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ABSTRACT Deuterium nuclear magnetic resonance spectroscopy was used to investigate the orientations of the indole
rings of Trp® and Trp'" in specific indole-ds-labeled samples of gramicidin A incorporated into dimyristoyl phosphatidylcholine
bilayers in the g3 channel conformation. The magnitudes and signs of the deuterium quadrupolar splittings were fit to the
rings and assigned to specific ring bonds, using a full rotation search of the x, and x. angles of each Trp and a least-squares
method. Unique assignments were obtained. The data and assignments are in close agreement with four sets of (x1, xz2)
angles for each Trp in which the indole N-H is oriented toward the membrane’s exterior surface. (Four additional sets of (x,.,
xz) angles with the N-H’s pointing toward the membrane interior are inconsistent with previous observations.) One of the sets
of (x1, x2) angles for each Trp is consistent with the corresponding Trp orientation found by Arsen’ev et al. (1986. Biol.
Membr. 3:1077-1104) for gramicidin in sodium dodecyl sulfate micelles. Together, the 'H and 2H nuclear magnetic reso-
nance methods suggest that the Trp® and Trp'" side chain orientations could be very similar in dimyristoyl phosphatidylcho-
line membranes and in sodium dodecyl sulfate micelles. The data for Trp'" could be fit using a static quadrupolar coupling
constant of 180 kHz under the assumption that the ring is essentially immobile. By contrast, Trp® could be fit only under the
assumption that the quadrupolar splittings for ring 9 are reduced by approximately 14% due to motional averaging. Such a
difference in motional averaging between rings 11 and 9 is also consistent with the >N data of Hu et al. (1993. Biochemistry.

32:7035-7047).

INTRODUCTION

The gramicidin A (gA) channel is formed by hydrogen bond-
ing at the formyl-NH-termini of two gA monomers, each
spanning half of the membrane, with the entrance being
formed by the COOH-terminal ends of the polypeptide back-
bone of the respective monomers (Urry, 1971; Andersen and
Koeppe, 1992; Killian, 1992). The tryptophan residues at
positions 9, 11, 13, and 15 of the gA sequence (Sarges and
Witkop, 1965) are situated near the membrane-water inter-
face, where they approximately surround the channel en-
trance. These residues are important for the structure and
function of the peptide as well as its interaction with lipids.
The Trp residues play a role in the folding of gA into the
dimeric 3% channel conformation (Urry, 1971; Koeppe et
al.,, 1992; Durkin et al., 1992) in bilayers (Sawyer et al.,
1990); they also affect channel conductance and stability
(Becker et al., 1991), and they are essential for the modu-
lation of lipid structure by incorporated gA (Killian, 1992).

Being at the periphery of the gA molecule, the Trp indole
rings are in positions to interact with the surrounding mol-
ecules as they perform their various functions. Critical to
such function are the precise orientations and motions of each
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indole ring within the gA/lipid complex. Hu et al. (1993)
have used solid-state N nuclear magnetic resonance
(NMR) spectroscopy to determine the orientations of each of
the indole N-H bonds in the gA channel. Hu et al. (1993) and
Koeppe et al. (1993) have also presented preliminary 2H
NMR data for [dsTrp!!]gA, which are consistent with the N
data.

This article will focus on the average orientations of the
Trp® and Trp!! rings, using solid-state 2H NMR spectros-
copy, molecular modeling, and the published N-H orienta-
tions (Hu et al., 1993). Sets of allowed orientations have been
determined for each indole ring. The results are consistent
with orientations that, for both rings, are remarkably similar
in dimyristoyl phosphatidylcholine (DMPC) and sodium do-
decyl sulfate (SDS) environments. During the course of the
data analysis, it was also found that the motional properties
of these two Trp rings differ significantly, with Trp® exhib-
iting increased flexibility.

MATERIALS AND METHODS

Ring-ds-L-Trp was purchased from Cambridge Isotope Laboratories (Cam-
bridge, MA), and was converted to the 9-fluorenylmethyloxycarbonyl de-
rivative by the method of Fields et al. (1989). Samples of gA, specifically
labeled with ring-ds-L-Trp at position 9 or position 11, were prepared and
purified by standard methods of solid-phase synthesis and liquid chroma-
tography (Becker et al., 1991; Koeppe et al., 1992).

Oriented, hydrated samples of 30 umol of DMPC and 3 pmol of labeled
gA were prepared between glass plates, as previously described (Killian et
al., 1992). 3'P NMR spectra indicated that the lipids in the bilayers became
well aligned following 4872 h of incubation at 40°C. 2H NMR spectra were
recorded at 40°C as previously described (Killian et al., 1992), using the
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quadrupolar echo sequence (Davis et al., 1976) on a Bruker MSL 300 spec-
trometer with a 7.5-mm-diameter solenoid coil. Between 0.5 million and 1.5
million scans were accumulated while employing a 4-us 90° pulse, a 50—
200-ms interpulse time, and a 60-us echo delay time. The signal-to-noise
ratio was increased by applying a 1-kHz linebroadening prior to Fourier
transformation and by symmetrizing the spectra. The nonsymmetrized spec-
trum in Fig. 3 was recorded similarly using a Bruker ASX-300 spectrometer.

