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Seasonal epidemics and periodic worldwide pandemics caused by
influenza A viruses are of continuous concern. The viral nonstruc-
tural (NS1) protein is a multifunctional virulence factor that antag-
onizes several host innate immune defenses during infection. NS1
also directly stimulates class IA phosphoinositide 3-kinase (PI3K)
signaling, an essential cell survival pathway commonly mutated
in human cancers. Here, we present a 2.3-Å resolution crystal struc-
ture of the NS1 effector domain in complex with the inter-SH2
(coiled-coil) domain of p85β, a regulatory subunit of PI3K. Our data
emphasize the remarkable isoform specificity of this interaction,
and provide insights into the mechanism by which NS1 activates
the PI3K (p85β:p110) holoenzyme. A model of the NS1:PI3K hetero-
trimeric complex reveals that NS1 uses the coiled-coil as a structural
tether to sterically prevent normal inhibitory contacts between the
N-terminal SH2 domain of p85β and the p110 catalytic subunit.
Furthermore, in this model, NS1 makes extensive contacts with
the C2/kinase domains of p110, and a small acidic α-helix of NS1
sits adjacent to the highly basic activation loop of the enzyme.
During infection, a recombinant influenza A virus expressing
NS1 with charge-disruption mutations in this acidic α-helix is
unable to stimulate the production of phosphatidylinositol 3,4,5-
trisphosphate or the phosphorylation of Akt. Despite this, the
charge-disruption mutations in NS1 do not affect its ability to
interact with the p85β inter-SH2 domain in vitro. Overall, these
data suggest that both direct binding of NS1 to p85β (resulting
in repositioning of the N-terminal SH2 domain) and possible
NS1:p110 contacts contribute to PI3K activation.
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Class IA phosphoinositide 3-kinases (PI3Ks) are obligate het-
erodimeric enzymes consisting of a 110-kDa catalytic subunit

(p110α, p110β, or p110δ) bound to a noncatalytic 85-kDa regu-
latory subunit (typically p85α or p85β) (1). Growth factor recep-
tor-mediated activation of PI3K requires the relocalization of
p85:p110 heterodimers to the plasma membrane, where disinhi-
bition of p110 by p85 leads to the production of phosphatidyli-
nositol 3,4,5-trisphosphate (PIP3). PIP3 is an intracellular lipid
second messenger that recruits pleckstrin homology domain-con-
taining effectors (including protein kinases such as Akt) to the
membrane. Subsequent activation of these effectors stimulates
a plethora of signaling cascades that regulate diverse biological
processes, including cell survival, proliferation, and metabolism
(2). Given that PI3K is among the most frequently mutated en-
zymes associated with human cancers (3, 4), there is considerable
interest in trying to understand the structural basis for both nor-
mal and pathophysiological regulation of p110 by p85 (5–7). Such
studies are likely to yield insights into the novel mechanisms by
which PI3K can be aberrantly activated, and may provide the
focus for designing selective inhibitors targeting specific diseases.

During infection, the PI3K signaling pathway is activated by
influenza A viruses in order to promote efficient virus replication
(8). Specifically, the multifunctional viral nonstructural (NS1)
protein binds directly to p85β, but not p85α, and stimulates

the lipid kinase activity of p85β-associated p110 (8–10). The full
biological consequences of NS1-mediated PI3K activation are far
from clear, although an association with regulating lung epithe-
lium ion channel activity has been proposed (11). Early studies
also suggested that NS1-activated PI3K contributes to the sup-
pression of cellular apoptosis during virus infection (12–15),
but very recent data now indicate that this may not be the case
(16). Thus, the precise role of this important signaling pathway
with respect to the influenza A virus replication cycle has yet
to be firmly established.

