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ABSTRACT Functional regulation of proteins is central
to living organisms. Here it is shown that a nonfunctional
conformational state of a polypeptide can be kinetically
trapped in a lipid bilayer environment. This state is a meta-
stable structure that is stable for weeks just above the phase
transition temperature of the lipid. When the samples are
incubated for several days at 68°C, 50% of the trapped
conformation converts to the minimum-energy functional
state. This result suggests the possibility that another mech-
anism for functional regulation of protein activity may be
available for membrane proteins: that cells may insert pro-
teins into membranes in inactive states pending the biological
demand for protein function.

The aqueous environment for water-soluble proteins promotes
conformational rearrangements by mediating hydrogen bond
exchange and by inducing dynamics at the solvent-exposed
surface (1, 2). Consequently, even minimum-energy confor-
mational states for water-soluble proteins are marginally stable
(3, 4). The lipid environment is very different (5). It does not
mediate hydrogen bond exchange or promote dynamics; in-
stead, conformational states are stabilized as demonstrated
here. Although evidence for kinetically trapped metastable
conformational states of certain water-soluble proteins has
been growing (6), here the conformation and conversion of a
metastable state to a thermodynamically favored state is
described and demonstrated for a bilayer-bound polypeptide.
The polypeptide gramicidin A is particularly appropriate

for these studies of conformational stability, because it has
a large surface to volume ratio. Its molecular structure and
dynamics are highly sensitive to its environment. In lipid
bilayers, gramicidin typically forms a single-stranded helical
dimer (see Fig. 1, blue), whereas in organic solvents, it forms
a variety of stable double-helical conformations (see Fig. 1,
red) that vary in handedness and symmetry (i.e., parallel vs.
antiparallel) (7). These conformers interconvert slowly
enough in ethanol that four different conformations are well
resolved by solution NMR spectroscopy (8). They convert
much more slowly in dioxane or tetrahydrofuran, because the
solvent cannot efficiently promote hydrogen bond exchange,
and consequently, the conformers are trapped in a metasta-
ble state (7, 9, 10). In fact, they can be separated by TLC or
normal-phase HPLC, and solution NMR spectroscopy can
be performed on the individual conformers (10). The equi-
librium between these conformational states varies, depend-
ing primarily on the dielectric constant of the solvent
(unpublished results). Furthermore, when lipid bilayers con-
taining gramicidin were prepared by first cosolubilizing
peptide and lipid in various organic solvents followed by
solvent removal and hydration, a solvent history dependence
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was observed (9, 11, 12). In other words, the use of certain
organic cosolubilizing solvents leads readily to the channel
state (characterized by 15N and 23Na NMR as well as CD
spectroscopy and HPLC), whereas the use of other solvents
results in the need for extensive incubation before showing
features typical of the channel state. Apparently, conforma-
tions of gramicidin that are metastable can be formed in a
lipid bilayer environment.

Solid-state NMR is well suited for characterizing proteins
in anisotropic environments, and moreover, it can take
advantage of uniaxially aligned samples (13-18). The gram-
icidin channel structure has been solved with solid-state
NMR-derived orientational constraints from samples in fully
hydrated lipid bilayers (13). Through isotope labeling of
individual specific amino acid sites, orientation-dependent
nuclear spin interactions have been monitored in aligned
samples (see Fig. 1). Because of the many precise constraints
observed for the gramicidin channel, its structure is one of
the highest resolution characterizations of a membrane-
bound polypeptide or protein structure.

MATERIALS AND METHODS

Isotopically labeled amino acids were purchased from Cam-
bridge Isotope Laboratories (Cambridge, MA). Dimyristoyl
phosphatidylcholine was purchased from Sigma. Both amino
acids and lipids were used without further purification. Gram-
icidin A was synthesized using fluorenylmethoxycarbonyl
blocking chemistry and a peptide synthesizer (Applied Bio-
systems; model 430A) (19). Peptides that were synthesized in
<98% purity were purified by semipreparative HPLC as
described (19). Oriented samples were prepared using a gram-
icidin/lipid molar ratio of 1:8. The peptide and lipid were
cosolubilized in an organic solvent, and the sample was dried
on thin glass plates. Approximately 20 plates were stacked in
a segment of square glass tubing that was sealed following the
addition of "50% (wt/wt) water. The sample was then incu-
bated for 14 days at 45°C to complete the hydration of the
bilayers without resorting to agitation.

