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ABSTRACT CM2 is the second membrane protein of the influenza C virus and has
been demonstrated to play a role in the uncoating and genome packaging pro-
cesses in influenza C virus replication. Although the effects of N-linked glycosylation,
disulfide-linked oligomerization, and palmitoylation of CM2 on virus replication have
been analyzed, the effect of the phosphorylation of CM2 on virus replication re-
mains to be determined. In this study, a phosphorylation site(s) at residue 78 and/or
103 of CM2 was replaced with an alanine residue(s), and the effects of the loss of
phosphorylation on influenza C virus replication were analyzed. No significant differ-
ences were observed in the packaging of the reporter gene between influenza C
virus-like particles (VLPs) produced from 293T cells expressing wild-type CM2 and
those from the cells expressing the CM2 mutants lacking the phosphorylation site(s).
Reporter gene expression in HMV-II cells infected with VLPs containing the CM2 mu-
tants was inhibited in comparison with that in cells infected with wild-type VLPs.
The virus production of the recombinant influenza C virus possessing CM2 mutants
containing a serine-to-alanine change at residue 78 was significantly lower than that
of wild-type recombinant influenza C virus. Furthermore, the virus growth of the re-
combinant viruses possessing CM2 with a serine-to-aspartic acid change at position
78, to mimic constitutive phosphorylation, was virtually identical to that of the wild-
type virus. These results suggest that phosphorylation of CM2 plays a role in effi-
cient virus replication, probably through the addition of a negative charge to the
Ser78 phosphorylation site.

IMPORTANCE It is well-known that many host and viral proteins are posttransla-
tionally modified by phosphorylation, which plays a role in the functions of
these proteins. In influenza A and B viruses, phosphorylation of viral proteins NP,
M1, NS1, and the nuclear export protein (NEP), which are not integrated into the
membranes, affects the functions of these proteins, thereby affecting virus repli-
cation. However, it was reported that phosphorylation of the influenza A virus
M2 ion channel protein, which is integrated into the membrane, has no effect on
virus replication in vitro or in vivo. We previously demonstrated that the influ-
enza C virus CM2 ion channel protein is modified by N-glycosylation, oligomer-
ization, palmitoylation, and phosphorylation and have analyzed the effects of
these modifications, except phosphorylation, on virus replication. This is the first
report demonstrating that phosphorylation of the influenza C virus CM2 ion
channel protein, unlike that of the influenza A virus M2 protein, plays a role in
virus replication.
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The genome of the influenza C virus consists of seven single-stranded RNA segments
of negative polarity (1). RNA segment 6 (M gene) of influenza C/Yamagata/1/88 is

1,181 nucleotides in length and encodes the matrix (M1) and CM2 proteins. The
predominant mRNA of this RNA segment lacks the region from nucleotide 755 to 982
and encodes the 242-amino-acid (aa) M1 protein (2). Unspliced mRNA from RNA
segment 6, synthesized in small amounts, encodes a 374-aa protein, designated P42,
which contains an additional 132 amino acids from the C terminus of M1 (3, 4). P42 is
cleaved by signal peptidase at the C-terminal side of alanine residue 259 to generate
CM2, composed of the C-terminal 115 amino acids, in addition to the M1= protein,
composed of the N-terminal 259 amino acids (5, 6).

CM2 is an integral membrane protein that is oriented in membranes with a 23-aa
N-terminal extracellular domain, a 23-aa transmembrane domain, and a 69-aa
C-terminal cytoplasmic domain (7–9). CM2 is modified posttranslationally by the addi-
tion of an N-linked oligosaccharide chain at asparagine residue 11, which converts
CM20, the nonglycosylated form of CM2 (Mr of �16,000), into CM2a (Mr of �18,000) (7,
8). Conversion of the carbohydrate chain from a high-mannose type to a complex type
converts CM2a into CM2b with heterogeneous electrophoretic mobility (Mr of �22,000
to 30,000) (7). CM2 is also modified by palmitoylation at cysteine residue 65 (7, 10). CM2
is further modified by phosphorylation, which occurs exclusively at the serine residues
(11). Alanine replacement of the candidate phosphorylation sites, the three serine
residues at 78, 103, and 108, demonstrated that serine 78 and serine 103 are the major
and minor sites for phosphorylation, respectively, with no phosphorylation of serine
108 detected (10). Furthermore, CM2 is modified by the formation of intermolecular
disulfide bonds at cysteine residues 1, 6, and 20, generating disulfide-linked dimers and
tetramers (7, 8, 10). CM2 is also known to be transported to the cell surface (7, 8, 10)
and is incorporated into virions (7).

We demonstrated that CM2 forms a voltage-activated ion channel permeable to
chloride ions (12). Another group indicated that CM2 is capable of elevating the
trans-Golgi complex pH via proton permeability although to a lesser extent than that
observed in the M2 proton channel of influenza A virus (13).

The M2 protein of influenza A virus has been shown to possess ion channel activity
selective for H� ions and to play important roles in the virus life cycle by facilitating
uncoating, genome segment packaging into virions, and virion morphology (1). As the
biochemical properties of CM2 are very similar to those of M2 (7, 8) and as CM2 appears
to possess proton permeability similar to that of M2 (13), it is conceivable that CM2 also
has a role in influenza C virus replication. We therefore examined the effect of CM2 on
virus replication using an influenza C virus-like particle (VLP)-generating system (14)
and revealed that CM2 plays a role in the packaging of the reporter gene into VLPs as
well as in the uncoating of the VLPs, suggesting that CM2 is essential for virus
replication (15).

