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ABSTRACT  This paper reports on a coupled approach to determining the structure of the gramicidin A ion channel, utilizing solid
state nuclear magnetic resonance (NMR) of isotopically labeled gramicidin channels aligned parallel to the magnetic field direction,
and molecular dynamics (MD). MD computations using an idealized right-handed B-heilx as a starting point produce a refined
molecular structure that is in excellent agreement with atomic resolution solid state NMR data. The data provided by NMR and MD
are complementary to each other. When applied in a coordinated manner they provide a powerful approach to structure

determination in molecular systems not readily amenable to x-ray diffraction.

INTRODUCTION

Gramicidin A, a peptide of 15 amino acids, is a model
for proteinaceous ion channels, for protein-lipid interac-
tions, and for developing computational and experimen-
tal protocols for achieving high-resolution structures
(1-3). To understand the mechanism of conduction in
gramicidin, it is important to determine the channel
structure as completely as possible. For the channel
form of the polypeptide gramicidin A, an atomic resolu-
tion structure has not yet been achieved (4). Significant
knowledge of gramicidin channel structure has arisen
from spectroscopic data providing evidence to discrimi-
nate among possible secondary structures shown by
calculation and model building to be energetically rea-
sonable (5, 6). Two x-ray structures of gramicidin are
available; however, neither is the dominant conducting
form (“‘channel” form) in membranes (7, 8). The chan-
nel is formed in the lipid membrane by a combination of
hydrophobic and hydrophilic forces acting in close
proximity. Thus, a crystal of the channel form of the
molecule is not readily obtainable under any crystalliz-
ing conditions. On the other hand, the uniaxial align-
ment of the gramicidin molecules in the liquid crystal-
line membrane matrix is advantageous for the solid state
nuclear magnetic resonance (NMR) technique, which
requires anisotropic motion and which can take advan-
tage of the angular dependence of nuclear spin interac-
tions. Recent studies using NMR (9, 10) have verified an
earlier hypothesis (5) that the gramicidin channel is a
B-helix, but have shown that the pitch is right-handed in
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both a micellar (9) and bilayer (10) environment, rather
than left-handed as proposed earlier (11). The right-
handed B-helical structure is also inferred from circular
dichroism and conductance studies involving enantio-
meric gramicidin analogues (12). In the present study,
experimental solid-state "N NMR data obtained from
oriented bilayer-bound gramicidin is used to evaluate
various structural models for the gramicidin channel.
Solid-state "N NMR is a technique which provides
direct atomic-resolution structural information in the
form of orientational constraints. For a given N nucleus
within a molecule, the observed N chemical shift is
governed by the following orientational dependence:

0, = 0, cos’ a X sin’ B

+ 0, sin"a X cos’ B + gy, cos’ B, (1)

where o,,, 0,,, and o;; are the principal components of
the “N chemical shift anisotropy (CSA) tensor, and «
and B are the Euler angles relating the principal axis
system (PAS) of the "N CSA tensor to the laboratory
frame. Thus, for a single orientation of the channel, a
single chemical shift is observed. To interpret the
observed N chemical shift frequency in terms of spe-
cific bond orientations, it is necessary to know the
magnitude of the "N CSA tensor elements as well as the
orientation of these elements relative to a reference
frame fixed in the molecule. The magnitudes are readily
obtained from powder pattern spectra (10). The orienta-
tional information is provided by the recent determina-
tion of the position of the PAS of the ®N CSA tensor
relative to the peptide plane for the Ala, and Leu, sites
(13) for the Gly, site (14), and for the Val, site
(unpublished results). Because the "N CSA tensor
orientations for the Ala, and Leu, sites were nearly
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identical, similar orientations were assumed for the Ala,,
Val, and Val, sites. Thus, for a gramicidin structural
model positioned with the channel axis parallel to the
magnetic field, the predicted chemical shift for a partic-
ular site is easily calculated from the coordinates of the
model. This is achieved via transformation from the PAS
system through the molecular frame into the laboratory
frame of reference. These predicted chemical shifts are
compared with the experimental chemical shifts previ-
ously obtained from oriented samples positioned in the
magnet with the channel axis parallel to the field (10).

