 encoded by PR8-SH3-
mf-1 and PR8-SH3-mf-1/2 could not bind to p85B at all (Fig.
3A, lanes 5 and 9). Neither NS1 protein nor its derivatives can
interact with GST protein (Fig. 3A, lanes 12, 14, 16, and 18).
Ten percent input was loaded as a control (Fig. 3A, lanes 2, 4,
6, 8, 11, 13, 15, and 17). An equal amount and the integrity of
the GST and GST-p858 fusion proteins were demonstrated by
Coomassie blue staining of the bound protein resolved by
SDS-PAGE.

To examine whether NS1 and its respective mutants, unac-
companied by other viral components, would interact with
p85B, WT NSI gene and its respective mutants in SH3 binding
motifs were cloned into the pcDNA3.1(—) vector. 293T cells
were transfected with empty vector, pcDNA-NS1, pcDNA-
NS1-SH3mf-1, pcDNA-NS1-SH3mf-2, or pcDNA-NS1-
SH3mf-1/2. Cell lysates were prepared at 24 h posttransfection
and were subjected to a GST pull-down assay. Figure 3B shows
that WT NS1 and NS1 with mutations in SH3 binding motif 2
specifically interacted with p858 (Fig. 3B, lanes 4 and 8). How-
ever, NS1 encoded by pcDNA-NS1-SH3mf-1 and pcDNA-
NS1-SH3mf-1/2 failed to bind p85B (Fig. 3B, lanes 6 and 10).
No interactions with p85p were seen in vector pcDNA3.1(—)-
transfected cells (Fig. 3B, lane 2). GST did not interact with
NS1 (lanes 12, 14, 16, 18, and 20). An equal amount and the
integrity of GST and GST-p85B were verified by Coomassie
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FIG. 4. SH3 binding motif 1 in NSI1 is essential for NS1-p85B interaction in tissue culture. (A) 293T cells were cotransfected with either
pcDNA3.1(—), pcDNA-NS1, pcDNA-NS1-SH3-mf-1, pcDNA-NS1-SH3-mf-2, or pcDNA-NS1-SH3-mf-1/2 each, together with pcDNA4HisMax-
mp85B. As a negative control, pcDNA3.1(—), pcDNA-NSI, or its respective mutant plasmids were cotransfected with empty vector
pcDNA4HisMaxB. At 24 h posttransfection, cell lysates were prepared and incubated with Ni-Sepharose beads. Precipitated proteins were
subjected to Western blotting with NS1 or His, antibody. Ten percent input was loaded as a control. (B) A549 cells were mock, WT, PR8-SH3-mf-1,
PR8-SH3-mf-2, or PR8-SH3-mf-1/2 infected at an MOI of 1. Cell lysates were prepared at 6 h p.i., precleared by rabbit IgG-protein A, and
incubated with either NS1 antibody-protein A or rabbit IgG-protein A. Precipitated proteins were subjected to Western blotting with NS1 or p858

antibody.

blue staining. These data suggest that SH3 binding motif 1 in
NS1 mediates in vitro NSI1-p858 interaction, regardless
whether the NS1 protein is derived from virus infection or
DNA transfection.

