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Novel assay for the influenza virus M2 channel activity
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Abstract The influenza A M2 ion channel was expressed and
activity characterized in Xenopus oocytes. Based on the activa-
tion properties of the channels, a high throughput, non-electro-
physiological screening assay was developed in order to identify
novel inhibitors of the channel. This will facilitate discovery of
novel agents to treat influenza viral infections.
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1. Introduction

A novel, acid activated ion channel, M2, was identified as a
component of the influenza A virus [1]. Influenza A virus is a
negative strand RNA virus, and is the primary viral agent for
influenza [2]. The M2 channel is a viral encoded, single mem-
brane spanning, protein of 97 amino acids with the amino
terminus present on the extracellular side and a cytoplasmic tail
[3-6]. The native protein is thought to form a functional ho-
motetramer of, either, pairs of disulfide-linked dimers, or four
disulfide linked monomers [7-10]. While potential N-linked
glycosylation sites are present, they are not thought to be of
functional significance [6). In addition, the protein is acylated
and phosphorylated, however, these modifications are not es-
sential for activity [9,11-14]. The M2 protein is abundantly
synthesized on the surface of the host cell, although only 5-10
copies of the channel are present in the membrane of each
virion [5,6,15,16].

The M2 channel is thought to be activated by low pH (~6.2)
while the viral particle is present in the secondary endosome of
the host cell [9,17-19]. Once the channel is activated, it is
thought to pass protons to the interior of the viral particle
allowing for the acid-induced changes which mediate viral un-
coating resulting in the release of the viral genome [20]. A
second physiological function has been indicated in the avian
form of the virus where the M2 channel dissipates the pH
gradient across the golgi membrane allowing the hemagglutinin
protein, necessary for receptor binding, to emerge on the cell/
virion surface in the high pH conformation essential for infec-
tivity in the next cycle {19,21-25). Therefore, one target for
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pharmacological intervention of influenza infections would be
the M2 channel. Indeed, the only clinical anti-influenza A
agents available, amantadine and rimantadine, specifically
block the M2 channel [1,26]. This channel is an optimal target
since M2-like channels have not been identified in mammalian
systems, nor does the M2 sequence share significant homology
to known mammalian proteins [1]. Amantadine, while currently
used prophylactically, does show CNS side effects in 5-10 per-
cent of the population [27-30]. A second generation analog,
rimantadine, reportedly has reduced CNS side effects, however,
it does not appear to have an improved potency [31,32]. Aside
from the CNS effects of these agents, it is also clear that viral
resistance to these drugs can readily develop, and the resistance
maps to the M2 channel [33,34]. Therefore, an improved agent
would also seek to lower the probability of developing resis-
tance. Since influenza/pneumonia is the sixth leading cause of
death in the adult population of the US with influenza A being
the main viral agent [2], there is a clear need for an antiviral
agent which would improve upon the clinical profile of amanta-
dine/rimantadine.

One means to identify new chemical entities in the treatment
of any disease is to undertake a screening effort of chemical and
natural product libraries. Screening of a large number of sam-
ples would be facilitated by a rapid and high throughput assay.
This provides a unique challenge when looking for specific
inhibitors of functional ion channels since whole cell recording
1s not amenable to high throughput, and in many cases, binding
assays do not utilize channels in their functional state. In addi-
tion, the unique pH properties of the M2 channel make creating
a stably transformed mammalian cell line extremely difficult.
Since the Xenopus oocyte can tolerate extreme pH ranges, we
have utilized the system in the expression and study of the M2
channel. Additionally, under the appropriate recording condi-
tions, the M2 channel can pass sodium ions making the study
of the channel feasible. We, therefore, have characterized the
properties of the M2 channel when expressed in Xenopus
oocytes and have developed a high throughput, functional
screen.

