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Abstract

An experimental study of phosphocholine membranes made from one lipid, from mixtures of DPPC and DLPC, and also from lipids and small
amounts of alamethicin is presented. We used atomic force microscopy to investigate the spatial organization and structure of lipid domains and
also of the defects induced by the peptide. Alamethicin was found to alter the state of lipids in the gel state in a way that domains of fluid lipids are
formed close to the defects. Differential calorimetry revealed phase characteristics of the lipid mixtures and the effect of small amounts of
alamethicin on the phase behavior. It was also shown that the sound velocity profiles of the membranes suspensions can be well calculated from
the heat capacity traces of the samples. This result confirms the correlation between the mechanical properties and the specific heat of membrane

systems.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Membranes play a significant role in the organization and
function of living systems [1,2]. For this reason much attention
has been directed towards phospholipid bilayers which are widely
accepted as models for biological membranes. In particular, the
main phase transition, at which the bilayers change their proper-
ties substantially, has been the focus of continuous scientific
interest. It appears that this phase transition from a solid-like
ordered (gel) phase to a liquid-like disordered (fluid) phase occurs
in the vicinity of a critical point. Near the phase transition tem-
perature T, bilayer structures display thermodynamic fluctua-
tions over wide ranges of length scales. These fluctuations are
considered essential for biological functions [3,4]. The gel—fluid
transition is from a phase with crystalline lateral packing (solid) to
a phase without crystalline order (liquid). The transition regime is
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characterized by fluctuations in lipid state leading to domain
formation. In the literature a related transition is often discussed in
the context of micro-domain formation in biological membranes
called ‘rafts’. This is the transition from liquid-ordered (lo) to
liquid-disordered (Id). The low temperature states of both tran-
sitions display ordered chains and thus low enthalpy. In practice,
it may often be difficult to distinguish these two transitions in
experiment. Both transition events are accompanied by heat
capacity anomalies on which much of the below argument is
based. For this reason, the (lo) to (Id) transition has recently also
been related to critical fluctuations [5]. Thus, much of what is
discussed below may also be correct for the (lo) to (Id) transition.

In the temperature range around 7;, a one-compound lipid
bilayer exhibits a distribution of domains of molecules with
conformationally disordered chains in a conformationally ordered
phase and vice versa [6,7]. The size of the individual lipid domain
is an equilibrium property [8] that scales with inverse reduced
temperature € '=T),/|T—Tw|. It has been suggested that any
membrane process, proceeding on length scales smaller than or on
the order of the domain size, is controlled by the fluctuations so
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that the domain structure affects the biological functions
associated with membranes. The effect of temperature upon the
dynamics of domain structure fluctuations may be visualized by
the substantial enhancement in the relaxation time 7: near Ty,
[9,10] which, for a 1,2-dimyristoyl-3-sn-phosphocholine vesicle
solution in water, is shown in Fig. 1. By analogy with the dynamic
scaling hypothesis of critical phenomena [11-13] 7: is the
characteristic time scale correlated with the size parameter
describing the domains. Hence the slowing in the fluctuations
near T, (Fig. 1) reflects the strongly increasing average domain
size when approaching the phase transition temperature. Because
of the effect of domain structure fluctuations on the biological
functions associated with membranes, it is interesting to gain
deeper insights into the lateral dimensions of the domain and into
their influence on thermodynamic and mechanical membrane
properties. As a matter of fact one finds relaxation processes on
many time scales from pico-seconds to minutes. However, the
fastest fluctuations can even be attributed to events below the
molecular scale, like trans—gauche isomerizations of chains.
Domain formation makes up for at least 90% of the total heat and
thus is responsible for most of the excess heat capacity. Therefore,
most of the fluctuations in volume and heat can be attributed to the
large scale cooperative processes [14,15].

Biological membranes are composed of a large number of
different lipids and a variety of proteins, leading to dynamically
highly microheterogeneous structure. Due to the interactions
between the constituents various types of domains and
subdomains may be formed. The structural complexity follow-
ing thereby likely contributes to the activity of a large number of
membrane-associated biochemical processes. On the other
hand, however, it awfully complicates the deduction of detailed
physical conclusions from investigations of native membranes.
We thus found it interesting to study simplified model systems,
namely mixtures of phospholipids with different acyl chain
lengths and also alamethicin-containing lipid membranes.

