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ABSTRACT The influenza A virus-associated M, ion channel is generally believed to function during uncoating of virions in
infected cells. On endocytosis of a virion into the lumen of endosomes, the M,, ion channel is thought to cause acidification
of the virion interior. In addition, the influenza virus M, ion channel is thought to function in the exocytic pathway by
equilibrating the pH gradient between the acidic lumen of the trans-Golgi network and the neutral cytoplasm. A necessary test
of the proposed roles of the influenza virus M, ion channel in the virus life cycle is to show directly that the M, ion channel
conducts protons. We have measured the ionic selectivity and activation of three subtypes (Udorn, Weybridge, and Rostock)
of the M, ion channel in oocytes of Xenopus laevis by measurement of 1) the intracellular pH (pH,,) of voltage-clamped
oocytes, 2) the current-voltage relationship in solutions of various pH and ionic composition, and 3) the flux of 88Rb. We took
advantage of the low pH,, achieved during incubation in low pH medium to study the effects of low pH,, on M, activation.
Oocytes expressing each of the three subtypes of the M,, protein a) underwent a slow acidification when incubated in medium
of low pH (acidification was blocked by the M, ion channel inhibitor, amantadine); b) had current-voltage relationships that
shifted to more positive values and had greater conductance when the pH,, was lowered (this relationship was modified
when Na™ was replaced by NH,™ or Li*); c) had an amantadine-sensitive influx of Rb*. The effects on the current-voltage
relationship of reduced pH,, were opposed to the increased conductance found with reduced pH,,. We interpret these
results to indicate that the M, ion channel is capable of conducting H* and that other ions may also be conducted. Moreover,
the channel conductance is reduced by decreased pH,,. These findings are consistent with the proposed roles of the M,

protein in the life cycle of influenza A virus.

INTRODUCTION

The influenza A virus M, integral membrane protein (Lamb
and Choppin, 1981; Lamb et al., 1985) is minimally a homotet-
ramer (Holsinger and Lamb, 1991; Sugrue and Hay, 1991) that
is abundantly expressed at the surface of virus-infected cells
but is a relatively minor component of virions (Zebedee and
Lamb, 1988). The function of the M, protein has been pro-
posed to be an ion channel activity that permits ions to enter the
virion during uncoating and equilibration of the pH gradient
between the acidic lumen of the trans-Golgi network (TGN)
and the neutral cytoplasm (Sugrue and Hay, 1991; Hay, 1992).

Influenza virus particles are internalized into cells by recep-
tor-mediated endocytosis. The anti-viral drug amantadine
blocks an early step in virus replication between the steps of
virus penetration and uncoating (Skehel et al., 1978; Bukrin-
skaya et al., 1982). In the presence of the drug, the influenza
membrane (matrix) (M,) protein fails to dissociate from the
ribonucleoprotein (RNP) core (Martin and Helenius, 1991).
Once a virion particle has been endocytosed, the ion channel
activity of the virion-associated M, protein is thought to permit
the flow of ions from the endosome to the virion interior to
disrupt protein-protein interactions and free the RNPs from the
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M, protein (reviewed in Hay, 1992; Helenius, 1992; Marsh,
1992; Skehel, 1992; Lamb et al., 1994).

In addition to the early effect of amantadine on influenza
virus replication, for some subtypes of avian influenza virus,
which have a hemagglutinin (HA) glycoprotein that is cleaved
intracellularly and have a high pH optimum of fusion (e.g.,
fowl plague virus (FPV) Rostock), there is a second effect of
the drug late in replication. A large body of data indicates that
addition of amantadine to cells late in infection brings about a
premature conformational change in HA that occurs in the
TGN during the transport of HA to the cell surface (Sugrue et
al, 1990; Ciampor et al., 1992a,b; Grambas et al., 1992;
Grambas and Hay, 1992; Ohuchi et al., 1994; Takeuchi and
Lamb, 1994). Thus, the M, ion channel is thought to function
in the TGN and associated transport vesicles to regulate intra-
compartmental pH and keep the pH above the threshold at
which the HA conformational change occurs (Sugrue et al.,
1990; Ciampor et al., 1992b).

The ion channel activity of the M, protein has been
demonstrated directly in experiments in which the protein
was expressed in oocytes of Xenopus laevis (Pinto et al.,
1992; Wang et al., 1993; Holsinger et al., 1994, 1995) and
mammalian cells (Wang et al., 1994) and in which the ion
channel activity was reconstituted in lipid bilayers (Toste-
son et al., 1994). The ion channel activity is blocked by the
antiviral drug amantadine (Pinto et al., 1992; Wang et al.,
1993; Tosteson et al., 1994). The channel has been demon-
strated to be activated by low pH, and this activation is
dependent on histidine;; in the transmembrane domain of
the M, protein (Wang et al., 1995).
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The ion selectivity of the M, channel has not been mea-
sured in a cellular expression system. Although acidifica-
tion of vesicles containing purified M, protein has been
described, the fluorescent indicator method used could not
report the conduction of ions other than protons (Schroeder
et al., 1994). It is important to determine not only if the M,
ion channel conducts protons but also if it conducts other
ions in addition. If the M, ion channel conducted only
protons, then it would be necessary for another conducting
pathway to provide for electroneutrality of the virion mem-
brane as protons enter the virion.

To test the hypothesis that an ion channel conducts the
very same ion that is responsible for its activation is difficult
because the properties of conduction and activation can be
confused easily and because single-channel activity of the
M, protein has not yet been reported in a cellular expression
system. Therefore, we employed three methods to study the
ion selectivity of the M, ion channel: measurement of
H™* flux with an intracellular pH electrode, measurement of
amantadine-sensitive membrane currents under various
ionic conditions and pH, and measurement of the amanta-
dine-sensitive flux of Rb* using a radioactive tracer. We
found that the M, ion channel is capable of acidifying
oocytes of Xenopus laevis and therefore the M, ion channel
conducts protons. In addition, our experiments suggest that
the M, ion channel is also capable of conducting other
cations.