The p85β regulatory subunit is made up of five domains: an
N-terminal SH3 domain, a GTP-ase activating protein domain,
and two SH2 domains (termed nSH2 and cSH2), which flank
the inter-SH2 (β-iSH2) domain. NS1 consists of an N-terminal
RNA-binding domain (RBD) flexibly linked to a C-terminal
effector domain (ED) (10, 17). We have previously shown that
β-iSH2 (a rigid coiled-coil scaffold for the p110 subunit) (5, 6)
is the primary direct binding site for the NS1 ED (18). Here, in
order to gain further insights into how NS1 might modify normal
intermolecular and intramolecular regulatory contacts within
the p85β:p110 holoenzyme, we purified and crystallized the
ED:β-iSH2 complex. Our data reveal the molecular basis for p85
isoform discrimination by NS1, and confirm the location of NS1
residues Tyr89 (8) and Pro164 (14) at the binding interface with
p85β. We also generated a model of the NS1:PI3K heterotrimeric
complex, and propose that NS1 acts by physically blocking normal
inhibitory contacts between the p85β nSH2 domain and p110.
In addition, we found that charged residues within a small, acidic
α-helix of NS1 are also required for stimulating PI3K activity
during infection, possibly by interacting directly with p110. Intri-
guingly, these same charged residues of NS1 have previously been
implicated in limiting interferon (IFN) production (19). Using
genetically engineered recombinant influenza A viruses, we
demonstrate functional overlap between two NS1 activities by
showing that this small α-helix of NS1 plays independent roles
in affecting both PI3K activation and IFN-antagonism.
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Results and Discussion
The ED:β-iSH2 Complex.The crystal structure of theNS1ED in com-
plex with the p85β iSH2 (β-iSH2) domain was solved to 2.3-Å
resolution by molecular replacement (see Table 1 and Fig. S1).
The asymmetric unit reveals a tetrameric complex consisting of
the major in-solution homodimeric form of NS1 ED (helix–helix)
(20) with one β-iSH2 domain bound on either side (Fig. 1A).
However, given that the p85 iSH2 domain likely sits in plane with
the membrane during PI3K activation (5, 7), such a tetramer
would be sterically prohibited in a physiological context (Fig. 1B).
We therefore believe that the functional biological unit is formed
by a single ED interacting with one end of the β-iSH2 coiled-coil.
Indeed, dimerization of the NS1 ED is not essential for efficient
β-iSH2 binding (Fig. S2), and the NS1 ED has been suggested to
adopt multiple different homotypic assemblies depending on its
function (17, 20–22). The heterodimeric ED:β-iSH2 structure thus
resembles a golf club–shaped complex (Fig. 2A). Central to the
complex is the formation of a four-helix bundle composed of a
short conserved acidic α-helix of NS1 ED (residues 95–100)
and all three α-helices of β-iSH2 (Fig. 2B). NS1 ED binds to
the end of β-iSH2 opposite the major p110 tethering site (5, 6)
and encompasses residues 562–589 of p85β. Such positioning of
NS1 ED is in full agreement with previous β-iSH2 deletion
mapping studies (9, 18). 755 Å2 of surface area is buried from sol-
vent upon complex formation. As detailed below, possible stabi-
lizing contacts between NS1 and p110 would significantly increase
buried surface area in the physiological NS1:PI3K heterotrimeric
complex.

Residues at the ED:β-iSH2 Interface. Support for the validity of our
structure is gained from prior mutational analyses of NS1 that
identified amino-acid substitutions that disrupt complex forma-
tion. In particular, previous studies have highlighted the impor-
tance of Tyr89 as an essential residue for the binding of NS1 ED
to p85β (8). The conservative mutation of this tyrosine to phenyl-
alanine completely abolishes stable complex formation, as well
as the activation of PI3K (8). Our structure reveals that Tyr89 is
positioned at the heart of the complex and forms a hydrogen bond
to Asp569 of β-iSH2 (Fig. 2C, stereo image in Fig. S3). Pro164 and

Pro167 of NS1 have also been reported to be involved in complex
formation (14).Whereas Pro167 is clearly not an interface residue,
Pro164 lies at an extreme edge of the interface, effectively closing
off the complex (Fig. 2C). Both Tyr89 and Pro164 bury more than

Table 1. Data collection and refinement
statistics

ED:β-iSH2
Data collection

Space group P212121
Cell dimensions
a, b, c (Å) 57.95, 98.67, 149.94

α, β, γ (°) 90, 90, 90
Resolution (Å) 2.30 (2.42–2.30)*

Rmerge 8.9 (65.5)
I∕σI 12.8 (2.6)

Completeness (%) 99.5 (98.7)
Redundancy 4.7

Refinement

Resolution (Å) 82.42–2.30
No. reflections 36826

Rwork∕Rfree 23.2∕29.2
No. atoms
Protein 4629
Ligand/ion 12
Water 281

B-factors
Protein 51.2
rms deviations
Bond lengths (Å) 0.021
Bond angles (°) 1.84

*Values in parentheses are for highest-resolution shell.

