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The viral ion channel protein M2 supports the transit of influenza virus and its glycoproteins through acidic
compartments of the cell. M2 conducts endosomal protons into the virion to initiate uncoating and, by equil-
ibrating the pH at frans-Golgi membranes, preserves the native conformation of acid-sensitive viral hemag-
glutinin. The exceptionally low conductance of the M2 channel thwarted resolution of single channels by elec-
trophysiological techniques. Assays of liposome-reconstituted M2 yielded the average unitary channel current
of the M2 tetramer—1.2 aA (1.2 X 1073 A) at neutral pH and 2.7 to 4.1 aA at pH 5.7—which activates the chan-
nel. Extrapolation to physiological temperature predicts 4.8 and 40 aA, respectively, and a unitary conductance
of 0.03 versus 0.4 fS. This minute activity, below previous estimates, appears sufficient for virus reproduction,
but low enough to avert abortive cytotoxicity. The unitary permeability of M2 was within the range reported for
other proton channels. To address the ion selectivity of M2, we exploited the coupling of ionic influx and efflux
in sealed liposomes. Metal ion fluxes were monitored by proton counterflow, employing a pH probe 1,000 times
more sensitive than available Na* or K* probes. Even low-pH-activated M2 did not conduct Na* and K*. The
proton selectivity of M2 was estimated to be at least 3 X 10° (over sodium or potassium ions), in agreement
with electrophysiological studies. The stringent proton selectivity of M2 suggests that the cytopathology of in-

fluenza virus does not involve direct perturbation of cellular sodium or potassium gradients.

Viruses such as influenza virus (A, B, and C) and human
immunodeficiency virus have evolved ion channel proteins that
assist their invasion of the host cell or their egress from the
biosynthetic machinery (for reviews, see references 14, 19, and
20). As the first viral ion channel protein to be discovered, as
well as the target of the classic antivirals amantadine and
rimantadine, the influenza A virus M2 protein has become the
paradigm of this new class of viral proteins. For uncoating, the
virus is dependent on the acidity of the endosome, but to
protect the maturation of acid-sensitive hemagglutinin (HA [of
the H7 and H5 subtypes]), it needs to avoid the low pH in the
trans-Golgi network (TGN). The M2 protein fulfills both of
these functions by equilibrating membrane pH gradients (14).

We developed procedures for the expression, isolation, and
reconstitution of the M2 protein into liposomes, as well as a
functional assay, demonstrating that M2 translocates protons
in a rimantadine-sensitive manner (36). We now present quan-
titative data on single-channel conductance and ion selectivity
determined in this system.

The initial report (28) on the electrophysiology of the M2
protein and several later studies represented M2 as an acid-
activated sodium ion or unspecific monovalent cation channel
(37, 41, 42). On the other hand, whole-cell recordings of M2-
expressing MEL cells confirmed our observation of proton
conductivity and, furthermore, showed that the channel was
virtually impermeable to sodium ions (3, 27). Pinto and co-
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workers in a very recent electrophysiological study uncovered
causes for these apparent discrepancies and came to the con-
clusion that plasma membrane-expressed M2 protein is proton
selective as well in Xenopus oocytes and CV-1 cells (26).

The extremely low activity of the M2 ion channel has pre-
cluded the resolution of single proton channels by electrophys-
iological methods (3, 25, 27); however, the quantitative defini-
tion of the proteoliposome assay system (23, 36) has now
enabled the determination of an average single-channel con-
ductance for the M2 protein. We have also adapted our system
to reveal the differences in selectivity of the isolated M2 pro-
tein for the physiological monovalent cations (protons, sodium,
and potassium ions), avoiding interference by other proteins
and cellular components present during whole-cell electro-
physiological recordings. We found that the M2 protein did not
conduct sodium or potassium ions either at neutral pH or at
the weakly acidic pH that activates the proton channel.

MATERIALS AND METHODS

Expression isolation, and quantification of the M2 protein. The M2 protein of
influenza A/Germany/27 virus (H7N7 “Weybridge”) was expressed from a re-
combinant baculovirus in Trichoplusia ni insect cells and purified essentially as
described previously (36), except that immunoaffinity chromatography was done
by fast protein liquid chromatography (FPLC). The eluate was desalted, re-
buffered into a mixture of 20 mM HEPES-buffered saline (pH 7.8) (HBS) and 40
mM B-octylglucoside (OG), and concentrated through Centriprep 30 or Cen-
triplus 30 membrane (Amicon Millipore) at a relative centrifugal force of 1,500,
and insoluble material was discarded. The purity of the M2 protein was analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
staining with colloidal Coomassie (GELCODE Blue stain reagent; Pierce, Rock-
ford, I1l.), and Western blotting. The preparation was checked for degradation
products by developing Western blots with antibodies to the N terminus (K2) and
C terminus (R54 or R66) of M2.