The effect of the posttranslational modification of CM2 on influenza C virus repli-
cation has been investigated using a reverse genetics approach with recombinant
viruses lacking CM2 modification sites (16). The loss of sites for N-glycosylation and
disulfide bond formation reduced virus growth, suggesting that these posttranslational
modifications in the extracellular domain of CM2 are required for efficient virus
replication (17, 18). In contrast, no inhibition in growth was observed for a recombinant
virus lacking a palmitoylation site in the cytoplasmic domain of CM2, suggesting that
the palmitoylation of CM2 does not affect virus replication (19). However, the effect of
the phosphorylation of CM2 on influenza C virus replication has not yet been analyzed.
To this end, we generated VLPs and recombinant influenza C virus possessing CM2
lacking a phosphorylation site(s) and analyzed growth. The resultant data suggested
that the phosphorylation of CM2 plays a role in influenza C virus replication.

RESULTS
Expression of CM2 phosphorylation-deficient mutants. To investigate the effects

of CM2 protein phosphorylation on influenza C virus replication, we constructed
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transient expression vectors that encoded CM2 mutants lacking a phosphorylation
site(s) in the cytoplasmic domain, CM2-S78A, CM2-S103A, and CM2-S78/103A, in which
either or both of the residues S78 and S103 were changed to alanines (Fig. 1A). The
transfected cells expressing wild-type CM2 or the above CM2 mutants were lysed at 48
h posttransfection, and the expressed wild-type CM2 or CM2 mutants were separated
by electrophoresis under reducing conditions and detected by Western blotting with
an anti-glutathione S-transferase (GST)/CM2 serum. No significant differences were
observed in the expression levels of the wild-type CM2 and the CM2 mutants (data not
shown). Furthermore, we examined the expression of the wild-type CM2 and CM2
mutants as well as the degree of phosphorylation of the CM2 mutants by metabolic
labeling. The 293T cells transfected with plasmids expressing wild-type CM2 or the CM2
mutants lacking a phosphorylation site(s) were pulse-labeled with [35S]methionine
(lanes S) or [32P]orthophosphate (lanes P) for 4 h at 48 h posttransfection and immu-
noprecipitated with anti-GST/CM2 serum (Fig. 1B). No significant differences were
observed in the expression levels of the wild-type CM2 and the CM2 mutants (Fig. 1B,
lanes S). Furthermore, the maturation of CM2 from CM2a to CM2b observed in the
cells expressing the CM2 mutants was virtually identical to that in the cells
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FIG 1 Construction of CM2 mutants lacking a phosphorylation site(s) and metabolic labeling of the CM2
mutants. (A) We constructed transient expression vectors that encoded CM2 mutants lacking a phos-
phorylation site(s) in the cytoplasmic domain, CM2-S78A, CM2-S103A, and CM2-S78/103A, by the
substitution of alanines for serines at residue 78 (S78), S103, and S78 plus S103, respectively. (B and C)
293T cells transfected with the plasmids expressing wild-type CM2 or CM2 mutants lacking a phosphor-
ylation site(s) (Fig. 1A) were pulse-labeled with [35S]methionine or [32P]orthophosphate for 4 h at 48 h
posttransfection. The cells were disrupted in RIPA buffer and then immunoprecipitated with anti-GST/
CM2 serum. The resulting immunoprecipitates were untreated (B) or treated with N-glycanase at 37°C for
16 h (C) and analyzed by SDS-PAGE on 17.5% gels containing 4 M urea under reducing conditions and
processed for analysis by fluorography.
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expressing the wild-type CM2, indicating that phosphorylation of CM2 did not
affect the N-glycosylation processing of CM2 from a high-mannose type to a
complex type. As shown in lanes P of Fig. 1B, a small amount of the phosphorylated
CM2b was detected in cells expressing wild-type CM2, and a smaller amount of
phosphorylated CM2b was detected in cells expressing CM2-S78A and CM2-S103A.
To confirm the phosphorylation levels, the metabolically labeled cells were immuno-
precipitated with anti-GST/CM2 serum, and the resulting immunoprecipitates were
treated with N-glycanase and analyzed by SDS-PAGE (Fig. 1C). After N-glycanase
treatment, the glycosylated CM2a and CM2b proteins shown in Fig. 1B were converted
into nonglycosylated CM20 and electrophoretically migrated as almost a single band.
The total amounts of the CM2 proteins migrating as CM20 did not differ significantly
between the wild-type CM2 and the CM2 mutants (Fig. 1C, upper panel). The amount
of phosphorylated CM2-S103A was similar to that of phosphorylated wild-type CM2,
while the amount of phosphorylated CM2-S78A was much less than that of phosphor-
ylated wild-type CM2 (Fig. 1C, lower panel). No phosphorylation of CM2-S78/103A was
detected. These data indicate that phosphorylation predominantly occurred at Ser78,
with a lesser degree of phosphorylation occurring at Ser103. Furthermore, the CM20 of
CM2-S78A and that of CM2-S103A were electrophoretically migrated slightly more and
less quickly, respectively, and both were detected in wild-type CM2 (Fig. 1C, lower
panel). This result indicates that the faster- and slower-migrating CM20 proteins were
phosphorylated at S103 and S78, respectively.

