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Abstract

The M2 protein from the influenza A virus, an acid-activated proton-selective channel, has been
the subject of numerous conductance, structural, and computational studies. However, little is
known at the atomic level about the heart of the functional mechanism for this tetrameric protein,
a His37-Trp*! cluster. We report the structure of the M2 conductance domain (residues 22 to 62) in
a lipid bilayer, which displays the defining features of the native protein that have not been
attainable from structures solubilized by detergents. We propose that the tetrameric His3’-Trp4L
cluster guides protons through the channel by forming and breaking hydrogen bonds between
adjacent pairs of histidines and through specific interactions of the histidines with the tryptophan
gate. This mechanism explains the main observations on M2 proton conductance.

Proton conductance by the M2 protein (with 97 residues per monomer) in influenza A is
essential for viral replication (1). An M2 mutation, Ser3l — Asn, in recent flu seasons and
in the recent H1IN1 swine flu pandemic renders the viruses resistant to antiviral drugs,
amantadine and rimantadine (2). Previous structural determinations of M2 focused primarily
on its transmembrane (TM) domain, residues 26 to 46 (3-8). Although the TM domain is
capable of conducting protons, residues 47 to 62 following the TM domain are essential for
the functional integrity of the channel. Oocyte assays showed that truncations of the post-
TM sequence result in reduced conductance (9). Here, we report the structure of the
“conductance” domain, consisting of residues 22 to 62, which in liposomes conducts protons
at a rate comparable to that of the full-length protein in cell membranes (10, 11) and is
amantadine-sensitive (fig. S1). This structure, solved in uniformly aligned 1,2-dioleoyl-sr-
glycero-3-phosphatidylcholine:1,2-dioleoyl-sn-glycero-3-phosphoethanolamine bilayers by
solid-state nuclear magnetic resonance (NMR) at pH 7.5 and 30°C, shows striking
differences from the structure of a similar construct (residues 18 to 60) solubilized in
detergent micelles (12).
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The structure is a tetramer (fig. S2), with each monomer comprising two helices (Fig. 1A).
Residues 26 to 46 form a kinked TM helix, with the N-terminal and C-terminal halves
having tilt angles of ~32° and ~22° from the bilayer normal, respectively. The kink in the
TM helix occurs around Gly34, similar to the kinked TM-domain structure in the presence of
amantadine (4). The amphipathic helix (residues 48 to 58) has a tilt angle of 105°, similar to
that observed for the full-length protein (13) and resides in the lipid interfacial region (Fig.
1B). The turn between the TM and amphipathic helices is tight and rigid, as indicated by
substantial anisotropic spin interactions for Leu6 and Phe?’ (their resonances lie close to the
TM and amphipathic helical resonance patterns, respectively; see fig. S3). The result is a
structural base formed by the four amphipathic helices that stabilizes the tetramer.

The pore formed by the TM-helix bundle is lined by Val??, Ser3, Gly34, His3’, Trp#1,
Asp*4, and Arg*®, which include all of the polar residues of the TM sequence. The pore is
sealed by the TM helices (Fig. 1B) and constricted by Val?’ at the N-terminal entrance and
by Trp*! at the C-terminal exit (Fig. 1C). The gating role of Trp*! has long been recognized
(14), and recently Val?” was proposed to form a secondary gate (15). An important cavity
between Val?’ and His3’ presents an amantadine-binding site (3, 7, 15). This drug-binding
site is eliminated in a structure solubilized in detergent micelles (12) because of a much
smaller tilt angle of the TM helices (16).

The linewidths of the NMR spectra (fig. S3) are much narrower for the conductance domain
than for the TM domain (17), indicating substantially reduced conformational heterogeneity
and higher stability (see also fig. S2). In the structure determined here, numerous nonpolar
residues of the amphipathic helices extend the hydrophobic interactions interlinking the
monomers, with their close approach facilitated by the small Gly®® (Fig. 1D). In particular,
Phe”8 interacts with Phe®® and Leu®® of an adjacent monomer and Phe® interacts with
Leu?® of another adjacent monomer.

The starting residues of the amphipathic helix, Phe*” and Phe8, are a sequence motif known
to signal association of the helix with a lipid bilayer (18). The burial of the hydrophobic
portion of the amphipathic helix in the tight intermonomer interface is consistent with
hydrogen-deuterium exchange data showing it to be the slowest-exchanging region for the
full-length protein in a lipid bilayer (13). Furthermore, the Ser°® hydroxyl here, which in the
native protein is a palmitoylated Cys® residue, is located at an appropriate depth in the
bilayer (at the level of the glycerol backbone; see Fig. 1B) for tethering the palmitic acid. A
third native-like aspect of the amphipathic helix is the outward projection of the charged
residues Lys*9, Arg®3, His®’, Lys8, and Arg®! (Fig. 1B), which conforms to the “positive
inside rule” such that M2 interacts favorably with negatively charged lipids in native
membranes. The C termini of the amphipathic helices are situated to allow for the
subsequent residues of the full-length protein to form the tetrameric M1 binding domain.
Contrary to the lipid interfacial location determined here, the detergent-solubilized structure
has the four amphipathic helices forming a bundle in the bulk aqueous solution where the
amides fully exchange with deuterium (12).

