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Abstract The M2 ion channel is an essential component of the
in£uenza A virus. This low-pH gated channel has a high selec-
tivity for protons. Evidence from various experimental data has
indicated that the essential structure responsible for the channel
is a parallel homo-tetrameric KK-helix bundle having a left-
handed twist with each helix tilted with respect to the membrane
normal. A backbone structure has been determined by solid
state nuclear magnetic resonance (NMR). Though detailed
structures for the side chains are not available yet, evidence
has indicated that His37 and Trp41 in the KK-helix are impli-
cated in the local molecular structure responsible for the selec-
tivity and channel gate. More de¢nitive conformations for the
two residues were recently suggested based on the known back-
bone structure and recently obtained NMR data. While two
competitive proton-conductance mechanisms have been pro-
posed, the actual proton-conductance mechanism remains an
unsolved problem. Computer simulations of an excess proton
in the channel and computational studies of the His37/Trp41
conformations have provided insights into these structural and
mechanism issues.
/ 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The in£uenza A virus M2 ion channel is a proton-selective
channel formed by the transmembrane (TM) domain of the
M2 protein ^ an integral membrane protein of the in£uenza A
virus [1^4]. When the environmental pH (pHout, pH at the
extracellular side of the M2 channel) goes lower than a thresh-
old (for example, pH 6), the channel is activated and selec-
tively transports protons across the membrane from its
N-terminal/extracellular side to its C-terminal/cytoplasmic

side [2,5], thus providing a controlled pH-regulating mecha-
nism for the vesicular compartment with the M2 protein em-
bedded in the membrane.
The M2 channel has been found crucial in the viral life

cycle. During the viral uncoating process, when the virion is
internalized into the endosome, the M2 protein can acidify the
virion interior, promoting the dissociation of the viral matrix
protein (M1) from the ribonucleoprotein (RNP), which is a
crucial step for the transport of the RNP from the virion into
the cell’s nucleus [6^9]. For some in£uenza virus subtypes, it
was found that the M2 channel can elevate the intravesicular
pH of the trans-Golgi network, preventing the viral protein
haemagglutinin, which is transported to the cell surface
through the trans-Golgi network, from incorrect maturation
in an otherwise low pH environment [10^13]. Blocking the M2
channel by the anti-£u drug amantadine (1-aminoadamantine
hydrochloride, AMT) has been shown to interrupt both parts
of the viral life cycle [8,10^12].
Due to these essential roles of the M2 channel in the viral

life cycle, study of its structure and functions at various levels
of molecular detail is of great interest to anti-£u drug design,
pharmacology and medicine.

2. The architecture of the M2 channel

The gene for the M2 peptide has been cloned and sequenced
[14^16], revealing a 97-amino-acid primary structure, which
can fold into three structural domains: a 24-residue N-termi-
nal/extracellular domain, a 19-residue TM domain, and a
54-residue C-terminal/cytoplasmic domain [17]. A consider-
able amount of experimental evidence has indicated that the
M2 protein is a parallel homotetramer of the M2 peptide
[1,18^24], and the subunits are held together mainly by non-
covalent interactions and further stabilized by inter-subunit
disul¢de links in the N-terminal domain [1,18,21,25]. The
TM domain is the main channel-formation structure and is
directly responsible for multiple molecular functions, for ex-
ample, the selective ¢lter, the channel gate, and the interaction
sites of the AMT inhibitor. The 19 residues in the TM domain
are mostly hydrophobic, with the exceptions of Ser31, Gly34,
His37, and they can form one K-helix strand spanning the
hydrocarbon region of the membrane; the tetramer architec-
ture enables an aqueous pore to be lined by the TM domains
across the membrane. The amino acid residues in the pore-
facing side of the putative K-helix were deduced from muta-
genesis [3]. They are Val27, Ala30, Ser31, Gly34, His37,
Leu38 and Trp41. Their mutations were also shown to a¡ect

0014-5793 / 03 / $22.00 I 2003 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
doi:10.1016/S0014-5793(03)00779-8

*Corresponding author. Fax: (1)-801-581 4353.
E-mail address: voth@chem.utah.edu (G.A. Voth).