The membrane active peptide alamethicin, isolated from the
fungus Trichoderma viride, is among the most intensively studied
peptides [16,17]. Its amino-acid sequence, its crystal structure,
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Fig. 1. Relaxation time 7: of domain structure fluctuations of aqueous solutions
of extruded vesicles from 1,2-dimyristoyl-sn-glycero-3-phosphocholine versus
temperature 7' near the phase transition temperature 7,,. 7z values have been
derived from an evaluation of broadband (100 kHz to 2 GHz) ultrasonic
attenuation spectra [9,10] using theoretical arguments [9] to show the suitability
of the Bhattacharjee—Ferrell dynamic scaling theory [65—67] which had been
originally derived to apply for critical concentration fluctuations of binary fluids.

and its helical structure in water as well as in membrane is
well known [1,18]. Alamethicin is among the antibiotic peptides
serving as membrane permeating agents in host defense systems
of organisms. At low peptide-to-lipid molar ratios (P/L)
alamethicin preferentially adsorbs to the membrane surface
where it is aligned in parallel to the lipid head groups. Above a
certain concentration nearly all peptide molecules participate in
the formation of pores, constituting mildly cation-selective ion
channels [19-23]. As the channel activity shows discrete
multilevel conductances [24—26], a barrel stave model has been
suggested for the channels. Within the framework of this model
the discrete conductance steps are assumed to result from a
varying number of pore-forming helical alamethicin molecules
arranged to form a water-filled channel [27,28]. There exists
strong evidence that the effect of such integral peptides on the
phase characteristics of lipid membranes strongly depends on the
length of lipid acyl chains [29]. It is assumed that the hydrophobic
mismatch, due to the relative lengths difference between the
peptide and lipid hydrocarbon parts, plays a significant role in the
structure of membranes [30,31].

In this article we study structural and elastic properties of
mixed phospholipid membranes as well as alamethicin-contain-
ing bilayer membranes by using atomic force microscopy
(AFM). We also present sound velocity, density and calorimetric
data to demonstrate the correlation between compressibility, heat
capacity and the AFM images. The goal is to show the relation
between the thermodynamic properties of peptide-containing
membranes with the lateral arrangement of peptides and lipids.
This implies a coupling between the arrangement of molecules
and their elastic behavior.

2. Materials and methods

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC),
1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)
and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA),
Fluka, and Sigma (both Taufkirchen, FRG). Alamethicin was
also provided by Sigma. All substances were used without
additional purification. Ruby muscovite mica was obtained
from TED PELLA, inc. (Redding, CA, USA).

Samples were prepared by dissolving the lipids and also
peptide in a 1:1 mixture of dichlormethane and methanol. Further,
appropriate amounts of the solution were mixed together, dried in
a weak nitrogen stream and kept under vacuum overnight in order
to remove residual solvent. Aqueous lipid dispersions were
prepared by weighing appropriate amounts of the lipid/lipid or
lipid/peptide mixtures and of Milli-Q water into suitable flasks.

Samples for AFM experiments were prepared by direct fusion
of small unilamellar vesicles (SUVs) on a piece of freshly cleaved
mica. SUVs were obtained by sonication using a Sonifier Cell
Disruptor B-15 (Branson, Germany) until the solution became
completely transparent, ensuring mostly unilamellar vesicles. The
samples were incubated for 20 min at room temperature and
rinsed by exchanging ten times the lipid sample with 150 mM
NaCl solution or with Milli-Q water. In doing so the mica-
supported membrane was never allowed to dry. Sound velocity,
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density and heat capacity measurements were performed using
large unilamellar vesicle (LUV) suspensions. LUVs of uniform
size were produced by extrusion [32] utilizing a Lipofast extruder
(Avestin Inc., Ottawa, Canada) and polycarbonate filters with
100 nm pore size. During the extrusion procedure the sample
temperature was always kept above T, in order to facilitate the
pushing of the vesicle suspension through the filter membrane.
Right before use of the samples the extruded vesicle solutions
were degassed for 15 min to remove air microbubbles.