On the external surface at the C terminus of the TM helix, a hydrophobic pocket, with the
Asp*4 side chain at the bottom, has been described as a binding site for rimantadine (12). In
the structure determined here, the large tilt of the TM helices widens the hydrophobic
pocket, which is filled by the side chains of 1le®1 and Phe® in the amphipathic helix,
preventing accessibility to the Asp#* side chain from the exterior (Fig. 1D). Consequently,
the formation of a rimantadine-binding site on the protein exterior is likely an artifact of the
detergent environment used for that structural characterization.

Science. Author manuscript; available in PMC 2012 June 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sharma et al.

Page 3

The heart of acid activation and proton conductance in M2 is the tetrameric His3’-Trp#!
cluster, referred to here as the HxxxW quartet (14, 19, 20). The pK; values for the His3’
residues in the TM domain solubilized in a lipid bilayer were determined as 8.2, 8.2, 6.3,
and <5.0 (20). At pH 7.5 used here, the histidine tetrad is doubly protonated; each of these
two protons is shared between the Ng; of one histidine and the N, of an adjacent histidine,
giving rise to substantial downfield 15N chemical shifts and resonance broadening for the
protonated sites (20) indicative of a strong hydrogen bond (21, 22). The structure of the
histidine tetrad as a pair of imidazoleimidazolium dimers is shown in Fig. 2A. In each
dimer, the shared proton is collinear with the Ng; and N¢» atoms (Fig. 2B); the two
imidazole rings are within the confines of the backbones, to be nearly parallel to each other
—a less energetically favorable situation than the perpendicular alignment of the rings in
imidazole-imidazolium crystals and in computational studies (23-25). The two Ng1 and two
N¢> sites of the histidine tetrad not involved in the strong hydrogen bonds are protonated
and project toward the C-terminal side (Fig. 2, A and B). The N, protons interact with the
indoles of the Trp*! residues (Fig. 2A), and the two Ng; protons form hydrogen bonds with
their respective histidine backbone carbonyl oxygens (Fig. 2B). Therefore, in this “histidine-
locked” state of the HxxxW quartet, none of the imidazole N-H protons can be released to
the C-terminal pore, resulting in a completely blocked channel. Furthermore, the only
imidazole nitrogens available for additional protonation are the sites involved in the strong
hydrogen bonds; acceptance and release of protons from the N-terminal pore by these sites,
coupled with 90° side-chain + » rotations, would allow the imidazole-imidazolium dimers to
exchange partners (fig. S4). That the NMR data show a symmetric average structure
suggests that such exchange occurs on a submillisecond time scale.

The structure of the HxxxW quartet at neutral pH suggests a detailed mechanism for acid
activation and proton conductance (Fig. 3). Under acidic conditions in the viral exterior, a
hydronium ion in the N-terminal pore attacks one of the imidazole-imidazolium dimers. In
the resulting “activated” state, the triply protonated histidine tetrad is stabilized by a
hydrogen bond with water at the newly exposed Ng; site on the N-terminal side and an
additional cation-rt interaction with a Trp*! residue at the N5 site on the C-terminal side.
Strong cation-rt interactions between His3” and Trp#! were observed by Raman
spectroscopy in the TM domain under acidic conditions (26). These interactions protect the
protons on the C-terminal side from water access. Conformational fluctuations of the helical
backbones [in particular, a change in helix kink around Gly34 (27)] and motion of the Trp*!
side chain could lead to occasional breaking of this cation-rt interaction. In the resulting
“conducting” state, the N, proton becomes exposed to water on the C-terminal side,
allowing it to be released to the C-terminal pore. Upon proton release, the histidine-locked
state is restored, ready for another round of proton up-take from the N-terminal pore and
proton release to the C-terminal pore. In each round of proton conductance, the changes
among the histidine-locked, activated, and conducting states of the HxxxW quartet can be
accomplished by rotations (<45° change in , angle) of the His®” and Trp*! side chains,
which are much smaller than those envisioned previously (28) and even less than those
needed for the imidazole-imidazolium dimers to exchange partners (fig. S4).

This proposed mechanism is consistent with many M2 proton conductance observations.
The permeant proton is shuttled through the pore via the histidine tetrad, at one point being
shared between Ng; and Ng» of adjacent histidines. No other cations can make use of this
mechanism, which explains why M2 is proton-selective. With the permeant proton
obligatorily binding to and then unbinding from an internal site (i.e., the histidine tetrad), the
proton flux is predicted to saturate at a moderate pH on the N-terminal side (27), which is
consistent with conductance observations (29). Such a permeation model also predicts that
the transition to saturation occurs at a pH close to the histidine-tetrad pK; for binding or
unbinding the permeant proton. Indeed, the transition is observed to occur around pH 6 (29),
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close to the third pKj of the histidine tetrad. Without the histidines, as in the H37A mutant,
the proton flux would lose pH dependence, as observed (19). Another distinguishing feature
of the M2 proton channel is its low conductance, at ~100 protons per tetramer per second
(fig. S1) (10, 11). Upon acid activation, the HxxxW quartet is primarily in the activated
state. Only when the Trp#! gate opens occasionally to form the conducting state is the proton
able to be released to the C-terminal pore, thus explaining the low conductance.

