Eur Biophys J (2006) 35: 281-286
DOI 10.1007/500249-005-0019-5

BIOPHYSICS LETTER

Victoria Vitkova - Philippe Méléard - Tanja Pott
Isak Bivas

Alamethicin influence on the membrane bending elasticity

Received: 6 June 2005/ Revised: 22 August 2005/ Accepted: 25 August 2005 / Published online: 7 October 2005

© EBSA 2005

Abstract We investigate the bending elasticity of lipid
membranes with the increase of the alamethicin con-
centrations in the membrane via analysis of the ther-
mally induced shape fluctuations of quasi-spherical giant
vesicles. Our experimental results prove the strong in-
fluence of alamethicin molecules on the bending elasti-
city of diphytanoyl phosphatidylcholine and dilauroyl
phosphatidylcholine membranes even in the range of
very low peptide concentrations (less than 10~ mol/mol
in the membrane). The results presented in this work,
testify to the peripheral orientation of alamethicin mo-
lecules at low peptide concentrations in the membrane
for both types of lipid bilayers. An upper limit of the
concentration of the peptide in the membrane is de-
termined below which the system behaves as an ideal
two-dimensional solution and the peptide molecules
have a planar orientation in the membrane.

Introduction

The bending elasticity is an important property, gov-
erning in a great extent the membrane deformability and
stability and thus playing a major role in various cellular
processes such as endo- and exocytosis, cellular division,
and fusion. The inclusion of peptide molecules in the
matrix of a model lipid membrane and the investigation
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of its elastic properties gives useful information about
the peptide role in the membrane stability. Although the
first research on this topic was published in 1986 (Evans
and Needham 1986), there are few works dedicated to
this problem to date (Gerbeaud 1998; Hackl et al. 1997).

The present work focuses on the influence of the
amphiphilic peptide, alamethicin, on the lipid bilayer
bending elasticity. Alamethicin is a 20-amino acid anti-
biotic peptide produced by the fungus Trichoderma
viride and is widely used as a model of a channel-forming
peptide in the membrane. It is a peptide with a pro-
nounced antibacterial activity that inhibits the growth of
various organisms or causes their cytolysis even at very
small alamethicin concentrations in the membrane.

Molecular models of alamethicin derived from X-ray
or NMR data, reveal some amphipathicity in its sec-
ondary structure (Woolley and Wallace 1992). Folded as
helix, alamethicin presents a polar face containing two
amino acid (Gln’ and Glu'®) residues, and a corre-
sponding nonpolar part containing four (Val, Aib, Ala
and Leu) residues (Sansom 1993). Sedimentation studies
have demonstrated that alamethicin is monomeric in
most common organic solvents but in aqueous solutions
the peptide has a limited solubility and aggregates above
concentrations of 10-20 uM (Archer et al. 1991; Rizzo
et al. 1987). Taking into account this fact, we have
worked with alamethicin concentration in the aqueous
phase, not exceeding 7 uM.

During the last two decades the lipid-alamethicin
interactions and the mechanism of the alamethicin in-
sertion into lipid bilayers have been the object of de-
tailed research in the literature (Cascio and Wallace
1988; He et al. 1996; Huang and Wu 1991; Olah and
Huang 1988; Rizzo et al. 1987; Woolley and Wallace
1993; Wu et al. 1995). The binding of alamethicin to
lipid vesicles was found to be lipid and ionic-strength
dependent. As a function of the molar concentration,
C,, in the membrane and the type and concentration of
the admixtures, dissolved in the water, alamethicin mo-
lecules were observed to switch between two states: at
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low C,, the majority of the peptide molecules bind
parallel to the membrane surface (the so-called S-state)
(He et al. 1996; Olah and Huang 1988; Woolley and
Wallace 1993); and above some critical insertion con-
centration, most of the peptide molecules insert per-
pendicularly into the membrane (the so-called I-state)
(He et al. 1996; Huang and Wu 1991; Vogel 1987).
Circular dichroism spectroscopy and X-ray diffraction
have been used as experimental tools. In the present
work, we will continue these studies using a completely
different method. Via measurements of the membrane
bending elasticity we will confirm that at low enough
alamethicin concentrations in the bilayer the peptide
molecules are in S-state in the membrane. We will de-
termine an upper limit of the concentration of the pep-
tide in the membrane, below which the system behaves
as an ideal two-dimensional solution and the peptide
molecules have a planar orientation in the membrane.