For native, horizontal agarose protein electrophoresis the REP automatic



3648 LIN AND SCHROEDER

electrophoresis system (Helena Laboratories, Sunderland, United Kingdom),
used in the diagnostics of human high- and low-density lipoprotein (HDL and
LDL, respectively), was adapted. Custom-made 1% agarose gels in sodium
barbital (pH 8.3) (HDL Plus Gel) were run at 4,000 V for 20°C for 5 min. The
1-pl samples contained 250 to 500 ng of M2 protein in HBS-OG. Where indi-
cated, 0.05% sodium taurodeoxycholate or 0.34% Servablue (Coomassie blue;
Serva) was included. The protein standard was human HDL-LDL (Helena Lab-
oratories). Agarose gels were fixed in 10% acetic acid for 10 min at room
temperature, washed with distilled water, stained with a cholesterol detection kit
(REP HDL Plus reagent; Helena Laboratories), subsequently re-hydrated,
washed in blotting buffer (25 mM Tris, 40 mM 6-amino-n-hexanoic acid, 20%
methanol), and contact blotted onto nitrocellulose.

The concentration of M2 preparations was determined by UV spectroscopy
from the absorbance maximum at 278 nm, the molar extinction coefficient
(&ota1)s and the molecular weight of the M2 tetramer, 45,560. The molecular
weight was calculated from the sequence of Weybridge M2 (PubMed accession
no. S07946, PID 77196) amino acids 2 to 97, including four phosphate and four
palmitate groups: €, = no. of Trp X €, + no. of Tyr X &, + no. of Cys X
€cys» Where ey, = 5,560, &1y, = 1,200, and €cys = 150 (2).

Reconstitution of M2 into liposomes. Depending on the type of liposome to be
prepared, the isolated protein was rebuffered into buffer containing a single
metal ion; KPS (12 mM K,HPO,, 50 mM K,SO, [pH 7.4]) or NaPS (12 mM
Na,HPO,, 50 mM Na,SO, [pH 7.4]). Complex liposomes (45) were composed of
phosphatidylcholine (P7763; all lipids from Sigma), sphingomyelin (S0756),
phosphatidylethanolamine (P8704), phosphatidylserine (P6641), phosphatidyl-
inositol (P0639), gangliosides (G9886), and cholesterol (C8667) (molar ratio,
10:3:3:1:0.5:0.32:14), and simple liposomes (6) contained L-a-dimyristoylphos-
phatidylcholine (DMPC)-phosphatidylserine (PS) (85:15). M2 and control vesi-
cles were prepared as described previously (23, 36) with 0.2 mol% valinomycin,
except for ion selectivity and inhibitor preincubation experiments, in which
ionophores were omitted. The lipid film was carefully taken up in 10 wl of 400
mM OG, followed immediately by 90 pl of buffer (NaPS or KPS) and 50 pg of
M2 in 100 pl of the same buffer containing 40 mM OG at 37°C. Liposomes were
formed in a dialysis cassette (Slide-a-lyzer; Pierce) by dialysis against three
changes (every 4 h and overnight) of 3 vol of the same buffer, followed by three
changes of 10 vol, and finally 2 changes of 5 liters for 12 h in the presence of
Amberlite XAD-2 (Sigma). All buffers except the last contained 0.04% sodium
azide. The fluorescent pH indicator pyranine (2 mM; Molecular Probes), present
during the first two steps of dialysis, became entrapped in the liposomes. The
integrity of liposome-inserted M2 was checked by PAGE and Western blots.
Control liposomes were prepared in parallel without M2. The internal pHs of M2
and control vesicles are often not identical (23).

Determination of the size and buffer capacity of the liposomes. The size of the
liposomes was determined by photon correlation spectroscopy (12, 22) with a
Coulter model N4MD Sub-micro Particle Analyzer with multiple scattering
angle detection and size distribution processor analysis (30). Assays were run in
duplicate or triplicate at 18°C. The buffer capacity of the liposome lumen was
calculated as described by Dencher et al. (6) from the decay kinetics of a pH
gradient by using liposomes made up in 12, 24, or 36 mM potassium phosphate
buffer and 100 mM KCI.

Analysis of the orientation of the M2 protein to the liposome membrane. M2
vesicles (100 pl) were digested with trypsin (20 pg) for 30 min at 37°C and
immediately diluted into ice-cold 100 mM Tris-HCI (pH 7.4)-1% Triton X-100.
To assess N- and C-terminal accessibility to trypsin, 1-pl aliquots were spotted
onto two nitrocellulose sheets subsequently developed with rabbit sera specific to
the N terminus and the C terminus of M2. Digests were also analyzed by PAGE
and Western blots.

