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Abstract

The antimicrobial properties of the cyclic B-sheet peptide gramicidin S are attributed to its destabilizing effect on
lipid membranes. Here we present the membrane-bound structure and alignment of a derivative of this peptide,
based on angular and distance constraints. Solid-state '’F-NMR was used to study a '’F-labelled gramicidin S
analogue in dimyristoylphosphatidylcholine bilayers at a lipid:peptide ratio of 80:1 and above. Two equivalent
leucine side chains were replaced by the non-natural amino acid 4F-phenylglycine, which serves as a highly
sensitive reporter on the structure and dynamics of the peptide backbone. Using a modified CPMG multipulse
sequence, the distance between the two '°F-labels was measured from their homonuclear dipolar coupling as
6 A, in good agreement with the known backbone structure of natural gramicidin S in solution. By analyzing the
anisotropic chemical shift of the °F-labels in macroscopically oriented membrane samples, we determined the
alignment of the peptide in the bilayer and described its temperature-dependent mobility. In the gel phase, the '°F-
labelled gramicidin S is aligned symmetrically with respect to the membrane normal, i.e., with its cyclic f-sheet
backbone lying flat in the plane of the bilayer, which is fully consistent with its amphiphilic character. Upon raising
the temperature to the liquid crystalline state, a considerable narrowing of the ?F-NMR chemical shift dispersion
is observed, which is attributed the onset of global rotation of the peptide and further wobbling motions. This study
demonstrates the potential of the '°F nucleus to describe suitably labelled polypeptides in membranes, requiring
only little material and short NMR acquisition times.
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Abbreviations: 'F-NMR, fluorine nuclear magnetic resonance; 4F-Phg, 4-fluoro-phenylglycine; By, static mag-
netic field direction; C,, symmetry axis of the gramicidin S molecule; CPMG, Carr—Purcell-Meiboom—Gill
multipulse sequence; CSA, chemical shift aisotropy; DMPC, dimyristoyl-phosphatidylcholine; F-GS, °F-labelled
gramicidin S with 4F-Phg in positions 3 and 8; F-GS(KY), hypothetical °F-labelled analogue of GS(KY); GS,
gramicidin S; GS(KY), gramicidin S analogue with Orn— Lys and Phe— Tyr substitutions; MAS, magic angle
spinning; N, macroscopic sample normal; r, distance between two 9B 1abels; Smol, molecular order parameter;
a,B, Buler angles; 311, 322, 333, principal values of a non-axially symmetric CSA tensor; 8, §;|, principal values
of an axially averaged CSA tensor; djso, isSotropic chemical shift value; d(a,f), resonance frequency corresponding
to any particular CSA tensor orientation as a function of the Euler angles; 8°, resonance frequency of an oriented
sample observed at the horizontal sample alignment; 8°, resonance frequency observed of an oriented sample with
axial symmetry at any sample tilt angle t; Acsa, width of the chemical shift anisotropy; Agr, homonuclear dipolar
coupling between two °F-labels; 1, angle between the Cy-Cp bond of 4F-Phg and the symmetry axis of the F-GS
molecule; ¢,r, backbone torsion angles; p, angle used to relate a with ¥ (see Figure 3B); o(t), time-dependent
angle between the molecular symmetry axis of F-GS and the membrane normal; 6, angle between the internuclear
19F_19F vector and the magnetic field direction By; T, macroscopic sample tilt, defined as the angle between the

membrane normal N and the magnetic field direction By; ¥ 1, side chain torsion angle around Cy-Cg.

Introduction

Membrane-associated peptides and proteins are one of
the major challenges to modern structural biology, as
the presence of the lipid bilayer imposes fundamental
limitations on the techniques available for structural
studies. Among these techniques, solid state NMR
is particularly promising, because membrane proteins
can be studied in their natural lipid environment and
at conditions close to physiological (Losonczi et al.,
2000; Fu and Cross, 1999; Davis and Auger, 1999;
Bechinger, 1999; Marassi and Opella, 1998; Smith
et al., 1996; Watts et al., 1995). Different solid state
NMR strategies are available which usually involve
either uniaxial orientation of the sample (Losonczi et
al, 2000; Marassi and Opella, 1998; Losonczi and
Prestegard, 1998; Fu and Cross, 1999) or magic-angle
spinning (MAS) (DeGroot, 2000; Davis and Auger,
1999; Smith et al., 1996), and each approach may
be combined with various recoupling schemes and
sophisticated multidimensional pulse sequences (van
Beek et al., 2000; Gu and Opella, 1999; Ramamoorthy
et al.,, 1999; van Rossum et al., 1997). The analysis
of anisotropic spin interactions in oriented samples is
rather straightforward in the case of membrane pro-
teins, given the intrinsic two-dimensional nature of
the lipid bilayer (Grobner et al., 2000; Fu and Cross,
1999; Opella et al., 1999; Bechinger, 1999; Marassi
and Opella, 1998; Ulrich et al., 1994, 1995).

A significant limitation to many solid state NMR
studies in biological systems is the use of isotope la-
bels that possess an intrinsically low sensitivity, such
as N, 2H or 13C. As an alternative, we are explo-

ring the potential of fluorine as a selective label (Grage
et al., 2000, 2001a; Grage and Ulrich, 1999, 2000),
because 'F-NMR is several orders of magnitude more
sensitive in terms of measurement time, and it does
not suffer from any background signals in biologi-
cal samples (Ulrich, 2000; Goetz et al., 1999; Harris
and Jackson, 1991; Miller, 1996). Especially when
working with small amounts of material, with very
large proteins, or at low peptide concentrations in the
membrane, 'F-NMR can yield structural parameters
about systems that would otherwise not be accessi-
ble to solid state NMR. The broad chemical shift
anisotropy (CSA) of '°F is highly informative with
respect to orientational constraints, and I9F also en-
gages in strong dipolar couplings which are useful
for measuring long-range dipolar interactions as a ba-
sis for distance constraints (Grage and Ulrich, 1999,
2000; Gilchrist et al., 2001). Selective '°F-labels can
be readily introduced into aromatic or aliphatic side
chains, usually with little or no effect on the confor-
mation and functional properties of the protein (Gerig,
1994, 1998; Danielson and Falke, 1996).

