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Abstract

When influenza A virus infects host cells, its integral matrix protein M2 forms a proton-selective channel in the
viral envelope. Although X-ray crystallography and NMR studies using fragment peptides have suggested that
M2 stably forms a tetrameric channel irrespective of pH, the oligomeric states of the full-length protein in the
living cells have not yet been assessed directly. In the present study, we utilized recently developed
stoichiometric analytical methods based on fluorescence resonance energy transfer using coiled-coil labeling
technique and spectral imaging, and we examined the relationship between the oligomeric states of full-length
M2 and its channel activities in living cells. In contrast to previous models, M2 formed proton-conducting
dimers at neutral pH and these dimers were converted to tetramers at acidic pH. The antiviral drug amantadine
hydrochloride inhibited both tetramerization and channel activity. The removal of cholesterol resulted in a
significant decrease in the activity of the dimer. These results indicate that the minimum functional unit of the
M2 protein is a dimer, which forms a complex with cholesterol for its function.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

The M2 protein of influenza A virus has been
proposed to form an acid-activated, proton-selective
ion channel that exhibits multiple functions upon viral
infection [1]. The proton permeation through M2
channels in low-pH endosomes after receptor-me-
diated endocytosis has been shown to acidify the
viral interior and facilitate the dissociation of viral
nucleoproteins from the matrix protein M1, an
essential process for subsequent entry of the virus
genome into the nucleus of the host cell [2]. M2 has
also been suggested to prevent premature confor-
mational changes in newly synthesized hemaggluti-
nin in the trans-Golgi network membrane (pH ~ 6.0)
[3] by equilibrating the lumenal pH [4]. Therefore, M2
is an important target for anti-influenza drugs [5].
The M2 protein is a single-transmembrane (TM)

protein composed of an unstructured N-terminal
region (residues 1–24), TM region (residues 25–46),
and C-terminal region (residues 47–97) including the
amphipathic helix (AH) (residues 51–59) (Supple-
mental Fig. S1). It is widely thought that the TM region
er Ltd. All rights reserved.
ofM2 is the core of association into a four-helix bundle
that conducts protons [6] and binds the antiviral drug
amantadine hydrochloride (Am) [7,8]. Recent X-ray
crystallography [9], NMR [10], and ultraviolet reso-
nance Raman spectroscopy [11] studies using frag-
ment peptides containing TM regions incorporated
into detergent micelles or liposomes proposed a
molecular model in which M2 stably formed a
tetrameric channel irrespective of pH, and intermo-
lecular interactions between protonated His37 and
Trp41 at acidic pHwere involved in channel activation,
assuming an open or closed conformation in the M2
tetramer. However, these artificial environments do
not necessarily provide a native structure in cell
membranes, and TM peptides may behave differently
from the full-length protein. Although the M2 channel
has been extensively investigated, the oligomeric
states of the full-length M2 protein in living cells have
not yet been assessed directly.
In addition to the oligomeric states, the mecha-

nisms by which adamantane-based antiviral drugs
bind to M2 also remain to be elucidated [9,10].
Although Am has been proposed to bind to the pore
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of the tetramer [9], the existence of a different
Am-binding site has also been suggested in
lipid-facing surface of the TM helices by surface
p lasmon resonance and ro ta t iona l -echo
double-resonance NMR methods [12,13].
In the present study, we examined the oligomeric

states of the full-length M2 proteins [A/Udorn/72 virus
(H3N2)] on the plasma membrane of living CHO-K1
cells, the membrane lipid constituents of which [14]
were similar to those of the viral envelope membrane
[15], using fluorescence resonance energy transfer
(FRET) among the M2 proteins labeled with fluoro-
phores by the coiled-coil method [16]. This method
utilizes a tight heterodimer formation between the E3
tag (EIAALEK)3 (net charge: −3) fused to the
N-terminus of the target protein and the synthetic
fluorescent K4 probe, fluorophore-(KIAALKE)4 (net
charge: +4). In addition to electrostatic interaction
between E and K, hydrophobic interaction between L
and I drives the heterodimer formation. Due to the
parallel association between the E3 and K4 coils [17],
the fluorophore is located near the N-terminus of the
tag when K4 is bound (Supplemental Fig. S2). Our
techniques are suitable to investigate dynamic transi-
tion of oligomerization in living cells because we have
already validated the method using several standard
membrane proteins [18]. In contrast to previous
models, FRET analyses indicated that full-length M2
formed dimers at neutral pH and these dimers were
reversibly converted to tetramers at acidic pH.
Moreover, not only the tetramer but also the dimer
exhibited proton channel activities. Am inhibited
tetramerization and channel activity by inactivating
dimers. To elucidate themechanismof channel activity
in the dimeric state, we performed alanine scanning of
the TM region and removal of cholesterol. The H37A
mutation nullified channel activity, which indicated that
His37 was crucial for conducting protons in the dimer.
Significant reductions in the activity of the dimer were
also observed by mutating Ala for Ile at the position of
35 or by treatments with cholesterol-removal agents.
Taken together, we proposed a functional dimermodel
in which the minimum functional unit of M2 exhibiting
channel activity was not the tetramer, but the dimer,
and cholesterol was essential for the function of the
dimeric channel.
Results and Discussion