MATERIALS AND METHODS

Recombinant plasmids

The ¢cDNA encoding the influenza virus A/Udorn/72 M, protein was that
described previously (Zebedee et al., 1985; Pinto et al., 1992). The cDNA
encoding influenza virus A/chicken/Germany/34 (H7N1) (FPV Rostock)
M, protein was the cDNA constructed from synthetic oligonucleotides
described previously (Takeuchi and Lamb, 1994). The cDNA encoding
influenza virus A/chicken/Germany/27 (H7N7) (FPV Weybridge) M, pro-
tein was derived from the M, cDNA to FPV Rostock by serial rounds of
site-specific mutagenesis, such that the M, protein sequence matched that
reported by Hay and colleagues (Hay et al., 1985).

Culture and microinjection of oocytes

Xenopus laevis were identified individually with an implanted microchip
marker (Basic Medic Data Systems, Maywood, NI). Oocytes were re-
moved from female Xenopus laevis (Nasco, Fort Atkinson, WI), defollicu-
lated by treatment with collagenase B (2 mg/ml; Boehringer Mannheim
Biochemicals, Indianapolis, IN), and incubated in ND96 (96 mM NaCl, 2
mM KCl, 3.6 mM CaCl,, | mM MgCl,, 2.5 mM pyruvic acid, 5 mg/ml
gentamycin, and 5 mM HEPES), pH 7.6 at 19°C. Oocytes at stage V
(clearly demarcated equatorial pigment border, no loss of pigmentation at
animal pole; Dumont, 1972) were microinjected with 50 nl of mRNA (1
ng/nl) on the day after defolliculation, incubated for 24 h in ND 96 (pH
7.6), and finally incubated for 24 h in ND 96 (pH 8.5-10.0) at 19°C before
use (Colman, 1984; Pinto et al., 1992).

Measurement of pH,,

Borosilicate glass micropipettes (~1 pm diameter) were silanized with
Sigmacote SL-2 (Sigma, St. Louis, MO), a region of 10-100 um near their
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tips was filled with liquid ion exchange ionophore (Fluka 95297, hydrogen
ionophore II cocktail A), and their backs were filled with 100 uM MOPS
(pH 7.1) (Ammann et al., 1981; Howl et al., 1988). Each electrode was
tested in Barth’s solution (88.0 mM NaCl, 1.0 mM KCl, 2.4 mM NaHCO,,
0.3 mM NaNO;, 0.71 mM CaCl,, 0.82 mM MgSO,, and 15 mM HEPES,
pH 7.5, or 15 mM 2-(N-morpholino)ethanesulfonic acid for solutions of pH
< 6.8) over the pH range pH 6.2-7.5; only those electrodes that had a
response greater than 50 mV/pH unit were used. Several electrodes were
also tested for interference by K*, Li*, and NH,*, but no effect of
replacement of Na™ by any of these ions could be detected. The voltage of
the pH electrode was recorded with a high-impedance amplifier (Axopatch
200A; Axon Instruments, Burlingame, CA). A pipette (3 M KCl) was
placed in the oocyte to serve as a reference electrode when only pH
measurements were made.

Measurement of membrane current

Whole-cell current was measured with a two-electrode voltage clamp
(Pinto et al., 1992). The electrodes were filled with 3 M KCI, and the
oocytes were bathed in either Barth’s solution or a modified solution
during the recording. Ramp measurements were made with ramps of
membrane voltage that spanned a range of 30 mV in 5 s; voltage-clamp
pulses were 100 ms in duration.

Simultaneous measurement of pH;, and membrane current were made
by impaling the cocyte with a micro pH electrode and two electrodes that
were connected to a Dagan 8500 voltage-clamp amplifier. The reading of
the voltage-sensing electrode was subtracted from the voltage measured at
the pH electrode to calculate pH,,,. For these simultaneous measurements,
the ground of the pH amplifier was connected to the bath with a 3 M KCl
pipette located near the oocyte. We found it necessary to use a low-
resistance connection between the bath and ground to avoid cross-talk
between the current and pH signals. The data were recorded and analyzed
using the PCLAMP 6 software package (Axon Instruments).

Measurement of °Rb flux

The solution containing the radiolabeled Rb was made by adding 10
uCi/pl *Rb* (New England Nuclear NEZ072, 2.5 mCi/mg) to a modified
Barth’s solution (pH 6.2) in which the Na* was replaced by naturally
occurring Rb*. The labeled Rb™ in oocyte lysates was counted by adding
5 ml scintillant (POPOP and PPO mixture, Aldrich 32712-3) to 2.5 ml
diluted oocyte lysate (Bland and Boyd, 1986; Kemp et al., 1994).

