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The M2 protein of influenza A virus forms a proton channel that is required for viral replication. The M2 ion
channel is a homotetramer and has a 24-residue N-terminal extracellular domain, a 19-residue transmem-
brane domain, and a 54-residue cytoplasmic tail. We show here that the N-terminal methionine residue is
cleaved from the mature protein. Translational stop codons were introduced into the M2 cDNA at residues 46,
52, 62, 72, 77, 82, 87, and 92. The deletion mutants were designated truncx, according to the amino acid position
that was changed to a stop codon. We studied the role of the cytoplasmic tail by measuring the ion channel
activity (the current sensitive to the M2-specific inhibitor amantadine) of the cytoplasmic tail truncation
mutants expressed in oocytes of Xenopus laevis. When their conductance was measured over time, mutants
trunc72, trunc77, and trunc92 behaved comparably to wild-type M2 protein (a decrease of only 4% over 30 min).
In contrast, conductance decreased by 28% for trunc82, 27% for trunc62, and 81% for trunc52 channels.
Complete closure of the channel could be observed in some cells for trunc62 and trunc52 within 30 min. These
data suggest that a role of the cytoplasmic tail region of the M2 ion channel is to stabilize the pore against
premature closure while the ectodomain is exposed to low pH.

The M2 integral membrane protein of influenza A virus is a
minor but essential component of virions (48). However, it is
abundantly expressed at the cell surface of virus-infected cells
(27). The M2 mRNA encodes a polypeptide of 97 amino acids
(26), and the protein forms a homotetramer either consisting
of a pair of disulfide-linked dimers or completely disulfide
linked as a tetramer (16, 29, 40). The protein is orientated in
membranes such that it has 24 N-terminal extracellular (or
lumenal) residues, a 19-residue transmembrane (TM) domain,
and a 54 residue cytoplasmic tail (27, 48).

The M2 protein has an ion channel activity that functions
during uncoating of virions in endosomes, permitting protons
to enter the virion and bringing about dissociation of protein-
protein interactions, principally weakening those between the
matrix (M1) and nucleocapsid protein (for reviews, see refer-
ences 14 and 25). In addition, the M2 protein functions during
its transport through the exocytic pathway. There the M2 pro-
tein ion channel activity causes equilibration of pH of the
lumen of the trans Golgi network with the cytoplasm (4, 13,
33). Evidence that the M2 protein has ion channel activity has
been obtained by expressing the M2 protein in oocytes of
Xenopus laevis or in mammalian cells and measuring cell sur-
face currents (3, 17, 18, 32, 37, 43–45). The M2 protein ion
channel activity is specifically blocked by the anti-influenza
virus drug amantadine, and the M2 ion channel is activated at
the lowered pH found intralumenally in endosomes and the
trans Golgi network (3, 32, 37, 45). Measurement of the ion
channel activity of mixed oligomers of M2 containing both
amantadine-sensitive and amantadine-resistant subunits indi-
cated that the active oligomeric form of the M2 ion channel is
the homotetramer (34). In addition to the in vivo measure-
ments, the M2 protein ion channel activity has also been shown
by reconstitution of purified M2 protein into planar lipid bi-

layers and by incorporation of a synthetic peptide correspond-
ing to the TM domain into planar bilayers. In both cases,
amantadine-sensitive currents were measured (5, 36, 41).

