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High-Resolution Conformation of Gramicidin A
in a Lipid Bilayer by Solid-State NMR

R. R. Ketchem, W. Hu, T. A. Cross*

Solid-state nuclear magnetic resonance spectroscopy of uniformly aligned preparations
of gramicidin A in lipid bilayers has been used to elucidate a high-resolution dimeric
structure of the cation channel conformation solely on the basis of the amino acid
sequence and 144 orientational constraints. This initial structure defines the helical pitch
as single-stranded, fixes the number of residues per turn at six to seven, specifies the
helix sense as right-handed, and identifies the hydrogen bonds. Refinement of this initial
structure yields reasonable hydrogen-bonding distances with only minimal changes in

the torsion angles.

For more than 50 years since the discovery
of gramicidin A (gA), a three-dimensional
structure has been sought for the cation
channel that this peptide forms in a lipid
environment. X-ray diffraction studies of
gA crystals (produced by Bacillus brevis)
derived from organic solvent have resulted
in interesting structures (1), but these con-
formations are inconsistent with channel
function. The gA sequence is a pattern of
15 alternating L and D amino acids with
both end groups blocked. The folding motif
was first proposed by Urry (2) to have B
sheet—type torsion angles. Because of the
alternating stereochemistry, all the side
chains are on one side of the strand, there-
by forcing the polypeptide into a helix,
hence a B helix. This motif has been
confirmed by solution nuclear magnetic res-
onance (NMR) in SDS micelles (3) and by
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solid-state NMR in phospholipids (4-7).
The single-stranded pitch has been demon-
strated by low-angle scattering (8), and the
formation of a dimeric NH,-terminus to
NH,-terminus junction has been deter-
mined by *C and F solution NMR (9).
Considerable spectroscopic data appears to
support 6.3 residues per turn (3, 7). The
helix has been shown to be right-handed in
micelles (3) and lipids (4). Many computa-
tional efforts modeling the gA channel are
consistent with this conformation (10, 11).

Solid-state NMR takes advantage of the
lack of isotropic molecular motions. The
orientation dependence of the nuclear spin
interaction tensors can be used to generate
orientational constraints. If the orientation
of the tensor is known with respect to the
molecular frame, then the observed fre-
quency from a sample aligned to the mag-
netic field will constrain the molecular
frame orientation. If numerous sites and
interactions are analyzed with respect to the
same axis, the relative orientation of struc-
tural units (minimal units separated by ¢,
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REPORTS

Y, and o torsional angles) can be deter-
mined. For gA, several research groups
have used orientational constraints to study
the backbone (6, 7) and side chains (12).
With constraints based on ®N chemical
shifts (4, 5, 13, 14), ’N-'H and ’N-13C
dipolar interactions (14-16), and *H qua-
drupole interactions (14) from uniform-
ly aligned samples of isotopically labeled
gA in dimyristoyl phosphatidylcholine
(DMPC) bilayers (17), we determined the
backbone structure and indole side chain
conformations (Table 1 and Fig. 1).

The orientation dependence of the axi-
ally symmetric >’N-'H and N-13C dipolar
interactions is

v (3cos’0 — 1)

where v is the magnitude of the dipolar
interaction and 0 is the angle between the
magnetic field and the unique axis of the
dipolar interaction. The dipolar magnitude
(YnYcr ™) can be calculated from a knowl-
edge of the internuclear distance, r, and the
gyromagnetic ratios for N () and *C
(yc)- The N-C peptide bond length is well
defined (1.32 A), and we used the neutron
diffraction amide N-H bond length of
1.024 A (18). The unique axis of the
dipolar tensors is the internuclear vector;
thereby, an observed dipolar coupling con-
strains the molecular frame with respect to
the magnetic field. The '°N chemical shift
interaction is represented by an asymmetric
tensor. We obtained the tensor element
magnitudes from observations of unoriented
preparations of single-site ’N-labeled gA.
Many of the '°N chemical shift tensors are
oriented with respect to the ’N-1>C1 di-
polar interaction (5, 19). Thus, the °N