Data analysis

Spectra were recorded with the normal to the glass plates either parallel
(B = 0°) or perpendicular (8 = 90°) to the magnetic field, H,,. Quadrupolar
splittings were converted to orientation angles for the C-D bonds using the
relation (Killian et al., 1992)

Av, = (3/2) (¢%qQ/h) (Vs[3 cos? 8 — 1]) (Ws[3cos? B — 1]), (1)

in which 6 is the angle between a C-D bond and the channel axis, and B is
defined above. In this approximation it is assumed that no motional aver-
aging occurs except by fast reorientation of the gramicidin channel about
its long axis, and that this motional axis is parallel to the glass plate normal.
From this equation it follows that, for the 8 = 90° sample orientation,
splittings are reduced twofold from those observed when 8 = 0°. The con-
stant (e2gQ/h) is close to 180 kHz for aromatic ring deuterons (Gall et al.,
1981). Although the principal component of the spin interaction tensor is
along the C-D bond, there is a small off-bond component (Gall et al., 1981).
Because the off-bond minor component of the tensor is small in magnitude
(n =~ 0.05) (Gall et al., 1981) and of unknown orientation, we made the
approximation of resorting to the use of a symmetric tensor for our analysis.

Based on Eq. 1, the angles 8 associated with the observed quadrupolar
splittings can be calculated, using either a (+) or (-) sign for Av,. Initially,
the proper scheme for assigning these angles to particular ring C-D bonds
is unknown. To approach the assignment problem, the coordinates of an
energy-minimized Arsen’ev model were used as a starting point (see Killian
etal., 1992). A program was written in Fortran77 to rotate a given side chain
in orthogonal coordinates about the Ca-CB bond (x; torsion angle) and the
CB-Cvy bond (x»; defined according to the [IUPAC-IUB, 1970) in small
increments and then, at each orientation, to determine each of the C-D bond
orientations and compare with the orientations derived from the quadrupolar
splitting data. Typically, x; and x, were incremented in 1° intervals; side
chain rotation was accomplished using direction cosines (Korn and Korn,
1968).

For each side chain orientation, assignments of bonds to the quadrupolar
splitting data were made in two passes: First, the angle of each bond at a
particular value of x; and x, was compared with the calculated angles as-
sociated with the possible (+) and (-) signs of each quadrupolar interaction;
then for each interaction the closest angle with each bond was noted, and
to all combinations of a particular bond and Ay, value an assignment pa-
rameter was given either a (+) or a (=) sign, corresponding to the sign of
the interaction. Then, in pass two, it was determined which angle, and which
Ay, value it was derived from (with the sign already determined), most
closely agreed with the particular bond orientation in the model. The dif-
ference between the C-D bond angle in the model and the (best) angle from
the Ay, values was then calculated and labeled as the deviation for that
particular bond and that particular side chain orientation.

Regions of (X1, x2) space where there was good agreement between the
model and the experimental data were determined by two criteria: (a) The
C2-D, C4-D, C5-D and C6-D bonds of the indole ring should be assigned
to different values of Aw,, that is, all of the data points should be used.!

1 In a planar indole ring, with axially symmetric tensors, the value of Ay,
for the C7-D bond would be identical to that for the C4-D bond. Nonaxial
tensors (or slightly different values of the quadrupolar coupling constant at
different ring positions, or small deviations from planar ring geometry)
could, however, make these values slightly different in some spectra; for
example, see Fig. 3. The numbers for the ring positions are indicated below
Table 2.
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Generally, if these assignments were not all different, the particular side
chain orientation was discarded from further consideration (unless two of
the Ay, values were very close). (b) The sum of the squares of the deviations
between the bond orientation angles from the model and from the 2H NMR
data was calculated for each side chain orientation that was allowed under
criterion one, according to the equation

“sumsq” = 3 (Opoger ~ Oerp)’s ©)]

where 80401 and ., are the bond orientation angles with respect to the gA
channel’s helix axis in the model and from the NMR data, respectively.
Favorable orientations have minimal values of “sumsq.” To achieve proper
weighting when applying Eq. 2, only one of the C4-D and C7-D bonds was
included in the calculation;’ in cases where the NMR signal due to these two
deuterons is observed to split (see Fig. 3, and Hu et al., 1993), an average
value of Ay, is used.

Information is also available concerning the ring N-H bond orientations
(Hu et al., 1993). These data were also included in the least-squares cal-
culation of Eq. 2, by comparing the N-H orientation calculated for the side
chain in the model to the published value.

For each of the tryptophans, the allowed orientations were sorted in order
of increasing “sumsq” (Eq. 2) and printed in tabular form for inspection.
Contour plots showing levels of constant (1/sumsq) as a function of x; and
X2 were prepared using the program Axum (Trimetrix, Inc., Seattle, WA).

The side chain orientations having the lowest values of “sumsq” were
displayed attached to the backbone of a minimized Arsen’ev model for gA
(Killian et al., 1992) on an Iris-4D computer (Silicon Graphics Corp., Moun-
tain View, CA), using the program InsightIl (Biosym Technologies, San
Diego, CA).

