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ABSTRACT The sound velocity and density of suspensions of large unilamellar liposomes from dimyristoylphosphatidyl-
choline with admixed cholesterol have been measured as a function of temperature around the chain melting temperature of
the phospholipid. The cholesterol-to-phospholipid molar ratio x. has been varied over a wide range (0 = x, =< 0.5). The
temperature dependence of the sound velocity number, of the apparent specific partial volume of the phospholipid, and of
the apparent specific adiabatic compressibility have been derived from the measured data. These data are particularly
discussed with respect to the volume fluctuations within the samples. A theoretical relation between the compressibility and
the excess heat capacity of the bilayer system has been derived. Comparison of the compressibilities (and sound velocity
numbers) with heat capacity traces display the close correlation between these quantities for bilayer systems. This correlation
appears to be very useful as it allows some of the mechanical properties of membrane systems to be calculated from the
specific heat capacity data and vice versa.

INTRODUCTION

During the past decades, cholesterol-phospholipid interadesterol is neither able to reduce the conformational order in
tions have been a topic of current wide interest (for reviewshe gel phase nor able to enhance the order in the phospho-
see Finean, 1990; Vist and Davis, 1990; Mouritsen andipid alkyl chains in the fluid phase. At. < 7.5 mol % C/P,
Jorgensen, 1994; McMullen and McElhaney, 1995). Theno macroscopic phase separation between phases of differ-
interest in this topic has been renewed recently due to worknt cholesterol content occurs. Rather, cholesterol is en-
by Aloia et al. (1993) who showed that the viral envelope ofriched in the interfaces of fluid and gel lipid domains, thus
the human immunodeficiency virus (HIV) is characterizedreducing the cooperativity of the transition (Cruzeiro-Hans-
by a cholesterol-to-phospholipid (C/P) molar ratio that isson et al., 1990; Mouritsen and Jargensen, 1994). In contrast
increased by a factor of 2.5 with respect to that of the hosto the above view, McMullen and McElhaney (1995) have
cell surface membrane. pointed out that cholesterol may be able to induce phase
Various physical and biochemical techniques have demseparation characteristics even at a very low C/P ratio
onstrated a considerable influence of cholesterol on funCstarting from 2 mol %. These authors proceeded from an
tional and structural properties of lipid bilayers (see Yeaglegjternative phase diagram. Their analysis was based on a
1985, for a review). Recently the discussion has been payetailed study of dipalmitoylphosphatidylcholine (DPPC)
ticularly focused on the mechanisms of phase separation ifesicles of different cholesterol content using differential
cholesterol-phospholipid bilayers. A variety of detailed €X-scanning calorimetry (DSC) followed by a decomposition
perimental studies led to a widely accepted phospholipidyf endoterms. A strong enhancement of volume fluctuations
cholesterol phase diagram (Ipsen et al., 1987; Vist andy moderate cholesterol concentrations< 20 mol %) has
Davis, 1990; Mouritsen and Jergensen, 1994), indicatingyeen shown by Michels et al. (1989) using ultrasonic ab-
that the amphiphilic cholesterol is able to induce both Orde'éorption measurement. These authors also pointed out a
and disorder in a phospholipid bilayer. As cholesterol in-,jesterol-induced enhancement of the size of lipid do-

t_eracts differently with the translational an_d _the conforma-mains_ Computer simulations performed by Mouritsen and
tional degrees of freedom of the phospholipid molecules, _authors (e.g., Mouritsen and Jargensen, 1994) demon-

S 2
liquid-ordered phase (Ipsen et al., 1987) has been postulat% rated that the formation of domains (for example, areas in

to exist at cholesterol contents above 20 mol %. ThOUQQhe gel state dispersed in the fluid phase) is enhanced by the

exhibiting a high degree of conformational order, this phas%resence of cholesterol at low C/P ratios only. Hence, the

lacks translational order. At low cholesterol contents, cho-Study of the special characteristics of cholesterol-phospho-

lipid interactions at relatively low cholesterol content seems
odt ioat ol | to be most important for our understanding of the phase
Received for publication 3 September 1997 and in final form 16 Apri 1998.Separation mechanism in lipid bilayer systems.
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had been already applied to liposome suspensions of DPPi@osome solutions. All densities have been measured at the same time as
with cholesterol added (Sakanishi et al., 1979). Howeverthe corresponding sound velocities, having the temperature of the densi-

