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Abstract: The integral membrane protein M2 of influenza A virus assembles as a tetrameric bundle to
form a proton-conducting channel that is activated by low pH. The side chain of His37 in the transmembrane
R-helix is known to play an important role in the pH activation of the proton channel. It has also been
suggested that Trp41, which is located in an adjacent turn of the helix, forms part of the gating mechanism.
Here, a synthetic 25-residue peptide containing the M2 transmembrane domain was labeled with 6F-Trp41

and studied in lipid membranes by solid-state 19F NMR. We monitored the pH-dependent differences in
the 19F dipolar couplings and motionally narrowed chemical shift anisotropies of this 6F-Trp41 residue, and
we discuss the pH activation mechanism of the H+ channel. At pH 8.0, the structural parameters implicate
an inactivated state, while at pH 5.3 the tryptophan conformation represents the activated state. With the
aid of COSMOS force field simulations, we have obtained new side-chain torsion angles for Trp41 in the
inactivated state (ø1 ) -100° ( 10°, ø2 ) +110° ( 10°), and we predict a most probable activated state
with ø1 ) -50° ( 10° and ø2 ) +115° ( 10°. We have also validated the torsion angles of His37 in the
inactivated state as ø1 ) -175° ( 10° and ø2 ) -170° ( 10°.

Introduction

A fundamental molecular and chemical aspect of ion channels
concerns their mechanism of gating. The integral membrane
protein M2 from influenza A virus forms a tetrameric bundle
that acts as a pH-dependent proton-conductive channel1-3 at
two stages in viral replication. In a first stage, when the virus
enters a cell and becomes embedded in an acidic compartment
(pH 5-6), the M2 channel opens to import protons into the
viron. The resulting change in protein-protein and protein-
lipid interactions triggers the uncoating of the virus. Later on
in the infection, M2 channels appear in thetrans-Golgi network,
where they balance the pH gradient across the membrane by
exporting protons from the lumen to the cytoplasm. This proton-
conductive channel has been characterized in considerable detail
with regard to its structure-function relationship, such as its
tetrameric state,4-12 the backbone conformation of the trans-

membrane (TM) domain,13 and the role of the histidine tetrad
in channel conductivity and proton selectivity.3,14,15However,
the gating mechanism of the H+ channel has not been fully
understood, especially the role of the four tryptophans, which
are located just one helical turn above the histidines. Here, we
have characterized the tryptophan side-chain orientations of the
TM domain of the M2 protein, incorporated in a lipid bilayer
environment at different pH values, to understand its structural
role in the opening and closing of the channel.

The M2 channel is a 97-residue protein with a 24-residue
N-terminal and a 54-residue C-terminal segment connected by
a single TM helix of 19 residues. Three hydrophilic residues,
Ser31, His37, and Trp41, are lining the pore, based on cysteine
mutagenesis16,17 and structural characterization of the TM
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domain.13 The functional core of the channel is the TMR-helix
assembled into a tetrameric channel structure.7-9 The M2
channel conducts protons that are essential for viral replication.1-3

The channel can be blocked by Cu2+,8 amantadine,18-20 and
rimantadine,21 specific anti-influenza A drugs that inhibit viral
replication, primarily by binding to the M2 protein and thereby
preventing proton conductance. Such binding influences chemi-
cally, dynamically, and structurally the TM domain of the M2
protein,22,23 although the binding mechanism remains unclear.
Unfortunately, these antiviral drugs have had limited clinical
uses because of some severe side effects. Since 2005, the
National Institute of Allergy and Infectious Diseases has no
longer advised treatment with these drugs because of increasing
viral resistance.24 Therefore, understanding the structural basis
for the opening and closing mechanism of the channel would
allow us to understand the channel gating mechanism and thus
provide a much needed guideline for designing new and more
effective drugs that target this virus.

