
Influenza M2 proton channels

Rafal M. Pielak1,2 and James J. Chou1,*

1Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School,
Boston, MA 02115, USA
2Program in Biological and Biomedical Sciences, Harvard Medical School, Boston, MA 02115,
USA

Abstract
M2 of the influenza virus is an intriguing transmembrane protein that forms a minuscule proton
channel in the viral envelope. Its recognized function is to equilibrate pH across the viral
membrane during cell entry and across the trans-Golgi membrane of infected cells during viral
maturation. It is vital for viral replication and it is a target for the anti-influenza drugs, amantadine
and rimantadine. Recently, high resolution structures of M2 channels of both flu A and B have
been obtained, providing the desperately needed structural details for understanding the
mechanism of proton conductance. In particular, the establishment of the functional solution NMR
system of the proton channels enabled simultaneous high resolution structure characterization and
measurement of channel dynamics coupled to channel activity. This review summarizes our
current understanding of how protons are conducted through the M2 channel from a structural
point of view, as well as the modes by which important channel gating elements function during
proton conduction.
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1. Introduction
Influenza is an enveloped, negative sense RNA virus belonging to the orthomyxoviridae
family. There are three major serotypes: A, B, and C. The virion particle, of influena A, is
round or oval in shape and approximately 90 nm in diameter [1]. The viral membrane is
decorated with a large number of evenly spaced glycoproteins: hemagglutanin (HA) and
neuraminidase (NA), at approximately four to one ratio, respectively [2]. The membrane
also contains the matrix protein 2 (M2 or AM2 for influenza A M2), although in much lower
abundance (1:10-100 M2:HA) [3] (Fig. 1A). Viral nucleocapside consists of eight separate
segments of single-stranded negative-sense RNA, multiple copies of nucleoprotein (NP),
and polymerase complex. Six of the eight segments of RNA (1-6) code for a single viral
protein, and two strands (7 and 8) code for two proteins [1]. M2 protein is encoded on the
seventh RNA segment together with the matrix protein 1 (M1). The ribonucleoprotein
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(RNP) and the lipid envelope are, presumably, connected through interaction with M1 (Fig.
1A). Similar to flu A, influenza B and C also contain the complex of three polymerase
proteins and multiple copies of nucleoprotein (NP) [1]. However, unlike influenza A, flu B
has four membrane proteins (HA, NA, BM2 (influenza B M2), and NB) and flu C contains
only two (the CM2 (incfluenza C M2) protein and the hemagglutinin-exterase-fusion (HEF)
protein that combines the functions of HA and NA) [1].

During infection the virus binds to an epithelial cell of the respiratory tract and enters the
cell by receptor mediated endocytosis. In the endosome the virus experiences at least two pH
changes, one from the extracellular pH to the early endosomal pH (~ 6) and later to the late
endosomal pH (~ 5) [4]. The latter step is critical for the membrane fusion as it activates HA
to catalyze the fusion of the viral envelope with the endosomal membrane [4]. Prior to
membrane fusion, the low pH of the endosome activates the M2 channel to conduct protons
across the viral envelope, which results in the acidification of the viral interior [5, 6]. It has
been suggested that this acidification weakens electrostatic interaction between M1 and RNP
complexes such that subsequent membrane fusion can release the uncoated RNPs into the
cytosol [7]. Once in the cytosol, RNPs are trafficked to the host cell nucleus, where both
mRNA and vRNA are synthesized [2, 7, 8]. The viral membrane proteins, HA, NA, and M2,
are translated and inserted into the endoplasmic reticulum (ER) and then transported to the
cell surface by trans-Golgi network (TGN). At this stage, M2 plays yet another role in the
viral life cycle; it prevents the Golgi lumen pH from becoming too low so that nascent HAs
do not undergo premature conformational rearrangement while they are transported to the
plasma membrane of the infected cells [9, 10].

M2 of influenza A (AM2) is a 97-residue single-pass membrane protein with its N terminus
directed toward the outside of the virus [6]. It consists of three segments: an extracellular N-
terminal segment (residues 1-23), a transmembrane (TM) segment (residues 24-46), and an
intracellular C-terminal segment (residues 47-97). Cross linking experiments showed that
the channel is formed by four parallel monomers, in which the formation of inter-monomer
disulfide bonds at Cys17 and Cys19 may stabilize, but they are not essential, the oligomeric
assembly [10, 11]. Mutagenesis studies have identified two pore-lining residues important
for channel function, the imidazole of His37 and the indole of Trp41. These residues
determine proton selectivity and unidirectional conductance of the channel [12, 13].

