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ABSTRACT: An interhelical distance has been precisely measured by REDOR solid-state NMR spectroscopy
in the transmembrane tetrameric bundle of M2-TMP, from the M2 proton channel of the influenza A
viral coat. The high-resolution structure of the helical backbone has been determined using orientational
restraints from uniformly aligned peptide preparations in hydrated dimyristoylphosphatidylcholine bilayers.
Here, the distance between15Nπ labeled His37 and13Cγ labeled Trp41 is determined to be less than 3.9
Å. Such a short distance, in combination with the known tilt and rotational orientation of the individual
helices, permits not only a determination of which specific side chain pairings give rise to the interaction,
but also the side chain torsion angles and restraints for the tetrameric bundle can also be characterized.
The resulting proton channel structure is validated in a variety of ways. Both histidine and tryptophan
side chains are oriented in toward the pore where they can play a significant functional role. The channel
appears to be closed by the proximity of the four indoles consistent with electrophysiology and mutagenesis
studies of the intact protein at pH 7.0 and above. The pore maintains its integrity to the N terminal side
of the membrane, and at the same time, a cavity is generated that appears adequate for binding amantadine.
Finally, the observation of a 2 kHz coupling in the PISEMA spectrum of15NπHis37 validates the orientation
of the His37 side chain based on the observed REDOR distance.

Channel gating is induced by a variety of environmental
changes, and it is functionally achieved by a diversity of
mechanisms. The M2 proton channel of influenza A virus
is pH activated. Under neutral and basic conditions this
channel is closed (1, 2). On the basis of mutagenesis studies,
an interaction between His37 and Trp41 has been suggested
as the mechanism for sterically closing this channel (3). Here,
using solid-state NMR spectroscopy of the transmembrane
peptide from M2 protein in hydrated lipid bilayers, this
mechanism is investigated.

The M2 proton channel is essential for influenza infection.
This tetrameric channel (4) permits the uncoating of the viral
RNA and fusion of the viral membrane with the endosomal
wall (5). Blockage of this channel with amantadine prevents

fusion of these membranes (6). M2 protein is a 97 residue
protein with a single transmembrane domain (residues 25-
43) between N and C hydrophilic terminal domains (5, 7,
8). A 25 residue polypeptide (M2-TMP) that spans the
hydrophobic membrane region and has a few hydrophilic
residues on either end (residues 22-46) also shows evidence
for amantadine binding (9) and proton conductance (1),
although Tobler and co-workers (10) using truncated M2
protein have questioned these latter results. Despite this, M2-
TMP is still viewed as an excellent model system for
studying the proton channel formed by a tetramer of M2
protein. Evidence has been presented that this peptide is
oligomeric in bilayers (11) and tetrameric in micelles (12).
Furthermore, a high-resolution characterization of the poly-
peptide backbone has been achieved (13), including a precise
determination of the helical tilt and rotational orientation
relative to the anisotropic membrane environment. The
identity of the residues lining the pore has been known for
years (14, 15), and in combination with the rotational
orientation of the helices, it is now recognized that the
tetrameric bundle must be left-handed. This positions the few
hydrophilic residues of the transmembrane region oriented
toward the aqueous pore (16). Moreover, the observation of
single resonances from single site labels suggests that the
tetramer is symmetric or at least pseudosymmetric (13).
Numerous models of this tetrameric bundle have been
published (15, 17-21).

There are numerous advantages in using orientational
restraints derived from solid-state NMR to develop 3D
structures (22, 23). Each orientational observation restrains
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the macromolecular structure to the laboratory frame of
reference and to the lipid bilayer frame of reference in
membrane protein samples. The assembly of a structure from
such restraints does not result in the summation of errors,
because each restraint is interpreted independently. One of
the most important advantages for these restraints is that
R-helical structures are imaged directly in the PISEMA (24)
spectra that correlates anisotropic15N-1H dipolar and15N
chemical shift interactions (25, 26). Indeed, the tilt of a
transmembrane helix can be determined without resonance
assignments and the rotational orientation without complete
resonance assignments. This fixes the orientation of the
protein relative to its environment, an essential feature of
membrane protein structural characterization. While, these
orientational restraints are very precise structural restraints,
they are not able to position domains or potentially even
secondary structural elements relative to each other. Here,
we use a distance restraint also derived from solid-state NMR
using a sample of hydrated lipid bilayers to initiate a
quaternary structural characterization of this proton channel.