CM2 phosphorylation does not affect the generation of VLPs. We next investi-
gated the effect of CM2 phosphorylation on the generation of influenza C virus-like
particles (VLPs). Wild-type VLPs (WT-VLPs), VLPs possessing CM2-S78A, CM2-S103A, or
CM2-S78/103A, and CM2-deficient VLPs (ΔCM2-VLPs) as a negative control were gen-
erated by the transfection of the 293T cells with plasmids, as described in Materials and
Methods. To compare the number of WT-VLPs and VLPs possessing CM2 mutants, the
supernatant from transfected 293T cells in three 100-mm petri dishes was clarified
through 30% sucrose in NTE (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA) buffer, and
the pellet containing the VLPs was subjected to hemagglutination and determination
of the protein concentration. Four independent experiments showed that the hemag-
glutination titers and protein amounts for the clarified WT-VLPs, VLPs possessing
CM2-S78A, CM2-S103A, or CM2-S78/103A, and ΔCM2-VLPs were virtually identical at
128 to 256 hemagglutinating units (HAU)/ml and 7.07 to 8.06 �g, respectively (Table 1).
This indicates that there were no significant differences in the numbers of VLPs
generated. Thus, CM2 phosphorylation appears not to affect VLP generation. We further
examined whether the phosphorylation of CM2 affects the composition of VLPs. Equal
amounts of clarified WT-VLPs, VLPs possessing CM2 mutants lacking a phosphorylation
site(s), and ΔCM2-VLPs, based on protein amounts, were analyzed by Western blotting
using anti-GST/CM2 serum or monoclonal antibodies against the major structural
proteins, hemagglutinin-esterase (HE) and M1 (Fig. 2). We were unable to detect any
differences in the amounts or the electrophoretic patterns of CM2 between the
WT-VLPs and the VLPs possessing CM2 mutants lacking a phosphorylation site(s),
suggesting that CM2 phosphorylation does not affect the incorporation of CM2 pro-

TABLE 1 Quantification of VLPs

VLPa Amt of protein (�g)b

WT 7.83 � 1.14
S78A 7.64 � 0.87
S103A 7.87 � 1.70
S78/103A 8.06 � 0.69
ΔCM2 7.07 � 1.11
aWT, S78A, S103A, S78/103A, and ΔCM2 indicate wild-type VLPs, VLPs possessing CM2-S78A, CM2-S103A, or
CM2-S78/103A, and CM2-deficient VLPs, respectively.

bData from four independent experiments are presented as means � standard deviations. The HA titer was
128 to 256 HAU/ml for all viruses.
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teins into VLPs (Fig. 2A). Further, the amounts of the major structural proteins, HE and
M1, were almost identical between the WT-VLPs and the VLPs possessing CM2 mutants
lacking a phosphorylation site(s), suggesting that CM2 phosphorylation does not affect
the incorporation of major structural proteins into VLPs (Fig. 2B).

Phosphorylation of CM2 might not affect reporter gene packaging into VLPs.
We next examined the amount of green fluorescent protein (GFP) gene in viral RNA
(vRNA) sense (GFP-vRNA) in the VLPs. RNA was extracted from identical amounts of
WT-VLPs, VLPs containing CM2 mutants lacking a phosphorylation site(s), and ΔCM2-
VLPs, based on protein amounts, and then subjected to real-time reverse transcription-
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FIG 2 Western blotting of WT-VLPs and VLPs possessing CM2 mutants and quantification of reporter
GFP-vRNA in VLPs. (A and B) The purified WT-VLPs as a positive control, VLPs containing CM2-S78A,
CM2-S103A, or CM2-S78/103A, and CM2-deficient VLPs (ΔCM2-VLPs) as a negative control were analyzed
by Western blotting using either anti-GST/CM2 serum (A) or monoclonal antibodies against the major
structural proteins, HE and M1 (B). (C) RNA was extracted from an identical amount of WT-VLPs, VLPs
containing CM2-S78A, CM2-S103A, or CM2-S78/103A, and ΔCM2-VLPs and subjected to real-time RT-PCR
using a pair of primers specific for the GFP sequence. The copy number of GFP-vRNA in the WT-VLPs was
used for normalization, and the statistical analysis of four independent experiments is shown. All data are
presented as the ratio of means � SEM unless otherwise indicated. For comparisons between all possible
pairs in each experiment group, analysis of variance (ANOVA) with Tukey’s post hoc test was used, with
a P of �0.05 considered to be statistically significant.
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PCR (RT-PCR) using a pair of primers specific for the GFP sequence. Four independent
experiments revealed that the amount of GFP-vRNA in the ΔCM2-VLPs was significantly
lower than that in the WT-VLPs (Fig. 2C), as described previously (15). However, there
were no significant differences in the amounts of GFP-vRNA between the WT-VLPs and
the VLPs containing CM2 mutants lacking a phosphorylation site(s). Furthermore,
Western blotting revealed that there were no significant differences in the expression
levels of the major viral proteins in the VLP-producing 293T cells (data not shown), and
no differences were observed in the amounts of GFP-vRNA between cells producing the
WT-VLPs and those producing the VLPs containing the CM2 mutants, CM2-S78A,
CM2-S103A, or CM2-S78/103A (data not shown). These data indicated that the phos-
phorylation of CM2 may not affect the packaging efficiency of the reporter gene into
VLPs.