15N solid-state NMR spectra were obtained on a heavily
modified spectrometer (Bruker, Billerica, MA; model
WP200 SY) with a DOTY Scientific (Columbia, SC) solid-
state accessory. The '5N frequency was 20.3 MHz, and
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typical parameters for cross-polarization were 6-ps 90° pulse
widths, 1-ms mixing time, a 7-s recycle delay, and an 8-ps
dwell time. High power 1H decoupling was employed during
data acquisition. Typically, 10,000 acquisitions were ob-
tained for each spectrum.
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RESULTS AND DISCUSSION

Fig. 1 shows the origin of the solid-state NMR-derived orien-
tational constraints. The gramicidin structures are all based on
P-sheet type hydrogen bonding, and therefore, the repeating
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FIG. 1. Gramicidin forms a variety of dimeric structures based on 3-sheet type hydrogen bonding. Because of its alternating amino acid stereochemistry,
the side chains are on one side of the sheet structure, thereby forcing it into a helix. The structural repeat, typical of a (-sheet, is a dipeptide with the
carbonyl groups alternating between parallel and antiparallel to the channel axis. In an anisotropic environment the chemical shift of the NMR spectrum
is orientation-dependent with respect to Bo. This dependence is described by the chemical shift tensor, which is fixed in the peptide plane and illustrated
here by ellipsoids with axes of al1, a22, and a33. For the single-stranded conformation (blue) in oriented bilayers where the helical axis and bilayer normal
are aligned parallel to Bo, the observed 15Na chemical shifts are 190 + 10 ppm for the L residues and 135 ± 10 ppm for the D residues. For the
double-stranded helix (red) a similar repeating pattern is predicted based on a solution NMR structure (20) and a crystal structure (21). For this helix,
the 15Na chemical shifts are predicted to be '90 ppm for the L sites and '180 ppm for the D site frequencies. Simulated spectra of unoriented samples
show the full range of orientation-dependent chemical shifts with the spectral discontinuities defining the tensor axes.
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FIG. 2. 15N spectra of uniformly aligned dimyristoyl phosphotidyl-
choline bilayers containing single-site 15N-labeled gramicidin A. These
samples were prepared by cosolubilization of the lipid and peptide in
a mixed solvent of methanol/water (98:2, vol/vol). The dominant peak
in each spectrum is from the channel conformation. The minor
resonances marked by arrows are due to a new conformation consis-
tent with the chemical shift predictions in Fig. 1 for a left-handed
double-stranded helix.

structural unit is a dipeptide consisting of one L residue and
one D residue. The orientation of the amide 15N D and L sites
alternate in a regular pattern about a helical axis generating an
alternating pattern of 15N chemical shifts observed from
oriented samples. The observed chemical shifts are specified
by the orientation of the 15N chemical shift tensors, which are

shown in the figure as ellipsoids orientationally fixed in the
molecular frame. The orthogonal tensor elements that de-
scribe the axes of each ellipsoid have magnitudes defined by
frequencies shown in the simulated powder pattern spectra (of
unoriented samples) at the bottom of the figure. Consequently,
as the molecular frame orientation is changed with respect to
the magnetic field, Bo, the chemical shift tensor orientation
with respect to this axis is also changed, and the observed
chemical shift is defined by the component of the tensor
parallel to Bo. This chemical shift can also be described by the
sum of tensor element components, where Ou represents the
orientation of the tensor elements with respect to Bo, as follows:

Oobs = O'llCos2011 + O22COS2022 + 0r33COS2033.
The orientation of the amide sites depends on both the

handedness and helical pitch of the conformers. Consequently,
the right-handed single-stranded channel conformation (Fig.
1, blue) gives rise to very different observed frequencies than
the left-handed double-stranded dimer (Fig. 1, red). A change
in handedness causes the L and D residues to switch chemical
shift frequencies; in other words, a right-handed double helix
would have L residue frequencies of 180 ppm and D residue
frequencies of 90 ppm. The doubling of the helical pitch
between single- and double-stranded dimers results in an

approximate doubling of the frequency separation between L
and D residues.