Solid-state NMR distance restraints have a considerable
history in structural elucidation of oligopeptides (27-30).
Furthermore, solid-state NMR distance restraints have been
used to characterize local structural details in macromolecular
complexes (31-35), including helix-helix interactions in a
membrane environment (36-39). Here structural conclusions
about the closed state of the M2-TMP tetramer are achieved
from a REDOR (rotational echo double resonance) (40)
distance characterization between His37 and Trp41 in
hydrated bilayer preparations of this peptide. Previously, such
a distance measurement and analysis has been successfully
demonstrated in a liquid crystalline lipid preparation of
gramicidin A (41).

EXPERIMENTAL PROCEDURES

Sample Preparation.Isotopically labeled amino acids
(99% enriched) [13Cγ]Trp and [15Nπ]His were purchased from
Cambridge Isotope Laboratories (Cambridge, MA). Fmoc
N-hydroxysuccinimide ester was purchased from SIGMA
Chemical Company (St. Louis, MO). Isotopically labeled
Fmoc-[13Cγ]Trp was chemically synthesized based on
Paquet’s method (42) with a slight modification to avoid
oxidization of the side chain. In the final step of this
synthesis, the reacted Fmoc-Trp was precipitated by slowly
adding HCl to an 8.6 mM 2-mercaptoethanol, 20 mM
Fmoc-Trp, pH 9.0 solution until the pH was lowered to
2.0 at 4°C. After precipitation, Fmoc-Trp was filtered out
and washed with cold H2O twice and lyophilized overnight.
The obtained Fmoc-Trp was recrystalized from dichloro-
methane/hexane. Similarly, Fmoc [15Nπ] His was chemically
synthesized (43).

The 13C- and 15N-doubly labeled M2-TMP (NH2-Ser22-
Ser23-Asp24-Pro25-Leu26-Val27-Val28-Ala29-Ala30-Ser31-Ile32-
Ile33-Gly34-Ile35-Leu36-[15Nπ]His37-Leu38-Ile39-Leu40-[13Cγ]-
Trp41-Ile42-Leu43-Asp44-Arg45-Leu46-CO2H) was synthesized
on the basis of solid-phase methods using an Applied
Biosystems-Model 433A peptide synthesizer (16). The
cleavage procedure was optimized based on a standard TFA
protocol that minimizes side reactions. The purity of the
cleaved peptide was assessed by MASS spectroscopy and
reverse phase HPLC to be 95%.

To prepare an unoriented hydrated lipid bilayer sample,
M2-TMP and dimyristoylphosphatidylcholine (DMPC) in a
1:16 molar ratio were cosolubilized in trifluoroethanol (TFE).
After lyophilization, the white powder was hydrated by
adding 50% (by total sample dry weight) pH 7.0, HPLC-
grade water, followed by incubation for 2 days at 42°C.
The sample was then dispersed in 30 mL of 20 mM citric/
Na2HPO4 buffer at pH 7.0 and incubated at 45°C for 2 h
before centrifuging at 20 000g for 3 h. The supernatant was
used to check the pH of the samples. After excess water
was removed, the pellet was transferred to an eppendorf tube,
tightly sealed to maintain the same hydration level, and then
incubated at 45°C for 2 days. Finally, the sample was
transferred to a glass insert for a Bruker 7 mm spinner
(Wilmad, Buena, NJ) and sealed with epoxy to maintain the
hydration level of the sample and to keep the sample within
a homogeneous volume of the RF field (i.e., within 90% of
the maximum value of the RF field) (44). Signals arising
from epoxy were subtracted from the solid-state NMR
spectra.