Cation translocation assay. Reagents were equilibrated and reactions were
usually recorded at 18°C. M2 or control vesicles (5 to 10 pl) were injected into
2 ml of incubation buffer, NaPS, or KPS with a syringe. Where indicated,
ionophores (monensin, 5 nM; or valinomycin, 50 nM) were added. The sample
was stirred continuously. Pyranine emission at 510 nm at two excitation wave-
lengths (410 and 460 nm) was recorded essentially as described previously (36) at
1-s intervals with an SLM AB 2 fluorimeter (Aminco-Bowman). The fluores-
cence ratio, calibrated with standard buffers (KPS or NaPS at pH 5.0 to 9.0 in
increments of 0.1 to 0.2 pH units), is proportional to the internal pH of the
liposome (6). Plots were generated as the average of three to five recordings.
Inhibitor studies were performed by preincubating vesicles in the presence of
rimantadine under incubation conditions and triggering proton translocation by
adding ionophore.

Derivation of single-channel permeability. Under constant field conditions (1)
at the reversal potential (E,.,), the single-channel permeability (p) for an ion
(X*) is related to the single-channel conductance vy = pZ'[X*],u (X" |in
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(X owe — [XT i)', with Z' = E,2>F3(RT) 2. F is the Faraday constant, R is
the gas constant, T is the absolute temperature, and z is the charge. When
calculating p from v, a factor of 1,000 is introduced to transform the units of
volume from liters to cubic centimeters. As demonstrated by Ogden et al. (3, 27),
the E., of M2 is close to the proton equilibrium potential. Therefore Z' =
2.303ApH X F(RT)™' = Z x ApH X T~'. For [H"];, << [H"],u:, the equation
reduces to y = pZ X ApH X T~! [H*];,. For other ion channels, the unitary
permeability was calculated from published conductance and relative permeabil-
ity (a) data by using the formula y = pZ'([K*]ou — [K¥]in + «[H ]ou) "
(KM out + o[H ]ou)[K ]in (1), the Goldman-Hodgkin-Katz equation. In the
absence of a concentration gradient, the proton permeability of a symmetric ion
channel is expressed by the relation p = yRTz ™2 F~2 [H*]™! (35).

RESULTS AND DISCUSSION

Characterization of the purified M2 protein and its inser-
tion into liposomes. We have shown previously that the puri-
fication scheme yields M2 free of other proteins (36). The
original procedure was scaled up, and immunoaffinity chroma-
tography was performed by FPLC, yielding 0.5 to 1 mg of M2
per run. Purity was checked by SDS-PAGE, with about 1 pg of
the M2 protein loaded per lane and with Coomassie blue
staining (Fig. 1A). Because M2 stains very poorly with Coo-
massie blue (36), the M2 load is very high and protein con-
taminants are likely to be visualized. The concentration of
purified M2 protein was determined by UV spectroscopy. The
presence of degradation products was assessed by developing
Western blots with antibodies to both termini of the protein.
Figure 1A and B show three M2 preparations, two of which (II
and III) contain a C-terminal degradation product. M2 forms
a tetramer (15, 39), but SDS-PAGE resolves higher oligomers
>200 kDa that are partially refractive to boiling with SDS and
reducing agents (15, 36, 39). Such a high-molecular-mass com-
plex predominates in the more concentrated preparation I,
with hardly any tetramer stained by Coomassie blue (Fig. 1A),
although visible in the blot (Fig. 1B). Large M2 complexes
>200 kDa transfer inefficiently from polyacrylamide gels to
blots (36).

Native gel electrophoresis was employed to investigate the
homogeneity of M2 preparations. Polyacrylamide gradient gels
at different pHs in the presence of neutral detergents like
Triton X-100 or OG caused M2 protein to smear. When the
anionic dye Coomassie blue (“blue native electrophoresis” in
references 33 and 34) or the nondenaturing anionic detergent
taurodeoxycholate were incorporated into sample and running
buffers to complex the protein, the laddered band structure
was similar to that resolved by SDS-PAGE (data not shown).
However, electrophoresis through 1% agarose, which sepa-
rates proteins on the basis of charge and shape, proved a
suitable medium for native gel electrophoresis. Here M2 mi-
grated as a single band in the presence of nonionic or anionic
detergents (OG or taurodeoxycholate) or Coomassie blue (Fig.
1C), suggesting that its tendency to form a spectrum of oli-
gomers on polyacrylamide gels, sucrose gradients, and Super-
ose 12 gel filtration (data not shown) is influenced by experi-
mental conditions. The mobility of the M2 band was somewhat
greater in the presence of Coomassie blue, which confers a
greater negative charge to the protein (Fig. 1C).

