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Side-Chain Structure and Dynamics at the Lipid-Protein Interface:
Val1 of the Gramicidin A Channel

K.-C. Lee and T. A. Cross
Department of Chemistry, Institute of Molecular Biophysics, and National High Magnetic Field Laboratory, Florida State University,
Tallahassee, Florida 32306 USA

ABSTRACT High resolution dynamics and structural information has been resolved from 2H solid-state NMR spectra of the
Val-1 side-chain of the gramicidin channel in a lipid bilayer. Both powder pattern lineshapes and spectra from uniformly aligned
samples of gramicidin in lipid bilayers have been analyzed to achieve a fully consistant interpretation of the data. Torsional
motions about the C.C. axis (XI) are shown to be three-state jumps in which the occupancy of the states is given by the ratio,
75:15:10 for the X1 angles of 1840:3040:640. The dominant conformer is also the most common conformation observed for valines
in well defined protein structures. The distribution of conformational substates that represents the X1 dynamics appears to be
largely independent of the lipid phase transition and the hydration of the sample. However, there is evidence that the residence
time between jumps is dependent on the lipid phase transition. Although this time is shown to be approximately 1 ps below the
phase transition temperature, it is in the fast exchange limit above the transition temperature.

INTRODUCTION

A long-standing goal in membrane biophysics has been to
characterize the influences of lipid on protein, and protein on
lipid in model membranes. Solid-state NMR has long been
recognized as having the potential to contribute in this arena;
however, there have been and continue to be numerous com-
plications. One of the most challenging is the separation of
structural and dynamic influences on the solid-state NMR
spectra. Here, characterizations are achieved for the dynam-
ics and conformation of the Val-1 side-chain in the grami-
cidin dimer that forms a channel in lipid bilayers. By using
a combination of unoriented and oriented bilayer prepara-
tions, above and below the phase transition of the lipid, it has
been possible to separate these influences and to achieve a
quantitative description of the X1 torsional dynamics and con-
formational states for this side-chain.

Gramicidin A is a hydrophobic linear peptide containing
15 alternating D and L amino acid residues, and termini are
blocked such that the peptide has no formal charges. The
primary sequence is HCO-(L)Vall-Gly2-(L)Ala3-(D)Leu4-
(L)Ala5-(D)Val6-(L)Val7-(D)Val8-(L)Trpg-(D)Leulo-(L)Trp1-
(D)Leul2-(L)Trpl3-(D)Leu14-(L)Trpl5-NHC2H4OH. As an amino-
terminus to amino-terminus dimer this peptide forms a
monovalent cation selective channel. Models of the folding
motif have been extant for many years (Wallace, 1990;
Anderson et al., 1992; Killian, 1992), and recently the back-
bone structure has been solved in a lipid environment
(Ketchem et al., 1993). The motif is a helix with 6.3 residues
per turn forming a 4-A pore through which a single file of
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water molecules and cations can pass. How the peptide
facilitates cation transport is not known, but local motions in
the backbone with substantial amplitudes and nanosecond
frequencies suggest that dynamic and kinetic processes are
occuring on the same timescale (North and Cross, 1993;
North, 1993). To achieve local motional frequencies on
such a slow timescale, the motions are likely to be highly
correlated. The dynamics of the backbone may be correlated
with the side-chains and may be modulated further by the
lipids. It is known that lipids can modulate the conductance
of the gramicidin channel.
The analysis of chemical shift or 2H quadrupolar powder

patterns is the most common approach for characterizing
dynamic modes by solid-state NMR. Molecular motions av-
erage the nuclear spin interaction tensors, thereby changing
the shape and reducing the width of the spectral lineshape.
Spectra of samples that have been aligned uniformly with
respect to the magnetic field are also affected by these mo-
tions. The observed frequencies reflect the orientation of the
spin interaction with respect to the field, but a quantitative
interpretation of such orientational or structural constraints
requires a characterization of the motionally averaged spin
interaction tensors. Previous efforts (Killian et al., 1992) to
characterize the dynamics and conformation of the Val-1 site
in gramicidin did not have the dynamic insight afforded by
the temperature-dependent powder pattern analysis for the
valine methyl groups.