As the M2 protein contains only a single hydrophobic do-
main, the four TM domains must encompass the pore region of
the ion channel. If the TM domain is modeled as an a-helical
bundle, then mutations in the M2 TM domain which confer
amantadine resistance (predominantly residues 27, 30, 31, and
34) map to one face of the presumptive a-helix (14, 15, 40).
Furthermore, histidine 37, which is believed to be directly
involved in proton conduction (31, 43), maps to the same face
of the a-helix. The inhibition of the M2 ion channel activity by
Cu21 is also consistent with histidine 37 facing the pore (11).
The model that M2 residues 27, 30, 34, and 37 (heptad repeat
residues a and d) would face the interior pore region of the
four-helix bundle has been proposed. Several lines of evidence
support this model: (i) circular dichroism studies of the TM
domain peptide in membranes indicates it is a-helical in struc-
ture (7, 23); (ii) when a series of mutants with successive
cysteine substitutions in the TM domain were expressed and
properties of the altered M2 ion channels (reversal potential,
ion currents, and amantadine resistance) were measured, Fou-
rier analysis indicated a periodicity of 3.4 amino acid residues
per turn of the helix, consistent with that expected for a four-
stranded coiled coil or helical bundle (31); (iii) when the ability
of the TM domain cysteine substitution mutants to form disul-
fide bonds under oxidizing conditions was measured, the most
rapid cross-linking was at residues 27, 30, 34, 37, and 41, po-
sitions which correspond with the predicted interior of the
pore (1); (iv) molecular modeling and simulation studies pre-
dict a left-handed four-helix bundle (9, 24, 31, 35, 49); and (v)
solid-state nuclear magnetic resonance data, using a synthetic
peptide corresponding to the TM domain region of M2, indi-
cate that the helices are packed together in a left-handed
four-helix bundle with a 33° tilt angle with respect to the
membrane bilayer (23).

Although it has been suggested that the M2 protein ectodo-
main may be involved in incorporation of the M2 protein into
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virions (30) and that the M2 cytoplasmic tail may be important
for interactions with other influenza virus proteins, in particu-
lar the matrix (M1) protein (2, 46), the role of these domains,
if any, in the ion channel activity has not been determined.
Here we describe properties of the M2 protein containing
truncations to its cytoplasmic tail and show that the M2 protein
cytoplasmic tail is important for maintaining the ion channel
activity.

MATERIALS AND METHODS

Construction of plasmids. The M2 cDNA of influenza A virus/Udorn/72 (48)
was cloned into plasmid pGEM3 such that M2-specific RNA could be transcribed
using the bacteriophage T7 promoter and T7 RNA polymerase. The USE
(unique site elimination) mutagenesis system (Pharmacia Biotech, Piscataway,
N.J.) was used to generate C-terminal truncation mutants of the M2 protein. The
nucleotide sequences of the mutants were confirmed by using an ABI Prism 310
genetic analyzer (Applied Biosystems Inc., Foster City, Calif.).

Cell culture and transient expression of proteins. HeLa T4 cells were grown
in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum. The M2
proteins were expressed in HeLa T4 cells by using the vaccinia virus-T7 RNA
polymerase (vac-T7)-mediated transient expression system as described previ-
ously (17). In brief, cells at 70 to 80% confluency were infected with recombinant
vaccinia virus vTF7.3, which expresses the bacteriophage T7 RNA polymerase
gene. Fourty-five minutes postinfection, cells were transfected with pGEM3
containing the cDNA for the wild-type (wt) M2 protein or the C-terminal dele-
tion mutants.

Flow cytometry. The M2 proteins were expressed in HeLa T4 cells by using the
vac-T7-mediated transient expression system. Six hours posttransfection, cells
were washed with ice-cold phosphate-buffered saline (PBS) containing 0.02%
sodium azide. All further incubations were performed at 4°C. The monolayer was
incubated for 30 min with PBS supplemented with 0.02% sodium azide, 0.1%
bovine serum albumin, and 2% fetal calf serum (PBS-A), incubated for 1 h with
M2-specific monoclonal antibody (MAb) 14C2 (47) at 1:1,000 dilution in PBS-A,
washed four times with PBS, incubated for 30 min with fluorescein-conjugated
goat anti-mouse immunoglobulin G diluted 1:1,000, and washed four times more
with PBS to remove unbound secondary antibody. To detach the cells from the
dish, cells were incubated with 0.5 ml of PBS containing 5 mM EDTA. The cells
were transferred to tubes containing 0.5 ml of PBS and supplemented with 2%
formaldehyde. Fluorescence intensity of 10,000 cells was measured by a FACS-
calibur flow cytometer (Becton Dickinson & Co., Mountain View, Calif.).