To prepare an oriented bilayer sample, 20 mg of M2-TMP
and 38.5 mg of DMPC (1:8 molar ratio) were codissolved
in 1.5 mL of TFE. The sample was spread on 50 glass slides
having dimensions of 5.8× 15 × 0.07 mm3. After drying
the organic solvent from the slides, approximately 1.2µL
of buffer (0.2 M phosphate and 0.1 M citric acid, pH 7.0)
was added to each slide, and then they were stacked into a
glass tubing with a 6.0× 6.0 mm2 internal dimension cross
section. The square tubing was sealed and the sample was
incubated for two weeks at 45°C prior to recording
spectroscopic data.

Solid-State NMR.The magic angle spinning NMR experi-
ments were recorded on a Bruker DMX-300 NMR spec-
trometer equipped with a Bruker CPMAS triple resonance
probe for 7 mm o.d. spinners. The1H, 13C, and15N resonance
frequencies were 300.16, 75.64, and 30.55 MHz, respec-
tively. Theπ pulse lengths for13C and15N nuclei were 10.8
and 11.8µs, respectively. Cross-polarization with a contact
time of 1 ms,1H decoupling with a field of 75 kHz, and a
recycle delay of 4s were used.

The heteronuclear distance was obtained by means of
solid-state NMR REDOR experiments (40). 13C-REDOR was
performed on a DMX-300 with an XY8-pulse sequence (45)
for irradiation of15N nuclei to compensate for errors in the
flip angle, off resonance effect, and variation in the H1 field
(44). The spinning speed was controlled at 4000(1 Hz, and
the experiments were performed at 38°C. REDOR and full
echo spectra were recorded at various dipolar evolution times,
Ncτr, (whereNc andτr are the rotor cycle number and rotor
period, respectively) from 2 to 16 ms to observe reasonable
dipolar dephasing of the signals. The normalized REDOR
difference (REDOR factor) was defined asSf/S0 () REDOR/
full echo) to cancel the decay of the signal intensities due to
the transverse relaxation process. The number of acquisitions
ranged from 6000 to 34 400 to achieve reasonable signal-
to-noise ratios. The contribution of dipolar dephasing from
neighboring natural abundant15N nuclei has been neglected
because15N is such a rare nucleus in proteins (46). The best-
fit theoretical curve was calculated by varying the hetero-
nuclear dipolar coupling constantsD ) -(µ0/4π)*(γIγSh/
2πr3).

M2 Proton Channel: Closed State Biochemistry, Vol. 41, No. 44, 200213171



15N NMR spectroscopy of the aligned sample was obtained
on a home-built 400 MHz (40.6 MHz for15N) spectrometer
using an 89 mm bore Oxford magnet and a Chemagnetics
data acquisition system. A home-built double resonance
probe was used with a square solenoid coil. Conditions for
the PISEMA experiment are as described previously (47).
All 15N chemical shifts are defined relative to a saturated
solution of15NH4NO3 at 0 ppm.

Computational Methods.Initial symmetric, tetrameric
bundle structures were constructed by duplication of the
structurally refined helix and rotating them about thez-axis
by 90°, 180°, and 270°, respectively. Then helices were
translated in thex,y plane by an initial helical axis separation
of 11 Å. The parameters for the tetramer helical bundle
include helix tilt angle, rotational angle about the helix axis,
helix crossing point and helical separation distance (48, 49).
The helical tilt angle and rotational angle are already
characterized by numerous orientational restraints from 2D
PISEMA data (13). But the helical crossing point and helical
separation distance are not defined by orientational restraints.
Previous studies from diverse helical bundles (50) have
reported a narrow range for these parameters, including a
range from 10 to 11 Å for the helical axis separation and a
crossing point close to the middle of the helix. These
parameters have routinely been used in helical bundle models
(15, 19, 49). Here the helical separation distance in M2-
TMP was searched using translations of the helices in the
x,y plane from initial coordinates in decrements of 0.2 Å
until the helix-helix contacts were optimized.

To maintain the integrity of the pore, the helical crossing
point must be located near the middle of the transmembrane
helix. Only in this way is the pore surrounded by the protein
along its entire length. Moreover, in the transmembrane helix
of M2, the Gly34 residue is located in the middle of the
helix, suggesting that the location of the helix-helix closest
approach is at this site where the absence of a side chain
facilitates close approach (36, 51).