MATERIALS AND METHODS

Sample preparation
D8 L-Valine was obtained from Cambridge Isotope Lab (Cambridge, MA).
Formyl-L-Valine was prepared as described previously (Mai et al., 1993).
The solid phase peptide synthesis (0.5 mmol) was performed on an Applied
Biosystems Inc., model 430A peptide synthesizer using Fmoc chemistry
with hydroxyl-methyl resin as described in Fields et al. (1988, 1989). For
efficient utilization of the label, 0.5 mmol of formyl-L-Val-d8 was coupled
followed by recoupling with 1.0 mmol of formyl-L-Val to complete the
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synthesis. Ethanolamine was used to cleave the peptide from the resin.
Approximately 99% purity was obtained in this crude extract when checked
with reverse phase HPLC at 280 nm.
A powder sample of gramicidin and lipid was prepared by mixing about

50mg ofVal1-d8 gramicidin with 145 mg ofdimyristoylphosphatidylcholine
(DMPC) (1:8 molar ratio) in 95% MeOH/H2O solution. Water used in all
sample preparations was deuterium-depleted. This sample was dried thor-
oughly under vacuum. The hydrated unoriented sample was prepared by
adding 40% by weight water to the powder sample. It was then allowed to
hydrate at 450 (gel to liquid crystal phase transition is 280) for at least 2
weeks. Oriented samples were prepared by mixing 30 mg of Vall-d8 grami-
cidin A with 86 mg of DMPC in 95% MeOH/H2O solution. The solution
was stored in a freezer overnight. After thawing, the solution was applied
in equal aliquots to 20 glass plates (20x5 mm; 4 mm of length was used for
spacers between the cover slips). The samples were first dried in a desiccator
and then placed under vacuum overnight to remove any residual solvent. The
glass plates were then stacked in a square glass tube and hydrated with 40%
by weight water. After sealing the square tube, the sample was stored in the
incubator for more than 2 weeks at 450C.

2H NMR experiment and simulations
The 2H NMR spectra were recorded using a homebuilt Chemagnetics data
acquisition system with a 400/89 Oxford Instruments (Oxford, England)
wide-bore magnet. The homebuilt single frequency 2H probe was tuned to
61.5 MHz with a horizontal solenoid coil. A top-loading variable tempera-
ture stack was implemented for accurate temperature control in the experi-
ments. Dual sensors for temperature measurement were located around the
sample coil for determining the inlet and outlet gas temperature. Approxi-
mately 30 min was allowed for achieving thermal equilibrium. A 1 MHz
sweep width, 2.8 ,.s 900 pulse width, 30 ps echo delay, and an 8 step phase
cycling routine was employed for acquisition with the standard quadrupole
pulse sequence (Davis et al., 1976). The recycle delay was 0.7 s for all
samples except 30 s for the valine-d8 powder sample.

The simulated spectra were calculated using single precision calculations
in the Fortran program, MXQET (Greenfield et al., 1987) on a Silicon
Graphics Personal Iris 4D/25TG workstation. All simulated spectra were
corrected for finite pulse length and echo delay. The Val, side-chain dy-
namic and structural results were calculated and displayed using the an-
nealed gramicidin backbone structure (Ketchem et al., 1993) with Insight
II Biosym software.

Spectral simulations
The quadrupole interaction for the spin 1, 2H nucleus has two orientation-
dependent resonance frequencies in the magnetic field. The splitting be-
tween these two resonances can be written as

Avyb. = 28(3 cos40 - 1 - iq sin20 cos 24O)

8 = 318(e2qQlh)

v1= (Vy-V.)/V. 1 2I:1 0
(1)