Immunoprecipitation and sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins were radiolabeled with [35S]methionine and/or
[35S]cysteine (50 mCi/ml for 1 h at 5 h posttransfection. Cells were lysed, and M2
proteins were immunoprecipitated with MAb 14C2 (47). Polypeptides were
analyzed on 17.5% acrylamide gels containing 4 M urea (17). 14C-labeled mo-
lecular weight standards (Amersham Life Sciences, Arlington Heights, Ill.) were
used. The gels were subjected to autoradiography.

In vitro transcription. pGEM3 plasmid DNA encoding the M2 proteins was
linearized downstream of the M2-encoding region with HindIII, and capped

RNA was transcribed in vitro by using an mMessage mMachine T7 transcription
kit as instructed by the manufacturer (Ambion, Austin, Tex.).

Microinjection and culture of oocytes. Ovarian lobules from X. laevis females
were surgically removed and treated with collagenase B (2 mg/ml; Boehringer
Mannheim Biochemicals, Indianapolis, Ind.). Defolliculated oocytes were in-
jected via a 20-mm-diameter glass pipette with mRNA transcribed in vitro, and
the oocytes were maintained in ND96 at 17°C (32).

Recording of ion channel activity. Whole-cell current was measured with a
two-electrode voltage-clamp apparatus 2 to 3 days after mRNA injection. The
electrodes were filled with 3 M KCl, and the oocytes were bathed in ND96. The
traces were recorded with pCLAMP (version 7.1; Axon Instruments, Foster City,
Calif.). Whole-cell currents were measured while gradually increasing the mem-
brane potential from 2120 to 160 mV. The holding voltage was 220 mV. For
both wt and mutant channels, the current was first measured in Barth’s solution
at pH 7.5. The pH of the medium was then decreased to pH 6.2; after a 2-min
incubation in solution of pH 6.2, the current was remeasured. The conductance,
measured as the slope of the current-voltage relationship, was determined be-
tween 280 and 240 mV. The amount of endogenous current and leakage
current was determined by measuring the current-voltage relationship while the
cell was bathed in Barth’s solution containing amantadine (pH 6.2). The current
attributable to the M2 ion channel was calculated by subtracting the current
measured in the presence of amantadine from the current measured without
amantadine (pH 6.2). We did not use the data from cells in which significant
endogenous currents or leakage currents were observed.

RESULTS

Expression of M2 proteins containing cytoplasmic tail dele-
tions. To test whether the cytoplasmic tail of the M2 protein is
involved in regulating its ion channel activity, truncation mu-
tants were constructed. Translational stop codons were intro-
duced into the M2 cDNA at amino acid positions 46, 52, 62, 72,
77, 82, 87, and 92 (Fig. 1). The deletion mutants were desig-
nated trunc x, according to the amino acid position that was
changed to a stop codon.

To determine whether the M2 protein expression was af-
fected by deletion of the cytoplasmic tail, the proteins were
expressed in HeLa T4 cells by using the vac-T7-mediated tran-
sient expression system. The transfected cells were metaboli-
cally labeled with [35S]methionine or [35S]cysteine, and M2
proteins were immunoprecipitated from cell lysates by using
MAb 14C2, which is specific to the N-terminal ectodomain,
and polypeptides were analyzed by SDS-PAGE. As shown in
Fig. 2A, when the proteins were labeled with [35S]cysteine, the
mutant M2 proteins exhibited a cascade of mobilities consis-
tent with the extent of the truncation. The M2 protein contains
three cysteine residues (17, 19, and 50), and trunc46 lacks

FIG. 1. Amino acid sequence of the influenza virus M2 protein (strain A/Udorn/72) and the C-terminal truncation mutants. The presumptive transmembrane
domain residues are shaded.
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cysteine residues 50. Thus, the observation that M2 trunc46
accumulated less [35S]cysteine-labeled polypeptide than the
other truncation mutants is consistent with the protein se-
quence. When the M2 truncation mutants were labeled with
[35S]methionine, mutants trunc92, trunc87, trunc82, and
trunc77 were readily detected and the other truncation mu-
tants were essentially undetectable (Fig. 2B). The M2 protein
sequence predicts methionine residues at residue 1 (the initi-
ation methionine residue) and at residue 72. Therefore, the
data shown in Fig. 2B are consistent with cleavage of the
initiation methionine residue from the mature protein, and
thus M2 protein contains 96 residues. This experimental find-
ing is consistent with the finding that for cytosolic proteins,
small, uncharged residues next to the initiation codon (Ala,
Gly, Pro, Ser, and Thr) promote N-terminal processing of the
initiation methionine residue (8).