Fig. 1. Physiological constraints suggest that the NS1 ED binds β-iSH2 as
a monomer. (A) Tetrameric arrangement of the ED:β-iSH2 complex that is
observed in the asymmetric unit. Central to the arrangement is an NS1 ED
helix–helix dimer that is the predominant multimeric form in solution (20)
and is observed in previous ED crystal structures (21, 36). One ED:β-iSH2 com-
plex is colored as in Fig. 2 and the other dark gray. (B) Model of how the
tetrameric complex would orient with respect to the lipid membrane. One
heterodimeric ED:β-iSH2 complex has been orientated in amanner analogous
to that proposed for the p85:p110 holocomplex (see Fig. 3B in ref. 5) and
colored as in Fig. 3. The other heterodimeric complex is colored gray for
p110 and dark gray for the ED:β-iSH2 complex. It is apparent from this orien-
tation that a tetrameric ED:β-iSH2 complex is incompatible which the pro-
posed mode of membrane association of PI3K.

Fig. 2. Structure of the ED:β-iSH2 complex. (A) Cartoon representation of
the ED:β-iSH2 complex. (B) Cartoon representation of the four-helix bundle
formed at the complex interface. (C) Residues at the ED:β-iSH2 interface.
Potential hydrogen bonds are highlighted. Individual residues are shown
in stick representation. NS1 ED is colored gold, and β-iSH2 is colored red.
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90 Å2 of surface area upon binding β-iSH2 and represent the two
residues of NS1 ED that contribute most to interfacial surface
area. In addition, Glu142 of NS1 has been implicated in β-iSH2
binding (9), and inspection of the ED:β-iSH2 complex reveals
that this residue may form a salt bridge with Lys566 of β-iSH2
(Fig. 2C). Other residues of NS1EDand β-iSH2 found at the com-
plex interface are shown in Fig. 2C and listed in Tables S1 and S2.

Despite high sequence identity between the p85α and p85β
iSH2 domains, it is remarkable that NS1 binds only to the p85β,
but not p85α, isoform of PI3K (8). Previous mutational studies
on β-iSH2 clearly defined Val573 as critically mediating the NS1:
p85β interaction (9). Reciprocal gain of function experiments with
p85α further demonstrated that mutation of Met582 (the corre-
sponding residue of p85α) to valine allows NS1 to bind this mutant
p85α and subsequently stimulate the lipid kinase activity of p85α-
associated p110 (9). In the ED:β-iSH2 complex presented here,
Val573 lies directly at the interface and buries over 70 Å2 upon
complex formation (Fig. 2C). It is clear that a methionine at this
position would be sterically precluded, which serves to explain
structurally the p85 isoform specificity exhibited by NS1 (8).

Model of the Heterotrimeric NS1:PI3K Complex. To investigate pos-
sible mechanisms for NS1-mediated activation of PI3K, we super-
imposed our ED:β-iSH2 structure onto the reported crystal
structure of full-length p110α in complex with p85α iSH2 (5) by
aligning the two homologous iSH2 domains (Fig. 3A, Left panel).
The previous p85α iSH2 domain structures have been determined
both in the presence and absence of p110α (5–7), and all iSH2
crystal structures to date, including our β-iSH2 structure, are
highly similar. Remarkably, there is almost no overlap between
the Cα chains of p110α and NS1 ED in our superimposed model,
suggesting that both complex structures are compatible with one
another, and that a heterotrimeric NS1:p85β:p110 complex can
occur physiologically. Indeed, previous biochemical data have

shown that NS1 does not displace p110 from p85β, despite
binding the β-iSH2 domain (9, 18). These observations further
support the idea that our heterotrimeric model is similar to what
would be observed with full-length protein complexes in vivo.