RESULTS
Trp"

Fig. 1 shows the ZH NMR spectra for an oriented sample of
[ds-Trp'!lgA in DMPC, with the membranes oriented at 8
= 90° or B = 0°. For a B = 0° alignment, with the membrane
normal parallel to the magnetic field, distinct quadrupolar
splittings are expected for the ring deuterons, each corre-
sponding to a well-defined average orientation of a particular
C-D bond with respect to the helix axis. Because the indole
ring is planar and the C-D bonds at positions 4 and 7 are
colinear ( para to each other), their resonances will approxi-
mately overlap, and only four signals are to be expected (with
axially symmetric tensors) from the five C-D bonds of the
ring. For the B = 90° orientation, a twofold reduction is
expected of all values of Ay, when the helix axis is aligned
parallel to the membrane normal and gA is undergoing fast
axial reorientation (Smith and Cornell, 1986; Datema et al.,
1986; Nicholson et al., 1987; Killian et al., 1992).

In the B = 90° spectrum (Fig. 1 A), three clear pairs of
resonances are evident, corresponding to quadrupolar split-
tings (Av,) of 22, 49, and 95.5 kHz. (The small peak at 0 Hz
should probably be attributed to residual HOD in the
sample.) When the sample is turned by 90° to give the spec-
trum at B = 0° (Fig. 1 B), several things happen: (i) there
is the expected twofold increase in each of the Ay, values;
(ii) the resonance at (2 X 95.5) kHz becomes difficult to
observe with our experimental set-up, due to a power roll-off
(Griffin, 1981) and/or a small value of T5; (iii) a new reso-
nance appears at 83 kHz.

Taken together, the B = 0° and B = 90° spectra (Fig. 1)
indicate four resonances for [ds-Trp!!]gA. The values of Ay,
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FIGURE 1 2H NMR spectra at 46 MHz of an oriented sample of [ds-
Trp'!]gA in DMPC at 8 = 90° (A) or B = 0° (B); 10:1 lipid:peptide, 40°C.
One member of each pair of resonances in the symmetrized spectra is
marked with an asterisk (*). The peak at 0 Hz is attributed to residual HOD.

associated with these resonances (8 = 0° sample orientation)
and the corresponding C-D bond orientation angles are sum-
marized in Table 1. From Eq. 1 it follows that the sign of the
quadrupolar interaction must be positive for the 191 kHz
resonance, whereas for the other resonances the sign may be
either positive or negative. A priori, we have no way of as-
signing the magnitude or the sign of a particular quadrupolar
interaction to a particular ring C-D bond. The assignments
were made, as described in Materials and Methods, by ro-
tating the Trp!! side chain through all possible x; and x-
angles and calculating the agreement between the ring ori-
entation and the 2H NMR data at each position, while also
including the agreement with the published Trp!! N-H bond
orientation of 36° (Hu et al., 1993) in the least-squares pro-
cedure (see Materials and Methods).

Fig. 2 shows the results of the (x;, x2) search for
[d°Trp!t]gA in the form of a contour plot, contoured in in-
crements of constant (1/sumsq), defined in Eq. 2. The results
indicate that eight possible ring orientations are consistent

TABLE 1 Quadrupolar splittings and associated orientation
angles for {dsTrp'']gA
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FIGURE 2 Contour plot of the most probable values for the torsion angles
X1 and x for [d°Trp!!]gA. The contours are drawn at intervals of 0.015 in
units of 1/sumsg, as defined in equation 1 in the text. Sumsq is calculated
based on both the N-H bond orientation and the C-D bond orientations.
Regions of “chi-space” where the N-H is pointing outward toward the sur-
face of the membrane are boxed.

with the NMR data. At four different y; values, a pair of x;
values is possible. Four of these orientations, those with x;
of 120° or 344°, have the indole N-H group pointing in to-
ward the center of the membrane, in a manner that is in-
consistent (see Discussion) with many of the known prop-
erties of gramicidin channels, including the conductances of
Trp-substituted analogues (Becker et al., 1991), channel for-
mation properties (O’Connell et al., 1990), and Raman spec-
tra (Takeuchi et al., 1990; see Discussion). The other four
orientations, those with x; of 170° or 296° (boxed in Fig. 2),
have the indole N-H group pointing out toward the surface
of the membrane. We conclude that the Trp!! ring is oriented
according to one of these latter positions. The contour levels
in Fig. 2 suggest that the orientations with (x; = 170°, x; =
93%) or (x1 = 296°, x, = 264°) are slightly more likely than
those with (x; = 170°, x> = 53°) or (x; = 296°, x> = 309°).

Each of the orientations indicated by the contoured peaks
in Fig. 2 involves the same scheme for assigning quadrupolar
interactions to the C-D bonds of the [d>Trp!!]gA ring. The
magnitudes and signs of these assignments are given in Table
2. These assignments are in agreement with those of Hu et
al. (1993). With these assignments, it is evident that the reso-
nance of the C2 deuteron is observed at 8 = 0° but not at
B = 90°. A similar loss intensity was observed for C5 and
C6 of Trp® (see below).

As a direct result of the least-squares procedure, the ring
C-4 and C-7 bonds of Trp!! (labeled in Table 2) were as-

Av,* Angle¥
kHz (deg.)
+44 48.3 or 61.7

+83 42.8 or 69.0

+98 40.7 or 72.4
191 26.4

signed a Av, value of +44 kHz (for B8 = 0°). Additional
evidence for this assignment comes from the spectrum shown
in Fig. 3, which was recorded on a Bruker ASX-300 spec-
trometer. With the improved frequency resolution in this

* B = 0° molecular orientation.