NS1 SH3 binding motif 1 is required for NS1-p85@3 binding
in tissue culture. To verify whether the observed interactions
take place in mammalian cells, we constructed plasmid
pcDNA4HisMax-mp853, where His-tagged mouse p858 is un-
der the control of the cytomegalovirus promoter. Thus, 293T
cells were cotransfected with pcDNA4HisMax-mp85@ and
either pcDNA3.1(—), pcDNA-NS1, pcDNA-NS1-SH3mf-1,
pcDNA-NS1-SH3mf-2, pcDNA-NS1-SH3mf-1/2, or empty
vector pcDNA4HisMax-B with NS1 expressing plasmids. At
24 h posttransfection, cell lysates were prepared and incubated
with Ni-Sepharose beads. Precipitated proteins were analyzed
by Western blotting with NS1 or His, antibody. As seen in Fig.
4A, 10% of input was loaded as a control (Fig. 4A, lanes 1, 4,
7, 10, 13, and 16). Western blotting with His antibody shows
that p85B could be detected in the precipitated complexes (Fig.
4A, lanes 2, 5, 8, 11, 14, and 17). In agreement with the in vitro
GST-pull-down assay results using infected and transfected
cells, while WT NS1 and NS1-SH3-mf-2 could be coprecipi-
tated with p85@ (Fig. 4A, lanes 5, 11, and 14), NS1 protein
could not be coprecipitated with p858 in empty vector
pcDNA3.1(—)-, pcDNA-NSI1-SH3mf-1-, and pcDNA-NS1-
SH3mf-1/2-transfected cells (Fig. 4A, lanes 2, 8, and 17). None
of the NS1 proteins was precipitated with vector
pcDNA4HisMaxB (Fig. 4A, lanes 6, 9, 12, 15, and 18).

To verify that the results were not due to overexpression of
His-p85B, we performed a coimmunoprecipitation assay to

investigate the interactions of NSI and its respective mutants
with the endogenous p85B. A549 cells were mock infected or
infected with viruses at an MOI of 1. At 6 h p.i., cells lysates
were prepared, precleared with rabbit IgG, and incubated with
NS1 antibody- or normal rabbit IgG-protein A complexes.
Immunoprecipitated proteins were detected by p858 or NS1
antibody. As shown in Fig. 4B, endogenous p85@ was present
in the input samples in either mock-infected or virus-infected
cells (Fig. 4B, lanes 1, 4, 7, 10, and 13). As expected, p85p was
coimmunoprecipitated in complex with NS1 using an NS1 an-
tibody in WT virus and PR8-SH3-mf-2 virus-infected samples
(Fig. 4B, lanes 5 and 11). In contrast, p853 was not coimmu-
noprecipitated from PR8-SH3-mf-1- and PR8-SH3-mf-1/2-in-
fected cells (Fig. 4B, lanes 8 and 14). No p858 was detected in
samples that were immunoprecipitated using a control rabbit
IgG (lanes 3, 6, 9, 12, and 15). Western blotting with NS1
antibody showed that WT NS1 protein and its respective mu-
tants were immunoprecipitated by NS1 antibody (lanes 5, 8, 11,
and 14). Thus, an intact SH3 binding motif 1 is required for
NSI1 to associate with p85f in cells.

Mutant virus PR8-SH3-mf-1 and PR8-SH3mf-1/2 are more
proapoptotic. Phosphorylated Akt plays a central role in mod-
ulating diverse downstream signaling pathways associated with
cell proliferation, migration, differentiation, and the preven-
tion of apoptosis (5, 41). In particular, Akt has been shown to
promote the survival of a wide range of cell types (6, 18).
Several proapoptotic proteins have been identified as sub-
strates for Akt phosphorylation, including the Bcl2 family
member BAD, caspase-9, and GSK-33 (18). To examine the
effect of PI3K/Akt pathway activation in influenza A virus-
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FIG. 5. Cells infected by mutant viruses containing SH3 motif 1 mutation exhibit more severe cytopathic effect and morphological changes
characteristic of apoptosis. MDCK cells were mock, WT, PR8-SH3-mf-1, PR8-SH3-mf-2, or PR8-SH3-mf-1/2 infected at an MOI of 1. At 16 h p.i.,
the morphology of the infected cells was either documented by light microscopy (A) or by immunofluorescent staining with M1 antibody and DAPI,
followed by fluorescence microscopy (B). Arrows indicate the fragmented chromatin.