. . . ofiometer and the ultrasonic resonators stabilized by circulating the same
those authors did not examine the region below 14 mol /thermostat fluid to the cells. Apparent specific partial volungeshave

C/P, which is of particular interest hgre. Heat Capac;itybeen calculated from the density data using the relation
curves for DMPC/cholesterol suspensions have been re-

ported in the literature (Estep et al., 1978; Mabrey et al., 1(1 P~ Po

1
1978; Sackmann, 1995). However, for a quantitative eval- LR ¢ ) N L], (2)

uation and for a comparison with sound velocity data we

re-measured the heat capacity of the suspensions. We fouMere subscript 0 again refers to the solvent gnid+ (o — po)/(pof)
a close inverse relation of the sound velocity number prodenetes the density number.

files (Eg. 1) and the corresponding excess heat capacity
profiles. This relation has been rationalized by theoreticapjtferential scanning calorimetry

thermodynamic means, linking the heat capacity changes to

the compressibility Heat capacity traces were recorded on a MicroCal (Northhampton, MA)
’ MC-2 high-sensitivity differential scanning calorimeter at scan rates of

5°/h.

MATERIALS AND METHODS

Preparation of liposomes Experimental errors

Large unilamellar liposomes (LUVETs) were prepared from DMPC The uncertainty in the concentration of the phospholipid suspensions was
(Sigma Chemical Co., St. Louis, MO) and cholesterol (Merck, DarmstadtSmaller than 0.25%. The temperature of the cells was controlled to within
Germany) by means of the extrusion method (MacDonald et al., 1991). For-0-02 K. The relative error in the resonance freqyencies of the uItra;onic
this purpose, we used the LiposoFast-Basic extruder (Milsch Equipmenfeésonator cells was=100 Hz. The relative error in the sound velocity
Laudenbach, Germany) containing a polycarbonate filter, the pores ofesulting thereby is-1.5 x 10~ °. Repeated measurements showed that the
which were ~100 nm in diameter. According to the analysis by Mac- reproducibility of the velocity number is better thanfOml/mg. The

Donald et al. (1991), this method yields uniform liposomes with a rela-Télative error in the density data is smaller than 10Hence, the com-
tively small size distribution. The liposomes of DMPC and cholesterol Pressibilities derived from theandp data are accurate to withinx4 10",

were prepared at a temperature (34°C) above the phase transition tempdtepending on the phospholipid concentration, the error in the specific
ature {T,, ~ 24°C) of DMPC. The DMPC concentration was 2 mg/ml partla! volume vane_s betweenx 19*6 ml_/mg and 4><_ 10 ° ml/mg. The_
throughout. LUVETs were prepared in doubly distilled water. Lipid dis- experimental error in the, curves is mainly determined by the baseline

persions were checked for the phosphate content after extrusion using &t¢termination. As the pure DMPC profile has a large heat capacity, the
assay based on Rouser et al. (1970). error is small. However, in the samples with high cholesterol content, the

heat capacity is small, and the error in the total enthalpy may be up to 10%.

Ultrasonic velocimetry RESULTS AND DISCUSSION

Ultrasonic velocity was measured using a fixed-path differential velocim- .
eter consisting of two almost identical acoustic cavity resonators (SarPure DMPC suspensions

vazyan, 1982) operated at frequenciearound 7.2 MHz. The resonance In Fia. 1. th d loci b f
frequencies of the cells were measured with the aid of a computer-n ig. 1, the sound velocity numbeu][of some suspen-

controlled phase-sensitive feedback circuit. The sample volume was 0.8i0ns of large unilamellar liposomes from DMPC in water is
ml. The resonator cells were equipped with magnetic stirrers to ensurelisplayed as a function of temperature between 15°C and
homogeneous samples during the measurements. One resonator containg@°C. There is a small difference in the] data at different