Abbreviations: pHout, pH at the extracellular side of the M2 channel;
TM, transmembrane; RNP, ribonucleoprotein; AMT, 1-aminoada-
mantine hydrochloride; M2-TMP, M2 transmembrane peptide;
SDS, sodium dodecyl sulfate; DMPC, dimyristoylphosphatidylcho-
line; MD, molecular dynamics; MS-EVB, multistate empirical-va-
lence bond; UVRR, UV resonance Raman

FEBS 27501 3-9-03 Cyaan Magenta Geel Zwart

FEBS 27501 FEBS Letters 552 (2003) 23^27

mailto:voth@chem.utah.edu


both the channel activity and AMT sensitivity. The putative
K-helix secondary structure for the TM domain received fur-
ther support by a Fourier analysis on a Cys scanning muta-
genesis result, which revealed a periodicity consistent with the
K-helix structure and also suggested that the overall structure
of the TM domain is a left-handed coiled-coil or a helix bun-
dle [20].
A synthetic 25-residue peptide (M2-TMP) with the amino

acid sequence as follows: NH2-Ser-Ser-Asp-Pro-Leu-Val-Val-
Ala-Ala-Ser-Ile-Ile-Gly-Ile-Leu-His37-Leu-Ile-Leu-Trp41-Ile-
Leu-Asp-Arg-Leu-COOH, which corresponds to the residues
22^46 (encompassing the segment for the TM domain, resi-
dues 25^43) in the M2 protein, has been found to be able to
form an AMT-sensitive proton-selective channel in lipid bi-
layers with similar speci¢city and e⁄ciency to the whole M2
protein [23,26]. It was shown to form tetramers in lipid mi-
celles [21,23]. Circular dichroism data indicated that the sec-
ondary structure of the peptide is predominantly K-helix,
which is not a¡ected by temperature and AMT [27]. The helix
tilt angle with respect to the membrane normal and the rota-
tional angle around the helix axis were determined by both
site-directed infrared dichroism spectra [28] and solid state
nuclear magnetic resonance (NMR) [29^32]. These results sug-
gested a range of 30^40‡ for the tilt angle and roughly 350‡
for the rotational angle. The latter also con¢rmed the peptides
are almost ideal K-helices that are not a¡ected by the presence
of AMT. The determined tilt angles support that the M2-
TMP channel should be left-handed so that the hydrophilic
residues can be oriented towards the pore lumen [33]. Re-
cently, the tilt angle for the TM domain of the whole M2
protein in liposomes was also determined, revealing a smaller
value of 25‡ Q 3 [24]. The reason for the reduced tilt angle has
not been fully understood; it could be due to the greater inter-
subunit interactions in the whole protein or just the di¡erent
experimental conditions.

3. Two ion-conductance mechanisms

The proton selectivity and channel gating are the key bio-
logical functions of the M2 channel. The channel is highly
proton-selective ^ at least 106-fold more conductive than other
cations [34,35]. The channel is low-pH gated, undergoing a
50-fold conductance increase from pH 8.2 to pH 4.5 [35,36].
The detailed structure responsible for these functions remains
unclear.
Several lines of evidence have suggested that a highly con-

servative residue His37, which is the only ionizable residue in
the TM domain around pH 6, plays a crucial role. Especially
strong evidence was gained from mutagenesis studies, which
show that mutating this residue can greatly alter the conduc-
tance behavior. For example, replacing it with Ala, Glu or
Gly results in a large increase in proton conductance and loss
of pH-induced gating behavior though the current^voltage
relationship and amantadine sensitivity are preserved [2,36].
Replacing it with Glu also results in reduced selectivity [36],
while mutating it to Cys completely abolishes its channel func-
tion [37]. Data on the Cu2þ inhibition of the M2 channel [38]
and on pH titration [36] also suggests that the His37 is im-
plicated in the selective ¢lter.
Extensive molecular modeling studies have contributed to