2. Materials and methods

2.1. Expression of the M2 channel

The M2 gene from influenza A/Udorn/72 was kindly supplied by Dr.
Robert Lamb (Northwestern University) [1]. The vector was linearized
with Xbal and runoff cRNA transcripts were made via Ambion’s T7
mMessage mMachine transcription kit per manufacturer’s directions.
Adult female Xenopus laevis (Xenopus I or Nasco) were maintained and
oocytes harvested by published methods [35]. The oocytes were defolli-
culated with 2 mg/ml collagenase (type 1A; Sigma) in Ca?* free ND96
[36] 1-2 h at room temperature (~20°C) and then washed with multiple
buffer changes for up to 2 h in SND96. Healthy defolliculated stage
IVIVIVI oocytes were collected, stored overnight in sSND96 with 1%
dialyzed fetal bovine serum (3 kDa cutoff; Sigma). The next day cells
were injected with ~50 nl of a 1 mg/ml cRNA solution in RNAse-free
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H,O and incubated 1-7 days at 18-19°C in SND96 with 1% serum at
either pH 7.5 or 8.5, as indicated, prior to experimentation.

2.2. Electrophysiology

Macroscopic currents were recorded using the two-microelectrode
voltage clamp technique. Bath solution was ND96 with reduced (0.18
mM) Ca?* at the appropriate pH, and as indicated amantadine (Re-
search Biochemicals Inc.) was added. Microelectrodes from KG-33
glass (Garner Glass Co.) were pulled on a Narishige PB-7 pipet puller
and then back filled with 3 M KCl with resulting resistances between
0.2-2.0 MQ. Membrane currents were recorded using either an
Axoclamp2 (Axon) or a TEV 200 (Dagan) voltage clamp. Experiments
were controlled and data collected on a CompuAdd 386 computer
equipped with an analog interface (Labmaster) to the electrophysiologi-
cal equipment. Experimental variables were manipulated, data ana-
lyzed, and graphically reproduced using pClamp software (Axon In-
struments), Excel (Microsoft), Deltagraph Pro (Delta Point) and
CorelDraw (Corel).

2.3. Cell assay methods

M2 expressing cells, 48 h post injection, were incubated in the appro-
priate test conditions, as indicated, for ~14 h at 18-19°C. In order to
have sufficient buffering at pH 8.5 and 5.5 when test compounds were
added, 10 mM MES (Fisher) was added to ND96 solutions in addition
to the 5 mM HEPES. After the incubation, cells were scored visually
under a dissecting microscope.

2.4. Statistical methods

Analysis of Variance (ANOVA) type I was used to test statistical
differences among the means of the different treatment groups. We
assume that the differences among the group means are due to the fixed
treatment effects determined by the experimenter. Multiple unplanned
comparisons among the means from 16 replicates of cell assay data were
made using the T-Method [37]. This a posteriori method allows for all
pairwise comparisons of the group means to be performed.

3. Results

3.1. Expression of influenza A virus M2 protein in Xenopus
oocytes

Cells were initially perfused in oocyte recording buffer,
ND96 pH 7.5. The cells were clamped to a holding potential
of —40 mV, and stepped for 3 s to test potentials between —60
and —130 mV, allowing background current waveforms to be
recorded. The M2 channels were activated by changing to
ND96 at pH 5.5, and the voltage paradigm described above was
repeated. Once steady state was achieved (30-60 s) the M2
current was inhibited by changing the bath solution to ND96
(pH 5.5) with 100 M amantadine. Control injected oocytes
(injected with cRNA for the cardiac Kv1.5 channel [38]) were
studied in an identical manner.

M2 current records obtained at a test potential of —120 mV
are presented in Fig. 1. As shown, cells injected with M2 cRNA
have robust inward currents at pH 5.5 which are blocked by
100 M amantadine (Fig. 1A). Although not shown, the M2
currents activated at pH 5.5 are induced very rapidly upon
switching the buffers and can be quickly deactivated by return-
ing to the control ND96 at pH 7.5. The amantadine block is
not rapidly reversible (data not shown). The cells injected with
control Kv1.5 cRNA do not elicit a low-pH activatable current
(Fig. 1B).

