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The nonstructural protein NS1 of influenza A virus counteracts the interferon (IFN) system and thereby
promotes viral replication. NS1 has acquired different mechanisms to limit induction of IFN. It prevents
double-stranded RNA (dsRNA) and RIG-I-mediated activation of interferon regulatory factor 3 (IRF3), and it
blocks posttranscriptional processing of cellular mRNAs by binding to the cleavage and polyadenylation
specificity factor (CPSF). Using a mouse-adapted A/PR/8/34 virus and reverse genetics to introduce specific
mutations in NS1 which eliminate one or both functions, we determined the relative contributions of these two
activities of NS1 to viral virulence in mice. We found that a functional RNA-binding motif was required for IFN
suppression and virulence. Restoration of CPSF binding in the NS1 protein of wild-type A/PR/8/34 virus, which
cannot bind CPSF due to mutations in the central binding motif at positions 103 and 106, resulted in enhanced
virulence. Surprisingly, if CPSF binding was abolished by substituting glycine for arginine at position 184 in
the classical NS1-CPSF binding motif, the mutant virus replicated much more slowly in mice, although the
mutated NS1 protein continued to repress the IFN response very efficiently. Our results show that a functional
RNA-binding motif is decisive for NS1 of A/PR/8/34 virus to suppress IFN induction. They further demonstrate
that in addition to its contribution to CPSF binding, glycine 184 strongly influences viral virulence by an
unknown mechanism which does not involve the IFN system.

The virulence of influenza A virus (FLUAV) is determined
by several factors, including the viral polymerase complex, the
viral glycoproteins hemagglutinin (HA) and neuraminidase
(NA), and the two nonstructural proteins PB1-F2 and NS1 (40,
42). The nonstructural protein NS1 suppresses induction and
action of the interferon (IFN) system (14, 22, 29). Accordingly,
mutations in NS1 create viruses with strong IFN-inducing ca-
pacity that are attenuated in IFN-competent cells and animals
(15, 28, 38).

The anti-IFN activity of NS1 depends on multiple functions
that affect IFN induction as well as the action of IFNs and
IFN-induced genes (20, 26). The NS1 molecule is divided into
an N-terminal RNA-binding domain (amino acids 1 to 73) and
a C-terminal effector domain (amino acids 74 to 230) (Fig. 1A)
(2). It forms homodimers that directly interact with double-
stranded RNA (dsRNA), primarily via an invariant arginine at
position 38 (R-38) (6, 47, 60). NS1 binding of dsRNA inter-
feres with RIG-I-mediated induction of IFN (35, 43). Addi-
tionally, the association of NS1 with TRIM25 prevents RIG-I
activation (13). Even though NS1 binding to TRIM25 is inde-
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pendent of its binding to dsRNA, mutations that disrupt
dsRNA binding also disrupt TRIM25 binding (13). Two motifs
in the effector domain of NS1 are involved in binding of the
30-kDa subunit of the cleavage and polyadenylation specificity
factor (CPSF), which is involved in the 3’ processing of cellular
mRNAs. Association of NS1 with CPSF thereby provokes a
general shutoff of cellular gene expression, including expres-
sion of IFNSs, by blocking the processing of cellular mRNAs (7,
41). Structural analysis of NS1-CPSF complexes revealed a
distinct CPSF-binding pocket in NS1 with a central glycine at
position 184 (7). Additional contact points at the surface of the
NS1 molecule involving the hydrophobic residues phenylala-
nine (F-103) and methionine (M-106) stabilize this interaction
(7). The residues lining the CPSF-binding pocket in NS1 are
highly conserved. However, NS1 sequences of some virus
strains, including A/PR/8/34, show variations in the hydropho-
bic residues at positions 103 and 106, resulting in attenuation
or loss of CPSF binding (26, 30). However, the significance of
these variations for viral virulence is not understood sufficiently
well.

NS1 also affects the IFN-induced antiviral state (24, 26, 52).
The effector domain of NS1 suppresses mRNA export into the
cytoplasm (12, 44) by interacting with poly(A)-binding protein
IT (5) and with components of the cellular mRNA export
machinery (51), thereby blocking the expression of IFNs and
IFN-stimulated genes. In addition, NS1 prevents the activation
of RNase L and of the dsRNA-activated protein kinase (PKR)
(1, 31, 36, 37). By interacting with the cellular translation
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FIG. 1. A/PR/8/34 viruses with mutations in the NS1 gene.
(A) Schematic representation of functional domains of NS1 and the
inactivating mutations. The functional amino acids are indicated by
bold letters. The RNA-binding domain (positions 1 to 73) was inacti-
vated by mutation R38A. CPSF binding in the effector domain (posi-
tions 74 to 230) was abolished by mutations F103S, M106I, and
G184R. NS1(R/SI/G) represents wild-type NS1 of A/PR/8/34. (B) Sub-
cellular localization of NP and NS1 in virus-infected cells. A549 cells
were infected with the recombinant viruses at an MOI of 0.25. At 8 h
p-i. the cells were fixed and stained with a polyclonal rabbit antiserum
directed against NP and a monoclonal mouse antibody (1A7) directed
against NS1. One representative result out of three independent ex-
periments is shown.

initiation factor eIF4GI via its central domain (amino acids 74
to 113), NS1 is able to stimulate translation of viral transcripts
(3, 10). NS1 also directly influences viral replication indepen-
dently of its effects on the IFN system (11, 37), and coprecipi-
tation studies suggested an association of NS1 with the viral
polymerase complex (30, 33). Furthermore, NS1 affects viral
replication by activation of the cellular phosphatidylinositol
3-kinase/Akt pathway, thereby suppressing apoptosis in virus-
infected cells (9, 19, 53).

