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ABSTRACT

The nucleoprotein (NP) is a major component of the viral ribonucleoprotein (VRNP) complex. During the replication of influ-
enza virus, the vRNP complex undergoes nuclear-cytoplasmic shuttling, during which NP serves as one of the determinants. To
date, many phosphorylation sites on NP have been identified, but the biological functions of many of these phosphorylation sites
remain unknown. In the present study, the functions of the phosphorylation sites S9, Y10, and Y296 were characterized. These
residues are highly conserved, and their phosphorylation was essential for virus growth in cell culture and in a mouse model by
regulating the activity of the viral polymerase and the nuclear-cytoplasmic shuttling of NP. The phosphorylation and dephos-
phorylation of S9 and Y10 controlled nuclear import of NP by affecting the binding affinity between NP and different isoforms
of importin-a. In addition, the phosphorylation of Y296 caused nuclear retention of NP by reducing the interaction between NP
and CRM1. Furthermore, tyrosine phosphorylation of NP during the early stage of virus infection was ablated when Y296 was
mutated to F. However, at later stages of infection, it was weakened by the Y10F mutation. Taken together, the present data indi-
cate that the phosphorylation and dephosphorylation of NP control the shuttling of NP between the nucleus and the cytoplasm
during virus replication.

IMPORTANCE

It is well known that phosphorylation regulates the functions of viral proteins and the life cycle of influenza A virus. As NP is the
most abundant protein in the vVRNP complex of influenza A virus, several phosphorylation sites on this protein have been identi-
fied. However, the functions of these phosphorylation sites were unknown. The present study demonstrates that the phosphory-
lation status of these sites on NP can mediate its nuclear-cytoplasmic shuttling, which drives the trafficking of vVRNP complexes
in infected cells. The present data suggest that the phosphorylated residues of NP are multistep controllers of the virus life cycle
and new targets for the design of anti-influenza drugs.

nfluenza A viruses cause major respiratory infectious diseases in

birds and mammals and are a global burden to public health, as
exemplified by the swine-origin influenza HINI viruses from
2009 and the avian influenza H7N9 viruses from 2013. The influ-
enza A virus genome is composed of eight negative-sense, single-
stranded RNA segments (viral RNAs [VRNAs]) (1, 2). Each vRNA
segment is encapsulated by multiple copies of the nucleoprotein
(NP) (3). During the early stage of influenza virus infection, the
viral ribonucleoprotein (VRNP) complex utilizes the nuclear lo-
calization signals (NLSs) on NP for nuclear import (4). During the
late stage of infection, the nuclear export protein (NEP) and ma-
trix protein 1 (M1) of influenza A virus guide the newly assembled
VRNP complexes from the nucleus into the cytoplasm by interact-
ing with NP, and NP itself also plays a role in the export of vVRNP
complexes (5-7).

Two NLSs (NLS1 [amino acids {aa} 3 to 13] and NLS2 [aa 198
to 216]) and one nuclear accumulation signal (NAS [aa 327 to
345]) control nuclear import and accumulation of NP, while three
nuclear export signals (NES1 [aa 24 to 49], NES2 [aa 183 to 197],
and NES3 [aa 248 to 274]) transport NP into the cytoplasm (6—
11). The nuclear import of NP relies on the importin-a/p trans-
port system, and importin-a binds NP by recognition of its NLSs
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(12). During vVRNP complex export, NP also plays an important
role by binding to the CRM1 (chromosome region maintenance
1) cellular export receptor (7, 13).

Posttranslational modifications of influenza A virus pro-
teins, such as phosphorylation, regulate the viral life cycle (14—
18). The functionality of NLS1 is also regulated by phosphor-
ylation of NP serine 3 in influenza virus A/Puerto Rico/8/1934
(HIN1) (19). Treatment with a stimulator (tetradecanoyl
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TABLE 1 Conservation of S9, Y10, and Y296 among NPs of different subtypes of influenza A virus

Residue conservation (%)

Kinase
Residue prediction” HINI1 H2N2 H3N2 H5N1 H7N7 H7N9 HON2
S9 PKG 100.0 100.0 100.0 99.0 90.7 100.0 100.0
Y10 INSR 100.0 99.1 100.0 100.0 100.0 100.0 100.0
Y296 INSR 100.0 100.0 100.0 100.0 100.0 100.0 100.0

@ For the WSN virus sequence. Kinase prediction was performed by use of KinasePhos (http://kinasephos.mbc.nctu.edu.tw/). PKG, protein kinase G; INSR, insulin receptor.

phorbol acetate [TPA]) or inhibitor (H7) of protein kinase C
(PKC) changes the cellular localization of NP (20). Indeed,
many aspects of the viral life cycle, including vVRNA synthesis,
shuttling of viral proteins between the nucleus and the cyto-
plasm, protein synthesis, and the release of virus particles, can
be affected by kinase inhibitors (21-24).

Recently, S165 phosphorylation of NP was shown to have a
negative effect on the viral polymerase and the dissociation of the
NP oligomers (14, 25, 26). Other phosphorylated NP residues,
including S9, Y10, and Y296, have also been reported (14). How-
ever, the functions of these phosphorylation sites have not been
elucidated, i.e., whether and how these phosphorylation sites af-
fect NP trafficking have not yet been determined. In the present
study, the S9, Y10, and Y296 phosphorylation sites were found to
be essential for viral growth and the regulation of polymerase ac-
tivities. By performing immunofluorescence assays (IFAs) and co-
immunoprecipitation (co-IP) assays, we demonstrated that S9
and Y10 control the nuclear import of NP. In addition, we found
that Y296 plays an important role in the nuclear export of NP by
regulating the binding affinity of NP for CRM1 via phosphoryla-
tion and dephosphorylation.