In our model, NS1 ED lies sandwiched between the p85β iSH2
domain and the kinase, helical, and C2 domains of p110α
(Fig. 3B). Although NS1 has been reported not to bind p110
directly (9), it is highly likely that NS1:p110 contacts stabilize the
heterotrimeric complex. Intriguingly, many oncogenic mutation
“hot spots” within both p85 (3) and p110 (4) that cause consti-
tutively active PI3K phenotypes are located at the proposed
interfaces with NS1 (labeled residues in Fig. 3B), highlighting the
general importance of this region for regulating kinase activity.

Tethering of NS1 to the β-iSH2 Domain Would Prevent nSH2 Interac-
tions with p110. The PI3K holoenzyme is normally held inactive in
the cytoplasm, with the p85 nSH2 domain positioned such that
it makes inhibitory charge–charge contacts with p110, predomi-
nantly via the helical domain (6), but also to a lesser extent with
the C2 and kinase domains (5, 7). Extracellular signal-induced
phosphotyrosine docking sites compete with the p110 helical
domain for nSH2 binding (6, 7), thereby causing both the reloca-
lization of PI3K to the plasma membrane and the disinhibition of
p110 lipid kinase activity. This disinhibition is proposed to be a
direct consequence of conformational changes in p85 such that
the nSH2 domain is no longer positioned correctly in order to
inhibit the p110 subunit (6). The recently obtained crystal struc-
ture of p110α in an apparent inhibitory complex with both the
nSH2 and iSH2 domains of p85α confirms that nSH2 makes con-
tact with multiple domains of p110 (Fig. 3A, Right panel and
Fig. 3C) (7). The positioning of NS1 ED in our model structure
(Fig. 3A, Left panel and Fig. 3B) shows that NS1 ED sits almost
exactly where the p85 nSH2 domain resides in the catalytically
inactive p85:p110 complex (5–7). It is currently unknown exactly

Fig. 3. Model of the NS1:PI3K heterotrimer. (A) Left. Model of the interaction between NS1 ED and the β-iSH2:p110α complex. Right. Structure of a p85α
nSH2-iSH2 fragment in complex with p110α as determined by Mandelker et al. (7). Individual domains are colored separately and labeled. Regions linking
domains are colored white. (B) Close-up view of the NS1 ED location in the modeled heterotrimeric complex. The location of cancer-associated mutations in
p85α/p110α that cause constitutive kinase activation are highlighted. (C) Close-up view of the nSH2 domain location in the structure by Mandelker et al. (7).
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how nSH2 regulates kinase activity by docking next to the p110
helical/kinase domains. However, it is clear that NS1 binding to
β-iSH2 would sterically prevent nSH2 from occupying its inhib-
itory position. Thismay provide a simple and plausiblemechanism
by which NS1 mediates activation of p110 kinase activity, and it
assumes that the affinity of NS1 for the PI3K holoenzyme is higher
than that for the intracomplex interaction between p85β nSH2
and p110.

Residues of NS1 Located at the Contact Interface with the p110 Kinase
Domain Are Required for PI3K Activation During Infection.Adetailed
comparison of the positioning of nSH2 and NS1 ED relative to
p110 reveals a number of differences. Firstly, as detailed above,
NS1 ED makes extensive contacts with the p85 iSH2 domain, a
feature which probably allows NS1 to tether itself to the enzyme
and thus displace nSH2 from its charge–charge interactions with
p110. Secondly, the nSH2 domain predominantly interacts with
the p110 helical domain (Fig. 3C), and nSH2 contacts with resi-
dues 542, 545, and 546 in p110 have previously been shown to
be particularly important for kinase inhibition (6). In our model,
NS1 ED does not shield residues 545 and 546 in the helical do-
main, and instead it appears to make more extensive interactions
with the p110 C2 and kinase domains (Fig. 3B). Based on this ob-
servation, we speculated that, in addition to physically preventing
the inhibitory contacts of p85β nSH2with p110, direct interactions
between the NS1 ED and p110 may also influence kinase activity.