M2 forms a tetramer at acidic pH, whereas it
exists as a dimer at neutral pH

We investigated the oligomerization of E3-tagged
full-length M2 proteins (E3-M2) in living cells by
FRET using the coiled-coil labeling technique [16]
and spectral imaging. E3 tagging was confirmed not
to affect the channel activity of M2 (see Fig. 5a and
b). E3-M2 was labeled with mixtures of the donor
Alexa568-K4 and the acceptor Alexa647-K4 at
various donor mole fractions (XD) at 50 nM. Fluo-
rescence spectra for the cell membranes were
deconvoluted into the donor and acceptor contribu-
tions, as depicted in Fig. 1d. The apparent FRET
efficiency Eapp was calculated and compared with
theoretical values as described in Materials and
Methods to determine the oligomeric states. Con-
sistent with proposed models [9–11], our FRET
method revealed that E3-M2 formed a tetramer at
pH 4.9 (Fig. 1a). Surprisingly, however, E3-M2
existed as a dimer at pH over 5.5 (Fig. 1a and b).
Moreover, interconversion between the dimer and
tetramer was reversible when external pH (6.0) was
lowered to pH 4.9 and then raised to 6.0 (Fig. 1c and
d). These results indicate that the oligomeric states
of M2 are dependent on pH. Note that the
dissociation constants of the donor and acceptor
probes were important factors for stoichiometric
analysis, and their high affinities to the E3 tag
(Kd ~ 5 nM) did not vary over the pH range 4.9–7.3
(labeling efficiencies: ~90%) (Supplemental Fig.
S3). Furthermore, based on their normal morpholo-
gy, exposure to acidic pH did not affect the mock
cells (transfected with the empty vector pcDNA3)
(data not shown). The H37A and W41A mutants lost
the ability to form tetramers at pH 4.9 (Fig. 2), which
demonstrated that the driving force of tetrameriza-
tion could be attributed to the cation–π interaction
between protonated His37 and Trp41 at acidic pH
[11]. We considered that the abovementioned FRET
results reflect to the interconversion between the
dimer and tetramer instead of a significant separa-
tion above 82 Å (Förster distance of this donor–
acceptor pair) among the N-termini in a tetramer for
the following two reasons. (i) The estimated average
distance between the N-termini of E3-M2 [61 Å,
giving an E (true FRET efficiency) value of ~90%]
was much shorter than the Förster distance (82 Å,
E = 50%), assuming that the E3 tag (21 residues)
and the unstructured region (17 × 2 = 34 residues)
constrained by the two disulfide bonds between
cysteines (the 17 and 19th residues) adopted an
α-helical and a random-coil structure, respectively
(Supplemental Fig. S2). (ii) The N-terminal truncated
E3-M2(25–97) mutant exhibited a dimeric FRET
signal at pH 6.0 similar to full-length E3-M2 (Fig. 3),
which suggested that FRET signals were unaffected
by the presence of the N-terminus.
The dimer–tetramer equilibrium has been sug-

gested by immunoprecipitation and SDS-PAGE
[19,20], and the active form was concluded to be a
tetramer by simultaneously expressing mixtures of
the WT (wild type) and Am-insensitive V27S mutant
proteins on the plasma membranes of oocytes [19].
The DeGrado group studied the oligomerization of
M2 proteins in vitro. In 1999 and 2000, they used
synthetic polypeptides of M2 in detergent micelles



Fig. 1. Reversible change in the oligomeric states of E3-M2 in a pH-dependentmanner. (a) Determination of the oligomeric
states at pH 4.9 and 7.3. The apparent FRET efficiency Eapp was plotted as a function of the donor mole fraction XD. Red
squares and blue circles indicate theEapp values determined by Eq. (1) (Materials andMethods) for E3-M2 at pH 4.9 and 7.3,
respectively. N means the association number, and the black lines represent the theoretical curves for the tetramer (N = 4),
trimer (N = 3), dimer (N = 2), and monomer (N = 1), respectively, calculated by Eq. (2) (Materials and Methods) assuming a
true FRET efficiency of 100% and an unlabeled fraction of 10%. Error bars represent the mean ± SEM, n = 10 cells. (b) The
pHdependence of the oligomeric states of E3-M2and the effect of theAmpretreatment. Black and red circles indicate theEapp
values at XD = 0.74 in the absence and presence of Am, respectively. Gray lines denote the theoretical Eapp values for the
tetramer (N = 4), trimer (N = 3), dimer (N = 2), and monomer (N = 1, overlapped with the abscissa). Error bars represent the
mean ± SEM, n = 10 cells. (c) Reversibility of the dimer-to-tetramer transition. The bar graph indicates the Eapp values for
identical cells sequentially exposed to pH 6.0, 4.9, and 6.0 at XD = 0.74. Horizontal broken lines denote theoretical values for
the tetramer (N = 4) and dimer (N = 2). Error bars represent the mean ± SEM, n = 10 cells. (d) The fluorescence spectra
acquired fromspectral images (inset) for identical cells. Photosare shown in pseudocolor, which is a composite of 19 channels
in the range 565–745 nm (resolution: 10 nm) including spectral information (the scale bar on the right, refer to Ref. [17] for
supporting information inmore detail). Black, green, and red lines denote the observed spectra and component spectra for the
donor and acceptor, respectively.
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and analytical ultracentrifugation method and pro-
posed a reversible monomer–tetramer (slight octa-
mer) equilibrium model. They pointed out that a too
high protein density in the micelles facilitated
tetramerization of M2, although their results that
the tetramerization was more favorable at basic pH
at a peptide-to-detergent mole ratio of 1/100 were
opposite to our findings [8,21]. In 2003, they applied
disulfide cross-linking to quantitatively measure the
thermodynamics of M2 protein association in deter-
gent micelles and revealed the monomer–dimer–
tetramer equilibrium under reversible redox condi-
tions in a thiol-disulfide buffer [22]. In comparison
with these previous studies, the full-length M2 in
living cell was found to assume different oligomeric
states with different pH dependence, suggesting the
importance of appropriate membrane environments
and extramembrane regions to study the oligomer-
ization of M2.