the elucidation of the structure^function relationship of the
M2 channel [20,39^45]. For the closed state, most proposed

models orient the four His37’s in such a way that their imi-
dazole side chains are directed toward the lumen, thereby
occluding the pore and forming a channel gate. For the
open state, however, the models diverge, resulting in two pos-
sible conductance mechanisms, namely the gating mechanism
and the shuttle mechanism.
In the gating mechanism [39], when the channel is activated,

each of the histidines’ imidazole moieties can acquire an addi-
tional proton and become positively charged. The protons are
not immediately released back to the pore water; instead, the
histidine residues bind them (at least for a relatively long
time). Then, due to the electrostatic repulsion between the
positive charges, the imidazole side chains sway away from
each other, thus opening the otherwise occluded pore to let
the pore water penetrate through to form a continuous pro-
ton-conductive water wire (proton wire).
In contrast to the gating mechanism, the histidine residues

in the proposed shuttle mechanism are directly involved in a
proton relay [20]. In this mechanism, when the channel is
activated, an imidazole side chain accepts the excess proton
to form a bi-protonated intermediate, which is presumed to be
short-lived and tends to release either the O- or N-hydrogen
back to the pore water to become neutral again (proton shut-
tling). Transport of a single proton through the gate is accom-
plished when the hydrogen at the opposite side is released to
the pore water. Then to transport the next proton, the initial
state needs to be regenerated, which was hypothesized to oc-
cur through tautomerization or just £ipping of the imidazole
ring. E⁄cient transport through the gate requires the orienta-
tion of the imidazole rings to allow the NO3NN vector, i.e. the
one formed by the NO and NN atoms of the same imidazole
group, to be nearly parallel to the channel axis so that the two
nitrogen atoms can form hydrogen bonds with pore waters.
This conformation requires that the N-nitrogen is pointed to
the channel’s N-end (otherwise the vector cannot be parallel),
so to be able to accept an additional proton the histidine must
not have N-hydrogen in its mono-protonation state.
Recently, a UV resonance Raman (UVRR) spectroscopy

study reported the detection of bi-protonated histidine in
the activated state of the M2-TMP channel [46], supporting
the gating mechanism. The study also suggested that the his-
tidine residues are probably fully bi-protonated since the ad-
dition of sodium dodecyl sulfate (SDS), which was expected to
disrupt the bundle structure and expose the subunits to the
solution, did not yield an increase of the corresponding Ra-
man intensity for the bi-deuterated imidazole moieties. How-
ever, due to that no evidence was provided to show the sub-
units were exposed to the solution upon addition of SDS, the
exact number of bi-protonated histidine residues in the open
state remains a problem to be clari¢ed in the future.

4. Molecular dynamics (MD) simulation of proton transport in
the M2 channel

The two conductance mechanisms have also been studied
through classical MD simulations of an M2-TMP model em-
bedded in a fully solvated dimyristoylphosphatidylcholine
(DMPC) bilayer [45]. Through analyzing the structural stabil-
ity of the channel and the pore water structure, it was found
that within the time scale the simulations reached (roughly
1 ns), a fully bi-protonated state destabilizes the channel struc-
ture while a doubly bi-protonated state leads to a deformed,
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yet closed, structure, thus making the shuttle mechanism more
favorable.
An explicit simulation of the excess proton in the M2 chan-