BM2 of influenza B is a functional homolog of AM2. It is 109-residue long and, similar to
AM2, forms a homotetramer in a membrane [14]. After being synthesized in infected host
cells, BM2 is incorporated into the TGN membrane and transported to the cell surface for
virus budding [15]. BM2 proton conductance has a pH profile similar to that of AM2 [16].
There are, however, significant differences between the two channels. Except for the
HXXXW sequence motif in the TM domain that is essential for channel function, the two
proteins share almost no sequence homology. Additionally, BM2 channel activity is higher
than that of AM2 [16-18] and unlike AM2, the BM2 activity is completely insensitive to the
anti-influenza drugs amantadine and rimantadine [16].

In addition to the membrane-embedded channel domain, AM2 and BM2 have large
cytoplasmic regions. These regions have been suggested to play a role during viral assembly
(Fig. 1B). Deletions and mutations of the AM2 cytoplasmic region cause incomplete
incorporation of genomic RNA into the virion and defective virus budding. These defects
may be attributed to the interrupted association between the cytoplasmic region of AM2 and
the AM1 protein [19, 20]. Similar role in viral assembly has been suggested for the BM2
cytoplasmic domain. Deleting residues 51 – 80 or mutating residues 86-109 in the
cytoplasmic region of BM2 decreases association of BM1 to the viral membrane and results
in the failure of packaging of the RNP complex into the virion [21, 22]. Understanding the
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role of M2 cytoplasmic domains in virus assembly could offer new opportunities for
developing anti-influenza therapeutics.

2. Structures of the AM2 channel
Solution structure of the closed state of AM2

Before the availability of high-resolution structures, a number of structural models of the
channel region had been constructed based on biochemical experiments and computational
modeling [23-26], site-directed infrared dichroism [27], and solid-state NMR (ssNMR)
spectroscopy [25, 28-32]. Although the above models agree on the overall topology, they
differ in the details essential for understanding the mechanism of channel opening, drug
inhibition and drug resistance.

The closed state of AM2 was determined by solution NMR spectroscopy at pH 7.5 bound to
the drug rimantadine. The structure includes residues 18 to 60, denoted here as AM2(18-60),
which comprises the TM domain and 15 residues of the C-terminal extension [33].
Functional studies have shown that the C-terminal extension is crucial for a stable tetramer
formation [33, 34], native-like conductance [35], and sensitivity to rimantadine [17]. In the
closed conformation, AM2(18-60) contains an unstructured N terminus (residues 18-23), a
channel-forming TM segment (residues 25-46), a flexible loop (residues 47-50) and a C-
terminal amphipathic (AP) helix (residues 51-59) [33]. The TM helices form a four-helix
bundle with a left-handed twist angle of ~23° and a well-defined pore [33]. The helices are
tightly packed at the N terminus and they slightly splay out toward the C terminus (Fig. 2A).
A ring of methyl groups from Val27 constricts the N-terminal side of the pore to ~3.1 Å,
narrowing the entrance and restricting water molecules from penetrating the channel. Small
motion or “channel breathing” may thus be required for water to enter the channel. It is
widely accepted that water molecules are needed inside the channel pore for supporting
proton conduction. Water nuclear Overhauser enhancement (NOE) experiment indicates the
presence of water molecules near Ser31. The pore widens after Ser31 and becomes the
widest at Gly34 position with an inner diameter of ~ 6 Å. The channel then narrows towards
the C terminus as the sidechains of His37 and Trp41 constrict the channel to 1.7 and 1.4 Å
(inner diameter), respectively. In particular, the four indoles from Trp41 pack within van der
Waals (VDW) distance of each other. Moreover, Trp41 indole amine of one subunit is
within hydrogen bonding distance of the Asp44 carboxyl carbon of the adjacent subunit.
They likely form inter-subunit hydrogen bonds that lock the channel gate in the closed
conformation. Arg45 is also in the vicinity for forming inter-subunit salt bridge with Asp44.
The channel C-terminal side extends into a short loop (residues 47 – 50) that connects the
TM domain to the C-terminal AP helix (residues 51 – 59). The AP helices also form a
separate tetrameric domain with a head-to-tail assembly and a right-handed packing mode.
Based on a pure structural analysis (Fig. 2A), the tetrameric assembly of the AP helices
functions to further stabilizes the tetrameric state of TM helices. This is particularly
important for the presumably less tightly packed open states of the channel.

