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It is shown by ' P-NMR and freeze-fracture electron microscopy that in aqueous dispersions of mixtures of
gramicidin and palmitoyllysophosphatidyicholine lamellar structures are formed which contain four
lysophosphatidylcholine molecules per gramicidin monomer.

Lipid-protein interactions are generally as-
sumed to play decisive roles in the structure and
function of biological membranes. Therefore the
interaction between, in particular, intrinsic mem-
brane proteins and lipids is a subject of consider-
able interest. Gramicidin, a hydrophobic linear
pentadecapeptide, has been widely used as a model
for the hydrophobic segment of membrane pro-
teins [1,2]. It is known that gramicidin in phos-
phatidylcholine bilayers is generally organized in
NH,-terminal to NH,-terminal =, (L, D) helical
dimers [3,13]. Recently it has been shown that
gramicidin lowers the bilayer to hexagonal H,
phase transition temperature of phosphatidyl-
ethanolamines {4]. This hexagonal H;; phase pro-
moting ability of gramicidin is also manifested in
phosphatidylcholine dispersions. In the absence of
the peptide these lipids organize in a lamellar
phase, but upon incorporation of gramicidin the
hexagonal H,, phase is induced when the acyl
chain length exceeds 16 carbon atoms [5].

The phase preference of lipids has been related
to the average shape of the molecules [6,10]. Bi-
layer preferring lipids are thought to have an
overall cylindrical shape. Hexagonal H; phase
type of lipids are thought to be conical with the
polar headgroup at the smaller end of the cone.
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Lipids such as lysophosphatidylcholine, with a rel-
atively large hydrophilic moiety, prefer micellar
organizations in excess water. It should be realized
that the concept of molecular shape is inclusive
and takes into account dynamic properties of the
lipids as well as headgroup hydration and inter-
molecular interactions such as hydrogen bonding.

The shape-structure relationship applies also to
mixed lipid systems. For instance, mixtures of
lysophosphatidylcholines and the cone shaped
cholesterol form bilayers [7].

In the frame of the shape concept two explana-
tions have been offered for the hexagonal H
phase promoting ability of gramicidin [4]. Firstly,
it has been proposed that when the length of the
hydrophobic part of the bilayer exceeds the length
of the dimer, due to meniscus formation the phos-
pholipid /gramicidin entity adopts more of a cone
shape. A second possibility is that the gramicidin
molecule itself has a conical shape, thereby favour-
ing hexagonal H,; phase formation. To dis-
criminate between these possibilities and to get
further insight in the effect of gramicidin on the
structure of membrane lipids, we investigate in this
study the interaction of gramicidin with palmitoyl-
lysophosphatidylcholine dispersions.

It will be shown that a mixture of gramicidin
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and lysophosphatidylcholine forms bilayers when
dispersed in aqueous solution. Gramicidin from
Bacillus brevis, which is a mixture of gramicidins
A, B and C was obtained from Sigma (St. Louis,
MO, U.S.A)). I1-Palmitoyl-sn-glycero-3-phos-
phocholine (lysophosphatidylcholine) was ob-
tained by hydrolysis of 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (which was synthesized as de-
scribed elsewhere [8]), using phospholipase A , from
Naja naja (a kind gift of Professor Dr. G.H. de
Haas). Both lipids were purified by HPLC [9].

A variable amount of gramicidin and 35 gmol
of lysophosphatidylcholine were dissolved in chlo-
roform and evaporated to dryness in a 10-mm
NMR tube under a stream of nitrogen, followed
by overnight storage under high vacuum. Disper-
sions were prepared by adding 1.3 ml of a 100 mM
NaCl, 25 mM Tris/acetic acid, 0.2 mM EDTA,
pH 7.0 buffer containing 25% (v/v) H,O to the
dry lipids. This was followed by incubation for
several hours at room temperature to allow swell-
ing of the lipids after which the dispersion was
gently vortexed.

3P.NMR spectra of aqueous dispersions of
mixtures of gramicidin and lysophosphatidylcho-
line at varous molar ratios are shown in Fig. 1.
Pure lysophosphatidylcholine forms micelles in
solution, which, due to fast tumbling and lateral
diffusion of the lipids, give rise to a narrow iso-
tropic NMR signal. When the phospholipid is
mixed with gramicidin a second spectral compo-
nent becomes visible which is characterized by a
high-field peak and a low-field shoulder. Such
asymmetrical spectra are typical for phospholipids
organized in extended lamellar structures in which
the chemical shift anisotropy is only partiaily aver-
aged by rapid axial rotation of the phosphate
moiety. Upon increasing the gramicidin concentra-
tion the bilayer component increases such that
when the molar ratio of gramicidin to
lysophosphatidylcholine exceeds 1 : 4, the isotropic
signal is absent. That the sharp signal at inter-
mediate gramicidin concentrations is due to small
structures, possibly pure lysophosphatidylcholine
micelles, could be conluded from centrifugation
experiments. When the samples were spun for 15
min at 27000 X g at 4°C a quantitative separation
could be obtained between structures remaining in
the supernatant which gave rise to an isotropic
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Fig. 1. Proton noise decoupled 81.0 MHz ' P-NMR spectra of
aqueous dispersions of gramicidin and lysophosphatidylcholine
at various molar ratios, recorded on a Bruker WP 200 spec-
trometer using a gated decoupling method with an input power
of 5W during 10% of the interpulse time. 3000-20000 tran-
sients were recorded with a 1-s interpulse time, a 90° pulse
angle and a 25 kHz spectral width at a temperature of 25°C,
using 4 K data points. Upon increasing the relaxation delay to
5s no significant changes of relative peak intensities were
observed. To all free induction decays an exponential multipli-
cation was applied, resulting in a 50 Hz line broadening. All
samples contained 35 pmol phospholipid with a variable amount
of gramicidin. The molar ratio of both components is indicated
in the figure. 0 ppm corresponds to the chemical shift of the
3P.NMR resonance position of pure lysophosphatidylcholine
micelles.

signal and pelleted structures which produced the
‘bilayer’ type of spectrum. The relative amount of
‘bilayer’ and isotropic signal in the spectra shown
in Fig. 1 were independent of temperature in the
range of 0-65°C.