2V.o2 Vyy,

where vu are the elements of the electric field gradient tensor, and 0 and (A
are the polar angles of the magnetic field vector in the principal axis system.
The static quadrupole coupling constant (eqQ/h) is 171 ± 5 kHz (Keniry
et al., 1984), and the asymmetry parameter, rj, is approximately 0.05 for
aliphatic CD bonds and will be further approximated here as 0. Conse-
quently, in the absence of motions the frequency of the quadrupole splitting
will be only dependent on 0. Rapid axial rotation of the methyl group (about
the CC,,C axis) or three-state tetrahedral jumps with equal occupancy in each
state maintains the axial symmetry ofthe tensor, but averages the quadrupole
coupling constant by a factor of 3 in the molecular symmetry axis frame,
assuming ideal tetrahedral geometry for the motional frame. Similarly, rapid
axial rotation about the C.C axis or three-state tetrahedral jumps with equal
occupancy in each state continues to maintain the axial symmetry and further

averages the tensor by a factor of 3 in this intermediate motional frame of
reference (SYM), which reflects symmetric averaging of the tensor. How-
ever, if the three states are unequally populated the tensor becomes asym-
metric and the matrix presents off-diagonal terms. Diagonalization of this
matrix yields an asymmetric tensor with averaged elements and a nonzero
value for q in the A3S (asymmetric three-state averaging) frame of refer-
ence. In an extreme example of this motion where two states are equally
populated and the third is not populated, the asymmetry parameter becomes
unity in this A2S (asymmetric two-state averaging) frame of reference.

For each frame of reference a unique motional axis, vz can be defined
for each unique deuterium nucleus (Fig. 1). For equal populations in a
three-state jump the axis, vzz(SYM) is defined similarly to that for the methyl
rotor; the axis makes an angle of 700 with respect to each of the C0CY1, CC y2,
and C D bonds if ideal tetrahedral geometry prevails. For equal populations
in a two-state jump the motional axis, v22(A2S) is the bisector of the angle
formed by the two conformers, thereby making an angle of 54.7° with
respect to each conformer state, again assuming ideal tetrahedral geometry.
For the third situation in which unequal populations exist for each of three
states, the motional axis, vzz(A3S) is shifted toward the dominant conformer
and it is dependent upon the precise distribution of conformers among the
tetrahedral sites.

RESULTS AND DISCUSSION

Lineshape analysis

Spectra of valine methyl deuterons in crystalline samples
have been analyzed previously (Beshah and Griffin, 1989).
The 38-kHz splitting for the perpendicular components of the
powder pattern is only slightly smaller than the results from
alanine methyl deuterons (Kinsey et al., 1981; Keniry et al.,
1984). Consequently, the valine side-chain group shows no
additional large amplitude motion, but only an incremental
increase in high frequency librational amplitude. Fig. 2
shows the L-valine-d8 dry crystalline 2H NMR powder pattern
spectrum. The outer splitting can be assigned to Ca and C
deuterons. Because of the relatively rigid structure for these
latter deuterons and the long T1 relaxation times, a 30 s re-
cycle delay was used to obtain this spectrum. The strong
intensity for the inner Av1 splitting has been averaged by
methyl, CC, rotation. The simulated spectrum of this pow-
der pattern in Fig. 2 B was obtained by using a librationally

V z(A2S)

site 2
v =(SYM)

site 3
4

site 1

FIGURE 1 The molecular reference frame for motions about the XI tor-
sion angle in the valine side-chain. Free rotation about the C.C. bond or a
three-state jump motion between tetrahedral sites with equal probability for
each rotameric state will lead to a motional axis, v2,(SYM). A jump motion
between two of the rotameric states leads to a motional axis, v,,(A2S), as
shown when populations for the sites are equal.
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FIGURE 2 Experimental and Calculated 2HNMR powder pattern spectra
of a d8-L-valine crystalline sample. (A) Experimental spectrum obtained
with 32 acquisitions and a 30 s recycle delay using the quadrupole echo pulse
sequence. (B) Simulated spectrum of the two methyl-d3 sites using a three-
state jump model with equal probability in the fast exchange limit between
tetrahedral sites.

averaged quadrupole coupling constant, qcc, of 155 kHz cor-
responding to a Av1 value of 38.8 kHz for the methyl deu-
terons. In macromolecules, additional averaging of the
valine-d8 interaction has been observed. Two-state jumps
about the C.C. axis among tetrahedral sites (Fig. 1) have
been reported in different polymers (Batchelder et al., 1982;
Colnago et al., 1987; Leo et al., 1987; Keniry et al., 1983).
This two-state jump model has also been demonstrated for
situations where the occupancy of each state is unequal
(Huang et al., 1980; Lee et al., 1986).