The resulting tetrameric bundle structure was used to
search the side chain orientations in accord with the
experimentally measured distance between15NπHis37 and
13CγTrp41. The rotamer states of His and Trp side chains
and their nomenclature are adopted from the “penultimate
rotamer library” (52). Both ø1 andø2 angles of the residues
were searched extensively using 10° increments to discern
whether the interaction was intramolecular or intermolecular
and to find out which residues accounted for the observed
spin interaction before characterizing the rotameric states of
the side chains. Each of the structures were energy minimized
using steepest descent and conjugate gradient energy mini-
mization protocols with CHARMM (53). The distances of
each rotameric pair were examined before and after the
energy minimization to check the distance and their van der
Waals clash.

RESULTS AND DISCUSSION

Figure 1 shows high sensitivity signals obtained from
magic-angle spinning samples of M2-TMP in DMPC lipid
bilayers above the gel to liquid crystalline phase transition
temperature. All experiments in this study were performed
on samples at pH 7.0 in the essentially closed state of the

proton channel. Resonances from15NπHis37 and13CγTrp41
are both quite broad suggesting significant slow motions that
induce efficientT2 relaxation.

Figure 2 shows an example of the13C observed REDOR
spectra and full echo spectrum for intensity comparison.
Efficient dephasing is observed in this REDOR spectrum at
12 ms (48 rotor cycles at 4 kHz). Such dipolar dephasing
suggests close proximity of the histidine and tryptophan side
chains in the M2-TMP tetrameric structure. In Figure 3 the
dipolar dephasing is shown by plotting the normalized
REDOR intensity of the13CγTrp41 site dephased by15NπHis37
divided by the full echo intensity versus Ncτr. The result is
a 63 Hz coupling with a generous error bar of(12 Hz based
on the signal-to-noise ratio in the spectra. 51 Hz equates to
a maximum distance of 3.9 Å for this REDOR data, while
75 Hz is consistent with a 3.4 Å distance, assuming no
motional averaging of the dipolar interaction. It has previ-
ously been reported that the M2-TMP structure rotates about
the bilayer normal at a rate that is fast compared to the15N
chemical shift anisotropy of the backbone amide sites (47).

FIGURE 1: 1H decoupled15N and13C CPMAS spectra of a 10 mg
sample of [15Nπ] His37-[13Cγ] Trp41 doubly labeled M2-TMP in
hydrated (50% by wt.) DMPC lipid bilayers observed at a 4 kHz
spinning rate with 1 ms mixing time and a 4 srecycle delay, 38°C
and pH 7.0. (A)15N spectrum; the small signal around 100 ppm is
due to backbone amide natural abundant signals. (B)13C spectrum
shows considerable natural abundant signals in addition to the
labeled Cγ signal at 109 ppm (indicated by arrow). The spectrum
is a difference spectrum involving the subtraction of the epoxy
signals obtained in a separate spectrum. This causes a minor
distortion in the aliphatic lipid signals.

FIGURE 2: 13C-observed rotor-synchronized spin-echo experiments
of a 10 mg sample of [15Nπ ] His37-[13Cγ ] Trp41 labeled M2-
TMP using anNcτr value of 12 ms. The 16 000 transients were
acquired at 4000( 1 Hz spinning rate control. As in Figure 1, the
epoxy signals are subtracted. (A)13C-observed full-echo spectrum.
(B) 13C-observed REDOR spectrum (15N dipolar dephased). The
upper dotted lines indicate reference signals from lipid (nondephas-
ing), which are compared to lower dotted lines for observed13Cγ
signals marked by/ (dipolar dephased at REDOR).
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Consequently, dipolar interactions such as this one between
15NπHis37 and13CγTrp41 will be motionally averaged by
an amount that is dependent upon the angle of this dipolar
interaction relative to the motional axis. Hence, the distance
determined here from this dipolar interaction is a maximum
distance since the coupling is likely to be motionally
averaged and therefore the static value would be greater
indicating a shorter distance. For much of the following
search of conformational space, we will consider the
maximum distance of 3.9 Å consistent with the data.