AFM images of mica-supported membranes were recorded
in both contact and tapping mode with the aid of a MultiMode
instrument with NanoScope Illa controller (Digital Instruments,
Santa Barbara, CA, USA). Oxide-sharpened silicon nitride
AFM probes (Digital Instruments) with nominal spring
constants 0.06 and 0.12 N/m were used. The force was kept
minimal during scanning by routinely decreasing it until the tip
left the surface and subsequently increasing it slightly to just
regain contact. The scan rate was 5 to 8 lines per second for the
contact mode of operation and 1 to 3 lines per second for the
tapping mode. All images with 512512 pixels were analyzed
with non-commercial software WSxM© (Nanotec Electronica,
http://www.nanotec.es).

The sound velocity ¢ of the sample has been measured at some
MHz using three setups based on resonator methods. The liquid
was contained in a small-volume cavity provided with piezo-
electric transducers. One transducer was operated by a synthesized
signal generator to set up a standing wave pattern in the cavity. Due
to the multiple reflections of the waves the pathway of interactions
between the acoustic field and the sample liquid was virtually
increased by a significant factor. Along with the cell length the
series of resonance frequencies in the transfer function of the cavity
allowed for the calculation of the desired ¢. The effective cell
length was obtained from calibration measurements with water, the
sound velocity of which is well known [33]. We used two home-
made apparatus. A single cavity resonator was operated in a
manual mode by adjusting the frequency of the signal generator to
match the frequency of a selected relative maximum in the transfer
function of the cell. Also a twin cell was applied in which one
cavity was filled with the sample liquid, the other one with water as
reference [34]. Using this cell a computer controlled determination
of the resonator transfer function was employed, followed by a
regression analysis to determine the resonance frequency of the
sample cell and the reference cell, respectively. Additionally, a
commercial apparatus (HR-US 102, Ultrasonic Scientific Ltd.,
Dublin, Ireland) was applied, equipped with two 1 ml quartz
cuvettes for the sample and the reference liquid, respectively [35].
A titration accessory of HR-US 102 spectrometer allowed stepwise
additions of a titrant to the sample and the reference liquid (buffer).
We added alamethicin that had been dissolved in ethanol to a
DMPC vesicle suspension. The effect of ethanol on the lipid
bilayer solution has been studied by separate scans.

With the single resonator cell and the commercial cuvette setup
the temperature was maintained constant during measurements to
better than 0.02 K by circulating water from an external
thermostatic bath. With the home-made twin cell apparatus a
Peltier control enabled temperature stability better than 0.003 K
[34]. The resolution in the sound velocity measurements with

home-made setups was Ac/c=10"> and Ac/c=1.5-10"" with
the commercial apparatus [36]. Repeated measurements of
samples, including cleaning and refilling procedures, revealed
an error in the sound velocity data smaller than Ac/c=10"* with
the home-made setups and smaller than Ac/c=10"° with the HR-
US 102 spectrometer. The overall error in ¢ is, of course, not
smaller than that of the reference (e.g. Ac/c=10"" for water [33]).

The density of the samples has been measured to within
Ap/p=5-10"¢ using a high-precision vibrating tube densit-
ometer [37] with built-in reference oscillator and Peltier tem-
perature control (Physica DMA 500, Anton Paar, Graz, Austria).
The instrument was calibrated against doubly distilled, ultrafil-
tered, degassed water. The error in the temperature of measure-
ment was 0.01 K. Heat capacities were recorded in an up-scan
mode on a differential scanning calorimeter (VP-DSC, MicroCal,
Northampton, MA, USA) at a scan rate of 2 K/h. A suitable
baseline was subtracted from the thermograms.