It is unclear how the multiple functions of NS1 contribute to
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pathogenesis of FLUAYV in the infected host. We hypothesize
that a virus possessing both anti-IFN mechanisms in NS1, i.e.,
inhibition of RIG-I activation and of CPSF functions, would
increase its capacity to suppress IFN-induced host defense and
therefore gain enhanced virulence. Here, we addressed this
assumption by generating recombinant PRS8 viruses carrying
NS1 with amino acid exchanges in the RNA-binding motif and
in the two CPSF interaction sites. Analysis of these viruses
revealed a dominant contribution of the RNA-binding site for
enhanced virulence, which correlated with efficient control of
the IFN system. Most surprisingly, however, a mutation of
glycine 184 to arginine in the CPSF-binding pocket of NS1
strongly attenuated the recombinant viruses without affecting
the IFN-suppressive activity. This severe attenuation was not
seen in viruses expressing an NSI1 protein defective in CPSF
binding due to exchanges at positions 103 and 106, indicating
a considerable contribution of glycine 184 to virulence of
A/PR/8/34 virus irrespective of its role in CPSF binding.

(This work was conducted by Sabine Steidle in partial ful-
fillment of the requirements for an M.D. degree from the
Medical Faculty of the University of Freiburg, Freiburg, Ger-
many.)

MATERIALS AND METHODS

Generation of recombinant viruses. A mixed genetic background was used to
generate A/PR/8/34 viruses. cDNA plasmids encoding segments 1, 2, 3, 5, and 7
from a low-virulence A/PR/8/34 (IvPR8) and segments 4, 6, and 8 from a high-
virulence PRS8 variant (hvPR8) were combined as described previously (17).
Mutations in NS1 were introduced into the cDNA of segment 8 of hvPRS8 by a
PCR-based strategy without affecting the open reading frame of the NEP/NS2
gene. The resulting cDNAs were cloned into the ambisense expression vector
pDZ, which contains a human RNA polymerase I promoter and an RNA poly-
merase II-driven chicken B-actin promoter (45). For the rescue of recombinant
viruses, a mixture of eight pDZ plasmids (0.5 pg each) was transfected into
cocultures of 293T and Madin-Darby canine kidney (MDCK) cells. Recombinant
viruses in the supernatant of transfected cells were plaque purified on MDCK
cells in the presence of tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-
trypsin (Sigma). Virus stocks were prepared in 8-day-old embryonated chicken
eggs and stored at —80°. The presence of the mutations was confirmed by reverse
transcription-PCR (RT-PCR) and sequencing of segments 8 of the individual
virus stocks.

Virus growth was determined on MDCK and human A549 cells by infecting
the cells with the recombinant viruses at multiplicities of infection (MOIs) of
0.001 and 0.01, respectively, in the presence of 0.5 pg/ml of trypsin in the
medium. Virus titers in the supernatants were determined by infecting MDCK
cells with 10-fold serial dilutions. Fluorescent cell foci detected after staining
with a rabbit antiserum specific for NP were counted. Virus titers are expressed
as focus-forming units (FFU). All infection experiments were confirmed with a
second, independently generated recombinant virus variant.

Determination of IFN induction in cell culture. Mouse embryo fibroblasts
(MEF) prepared from IFN-gdelf-lue/delp-lue reparier mice (32) were infected with
the PRS viruses at an MOI of 0.5 for 20 h. Firefly luciferase activity was deter-
mined in the cell lysates using the luciferase assay system (Promega).

To determine type I IFN production in infected cells, human A549 cells were
infected at an MOI of 0.5 for 20 h. Supernatants were dialyzed against 0.1 M
glycine (pH 2.0) for 10 h and subsequently against phosphate-buffered saline
(PBS) (pH 7.5) for 24 h. 293T cells transfected with a reporter plasmid encoding
firefly luciferase under the control of the Mx1 promoter (25) were incubated with
the acid-treated supernatants for 18 h, and luciferase activity in the cell lysates
was then determined.

Coimmunoprecipitation and Western blot analysis. (i) Binding of NS1 to
poly(I - C). 293T cells were infected with the viruses at an MOI of 0.5 for 16 h
before the cells were lysed in a mixture of 50 mM Tris (pH 8.0), 250 mM NacCl,
1 mM MgClI2, 10% glycerol, 0.5% NP-40, 1 mM dithiothreitol (DTT), and
protease inhibitors. The cleared lysates were incubated with poly(I - C) (Sigma)
coupled to CNBr-activated Sepharose beads (Roche) for 2 h at 4°C. As a control,
the lysates were incubated with mock-treated Sepharose beads. After five washes
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with binding buffer, precipitated NS1 proteins were eluted and detected by
Western blotting.

(ii) NS1/TRIM25 coimmunoprecipitation. 293T cells were transfected with an
expression construct encoding V5-tagged TRIM25 for 30 h as described previ-
ously (13) before the cells were infected with the various viruses at an MOI of 2.0
for 18 h. The cells were then lysed in a mixture of 50 mM HEPES (pH 7.4), 150
mM NaCl, 1 mM EDTA, 1% NP-40, and protease inhibitors, and the cleared
lysates were incubated with an antibody directed against the V5 tag (Abcam,
Cambridge, MA) for 4 h at 4°C and then with protein A-Sepharose (Roche) for
an additional 2 h. After three washes with binding buffer, the precipitated
proteins were eluted and analyzed by Western blotting using the V5-specific
antibody and an NS1-specific antiserum.