the liposome solution, whereas the other one was filled with the refereni%:ospholipid concentrations. Nevertheless, the deviation of

liquid (doubly distilled water). When starting a series of measurements, th d loci f . f h fth |
resonance frequencies of the resonators have been always compared e sound velocity of suspensions from that of the solvent

one another by filling both cells with the reference. As the intensity of theMay be taken to almost linearly increase with phospholipid

sonic signal was small throughout (the pressure amplitude in the ultrasonicontent€. In the complete temperature range, the sound

wave was less thap 0.01_bar), any ef‘f(_acts of the sour_]d wave on structu_rqlebcity u of a given suspension does not vary by more than

properties of the blocoII0|ds'V\{ere avoided. As usual in ultrasonlc veI00|-0_6% with the most concentrated sample (20 mg/ml) and not

metry (Sarvazyan and Chalikian, 1991), the sound velocity number, de- .

fined by the equation more than 0.06% in the case of the smallest DMPC con-
centration (2 mg/ml).

[u] = (U — uy)/(u,L) (8] Two sets of data are displayed in Fig. 1, and they differ
from another by the temperature of sample preparation.
With one set, the extrusion procedure has been performed at
a temperature abovE,,, with the other one at below T,,,.

Just at the lowest DMPC content (2 mg/ml), differences
between theU]-versusT relations of the two samples ex-
Density measurements ceed the experimental error in the sound velocity number. It
A high-precision densitometer system (DMA 60 with 602 M, Anton Paar is indeed likely that. th.e_SIZE distribution Of_the vesicles and
KG, Graz, Austria) operating according to the vibrating tube principle thus the compressibilities of the suspensions depend upon
(Kratky et al., 1973) has been used to determine the depsity the  the sample temperature during the extrusion process. It is

has been derived from our experimental data. In Eg.dndu, denote the
sound velocity of the solution and of the solvent, respectively,&isdhe
solute concentration in mg/ml.
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FIGURE 2 The apparent specific partial volurpg of two suspensions

of DMPC in water displayed versus temperatiiréor the 10 mg/ml Q)
FIGURE 1 The sound velocity numbeu][versus temperaturd for and the 20 mg/ml[(J) samples that had been prepared at 34°C.

agueous suspensions of LUVETs from DMPC. The lipid concentration is

20 mg/ml @&, A) 10 mg/m| @, O), and 2 mg/m| M, [J), respectively.

Closed and open symbols are used to discriminate between two sets of

suspensions. One had been prepared at a temperature Gelig°C; A,  good agreement with the volume change of pure hydrocar-

@, W), the other one aboVE,, (34°C;A, O, ). The error in the individual  bons at the phase transition of the chait9/y = 2. . . 6%;

[u] data is on the order of the size of the figure symbols. Schaerer et al., 1955; Pechold et al., 1966). It is somewhat
larger than the volume change of stacked lamellar structures
of DPPC in water AV/V = 1.4%; Traible and Haynes,

interesting to notice that the heat capacity profiles of lipid1971: AV/V = 3.3%; Liu and Kay, 1977).

dispersions also depend on the size distribution. On grounds For the aqueous solutions of DMPC vesicles, the temper-

of the present sound velocity data, it is, however, notature dependence of the apparent specific adiabatic com-
possible to comment definitively on a potential effect of thepressibility ¢, defined by

sample temperature in the extrusion procedure on the acous-
tic properties of the DMPC vesicle suspensions.