Since the permeabilities of channel proteins differ in the
inward and outward directions according to their physiological
function, the polarity of the M2 protein to the liposome mem-
brane had to be determined. The orientation of the protein was
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FIG. 1. Characterization of isolated and liposome-reconstituted M2 protein. (A) SDS-PAGE (12.5% polyacrylamide) of M2 preparations (I,
II, and III) stained with Coomassie blue. Left lane: Amersham RPN800 molecular mass markers (in kilodaltons). (B) Aligned Western blots of
the same gel, developed with antiserum to the M2 N terminus (left panel) or C terminus (right panel). 1, monomer; 2, dimer; 4, tetramer. (C)
Native 1% agarose gel. Lane 1, 500 ng of M2 plus 40 mM OG; lane 2, protein standard HDL-LDL; lane 3, 250 ng of M2 plus 0.34% Coomassie
blue; lane 4, 250 ng of M2, 0.05% taurodeoxycholate, and 40 mM OG. In the right panel, the gel was stained with a cholesterol detection kit to
visualize the protein standard in lane 2 (LDL in the upper band and HDL in the lower band). Lane 3 shows prestained M2 and unbound Coomassie
blue at the front indicated by a line. The left panel shows an aligned Western blot, developed with anti-M2 rabbit serum. <, loading pockets. (The
HDL-LDL standard contained a nonspecifically reacting band migrating to the cathode.) (D) Orientation of liposome-reconstituted M2. Serial
twofold dilutions of M2 vesicles, prepared with NaPS (Na*) or KPS (K™"), digested with trypsin in the absence (+) or presence of 40 mM OG (OG),
and untreated controls (—) were dot blotted and developed with antiserum to the M2 N terminus (upper panel) or C terminus (lower panel).

probed by digesting M2 vesicles with trypsin. Digests were
analyzed by PAGE, Western blotting (not shown), and quan-
titative dot blotting (Fig. 1D) with antisera specific to the N
and the C termini. M2 sequences within the liposome were
masked from proteolysis, but permeabilization of vesicles with
40 mM OG allowed total degradation of M2 during trypsiniza-
tion. Liposomal M2 was degraded from both termini with
equal efficiency, leaving half of the material intact, thus dem-
onstrating random membrane insertion. Therefore, only half
of the liposomal M2 population is engaged in proton translo-

cation, depending on the direction of proton flux (into or out
of the vesicles).

Stringent proton selectivity of the M2 channel. The objec-
tive of this study was a comparison of the permeation of
protons and sodium and potassium ions through the M2 ion
channel. Available fluorescent Na™ and K" probes detect
physiological concentrations of these ions in the 1 to 150 mM
range (13). Considering that M2 is active at 10*- to 10°-fold-
lower proton concentrations, 0.04 to 10 pM (pH 5 to 7.4) and,
as detailed below, proton flux is minute, it was necessary to
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FIG. 2. Experimental setup for analysis of M2 activity and ion selectivity. (A) M2 vesicles containing either potassium or sodium ions and a
fluorescent pH indicator are introduced into assay buffers, which impose metal ion or pH gradients. The M2 protein is present in both orientations.
Metal ion fluxes coupled to proton counterflow are monitored via internal pH. (B) M2 vesicles containing sodium ions are introduced into a buffer
containing potassium ions. If no pH change is observed, an ionophore specific for the internal metal ion is added to elicit proton flux (arrow).
Addition of monensin (m) supports escape of Na* ions, enabling proton influx through M2. (C) Addition of an ionophore specific for the external
metal ion, valinomyin (v), supports K™ ion influx, enabling proton efflux through M2. (D) Introduction of M2 vesicles into a buffer lacking both

metal ions.

monitor Na* and K* fluxes with the same sensitivity as the pH.
This was achieved by an inversion of the fluorimetric assay of
proton translocation (36) as follows. M2 vesicles prepared in a
single-cation buffer were exposed to a medium containing the
other metal ion. In a closed liposome system, any ion flux is
coupled to a counterflow of ions compensating for the loss or
accumulation of charge in the liposome (7). It is therefore
straightforward to examine whether metal ion fluxes are me-
diated by the same molecular species as proton flux, i.e., by the
M2 protein, or require the introduction of other carriers. Cou-
pling allows Na™ or K" fluxes to be sensitively monitored via
the internal pH, as reported by pyranine fluorescence.

The setup of experiments investigating ion selectivity is il-
lustrated in Fig. 2. Figure 2A shows an M2 vesicle immersed in

incubation buffer. Ionic conditions and/or pH differ on either
side of the membrane. Cation flux in both directions was ex-
amined with respect to the N-C polarity of the M2 protein by
preparing vesicles containing either sodium or potassium ions
(the buffers NaPS or KPS) and assaying them in buffers con-
taining the other metal ion or impermeant cations and anions
(N-methyl-p-glucamine HEPES [NMDGH]). The experiment
illustrated in Fig. 2B and C involves vesicles prepared in NaPS,
which were introduced into KPS of the same pH, 7.4. Protein-
free control vesicles did not exhibit internal pH changes, indi-
cating that their membrane (of a complex lipid composition
similar to plasma membrane) (45) was impermeable to cations,
as required for these experiments (Fig. 3A). As expected, ex-
posure of these M2 vesicles to NaPS did not elicit any pH
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FIG. 3. Cation selectivity of the M2 ion channel in the presence of
Na™ and K" ions. (A) M2 (solid symbols) or control vesicles (open
symbols) containing NaPS were introduced into Na™- or K*-contain-
ing buffer. (B) M2 (solid symbols) or control vesicles (open symbols)
containing KPS were introduced into Na™ or K* buffer. Fluorimetri-
cally monitored internal pH is plotted against time; the initial pH is 7.4
on the outside of the membrane. The experimental setup is explained
in the legend to Fig. 2C and D. Addition of ionophores is indicated by
an arrow. Incubation buffers and added ionophores are displayed in
the box. Val, valinomycin; mon, monensin.