MATERIALS AND METHODS

Virus and cells. Influenza A virus A/WSN/33 (HIN1) was rescued from
c¢DNAs and propagated in the allantoic cavities of 10-day-old specific-
pathogen-free embryonic chicken eggs. Human embryonic kidney (293T)
cells, human alveolar epithelial (A549) cells, and Madin-Darby canine
kidney (MDCK) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) (both from Invit-
rogen) at 37°C and 5% CO.,.

Antibodies and reagents. A rabbit polyclonal antibody against NP
and a mouse monoclonal antibody against M1 were generated as previ-
ously described (27). Mouse anti-B-actin polyclonal antibody, anti-
HSP70 (3A3) antibody, anti-lamin B1 (A-11) antibody, anti-p-Tyr (sc-
508) antibody, and anti-c-MYC (9E10) antibody were purchased from
Santa Cruz Biotechnology, Inc. Mouse anti-FLAG antibody and rabbit
anti-c-MYC antibody were purchased from Sigma-Aldrich. All secondary
antibodies were obtained from Bai Hui Zhong Yuan Biotechnology. An
RNase inhibitor was purchased from Promega, and protease inhibitor
cocktail and phosphatase inhibitor phosSTOP were purchased from
Roche.

Plasmid construction. The full-length NP gene obtained from the
A/WSN/33 virus was cloned into the pPCDNA4/TO vector for prokaryotic
expression. For co-IP assays, [FAs, and luciferase assays, the NP gene was
cloned into the pcDNA3-Flag, pPCMV-MYC, and pCDNA4/TO vectors.
Mutations in full-length NP in pHH21, pcDNA4/TO, pcDNA3-Flag, and
pCMV-MYC were generated using a site-directed mutagenesis kit (New-
pep, China). The full-length CRM1, importin-al, importin-a3, impor-
tin-a5, and importin-a7 genes were cloned into pcDNA3-Flag.

Generation of recombinant influenza A viruses. The wild-type (WT)
influenza A/WSN/1933 (HIN1) virus and its NP mutants were generated
using a 12-plasmid reverse genetic system (28). Briefly, 293T cells grown
to 90% confluence in 60-mm dishes were transfected with 1 g each of the
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12 plasmids of the virus rescue system. Six hours later, the medium was
replaced with DMEM containing 1 pg/ml tosylsulfonyl phenylalanyl
chloromethyl ketone (TPCK)-treated trypsin. The cells were further cul-
tured for 72 h at 37°C in 5% CO,, and the supernatant containing the
recombinant viruses was harvested and centrifuged at 5,000 X g for 5 min
to remove cell debris.

Plaque assays. Plaque assays were performed as previously described
(27). Briefly, MDCK cell monolayers (5 X 10° cells at 100% confluence in
a 12-well plate) were washed with phosphate-buffered saline (PBS) and
infected with different dilutions of virus for 1 h at 37°C. The virus inocu-
lums were removed by washing with PBS. Cell monolayers were then
overlaid with agar overlay medium (DMEM supplemented with 1% low-
melting-point agarose and 1 pg/ml TPCK-treated trypsin) and incubated
at 37°C. Visible plaques were counted at 3 days postinfection, and the
virus titers were determined. All data are expressed as the means of values
from three independent experiments.

IP and Western blot analyses. 293T cells were lysed in lysis buffer
containing 1% Triton X-100, 150 mM NaCl, 20 mM HEPES, 10% glyc-
erol, and 1 mM EDTA (pH 7.4) supplemented with Complete protease
inhibitor cocktail and a phosphatase inhibitor (5 mM Na;VO,). After an
incubation period of 40 min at 4°C, insoluble components were removed
by centrifugation at 12,000 X g for 15 min. Lysates were incubated with
anti-FLAG M2 affinity gel for =8 h. Following five washes in wash buffer
(1% Triton X-100, 300 mM NaCl, 20 mM HEPES, 10% glycerol, and 1
mM EDTA [pH 7.4]), the precipitated proteins were separated by SDS-
PAGE and then transferred to Immobilon polyvinylidene difluoride
(PVDF) membranes (Millipore Corporation, Billerica, MA). The mem-
branes were blocked for 2 h at 4°C in blocking solution (5% skim milk
powder and 0.5% Tween 20 in PBS), and proteins were detected using
appropriate antibodies, followed by the addition of anti-rabbit or anti-
mouse secondary antibody coupled to horseradish peroxidase. Proteins
were visualized by use of chemiluminescence detection reagents.

Pathogenicity in mice. Seventy-six 6- to 8-week-old (~17 g) female
BALB/c mice (Vital River Laboratory, Beijing, China) were anesthetized
with tiletamine-zolazepam (Zoletil; Virbac) (25 ug/g of body weight) and
inoculated intranasally with 50 .l of virus diluent in PBS. Mock-infected
control animals were inoculated with 50 wl PBS. Three mice from each
group were euthanized at 3, 5, and 7 days postinfection (p.i.), and their
lungs were collected, weighed, and homogenized using a Qiagen Tis-
sueLyser IT machine (30 cycles/s; 4 min) in 1 ml of cold PBS under sterile
conditions. The solid debris was pelleted by centrifugation at 5,000 X g for
10 min, and the homogenates were used for virus titrations in MDCK
cells. The other mice were monitored daily for clinical signs, including
body weight and mortality, for 14 days. All animal research was approved
by the Chinese Academy of Sciences of Research Ethics Committee and
complied with the Beijing Laboratory Animal Welfare and Ethical Guide-
lines of the Beijing Administration Committee of Laboratory Animals.

