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Phosphorylation of viral proteins plays important roles in the influenza A virus (IAV) life cycle. By using mass spectrometry, we identi-
fied tyrosine 132 (Y132) as a phosphorylation site of the matrix protein (M1) of the influenza virus A/WSN/1933(H1N1). Phosphoryla-
tion at this site is essential to the process of virus replication by controlling the nuclear import of M1. We further demonstrated that the
phosphorylated tyrosine is crucial for the binding of M1 to the nuclear import factor importin-�1, since any substitutions at this site
severely reduce this protein-protein interaction and damage the importin-�1-mediated nuclear import of M1. Additionally, the ty-
rosine phosphorylation which leads to the nuclear import of M1 is blocked by a Janus kinase inhibitor. The present study reveals a piv-
otal role of this tyrosine phosphorylation in the intracellular transportation of M1, which controls the process of viral replication.

The genome of influenza A virus (IAV) consists of eight seg-
ments of negative-sense RNA coding for 14 viral proteins (1–

4). With the exception of the newly found PB1 N40, PA-X, and
M42 proteins, the remaining 11 viral proteins have been described
as phosphorylated proteins either in virions or in infected cells.
These remaining proteins include the RNA polymerase PA, PB1,
and PB2 proteins, the nucleoprotein (NP), the two envelope pro-
teins, i.e., hemagglutinin (HA) and neuraminidase (NA), non-
structural protein 1 (NS1), the nuclear export protein (NEP), the
PB1-F2 protein, and the two matrix proteins, M1 and M2 (5–14).
Phosphorylation of viral proteins plays an important role in the
virus life cycle. Remarkably, phosphorylation of NP controls its
intracellular distribution and then affects the transportation of
viral RNPs (vRNPs) (15, 16). The phosphorylation of NS1 affects
its double-stranded RNA (dsRNA)-binding capacity and has been
shown to have critical roles in virus replication (13, 17).

M1, the most abundant protein in virions, also has multiple func-
tions in the influenza A virus life cycle, including uncoating, tran-
scription, nuclear export of vRNPs, assembly, and budding. Early
studies indicated that M1 contains phosphoserine and phospho-
threonine residues (5, 18) and has the potential to be phosphorylated
by protein kinase C (PKC) and extracellular signal-regulated protein
kinases (ERKs) (19). Recently, several phosphorylation sites on M1
(including a phosphotyrosine) were reported (14). However, the
phosphorylated tyrosine of M1 has not yet been identified, and phos-
phorylated residues on M1 have not been confirmed functionally (20,
21). There is evidence that abnormal modification of M1 by hyper-
phosphorylation causes its retention in the nucleus (22), which fur-
ther suggests that this important posttranslational modification of
M1 is finely regulated for productive virus growth. In order to further
understand the effect of phosphorylation on the functions of M1, we
determined the status of M1 phosphorylation and identified tyrosine
residue 132 as a phosphorylation site which is critical to controlling
the nuclear import of M1 and virus replication.

MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney 293T (HEK293T), A549,
and MDCK cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) (both from Invitrogen) at
37°C and 5% CO2. The influenza virus used in this study was the A/WSN/

1933(H1N1) strain and was rescued from cDNAs (23); A/chicken/Shan-
dong/lx929/2007(H9N2) and A/Puerto Rico/8/1934(H1N1) were propa-
gated in 10-day-old embryonated chicken eggs.

Reagents and antibodies. Reagents and antibodies used in the study
were obtained from the following sources: Phos-tag acrylamide was from
Wako (Japan); U0126 and AG490 were from Beyotime (China); c-Myc
antibody (C3956; produced in rabbits) and mouse anti-FLAG (M2) anti-
body were from Sigma-Aldrich; and dasatinib (sc-358114), �-actin (ac-
1616-R), Myc (9E10), and p-Tyr (sc-508) antibodies were from Santa
Cruz Biotechnology. A mouse anti-M1 monoclonal antibody and a rabbit
anti-NP polyclonal antibody were generated as described previously (24).
A rabbit anti-HA polyclonal antibody was kindly provided by George Fu
Gao, while all secondary antibodies were obtained from Bai Hui Zhong
Yuan Biotechnology (China).

Plasmid construction. The full-length M1 [A/WSN/1933(H1N1)] se-
quence was cloned into the pCMV-Myc vector. Mutations in full-length
M1 (Y132A, Y132F, or Y132D), either in pHH21 or in pCMV-Myc, were
generated by use of a Newpep site-directed mutagenesis kit (China). The
following primers were used: M1-Y132A-F, 5=-GGGCCTCATAGCCAA
CAGGATGGGGGCTGTGACCAC-3=; M1-Y132A-R, 5=-GCCCCCATC
CTGTTGGCTATGAGGCCCATACAACTG-3=; M1-Y132F-F, 5=-GGGC
CTCATATTCAACAGGATGGGGGCTGTGACCAC-3=; M1-Y132F-R,
5=-GCCCCCATCCTGTTGAATATGAGGCCCATACAACTG-3=; M1-
Y132D-F, 5=-GGGCCTCATAGACAACAGGATGGGGGCTGTGACCA
C-3=; and M1-Y132D-R, 5=-GCCCCCATCCTGTTGTCTATGAGGCCC
ATACAACTG-3=.