* Angles calculated using a quadrupolar coupling constant of 180 kHz.

spectrum, perhaps due to a better oriented sample, the reso-
nances at =22 kHz are seen to divide into two peaks each.
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TABLE 2 Magnitudes and signs of quadrupolar interactions
and corresonding bond orientation angles for the ring C-D
bonds* of Trp'! and Trp®

Trp-11 Trp-9
Av, Angle? Av, Angle?
Ring position (kHz) (deg.) (kHz) deg.
C2 83 428 -88 735
C4,7 44 483 152 28.7
CS 191 26.4 44 473
C6 -98 72.4 -104 79.3
N-H*# 36.0 28.0

* The ring positions are numbered as shown:

* Orientation angles calculated using Eq. 1, a static quadrupolar coupling
constant of 180 kHz for Trp-11, and a motionally reduced constant of 155
kHz for Trp-9 (m = 0.86; see text).

§ N-H orientation angles from the N data of Hu et al. (1993). The Trp-9
angle is reduced to 28° due to the presumed motion.

This assignment, and the splitting of this particular reso-
nance, have also been reported by Hu et al. (1993); our least-
squares fit has independently led to the same assignment with
no prior assumptions, and Fig. 3 confirms the spectral ob-
servation using an independent sample. We attribute the split
peak to the asymmetry of the ring C-D interaction tensors,
or to slight differences in the magnitude of the quadrupolar
coupling constant at the different ring positions. The C7-D
bond is closer to the N-H bond than is the C4-D bond (Table
2), and this probably leads to different tensor asymmetries (or
magnitudes) and consequently to slightly different magni-
tudes of A, for the C4-D and C7-D bonds. At present, we
have no way of deciding how the individual components of
the divided resonance should be individuaily assigned to the
C4 and C7 bonds.

We found that it was necessary to consider either the N-H
bond orientation (Hu et al., 1993) or the C4, C7 assignment
to arrive at the (unique) spectral assignments shown in Table
2. If neither of these is known, then the side chain rotation
search gives eight additional possible ring orientations. The
“new” peaks in a (x;, x2) plot involve different ways of
assigning the quadrupolar interactions to the C-D bonds, but
each of the “new” peaks also exhibits a discrepancy (in some
cases up to 40°) with the known N-H orientation, and with
the C4, C7 assignment, and must therefore be excluded from
further consideration.

Effects of small changes In the backbone
structure

In the model of Arsen’ev et al. (1986) for the gA channel in
SDS micelles, and in the further minimized model that we
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used (Killian et al., 1992), the peptide planes show consid-
erable variation in their degrees of tilt with respect to the
helix axis. This is reflected in a tabulation of the angles be-
tween each of the Ca-H bonds and the helix axis (Table II
of Killian et al., 1992). As a (small) test of the backbone
dependence of the Trp'' ring orientation, we repeated the
least-squares search using the 2H NMR data for Trp'! (Table
1) but the backbone for Trp® (see Table II of Killian et al.,
1992). The results of this calculation agreed with the contour
plot of Fig. 2 (data not shown), that is, a 3° change in the tilt
of the backbone peptide plane did not change the preferred
sets of (x;, x2) for the side chain. We cannot exclude the
possibility that larger variations in backbone structure could
alter the analysis of the side chain orientations with respect
to NMR data, but we believe that the differences between the
Trp'! and Trp® (see below) orientations noted here are not
due to backbone differences.

Trp®

Fig. 4 shows the 2H NMR spectra for an oriented sample of
[ds-Trp®°]gA in DMPC. In the B = 0° spectrum (Fig. 4 B),
four distinct pairs of resonances are evident, with Av, values
of 44, 88, 104, and 152 kHz. When the sample is turned to
B = 90° one of the central resonances disappears, three
peaks are seen, and the resonance at 22 kHz has quite a low
intensity.

An attempt was made to assign the magnitudes and signs
of the quadrupolar interactions to the C-D bonds of the ds-
Trp® ring, using the least-squares method described above for
Trp'!. When a static quadrupolar coupling constant of 180
kHz was used and when the N-H bond orientation was as-
sumed to be 32°, as determined by Hu et al. (1993), no sat-
isfactory fit could be found. Instead, it was necessary to as-
sume a small extent of motion of the Trp® ring that would
reduce the observed quadrupolar splittings and reduce the
N-H angle. (If there is motion, then the average angle of the
N-H bond in this case will be smaller than that determined
under the assumption of no motion (Hu et al., 1993)). Table
3 shows the variation in the angles that are calculated from
the Trp® quadrupolar splittings as small amounts of motional
averaging, which would reduce each of the quadrupolar split-
tings to the same relative extent, are considered. A motion
parameter of 0.86 was found to fit both the 2H and the !N
NMR data; that is, when both the quadrupolar splittings and
the >’N-H dipolar coupling (Hu et al., 1993) were assumed
to be observed at 0.86 of their true values due to motion, a
fit was found. For the N-H bond this assumption leads to an
angle of 28°.