It has been shown that the acidification of the His37 side
chains plays a crucial role in the activation of the M2 proton
channel,3,14,15 while the Trp41 residues are also functionally
important. Mutagenesis investigations on Trp41 demonstrated a
strong influence of the tryptophan side chains on proton
conductance.25 UV Raman data3 provided evidence of a cation-π
interaction between the protonated imidazole ring of His37 and
the indole group of Trp41, with a transition midpoint at pH 5.7.
This investigation, however, showed that there is only a small
pH-dependent conformational change of Trp41, as itsø2 torsion

angle was found to remain close to 100°. A fluorescence study
of the M2 protein demonstrated a pH dependence of the Trp41

and His37 interactions.9 This evidence has supported the
contention that the indole side chains form a steric block or
gate for the proton conductance of the channel.

Here, we investigate a synthetic 25-residue (SSDPLVVAAS-
IIGILH 37LILW 41ILDRL) peptide that forms the TM domain of
the M2 protein (called M2TMD), containing the hydrophobic
TM domain (P25-L43). The backbone structure of this peptide
has been previously resolved, as shown in Figure 1, from solid-
state NMR polarization inversion spin exchange at the magic
angle (PISEMA) spectra of aligned samples,13 in which the
regular polarity index slant angle (PISA) wheel26 demonstrates
that residues 26-43 are entirely helical.27 It has also been
demonstrated that such an isolated TM domain of the M2
conducts protons.14,28

In this work, M2TMD was synthesized with 6-fluoro-
tryptophan (6F-Trp), which is an ideal reporter group for highly
sensitive solid-state19F NMR observation.29-31 This 19F chemi-
cal shift (CS) of 6F-Trp41 was measured at high and low pH
values, corresponding to the pH-inactivated and -activated states
of the channel. The structural interpretation can thus suggest
whether this side chain participates in proton conductivity, and
whether the four Trp41 residues interact with the imidazole rings
of the hydrogen-bonded His37 network. On the basis of a
correlation between the CS tensor elements and the19F-19F
dipolar coupling values, we thus restrain the structure of the
gate in the activated and inactivated states.

Materials and Methods

Sample Preparation.1,2-Dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was purchased from Avanti Polar Lipids, Inc. and used as
delivered. The synthesis of 6F-Trp41-M2TMD was based on the solid-
phase methods using an Applied Biosystems model 433A peptide
synthesizer according to the literature.32 The sample was purified
according to Kovacs and Cross32 and then codissolved with DMPC in
methanol/chloroform33 followed by evaporation of the organic solvents
with a stream of N2. The M2TMD/lipid film (20 mg/75 mg, i.e., molar
ratio of 1:16) was dried under vacuum overnight and subsequently
hydrated with 5 mM phosphate buffer with an adjusted pH (typically
1 mL). The vesicle suspension was incubated at 315 K for about 12 h
and then concentrated using an ultracentrifuge (Beckman Coulter, Inc.)
with 40000 rpm for 2 h. The pellets were kept for about 4 days in a
dry silicate chamber to remove excess water. The pellets were finally
rehydrated (to 60% by weight) and then transferred into 4-mm ZrO
NMR rotors with Vespel sealing caps for NMR measurements. The
sample was frozen and thawed several times from liquid nitrogen
temperature.

NMR Spectroscopy.All 19F NMR experiments were performed on
a Bruker DRX600 NMR spectrometer, with1H and 19F resonance
frequencies of 600.1 and 564.1 MHz, respectively, using a Bruker triple
resonance 4-mm H/F/X MAS NMR probe. Band selective filters
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Figure 1. TM part of the M2 proton channel, illustrating the His37 (green)
and Trp41 (blue) interactions in the four-helix bundle that control the gating
mechanism. The conformations of the Nishimura model13 at pH 8.0 are
used, with His37 (ø1, ø2) ) (-177°, +172°) and Trp41 (ø1, ø2) ) (-177°,
-105°). NMR distance constraints measured previously between His37 and
Trp41 are indicated in gray, and shown in red are the new distances between
6F-Trp being addressed here. (A) Bottom view. (B) Side view.
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(Bruker) and band stop filters for both channels were used to provide
sufficient isolation between the1H and19F channels. All spectra of the
M2TMD peptide were obtained with 4 k scans and a repetition time of
5 s, using a standard spin-echo pulse sequence (90° pulse width of 3
µs) with proton decoupling (B1 ) 75 kHz). High-resolution19F NMR
measurements were performed under static and magic-angle spinning
(MAS) conditions at different temperatures. The spinning rates were
controlled to within(3 Hz, and the air temperature was controlled
within (0.1 K by a Bruker BVT-2000 unit. However, the sample
temperature was expected to have a larger variation due to the sample
heating during high power1H decoupling and/or MAS.34-36 A 30 mM
NaF solution was used as the external19F chemical shift reference
(-120 ppm at 313 K).37