The cDNA clone of importin-�1 was obtained from OriGene Tech-
nologies. The full-length importin-�1 sequence was first inserted into
pcDNA3-FLAG. Secondly, the full-length and �IBB-importin-�1 se-
quences were cloned into the pGEX-4T-2 vector to generate a glutathione
S-transferase (GST)-fused protein.

Phosphate-affinity SDS-PAGE and preparation for nano-LC-MS/MS
analysis. IAV-infected 293T cells were lysed in lysis buffer (20 mM HEPES
[pH 7.4], 1% Triton X-100, 150 mM NaCl, 10% glycerol, 1 mM EDTA)
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supplemented with Complete protease inhibitor cocktail (Roche Diag-
nostics) and a phosphatase inhibitor (5 mM Na3VO4; Sigma). The M1
protein was purified with protein G agarose beads prebound to a mouse
anti-M1 monoclonal antibody for 3 h at 4°C. Proteins were separated by
15% Mn2�–Phos-tag SDS-PAGE, which was described previously (25,
26). Briefly, normal polyacrylamide gel electrophoresis was conducted
according to the TaKaRa protocol, with an acrylamide-pendant phos-
phate-tagged (Phos-tag) ligand (50 �M) and 0.1 mM MnCl2 (Sigma)
added to the separating gel before polymerization. The gel was silver
stained, and the separated band was subjected to nano-liquid chromatog-
raphy–tandem mass spectrometry (nano-LC-MS/MS) identification at
the Technological Platform of the Institute of Zoology, Chinese Academy
of Sciences (LCQ Deca XP Plus; Thermo).

Generation of recombinant influenza A viruses. The wild-type (WT)
A/WSN/1933(H1N1) virus and its M1 mutants were generated by using a
12-plasmid-based reverse genetic system (23). Briefly, 293T cells grown to
90% confluence in 60-mm dishes were transfected with 1 �g each of the 12
plasmids in the virus rescue system. Six hours later, the medium was
replaced with DMEM plus 1 �g/ml tosylsulfonyl phenylalanyl chlorom-
ethyl ketone (TPCK)-treated trypsin. The cells were further cultured for
72 h at 37°C in 5% CO2, and the supernatant containing the recombinant
viruses was harvested and then centrifuged at 2,000 � g for 10 min to
remove the cell debris.

Plaque assay. MDCK cell monolayers (5 � 106 cells at 100% conflu-
ence 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 inoculums 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 �g/ml TPCK-treated trypsin)
and incubated at 37°C. Visible plaques were counted at 3 days postinfec-
tion, and the virus titers were determined. All data were expressed as
means for three independent experiments.

Immunoprecipitation and Western blot analysis. Cells were lysed in
immunoprecipitation buffer (pH 7.4; 1% Triton X-100, 150 mM NaCl, 20
mM HEPES, 10% glycerol, 1 mM EDTA) further supplemented with
Complete protease inhibitor cocktail and a phosphatase inhibitor (5 mM
Na3VO4). After an incubation period of 15 min on ice, insoluble compo-
nents were removed from lysates by centrifugation. Lysates were incu-
bated with anti-FLAG M2 affinity gel (Sigma-Aldrich) for a minimum of
2 h. Following five washes in immunoprecipitation buffer, the precipi-
tated proteins were separated by SDS-PAGE and then transferred onto
Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore
Corporation, Billerica, MA). Membranes were probed with appropriate
antibodies and then developed with a chemiluminescence detection re-
agent. All coimmunoprecipitation (co-IP) assays were performed with
293T cells.

IFAs. Indirect immunofluorescence assays (IFAs) were performed
with an Olympus FV500 confocal laser scanning microscope. The cover-
slips carrying cells were washed with PBS and then fixed with 4% parafor-
maldehyde. Cells were then blocked with 4% bovine serum albumin
(BSA) (which was dissolved in PBS plus 1% Triton X-100) and stained
with anti-NP, anti-M1, anti-FLAG, and anti-Myc antibodies. Secondary
antibodies were fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG and tetramethyl rhodamine isocyanate (TRITC)-conjugated
anti-rabbit IgG.