nel was recently accomplished in our group [44] with the aid
of a multistate empirical-valence bond (MS-EVB) model for
proton transport in aqueous systems [47^53]. Though this
work did not focus on the detailed side chain structure, it
presented a di¡erent view on the conductance mechanism in
terms of the proton transport. The simulations were carried
out on the TM domain in a fully solvated DMPC bilayer with
a presumption that one stable bi-protonated His37 might
somewhat open the channel for protons. Seven MD simula-
tion trajectories were obtained with di¡erent starting con¢g-
urations, in all of which the excess proton was placed inside
the channel at di¡erent positions near the N-end and the M2
channel has one Hisþ and three neutral His’s, which can nei-
ther accept nor donate a proton. Indeed, within the time
scales reached by the trajectories (500^1000 ps), the proton
was observed to pass through the channel at di¡erent times in
three of the seven trajectories. Although the applied TM elec-
tric ¢eld (100^200 mV) may complicate these conclusions, this
result lends direct support to the gating mechanism. However,
as opposed to the picture of the gating mechanism described
previously, our MD study suggests that one (or maybe two)
bi-protonated histidine may be su⁄cient for opening the chan-
nel for protons while still keeping it closed for other ions.
Moreover, the presence of one positive charge near the con-
strictive region formed by the His37 residues seems not to lead
to a barrier too high for protons to pass through.
Our MD study presents a very detailed picture of the ex-

plicit proton transport in the M2 channel for the ¢rst time.
For example, it was con¢rmed that as in bulk water the excess
proton in the channel is transferred via the so-called structural
di¡usion mechanism, where the excess proton’s solvation
structure rather than the hydronium ion is propagated in
space [54,55]. It was also found that the excess proton favors
an Eigen-like solvation structure in the channel similar to that
in the bulk water; however its overall di¡usion constant may
be reduced by the channel by up to a factor of three or it may
even be immobilized in some situations for long periods of
time. It also illustrated the importance of the protein dynam-
ics for proton’s motion in the channel ^ a frozen channel can
e¡ectively immobilize the otherwise transferring excess pro-
ton. Further MS-EVB simulations addressing the conductance
mechanism including explicit ionizable histidine groups and a
more detailed examination of the protein’s conformational
and dynamical e¡ects on proton transport are currently
underway in our group.

5. Possible closed and open conformations and their implication
for the proton-conductance mechanism

We have recently compared the M2 channel model used in
our previous work with the available NMR backbone struc-
ture. The averaged tilt angles for each helix in our MD sim-
ulations are 47‡, 42‡, 39‡, 38‡ with standard errors around 5,
putting them in good agreement with the experimental value
(30^40‡) [28^32]. The averaged rotational angles for each helix
are 12‡, 1‡, 322‡, 320‡, deviating substantially from the re-
ported experimental value (362^343‡). However, this model

Fig. 1. Stereo representation of the averaged backbone structure from simulation (red) superimposed on the NMR backbone structure (green).
The backbones are represented in tube mode.

Fig. 2. Stereo representations of simulation snapshots of the closed (a) and open (b) structures of His37, Trp41, and nearby pore water mole-
cules. The closed structure is a typical (t60, t90, N) conformation of the His37 and Trp41 residues. Note that the water molecules near the histi-
dine have opposite orientations, which interrupts the ‘proton wire’. The proposed open channel structure is obtained by rotating the M2 angle
of each His37 from 60‡ to 0‡, while the structure of Trp41 maintains a typical t90 conformation. Note that the pore water molecules can pene-
trate through the constrictive gate region near His37. One pair of His37 and Trp41 is omitted in the open structure for the sake of clarity.
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is perhaps the best case achieved today for the M2 system
using computer modeling without previous knowledge of ex-
perimental structural data. Fig. 1 is a superimposed picture of
the averaged backbone structure from the simulation on the
NMR structure, showing their closeness in the overall struc-
ture. Some comparisons between other models and the NMR
structure may be found in the literature [29].
Several recent experimental studies have suggested the in-