Materials and methods

Two types of membranes were studied, built-up of di-
phytanoyl phosphatidylcholine (3,7,11,15-tetramethyl-
hexadecanoic, DPhPC, Avanti Polar Lipids Inc., USA)
or built-up of dilauroyl phosphatidylcholine (DLPC,
Sigma-Aldrich Chimie, France).

Alamethicin (Antibiotic U-22324) was purchased
from Sigma Aldrich Chimie (France). Two independent
experimental methods were applied in order to quantify
the alamethicin content in our samples. The first of them
is a spectroscopic one, the Lowry assay (Cascio and
Wallace 1988; Lowry et al.1951), permitting the detec-
tion of the total quantity of peptide bonds in the solu-
tion. When measuring that quantity in our experimental
solutions we used a calibration curve, obtained with
melittin, whose concentration was determined in-
dependently by absorption spectrometry (Ladokhin
et al. 2000). In the case of alamethicin we used a mod-
ification of the Lowry assay, adapted for more hydro-
phobic peptides. The modification included the addition
of 1 wt% of sodium dodecyl sulfate (SDS, Sigma Al-
drich Chimie) to the solution in order to facilitate the
peptide dissolution in water. The signal from the ala-
methicin sample was corrected with a factor of 0.77,
equal to the ratio between the numbers of the peptide
bonds of alamethicin and melittine molecules.

In our experiments giant unilamellar vesicles,
containing alamethicin in their membranes, were pre-
pared by the electroformation method (Angelova and
Dimitrov 1988; Gerbeaud 1998) in an appropriate buffer
solution with pH 7.4 (Rizzo et al. 1987) (1 mM
Tris-(hydroximethyl)-aminomethane, 1 mM Ethylene-
diaminetetraacetic acid (EDTA), NaOH, Sigma Aldrich
Chimie). In all samples the lipid concentration in the
experimental cell was in the range between 26.1 and
28.3 uM. In what follows, an average lipid concentra-
tion of 27 uM in the experimental cell is used, which
leads to an uncertainty of our considerations smaller

than 4% (much less than the typical experimental error
of our measurements, 10%). In samples with alamethi-
cin the peptide was co-dissolved in the lipid solution and
in the buffer solution according to the partition coeffi-
cient between the membrane and the aqueous phase
(cf- Results) (Gerbeaud 1998; Tamm 1994).

Only quasi-spherical fluctuating giant vesicles with no
observable defects and diameters between 12 and 30 pm
were chosen for the bending elasticity measurements.
They were performed on lipid membranes, containing
different alamethicin concentrations, via the analysis of
the thermal shape fluctuations of giant unilamellar ve-
sicles (Faucon et al. 1989). The studied vesicles were
observed in phase contrast under an inverted microscope
Axiovert 135 (Zeiss, Germany) with a dry objective
(63%x). The equatorial cross-sections of each observed
vesicle with the focal plane of the objective were recorded
via a CCD camera (C3582, Hamamatsu Photonics, Ja-
pan) directly connected to a video recorder (U-matic,
Sony, Japan). For each studied vesicle a few hundred
images (usually 400 and not less than 150), taking one
image per second, were digitalized via the NIH image
software Scion Image 1.63 (Scion Corp., USA). The ve-
sicle contour was reconstructed for each of the registered
images. In the general case it represents a deformed cir-
cumference. To analyse it, the deviations of the contour
from the mean form, expressed as a function of the polar
angle, were developed in a series of Legendre poly-
nomials (Faucon et al 1989; Mitov et al. 1992) (some
authors develop the deformations in a series of harmonic
functions (Engelhardt et al. 1985; Hackl et al.1997). The
time mean squares of the amplitudes for each fluctuation
mode were determined from the ensemble of contours.
From earlier theoretical treatments it is known that these
time mean squares depend on: the radius R, of the ve-
sicle; the number ¢ of the mode; the bending elasticity k.
of the membrane; the effective normalised tension

oR (2)
k.