Here, we describe the interaction of a 1?F-labelled
gramicidin S analogue (F-GS) with phospholipid bi-
layers, as an example to illustrate a novel solid
state ?F-NMR strategy for studying biologically ac-
tive peptides in membranes. Gramicidin S (GS) is
a cationic decapeptide from Bacillus brevis with
the symmetric sequence cyclic-(Val-Orn-Leu-DPhe-
Pro),. It exhibits antimicrobial activity against a broad
spectrum of Gram-negative and Gram-positive bac-



teria and several fungi, and it also possesses some
hemolytic activity (Mclnnes et al., 2000; Kondejewski
etal., 1996a, b). The structure of GS is known from X-
ray crystallography (Hull et al., 1978) as well as from
'H-NMR studies in a number of different solvents
(Gibbs et al., 1998; Xu et al., 1995). Its antiparallel
B-sheet conformation possesses a twofold symmetry,
in which two equivalent short strands are connected
by B-turns consisting of the D-Phe and Pro residues.
The molecule has a pronounced amphiphilic charac-
ter, since the positively charged ornithine (Orn) side
chains are located on one face of the cyclic B-sheet,
while the hydrophobic side chains of Val, Leu and Pro
point towards the opposite side (Xu et al., 1995; Hull
et al., 1978). Just as in the case of other amphiphilic
peptide antibiotics (Bechinger, 1999; Sitaram and Na-
garaj, 1999), it is generally accepted that the site of
action of GS is the plasma membrane of the target
cell (Prenner et al., 1999). GS shows a high affin-
ity for a wide variety of natural and synthetic lipid
bilayers with different head groups and different vis-
cous properties (Prenner et al., 1997, 1999). Binding
of the peptide leads to moderate shifts and a consi-
derable broadening of the main lipid phase transition
(Prenner et al.,, 1999), and it increases the mem-
brane permeability for ions and small metabolites in
a concentration-dependent manner (Wu et al., 1999).
It has been suggested from H-NMR (Datema
et al., 1986) and FT-IR measurements (Lewis et al.,
1999) that GS resides near the glycerol backbone
of the lipid bilayer, such that its positively charged
ornithine residues can interact with the polar head-
groups, while the hydrophobic residues penetrate the
upper region of the hydrocarbon chains. This topo-
logy is in agreement with a recent molecular dynamics
similation which also proposes that GS lies flat in the
membrane (Mihailescu and Smith, 2000). However,
no direct experimental evidence has been published so
far on the structure and alignment of the peptide in
lipid bilayers, which is a crucial aspect for interpreting
its mechanism of membrane destabilization. Here we
address these questions through the direct observation
of a '%F-labelled derivative of GS in dimyristoylphos-
phatidylcholine (DMPC) bilayers by solid state '°F-
NMR. To determine the overall conformation, the
orientation, and the mobility of the cyclic F-GS pep-
tide in the lipid bilayer, two equivalent hydrophobic
side chains were substituted by 4F-phenylglycine (4F-
Phg). This non-natural amino acid was selected here
— for the first time — as a probe for addressing the
behaviour of any rigid secondary structure element,

193

because the fluorinated phenyl ring protrudes stiffly
from the peptide backbone. Distance constraints can
thus be readily determined in relation to the peptide
backbone using a static CPMG experiment (Grage
and Ulrich, 1999, 2000), and the orientation of the
non-axially symmetric '°F CSA tensor in the mem-
brane can be evaluated using macroscopically oriented
NMR samples (Grage and Ulrich, 2001a; Grage et al.,
2001b; Ulrich and Watts, 1993). For a self-consistent
structure analysis of the membrane-bound gramicidin
S derivative, several structural parameters have to
be either directly measured, or they have to be first
assumed and subsequently confirmed experimentally.
These parameters include: i) the overall backbone
conformation taken from the '"H-NMR structure of
natural GS in solution and verified here independently
by a I9F_19% distance measurement; ii) the side chain
torsion angle %1 of 4F-Phg, accessible from energy
minimization and independently verified here by an-
alyzing the '°F CSA tensor alignment; and iii) the
molecular order parameter Sy of the peptide, de-
duced here from the narrowing of the '°F chemical
shift dispersion. The overall conformation, alignment,
and dynamics of FGS in DMPC bilayers has thus
been characterized over a range of different condi-
tions by means of highly sensitive, static °F-NMR
measurements.

Materials and methods

Preparation of fluorine-labelled gramicidin S

The !°F-labelled GS peptide was prepared by auto-
mated ¢-butyloxycarbonyl chemistry, the crude pep-
tide cleaved from the resin, purified by reversed-phase
HPLC, cyclized, and re-purified by reversed-phase
HPLC, as reported (Kondejewski et al., 1996). To
replace each of the two naturally occurring leucine
residues of GS (Leu3 and Leu8) by 4F-Phg, a racemic
4F-DL-Phg mixture (Fluka) was used for each of
the corresponding coupling steps. The resulting mix-
ture of cyclic peptide diastereomers was resolved and
purified by reversed-phase HPLC. The desired pro-
duct (containing two 4F-L-Phg residues) exhibited
the greatest retention time due to the formation of
the largest hydrophobic binding domain (Kondejewski
et al., 1999). The sample obtained that way con-
tains significant amounts of trifluoroacetic acid from
the HPLC purification buffers, which was removed
by ion exchange chromatography using amberlite
resin (Merck). The quality of the purified F-GS was
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assessed by '"F-NMR in aqueous solution, where
a single resonance was observed for the L,L-
diastereomer of 4F-Phg while the D,L-diastereomer
gave rise to two peaks due to the inequivalence of the
two 4F-Phg substituents.

Antimicrobial activity

The antimicrobial activity of the '°F-labelled F-GS
peptide was compared to that of natural GS (Sigma, St.
Louis, MO) as described (Mclnnes et al., 2000). Pep-
tides dissolved in Mueller Hinton broth were mixed
with molten agarose, the solution allowed to solidify
in microtiter plates, and test strains were applied to
the agarose. Minimal inhibitory concentrations were
determined as the concentration of peptide required to
completely inhibit growth of a given microorganism
after 24 h.

Sample preparation

Samples for solid state '’ F-NMR measurements typi-
cally contained 22.5 mg DMPC (Avanti Polar Lipids,
Alabaster, AL) and either 0.5 mg F-GS (lipid:peptide
molar ratio of 80:1) or 0.2 mg F-GS (200:1). For the
non-oriented powder samples, lipid-peptide mixtures
were dissolved in chloroform:methanol (80:20) and
dried, first with a stream of Nj and then under vacu-
um for at least 4 h. The dried material was hydrated
for 24 h at 98% humidity and 42°C over a satu-
rated solution of (NH4)2SO4 and subsequently sealed
in small plastic bags. To prepare macroscopically
oriented samples, the lipid-peptide mixtures were dis-
solved in 450 w1 chloroform:methanol (80:20), spread
as 30 pl aliquots onto glass plates (12 mm x 7.5 mm
x 0.06 mm) and dried, first in air and then under
vacuum for at least 4 h. Fifteen dried glass plates
were stacked, hydrated at 98% humidity and 42°C
for at least 24 h, and wrapped in parafilm and plas-
tic foil. The quality of orientation of the membranes
was assessed by 3'P-NMR and all samples used in this
study were well-oriented to at least 80% as judged by
simulation of these spectra (Ulrich et al., 1992). Any
remaining powder contributions were subtracted from
the experimental data, and a broad background signal
arising from the '?’F-NMR probe was also removed.