The activation loop of p110 (residues 933–957) lies close to the
proposed interface of the p110 kinase domain with NS1 ED
(Fig. 4A). In the published crystal structures of iSH2:p110α com-
plexes, residues 941-950 (KKKKFGYKRE) are disordered (5, 7),
possibly reflecting an inactive state of the activation loop. In our
model, the small acidic α-helix of NS1 ED that participates in the
four-helix bundle of the ED:β-iSH2 complex sits adjacent to this
section of the highly basic activation loop, and therefore has the
potential to interact with it (Fig. 4A). Thus, a possible additional
function of the NS1 EDmay be to directly modulate p110 activity
by manipulating the kinase activation loop. Such an unusual
mechanism of regulation is not unprecedented. For example, the
LKB1 protein kinase is allosterically activated by other proteins
stabilizing its activation loop (23).

We generated a recombinant influenza A virus [Udorn strain
(Ud)] that expresses a mutant NS1 protein with charge-disruption
mutations in itsacidicα-helix (E96A/E97A).Glu96/Glu97arehighly
conserved in nearly all strains of influenza A viruses sequenced to
date, and reside on the face of the α-helix opposite to that involved
in ED:β-iSH2 complex formation (Fig. 2C). Strikingly, unlike wild-
typevirus (rUdWT), the rUd-E96/97Aviruswasunable to stimulate
cellular production of PIP3 during infection (Fig. 4B), and conse-
quently this virus failed to induce Ser473 phosphorylation of Akt
(Fig. 4C). In influenza A virus infected cells these processes are
strictly dependent on NS1 binding a p85β:p110 complex and stimu-
lating p110 kinase activity (8, 9, 18). Such a phenotype was compar-

Fig. 4. Roles of the NS1 acidic α-helix in both PI3K activation and IFN-antagonism. (A) Potential interaction between the NS1 ED and the p110α kinase activa-
tion loop. Domains of p85β, p110α, and NS1 ED are shown in cartoon representation. The edges of the disordered p110α activation loop are highlighted by
spheres colored magenta. Specific residues are shown in stick representation. (B) The rUd-E96/97A virus does not activate PI3K. 1321N1 cells (which lack the PIP3
phosphatase, PTEN) (37) were infected with rUd WT, rUd-Y89F, or rUd-E96/97A viruses at an MOI of 5 PFU/cell for 10 h prior to analysis of total PIP3 levels. Bars
show mean values obtained from triplicate samples assayed in duplicate. Error bars represent standard deviation. (C) A549 cells were infected as for (B). Cells
were lysed and proteins analyzed by immunoblotting. The level of PI3K activation was determined by detection of phospho-Akt (Ser473). Viral NS1 and M1
proteins were detected as markers of infection. β-actin was used as a loading control. (D) GST-pulldown experiment showing the interaction of NS1 with β-iSH2.
GST-NS1 proteins were immobilized onto agarose beads and incubated with 293T cell lysates expressing myc-tagged β-iSH2. NS1:β-iSH2 complexes were
separated by SDS-PAGE and detected by immunoblotting using anti-NS1 and anti-myc antibodies. (E) Mean plaque size of recombinant rUd WT, rUd-
Y89F, and rUd-E96/97A viruses in MDCK cells. Plaques were immunostained 3 days postinfection, and mean plaque size was determined (�SD). (F) Mean plaque
size of recombinant rUd WT, rUd-Y89F, and rUd-E96/97A viruses in MDCK-V cells (targeted degradation of STAT1) (24). Plaques were immunostained 3 days
postinfection, and mean plaque size was determined (�SD).
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able to that of the previously reported rUd-Y89F virus (in which
NS1 is unable to bind p85β) (8) (Figs. 4B and 4C). Nevertheless,
as expected from our structure, GST-pulldown experiments con-
firmed that the mutant NS1 protein (E96/97A) still binds the
iSH2 domain of p85β (Fig. 4D). Thus, although NS1 binding to
the β-iSH2 domain will clearly disrupt inhibitory contacts between
p85β nSH2 and p110 (6), this may not be fully sufficient for NS1
to activate PI3K.Our data suggest that additional contacts between
thesmallα-helixofNS1and thep110kinasedomain(possiblyvia the
activation loop) likely contribute to kinase activation in cells.