Luciferase assay of influenza virus polymerase activity. The plasmids
for expression of the PA, PB1, PB2, and NP (WT or mutant) proteins were
simultaneously transfected into 293T cells by use of luciferase reporter
plasmids (pHH21-cNS-Luc and pcDNA-(-gal) as described by Li et al.
(29), with some modifications. As a negative control, 293T cells were
transfected with the same plasmids, excluding the NP expression plasmid.
After transfection, the cells were incubated at 37°C for 36 h, and then the
amount of luciferase activity in the transfected cells was measured and
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normalized to the amount of 3-galactosidase activity, as measured by use
of standard kits (Promega, Madison, WI).

RNA extraction, cDNA synthesis, and real-time quantitative PCR.
Total RNA was extracted from 293T cells by use of TRIzol (Invitrogen)
according to the manufacturer’s instructions. Samples were digested with
DNase I and subjected to reverse transcription-PCR (RT-PCR). RNA was
reverse transcribed using the following PCR primers: mRNA primer, oli-
go(dT); cRNA primer, 5'-AGTAGAAACAAGG-3'; and VRNA primer,
5'-AGCGAAAGCAGG-3'. A mock reaction was performed with no re-
verse transcriptase added to the reaction mixture. The analysis of relative
M1 gene expression was performed using an ABI 7300 machine and the
following PCR primers: M1 forward (5'-TCTGATCCTCTCGTCATTGC
AGCAA-3") and reverse (5'-AATGACCATCGTCAACATCCACAGC-
3"). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an
internal control, using the PCR primers GAPDH forward (5'-GGTGGT
CTCCTCTGACTTCAACA-3') and GAPDH reverse (5'-GTTGCTGTAG
CCAAATTCGTTGT-3"). The cycling conditions comprised an initial de-
naturation step of 30 s at 95°C, followed by 40 two-step cycles (95°C for 5
sand 60°C for 31 s). Dissociation curve analysis was performed after each
assay to ensure specific target detection.

IFAs. IFAs were performed with an Olympus FV500 and Leica SP8
confocal laser scanning microscope. Coverslips carrying 293T cells were
washed with PBST (PBS plus 1% Triton X-100) and then fixed with 4%
paraformaldehyde. Cells were then blocked with 4% bovine serum albu-
min (BSA) dissolved in PBST and stained with anti-NP and anti-MYC
antibodies. The secondary antibodies were fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG and tetramethyl rhodamine isocya-
nate (TRITC)-conjugated anti-rabbit IgG.

Phosphate-affinity SDS-PAGE and preparation for nano-LC-MS/
MS analysis. Influenza A virus-infected 293T cells were lysed in lysis buf-
fer (20 mM HEPES [pH 7.4], 1% Triton X-100, 150 mM NaCl, 10%
glycerol, 1 mM EDTA) supplemented with Complete protease inhibitor
cocktail (Roche Diagnostics) and a phosphatase inhibitor (5 mM
Na;VO,; Sigma). The NP was purified with protein G agarose beads pre-
bound to a mouse anti-NP polyclonal antibody for 3 h at 4°C. Proteins
were separated by 15% Mn?"-Phos-tag SDS-PAGE as described previ-
ously (15). Briefly, normal polyacrylamide gel electrophoresis was con-
ducted according to the TaKaRa protocol, with an acrylamide-pendant
phosphate-tagged (Phos-tag) ligand (50 M) and 0.1 mM MnCl, (Sigma)
added to the separating gel before polymerization. The gel was silver
stained, and the separated bands were subjected to nano-liquid chroma-
tography—tandem mass spectrometry (nano-LC-MS/MS) identification
at the Technological Platform of the Institute of Zoology, Chinese Acad-
emy of Sciences (LCQ Deca XP Plus; Thermo).

Computer modeling and statistical analyses. The three-dimensional
crystal structure of NP was manipulated with the program PyMOL
(Schrodinger). Statistical analyses were performed using MegAlign soft-
ware (DNAstar Software, San Diego, CA).

RESULTS
Effects of S9, Y10, and Y296 phosphorylation on virus replica-
tion in cell culture and in a mouse model. Sequence data indi-
cated that residues S9, Y10, and Y296 are highly conserved among
different subtypes of influenza A viruses (Table 1). The sequence
alignment was performed with viruses of the HIN1, H2N2, H3N2,
H5N1, H7N7, HIN2, and recent avian H7N9 subtypes (400 dif-
ferent isolates of the HIN1, H3N2, and H5N1 subtypes, 110 iso-
lates of the H2N2 subtype, 60 isolates of the H7N7 subtype, and
347 isolates of the H7N9 subtype were analyzed by MegAlign).
Residues Y10 and Y296 were found to be highly conserved in all of
the analyzed isolates. Residue S9 was conserved in >90% of iso-
lates.

To elucidate the effects of these three phosphorylation sites on
influenza A virus rescue, they were mutated in both the
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FIG 1 Effects of S9, Y10, and Y296 phosphorylation on WSN virus growth and
replication. (A) A 12-plasmid reverse genetic system was used to rescue recom-
binant viruses with WT and mutant NPs. At 72 h p.t., the culture supernatants
were harvested and subjected to plaque assays on MDCK cells. N.D, failed
rescue in five independent virus rescue assays; SD, standard deviation. (B) At
72 h p.t., the transfected cells were lysed for Western analysis. NP and M1 were
detected with their respective antibodies. 3-Actin was used as a loading con-
trol. Quantification of NP and M1 was performed by determining the ratio of
NP (or M1) to actin. (C) Recombinant viruses with mutations (S9A, S9E,
Y10F, Y10E, S9A/Y10F, and Y296F) were attenuated during multiple-cycle
replication in A549 cells.
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FIG 2 Growth of WSN WT and recombinant mutant (S9A/Y10F and Y296F) viruses in a mouse model. (A) Weight curves for specific-pathogen-free mice
(n = 4 per group) intranasally infected with 10%, 10°, or 10? PFU of the indicated viruses. Numbers in parentheses indicate the numbers of mice that succumbed
to infection/number of mice per group. The data are the mean body weights for five mice, and the error bars represent standard errors of the means. (B to D)
Three mice from each 10* PFU-infected group were euthanized on days 1, 3, and 5 postinfection to determine the lung index and lung virus titer and for necropsy
examination. The lung index was calculated as the lung wet weight/body weight X 100. Statistically significant differences between groups were determined using

the Student # test. *, P < 0.05; ***, P < 0.001.