where ¢ is the tension of the membrane and ¢, is its
spontaneous curvature; the time of integration of the
video camera (40 ms). The bending elasticity of the
membrane was determined via the software specially
developed for this aim. Because of the dimension of the
vesicles (their radii were of the order of 10 pm) and the
characteristics of the set-up, only the modes with num-
bers ¢ < gmax = 15 were used. The precision of the
bending elasticities, calculated in this way, was of the
order of 10%. Modifications of the method were pro-
posed, permitting a more precise determination of the
contour and increasing the value of ¢, in the decom-
position of the fluctuations of the equatorial cross-sec-
tion. This is done by increasing the contrast of the
contour via dissolution of sugars with the same molar
concentrations but different refractive indexes of their
aqueous solutions inside and outside of the vesicle
(Pécréaux et al. 2004), by better interpolation of the
intensities between the points corresponding to the dis-

g = - 2C‘0R0,



crete positions of the pixels (Hackl et al.1997), etc. De-
spite these improvements the overall precision of the
determination of the bending elasticity of the vesicle
membrane is not yet substantially raised.

The different methods for measurement of the bend-
ing elasticity of the membrane—vesicle contour analysis
(Mitov et al.1992), aspiration of vesicles in micropipettes
(Evans and Rawicz 1990), tether formation (Bo and
Waugh 1989), etc.—give not exactly the same values for
it (Pécréaux et al. 2004). The explanation of these dif-
ferences remains an open question, which is out of the
scope of the present paper. We would like to note that
one of the reasons for these differences could be found in
the change of the bending elasticity of the lipid mem-
branes when the aqueous phase contains low molecular
weight carbohydrates (Vitkova et al. 2004).

The method, used by us for the preparation of giant
vesicles, assures the binding of the alamethicin molecules
to both monolayers composing the lipid bilayer. This
process is a statistical one and it was possible the surface
densities of the inclusion to be not exactly the same for
the two monolayers. The differences between these
densities are expected to be much less than the densities
themselves (higher differences between the densities are
statistically improbable). The surface densities of the li-
pid in the two monolayers could be slightly different,
too. These differences create an effective spontaneous
curvature of the membrane. As it has been shown (Bivas
and M¢éléard 2003), this spontaneous curvature influ-
ences the effective normalised surface tension & of the
membrane and does not change the bending elasticity k..

Results

We obtained the following values for the bending elastic
moduli of the pure DPhPC and DLPC membranes in the
presence of the chosen buffer (see Materials and Methods):

DPhPC bilayers : k. = (1.17 £0.10) - 10-°J

DLPC bilayers : k. = (0.96 & 0.08) - 10~"J

Because of the amphiphilic nature of alamethicin, its
water solubility cannot be neglected due to the low lipid
concentration in the experimental cell (27 uM). There-
fore, when forming giant vesicles in the presence of
alamethicin the quantity of the peptide, dissolved in the
water, must be taken into account.

In the literature the partition constant for the transfer
of the peptide from the aqueous solution into the
membrane (hydrophobic core or interface) is defined by
(Tamm 1994):

b

(1)

where Cp is the bound peptide molar concentration, C},
is the free peptide molar concentration and Ci° is the
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total lipid molar concentration, all of them referring to
the volume of the sample. This relation is relevant for
small enough peptide concentrations in the membrane
and in the water solution. That is why we apply it only
for the analysis of our results at small alamethicin con-
centrations in the bilayer.