The drug rimantadine, which was important for stabilizing the closed state of the channel for
NMR structure determination, binds at a lipid-facing pocket near the C-termininal end of the
channel domain. This pocket is formed by Trp41, Ile42, and Arg45 from one TM helix and
Leu40, Leu43, and Asp44 from the adjacent TM helix, and shows a unique amphipathic
property. In this pocket, the amino group of rimantadine is in contact with the polar
sidechain of Asp44 and possibly also Arg45. The polycyclic hydrocarbon cage of the drug
forms hydrophobic interactions with Ile42 from one TM helix and Leu40 and Leu43 from
the adjacent helix. However, the relevance of this binding site to channel inhibition is still
under debate. In this review, we will focus on the mechanism of proton conductance and
will not discuss drug binding and inhibition. An extensive review of the current different
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models of drug inhibition as well as their respective implication to developing new
therapeutics is published elsewhere (Pielak and Chou, Protein & Cell, 2010).

Crystal structure of the TM segment of AM2
In a separate study, the crystal structure of a shorter construct AM2(22-46) in β-
octylglucoside detergent was determined at 2.05 Å resolution [36]. As in the solution
structure, the TM helices pack to form a left-handed four-helix bundle. However, while the
helices are tightly assembled at the N terminus, they dramatically splay outward at an
average angle of ~35° at the C terminus (Fig. 2B). As a result, the C terminus of the channel
is wide open with no obvious structural features that support proton gating or selection (e.g.,
the Trp41 indoles from adjacent TM helices are on average ~9.5 Å apart). This wide
opening of the channel is clearly inconsistent with the fact that the structure was determined
at pH 7.3, which in principle supports the closed channel conformation. A plausible
explanation for the large opening at the C terminus is that the TM peptide used for the
crystallographic study does not contain the C-terminal region (residues 47 – 60), which is
necessary for stable tetramer formation and native-like rates of proton flux [34, 35].
Alternatively, this unrealistic degree of splaying of TM helices could be due to crystal
packing or combination of both. Therefore, in this review we will use the solution structure
for discussing the mechanism of proton relay.

Properties of the open state of AM2
Although a well-defined structure of the open channel is not yet available, some features of
the open state may be inferred from dynamics data obtained by solution NMR. Channel
activation occurs upon protonation of the His37 imidazoles that are closely packed in the
channel pore, which results in electrostatic repulsion that could substantially weaken helical
packing in the TM domain. Presumably this widens the pore to admit water molecules. The
NMR pH titration experiment showed that lowering the pH from 7.5 to 6.0 caused severe
broadening of most of the TM NMR resonances due to exchange between multiple
conformations [33]. The NMR chemical shift perturbation data suggest that the open state is
not a unique structure like the closed state. AM2 lacks the extensive structural scaffolding
observed in larger ion channels that undergo specific conformational changes between the
open and closed conformation. Thus, AM2 appears to have evolved a two-state gating
mechanism in which the closed state is structurally rigid, but the open state is dynamic with
a loose quaternary structure.

In contrast to the TM domain, the NMR resonances of the AP helices are essentially
unaffected by lowering the pH, indicating that their tetrameric assembly remains intact and
may be needed to preserve the overall tetrameric state of the channel when the TM helices
are destabilized in the open state. In addition to the AP helices, a pair of N-terminal
cysteines, Cys17 and Cys19, have been shown to form intermolecular disulfides in vivo [10,
11]. Although these cysteines are not required for channel activity, they are conserved in
nature and may play a role in keeping the tetramer together in the open state.