pCDNA-NP and pPolI-NP plasmids of the 12-plasmid reverse
genetic system, as follows: we introduced an alanine (A) substitu-
tion (at S) or a phenylalanine (F) substitution (at Y) to mimic the
dephosphorylated residues, while acidic amino acid substitutions
(E) mimicked the phosphorylated residues. These plasmids were
then transfected into 293T cells as part of the reverse genetic sys-
tem. At 72 h posttransfection (p.t.), the rescued virus in the super-
natant was titrated on MDCK cells. We tried to generate the mu-
tant viruses in five independent attempts, and in each assay, the
WT virus was successfully generated. The experiments were di-
vided into two groups: the dephospho-mimetic group and the
phospho-mimetic group. The data indicated that the titers of
the S9A and Y10F mutants were similar to that of the WT in the
dephospho-mimetic group, but the titer of the SOA/Y10F double
mutant was 5-fold lower than that of the WT. Notably, the SOE
and Y10E phospho-mimetic mutants had virus titers of approxi-
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mately 80% and 10% that of the WT, respectively, while the dou-
ble S9E/Y10E mutant failed to generate recombinant viruses. In
the case of the Y296 residue, the Y296F mutant reduced the virus
titers to approximately 35% of the WT level, while the Y296E
mutant did not yield any infectious viruses (Fig. 1A). The expres-
sion levels of NP and M1 in the above-mentioned transfected cells
were also examined by Western blotting, and they were found to
be equal for most mutants and the WT, with the exception of the
S9E/Y10E and Y296E mutants, which showed reduced NP and M 1
protein expression levels (Fig. 1B). The NP and M1 signals from
the S9E/Y10E and Y296E mutants were much weaker than those
from the WT. These results provide evidence that the phosphor-
ylation of S9, Y10, and Y296 may play an important role in prog-
eny virus generation.

To determine if the WSN virus could maintain a similar virus
replication efficiency without phosphorylation of S9, Y10, and
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FIG 3 Phosphorylation of §9, Y10, and Y296 affects the replication and transcriptional activity of the viral polymerase. (A and B) Activities of VRNPs containing
WT NP and NP mutants (S9A/E, Y10F/E, S9A/Y10F, S9E/Y10E, and Y296F/E) in luciferase assays. The effects of WT NP and NP mutants on polymerase activity
were determined. Luciferase activity was measured 30 h after the transfection of viral proteins (PB1, PB2, and PA) and the vNS-luc-expressing plasmids. The
luciferase activities of mutant NPs were compared with that generated by the WT NP. (C) Production of mRNA, cRNA, and vRNA with WT NP and NP mutants
(S9E/Y10E, S9A/Y10F, and Y296E/F) by real-time PCR. All data are means and standard deviations and were determined for three independent experiments.
Differences from the WT were tested using one-sample ¢ tests. *, P < 0.05; ***, P < 0.001.

Y296, we measured the multiple-cycle growth of WSN WT and
mutant viruses. A549 cells were inoculated with the recombinant
WT virus and the mutants (S9A, S9E, Y10F, Y10E, S9A/Y10F, and
Y296F) at a multiplicity of infection (MOI) of 0.001. We found
that the S9A mutation reduced virus replication 10-fold and that
the Y10F mutation reduced it nearly 1,000-fold. These data are
consistent with a report by Hutchinson et al. in which the S9A
mutation reduced viral titers 10-fold and the Y10A mutation re-
duced them 100-fold in MDBK cells (14). The growth rates of the
S9E and Y10E mutant viruses were greatly attenuated, and the titer
of the WT WSN virus at 72 h postinfection (p.i.) was approxi-
mately 1,000-fold and 100-fold higher than those of the SOA/Y10F
and Y296F mutants, respectively (Fig. 1C). These results indicate
that dephospho-mimetic mutations of these three sites attenuated
virus replication.

To further assess the effects of phosphorylation on the replica-
tion and pathogenicity of the WSN virus in vivo, we inoculated
mice with WSN WT and mutant (S9A/Y10F and Y296F) viruses.
One hundred percent survival was observed in all mutant-infected
groups, compared with 100% lethality in the 10* PFU WT-in-
fected group and 25% lethality in the 10° PFU WT-infected group.
For mice in the PBS control, 10> PFU WT-infected, 10* PFU and

5826 jviasm.org

Journal of Virology

10> PFU S9A/Y10F mutant-infected, and 10> PFU and 10° PFU
Y296 mutant-infected groups, no loss of body weight was ob-
served. In contrast, mice in the 10* and 10° PFU WT-infected
groups rapidly lost weight and succumbed to infection, whereas
animals in the 10* PFU Y296 mutant-infected group displayed
weight losses similar to those of the 10> PFU WT-infected group.
Furthermore, the 10* PFU S9A/Y10F mutant-infected group dis-
played only a slight peak of weight loss, at 7 to 9 days p.i. (Fig. 2A).
We also examined lung samples from infected mice at different
days p.i. to determine the lung indexes, virus titers in the lung, and
presence of lung lesions, because the WSN virus mainly affects the
lungs of infected animals. The lung index of the 10* PFU WT-
infected group was ~2-fold higher than those of the SOA/Y10F
and Y296F mutant-infected groups for the same PFU at 5 days p.i.
(Fig. 2B). The virus titers in the lungs reached a plateau at 3 days
p.i. As expected, virus titers in the WT-infected lungs were 10-fold
higher than those with the Y296F mutant and 100-fold higher
than those with the S9A/Y10F mutant at 5 days p.i. (Fig. 2C).
Furthermore, necropsies indicated significant gross pneumonia
lesions at 5 days p.i. in mice infected with each virus, especially the
WT WSN virus (Fig. 2D). Together, these data provide evidence
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using t tests. *, P < 0.05; **, P < 0.01; ***, P < 0.0005. (B) 293T cells were transfected with a plasmid expressing WT NP or the SO9E/Y10E mutant and harvested
at 20 h p.t. The cells were separated into the nuclear fraction (N) and the cytoplasmic fraction (C). Each fraction was examined by Western blotting, and an
anti-NP antibody was used for protein detection. The difference between the N fractions of the WT and the S9E/Y10E mutant from three independent assays was