(iii) NS1/CPSF coprecipitation. 293T cells were transfected with an expression
construct encoding the full-length human CPSF C-terminally fused to a Flag tag
or encoding the F2F3 domain of CPSF N-terminally fused to glutathione S-
transferase (GST) under the control of the chicken B-actin promoter (CAGGS)
(26). At 24 h posttransfection, the cells were infected with the various viruses at
an MOI of 0.5 for 20 h. The cells were then lysed in a mixture of 50 mM Tris (pH
8.0), 200 mM NaCl, 0.2 mM EDTA, 10% glycerol, 0.5% NP-40, 0.5% Triton
X-100, 1 mM DTT, protease inhibitors, and 100 U/ml of Benzonase (Novagen,
Merck Chemicals, Nottingham, United Kingdom) as described previously (26).
The cleared lysates were incubated with 1 pg of a monoclonal anti-Flag antibody
(Sigma) and 25 pl of protein A-Sepharose beads or with glutathione agarose
beads (Sigma) for 2 h at 4°C. After three washes with binding buffer, precipitated
NS1 proteins were eluted and detected by Western blotting using a monoclonal
antibody directed against Flag or GST (Sigma-Aldrich, St. Louis, MO) and an
NS1-specific antiserum.

For Western blot analysis, the precipitated proteins were eluted from the
beads by boiling in SDS sample buffer. The eluted proteins were separated by
12% denaturing gel electrophoresis and detected by Western blotting and by
using polyclonal antisera directed against viral NP and NS1 (54) and a mono-
clonal mouse antibody for B-actin (Sigma). Horseradish peroxidase-conjugated
secondary antibodies, the SuperSignal bioluminescence substrate (Thermo Sci-
entific, Rockford, IL), and ChemiDoc equipment (Bio-Rad, Munich, Germany)
were used to detect the primary antibodies.

Immunofluorescence analysis. A549 cells were seeded onto glass coverslips
and infected with the various viruses at an MOI of 0.25 for 8 h. The cells were
then fixed with 3% paraformaldehyde, permeabilized with 0.5% Triton X-100,
and stained using a polyclonal rabbit antiserum directed against NP and a mouse
monoclonal NS1-specific antibody (1A7). Fluorophore-conjugated donkey anti-
rabbit (Alexa-555; Invitrogen) and anti-mouse (Alexa-488) antibodies were used
as secondary antibodies. Pictures were recorded using epifluorescence with a
Zeiss Axioplan-2 microscope.

Mice. Infection studies were performed with either wild-type C57BL/6 or
congenic B6.A2G-MxI mice carrying intact MxI alleles (55), B6.DKO-Mx1 mice
lacking functional type T and IIT IFN receptors (38), PKR”? knockout mice with
the mixed 129/SvxC57BL/6J background (63), or IFN-gdelf-lue/delp-luc nack-in
reporter mice expressing firefly luciferase under the control of the IFN-B pro-
moter (32). Six- to 8-week-old animals were used for the experiments, which
were performed in accordance with the guidelines of the local Animal Care
Committee. For infection, animals were anesthetized by intraperitoneal injection
of a mixture of ketamine (100 g per gram of body weight) and xylazine (5 pg per
gram of body weight) and infected intranasally with the indicated doses of virus
in 50 wl of PBS containing 0.3% bovine serum albumin. Animals were killed if
severe symptoms developed or if the weight loss approached 30%. Fifty percent
lethal dose (LDs) values were calculated as described previously (46).

Determination of virus titers and luciferase activity in lungs. Lung homo-
genates were prepared in 0.8 ml PBS using a FastPrep-24 (Molecular Probes)
homogenizer, and tissue debris was removed by low-speed centrifugation. Virus
titers in supernatants were determined on MDCK cells by serial 10-fold dilution
and staining with specific antibodies as described above. For determination of
the luciferase activity, the supernatants were diluted in an equal volume of 2X
passive lysis buffer and luciferase activity was determined using the luciferase
assay system (Promega).

Minireplicon assay. 293T cells were transfected using Nanofectin (PAA Lab-
oratories, Pasching, Austria) with pCAGGS expression plasmids for PB2, PB1,
and PA (125 ng each) and NP (300 ng) of IvPR8 and with pPOLI-FFLuc-RT (50
ng) encoding firefly luciferase in the negative-sense orientation under the control
of the noncoding regions of FLUAYV segment 8 (48). In this construct, expression
of the viral minigenome is under the control of the human RNA polymerase I
promoter and terminator, respectively. The cells were cotransfected with
pCAGGS expression constructs for NS1 with the splice acceptor mutation (57).
In addition, an expression plasmid (40 ng) encoding Renilla luciferase under the
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control of the simian virus 40 (SV40) promoter (pRL-SV40) was cotransfected.
At 24 h after transfection, the cells were harvested and luciferase activities were
determined using the dual luciferase assay system (Promega). Firefly luciferase
activity was normalized to the Renilla luciferase activity.

RESULTS

dsRNA and CPSF binding of PR8-NS1. To evaluate the
contribution of NS1 to virulence, we used a mouse-adapted
A/PR/8/34 virus and MxI-positive mice. This animal model
system benefits from the exclusive induction of Mx1 by IFNs
(38) and from the strong antiviral activity of Mx1 against in-
fluenza A viruses (58), which mimics the antiviral response of
influenza virus infection in natural, Mx-competent hosts, in-
cluding humans. In this system, even slight changes in virus-
induced IFN levels are expected to result in altered expression
of Mx1, thereby strongly affecting virus replication and patho-
genesis. For the current study we used a recombinant PRS8
virus of intermediate virulence in MxI-positive mice (17).