The allowed sets of (x;, x2) angles that we determined for
Trp® are illustrated in the contour plot of Fig. 5. As with
Trp'!, four allowed ring orientations, those with x; of 194°
or 260° (boxed in Fig. 5), were found to have the indole N-H
group pointing out toward the surface of the membrane.
Again, four additional ring orientations were found to have
the Trp9 N-H directed toward the center of the membrane,
but these were rejected based on other previous data (see
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FIGURE 3 A 2H NMR spectrum of
[ds-Trp't]gA to show the split peak near
+ 22 kHz. Sample and conditions as in
Fig. 1 B, except that this spectrum was
recorded using a Bruker ASX-300 spec-
trometer.
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Discussion). All of the allowed Trp® average ring orienta-
tions (Table 2) differ in x; by 25°-35° from the corresponding
orientations for Trp!! (compare Figs. 2 and 5). Additionally,
as noted above, the indole ring of Trp® apparently is subject
to more motion than is the ring of Trp!’.

With the ring C-D bonds of Trp® assigned, it is evident that
the resonances of the C5 and C6 deuterons become weak (or
nonexistant) in the 8 = 90° sample orientation. This situation
should be compared to the case of Trp'! (above) in which the
C2 resonance disappeared at 3 = 90°. We do not currently
understand these effects. They may be due to an unusual
relaxation mechanism.

DISCUSSION

Several NMR methods are now converging to accurately
define the structure of the gA channel in aqueous membrane
and membrane-like environments. The first method is the
two-dimensional 'H NMR analysis of the channel structure
in SDS micelles (Arsen’ev et al., 1985, 1986; Lomize et al.,
1992). This method has served to accurately define the right-
handed B%3-helical fold of the gA backbone in the SDS en-
vironment. The similar circular dichroism spectra for gA in
SDS and phospholipid environments was a direct indication
that the backbone folding pattern and helix sense are similar
in the two environments (Arsen’ev et al., 1985). This was
later confirmed by solid-state NMR spectroscopy (see be-
low). Of less certainty are the gA side chain orientations and
whether the orientations and/or motions of side chains should
be the same in detergents and membranes.

T

.........

Solid-state NMR provides a second approach to the gA
structure, an approach that can be applied in phospholipid
membranes. 1*C- (e.g., Smith and Cornell, 1986; Separovic
et al., 1991), N- (e.g., Nicholson and Cross, 1989; Nichol-
son et al., 1991), and *H-labeled (MacDonald and Seelig,
1988; Hing et al., 1990a,b; Prosser et al., 1991; Killian et al.,
1992; Hu et al., 1993) samples of gA have been investigated.
In DMPC bilayers, gA exhibits the 85 channel conforma-
tion and rotates rapidly about the helix axis (Smith and Cor-
nell, 1986; Datema et al., 1986; Nicholson et al., 1987; Mac-
Donald and Seelig, 1988), at a rate of ~1.5 X 10% s7!
(Prosser, 1992). The ability of the hydrated, membrane-
incorporated gA to orient between glass plates (Nicholson et
al., 1987) allows accurate geometrical information about the
labeled bonds to be derived from NMR measurements in
which the angle between the magnetic field and the axis of
molecular reorientation is known. This applies for labeled
bonds in the backbone as well as in the side chains. The
purpose of such measurements has been severalfold: (i) to
determine backbone peptide plane orientations in DMPC
(Nicholson and Cross, 1989; Chiu et al., 1991; Ketchem et
al., 1993) and compare them with those determined in SDS;
(ii) to examine overall molecular motion (Smith and Cornell,
1986; MacDonald and Seelig, 1988; Lee et al., 1993); (iii)
to examine the orientations of individual side chains (Killian
et al., 1992; Hu et al., 1993); and (iv) to assess the local
motions of backbone and side chain groups.

This study has focused on the indole rings of Trp® and
Trp!! of the gA channel in DMPC bilayers, using 2H NMR.
Our main findings are: (a) The 2H quadrupolar splittings
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FIGURE 4 2H NMR spectra at 46 MHz of an oriented sample of [ds-
Trp®JgA in DMPC at B = 90° (A) or 8 = 0" (B). 10:1 lipid:peptide, 40°C.
One member of each pair of resonances in the symmetrized spectra is
marked with a *. The peak at 0 Hz is attributed to residual HOD.

alone were not sufficient to make unique spectral assign-
ments and define the indole ring orientations; we also had to
consider either the N-H bond orientations or the C4/C7 deu-
teron assignment. (b) The ring of Trp!! is essentially im-
mobile, whereas the ring of Trp® exhibits significant motion.
(¢) The orientations of the Trp® and Trp*? rings are now very
well defined. The ring orientations also correlate with unique
assignments for the magnitudes and signs of each of the ring
C-D bond quadrupolar interactions. Each of these ring ori-
entations can be achieved using eight different sets of (x;,
X2), four of which are consistent with other spectroscopic and
functional studies, and one of which is in agreement with the
two-dimensional '"H NMR data for gA in SDS (Arsen’ev et

TABLE 3 Variation of [dsTrp®]gA orientation angles as a
function of motional averaging

Angle (degrees)
Av,*
(kHz) m = 1.00* m =092 m = 0.86
44 48.3 478 473
—44 61.7 62.4 62.9
88 42.1 41.0 40.0
-88 70.1 71.8 735
104 39.8 38.5 373
-104 739 76.5 79.3
152 32.7 30.6 28.7
N-H 3208 30.0 28.0

* B = 0° molecular orientation.