infected cells, we examined virus induced cytopathic effect in
MDCK cells. As shown in Fig. 5A, a remarkable morphological
difference was observed between cells infected with PR8-SH3-
mf-1 and PR8-SH3-mf-1/2 compared to WT PRS8 at 16 h p.i.
There were more PR8-SH3-mf-1, PR8-SH3-mf-1/2 than WT-
infected cells detached from the culture dish; the cells that
remained attached displayed enhanced rounding and shrink-

age. Severe cell death was not observed in PR8-SH3-mf-2-
infected cells. To confirm that PR8-SH3-mf-1 and PR8-SH3-
mf-1/2 are more proapoptotic than WT virus, MDCK cells
were infected by WT and mutant viruses at an MOI of 1. At
16 h p.i., the cells were fixed, permeabilized, and stained with
anti-M1 antibody, followed by DAPI staining. M1 staining
allowed us to differentiate infected from uninfected cells and
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FIG. 6. Influenza A virus induced pAkt phosphorylates caspase-9,
leading to inhibition of apoptosis. MDCK cells were mock, WT, PRS-
SH3-mf-1, PR8-SH3-mf-2, or PR8-SH3-mf-1/2 infected at an MOI of
1. At 16 (A) and 24 h (B) p.i., cell lysates were prepared and subjected
to Western blotting with phospho-caspase-9 (Ser196) (A) or PARP
(B) antibody, respectively. The total Akt level was monitored to verify
equal loading of the samples.

therefore visualize the morphology of infected cells in greater
detail. As shown in Fig. 5B, WT- and PR8-SH3-mf-2-infected
cells exhibited similar morphology, with no sign of severe cell
death. DAPI staining showed the cells infected with WT or
PRS8-SH3-mf-2 virus exhibited uniform intact nuclei. In con-
trast, PR8-SH3-mf-1- and PR8-SH3-mf-1/2-infected cells un-
derwent apoptosis with morphological changes, including cell
shrinkage, membrane blebbing, and chromatin condensation
(Fig. 5B).

Apoptosis is mediated by a family of cysteine proteases
termed caspases. It has been reported that activated Akt can
phosphorylate caspase-9 at Ser-196 and thus inhibit caspase
activity (3). Therefore, we examined the phosphorylation of
caspase-9 in WT- and mutant virus-infected cells. MDCK cells
were mock infected or infected by viruses at an MOI of 1. At
16 h p.i. cell lysates were prepared and were subjected to
Western blotting with p-caspase-9 (Ser-196) antibody (Fig.
6A). Elevated p-caspase-9 was detected in WT- and PR8-SH3-
mf-2-infected cells, as well as in mock-infected cells (Fig. 6A,
lanes 1, 3, and 5). However, no phosphorylation of caspase-9 at
Ser-196 occurred in cells infected by PRS-SH3-mf-1 and PR8-
SH3-mf-1/2 viruses (Fig. 6A, lanes 2 and 4). PARP is a major
downstream substrate for activated caspase-9. Activation of
caspase-9 results in cleavage of full-length PARP (116 kDa)
into two fragments (89 and 24 kDa). We then examined
whether phosphorylation of caspase-9 would lead to inhibition
of PARP cleavage in virus-infected cells. MDCK cells were
mock infected or infected with viruses at an MOI of 1. At 24 h
p-i. cell lysates were prepared and PARP cleavage was assessed
by Western blotting with PARP antibody. As shown in Fig. 6B,
full-length PARP was cleaved completely in PR8-SH3-mf-1-
and PR8-SH3-mf-1/2-infected cells (Fig. 6B, lanes 2 and 4),
where caspase-9 was not phosphorylated (Fig. 6A, lanes 2 and
4). In WT-, PR8-SH3-mf-2-, and mock-infected cells, where
caspase-9 was phosphorylated, full-length PARP was detected
(Fig. 6B, lanes 1, 3, and 5), indicating that PARP cleavage was
inhibited to some extent. In both sets of samples, equal loading
of the cellular protein was monitored by determining the total
Akt level.
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DISCUSSION