To interpret this distance, the first challenge is to determine
which pairs of residues in the symmetric or pseudosymmetric
bundle give rise to this strong dipolar interaction. Initially,
the possible intramolecular interaction will be considered.
While the side chain conformations in this structure are not
known, the backbone conformation is well defined in a high
precision structure (13). In Figure 4 theø1 rotameric states
for both His37 and Trp41 are illustrated on the experimen-

tally definedR-helical backbone structure. Theseø1 angles
for histidine and tryptophan were taken from the recent
rotamer library (-65°, minus state; 63°, plus state;-177°,
trans state) (52). While coordinates of the13Cγ site are only
dependent on theø1 angle, the position of the15Nπ site is
dependent on bothø1 andø2. However, bothø2 angles were
searched to avoid steric clash while a short distance between
these two sites was sought.

To avoid steric clash with the main chain helix, neither
His37 nor Trp41 can be in the p state (His p state has 0%
occurrence and Trp p state has only 3% occurrence) (52).
In addition, the p state for both His37 and Trp41 are far
from all Trp41 and His 37 conformations, respectively.
Likewise, the Trp41 t state and His37 m state are not viable
options. Therefore, the only possibleø1 rotameric states are
the Trp41 m state and the His37 t state. Using theseø1

rotameric states, the internuclear distance is plotted in Figure
5 as a function of His37ø2. Potential solutions are observed;
however, the space filling model for these side chains shown
in Figure 6 illustrates severe side chain van der Waals overlap
for all possibleø2 angles.

FIGURE 3: Normalized REDOR intensity for [15Nπ] His37-[13Cγ]
Trp41 doubly labeled M2-TMP as a function of Ncτr with best-fit
theoretical curves. Error bars are calculated according to the S/N
ratio of spectra. Determined dipolar coupling constant was 63(
12 Hz. These data show the efficient dipolar dephasing of the13Cγ
site.

FIGURE 4: His37 and Trp41 search ofø1 conformational space for
a short distance between NπHis37 and CγTrp41. The p (g+), t,
and m (g-) rotameric states are labeled. Both p rotameric states
generate considerable steric clash with the high-resolution structure
of the R-helical backbone. Note that while the distance is also
dependent on the Hisø2 torsion angle, it is not dependent on the
Trp ø2 torsion angle.

FIGURE 5: With Trp41 in the mø1 rotameric state and His37 in
the t rotameric state, the Nπ-Cγ distance is calculated as a function
of His ø2 angle.

FIGURE 6: With Trp41 in the mø1 rotameric state and His37 in
the t ø1 rotameric state, the space filling model of these two side
chains (Trp in red; His is green) is presented as a function ofø2
angles. Models are generated every 30° in ø2 showing the severe
clash between all possible combinations of His and Trpø2 angles.
Consequently, the onlyø1 states that can generate a short distance
between these two residues are not possible because of steric clash.
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To further examine the possibility of noncanonical rota-
meric side chain combinations that could result in the
observed dipole coupling, energy minimization calculations
were performed. To remove the steric clash described above
while maintaining reasonable stereochemistry, the relative
weighting of bond lengths and angle potential terms were
set larger than the weighting for the nonbonding terms. The
ensemble of structures having the range ofø2 angles for both
side chains were energy minimized and the steric clash
removed. However, the closest approach was a 5.2 Å
interatomic distance at an angle of 66.8°, resulting in a
predicted dipolar interaction of less than 5.6 Hz (less than
one tenth of the observed interaction), thereby eliminating
the possibility that the observed dipolar coupling derives from
an intramolecular interaction. Consequently the interaction
must arise between side chains of adjacent helices.

Not only is the monomer backbone structure well defined,
but the tilt of the helix and its rotational orientation about
the helical axis in the lipid bilayer frame of reference are
well-known (13). To place the hydrophilic side chains toward
the pore, the tetrameric bundle must be a left-handed bundle
(16). Moreover, symmetry or pseudosymmetry for the bundle
is assured since single site labels give rise to single
resonances (11, 13, 16, 47). However, there are two
parameters not yet defined for the tetramer, the interhelical
separation, defining the helix-helix packing interactions, and
the helix-helix crossing point, characterized by a distance
along the helical axis. There is little flexibility in the values
of either variable, if the integrity of the pore is to be
maintained across the membrane. In addition, the separation
of the helices must generate a significant van der Waals
packing interaction to maintain structural stability of the
tetramer. Furthermore, the crossing point must be close to
the helical midpoint to avoid flaring of the helices at either
end such that the pore integrity is lost. Consequently, these
values have not varied greatly among the various published
models of the M2-TMP tetramer (15, 19), and they are
usually used as a constant during homooligomeric helical
bundle modeling (48, 49).

