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ABSTRACT M2 protein of influenza virus plays an important role in virus budding,
including membrane scission and vRNP packaging. Three hydrophobic amino acids (91F,
92V, and 94I) at the intracellular domain of the M2 protein constitute a hydrophobic
motif, also known as the LC3-interacting region (LIR), whereas the role of this motif
remains largely unclear. To explore the role of the 91–94 hydrophobic motif for influ-
enza virus, all three hydrophobic amino acids were mutated to either hydrophilic S or
hydrophobic A, resulting in two mutant viruses (WSN-M2/SSS and WSN-M2/AAA) in the
background of WSN/H1N1. The results showed that the budding ability of the M2/SSS
protein was inhibited and the bilayer membrane integrity of the WSN-M2/SSS virion was
impaired based on transmission electron microscopy (TEM), which in turn abolished the
resistance to trypsin treatment. Moreover, the mutant WSN-M2/SSS was dramatically
attenuated in mice. In contrast, the AAA mutations did not have a significant effect on
the budding of the M2 proteins or the bilayer membrane integrity of the viruses, and
the mutant WSN-M2/AAA was still lethal to mice. In addition, although the 91–94 motif
is an LIR, knocking out of the LC3 protein of A549 cells did not significantly affect the
membrane integrity of the influenza viruses propagated on the LC3KO cells, which sug-
gested that the 91–94 hydrophobic motif affected the viral membrane integrity and
budding is independent of the LC3 protein. Overall, the hydrophobicity of the 91–94
motif is crucial for the budding of M2, bilayer membrane integrity, and pathogenicity of
the influenza viruses.

IMPORTANCE M2 plays a crucial role in the influenza virus life cycle. However, the
function of the C-terminal intracellular domain of M2 protein remains largely unclear.
In this study, we explored the function of the 91–94 hydrophobic motif of M2 pro-
tein. The results showed that the reduction of the hydrophobicity of the 91–94 motif
significantly affected the budding ability of the M2 protein and impaired the bilayer
membrane integrity of the mutant virus. The mouse study showed that the reduc-
tion of the hydrophobicity of the 91–94 motif significantly attenuated the mutant vi-
rus. All of the results indicated that the hydrophobicity of the 91–94 motif of the M2
protein plays an important role in budding, membrane integrity, and pathogenicity
of influenza virus. Our study offers insights into the mechanism of influenza virus
morphogenesis, particularly into the roles of the 91–94 hydrophobic motif of M2 in
virion assembly and the pathogenicity of the influenza viruses.
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Influenza virus poses a significant threat to public health and causes huge economic
losses worldwide annually. Influenza virus, as a member of the Orthomyxoviridae fam-

ily, has a segmented, negative-stranded RNA genome that encodes more than 10 viral
proteins, including surface proteins (HA, NA, and M2), matrix protein 1 (M1), NS1, NS2,
NP, and polymerase proteins (1). Influenza virus is an enveloped virus. All viral compo-
nents are assembled at the cell membrane in an orderly manner and eventually are
released from the infected cells through the budding process (2, 3).

Budding of the influenza virus is a result of coordination of the various viral compo-
nents. Among all the viral components, only the surface membrane proteins (HA, NA, and
M2) of influenza virus are capable of budding independently (4–6). At the beginning of the
budding process, HA and NA proteins acting as initiators of the budding process are local-
ized to the lipid raft on the cell membrane, and then cytoplasmic domains of the surface
membrane proteins interact with M1 protein and recruit the vRNPs to the assembly site
and eventually mediate progeny virion particle release from the cell membrane (7, 8).

M2 protein is a viral protein encoded by M gene of the influenza virus at the late
stage of viral replication, and it contains 97 amino acid residues with an N-terminal
extracellular domain, a transmembrane domain (TM), and a C-terminal intracellular do-
main containing an amphipathic helix (9, 10). The well-known function of M2 protein is
ion channel activity that facilitates virion acidification for efficient uncoating during vi-
rus invasion (11, 12). M2 also is a cholesterol-binding protein and plays a critical role
during viral budding process. The amphipathic helix (44–60) of M2 contains two over-
lapping cholesterol recognition amino acid consensus (CRAC) motifs (L/V-X1-5-Y-X1-5-
R/K) (13, 14). The CRAC motif is responsible for cholesterol binding and membrane
association. At the late stage of budding, the activity and orientation of the M2 amphi-
pathic helix alters in a cholesterol-dependent manner, leading to an alteration of the
membrane curvature at the neck of the budding virus, resulting in membrane scission
and release of progeny virions (15).

