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INFLUENZA VIRUS M2 PROTEIN AND HAEMAGGLUTININ CONFORMA -
TION CHANGES DURING INTRACELLULAR TRANSPORT
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Summary. — The influenza virus M2 protein has an ion channel activity that permits ions to enter the
virion during its uncoating and also modulates pH of intracellular compartments. M2 protein is a homotetramer
consisting of either a pair of disulfide-linked dimers or a disulfide-linked tetramer. The M2 trans-membrane
domain peptide adopts an alfa helical secondary structure. In polarized cells, M2 protein is expressed at the
apical cell surface. The amantadine-induced, M2-mediated conversion of influenza A virus haemagglutinin
(HA) to the low pH conformation occurs in an acidic trans-Golgi compartment. The M2 protein ion channel
activity can affect the conformation of cleaved HA during intracellular transport. The equine influenza virus |
HA expressed from cDNA does not require coexpression of a functional M2 protein to maintain HA in its

native conformation.
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Introduction

The structural proteins and genomic nucleic acids of an
influenza virus particle are synthesized in different com-
partments of the infected cell. Haemagglutinin (HA) is the
major membrane glycoprotein of influenza virus. It is

a homotrimer and each of the identical subunits consists of

two disulfide-linked glycopolypeptides, HA1 and HA2
(Wiley and Skehel, 1987). M2 protein is a minor compo-
nent of the envelope of influenza A viruses (Zebedee and
Lamb, 1988) which participates in two stages of virus rep-
lication, uncoating of infecting virus particles and matura-
tion of the HA glycoprotein (Sugrue er al., 1990a). M2 pro-
tein is encoded by a spliced mRNA derived from genome
RNA segment 7; it is located in membrane with 23 N-ter-
minal extracellular residues, 19 residues are located in the
transmembrane domain, and 54 C-terminal residues repre-
senta cytoplasmic domain (Lamb and Choppin, 1983; Lamb
et al., 1985). M2 protein forms a homotctramer consisting
Abbreviations: DNP = 2 4-dinitrophenol; FITC = fluorescein
1sothiocyanate; FPV = fowl plague virus; HA = haemagglutinin;

isothiocyanate

of either a pair of disulfide-linked dimers or a disulfide-
linked tetramer (Sugrue and Hay, 1991).

Amantadine and rimantadine hydrochloride are specific
inhibitors of replication of influenzaA viruses (Dolinef al.,
1982). The characterization of drug-resistant mutants has
identified M2 protein as the target of drug action (Hay et
al., 1985; Belshe et al., 1988).

The aim of the present review is to summarize the struc-
ture and function of M2 protein and ultrastructural analysis
of its effect on conformational changes of HA durig its
exocytosis in infected cells.

Structural phenomena of M2 protein in influenza
A viruses

The data presented by Sugrue and Hay (1991) indicate
that in the plasma membrane of infected cells M2 protein of
influenza A viruses exists as a homotetramer made up of two
disulfide-linked dimers held together by non-covalent inter-
actions. The M2 monomer has M of 15 K and is 97 residues
long. M2 is an integral membrane protein with a single trans-
bilayer domain (Lamb ef al., 1985). The C-terminal domain
is palmitoylated (Sugrue et al., 1990b), and in sifu, M2 is
a tetramer stabilized by inter-subunit disulfide bridges be-
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tween the N-terminal domains (Sugrue and Hay, 1991,
Holsinger and Lamb, 1991; Sansom and Kerr, 1993).

Sansom and Keer (1993) presented a molecular model-
ling study of M2 pr‘umm ion channel. In this molecular model
M2 channet is a bundle of four paralle nw trans-membrane
helices wh x,h st Hmmd a central won-permeable pore. The
clices are tilted so that the N-terminal mouth of the pore is
wider than the C-terminal one. The channel 15 lined by valine
27, serine 31 and isoleucine 42, Aspartic acids 24 and 44
are located at opposite mouths of the pore, which 1s nar-
rowest n the vicinity of isoleucine 42,

The computational technigues developed for channel-
ing peptides (Sansom ef ¢l 1991) and channel and

e

transport proteins (Sansor, 1992ab) led to two postulates
underlying the construction of M2 protein jon channel. The
first postulate is that the trans-bilayer d M2 pro-

tein s helical, The M2 sequence exhibits ﬁ ratures charace

teristic of o trans-bilayer hehx, namely a hydrophohic do-
main, The trans-bilayer domain s alfa-helical, and thus M2
15 a class HI membrane protein. The sccond postulate is that
the M2 helix is the region
pore and 1s amphipathi

a1}
which forms the trans-bilayer
¢. The amphipathic helices are a key
element of the hehx bundle motif model of 1on channel.