Avobs =

A - B
awN
. z
iy
°g
* g
e —(1r—— 1 —
— 200 100
210200160 140 120 ppm
ppm
Fig. 1. Examples of so- C
id-state NMR data from
oriented preparations of
isotopically labeled gA in
hydrated lipid bilayers.
The values of NMR ob- 30 & 6 0 ko
servables for orienta- Frequency (kHz)

tional constraints are
presented in Table 1. (A) 'SN-'H-separated local
field spectroscopy of ['N-Gly?, -Val®, -Trp°] gA
obtained as in (30). (B) '°N spectrum at the top is
that of ['3C1-Val’, '5N-Val®] gA, and the bottom
spectrum is that of ['°N-Val®] gA. The dipolar
splitting is symmetric about the chemical shift of
145 ppm. (C) Five 2H quadrupole splittings and
residual HOD are observed in this spectrum of
[Hs-Trp'"3) gA.
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Fig. 2. Stereo side view of a set of 10 computationally refined structures of gA. The indole N-H
groups are clustered at the bilayer surface, and the NH,-terminus for each monomer is buried at the
bilayer center. The set of 10 structures illustrates a well-defined conformation resulting from

constraints with very small error bars.

chemical shift can also be used as an orien-
tational constraint for the molecular frame.
This is true for the Ng, chemical shift of
the indole side chains as well, where the
tensor is oriented with respect to the mo-
lecular frame by the *Ne,~*H dipolar in-
teraction (14). The *H quadrupole interac-
tion has been used in conjunction with the
>Ne, chemical shift and the ®Ne,-'H
dipolar interaction to orient the indole
rings. We assumed the nearly symmetric
quadrupole tensors to be symmetric, and for
the quadrupole interaction, we used a mag-
nitude taken from model compounds (20).
The orientation of the unique tensor ele-
ment is aligned with the C—*H bond.

In calculating an initial molecular struc-
ture of the polypeptide backbone (21), we
assumed that the peptide planes have an
torsion angle of 180°. Consequently, the
orientation of the planes is described by two
vectors, the N-H and N-C1 bonds. This
can be achieved from the orientational
constraints of the respective dipolar inter-
actions. Once the orientation of a pair of
adjacent peptide planes (a diplane unit) is
determined with respect to the magnetic
field, one can take advantage of the tetra-
hedral geometry about the shared Ca car-
bon and generate the relative orientation of
the planes. In this process, various orienta-
tional ambiguities arise which have been
discussed in detail and effectively mini-
mized (16) to a pair of torsion angle solu-
tions. The combination of adjacent over-
lapping diplanes does not result in addition-
al ambiguity because the orientational con-
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straints for each peptide plane are inde-
pendent, representing absolute constraints,
whereas distance constraints between two
sites in a molecule represent interdepen-
dent or relative constraints.

The folding motif for the two analytical-
ly derived structures are the same: they are
both single-stranded helices with a right-
handed helical sense and six to seven resi-
dues per turn. Both structures have the
same hydrogen-bonding pattern. Because of
the B-type torsion angles, the repeating
unit in these helices is a dipeptide. Char-
acteristically, one of these planes is essen-
tially parallel to the channel axis and the
other is tipped by about 20°. One structure
has the amide protons tipped toward the
channel lumen, and the other structure has
the carbonyl oxygens tipped toward the
channel lumen and available for solvating
the cations in the channel. Only this latter
conformation is consistent with the exclu-
sive cationic functional role of gA.

The orientational constraints, unlike the
qualitative distance constraints of solution
NMR, have very narrow error bars of about
+2° to 3°. Herein lies the strength of this
approach. Even when data (and errors) are
summed over seven residues, the hydrogen-
bonding pattern is clearly defined between
helical turns (22). Not only was this
achieved for one turn of the helix but the
fidelity of these constraints was maintained
over the complete 2.5 turns of the mono-
mer. Errors of just a few degrees, if they were
to sum from plane to plane, would prevent
the determination of the hydrogen-bonding
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Table 1. Orientational constraints from solid-
state NMR observations of uniformly aligned
samples. Errors are +1 ppm for SN chemical
shift data, +1 kHz for the 'SN-'H dipolar inter-
action, and +0.03 kHz for the 'SN-'3C dipolar
interaction. For the indole side chains 2H qua-
drupolar couplings can be determined (to =1
kHz): for Trp®, 8, = 46, {, = 85, m, = =102, {,
= 155, and ¢, = 87; for Trp'", 8, = 77, {, = 39,
M, = =99, {3 = 192, and ¢, = 43; for Trp'3, ,
=108, {, = 28, m, = —81, {3 = 201, and ¢, =
32; and for Trp'®, 8, = 123, {, = 1, m, = =59;
{3 =198, and ¢, = 4.