change. Moreover, exposure to KPS also caused no pH change,
demonstrating that M2 allowed neither an influx of K™ ions
nor an efflux of Na™ ions, either of which could have been
compensated for by proton counterflow. In contrast, introduc-
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tion of the sodium ionophore monensin (Fig. 2B) caused an
immediate pH decrease (proton influx), and the potassium
carrier valinomycin (Fig. 2C) elicited an immediate pH in-
crease (proton efflux) (Fig. 3A). Clearly, the ionophores en-
abled the metal ion counterflow necessary to drive proton flux
through M2.

In the “mirror” experiment, M2 vesicles were made up in K*
buffer and exposed to Na™ buffer. Again, there was no reaction
until an ionophore was provided. Valinomycin triggered a pH
decrease, while monensin caused a pH rise (Fig. 3B). In both
series of experiments (Fig. 3A and B), proton fluxes into or out
of the M2 vesicles were in the reverse direction to ionophore-
mediated metal ion flux. The ionophores are highly selective
for either Na* or K™ ions (8, 29). Obviously, the direction of
Na™ or K" flux depended both on the preset cation gradient
and the specificity of the ionophore, which either carried the
liposome-trapped metal ion outwards or moved metal ions
from the external buffer into the liposome.

In the experiments described above, both Na* and K* were
present. In the following experiment, illustrated schematically
in Fig. 2D, M2 and control vesicles prepared in NaPS (Fig. 4A)
or KPS (Fig. 4B) were introduced into the metal ion-free
buffer NMDGH. For clarity, the KPS and NaPS controls are
omitted, because they were included in Fig. 3. Again, no pH
change occurred unless the appropriate ionophore was added.
Thus, M2 was incapable of translocating potassium or sodium
ions into a metal ion-free medium.

Since the M2 ion channel is activated at weakly acidic pH (3,
28), it was conceivable that the activated channel also becomes
more permeable to other ions. When M2 vesicles prepared in
NaPS at neutral pH were introduced into K" or Na™* buffer at
pH 5.7, no ion fluxes were induced (Fig. 5). Hence, a higher
protonation state of the channel did not increase its perme-
ability to K™ or Na™ ions. Addition of valinomycin had no
effect, because an influx of potassium ions could not be bal-
anced by an efflux of protons against the pH gradient. In both
K" and Na™ buffer, only monensin elicited proton influx
through M2 by mediating the efflux of Na™.

Our experiments provide an estimate of the proton selectiv-
ity of the M2 ion channel as the ratio of the highest sodium or
potassium ion concentration (120 mM) at which metal ion flux
was not detectable and the lowest proton concentration (40
nM [pH 7.4]) at which proton flux was recorded. Therefore,
the proton selectivity of M2 with respect to sodium and potas-
sium ions is at least 3 X 10°. This is consistent with the value
of 1.7 X 10° previously determined by whole-cell recordings
with Weybridge M2-expressing MEL cells (3, 27) and with the
reevaluated proton selectivities of 1.8 X 10° and 1.5 X 10°
determined by patch clamping of CV-1 cells and Xenopus oo-
cytes expressing the M2 protein of influenza A/Udorn/72 virus
(26).

Determination of single-channel parameters unitary cur-
rent, conductance, and permeability. Because of the low chan-
nel activity of the M2 protein (27), it was imperative to ensure
that no other ion channel was present, since even tiny amounts
of a foreign activity could influence the conductance of the
proteoliposomes. Therefore, the susceptibility to the selective
M2 inhibitor rimantadine (reviewed in reference 14) was
tested. Figure 6 shows a complete block of proton transloca-
tion after a 5-min preincubation with 1 uM rimantadine, con-
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FIG. 4. Cation selectivity of the M2 ion channel in the presence of a single metal ion. M2 or control vesicles containing NaPS (A) or KPS (B)
were introduced into metal ion-free NMDGH buffer, as shown schematically in Fig. 2D. Monensin (A) or valinomycin (B) was added after 10 s
(arrow). ApH = pH;, — pHj, (t = 0's). The initial pH is 7.4 on both sides of the membrane. Other symbols are as introduced in the legend to Fig. 3.

firming the identity of the channel and the absence of inter-
fering activities. Moreover, the vesicular pH did not rise during
the preincubation period, proving that rimantadine did not
permeate the vesicles. The complex lipid composition em-
ployed here forms an effective seal against rimantadine per-
meation, in contrast to vesicles composed only of DMPC-PS
(23). In agreement with observations in whole-cell patch-clamp
studies (3, 27, 28, 44), preincubation is essential for total inhi-
bition of M2 by amantadine and rimantadine. The inhibitor
strengths of rimantadine were similar in KPS and NaPS and
somewhat reduced at a channel-activating lower pH,,, (data
not shown).