RESULTS
Acidification of the ooplasm

The proposed role of the influenza virus M, ion channel in
the virus life cycle is to conduct protons into the interior of
virions, and in the exocytic pathway to equilibrate the pH
gradient between the lumen of the TGN and the cytoplasm.
Thus, provided that the M, ion channel is sufficiently ac-
tive, when the M, ion channel is expressed in oocytes, the
ooplasm ought to become acidified when the oocyte is
placed in medium of low pH. As the amino acid sequence of
the M, protein transmembrane domain, which is believed to
encompass the pore of the channel, differs among different
subtypes of influenza A virus, we expressed the cDNA of
three subtypes, Udorn, Weybridge, and Rostock, to deter-
mine whether there were differences in ion selectivity be-
tween the M, protein subtypes. We measured the pH;, of
oocytes that expressed the M, proteins with a micro pH
electrode after incubating the oocytes for 1 h in Barth’s
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solution at various values of pH from pH 5.5 to 8.0, in the
presence and absence of the M, ion channel blocker aman-
tadine (Fig. 1). At least three cells of each M, protein
subtype were measured for each of the six values of pH. We
found that pH,,, did not depend on pH,,, for the duration of
the experiment for either water-injected oocytes (ANOVA p
> 0.68) or oocytes that were bathed in solutions containing
amantadine (Fig. 1). However, oocytes that expressed each
of the three subtypes of M, protein had pH;,, that decreased
monotonically with pH,, over the range that was studied
(ANOVA p < 0.01), whereas after addition of the M, ion
channel blocker amantadine, the decrease in pH;, was pre-
vented. Oocytes that expressed the Rostock subtype M,
protein had lower pH;, than oocytes that expressed the
Weybridge or Udorn subtype M, proteins for pH,,, < 6.5.
It is not known if the lower pH;,, for the Rostock M, protein
was due to higher expression levels or higher specific ac-
tivity of this M, protein. The membrane of oocytes that
express the M, protein depolarizes when the M, protein is
activated by low pH, and the decrease in pH,, that we
observed with decreasing pH,, might have been due to
either the direct action of the M, protein or the effect of this
depolarization. We therefore measured the time course of
pH;, for oocytes that expressed the M, protein (at least
seven cells for each of the three M, proteins) while their
membrane voltage was clamped to the resting level of about
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FIGURE 1 Intracellular acidification of oocytes expressing the M, pro-

tein. (A) The intracellular pH, pH,,, of oocytes was measured after 1 h of
incubation in solutions of the pH indicated (pH,,,,). The intracellutar pH
decreased for oocytes expressing the M, protein from all three influenza
virus subtypes: Udorn (@), Weybridge (A), and Rostock ((J). This acidi-
fication was blocked by amantadine (100 uM, filled symbols) and did not
occur for control oocytes (see text).
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—40 mV (Fig. 2 A). We found that immediately after
decreasing pH,,,, a large inward membrane current flowed
and persisted for the time that the oocyte was bathed in the
low pH solution. While this inward current flowed there was
a slow, gradual decrease in pH;,. The value of pH;,, fell to its
new steady value in about 45 min; this value was never as
low as the pH,,. Acidification was never observed in the
presence of amantadine (100 uM). We fitted an equation of
the form

pHi.(5) = A exp(—t/Ty) + C, (1)

where pH, (?) is the time course of intracellular pH, 7 is the
time constant for acidification, and A and C are constants, to
the time course of pH;,. The data for each cell were rea-
sonably well fitted by this equation (Fig. 2 A), although a
plot of intracellular free proton concentration against time
was somewhat better fitted with an exponential function of
longer time constant than the exponential used to fit pH; (r).
The mean values of T were similar for the three M, protein
subtypes (mean = SEM): Udorn, 554 + 176 s; Weybridge,
481 * 270 s; and Rostock, 540 = 283 s. The value of the
constant C that was fitted to each time course represents the
final pH that would have occurred after prolonged acidifi-
cation. The value of C was consistent with the final pH that
was measured for oocytes that were incubated in low pH
solutions for 1 h (Fig. 1) (mean * SEM): Udom, 6.8 = 0.2;
Weybridge, 6.7 * 0.3; and Rostock, 6.3 * 0.1. Thus, the
acidification of the ooplasm was achieved for M,-express-
ing oocytes for which there was no change in membrane
voltage, consistent with the influx of H* passing through
the M, ion channel.

We calculated the average proton flux during the first
minute of acidification, neglecting the effect of transport to
internal stores. To do this, it was first necessary to deter-
mine the buffer capacity of the oocyte, which was done by
injecting 50 nl of known dilutions (1-200 mM) of meth-
anesulfonic acid into the oocyte while measuring pH,, dur-
ing the period 0-5 min after injection (Fig. 2 B) with an
intracellular micro pH electrode. The measured value of
pH;, was unstable during the period 0—1 min after injection,
while the values were nearly constant (<0.1 pH unit) 1-5
min after injection, indicating that the pH,, probably did not
fall during the interval between injection of acid and mea-
surement. The plot of pH;, against injected acid could be
described by a single titratable group of pK, 7.5 and buffer
capacity of 26 mEq/pH unit (Fig. 2 B, dotted line). We
calculated the proton flux using the equation

B 60s 3 V' B
P = gos) S = G5 (PHUE05) ~ P09, @)

where Fy, is the average H™ flux in the first 60 s, f;;.(¢) is
the time course of H* flux, V is oocyte water volume (half
of the geometrical 5.2 X 1077 liters; see Cicirelli et al.,
1983), and B is the buffer capacity of the ooplasm (Fig. 2 B).
The pH;, typically fell by 0.15 pH units (see Fig. 2 A) in the
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FIGURE 2 (A) Time course of intracellular acidification of an oocyte
expressing the Rostock subtype M, protein upon lowering pH of the
bathing medium from pH 7.5 to pH 6.2 while the oocyte’s membrane
voltage was clamped to —40 mV. The time course of the extracellular pH
is shown in the upper record, the time course of the intracellular pH in the
middle record, and the time course of the membrane current is shown in the
lower record. The smooth line in the middle record shows the result of
fitting the equation pH,.(1) = A exp(—1/7y) + C to the time course of the
intracellular pH, where A = 1.36, 7; = 473 s, and C = 6.29. The smooth
line in the bottom record shows the result of fitting the equation I(r) = I,
exp(—t/1) + I to the time course of the membrane current, where I, =
—0.85 pA, 7, = 3120 s, and Ic = 0.19 pA. (B) Buffer capacity of the
oocyte was determined by measuring intracellular pH from 1 to 5 min after
injection of known quantities of methansulfonic acid while the oocyte was
bathed in a medium of pH 6.2. The dotted line was fitted by the equation
in the range of pH from pH 7.6 to pH 6.2.

Biophysical Journal

Volume 70 March 1996

first minute, and thus the values of Fi;, were quite large,
typically 1 X 10! equivalents/s for oocytes expressing the
Rostock subtype of the M, protein.