Force Field Simulations.For energy calculations, the COSMOS-
NMR force field38 was used with anharmonic potentials and an
electrostatic energy utilizing coordinate-dependent atomic charges that
were based on the semiempirical bond polarization theory (BPT). The
BPT charges were parametrized on 6-31g(d,p)ab initio values from a
natural population analysis.39 The initial three-dimensional structure
was obtained from the PDB (1NYJ).

Results

Figure 2 shows the static and MAS19F NMR spectra of the
6F-Trp41-M2TMD peptide incorporated in hydrated DMPC at
different pH values over a range of temperatures. At low pH)
5.3, the channel is in the pH-activated state, while at high pH
) 8.0 the channel is in the pH-inactivated state. At temperatures

below 273 K, the static19F spectra for both samples at pH 5.3
and 8.0 show a typical static powder line shape with a chemical
shift span,Ω, of about 75 ppm. Above the lipid phase transition
temperature (i.e., 313 K), the spectra are dramatically narrowed
because of the rotation of the M2TMD channel around the
channel axis in the liquid crystalline bilayers. The motionally
averaged chemical shift spanΩ is in a range of 10-20 ppm at
pH 8.0, while it is 20-30 ppm at pH 5.3. This difference implies
that the Trp side-chain orientations (with respect to the axis of
averaging) differ in the pH-activated and -inactivated states of
the channel. It is worth noting that at pH 8.0 the19F spectrum
at 313 K has a very low signal-to-noise ratio compared to that
at lower temperatures, despite the fact that the chemical shift
anisotropy is narrowed by the rotation of the channel around
the bilayer normal. This implies that the frequency scale of the
dynamics (such as helical motion and/or the global wobble of
the channel) in the inactivated state is different and less favorable
for NMR observation. Figure 2C,D shows the19F MAS NMR
spectra of the 6F-Trp41-M2TMD peptide incorporated in
hydrated DMPC at pH 5.3 and 8.0 at a spinning rate of 8.0
kHz. For both samples, the isotropic signal at-120 ppm appears
to be independent of temperature. For pH 5.3, the pattern of
the spinning sidebands remains almost the same until the
temperature is above 293 K. For pH 8.0, the pattern of the
spinning sidebands at 263 K is slightly different from that at
pH 5.3, especially for the first spinning sideband at around-105
ppm. It is noticeable from Figure 2D that the sideband pattern
for pH 8.0 is significantly affected by temperatures above 263
K. For both of the samples at 303 K, the spectral intensity
becomes very weak, probably because the phase transition of
the lipids introduces additional dynamics such as wobbling
motions of the channel. Well above the lipid phase transition,
at 313 K the isotropic peak gains intensity for pH 5.3, but not
for pH 8.0, again implying that the dynamic frequency scale in
the pH-inactivated state of the channel is unfavorable for NMR
observation.