Residues of the NS1 Acidic α-Helix Have Dual Roles During Infection.
The biological consequences of NS1 activating PI3K have yet to be
firmly established (16).Given thatmutation ofGlu96/Glu97 inNS1
has been reported to dramatically reduce NS1’s IFN-antagonistic
ability (19), we further characterized the rUd-E96/97A virus in
order to establish if PI3K activation and IFN antagonism were
linked or could be functionally separated. In contrast to the rUd
WTand rUd-Y89F viruses, the rUd-E96/97A virus induced large
amounts of IFN following infection of A549 cells (Fig. S4A). Thus,
inability of the rUd-E96/97A virus to activate PI3K alone is unlikely
to be the reason why it induces such high amounts of IFN. Further-
more, in IFN-competent Madin–Darby canine kidney (MDCK)
cells, the rUd-E96/97A virus produced significantly smaller plaques
than WT virus, whereas the rUd-Y89F virus showed an intermedi-
ate plaquephenotype (Fig. 4E).However, in cells unable to respond
to IFN(MDCK-Vcells), themeanplaque sizes of rUd-E96/97Aand
rUd-Y89Fviruseswere similar, yet still clearly smaller, than thoseof
WT (Fig. 4F). Thus, expression of a known IFN-antagonist protein
(PIV5V) (24) can“rescue” thephenotypeof the rUd-E96/97Avirus
with respect to its disabled IFN-antagonist properties, but not its
disabled PI3K-activating properties. As the rUd-Y89F virus is only
disabled in its PI3K-activatingproperties (Fig. S4A), an IFNantago-
nist provided in trans cannot rescue the phenotype of this virus.
Similar results were also obtained in A549 cells using a different
IFN-antagonist protein (BVDV NPro) (25) (Fig. S4B). We con-
clude that Glu96/Glu97 are important for the IFN-antagonistic
function of NS1 (19), but this is independent of their role in
PI3K activation. Glu96/Glu97 therefore appear to be critical for
at least two separate NS1 functions.

Concluding Remarks. In this study, we have explored the structural
basis for influenza A virus NS1 protein binding to the p85β iSH2
domain. We have also generated a structural model of how this
viral protein may activate the PI3K holoenzyme, and used geneti-
cally engineered mutant influenza A viruses to try and validate
parts of this model in tissue culture. Although NS1 binding
to the β-iSH2 domain will clearly disrupt essential inhibitory con-
tacts between p85β and p110 (6), our results suggest that this may
be insufficient to activate PI3K. We therefore hypothesize that to
fully stimulate kinase activity the acidic α-helix of NS1 also inter-
acts with the p110 activation loop. Such a previously undescribed
mechanism may have important implications for understanding
the normal regulatory control of PI3K, and it is therefore intri-
guing to speculate that similar positive regulation of the activa-
tion loop occurs physiologically in the absence of viral hijack. This
would most likely be regulation by p85 itself, and possibly by the
nSH2 domain. Thus, it could be that NS1 ED mimics the posi-
tioning of nSH2 during normal extracellular signal-induced PI3K
activation. It will clearly be very informative to obtain a structure
of the p85:p110 complex in its true biological disinhibited state.

During our structural and biochemical studies we identified a
single region on the NS1 protein that mediates two independent
anddistinct roles: PI3Kactivation and IFN-antagonism. Suchadual
phenomenon has been reported previously for NS1 with respect to
its ability to regulate host dsRNA-activated protein kinase activity
and viral RNA synthesis (26) and is perhaps not wholly surprising
given the plethora of activities attributed to this small (26 kDa) viral

protein (10). This highlights the fact that it is very difficult to experi-
mentally knock out specific functions of NS1, a concept we have
recently explored using a panel of recombinant mutant NS1 viruses
(16). Thus, an intrinsic caveat to our work here is that there may be
other properties of NS1 affected by mutating Glu96/Glu97 that we
areunawareof, and thesemayhavebiasedour results.Nevertheless,
our structuralmodel should still prove extremely useful in designing
further experiments to understand the NS1:PI3K functional inter-
face. Indeed, to formally prove our hypotheses, we believe it will be
essential to develop in vitro PI3K activity assays using both purified
NS1 and p85β:p110, as well as establish conditions to purify and
crystallize the full-length NS1:PI3K heterotrimer.