The dimer–tetramer equilibrium of M2 channel is
not dependent on the protein density

To examine if the oligomeric state of the M2 protein
is dependent on the protein density, we determined
Eapp values at XD = 0.74 as different M2 expression
levels (Supplemental Fig. S4). TheEapp values did not
increase significantly even if the protein density
increased more than twice, suggesting that a pH
drop is needed to induce tetramerization. However, it
should be noted that the protein-to-lipid ratios [23] in
the cellular experiments (b1/8000) were far below



Fig. 2. FRETsignals forE3-M2(WT), (H37A), and (W41A)
at pH 4.9. FRET signals (Eapp) for WT and mutants labeled
with K4 probes at XD = 0.74 (50 nM) after incubation at
pH 4.9 for 30 min. N is the association number. Continuous
and broken lines denote the theoretical values of FRET
signals for the tetramer (N = 4) and dimer (N = 2), respec-
tively. Error bars represent the mean ± SEM, n = 10 cells.

Fig. 3. The oligomeric states of the truncatedM2mutants
at pH 6.0. Diagrams represent full-length E3-M2, N-terminal
truncated E3-M2(25–97), and the N,C-termini truncated
E3-M2(22–46) mutants. The former mutant lacks cysteines
to form disulfide bonds between adjacent M2 proteins,
whereas the latter hadanadditional defect in theAHdomain.
Bars indicate theEapp values atXD = 0.74 for E3-M2 (black),
the double-substituted E3-C17A·19A-M2 (dark gray),
E3-M2(25–97) (light gray), and E3-M2(22–46) (red). The
horizontal broken lines are theoretical values from above for
the tetramer (N = 4), dimer (N = 2), and monomer (N = 1,
overlapped with the abscissa), respectively. Error bars
represent the mean ± SEM, n = 10 cells.
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those typically used in biophysical experiments (N1/
100). Thus, tetramerization may be facilitated even at
neutral pH at such extremely high protein densities.

The AH in the C-terminus of M2 is essential for
dimer formation

Todetermine the region required for dimer formation,
we examined the oligomeric states of several M2
mutants. SDS-PAGE analysis [24] indicated that the
formation of at least one of the two possible disulfide
bonds between monomers at Cys17 or Cys19 in the
N-termini stabilized the M2 tetramer, although it was
not essential for oligomeric assembly. In our study,
both E3-C17A·C19A-M2 and N-terminal truncated
E3-M2(25–97) mutants did not dissociate into mono-
mers at neutral pH (Fig. 3). Furthermore, alanine
scanning of the TM region (residues 25–46) showed
that the region was also not responsible for dimeriza-
tion (Fig. 6a). We then focused on AH (residues 51–
59) in the C-terminal juxtamembrane region. The AH-
defective mutant, E3-M2(22–46), exhibited a mono-
meric FRET signal (Fig. 3). This result clearly
demonstrates that the interaction between AHs drives
dimerization, as observed for the M2 fragment
peptides in detergent in the previous report [10] in
whichM2(18–60) including both the TM region and 15
residues of C-terminal region forms a stable tetramer
in the micelles whereas the TM-only peptide, M2(18–
46), does not assemble to a tetramer as indicated by
SDS-PAGE and chemical cross-linking.

Am inhibits M2 tetramerization by preventing the
protonation of His37 and the consequent ca-
tion–π interaction between His37 and Trp41

We further investigated the effect of Am on the
oligomeric states of E3-M2. First, we confirmed that a
pretreatment with 100 μM of Am completely blocked
the channel activity of E3-M2 at pH 4.9 [25,26]
(Supplemental Fig. S5). Tetramerization was inhibited
when E3-M2 was preincubated with 100 μM Am for
15 min at pH 7.3 and then exposed to acidic pH (4.7–
6.0) (Fig. 1b). Moreover, a decrease in intracellular pH
was not observed in the presence of Am as described
below (seeFig. 5a and b), indicating that Am-boundM2
channels could not transport protons into the inside of
cells. Thus, Am inhibits the protonation ofHis37and the
consequent cation–π interaction between the His37
and Trp41 at acidic pH, which is important for tetra-
merization (Fig. 2). In accordancewith this, Okada et al.
reported that changes in Raman spectra of the M2
peptide upon acidification in the presence of Am were
much smaller than those in the absence of Am [11].

image of Fig.�2
image of Fig.�3
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The tetramer and the dimer exhibit channel
activity

We examined the relationship between the oligo-
meric states of M2 and channel activity on living cells
using the cytosolic pH-indicator dye SNARF-4 F
5-(and-6)-carboxylic acid, acetoxymethyl ester, acetate
(SNARF-4 F AM acetate). The pH-dependent spectral
shift in SNARF-4 F allows quantitativemeasurement of
H+ concentrations in terms of the ratio (R665/635) of
fluorescence intensities measured at two different
wavelengths (635 and 665 nm) (Supplemental Fig.
S6). Firstly, we constructed a calibration curve for [H+]
measurements inside the cells using ionophores
(nigericin and valinomycin [27]) to equilibrate the
intracellular pH of dye-loaded cells to the extracellular
pH and measuring the R665/635 at several pH points
(Supplemental Fig. S6). M2-induced increases in
intracellular [H+] were analyzed using the single
exponential equation [Eq. (4) in Materials and
Methods], which gives an apparent channel activity
independent of the [H+] gradient across the plasma
membrane.Wedetermined the channel activities of the
M2 mutants at different extracellular pH values and
then estimated the expression level of M2 on each cell
with primary anti-M2 antibodies (14C2) [24,28]
(Abcam) and secondary antibodies labeled with Alexa
Fluor 680 (Invitrogen) (Fig. 4 and Supplemental Fig.
S7). Apparent relative channel activities were
expressed by the proton permeability rate constant
per protein (not channel) (s−1 protein−1).
We analyzed the channel activities of E3-M2 and