We examined the time course of acidification of oo-
cytes expressing the M, protein that were bathed in
solutions of altered ionic composition. The altered ionic
compositions used were those that in subsequent exper-
iments were found to alter the current-voltage relation-
ship: replacement of all Na* in the bathing medium with
Li* or NH,*. Two sets of experiments were performed.
In the first set of experiments, the oocytes were not
voltage clamped, and the pH;, was measured after 1 h of
incubation in the Li* or NH," test solution at pH 6.2.
This was done for at least three oocytes of each subtype.
The pH,, measured after 1 h of incubation in the Li* or
NH," test solution (pH 6.2) did not differ from the pH;,
measured after 1 h of incubation in Barth’s solution (pH
6.2) for any of the three M, protein subtypes. In the
second set of experiments, the time course of acidifica-
tion was measured while the membrane was voltage-
clamped to the resting voltage. For these experiments,
oocytes expressing the Rostock subtype M, protein were
initially placed in Barth’s solution at pH 6.2 to obtain the
initial rate of acidification for later comparison. After
4-10 min, when the rate of acidification was still high
(Fig. 2 A), the bathing medium was changed and the time
course of acidification and membrane current were mea-
sured. The time course of acidification of three oocytes
bathed in medium in which Na™ was replaced by Li* (pH
6.2) and three oocytes bathed in medium in which Na*
was replaced by NH,* did not differ significantly from
the time course of acidification of oocytes bathed in
Barth’s solution at pH 6.2 (Fig. 2 A) and was well fitted
by Eq. 1 (data not shown). The inward membrane current
decreased in amplitude when Na™ was replaced by Li*
and increased when Na™ was replaced by NH,*. Thus,
neither of these ionic substitutions affected the time
course or extent of acidification of oocytes expressing the
M, protein.

We calculated the acidification of the ooplasm that would
be expected if all of the voltage-clamp current were carried
by H*. For each oocyte, we fitted an equation of the form

I(#) = Lexp(—tm) + I, 3

where I(¢) is the time course of membrane current, 7; is the
time constant, and I/, and I- are constants to the data for
each oocyte. The data were well fitted. The values for 7y did
not differ significantly among the three M, protein subtypes
(mean * SEM): Udorn, 1076 * 726 s; Weybridge, 975 *
648 s; Rostock, 1231 = 816 s. The magnitude of the current
that flowed initially after lowering pH,, was quite large,
typically —0.7 uA for oocytes expressing the Rostock sub-
type M, protein. For each oocyte, this equation was inte-
grated to yield the total charge that flowed across the
membrane during the time of acidification. The time course
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of the pH;, measured for oocytes bathed in low pH medium
was fitted with the following equation:

1 t
pHi(9) = pH;n(0 s) — (m) I(1)ds, @

0

where pH; (1) is the time course of pH;, F is Faraday’s
constant, and S is the buffer capacity of the ooplasm (Fig. 2
B), assuming that all of the charge was carried by H" and
neglecting the effects of neutral exchangers of H*. The
second term of Eq. 4 was evaluated using the fitted line in
Fig. 2 B. In every case, after 15 min of bathing in low pH
medium, the theoretical value of pH;, was 0.1-0.3 pH units
more alkaline than the measured value of pH;,. One possible
explanation for the discrepancy between the measured value
of pH;, and the theoretical value of pH,, calculated from the
membrane current and buffer capacity is that ions in addi-
tion to the H™ flowed across the membrane.

Current-voltage relationship of the M,
ion channel

In an attempt to define more completely the ion selectivity
of the M, ion channel, we measured its current-voltage
relationship under conditions of altered pH and ionic com-
position. To ensure that currents specific to the M, protein,
and not endogenous currents, were being measured, we
measured the amantadine-sensitive current. The importance
of the use of the amantadine-sensitive current is seen by the
difference between the reversal voltage for the total and
amantadine-sensitive currents that was observed (Fig. 3) for
M,-expressing oocytes. The current-voltage relationships
were determined in most cases with voltage ramps that
spanned a range of voltage of about 30 mV in about 5 s. The
exact range was chosen to encompass the reversal voltage.
In several cells, we confirmed that the amantadine-sensitive
current obtained with voltage ramps did not differ signifi-
cantly from the amantadine-sensitive current obtained with
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FIGURE 3 Amantadine-sensitive currents of M,-expressing and control
oocytes measured with ramps and pulses. (4) Oocyte expressing Rostock
subtype M, protein. Lines show the total current measured using ramps in
Barth’s solution (pH 6.2), Barth’s solution with 100 uM amantadine (pH
6.2), and the difference between these currents, the amantadine-sensitive
current. O, Amantadine-sensitive current measured at pH 6.2 with pulses
(100 ms). Inset shows the current-voltage relationship near the reversal
voltage without amantadine. Holding voltage was —40 mV in all cases.
Note that the current-voltage relationships of the amantadine-sensitive
current were indistinguishable for measurements made with ramps and
pulses.

steps of voltage (Fig. 3). The current-voltage relationship of
control oocytes was not significantly affected by amanta-
dine (100 uM), and the currents of control oocytes were
much smaller than the currents of M,-expressing oocytes at
pH 6.2 (less than 0.1 pA in amplitude at —120 mV).
However, the currents of M,-expressing oocytes at pH 7.5
are not very much larger than the currents of control oo-

TABLE 1 Reversal voltage due to replacement of all extracellular Na* with various ions

Principal cation

M, protein subtype Li* Na* K* Rb* Cs* NMDG™* TBA* NH,™*
Udorn 11.9* 28.5 29.1 29.5 28.7 283 36.3 50.1*
* 6.7 mV *+ 6.7 mV *9.8 mV *+ 7.6 mV * 6.5 mV * 7.2 mV *28 mV *48 mV
® (19 (6) 6) (8) 4) ®)
Weybridge 3.3* 25.0 27.4 29.6 29.8 25.0 31.3 50.5*
*8.7mV * 74 mV *+ 3.6 mV *29mV *23 mV * 41 mV * 113 mV *69 mV
()] ) @) @ @ @ ®
Rostock 26.9 27.7 26.4 274 28.1 23.8 29.0 53.4*
* 6.2 mV *55mV + 3.9 mV * 3.6 mV *4.7 mV * 33 mV *4.0 mV + 58 mV
® (15) (6) ©) () (6) 8

Measurements made in Barth’s solution at pH 6.2 (Na*) or modified Barth’s solution (other ions). To determine amantadine-sensitive current,
measurements were made within 15 s of solution changes and effects were reversible in all cases. Data are mean = SEM, with the number of observations
shown in parentheses. NMDG™, N-methyl-D-glucosamine™®; TBA™, tetrabutyl ammonium™*.