Figure 3A,B shows the MAS spectra of the two hydrated
samples at 263 K spinning at 6.5 kHz. The lower spinning speed
used here gives rise to noticeably different patterns of the
spinning sidebands for pH 5.3 and 8.0. This is particularly
evident in spectral intensity of the first spinning sideband at
-108 ppm. To reveal the spectral differences between these
two states, we used the SIMPSON40 program to simulate the
spectra, as illustrated in Figure 3. At low pH, two chemically
identical19F nuclei (due to the fourfold symmetry of the channel)
were considered in the simulations, and their relative tensor
orientations were systematically varied. For convenience, the
Euler angles of the first CS tensor were set toR1 ) â1 ) γ1 )
0°, while the relative Euler angles of the second CS tensor (R2,
â2, γ2) as well as the F-F dipolar couplingωd and its orientation
âd with respect to the first CS tensor were varied. As shown in
Figure 3C, the root mean square (rms) minimum yieldsδiso )
-120 ppm,δaniso) 49 ppm, andη ) 0.6 for the chemical shift
tensor. From the rms plot of Figure 3E, it can be seen that at
pH 5.3 the dipolar coupling is less than-700 Hz, which means
that the distance between any two19F labels is at least 5.3 Å.
The slope is very steep up to-200 Hz, which corresponds to
a distance of 8 Å. This simulation strongly suggests that the
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Figure 2. Static (A, B) and 8.0 kHz MAS (C, D)19F NMR spectra of
6F-Trp41-M2TMD in DMPC (1:16 mol/mol) at pH) 5.3 (i.e., the pH-
activated state: A, C) and pH) 8.0 (i.e., the pH-inactivated state: B, D).
At 313 K, the rotationally averaged chemical shift spans were obtained:
pH ) 5.3 with 20 ppm< Ω < 30 ppm; and pH) 8.0 with 10 ppm< Ω
< 20 ppm. The resonance from residual trifluoroethanol in the sample is
indicated by an asterisk.
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indole rings of Trp41 must be far apart from each other in the
activated state of the tetrameric channel structure. From the PDB
model (1NYJ),13 the interhelical distance is about 8 Å, which
was verified experimentally.41 The F-F distance thus appears
to be close to the value of 8 Å to produce such weak dipolar

coupling. We consider this new structural information as a kind
of anti-distance restraint.

Similarly, the spectrum in Figure 3B at high pH could be
fitted, but only by introducing a larger F-F dipolar coupling
in addition to the chemical shift tensors. We validated the
experimentally obtained chemical shift parameters (Figure 3D:
δ11 ) -71 ppm,δ22 ) -130 ppm, andδ33 ) -159 ppm) by
ab initio Møller-Plesset perturbation theory (GIAO/MP2)42,43

calculations with a tzvpp basis set44-46 on a single Trp residue
(δ11 ) -64 ppm,δ22 ) -135 ppm, andδ33 ) -161 ppm). We
systematically varied the F-F dipolar coupling,ωd, as well as
the orientation of the dipolar axis with respect to the chemical
shift tensor,âd. From statistical error estimation (ø2 of 162, and
the partial derivative of the fitting function of 0.012/Hz gives
an error of 1.3 kHz, as provided in the Supporting Information),
the best fit yields a dipolar coupling frequency ofωd ) -3.1
( 1.3 kHz, which corresponds to a F-F distance of 3.2( 0.3
Å. The two values ofâd in Figure 3F are found to be(40° (

(41) Luo, W.; Hong, M.J. Am. Chem. Soc.2006, 128, 7242-7251.

(42) Gauss, J.Chem. Phys. Lett.1992, 191, 614-620.
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1989, 162, 165-169.

Figure 3. Experimental (solid lines) and simulated (dashed lines) spin-echo spectra of 6F-Trp41-M2TMD at 6.5 kHz MAS at pH) 5.3 (A) and pH) 8.0
(B). For the SIMPSON spin-echo simulations, two chemically identical19F nuclei were assumed. (C and E) The pH-activated state of pH 5.3 the respective
rms plots of the chemical shift anisotropy versus the asymmetry, and of the dipolar coupling angleâd versus dipole frequencyωd. (D and F) Corresponding
rms plots for the pH-inactivated state at pH 8.0. Contour levels within 2% of minimum rms are shown from black to light gray.

Figure 4. 19F chemical shift tensor of a 6F-Trp fragment. For all further
investigations, the following tensor components were used:δ11 ) -71
ppm (in C-F bond direction),δ22 ) -130 ppm (parallel to the indole
π-plane), andδ33 ) -159 ppm (perpendicular to the indoleπ-plane). The
rotational averaging along the channel axis along the bilayer is indicated.
The side-chain torsion anglesø1 andø2 are sketched.
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15°. There are several possibilities for how to align the two CS
tensors relative to another. For the fourfold symmetry, we
consider the following rough tensor alignments:R1 ) â1 ) γ1

) 0° andR2 ) 180°, â2 ) 90°, γ2 ) 0°, andR2 ) 180°, â2 )
90°, γ2 ) (90°.