Disulfide bond formation of M2 proteins containing cyto-
plasmic tail truncations. As homotetramer formation is be-
lieved to be obligatory for forming a functional M2 ion chan-
nel, the ability of the deletion mutants to form disulfide-linked
dimers and tetramers was examined. The wt M2 protein and
the deletion mutants were expressed in HeLa T4 cells and
radiolabeled with [35S]cysteine. The M2 proteins were immu-
noprecipitated from cell lysates, and proteins were analyzed by
SDS-PAGE under nonreducing conditions. As shown in Fig.
2C, all of the truncation mutants formed a mixture of disulfide-
linked dimers and tetramers on SDS-PAGE, much like wt M2
protein, and thus the data suggest that all of the truncation
mutants formed homotetrameric species that were either a
dimer of disulfide-linked dimers or a completely disulfide-
linked tetramer.

Cell surface expression of M2 proteins containing cytoplas-
mic tail truncations. The wt M2 protein is abundantly ex-
pressed on the surface of influenza virus-infected cells (27). As
the length of the C-terminal cytoplasmic tails might influence
the transport of the truncation mutants to the plasma mem-
brane, surface expression of the truncation mutants in mam-
malian cells was quantified by flow cytometry. The wt M2
protein and the truncation mutant proteins were expressed by
using the vac-T7-mediated transient expression system; at 6 h
posttransfection, cells were analyzed by flow cytometry using
MAb 14C2. The percentage of cells expressing M2 proteins

and the mean fluorescence intensity were similar for trunc92,
trunc82, trunc77, and trunc72, although for all of these mutants
the number of cells expressing M2 protein was less than for wt
M2 protein (Table 1). For trunc62, both the percentage of cells
expressing M2 protein and the mean fluorescent intensity were
reduced, and this lower-level surface expression was more pro-
nounced for trunc52. M2 trunc46 was not detected at the cell
surface. We have not investigated further the reason for the
reduced surface expression of trunc62 and trunc52 or the lack
of surface expression of trunc46.

Ion channel activities of M2 truncation mutant proteins. We
compared the ion channel activity of each of the M2 truncation
proteins with that of the wt M2 protein by expressing the
proteins in oocytes of X. laevis and recording the membrane
currents with a two-electrode voltage clamp apparatus (32).
The wt M2 protein has very low ion channel activity at neutral
pH, but its activity increases after the pH of the bathing me-
dium is lowered and is rapidly eliminated by application of
amantadine (100 mM) to the bathing medium (32, 45). We
quantified the ion channel activity of the M2 proteins by mea-
suring the current induced by a range of applied voltages
(2120 to 160 mV). This was done first in high-pH medium
and then for each of seven time points over the 30-min interval
in which the oocytes were bathed in medium of low pH. The

FIG. 2. Expression of the M2 protein truncation mutants from cDNAs. HeLa T4 cells were infected with vac-T7 and transfected with plasmids encoding the wt M2
protein or the truncation mutants. At 5 h posttransfection, the cells were labeled with [35S]methionine (A), [35S]cysteine (B), or [35S]cysteine (C). The cells were lysed,
proteins were immunoprecipitated with MAb 14C2, and polypeptides were analyzed by SDS-PAGE on 17.5% acrylamide gels containing 4 M urea. (A and B)
Electrophoresis under reducing conditions; (C) electrophoresis under nonreducing conditions. T, tetramers; D, disulfide-linked dimers.