The function of the C-terminal intracellular domain of M2 protein remains largely
unknown. Previous studies reported that the 91 to 94 amino acids of the M2 intracellu-
lar domain formed a hydrophobic motif, named the LC3-interacting region (LIR) (16,
17). In the budding stage of influenza virus, M2 interacted with LC3 and relocated LC3
to the cell membrane via LIR motif and thereby blocked the formation of autophagic
flux (18, 19). The M2 LIR is required for filamentous budding and virus stability, but the
mechanism is unknown. The hydrophobic amino acids 91F, 92V, and 94I at the cyto-
plasmic domain of M2 protein are highly conserved in influenza A viruses (20, 21),
whereas the role of the hydrophobic amino acids in replication and pathogenicity of
influenza virus remains unclear.

In this study, our results showed that the loss of the hydrophobicity of the M2 pro-
tein 91–94 LIR motif impaired the integrity of bilayer membrane and significantly atte-
nuated influenza virus. However, knocking out the LC3 protein (LC3-KO) did not affect
the bilayer membrane integrity of influenza virus propagated on LC3-KO cells, which
suggested that the viral bilayer membrane integrity and budding affected by the 91–
94 hydrophobic motif is independent of the LC3 protein. Overall, the results indicated
that the hydrophobicity of the M2 C terminus plays an important role in budding and
pathogenicity of influenza viruses.

RESULTS
The 91–94 hydrophobic motif of M2 protein is critical for the pathogenicity of

influenza virus. M2 protein contains a hydrophobic motif (91F, 92V, and 94I) at the C
terminus, which is highly conserved in more than 99% of influenza A virus strains. To
explore the function of the M2 91–94 hydrophobic motif of influenza viruses, the three
hydrophobic amino acid residues 91F, 92V, and 94I of the hydrophobic motif of M2
were mutated to hydrophilic amino acid S or hydrophobic amino acid A (Fig. 1A). Two
mutant viruses, WSN-M2/AAA and WSN-M2/SSS, were rescued in the background of
WSN/H1N1, and the mutant viruses were verified by sequencing. To study the effects
of M2 protein hydrophobic motif on replication of influenza viruses, virus growth curve
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was conducted on MDCK cells. The results showed that the replication levels of the
mutant viruses WSN-M2/AAA and WSN-M2/SSS in vitro are similar to that of the wild-
type WSN virus (Fig. 1B), which indicated that the mutation of the 91–94 hydrophobic
motif does not have a significant impact on replication of influenza virus. To further
explore the effects of the hydrophobic motif of M2 protein on pathogenicity of the
influenza viruses, the virulence of the WSN and mutant viruses was evaluated in mice.
The results showed that the wild-type WSN virus caused 80% mortality in infected
mice within 7 days postinfection (dpi). The mortality rate of mice infected with the mu-
tant virus WSN-M2/AAA was slightly reduced to 60%, whereas WSN-M2/SSS was no
longer lethal to mice (Fig. 1C). The WSN-M2/SSS infection only caused slight weight
loss in mice after infection compared with the other two infected groups (Fig. 1D). The
virus loads in the mouse lungs showed that WSN-M2/AAA replicated to a level similar
to that of the wild-type WSN virus, and the replication level of WSN-M2/SSS was much
lower than those of the wild-type WSN and WSN-M2/AAA viruses at 5 dpi (Fig. 1E). In
addition, the histopathologic examination showed that the infection with WSN-M2/SSS
caused less inflammatory cell infiltration and alveolar structure damage in mouse lungs