*p < 00l.
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cytes, so it is important to account for these background
currents when making measurements at higher values of pH.

We observed that the current-voltage relationship of the
amantadine-sensitive current varied slightly from batch to
batch of oocytes. Therefore, all of the measurements shown in
each of Figs. 3—6 were recorded from oocytes that came from
one batch. For each experiment, however, similar results were
obtained from at least two other batches of oocytes. The results
from Tables 1 and 2 represent the averages of data obtained
from three or more batches of oocytes.

If the M, ion channel conducts protons, then the reversal
voltage of the amantadine-sensitive current ought to become
more positive when the pH,,, is lowered. Concomitant with
this increase in reversal voltage there ought to occur an
increase in membrane conductance that results from activa-
tion of the channel (Pinto et al., 1992; Wang et al., 1993,
1995). We measured the current-voltage relationship for
over 10 cells of each M, protein subtype at pH 7.5 and one
or more lower values of pH. These experiments were done
using the rapidest changes possible in extracellular solution
to avoid changes in pH;,. The oocytes were bathed initially
in a solution of pH 7.5, and the pH was then changed for no
more than 15 s; the pH of the bathing solution was then
returned to pH 7.5 to check for reversibility. Only reversible
changes are reported. In each case, the reversal voltage of
the amantadine-sensitive current became more positive and
the slope of the current-voltage relationship became greater
at the lower pH (see Fig. 4). We measured the reversal
voltage and slope conductance of the amantadine-sensitive
current as a function of pH for at least three cells of each of
the three M, protein subtypes for seven values of pH be-
tween 6.0 and 8.0 (Fig. 5). The reversal voltage increased
monotonically with decreasing pH in this range; however,
the theoretical value of the reversal voltage, calculated
assuming that protons are the only conducting ion and pH;,
= 7.5 (see above), differed significantly from the measured
value throughout the range (Fig. 5 A), and this difference
became greater for the lower values of pH. The membrane
conductance (in a 30-mV range spanning the reversal volt-
age) increased monotonically with decreasing pH (Fig. 5 B).
In control experiments, we tested for altered membrane
conductance induced by decreased pH;,. Sufficient meth-
anesulfonic acid was injected into each of five uninjected
oocytes to reduce pH;, to ~6.5 (see Fig. 2 B). The current-
voltage relationship before and after injection was com-
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pared, and no significant changes were measured. Thus, the
results of measurements of the current-voltage relationship
of the amantadine-sensitive current studied at various values
of pH,,, are consistent with the M, channel conducting
protons, but leave open the possibility that other ions might
also be conducted.

The discrepancies between measured and theoretical re-
versal voltages (Fig. 5 A) suggested that ions other than H™
might be conducted through the M, ion channel. Thus, we
measured the current-voltage relationship of the amanta-
dine-sensitive current under various ionic conditions. This
was done for at least four oocytes of each of the three M,
protein subtypes for each ion substitution tested. All of the
changes we report were reversible. We attempted to omit
monovalent ions entirely, but when NaCl was replaced with
mannitol or was omitted, the changes were always irrevers-
ible. We found that replacement of CI~ with methanesul-
fonate™ resulted in no systematic change in either reversal
voltage or conductance at pH 6.2 (data not shown). We also
found that replacement of Na* with any of the following
resulted in no systematic change in reversal voltage or
conductance: Cs*, K*, Rb™, N-methyl-p-glucamine*, or
tetrabutylammonium™* (Tables 1 and 2). However, replace-
ment of Na™ with Li* (Fig. 6 and Tables 1 and 2) resulted
in a decrease in conductance for all three M, protein sub-
types and a shift in reversal voltage to more negative values
for the Udorn and Weybridge M, protein subtypes; the
reversal voltage for the Rostock M, protein subtype was not
altered by this substitution. This difference in the current-
voltage relationship is not unexpected in view of the differ-
ences in amino acid sequence in the transmembrane do-
mains of the three subtypes of M, protein. In addition, the
replacement of Na* with NH,* (Fig. 6) resulted in an
increase in reversal voltage to more positive values for all
three M, protein subtypes and an increase in conductance
for all three M, protein subtypes. Oocytes expressing the
Rostock and Weybridge M, protein subtypes consistently
showed and oocytes expressing the Udorn subtype occa-
sionally showed inward rectification when bathed in solu-
tions in which NH,™ was substituted for Na™. Neither of
these ionic substitutions altered the acidification of the
oocyte when it was incubated in low pH solution (see
above). These results suggest that there are other ions in
addition to H™ that are conducted by the M, ion channel.

TABLE 2 Fractional change of oocyte conductance due to replacement of all extracellular Na* with various ions

Principal cation

M, protein subtype Li* K* Rb™* Cs™* NMDG™* TBA* NH,”*

Udorn 0.58* +0.15 0.98 *+ 0.26 1.01 £ 0.26 1.28 £ 0.25 1.07 £ 0.28 1.32 £ 0.38 3.58* + 0.67
Weybridge 0.43* = 0.15 0.99 + 0.21 1.24 £ 0.29 1.28 £ 0.22 1.17 £ 0.25 1.46 = 0.33 2.32*% £ 0.76
Rostock 0.40* = 0.18 1.11 £0.12 1.07 = 0.13 1.10 £ 0.17 1.24 = 0.15 127 £ 0.16 1.57* * 0.31

Measurements made as in Table 1. Data are mean = SEM; number of cells as in Table 1.