Discussion

For the structural analysis of the M2 proton channel, we have
now obtained an anti-distance constraint for the activated state
at pH 5.3 (F-F distance of around 8 Å) under frozen conditions
at 263 K. At high temperature (e.g., 313 K), the rotation of the
channel about the membrane normal (i.e., the channel axis)
scales the large19F chemical shift anisotropy significantly, as
illustrated in Figure 4. Thus, the motionally averaged chemical
shift spanΩ carries the information about the Trp41 side-chain
orientation. At pH 5.3, the motionally averaged19F chemical
shift span of 20 ppm< Ω < 30 ppm was measured at 313 K.
For the inactivated state at pH 8.0, we determined a distance
restraint of 3.2 Å and a residual chemical shift span of 10 ppm
< Ω < 20 ppm. Furthermore, we can make use of the REDOR
distance restraint from15Nπ-His37-13Cγ-Trp41-M2TMD,
which has been previously characterized from a dipolar coupling
of 63 ( 12 Hz.13 These distance restraints are illustrated in
Figure 1B.

For the tetrameric peptide structure, there is a tight interaction
between the histidines and tryptophans within the channel.
Therefore, it cannot be considered a priori that a simple rotamer
database will reflect the correct conformation of the Trp41 side
chain in M2TMD. Hence, we used COSMOS force field38 total
energy calculations without the aid of any constraint to map

the total energy of the channel for allø1/ø2 combinations of
Trp41. In contrast to other force fields, COSMOS includes
anharmonic potentials and an electrostatic energy with coordinate-
dependent atomic charges. The charge model is based onab
initio natural population analysis.39 As an initial structure of
M2TMD, the model from the PDB (1NYJ)13 was used. The
charged groups were modeled according to the respective pH
values of the two samples. For the His37 tetramer, we used the
advanced protonation model according to the titration investiga-
tion by Hu et al.14 At pH 5.3, the four His37 side chains carry
an averaged total charge of+3.1, while at pH 8.0 the total
charge is around+1.3. Such a charged tetrameric M2TMD
structure was placed into an equilibrated box with a size of 603

Å3, containing 128 DMPC and 3000 water molecules. Under
these conditions, all charges and energies, including the
coordinate-dependent electrostatic interactions, were calculated
for all possible conformations of the four Trp41 residues on
M2TMD. At this point of the investigation, the conformation
of His37 is unknown. To exclude any steric interactions between
His37 and Trp41 side chains, His37 was exchanged for glycine
in the first round of simulations.

Figure 5A shows the calculated total energy as a function of
the Trp41 side-chain torsion anglesø1 (N-CR-Câ-Cγ) andø2

(CR-Câ-Cγ-Cδ1). The minima in this map represent all
allowed rotamers within the channel structure in a DMPC/water
bilayer environment. Figure 5B shows the corresponding contour
plot of the F-F distance calculated for the differentø1/ø2

combinations. Figure 5C,D shows the contour plots of the
rotationally averaged chemical shift spanΩ versusø1 andø2 in
the two pH-controlled samples. The contour levels in Figure