NMR experiments

All NMR data were acquired in a widebore magnet
at 11.74 T (500 MHz for 'H) with a Varian Unity
Inova spectrometer. ?F-NMR spectra were recorded

at 470.3 MHz with a double-resonance 'H/'°F
variable-angle flat-coil (9 mm x 2.5 mm x 10 mm)
probe (Doty Scientific, Columbia, SC), using a Hahn-
echo sequence with 2.2 ps pulse length, 25 ps echo
delay, 2.4 s relaxation delay, 10 ms acquisition time,
and 25 kHz 'H-decoupling during acquisition. In the
fluid phase of the lipids, spectra consisted of 2000
scans (1.3 hours experiment time) and FID were pro-
cessed using a 20 Hz exponential linebroadening func-
tion. In the gel state, 10000 scans were recorded
(6.5 h experiment time) and spectra were processed
with 500 Hz exponential linebroadening.

The '°F dipolar spectra were obtained using a
CPMG multipulse sequence, modified with an xy8
phase cycle, using mid-to-mid pulse spacings of 48 s
over a duration of 100 ms, without 'H-decoupling
(Grage and Ulrich, 1999, 2000). The echos were
acquired in the windows between the composite T
pulses (90x-180y-904) with a dwell time of 1 ps/point.
Up to 4 raw data points at the echo top were aver-
aged and an FID analogue was composed from these
averaged echo amplitudes. 3200 transients were ac-
cumulated for the oriented sample in a horizontal
alignment (t = 0°). The phase alternation of the
magnetization in the successive windows was taken
into account by software manipulation, and the FID
analogue was converted into the dipolar spectrum via
Fourier Transformation. A linebroadening of 10 Hz
was applied. The spectrum was laterally scaled ac-
cording to the extrapolated dipolar splitting at a duty
cycle of 0% (Grage et al., 2000), after having estab-
lished that different CPMG window lengths yielded a
linear correlation between the splitting and the duty
cycle (measured between 12% and 20%).

Circular dichroism experiments

CD spectra were recorded at 25°C on a Jasco J-
720 spectropolarimeter using 2-mm path length quartz
cuvettes. Averages of four scans were collected at
0.2 nm intervals between 190 nm and 250 nm. The
peptides were dissolved at 0.1 mg/ml in 10 mM
sodium acetate buffer at pH 5.6, and a stock suspen-
sion of DMPC small unilamellar vesicles in water was
prepared by sonication. Samples with a lipid:peptide
mixture (80:1 molar ratio) were obtained by mixing
the appropriate amounts of GS (or F-GS) and DMPC
from the respective stock solutions.



Molecular modelling

Model structures of the gramicidin derivatives were
built using the Discover and Search-Compare mod-
ules of the Insightll software package and the cvff-2.3
forcefields (Molecular Simulations, Inc., San Diego,
CA). The structure of the '°F-labelled analogue was
based on the coordinates of natural GS as determined
from 'H-NMR NOE constraints Xu et al., 1995),
which are consistent with molecular dynamics cal-
culations in a lipid bilayer (Mihailescu and Smith,
1999, 2000). To create a model structure of F-GS,
we built as a first step a 4F-Phg fragment using stan-
dard crystallographic atomic distances and angles, and
energy minimization. Two 4F-Phg side chains were
then attached to GS in place of the two naturally
occurring Leu residues at positions 3 and 8, maintain-
ing the same backbone structure as natural GS. The
preferred side-chain torsion angle of 4F-Phg was eval-
uated independently by a systematic conformational
search based on the N-acetyl-N’-methylamide dipep-
tide derivative of this residue as a model compound.
The most favourable torsion angle was then used in the
model of F-GS. The reported conformations of the Val,
Orn, D-Phe and Pro residues in natural GS were kept
unchanged, as they were found to be sterically com-
patible with the conformation chosen for the 4F-Phg
residues.

Results and discussion
9F_labelling strategy with 4F-phenylglycine

The key aspect of this study is the use of '°F as a
highly sensitive nucleus to probe by solid state NMR
the structure, alignment, and dynamics of an amphi-
philic peptide bound to a lipid membrane. As a general
strategy, we propose to introduce a selective '°F-label
into a peptide by substituting a hydrophobic side chain
with 4F-phenylglycine. This non-natural amino acid
is particularly suitable for structural studies, because
the position of the !°F-nucleus is well-defined with
respect to the peptide backbone. The straight connec-
tion across the rigid aromatic ring makes it possible
to correlate the orientation of the '°F CSA tensor with
the orientation of the C,—Cg bond of 4F-Phg. It is thus
possible to measure a local structural constraint on the
peptide backbone, which may then be used to define
the overall orientation of a given secondary structure
element.
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Biological activity of the " F-labelled GS

It has been previously shown that the main fac-
tors governing the membrane interactions of GS and
its antimicrobial activity are the net charge and the
amphiphilic nature of the peptide (Prenner et al., 1997;
Kondejewski et al., 1999). In this sense, the replace-
ment of the two Leu residues by two 4F-Phg side
chains is considered to be a conservative modifica-
tion, since the distribution of the positively charged
side chains (Orn) and the hydrophobic residues on
opposite sides of the P-sheet remains unchanged.
The biological consequences of the Leu by 4F-Phg
substitution were examined by testing the antimicro-
bial activity of F-GS against a number of different
Gram-negative and Gram-positive bacteria. The Min-
imum Inhibitory Concentrations (MIC) were deter-
mined from a series of 2-fold dilutions for 12 different
strains, each of which yielded the same concentrations
for GS and F-GS within a factor of two, as summa-
rized in Table 1. Within this accuracy and over the
wide range of microorganisms tested, we consider the
activity of the modified F-GS to be virtually identical
to that of natural GS, thus supporting the essentially
non-perturbing nature of 4F-Phg and the biological
relevance of our structural studies.

Backbone conformation of the '°F-labelled GS

The antiparallel B-sheet structure of GS is well known
from previous X-ray studies on a hydrated urea com-
plex (Hull et al., 1978) and from 'H-NMR studies
in solution (Xu et al., 1995, Gibbs et al., 1998).
The backbone structure is schematically represented
in Figure 1, together with a model structure of F-GS.
This model was constructed on the assumption that the
backbone conformation does not change significantly
upon Leu by 4F-Phg substitution, and that it remains
the same in solution as in the membrane-bound state.
We support this assumption by two pieces of evidence,
based on circular dichroism (CD) spectroscopy and on
an intramolecular distance measurement by solid state
F-NMR.