E3-untagged M2 at pH 6.0 or 4.9. In the absence of
Am at pH 6.0, both M2 proteins exhibited signif-
icantly higher channel activities than those of the
mock (Fig. 5a and b), demonstrating that M2 dimers
can conduct protons and E3 tagging does not disturb
the function of M2 channels. In the presence of Am,
the activities of both tagged and untagged M2 were
blocked. Similar results were obtained at pH 4.9;
however, channel activities per protein at pH 6.0
were slightly larger than those at pH 4.9 (Fig. 5b).
We also examined the activity of the monomeric

E3-M2(22–46), the expression level of which was
determinedwithAlexa568-K4 (Supplemental Fig. S8).
As expected, the mutant did not exhibit channel
activity (Fig. 5c), which confirmed that the minimum
functional unit of the M2 channel was a dimer.
Although we attempted to evaluate the activity of
monomeric E3-M2(1–46), reliable results were not
obtained because the expression level of the mutant
(below 3.3 × 104 proteins/cell) was too low; therefore,
increases in intracellular [H+] were marginal.
Although the apparent channel activities (“per

protein”) for the dimer were slightly larger than those
for the tetramer, activities expressed “per channel”
were similar (~2 × 10−7 s−1 channel−1). Assuming a
spherical cell with a diameter of 20 μm, this value
corresponds to a very small unitary current of
8.0 × 10−20 A (0.5 proton s−1) at pH 6 (10× larger at
pH 5), in comparison with the amplitude of the currents
measured for Xenopus oocytes (0.01–1.0 × 10−6 A)
[1,19,20]. However, this small current is sufficient to the
acidification of viral interior because only three protons
are present in a virus with a diameter of 100 nm at
pH 5. In our study, the net proton transport by M2 was
underestimated due to the intracellular buffering
capacity (β = 2.0–5.0 × 10−2 M/pH at pH 7.2–7.4)
[29–31]. Moreover, the generation of an inside-positive
diffusion potential by the proton influx can suppress the
further conduction of protons through the M2 channel,
particularly at lower pH, where the proton influx is large,
because intracellular pH did not approach pH 4.9
(Fig. 5a). In consistent with this interpretation, the
addition of the K+ ionophore valinomycin resulted in a
steep increase in intracellular [H+] by effluxing intracel-
lular K+ ions and thus dissipating the diffusion potential
(Supplemental Fig. 9). At a higher pH of 6.0, the final
intracellular [H+] approached the outside [H+] (Fig. 5a),
indicating that theelectrogenic effectwasnot significant
at least in pH 7.4–6.0, probably because the Na+–K+

pump and/or the K+ leak channel compensated the
diffusion potential. We roughly estimated the channel
activity corrected for the diffusion potential at pH 4.9 by
dividing the very initial slope in the region intracellular
[H+] ≤ 1 × 10−6 M, where the diffusion potential effect
was negligible, by the [H+] gradient across the plasma
membranes at t = 0. The corrected channel activity at
pH 4.9 was estimated to be 4.2 ± 0.7 × 10−9 (s−1

protein−1) (mean ± SEM, n = 8 cells; SEM, standard
error of the mean), which was even lower than the
uncorrected value [3.0 ± 0.4 × 10−8 (s−1 protein−1)].
On theother hand, therewasnodifferencebetween the
corrected and uncorrected values at pH 6.0 [1.2 ±
0.2 × 10−7 (s−1 protein−1) (mean ± SEM,n = 8cells)],
indicating that this rough estimation is reliable. These
results demonstrate that the channel activity at pH 6.0
is higher than that at pH 4.9, ruling out the possibility
that a minor fraction of tetramers at pH 6.0 that were
undetectablewith our FRETmethodmainly contributed
to channel activity. Furthermore, the cholesterol de-
pendence of channel activity supports this conclusion
(vide infra).
As observed for E3-M2(22–46) mutant (Fig. 5c), Ma

et al. also failed to detect any significant membrane
current for M2(21–51) expressed on oocytes [32],
whereas Hu et al. reported that E3-M2(22–46) mutant
itself was active in liposomes at a very high protein-
to-lipid ratio (N1/100) [33].

His37 is crucial for the channel activity of the
dimer, and cholesterol is essential for proton
conduction

To elucidate the mechanism of channel activity by
the dimer at pH 6.0, we performed alanine-scanning
analysis of 20 residues in the TM region. As previously
noted, although substitution of any residues in the TM



Fig. 4. A flow chart of apparent channel activity. (a) Cells were incubatedwith PBS(+) (pH 7.3) containing 10 μMof cytosolic
SNARF-4 F AM acetate to load the dye into the cells. After incubation for 20 min, cells were excited at 514 nm to obtain a
spectrumat t = 0. Typical cells are shown in the right figure. (b) Time-lapse imaging (excitation: 514 nm, 20-s intervals for 600 s)
started as soon as neutral pHbuffer was exchangedwith acidic pHbuffer. The neighbor figure is the representative curve for the
increase in intracellular [H+] at extracellular pH 6.0. As shown in the inserted figures, the pseudocolor for the dyes inside cells
changed from light to dark green. The curvewas fittedwithEq. (4), [H+]in(t) = [H+]out(0) + ([H+]in(0) − [H+]out(0))e