tested using the one-sample ¢ test. **, P < 0.01.

that a lack of the possibility of phosphorylation of residues S9,
Y10, and Y296 reduces WSN virus replication efficiency and
pathogenicity in vivo, which is consistent with our cell culture
data.

Effects of S9, Y10, and Y296 phosphorylation on viral poly-
merase activity. Because NP is the major component of the vRNP
complex, mutations of several conserved residues in NP resultin a
loss of polymerase activity (29). We found that the SOE/Y10E and
Y296E mutations decreased the expression levels of NP and M1
(Fig. 1B). Therefore, we used a minireplicon system to assess the
effects of the S9, Y10, and Y296 phospho-status on the activity of
the vRNP complex (30). The luciferase activities from the groups
with the dephospho-mimetic S9A, Y10F, and S9A/Y10F mutants
were similar to those from groups with the WT virus, whereas the
single phospho-mimetic SOF and Y10E mutants displayed slightly
reduced levels of luciferase activity. Moreover, the double S9E/
Y10E mutant caused a 50% decrease in luciferase activity (Fig.
3A). Remarkably, the Y296E mutant caused a drastic decrease in
luciferase activity, while the Y296F mutant displayed only a
slight reduction (Fig. 3B). These data demonstrate that phospho-
mimetic mutations of S9, Y10, and Y296 affect the polymerase
activity.

To further determine which steps of viral replication were af-
fected by the mutations of these sites, real-time quantitative PCR
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was performed to monitor the changes of vVRNA, cRNA, and
mRNA of the virus. We transfected 293T cells with a 12-plasmid
reverse genetic system expressing WT NP or the Y296E, Y296F,
S9E/Y10E, or S9A/Y10F mutant. RNAs were extracted from trans-
fected cells at 48 h p.t. and subjected to RT-PCR with specific
primers for reverse transcription of M1 mRNA, cRNA, and vRNA.
The relative quantities of the three types of RNAs of the M1 gene
were assessed by real-time PCR with M1-specific primers. The
Y296E mutant displayed remarkably reduced expression levels of
all M1 RNA species (Fig. 3C). The above data indicated that both
the replication and transcriptional activity of the polymerase were
impaired when Y296 was phosphorylated, and consequently, the
expression levels of viral proteins were highly decreased (Fig. 1B).
The S9E/Y10E mutant reduced the transcription level of viral
polymerase but enhanced its replication level (Fig. 3C), which
may explain the 50% reduction of luciferase activity in the mini-
replicon system (Fig. 3A). Nevertheless, the dephospho-mimetic
mutations of these three residues contributed to viral replication
but had little or no effect on transcriptional activity (Fig. 3C).
Both S9 and Y10 control the nuclear import of NP. Exoge-
nously expressed NP can shuttle between the cytoplasm and the
nucleus, which plays a crucial role in vVRNP import and the assem-
bly of virus particles, thus affecting viral growth and viral protein
synthesis (4, 31). NP bears two NLSs, which help its transport into
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FIG 5 S9and Y10 phosphorylation weakens binding of NP to importin-a. (A) Interaction of WT NP and its mutants with importin-« family members. Plasmids
encoding WT NP or its mutants appended with a MYC tag were cotransfected with pCDNA3-Flag-importin-a (1/3/5/7) into 293T cells. FLAG-importin-a
(1/3/5/7) was immunoprecipitated (IP) with anti-FLAG agarose, and the associated NP was detected by immunoblotting (IB) with the anti-MYC antibody. (B)
Effects of phosphorylation of S9 and Y10 on the association of NP and importin-c, as assessed by IFAs. NP and FLAG-importin-a were coexpressed in 293T cells,
which were stained with anti-NP (red) and anti-FLAG (green) antibodies. The nucleus was stained with DAPI (blue).

the nucleus during the early stage of both viral infection and plas-
mid transfection. The N-terminal NLS1 plays a dominant role in
NP import, and mutations of several residues within this NLS,
such as R8A and S3E mutations, cause cytoplasmic accumulation
of NP (19, 32). Therefore, we hypothesized that S9 and Y10 would
also regulate the nuclear import of NP. To test this hypothesis, the
intracellular localization of a series of NP mutants (S9E, Y10E,
S9A, Y10F, S9A/Y10F, and S9E/Y10E) was examined by IFAs. All
of the NP mutants were expressed in 293T cells, and the cells were
fixed at 10 h p.t., a time when WT NP is detected exclusively in the
nucleus during transfection (7). Imaging revealed that the cellular
localization of the S9A, Y10F, and S9A/Y10F mutants was the
same as that of WT NP, but the nuclear (N) fraction of these three
mutants was significantly increased relative to that of the WT as
determined by cell counting (Fig. 4A). Both the S9E and Y10E
mutants displayed cytoplasmic and nuclear localization, but there
was more of the YI0E mutant than the SOE mutant in the cyto-
plasm. As we expected, the SOE/Y10E mutant was completely lo-
cated in the cytoplasm (Fig. 4A). Furthermore, we extended the
sampling time to confirm the effect of phosphorylation of these
two residues on the intracellular transport of NP from 4 to 24 h p.t.
The S9E/Y10E mutant displayed only cytoplasmic localization at
all time points (data not shown). In addition, the results of nuclear
and cytoplasmic fractionation experiments also strongly demon-
strated that phospho-mimetic mutations of S9 and Y10 reduced
the nuclear distribution of NP (Fig. 4B). These results support our
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hypothesis that constitutive phosphorylations of both 9 and Y10
together prevent nuclear import of NP.