*p < 001.
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FIGURE 4 pH dependence of the current-voltage relationship of an
oocyte expressing the Rostock subtype M, protein. The amantadine-sen-
sitive currents were determined at six values of extracellular pH between
6.0 and 7.5. The measurements were begun at pH 7.5 and the changes were
reversible. Note the increase in conductance and shift in reversal voltage to
more positive values at the lower pH.

Studies with the flux of ®Rb

The finding that replacement of Na* with Cs*, K*, Rb*,
N-methyl-p-glucamine™, or tetrabutylammonium™ did not
alter the reversal voltage or conductance of oocytes signif-
icantly could be interpreted to mean that these substituent
ions are either all impermeant or that they are all nearly as
permeant as Na™. In an effort to distinguish between these
possibilities, we measured the influx of Rb* into oocytes
that expressed the Rostock M, protein subtype. This exper-
iment was done in the following way. First, many oocytes
from two Xenopus were injected with the mRNA for the
Rostock M, protein subtype and incubated, alongside unin-
jected control oocytes, for 2 days in ND96. The expression
of M, protein was checked by testing the currents of oocytes
from each Xenopus, and the remaining M,-expressing o0o-
cytes were then divided into two groups consisting of equal
numbers of oocytes from each Xenopus. One group was
incubated in Barth’s solution at pH 7.5 without amantadine
and the other group was incubated in Barth’s solution at pH
7.5 with amantadine (100 uM) for 1 h. Both groups were
then incubated in a solution of pH 6.2 containing 50 nCi/ul
86Rb and in which all Na* was replaced by Rb*. Amanta-
dine (100 uM) was also added to the one group incubated at
pH 6.2 that had been incubated in amantadine at pH 7.5. At
10 time points after the beginning of the incubation at pH
6.2, samples of 20 oocytes were removed from each group,
washed 10 times with 5 ml Barth’s solution (pH 7.5) within
5 min, homogenized in water, and 3°Rb uptake was deter-
mined by scintillation counting. The amantadine-sensitive
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FIGURE 5 pH dependence of the reversal voltage and conductance of
oocytes expressing the M, protein. The reversal voltage (A) and conduc-
tance (B) of the amantadine-sensitive currents are plotted as a function of
extracellular pH for ooyctes expressing the Udorn (O), Weybridge (A), and
Rostock ([J) subtype M, proteins. Measurements were made within 15 s of
changing extracellular pH from pH 8.0. All changes were reversible.
Details of measurements are given in Materials and Methods. The straight
line in A shows the theoretical value of reversal voltage, calculated from
the applied extracellular pH and intracellular pH 7.5 (see text).

Rb™ influx (Fig. 7) was calculated as the difference between
the radioactivity in the two groups and was seen to occur
with a time course that resembled that of the acidification of
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FIGURE 6 Current-voltage relationship of the amantadine-sensitive current of oocytes expressing the M, protein bathed in solutions of varied ionic
composition at pH 6.5. (A) Udorn, (B) Weybridge, and (C) Rostock subtype M, proteins. Note that replacement of all Na* with NH," resulted in a more
positive reversal voltage and higher conductance for all three subtypes and that replacement of all Na* with Li* resulted in a lower conductance for all
three subtypes and a less positive reversal voltage for the Udorn and Weybridge subtype M, proteins. All measurements were made within 15 s of changing
the solution, and all changes were reversible. See Tables 1 and 2 for effects of other ion substitutions.

individual ooyctes (Fig. 2 A). Control oocytes also dis-
played an influx of Rb™ (about half of the total influx of
M,-expressing oocytes), probably through a ouabain-sensi-
tive Na*-K* ATPase (see O’Connor et al., 1977), but the
influx was not amantadine-sensitive (data not shown). In a
second experiment, we confirmed the amantadine-sensitive
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FIGURE 7 Amantadine-sensitive influx of Rb* into oocytes that ex-

pressed the Rostock subtype M, protein. Groups of 20 oocytes (each
containing 10 oocytes from two different frogs) were incubated in Barth’s
solution (pH 7.5) until ¢ = 0, at which time they were placed in a solution
of pH 6.2, with or without amantadine, containing 50 nCi/ul *Rb in which
Na* was completely replaced by Rb*. The difference between uptake per
cell of the group without amantadine and the group with amantadine is
plotted against time in the low pH solution.

influx of 3°Rb after 1 h of incubation and measured the
efflux of Rb™ by pre-loading many cells with 3Rb and then
measuring the remaining **Rb in samples of 20 cells 1 h and
2 h after placing the cells in Barth’s solution of pH 7.5 or pH
6.2. The remaining 3°Rb fell to about half the original value
in 1 h and fell to control values in 2 h for oocytes bathed in
solutions of either pH 6.2 or pH 7.5 (data not shown). We
were unable to control for the depolarization induced by
activation of the M, channel in these experiments because
the necessity to measure groups of oocytes precluded mea-
surements made in voltage clamp. We attempted to mimic
in control oocytes the depolarization of M,-expressing 0o-
cytes by altering the bathing medium. However, only very
small changes in resting voltage were evoked by replacing
Na* with N-methyl-p-glucamine (—0.5 = 2.7 mV SEM, N
= 6), replacing C1~ with methanesulfonate™ (3.3 = 1.6 mV
SEM, N = 6), or addition of 30 mM K* (8.7 = 5.1 mV
SEM, N = 6). These results demonstrate the presence of an
amantadine-sensitive flux of Rb* in oocytes that express the
M, ion channel.