When evaluating the quantities of the peptide, dis-
tributed between the membranes, studied by us, and the
aqueous phase, the following value of the partition
coefficient K, was used:

K, = 1.3 x 10° 1/mol (2)

It was chosen to be equal to the experimentally
determined value of this coefficient for the DOPC-
alamethicin-water and egg-yolk phosphatidylcholine-
alamethicin-water systems (Archer et al. 1991; Rizzo
et al. 1987; Schwartz et al.1986) (the partition coeffi-
cients of these two systems are identical).

Taking into account the mean total concentration of
the lipid in our experimental cells (Ci°" = 27 uM), from
Eqgs 1 and 2 we obtain:

b

C
2 ~0.035

= G)

The total peptide concentration in the sample, C|°', is

a sum of the bound peptide concentration and the free
peptide concentration:
' =Ch+C (4)

Therefore, only less than 4% of the peptide in the
experimental cell was bound to the membrane and this
fact was taken into account in the sample preparation in
order to guarantee the necessary peptide concentration
in the bilayer.

Our experimental results for the bending elasticity
behaviour for both types of lipid membranes as a func-
tion of the ratio Cy'/Ci®* for a fixed lipid molar con-
centration in the experimental cell are presented in Fig. 1.

The bending elasticity decrease of DPhPC and DLPC
membranes with increasing the alamethicin concentra-
tion has a behaviour similar to the results, previously
obtained by other authors for the elasticity of a mem-
brane containing amphiphilic additives (Gerbeaud 1998;
Hackl et al. 1997).

For low enough concentrations of the additive the
system behaves as an ideal two-dimensional solution and
the dependence of the bending elasticity on the con-
centration C, of the peptide in the membrane, k.(Cp),
can be presented as (Bivas and Méléard 2003; Kralj-Iglic
et al. 1996; Leibler 1986; Seifert 1993):

k(Cp) =4-(1-B-Cp) (5)

where the coefficient 4 has the physical meaning of the
bending elastic modulus of the pure (without any
additive) lipid membrane.

The analysis of our experimental data for the bending
elasticity behaviour at low peptide concentration in the



284

Fig. 1 Evolution of the bending

elastic modulus of DPhPC

DPhPC membranes
DLPC membranes
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of the ratio Cy'/ Ci°* of the
total volume concentration Cp* 1,04
of the peptide and C{°' of the
lipid in the sample (at C{°* =
27 uM) 0,8
r
=
S 06
e \E\ .
0,4 \ \Fii i
0,2 ~ % i
[ ]
0,0 T
0,00 0,05 0,10 0,15 0,20 0,25 0,30
tot tot
c

bilayer reveals a steep linear decrease (Eq. 5), when in-
creasing the molar alamethicin concentration in the
membrane. The best linear fits of the ensemble of the
experimental points for each of the lipid bilayers are
presented on Fig. 2. The bending elasticity evolution for
both types of lipid membranes is similar. The parameters
of the linear fits are displayed on the relevant graphics
and are as follows:

DPhPC membranes + alamethicin :

A~ 1.14+0.03;B ~ 467 + 70; (6a)
DLPC membranes + alamethicin :
A~0.90+£0.06;B ~ 571 + 143; (6b)

In the DPhPC membranes C,, was in the concentration
range (0+6.7x10~%) mol/mol, while in DLPC mem-
branes this range was (0+7.6x10~*) mol/mol.

Discussion

Bruckner et al. (2000) have studied the influence of to-
luene inclusion on the bending elasticity of lipid mem-
branes. They considered the observed decrease of this
quantity as a manifestation of the decrease of the acyl-
acyl interactions, caused by the toluene molecules, and as
one of the consequences of the lateral diffusion of these
molecules and their exchange between the membrane and
the surrounding water. These authors assumed that the
presence of inclusion in the bilayer influences the bending
elasticity if the lateral diffusion of these guest molecules is
fast enough. It has been shown (Bivas and M¢léard 2003)
that the change of the bending constant k.. is really re-
lated to the lateral redistribution of the molecules, in-
corporated in the lipid matrix, but it depends mainly on

their “geometric” characteristics—their ability to induce
spontaneous curvature in the bilayer and their mean area
per molecule. The modification of k. does not depend on
the value of the coefficient of the lateral diffusion of the
inclusion in the membrane.