Recent studies have demonstrated that influenza A virus
infection activates PI3K/Akt pathway in the late phase of in-
fection. The PI3K/Akt pathway activation is attributed to the
viral NS1 protein, which can specifically interact with PI3K
regulatory subunit p85 (7, 8, 11, 30, 31). In an effort to define
the domains in NS1 that are responsible for p85 interaction
and PI3K/Akt pathway activation, we previously constructed a
mutant virus that encodes NS1 protein with mutations in three
SH-binding domains, namely, a potential SH2 binding motif
(Y®XXXM), SH3 binding motif 1 (amino acids 164 to 167
[PXXP]), and SH3 binding motif 2 (amino acids 212 to 216
[PPXXP]). Infection of this virus failed to activate the PI3K/
Akt pathway (31), which prompted us to investigate the con-
tribution of each individual motif in interacting with p85 and
the subsequent activation of PI3K/Akt pathway. Mutational
studies on the SH2 binding site were conducted by Hale et al.
(11). In the present study, we focused on the two SH3 binding
motifs. By using a genetic approach, we investigated the con-
tribution of each individual SH3 binding motif to the PI3K/Akt
pathway activation. We constructed three mutant viruses. To
examine the role of the SH3 binding motif 1, we mutated
prolines at amino acids 164 and 167 into alanines. To investi-
gate the role of the SH3 binding motif 2, we replaced the
proline at amino acid 212 by serine and the prolines at amino
acids 213 and 216 with alanines. To examine whether both
motifs work synergistically in PI3K/Akt activation, we mutated
both motifs simultaneously (Fig. 1A). We examined the ability
of these mutant viruses to activate the PI3K/Akt pathway at
late times of infection. In agreement with previous results, WT
virus infection leads to phosphorylation of Akt at Ser-437. In
addition, we demonstrated that Akt was also phosphorylated at
Thr-308 in A549 cells (Fig. 2A and B), which implies that
influenza A virus-induced pAkt could be fully functional in
regulating downstream effectors. Mutant virus PR8-SH3-mf-1
infection did not lead to Akt phosphorylation at either site,
whereas mutant virus PR8-SH3-mf-2 readily activated the
PI3K/Akt pathway, as did the WT virus (Fig. 2). These results
suggest the SH3 binding motif 1 on the NS1 protein is required
for PI3K/Akt pathway activation, whereas SH3 binding motif 2
is not necessary for this activation. Mutant virus carrying dou-
ble motif mutations was not able to activate the pathway,
further confirming that the SH3 binding motif 1 within NS1 is
essential for PI3K/Akt pathway activation.

Next, we examined whether NS1 containing mutations in the
SH3 binding motifs could interact with the p85 subunit of
PI3K. We used GST-p85a and GST-p85p fusion proteins in an
in vitro GST pull-down assay and found that NS1-p85@3 inter-
action was much stronger and more specific than NS1-p85a
interactions (data not shown). Previously, we immunoprecipi-
tated NS1 with a p85pan antibody which recognizes both iso-
forms of p85a and p85B (31). We speculated that NS1 precip-
itated by p85pan antibody is attributed to p85B. To confirm
this, we performed immunoprecipitations with p85pan anti-
body, followed by Western blotting with p85a (25) or p858
antibody. Our results showed that both p85a and p85B were
immunoprecipitated by p85pan antibody. Reciprocally, immu-
noprecipitation with NS1 antibody showed that p853 was
present in the immunoprecipitated complexes in WT virus-
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infected cells (Fig. 4B), whereas p85a was absent (data not
shown). These data further confirmed the findings of Hale et
al. that NS1 is able to bind directly and efficiently to the p853
subunit of PI3K but not to the related p85a isoform (11).
Hence, our subsequent investigations on the NS1-p85 interac-
tion were focused on the p85@ isoform.