Proton fluxes through the M2 ion channel were calculated
from the internal pH on the basis of the volume and buffer
capacity of the liposome. Two types of liposome differing in
composition and size were analyzed (Table 1). Vesicles of
complex lipid composition had a significantly, 10-fold-larger
volume than simple DMPC-PS vesicles, as determined by pho-
ton correlation spectroscopy. Protein-free control vesicles were
generally 40% smaller than M2 proteoliposomes. The buffer
capacities which depend also on the phospholipid head groups
(6), were similar in both systems (Table 2). Complex M2 ves-
icles contained 500 M2 tetramers, and the simple vesicles con-
tained 100 M2 tetramers in both orientations to the membrane
(Fig. 1D).

Single-channel currents were determined from the initial
(1 s) proton translocation rate into vesicles containing valino-
mycin to support cation counterflow (Fig. 2). The variation in
activity between independent M2 preparations and recordings
did not exceed 40%. Two pH,,, were compared: pH 7.4, where
proton translocation is driven by the potassium ion concentra-
tion gradient and the channel is in its ground state, and pH 5.7,
which activates the channel (3, 27, 28). The vesicles contained
KPS (pH 7.4) with valinomycin incorporated in the membrane;
the incubation buffer was NaPS (pH 7.4) or KPS (pH 5.7).
Table 2 runs through the calculation of single-channel cur-
rents. The average proton translocation rates were similar for
both types of vesicles: 7.3 protons per s per tetramer in DMPC-

S and 7.7 protons per s per tetramer in complex vesicles (Table
2). At a pH,,, of 5.7, the flux increased to 17 and 26 protons
per second, respectively. The lipid composition therefore had
no significant influence on single-channel conductance.
These proton currents are equivalent to 1.2 to 4.1 aA, 4
orders of magnitude below the noise level (<10 fA) of whole-
cell patch clamp recordings previously defined as the upper
boundary of M2 unitary currents (27). Recently, Mould et al.
(25) offered three estimates of maximal M2 single-channel
currents (influenza A/Udorn/72 virus): first, ~10 fA, on the
basis of the dissociation rate of protonated histidine, given that
His37 is the activation site of the channel (43); second, ~1 fA,
from the proton diffusion rate and the minimal buffer concen-
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FIG. 5. Effect of acidic pH on cation selectivity of the M2 ion
channel protein. Vesicles prepared in NaPS (pH 7.4) were introduced
into NaPS or KPS at pH 5.7. The data are presented as plots of
differences between recordings on M2 vesicles and control (c) vesicles:
ApH = pH;,(M2) — pHj,(c). Ionophores were added at 20 s (arrow).
Incubation conditions: A, KPS, pH 5.7 (plus valinomycin); m, NaPS§,
pH 5.7 (plus monensin); @, KPS, pH 5.7 (plus monensin).
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FIG. 6. Inhibition of the M2 proton channel activity by rimanta-
dine. Vesicles prepared in KPS (pH 7.4) were introduced into NaPS
(pH 7.4), with 1 uM rimantadine, at 18°C and incubated for 5 min (®)
before addition of valinomycin to initiate proton translocation. Inhi-
bition without preincubation (O) was observed by introducing vesicles
into NaPS containing valinomycin and rimantadine. The uninhibited
reaction (A) was recorded in NaPS (pH 7.4), and the background (A)
was recorded in KPS (pH 7.4).

tration supporting M2 currents; and third, 0.5 fA, from the
total current recorded in M2-expressing oocytes and the esti-
mated number of M2 channels at the cell surface. The latter
approach is most similar to our own and was therefore scruti-
nized. Repeating the calculation, we obtained a result 10 times
lower than the reported 0.5 fA. Per oocyte, 3 ng of M2 was
expressed, generating a current of 0.7 wA at pH 6.2 and a
potential of —130 mV (25), in agreement with previous find-
ings of these authors, which were 0.16 and 0.26 pA per ng of
M2 in oocytes and CV-1 cells, respectively (16, 42). Three
nanograms of M2 is equivalent to 66 fmol or 4 X 10'° tetram-
ers (molecular mass of 45.6 kDa, predicted from the sequence
and modifications of M2) and translates into a single-channel
current of 17 aA. Following the assumption of Mould et al. that
only half of the M2 is expressed on the oocyte plasma mem-
brane (25), the value is 34 aA, and based on the somewhat
higher molecular weight of 60,000 used by these authors, the
single-channel current becomes 47 aA. This is still an order of
magnitude above the experimentally determined unitary cur-
rent (Table 2); however, the M2 proteins were from different
virus strains. Despite the purity and homogeneity of the iso-
lated M2 protein (Fig. 1), it is impossible to rule out or to
quantify inactive M2 in the preparation, which would cause an
underestimation of M2 activity. The average M2 single-chan-
nel parameters determined here will translate into higher val-
ues if open and closed states of M2 exist, which up to now have
proved impossible to resolve (27).