Possibleø1 rotameric states for His37 and Trp41 are shown
in Figure 7. Again, the p state of both side chains are not
considered based on steric clash with the backbone. It is clear
from the model that the only pairing that represents a close
proximity is the Trp41 residue of helix i with the His37
residue of helixi+1. Moreover, the rotameric states that
permit close proximity of these two side chains are the t
states for both residues. This conformation for histidine
generates the important feature that the side chain is turned
in toward the pore. For tryptophan it also brings the side
chain toward the pore and, in fact, seals the pore, thereby
generating the apparent closed state.

Figure 8 shows the calculated internuclear distance and
angle to the bilayer normal as a function of Hisø2 angles
and for both the m and tø1 states. These calculations are
also presented for a tenable range ofd values from 11.0 to
10.2 Å between helical axes. This is equivalent to 8.0-7.2
Å for the separation of Gly34 CR carbons. The result from
this figure reemphasizes that the Hisø1 rotameric state must
be trans, consistent with the previous modeling efforts which
have all described the His37 side chain in the trans state.
The m state of His37 even at ad value of 10.2 Å results in
an internuclear distance of 5 Å or more and an angle for the

internuclear vector such that the dipolar interaction is never
greater than 15 Hz compared to the observed value of 63(
12 Hz.

Upon examining more closely (Figure 9), the orientation
of the internuclear vector as a function of the His37ø2 angle
and the resultant motionally averaged dipolar interaction the
ø2 angle of 172° (12° is favorable, resulting in a dipolar
interaction that is within the observed error bar and within
the common-rotamer range ofø2 angles for histidine (52).
For Trp41, recall that the internuclear distance is independent
of theø2 angle, but there are two possibleø2 rotameric states
with angles of-105° and +90°. The +90° conformation
results in severe steric clash, and consequently, the Trp41
ø2 rotameric state is approximately-105°. Therefore, the
rotameric states for both side chains for this closed state of
the M2-TMP tetramer are defined.

This closed state is shown in Figure 10 with the optimized
orientation of His37 (ø1 ) -177; ø2 ) +172) and Trp41
(ø1 ) -177; ø2 ) -105) residues, an interhelical distance,
d ) 10.2 Å, and a helix-helix crossing point in the middle
of the helix. While this model illustrates a substantial pore
from the N-terminal side, the indole rings block the pore on
the C-terminal side. This role for tryptophan has recently
been suggested by mutagenesis studies (3). The apparent
close proximity of the indole and imidazole rings suggests
that the REDOR dipolar dephasing could be the result of a
I-S4 multispin interaction. However, a deviation from a two-
spin approximation in REDOR dephasing is only observable
when the third spin contributes more than 12% to the dipolar
interaction as reported previously (54). Throughout this
characterization it has been very difficult to obtain a structural
geometry for the Hisπ and Trpγ sites that allow for an
effective 13C- 15N4 multispin system in this symmetric or

FIGURE 7: For an intermolecular interaction in this tetrameric
structure, Trp41 of helixi must be interacting with His37 of helix
i+1, and it is readily seen that bothø1 rotamers must be in the t
state. Both t and m states of Trp41 are only shown in helixi, and
t states of Trp41 are shown in other helices. Both t and m states of
His37 are only shown in helixi+1, and t states of His37 are shown
in other helices. The tetramer model structure of M2-TMP was built
by the experimentally defined helical tilt and rotational orientation
(12), the helical axis separation of 10.2 Å, and the crossing point
in the middle of the M2-TMP helix.
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pseudosymmetric bundle. Here in this model, the distance
to the four15Nπ sites using theø2 value of+172° is 6.99 Å
(helix i to helix i), 3.75 Å (i to i+1), 8.47 Å (i to i+2), and
10.25 Å (i to i+3). Consequently, no significant deviation
will be observed by considering more than a two spin
approximation (54) for the final Trp and His geometry in

FIGURE 10: Models of M2-TMP based on data obtained at pH 7
when the channel is in its closed state. (A) Two of the four helices
are shown illustrating the orientation of the His and Trp side chains.
(B) The surface rendering shows a pore formed by the four helix
bundle and closed by the steric block of the indole side chains. A
probe radius of 1.4 Å was used to generate the surface.