To generate this parental virus by reverse genetics, we used
plasmids for segments 4 (HA), 6 (NA), and 8 (NS1/NEP) of a
highly virulent variant of PR8 and for segments 1 (PB2), 2
(PB1),3 (PA), 5 (NP), and 7 (M1/M2) of regular PR8 (17). We
then introduced various mutations into the NS1 protein of this
virus. First, we inactivated the RNA-binding motif in NS1 by
changing arginine at position 38 to alanine. This amino acid
exchange has previously been shown to reduce dsSRNA binding
(8, 60) and interaction with TRIM2S, a cofactor of RIG-I-
mediated signaling (13). Second, to restore CPSF binding of
the NSI1 protein of PRS, the central interaction motif was
modified by changing serine at position 103 to phenylalanine
and isoleucine at position 106 to methionine. According to our
previous studies, these changes should restore functional asso-
ciation between NS1 and CPSF (26). Third, we examined the
role of the C-terminal CPSF-binding pocket in NS1 around
glycine 184 by converting this residue to arginine. This muta-
tion should result in loss of CPSF binding (7). None of the mu-
tations introduced into segment 8 resulted in changes of the
NEP/NS2 amino acid sequence. Figure 1A summarizes the
different NS1 sequences of the eight recombinant viruses used
in this study, which carry all possible combinations in the three
functional NS1 motifs. NS1(R/SI/G) corresponds to wild-type
PRS8-NS1. All recombinant viruses grew to comparable titers in
8-day-old embryonated eggs.

The subcellular localization of the NS1 mutants was first
analyzed in virus-infected cells. For this, human alveolar epi-
thelial A549 cells were infected with the different viruses for
8 h and then analyzed for NS1 localization. At this time point,
all NS1 variants showed predominantly nuclear localization
(Fig. 1B). In three independent experiments, no significant
differences in the subcellular distributions of the various NS1
mutants were detected.

Infection of Madin-Darby canine kidney (MDCK) and hu-
man A549 cells resulted in replication to high titers with com-
parable kinetics (Fig. 2A and B). At later time points the titers
of the viruses in the cell culture supernatants differed by at
most 10-fold, but these variations in virus growth did not cor-
relate with one of the specific mutations introduced in the NS1
gene.
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FIG. 2. Growth of the recombinant viruses in cell culture. MDCK
(A) and A549 (B) cells in six well plates were infected in triplicates
with the viruses at MOIs of 0.001 and 0.01, respectively. At the indi-
cated time points, supernatants were harvested and stored at —70°C.
Virus titers were determined on MDCK cells. Error bars indicate
standard deviations.

IFN-inducing capacity of viruses with altered NS1 genes.
We and others recently described the importance of the RNA/
TRIM25-binding region and the CPSF interaction motif of
NSI1 for suppression of type I IFN (13, 26, 29). To determine
which NS1 mutants might have lost this activity, we infected
MEF that express firefly luciferase under the control of the
IFN-B promoter (32). As a control, we used a PR8 mutant
virus that lacks NS1 altogether (deINS1) (28). This analysis
revealed that all PRS8 viruses carrying NS1 proteins with a
functional RNA-binding motif (R-38) suppressed the activity
of the IFN-B promoter rather efficiently. Infection with these
viruses resulted in 10- to 30-fold activation of the reporter gene
compared to the results for the mock-treated control (Fig. 3A).
Under these conditions, the deINS1 virus induced the reporter
gene about 450-fold (Fig. 3A). Inactivation of the CPSF-bind-
ing motif in NS1 did not significantly alter the IFN-suppressing
properties of mutants carrying R-38. In contrast, viruses en-
coding NS1 proteins with a defective RNA/TRIM25-binding
domain (A-38 mutants) showed strong reporter gene activa-
tion, with induction values ranging from 200- to 400-fold (Fig.
3A). Of note is that the A-38 mutants failed to suppress re-
porter gene expression irrespective of whether a functional
CPSF interaction motif was present or not. Although there
were some variations, Western blot analysis of cell lysates
confirmed comparable degrees of infection of the indicator
cells by the different viruses and comparable production of the
various NS1 proteins (Fig. 3A).

Using human A549 cells, we evaluated the capacities of the
various viruses to induce secretion of type I IFN. For this, the
culture supernatants of the infected cells were first treated with
low-pH buffer to inactivate virus and then tested for acid-stable
IFN activity using a bioassay which is based on 293T cells
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FIG. 3. IFN-inducing capacity of recombinant A/PR/8/34 with mu-
tations in NS1. (A) Activation of the IFN-B promoter in cell culture.
MEF expressing firefly luciferase (FF-luc) under the control of the
IFN-B promoter were infected at an MOI of 0.5 for 20 h. Luciferase
activity of the cell lysates was determined. (B) Induction of type I IFN.
A549 cells were infected at an MOI of 0.5 for 20 h. The cell culture
supernatants were dialyzed against low-pH buffer to inactivate the
viruses as described previously (27). 293T cells expressing firefly lucif-
erase under the control of the Mx1 promoter (25) were then incubated
with the treated supernatants for 18 h. Luciferase activity in the lysates
of the indicator cells was determined. Data from three independent
experiments are shown, and error bars indicate standard deviations.
Viral proteins and B-actin in the whole-cell lysates of infected MEF or
A549 cells were analyzed by Western blotting using specific antibodies
directed against NS1, NP, and B-actin.
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carrying the firefly luciferase gene under the control of the
mouse Mx1 gene promoter (25). All virus variants encoding
NS1 proteins with a defective RNA/TRIM25-binding domain
(A-38 mutants) induced large amounts of IFN, comparable to
the case for the deINS1 virus (Fig. 3B). In contrast, all viruses
encoding NS1 proteins with a functional RNA-binding domain
(R-38) efficiently suppressed IFN synthesis in infected cells
(Fig. 3B).