The current—voltage relationship for the activated M2 chan-
nel presented as the mean (£S.E.M., n = 6) is shown in Fig. 2.
Current amplitudes at each potential for each cell were meas-
ured as the low pH induced current (the current amplitude
recorded at pH 5.5 minus the current amplitude recorded at pH
7.5). As shown, a low pH-activated current is only observed in
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Fig. 1. Typical waveforms of M2 currents expressed in Xenopus
oocytes. Cells were initially perfused in ND96, pH 7.5. Cells were
clamped to a holding potential of ~40 mV and current waveforms were
evoked at a test potential of =120 mV for 3 s. (A) (1) Current waveform
elicited from the oocyte in ND96 pH 7.5. (2) Current elicited from the
same cell at pH 5.5. (3) Demonstrates the M2 current is inhibited by
100 4M Amantadine in ND96 pH 5.5. (B) Xenopus oocytes injected
with 50 ng of Kv1.5 cRNA were treated as above. (1) Current elicited
from the oocyte at pH 7.5. (2) Current elicited from the same cell at
pH 5.5.

the cells injected with M2 ¢cRNA, and the M2 current is inhib-
ited beyond pH 7.5 baseline by the clinical agent amantadine
presumably due to a small number of open channels at pH 7.5.
In addition, the current-voltage relationship appears to be
ohmic in this voltage region.

3.2. pH activation profile of the M2 channel

In order to reduce the number of open channels, cells were
initially perfused in ND96 pH 8.5. The cells were clamped to
a holding potential of —40 mV and stepped for 3 s to a test
potential of —110 mV, and current waveforms were obtained.
The recording media was then switched to ND96 at different
pHs (8.5-5.5 in 1.0 increments) and the voltage paradigm de-
scribed above was repeated. Current amplitudes at each poten-
tial for each cell were measured as the test pH induced current
(the current amplitude recorded at variable pH minus the cur-
rent amplitude recorded at pH 8.5). The mean (xS.E.M.; n = 3)
are presented as a normalized current versus pH relationship
in Fig. 3.

3.3. M2 cell assay

It was noted that survival of oocytes expressing M2 channels
was dramatically reduced (1-3 days) as compared to the
oocytes expressing Kv1.5 channels (7-10 days). Also, as indi-
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Fig. 2. Current-Voltage properties of M2 Channels. Cells were initially
perfused in ND96, pH 7.5 and clamped to a holding potential of —40
mV. Current waveforms were obtained from cells stepped for 3 s to test
potentials between —60 and —130 mV in 10 mV increments at 10 s
intervals. The recording media was switched to ND96 at low pH (5.5)
and the voltage paradigm described above was repeated. The low pH-
induced currents were then measured as described above in the presence
of ND96, pH 5.5 with 100 4M Amantadine. In addition, control in-
jected oocytes (with Kv1.5 cRNA) were examined following the same
pH-voltage paradigm. Current amplitudes at each potential for each
cell were measured at the end of the test pulse as the low pH induced
current (the current amplitude recorded at pH 5.5 minus the current
amplitude recorded at pH 7.5). The mean (+S.E.M., n = 6) are pre-
sented.

cated in the preceding Figures, the pH profile of the channel
suggested basal activity at pH 7.5. The next experiment, there-
fore, investigated the survival of the cells at various buffered
pHs. M2 channel expressing and control, non-injected cells
(n =12 for each condition), were incubated in ND96 at the
following pHs: 8.5, 7.5, 6.5, and 5.5. After ~14 h, the cells were
examined visually and scored, and the data is presented in
Table 1. There was a dramatic rearrangement (condensation or
loss) of the oocyte animal pole which correlated with the activa-
tion of the M2 channel (see Fig. 4 below). When visually scor-
ing, this rearrangement was termed cell ‘death’.

The next set of experiments illustrated that the M2 specific
cell ‘death’ can be prevented in a reproducible, dose-dependent
manner by the presence of amantadine. Fig. 4 presents repre-
sentative examples of M2 expressing oocytes in which the
oocyte animal pole undergoes a condensation and eventual
elimination via the chronic activation of the M2 channel; this
rearrangement was blocked by the presence of amantadine.