3. Solution structures of BM2
BM2 channel domain

Although the overall assembly of TM helices of BM2 is similar to that of AM2, e.g., both
are left-handed four-helix bundle having a hydrophilic pore, the two channels differ
substantially in details. Unlike AM2, the TM domain of BM2 shows strong coiled-coil
characteristics with heptad repeats. It is the only known ion channel structure that adopts a
coiled-coil assembly to conduct ions. The coiled-coil arrangement of BM2 allows the TM
segment to form a stable tetramer by itself [18].
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In the closed state, at pH 7.5, the BM2 TM domain, which includes residues 1-33, forms a
coiled-coil tetramer with a packing angle of about −37° (Fig. 3A) [18]. The tetramer has a
well-defined hydrophilic channel that is occluded by Phe5 and Trp23 at the N-, and C-
terminal side of the pore, respectively [18]. The coiled-coil structure of the channel domain
shows two heptad repeats: one from Leu8 at position g to Ile14 at position f, and the other
from Leu15 at position g to Ile21 at position f (Fig. 3B). Positions a and d are occupied
mostly by hydrophilic residues such as Ser9, Ser12, and Ser16, and constitute the core of the
coiled-coil tetramer. His19 at position d and Trp23 at position a are also pore-lining, as
expected of their roles in proton selectivity and gating (Fig. 3a). Positions g and e are
occupied by leucines 8 and 15 and phenylalanines 13 and 20, respectively, to allow for
peripheral hydrophobic interactions that stabilize the coiled-coil assembly [18] (Fig. 3a).
The above amino acids in positions a, d, g, and e are completely conserved. The rest of
positions, b, c, and f, of the heptad repeat are occupied by hydrophobic residues (with the
exception of Ser11), which form the hydrophobic surface for membrane partition. This
arrangement for coiled-coil assembly in membrane is an inverse of the water-soluble coiled-
coil tetramers, in which positions a and d are typically hydrophobic residues and positions g
and e are polar residues [37].

BM2 cytoplasmic domain
Residues 45 – 85 of the BM2 cytoplasmic domain form an uninterrupted helix that
oligomerizes into a left-handed coiled-coil tetramer (Fig. 3A). A hairpin-like structure,
consisting of residues 86 – 92, connects the coiled-coil structure to a short amphipathic helix
that is roughly perpendicular to the coiled-coil helix. Although no inter-subunit NOEs were
observed for residues 34 – 43, the region that connects the TM and cytoplasmic domain,
residues 39-45 show NOEs to the glycerol protons of LMPG headgroup. The BM2
cytoplasmic domain shows a striking polarity in surface charge distribution, that the N-
terminal half of the domain (residues 44-71) is almost entirely positive and the C-terminal
half (residues 72 – 103) is almost entirely negative. This charge separation results in a large
electrostatic dipole moment, 4215 Debyes, at neutral pH that is about 4 standard deviations
above the mean of all proteins in the database [38].

The unusually strong dipole moment supports its interaction with the matrix protein BM1,
which also has a strong dipole moment [39]. Perturbation of chemical environment of a
defined region of the cytoplasmic domain by the M1 matrix protein indicates specific
molecular recognition between the two proteins [18]. The perturbed region identified, from
residues 84 to 108, is consistent with known deletions and mutations of BM2 that affect
virus assembly. Viruses with BM2 deletion of 101-109 contained dramatically reduced RNP
complex and affected membrane association of M1 [22]. Furthermore, alanine-scanning
substitution of three consecutive residues showed that the 86-88A, 89-91A, 93-94A, and
95-97A mutants did not grow normally, and contained substantially reduced levels of M1
and nucleoprotein. The data from structural and reverse genetics studies indicate that the
interaction between the cytoplasmic regions of the proton channels and matrix proteins play
an important role in viral assembly.

During virus budding, the matrix proteins and RNPs must coat the plasma membrane such
that budding would result in a properly assembled virus. Therefore, the membrane patch that
is destined to bud out from the host cell must contain specific sites for recruiting the matrix
protein and RNP complexes (Fig. 1B). The unusually strong electric dipole moment of BM2
cytoplasmic domain may serve to orient the M1 matrix protein, which also has a strong
electric dipole moment, for specific association. Electric dipole facilitated molecular
recognition is commonly observed in cellular signaling pathways, e.g., the interactions
between the caspase recruitment domains [40]. The coating of M1 and RNPs to the virus
membrane is likely achieved with cooperative interactions of M1 to the negatively charged
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membrane, the short cytoplasmic tails of HA and NA, and the cytoplasmic domain of M2
(Fig. 1B).