It is useful to consider the sensitivity of the observed
BN chemical shift frequency to geometrical features of
the channel structure such as the pitch and roll of
individual peptide planes. Specifically, we define pitch as
the angle between the C -C, axis and the channel axis,
and roll as the degree of rotation of a peptide plane
about the C,-C, axis from the position where the channel
axis lies within the plane. Because o,, and o, both lie in
the peptide plane for all but the Val, site, the observed
BN chemical shift is in general highly sensitive to pitch.
For example, a +5 degrees change of pitch for a typical
even numbered site in the channel results in a 25-ppm
change in chemical shift (15). Therefore, this solid-state
NMR approach provides a narrow range of possible
pitch angles for individual peptide planes, which is
useful in discriminating between various structural mod-
els. Similarly, roll of a peptide plane sweeps the ob-
served chemical shift through a range bounded approxi-
mately by o, and o,,, depending on the pitch. Because
o, and ¢, are very close in value, the observed chemical
shift is also quite sensitive to roll (for a complete
discussion, see reference 10). It must be noted, however,
that the interplay between pitch and roll results only in
an allowed region of space within which the peptide
plane may lie, not in a single unique orientation.
Therefore, whereas this approach may be a valuable tool
in evaluation of structural models, the N chemical shift
alone cannot determine a unique structure. However,
when combined with other experimental data such as
“N-'H and "N-"C dipolar interactions, a limited set of
possible &, ¥ torsion angle pairs for a given site can be
achieved (16).

Fig. 1 shows the observed “N chemical shifts for
gramicidin aligned with its channel axis parallel with the
magnetic field and predicted chemical shifts for three
different backbone structures. One structure is that
proposed by Arseniev et al. (9). The other two are mean
structures produced by MD computations for this report
beginning from idealized left- and right-handed struc-
tures. These computations include water molecules but
do not explicitly include the lipid membrane. The effect
of the lipid is approximated by artificial restraints on the
polypeptide motions (13). The left-handed starting struc-
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FIGURE1 The observed N chemical shift spectra for gramicidin
aligned with its channel axis parallel to the magnetic field are shown.
Vertical lines represent predicted positions of chemical shift reso-
nances for three different structures of gramicidin. Solid lines are
predictions of right-handed MD-produced structure starting with
Koeppe-Kimura reference structure. Closely-spaced dotted lines are
predictions of Arseniev et al. (9) right-handed structure. Widely-
spaced dotted lines are predictions of left-handed MD-produced
structure starting with Koeppe-Kimura reference structure. Differ-
ences between the right-handed structures are hypothesized to be
primarily due to the presence of ions in the Arseniev et al. channels, in
contrast to ion-free environment in the experiments and MD simula-
tions reported here.

ture for the MD is one proposed by Koeppe and Kimura
(14), whereas the right-handed starting structure is just
the right-handed analog of the left-handed starting
structure. Table 1 lists the predicted N chemical shifts
for the three model structures as well as for the idealized
right-handed starting structure. The experimentally ob-
served values are included for comparison, with all
chemical shifts referenced to a saturated aqueous
“NH,NO, solution. It is seen that the right-handed
structures clearly fit the experimental data better than
the left-handed structure. Further, the right-handed
MD structures are substantially better fits to the experi-
mental data than the Arseniev et al. (9) structure.
Because the latter structure is not a regular helix, and
because it is derived from a spherical micellar environ-
ment rather than a planar bilayer environment, there is
some ambiguity as to precisely how to define the channel
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TABLE1 Computed "N chemical shifts for structural models
aligned with the channel axis paraliel to the magnetic fleld
direction

MD RH* KKRH* Arseniev MDLH* Experimental
Site (ppm)  (ppm)  (ppm)  (ppm) (ppm)
Val, 199 206 142 168 198
Gly, 115 116 1 176 13
Ala, 196 202 190 148 198
Leu, 141 142 134 188 145
Ala, 199 199 196 146 198
Val, 146 143 137 190 145
Val, 193 195 169 148 196

The experimental values are included for comparison. *MD RH =
right-handed MD averaged, MD LH = left-handed MD averaged
structure, KK RH = right-handed structure derived by the method of
Koeppe and Kimura (18).

axis orientation with respect to the magnetic field. We
did the alignment by tilting the computed image of the
molecule slightly, and then selecting the best fits to the
experimental chemical shifts. The calculated shifts in
Fig. 1 for the Arseniev et al. (9) structure represent this
best effort to align the channel axis with the magnetic
field.

The samples for the NMR spectra were prepared
without the addition of permeant ions to the environ-
ment, and the computations were done for the situation
with water but no ions in the channel. On the other
hand, the Arseniev et al. (9) structure was derived from
experiments with high concentrations of sodium chlo-
ride. Published computations (19-21) indicate that pres-
ence of ions in the channel effects a significant distortion
of the backbone. Thus, it is inferred from Fig. 1 that the
NMR chemical shift is sufficiently sensitive not only to
distinguish the handedness of the peptide helix but also
to detect distortion of the helix of the degree caused by
ionic occupancy of the channel. This is a fairly subtle
modification of the structure. To illustrate that point,
side views of the Arseniev et al. (9) structure and the
computed MD structure are shown in Fig. 2. To the eye,
the differences are minor.