Figure 2 shows that GS gives rise to essentially
the same characteristic CD spectrum in water as it
does in sonicated lipid vesicles, with minima at around
208 nm and 218 nm (Figure 2A). The correspond-
ing spectra of F-GS (Figure 2B) show comparable
features with only small changes in the position and
ellipticity of the bands. We note that the substitu-
tion of two aliphatic side chains by aromatic residues
is expected to cause slight differences in the spec-
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Table 1. Antimicrobial activity of GS and F-GS

Microorganism Minimal inhibitory concentration (pg/ml)
GS F-GS

Gram negative  A. calcoaceticus 8 4

E. cloacae 32 32

E. coli 16 32

K. pneumoniae 16 16

P. aeruginosa 32 64

S. maltophilia 8 8
Gram positive E. faecalis 2 4

S. aureus 2 2

S. epidermidis 2 2

S. mitis 0.5 2

S. pneumoniae 1 2

S. pyrogenes 0.5 1

Pro10 JJ vall

Figure 1. Model of gramicidin S based on the high resolution
TH-NMR structure of the naturally occurring peptide in DMSO (Xu
etal., 1995). The backbone structure of the wild type peptide GS (A)
was used to model the 19F-labelled analogue F-GS (B), by replacing
the two original Leu side chains by 4F-phenylglycine.

tra of this 10-residue peptide, because the aromatic
rings contribute to the absorption (Kahn, 1979; Adler
et al., 1973). Nevertheless, the CD data indicate
that both F-GS and natural GS exhibit very similar
backbone structures, which do not depend apprecia-
bly on the presence of lipids. This observation is
in agreement with molecular dynamics calculations
(Mihailescu and Smith, 1999, 2000) and structural
studies, where GS was found to maintain its confor-
mation in a number of different environments with
varying polarity and hydrogen-bonding potential, in-
cluding water, methanol, ethanol, dimethyl sulfoxide,
detergent micelles and phospholipid bilayers (Waki
et al., 1970).

Intramolecular distance measurement by solid state
YF-NMR

It has been shown that the overall tendency of vari-
ous GS analogues to assume a stable cyclic p-sheet
structure depends (periodically) on the number of
residues forming the paired strands rather than on
the specific sequence, provided that the essential D-
Phe (or D-Tyr) and Pro residues are conserved in the
turns (Gibbs et al., 1998). Nevertheless, a comparison
of published 'H-NMR structures in solution demon-
strates that the detailed backbone conformation of a
conservatively modified gramicidin analogue GS(KY)
[cyclic-(Val-Lys-Leu-DTyr-Pro);] (Gibbs et al., 1998)
differs significantly from that of the native peptide
[cyclic-(Val-Orn-Leu-DPhe-Pro),] (Xu et al., 1995).
In Figure 3, the two different coordinate sets of native



GS and its analogue GS(KY) were used to generate
two alternative models for F-GS by replacing the Leu
side-chains with 4F-phenyl rings while keeping the
corresponding backbones intact. The dramatic effect
of slight changes in the backbone torsion angles on
the orientation of the !°F-labelled side chains had to be
very critically evaluated, especially in view of the fact
that any small deviations in our starting model might
lead to considerable errors in the analysis of the solid
state ’F-NMR data. To circumvent these ambigui-
ties, we verified the F-GS coordinates by measuring
the distance between the two 9F-labels, which will
be illustrated only qualitatively at this point, and then
evaluated quantitatively further below.

Based on the native peptide backbone structure,
the expected '°F-1°F distance in the F-GS model
(Figure 3A) is evaluated as 7.3 A, whereas it would
correspond to 13.5 A in the F-GS(KY) analogue (Fig-
ure 3B). Experimentally, the distance r between two
19F_labels can be determined by solid state NMR from
their homonuclear dipolar coupling, which is compar-
atively long-range and thereby highly informative for
this particular nucleus (Grage and Ulrich, 1999, 2000).
The '"°F homonuclear dipolar coupling, Afr (in Hz),
is related to the distance, r (in A), by the following
equation

[Apr/Hz] = 318360[r/A] 33 cos? 6 — 1)/2, (1)

where 0 is the angle between the internuclear °F-1°F
vector and the magnetic field direction By, and the nu-
merical factor is derived from some natural constants
and the gyromagnetic ratios of 'H and '°F (Grage
and Ulrich, 1999). The maximum dipolar splitting is
reached for the case of 6 = 0° and when there is no
motional averaging, otherwise the observed couplings
are reduced (see the order parameter analysis below).
According to Equation 1, a distance of 7.3 A as in the
F-GS model would correspond to a maximum dipolar
coupling of 790 Hz, whereas a distance of 13.5 A as
in the F-GS(KY) model would be consistent with a
coupling of no more than 130 Hz.

For measuring the intramolecular dipolar coupling
within F-GS, we have recently described an experi-
ment that is suitable for static oriented membrane
samples (Grage and Ulrich, 1999, 2000). Without
any need for magic angle spinning or 'H-decoupling,
pure dipolar '?F-spectra can be obtained using a modi-
fied CPMG multipulse sequence which is improved
by phase cycling and composite pulses. Figure 3C
shows the CPMG spectrum of F-GS in DMPC at a
lipid:peptide ratio of 80:1 and a temperature of 30 °C,
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corresponding to the liquid crystalline state of the
membrane. A dipolar splitting Agp = 270 Hz is
clearly resolved in this oriented sample, which was
placed with its normal parallel to the magnetic field
By. Note that oriented membranes, as opposed to non-
oriented dispersions, not only provide an improved
resolution in the dipolar spectra, but they also con-
tain valuable angular information about the alignment
0 of the internuclear vector, as will be discussed below
(Grage and Ulrich, 1999, 2000; Grage et al., 2000).
The important conclusion to be drawn at this point
is that the observed splitting of 270 Hz is signifi-
cantly larger than the maximum splitting of 130 Hz
that would be compatible with the hypothetical struc-
ture of the gramicidin F-GS(KY) analogue. Therefore,
we can exclude the possibility that our !°F-labelled
gramicidin S assumes a distorted structure resembling
GS(KY). The fact that 270 Hz is smaller than the
maximum 790 Hz for natural GS is of no concern,
as the reduction can be explained by motional aver-
aging. We will demonstrate quantitatively below that
F-GS indeed possesses a backbone conformation that
is close to the native structure of GS (Figure 3A). For
now, we will base our model structure of F-GS on the
coordinates of natural GS, which were determined by
'"H NMR in solution (Xu et al., 1995). Recently, it has
been reported from molecular dynamics calculations
that this structure remains essentially the same in a
lipidic environment (Mihailescu and Smith, 2000).