−kt, to calculate
the rate constant, k (s−1). In Am-blocking experiments, the buffer in steps (a) and (b) contained 100 μM of Am. (c) Cells were
stained with the primary and secondary antibodies in PBS(+) (pH 7.3) for 20 min, respectively. Exemplary spectra are
represented. The observed spectrum (excitation: 637 nm, black) obtained from the membrane region was deconvoluted into
spectra for the antibody (red) andSNARF-4 F (orange)with the least-squaresmethod. The calculated curve (blue) closely fit the
observed one. All spectral images are shown in pseudocolor, which are composite of 19 channels in the respective ranges
(565–745 nm, resolution: 10 nm) [17].
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region did not influence the oligomeric state, the H37A
mutation nullified channel activity (approximately
35-fold lower than that with WT) (Fig. 6a). The
temporal change in intracellular [H+] of the H37A
mutant was indistinguishable from that of the mock
(Fig. 6b), which indicated that His37 was crucial for
channel activity by the dimer. Pinto's group reported
that replacements of His37 resulted in ionic current
that was not dependent on pH, suggesting that the
protonation of the side chain of this amino acid was
responsible for the activation by lowpH [1,34] and also
that these mutants might conduct ions other than
protons under an electric potential difference. In
contrast, the channel activity in our study indicates

image of Fig.�4


Fig. 5. Channel activities of the tetramer, dimer, and monomer. (a) The representative time courses of intracellular [H+]
at pH 6.0 (left) and 4.9 (right). The closed and open symbols mean without and with the pretreatment with Am, respectively.
Black circles, blue squares, and red circles denote the mock, E3-untagged M2, and E3-M2, respectively. Plots were fitted
by Eq. (4). (b) Channel activities (s−1 protein−1) at pH 6.0 and 4.9. Bars express the activities for E3-untagged M2 (blue)
and E3-M2 (red) without or with the pretreatment with 100 μMof Am. k (s−1) values were determined by Eq. (4) and divided
by the respective expression levels estimated with the Alexa680 antibodies to obtain the channel activities (s−1 protein−1).
Error bars represent the mean ± SEM, n = 8 cells. Asterisk (*) is the significance level α b 0.01 (two-tailed Student's t test)
and actual P values for E3-untagged and tagged M2 were 0.0097 and 0.0004, respectively. (c) The typical time course of
intracellular [H+] (left) and channel activity (s−1 protein−1) (right) for the E3-M2(22–46) mutant at pH 6.0. E3-M2 was used
as a positive control. Red and gray bars represent activities for E3-M2 and the TMmutant, respectively. Expressions levels
were determined with Alexa568-K4 (50 nM) because the mutant was defective in the antibody recognition region. Error
bars represent the mean ± SEM, n = 8 cells.
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the amount of only protons passed through the M2
channel because we used the pH-indicator dye
SNARF-4 F.
Interestingly, the I35A mutation also significantly

decreased channel activity (approximately 10-fold
decrease) (Fig. 6a and b). The β face of cholesterol
has been proposed to interact with Ile and Val side
chains in the TM helices of membrane proteins [35].
Therefore, we examined the effect of cholesterol
depletion with methyl-β-cyclodextrin (MβCD) and
mevastatin (also known as “compactin”) on channel
activity. Regarding E3-M2 and untagged M2, the
treatment of cells with the two removal regents with
different mechanisms of action significantly reduced
channel activity at pH 6.0. In contrast, channel
function was not affected by cholesterol removal at
pH 4.9 (Fig. 6c). FRET signals at pH 6.0 and 4.9
were unchanged in the presence of the agents
(Fig. 6d), which indicates that the elimination of
cholesterol interrupted the channel activity of the
dimer only without disturbing the oligomeric states.
These results suggest that the M2 dimer interacts
with cholesterol to form a proton-conductive path-
way, whereas the tetramer does not require choles-
terol for its function.
Despite similar activities, dimeric and tetrameric

channels appear to have different H+-conducting
mechanisms because only the former was choles-
terol sensitive (Fig. 6c) and the latter had a
conducting pore in the center [9,10]. The mechanism
of the tetrameric channel has been extensively
investigated [26,32,33,36]. Regarding the dimeric
channel, the conventional model in which the
channel assumed an open or closed state by
His37 (a pH sensor) and Trp41 (a gate) [10,11]
was inconsistent with the observation that a de-
crease was not observed in activity for the W41A
mutant (Fig. 6a). It is clear that His37 is the core of
channel activity because the H37A mutation nullified
activity (Fig. 6a and b). Mould et al. concluded from
D2O replacement experiments that H+ ions did not
pass through the M2 channel as hydronium ions, but
they interacted with titratable groups [26]. The
interaction of Ile35 with cholesterol [35] appears to
be important for proton transport because choles-
terol removal significantly reduced channel activity

image of Fig.�5


Fig. 6. Elucidation of the proton conduction mechanism for the dimer. (a) Channel activities and oligomeric states for
alanine-substituted M2 mutants at pH 6.0. The Eapp values (XD = 0.74) (black bars, left axis) and fold decreases in channel
activity relative to E3-M2 (red circles, right axis) were plotted along the amino acid sequence. Horizontal broken (red) and
continuous (black) lines represent the activity for E3-M2 and theoretical Eapp value for the dimer (N = 2), respectively. I35A
and H37A mutants that exhibited significantly decreased activities are marked by star symbols. Error bars represent the
mean ± SEM, n = 10 cells. (b) The representative time courses of intracellular [H+] at pH 6.0. Red, orange, purple, and black
symbols denote data for E3-M2, E3-I35A-M2, E3-H37A-M2, and the mock, respectively. Lines are best-fit curves calculated
according toEq. (4). (c) The influenceof cholesterol removal on channel activity at pH 6.0 (left) and 4.9 (right). Black, gray, and
white bars express channel activity (s−1 protein−1) values for untreated, 10 mMMβCD-treated, and 1 μM compactin-treated
cells, respectively. Error bars represent the mean ± SEM, n = 8 cells. (d) The effect of cholesterol removal on the oligomeric
state at pH 6.0 and 4.9. Black and white bars denote the Eapp values (XD = 0.74) for untreated and mevastatin-treated cells,
respectively. Horizontal broken lines denote the theoretical Eapp values for the tetramer (N = 4) and dimer (N = 2). Error bars
represent the mean ± SEM, n = 10 cells.
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without disturbing the oligomeric states (Fig. 6c and
d). The hydroxyl group of cholesterolmayhelp protons
to access the His residue. Alternatively, cholesterol
may stabilize the specific conformation of the dimeric
helices necessary for proton conduction. A detailed
mechanism is currently being investigated using
molecular dynamic simulations. These findings lead
an interesting question: what is the physiological
significance of the tetramer if the dimer has channel
activity? The answer may be that the two oligomeric
states for proton permeation are double insurance
against cholesterol-rich and cholesterol-poor mem-
brane environments because the lipid composition of
the envelopewas previously shown to be host specific
[37,38].