Because the MD computations produce a complete
structure, we may use them to infer structural features
beyond those shown directly by the NMR results to die.
Whereas the NMR data is clearly inconsistent with the
Arseniev et al. (9) structure, it is consistent with the
idealized right-handed helix used as a starting structure.
This match in chemical shift between observed and
calculated is preserved in the right-handed MD struc-
ture, which is both functionally and energetically more
reasonable. Of particular interest is the orientation of
the carbonyl groups, because the carbonyl oxygens are
likely to form numerous hydrogen bonds with water

GRAMICIDIN - MD Averaged Model Structure

FIGURE2 Side views of two right-handed backbone structures: (a)
The Arseniev et al. (9) structure, and (b) the MD-produced right-
handed structure starting with Koeppe-Kimura reference structure.
Note that these structures are very similar to the eye, although they are
clearly significantly different at the resolution of the NMR experi-
ments. (Fig. 1).

molecules in the channel, and electrostatic interactions
with cations when they are present. The end view of the
right-handed MD structure (Fig. 3) shows the tendency
of the backbone to flex in such a way as to move the
carbonyl oxygens closer to the center of the long channel

FIGURE3 View looking down the channel axis of the backbone of the
MD-produced right-handed structure. In addition to the peptide
bonds, the carbonyl bonds are also shown explicitly. It is seen that
there is a systematic tendency for the backbone to flex and the carbonyl
bonds to tilt so as to move the carbonyl oxygens closer to the center of
the channel, electrically polarizing the backbone in the radial direc-
tion. This prediction of the molecular dynamics is beyond the level of
detail yet achieved by the NMR measurements, and may partially
explain the preference of the channel for cations over anions (23).
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axis, which we had previously seen in a computed
left-handed structure (13). Whereas relieving the ener-
getic strain associated with the starting structure, the
molecular dynamics computations have succeeded in
maintaining a remarkable degree of agreement with the
chemical shift information. Furthermore, "N-'H and
BN-BC, dipolar measurements on oriented samples
confirm the chemical shift results and further restricts
the conformational space for the nitrogen sites (16). The
MD computations do not assume that the peptide bonds
remain precisely planar, and indeed they do not. Fig. 4
shows the mean orientation relative to the long axis of
the channel of each of the N-H bonds and C-O bonds in
the right-handed structure. It is seen that the N-H and
C-O orientations in each peptide bond differ by several
degrees, so they are obviously not antiparallel to each
other, as they would be in a planar peptide linkage.
From a detailed analysis of both “N and carbonyl *C
sites in the peptide linkage, the determination of the w
torsion angle about the peptide bond will unambigu-
ously discriminate betweent these models. Because it is
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FIGURE4 For the right-handed MD-produced structure, mean orien-
tation of each of the N-H and C-O bonds in the channel backbone,
expressed as the magnitude of the angle between the bond and the
long axis of the channel. The solid line connects the values for the N-H
bonds and the dotted line the values for the C-O bonds. For each
monomer, the identifying number is lowest at the center of the channel
and goes up as the mouth of the channel is approached. The
alternating pattern arises from the fact that the basic repeating unit of
the gramicidin helix is an L-D pair rather than a single amino acid. The
slight asymmetry between the two monomers may be random or
alternatively may be due to the asymmetry introduced by the water
molecules in the channel lining up with their dipoles all pointing in the
same direction along the channel axis. Note that there is systematically
a difference of up to several degrees between the orientation of the
N-H and C-O bonds in the same peptide bond. Therefore the N-H’s
and C-O’s are not precisely antiparallel to each other as would be
required in a rigid peptide plane.

possible to get information directly from solid state
NMR on the C-O orientations (22), it will be of interest
to compare these predictions of MD to further data.

These results show the power of solid-state NMR for
structure determination in situations difficult for x-ray
crystallography, and the complementarity between NMR
and MD in making progress towards achieving a detailed
refined structure. Where NMR and MD results are
consistent with each other, the MD may be used to
refine the structure beyond the precision of the NMR.
Where the results are inconsistent with each other, they
point up an area where our assumptions need to be
reviewed. Through this interplay between MD and
NMR we foresee solutions to long standing questions
about structure and dynamics that will provide insights
into the functioning of this channel at an atomic level.
Already the question about the helix sense is resolved
and the MD computations have brough about a remark-
able coincidence between the model structure and the
experimental data.
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