Proton translocation assays were run at 18°C, a standard
temperature for fluorimetric and electrophysiological ion
channel recordings (27). In order to obtain an estimate of
channel activity at physiological temperature, we monitored
the temperature dependence of M2 activity (Fig. 7). The assay
temperature was limited by the permeability increase of the
liposome membrane (Fig. 7A) near the lipid-phase transition
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temperature (6). The relation of M2 activity to 1/T was ap-
proximately linear up to 21°C and then leveled off (Fig. 7B).
Single-channel currents were extrapolated to 37°C by linear
extension of the plots, yielding a maximum of ~ 40 aA for the
low-pH-activated state of the channel.

Also of interest is the single-channel conductance, the quo-
tient of the current and the transmembrane potential. Assays
were performed at 150 mV (K* gradient) and —94 mV (pro-
ton gradient); the resting potential of cells is usually around
—70 mV (24). The unitary conductance of M2 was between 8
and 44 aS (Table 2). Low-pH activation enhanced the conduc-
tance 3.5- to 5-fold, a difference which extrapolated to >10-
fold (0.4 £S) at physiological temperature (Fig. 6 and Table 2).
Previously, whole-cell recordings on M2-expressing MEL cells
could not resolve single-channel conductance below 0.1 pS (3,
27). The unitary current and conductance of the M2 protein
are, to our knowledge, the lowest ever reported for an ion
channel. Before the single-channel parameters of the M2 pro-
tein were known, its designation as an ion channel remained
tentative. Compared to sodium or potassium channels with ion
transport rates of 107 to 10® per s, M2 seems to be an exceed-
ingly slow channel. M2 proton translocation rates of 7 to 26 per
s (Table 2) are closer to figures for transporters (10* to 10*
molecules per second) and pumps (1 to 1,000 ions per s)
(reviewed in reference 24).

Unlike the unitary conductance and current of an ion chan-
nel, which are positively correlated to the concentration of the
permeant, the single-channel permeability, p (reviewed in ref-
erence 1), as an intrinsic property is potentially more informa-
tive regarding the nature of a transport process. Since p is not
directly accessible to measurement and the equations by which
p is calculated only hold under restricted conditions, this quan-
tity is rarely tabled. Knowledge of the unitary conductance vy of
M2 allowed the derivation of p for one of the two experimental
conditions, the pH gradient (Table 2). As detailed in Materials
and Methods, y = p X Z X ApH X T~ '[H"];,. At 18°C, p =
5.4 X 107'% and 82 X 10~'? cm® s™! (for DMPC-PS and
complex vesicles), and extrapolated to 37°C, p = 74 X 107 '2
cm? s~ !, Unitary proton permeabilities of other ion channels
were estimated from published data (17, 32) as described in

TABLE 1. M2 and control vesicle parameters

Result for*:
P DMPC-PS Complex
arameter . .

vesicles vesicles
+ M2 Control + M2 Control
Diam (nm) 115 = 38 95=17 256 =97 221 =87
Surface (S [nm?]) 413 x 10* 2.83 X 10* 2.05x 10° 1.53 X 10°
Lipid content (2 X §/Sp; )’ 1.18 X 10° 0.81 X 10° 5.87 X 10° 4.37 X 10°

Total liposomes (1 mg)®  6.64 X 10'2 9.96 X 10'* 1.33 X 10'* 1.79 X 10"

Liposome vol (nm*)¢ 7.89 X 10° 448 X 10° 8.75 X 10° 5.62 x 10°

Total liposome vol (ul) 5.24 4.33 11.7 10.1
with 1 mg of liposomes

“ There were 100 M2 tetramers per liposome for DMPC-PS vesicles (50 in
either orientation) and 500 M2 tetromers per liposome for complex vesicles (250
in either orientation).

b Average lipid surface area (Spy) = 0.7 nm?.

¢ One milligram of liposomes contains 7.83 X 10'7 lipid molecules and 50 pg
of M2 (1.1 nmol = 6.65 X 10'* tetramers).

@ Liposome volume was determined by photon correlation spectroscopy (12,
22, 30).
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TABLE 2. Derivation of M2 single-channel parameters

Result for:
Parameter DMPC/PS vesicles Complex vesicles

1st determination 2nd determination 1st determination 2nd determination
PHou 7.4 5.7 7.4 5.7
Adp (mV)* 150 —94 150 —94
ApH;, (initial pH change/s) —0.1134 = 0.0362 —0.2664 = 0.0175 —0.0514 = 0.0210 —0.1701 = 0.0616
Initial proton translocation rate (dH*/dt [pmol/s])” 40.5 =129 95+6 429 +17.5 142 + 51
H*/s/M2 tetramer® 73*+23 172+ 1.1 7.7 +32 257+93
Unitary current at an average of 18°C (aA)? 1.2 2.7 12 4.1
Unitary current extrapolated to 37°C (aA)® 5 40 ND/ ND
Unitary conductance at 18°C (aS)* 8 29 8 44
Unitary conductance extrapolated to 37°C* 33aS 0.4 S ND ND
Unitary permeability at 18°C (cm® s ')" ND 54 %1012 ND 82X 1012
Unitary permeability at 37°C [em® s™!] ND 74 X 10712 ND ND