The minimal functional unit of the M2 channel is
a dimer

While the vast majority of groups consider that M2
exists as a stable tetramer using fragment peptides
incorporated into artificial environments, dynamic
equilibrium between the oligomeric states of the
full-length M2 protein in biomembranes has never
been examined. In this study, we revealed that
dimerization of M2 was driven by the interaction
between AH in the C-termini of monomers, and the
tetramerization of dimerswas promoted by low pH in a
reversible manner (Fig. 7). The midpoint of the dimer–
tetramer transition was pH ~ 5.1 (Fig. 1b), which was
close to the reported third pKa value of 4.9 ± 0.3 [36].
In the dimeric state, one His residue was considered
to be protonated at pH 6.0, deduced from four pKa
values for tetramer [36]. The protonation of the third
His residue in the tetrad induces tetramerization via a
cation–π interaction between His37 and Trp41
(Figs. 2 and 7) [11]. The minimal functional unit of
the M2 channel is a dimer because both dimeric and
tetrameric forms of M2 protein exhibited channel
activity, whereas monomeric form was inactive.
Cholesterol was essential for dimeric channel activity.
Am inhibited both tetramerization and channel activity.

image of Fig.�6


Fig. 7. An oligomeric state model of M2 proteins without and with Am. Monomeric M2 proteins dimerize by an interaction
between AHs in C-terminal juxtamembrane regions. Dimerization facilitates the formation of disulfide bonds between
Cys17 and Cys19 in the N-termini to rigidly stabilize the structure. The dimer–tetramer state equilibrates in a pH-dependent
manner; at acidic pH, the cation–π interaction between the protonated His37 and Trp41 derives the dimers to form a
tetramer, whereas the tetramer dissociates to dimers at neutral pH. At neutral pH, Am binds the dimer to induce an inactive
state, resulting in the inhibition of tetramerization. Note that the true Am to M2 stoichiometry is not known.
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Our findings propose a new approach for elucidation
of resistance mechanism for adamantane-based
drugs and discovery of a novel drug with different
mode of action.
Materials and Methods

All experiments were performed at room temperature
(~25 °C). The pH of PBS(+) [phosphate-buffered saline
(PBS) added with 0.33 mMMgCl2 and 0.90 mMCaCl2] was
controlled to the desired valuewith 1 mol/L hydrochloric acid
(Nacalai Tesque) and was stable for at least 3 h.

Vector construct

For transient expression, cDNA encoding E3-M2 was
inserted into pcDNA3 (Invitrogen) as follows. Oligo DNA
encoding M2 of influenza virus A [A_Udorn_1972 (H3N2)]
(GenScript), which had a NheI site at the 5′-terminus and an
ApaI site at the 3′-terminus, was digested with NheI and
ApaI. The DNA of M2 was inserted into the vector DNA (E3/
pcDNA3 vector) to obtain an E3-M2/pcDNA3 vector. Point
mutations were carried out with QuikChange II Site-Directed
MutagenesisKit (Stratagene) according to themanufacturer's
instructions. Truncated mutants including E3-untagged M2
were constructed by amplifying the template E3-M2/pcDNA3
vector with designed primers (Invitrogen) containing aNheI or
an ApaI recognition site by PCR. The product was digested
with either NheI or ApaI, and then ligated with Ligation High
Version 2 (Toyobo) to construct the vector encoding desired
truncated M2.

Cell culture

CHO-K1 cells were cultured in Ham's F12 medium
supplemented with 10% fetal bovine serum (FBS),
L-glutamine, and antibiotics at 37 °C in a 5% CO2 incubator.
Penicillin at 50 units/mL and streptomycin at 50 μg/mL
(Nacalai Tesque) were used for the passage of cells.

Transfection

Cells were seededat 1.0 × 105 in 2 mLantibiotic-free F12/
10% FBS on a 35-mm glass bottom dish (advanced TC
treated; Greiner Bio-One). The medium was changed to
2 mL serum-free medium and cells were incubated with a
transfection mixture composed of 2.0 μg plasmid DNA,
4.0 μL Lipofectamine LTX (Invitrogen), and 400 μL Opti-
MEM (Invitrogen) per dish at 30 h after seeding. Themedium

image of Fig.�7
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was changed to a fresh medium containing 10% FBS 5 h
after transfection. CHO-K1 cells were imaged 18 h after
transfection. The transfection mixture was composed of
4.0 μg plasmid DNA, 4.0 μL Lipofectamine LTX, 4.0 μL
PLUS reagent (Invitrogen), and 400 μLOpti-MEMper dish in
order to transfect E3-untagged M2. In the present study, we
used cells transiently expressing M2 below 4.0 × 105

proteins/cell.

Determination of the minimal effective concentration
of Am

1-Adamantaneamine (Nacalai Tesque) was dissolved in
diluted hydrochloric acid to prepare the Am stock. To
determine the minimal effective concentration of Am, we
performed experiments at 0, 10, 100, 500, 800, and
1600 μM. Cells were incubated with PBS(+) (pH 7.3)
containing 10 μM of SNARF-4 F AM acetate and each
concentration of Am for 30 min and were then exposed to
the pH 4.9 buffer for 30 min. We determined the minimal
concentration that gave an intracellular pH indistinguishable
from that of the mock (Supplemental Fig. 5).