Given that nuclear import of NP is mediated by the cellular
import receptors of the importin-a/f family, the SOE/Y10E mu-
tations may inhibit nuclear import by impairing the interaction of
NP with importin-a. To investigate the role of the phospho-status
of S9 and Y10 in the binding of NP to importin-a and to identify
which isoform of importin-a is involved in the NP import regu-
lated by S9 and Y10, we transfected plasmids encoding WT NP or
the S9A/Y10F or SOE/Y10E mutant and one of four isoforms of
importin-a (al, a3, a5, and a7) into 293T cells for co-IP assays.
WT NP could bind to all four isoforms of importin-a, and the
S9A/Y10F mutant displayed the same binding affinity for all im-
portin-a isoforms. Remarkably, the SOE/Y10E mutant displayed
weakened binding to all four importin-a receptors (Fig. 5A), in-
dicating that phospho-mimetic mutations of S9 and Y10 inhibit
NP import by reducing the association between NP and four im-
portin-a receptors. In contrast, dephospho-mimetic mutation of
these two sites recovered the interaction and nuclear import.
Moreover, it is noteworthy that small amounts of importin-al
and -a5 could still bind to the SOE/Y10E mutant. IFAs were per-
formed to visualize the effect of the dissociation of NP from im-
portin-« on the location of NP. 293T cells transfected with WT NP
or the S9A/Y10F mutant and different FLAG-importin-o iso-
forms were fixed at 24 h p.t. The four importin-a receptors were
localized mainly in the nucleus and only minimally diffused into
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group and the WT were tested by ¢ tests. *, P < 0.05; **, P < 0.01.

the cytoplasm. WT NP displayed colocalization with the four im-
portin-a isoforms in the nuclear membrane. In contrast, the SOE/
Y10E mutant displayed only a cytoplasmic localization, even when
it was coexpressed with the four importin-a isoforms. Thus, it was
obvious that the SOE/Y10E mutant—importin-a association in the
nucleus was disrupted (Fig. 5B).

Y296 is crucial for nuclear export of NP. To observe the effect
of the phospho-status of Y296 on the intracellular localization of
NP, plasmids encoding WT NP or the Y296E or Y296F mutant
were transfected into 293T cells. IFAs were then performed to
examine the cellular localization of NPs, and the transfected cells
were fixed at three time points (12, 24, and 36 h p.t.). WT NP
exhibited nuclear localization at 12 h p.t. and a preferentially cy-
toplasmic localization at 36 h p.t. Notably, we found that the
Y296E mutant was located in the nucleus at all time points. In
contrast, the Y296F mutant displayed WT-like nuclear shuttling
(Fig. 6A). Furthermore, cell counting data clearly demonstrated
the nuclear retention caused by the Y296E mutation and the ac-
celerated nuclear export caused by the Y296F mutation. Fraction-
ation experiments were also performed to confirm the cellular
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localization of NP. Cells transfected with plasmids expressing WT
NP or the Y296E mutant were fractionated into nuclear and cyto-
plasmic groups. The cytoplasmic accumulation of the Y296E NP
mutant was significantly decreased compared to that of WT NP
(Fig. 6B). These results indicate that phospho-mimetic mutation
of Y296 is a key mediator of the nuclear export of NP.

In the NP structure (PDB ID 2IQH) (Fig. 7A), Y296 is located
in close proximity to NES3, which functions in the CRM1 trans-
port pathway for nuclear export (9), so we hypothesized that
phosphorylation of Y296 might affect the interaction between NP
and CRM1 to result in nuclear retention. To test this hypothesis,
we transfected both FLAG-CRM1 and MYC-NP (WT, Y296E, or
Y296F) expression plasmids into 293T cells and performed co-IP
assays. WT NP and the Y296F mutant displayed similar binding
affinities for CRM1, whereas the Y296E mutation greatly impaired
the interaction between NP and CRM1 (Fig. 7B). These results
support the hypothesis that phosphorylation of Y296 blocks nu-
clear export of NP by inhibiting the binding of NP and CRM1. In
line with this, dephosphorylation recovered the interaction. IFAs
were also utilized to validate the effect of phosphorylation of Y296
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sition of Y296 in the NP crystal structure of WSN (PDB ID 2IQH). NES3 is
indicated in stick representation (green). Y296 is indicated in red. The basic
amino acids around Y296 are also shown, in yellow. (B) Co-IP assays of WT NP
and its mutants with CRM1. Plasmids expressing WT NP or NP mutants
(Y296E and Y296F) with a MYC tag were cotransfected with plasmid pcDNA3-
Flag-CRM1 into 293T cells. FLAG-CRM1 was immunoprecipitated with anti-
FLAG agarose, and the associated NP was detected using the anti-MYC anti-
body. (C) The effect of Y296 phosphorylation on the association of NP and
CRM1 was assessed by IFAs. NP and FLAG-CRM1 were coexpressed in 293T
cells and stained with anti-NP (red) and anti-FLAG (green) antibodies. The
nucleus was stained with DAPI (blue).