GST pulldown assay. GST-fused importin-�1 was expressed in Esch-
erichia coli strain BL21(DE3)pLysS and purified with Sepharose 4B-glu-
tathione (GE Healthcare). Wild-type M1 and M1 mutants were expressed
in 293T cells, and cells were stimulated by IAV infection before being
lysed. An equal amount of either GST or GST-importin-�1 (100 �g)
bound to Sepharose 4B-glutathione was mixed with cell lysate for 3 h at
4°C. Bound proteins were detected by Western blotting with the anti-M1
monoclonal antibody.

In vivo ubiquitination assays. 293T cells were transfected with ex-
pression constructs for Myc-tagged M1s and His-tagged ubiquitin. The

subsequent procedures were performed as described previously (27).
Briefly, at 40 h posttransfection (p.t.), the proteasome inhibitor MG-132
was added to the cells for 4 h, at a final concentration of 10 �M. Cell
extracts were then immunoprecipitated with Ni2�-nitrilotriacetic acid
(Ni2�-NTA) beads. The eluted proteins were analyzed by Western blot-
ting using an anti-M1 antibody.

Cell membrane extraction. The membrane fraction was extracted as
described previously (28). Briefly, 293T cells were transfected with the 12
plasmids of the virus rescue system. After a 72-h transfection period, cells
were washed with PBS and scraped into 250 �l of ice-cold TES buffer (20
mM Tris, pH 7.4; 100 mM NaCl; and 1 mM EDTA) supplemented with
Complete protease inhibitor cocktail (Roche, Basel, Switzerland). Sam-
ples were kept on ice throughout the duration of the procedure. Cells were
incubated on ice for 30 min, lysed by 30 strokes in a Dounce homogenizer,
and then centrifuged for 10 min at 5,000 � g (at 4°C) to remove the nuclei
and cell debris. The supernatants were then centrifuged for 1 h at
200,000 � g (at 4°C) to separate cellular membrane and cytoplasmic frac-
tions.

Computer modeling and statistical analyses. The three-dimensional
crystal structure of the M1 protein (Protein Data Bank [PDB] accession
no. 1EA3) was used to illustrate the location of Y132 and the nuclear
localization signal (NLS). This modeling was performed with the program
PyMOL (Schrödinger). Statistical analyses were performed using Prism5
software (GraphPad Software, San Diego, CA).

RESULTS
The conserved tyrosine 132 of M1 is a phosphorylation site. To
identify the phosphorylated amino acid residues within the M1
protein, phosphate-affinity SDS-PAGE was performed to extract
the phosphorylated M1 protein from virus-infected HEK293T
cells (26, 29). A visible band exhibiting sensitivity to alkaline phos-
phatase (ALP) treatment and migrating much more slowly than
wild-type M1 was considered to be phosphorylated M1 (Fig. 1A).
This band was subjected to LC-MS/MS to confirm that it was in
fact the matrix protein M1 [A/WSN/1933(H1N1)] (Fig. 1B). Fur-
ther analysis of the spectra indicated that the peptide containing
Y132 was phosphorylated at this position (Fig. 1C). We then an-
alyzed the surface accessibility of this residue on the basis of its M1
crystal structure (30). As expected, Y132 and its hydroxyl group
were exposed on the surface of M1, which implies that it is a
functional phosphotyrosine (Fig. 1D).

To determine whether Y132 is related to M1 tyrosine phos-
phorylation, we mutated Y132 to alanine (A) or phenylalanine (F)
in vectors for virus rescue and purified the wild-type and mutated
M1s from the 12-plasmid reverse genetic system by using an an-
ti-M1 antibody. The levels of total M1 tyrosine phosphorylation
were evaluated by use of an antiphosphotyrosine antibody
(Fig. 2A). We found that conversion of Y132 to either A or F
greatly reduced the level of M1 tyrosine phosphorylation com-
pared to that of the wild-type protein. Quantified analysis of the
relative intensity of the M1 phosphorylated tyrosine (pY) revealed
that the loss of phosphorylation at Y132 resulted in a reduction of
more than half the proportion of total M1 tyrosine phosphoryla-
tion. These results suggest that Y132 is a key site of phosphoty-
rosine on M1.

Sequence alignment showed that the Y132 residue is almost
100% identical among different subtypes of the influenza A virus,
with the exception of one strain of the H3N8 subtype (GenBank
accession no. ADN86454.1), in which a histidine (H) was identi-
fied at this position (Fig. 2B). Notably, a putative SH2 (Src homol-
ogy 2) binding motif (YNRM) containing Y132, which would be
recognized by the SH2 domain through the phosphotyrosine to
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activate the downstream signal transduction pathway, was also
greatly conserved (Fig. 2B). Additionally, Y132 is involved in
many functional domains of M1, suggesting that it has important
roles in virus replication.