Table 1

pH dependence of cell survival

pH Survival control Survival M2
8.5 12 1

7.5 12 11

6.5 12 2

5.5 12 0

Assay performed as described in section 2. The time course of the
experiment was 14 h. 12 cells, either non-injected or M2 injected, were
used for each condition.
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Similar results were obtained with rimantadine (data not
shown). Data for a total of 16 assays is presented in Fig. 5, and
shows that cells are protected in a dose-dependent fashion by
amantadine. No significant difference (P < 0.01) was seen be-
tween the permissive (pH 8.5) control and the highest drug (pH
5.5, 10 uM amantadine) treatment groups. Also, the negative
control group (pH 5.5, 0 uM amantadine) and the lowest drug
(pH 5.5, 1 uM amantadine) treatment were not significantly
different (P < 0.01) from each other. Whereas, the intermediate
(pH 5.5, 5 uM amantadine) treatment is significantly different
(P < 0.01) from all other treatments.

4. Discussion

The M2 ion channel provides an amenable target to develop
new classes of inhibitors for pharmaceutical intervention of
influenza A infections. This channel appears to be unique to the
viral genome, as low stringency Southern analysis of the human
genome was negative ([1] R. Forgey, unpublished observa-
tions]. The channel is readily activated at low pH when ex-

0 -

Normalized Current
&

'12 1 1 L 1 1 L L ]
55 6.5 7.5 8.5

pH

Fig. 3. pH Induction of the M2 Ion Channel. Cells were perfused in
ND96, pH 8.5. The cells were clamped to a holding potential of ~40
mV and were stepped for 3 s to a test potential of —110 mV, and current
waveforms were obtained. The recording media was then switched to
ND%6 at different pHs (5.5-7.5 in 1.0 increments) and the voltage
paradigm described above was repeated. Current amplitudes at the test
potential for each cell were measured as the test pH induced current at
the end of the test pulse (the current amplitude recorded at variable pH
minus the current amplitude recorded at pH 8.5). Current amplitudes
for each cell were normalized to the current evoked at the test potential
at pH 8.5. The mean normalized current (£ S.E.M.; n = 3) are presented
as a function of pH.
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Fig. 4. M2 cell assay. Cells were incubated for 14 h as described in section 2. (A) M2 injected cells at pH 8.5; (B) M2 injected cells at pH 5.5;
(C) Non-injected cells at pH 5.5; (D) M2 injected cells at pH 5.5 with 1 uM amantadine; (E) M2 injected cells at pH 5.5 with 5 4M amantadine;
(F) M2 injected cells at pH 5.5 with 10 M amantadine. As presented, cells shown in panels A, C, and F are ‘viable’. While preliminary rearrangement
of the animal pole is evident in panel E, the cells are scored ‘viable’. Cells in panels B and D are scored ‘dead’.

pressed in Xenopus oocytes, and pharmacologically, can be
inhibited by the clinical agents amantadine and its closely re-
lated analog, rimantadine. While these agents are used clini-
cally, both show some level of CNS side effects, likely due at
least in part to the interaction of the adamantine class of chem-
istry with NMDA receptors [39-41]. Therefore, a different class
of inhibitors could result in an ion channel blocker with greater
specificity and a reduced side effect profile.

The Xenopus oocyte expression system is widely used for the
expression and study of ion channels. Data presented here

characterizing the electrophysiological properties of the M2
channel indicate the channel is activated as pH is lowered, and
in addition, the cellular assay also indicates that the pH induced
cell ‘death’ directly correlates with the pH activation properties
of the M2 channel. We believe that oocyte ‘death’ in the assay
is likely due to the continual influx of Na* ions into the cell.
Increasing the sodium concentration from 96 mM to 150 mM
decreases the time course of ‘death’ (K. Giffin, unpublished
observation). The ability of amantadine/rimantadine to prevent
cell ‘death’ correlates with the ability of amantadine to block
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Fig. 5. Reproducibility of cell survival in the assay with Tuckey’s 99% confidence intervals. Ten cells, either non-injected, or M2 injected were used
for each condition in each replicate. Cells were cultured as described in section 2. Data were collected for 16 assays. Muitiple unplanned comparisons
among means were made by the T-Method (a = 5, n = 16. No significant difference (p < 0.01) was seen between the pH 8.5 and pH 5.5, 10 uM
amantadine treatment groups. Also, the pH 5.5, 0 uM amantadine and pH 5.5, 1 uM amantadine treatments were not significantly different (p < 0.01)
from each other. Whereas, the pH 5.5, 5 uM amantadine treatment is significantly different (P =< 0.01) from all other treatments. *Significantly

different at p < .01; (m) not significantly different p < 0.01).

the channel. As reported by Wang et. al. [26], the calculated
IC,, of amantadine for the Udorn M2 channel is ~0.3 uM, and
the block has a very slow onset. The data presented here sug-
gests that 1 M is not protective, however, it appears likely that
most, if not all, M2 channels need to be blocked in order for
cells to ‘survive’. This correlates with a calculated IC,, of ~5 uM
(R. Forgey, unpublished observation).