on the colocalization of NP and CRM1. The cells expressing
CRM1 and the NPs were fixed and observed at 24 h p.t. We found
that WT NP displayed a cytoplasmic distribution when coex-
pressed with CRM 1, unlike the results described above and shown
in Fig. 6A. This phenomenon, which was also observed by Elton et
al. (13), is likely due to the overexpression of CRM1, which may
alter the equilibrium of the nuclear shuttling of NP. In all fields
observed, FLAG-CRM1 displayed an obvious cytoplasmic distri-
bution and colocalized with WT NP in the cytoplasm. In the case
of the Y296E mutant, the overexpressed CRM1 did not promote
the nuclear translocation of the mutant or colocalization with the
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FIG 8 Effect of Y296 phosphorylatlon on nuclear export of the VRNP com-
plex. 293T cells were transfected with a 12-plasmid reverse genetic system
expressing WT NP or the Y296E mutant. At 12 and 36 h p.t., the transfected
cells were fixed and stained with anti-NP antibody (red) and anti-M1 (PB1)
antibody (green). The nucleus was stained with DAPI (blue).

12h

36 h

PB1

12h

36 h

Y296E mutant. These data indicate that the disassociation of NP
and CRM1 caused by phospho-mimetic mutation of Y296 leads to
nuclear retention of NP.

The nuclear export of newly synthesized vRNP complexes is
mediated by the CRM1-NEP-M1-vRNP nuclear export complex,
and NP also plays a role in mediating this process (7, 13). Because
a recombinant virus with the Y296E NP mutant could not be
generated, we transfected 293T cells with the 12-plasmid reverse
genetic system for WT NP or the Y296E mutant to examine the
effect of Y296 phosphorylation on nuclear export of vVRNP com-
plexes. IFAs were performed to examine the cellular localization of
NP and M1 (PB1), which was representative of VRNP as one of the
components of the complex. At all time points, the Y296E mutant
was located in the nucleus, in contrast to WT NP (Fig. 8); in the
meantime, M1 (PB1) was colocalized with NP. The data indicated
that phosphorylation of Y296 retarded the nuclear export of VRNP
complexes, consequently reducing the assembly of virus particles
and polymerase activity.

The phosphorylation states of Y10 and Y296 differ in the
early and later stages of virus infection. We attempted to deter-
mine the mechanism by which phosphorylation of S9, Y10, and
Y296 occurs during actual virus infection; thus, we performed a
previously established Phos-tag SDS-PAGE protocol (15) to en-
rich the phosphorylated NP, and LC-MS/MS was utilized to detect
the phosphorylation sites on NP. S9 was detected to be phosphor-
ylated at 12 h p.i. (Fig. 9). In addition, we performed a pY (phos-
phorylated tyrosine) detection experiment to examine the phos-
phorylation state of Y10 and Y296 during infection. We infected
A549 cells with WT, S9A/Y10F, or Y296F WSN virus at an MOI of
1. Initially, we observed the cellular localization of the NPs from
the WSN WT, S9A/Y10F, and Y296F viruses at 6 and 12 h p.i.
(representing the early and later infectious stages, respectively),
confirming the nuclear location of NPs at 6 h p.i. and the cytoplas-
mic location of NPs at 12 h p.i. (Fig. 10A and C). We then treated
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sites on NP. The identified phosphorylation sites are labeled in red.

the infected cells with phosSTOP (a phosphatase inhibitor) for 1 h
to accumulate phospho-NPs at 6 and 12 h p.i. The cell lysate was
incubated with NP antibody for 1 h and with protein G-agarose
for 6 h to enrich NPs, and then the anti-p-Tyr antibody was used
to detect the phosphorylated tyrosines of NP. The pY band of the
Y296F groups was barely detected, in contrast to those of the WT
and S9A/Y10F groups, at 6 h p.i.; at 12 h p.i., the S9A/Y10F signal
was weaker than the WT and Y296F signals (Fig. 10B and D).
These data suggest that during the early stage of infection, NP
Y296 is phosphorylated and Y10 is not. In contrast, during the
later stage of infection, Y10 is phosphorylated, and Y296 is de-
phosphorylated.

DISCUSSION

In the present study, we observed the effects of phosphorylation
and dephosphorylation at residues S9, Y10, and Y296 on the nu-
clear-cytoplasmic shuttling of NP and the vVRNP complex, the
polymerase activity of the vRNP complex, and the production of
influenza virus particles. We suggest that phosphorylation affects
NP trafficking by interfering with the interactions between NP
and its nuclear import and export partners.

NP NLS1 has a predominant role in the nuclear import of NP.
Mutations within this motif, such as K4/K7R and R8A mutations,
cause a loss of NP import ability (6, 33). In addition to phosphor-
ylation, SUMOylation also regulates the cellular trafficking of NP
(34). In the present study, phosphorylation of 9 and Y10 reduced
the interaction of NP with different isoforms of importin-a.. Dur-
ing all phases of transfection, the phospho-mimetic SOE/Y10E
mutant was distributed only in the cytoplasm, with a minimal
amount imported into the nucleus, which may have been caused
by NP NLS2 and the attenuated interaction between NLS1 and
importin-al and -a5. Moreover, the contribution of NLS1 to
RNA replication and transcription is smaller than that of NLS2
(33), perhaps accounting for the polymerase activity being re-
duced only 50% when the interaction between NLS1 and impor-
tin-a was blocked. This result is consistent with that of Ozawa et
al. (33), who showed that mutation of NP K7 and R8 to alanine led
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to cytoplasmic retention and a 50% reduction of RNA polymerase
activity of the vRNP complex.