Phosphorylated Y132 is essential for virus replication by
controlling the cytoplasmic-nuclear translocation of M1. To di-
rectly assess the effect of Y132 on virus viability, we generated
viruses possessing mutant M1 by way of a reverse genetic system.
The rescued virus was titrated for 72 h p.t. by plaque assay. All
mutations of Y132 (to A, F, or D) did not result in the recovery of
infectious viruses (Fig. 3A). In the meantime, we also examined
the viral proteins within transfected cells. The expression patterns
of the major viral proteins (i.e., HA, NP, and M1) were similar in
all of the wild-type and mutant M1-transfected cells, although the
expression level of M1 Y132D was lower than that of wild-type M1
(Fig. 3B). These results provide evidence that Y132 of M1 is essen-
tial for virus replication, and the substitutions at Y132 impeded
the key functions of the M1 protein rather than affecting the viral
protein expression level.

To further characterize the impact of mutant M1s on virus
rescue, we examined the intracellular distribution of mutant M1s
in cells transfected with 12 plasmids for reverse genetics. The cells

were fixed at 24, 36, and 48 h p.t. and then incubated with anti-M1
antibody. The culture medium was collected at the corresponding
time points and measured by plaque assay to evaluate harvested
infectious virus particles with the wild-type M1 plasmid (date not
shown). At each of these three time points, wild-type M1 localized
to both the nuclear and cytoplasmic compartments, and at 36 h
p.t., M1 was more concentrated on the cell membrane (Fig. 4A,
left panels). Surprisingly, Y132A and Y132F mutant M1s were
detected only in the cytoplasmic compartment and did not show
nuclear localization at any time point (Fig. 4A, middle panels). To
further confirm the effect of this tyrosine on the localization of M1
during viral replication, we continued to observe the localization
of the M1 protein once every 3 h after transfection, beginning at 18
h p.t. (with observations not collected prior to this time due to
minimal detection of M1 expression). Mutated M1 was not ob-
served within the nuclear compartment at any of these time
points, while wild-type M1 showed a normal intracellular distri-
bution (Fig. 4B). In contrast, the replacement of Y132 with the
phosphomimetic amino acid aspartic acid (D) showed that the
nuclear distribution of M1 Y132D was similar to that of wild-type
M1 (Fig. 4A, right panels), which suggests that the effect of Y132
on the nuclear import of M1 is dependent on the negative charge

FIG 1 Tyrosine 132 is a phosphorylation site on the influenza A virus M1 protein. (A) Gel electrophoresis of phosphorylated M1 protein immunoprecipitated
with a monoclonal anti-M1 antibody. The bands were digested in the gel and then identified by LC-MS/MS analysis. The locations of M1 and phosphorylated M1
(pM1) are indicated by arrows. ALP, alkaline phosphatase. (B) The protein was identified as the influenza A virus matrix protein M1 [A/WSN/1933(H1N1)].
Peptides (blue) detected by MS and the phosphorylated tyrosine site (red) are indicated. (C) Mass spectrometry analysis was performed on the purified M1
protein. The fragment ions b18 and b19, with correspondingly increased phosphoric acid, indicate that Y132 is a modification site. (D) Surface accessibility of
Y132 as analyzed using PyMOL. Y132 (yellow) and its functional hydroxyl group (red) are visible, which indicates that they are on the surface of the M1 protein.
The NLS of M1 (101RKLKR105; blue) (PDB accession no. 1EA3) is also shown.
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of the phosphate group. However, even the introduction of
Y132D mutant M1 into the reverse genetic system could not re-
cover the production of infectious virus.

Since nuclear M1 has key functions in transcription inhibition
and export of vRNPs during the virus life cycle (31, 32), the loss of
phosphorylation impedes the translocation of M1 into the nucleus
and finally results in the failure of virus recovery.

Phosphorylated Y132 is crucial for the association of M1
with the nuclear import factor importin-�1. A major mecha-
nism of protein nuclear import is the recognition of a classical,
basic residue-rich NLS on cargo proteins by importin-� receptors.
These receptors heterodimerize with the importin-� receptor and
then perform nuclear translocation (33–36). The NLS sequence of

the M1 protein [A/WSN/1933(H1N1)] was identified previously
as a classical NLS sequence, i.e., 101RKLKR105 (37). Therefore, the
nuclear import of M1 was considered to occur through the impor-
tin-dependent pathway (38), though we did not find any experi-
mental evidence to prove it. In this case, the most likely explana-
tion for the obstruction of the nuclear import of M1 was a
dissociation of M1 from importins, which would have been
caused by the loss of phosphorylation of Y132. To prove this hy-
pothesis, we first demonstrated the binding of M1 to importin-�.
Considering the monopartite NLS of M1, we chose importin-�1
to represent the importin-� family for the following work. We
transfected importin-�1 into 293T cells and infected them with
IAV; the co-IP results clearly show the binding of these two pro-

