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Our findings add significant information to the existing scientific knowledge on influenza A virus
M2 protein roles in virus infected cells, plausibly providing the basic information that can be used
for the development of strategies for virus control and therapeutic measures.

Despite the diverse roles of IAV-M2 during virus replication, little is
known about the molecular basis of these diverse functions. While en route to the cell membrane,
the M2-ectodomain and cytoplasmic tail are exposed to vesicular/organelle and cytoplasmic
environments, where they may interact with various cellular proteins. During this study we
identified host-proteins which interact with IAV M2 protein and affect virus replication. We found
two amino acid residues (position 54 and 57) uniquely different between two IAV subtypes that
governed the interaction of M2 with plasma membrane thereby playing role in virus budding/release.
The M2 protein, besides increasing the transmembrane domain (TMD) length and having two inherent
lipid raft targeting features, did not associate with lipid rafts suggesting that the M2-TMD length

is not the only non-lipid micro-domain localization determinant. These results also suggested that
virus release/budding requires optimum length of M2-TMD.
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Formula S-19, F-19— 1, Z-19 (common)
1. MBS FIDE R

The influenza A virus (IAV) M2 is among the smallest bona fide ion channel proteins.

Each M2 monomer consisting of 97 amino acid residues is divisible into the N-terminal
ectodomain (ED, residues 1-24), middle transmembrane domain (TMD, residues 25-43), and C-
terminal domain (residues 44—97). The ED is required for its incorporation in the influenza virion.
The M2-TMD acts as proton channel and is involved in virion uncoating and viral
ribonucleoprotein (VRNP) release, and the M2-CT is involved in virus assembly, morphogenesis
and budding. While en route to the cell membrane, the M2-ED and -CT are exposed to
vesicular/organellar and cytoplasmic environments, where they interact with various cellular
proteins and might interfere/affect the host cellular functions. In contrast to the 1AV
hemagglutinin (HA) and neuraminidase (NA), M2 is located in the peri-lipid raft regions of cell
membrane, despite it has lipid-raft targeting regions. It is speculated, but no scientific evidence,
that the smaller length of M2-TMD (19 aa residues) prevents the association of M2 with lipid-
rafts.
2. BIFED HEY

Despite the diverse roles of IAV-M2 during virus replication, little is known about the
molecular basis of these diverse functions in infected cells. The M2 protein from the ingress site
to the egress point interacts with various host factors; however very little is known about the M2-
host interactome and their role in virus replication. In the present study, we systematically
investigated and shortlist the sixty-two host factors, we had identified. The interaction of M2-CT
region with plasma membrane affects the process of virus budding and morphogenesis. We, using
a monoclonal antibody against M2-ED, identified unique amino acid residues and their role in
virus budding. We also focused on the M2-TMD propensity to localize in the non-lipid raft
regions of plasma membrane despite having potential lipid-raft targeting regions.
3. BED G
(D) Host cellular proteins were co-immunoprecipitation (Co-IP) from cells transfected
with M2-expression plasmid (pCAGGS-M2) using a chemical cross linker (DSS), and
anti-M2 ectodomain mAb (rM2ss23R) conjugated to gel. The co-immunoprecipitated
proteins were identified by mass spectrometry. Then, we selected three siRNAs for each
identified target gene. After optimizing the virus dose, siRNA dose, cell lines and plaque assay
for quantifying the virus in siRNA treated cells, screening was conducted. The effect of
gene knock-down on virus replication was considered positive or negative if at least 2/3
siRNAs produced similar effect. In this way. The shortlisted genes were further evaluated
using various virological and molecular biological techniques.
2) In order to determine the relation between M2-TMD length and lipid raft
association and virus replication, TMD-length mutants were constructed by introducing
insertion mutations. Insertion mutations were introduced so that TMDs of mutant proteins
were three, six or eight amino acid longer than that of wtM2-TMD. The mutant proteins were
characterized by comparing their cell surface expression and cytotoxic potential, an ion channel
dependent activity, with that of wtM2 protein. Lipid raft localization of wtM2 and M2-TMD
mutants was assessed by TritonX-100 (TX100) solubility assay and immunofluorescence (IF)
microscopy. The viruses with M2-TMD mutations were generated by reverse genetics and

examined by transmission electron



microscopy (TEM).

3) The reassortant viruses between A/Aichi/2/1968 (H3N2) (Aichi) and A/
PR/8/1934 (HIN1) (PR8) were constructed using reverse genetics. The swap mutations were
introduced at amino acid (aa) residues 54, 57 and 89 between Aichi and PR8 and mutant viruses
were generated by reverse genetics. The role of the amino acid residues in virus replication
and virus budding was assessed by modifies plaque reduction assay, proximity ligation
assay (PLA), confocal microscopy, real-time PCR and other virological techniques.