* The effective quadrupolar coupling constant is (m X 180) kHz.

§ An angle of 32° for the Trp® indole N-H is taken from Hu et al. (1993),
who assumed no motion.
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FIGURE 5 Contour plot of the most probable values for the torsion angles
X1 and x; for [d*Trp®]gA. The contours and boxes are drawn as described
in Fig. 2.

al., 1986; Lomize et al., 1992) but is more precisely defined.
Together, the 'H, 2H, and >N NMR data suggest that the
Trp® and Trp!! ring orientations may be quite similar in the
SDS and DMPC environments. (d) The experimental C-D
bond orientation angles, derived assuming an axially sym-
metric quadrupolar interaction tensor, show small but sys-
tematic deviations from the angles that are calculated from
a “best-fit” model. Each of these findings will be discussed
in turn.

Requirements to assign the C-D quadrupolar
interactions and uniquely define the indole ring
orientations

We used two types of information to uniquely assign the 2H
quadrupolar interactions for the tryptophans: the magnitudes
of the quadrupolar splittings from 2H NMR spectra and the
orientation of the ring N-H bond derived from >N NMR data
(Hu et al., 1993). To make unique assignments, we need
either the approximate N-H orientation or the C4/C7 ?H as-
signment. For Trp!! both pieces of starting information are
available, they are self-consistent in that they lead to the same
assignments, and only one of them is needed. For Trp°, the
available spectra give no clue as to the C4/C7 assignment,
and we must assume an approximate orientation for the N-H.

For ring-labeled ds-L-Trp, four pairs of resonances are
expected (or possibly five pairs, if the signals from the C4
and C7 deuterons are distinguishable; see Fig. 3). Initially,
one has no simple way to match the resonances with the ring
C-D bonds, unless the closely spaced resonances due to the
C4 and C7 deuterons are distinguishable. Even if C4 and C7
can be easily assigned (Hu et al., 1993), a systematic pro-
cedure may be required to assign the other three resonances.
For Trp'!, although we made no a priori assumption about
the C4 and C7 assignments, our least-squares procedure nev-
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FIGURE 6 Models that show CPK repre-
sentations of the four most probable orienta-
tions for Trp® and Trp'! of gA, on a wire
framework of the rest of the molecule. The
orientations correspond to the peaks in the
boxed regions of the contour plots of Figs. 2
and 5. The backbone model is the minimized
Arsen’ev model previously described (Killian
et al., 1992); the other side chains are in the
orientations of Arsen’ev et al. (1986). The
values of (x1, x2) associated with each ori-
entation are, for Trp®: (A) (260°, 269°); (B)
(260°, 348°); (C) (194°, 13°); (D) (194°,
92°); and for Trp'': (A) (295°, 264°); (B)
(295°, 309°); (C) (170°, 50°); (D) (170°,
95°). The orientations for Trp® and Trp!! are
uncorrelated; that is, the 2H NMR data are
consistent with any of the four Trp® orienta-
tions being associated with any of the four
Trp'! orientations. The model of Arsen’ev et
al. (1986) has Trp'! near orientation B and
Trp® near orientation D in the figure. The
model was displayed using the program In-
sightll (Biosym.) on an Iris-4D computer
(Silicon Graphics).

ertheless arrived at a unique set of assignments that corre-
lated the C4 and C7 deuterons with the =22 kHz peaks that
divide in Fig. 3. For Trp®, the 2H NMR spectra gave no hint
as to the C4 and C7 assignments (because their resonances
appeared to overlap perfectly; Fig. 4), but our procedure was
still able to give unique assignments for the Trp® ring (Table
2). The procedure should be generally applicable to the other
tryptophans of gA and to other labeled tryptophans in pro-
teins where the backbone geometry can be oriented and de-
fined (e.g., transmembrane helices or sheets).

Trp® is more mobile than Trp'!

The Trp!! ring could be assigned without assuming any mo-
tional averaging of the quadrupolar interaction. This is re-
markable since some averaging should be expected to accur,
based on the measured order parameter of gA in DMPC bi-
layers of ~0.93 (see Separovic et al., 1993, and references
therein). It has been suggested that “wobbling” motions of
gA about the helix axis are responsible for the small extent
of motional averaging that has been observed for various
labeled sites (Hing et al., 1990a,b; Prosser et al., 1991; Kill-
ian et al., 1992) in the peptide backbone (Prosser, 1992).
Such motions of the entire molecule should also lead to mo-
tional averaging of labeled sites in the side chains. For Trp®
indeed such motional averaging had to be assumed in order
to obtain a fit of both the “H NMR and the >N NMR data.

Our results therefore suggest that Trp!! is more rigid than
the gA molecule as a whole in a bilayer of DMPC. The
physical basis for this observation has yet to be determined.
One possible explanation is that the Trp'! side chain is held
in a unique position by a network of hydrogen bonds to the
lipid head groups and/or carbonyl esters. To allow off-axis
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motions of the entire molecule—while at the same time
maintaining a fixed orientation for the Trp!! indole—the x;
and/or x;, torsion angles for residue 11 would have to undergo
rapid small adjustments. This may be possible because such
adjustments would involve only a few degrees of freedom.

As the entire gA channel rotates, all of the indole rings
would need to exchange H-bonding partners, as they make
and break hydrogen bonds to different water or lipid mol-
ecules. In this process of “H-bond exchange” the ring of Trp°®
is probably less involved because it is buried more deeply
within the membrane.