Figure 5. Maps of the total energy (A), the corresponding F-F distance (B), and the chemical shift spans at pH 5.3 (C) and pH 8.0 (D) as a function of
the side-chain torsion anglesø1 andø2 of 6F-Trp41 in M2TMD embedded in DMPC. In the activated channel at pH 5.3, a unique combination of torsion
angles that satisfy the anti-distance restraint and the allowed CS range of 20 ppm< Ω < 30 ppm is found at (ø1, ø2) ) (-50° ( 10°, +115° ( 10°), as
indicated by1 in (A)-(C). In the inactivated channel at pH 8.0, the distance constraint of 3.2 Å and the allowed CS range of 10 ppm< Ω < 20 ppm are
consistent with (ø1, ø2) ) (-100° ( 10°, +110° ( 10°) as indicated by2 in (A), (B), and (D). The opening of the channel thus corresponds to a transition
from state2 to 1; the states are seen to be connected by a low-energy barrier, involving mainly a rotation aroundø1 by about 50°. For comparison, the
previously suggested torsion angles (-177°, -105°) for the pH-inactivated state of the Nishimura model13 are energetically supported, but incompatible with
the experimental dipolar coupling and chemical shift, as illustrated by3 in (A), (B) and (D).
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5C were given forΩ ranging from 20 to 30 ppm in four steps,
while theΩ values in Figure 5D were leveled from 10 to 20
ppm in three steps. Therefore, the strips between those contour
levels in Figure 5C,D represent the experimentally allowed
chemical shift spans. These maps show that there exists an
energetically feasible side-chain conformation at pH 5.3 that is
compatible with the allowed chemical shift span (Figure 5C)
and with a long-range F-F distance of∼8 Å (Figure 5B). These
experimental restraints in combination with the total energy map
(Figure 5A) thus yield a unique set of torsion angles of (ø1, ø2)
) (-50° ( 10°, 115° ( 10°) for the activated state, as indicated
by 1 in Figure 5. Likewise, for the inactivated state at pH 8.0,
there appears to be a unique solution of (ø1, ø2) ) (-100° (
10°, 110° ( 10°) that fulfils both the experimental restraints
and the total energy map, as indicated by2. Interestingly, it
can be seen from Figure 5A that there is no high-energy barrier

between the activated and inactivated states, and hence these
conformations and their transition appear to be most probable.

For comparison with previous work, we also indicate by3

the torsion angles (ø1, ø2) ) (-177°, -105°) obtained on the
basis of a rotameric library by Nishimura et al.13 Even though
the latter torsion angles belong to an energetically allowed
conformation, they do not fit our structural restraints, which
might imply that the substitution of19F in the indole ring may
have changed the side-chain orientation of Trp41. However, in
the labeling approach of Nishimura et al.,13 the distance between
15Nπ-His37 and 13Cγ-Trp41 is independent ofø2. The only
significant difference based on the experimental data is therefore
in ø1, namely-177° based on the N-C distance versus-100°
based on our F-F distance.

By analogy with the Trp side-chain dipolar analysis, we used
the total energy map together with the previously reported
REDOR distance constraint13 to validate the torsion angles of
the His37 side chain in the presence of Trp41 with (ø1, ø2) )
(-100°, 110°) in the inactivated state. Figure 6 shows the
calculated total energy and the contour plot of the residual
dipolar coupling between15Nπ-His37 and 13Cγ-Trp41 as a
function of the torsion angles of His37, ø1 (N-CR-Câ-Cγ) and
ø2 (CR-Câ-Cγ-Nπ). Our data analysis yields a unique set of
angles (ø1, ø2) ) (-175° ( 10°, -170° ( 10°), as indicated
by 4, which is in good agreement with the previously reported
His37 torsion angles (-177°, 172°) by Nishimura et al.13

To ensure the validity of the calculated total energy map in
Figure 5A, the total energy as a function of the Trp41 side-
chain torsion angles in the inactivated state was recalculated
with our new His37 torsion angles (-175°, -170°). As shown
in Figure 7, the total energy minimum appears at the torsion
angles (ø1, ø2) ) (-100° ( 10°, 120° ( 10°), which is in good
agreement with the initial calculation as indicated by2, but
not at the torsion angles marked by1 and3 in Figure 5A.
From this reiteration, it is evident that only the newly predicted
angles (ø1, ø2) ) (-100° ( 10°, 110° ( 10°) are supported by
all of the data in the inactivated state, while the Trp41 torsion
angles indicated by1 are no longer allowed in the presence of
the His37 torsion angles. This confirms that the steric effect of
the His37 network strongly affects the Trp41 side-chain confor-
mation.