4. HFIEERE

(1) The information regarding the subcellular localization of identified host proteins
was retrieved from databases such as DAVID, Locale, STRING, and UniProt. The
subcellular localization analysis revealed that many of the host proteins were localized in those
subcellular compartments where M2 protein is localized and its ED or CT are exposed such

as ER, Golgi network, and plasma membrane (Fig
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viral replication (Fig. 2) despite increase in

virus internalization (Fig. 3). We also confirmed that M2 and SLC1AS co-localization by IF.
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Fig. 2: A. Effect of control and gene-specific siRNAs on SLC1A5 expression. B. Effect of SLC1A5 on Fig. 3: Effect of SLC1A5 knock-down on
viral proteins in cells infected with different influenza A viruses. C. Effect of SLC1A5 knock-down on virus internalization determined by real-time
virus release. Cell supernatant were collected at indicated time points and virus titers were measure by RT-PCR.
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Fig. 5: Expression of wtM2 and M2-TMD mutant
proteins on the surface of transfected cells.

cytotoxicity

Fig. 6. Cell viability assay determined by green
fluorescence assay.

potential similar to
that of WTM2. Then, we evaluated the effect of
M2-TMD insertion mutations on lipid raft
TritonX-100 assay
showed that M2-TMD mutants, like wtM2, were

association. solubility
largely found in TX100-soluble fractions, the
non-raft microdomains; whereas HA remained
associated with Lipid rafts (Fig.7). IF staining of
lipid rafts and M2 protein, and colocalization
analysis also confirmed that increasing the TMD
length did not affect their non-lipid raft association
character. Then attempts were made to rescue the
viruses with M2-TMD mutations using reverse

genetics approach. Interestingly, only virus with three
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Fig.7. Triton-X solubility assay to determine M2
association with lipid rafts.
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Fig. 8. Transmission electron microscopy of
released virus particles.

amino acid insertions could be rescued, although viral proteins and viral RNA were detected from

the supernatants of cells transfected for rescue of wt- and M2-TMD mutant viruses. Electron

microscopy of rgPR8/wtM2 and rgPR8/M2-3aa viruses revealed no morphology or size

differences (Fig. 8). However, virus could not be rescued using M2-6aa and M2-8aa. The M2

protein, besides increasing the TMD length and having two inherent lipid raft targeting features,

did not associate with lipid rafts suggesting that the M2-TMD length is not the only non-lipid

microdomain localization determinant. Furthermore, increasing the M2-TMD length did not seem

to alter the M2 function, but somehow prevented virus rescue either by destabilizing the virus

particles or by preventing A
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Fig. 9: A. Comparison of M2 ectodomain amino acid sequences and binding activity of

rM2ss23 with the M2 of A/Aichi/2/1968 (H3N2) (Aichi), A/PR/8/1934 (H1N1) (PR8), and
Alchicken/Yamaguchi/7/2004 (H5N1) IAVs. B. inhibitory effect of rM2ss23 on the Aichi and
PR8 plaque sizes in MDCK cells. Boxplots of plaque sizes. C. Growth curves of Aichi and PR8
IAVs in the presence and absence of rM2ss23.

viruses (Fig. 9A).
rM2ss23 did not neutralize

the A/Aichi/2/1968 (H3N2)

3



(Aichi) and A/PR/8/1934
(HINT1) (PRS8) viruses, and
also did not inhibit the ion
channel activity of their M2
proteins. However, it
inhibited the and also
reduced the release of
progeny viruses (Fig. 9B
and C). Amino acid
comparison of the rM2ss23
resistant ~and  sensitive
strains revealed that
sensitive  and  resistant
viruses differed at aa
positions 54, 57 and 89
(Fig. 10A). Swapping aa
residues between PR8 and
Aichi showed that PRS
became sensitive to the
inhibitory effect of
rM2ss23 (Fig. 10 B). These
findings suggested that
amino acid residues at
position 54 and 57
influenced the interaction
of M2-CT with plasma
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Fig. 10: A. Comparison of M2 ectodomain amino acid sequences of rM2ss23 resistant and
sensitive strains. B. inhibitory effect of rM2ss23 on the mutant Aichi and PR8 viruses. Plaque
sizes were measured using modified plaque assay in MDCK cells. Boxplots of plaque sizes.
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Fig. 11: Cell surface distribution of M2 of indicated viruses in infected MDCK cells. MDCK cells were
infected with indicated IAVs at MOI 3 for eight hours. Then, cells were fixed, and cell surfaces were
stained for viral M2 and HA proteins using anti-HA and anti-M2 mAbs followed by goat anti-mouse Alexa
Fluor 488 for M2, and isotype specific goat anti-mouse 1lgG2a Alexa Fluor® 594 or goat anti-mouse 1gG3
Alexa Fluor® 594 secondary antibodies for HA as explained in materials and methods. Images were taken

analysis also supported this assumption, since changing the aa residues at positions 54 and 57

changed the net charge and hydrophobicity of the amphipathic helix region. The colocalization of

M2 and HA was also studied since HA-M2 are known to interact at virus budding sites. IF study

also showed that rM2ss23 caused distinct clustering of Aichi-M2 into patches whereas PR8-M2

showed uniform cell surface distribution. However, replacing the PR8-M2 with Aichi M2

changed the M2 cell surface distribution of PR8/Aichi-M2 reassortant virus (Fig. 11). These

findings suggested that amino acid residues in M2 CT affect the process of virus budding/ release.

Therefore, it is highly plausible that process of virus budding and release might be different

between different IAV strains, and this process is governed by nature of amino acids in M2-CT.
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