Effect of altered pH,, on the activation of the M,,
ion channel

We took advantage of the decrease in pH;, that occurred
after prolonged incubation of M,-expressing oocytes in low
pH medium to see if a decrease of pH;, was able to activate
the channel in a manner similar to that observed with
decreased pH,,, (Pinto et al., 1992; Wang et al., 1995).
These experiments were done by measuring the current-
voltage relationship and pH;, of an M,-expressing oocyte
that was bathed in Barth’s solution at pH 7.5, lowering the
pH of the incubation solution to pH 6.2, and then remea-
suring the current-voltage relationship and pH;, at various
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times afterward. Finally, the pH of the incubation solution
was returned to pH 7.5 and the current-voltage relationship
and pH;, were remeasured (Fig. 8). This experiment was
performed with three cells that expressed the Rostock M,
protein subtype. For each of the cells, immediately upon
lowering pH,,,, from 7.5 to 6.2, the current-voltage relation-
ship shifted to more positive values and the conductance
increased, but the pH;, did not decrease significantly (Fig.
8). However, while the oocyte was incubated in the low pH
solution for increasingly longer times, the pH,, decreased
and the current-voltage relationship approached that found
originally at the higher pH,,,: the reversal voltage shifted to
more negative values and the conductance decreased. In
fact, the reversal voltage of the total membrane current of all
three cells was negative after acidification (pH;, < 7.0) of
the oocytes and did not have the positive value expected
from the H* gradient alone. After return of the pH of the
incubation solution to pH 7.5, the current-voltage relation-
ship shifted to more negative voltages than the current-
voltage relationship that was originally recorded at pH 7.5,
although the conductance near the reversal voltage did not
undergo a further decrease. Thus, reduced pH;,, had an effect
on the activation of the M, protein opposite that of reduced
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FIGURE 8 Dependence of current-voltage relationship of oocyte ex-
pressing M, protein on internal pH. The current-voltage relationship was
initially measured (using ramps spanning 120 mV in 8 s) at pH 7.5 (#1) and
again while the oocyte was incubated for a prolonged period in a solution
of pH 6.2 while the internal pH was measured with a pH electrode. Note
that the reversal voltage became more positive and the conductance be-
came greater immediately after the extracellular pH was decreased from
pH 7.5 to pH 6.2 (#2). However, as the ooycte was incubated in the low pH
solution for 30 min, the current-voltage relationship (#3) approached that
originally recorded at pH,,, = 7.5. At the end of 30 min of incubation in
pH 6.2 the pH;, became 6.7, the pH,,, was then returned to 7.5, and the
current-voltage relationship was again measured (#4).
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DISCUSSION
lon selectivity

The findings that oocytes which express the M, protein
became acidified when incubated in medium of low pH
(Fig. 1) and that this acidification was inhibited by aman-
tadine suggest that the M, channel conducts protons. How-
ever, this result has to be interpreted cautiously because
activation of the M, channel of oocytes that are not voltage-
clamped results in membrane depolarization, and this depo-
larization may activate other channels that conduct protons.
Therefore, we measured the time course of acidification of
oocytes under voltage-clamp conditions and found that
there is an amantadine-sensitive acidification (Fig. 2 A).
Other workers (Cicirelli et al., 1983; Fei et al., 1994) have
found that uninjected oocytes undergo acidification when
bathed in a medium of low pH. We found no such acidifi-
cation; perhaps the difference in results stems from our use
of oocytes at stage V as opposed to the stage VI oocytes that
were probably used in these studies. The ionophore used in
the pH electrode has very high selectivity against all of the
ions encountered in this experiment. These results confirm
measurements made with the fluorescence indicator method
(Schroeder et al., 1994). We therefore conclude that the M,
ion channel is capable of carrying protons, consistent with
the roles proposed for the M, ion channel in virion uncoat-
ing and in equilibrating the pH of the lumen of the trans-
Golgi network with the cytoplasm in virus-infected cells.
Several lines of evidence suggest that the M, ion channel
may be capable of conducting cations in addition to the H*.
First, the plot of the reversal voltage of the amantadine-
sensitive current as a function of pH,, departed from the
Nernst prediction for H* (Fig. 4). Although it is possible
that there was a difference between the pH of the cortex and
the medulla of the ooplasm (where the tip of the pH elec-
trode lies in our experiments; Fig. 2 A), this result is incon-
sistent with the results of currents measured in transformed
MEL cells that were induced to express the M, protein
(Chizhmakov et al., 1995), perhaps because of the limited
range of pH that can be tested with the MEL expression
system. Second, we found that the reversal voltage of the
current-voltage relationship of the .amantadine-sensitive
current became more negative when Li™ replaced Na™ for
two M, protein subtypes, and the conductance became
smaller for all three M, protein subtypes with this ionic
substitution (Fig. 6). The effect of Li* was not to act as a
blocker because the time course of acidification was not
slowed in the presence of Li* (see above). When NH,*
replaced Na™ in the bathing medium the reversal voltage
became more positive and the conductance greater for all
three M, protein subtypes. The change in reversal voltage
was not due to the alkalinizing effects of the NH,/NH,™*
buffer because the time course of acidification of oocytes in
this solution did not differ from that in Barth’s solution. An
earlier study (Burckhardt and Fromter, 1992) showed acid-
ification of uninjected oocytes bathed in NHy/NH,* buffer;
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however, we observed no consistent alteration of pH;, of
uninjected oocytes in this condition. We suspect that a
difference in the stage of oocytes used may explain the
variation in result. The third line of evidence that the M, ion
channel may conduct cations in addition to H* came from
experiments in which the reversal voltage was measured
while the oocyte became acidified when bathed in medium
of low pH (Fig. 8). As the pH,, fell from pH 7.5 to pH 6.7
(while the oocyte was bathed in medium of pH 6.2), the
reversal voltage changed from about +15 mV to about —10
mV. If H" were the only conducting ion, the reversal
voltage should have remained positive. As control oocytes
that were injected with acid did not undergo any measurable
change in membrane current, it is unlikely that the Na*-H*
antiporter (DeCoursey and Cherny, 1994) contributed sig-
nificantly to the membrane currents we recorded. The fourth
line of evidence was the finding of an amantadine-sensitive
Rb™ influx of M,-expressing oocytes. Thus, ions other than
the H* are probably conducted through the M, ion channel.