Other than single regions of NS1 being necessary for more than
one role, we speculate that some functions of NS1 will depend
upon different multimeric conformations of the protein. This is
borne out by our observation that to bind PI3K in a physiological
context, the NS1 ED would have to be in a monomeric state (the
positioning and state of the NS1 RBD has yet to be determined
during PI3K activation). Thus, future studies on the interactions
of full-length influenza A virus NS1 protein with all of its host-cell
binding partners may underscore both the multifunctional and
“multistructural” nature of this important virulence factor.

Materials and Methods
Plasmid Construction and Transfection. cDNA encoding residues 73–230 (ED)
from the NS1 protein of influenza virus strain A/Puerto Rico/8/34 (H1N1;
PR8) was amplified by PCR and ligated between the EcoRI and NotI sites
of a modified pRSFDuet-1 coexpression vector (Novagen). cDNA encoding
residues 424–593 of bovine p85β (β-iSH2) (18) was ligated between the NdeI
and XhoI sites of the same vector. Four-primer overlap PCR was used to
introduce a specific site-directed point mutation into the β-iSH2 construct,
resulting in a C495S amino-acid substitution. This was designed to reduce
protein aggregation, and is distal to the NS1 binding site. Integrity of the
construct was confirmed by DNA sequencing.

The pHH-NS1-E96/97A plasmid used in the reverse genetics system to
create the rUd-E96/97A virus was generated by site-directed mutagenesis
of pHH-NS using the QuikChange mutagenesis kit (Stratagene) and specific
primers (forward 5′-CTGACATGACTATTGCGGCATTGTCAAGGGACTGG-3′ and
reverse 5′-CCAGTCCCTTGACAATGCCGCAATAGTCATGTCAG-3′). The sequence
of pHH-NS1-E96/97A was confirmed by DNA sequencing prior to use. The
pGEX-NS1-E96/97A plasmid for bacterial expression of NS1 was generated
using the same site-directed mutagenesis protocol and primers. Expression
of myc-tagged β-iSH2 was achieved by transfecting 7 × 106 293T cells with
5 μg of pEF-β-iSH2 (18) using FuGENE 6 transfection reagent (Roche).

Protein Expression and Purification. Recombinant 6His-tagged NS1 ED was
coexpressed with untagged β-iSH2 in Escherichia coli strain BL-21 (DE3).
Induction and purification were performed as previously described (20).

GST-NS1 proteins were expressed in BL-21 (DE3) cells as described above,
except that due to the apparent insolubility of the GST-NS1-E96/97A protein,
cells were resuspended and lysed in STE buffer [10 mM Tris-HCl (pH 7.8),
200 mM NaCl, 1 mM EDTA] supplemented with 1.5% sarkosyl (27). After
sonication, clarified lysates were incubated with immobilized glutathione-
agarose beads (Thermo-Fisher) for 1 h at 4 °C, washed in STE, and resus-
pended in STE as a 50% slurry.

Protein Crystallization, Data Collection, and Structure Solution/Refinement.
ED:β-iSH2 complex crystals were obtained by vapor diffusion in hanging
drops consisting of 2 μL reservoir solution [0.2MHEPES (pH 6.5), 0.2M sodium
chloride, 15% PEG 8000, 14% isopropanol] and 2 μL concentrated protein
solution (approximately 1.2 mg∕mL). The crystals were cryoprotected with
reservoir solution supplemented with 20% glycerol, and data were collected
on beamline IO3 at the Diamond Light Source at 100 K with a DSC Q315 CCD
and processed with Mosflm (28). The asymmetric unit contains two NS1 EDs
and two β-iSH2 domains, which corresponds to a solvent content of 62%. The
structure was solved by molecular replacement using the program PHASER,
an existing PR8/NS1 ED structure, and the iSH2 domain structure of the PI3K
iSH2/ABD complex (PDB ID: 2VIY) (29). Refinement was done with PHENIX
(30) and Refmac (28), and manual model building was done using O (31)
and Coot (32). The final model consists of residues 83–202 and 84–202 of each
NS1 ED and residues 429–591 of each β-iSH2 domain. Structure figures were
created using PyMol (33).
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Cells and Viruses. 293T, A549, 1321N1, and MDCK cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% fetal calf serum at 37 °C with 5% CO2. MDCK cells stably expressing
the V protein of PIV5 (MDCK-V cells) have been described previously (24) and
were maintained in the presence of 200 μg∕mL G418 (Geneticin; Invitrogen).