FIG 1 Effect of the M2 91–94 hydrophobic motif on the replication and pathogenicity of the influenza viruses. (A to F) Schematic diagram of the M2
protein 91–94 motif of the mutant viruses and conservation analysis of the M2 protein 91–94 motif of the influenza viruses (A); growth curves of the wild-
type and mutant WSN viruses on MDCK cells (B); survival rate of mice infected with the wild type and mutant WSN viruses (C); weight loss of mice infected
with the wild-type and mutant WSN (D); replication of the wild-type and mutant WSN viruses in mouse lungs (E); histopathological study on mouse lungs
harvested on 3 and 5 dpi; hematoxylin and eosin staining was performed (F).
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than wild-type WSN and WSN-M2/AAA (Fig. 1F). All of the results demonstrated that
WSN-M2/SSS is significantly attenuated in mice compared with the wild-type WSN and
WSN-M2/AAA viruses, which suggested that the hydrophobicity motif of M2 plays a
critical role in the pathogenicity of influenza viruses.

The 91–94 hydrophobic motif of M2 affected the membrane integrity and
trypsin resistance of the influenza viruses. To further study the role of the M2 91–94
hydrophobic motif in morphology of influenza virus, the purified virus particles propa-
gated on MDCK cells were observed directly under a transmission electron microscope
(TEM). The results showed that all three viruses are spherical. Interestingly, about 60%
of the WSN-M2/SSS virus particles have humps on them without a clear bilayer lipid
membrane, whereas neither the wild-type WSN nor WSN-M2/AAA virus particles had
this phenomenon (Fig. 2A and B), which suggested that FVI-to-SSS mutations impair
the integrity of the bilayer membrane of the mutant virions.

To further examine the viral membrane integrity of the three viruses, a trypsin re-
sistance experiment was conducted. Purified wild-type and mutant viruses derived
from MDCK cells and specific-pathogen-free (SPF) chicken embryos were treated with
trypsin. NP protein was then detected by Western blotting after treatment. The results
showed that the NP protein of the wild-type WSN and WSN-M2/AAA was significantly
higher than that of WSN-M2/SSS after trypsin treatment. The NP protein was barely
detected from the WSN M2/SSS that originated from MDCK or chicken embryos after
trypsin treatment (Fig. 2C and D). The present results indicated that WSN-M2/SSS was
more sensitive to trypsin than the wild-type WSN and WSN-M2/AAA, which confirmed
that FVI/SSS mutations impaired the integrity of the bilayer membrane of the virion,
resulting in loss of trypsin resistance of the mutant virus. All the results indicated that
the reduced hydrophobicity of the M2 91–94 hydrophobic motif impaired the bilayer
membrane integrity of the virus and decreased the virion trypsin resistance.

FIG 2 Effect of the M2 91–94 hydrophobic motif on trypsin resistance and bilayer membrane integrity of the influenza viruses. (A to D) Electron
microscope observation of wild-type and mutant WSN viruses (A); percentage of virus particles of WSN, WSN-M2/AAA, and WSN-M2/SSS with impaired
bilayer membrane under TEM (B); the NP detection of the wild-type and mutant WSN viruses propagated on MDCK cells after treated with trypsin (C); the
NP detection of the wild-type and mutant WSN viruses propagated on SPF chicken embryos after treatment with trypsin (D). IB, immunoblot.
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Host LC3 did not affect the membrane integrity of the influenza viruses. Previous
studies showed that M2 blocked the formation of autophagic flux through interacting
and relocating LC3 to the viral assembly site (14), whereas the influence of the host
LC3 protein in replication and assembly of influenza virus remains unclear. In this
study, two A549-LC3-KO cell clones were generated by CRISPR/Cas9 (Fig. 3A). The via-
bility of the two A549-LC3-KO cell clones was not significantly different from that of
the wild-type cells (Fig. 3B). Growth kinetics showed that the replication levels of the
wild-type WSN and WSN-M2/SSS viruses in A549-LC3-KO were significantly lower than
that in wild-type A549 at 24 h postinfection (hpi) (Fig. 3C and D), which suggested that
LC3 facilitated the replication of the influenza viruses.