Theoretical considerations for the '°F CSA tensor
analysis

The anisotropy of the '°F CSA tensor of a 4F-
Phg residue carries fundamental structural information
about the side chain orientation and dynamics, and
in favourable cases also about the peptide backbone
to which it is connected. This information can be
extracted from solid state '°F-NMR spectra of the
polypeptide in oriented membrane samples. Before
proceeding with an interpretation of the experimental
I9F_NMR data, consider first the characteristics of the
fluorine CSA tensor in a 4F-phenyl ring and its align-
ment in the framework of a F-GS molecule interacting
with an oriented lipid bilayer. In contrast to previ-
ous studies of oriented biological samples making use
of the axially symmetric H quadrupolar interaction
(Grobner et al., 2000; Ulrich et al., 1994, 1995; Ulrich
and Watts, 1993) or the (near-)axially symmetric SN
CSA and dipolar tensors (Marassi and Opella, 1998;
Fu and Cross, 1999; Gu and Opella, 1999; Ramamoor-
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Figure 3. 19F_19F distance in 4F-Phg-labelled GS derivatives, and the corresponding experimental 19p.19F dipolar coupling in F-GS in DMPC
bilayers. In a model structure of F-GS (A), constructed from the coordinates of the native peptide in solution, the intramolecular 9p. O
distance corresponds to 7.3 A. For comparison, the backbone conformation of a conservatively modified peptide GS(KY) was used to build
the analogous F-GS(KY) (B). The internuclear distance corresponding to F-GS in DMPC is experimentally accessible from the well-resolved

Figure 2.
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thy et al., 1999; Opella et al., 1999; Bechinger, 1999),
the 'F CSA is highly non-axially-symmetric and
thereby offers a higher information content, provided
that the redundancy of similar resonance frequencies
can be lifted (Grage et al., 2001b).

The '°F CSA tensors of various fluoro-benzene
derivatives have been previously characterized by
solid state NMR on single crystals (Nehring and
Saupe, 1970; Hiyama et al., 1986; Griffin et al., 1973;
Mehring, 1983) and in a model peptide (Grage et al.,
2001b). According to these studies, the 37 tensor
component of the !°F-substituent on an aromatic ring
is aligned along the C—F bond (Figure 4) and gives rise
to the peak at intermediate chemical shift position of
the static powder spectrum. The 817 component lies
in the plane of the aromatic ring and corresponds to
the low field edge of the spectrum, while the 333 com-
ponent is perpendicular to the plane of the ring and
corresponds to the high field edge of the spectrum.
The chemical shift of any particular CSA orientation
depends on two angles a and § which are equivalent to
Euler angles in describing the relationship between the
principal axis system of the '°F CSA tensor and the
laboratory frame defined by the static magnetic field
direction By:

da, B) = ¥y cos®a sin26 + 322 COSZB
+333 sin%a sinzﬁ. 2)

Here a is the angle of rotation about the C-F axis that
would turn the plane of the phenyl ring into the plane
defined by the By and C—F vectors, while p is the angle
enclosed between the C—F vector (representing the 8,2
component) and B¢y (Figure 4A). In general, solutions
for a and B can be obtained by analyzing the spectral
lineshapes of oriented samples aligned at different tilt
angles with respect to the magnetic field (Grage et al.,
2001b; Ulrich and Watts, 1993).

In a uniaxially oriented system, such as F-GS in
DMPC bilayers, the most fundamental experiment is
carried out with a horizontally aligned sample, such
that the macroscopic sample normal N lies parallel
to the static magnetic field direction By (t = 0°).
In this unique situation, the CSA tensors of all la-
belled molecules are equivalent with respect to By
and a single narrow resonance at 8° is selected from
the full CSA width (Acsa = 833 — 311). On the
other hand, when the sample is tilted at any other
angle (t # 0°), the CSA tensors will by distributed
over a range of different orientations with respect to
the magnetic field. Therefore, characteristic broad and
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complex lineshapes are expected for all sample orien-
tations other than the horizontal one. Only when the
peptide undergoes fast axial rotation about the mem-
brane normal will the CSA tensor be averaged about
the macroscopic sample axis and a single '°F reso-
nance will appear at all sample orientations. In this
case, as the sample is tilted at an angle t, a sin-
gle resonance frequency 8° occurs at a well-defined
position between the edges (8 = 8 and 8, = 890)
of the rotationally averaged CSA tensor (Acsa =
3| — 31) at either side of the isotropic chemical shift
diso» according to:

8% = Siso + Acsa(3cos® T — 1)/3 3)

Note that the axially averaged situation is expected
to be observed for small peptides in liquid crystalline
lipids but not in gel state lipids.

The first step in the proposed structure analysis
will be to determine the '°F CSA tensor orientation
of a 4F-Phg labelled peptide in the laboratory frame
by measuring a tilt-series of oriented membranes in
the gel phase. As a second step, the CSA orienta-
tion (given by a and f) can then be used to find
out how the peptide backbone of a given secondary
structure element is aligned with respect to the mem-
brane plane. Such a coordinate transformation into
the molecular frame, however, requires knowledge
of the local side chain torsion angle y; around the
Cy—Cp bond of 4F-Phg (Figures 4B and 5A). The
orientation of the C.—F bond corresponds directly to
the 377 tensor component, but the 817 and 833 com-
ponents vary with the value of xi. In general, ¥
depends mainly on the local backbone conformation,
as the side chain C,—H groups tend to avoid repul-
sive interactions with the C;_;=0;_1, N;-H;, C;=0;
and Nj;1-Hjy1 peptide groups (Chandrasekaran and
Ramachandran, 1970; Gelin and Karplus, 1979; Dun-
brack and Karplus, 1994). The case of a phenylglycine
residue is rather special, because the two C, atoms in
the aromatic ring are attached to a branched Cg that is
trigonal-planar instead of tetrahedral. In order to pre-
dict the preferred conformation of 4F-Phg, we carried
out a conformational analysis on a model N-acetyl-
N’-methylamide dipeptide derivative of this residue.
Using molecular mechanics, the torsion angle ¥ of
the 4F-Phg side-chain was varied from 0° to 180° and
the total energy was calculated (Figure 5). For back-
bone conformations typical of B-sheets (¢ between
—60° and —180°, and {r between 30° and 180°), the
energy profile shows a single minimum at y; = 60°
4 10°. Using the backbone conformation of 4F-Phg



200

Figure 4. Assignment of the principal components of the 19F CSA tensor in 4F-Phg, and definition of the angles used in this study. (A) The
Euler angles o and B describe the CSA tensor in the laboratory frame and are defined with respect to the direction of the By magnetic field. (B)
The angles 1, x 1 and p refer to the molecular coordinate system of any molecule, and in the case of F-GS they are defined with respect to the
C, symmetry axis. When the three axis, By, N and C, are parallel, then n = f, and o = (x| — p).

in our model F-GS structure (¢ = —145.9°, ¢ =
78.3°), which is taken to be the same as in natural GS
(Xu et al., 1995), we find a minimum at x; = 55°
(Figure 5B). This energy profile reveals two important
aspects about the expected behaviour of 4F-Phg. First,
the curve is asymmetrically centered around a single
minimum, corresponding to values of 35° < y; <
60°, having energy values within 1 kcal/mol from the
most stable conformation. Second, conformations in
the region between 90° < x| < 150° are strongly dis-
favoured due to a direct steric clash between C,—H and
the peptide carbonyl group. This means that free ring
rotation is not expected in the rigid p-sheet backbone,
even at high temperature.