TABLE 1. Surface expression of C-terminal truncation mutants

Construct

Mean 6 SD (n 5 3)

% Gated cells Mean fluorescence
intensity

wt 46.08 6 2.11 197.86 6 4.44
trunc92 34.84 6 3.61 239.76 6 11.15
trunc87 41.61 6 3.59 307.95 6 10.49
trunc82 33.86 6 5.27 231.29 6 9.62
trunc77 36.51 6 4.11 258.91 6 8.35
trunc72 32.17 6 2.96 256.69 6 13.99
trunc62 26.26 6 0.70 162.25 6 8.07
trunc52 19.75 6 1.10 64.60 6 0.71
trunc46 1.93 6 0.28 56.23 6 3.91
Mock 1.87 6 0.29 50.43 6 2.39
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measure of ion channel activity that we used was the slope of
the relationship between current and voltage, or the conduc-
tance (Fig. 3 and 4).

We measured the current-voltage relationship of oocytes
expressing the M2 truncation mutant proteins and compared
them to oocytes expressing the wt M2 protein. Only cells ex-
hibiting currents that could be eliminated by the application of
amantadine and that were able to be recorded for the full time
of the experiment are reported. Three of the truncation mu-
tant proteins (trunc92, trunc77, and trunc72) had ion channel
activity similar to that of the wt M2 protein: they had low
conductance at neutral pH, their conductance increased when
the pH of the bathing solution was lowered, and their conduc-
tance was decreased by amantadine (Fig. 3A). In contrast, the
ion channel activity of oocytes expressing the remaining trun-
cation mutant proteins (trunc82, trunc62, and trunc52) was less
than that of oocytes expressing the wt M2 protein (Fig. 3B).
Recordings of trunc87 were not performed. Despite the lower
ion channel activity, the ion selectivity of these proteins did not
differ greatly from that of the wt M2 protein. However, the
reversal potentials of lower conducting channels such as
trunc62 and trunc52 were shifted. This is because the lower
conducting channels were more adversely affected by endoge-
nous currents than the higher conducting channels (Fig. 3B).
Nonetheless, when the amantadine-sensitive current was de-
termined, it was found that the lower conducting mutants had
a reversal potential comparable to that of wt M2 (data not
shown). Thus, the truncation mutant proteins exhibited ion
channel activities that could be quantitatively compared to that
of the wt M2 protein.

We compared the ability of each of the truncation mutant
proteins with that of the wt M2 protein to sustain ion channel
activity while bathed in medium of low pH. The ion channel
activity of the wt M2 protein was constant for as long as 30 min,
while the oocyte was bathed medium of pH 6.2 (Fig. 4). Ion
channel activity was also sustained in oocytes that expressed

truncation mutant proteins trunc92, trunc77, and trunc72 (Fig.
4A). However, the same truncation mutant proteins associated
with lower ion channel activity (trunc82, trunc62, and trunc52)
also failed to maintain sustained ion channel activity when
expressed in oocytes that were bathed in a solution of pH 6.2
(Fig. 4B).

One of the truncation mutant proteins that was similar to wt
M2 protein in most respects, trunc92, differed from wt M2
protein in one physiological property. After injection of
mRNA encoding the wt M2 protein, it is usually satisfactory to
incubate the oocytes in a medium of pH 7.5 while the protein
is being expressed. At this pH, the ion channel activity is
minimal, and the proton flux across the plasma membrane
does not result in oocyte death; however, when bathed in
medium of lower pH, oocytes die rapidly (12, 25). We noticed
that oocytes expressing the trunc92 mutant protein had a
higher rate of cell death than oocytes expressing either the wt
M2 protein or the other truncation mutant proteins incubated
in medium of pH 7.5. However, cell death of oocytes express-
ing the trunc92 mutant protein was decreased when these
oocytes were incubated in a medium of pH 8.5 starting from
the time of injection of mRNA. This suggests that the trunc92
mutant protein has greater ion channel activity than the wt M2
protein at neutral pH.