All three WSN, WSN-M2/AAA, and WSN-M2/SSS viruses propagated on A549-LC3-
KO cells were purified and then subjected to transmission electron microscopy (TEM).
The TEM results showed that both the WSN and WSN-M2/AAA viruses amplified on
A549-LC3-KO cells are spherical and have intact bilayer membrane (Fig. 3E), while most
of the WSN-M2/SSS virus particles (about 65%) have humps, which suggested that LC3
is not a determinant of the morphology and bilayer membrane integrity of the virions.

The 91–94 hydrophobic motif affected the budding capability of the M2 proteins.
To further study the effect of the 91–94 hydrophobic motif on budding ability of the
M2 proteins, Flag-M2, Flag-M2/AAA, and Flag-M2/SSS expression plasmids were trans-
fected onto 293T cells. Cell lysates and virus-like particles (VLPs) in supernatant were
collected for further analysis at 48 hpi. The results showed that the three M2 proteins
have comparable expression levels in cells, whereas the level of Flag-M2/SSS is signifi-
cantly lower than those of Flag-M2 and Flag-M2/AAA in the VLPs (Fig. 4A). The VLPs of
the Flag-M2, Flag-M2/AAA, and Flag-M2/SSS purified from supernatant were evaluated

FIG 3 Effect of LC3 protein on the replication, trypsin resistance, and membrane integrity of the influenza viruses. (A to F) The LC3 protein detection of
A549 and A549-LC3-KO cells (A); comparison of cell viability among A549 and two A549-LC3-KO cell clones (B); growth kinetics of WSN virus on A549 and
two A549-LC3-KO cell clones (C); growth kinetics of the WSN-M2/SSS virus on A549 and two A549-LC3-KO cell clones (D); electron microscope observation
of the WSN, WSN-M2/AAA, and WSN-M2/SSS viruses derived from A549 and A549-LC3-KO cells (E); percentage of the virus particles of WSN, WSN-M2/AAA,
and WSN-M2/SSS with impaired bilayer membrane under TEM (F).
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under the electron microscope. The bilayer membranes of the Flag-M2 and Flag-M2/
AAA VLP were intact. In contrast, the VLPs of Flag-M2/SSS were observed with dam-
aged bilayer membrane (Fig. 4B). All these results indicated that the hydrophobicity
motif is crucial for the budding ability of M2 and the membrane integrity of the VLPs.

To further explore whether the hydrophobicity loss of the 91–94 hydrophobic motif
affects the cellular location of the M2 protein, WSN, WSN-M2/AAA, and WSN-M2/SSS
were inoculated onto A549 cells. M2 proteins were observed by immunofluorescence
assay (IFA). The results showed that the M2 proteins of all three viruses were localized
on the cell membrane (Fig. 4C), which suggested that the hydrophobicity change did
not hinder the membrane localization of M2.

To investigate whether the hydrophobicity motif is the key for the M2 C-terminal in-
tracellular domain to maintain the spatial conformation. The spatial structures of WSN-
M2, WSN-M2/SSS, and WSN-M2/AAA were modeled in the INTENSIVE mode of Phyre 2
as described previously (22). Different from the other three domains of M2 protein, the
C-terminal intracellular domain is more flexible, with two motifs rich in hydrophobic
amino acids: residues 60 to 70 and residues 91 to 94. The protein prediction results
showed that the three predicted structures have about 70% accuracy. The 91–94
hydrophobic motif and the 60 to 70 residues of WSN-M2 and WSN-M2/AAA form a ring
structure, which might be dependent on the hydrophobic interaction between these
two peptides, whereas loss of hydrophobicity of 91–94 hydrophobic motif of M2
resulted in losing the ring structure, which might affect the function of M2 (Fig. 4D). All
these results indicated that the 91–94 hydrophobic motif played an essential role in

FIG 4 Effect of the 91–94 M2 hydrophobic motif on the budding capability and spatial structure of the M2 proteins. Protein detection in cell lysis and VLP
samples of HEK293T cells transfected with Flag-M2, Flag-M2/AAA, and Flag-M2/SSS and relative budding efficiency of M2 protein in budding assay. (A to D)
Relative budding efficiencies were determined by comparing the intensity of M2 protein bands in VLPs to those of protein bands in cell lysate by Western
blotting (A); electron microscope observation of the VLPs of the Flag-M2, Flag-M2/AAA, and Flag-M2/SSS (B); subcellular localization of the M2, M2/AAA,
and M2/SSS proteins in virus infected A549 cells by confocal microscopy (C); spatial structure prediction of the M2, M2/AAA, and M2/SSS (D). GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; DAPI, 49,6-diamidino-2-phenylindole.
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maintenance of the spatial structure and budding capability of the M2 proteins and
the membrane integrity of the influenza viruses.