Alignment of F-GS in DMPC bilayers

The solid state 'F-NMR spectra of a non-oriented
dispersion and of a uniaxially oriented sample of F-

GS in hydrated DMPC bilayers at an 80:1 lipid:peptide
molar ratio are shown in Figure 6. The corresponding
experimental chemical shift values are summarized
and evaluated further in Table 2. Analogous results
were obtained for a 200:1 lipid:peptide ratio (not
shown). The data of F-GS recorded at 0 °C correspond
to the gel phase of the lipid (Figure 6A-C). Here, the
powder spectrum extends over approximately 90 ppm
and shows the typical features of a static '°F CSA
tensor with an asymmetry parameter of about 0.54
(Figure 6A). The principal axis values, 311, 822, 833
are close to the literature values of related compounds
(Grage et al., 2001b; Nehring and Saupe, 1970).
These findings indicate that there is no significant mo-
tion in the molecule which would otherwise lead to
an averaging of the CSA tensor. When the oriented
sample of F-GS is aligned horizontally with respect
to the magnetic field (t = 0°), the spectrum shows
a single, relatively broad feature at 3 ~ —124 ppm
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(Figure 6B). When the sample is tilted to the vertical
alignment (t = 90°), a more complex lineshape is ob-
served (Figure 6C), which covers the same bandwidth
as the powder spectrum. This behaviour is completely
consistent with a lack of peptide rotation in the bilayer,
as expected for the lipid gel phase.

In the liquid crystalline state at 30 °C, the pow-
der spectrum is rather narrow, covering a width of
about 4 ppm (Figure 6D), and the oriented sample
shows even sharper features. When the oriented mem-
branes are aligned horizontally (t = 0°), the !°F-signal
appears with a slight splitting at the high-field
edge of the powder spectrum, namely at 8 =
—117.8/118.3 ppm (Figure 6E). At the vertical sam-
ple orientation (t = 90°), the signal moves to the
corresponding low-field edge (Figure 6F). Additional
sample tilt angles measured between T = 0 and 90°
(data not shown) revealed a smooth shift of the res-
onance line, proportional to (3 cos>t —1)/2. This
axially symmetric behaviour of the oriented sample
indicates that at 30°C the peptide is rotating fast
about the membrane normal, and there may be ad-
ditional motions leading to further signal averaging.
Note that a slight splitting of about 0.5 &+ 0.1 ppm
is visible in the spectrum of the horizontally aligned
sample (Figure 6E), which is at the limit of resolu-
tion but was repeatedly observed in different sam-
ples. This splitting corresponds to 200-300 Hz and
represents the same homonuclear dipolar '"F-1°F
coupling of 270 Hz that was measured above in the
CPMG spectrum of Figure 3C with much higher ac-
curacy. The mean chemical shift of this doublet cor-
responds to 118.05 ppm, which will be used in the
further analysis and in Table 2.

To take a shortcut in the structural interpretation
of how the peptide is aligned in the membrane, we
will now make use of some symmetry considerations.
In general, a horizontally aligned sample containing a
peptide with two distinct 4F-Phg side chains in dif-
ferent orientations should give rise to two separate
I9F_NMR resonances. In the cyclic F-GS molecule,
however, the two !°F-substituents are related to one
another by a C> symmetry axis (see Figure 1), with
which they form an angle n (Figure 4B). Provided that
the two side chains are aligned at different angles with
respect to the membrane normal, two different signals
would be expected. However, the observed spectra
(Figures 6B and 6E) show that the two !°F-labels
have identical resonance positions (3° &~ —124 ppm
at 0°, and 8 = —118.05 ppm at 30°C when
taking the homonuclear dipolar splitting into account).

NH CO

X1

energy (kcal/mol)

0 40 80 120 160
X, (deg)

Figure 5. (A) Definition of the torsion angle ¥
in the 4F-Phg side chain (Neuman projection). (B)
Conformational analysis of the model compound
N-acetyl-N’-methylamide-4-fluoro-phenylglycine. The total
energy was calculated as a function of the torsion angle yp in
the 4F-Phg side chain using molecular mechanics. The values of
¢ = —145.9° and ¢ = 78.3° were taken from the backbone
conformation of 4F-Phg in our model structure of F-GS. Note the
asymmetry of the curve around the minimum and the sterically
non-allowed conformations for 90° < x; < 150°.

Therefore, on the assumption that the two 4F-Phg side
chains possess the same torsion angle ¥ 1, the two Ce—
F bonds must be aligned at the same orientation with
respect to the bilayer normal. This is the case when
the symmetry axis C, of the F-GS molecule is aligned
parallel to the bilayer normal, namely when the B-
sheet backbone of the peptide lies flat in the plane of
the membrane, as illustrated in Figure 7.
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Figure 6. 19F.NMR spectra of a hydrated mixture of F-GS in DMPC with a lipid:peptide molar ratio of 80:1, measured in the gel state (0 °C,
A-C) and in the liquid crystalline phase (30 °C, D-F). A and D are powder spectra (see the Discussion and Figure 4A for an assignment of the
CSA tensor components). B and E are spectra of oriented samples placed horizontally into the static magnetic field (with the sample normal
aligned parallel to the field, T = 0°). C and F are spectra of oriented samples aligned vertically (sample normal at right angle to the field,
v = 90°). The small splitting in spectrum E corresponds to the homonuclear dipolar 19p IO coupling that has been well resolved by the
CPMG experiment in Figure 3C. Note the different frequency scales for spectra A-C and for spectra D-F.