Properties of NS1 proteins with mutations in RNA- and
CPSF-binding motifs. The N-terminal RNA/TRIM25-binding
domain of NSI1 was first tested for binding to poly(I - C) and
coprecipitation with TRIM2S. Lysates of infected 293T cells
were incubated with poly (I - C) covalently attached to Sepha-
rose beads as described previously (4). All NS1 proteins with a
functional RNA-binding motif (R-38) were precipitated with
poly(I - C)-Sepharose, whereas all NS1 mutants with a defec-
tive RNA-binding motif (A-38) did not (Fig. 4A).

NS1 inhibits RIG-I activation by binding to TRIM25, and
this interaction is abolished by the R38A mutation (13). To test
our NS1 mutants for TRIM25 binding, 293T cells were trans-
fected with an expression construct encoding V5-tagged
TRIM25 before the cells were infected with the recombinant
viruses. Coimmunoprecipitation with a V5-specific antibody
revealed that the R-38 but not the A-38 mutants bound to
TRIM?2S (Fig. 4B).

We further measured the interaction of the different NS1
proteins with CPSF. For this, we transfected an expression
construct encoding the GST-tagged second and third zinc fin-
ger domains (F2F3) of CPSF, which were shown to comprise
the NS1 interaction site (7). GST pulldown precipitated only
NS1 proteins that possess functional middle (F-103/M-103)
and C-terminal (G-184) interaction motifs, whereas NS1 pro-
teins possessing either the S-103/I-106 or R-184 mutations did
not interact with CPSF (Fig. 4C). In addition, we evaluated the
binding of NS1 mutants R/FM/G and R/SI/G to full-length
Flag-tagged CPSF using the same approach. Consistent with
the results shown in Fig. 4C, only the R/FM/G variant and not
the R/SI/G variant was coimmunoprecipitated (see Fig. S1 in
the supplemental material), indicating the requirement of both
the central and the classical, C-terminal interaction motifs for
association of NS1 with CPSF in infected cells.

Effect of RNA and CPSF binding on IFN-induction in vivo.
To test IFN induction in vivo, we infected reporter mice that
express firefly luciferase under the control of the IFN-B pro-
moter with 5 X 10* FFU of the various viruses for 24 h. It was
shown previously that luciferase expression in lungs of infected
mice correlates with induction of IFN-B (32). About an 800-
fold-increased luciferase activity was detected after infection
with the deINS1 virus, whereas viruses carrying a functional
RNA-binding motif were all inefficient IFN inducers. We
noted only 20- to 100-fold-increased luciferase activity com-
pared to that in mock-treated animals (Fig. 5A).

The A/FM/G and A/SI/G virus variants, which feature a
defective RNA-binding motif, activated the IFN-B promoter
efficiently, with induction values of about 1,400-fold (Fig. 5A),
as expected from the cell culture experiments. Unexpectedly,
however, infection of reporter mice with the A/FM/R and
A/SI/R variants did not result in significant IFN-B promoter
activation (Fig. 5A), although these viruses lack a functional
RNA-binding motif. Titrations showed that during the 24-h
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FIG. 4. NSI1 interaction with cellular factors. (A) NS1 binding to
dsRNA. 293T cells were infected with the recombinant viruses at an
MOI of 0.5. At 16 h p.i. cell lysates were incubated with poly(I - C)
immobilized on Sepharose beads. Poly(I - C)-bound proteins were iso-
lated and analyzed by Western blotting (IB) using antibodies directed
against NS1. Whole-cell extracts (WCL) were analyzed for NS1 and
NP expression using antibodies directed against NP and NS1. (B) NS1
association with TRIM25. 293T cells were transfected with an expres-
sion construct encoding V5-tagged TRIM25 and infected 30 h later
with the recombinant viruses at an MOI of 2. TRIM25 was immuno-
precipitated at 18 h p.i. with an antibody directed against the V5 tag,
and associated NS1 was analyzed by Western blotting as described
above. (C) NS1 interaction with CPSF. Cells were transfected with an
expression construct encoding GST fusion protein with the F2F3 do-
mains of CPSF. At 24 h posttransfection, the cells were infected with
the recombinant viruses at an MOI of 0.5. At 20 h p.i. cell lysates were
subjected to CPSF precipitation using glutathione-agarose. The pre-
cipitated proteins (GST-PD) and proteins in the whole-cell lysates
(WCL) were analyzed by Western blotting using antibodies directed
against NS1, NP, and the GST-tag. All results show representative data
from three independent experiments.
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FIG. 5. IFN-inducing capacity of recombinant A/PR/8/34 mutants
in vivo. (A) Groups of reporter mice (n = 3) expressing firefly lucif-
erase under the control of the IFN-B promoter were infected intrana-
sally with 5 X 10* FFU of the mutant viruses or their counterparts
lacking NS1 (deINS1). At 24 h p.i. luciferase activity (FF-luc) in lung
homogenates was determined. Error bars indicate standard deviations.
(B) In addition, virus titers in lung homogenates of the reporter mice
were determined.

infection period, the A/FM/G and A/SI/G viruses grew to at
least 100-fold-higher titers in lungs of reporter mice than the
A/FM/R and A/SI/R variants (Fig. 5B), which may explain the
impaired IFN-inducing capacity of the latter viruses. Interest-
ingly, the R/FM/R and R/SI/R variants, which possess a func-
tional RNA-binding motif but have a mutated C-terminal
CPSF-binding motif, also grew less well than R/FM/G and
R/SI/G, in which the C-terminal CPSF-binding motif is intact
(Fig. 5B), suggesting that G-184 of NS1 determinates viral
fitness in mouse lungs.