Phosphorylation of CM2 is necessary for efficient gene transfer by VLPs. We
previously reported that WT-VLPs are capable of transferring GFP-vRNA to HMV-II cells
(gene transfer) (14), indicating the transcription and translation of GFP-vRNA in the
HMV-II cells infected with WT-VLPs. In the present study, in order to investigate the
gene transfer ability of VLPs containing CM2 mutants lacking a phosphorylation site(s),
equal amounts of WT-VLPs as a positive control, VLPs containing CM2-S78A, CM2-
S103A, or CM2-S78/103A, and ΔCM2-VLPs as a negative control, based on the amounts
of GFP-vRNA, were inoculated onto HMV-II cell monolayers, followed by superinfection
with the helper virus. Representative microscopic data for four independent experi-
ments are shown in Fig. 3A. Considerable GFP expression was detected in the HMV-II
cells infected with the WT-VLPs, whereas only a few HMV-II cells infected with ΔCM2-
VLPs expressed GFP. The number of GFP-positive cells infected with the VLPs contain-
ing CM2-S78A or CM2-S78/103A was considerably smaller than the number infected
with WT-VLPs. However, the number of GFP-positive cells infected with VLPs contain-
ing CM2-S103A was only a little smaller than the number infected with WT-VLPs. To
quantify the results, the GFP proteins expressed in VLPs-infected cells were further
analyzed by Western blotting, followed by densitometric analysis. Representative data
for three independent Western blotting experiments are shown in Fig. 3B. The amount
of GFP protein expressed in the HMV-II cells infected with VLPs containing CM2-S78A
or CM2-S78/103A was much lower than that in the cells infected with WT-VLPs, while
the amount of GFP expressed in the cells infected with VLPs containing CM2-S103A was
only slightly lower than that in the cells infected with WT-VLPs. The densitometric
analysis of these three independent experiments revealed that the amount of GFP
expressed in the HMV-II cells infected with VLPs containing CM2-S78A, CM2-S103A, or
CM2-S78/103A was approximately 40%, 80%, or 30%, respectively, of that in the cells
infected with WT-VLPs (Fig. 3C). There was a statistically significant difference in GFP
expression levels between the cells infected with WT-VLPs and those infected with VLPs
containing the CM2-S78A or CM2-S78/103A but not between the cells infected with
WT-VLPs and those infected with VLPs containing CM2-S103A. These data indicated
that the phosphorylation of the VLP CM2 protein, particularly that at S78, is involved in
efficient gene transfer.

To further quantify the number of GFP-positive cells and the intensity of GFP
expression in each cell, HMV-II cells infected with equal amounts of WT-VLPs (as a
positive control), VLPs containing CM2-S78A, CM2-S103A, or CM2-S78/103A, and ΔCM2-
VLPs, based on the amounts of GFP-vRNA, were superinfected with the helper virus and
analyzed by flow cytometry. Representative data for three independent experiments
are shown in Fig. 3D. The rate (percentage) of the GFP-positive cells per total number
of cells infected with WT-VLPs, VLPs containing CM2-S78A, CM2-S103A, or CM2-S78/
103A, ΔCM2-VLPs, or the helper virus alone (control) was 5.20, 2.66, 4.78, 2.63, 0.43, or
0.46, respectively. The statistical analysis of the three independent experiments is
shown in Fig. 3E. The rate (percentage) of the GFP-positive cells per total number of
cells infected with VLPs containing CM2-S78A or CM2-S78/103A (2.67 � 0.34 or 3.09 �

0.63) was significantly smaller than that with WT-VLPs (5.17 � 0.52). However, there was
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no significant difference in the GFP-positive rate between the cells infected with
WT-VLPs and those infected with VLPs containing CM2-S103A (4.49 � 0.64). The
GFP-positive rate observed for infection with ΔCM2-VLPs (0.66 � 0.23) was the same as
that for infection with the helper virus alone (0.66 � 0.17) as a background. These data
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FIG 3 Reporter gene expression in HMV-II cells infected with VLPs. (A) HMV-II cells were infected with equal amounts of WT-VLPs, VLPs containing
CM2-S78A, CM2-S103A, or CM2-S78/103A, and ΔCM2-VLPs, based on the amounts of GFP-vRNA, superinfected with the helper virus, and then
incubated for 48 h. The representative microscopic data from four independent experiments are shown. (B) The cells in the experiment shown
in panel A were lysed and analyzed by Western blotting using anti-GFP polyclonal antibodies. The representative data for three independent
experiments are shown. �-Tubulin, as an internal control, is shown in the lower panel. (C) The three independent Western blotting experiments
shown in Fig. 3B were next analyzed by densitometry, followed by statistical analysis. The amount of GFP proteins expressed in the cells infected
with WT-VLPs was used for normalization. All data are presented as the ratio of means � SEM unless otherwise indicated. For comparisons
between all possible pairs in each experiment group, analysis of variance (ANOVA) with Tukey’s post hoc test was used, with a P value of �0.05
considered to be statistically significant (*, P � 0.05; **, P � 0.01; ***, P � 0.001). (D) HMV-II cells were mock infected (control) or infected with
equal amounts of WT-VLPs, VLPs containing CM2-S78A, CM2-S103A, or CM2-S78/103A, and ΔCM2-VLPs, superinfected with the helper virus, and
then incubated for 48 h, followed by flow cytometry. Representative data for three independent experiments are shown. Vertical and horizontal
lines indicate GFP intensities and forward scattered light (FSC) corresponding to the size of cells, respectively. Each dot indicates an individual
cell. Upper right and lower right squares represent GFP-positive and GFP-negative cells, respectively. Numbers shown at the upper right of each
panel indicate the rate (percentage) of the GFP-positive cells per total number of cells. (E) The three independent flow cytometry experiments
were analyzed statistically as described in for panel C. Analysis of variance (ANOVA) with Tukey’s post hoc test was used, with a P value of �0.05
considered to be statistically significant (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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also indicated that the phosphorylation of the VLP CM2 protein, particularly that at S78,
is involved in reporter gene expression. We previously demonstrated that CM2 is
involved in the uncoating process during virus replication, thereby affecting reporter
gene expression (15). Therefore, the reduced gene expression shown in the cells
infected with VLPs containing CM2-S78A or CM2-S78/103A was speculated to result
from impaired uncoating due to the loss of phosphorylation. To examine this possibil-
ity, HMV-II cells infected with WT-VLPs or VLPs containing CM2 mutants were divided
into nuclear and cytoplasmic fractions at 60 min postinfection (p.i.), and the GFP-vRNA
of the respective fractions was quantified by real-time PCR (15) in three independent
experiments. However, we could not find any significant differences in the uncoating
process between WT-VLP and VLPs containing CM2-S78A or CM2-S78/103A (data not
shown).