FIG 2 Tyrosine 132 is a key site of phosphotyrosine on M1. (A) Phosphotyrosine-containing M1 was detected by specific anti-p-Tyr antibodies in a virus rescue
system, and 1/10 the amount of whole loading protein was probed with anti-M1 antibody to show the levels of total M1. The relative pY M1 intensity was
determined as the ratio of tyrosine-phosphorylated M1 to total M1. The loss of phosphorylation at Y132 drastically reduced the level of total M1 tyrosine
phosphorylation (lanes 3 and 4). (B) Y132 and the putative SH2 binding motif (YRNM) are greatly conserved in M1 proteins among different subtypes of
influenza A virus. Sequence alignment of the specific M1 domain (yellow) was performed by MegAlign. The schematic diagram of M1 shows the functional
domains involving Y132 (upper panel). WT, wild type; TID, transcription inhibition domain; NES, nuclear export signal; NLS, nuclear localization signal.

FIG 3 Phosphorylated Y132 of M1 is essential for virus rescue. A 12-plasmid reverse genetic system was used to rescue recombinant viruses with WT and
mutated M1s (Y132A/F/D). (A) At 72 h p.t., the culture supernatants were harvested and subjected to plaque assays on MDCK cells. All recombinant viruses
containing M1 mutants failed to be rescued. (B) At 72 h p.t., the transfected cells were lysed for Western blot analysis. HA, NP, and M1 were detected with
respective antibodies. �-Actin was probed as a loading control. Blank, cells transfected without an added M1 plasmid.

Phosphotyrosine Controls the Function of M1

June 2013 Volume 87 Number 11 jvi.asm.org 6185

http://jvi.asm.org


teins (Fig. 5A). Since the introduction of mutated M1s by reverse
genetics was shown to be unsuccessful in virus rescue assays, we
transfected both Myc-M1 (wild type and mutants) and FLAG-
importin-�1 into 293T cells and then performed the co-IP assay.
The loss of phosphorylation of Y132 (M1 Y132A and M1 Y132F
mutants) greatly reduced the binding of M1 and importin-�1
(Fig. 5B). To exclude other interferences in cells, we prepared a
GST-fused importin-�1 without the IBB (importin-� binding)
domain and incubated it with the M1-expressing cell lysates. Sim-
ilar to the above result, GST-importin-�1 bound less mutated M1
than wild-type M1 (Fig. 5C). By quantifying the binding capacities
of these two proteins, we found that the loss of phosphorylation
reduced the association compared to that of wild-type M1 and
importin-�1 by about 80%.

To validate the influence of the association of M1 with impor-
tin-�1 on the localization of M1, we performed an immunofluo-
rescence assay to visualize the intracellular distributions of these
two proteins. The transfected wild-type Myc-M1 protein was lo-
calized predominantly in the cytoplasm, as described previously,
as it bears both nuclear export signal (NES) and NLS peptides

(39). Nevertheless, a nuclear localization was obvious when the
protein was coexpressed with importin-�1; in this case, the over-
expressed importin-�1 would break the balance of nuclear export
and import, thus greatly enhancing the nuclear import ability of
M1 (Fig. 6A). When cells were stimulated by IAV infection, the
colocalization of wild-type M1 and importin-�1 in the nucleus
was observed to be much stronger (Fig. 6B). However, the large
quantity of exogenously expressed importin-�1 could not pro-
mote translocation of either of the mutated M1s (Y132A and
Y132F) from the cytoplasm to the nucleus as seen with the wild-
type M1 protein. These results strongly proved that the dissocia-
tion of M1 from importin-�1 caused by the loss of phosphoryla-
tion of Y132 actually prevented the nuclear import of M1.

As for the phosphorylation mimic mutant M1 Y132D, which
was imported into the nucleus (Fig. 4A), we performed additional
analyses to ascertain why M1 Y132D did not support virus repli-
cation. We performed a degradation assay to confirm that M1
Y132D degraded quickly compared to other M1 proteins (Fig.
7A), and previous work in our lab showed that the degradation of
M1 was actually mediated through the proteasome-dependent