Importance of RNA and CPSF binding for virulence in mice.
To determine if the observed strong in vivo attenuation of
viruses carrying the G184R mutation in NS1 is dependent on
the IFN-induced antiviral effector protein PKR, we infected
PKR”° mice (63). The PKR gene, which is basically expressed
in the absence of IFN, was previously shown to play a role in
the antiviral host defense against FLUAV (1, 49, 61). Due to a
shortage of these animals, we compared only the four viruses
having a functional central CPSF-binding site. Mice were in-
fected intranasally with 1,000 FFU of the various viruses, and
lung titers were determined at 24 h postinfection (p.i.). Viruses
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FIG. 6. Growth of recombinant A/PR/8/34 mutants in vivo. Lung
titers in PKR knockout mice (A) and IFNAR/IL28R double-knockout
mice (B) are shown. Mice were infected intranasally with 1,000 FFU of
the recombinant viruses. Virus titers in lung homogenates were deter-
mined at either 24 or 96 h postinfection as indicated.

R/FM/G and A/FM/G, carrying a functional C-terminal CPSF
interaction motif, grew to about 1 X 107 FFU in lungs of
PKR?° mice (Fig. 6A). However, viruses R/FM/R and
A/FM/R, carrying the G184R mutation in NSI, remained in-
efficient and grew to 10- to 100-fold-lower titers in the lungs of
PKR-deficient mice (Fig. 6A), confirming a reduction of viral
fitness of the NS1(G184R)-encoding viruses that is not due to
the action of PKR.

We next determined virus growth kinetics in Mx-IFNAR
IL28Ra”” mice, which lack functional receptors for both type
I and type III IFN (38). At 24 h postinfection, virus R/SI/G,
which binds dsRNA but not CPSF, and A/FM/G and A/SI/G,
which do not bind dsRNA, grew slightly less well than R/FM/G
and reached titers of about 5 X 10° to 1 X 10” FFU (Fig. 6B
and data not shown). The R/FM/G virus reached lung titers of
about 5 X 10”7 FFU as early as 24 h postinfection in these mice
(Fig. 6B). However, all viruses in which the C-terminal CPSF-
binding motif was destroyed by the G184R mutation grew
substantially slower and to only low titers (Fig. 6B and data not
shown). However, virus R/FM/R titers, which were below 10°
FFU at 24 h postinfection, reached values of 107 to 10* FFU by
96 h (Fig. 6B). A similar phenomenon was observed with the
virus pair A/FM/G and A/FM/R. Both mutant viruses reached
high lung titers at 96 h postinfection but with strikingly reduced
kinetics (Fig. 6B).

To further evaluate the fitness of the various viruses, we next
determined the lethal dose in MxI-negative C5S7BL/6 and con-
genic B6.A2G-Mx1 mice carrying functional copies of the IFN-

]0/()
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TABLE 1. Virulence of PRS8 viruses with mutations in NS1 in mice

LDs, (FFU) in:

Virus strain RNA (.:PS.F
binding binding CSHZEE/ﬁ B6-Mx1*/* mice

R/FM/G + + 5 5 X 10?
R/SI/G + - 5 3 % 10°
R/FM/R + — 50 >10°
R/SI/R + - 50 >10°
A/FM/G - + 20 5% 10°
A/SI/G - - 50 5% 10°
A/FM/R - — 500 >10°
A/SI/R - - 500 >10°

“ LDs, values were determined by infecting groups (n = 4) of mice with
various doses of the indicated viruses. Animals were killed if they were severely
ill or if weight loss approached 30%.

induced Mx1 gene. Mx1 is a strong antiviral host factor against
influenza virus (17, 23, 56, 58). Mice were infected intranasally
with 10-fold dilutions of the different virus variants and mon-
itored for onset of disease and death. Table 1 specifies the
mouse 50% lethal doses (LDs,) of the different viruses. In
C57BL/6 animals, the R/FM/G virus with functional RNA-
binding as well as CPSF-binding motifs showed a low LDy,
value (Table 1). Inactivation of the central CPSF-binding do-
main in R/SI/G did not change the LDs,, whereas inactivation
of the C-terminal CPSF-binding site in R/FM/R and R/SI/R or
the RNA/TRIM25-binding site in A/FM/G and A/SI/G de-
creased virulence by about 10-fold. Inactivation of both the
RNA-binding and C-terminal CPSF-binding domains in the
A/FM/R and A/SI/R viruses decreased virulence by about 100-
fold (Table 1).

The attenuating effect of the various NS1 mutations was
much more pronounced in Mx!-positive animals (Table 1).
The parental virus R/FM/G showed an LD, value of 500 FFU.
Inactivation of the central CPSF-binding motif in R/SI/G re-
duced the virulence by about 6-fold, resulting in an LDy, of
3,000 FFU. Inactivation of the RNA binding in A/FM/G and
A/SI/G resulted in an additional 100-fold increase of the LDy,
value to 5 X 10° FFU, which correlated well with the strong
IFN-inducing capacities of these two virus variants (Fig. 5A).
Inactivation of the C-terminal CPSF-binding site in R/FM/R,
R/SI/R, A/FM/R, and A/SI/R reduced viral virulence dramat-
ically, resulting in LDs, values of more than 10° FFU in MxI-
positive mice (Table 1).