Fig. 2 shows spectra obtained from a variety of single-site
isotopically labeled gramicidin samples in lipid bilayers pre-
pared with a methanol/water cosolubilizing solvent. In each
spectrum, the dominant resonance is consistent with the
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FIG. 3. 15N NMR spectra of 15N Leu-14-labeled gramicidin A in
oriented lipid bilayers. (A) Sample initially cosolubilized in methanol/
water (98:2, vol/vol) where the polypeptide is known to exist as a
complex mixture of parallel and antiparallel double-helical conforma-
tions. In lipid bilayers, as shown in Fig. 2, two conformations are
observed. (B) The sample inA after it has been incubated at 68°C for
3 days. (C) Sample initially cosolubilized in benzene/ethanol (95:5,
vol/vol) where the polypeptide is known (20) to exist as a single
dimeric conformation, an antiparallel double-stranded helix with a
left-handed helical sense. In lipid bilayers, a single conformer is
observed that has previously been shown to be the right-handed
single-stranded helix of the channel state.

published chemical shift of the channel conformation for that
particular site (13). The spectra of D and L residues have been
separated as in Fig. 1. The channel conformation has L-site
resonances near 190 ppm and D-site resonances near 135 ppm.
Based on this alternating pattern of chemical shifts, a 3-sheet
structure was confirmed, and the helix sense was unambigu-
ously determined to be right-handed (22). The other resonance
in each spectrum in Fig. 2 (arrow) is associated with a different
conformation, and because the resonances are narrow for this
new conformation, it is also a structure that is well aligned with
respect to the lipid bilayer. The alternating pattern of chemical
shifts suggests both a 3-sheet structure and a helix of opposite
sense to that of the channel state. Furthermore, the much
greater separation of L- and D-site frequencies dictate a helical
pitch typical of a double-stranded structure. The resonance
frequencies for this new conformational state are consistent
with those predicted from either a parallel or antiparallel
double-stranded conformation with a left-handed helical sense.
When 15N Leu-14-labeled gramicidin samples are cosolubi-

lized in benzene/ethanol, a single conformation, the channel
state, results as shown by a single sharp resonance at 131 ppm
in the '5NNMR spectrum (Fig. 3C). When the cosolubilization
solvent is methanol/water, as in Fig. 2, two resonances are
observed for each labeled site (Fig. 3A and B), and when this
sample is incubated at 68°C for 72 h, the intensity in the new
resonance diminishes by more than 50% (Fig. 3B). Therefore,
this resonance and others like it in Fig. 2 represent a kinetically
trapped metastable conformation that, upon extensive incu-
bation at elevated temperatures, can be converted to the
minimum-energy conformation in the bilayer environment
(the channel state).

It is well known that the left-handed antiparallel double
helix (Fig. 4) that dominates (>95%) in benzene/ethanol
solvent mixtures is readily converted in hydrated lipid bilayers
(12) to the channel state, a single-stranded conformation with
a right-handed helical sense. The proposed mechanism for this
conformational rearrangement includes an untwisting of the
double helix (25-29), thereby minimally exposing the amide
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FIG. 4. Conformational rearrangements of gramicidin dimers within a lipid bilayer. The backbone is drawn to emphasize the P-sheet nature
of these structures, The C"-C" vector alternates in orientation to the bilayer normal, and the amide nitrogens shown in cyan alternate on either
side of the tube representing the backbone. It is the spectroscopy of these sites that has provided the data for this paper. The antiparallel double-helix
structure is a representation of the solution NMR-derived structure (20). The channel state is a representation of the high-resolution solid-state
NMR-derived structure in lipid bilayers (13). The backbone conformation of the parallel double helix is based on results from Bystrov and coworkers
(8), but the side-chain orientations are model-based without experimental verification. The intermediate is shown only to illustrate the burying of
indoles deep within the bilayer; the structure is hypothetical. The antiparallel double helix converts readily to the channel state in lipid bilayers,
whereas the parallel double helix is trapped in a metastable state. The driving force for such conformational rearrangements lies in the movement
of the indole nitrogens (shown in magenta in the structures) toward the bilayer surface and away from the low dielectric environment of the bilayer
center as illustrated at the bottom of the figure, where the colored area approximates the hydrophobic width of the liquid crystalline state of the
dimyristoyl phosphatidylcholine bilayers (23, 24). With considerable sample heating, it is possible to convert the kinetically trapped state to the
channel conformation, hence the dotted arrow connecting the parallel double helix with the channel state. A high activation energy barrier, due
to the flip-flop of four indoles across the bilayer, for the conversion of the parallel double-stranded structure to the single-stranded channel state
is the reason why the parallel double-stranded structure is trapped in a metastable state.