DISCUSSION

Oocytes expressing three truncation mutant proteins,
trunc82, trunc62, and trunc52, had lower ion channel activity
than oocytes expressing the wt M2 protein (Fig. 3B). In prin-
ciple, this lower ion channel activity can result from either
reduced surface expression of the protein or reduced activity of
the ion channel macromolecular complex. It is likely that re-
duced ion channel activity of oocytes expressing the trunc62
and trunc52 mutant proteins is the result of reduced protein
surface expression (Table 1). However, it is unlikely that re-

FIG. 3. Comparison of the ion channel activity of M2 truncation mutants with that of the wt M2 protein ion channel. The transmembrane voltage was varied from
2120 to 160 mV while membrane current was measured after incubation of the oocyte for 2 min in medium of pH 6.2. (A) Truncation mutants with ion channel
properties similar to those of wt M2 protein (trunc92, trunc77, and trunc72); (B) truncation mutants with activity less than that of wt M2 protein (trunc82, trunc62, and
trunc52). The interrupted lines show the currents of wt M2 protein in pH 6.2 medium. The inhibition of the wt ion channel activity by amantadine is shown in the top
traces. Each trace represents the average total current of at least two cells.
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duced surface expression can explain the reduced ion channel
activity of oocytes expressing the trunc82 protein (Table 1).
Instead, the reduced ion channel activity probably results from
an alteration in the structure of the trunc82 mutant ion channel
protein. Truncation of the cytoplasmic N and C termini of
several other ion channels has been demonstrated to alter their
activity. In most cases, the result is an increase in the activity of
the channel (22, 28). One possible basis for the increase in
activity of these other ion channels is the removal of a peptide
that is capable of blocking the channel pore and thus causing
inactivation (20). However, the decrease in activity of the
trunc82 mutant protein must have a mechanism different from
the increase in activity seen for truncation mutations of other
ion channels.

Oocytes expressing the three truncation mutant proteins
trunc82, trunc62, and trunc52 were also unable to sustain ion
channel activity while bathed in medium of low pH (Fig. 4).
Two fundamental properties of ion channels are activation and

inactivation. Activation is the increase in ion channel activity
that occurs upon presentation of the appropriate stimulus. In
the case of the M2 protein, this stimulus is lowered pH. Inac-
tivation is the decrease in activity that occurs after prolonged
application of the activating stimulus. Oocytes expressing these
three truncation mutant proteins displayed a decrease in in-
ward current during prolonged exposure to low-pH medium.
However, a decrease in inward current does not necessarily
signal that inactivation has occurred, especially in oocytes. The
reason is that normally silent endogenous currents can be
up-regulated by expression of exogenous proteins, among them
variants of the M2 protein (37). Two lines of evidence indicate
that the decrease of inward current that we observed does
reflect the process of inactivation for these mutant proteins.
The currents of the M2 protein are up-regulated by low pH of
the bathing medium and are sensitive to the inhibitor aman-
tadine. Application of amantadine eliminated the currents of
oocytes that expressed the truncation mutant proteins. The
second argument against endogenous currents being responsi-
ble for the observed decrease in current is based on the ob-
servation that the amplitude of endogenous currents varies
widely from frog to frog (38). If endogenous currents were
responsible for the measured decrease in inward current, then
the decrease should have varied from frog to frog. However,
the variability that we observed in the decrease in inward
current was from cell to cell from the same frog and not from
frog to frog. A second potential cause for a decrease in current
while the oocyte was bathed in a medium of low pH is acidi-
fication of the intracellular medium of the oocyte (37). How-
ever, this is not a likely explanation, as the decrease in current
was not greater for oocytes expressing greater currents.

Posttranslational modifications are capable of modifying the
function of many proteins, including ion channel proteins. The
cytoplasmic domain of the M2 protein is modified in several
ways. Cysteine residue 50 is palmitylated (39, 42), and serine
residue 64 is the major site for phosphorylation, but serine
residues, 82, 89, and 93 are also minor phosphorylation sites
(18). However, site-altered forms of the protein in which all of
these modifications are ablated show ion channel activity that
is indistinguishable from that of the wt M2 protein (18). Thus,
it seems unlikely that the mechanism by which the truncations
alter ion channel activity is due to lack of a site for a posttrans-
lational modification.