DISCUSSION

M2 protein, as an important membrane protein, plays a crucial role in the replica-
tion cycle of influenza virus. M2 contains three domains: N-terminal extracellular do-
main, TM domain, and C-terminal intracellular domain (23). As a tetramer, the TM do-
main forms a four-helix proton channel that promotes uncoating of the virions (24). As
for the C-terminal intracellular domain, the 44 to 60 residues compose an amphipathic
helix that mediates the curvature of the cell membrane at the budding site and assists
the viral particle budding (25), followed by the distal cytoplasmic tail, which is com-
posed of 61 to 96 residues. However, the function and spatial structure of the M2 pro-
tein cytoplasmic tail remain largely unclear. In this study, the results indicated that the
hydrophobicity of the 91–94 hydrophobic motif located in the C-terminal intracellular
domain of the M2 protein played a critical role in the viral membrane integrity and
pathogenicity of the influenza viruses.

M2 protein is located at the boundary between lipid raft and plasma membrane phase
during viral budding (26). At the end of the budding process, it localizes at the neck of the
budding virus particles (27) and produces a positive curvature of the plasma membrane,
which can promote the membrane scission process to release the progeny virion (28). It has
also been shown that the cytoplasmic tail at the C terminus plays a critical role in the mem-
brane curvature regulation synergistically with the amphipathic helix (29). The amphipathic
helix of M2 protein contains two partial overlapping cholesterol recognition amino acid con-
sensus (CRAC) motifs (30). The M2 protein modifies membrane curvature in a cholesterol-de-
pendent manner (31). Studies have shown that M2 produces positive membrane curvature
in the presence of low levels of cholesterol environment, such as the bulk phase of the
plasma membrane (32), whereas in an environment of high levels of cholesterol in the lipid
raft-enriched sites of virus budding, M2 mediates negative membrane curvature (33).
During initiation of the budding process, M2 was recruited to sites of virus budding and
induced negative membrane curvature that stabilizes the positive membrane curvature
caused by HA and M1 to facilitate the productive genome packaging and assembly of influ-
enza virus (34). At the late stage of virus budding, M2 localized to the boundary between
the lipid raft and the bulk plasma membrane phase, a lower-cholesterol environment that
tends to cause positive membrane curvature to finish the membrane scission process (35,
36). In this study, the hydrophobicity loss of the 91–94 FVI impaired the budding ability of
M2 and the membrane integrity of the influenza viruses and significantly attenuated the
mutant viruses. Whether the hydrophobicity motif affects the cholesterol-binding and mem-
brane scission activity of the amphipathic helix of M2 protein need further investigation.

Previous studies showed that the cytoplasmic tail of M2 interacts directly with the autoph-
agy protein LC3 by a highly conserved LC3-interacting region (LIR 91–94) in M2. Mutations in
LIR abolished LC3 binding, interfered with filamentous budding, and reduced virion stability
(37–39). In this study, to explore the role of LC3 on replication and morphology of influenza vi-
rus, we generated an LC3 knockout A549 cell line. The WSN virus replicated to a lower titer on
the A549-LC3-KO cell line than that on the wild-type A549 cells. However, knockout of the
LC3 protein has no significant effect on the morphology and the bilayer membrane integrity
of the virus particles. Together, our results evidenced that the LC3 protein was required for
the efficient replication but not for the morphology and stability of the influenza viruses.

The C-terminal intracellular domain of M2 is a flexible structure (40), making its structure
almost impossible to be directly observed by methods such as X-ray diffraction or nuclear
magnetic resonance. The structural prediction showed that the intracellular region of M2 (60–
96) forms a ring structure between two hydrophobic motifs (residues 60 to 70 and residues
91 to 94) with the helix in the middle, and the hydrophobicity of the 91–94 hydrophobic motif
is important for M2 protein to maintain the intracellular domain structure. This ring structure
might be necessary to the effective budding function of the M2 protein.