Phosphorylation of CM2 affects influenza C virus replication. To determine
whether the phosphorylation of CM2 affects influenza C virus replication, recombinant
viruses possessing wild-type CM2, CM2-S78A, CM2-S103A, or CM2-S78/103A (desig-
nated rWT, rS78A, rS103A, or rS78/103A, respectively) were generated by reverse
genetics. MDCK cells were infected with these recombinant viruses at a multiplicity of
infection (MOI) of 0.001 in the presence of 20 �g/ml tosylamide phenylmethyl chlo-
romethyl ketone (TPCK)-trypsin. The culture medium supernatants at 0.5, 1, 2, 3, 4, 5, 6,
and 7 days p.i. were processed for plaque assays to quantify virus yields (Fig. 4A). The
virus yields of rS78A and rS78/103A were significantly lower than the yield of rWT virus
from 3 days p.i. to 7 days p.i. However, there was no significant difference in virus yields
between the rS103A and rWT viruses. Furthermore, the plaque sizes of both rS78A and
rS78/103A were markedly smaller than the plaque size of rWT. However, the plaque size
of rS103A was almost identical to that of rWT (Fig. 4B). To quantify the plaque size of
the recombinant viruses, the sizes of all plaques observed in six representative plates
in the plaque assays for rWT, rS78A, rS103A, and rS78/103A (Fig. 4B) were measured,
and the numbers of plaques larger and smaller than 0.5 mm in diameter were counted.
The ratio of the number of plaques larger than 0.5 mm per total plaque number for
each plate of rWT, rS78A, rS103A, and rS78/103A and the mean of the ratios are shown
in Fig. 4C. The ratios of large plaques for both rS78A and rS78/103A were significantly
smaller than the ratio for the rWT virus; however, that for rS103A was virtually identical
to that for rWT. These data indicated that phosphorylation at S78 is required for
efficient virus replication.

We next investigated whether the CM2 phosphorylation-mediated effect on virus
replication is dependent on the negative charge of phosphoserine. To examine this
possibility, recombinant viruses possessing CM2 with a serine-to-aspartic acid (D)
change at position 78 (CM2-S78D) or 103 (CM2-S103D) (designated rS78D or rS103D,
respectively) were generated to mimic constitutive phosphorylation (Fig. 5A). MDCK
cells were infected with either rWT, rS78D, or rS103D at an MOI of 0.001 in the presence
of 20 �g/ml TPCK-trypsin, and virus titers were determined by plaque assays as
described above. The virus yields of rS78D and rS103D were virtually identical to the
yield of rWT from 0.5 days p.i. to 7 days p.i. (Fig. 5B). These data suggest that
phosphorylation of CM2 plays a role in efficient virus replication, probably by the
addition of a negative charge at the phosphorylation site(s).

DISCUSSION

Phosphorylation of the viral proteins of influenza A and B viruses has been dem-
onstrated, and phosphorylation sites have also been identified and found to be
conserved (20). Phosphorylation of influenza viral proteins plays a number of important
roles in virus replication as follows. Phosphorylation of NP contributes to its nuclear-
cytoplasmic shuttling, self-oligomerization, and vRNP activity, thereby affecting viral
growth (20–24). Phosphorylation of NS1 regulates its dimerization and nuclear local-
ization (20), and phosphorylation of threonine at residues 49 and 80 of NS1 suppresses
its interferon-antagonistic activity and binding affinity with RIG-I, respectively, leading
to attenuation of virus replication (25, 26). Phosphorylation of the nuclear export
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FIG 4 Growth kinetics of recombinant virus possessing CM2 mutants lacking a phosphorylation site(s).
(A) The recombinant viruses possessing wild-type CM2, CM2-S78A, CM2-S103A, or CM2-S78/103A were
generated by reverse genetics as described in Materials and Methods and designated rWT, rS78A, rS103A,
or rS78/103A, respectively. MDCK cells were infected with these recombinant viruses at an MOI of 0.001
in the presence of 20 �g/ml TPCK-trypsin. The culture medium supernatants at 0.5, 1, 2, 3, 4, 5, 6, and
7 days p.i. were processed for plaque assays to quantify infectious virus titers. The results for three
independent experiments were statistically analyzed. All data are presented as the ratio of means � SEM
unless otherwise indicated. For comparisons between all possible pairs in each experiment group,
analysis of variance (ANOVA) with Tukey’s post hoc test was used, with a P value of �0.05 considered to
be statistically significant (*, P � 0.05; **, P � 0.01). (B) The representative plaque morphology at 4 days
p.i. for three independent plaque assays of rWT, rS78A, rS103A, and rS78/103A (panel A) are shown.
(C) The sizes of all plaques observed in six representative plates from the plaque assays for rWT,
rS78A, rS103A, and rS78/103A (Fig. 4B) were measured, and the numbers of plaques larger or smaller
than 0.5 mm were counted. The ratios of the number of plaques larger than 0.5 mm per total plaque
number for each plate of rWT, rS78A, rS103A, and rS78/103A virus were plotted as closed circles,
open circles, closed triangles, and open triangles, respectively, and the means of the ratios are
shown as bars.
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protein (NEP) regulates its nuclear export activity or polymerase activity-enhancing
function (27). The matrix protein M1 is phosphorylated at multiple sites, which regu-
lates the nuclear import of M1, thereby controlling virus replication (20, 28). However,
few studies have investigated whether phosphorylation of hemagglutinin (HA) and
neuraminidase (NA), the glycosylated integral membrane proteins of influenza A and B
viruses, affects virus replication (20). In contrast, one report revealed that the phos-
phorylation of the ion channel protein M2, which is a nonglycosylated integral mem-
brane protein of the influenza A virus, is not required for the in vitro or in vivo
replication of influenza A virus (29).