FIG 4 Phosphorylated Y132 of M1 is essential for nuclear import of M1. (A) The localization of WT and mutated M1s (Y132A/F/D) was determined in a
12-plasmid reverse genetic system. At 24, 36, and 48 h p.t., transfected cells were fixed and detected by anti-M1 antibody (green). (B) M1s (WT and Y132A
mutant) were detected by an anti-M1 monoclonal antibody (green) at different time points during virus recuse. Bars, 10 �m. The nucleus was stained with DAPI
(4=,6-diamidino-2-phenylindole; blue).
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pathway (27). We then performed an in vivo ubiquitination assay
of wild-type M1 and mutant M1s. The results showed that the
level of polyubiquitinated M1 Y132D was greatly enhanced com-
pared to those of other M1 proteins (Fig. 7B), and this phenome-
non suggested that the Y-to-D substitution severely accelerated
the ubiquitination of the M1 protein. On the other hand, it has
been reported that M1 has the ability to associate with the cell
membrane (which is the virus assembly and budding region) and
that Y132 is located in one of the membrane binding domains (40,
41). Thus, we extracted the membrane fraction of cells transfected

with the 12 plasmids from the virus rescue system and were able to
detect the M1 protein. We used an expression construct for a
membrane marker (pEYFP-Mem) as a control for fractionation.
All the M1 proteins (WT, Y132F, and Y132D) were observed to
appear in the cytosol, and while WT M1 and M1 Y132F were also
observed in the membrane fraction, M1 Y132D was not (Fig. 7C).
This result suggested that the M1 Y132D protein was not able to
associate with the cell membrane.

A Janus kinase inhibitor blocks nuclear import of M1 during
viral replication. To verify the modulation of the subcellular lo-

FIG 5 Phosphorylated Y132 is crucial for binding of M1 to the nuclear import factor importin-�1. (A) The binding of M1 and importin-�1 (IMP�1) during
virus infection was determined by coimmunoprecipitation. (B) Myc-M1 WT and Y132A and Y132F mutant proteins were coexpressed with FLAG-IMP�1 in
293T cells. FLAG-IMP�1 was immunoprecipitated with anti-FLAG agarose, and the associated Myc-M1 proteins were detected with the anti-M1 antibody. (C)
Myc-M1 WT and Y132A and Y132F mutant proteins were expressed in 293T cells, and the cell lysates were incubated with GST-fused IMP�1 (�IBB [amino acids
60 to 529]). GST-�IBB IMP�1-bound M1s were blotted with the anti-M1 antibody. The relative binding capacities of M1s and IMP�1 were calculated by
quantifying the ratio of IMP�1-bound Myc-M1s to input M1s. CBB, Coomassie brilliant blue; IAV, influenza A virus; IB, immunoblotting; IMP, importin; IgG
L, IgG light chain; GST, glutathione S-transferase.

FIG 6 Phosphorylated Y132 is essential for the importin-�1-mediated nuclear import of M1. (A and B) The association of M1 and IMP�1 was determined by
immunofluorescence assay. Myc-M1s and FLAG-IMP�1 were cotransfected into 293T cells and stained with anti-Myc (red) and anti-FLAG (green) antibodies,
respectively. The nucleus was stained with DAPI (blue). Cells were incubated with (B) or without (A) IAV (multiplicity of infection [MOI] � 5) for 1 h and then
treated with cycloheximide (CHX; 50 �g/ml) for 3 h before fixation. “Input” represents 1/10 the total M1 proteins in each binding reaction mix. Bars, 10 �m.
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calization of M1 by certain tyrosine kinases, we treated IAV-in-
fected cells with several protein kinase inhibitors. These inhibitors
included AG490 (JAK inhibitor) and dasatinib (Src kinase inhib-
itor), which are tyrosine kinase inhibitors, and U0126 (MEK1/2
inhibitor), which is a serine/threonine kinase inhibitor. First, we
evaluated the effects of these inhibitors on the phosphorylation
level of M1. We observed that either AG490 or dasatinib decreased
the tyrosine phosphorylation of M1 (Fig. 8A). We then deter-
mined the influences of these inhibitors on the cellular localiza-
tion of M1 during virus replication. After a 6-h treatment, the cells
were fixed and detected with anti-M1 and anti-NP antibodies.
Compared to the control (dimethyl sulfoxide [DMSO]-treated)
cells, the distribution of M1 in U0126-treated cells was almost the
same, which confirmed the previously reported results (42). No-
tably, in AG490-treated cells, most of the M1 was localized in the
cytoplasm (Fig. 8B). Nevertheless, dasatinib treatment did not
change the intracellular distribution of M1, thus indicating that
the Src family kinases might be irrelevant to the M1 nuclear im-
port induced by tyrosine phosphorylation. All tested inhibitors
impaired viral protein expression and virus propagation at spe-
cific concentrations (Fig. 8C and D): while only AG490 seemed to
inhibit nuclear import of M1, the other inhibitors must inhibit

influenza virus replication by other means. These results con-
firmed that the intracellular localization of M1 was actually con-
trolled by the protein modification of tyrosine phosphorylation
and that Janus kinases were involved in the process.