Taken together, in this study, we found that the reduction of the hydrophobicity in
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the 91–94 hydrophobic motif at the M2 protein C terminus results in inhibited M2 pro-
tein budding ability and impaired bilayer membrane of the progeny virus particles,
causing a decrease in virus pathogenicity. Therefore, the hydrophobicity of the 91–94
hydrophobic motif is necessary for the effective budding and the membrane integrity
of the influenza viruses.

MATERIALS ANDMETHODS
Cells and viruses. Madin-Darby canine kidney (MDCK) cells were maintained in Eagle's minimal

essential medium (EMEM) (Gibco, USA) with 5% fetal bovine serum (FBS) (Gibco, USA). Human embry-
onic kidney 293T cells and A549 cells were maintained in Dulbecco's modified Eagle medium (DMEM)
(Gibco, USA) supplemented with 10% FBS. Influenza virus A/WSN/1933 H1N1 (WSN) was propagated
and titrated on MDCK cells. To generate the mutant viruses, three hydrophobic amino acid residues,
91F, 92V, and 94I, of the hydrophobic motif of M2 were mutated to hydrophilic amino acid S or hydro-
phobic amino acid A (Fig. 1A). Two mutant viruses, WSN-M2/AAA and WSN-M2/SSS, were rescued in the
background of WSN/H1N1, as described previously (41).

Generation of A549-LC3-KO cell line. Three pairs of single guide RNAs (sgRNAs) targeting LC3 pro-
tein genomic DNA sequence were designed and constructed on the LentiCRISPRv2 plasmid, and then
we cotransfected HEK293T cells with the helper plasmids psPAX2 and VSVG. The supernatants were col-
lected at 48 h posttransfection. The sequences of the sgRNAs are the following: LC3-sgRNA1,
GTGATAATAGAACGATACAA; LC3-sgRNA2, TGAGCTCACTCATGTTGACA; LC3-sgRNA3, ATTTCATCCCGAA
CGTCTCC. A549 cells were infected with the lentivirus, and puromycin pressure (5 mg/mL) screening
was performed on infected cells. After the puromycin pressure screening, the puromycin-resistant cells
were subcloned to obtain the LC3 knockout A549 monoclonal cell line. The LC3 protein expression levels
in two A549-LC3-KO cell clones and wild-type A549 cells were determined by Western blotting.

Growth kinetics. To compare virus replication, growth kinetics was determined as described previously
(41). Briefly, MDCK, A549, or A549-LC3-KO cells were cultured overnight in 12-well plates and then infected
with viruses at a multiplicity of infection (MOI) of 0.1. The cell supernatant was collected and titrated at differ-
ent hpi for each time point in triplicates independently. The titers were determined on MDCK cells on a 96-
well plate, and the 50% tissue culture infectious dose (TCID50) was calculated with the Reed-Muench method.

VLP budding assay. VLP budding assay was conducted as described previously (41, 42). The M2
gene of WSN virus was constructed in pCDNA3.0 with an N-terminal Flag tag (Flag-M2). Mutations were
introduced into amino acids 91, 92, and 94 of Flag-M2, resulting in Flag-M2/AAA (F91A/V92A/I94A) and
Flag-M2/SSS (F91S/V92S/I94S) mutant plasmids. Five micrograms of Flag-M2, Flag-M2/AAA, or Flag-M2/
SSS plasmid was transfected onto HEK293T cells cultured in 100-mm cell culture flasks. The supernatants
were harvested at 48 h posttransfection and processed by centrifugation at 2,000 � g for 20 min. The
clarified supernatants were then layered on a 20% sucrose cushion and ultracentrifuged at 150,000 � g
for 4 h at 4°C in a Beckman ultracentrifuge (Fullerton, CA). The pellet was resuspended on ice in 50 mL of
phosphate-buffered saline (PBS). The M2 proteins in the cell lysate and in the VLP samples were
detected by Western blotting with anti-Flag mouse monoclonal antibody.