Electrophysiological recordings are not practical in a screen
involving millions of compounds, however, a screen based
upon rapid visual inspection of cells is amenable to such an
endeavor. Indeed, we have screened greater than ten thousand
test substances a week against the M2 channel, and also
screened against the clinically relevant amantadine resistant
channels (results will be reported in the future). Since each
oocyte requires manual injection of the cRNA, it likely would
have been more time efficient to screen this number of com-
pounds in an automated system with an M2 expressing mam-
malian cell line. This has not, however, been achievable. The
M2 protein is basally activated at physiological pH, 7.0-7.5,
and therefore, it appears that the production of a stable M2,
high level expressing mammalian cell line is improbable. With
the present assay, we can be assured that the channels are
functional and inhibition of cell ‘death’, is thereby, a conse-
quence of block the M2 channel.

Acknowledgements: We thank Donna Turner for excellent technical
skills. The authors are very grateful to the M2 discovery team for lively
interactions. In addition, we thank Drs. Catherine Ifune and Les Bell
for critical comments on the manuscript. Lastly, we thank Drs. Robert
Lamb and Larry Pinto for sharing their unpublished data.

References

[1] Pinto, L.H., Holsinger, L.J. and Lamb, R.A. (1992) Cell 69, 517
528.

[2] Murphy, B.R. and Webster, R.G. (1990) in: Orthomyxoviruses
(Fields, B.N. and Knipe, D.M,, et al. Eds.) Virology 2nd Edn.,
pp. 1091-1152, Raven Press, New York.

[3] Lamb, R.A. and Choppin, PW. (1981) Virology 112, 729-
737.

[4] Lamb, R.A, Lai, C.J. and Choppin, P.W. (1981) Proc. Natl. Acad.
Sci. USA 78, 4170-4174.

[5] Lamb, R.A., Zebedee, S.L. and Richardson, C.D. (1985) Cell 40,
627-633.

[6] Zebedee, S.L., Richardson, C.D. and Lamb, R.A. (1985) J. Virol.
56, 502-511.

{7] Holsinger, L.J. and Lamb, R.A. (1991) Virology 183, 352-355.

[8] Panayotov, P.P. and Schlesinger, R.W. (1992) Virology 186, 352--
355.

[9] Sugrue, R.J. and Hay, A.J. (1991) Virology 180, 617-624.

[10] Zebedee, S.L. and Lamb, R.A. (1988) J. Virol. 62, 2762-2772.
[11] Sugrue, R.H., Belshe, R.B. and Hay, A.J. (1990) Virology 179,
51-56.



274

[12] Veit, M., Klenk, H.D., Kendal, A. and Rott, R. (1991) Virology
184, 227-234.

[13] Zebedee, S.L. (1988) Dissertation for Doctor of Philosophy,
Northwestern University.

[14] Holsinger, L.J., Shaughnessy, M.A., Micko, A., Pinto, L.H. and
Lamb, R.A. (1994) J. Virol,, in press.

[15] Holsinger, L.J., Nichani, D., Pinto, L.H. and Lamb, R.A. (1994)
J. Virol. 68, 1551-1563.

[16] Jackson, D.C., Tang, X.L., Murti, K.G., Webster, R.G., Tregear,
G.W. and Bean, W.J. (1991) Arch. Virol. 118, 199-207.

[17] Hay, A.J. (1992) Sem. Virol. 3, 21-30.