With regard to influenza C virus, we previously demonstrated that the HE, NP, and
M1 proteins are phosphorylated (30). We further demonstrated that the CM2 protein is
also modified by phosphorylation and identified its phosphorylation sites (10, 11). The
phosphorylated CM2 molecules are incorporated into virions (11), and the CM2 phos-
phorylation sites, at S78 and S103, are highly conserved (31, 32), which raised the
possibility that the phosphorylation of CM2 may affect its function during infection. To
examine this possibility, we investigated the effect of CM2 phosphorylation on influ-
enza C virus replication in this study using VLP generation systems. There was no
difference in VLP formation levels between the cells expressing wild-type CM2 and
those expressing CM2-S78A, CM2-S103A, or CM2-S78/103A (Table 1). These results
demonstrate that phosphorylation of CM2 is not required for influenza C VLP genera-
tion. We also demonstrated that CM2 is involved in the packaging of the reporter gene
into VLPs (15). Recently, it has been demonstrated that the loss of either the
N-glycosylation site or cysteine residues involved in disulfide linkage of CM2 reduces
the incorporation of reporter GFP-vRNA into VLPs, suggesting that these posttransla-
tional modifications are involved in genome packaging into virions (17, 18). In this
study, we could not find any significant difference in the packaging of reporter
GFP-vRNA between WT-VLPs and VLPs containing CM2-S78A, CM2-S103A, or CM2-S78/
103A (Fig. 2C), suggesting that phosphorylation of CM2 is not necessary for genome
packaging.

The amounts of GFP expressed in the HMV-II cells infected with VLPs containing
CM2-S78A, CM2-S103A, and CM2-S78/103A were approximately 40%, 80%, and 30%,
respectively, of the amount in the cells infected with WT-VLPs (Fig. 3C), suggesting that
phosphorylation of CM2 plays a role in reporter gene expression. The phosphorylation
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FIG 5 Growth kinetics of recombinant virus containing CM2 mutants possessing aspartic acid substitu-
tions at S78 or S103. (A) To mimic constitutive phosphorylation, CM2 mutants possessing an aspartic acid
(D) substitution at S78 or S103 were constructed and designated CM2-S78D or CM2-S103D, respectively.
(B) Recombinant viruses containing CM2-S78D or CM2-S103D (designated rS78D or rS103D, respectively)
were generated by reverse genetics. MDCK cells were infected with these recombinant viruses at an MOI
of 0.001 in the presence of 20 �g/ml TPCK-trypsin. Virus growth was quantified by plaque assays as
described in the legend of Fig. 4A. Three independent experiments were statistically analyzed, and all
data are presented as the ratio of means � SEM.
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of CM2-S78/103A was negligible (Fig. 1C); however, the GFP expression detected in the
cells infected with VLPs containing CM2-S78/103A was approximately 30% of that in
the cells infected with WT-VLPs (Fig. 3C). These data suggested that the efficiency of
gene expression is improved, in part, by CM2 phosphorylation. We previously demon-
strated that CM2 is involved in the uncoating process during virus replication, thereby
affecting reporter gene expression (15). Therefore, the reduced gene expression shown
in the cells infected with VLPs containing CM2-S78A or CM2-S78/103A (Fig. 3) might
result from impaired uncoating due to the loss of phosphorylation.

Furthermore, the data indicating that the phosphorylation of CM2 was involved in
gene expression (Fig. 3) also suggested that the phosphorylation of CM2 may affect
virus replication. To examine this, the growth of the recombinant virus possessing CM2
phosphorylation-deficient mutants was compared with that of wild-type recombinant
virus (Fig. 4). The results indicated that CM2 phosphorylation at S78 is necessary for
efficient virus replication. The recombinant virus rS78/103A, in which both the major
and minor CM2 phosphorylation sites (at S78 and S103, respectively) were replaced
with alanine and no phosphorylation was detected (Fig. 1), replicated to a significantly
lower level than did rWT although the virus yield of rS78/103A reached 107 PFU/ml (Fig.
4A). These data indicated that phosphorylation of CM2 affects virus replication at least
in part.

The growth of the recombinant rS78D virus, which possessed CM2 with a serine-
to-aspartic acid (D) change at position 78 to mimic constitutive phosphorylation, was
virtually identical to that of rWT (Fig. 5), suggesting that phosphorylation of CM2 plays
a role in efficient virus replication, probably by the addition of a negative charge to
phosphorylation site S78. Therefore, the reduced growth of rS78A (Fig. 4) might be
explained as follows. As the mutation of phosphorylation site S78 to an alanine residue
may result in the loss of the negative charge, the appropriate conformation of CM2 and
protein-protein interactions might be impaired, thereby attenuating the protein func-
tions during virus replication, most likely those involved in the uncoating process. A
similar phenomenon was previously reported as follows. When the phosphorylation
sites, i.e., the serine residues of influenza A virus NEP, were changed to alanines, nuclear
export activity was impaired, but this activity was rescued by the phosphomimetic
change of Ser to aspartic acid (27).

