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ABSTRACT

Molecules of influenza matrix protein 2 (M2) are organized in tetramers that consti-
tute a well-conserved virion component and also form proton channels in the plasma
membrane of infected cells. In this report we demonstrate that influenza M2 protein
is cytopathic in vitro for mammalian cells. An M2 pointmutant (M2pm) protein was
constructed that contained amino acid changes designed to block the proton channel via
introduction of large hydrophobic residues. This mutant was significantly less toxic upon
transient transfection in vitro than the wild-type M2 (M2wt). To assess the possible corre-
lation between M2 cytotoxicity and its proton channel activity, we monitored changes in
mitochondria membrane potential induced by M2wt and M2pm. M2wt rapidly decreased
mitochondria membrane potential reflecting the transmembrane proton gradient, while
M2pm was markedly less efficient. Thus, M2 is cytotoxic for mammalian cells, likely via
its proton channel activity and may therefore contribute to influenza pathogenesis through
this previously unknown mechanism.

INTRODUCTION

M2 of influenza A virus is a tetrameric, type Il non-glycosylated transmem-
brane protein, which in addition to HA and NA, is the third integral component of
virus membrane.l M2 is expressed at low density in the membrane of virus particles
(~10 per average virion), but at very high density (similar to that of HA) in the plasma
membrane of infected cells.2 In infected cells, M2 exists as a homotetramer formed by
two disulfide-linked dimers of the 97-amino acid protein.3* Residues 1-24 compose the
extracellular domain, residues 25-43 constitute the transmembrane domain and the rest
(54 residues) form the cytoplasmic tail. The tetrameric M2 protein forms a proton-
selective ion channel that plays an important role in facilitating viral entry.#® The accepted
model of this process is that viral attachment is followed by endocytosis. M2 then mediates
pH-inducible influx of protons into virions within endosomes, facilitating dissociation of
the matrix protein from viral RNP. This, in turn, enables the transport of free RNP into
the nucleus.”-10 Additionally M2 seems to reduce the pH within transport vesicles during
egress of viral transmembrane proteins from the ER to the plasma membrane, thereby
preventing a premature acid-induced conformational change in HA.’

The cytoplasmic tail of M2 plays an important role in infectious virus production
by facilitating the efficient packaging of genome segments into influenza virions,!! and
furthermore, in viral assembly and morphogenesis. Viruses carrying mutations in this
region are defective in RNP incorporation into virions and also possess non-typical
morphology.}2 M2 ectodomain (M2e) is also conserved and since the antibody response
against M2e is known to mediate protection from influenza-induced disease, it is actively
being studied as a possible component of a prospective broad-spectrum anti-influenza
vaccine. 1314

The M2 protein transmembrane domain is also highly conserved in amino acid
sequence for all human, swine, equine, and avian strains of influenza A virus and is
primarily responsible for M2-mediated proton influx. Initial evidence that the M2 protein
possesses ion channel activity was obtained by expressing the protein in oocytes of Xenopus
laevis and measuring membrane currents.®1%16 Specific changes in the M2 transmem-
brane domain altered the kinetics and ion selectivity of the channel, providing evidence
that the M2 TM domain constitutes the ion channel pore.1> Moreover, this domain by
itself can function as an ion channel.l” The antiviral drugs, amantidine and rimanta-
dine bind to the transmembrane domain of M2 and hinder proton translocation.6:18
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M2 proton channel activity is necessary for efficient
virus growth in vitro and especially in vivo, although
the extent of this effect is not exactly clear and may
have been at least partially strain-dependent.1° M2
proton channel activity is known to be cytotoxic in
heterologous expression systems, such as E. coli, 2021
with especially severe effects seen in insect cells and
S. cerevisiae, with no overt toxicity observed in verte-
brate cells.2-:22

MATERIALS AND METHODS

Analysis of M2 three-dimensional structure.