¢ Transmembrane potential.

b dH"/dt = ApH;, X B X V, where V is absolute liposome volume per assay (10 pg of liposomes, see Table 1) A and B is buffer capacity (6.8 mM for DMPC-PS

vesicles and 7.13 mM for complex vesicles).
¢ M2 with the ectodomain at the vesicle surface.
41 A = 6.25 X 10'® charges per s. 1 aA = 107 "% A.
¢ See Fig. 7.
/ND, not done.

& Unitary conductance (y) is the quotient of unitary current and transmembrane potential, 1 S = 1 A V™1,

" Unitary permeability (p) was derived from conductance as described in the text.

Materials and Methods. The relative permeability of a potas-
sium-activated cation channel (17; S. S. Kolesnikov, personal
communication) for H" and K™, 3,600:1 and y(K™") of 0.3 pS
([K+]out = [K+]in =10 mM7 pHin = pHout = 72> Erev =78
mV) yielded a unitary proton conductance of 0.9 fS and a
unitary proton permeability of 10~'' cm® s™", close to that of
the M2 protein. Desformylgramicidin, a peptide forming a
symmetric cation channel, has a proton conductance of 17 pS
at pH 2.5 (32). The simple relation p = yRTF~2 [H"] ! which
holds in this case of a nondirectional channel (35; P. Pohl,
personal communication) yields p = 1.4 X 1072 cm® s,
which is somewhat below the proton permeability of M2. Pub-
lished K* permeabilities of potassium channels are about an
order of magnitude lower: 1 X 1072 t02.6 X 10”2 cm?s™ ! (1,
9, 38). In summary, the single-channel current of M2 appears

A
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024,
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S 01
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especially minute because it is limited by the low physiological
proton concentration, but its unitary proton permeability is
within the range of other proton-conducting channels, support-
ing the classification of M2 as an ion channel, rather than
another type of transporter.

The following considerations indicate that the activity of M2
is sufficient to acidify the virus interior within less than a
minute. The initial pH decrease in DMPC-PS vesicles was 0.26
pH units per s (Table 1). Extrapolated to 37°C, the rate in-
creases ~15-fold. Since the virion has approximately the same
size as a DMPC-PS vesicle, but contains 4- to 10-fold-less M2
protein (46), initial acidification is expected to be of the order
of 0.4 to 1 pH unit per s. The acidification of the virion is driven
by the membrane potential and the pH gradient and is obvi-
ously dependent on the buffer capacity and the solute volume

B
-2,5
29 Q\
> -3,3
g
37 4 .
41 @ pHout7.4
O pHout57 ‘
45 : . ®
32 33 34 35 36
11T [K' x 109

FIG. 7. Temperature dependence of the proton translocation rate. (A) Proton translocation into M2 and control (c¢) vesicles. ApH = pH;, (t =
0) — pH,, (t = 1s). (B) Arrhenius plot. The initial proton translocation rate (v [M s™!]) was calculated from ApH,, as described in Table 1; log

v was plotted against 1/7.
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within the virion, which are not speculated upon here. The
function of M2 to equilibrate frans-Golgi pH (4, 5, 11), and
thus to avoid the low pH-induced irreversible conformational
change of HA (40), is apparently achieved by virtue of its high
level of expression on the membranes of the TGN (21, 31).
We have shown that the M2 ion channel is impermeable to
Na™ and K" ions in both flux directions, in its low-pH-acti-
vated state as well as in its ground state at neutral pH. Our data
prove that stringent proton selectivity and low single-channel
conductance are inherent to the M2 protein (i.e., independent
of other proteins or gating factors present in whole-cell exper-
iments). Both the low single-channel conductance and the
strict proton selectivity of the M2 protein allow it to function
with minimal perturbation of ionic conditions during virus rep-
lication. However, hyperexpression of wild-type M2 causes sig-
nificant cytotoxicity in cells cultivated in low-pH media, such as
insect (36) and yeast (18) cells. Influenza virus strains with
particularly acid-labile HA, like the Rostock strain, encode for
M2 proteins more active than Weybridge M2 (11), and certain
amantadine-resistant M2 variants are more active than the
wild-type proteins (10, 16, 28, 42, 43). Variant M2 proteins
with enhanced activity and reduced ion selectivity may become
as disruptive to the host cell as hyperexpressed wild-type M2
and could even be abortive to infection. In this context, it is
relevant to investigate the cytopathic potential of the M2 pro-
tein during generalized infection, elicited by virulent and pan-
demic strains or by current influenza virus strains in immuno-
compromised hosts. Here, M2 expression in nonpermissive
cells may interfere with physiological gradients and currents.
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