From these19F NMR investigations, we have characterized
for the first time the Trp41 side-chain conformation in the pH-
activated state of the M2 proton channel, beingø1 ) -50° (
10° and ø2 ) 115° ( 10° at pH 5.3. The corresponding
molecular structure is illustrated in Figure 8A. For the pH-
inactivated state at pH 8.0, we propose a new set of torsion
angles for Trp41 (ø1 ) -100° ( 10°, ø2 ) 110° ( 10°), and
we have confirmed the His37 conformation (ø1 ) -175° ( 10°,
ø2 ) -170° ( 10°), as illustrated in Figure 8B. From this model,
the average angle between19F CS tensor and dipole tensor is
found to beâd ≈ 40°, which lies within 2% rms error of fitting
results. It turns out that the Euler anglesR1 ) â1 ) γ1 ) 0°
andR2 ≈ 90°, â2 ≈ 90°, γ2 ≈ 0° are valid for the new closed
conformation. The torsion angles obtained for Trp41 in M2TMD
are also found for tryptophan in other proteins,47 as for example
(ø1, ø2) ) (-177°, -105°) for W126 in DsbA and W4 in NSCP;

(47) Hellings, M.; De Maeyer, M.; Verheyden, S.; Hao, Q.; Van Damme, E. J.
M.; Peumans, W. J.; Engelborghs, Y.Biophys. J.2003, 85, 1894-1902.

Figure 6. Maps of the total energy (A) and of the corresponding distance
between15Nπ-His37 and 13Cγ-Trp41 (B), as a function of the side-chain
torsion anglesø1 andø2 of His37 in M2TMD in the inactivated state. The
63 ( 12 Hz range from dark to gray in steps of 5 Hz is shown. A unique
solution is obtained as (ø1, ø2) ) (-175° ( 10°, -170° ( 10°), as indicated
by 4, which is close to the Nishimura model (-177°, 172°).13

Figure 7. Map of the total energy as a function of the side-chain torsion
anglesø1 andø2 of 6F-Trp41 in M2TMD embedded in DMPC at pH 8.0 in
the presence of His37 torsion angles (-175°, -170°).
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(-90°, +105°) for W175 in PAI-I and W140 in Colicin A; and
(-50°, +115°) for W86 in Colicin A and W175 in PAI-I.

Our result is consistent with the previously published data
on the histidine-tryptophan interaction. One model (UV Raman
data)3 had suggested only a small conformational change of
Trp41 for the ø2 torsion angle around 100°; indeed, we found
no significant change (from 110° to 115°). Another model
obtained by mutagenesis investigations,25 which seemed to be
contradictive to the UV Raman model, suggested strong
conformational changes for tryptophan. Here, we were able to
show thatø1 is indeed responsible for a significant change from
-100° to -50°.

In conclusion, through this solid-state19F NMR analysis in
combination with computational energy calculations, we have
demonstrated that the side-chain conformation and position of
Trp41 differs significantly in the two pH-dependent states of
the proton channel of M2TMD. The structural results in Figure
8 suggest that the four tryptophan residues actively participate
in activating the channel mechanically. This response to a
change in pH appears to be elicited via electrostatic and van
der Waals interactions between His37 and Trp41, which can thus
be considered as a prerequisite for the gating mechanism. It
appears that the role of the bulky Trp41 side chains is to enhance
the steric effect of the His37 network that is directly involved
in the H+ gating. Due to the nature of large19F chemical shift
anisotropy and the ability to access long-range F-F internuclear
distances,48 19F NMR is highly sensitive to subtle structural
changes associated with the functional properties of ion channels
as well as membrane proteins in general.49-51 Thus, the kind
of solid-state NMR analysis presented here is expected to
become a most useful technique for characterizing structure-
function dynamics relationships of membrane proteins in their
“native” lipid environment.
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Figure 8. Side chain conformations (bottom view) of Trp41 (blue) and
His37 (green) in the TM channel structure of the homotetrameric M2 protein.
(A) The activated state at pH 5.3 for Trp41 (ø1, ø2) ) (-50°, +115°). His37

torsion angles are not defined. (B) New coordinates for the inactivated state
at pH 8.0 for His37 (-175°, -170°) and Trp41 (-100°, +110°). (C)
Nishimura model13 of the inactivated state for His37 (-177°, +172°) and
Trp41 (-177°, -105°).
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