The structure of the N-terminal 13 residues of NP, containing
the unconventional NLS1 motif, is still unsolved. Therefore, we do
not have structural information regarding these phosphorylation
sites on NP and can only hypothesize on the effects of phospho-
mimetic or dephospho-mimetic substitutions on NLS1. However,
it is known that NP is transported into the nucleus by the classical
importin-o/B pathway, which recognizes the typical basic resi-
due-containing NLSs (NP residues K4, K7, and R8 in the case of
influenza virus A/WSN/1933) (7, 32). We hypothesize that phos-
phorylation of S9 and Y10 may change the charge environment of
the NLS1 domain and therefore inhibit importin-a recognition.
This situation may be similar to that for the phosphorylation of
NP S3 (19). Our results also suggest that dephosphorylation of S9
and Y10 is required for nuclear localization and viral amplifica-
tion.

We also hypothesized a mechanism underlying the phosphor-
ylation of residue Y296 decreasing the binding of NP and CRM1.
In our previous work, three NESs were identified as responsible
for the nuclear export of NP (9). Among these NESs, NES3 is
important for virus growth, because mutation of NES3 results in a
failure to rescue mutant virus (35). The position of Y296 in the NP
crystal structure (36) is close to that of NES3, suggesting that
phosphorylation of Y296 may affect the function of the CRM1-
dependent NES3. Phosphorylation of Y296 may attract several
positively charged residues to the surrounding area (K31, K273,
R293, and R305) (Fig. 6A), changing the conformation of NES3
and disrupting the interaction between NP and CRM1. Therefore,
the Y296E mutant cannot yield recombinant virus. However, we
know that NES3 is not the only NES that plays a role in NP export,
because even though NP accumulates in the nucleus in the Y296E
mutant, a large quantity of NP still exists in the cytoplasm.

Here we found that phosphorylation mutations of NP at S9
and Y10 (S9A/Y10A) lead to decreased RNA polymerase activity
of the vVRNP complex. This is most easily explained by disrupted
nuclear import of the NP mutants and the corresponding RNP
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FIG 10 Phosphorylation state of WSN NP (WT and S9A/Y10F and Y296F mutants) at different times postinfection. A549 cells were infected with WT WSN or
the S9A/Y10F or Y296F mutant at an MOI of 1. (A and C) Cellular localization of NP at 6 and 12 h p.i. for each group, as visualized by IFAs. (B and D)
Phosphorylation sites of WSN NP were different at 6 and 12 h p.i. Lysates of A549 cells infected with viruses at 6 and 12 h p.i. were incubated with NP antibody
and protein G-Sepharose. The immunoprecipitated NPs of the WSN WT, S9A/Y10F, and Y296F viruses carrying phosphorylated tyrosine were detected using an
anti-p-Tyr antibody. Loss of phosphorylation of Y296 reduced the total tyrosine phosphorylation of NP at 6 h p.i., while loss of phosphorylation of Y10 reduced

the total tyrosine phosphorylation of NP at 12 h p.i.

complex. However, we do not know whether there is any causal
relationship between the decreased RNA polymerase activity of
the vVRNP complex and its nuclear retention in Y296 phosphory-
lation mutants of NP (Y296E). It seems that nuclear retention
gives the VRNP complex more time to synthesize VRNA and
mRNA. One possible explanation may be that phosphorylation of
NP Y296 inhibits the polymerase complex (PA-PB1-PB2) by di-
rect interaction.

The S9A/Y10F and Y296F mutants displayed a cellular local-
ization similar to that of the WSN WT virus in the immunofluo-
rescence images, but the replication efficiencies of the mutant vi-
ruses were attenuated in both cell culture and the animal model.
Indeed, their pathogenicity and lethality were especially reduced
in mice. We also found that the WT virus displayed an over-
whelming advantage when A549 cells were coinfected with these
two mutants (data not shown). Until now, there was no obvious
evidence to explain this phenomenon. However, increased nu-
clear retention of the S9A/Y10F mutant and increased cytoplasmic
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localization of the Y296F mutant compared to the WT were ob-
served in our cell counting data. Thus, we hypothesize that a loss
of phosphorylation of these three residues perturbs the well-bal-
anced virus replication process. NP undergoes subtle phosphory-
lation and dephosphorylation steps during the infectious cycle
(37), implying that different phosphorylation sites play various
roles during different stages of virus multireplication. Based on
our observations, we propose the following model of nuclear-
cytoplasmic shuttling of NP mediated by phosphorylation and
dephosphorylation: phosphorylation of sites S9, Y10, and Y296
can block (or weaken, in the case of Y296) the import and export
of NP, and only dephosphorylation of the three sites can restore
transport (Fig. 11). We hypothesize that during the early stage of
infection, Y296 is phosphorylated to inhibit nuclear export, and
S9 and Y10 are dephosphorylated so that importin-a and impor-
tin-B can transport NP into the nucleus. In the later stages of
infection, S9 and Y10 are phosphorylated, and the phosphate
group on Y296 is removed. These changes lead to decreased nu-
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FIG 11 Proposed model for nuclear-cytoplasmic shuttling of NP mediated by phosphorylation and dephosphorylation of §9, Y10, and Y296. Phosphorylation
of $9 and Y10 inhibits the binding of NP to importin-«, while dephosphorylation of S9 and Y10 restores the binding and thereby increases the nuclear import
of NP. Phosphorylation of Y296 reduces the affinity of NP for CRM1, while dephosphorylation of Y296 promotes the interaction and hence facilitates nuclear

export.

clear import and increased nuclear export. This model presents a
new framework for studying NP trafficking mechanisms in influ-
enza virus infection and identifies targets for anti-influenza agent
design. Furthermore, a recently published paper revealed the
mechanism for how phosphorylation of S165 controls the self-
oligomerization of NP (26), suggesting that phosphorylation may
play a role in both NP nuclear trafficking and self-oligomeriza-
tion, as well as in other aspects of NP function. Multiple sites
controlling one function (such as S9 and Y10) or single sites con-
trolling multiple functions (e.g., phosphorylated Y296) may affect
polymerase activity by different mechanisms. Such sites in viral
proteins and during the viral life cycle will be researched further in
our future work.
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