The conceptually simple proposal of a flat peptide
orientation based on symmetry arguments can now
be verified by calculating the '°F chemical shifts that
would be expected for such alignment of F-GS in the
membrane. First, consider the sample in the gel phase
(Figure 6A—C), with the F-GS peptide positioned ac-
cordingly into the lipid bilayer. When the sample is
aligned horizontally, the molecular symmetry axis Ca,
the sample normal N, and the magnetic field direction
By coincide. Therefore, B equals n, and o is related to
X1 according to o = (¥ 1 —p), as illustrated in Figure 4.
Note that a is zero when By (given by the plane Cg—
C,—Cs) lies in-plane with the aromatic ring, whereas
X1 is defined to be zero when the Cy,—N bond lies
in-plane with the aromatic ring (Figures 4A, 4B and
5A). To relate a with x| (for the case that C; and By
are parallel), we have introduced here the parameter
p, which is the angle formed between the projections
of the C4—N vector and the symmetry axis C, onto a
plane perpendicular to the C4—Cy vector (Figure 4B).
In our model structure of F-GS we find that p = 55°,
n = 172° and x| = 55°. Since in our case p and x|
happen to have the same numerical value, this makes
o = 0°. Based on these values, we can now calculate
the expected resonance frequency 3° from the static

CSA tensor values of Figure 6A (Table 2) using Equa-
tion 2. The predicted result of —125.3 ppm =+ 0.5, is
in excellent agreement with the experimental value of
—124 ppm (Figure 6B), within 2% error of the total
accessible CSA range of 90 ppm.

Despite the excellent agreement between experi-
ment and prediction, we will need to assess by how
much the real structure of F-GS can deviate from the
starting model used here while still being compatible
with our data. For example, the backbone conforma-
tion of the analogue GS(KY) discussed above (see Fig-
ure 3) leads to a value of n = —146°, instead of 172°
for the native GS. Additionally, the 4F-phenylglycine
torsion angle y; could vary around its energy mini-
mum of 55° (see above and Figure 4). In view of
these potential sources of error, we will now exam-
ine how the '°F resonance frequency would depend
on 1 and ¥ if these angles were allowed to change
freely. This analysis is carried out in the most general
way by sweeping the CSA tensor through the entire
orientational space spanned by the two Euler angles o
and P. The 3D contour-plot in Figure 8 A shows the
expected '°F chemical shift value as a function of «
and B for a horizontally aligned sample (t = 0°),
calculated according to Equation 2 and under the as-
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Figure 7. Proposed structure and flat alignment of F-GS in liquid crystalline DMPC bilayers for lipid:peptide molar ratios between 80:1 and
200:1. The values for the 19F-19F distance r, for the molecular order parameter Sy,o|, and for the 4F-Phg side chain torsion angle x| were
determined as a self-consistent solution from the solid state 1?F-NMR data.

sumption that there is no motional averaging (which
is justified in the lipid gel phase). The projection map
(Figure 8B) displays all combinations of a and p that
are compatible within error margins with the experi-
mentally observed chemical shift (§¢ = —124 ppm £
0.5) measured at a horizontal sample tilt in the lipid gel
phase (Figure 6B, Table 2). The plot is symmetrical
around o = 0° and B = 90° due to the cos? and sin?
terms of Equation 2, which means that mirror images
cannot be structurally distinguished. Furthermore, as a
result of the quasi-rectangular shape of the projection
map, it turns out that a rather large uncertainty is as-
sociated with the value of o when f is well-defined
and vice versa. This means that there exist regions
where either o or B, but not both parameters simultane-
ously, can be precisely defined, namely in the regions
near o = =+ 55° (horizontal bands in the plot), and
near p = 10-15° and 165-170° (vertical bands in the
plot), respectively. If we want to discuss this general
map in terms of the specific structural parameters of
gramicidin S, namely in terms of x; = (a0 + p) and
n = P, we have to keep in mind that any strong de-

viation in 1 from the structure of our starting model
may necessitate a re-evaluation of p, because this an-
gle is defined in relation to the framework of the given
peptide structure. However, this latter concern only
affects the regions of low definition of § (and 1) in
the plot, where the peptide backbone is ill-defined
but 1 is well defined (at & = £55°, x; = £55°+
p). At this point it is important to realize that these
awkward horizontal bands in the plot can be discarded
anyway, for two reasons: First, the corresponding val-
ues of 1 deviate too much from a reasonable structure
of the peptide because they are too small for an an-
tiparallel B-sheet backbone conformation. Second, the
corresponding Y 1 rotamers in this region are sterically
highly unlikely (see above and Figure 5), even if we
allow for a +20° deviation of p with respect to the
value taken from our model structure (p = 55°). On
the other hand, if we consider the region of f = 165°-
170° (shaded box in Figure 8B), this vertical band
is consistent with a well-defined antiparallel B-sheet
structure with 1 = 165°-170°, which is very close to
the structure of native GS (Xu et al., 1995) and to our
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Figure 8. (A) Predicted values of the I9F chemical shift d(a,B) cal-
culated according to Equation 2 as a function of the Euler angles
a and B, based on the experimental analysis of the CSA tensor of
F-GS (Figure 6A, Table 2). (B) Projection map corresponding to
the observed chemical shift in the horizontally aligned sample at
0°C (30 = —124 ppm = 0.5). The shaded boxes in the plot corres-
pond to the structural parameters 1 = f = 170 £ 5° and x| =
(a0 + p) =55 £ 20° that were independently derived to support our
proposed model of F-GS.
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model structure of F-GS (n = 172°). In this sterically
accessible range of backbone and side chain torsion
angles, and within the experimentally allowed range of
a values in the plot (o = 0° £ 20°), we obtain a result
for x 1 thatis centred around x| = (a0 + p) = 55°. This
experimental result is in excellent agreement with the
most favourable rotamer that had been independently
predicted by energy minimization (Figure 5).

To summarize, we have performed the search
through Euler space (Figure 8) without any initial
structural assumptions, and we used only some strin-
gent sterical arguments to dismiss a certain range of
solutions from the allowed regions in the plot. As a re-
sult, the 1F-NMR data are fully consistent with values
of 1 =170° &= 5° and p = 55° &+ 5°. These parameters,
which should correspond to the structure of F-GS in
the lipid membrane, are in good agreement with our
starting model of this peptide based on the backbone
conformation of the natural GS in solution. Thus, it
seems that the substitution of Leu by 4F-Phg does not
affect significantly the backbone structure of GS, just
as we had initially assumed. Concerning the 4F-Phg
side-chain torsion angle, the value of 1 is found to be
around 55° and compatible with the NMR data within
an error of £20°. Since the conformational energy
for 4F-Phg was found to be asymmetrically centered
around a steep minimum (Figure 5B), the range of al-
lowed values of x| can be reasonably set from 40° to
60°.