volvement of the Trp41 residues in channel gating. For exam-
ple, a UVRR spectroscopy study has suggested that Trp41
may have cation^Z interaction with the bi-protonated histi-
dine residue in the open state [46]. The role of Trp41 for
the closed state was also investigated via mutagenesis and
electrophysiological experiments, which indicated that mutat-
ing Trp41 to Phe, Cys or Ala results in ‘leaky’ channels, which
can transport protons outward (i.e. from the C-end to the
N-end), thus Trp41 was proposed to be the actual channel
gate [56]. Cross and coworkers recently determined that the
distance between the NN-His37 and CQ -Trp41 should be less
than 3.9 AS for the closed channel [57], further implying the
involvement of Trp41 in channel gate. Based on this informa-
tion and the previously determined NMR backbone structure,
they proposed a closed structure with the (t-160, t-105) con-
formation for His37 and Trp41. [The notation ^ (t-160, t-105)
^ means that the conformations of His37 and Trp41 are the
t-160 and t-105 rotamers, respectively. The nomenclature for
rotamers here follows the Penultimate Rotamer Library [58].
When the mono-protonation state of the histidine is taken
into account, the symbol N or O is added ^ for example,
(t-160, t-105, N) ^ to indicate the histidine is N- or O-mono-
protonated, respectively].
Based on the same structural information [57], however, an

alternative conformation for His37 and Trp41 ^ (t60, t90, N) ^
for the closed state of the M2 channel has been proposed by
our group (to be published). This result was obtained via a
thorough scan over the conformational space followed by en-
ergetic (ab initio) and functional assessment. A representative
structure of this conformation shows that a constrictive region
is formed by both His37 and Trp41 (Fig. 2a) and the N-hydro-
gen of His37 is pointed toward the indole ring of Trp41,
implying a hydrogen^Z interaction that can stabilize each oth-
er’s conformation. This model seems consistent with almost
all observed phenomena about His37 and Trp41 in experi-
ments that we know. For example, the pore waters near
His37 have an opposite orientation, explaining why the chan-
nel does not conduct protons if the histidine residues are
neutral. The conformation of Trp41 prevents His37 from
being exposed to the bulk water at the C-end, suggesting
why protons cannot be transported outward. The structure
of the four O-nitrogen atoms from His37 is a good Cu2þ che-
lating site, explaining the inhibition of the channel by Cu2þ.
Interestingly enough, the opposite orientation of the water
molecules near His37 is quite similar to the orientation found
in an MD simulation of aquaporin [59]. Such an orientation
was suggested to provide an explanation why aquaporin does
not conduct protons.
The orientation of His37 in our proposed closed structure

does not imply a shuttle mechanism. It was therefore neces-
sary to ¢nd an open structure into which the closed structure
can evolve upon protonation. This structure was found by a
small rotation of the histidine’s M2 angle from 60‡ to 0‡, which
leads to a pore wide enough to let water penetrate through it

(Fig. 2b). The close contact between His37 and Trp41 in this
open structure favors a cation^Z interaction between the two
residues. An MD simulation was performed with this open
structure in which all histidine residues were in a bi-proton-
ated state in order to examine the previously proposed gating
mechanism [39,46]. It was found that the fully bi-protonated
state leads to a highly ordered pore water structure whose
orientation forbids proton transport from the N-end to the
histidine residues.
Combining these results and the previous MS-EVB simula-

tion results, an alternative gating mechanism has been pro-
posed as follows: The closed structure has the (t60, t90, N)
conformation. When the pHout goes down, one (or maybe
two) histidine residue becomes bi-protonated, at which point
it undergoes a small conformational change by rotating its M2
angle from 60‡ to 0‡ so that it can be stabilized by its nearest
tryptophan residue via a cation^Z interaction. This change
and other conformational adjustments triggered by it open
the pore to let pore water penetrate, forming a proton-con-
ductive water wire through the gate region. Protons can dif-
fuse through channel by hopping through the pore water mol-
ecules via the Grotthuss shuttle mechanism. Detailed MD
simulations of the entire M2 channel in lipid bilayer will be
carried out in the future to help validate and analyze this
proposed proton-conductance mechanism.
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