To further strengthen the suggestion that phosphotyrosine
control of M1 is a conserved mechanism for M1 nuclear import,
we performed the kinase inhibitor assay on two other strains, both
of which have Y132: A/chicken/Shandong/lx929/2007(H9N2)
and A/Puerto Rico/8/1934(H1N1). All the procedures we per-
formed were the same as those used with the A/WSN/1933(H1N1)
strain. The results were interesting. The two strains of influenza A
virus had different responses to treatment with the same kinase
inhibitors (Fig. 9). Remarkably, the nuclear import of A/Puerto
Rico/8/1934 M1 was blocked by treatment with AG490, similar to
the case with A/WSN/1933, while that of the H9N2 M1 protein
was not blocked. The antibodies we used in this experiment
were qualified to detect M1 and NP from these two strains (data
not shown). These results suggest that the mechanism of phos-
photyrosine control of nuclear import of M1 is different in
different subtypes and strains and might be conserved in the
H1N1 subtype.

FIG 7 Y-to-D substitution at site 132 impairs the intracellular stability and membrane association of M1. (A) Twenty-four hours after transfection with constructs for
WT, Y132F, or Y132D M1, 293T cells were treated with or without CHX (50 �g/ml) for 4 h. Cells were lysed and then detected with the anti-M1 antibody; �-actin was
used as an internal control. The relative intensities were calculated by quantifying the results shown in the upper panel. (B) An in vivo ubiquitination assay suggested that
mutation of Y to D increased the ubiquitination of the M1 protein. 293T cells were transfected with expression constructs for Myc-tagged M1s and His-tagged ubiquitin
(His-Ub). At 40 hours posttransfection, the proteasome inhibitor MG-132 (10 �M) was added to the cells for 4 h. Cell extracts were then immunoprecipitated with
Ni2�-NTA beads. The eluted proteins were analyzed by Western blotting using an anti-M1 antibody. PD, pulldown. (C) 293T cells were transfected with 12 plasmids
from the virus rescue system and with an expression construct for a membrane marker, pEYFP-Mem (BD). After a 72-h transfection period, samples of cellular
membrane and cytoplasmic fractions were separated and detected by anti-yellow fluorescent protein (anti-YFP), anti-HA, and anti-M1 antibodies.
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DISCUSSION

Although phosphorylation of M1 during virus infection has been
reported previously (5, 14, 18), the precise modification site was
not functionally proven. According to previous results, M1 con-
tained phosphoserine and phosphothreonine but lacked phos-
photyrosine; as such, the resulting effect of this important post-
translational modification of M1 on viral replication was still
unknown. In our study, we detected the phosphotyrosine in M1
along with phosphoserine and phosphothreonine (data not
shown), and we further confirmed that the specific phosphoty-
rosine is essential for virus replication. We determined that a loss
of phosphorylation at Y132 impairs the binding of M1 to impor-
tin-�1, prevents its nuclear import, and, consequently, impairs
virus replication. For the first time, we provide evidence of the
existence of a phosphotyrosine in M1, while simultaneously un-
covering the crucial role of phosphorylated Y132 in virus replica-
tion.

Phosphorylated proteins play significant roles in biological
processes by changing protein structure, enzymatic activity, li-
gand associations, and subcellular localization (20). It was previ-
ously reported that phosphorylation regulates nucleocytoplasmic
trafficking of several proteins (43–45). One of these general pat-
terns involves phosphorylation upregulating the nuclear localiza-
tion of substrates by enhancing the recognition of transport sig-
nals (NLS) on cargos to importin receptors, such as the simian
virus 40 (SV40) large T antigen. Phosphorylation of serine resi-
dues upstream from the classical SV40 NLS enhances the nuclear
import of the SV40 large T antigen (44). The effect of phosphor-
ylation of M1 may follow the same pattern as that for the SV40

large T antigen. The NLS-neighboring phosphorylated Y132 resi-
due increases the binding capacity of M1 and importin-�1 to
make sure that there is adequate M1 in the nucleus. According to
the M1 structure, we tried to figure out the molecular mechanism
for the interaction of Y132 and the NLS peptide. When the Y132
residue is phosphorylated, it can have a negatively charged phos-
phate group. The surrounding residues (R134, R76, R77, and R78)
are positively charged. Furthermore, the neighboring NLS peptide
is also rich in positively charged residues. Thus, we speculate that
the phosphorylation of Y132 probably changes the charge net-
work and induces a large conformational change in the NLS re-
gion. This putative structural arrangement may enhance the bind-
ing of M1 to importin-�.