Analysis of Eapp values

The binding assay for K4 probes has been described
elsewhere [18]. Mixtures of the Alexa568-K4 and
Alexa647-K4 probes at various donor mole fractions (XD)
were dilutedwith pH-controlledPBS(+) to produce50 nMK4
probe solutions (1 mL). After one-time washout with probe-
free PBS(+) (pH 7.3), cells were incubated in pH-controlled
solutions for 30 min and were then sequentially excited at
561 nm and 637 nm. Spectra in the range 565–745 nm
(resolution: 10 nm) for the cell membranes were acquired
using a confocal microscope equipped with a spectral
detector (Nikon C1). The analysis procedure for the
apparent FRET efficiency (Eapp) has been previously
described [18]. Briefly, we quantified the sensitized emission
of the acceptor (FRET signal) to determine the Eapp value.
With theuseof the reference spectra of the donor (excitation:
561 nm) and acceptor (excitation: 637 nm), the spectrum
(excitation: 561 nm) was deconvoluted into the donor (fitting
parameter: f1) and acceptor (f2) fractions by the
least-squares method. The spectrum (excitation: 637 nm)
was fitted with the reference spectrum of the acceptor to
acquire the parameter f3 and was multiplied by the constant
R561/637 (the ratio of the intensities of the acceptor excited at
561 and 637 nm) to estimate the contribution of directly
excited acceptor fluorescence (f3 × R561/637). The Eapp
value was determined by the following equation:

Eapp ¼ εA λD
exð Þ

εD λD
exð Þ �

FAD−FA

FA

� �

¼ 0:39� f 2
f 3 � R561=637

−1
� �

ð1Þ

where εA (λD
ex) and εD (λD

ex) represent the molar extinction
coefficients of the acceptor and donor at 561 nm, respec-
tively, and FAD and FA indicate the acceptor emissions
(arbitrary unit) excited at 561 nm in the presence and
absence of the donor, respectively.
When examining the effect of Am preincubation, we

pretreated cells with 100 μM of Am in PBS(+) (pH 7.3) for
20 minand then labeled themwith theK4probesatXD = 0.74
(50 nM) in thepH-controlledPBS(+) (pH 4.7, 4.9, 5.1, 5.5, and
6.0) for 30 min, independently.

Theoretical curves

The theoretical curve for FRET analysis is given as

Eapp ¼ E � XD

1−XD
� 1− XD 1−X 0

U

� �þ X 0
U

� �N−1
h i

ð2Þ

where XD, X′U, and N indicate the donor molar fraction,
unlabeled receptor fraction, and association number,
respectively. In the present study, the X′U value was
estimated to be 10% according to a labeling efficiency of
~90% for K4 probes at 50 nM. E represents the true FRET
efficiency in the oligomers and was determined by the
distance and mutual orientations of donor and acceptor.

Calibration of pKa for SNARF-4 F

The pH-indicator dye SNARF-4 F AM acetate was
purchased from Molecular Probes. The ionophores niger-
icin and valinomycin were obtained from Wako.
To accurately measure intracellular pH, we examined

whetherSNARF-4 F loaded into cells exhibited the samepKa
value as in dilute solutions. The dye (50 μg) in a vial was
dissolved in 10 μL of anhydrous dimethylsulfoxide (DMSO).
The DMSO solution was diluted 1:854 into loading PBS(+)
(pH 7.3) to prepare a 10 μM dye solution (DMSO b 0.12%).
To calibrate of pKa, we loaded mock cells (transfected with
the empty vector pcDNA3) with 1 mL of the dye solution for
30 min, and then substituted them to 1 mL of pH-controlled
20 mM Hepes buffer containing 1 mM of MgCl2, 150 mM of
KCl, 10 μg/mL of nigericin, and 5 μg/mL of valinomycin to
equilibrate pH inside and outside the cells for 5 min. The dye
was excited at 514 nm, and the fluorescence spectra in the
range 555–745 nm (resolution: 10 nm) inside the cells were
acquired at pH 8.2, 7.8, 7.2, 6.6, 6.4, 5.7, 5.3, 4.9, 4.5, and
3.9, respectively. The ratios of fluorescence intensities
measured at 635 and 665 nm for each spectrum (R665/635)
were plotted versus pH (Supplemental Fig. S6) and fittedwith
the below equation:

R665=635 ¼ Top

1þ 10 pH−pK að Þ þ Bottom ð3Þ

where Top and Bottom indicate the basic and acidic
endpoints of the titration, respectively. The obtained pKa
value of 6.42 ± 0.10 for SNARF-4 F was consistent with the
reported value in the buffer (6.52 ± 0.01, excitation: 514 nm)
[39], which demonstrated that the dye was not disturbed by
intracellular constituents and reflected the precise intracellu-
lar pH.