3. Results and discussion
3.1. Membranes from one phospholipid

Fig. 2a shows an AFM height image of a DPPC bilayer
spread on a freshly cleaved mica surface. As the image has
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Fig. 2. 1.4 x 1.4 um scan size height image of a mica-supported DPPC bilayer at
room temperature (a) obtained by operating the AFM in the contact mode and
(b) height profile along the white line of the height image.
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Fig. 3. Experimental sound velocity numbers (a), excess heat capacity (b), and sound velocity numbers as calculated using the ¢p

plotted versus temperature [50].

been taken at room temperature the bilayer was distinctly
below the phase transition temperature 7,,=41 °C. Dark
regions in the height image correspond with the level of the
mica, thus indicating membrane defects. Such parts of the
mica surface which are not covered by lipid may result from
an insufficient incubation time or from a too small lipid
concentration. Bright regions in the image point at small pieces
of a second bilayer, laying on the top of the first one. The
height profile in part b of Fig. 2 yields the thickness of the first
DPPC bilayer in the gel phase as 5 to 6 nm, in conformity with
literature values of DPPC membranes [38,39]. The height
difference between the upper surfaces of the second and the
first bilayer amounts to 7 to 8 nm. The finding of a distance that
is by about 2 nm larger than that between the upper surface of
the first bilayer and the mica surface is taken an indication of a
water layer between both membranes [40,41]. Between the
dark and the bright spots the mica-supported DPPC mem-
branes display a very flat surface in AFM images. The same is
true for mica-supported DLPC membranes (7,=—2.1 °C)
which, at room temperature, are well above the main phase
transition temperature.

In Fig. 3a sound velocity data of an aqueous suspension of
vesicles from DPPC are shown as a function of temperature
around 7,,,. In order to accentuate the effect of the membranes
in ¢ the sound velocity number, as defined by the equation
[42]

] = (e = o)/ (C), 1)

is plotted in the diagram. In this equation ¢, denotes the sound
velocity of the solvent water and C the solute concentration in
mg/ml. Normalization of the data by C results in almost
identical temperature scans from samples of different lipid con-
centration [43]. The sound velocity number displays an overall
decrease with T"and, in addition, a small relative minimum around
the main phase transition temperature 7,,,. In the following we shall
show that the sound velocity number and the heat capacity of
membrane systems are correlated.

T,°C T,°C

exc

curve (c) for a DPPC solution

The sound velocity is related to the density p and the adiabatic
compressibility kg according to the Newton—Laplace relation

c=(prs) " (2)

As the apparent specific partial volume [44]

o ="po —[p] (3)

exhibits a step-like change at 7;,, (Fig. 4a) the overall increase in
the compressibility with 7 is superimposed by a relative
maximum (Fig. 4b), reflecting the minimum in c¢. In Eq. (3)
subscript ”0” indicates again a quantity referring to the pure
solvent and

o] = (0 = p)/ (poC) (4)

is the density number. In Fig. 4b we likewise prefer a reduced
quantity, namely the apparent specific adiabatic compressibility,
defined by

P = (ksV — Ko VO)/(KSO VC’). (5)
Similar to DMPC solutions [43] a relative maximum in ¢y

emerges at the phase transition temperature, indicating an
enhanced compressibility of the membranes due to intense
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Fig. 4. Apparent specific partial lipid volume (a, [68]) and apparent specific
adiabatic compressibility (b, [69]) for a DPPC vesicle solution displayed as a
function of temperature.
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fluctuations of their domain structure and of the lipid chain
conformations.

Fig. 3b shows the excess heat capacity cp* as obtained
from the DSC experiments. The ¢p° data exhibit a sharp
maximum at the transition temperature, thus indicating a high
degree of cooperativity in the phase transition of the DPPC
membranes.

Based on the well-known thermodynamics relations between

the heat capacity and the fluctuations in the enthalpy
cp = (172 —172) /(RT?) (6)

as well as the isothermal compressibility k1 and the fluctuations
in the volume

Ky = (‘2 - 72) JVRT (7)

a theoretical relation between the isothermal compressibility
and the excess heat capacity has been obtained [43,45]. In
deriving this relation the enthalpy H' of a hydrated lipid has
been separated

H'(T) = Hy(T) + AH'(T) (8)

into a bulk term /), that is mainly due to bond vibrations and
head group vibrations assumed to be independent of the melting
process at Ty, and a differential term AH', representing the
changes in chain isomerization and the change in dispersive
interactions between chains. Correspondingly, the lipid volume
is described by

VNT) = T5(T) + AVN(T). ©)

Advantage is particularly taken from the experimental findings
[46,47] that, close to the melting transition of the alkyl chains,
AV" and AH' are almost perfectly proportional to each other