4. Mechanism of proton conductance
Protons are distinct from other ions in biological systems because they are in dynamic
exchange with water, buffers, and titratable groups of lipids, proteins, and other cellular
molecules. Therefore, moving protons across cell membranes normally require mechanism
distinct from those adopted by other types of ion channels. Mobility of protons in aqueous
solutions is about five times greater than that of monovalent cations similar in size and
charge to hydronium ion (Reviewed in [41, 42]). It has been proposed that protons can move
in water by hopping from one water molecule to another along water-wires, a chain of
hydrogen-bonded water molecules, as opposed to random diffusion of hydronium ions. The
water-wire mechanism, commonly referred to as the Grotthuss model, has been proposed to
exist in the gramicidin A proton channel (Reviewed in [42, 43]). In other cases, such as
bacteriorhodopsin, titratable amino-acid sidechains can establish similar hydrogen-bonded
chain for proton conductance (Reviewed in [42]). Do the M2 channels use a hydrogen-
bonded chain to conduct protons or other yet to be determined mechanism of proton relay?

Roles of His and Trp in channel activation
Probably the most important channel elements in M2 are histidine and tryptophan in the TM
domain. The HXXXW sequence motif in the TM segment is not only absolutely conserved
within the M2 variants but it is also the only sequence element shared between AM2 and
BM2. Early whole cell recording experiments on AM2 showed that His37 is essential for
proton selectivity and pH modulation. Currents of the H37G and H37E mutants were non-
selective and did not exhibit pH dependence; they are also higher than those of WT [12].
Similar experiments showed that mutating Trp41 of AM2 to Ala, Cys, or Phe resulted in
larger inward currents as well as outward currents that were not observed for the WT [13],
indicating that Trp41 regulates unidirectional conductance. However, an alternative
explanation of the data from Ref. 13 is presented in a recent review by Busath [44]. Based
on these findings it was suggested that protonation of His37 may lead to the opening of the
gate, thus allowing protons to pass to the C-terminal side of the channel [45]. Protonation of
His37 was observed in ssNMR experiments, indicating three distinct pKa values 8.2, 6.3,
and one below pH 5 [46]. It was then suggested that in the non-conductive state two pairs of
histidines share protons (pKa 8.2) and the subsequent protonation (pKa 6.3) results in
disruption of the histidine dimers that leads to conductive state [46]. Furthermore, it was
suggested that protonation of histidines leads to cation-π interaction between the histidine
imidazoles and the tryptophan indoles that may play a role in the channel opening [47, 48].
The proposed role of His/Trp in gating is consistent with the solution structure of the closed
channel. The Trp41 indoles form a tight ring (1.4 Å in diameter) that prevents water
molecules from accessing His37 from the C-terminal side of the pore (Fig. 4A&B). The 3-
bond scalar coupling between backbone N and sidechain Cγ of Trp41 is 2.6 Hz, indicating
that the χ1 rotamer is locked at the trans conformation. Moreover, Trp41 χ2 is also fixed at
around -120° based on NOE and residual dipolar coupling (RDC) data. Thus the indoles of
Trp41 are mostly locked in the closed channel. The solution NMR study also showed that
these indole gates become unlocked as the channel is activated at lower pH. Relaxation-
compensated Carr-Purcell-Meiboom-Gill (CPMG) measurement [49] of millisecond
timescale dynamics of the Trp41 indole amine at different pH showed that as the pH was
lowered from 7.5 to 6.0, the chemical exchange rate increased by more than four-fold, and
that binding of rimantadine, an M2 inhibitor, decreased the exchange rate by about two fold
[33]. Clearly, the dynamics of Trp41 indoles is closely coupled to channel activation, either
through destabilization of TM helix-helix packing in the open state or through interaction
with protonated His37 imidazoles, or both.
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Somewhat different results were obtained for the BM2 channel. Replacing His19 with either
alanine or cysteine almost abolished channel conductance, whereas mutating Trp23 to either
alanine, cysteine, or phenylalanine resulted in high non-selective currents [16, 50, 51]. It
was also shown that protonation of His19 leads to cation-π interaction with Trp23 indoles,
which is consistent with the AM2 data [50].