Analysis of M2 three-dimensional structure including 25 43 - 37
visualization and analysis of rotamers was done using | wt PLVIAANTIETLHLILWIL
Python-enhanced molecular graphics tool (PyMOL). 29

Cellsand plasmids. All experiments were done using
293 human embryo kidney (HEK) cells. The full-length
gene encoding influenza A/WSN/33 (H1IN1) M2wt
protein was synthesized (GenBank sequence acces-
sion number L25818) and inserted into the pcDNA
vector (Invitrogen, Carlsbad, CA). HA-tag-encoding

MZ2pm PLVIAALIIFILFLILWIL
M2pdb PLVVAASIIGILHLILDRL

D M2wt M2pm

-

sequence was added at the 3'-terminus of M2wt gene
to enable its efficient immunological detection. M2
point-mutant (M2pm) containing changes in amino
acid positions 31, 34 and 37 as described below was
constructed by PCR-directed site-specific mutagenesis
of the M2wt gene. Both sequences were then cloned
into the pCAGGS expression vector.23

Transfection. 293 HEK cells were transfected
at 60-80% confluency in 35 mm plates with
Lipofectamine 2000 (Invitrogen, Carsbad, CA) overnight (1.5 Hg
of total plasmid DNA per 5 HI LF2000). EGFP-expressing plasmid
(0.5 Hg) was used for cotransfection with pM2wt or pM2pm to
visualize transfected cells (transfection efficiency was 60-90%).
Control cells were transfected with the same amount of empty vector
pCAGGS.

Western blotting. Cells were lysed at 24 hours after transfection,
normalized for protein concentration, and following PAGE and
immunoblotting, M2wt and M2pm expression was detected using
anti-HA-tag antibody (Cell Signaling, Beverly, MA).

Cytotoxicity. Cytotoxicity was initially observed in transfected
cells as a function of loss of GFP fluorescence. Quantification of
cell death was made by propidium iodide (PI) staining (5 Hg/ml,
10 min). Images were taken at 16-48 hr after transfection under a
fluorescent microscope (10x or 40x objective).

Mitochondrial membrane potential. Mitochondrial membrane
potential was assessed by tetramethyl rhodamine methyl ester
(TMRM, Molecular Probes) fluorescent probe as previously
described.?* Transfected cells were incubated with 200 nM of
TMRM for 30 min at 37 C, washed once and staining of mitochon-
dria was monitored by fluorescence microscopy.

RESULTS AND DISCUSSION

Design and expression of M2wt and M2pm. There are three
non-hydrophobic residues in the M2 transmembrane region 25-43
(LVVAANIIGIVHLILWIL). These residues are located in positions
31, 34 and 37 (N/S, G/E and H) and are spaced by three amino
acids suggesting that they are on the same side of the hydrophobic
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Figure 1. (A and B) Three-dimensional structure of M2wt and M2pm transmembrane domains
(two helices out of four are shown in order to visualize internal pore structure, rotameric
optimization was employed to avoid steric clashes). NMR structure with PDB ID 1N was
used. (C) sequence alignment of M2 transmembrane domains from A/WSN/1933 (M2wt),
designed mutant sequence (M2pm) and a part of 25-residue peptide spanning the putative
transmembrane segment from Protein Data Bank (M2pdb) that was used for three-dimensional
structure determination.2> (D) Expression of M2wt and M2pm at 48 h after transfection
(Western-blotting with HA antibody).

helix. Indeed, according to the resolved structure of the M2
transmembrane region, this protein forms a proton channel as a
tetramer which is held together by strong electrostatic interactions.2>
In particular, the channel is formed by four helices with W at front
and amino acids in position 31, 34 and 37 facing the interior
(Fig. 1A). They are all well-conserved with S occasionally substituted
by N (known mutation conferring amantadine resistance) which
suggests that size rather than the identity of the side chain group
matters. These residues have previously been mutated to small non-
polar amino acids (G or A) with mixed results.?1516 \We reasoned
that placing large hydrophobic residues in positions 31, 34 and 37
would likely block the channel and impede the proton influx (Fig.
1B). We did not use F in all of these positions, since it may have
had a negative impact on tetramerization and thus we arrived at the
following mutations: N31gL, E34gF H37gF (Fig. 1C). Both
M2wt (taken from HIN1 A/WSN/1933 strain, GenBank accession
number AAA91324) and M2pm were successfully constructed and
their expression detected upon short-term transient transfection.
M2pm was shown to have a slightly higher electrophoretic mobility
than M2wt (Fig. 1D).

M2wt and M2pm cytotoxicity. Within 16 hours of cotrans-
fection of M2-expressing plasmids with pGFP, 293 HEK cells
produced green fluorescence indicative of GFP expression (Fig. 2A).
In M2wt-transfected cells, the fluorescence began to disappear at
24 hours following transfection, apparently due to cell death
(Fig. 2B), while M2pm did not produce such an effect at that
time (Fig. 2E). This cytotoxicity became even more pronounced at
later time points (Fig. 2C and F) and was not seen when an empty
expression vector pPCAGGS was used for cotransfection (Fig. 2D).
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