In our mechanism, the histidine tetrad senses only acidification of the N-terminal side. This
provides an explanation for an observation of Chizhmakov ef a/. (30) when they applied a
positive voltage to drive protons outward in M2-transformed MEL cells. A step increase in
the bathing buffer pH from 6 to 8 (with the intra-cellular pH held constant at pH 6) produced
a brief increase in outward current, as expected for the added driving force by the pH
gradient (31); however, the outward current quickly decayed to a level lower even than that
before the pH increase. In our structure, when the pH in the N-terminal side is 8, the HxxxW
quartet is stabilized in the histidine-locked state and the Trp*! gate prevents excess protons
in the C-terminal pore from activating the histidine tetrad. Upon removal of the Trp4! gate
(e.g., by a WA1A mutation), a substantial outward current would be produced, as was
observed (14). A related observation is that the M2 proton channel can be blocked by Cu?*
(through His37 coordination) applied extracellularly, but not intracellularly (14). Again, the
triply protonated histidine tetrad stays predominantly in the activated state, in which the
Trp*! gate blocks Cu?* access to His3’ from the C-terminal side. However, the W41A
mutation opens that access (14).

The structure of the M2 conductance domain solved in liquid crystalline bilayers has led to a
proposed mechanism for acid activation and proton conductance. The mechanism takes
advantage of conformational flexibility, both in the backbones and in the side chains, which
arises in part from the weak interactions that stabilize membrane proteins. M2 appears to use
the unique chemistry of the HxxxW quartet to shepherd protons through the channel.
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Fig. 1.

The tetrameric structure of the M2 conductance domain, solved by solid-state NMR
spectroscopy and restrained molecular dynamics simulations, in liquid crystalline lipid
bilayers. See (32) for details and fig. S3 for the NMR spectra. (A) Ribbon representation of
the TM and amphipathic helices. One monomer is shown in red. The TM helix is kinked
around the highly conserved Gly34 (shown as C,,_spheres). (B) Space-filling representation
of the protein side chains in the lipid bilayer environment used for the NMR spectroscopy,
structural refinement, and functional assay. C, O, N, and H atoms are colored green, red,
blue, and white, respectively. The nonpolar residues of the TM and amphipathic helices
form a continuous surface; the positively charged residues of the amphipathic helix are
arrayed on the outer edge of the structure in optimal position to interact with charged lipids.
The Ser®0 hydroxyl is also shown to be in an optimal position (as Cys®°) to accept a
palmitoyl group in native membranes. (C) HOLE image (33) illustrating pore constriction at
Val?” and Trp*L. (D) Several key residues at the junction between the TM and amphipathic
helices, including Gly®8 (shown as C, spheres), which facilitates the close approach of
adjacent monomers, and 11e> and Phe®, which fill a pocket previously described as a
rimantadine-binding site (12).
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Fig. 2.

The structure of the HxxxXW quartet in the histidine-locked state. (A) Top view of the
tetrameric cluster of H3"xxxW41 (His37 as sticks and Trp#! as spheres). Note the near-
coplanar arrangement of each imidazole-imidazolium dimer that forms a strong hydrogen
bond between Ng; and Ng,. In each dimer, the remaining N, interacts with the indole of a
Trp*! residue through a cation-rt interaction. The backbones have four-fold symmetry, as
defined by the time-averaged NMR data. (B) Side view of one of the two imidazole-
imidazolium dimers. Both the intraresidue Ng1-H-O hydrogen bond and the interresidue
Ng2-H-Ng1 strong hydrogen bond can be seen. The near-linearity of the interresidue
hydrogen bond is obtained at the expense of a strained C,-Cg-C,, angle (enlarged by ~10°)
of the residue on the left.
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Fig. 3.

Proposed mechanism of acid activation and proton conductance illustrated with half of the
HxxxW quartet from a side view. The histidine-locked state (top) is shown with a
hydronium ion waiting in the N-terminal pore. Acid activation is initiated with a proton
transfer from the hydronium ion into the interresidue hydrogen bond between Ng; and Ngo.
In the resulting activated state, the two imidazolium rings rotate so that the two nitrogens
move toward the center of the pore; in addition, the protonated Ng; forms a hydrogen bond
with water in the N-terminal pore while the protonated N.o moves downward (via relaxing
the Co-Cg-C, angle) to form a cation-r interaction with an indole, thereby blocking water
access from the C-terminal pore. The conducting state is obtained when this indole moves
aside to expose the N,o proton to a water in the C-terminal pore. It was suggested previously
(27) that the indole motion involves ring rotation coupled to backbone kinking. Once the
Ngo proton is released to C-terminal water, the HxxxW quartet returns to the histidine-
locked state.
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