Trypsin resistance assay. The wild-type and mutant WSN viruses were propagated on SPF chicken
embryos and MDCK cells, respectively. The cell supernatant and chicken embryo allantoic fluid were col-
lected at 48 hpi and processed by centrifugation at 2,000 � g for 20 min. Clarified supernatants were
then layered on a 20% sucrose cushion and ultracentrifuged at 150,000 � g for 4 h at 4°C in a Beckman
ultracentrifuge (Fullerton, CA). The pellet was resuspended on ice in 50 mL of PBS and then treated with
trypsin (Worthington) at a concentration of 100 mg/mL and incubated at 37°C for 15 min, and then the
NP protein was detected by Western blotting.

Western blotting. Protein samples were separated by loading to an SDS-polyacrylamide gel and
transferred to an NC membrane. The membrane was blocked in PBS containing 5% bovine serum albu-
min for 30 min and then successively incubated with the indicated first antibody and horseradish peroxi-
dase-conjugated secondary antibody (Thermo Fisher, USA). The immunoblot signals were visualized by
using an enhanced chemiluminescence kit (Yeasen, China).

IFA. A549 cells cultured on chamber slides were infected with WSN, WSN-M2/AAA, and WSN-M2/SSS,
respectively. All cells were fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.1% Triton X-100
at 18 hpi. M2 protein was labeled with mouse anti-M2 antibody (Sigma, USA) followed by fluorescein isothio-
cyanate-conjugated anti-mouse IgG antibody (Invitrogen, USA). Confocal images were taken with a Leica TCS
SP2 confocal microscope.

Animal study. To evaluate the effect of the hydrophobicity of the M2 protein 91–94 motif on patho-
genicity of the viruses in vivo, the virulence of the wild-type and mutant WSN viruses were evaluated in
a mouse model. Five-week-old female BALB/c mice were used with 11 mice in each group. The mice
were infected intranasally with influenza virus (105 TCID50/mouse). Three mice were euthanized and the
lungs were collected at 3 and 5 days after infection. A portion of the lungs was used for histopathologic
examination, and the virus titers in the rest of the lungs were titrated after homogenization. The body
weight changes and deaths (a weight below 75% of the original weight is considered dead) of the
remaining mice were recorded daily, and the mice were euthanized once the weight was lower than
75% of the initial body weight.

Transmission electron microscopy and structure modeling. All three wild-type and mutant WSN
viruses were propagated on MDCK or A549-LC3-KO cells. To prepare the VLPs of the M2 and mutant pro-
teins, the eukaryotic expression plasmids (Flag-M2, Flag-M2/AAA, and Flag-M2/SSS) were transfected to
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HEK293T cells. The supernatants were collected at 48 h posttransfection. The propagated viruses and
the cell supernatants were purified by density gradient centrifugation. Negative staining was prepared
by pipetting the purified virus or VLP onto a grid, and after 30 s, we blotted the virus solution with
Whatman paper. We added 1% phosphotungstic acid solution for 1 to 2 min. We blotted off the staining
solution, added double-distilled H2O to the grid, and then blotted it off. This was repeated three times,
and then we allowed the grids to dry. These samples were examined in a Tecnai G2 Spirit BIOTWIN elec-
tron microscope, and the percentage of viruses with impaired bilayer membrane was determined based
on observation of 100 virus particles under TEM, repeated three times for each virus. The three-dimen-
sional structure of the wild-type and mutant M2 proteins was predicted in INTENSIVE mode by using the
Phyre2 server as described previously (22) (http://www.sbg.bio.ic.ac.uk/phyre2).

Ethics statement and statistical analysis. All animals used in this study were taken care of in ac-
cordance with the guidelines of the Animal Care and Use Committee of Shanghai Veterinary Research
Institute. All animal studies in this study were conducted in accordance with the guidelines of the
Animal Care and Use Committee of Shanghai Veterinary Research Institute, and all animal study proto-
cols are approved by the Chinese Academy of Agricultural Science (permit number SHVRI-Po-0120). All
data were analyzed by using analysis of variance (ANOVA) in GraphPad Prism version 6.0 (GraphPad soft-
ware Inc, CA). A P value of,0.05 was considered statistically significant.
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