Dynamic behaviour of F-GS in DMPC bilayers

In liquid crystalline membranes at high temperature,
the relatively narrow powder spectrum of F-GS and the
pattern of the corresponding oriented samples show
that the '°F CSA tensor is axially averaged about the
membrane normal (see Table 2). When compared to
the spectra in the gel phase, an overall peptide rota-
tion alone would not change the line position 8° in
the horizontally aligned sample (t = 0°). However, it
is seen from Figure 6 that the resonance moves from
—124 ppm at 0°C to 118.05 ppm at 30 °C, which must
be attributed to the onset of further modes of motional
averaging. A whole-body wobbling motion of the pep-
tide can be described by a molecular order parameter
Smol = (4.55 ppm/13.5 ppm) = 0.34 £ 0.05, which
is calculated from the CSA tensor widths, Acsa, as
the ratio of the CSA width measured at 30°C over
the theoretical CSA width for peptide rotation only,
as listed in Table 2. The order parameter is defined
as the time average over <3 coszo(t) — 1>/2, where
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o(t) is the time-dependent angle between the molec-
ular symmetry axis C of F-GS and the membrane
normal N. According to the simplest wobble-within-
a-cone model, it is estimated that ¢ changes as much
as +40° due to the peptide wobble.

In an alternative motional model, an additional
ring-flip on the 4F-phenyl group around the Cg—
Cg bond may be considered. This kind of mo-
tion would already reduce the effective width of
the CSA powder spectrum to 17.5 ppm, and any
further narrowing due to long-axial peptide rotation
would then only contribute an additional narrowing
factor of [3 cos®(172°) — 1]/2 = 0.97. The latter
model would thus yield an oder parameter of Sy =
(4.55 ppm/17.0 ppm) = 0.27. From the current NMR
data alone we cannot draw a final conclusion about
the side chain dynamics and cannot decide which of
the two side chain motional models applies, although
we expect from our conformational energy calculation
above that a ring rotation of 4F-Phg is sterically un-
favourable. Nevertheless, in either case it is obvious
that the small peptide is highly mobile when bound
to the lipid bilayer in the liquid crystalline phase,
whereas it is virtually immobilized in the gel state.

Self-consistent solution for all structural parameters

Figure 7 summarizes the picture of F-GS as it is
accommodated in liquid crystalline lipid bilayers,
based on the three inter-related structural parameters
that we have determined by solid state 'F-NMR.
The flat alignment of the peptide backbone was de-
duced from the occurrence of a single resonance line
and confirmed by an ab initio analysis of the Eu-
ler space, which also yielded a 4F-Phg torsion an-
gle of x1 ~ 55°. The order parameter Spo = 0.34
+ 0.05 (or 0.27%0.05, depending on whether side
chain rotation is assumed or not) was evaluated from
the temperature-dependent shift of the resonance line
upon passing through the lipid phase transition. This
dynamic averaging factor may now be used to refine
the intramolecular distance between the two !°F-labels
from their dipolar coupling. For this purpose, the
splitting Apr = 270 Hz in the CPMG spectrum of
Figure 3C has to be multiplied by (i) the order param-
eter Spmol and by (ii) the geometric factor (300529— 1)/2
according to Equation 1. Since we have shown above
that the internuclear '°F-1F vector is aligned at right
angle with respect to the membrane normal N, the
geometric factor is equal to —1/2. Using these two
multiplication factors, the internuclear distance is cal-

culatedtobe r ~ 6 10%, with an estimated accuracy of
about 1 A. Especially the value of the order parame-
ter Smol, nominally between 0.22 and 0.39 (depending
on the assumption of any side chain rotation), is the
most significant source of error in this iterative analy-
sis, hence we attributed a generous error range to the
evaluation of r. This '"F-1°F distance of 6 & 1 A is
close to the value expected from the structure of native
gramicidin S in solution (7.3 A, see the model struc-
ture in Figure 7A), while it is far from the distorted
structure of the corresponding GS(KY) analogue (Fig-
ure 7B). The close similarity between our F-GS results
and the native peptide in solution suggests that the
structure of gramicidin S does not change signifi-
cantly upon 4F-Phg labelling, nor upon binding of the
peptide to the DMPC membrane.

Conclusions

We have determined the alignment and the dynamics
of an antimicrobial cyclic B-sheet peptide derivative
of gramicidin S in DMPC bilayers, both in the lipid
gel state and in the liquid crystalline phase. Addi-
tionally we have determined valuable distance and
angular constraints, which have allowed us to propose
a realistic model of the peptide bound to the lipid
membrane, and to demonstrate that this structure is
very similar to natural GS in solution. By observing a
selectively '°F-labelled analogue with two equivalent
4F-phenylglycine side chains, we have measured (i)
an intramolecular '2F-1°F distance of 6 + 1 A, (ii)
the orientations of the C.—F vectors with respect to
the membrane normal, and (iii) the side-chain torsion
angle of the 4F-Phg residues. The high sensitivity of
I9F_.NMR allowed the characterization of as little as
0.2 mg peptide (0.16 pmol) in relatively short acqui-
sition times (1 to 7 h, depending on the phase state
of the lipids). The F-GS peptide is found to be ori-
ented such that its cyclic B-sheet backbone lies flat in
the plane of the membrane, which is fully consistent
with the amphiphilic character of the molecule. It is
reasonable to conclude that the peptide must be posi-
tioned at the bilayer/water interface, such that the polar
side chains point towards the lipid head-groups while
the hydrophobic residues intercalate between the lipid
hydrocarbon chains. The relatively rigid secondary
structure and the C, symmetry of the cyclic peptide
seem to be conserved upon binding to the membrane,
since the two 4F-Phg groups are oriented at the same
angle with respect to the membrane normal, and their



distance is close to the one expected from the known
backbone structure of native gramicidin S in solution.
While the membrane-associated peptide is observed to
be immobilized in the gel state, it becomes highly mo-
bile in the fluid membrane and exhibits fast rotation
around the bilayer normal and further wobbling with
an order parameter of ~ 0.34.

This study represents the first direct observation
of an antimicrobial $-sheet peptide in its membrane-
associated state, and it illustrates one of the very first
applications of solid state ?F-NMR to a membrane-
bound peptide. The experimentally derived picture of
F-GS fully supports the expected behaviour of am-
phiphilic peptides in biological membranes at low
peptide/lipid ratios, and it is in excellent agreement
with recent molecular dynamics simulations of GS in
a DMPC bilayer (Mihailescu and Smith, 2000). It will
be interesting to extend this NMR study to other exper-
imental conditions, as we have noticed a remarkably
different orientational behaviour of F-GS at higher
peptide concentration. Now that the properties of the
4F-Phg side chain have been evaluated both experi-
mentally and theoretically in this initital study, the
same 'F-NMR approach may also be applied to any
other membrane-active peptide that can be suitably
labelled.
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