We also note that Trp!! decreases the average duration
(open time) of the ion-conducting gA channel, compared to
Phe!! (Bamberg et al., 1976; Sawyer et al., 1990; Becker et
al., 1991), which is unable to hydrogen bond. As suggested
by Becker et al. (1991), Trp!! could destabilize a gA channel
by “pulling” a dimer apart, due to hydrogen bonding inter-
actions of the Trp'! indole ring with the diphytanoylphos-
phatidylcholine lipid interface. Replacement of Trp® by Phe®
has little effect on the single-channel lifetime (Becker et al.,
1991). This result is consistent with our analysis of the NMR
data, which indicates that Trp® is more mobile than Trp!'—
even in a shorter lipid (DMPC) than that used for the single-
channel studies—and therefore that Trp® probably is less
involved in hydrogen bonding with either of the lipids.

Torsion angles (x1, x2) for the Trp®
and Trp'! rings

With the magnitudes and signs of the quadrupolar interac-
tions (and the N-H bond orientations) assigned (Table 2), the
ring orientations are defined. Each of these ring angles is
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FIGURE 7 Comparison of Trp® and Trp!! orientations from solid-state NMR analysis of oriented gA channels in DMPC (A) with the orientations from
two-dimensional NMR analysis of gA dissolved in aqueous SDS (Arsen’ev et al., 1986) (B).

consistent with eight different sets of (x;, x2) angles for each
of the corresponding Trp rings (Figs. 2 and 5).

Those sets of (x1, x2) angles that have the indole N-H bond
(of either Trp® or Trp'') directed toward the center of the
membrane can be excluded for several reasons: (i) A series
of single and multiple Trp — Phe substitutions in gA has
shown that each of the indole dipoles is oriented so as to
interact favorably with incoming cations (Becker et al., 1991,
1992); (if) gA monomers are slow to diffuse across lipid
bilayers (O’Connell et al., 1990) because the Trp’s serve to
“anchor” the monomers on the side to which they are added,
presumably by hydrogen bonding between the indole NH and
the lipid head groups at the interface, since various Trp —
Phe substituted gramicidins are more freely diffusable (M. D.
Becker, O. S. Andersen, and R. E. Koeppe, unpublished re-
sults); (iii) there is an energetic cost to burying a Trp N-H
group too deeply in a membrane, as shown by the short mean
lifetime of channels formed by [Trp!]gA (Mazet et al., 1984),
and by the bias against the formation of double-helical chan-
nels by natural gA (Durkin et al., 1992), both of which sug-
gest that the indole N-H does not like to be buried; (iv) using
N-2H exchange and Raman spectroscopy, Takeuchi et al.
(1990) have shown that three of the indole N-H’s are ac-
cessible to water. (The fourth Trp, presumably Trp®, is in-
accessible, probably because it is underneath the lipid head
groups and shielded from the H,0.) After excluding values
of (x1, x2) for which the indole N-H’s point inward, we are
left with four allowed sets of (x1, x2) each for Trp® and Trp!!
(boxed regions in Figs. 2 and 5).

Fig. 6 shows a wire model of the gA channel dimer with
Corey-Pauling-Kohltun representations of Trp® and of Trp!!
in four different orientations corresponding to the “best-fit”

values of x; and x,. The orientations of Trp® and Trp!! in Fig.
6 are uncorrelated with each other; that is, Trp® could assume
any of the possible orientations regardless of which one is
chosen for Trp'!. (Sixteen panels would be required to show
all possible pairwise combinations.) The model of Arsen’ev
et al. for gA in SDS (Arsen’ev et al., 1986; Lomize et al.,
1992) has Trp!! near the orientation shown in Fig. 6 B and
Trp® near the orientation shown in Fig. 6 D. In Fig. 6, A and
B, x1 of Trp'! is constant at 295°, while x; of Trp® is constant
at 260°, and two different y, values are shown for each.
Similarly, in Fig. 6, C and D, x; of Trp*! is constant at 170°,
while x; of Trp® is constant at 194°, and two different x,
values are shown for each.

The present results suggest agreement between the aver-
age side-chain orientations of Trp® and Trp!! in DMPC and
SDS environments. Orientation B for Trp'! and orientation
D for Trp® in DMPC (Fig. 6) agree with the results from the
two-dimensional 'H measurements of gA in SDS (Arsen’ev
et al., 1986; Lomize et al., 1992). These orientations are
compared in Fig. 7, where the similarity in ring orientations
derived by the two methods is striking.