Fig. 3A shows the 2H powder pattern spectrum of Val,-d8
gramicidin A in hydrated DMPC bilayers at 360C. The reso-
nances for C D and C D have very short T2e relaxation times
and, hence, very poor sensitivity under these spectral con-
ditions. The spectrum shows the superposition of powder
patterns for the two different methyl groups. The averaging
of the quadrupole coupling constant results from multiple
motions. When the gramicidin A channel conformation is
formed inDMPC bilayers, global motion of the peptide about
the channel axis parallel with the bilayer normal vector takes
place (Fields et al., 1988). This motion has a correlation time
of 36 ,gs at 360C (Lee et al., 1993). Thus, the global motion
of the peptide, the motion of the methyl group about the CC ,
axis, and librational motions (Nicholson et al., 1991) all con-
tribute to the averaging of the electric field gradient tensors,
resulting in a narrow powder lineshape. The correlation time
for the global motion can be increased to greater than 1.3 s
at 5°C, which is below the gel to liquid crystalline phase
transition temperature of the lipid sample (Lee et al., 1993).
When the Val1-d8 gramicidinA hydrated sample temperature
is so lowered, a broad and rounded lineshape is observed
(Fig. 3 B). If there was only fast methyl reorientation and a
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FIGURE 3 2H NMR powder pattern spectra of d8-L-Vall gramicidin A in
DMPC bilayers hydrated with 40% by weight deuterium-depleted water.
(A) Experimental spectrum obtained with 20k acquisitions and a 1.0 s
recycle delay using the quadrupole echo pulse sequence at 36°C.
(B) Experimental spectrum obtained as in A with 50k acquisitions at 5°C.
(C) Simulated spectrum of the deuterated methyl sites using a two-state
jump model between tetrahedral sites with a 40 kHz qcc, a residence time
between jumps of 1 gs, and an occupancy ratio of 70:30 for the two states.
(D) Simulated spectrum for a three-state jump model using a 46 kHz qcc,
a residence time between jumps of 1.5 ps, and an occupancy ratio of 75:
15:10 for the three states.

small amplitude librational motion, a Pake powder pattern
would be expected. The only realistic large-amplitude mo-
tion that could cause this lineshape for the Val, side chain site
is motion about the C.C. bond as observed in other mac-
romolecular samples described above.
Two approaches were taken for the simulation of this 5°C

powder pattern. A two-state jump with unequal occupancies
(70:30 ratio) and an average residence time of 1 ,s was used
for Fig. 3 C. This simulation required additional librational
averaging of the quadrupole coupling constant to 143 kHz
(see Table 1), resulting in a Av1 value of 30 kHz after the
two-state jump motion. Fig. 3 D shows the three-state jump
simulation using an unequal occupancy ratio of 75:15:10 and
a 1.5 ,us average occupancy time. Here the librationally av-
eraged quadrupole coupling constant is 155 kHz, resulting in
a Av1 of 34.5 kHz after the three-state jump motion. Both
of these simulations provide good fits to the experimental
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TABLE 1 Effective qcc averaged by three levels of local
motion, derived from spectral simulations

Librational
Static avg. Xi avg. X2 avg.

kHz kHz kHz kHz
C.D 171 155
COD

2 states (70:30) 171 143 120
3 states (75:15:10) 171 155 138

C7D
2 states (70:30) 171 143 120 40
3 states (75:15:10) 171 155 138 46

I
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FIGURE 4 2H NMR powder pattern spectra of d8-L-Val1 gramicidin A in
DMPC bilayers. (A) Experimental spectrum of a lyophilized sample that had
been hydrated previously to ensure bilayer and channel formation. 20k ac-
quisitions and 0.7 s recycle delay were used in the quadrupole echo pulse
sequence. (B) Simulated spectrum using a three-state jump model with a 48
kHz qcc, a residence time between jumps of 1.5 Us, and an occupancy ratio
of 75:20:5 for the three states.

lineshape. The theoretical value of the averaged quadrupole
coupling constant for a nonlibrating methyl rotor is 57 kHz
(static qcc = 171 kHz). For the two-state model the qua-
drupole coupling constant has been reduced by about 16%,
whereas the three-state model required a 10% reduction due
to the librational motion. A 5-10% reduction of the qua-
drupole coupling constant for librational averaging has been
used previously (Prosser et al., 1991). However, librational
amplitudes may increase for each torsion angle away from
the polypeptide backbone. The slightly better fit between
experimental and simulated lineshapes for the three-state
model and the reduced dependence on librational averaging
suggests that this model, which is a generalized two-state
model, should be used here. For the rest of the analysis in this
report we have used the three-state model with unequal oc-
cupancy and assumed ideal tetrahedral geometry. This latter
assumption has been adopted to reduce the number of vari-
ables used for fitting the experimental results.