The data obtained in this study indicated that CM2 phosphorylation at S78 was
important for efficient virus replication although the underlying mechanism was not
fully elucidated. It remains to be tested whether the phosphorylation level of CM2 has
a direct effect on the replication/transcription of viral RNAs. Since CM2 is a glycosylated
integral membrane protein and is not localized in the nucleus, it is thought unlikely that
the phosphorylation level of CM2 has a direct effect on the replication/transcription of
viral RNAs.

In conclusion, phosphorylation of CM2, the ion channel protein of influenza C virus,
was found to affect virus replication. This finding is strikingly different from the effect
of the phosphorylation of M2, the influenza A virus ion channel protein, on virus
replication as the phosphorylation of M2 does not affect in vitro or in vivo influenza A
virus replication (29).

MATERIALS AND METHODS
Ethics statement. The present study was approved by the Safety Committee for Gene Recombina-

tion Experiments of Yamagata University (no. 26-41).
Cells, viruses, and antibodies. We used 293T cells, HMV-II cells (a human malignant melanoma cell

line), and MDCK cells maintained in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum (FBS) (14–19), RPMI 1640 medium containing 10% newborn calf serum (11), and Eagle’s minimum
essential medium (MEM) containing 10% fetal bovine serum, respectively. Rabbit antiserum against the
GST fusion protein containing the CM2 protein (anti-GST/CM2 serum) was prepared as described
previously (3). Monoclonal antibodies (MAbs) against the HE, NP, and M1 proteins of influenza C/Ann
Arbor/1/50 were prepared as reported previously (33, 34).

Construction of CM2 mutants lacking phosphorylation sites. We constructed mutants pME18S/
Met-CM2-S78A, pME18S/Met-CM2-S103A, and pME18S/Met-CM2-S78/103A expressing CM2 mutants
lacking a phosphorylation site(s) by the substitution of alanines for serines at residues 78 (S78), S103, and
S78 plus S103, respectively (Fig. 1A). Briefly, pME18S/Met-CM2-S78A was constructed by inverse PCR
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using a KOD-Plus mutagenesis kit (Toyobo) with CM2-S78A sense(5=-ATTGACGCGATGGAAAAAGATAT
TGC-3=) as a sense primer, CM2-Ala(76 –78) R (5=-TTCAGGCATAATTGTGGTCT-3=) as an antisense primer,
and pME18S/Met-CM2-YA (14) as a template. The plasmids expressing CM2 mutants lacking a phos-
phorylation site(s) were purified for transient expression, and the sequences of all constructs described
above were verified by sequencing. The primer sequences and PCR protocols are available from the
authors upon request.

Metabolic labeling and immunoprecipitation. The 293T cells transfected with plasmids expressing
wild-type CM2 or CM2 mutants lacking a phosphorylation site(s) were pulse-labeled with 1.2 MBq/ml of
[35S]methionine (ARC) or 3 MBq/ml of [32P]orthophosphate (PerkinElmer) for 4 h at 48 h posttransfection
(10, 11). The cells were disrupted in radioimmunoprecipitation assay (RIPA) buffer and then immuno-
precipitated with anti-GST/CM2 serum as described previously (3, 7). The immunoprecipitates obtained
were either left untreated or treated with N-glycanase (N-glycosidase F, recombinant; Roche) for 16 h at
37°C (7, 10) and subsequently analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) on 17.5% gels
containing 4 M urea and processed for analysis by fluorography (35).

Generation and purification of VLPs. For the generation of wild-type VLPs (WT-VLPs), 293T cells in
a 35-mm petri dish were transfected with the following 10 plasmids as described previously (14, 15): 0.5
�g of pPolI/NP-AA.GFP(�), 0.125 �g of pcDNA/PB2-AA, 0.25 �g of pcDNA/PB1-AA, 0.25 �g of pcDNA/
P3-AA, 0.25 �g of pCAGGS.MCS/NP-AA, 1.25 �g of pME18S/HE-AA, 0.3 �g of pCAGGS.MCS/M1-AA,
0.03125 �g of pME18S/Met-CM2-YA, 0.7 �g of pME18S/NS1-YA, and 1.0 �g of pME18S/NS2-YA. For the
generation of VLPs possessing CM2 mutants lacking a phosphorylation site(s), 293T cells were transfected
with a mixture containing the same amounts of the above 10 plasmids, except that 0.03125 �g each of
pME18S/Met-CM2-S78A, pME18S/Met-CM2-S103A, and pME18S/Met-CM2-S78/103A was transfected in-
stead of pME18S/Met-CM2-YA. As a negative control, CM2-deficient VLPs (ΔCM2-VLPs) were generated
by transfection with the above nine plasmids, excluding pME18S/Met-CM2-YA, in which 0.03125 �g of
pME18S was included instead of pME18S/Met-CM2-YA to adjust the total amount of plasmid DNA (15).
To prepare a large quantity of VLPs, 293T cells in a 100-mm petri dish were transfected with proportional
amounts of the plasmids described above, and VLPs in the culture medium were collected, purified, and
suspended in 10% glycerol in phosphate-buffered saline (PBS) as described previously (15). The protein
concentration of the purified VLPs was determined using a Pierce bicinchoninic acid (BCA) protein assay
kit (Thermo SCIENTIFIC) according to the manufacturer’s instructions.