A/Udorn/72 wild-type (rUd WT) and mutant viruses were generated by
plasmid-based reverse genetics essentially as previously described (16, 34).
Briefly, 293T cells were transfected with eight genome-sense (pHH21)
plasmids and four protein expression plasmids (pcDNA3.1) encoding PB1,
PB2, PA, and NP using FuGENE 6 transfection reagent. At 16 h posttransfec-
tion the cells were cocultured with MDCK-V cells in serum-free DMEM con-
taining 2.5 μg∕mLN-acetyl trypsin (Sigma). Viruses were propagated through
two passages in MDCK-V cells followed by plaque assay titration on MDCK-V
cells. Viral RNA was extracted using the QIAamp viral RNA kit, followed by
reverse-transcriptase PCR using genome specific primers and the resultant
DNA sequenced to confirm presence of the introduced mutations.

Antibodies. Goat serum raised against purified and disrupted A/Udorn/72
virus (anti-Udorn; kindly provided by Robert A. Lamb, Northwestern Univer-
sity, Evanston, IL) was used to detect influenza virus structural proteins by
immunoblotting. NS1 was detected using purified sheep antisera (Diagnos-
tics Scotland) raised against the NS1 protein of the A/Puerto Rico/8/34 strain.
Myc-tagged β-iSH2, β-actin and pAkt were detected using anti-myc (Upstate
Cell Signaling Solutions), anti-β-actin (Sigma-Aldrich) and anti-phospho-Akt
(Ser473) (Cell Signaling Technology) monoclonal antibodies, respectively. Im-
munostaining of plaques was performed using sheep antisera raised against
purified and disrupted X31 [H3N2] virus (anti-X31; Diagnostics Scotland).

Immunoblotting. Virus-infected A549 cells were lysed in 2× disruption buffer
(6 M urea, 2 M β-mercaptoethanol, 4% sodium dodecyl sulphate) and nucleic
acids disrupted by sonication. Samples were boiled for 5 min, polypeptides
separated on a NuPAGE 4–12% Bis-Tris gel (Invitrogen) by SDS-PAGE, and
transferred to polyvinylidene difluoride membranes (Invitrogen). Mem-
branes were placed in blocking buffer (PBS, 0.1% Tween 20, 5% dried milk)
overnight at 4 °C. Membranes were incubated with the appropriate primary

antibody and HRP-conjugated secondary antibody in blocking buffer at room
temperature for 1 h each, followed by addition of ECL substrate (GE Health-
care) and detection by autoradiography.

GST-Pulldown Experiments. 293T cells transfected with pEF-β-iSH2 were lysed
in immunoprecipitation buffer [20 mM Tris-HCl (pH 7.8), 650 mM NaCl, 0.5%
NP-40, 5 mM EDTA], sonicated, insoluble material was removed by centrifu-
gation at 13,000 rpm at 4 °C for 10 min, and supernatants were filtered
through a 0.45-μm filter. GST-NS1 agarose beads were incubated with the
transfected 293T cell lysates overnight at 4 °C. Beads were washed in immu-
noprecipitation buffer, resuspended in 2× disruption buffer, boiled for 5 min,
and proteins were analyzed by SDS-PAGE and immunoblotting.

PIP3 Assays. Analysis and relative quantification of total PIP3 levels in 1321N1
cells was performed as previously described (35).

Plaque Assays.MDCK or MDCK-V cells in six-well plates were infected with se-
rial 10-fold dilutions of each virus in serum-free DMEM for 1 h at 37 °C. Cells
were overlaid with DMEM-1% agarose supplemented with 2 μg∕ml N-acetyl
trypsin and incubated at 37 °C for 72 h. Cells were fixed in 5% formaldehyde
for 1 h at room temperature, washed in PBS, and blocked in PBN (PBS, 1%BSA,
0.02% sodium azide). Plaques were visualized by immunostaining after incu-
bating the cells with anti-X31 primary antibody diluted in PBN followed by an
alkaline phosphatase-conjugated donkey anti-goat secondary antibody
(Santa Cruz) diluted in PBN for 1 h each at room temperature. Plaques were
visualized using the SIGMA FAST BCIP/NBT substrate (Sigma-Aldrich).
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