In the GST pull-down assay, WT NS1 and NS1 with the SH3
binding motif 2 mutation, which derived either from virus
infection or from plasmid transfection, could efficiently inter-
act with p85p. In contrast, neither NS1 with SH3 binding motif
1 mutation nor NS1 with double motif mutations could interact
with p85B (Fig. 3). In the Ni-Sepharose bead pull-down assay
and the immunoprecipitation assay, both exogenous and en-
dogenous p85p interacted with WT and SH3 binding motif 2
mutated NS1 but not with SH3 binding motif 1 or SH3 binding
motif 1/2 mutated NS1 (Fig. 4). Notably, this pattern of inter-
actions was also observed in NS1-transfected cells, indicating
that SH3 binding motif 1-dependent NS1-p85B interaction
does not need any other viral components to mediate complex
formation. The GST-, Ni-Sepharose bead pull-down assay and
coimmunoprecipitation data suggest that SH3 binding motif 1
is required for the NS1-p85p interaction, whereas SH3 binding
motif 2 is not essential. These results are consistent with the
phenotype of these viruses in terms of their ability to activate
the PI3K/Akt pathway. Therefore, we conclude that NS1 SH3
binding motif 1 is critical for the NS1-p85p interaction and the
subsequent PI3K/Akt pathway activation. The recently re-
ported three-dimensional structure of NS1 (2) shows that the
SH3-binding motif 1 lies exposed in the turn between the 6th
B-strand and the large a-helix. The location of this motif is
accessible to the p85B subunit, which provides the rationale
that the SH3 binding motif 1 mediates the NS1-p85p interac-
tion. It is noted that mutated NS1 proteins have a different
mobility compared to WT NSI1. Interestingly, SH3 binding
motif 1 and motif 1/2 mutants migrate slightly faster than the
WT or the motif 2 mutant. Whether this is due to the lack of
posttranslational modification on SH3 motif 1 or SH3 motif 1/2
NS1 protein as a result of PI3K/Akt pathway deficient still
needs to be determined. As to the other potential binding site
YXXXM (SH2 binding motif) in NS1, mutational analysis by
Hale et al. revealed that both Tyr-89 and Met-93 are essential
for the interaction of NS1-p858. However, SH2 binding motifs
typically require phosphorylation on Tyr (33). Thus far, there
is no evidence to suggest that Tyr-89 is phosphorylated during
virus infection. Thus, it is not clear whether the SH2 binding
motif on NS1 mediates the NS1-p85p interaction since muta-
tion of Met-93 could potentially destabilize the NS1 dimer
(12). Mutation of the p858 SH2 domain may help to resolve
this question.

PI3K/Akt pathway has been implicated in cell survival and
antiapoptosis control. Phosphorylated Akt can phosphorylate
diverse substrates involved in the regulation of apoptosis. One
of the mechanisms used by Akt to prevent apoptosis is to
phosphorylate pro-caspase-9 and inhibit its protease activity,
thus inhibiting apoptosis (3). Our results showed that WT and
PR8-SH3-mf-2 virus infections, which activate the PI3K/Akt
pathway, resulting in phosphorylation of caspase-9, do not
induce severe apoptosis. In contrast, mutant viruses PRS-SH3-
mf-1 and PR8-SH3-mf-1/2, which lack the ability to activate
PI3K/Akt pathway, do not phosphorylate caspase-9 and are

J. VIROL.

therefore more proapoptotic. Recently, a study using the PI3K
specific inhibitor showed that influenza A virus activates the
PI3K/Akt pathway to mediate antiapoptotic signaling re-
sponses (8). Our data confirm and expand that observation
using a genetic approach. Moreover, we demonstrate that the
mutant viruses which are unable to activate the PI3K/Akt path-
way are attenuated in growth, suggesting a role for activated
PI3K/Akt in efficient influenza A virus replication. This finding
is in agreement with our previous observation obtained using
the PI3K inhibitor L'Y294002 (30).

Taken together, our study characterizes the role of two SH3
binding motifs in NS1 protein in the NS1-p85p interaction and
PI3K/Akt pathway activation. We also reveal the biological
function of the activated PI3K/Akt pathway in influenza A
virus infection: activated PI3K/Akt mediates phosphorylation
of caspase-9 and thereby blocks apoptosis of infected cells,
leading to efficient virus replication.
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