The M2 channel has been modelled as a bundle of four
approximately parallel hehees. Holsimger and Lamb (1991)
and Sugrue and Hay (1991} experimentally evidenced the
tetramerie nature of M2, The constructed model was sub-
jected to Huwy min Hmmu on i order to remove any

stereochernical conflicts, Thus, with the backbone atoms fixed

and only H ¢ side-chain atoms free to move, the monomer
was subjected to 100 cyeles of steepest ¢
tion followed by 250 cycles of adopted-basis Newton-Raphson
minimization. The main-chain conformation of the resultant
structure remained alfa-helical (Sansom and Kerr, 1993),

In order to test the hypothesis that M2 protein can in fact
act as a y‘)nmm chanel, Duff and Ashley (1992} applyed
a synthetic 25-restdue peptide corresponding 1o the pre-
dicted trans- mml NEe SCUENce common to several strains
of influcnza A, H i wa‘ufﬂ;‘iaium peptide was incorporated
into voltage-clamped planar lipid bitayvers. They (‘ml‘w:r‘\ml

lescents mimimza-

single proton-sclective 1on channels with o conduetance of
10 pS ata pll ol 2.3, consistent with the association of

several monomers around a central water-filled pore. The
channels were reversibly

amantading,

blocked by the anti-int hu‘,uy:;‘l drug

Influenza A virus M2 ion channel protein - a function
analysis

A function analysis of the influenza A virus M2 ion
channel protein was performed on various influenza A virus

strains and on various virus-infected tissue culture cells,

M2 protein of human influenza virus A/Udorn/72 and
mutants containing changes on one MW* of the alfa-helix of
M2 trans-membrane domain were expressed in oocytes of

)H:?H()]WW laevie. The membrane currents of cocytes express-
ing mutant M2 1on channels were measured at both normal
aridl ﬂww ph The amantadine-resistant mutant containing
ipe of alanine at residue 30 to threonine was found to
havea significantly attenuated low pH-activation response,
I'he specific activity of the channel current of the
amantadine-resistant mutants was studied by measuring the
krhum‘r'ﬁr}‘mm current of individual oocytes followed by quan-
tification of the amount of M2 protemn expressed n single
oocytes by the immunoblot analysis. The measurements in-
dicated that changing residues on this face of the alfa-helix
of the M2 trans-membrane domain altered properties of the
M2 1on channel. Some changes of the M2 proteins in the
transmembrane domain were found to be modified by ad-
dition of an N-linked carbohydrate chain at an asparagine
restdue that is membrane-proximal and which s not modi-
fied m the wild-type M2 protein, These N-linked carbohy-
drate ~Bwnw were further ified by addition of
polylactosaminogly ated M2 mutant protein
(M2 \C /H T) ¢ HR U;t«wd ar ion a‘,}mnmeﬂ activity with
a voltage-activated, time-dependent kinetic component.
A prevention of carbohydrate addition did not affect the
altered channcl activity,

The abibity of M2 protein to tolerate deletions in the
transmembrane doman was studied by expressing 3 mu-
tants (del 29-31, del 28-31, and del 27-31) containing dele-
tions of three, 4, and 5 amino acids in the transmembrane
domain, respectively. No ton channel activity was detected
by expression of M2 del 29-31 and del 27-31, whereas ex-
pression of M2 del 28-31 resulted i an jon channel activity
that was activated by hyperpolanzation (and not low pH)
and was resistant to amantadine block. The examination of
the oligomeric form of M2 del 28-31 indicated that the
oligomer was different from the wild-type M2, and the data
were consistent with M2 del 28-31 forming a pentamer
(IMB mger ef af., 1994).

he influenza virus A/Weybridge (H7N7) M2 protein was
(;\xpr«::‘;sm{ from a recombinant baculovirus in Spodoptera

a cha

1
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Srugiperda 509 cells, purified and reconstituted into artifi-

cial membrane vesicles. The specific inhibitor amantadine
overcame the toxic activity of the protein and boosted the
rate of M2 synthesis,allowing yields of about 1 mg of puri-
fied M2 protein per g of S19 cells. M2 protein expressed in
this system was phosphorylated and palmitoylated, and dis-
played propertics similar to those of the authentic virus pro-
tein. The purified wild-type M2 protein and an amantadine-
resistant mutant M2 with a deletion in the trans-membrane
domain (amino acids 28 to 31) were incorporated mto lipid
vesicles, which were loaded with the fluorescent pH indica-
tor pyranine. On imposition of an ionic gradient, M2 caused

















