Another interesting feature is that the residual
chemical shift anisotropy (Ao) of the bilayer was
1620 ppm, which is only half of that reported for
diacylphospholipid dispersions [6,10]. Such small
values of Ao have been reported previously for gel
state lysophosphatidylcholine bilayers and for bi-
layers of lysophosphatidylcholine /cholesterol mix-
tures and demonstrate increased motional freedom
of the phosphate part of the lipid molecule [7].

Fig. 2 shows the relative amount of ‘bilayer’
signal as a function of the gramicidin content.
There is a linear increase of the ‘bilayer’ compo-
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Fig. 2. Relative amount of ‘bilayer’ type of >'P-NMR signal in
aqueous dispersions of gramicidin and lysophosphatidylcholine
at various molar ratios as derived from *'P-NMR spectra
presented in Fig. 1. The relative amount of ‘bilayer’ component
was calculated from the amount of isotropic signal which was
determined either by computer subtraction or by measuring
directly the part of the total integral corresponding to the area
of isotropic signal. From the data points of the samples with
molar ratios of gramicidin to lysophosphatidylcholine from 0 to
0.25 a linear relationship was derived. The slope was calculated
by a linear regression method to be 389.3 4 11.3 corresponding
to a 100% *bilayer’ component at a molar ratio of 0.256 + 0.007.

nent with the amount of gramicidin present till at
a gramicidin to lysophosphatidylcholine ratio of
approximately 0.25 the isotropic component is
completely absent. Using a linear regression
method 1t could be calculated that each gramicidin
molecule causes 3.9 + 0.1 lysophosphatidylcholine
molecules to adopt a structure giving rise to a
‘bilayer’ type of *'P-NMR signal.

The various samples also showed macroscopic
differences. Whereas pure lysophosphatidylcholine
formed a clear solution in water, gramicidin/lyso-
phosphatidylcholine mixtures in the range of 1:25
to 1:5 formed white turbid dispersions. At molar
ratios of 1:4 to 1:2.5 the samples consisted of an
excess water and a translucent material which
sedimented at the bottom of the NMR tube.

Further evidence for the bilayer structure of the
gramicidin-lysophosphatidylcholine complex was
obtained from freeze fracturing electron micros-
copy. Fig. 3 clearly shows the presence of large
multilamellar vesicles in the sample with a molar
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Fig. 3. Freeze-fracture electron micrograph of an aqueous dis-
persion of a mixture of gramicidin and lysophosphatidylcholine
in a molar ratio of 1:4. The sample was quenched from 25°C
using the one-sided propane-jet procedure described by Pscheid
et al. [14]. Magnification: 43000 X .

ratio of 1:4. A relatively large amount of cross-
fractures is observed, which might indicate rather
close stacking of the bilayers.

Preliminary small angle X-ray diffraction mea-
surements, carried out as described elsewhere [5]
showed a broad diffraction band, centered at 35 A
for the pelleted 1: 10 sample. In the sample with a
molar ratio of gramicidin to lysophosphatidylcho-
line of 1:2.5 a sharper band at 110 A and a weak
band at 35 A were visible. The measurements
demonstrate the presence of an ordered structure
in the samples and are consistent with the presence
of multilayered structures.

The present study clearly demonstrates the abil-
ity of gramicidin to form extended bilayer struc-
tures with lysophosphatidylcholine which on its
own prefers to adopt a micellar organization. This
is a remarkable property of gramicidin as
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lysophospholipids by their detergent action nor-
mally solubilize intrinsic membrane proteins to
form micellar aggregates.

Sonicated lysophosphatidylcholine /gramicidin
mixtures have been extensively used in spectro-
scopic studies on the conformation and properties
of gramicidin. In these studies the dimeric state of
gramicidin and the channel activity appeared to be
retained in the presence of the lysophosphati-
dylcholine {11,12].

In view of the shape concept [6] the present
finding that gramicidin forms stable bilayers with
lysophosphatidylcholine, suggests that gramicidin
is cone shaped. However, as the COOH-terminal
part is bulkier than the NH,-terminal part, due to
the presence of the tryptophan residues, this would
imply an orientation of the NH,-terminal at the
membrane /water interface, which is opposite to
the reported [3,13] configuration. Studies with des-
formylgramicidin and the covalently bonded di-
mer might further elucidate the conformation of
the gramicidin in these systems as well as the
origin of the 1:4 stoichiometry of the lamellar
gramicidin-lysophosphatidylcholine complex.

We would like to thank Dr. H. Rijnbout for
performing the X-ray experiments and Mr. W.S.M.
Geurts van Kessel for synthesizing and purifying
the lysophosphatidylcholine.
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