When we made a Y-to-D replacement to mimic constitutive
phosphorylation, the M1 mutant with D132 relocalized to the
nucleus just like WT M1 did (Fig. 4A). This was consistent with
the finding that the nuclear import of protein was upregulated by
its phosphorylation. However, the Y132D mutant M1 protein was
still lethal to virus rescue, despite its normal intracellular localiza-
tion. Previous reporting on the nuclear retention of hyperphos-
phorylated M1 provides a clue regarding the abnormal function of
M1 Y132D. In addition, in considering the multiple functions of
M1 in the virus life cycle, the status of protein modification must
be modulated precisely (such as with phosphorylation and de-
phosphorylation). In this case, the constitutively phosphorylated
protein might lose other functions and be recognized as a mis-
taken protein that quickly undergoes degradation. Accordingly,
we observed that the ubiquitin-dependent degradation of M1
Y132D was greatly accelerated compared to that of WT M1 and

FIG 8 The nuclear import of M1 is impaired by inhibiting Janus kinases. (A) A549 cells were infected with IAV (MOI � 0.1) for 12 h and then treated with the tyrosine
kinase inhibitors AG490 (50 �M) and dasatinib (1 �M), with DMSO as a control (the inhibitors were dissolved in DMSO). After a 6-h treatment, cells were lysed and
assayed for phosphotyrosine-containing M1. One-tenth the amount of whole loading protein was probed with anti-M1 antibody to show the levels of total M1. (B) A549
cells were infected with IAV (MOI � 2); after 1 h at 4°C for virus absorption, cells were washed with PBS and treated with several protein kinase inhibitors, including
AG490 (100 �M), dasatinib (10 �M), and U0126 (50 �M), with DMSO as a control. Cells were fixed after 6 h of treatment and stained with anti-M1 (green) and anti-NP
(red) antibodies. The nucleus was stained with DAPI (blue). Views of single cells with viral protein expression are shown. Bars, 10 �m. (C) A549 cells were infected with
IAV (MOI � 2) for 1 h at 4°C, and then the medium was changed and cells were treated with kinase inhibitors at different concentrations. After 6 h of incubation at 37°C,
cells were lysed and detected with anti-M1 and anti-NP antibodies. �-Actin was used as a loading control. (D) Virus titers of the supernatants in panel C were measured
by plaque assay on MDCK cells. The positive control (P.C.) was IAV-infected cells without any additions (DMSO or inhibitors).
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the other M1 mutants (Fig. 7A and B). Additionally, M1 Y132D
was not able to associate with the cell membrane (Fig. 7C), which
is the assembly and budding site of influenza virus, suggesting that
the Y-to-D substitution impaired the virus life cycle at these
stages. Otherwise, the Y132-containing SH2 binding motif of M1
(132YNRM135) would be recognized by some important proteins
having the SH2 domain, and downstream signal transduction
would then be induced. This process may also be essential for
influenza virus replication but cannot be compensated by the Y-
to-D substitution.

The enzymes responsible for the addition of a phosphate moi-
ety to tyrosine are protein tyrosine kinases (PTKs). The identifi-
cation of kinases is greatly helpful for studies of the functions of
substrate proteins. We used tyrosine kinase inhibitors to seek for
the putative kinase which can phosphorylate Y132. It turned out
that AG490 (JAK inhibitor) but not dasatinib (Src kinase inhibi-
tor) prevented the nuclear import of M1 during virus replication,
like the effect of the loss of phosphorylation of Y132 (as has been
proven). Previous studies showed that AG490 inhibits both JAK1
and JAK2 activities (46). Since A549 cells did not have JAK1 kinase
activity, it was indicated that JAK2 might be responsible for the
phosphorylation of Y132. So far, a number of genomewide screens
to identify host proteins required for influenza virus replication
have been published (2, 47–49), and JAK2 was reported to have a
potential interaction with M1 and thus was considered necessary
for virus replication (47). All findings in this field provide evi-
dence for the putative roles of JAK2 in the phosphorylation of M1.
Nevertheless, whether JAK2 itself (or other tyrosine kinases acti-
vated by JAK2) can phosphorylate M1 remains unknown. We
need to conduct further investigations to confirm the role of the
kinase which functions in phosphorylating Y132 and the effects of
proteins which can recognize the phosphorylated M1 protein and

have specific roles in the downstream pathway. Blocking of these
interactions will destroy the bond between viruses and host cells,
subsequently killing the viruses. This point becomes even more
important with our observation that the phosphorylation site of
Y132 is conserved in almost all strains of influenza A virus (WSN
and PR8 strains were functionally verified in this study), including
the highly pathogenic H5 subtype, providing a potential target for
beating this virus.

In summary, we report a tyrosine phosphorylation site on the
influenza A virus M1 protein, which was found to be essential in
controlling the binding of M1 to the host factor importin-�1.
These findings provide a new mechanism for the phosphoryla-
tion-regulated nuclear translocation of the M1 protein, uncover-
ing a new target on the viral protein for antiviral drug develop-
ment.
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