A7 (1) = y-AH(T) (10)

with a proportionality constant y=7.8-10~* cm®/J. This equation
leads to a proportionality between the excess isothermal
compressibility Aky, linked to the fluctuations in the lipid state,
and the heat capacity change Acp at the transition [43,45].
Additionally, the Maxwell relations yield the adiabatic compres-
sibilities from Eq. (2) as a function of the isothermal compressi-
bility Eq. (7) and the volume expansion coefficient

= 2
(1) = (1) - 5 (G) (1)

Because of the finite time of heat exchange within the sample
the heat capacity, in general, is a function of frequency. Volume
perturbation calorimetry [48,49] and pressure jump calorimetry
[14], however, have revealed a time constant on the second time
scale for the heat exchange between the lipid phase and the
solvent. Hence this heat exchange needs a significantly larger
time than the period in the acoustical signal of the sound
velocity measurements. Therefore both reservoirs, membranes
and water, may be considered adiabatically decoupled and
the adiabatic compressibility of the lipid suspensions can be

considered the weighted average of the adiabatic compressi-
bility of water and of the hydrated lipid

ks(T) = (1 — v1)Ky + V1K) (12)

Here subscripts 1 and w denote the quantities for the lipid and the
aqueous phase, respectively, and v; is the volume fraction of the
lipid membranes. The decoupling of the lipid membrane from the
aqueous environment on the time scale of the ultrasonic experiment
(~200 ns) implies that the heat generated upon compression is
stored in the membrane itself and does not dissipate out into the
aqueous medium. Thus, when describing the adiabatic compres-
sibility of the lipids using Eq. (11) the heat capacity in this equation
contains only contributions from the lipid but not from surrounding
water. Although heat conduction in water is fast, the agreement of
experiment with theory justifies the assumption [43,45,50]. We
therefore consider the thermal decoupling of lipids and membranes
as a result of our previous analysis and also of the present data (see
below, Fig. 5). It would be interesting to obtain a more detailed
understanding of the origin of such a decoupling in future research.

The sound velocity number profile resulting from the c¢p*°
scan (Fig. 3b) of the DPPC suspension is displayed in Fig. 3c.
Calculating the [u] values linear relationships

KlT,a = Ko,a + AKa(T - 30315K) (13)

have been assumed to adequately represent the temperature
dependence in the background compressibility of the mem-
branes in the gel (a=gel) and fluid (a=1fluid) state, respectively.
Parameters ko, and Ak, have been adjusted to model the
baseline in the experimental sound velocity profiles. The curve
in Fig. 3¢ resulting thereby nicely agrees with the experimental
data (Fig. 3a). Hence, in correspondence with previous results
[43,45], not just the absolute [u] values but also the shape in the
temperature dependence of the sound velocity numbers are
correctly predicted by theory.

3.2. Membranes from binary lipid mixtures

Membranes from DLPC and DPPC reveal a broad range
in which gel and lipid domains coexist [51]. Comparison of
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Fig. 5. (a) Measured sound velocity numbers [u] and (b) [u] profiles as
calculated from the ¢p* data in [50] for DLPC/DPPC mixtures with mole
fraction x of DPPC (@, x=1; A, x=0.8; ¥, x=0.6 [50]).
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experimental sound velocity numbers for such numbers to those
calculated from ¢p*® scans (Fig. 5) demonstrates the applic-
ability of the theoretical model also for lipid mixtures.

At some DLPC/DPPC molar ratios AFM images of mica-
supported two-component bilayers have been taken. A height
image at mole fraction x=0.67 of DPPC is shown in Fig. 6a.
Black regions correspond to the mica surface. The elongated
bright region in the middle of the section indicates a second
bilayer on the top of the first one. The first bilayer demonstrates
the existence of at least three types of domains with different
height scales, further on referred to as I, II and III domains,
respectively. The height differences are revealed by the cross
sectional profile in Fig. 6b. The height difference between I and
I domains amounts to approximately 0.9 nm. Between type II
and type III domains an additional difference of about 0.6 nm
exists. Lipid II domains with lateral dimensions in the micro-
meter range predominate. Both other types, with sizes between
tens and hundreds of nanometers, are randomly distributed over
the type II domains.