Asymmetry of the aromatic C-D bond
quadrupolar interaction tensor

For each of the four possible orientations for Trp® and Trp!!
(Figs. 2, 5, and 6), we calculated the deviation of each C-D
or N-H bond orientation in the model (Fig. 6, A—D) from the
NMR-based prediction (Table 2). These deviations are listed
in Table 4, where it is apparent that the deviations are sys-
tematic rather than random. For each of the possible sets of
(x1> X2) values of Trp'l, the pattern by which the ring bonds



22

Biophysical Journal

Volume 66 January 1994

TABLE 4 Deviations of model C-D bond orientation angles from the predictions of 2H NMR for Trp*' and Trp® indole rings at

the “best-fit” values of x; and x.*

X1 X2 C2-D C4-D Cs5-D C6-D N-H
Trp-11 angular deviation (degrees)
120 253 2.55 2.36 -4.14 0.64 -1.09
120 294 2.52 2.34 -4.16 0.64 -1.09
170 53 2.36 2.14 -4.67 0.61 -1.43
170 93 2.50 2.18 -4.36 0.70 -1.31
296 264 2.39 3.77 -2.98 -0.04 0.64
296 309 2.46 3.78 -2.81 0.02 0.72
344 65 2.63 2.99 -3.37 0.44 -0.24
344 108 2.47 2.94 -3.64 0.37 -0.35
Trp-9 angular deviation (degrees)
6 36 0.44 1.85 0.66 -0.37 -2.70
6 114 0.49 1.97 0.72 -0.36 -2.63
90 244 0.14 321 0.80 0.24 -1.37
90 324 -0.06 3.18 0.52 0.43 -1.64
194 12 0.32 3.00 0.93 0.03 -2.77
194 92 0.11 2.96 0.64 0.22 -1.77
260 268 0.84 2.54 135 -0.53 -1.65
260 348 0.44 2.39 0.82 -0.21 -2.19

* The sets of (x1, x2) torsion angles correspond to the “NH-out” maxima of Figs. 2 and 5. The reference NMR-predicted angles are given in Table 2. The

sign of the deviation indicates whether the angle in the model is larger or smaller than the reference.

differ from the NMR predictions is similar; the same state-
ment can be made for Trp®. These patterns suggest a sys-
tematic “discrepancy” in the data set or the model.

There are several possible explanations for this phenom-
enon. First, the NMR predictions assume axially symmetric
quadrupolar interaction tensors. This is only an approxima-
tion (Gall et al., 1981), since the tensor for aromatic C-D
bonds has an asymmetry component of ~0.05. Second, the
model assumes planar indole rings. A small deviation is pos-
sible. Third, the model assumes a static quadrupolar coupling
constant of 180 kHz for all CD bonds. Also here, small de-
viations are possible. Fourth, small amplitude local motions
of the Trp rings could influence the values of Aw, for each
of the CD bonds to slightly different extents, depending on
the nature of the motion. The deviations listed in Table 4
could result from any or all of the above.

As a group, the Trp!! bond deviations from the NMR
predictions listed in Table 4 are larger than the Trp® devia-
tions. This is because several different motion parameters
were tried for Trp® (Table 3), and the values in Table 4 reflect
an optimized situation for m = 0.86, whereas m was not
varied from 1.00 for Trp!!. Decreasing m slightly below 1.00
would improve the “fit” of some of the C-D bonds of Trp*!
in Table 4 (although not the fit of the N-H bond). This does
not alter the important conclusion that Trp® undergoes sub-
stantially more motional averaging than does Trp!l.

The ring orientations illustrated in Fig. 6 define angles £
between the planes of the Trp rings and the helix axis. For
Trp'l, & is 19° (any of the panels in Fig. 6), and for Trp® &
is 26°. These values are in good agreement with those of Hu
et al. (1993), based on !>N data. Overall, the Trp ring ori-
entations are very well defined by solid-state NMR using
oriented samples; the method therefore can also be applied
to other protein systems that can be oriented.

Comparison of NMR methods

If one compares the approaches to Trp side-chain geometry
by the methods of two-dimensional 'H NMR and solid-state
2H NMR, several statements can be made: Both methods
yield families of Trp orientations that satisfy the data. For the
case of two-dimensional NMR, the family members for a
given Trp appear in the same general region of (x;, x2) space
(e.g., Fig. 3 of Lomize et al., 1992). We also have relied on
the two-dimensional NMR for the backbone structure
(although others have used solid-state NMR approaches to
define the backbone structure; cf. Cornell et al., 1988a,b;
Nicholson and Cross, 1989; Chiu et al., 1991; Ketchem et al.,
1993). The geometrical uncertainties in two-dimensional
NMR arise from the uncertainties in the nuclear Overhauser
enhancement interactions and from the possibility of mo-
lecular motion. For the case of solid-state NMR, the family
members for a given Trp conformation appear in four dif-
ferent regions of (x1, x2) space (boxed regions of Figs. 2 and
5), but each member is rather precisely defined. Again, there
is uncertainty due to molecular motion, but the solid-state
approach provides a way of estimating the extent of motion
(cf. Trp® results, above). One can now say, for example, that
Trp® exhibits more motional averaging than does Trp'!.
Together the two NMR methods provide a convergent and
accurate picture of the side chain geometries and mobilities
for the gA channel (Fig. 7). The convergent results also sug-
gest that the gA channel structures in SDS and DMPC en-
vironments are highly similar. The solid-state approach, due
to its high sensitivity, will also prove valuable as a difference
method for examining the effects of sequence changes (e.g.,
Durkin et al., 1990), fatty acylation (Williams et al., 1992;
Vogt et al., 1992; Koeppe et al., 1993), or other covalent
modifications to the gramicidin channel. Side chain—side
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chain and side chain-lipid interactions are expected to be
revealed through changes in the 2H NMR spectra that reflect
different side chain orientations and/or dynamics. The solid-
state approach can in principle also be used to examine the
gA channel in different oriented lipid systems.
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