Furthermore, a lyophilized powder sample of Val,-d8
gramicidin A shows a similar broad but somewhat flatter

powder lineshape as shown in Fig. 4 A. This spectrum can
also be simulated by a three-state jump between states with
an unequal occupancy ratio of 75:20:5 (Fig. 4 B). These
occupancies represent a slight difference from that described
above for hydrated bilayers below the gel to liquid crystalline
phase transition temperature. A slight increase in the steric
hindrance about the X1 angle could result from reduced sol-
vent induced dynamics, or a possible conformational change
as a result of lyophilization and solvent elimination.
The residence time in these conformational substates be-

tween jumps borders on the intermediate time frame. For the
lyophilized and hydrated 50C powder patterns, residence
times of 1 and 1.5 ,is have been used, respectively, for the
simulations. Simulations with shorter residence times yield
substantially sharper discontinuities. Above the phase tran-
sition temperature, the powder pattern of a hydrated sample
shows very sharp discontinuities, and the spectra of oriented
samples show sharp resonances, indicative of the fast ex-
change limit. Therefore, it is anticipated that the residence
times between jumps will be significantly shorter when the
samples are above the phase transition temperature.

The geometry of the motion axis

For the occupancy ratio of 75:15:10, Fig. 5 shows that the
motional axis, vzz(A3S), makes an angle of 600 with respect
to the C.C. bond axis, whereas the C.Cz and COD bond axes
form 700 angles with the C.C. axis and vzz(SYM). Further-
more, because the two minor populations differ, the vzz(A3S)
axis is not aligned with the dominant state, but is rotated
toward the greater of the two minor populations by 4°. The

site 2 (15 %)

V 7z(SYM)

site 1 (75 %)

H

N

FIGURE 5 The geometry for three-state tetrahedral jumps about the XI
angle. The v,.(MSA) motional axis is equivalent to the CD or CCY axes.
The v22(SYM) axis is as defined in Fig. 1, and the vzz(A3S) axis is for the
three-state jump in which the occupancy of the three states has the ratio of
75:15:10.
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FIGURE 6 A statistical analysis ofvaline XI angles
obtained from x-ray crystallographic results of 20
proteins refined to less than 1.5-A resolution.

.0 30 60 90 150 180 210 240 270 300 330

X, angle

projection of the CHC,, and COD bond axes onto a plane nor-

mal to the C.C. bond shows the assumed ideal rotational
angle of 120° for this motional model. The identification of
the jump states with specific X1 angles is dependent on struc-
tural information. The statistical analysis of the X1 distribu-
tion among the valine residues from the protein structures in
the Brookhaven Data Bank determined at 1.5 A resolution or

less is shown in Fig. 6. The dominant conformer has a X1
value of approximately 1800 and the second most common
conformer a value of approximately 3000. In Fig. 5, if site
1 is arbitrarily chosen as the dominant conformer, then site
2 (site 1 + 1200) is the second most common conformer and
site 3 (site 1 - 120°) is the least populated of the conformer
states. Based on the use of this distribution of conformers in
the data bank, the orientation of the v,,(A3S) axis is rotated
by 40 in the positive X1 direction with respect to v,,(MSA)
and the bond vector.

X1 Angle determination

The powder pattern analysis above has generated a detailed
model for the molecular motions in which the side-chain
jumps among three rotameric states, and among these states
a dominant conformer exists. To determine the X1 angle for
this dominant conformer, it is necessary to analyze the room
temperature spectra of hydrated bilayer preparations. Fur-
thermore, it is essential to take into account the constraints
defined by the backbone structure that has been published
recently (Ketchem et al., 1993).