Roles of polar residues in proton conductance
Both AM2 and BM2 contain a number of polar residues lining the channel interior (Fig.
4C&D). These residues may be involved in channel hydration as a requirement for proton
relay. Indeed, mutating these residues to more hydrophobic amino acids results in lower
rates of proton flux [17, 18]. The BM2 channel is very hydrophilic, containing number of
polar residues: Ser9, Ser12, Ser16, His19, His27, Asn29, and Gln30 (Fig. 4B). Replacing
any of the serines on the N-terminal side of the His19 substantially impair activity (S9A:
~70%; S12A and S16A: ~55% of the WT rate of proton flux; rates were obtained at pH
~6.0) [18]. These residues may function collectively to mediate the entrance of protons and
to relay them to His19, which together with Trp23 forms the gating element. Similarly,
replacing polar residues on the C-terminal side of the gate also affects proton conduction
(H27A and Q30A: ~75% of the WT rate of proton flux at pH ~6.0) [18], suggesting that
they facilitate proton exit at the C-terminal side of the channel.

AM2 has only four residues within the TM region capable of relaying protons: Ser31, His37,
Asp44, and Arg45 (Fig. 4a). Smaller number of polar residues may account for about two-
fold slower rates of proton conduction as compared to BM2 [17, 18]. Mutating Ser31, which
is on the N-terminal site of the gate, to alanine results in moderate decrease in rate of proton
flux (90% of the WT at pH ~6.0); however, replacing Asp44, which may facilitate proton
exit, with alanine dramatically lowers rates of proton flux (30% of the WT at pH ~6.0) [17].
The NMR structure of the closed channel shows that the region on the C-terminal side of the
Trp41 gate is densely packed with hydrophobic phenylalanines, sealing the channel at the C-
terminal side of the pore. Asp44 and Arg45 are the only polar residues in this otherwise
hydrophobic portion of the channel. Therefore they most likely serve to assist proton exit by
accepting protons or hydroniums and release them laterally to the hydrophilic head group
region of the membrane. Asp44 is highly conserved (it is occasionally replaced by
asparagine) whereas Arg45 is completely conserved. It is interesting to note that Asp44 is
located at the center of the observed rimantadine binding pocket in the NMR structure. Drug
binding at this position could inhibit channel activity by simply blocking the proton exit.

Mechanism of conductance
Although some of the functional results (e.g. conductance of histidine mutants above) differ
significantly between AM2 and BM2, similar conclusions about the mechanism of proton
relay can be drawn. Both AM2 and BM2 proton fluxes are driven by proton gradient and are
unidirectional from N to C terminus. Both channels have their N termini physically
constricted by hydrophobic sidechains – Val27 in AM2 (Fig. 4E) and Phe5 in BM2 (Fig.
4F), thus helical assembly dynamics or “channel breathing” may be required to facilitate
entrance of water molecules or hydronium ions into the channel. Inside the channel, polar
residues facilitate channel hydration, thus allowing protons to reach the histidines. Upon
protonation, histidine imidazoles are positively charged and are in position to interact with
tryptophan indoles through cation-π interaction. This interaction may play an important role
in channel opening. While we have a rather clear understanding of a number of aspects of
channel activation, in particular, those confirmed by the channel structure, a complete
picture including both channel activation and proton replay is still missing. Based on the
existing structural and functional data, two equally plausible models could be proposed. One
is that M2 becomes a continuous hydrated pore at low pH, which allow protons to be

Pielak and Chou Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conducted either by hopping along a water wire or by diffusion of hydronium ions. The
alternative is a proton shuttling mechanism, where protons are transported from the N-
terminal side to the C-terminal side of the His/Trp gating element by means of local
conformational switch.