To evaluate whether the G184R mutation in NS1 variants
might reduce viral polymerase activity, we analyzed the NS1
variants in a minireplicon system. 293T cells were transfected
with expression constructs coding for the three viral polymer-
ase subunits and NP and with a virus-like minigenome encod-
ing firefly luciferase (48). In this system, reporter gene expres-
sion is a measure for the activity of the reconstituted
polymerase complex. Coexpression of NS1 increased polymer-
ase activity slightly compared to that with the mock control
(see Fig. S2 in the supplemental material), presumably due to
a general enhancing effect of NS1 on translation via the RNA-
binding domain (50). The different NS1 variants did not differ
significantly in this assay (see Fig. S2 in the supplemental
material). Thus, G184 does not seem to influence viral poly-
merase activity.
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DISCUSSION

Influenza A viruses have established two main strategies to
limit IFN expression in infected cells. The viral NS1 protein
sequesters dsSRNA via its N-terminal RNA-binding domain
around arginine at position 38 (8, 47) and inhibits TRIM25-
mediated modification of RIG-I (13). Furthermore, the effec-
tor domain of NS1 binds to CPSF and thereby prevents pro-
cessing of cellular pre-mRNAs, including transcripts of IFN
genes (29). We hypothesized that a virus possessing both anti-
IFN mechanisms in NS1 would increase its capacity to suppress
IFN-induced host defense and therefore gain enhanced viru-
lence in mice that possess a complete antiviral defense system,
including the influenza virus-specific MxI gene (56). We could
confirm our assumption by analyzing recombinant PRS viruses
carrying NS1 genes manipulated in the RNA/TRIM25-binding
site as well as in the motifs responsible for CPSF binding. We
demonstrated that a functional RNA-binding motif is decisive
for viral virulence and suppression of the IFN system. If NS1
was further able to bind CPSF, viral replication and pathogen-
esis in the infected animals were increased. Unexpectedly,
however, we observed strong attenuation of viruses carrying
NSI1 proteins with a glycine-to-arginine substitution at position
184 that cannot be explained by loss of CPSF binding. This
finding suggests an additional, prominent function of the C-
terminal NS1 region around glycine 184 for viral replication.

The importance of the N-terminal RNA/TRIM25-binding
site of NS1 for suppression of IFN induction has been elabo-
rated extensively (8, 13, 57, 62). Structural examination of the
N-terminal part of NS1 in complex with dSRNA demonstrated
the critical function of Arg-38 for binding of dsRNA (6, 60).
The crystal structure of full-length NS1 revealed the formation
of long NS1 filaments. Three NS1 filaments assemble into a
tubular structure with basic residues critical for dsRNA bind-
ing, including Arg-38, directed to the center of this tube (2). It
is thought that by sequestration of the dsSRNA in this tunnel,
NS1 prevents exposure of dSRNA to cytoplasmic RNA sensors
such as RIG-I. In addition, it has recently been demonstrated
that Arg-38 is critical for binding of NS1 to TRIM25, an ubig-
uitin ligase that is involved in RIG-I activation. Mutant
NS1(R38A) did not interact with TRIM25 and was therefore
not able to suppress IFN induction in virus-infected cells (13).
NS1 additionally associates with RIG-I, possibly via dsRNA
(35, 43), indicating the formation of a huge complex of at least
dsRNA, RIG-I, and TRIM25 whose activity is controlled by
NS1 in virus-infected cells. Our data now indicate that a func-
tional RNA/TRIM?2S interaction site in NS1 is most critical for
suppression of IFN induction and virulence of a highly patho-
genic mouse-adapted PRS virus. These results are in agree-
ment with previous publications that demonstrated a strong
attenuation of influenza viruses with mutated NS1(R38A) in
vivo due to loss of RNA binding and enhanced IFN induction
(8). Arg-38 is part of the first nuclear localization sequence
(NLS1) of NS1, encoded by amino acids 34 to 41 (16, 34).
Accordingly, it was reported that NS1(R38A) of A/WSN/33
showed enhanced cytoplasmic accumulation in transfected and
infected cells (34, 36). However, examination of PRS-
NS1(R38A) in cells transfected with the respective cDNA ex-
pression constructs (57) or in infected cells (Fig. 1B) demon-
strated nuclear accumulation of NSI1(R38A) that was
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indistinguishable from that of wild-type PR8-NS1. This sug-
gests that C-terminal basic amino acids between positions 203
and 230, most likely a stretch of arginine and lysines at posi-
tions 217 to 220, might serve as a second NLS, NLS2 (16), that
is sufficient for nuclear accumulation of PR8-NS1(R38A). The
RNA-binding domain of NSI is also part of a dimerization
motif which is required for efficient dSRNA binding (39, 60).
However, intensive mutational analysis and structural exami-
nation of the RNA-binding domain revealed that the arginine
at position 38 is not involved in intermolecular dimer forma-
tion of the N-terminal part of NS1 (6, 60), indicating that the
amino acid exchange at position 38 specifically abolishes
dsRNA and TRIM25 binding but does not affect other func-
tions of the NSI1 protein. In addition to the N terminus, the
C-terminal effector domain contributes to NS1 oligomerization
(2, 39). This C-terminal contribution to NS1 dimerization
seems to have a critical role in suppression of the IFN system
at least in vivo. Likewise, recombinant influenza viruses with
C-terminal truncations in the NS1 proteins were attenuated in
infected mice (27, 28, 61). However, viruses encoding the NS1
RNA-binding domain fused to a heterologous dimerization
domain regained virulence in infected animals (61), indicating
the importance of dimerization via the C-terminal effector
domain for a functional RNA-binding site.