Dipolar interaction

SN chemi-

Site cal shift 15N-1H 15N.13C

(Ppm) KHz)  (kH2)

Val' 198 19.7 0.463

Gly? 113 17.6 0.910

Ala® 198 21.8 0.670
o-Leu? 145 17.2 0820 5
Ala’ 198 20.7 0572
b-Val 145 18.2 0.626 .
Val” 196 220 0519
b-Val® 145 17.8 0.702 >,
Trp® 198 20.7 0487 &
145* 13.2* 2
p-Leu'® 144 13.5 T 2
Trp" 185 20.9 0.365 LL
144+ 11.1* c
p-Leu’2 132 16.2 0779 2
Trp'e 182 20.9 0.454 35
144+ 10.1* ey
p-Leu 131 143 0.657 ©
Trp's 181 20.9 0.507 g
139* 7.7* o

*These results are for the 'SNe, site of the side.®
chain.  tRelaxation parameters for this site have?,
compromised our ability to obtain the dipolar cou- =
pling. §

pattern. Although this pattern is recognizedg
from the initial structure, computationa%
refinement is required to achieve optima%
hydrogen-bonding distances. @
Because of the accuracy of the orienta-%
tional constraints, only small changes in the 3
conformation can be tolerated. The refine-0
ment protocol we used (23) represents a
form of simulated annealing in which small
random changes in the torsion angles (up to
+3° for ¢ and ¥ and up to =0.1° for ®) of
the initial structure are permitted, followed
by a calculation of the nuclear spin interac-
tion values (compared with data in Table 1)
and a calculation of the N-O and H-O
hydrogen bond distances (compared with
ideal values). A set of structures is retained
that has both a minimal penalty function
and the same alternating pattern of peptide
plane orientations as the initial structure.
Through the course of an annealing run,
more than 30,000 successful rotations are
completed, thereby allowing the torsion an-
gles to traverse a substantial conformational
space. The set of structures shown in Fig. 2
superimpose well, yielding a root-mean-
square (rms) angular deviation for the back-
bone torsion angles from a calculated aver-
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Table 2. Backbone torsion angles for the channel conformation of gA. The rms deviation = rmsd.

Site Initial Refined Arseniev Torsion angle range among set of 10 rg:&?g
(& ¥) (b ¥, o) (4. ¥) structures (o, ¥, o)
(¢’ ""' (‘))
Val' -138, 141 -136, 143, =177 -127, 107 —134/-137, 142/145, —175/178 11,2
Gly? 127, -118 121, =102, 173 158, —99 120/122, -98/-110, 170/177 1,32
Ala3 -129, 153 -133, 143, -177 —-140, 130 -121/-136, 134/147, —174/179 4,42
o-Leu* 121, —104 128, —106, 176 139, —-134 125/133, —103/—-110, 174/179 32,1
Alas -142, 151 -137, 149, -175 -108, 123 —134/-140, 146/151, —-172/-177 221
p-Val® 123, -118 124, —-118, 173 138, =116 123/125, —110/-127, 170/176 1,5,2
Val” -131, 150 -125, 146, -176 -111, 128 -121/-131, 141/149, —-172/-178 422
p-Val® 120, —104 127, =109, 173 138, —139 125/129, —104/—-114, 172/176 1,31
Trp® -137, 159 -131, 148, -178 -111, 139 -126/-136, 143/154, —-177/178 3,41
o-Leu'® 104, —102 121, =105, 177 136, —97 117/125, —102/-107, 175/179 21,1
Trp" —-133, 146 -127, 151, 176 -141, 158 —126/—-128, 150/152, 174/178 1,11
o-Leu'? 115, =101 114, —104, —176 110, —106 113/115, —102/-107, —174/-178 0,1,1
Trp'3 -133, 153 -134, 153, 180 -132, 156 -131/-136, 152/154, -—178/176 1,12
o-Leu' 110, =102 108, -93, 176 107, -94 106/110, -88/—-99, —179/172 1,32
Trp's -136 -138 -133 —-131/-144 4

age structure of only 3°. There are several
moderately large variations in the torsion
angles (Table 2). Such changes in a
torsion angle are almost always accompanied
by a change in the ¢, angle of opposite
sign and equal magnitude. This finding is
consistent with the normal mode analysis of
Roux and Karplus (11), which showed that
these two angles are highly correlated.