FIGURE 8: Calculation of the motionally averaged dipolar coupling
between His Nπ and Trp Cγ as a function of the His side chain
torsion angles and the interhelical separation,d (2 is 10.2 Å,b is
10.6 Å, and9 is 11.0 Å). (A) Much shorter distances are observed
for the His ø1 angle in thetrans rather that theminus state. (B)
The orientation of the15N-13C dipolar vector is most favorable for
generating a very significant motionally averaged dipolar coupling
(C) whenø1 is trans andø2 equals-160°.

FIGURE 9: Calculation as shown in Figure 8C is refined here as a
function of theø2 torsion angle. The minimum dipolar coupling
from the REDOR measurement is drawn as a dashed line at 51
Hz. Furthermore, the solution set forø2 that yields a dipolar coupling
greater than 51 Hz and is within the standard range of theø2
rotameric state is shaded gray. Note that the otherø2 rotameric
states do not yield viable solutions.
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taking the motional averaged intra- and intermolecular
dipolar interactions into account (data not shown). Conse-
quently, it is concluded here that the dipolar dephasing is
strictly due to a nearest neighbor intermolecular two spin
system.

The left-handed sense for this helical bundle has been
previously based on the tilt and rotational orientation of the
helix combined with having the hydrophilic residues facing
toward the pore instead of facing toward the lipid environ-
ment. Such positioning of the hydrophilic residues is based
on mutagenesis studies and the favorable energetics of having
the hydrophilic residues on the inside of the structure. A
right-handed bundle would place the hydrophilic residues
away from the pore to face the lipid environment. Here, it
can be easily shown that the right-handed model is incon-
sistent with the short distance between His37 and Trp41. If
these side chains face away from the pore of the tetrameric
bundle, no possible combination ofø1 andø2 angles would
generate this close interresidue distance. Therefore, the left-
handed helical sense of the bundle is now experimentally
verified.

This model suggests that the orientation of the Nπ-H bond
relative to the magnetic field axis is close to the magic angle
as shown in Figure 11A as a function ofø2. Furthermore,
the same region ofø2 that is consistent with the common
rotameric state of histidine and the observed distance to
CγTrp41 is highlighted. The range of Nπ-H orientations

predicted from the bundle structure is from 45° to 61°,
corresponding to a dipolar coupling range of-1.5 to+2.5
kHz (Figure 11B). This dipolar coupling has been observed
in a uniformly aligned sample using the PISEMA experiment
(24). The observed coupling of 1.0 kHz (a dipolar splitting
of 2 kHz; the sign is not defined using this experiment) is
shown in Figure 11C, which is consistent with angles of 51°
or 59° in the bundle structure.

It is unusual for a single distance measurement to be so
effective in defining both the side chain conformations as
well as significantly restraining the quarternary structure. The
success of this effort lies in the short distance that was
observed and the well-defined backbone structure and
orientation of each helix with respect to the bilayer normal.
The helical backbone is very well defined by the precise
orientational restraints, which are absolute in that they relate
each peptide plane relative to the fixed laboratory frame of
reference. The resulting tetrameric structure is validated in
a variety of ways. Both His and Trp side chains are oriented
toward the pore, where they can play a significant functional
role. The channel appears to be closed by the close proximity
of the four indoles consistent with electrophysiology and
mutagenesis studies of the intact protein at pH 7.0 and above.
The pore maintains its integrity to the N terminal side of
the membrane and at the same time a cavity is generated
that appears adequate for binding amantadine. Finally, the
observation of a 2 kHz coupling in the PISEMA spectrum
of 15NπHis37 validates the structure based on the observed
REDOR distance.
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