The height image of another part of the same DLPC/DPPC
sample (Fig. 7a) indicates again type I and type III domains
embedded in the larger type II domains. Interestingly, the
corresponding phase image (Fig. 7b) does not distinguish
between I and II domains. No final agreement exists on how to

500 1000
X, nm

Fig. 6. (a) 2.5 x2.5 um scan size height image of a mica-supported DLPC/DPPC
bilayer at 22 °C (mole fraction of DPPC x=0.671 obtained by operating the
AFM in the tapping mode and (b) height difference profile along the white line
of the height image.

a

Fig. 7.2.5%2.5 um AFM scans of the DLPC/DPPC bilayer of Fig. 6: (a) height,
(b) phase image.

interpret phase images. Clearly, the viscoelastic properties of the
material plays a role.

In principle, adhesion effects can also have an effect, but we
do not see any reason to assume that adhesion to the cantilever
tip is different in the different phases of neutral phospholipids. It
seems likely that larger phase contrast in the present case
indicates softer material. The lipid domain with largest
thickness (type III) are stiffer than both domain types with
lower height. Obviously, the elastic properties of I and II
domains are rather identical.

According to Gibbs’ phase rule one expects up to two
coexisting phases in a phase diagram at constant pressure and
excess water (the possibility of three-component coexistence
exists only at single eutectic or peritectic points). However,
these considerations apply only to macroscopic phase separa-
tion where domain boundaries can be ignored. Whether the
domains in our recordings are in fact phases (meaning that the
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phase rule can be applied) is unclear. Further, in the presence of
alamethicin one has a three-component system that allows for
three coexisting phases (or even four at individual points of the
phase diagram). There is also the possibility that the mica
surface influences the appearance of the bilayers.

3.3. Alamethicin-containing membranes

The series of diagrams in Fig. 8 show that, for DMPC as well
as DPPC bilayers with 1 and 2 mol% alamethicin added,
respectively, the sound velocity numbers of the peptide-
containing membranes can be well calculated from the heat
capacities, assuming again the change in volume and the excess
enthalpy of the lipid proportional to each other Eq. (10). In the
cp-properties of the DMPC membranes, like in LUV suspen-
sions from pure DMPC [52], a splitting of the transition peak is
found. In correspondence to the behavior of DMPG [53] this
splitting is believed to result from changes in the vesicle
geometry occurring in the lipid melting region. DPPC LUV
suspensions indicate such splitting only at the higher alamethi-
cin content. The heat capacity profiles in the presence of
alamethicin are hardly shifted as compared to the pure lipid.
This indicates that the protein does not partition well in both gel
and fluid phase. This is indicative for situations where the
proteins either accumulate at domain or at pore interfaces [54].
Since minor shifts to lower temperatures are observed this
indicates that the partitioning is slightly better in the fluid phase.

kJ/mol-K

exp
P >
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Fig. 8. Heat capacity traces for large unilamellar vesicle suspensions from
DMPC (a) and DPPC (b) with 1 and 2 mol% alamethicin added, respectively, as
well as sound velocity number profiles for the same suspensions (c and e refer to
DMPC, d and fto DPPC). The lipid concentration is 5 umol/l. For a clearer data
representation the heat capacity curves were shifted for a constant offset along

the cp*¢ axis.

1.6

12
=~

08
204

0

0 0.01

Fig. 9. Titration curve for a DMPC suspension with lipid concentration
7.538 umol/l: sound velocity difference dc=c—c.r as a function of mole
fraction x,, of alamethicin at 17.24 °C. Here cs is the sound velocity of the
reference sample without alamethicin.

One may conclude from this that alamethicin rather forms pores
within the fluid phase domains.