Measurement of the channel activity per M2 protein

SNARF-4 F solution [10 μM in PBS(+) (pH 7.3)], pre-
pared as described above, was loaded into cells for
20 min. Before substitution to acidic pH PBS(+), the
spectra of SNARF-4 F inside cells were acquired for the
measurement of intracellular pH at t = 0. After buffer
replacement, the spectra of the same cells were
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successively gained at 20-s intervals for 600 s. In Am-block-
ing experiments, the buffer before and after the exchange
contained 100 μMof Am. After measurement of the temporal
pH changes, 1 μg/mL of the primary anti-M2 antibodies
(14C2, Abcam) and 5 μg/mL of the secondary antibodies
labeled with Alexa Fluor 680 (Invitrogen) in PBS(+) (pH 7.3)
were sequentially added to cells and incubated for 20 min,
respectively, to identify the expression level ofM2 proteins on
each cell (Fig. 4). The incubation time was 5 min when using
Alexa568-K4 (50 nM).
Intracellular [H+] was calculated using Eq. (3) from the

R665/635 value at each time point and plotted as a function of
time. Assuming the passive diffusion of H+ through the M2
channel into cells according to the [H+] gradient across the
cell membranes, we fitted the function with Eq. (4) derived
from Fick's first law to calculate the apparent proton
permeability, k (s−1). The flux of H+ J (mol m−2 s−1) can
be written as

J ¼ 1

4πR2 •
d Hþ� 	

in tð Þ
dt

•
4
3
πR3 ¼ R

3
•
d Hþ� 	

in tð Þ
dt

¼ −D•
Hþ� 	

in tð Þ− Hþ� 	
out tð Þ

d
;

where R denotes the radius of the cell (m), [H+]in(t) and
[H+]out(t) are the concentrations of intracellular and extracel-
lular H+ (M) at time t, and D and d denote the diffusion
coefficient of H+ (m2 s−1) and the thickness of the membrane
(m). Since [H+]out(t) is almost constant, the abovementioned
differential equation can be easily solved as

Hþ� 	
in tð Þ ¼ Hþ� 	

out 0ð Þ þ Hþ� 	
in 0ð Þ− Hþ� 	

out 0ð Þ

 �

e−kt ð4Þ

where k is 3D/Rd (s−1).
Expression was mainly identified with the antibodies,

whereas that of E3-M2(22–46) was exceptionally deter-
mined with Alexa568-K4 because the mutant lacked the
recognizable region of the anti-M2 antibody and the
spectrum for Alexa647-K4 could not be deconvoluted
from that of SNARF-4 F. Cells treated with antibodies or
Alexa568-K4 were excited at 637 or 561 nm, respectively.
The spectra observed were a composite of emissions from
both SNARF-4 F and antibodies or Alexa568-K4. There-
fore, we deconvoluted the observed spectra into the
spectra of SNARF-4 F and the antibodies or Alexa568-K4
to obtain the net contribution from the antibodies or K4
probes (Fig. 4). The expression levels of M2 proteins were
estimated from the calibration curve based on those of
cells stably expressing E3-tagged β2-adrenergic receptors
(E3-β2ARs) (Supplemental Fig. S7). The expression level
of E3-β2AR has been previously determined with a
radioisotope ligand as described below. The k value was
divided by the M2 expression level of the identical cell to
obtain the channel activity (s−1 protein−1).

Calibration curves to estimate M2 expression levels
The E3-β2AR stably expressed on CHO cells [E3-β2
AR-CHO (stable)] was used as a secondary standard
because no stoichiometric M2 ligand is known. Its
expression level was previously identified using the
radioisotopic ligand [3H]CGP12,177 [40]. E3-M2 and E3-β2-
AR-CHO (stable) were labeled with Alexa568-K4 (50 nM)
for 5 min at pH 7.3. The first spectral image (excitation:
561 nm) was obtained. Regarding E3-β2AR-CHO (stable),
we plotted the fluorescence intensity of the plasma
membrane regions at 605 nm as a function of its expression
level. E3-M2 was then treated with 1 μg/mL of the primary
anti-M2 antibodies (14C2) (Abcam) and 5 μg/mL of the
secondary antibodies labeled with Alexa Fluor 680 (Invitro-
gen) at pH 7.3 for 20 min, respectively, and the second
image (excitation: 637 nm) for the identical cells was
acquired. Regarding E3-M2, we plotted the peak intensity
of the first spectrum as a function of that at 705 nm of the
second. Data were fitted using regression lines through the
origins. These calibration curves enabled us to estimate the
M2 expression level with the antibody via the fluorescence
intensity of Alexa568-K4.

Dissipation of proton influx-induced diffusion
potential with valinomycin at pH 4.9

Valinomycin was dissolved in EtOH to prepare a stock
solution at a concentration of 1 mg/mL. The intracellular [H+]
measurement was performed in 1 mL PBS(+) buffer
(pH 4.9) as described above. At t = 660 s, cells were
treated with valinomycin by addition of a 10 μg/mL solution
(1.0% EtOH) in 1 mL PBS(+) buffer (pH 4.9) [a final
concentration of 5 μg/mL (0.5% EtOH)]. As controls, cells
expressing E3-M2 and mock cells were treated with
additional 1 mL PBS(+) buffer (pH 4.9) containing only
1.0% EtOH and 10 μg/mL of valinomycin (1.0% EtOH) at
t = 660 s, respectively.

Cholesterol removal

MβCD (Sigma Aldrich) and mevastatin (LKT Laborato-
ries, Inc.) were dissolved in PBS(+) (pH 7.3) and DMSO
(Nacalai Tesque), respectively. In the channel activity
assay, cells were treated with 10 mM MβCD for 2 h after
loading the dyes, whereas 1 μM mevastatin (DMSO b
0.1%) was added to the medium when cells were seeded
on the dishes and were then incubated with the regent until
immediately prior to loading the dyes except for a period of
the transfection time. When investigating the influence of
cholesterol removal on the oligomeric states, after
treatment with mevastatin as described above, we
removed the culture medium and then incubated cells
with the K4 probes at XD = 0.74 (50 nM) in the PBS(+)
(pH 6.0 or 4.9) for 30 min.

Confocal microscopy

All imaging experiments were performed using a confocal
microscope (Nikon C1) under a water-immersed 60×
objective (Plan Apo VC) with 514 nm, 561 nm, and 637 nm
lasers. Spectral images were obtained with a spectrum
detector.
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