5. Conclusions and perspectives
We have summarized, based on the existing structural and functional data of AM2 and
BM2, the possible mechanism of proton conduction through the M2 channels. The virus
evolved two significantly different structural solutions for assembling a polar pore in the
membrane with four TM helices for conducting protons. The AM2 structure shows a rather
simple four helix bundle packing mode with the N-terminal half of the helices being tightly
packed but the C-terminal half loosely interacting, and hence it requires the tetrameric
packing of the AP helices on the cytoplasmic side for maintaining the structural integrity of
the channel. On the other hand, BM2 TM adopts a distinct coiled-coil packing strategy,
which is an inverse of a typical water-soluble coiled-coil structure (e.g., the GCN4 tetramer).
This coiled-coil assembly provides strong inter-helical interaction, which results in a more
stable TM tetramer. Despite the different structural solutions adopted by these two channels,
the result is similar. Both tetramers form well-defined hydrophilic pores with residues
constricting the N and C termini of the pore. The two channels also have similar
arrangements of the pore-lining histidines and tryptophans for modulating flux rates in a pH-
dependent manner and for regulating the directionality of the proton flux. In the closed state,
the channel lumens do not appear to have enough structured water molecule to support the
formation of a proton-conducting wire. It is possible, however, that a transient wire forms
upon channel opening. Another possibility is that the protons are simply translocated by
diffusion of hydronium ions, or by a shuttling mechanism, where protonation of histidine
results in a conformational change that exposes it to proton acceptors (water) near the C-
terminal channel exit. Regardless of the mechanism, the slow rates of proton flux suggest a
high activation barrier at some point of the proton relay. Finally, the flu viruses do not use
the M2 proteins only for proton conductance. Their relatively large cytoplasmic region are
well structured, as was observed for BM2 and can specifically interact with the M1 matrix
protein. Therefore, these “proton channels” have the dual functionality of conducting
protons and recruiting other proteins during viral assembly.

Although the above structures illustrate how these simplistic four-helix bundle structures
support proton conduction, the exact mechanisms by which protons are translocated through
the channels remain to be understood and many questions await answers. Does histidine
protonation merely activate the channel by electrostatic repulsion, or instead the imidazoles
actively participate in proton transfer? Do protons reach the histidines by diffusion of
hydronium ions or they travel along a water wire? Why did this enigmatic protein evolve to
conduct protons in such a slow pace? Either a pure water wire or simple diffusion of
hydronium would provide much faster proton flux rates. However, the virus seems to prefer
this miniscule conductance. Finally, what is the mechanism of the high proton selectivity of
M2 and why is it necessary for the virus? All of these questions are of high importance not
only to influenza biologists but also to increase our general understanding of proton
conducting channels, since so little is known about the mechanisms of proton translocation
across cell membranes.
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Figure 1.
Viral particle of influenza with its membrane proteins: hemagglutinin – HA, neuraminidase
– NA, matrix protein 2 M2; and associated proteins: matrix protein 1 – M1,
ribonucleoprotein – RNP (A) A model of the viral particle. (B) Viral budding: HA of
influenza A (PDB code: 5HMG), NA of influenza A (PDB code: 1ING), M2 of influenza B
(PDB code: 2KIV and 2KJ1).

Pielak and Chou Page 13

Biochim Biophys Acta. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
High resolution structures of the AM2 channel domain. (A) Solution structure of residues 18
– 60 in DHPC (1,2-Dihexanoyl-sn-Glycero-3-Phosphocholine) micelles at pH 7.5 (PDB
code: 2RLF) (Schnell and Chou 2008). (B) Crystal structure of residues 22 – 46 with the
I33Se-Met mutation in OG (octyl-β-D-glucopyranoside) micelles at pH 7.3 (PDB code:
3BKD) (Stouffer, Acharya et al. 2008).
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Figure 3.
The BM2 structures. (A) Solution structures of BM2 channel (residues 1 – 33) and
cytoplasmic (residues 44 – 103) domains. The channel domain (PDB code: 2KIX)(Wang,
Pielak et al. 2009) is positioned relative to the hydrophobic region of the presumed lipid
bilayer as defined by two lines. The structure of the linker region (residues 34 – 43) has not
been defined. The cytoplasmic domain (PDB code: 2KJ1)(Wang, Pielak et al. 2009)
interacts with the BM1 matrix protein, probably through the BM1 N-terminal domain shown
on the right. (B) Helical wheel representation of the BM2(1-33) coiled coil tetramer. Polar
resides are presented in red.
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Figure 4.
Structural elements of AM2 and BM2 important for channel function. (A) and (B) show the
C-terminal tryptophan gates of the AM2 (PDB code: 2RLF)(Schnell and Chou 2008) and
BM2 (PDB code: 2KIX)(Wang, Pielak et al. 2009) channels, respectively. (C) and (D) show
the amino acid sidechains important for proton relay, selection, and gating in the TM
domains of AM2 and BM2, respectively. (E) and (F) show the N-terminal constriction of
the AM2 and BM2 channel, respectively.
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