The sound velocity of the vesicle suspensions reveals an
interesting behavior on continuous addition of alamethicin, as
shown for a DMPC sample in Fig. 9. The sound velocity change
Ac caused by the peptide defines three concentration ranges. At an
alamethicin mole fraction x, smaller than 4.4-10 > the slope
of dAc/dx, is as high as 200 m/s, at 4.4-10 % <x,<7.8-10°
the slope d4c/dx,=65 m/s follows and at higher peptide content
dAc/dx,=18 m/s. At low alamethicin content (x,<4.4-10>)
the helical peptide molecules are adsorbed to the lipid bilayer
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Fig. 10. 2x2 um AFM height image of a mica-supported DPPC bilayer
containing alamethicin (x,=0.01) at room temperature (a) and height profile
along the white line of the height image (b). The arrow marks the height of the
shell near the alamethicin pores.
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membrane—water interface [55—58]. Molecular dynamics simula-
tions show that the alamethicin helix structure is stabilized by the
peptide interactions with the lipid polar head groups [56] and also
by the more favorable hydration properties of alamethicin in its
surface binding state. As the density of the DMPC suspension
remains almost constant on addition of alamethicin, the significant
increase of Ac with x,, (Fig. 9) reflects a decrease of the adiabatic
compressibility kg Eq. (2), which may result from two effects. The
peptide—membrane interactions are accompanied by a local
deformation of the membrane [55,59] and a lateral shift of lipid
molecules. The internal tension of the membrane is enhanced
thereby [60,61], thus reducing the compressibility. Additionally,
the formation of a hydration layer around alamethicin helices
adsorbed to the membrane surface may reduce ks.

The second concentration range (4.4-10 > <x,<7.8-10 %) is
assigned to the transition region in which, due to the finite diameter
of the membrane deformations, no further peptides may be
adsorbed at the bilayer—water interface and more and more
alamethicin molecules are inserted into the bilayers. The minimum
in the free energy is reached by a subtle balance between the
concentration of adsorbed and of inserted peptides. The insertion of
alamethicin results in a stabilization of the membranes and thus in a
reduction of the compressibility. At high alamethicin content
(x,>7.8>10"%) no more peptide is adsorbed on the bilayer
surface. Rather all additional alamethicin molecules are inserted in
the membranes where they cluster to form pores.

Insertion of alamethicin causes membrane thinning [62]. The
energy cost of membrane thinning raises the free energy of the
alamethicin interactions with the membrane—water interface [63].
Fig. 10a presents an AFM image of an alamethicin-containing
DPPC membrane at room temperature. Dark regions show the
peptide-induced defects (“holes”) in the bilayer. The holes are
surrounded by an area with reduced membrane height, appearing
darker than the undisturbed lipid bilayer regions. The height
profile across a hole (Fig. 10b) reveals the reduced height in the 3
to 4 nm range whereas the thickness of the undisturbed bilayer
amounts to 5—6 nm. The latter value agrees well with the generally
accepted thickness of DPPC bilayers in the gel phase [38,39,45],
whereas the height of the shell region corresponds with the
thickness of DPPC membranes in the fluid phase. As symmetric
height profiles with reduced membrane thickness on both sides of
the hole have been also found, it has been concluded that the
reduced height around the holes reflects nanoscopic lipid domains
in the fluid phase [52] which form in the gel phase membrane to
reduce the structural mismatch between the alamethicin helices,
with about 3.5 nm length, and the thickness of the DPPC bilayer.
Though the areas with reduced height are not homogeneously
distributed around all holes but appear sometimes on one side of a
defect only (Fig. 10), it has been argued that these areas unlikely
reflect experimental artifacts but rather indicate alamethicin-
induced fluid DPPC domains which, in phase images, show up as
regions softer than the undisturbed membrane [52].

4. Conclusions

The purpose of the present paper was to demonstrate the
coupling between the susceptibilities of the membrane system

(i.e. of compressibility and heat capacity) with the lateral
arrangement of peptides and lipids in different physical states. In
particular, the insertion of the pore-forming peptide alamethicin
into membranes leads to a rearrangement of domains and lipids.
It results in altered compressibility and increased likelihood of
fluid lipids close to the peptide pore interfaces.

Although only one particular peptide (alamethicin) was
studied here the implications are of rather general nature. They
can be summarized as follows: When peptides or proteins
influence the heat capacity profiles of membranes they must
influence the distribution of lipids with different state or
chemical nature. As a necessity they will influence the elastic
constants in their environment [52] when the membrane system
is close to a melting transition. In the light of the experimental
fact that many biological membranes are situated slightly above
such a melting transition [64] this suggests an important role of
such processes in controlling the physical features of lipid—
protein complexes in native biological membranes.
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