Immunoblotting of 293T cells and VLPs. Transfected 293T cells and purified VLPs were resolved by
SDS-PAGE on 17.5% gels containing 4 M urea under reducing conditions (35). After SDS-PAGE, immu-
noblotting using the MAbs and antisera was carried out as described previously (14, 36). The proteins
were detected by Amersham ECL Prime Western blotting detection reagent (GE Healthcare) according to
the manufacturer’s instructions. Band intensities were measured by Image J, version 1.48, software
(Wayne Rasband, National Institutes of Health [http://rsb.info.nih.gov/ij/]).

RNA extraction and real-time RT-PCR. The RNAs were extracted from the plasmid-transfected 293T
cells and purified VLPs using an RNeasy minikit (Qiagen) according to the manufacturer’s instructions.
The RNA preparations were treated with Turbo DNA-free DNase (Ambion), purified, reverse transcribed
using a viral GFP (vGFP)-reverse transcriptase (RT) primer complementary to GFP-vRNA, and then
subjected to real-time PCR to quantify GFP-vRNA as described previously (15, 37). As a loading control
for RNAs extracted from the cells, �-actin mRNAs were quantified by real-time PCR using �-actin forward
and reverse primers (38). The primer sequences and real-time PCR protocols are available upon request.

Infection of HMV-II cells with VLPs. The purified VLPs suspended in PBS were treated with
tosylamide phenylmethyl chloromethyl ketone (TPCK)-treated trypsin (20 �g/ml) at 37°C for 10 min,
followed by the addition of soybean trypsin inhibitor (15). The HMV-II cell monolayers were infected with
an identical amount of the above VLPs containing wild-type CM2 or CM2 mutants lacking a phosphor-
ylation site(s), based on the amounts of GFP-vRNAs quantified by real-time RT-PCR of VLPs, and
incubated at 33°C for 60 min. They were subsequently infected with the helper virus (C/Ann Arbor/1/50)
at a multiplicity of infection (MOI) of 5 and incubated for up to 48 h. GFP-positive HMV-II cells were
observed under a DMI 3000B fluorescence microscope (Leica Microsystems) and photographed. Further-
more, the amounts of GFP proteins expressed in the VLP-infected HMV-II cells were measured by Western
blotting with anti-GFP polyclonal antibody (pAb) (MBL) as a primary antibody and horseradish peroxidase
(HRP)-conjugated goat anti-rabbit Ig (BioSource International) as a secondary antibody, and quantified
using Image J, version 1.48, software. The �-tubulin in cells was measured by Western blotting using
monoclonal anti-�-tubulin antibody produced in mouse (Sigma-Aldrich) as an internal control.

Flow cytometry. VLP-infected HMV-II cells were harvested at 48 h postinfection by treatment with
Accutase (Innovative Cell Technologies) and fixed with 1% paraformaldehyde for 10 min at room
temperature. Fixed cells were suspended in 3% FBS in PBS and analyzed using a flow cytometer (BD
FACSCant II; BD Biosciences). The data were analyzed with FlowJo software (FlowJo, LLC).

Generation of recombinant influenza C viruses by reverse genetics and multistep growth
analysis. The recombinant influenza C virus possessing wild-type CM2 (designated rWT) was generated
by reverse genetics as described previously (16). The recombinant viruses possessing CM2 mutants
lacking a phosphorylation site(s), in which the phosphorylation sites S78, S103, and S78 and S103 were
replaced with alanine residues, were generated by reverse genetics and designated rS78A, rS103A, and
rS78/103A, respectively. For the generation of rS78A, rS103A, and rS78/103A, pPolI/CM2-S78A, pPolI/
CM2-S103A, and pPolI/CM2-S78/103A, respectively, were transfected into 293T cells instead of pPolI/M,
together with the other six pPolI plasmids and nine protein-expressing plasmids (16). The culture
medium of the transfected cells was collected at 72 h posttransfection and inoculated into the amniotic
cavity of 9-day-old chicken eggs to prepare stock viruses. The M gene sequences of the rS78A, rS103A,
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and rS78/103A viruses were determined to ensure that no unwanted mutations were present. MDCK cells
were infected with these recombinant viruses at an MOI of 0.001 in the presence of 20 �g/ml
TPCK-trypsin. The culture medium supernatants were processed for determination of infectious virus
titers by plaque assays.

Plaque assays. The infectious titers of the recombinant viruses were determined by plaque assays
according to the procedures described previously (19, 39). Briefly, viruses were serially 10-fold diluted
and inoculated onto MDCK cell monolayers. After incubation at 34°C for 60 min, the cells were overlaid
with MEM containing 1% Avicel and 5 �g/ml TPCK-trypsin and incubated at 34°C. At 4 days postinfection
(p.i.), the cells were fixed, incubated with anti-NP monoclonal antibody, H27 (40), as a primary antibody
and goat anti-mouse IgG(H�L), horseradish peroxidase conjugate as a secondary antibody, and visual-
ized with True Blue (KPL) (39).

Statistical analysis. All data are presented as the ratio of means � standard errors of the means
(SEM) unless otherwise indicated. For comparisons between all possible pairs in each experimental
group, analysis of variance (ANOVA) with Tukey’s post hoc test was used to test differences, with a P value
of �0.05 considered to be statistically significant. Statistical analysis was carried out using IBM SPSS
Statistics software, version 19 (IBM SPSS).
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