What is responsible for the observed decrease in ion channel
activity that results from truncation of the C terminus of the
M2 protein? It is unlikely that the alterations are a sole con-
sequence of the number of residues truncated from the C
terminus of the protein. If this were so, then oocytes expressing
the trunc82 protein would have conductances larger than those
of oocytes expressing the trunc77 protein. A second possibility
is that the C terminus of each M2 monomer has a secondary
structure that is essential for the stability of the M2 ion channel
protein and that disruption of the secondary structure of the
channel protein results in a decrease in channel activity, per-
haps by destabilizing the protein. However, if such a secondary
structure exists, it cannot be one whose stability is directly
proportional to its length, or the decrease in current would be
proportional to the length of the truncated segment of the C
terminus. An example of truncation affecting the state of an
ion channel can be found in the amiloride-sensitive Na1 chan-
nel, the activity of which is decreased by truncation of the C
terminus. The result of this truncation is to increase the prob-
ability of the channel to exist in a low-conductance state at the
expense of a high-conductance state (10). Although the con-
ducting states of the M2 ion channel protein are not yet known,

FIG. 4. Comparison of abilities of the wt M2 protein and truncation mutant
proteins to sustain currents. The ability to sustain was evaluated by measuring
the amantadine-sensitive conductance. Conductances for the mutant proteins
were normalized individually (conductance ratio) and plotted against time during
which the oocytes were bathed in a medium of pH 6.2 (220 mV holding voltage).
(A) Mutants trunc92, trunc77, and trunc72 sustained currents during the 30-min
incubation in solution of pH 6.2. (B) Conductances of mutants trunc82, trunc62,
and trunc52 declined by more than 25% during the incubation in pH 6.2 medium.
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it is possible that this mechanism also serves to explain the
present results.

Three truncation mutant channels (trunc82, trunc62, and
trunc52) did not sustain ion channel activity in low pH; i.e.,
they partially inactivated. Alterations of C-type inactivation
also occur as a result of deletions in the cytoplasmic C-terminal
domain of Shaker-type K1 channels. C-type inactivation (21)
has slow onset and can be studied in the absence of the more
rapid N-type inactivation that results from occlusion of the
channel pore by amino acids in the N terminus of the channel
protein. Small deletions of the C terminus of the Kv1.1 channel
result in a slower onset of inactivation, while large deletions in
the region result in a more rapid onset of inactivation (19). The
alteration that results in slower inactivation was mapped to a
region containing five amino acids. Thus, it is possible that
certain C-terminal truncations of the M2 protein result in the
initiation of a process similar to C-terminal inactivation of
Shaker-type K1 channels, although with a slower time course.

These results have important implications for the study of
the structure and function of the M2 protein. Functional stud-
ies of the ion channel activity (5) and structural studies using
circular dichroism (7, 23), neutron diffraction (6), and solid-
state nuclear magnetic resonance (23) using the isolated M2
transmembrane peptide have been reported. Our findings in-
dicate that truncation of C terminus of the protein leads to
modification of the function of the ion channel activity which is
not directly proportional to the length of the truncated seg-
ment. This implies that measurements made on the isolated
transmembrane peptide may not precisely reflect the proper-
ties of the intact M2 ion channel protein.

The M2 cytoplasmic tail may be multifunctional. In addition
to being important for sustaining ion channel activity, the cy-
toplasmic tail may be important for interactions with other
viral proteins, in particular the M1 protein. In a reverse genet-
ics experiment, it was found that deletion of 5 or 10 residues
from the M2 cytoplasmic tail abrogated the ability to rescue
influenza virus (2). However, the failure to rescue the virus
does not permit distinction between alteration of ion channel
activity or a loss of protein-protein interactions. However, in-
fluenza virus variants that escaped the growth restriction of
MAb 14C2 contained changes in the M2 cytoplasmic tail or in
the M1 protein, suggesting an interaction between the M2
cytoplasmic tail and the M1 protein (46, 47).
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