Another prominent function of the effector domain of NS1
is the inhibition of 3’-end processing of cellular pre-mRNAs by
binding and inactivation of the 30-kDa subunit of CPSF (41).
Two sites in NS1 are involved in this interaction: (i) a C-
terminal binding pocket formed mostly by hydrophobic amino
acids and involving Gly-184 and (ii) two amino acids outside
this pocket, Phe-103 and Met-106, that stabilize the NS1-CPSF
complex (7). Comparisons of 1,520 NS1 sequences of mamma-
lian and avian influenza A virus isolates revealed an invariable
glycine residue at position 184 within the CPSF-binding
pocket. However, the hydrophobic residues at positions 103
and 106 show some, at least infrequent, variations. The NS1
sequences of A/HK/483/97, isolated from a fatal human infec-
tion during the H5N1 outbreak in Hong Kong in 1997, and
some other avian viruses have a leucine instead of phenylala-
nine at position 103 and an isoleucine instead of methionine at
position 106, which weakens the association between NS1 and
CPSF (59). The NS1 of A/PR/8/34 has a very rare Ser-103
combined with Ile-106 that completely abolishes CPSF binding
(26). Interestingly, the NS1 of A/HK/483/97 regained interac-
tion with CPSF and suppression of the IFN system in the
presence of its cognate viral polymerase complex, indicating
that the polymerase complex is involved in NS1-CPSF inter-
action (30, 59). In contrast, PR8-NSI containing Ser-103 com-
bined with Ile-106 did not regain CPSF binding in the presence
of the viral polymerase complex (Fig. 4C). Nevertheless, this
PRS virus, R/SI/G, showed efficient control of the IFN system
in infected cell cultures and animals. However, reconstitution
of CPSF binding by changing Ser-103 to phenylalanine and
Ile-106 to methionine in PR8-NS1 further increased virulence,
indicating that NS1-CPSF interaction has some virulence-en-
hancing function in addition to the RNA-binding capacity of
NS1 in the context of the PRS virus. The impact of CPSF
binding on virulence in mice appears to be strain specific, as
this function did not enhance virulence in the context of the
new pandemic HIN1 virus (21).
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The most intriguing result was the remarkable attenuation
of PRS viruses carrying NS1(G184R). Structural analysis of
A/Udorn/72-NS1(G184R) showed that this amino acid substi-
tution has only little or no effect on the overall structure of the
NS1 effector domain (7). Inactivation of this C-terminal CPSF
interaction site by similar means in A/Udorn/72 (HIN1) re-
sulted in enhanced expression of IFN and attenuation of the
recombinant virus (7, 41). However, PR8 viruses with
NS1(G184R) did not show pronounced attenuation of virus
growth in MDCK and A549 cells (Fig. 2A and B). In addition,
in vivo attenuation of NS1(G184R)-expressing viruses was not
due to a reduced ability to control the IFN system. Viruses with
a functional RNA-binding motif and a defective C-terminal
CPSF-binding site, R/FM/R and R/SI/R, suppressed IFN in-
duction as efficiently as the virus that showed NS1-CPSF in-
teraction, R/FM/G, in cell culture and in infected animals (Fig.
3 and 5A). In vivo, viruses with NS1(G184R) were attenuated
even in mice lacking PKR expression and in double-knockout
mice that lack functional type I and type III receptors and do
not express IFN-stimulated genes upon virus infection (Fig. 6A
and B). These results indicate that the observed attenuation of
the viruses encoding NS1(G184R) is not due to an overactiva-
tion of the host IFN response or to an enhanced sensitivity of
these viruses to the antiviral effect of PKR. Therefore, we
assume that the region around Gly-184 in NS1 serves addi-
tional functions in the virus life cycle beside CPSF binding,
resulting in this strong attenuation especially under the
growth-restricting conditions in MxI-positive mice (Table 1). A
recent structural analysis of the C-terminal effector domain of
an avian H7N7 NS1 protein revealed a contribution of the long
helix formed by amino acids 171 to 188 in NS1 dimer formation
(18). However, particularly Trp-187 but not Gly-184 contrib-
utes to this dimeric interface. In addition, efficient dsSRNA
binding and control of IFN induction by viruses carrying
Arg-38 combined with Arg-184 argue against a defect of
NS1(G184R) in dimer formation. Since the activity of the viral
polymerase complex might be influenced by NS1 (30, 33), we
tested the possibility that NS1(G184R) could affect viral poly-
merase activity. However, coexpression of NS1(G184R) in a
minireplicon system for PRS8 polymerase did not show any
effect on polymerase activity compared to wild-type NS1 (see
Fig. S2 in the supplemental material). In summary, our data
reveal that viruses encoding NS1(G184R) are comparable to
viruses carrying wild-type NS1 with respect to replication in
cell culture and controlling IFN induction. However, all viruses
carrying NS1(G184R) showed an unexpected strong attenua-
tion in vivo.

We do not know what has driven the selection of PR8-NS1
in favor of replacing Phe-103 and Met-106 toward residues that
disrupt CPSF binding. Clearly, our data demonstrate the im-
portance of the RNA/TRIM25-binding site for the function of
PR8-NS1 as a virulence factor. They further show that changes
in the CPSF interaction sites have no effect on the control of
the IFN system. Reconstitution of a functional central CPSF
interaction site clearly enhanced virulence in our animal sys-
tem. However, our study reveals the importance of the highly
conserved C-terminal region of PR8-NS1 that is not necessar-
ily involved in the control of the IFN system but seems to serve
extra, yet-unknown functions in addition to CPSF binding.
Presently, we are searching for interacting host factors that
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depend on Gly-184 for association with NS1. Identification of
such NS1 partners might help to explain the strong attenuation
of viruses carrying NS1(G184R).
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