carbonyls to the low dielectric lipid environment. The change
in helix sense is accomplished simultaneously by a 180° flip of
each peptide plane (about an axis approximated by the Ca-Ca
vector) as it is freed from hydrogen bonding to the intertwined
strand (29). This results in switching the side chains from one
side of the 3-sheet to the other, forcing the sheet to curl with
the opposite helical sense. The amino-terminus to amino-
terminus junction of the channel state is directly achieved by
this mechanism initiated with an antiparallel double helix. The
driving force for this conformational rearrangement results
from the disposition of the indole rings within the lipid
environment. The channel state has each of the indole NH
groups oriented toward the hydrophilic bilayer surface, where
the hydrogen can exchange with water in the hydrophilic-
hydrophobic interface (14). As illustrated at the bottom of Fig.
4, the antiparallel structure in rearranging to the channel state
moves the indole nitrogens to the bilayer surface when the
structure untwists in the direction of forming the amino-
terminus to amino-terminus dimer.

In methanol, both antiparallel and parallel double helices
exist (7, 8). When bilayers of gramicidin are prepared using
methanol as a cosolubilizing solvent, two conformations are

observed, one ofwhich is metastable and double-stranded with
a left-handed helical sense. For a parallel conformer to convert

to the channel state, an additional rearrangement step is
needed (as shown on the right side of Fig. 4), because the
untwisting of such a structure results in an amino-terminus to
carboxy-terminus junction and the burial of four indoles deep
within the bilayer. These significant energetic costs are akin to
the energetic cost of flipping a cholesterol molecule between
bilayer leaflets, the rate of which is known to be very slow (30,
31). Consequently, it is judged here that the observed meta-
stable structure is a parallel double-stranded dimer that has all
of its indole rings in one bilayer leaflet.
The trapping of a non-minimum-energy conformation is

made possible by secluding the polypeptide from the catalytic
effect of a protic solvent** and by the low dielectric constant
of the fatty acyl chain environment. Such a low dielectric
stabilizes electrostatic interactions, including hydrogen bonds.
Furthermore, the heterogeneity in this environment arising
from the dielectric constant gradient (between the bilayer

**We refer to protic solvents as "catalysts" because these solvents have
the ability to promote hydrogen bond exchange that can lead to
conformational rearrangements. The solvent is not consumed in the
process and the potential energy barrier for conformational rear-
rangement is lowered, hence the justification for using the term
catalyst.

r-

i

,;..X

_ ._

Antiparallel
Double Helix
4

Channel state

10

5
Z axis

(A) 0

-5

-10-

Intermediate

*
-i

..e I

10

5

0

-5

-10

a - .

Biophysics: Arumugam et aL. 5875

,
p1 oo

I:··

.;



5876 Biophysics: Arumugam et al.

surface and interior) generates a driving force for conforma-
tional rearrangement through the need to redistribute the
indole rings at the bilayer surface. These results show a
molecular memory between solvent environments and docu-
ments a unique feature of the membrane environment that
may be of general importance to membrane proteins. Poten-
tially, inactive conformational states may be stored in the
membrane until such a time as the cell needs the functional or
minimum-energy conformation.
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