As it can be seen from our experimental results
(Fig. 1), the bending elasticity sharply decreases in the
region of low peptide concentrations, while for higher
peptide concentrations the rate of k. decrease is much
smaller. The alamethicin molecule can be considered
approximately as a slightly bent cylinder (Fox and
Richards 1982. At low enough concentration the ala-
meticin molecules are in a monomeric form in the
membrane and form an ideal two-dimensional solution.
In (Bivas and Méléard 2003) it has been shown that for
the case of additives with low enough concentration,
having symmetrical molecules, symmetrically inserted in
lipid bilayer, the coefficient B has a modulus |B| of the
order of 1. Consequently, if the peptide were symme-
trically inserted in the membrane, piercing it, the coef-
ficient B should have a modulus of the order of 1, while
our experimental results show that it is of the order of
500 for both lipids used by us. Therefore, at low con-
centrations C,, the alameticin molecules in these bilayers
have peripheral orientations, in excellent agreement with
the results of Wu et al. (1995) for DPhPC bilayers.

On the basis of our experimental results we were able
to estimate the upper limit of the alamethicin con-
centration in the membrane below which the peptide
molecules form an ideal two-dimensional solution in the
bilayer and the dependence of k. on C, is given by a
function of the type in Eq. 5. This estimation is 1/B,
which for the case of DPhPC membranes is
~2x107* mol/mol, and for DLPC membranes is
~1.8x107* mol/mol. Above these concentrations
the peptide molecules no longer behave as an ideal two-
dimensional solution in the membrane, otherwise the



Fig. 2 Bending elasticity, k., a 13
measured by us at different
relative peptide concentrations,
Cp, in the membrane and
calculated values of the
parameters of the best linear fit
K. (Cp) = A (1-B-Cy);
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bending elasticity of the membrane should become
negative and the membrane should be destabilised, while
the experimental data show that the membranes are
stable even when they contain alamethicin with con-
centration much higher than this limit.

He et al. (1996) showed that for DPhPC bilayers the
critical concentration of insertion is about
2.5%107% mol/mol and that for concentrations higher
than 6.7x10" 2 mol/mol alamethicin molecules com-
pletely insert into the membrane and form well-defined
pores. Woolley and Wallace (1993), studying DOPC-
alamethicin membranes, have detected three spectro-
scopically distinct states, one corresponding to peptide
in the aqueous phase and the other two corresponding to
two differently bound to the membrane peptides. For the
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1 DPhPC-Alamethicin
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DPhPC-alamethicin system, Huang and Wu (1991) dis-
covered a phase-transitionlike behaviour between a state
in which the majority of alamethicin molecules are in S-
state, and a state in which the majority of alamethicin
molecules are in I-state at C,> 7x102 mol/mol. Ac-
cording to Olah and Huang (1988) alamethicin mole-
cules with  C,=12.5x10"° mol/mol in DLPC
multibilayers are preferably perpendicular to the bilayer
membrane.

The comparison with the results, presented in this
paper, shows that one more concentration interval exists,
approximately between 2x10~* and 7x10~* mol/mol, in
which the alamethicin molecules no longer behave as an
ideal two-dimensional solution but preserve their S-state
in the membrane.
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Conclusions

The experimental results presented in this work prove
the strong influence of alamethicin molecules on the
bending elasticity of different lipid membranes even in
the range of very low peptide concentrations (less than
10~* mol/mol in the membrane). Our experimental re-
sults show that at low alamethicin concentrations the
peptide molecules are oriented peripherally on the
membrane. A value of the peptide concentration in the
membrane was estimated below which the peptide mo-
lecules behave as an ideal two-dimensional solution and
possess peripheral orientation on the bilayer.
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