At the COOH-terminus the solid-state
and solution NMR structures are remark-
ably similar. As seen in Table 2, the torsion
angles differ from the Arseniev structure (3)
by as much as 37° for individual sites. The
structural differences that arise from these
two environments is not surprising. The
surface of a micelle has a dramatic curvature
that the bilayer lacks. The bilayer surface
can help constrain the two monomer chan-
nel axes to be parallel. In a micelle, the
structure could be significantly distorted at
the monomer-monomer junction, which is
consistent with the large torsional devia-
tions seen near the NH,-terminus.

Unique indole side chain orientations
have been determined with respect to the
bilayer normal (14). However, for each
indole four possible sets of torsion angles are
consistent with the NMR data alone. Ra-
man studies (24) suggest that the indoles
have x, values near £90°. In light of these
constraints and the tethering of the rings to
the backbone, the conformer possibilities
are further constrained such that a set of
most probable conformations is achieved:
Trp® (—71°, —98°), Trp'! (—71°, —93°),
Trp? (—67°, —94°), and Trp!® (—60°,
—99°). This set of conformations is shown
in Fig. 2 which illustrates the considerable
stacking of Trp® and Trp'®. Furthermore,
functional evidence suggests that the dipole
moments of the indoles are all oriented in
the same direction with respect to the
channel axis (25). The unique orientation
determined for each indole with respect to
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the channel axis and the uniform torsion
angles support these functional conclu-
sions.

Tryptophans are key hydrophilic resi-
dues in membrane proteins that tether the
protein to the bilayer surface through the
indole N-H which is directed to the hydro-
philic bilayer surface (26). For gA, not only
do these residues orient the peptide with
respect to the bilayer surface, but they have
been implicated for a major role in the
insertion of the peptide into the bilayer
(27). For the Trp* and Trp!? N-H protons,
the environment is hydrophilic in both the
detergent- and lipid-bound forms and the
side chain torsion angles are similar. How-
ever, for the Trp'! and Trp® N-H protons,
the micellar and bilayer environments
could be very different. The torsion angles
differ for these two side chains. For Trp®
even the rotameric state appears to be
different and, while stacking of the indole
rings is not observed in micelles, it is
probable in the lipid environment.

The dipole moments of indole rings are
oriented so that the negative end of each
moment is oriented toward the bilayer cen-
ter (14). Replacement of the Trp residues
with Phe significantly reduces the conduc-
tance of the channel (25). Furthermore,
such an amino acid substitution does not
appear to change the channel backbone
structure or its dynamics (28). The func-
tional effect appears to be the result of the
dipole moment orientation, such that the
potential energy barrier for cation conduc-
tance at the bilayer center is reduced by the
presence of the indole.

Further refinement of the gA channel
conformation is possible with additional
constraints, better tensor characterizations,
and a more quantitative description of dy-
namics. The solid-state NMR structural
method can also be further developed. One
can use >C tensors for orientational con-
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straints. Distance constraints determined
from REDOR or Rotational Resonance-
type solid-state NMR experiments could be
combined with orientational constraints in
a synergistic way (29). Future applications
for this approach include both the determi-
nation of high-resolution structural detail
for binding or active sites in macromolecu-
lar complexes as well as the determination
of the complete three-dimensional structure
of macromolecules. Solid-state NMR and
orientational constraints are shown here to
be an effective approach for defining a
detailed three-dimensional structure at high
resolution. Solid-state NMR has the advan-
tage of requiring neither a small molecular
weight sample nor a sample that must be
crystallized.
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strument whereas 'SN-'H dipolar spectra were with its own weighting factor so that no one vari-
recorded on both spectrometers. We formed an able is overly weighted. 30 April 1993; accepted 16 July 1993
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