In an attempt to determine the identity of other ions that
may be carried by the M, ion channel, we found that
replacement of Na™ in the bathing medium with Cs*, K™,
Rb*, N-methyl-p-glucamine™, or tetrabutylammonium™
had little effect on reversal voltage or conductance of the
amantadine-sensitive current. Thus, these data lead to the
paradox of being unable to conclude, on the basis of this
experiment alone, whether these ions had conductance
equal to or much lower than that of Na*. However, the
results of the tracer experiments with Rb™ (Fig. 7; discussed
below) are consistent with, but do not prove, the proposition
that this ion is capable of being conducted by the M,
protein. The total membrane current of oocytes expressing
the M, protein was reported earlier to be affected by re-
placement of Na* with N-methyl-p-glucamine™ (Pinto et
al., 1992); however, in the present study this observation
was not repeated consistently and, of more importance, the
amantadine-sensitive current was not consistently shifted by
this replacement (Tables 1 and 2). In a study of the reversal
voltage of currents of lipid bilayers into which purified M,
protein was introduced (Tosteson et al., 1994), the follow-
ing ionic selectivity sequence was found: Rb* > K* > Cs™
~ Na* > Li*. The present results are consistent with Li*
having lower conductance than Na* and with an amanta-
dine-sensitive Rb* flux, but do not allow a determination of
the selectivity of the remaining ions. A rough calculation of
the relative ionic permeabilities, made from the reversal
voltage at pH,,, = 6.2, shows that protons are much more
permeable (about 10°-fold) than other conducting ions.

A tracer experiment confirmed the presence of a mem-
brane flux of an ion other than protons. We showed that
oocytes expressing the M, protein have an amantadine-
sensitive Rb* influx (Fig. 7) and efflux when bathed in a
medium of low pH. The time course of the influx resembled
the time course of acidification of the ooplasm (Fig. 2 A).
However, the nature of this experiment required the mea-
surements to be made on pools of 20 oocytes and therefore
could not be done under voltage-clamp conditions. Thus, we
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cannot exclude the possibility that the amantadine-sensitive
flux resulted from the activation of another channel by the
amantadine-sensitive depolarization or decreased pH;,
evoked by low pH_,,. We were not able to control for this
latter possibility because there is no simple way to depolar-
ize control oocytes to about +20 mV in the absence of an
exogenous channel. Thus, these experiments support, but do
not prove, the notion that the M, channel is capable of
conducting ions other than H*. If it becomes possible to
record single-channel currents from the M, ion channel
molecular complex, it will be possible to resolve the re-
maining uncertainly of the ionic mechanism.

The interpretation of these experiments depends on the
assumption that the amantadine-sensitive current and the
current that flows through the M, channel are one and the
same. Although it is a formal possibility that these two
currents are not equal, we think that this possibility is
unlikely for several reasons. First, all of the currents mea-
sured were low pH-activated but neither voltage-activated
nor time-dependent (Shimbo et al., 1995). Second, the con-
centration of amantadine routinely used (100 uM) was
lower than that needed for inhibition of other channels, and
the results obtained were confirmed when a lower (10 uM)
concentration of amantadine was used (data not shown).
Third, the amplitude of the current of M,-expressing oo-
cytes is proportional to the mass of M, protein expressed
(Shimbo et al., 1995). Because contol oocytes had no de-
tectable amantadine-sensitive current, the only way in
which these requirements could be met is by a previously
unreported endogenous channel or a transporter that is nor-
mally silent and is up-regulated in the presence of the M,
protein to have all of the above properties, a possibility we
believe to be remote.

Activation

Previous studies have shown that the M, ion channel, ex-
pressed in mammalian cells (Wang et al., 1994) or in
Xenopus oocytes (Pinto et al., 1992; Wang et al., 1993,
1995), is activated by lowered pH,,,, and that this activation
depends upon histidine;; (Pinto et al., 1992; Wang et al,,
1995). The present experiments demonstrated that lowering
of pH,, was accompanied by a decrease in the amantadine-
sensitive conductance (Fig. 8), consistent with a decrease of
pH;, having an effect opposite the activation due to reduced
pH,,.. In fact, upon return of the pH of the bathing medium
to pH 7.5, the reversal voltage became more negative than
its original value at pH 7.5. The reduction in activation that
was observed with decreased pH;, must be effected by a
different molecular mechanism from that which is respon-
sible for activation resulting from decreased pH,,,.

implications for influenza A virus

The demonstration of H* conductance of the M, ion channel
provides direct data to support the suggestions of previous
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studies that the channel is capable of acidifying the interior of
the virion as a prerequisite to viral uncoating (reviewed in Hay,
1992; Helenius, 1992; Marsh, 1992; Skehel, 1992; Lamb et al.,
1994). Furthermore, the demonstration of H* conductance of
the M, ion channel confirms the notion that the channel can
equilibrate the H" gradient between the lumen of the TGN and
the cytoplasm (Sugrue and Hay, 1991; Hay, 1992; Takeuchi
and Lamb, 1994). However, the acidification of the virion
would be incomplete if the only ion channel in the virion
membrane were a H* conducting channel; in the absence of a
counter-ion only a few H* would enter the virion before an
unacceptable membrane potential developed. Our results sug-
gesting that cations other the H" are also conducted by the M,
protein are consistent with the interpretation that the M, chan-
nel itself is capable of providing the flow of the needed
counter-ion.

The finding that reduced pH,, attenuates the activation of
the M, protein that results from reduced pH,,, is consistent
with the roles proposed for the M, protein. This attenuation
would serve to limit the influx of H* once the virion interior
was sufficiently acidified. Thus, the ion selectivity and
activation properties we found for the M, protein are well
suited for the proposed roles of the protein in the life cycle
of influenza A virus.
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