Spectra of uniformly oriented gramicidin A are shown in
Fig. 7. The observed splitting represents Av1l of the motion-
ally averaged quadrupole interactions for which both global
and local motions are important. The spectral assignments
can be made as follows for the 360C spectrum. The orien-
tation of the COD bond from the backbone structural analysis
is known to be approximately 110 and is readily assigned,

therefore, to the 205-kHz splitting by using a librationally
averaged qcc of 155 kHz (Table 1). The remaining large
splitting, 133 kHz, must be due to the CD because the

(A)

(B)
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FIGURE 7 Experimental 2H NMR spectra of oriented preparations of
d8-L-Val, gramicidin A in hydrated DMPC bilayers. The channel axis was
aligned with the magnetic field direction. 20k acquisitions and 0.7 s recycle
delay were used in the quadrupole echo pulse sequence. The temperature
was controlled at (A) 520C, (B) 360C, and (C) 220C.
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FIGURE 8 Graphs of the polar angles 0' and 4)' (which orient the
v02(A3S) axis with respect to the magnetic field) that are consistent with the
quadrupolar splittings in the d8-L-Vall gramicidin A spectra at 36TC are
shown. (A) The quadrupolar splitting for C;D is 133.4 kHz, and there are
only two 0' solutions. (B) The quadrupolar splitting for ClCY1 is 3.8 kHz,
and there are two relatively narrow ranges for 0' angles between 490 and
630 and between 1170 and 1310. (C) The quadrupolar splitting for CC.Cy2 is
19.1 kHz, and the range of 0' angles is broad.

methyl deuterons will be averaged to a greater extent. The
two intense quadrupole splittings, 19.1 and 3.8 kHz, derive
from the d3-methyl sites that are averaged by global motions,
X1 jump motions, X2 methyl rotation, and small amplitude
librational motions.
The quadrupole splitting of the CD can also be used to

constrain the possible orientation for this bond with respect
to the magnetic field. The polar angles 0' and 4,' define the
orientation of the magnetic field direction in the A3S frame
of reference (three-state jump with occupancies of 75:15:10).

Although the channel has an axial global motion, the oriented
samples are aligned such that this motional axis is parallel
with respect to the magnetic field and, consequently, it does
not average the Zlab components of the tensor. Solutions for
these angles from Eq. 1 are plotted in Fig. 8 A, and are con-
sistent with the COD quadrupole splitting in which qcc is
reduced from a static value of 171 kHz to a librationally
averaged value to 155 kHz and r1 = 0.258. The 0' angle for
the averaged COD axis has two solutions, 1620 and 180. The
CaCP bond orientation with respect to the channel axis and
the magnetic field is known for the Val1 residue from the
published backbone structure of the channel to be approxi-
mately 100° (Ketchem et al., 1993). As seen in Fig. 9 where
the CSC bond orientation is taken as 1050, the only 0' angle
that is consistent with this additional constraint and with the
tetrahedral geometry for the C. site is 1620.
To determine the X1 torsion angle it is necessary to convert

from a consideration of the motional axis for CD to the bond
orientation in its dominant and minor conformer states. The
CD orientation is highly restricted by the large quadrupolar
splitting for this site. In fact, the dominant conformer must
be in the trans (approximately 1800) conformation. In Fig. 9
0' is calculated as a function of the rotation angle for the COD
vzz(A3S) axis about the C.C. bond. This angle differs from
X1, which reflects the COD covalent axis by just 40 (see Fig.
5). The intersection of the COD curve with the previously
determined value of 0' (1620) yields two possible solutions
for X;, 1650 and 1880. The X1 value for the dominant con-
former is, therefore, either 1610 or 1840.

In Fig. 8 solutions to 0' and 4,' angles are also presented
for the CHC 1 and CCy2 bonds. Because of the greater extent
of motional averaging for the methyl deuterons and the small
quadrupole splitting these plots do not restrict the 0' angles

180I .-. . . . . x . . . . .

140

100

60 1_ _ A

on~~~~~~~~~~~~~~~~.-....-..'~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.............And ~. . ... .. . . .. . . .