[18] Lamb, R.A., Holsinger, L.J. and Pinto, L.H. (1994) in: The influ-
enza A Virus M2 Ion Channel Protein and its Role in the Influenza
Virus Life Cycle (Wimmer, E. ed), Receptor-Mediated Virus Entry
into Cells, Cold Spring Harbor Press, Cold Spring Harbor, in press.

[19] Sugrue, R.J., Bahadur, G., Zambon, M.C., Hall, S.M., Douglas,
A.R. and Hay, A.J. (1990) EMBO 1J. 9, 3469-3476.

[20] Greber, U.F., Singh, I. and Helenius, A. (1994) Trends Microbiol.
2, 52-56.

[21] Ciampor, F., Bayley, PM., Nermut, M.V., Hirst, E.M., Sugrue,
R.J. and Hay, A. (1992) Virology 188, 14-24.

[22] Ciampor, F., Thompson, C.A., Grambas, S. and Hay, A.J. (1992)
Virus Res. 22, 247-258.

[23] Grambas, S., Bennett, M.S. and Hay, A.J. (1992) Virology 191,
541-549.

[24] Grambas, S. and Hay, A.J. (1992) Virology 190, 11-18.

[25] Takeuchi, K. and Lamb, R.A. (1994) J. Virol. 68, 911-919.

[26] Wang, C., Takeuchi, K., Pinto, L.H. and Lamb, R.A. (1993)
J. Virol. 67, 5585-5594.

[27] Bryson, Y.J., Monahan, C., Pollack, M. and Shields, D.W. (1980)
J. Infect. Dis. 141, 543-547.

[28] Pacifici, G.M., Nardini, M., Ferrari, P,, Latini, R., Fieschi, C. and
Morselli, P.L. (1976) Br. J. Clin. Pharmacol. 3, 833-839.

K. Giffin et al. ] FEBS Letters 357 (1995) 269-274

[29] Peckinpaug, R.O., Askin, F.B., Pierce, W.E., Edwards, E.A. and
Jackson, G.G. (1970) Ann. NY Acad. Sci. 173, 62-73.

[30] Schwab, R.S., Poskenazer, D.C., England Jr., A.C. and Young,
R.R. (1972) J.JAM.A. 222, 792-795.

[31] Hayden, F.G., Cote, K.M. and Douglas Jr., R.G. (1980) Antimi-
crob. Ag. Chemother. 17, 865-870.

[32] Dolin, R. and Bentley, D.W. (1986) in: Amantadine and Rimanta-
dine: Prophylaxis and Therapy of Influenza A in Adults (Kendal,
A.P. and Patriarca, P.A. Ed.) Symposia on Molecular and Cellular
Biology Vol. 36, pp. 317-326, Alan R. Liss, Inc.

[33] Bean, W.J., Threlkeld, S.C. and Webster, R.G. (1989) J. Infect.
Dis. 159, 1050-1056.

{34] Belshe, R.B., Smith, M.H., Hall, C.B., Betts, R. and Hay, A.J.
(1988) J. Virol. 62, 1508-1512.

[35] Smith, L.D., Xu, W. and Varnold, R.L. (1991) in: Oogenesis and
Oocyte Isolation (Kay, B.K. and Peng, H.B. Ed.) Xenopus laevis:
Practical uses in Cell and Molecular Biology Vol. 36, pp. 45-60,
Academic Press, San Diego.

[36] Leonard, J.P., Nargeot, J., Snutch, T.P., Davidson, N. and Lester,
H.A. (1987) J. Neurosci. 7, 875-881.

[37] Sokal, R.R. and Rohlf, F.J. (1981) Biometry: The Principles and
Practice of Statistics in Biological Research, W.H. Freeman and
Company, New York.

[38] Davies, M., Giffin, K., Liang, C.D., A, R.M., Butler, A., Salkof,
L. and Marino, M. (1992) Biophys. J. 61, A376.

{39] Kornhuber, J. and Weller, M. (1993) J. Neural. Transm. Gen. Sect.
92, 57-65.

[40] Kornhuber, J., Weller, M. and Riederer, P. (1993) J. Neural.
Transm. Park. Dis. Dement. Sect. 6, 63-72.

[41] Kornhuber, J., Schoppmeyer, K. and Riederer, P. (1993) Neurosci.
Lett. 163, 129-131.