'1

0 90 180 270 360

Xl nge

FIGURE 9 The 0' angles were calculated by rotating the X' angles for the
v,,(A3S) axes of COD, CCy7, and C.C.2 deuterons over 3600 in 1° incre-
ments. The orientation of the CECI axis was shown to be 1050, close to the
experimentally determined value of 1000 (Ketchem et al., 1993). The in-
tersect of the experimentally determined 0' value of 1620 with the CD line
yields two possible Xl angles, 1650 and 1880. The intersect of the 0' region
with the C C71 line and the Xl angles defined above yields a unique X;
solution of 1880. The intersect of the C Ca line with the Xl value of 1880
is consistent with the 0' range in Fig. 8.
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FIGURE 10 The rotameric states and their population distribution for the
Val, gramicidin A site.

as substantially as in Fig. 8 A. However, the potential range
of 0' between 490 and 630 is shown in Fig. 9 as a cross-
hatched region. Only one of the X1 angles described above
is consistent with the y1 methyl data and, therefore, X1 is
uniquely defined as 188,0 and X1 as 1840. Furthermore, the
X1 angle of 1880 yields an 870 0' angle for C C which is
well within the range described in Fig. 8 C. In Fig. 10 X1 of
1840 is shown for the dominant conformer and X1 values of
3040 and 640 for the second most common and least popu-
lated conformers, respectively.
The temperature dependence of the methyl quadrupole

splittings have been observed previously (Killian et al., 1992)
and is confirmed here (Fig. 7), although the range of tem-
perature over which the splitting is sensitive is somewhat
different. The gel to liquid crystalline phase transition is cen-
tered at 280C, and at this high molar ratio of gramicidin the
transition is very broad (approximately ±5°C at half-height
on a DSC trace; Nicholson et al., 1987). Consequently, the
temperature dependence observed here appears to be asso-
ciated with the phase transition. In Killian et al. (1992), the
reported temperatures were a few degrees higher for similar
spectra.
The striking feature of the temperature dependence is that

it affects only one methyl group. A possible explanation ex-
ists in that the 0' angle is 870 for CC,y2 and 630 for CCz1.
The sensitivity of cos20' is a factor of 10 greater for C,,l
than for CC,,2; consequently, a small change in the orien-
tation of the motional axis could have virtually no effect on
the quadrupole splitting for C,C,,2 while having a very sig-
nificant effect on CC-,1. Alternatively, a small change in
population distribution for the X1 jump motion could be the
cause for such a temperature effect.
The separation and quantification of dynamics and struc-

tural influences on solid state NMR spectra are difficult to
achieve. Through the observation of both powder pattern and
oriented spectra, it has been possible to achieve a detailed

description ofboth for a polypeptide side-chain within a lipid
bilayer. In so doing it has not been necessary to involve
eclipsed torsion angles or distortions in tetrahedral geometry
(Kilhian et al., 1992). In fact, the dominant conformers for the
Val-1 site are identified as the most common valine rotameric
state from protein structures. Furthermore, the distribution
among the rotameric states that describes the large amplitude
dynamics about X1 appears to be consistent with the distribution
of observed valine conformations from the Protein Data Bank.

It is clearly shown that the three-state jumps for valine
occur under a variety of conditions from above and below the
phase transition temperature of a lipid bilayer to dehy-
drated powders. This suggests that the distribution of con-
formational substates for this valine side-chain in contact
with the lipid environment is largely independent of this
environment. It remains to be seen whether this is a gen-
eral property of valine of even aliphatic residues for
gramicidin in lipid bilayers. Although the substate dis-
tribution is approximately constant, the residence time
between jumps is dependent upon the phase of the lipid
environment. Moreover, it is known that the conductance
rate for the gramicidin channel is dependent on the phase
of the lipid environment (Krasne et al., 1971). How the
effects of the lipid phase are mediated by the channel to
effect the conductance is not known, but it is possible that
side-chain dynamics will play an important role in this
process.

We are indebted to J. Vaughn, R. Rosanske, and T. Gedris of the NMR
Facility and to U. Goli and H. Henricks of the Bioanalytical Synthesis and
Services Facility for their expertise and help in this effort. T.A. Cross grate-
fully acknowledges National Science Foundation support from the Bio-
physics Program DMB 90-05938 and MCB 93-17111.
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