Around the chain-melting temperatuiie, of the phos-
pholipid bilayers, the sound velocity number has a relative

minimum (Fig. 1). The sound velocity of the suspensions> shown in Fig. 3. In Eq. 6, the subscript 0 denotes quan-

may be expressed by the adiabatic compressibijtand tities that refer to the solvent. Using the adiabatic compress-
densityp of the samples according to ibility numer [kd = (ks — k0l (ksf), the apparent specific

1 KSV - KSOVO
P = Kso 6V

(6)

U= (prey 3)
Due to (Schaaffs, 1963) LB T T T
10" mL/mg
Kg = KTCV/CP, (4) 12 % i —
the adiabatic compressibility is related to the isothermal 11 - 5 é é é _

compressibility k; and the heat capacitieg, and ¢, at

constant volume and constant pressure, respectively, sothat 10|~ n
o
C 1/2 * 09 § |
4o (CvPF';T) ®) } %
08 —
Hence, the minimum in the sound velocity number reflects %
the effects from both the increasing heat capacijtyvan 0.7~ % T
Osdol et al., 1991) and isothermal compressibility on 6
approachingr,,. 06~ o ]
Besides the overall tendency to increase with tempera- | | | 1 | |
ture, the apparent specific partial volume of the DMPC/ T 15 20 25 30 35 °C 40
water system (Fig. 2) exhibits a step-like change-3% T

aroundT, qureSpondmg to an increase in the volume OfFIGURE 3 Plot of the apparent specific adiabatic compressibjjtas
the phospholipid molecules from 106§ At T < T,,t0 1101 4 function of temperatur& for DMPC samples of three different concen-
A®atT > T,. This change in the molar volume is in fairly trations (see Fig. 1 for the symbols).
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compressibility can be expressed as holds, which leads to two simple approximately valid rela-
tions between the isothermal compressibility, the volume
@ = @+ [k (" expansion coefficient, and the heat capacity of lipid bilayers

As a result of the increasing lateral dimensions of the(Helmburg, 1998):

DMP_C_Z molecules _in_t_he_LUVET bilgye_r _él't;n, the a_tpparent AV yZTW YTAG,
specific compressibility increases significantly with temper- Aki(T) =——= v ANRE - V AR
ature I < T,,). Quite remarkablyp, decreases by-10% VRT (Vo + yAH) (Vo + yAH)
when going from 25°C, slightly abovg,, to 30°C. In this (12)

temperature rangep, remains almost cons;gntz(Figl- 2)  HereV,is the lipid volume in the gel state ardk; is the
whereasc,o decreases from 0.448 t0 0.44110 "m“ N excess isothermal compressibility linked to fluctuations in
We therefore conclude that the decreasingvalues result  the lipid state.

from a decrease irg when going from 25°C to 30°C. The  Hence the temperature dependence of the isothermal vol-
heat capacityc, decreases also in this temperature rang§me compressibility is a simple function of the heat capac-
(see, e.g., Fig. 5). According to Eqg. 4, the temperaturgy changeAc, at the transition. This is a nontrivial state-
dependence in the, data abovd,, seems thus to reflect the ment, as it requires thaitvZ = y?AHZ. However, this can be
isothermal compressibility of the bilayer systems, which iSshown to be true if Eq. 11 is valid at all temperatures,
related to the volume fluctuations of the samples (Hill, meaning that all relevant substates of the partition function

1960), fulfill the proportionality relation (Heimburg, 1998). Fur-
. thermore, one obtains
l(GV) V2 — \/2 ®)
kr==o] ===\ dAV(T)  d(AH(T))

d which d ith. H R denotes th _ . . .
and which decreases wi ere enotes the gas which, together with Eqs. 10 and 12, results in a simple

tant.
constan relation for the adiabatic compressibility of the membrane:
Relation between the compressibility and excess (T) YTAG YTAG (T)(l "

i W ibility X ko(T) = - = Ky E—
heat capacity of bilayer systems (Vo + yAH) (Vo + yAH)G, CEl 2)

To gain deeper insights into the fluctuations in thermody—if the temperature dependence &, which is small as

namic parameters of bilayer systems it is useful to theoret- : - ”
P yer sy compared withAV at the transition, is neglected.

ically consider the relation between the adiabatic and iso- Herec, denotes the heat capacity of the complete sample
hermal compressibility (Eq. 4) for phospholipid membran P . .
thermal compressibility (Eq. 4) for phospholipid membra eWhereasAcp is the excess heat capacity of the bilayer at the

systems. Analogous to Eg. 8, the heat capacity of a system . " . .
is given by the fluctuations in the overall enthaldy These melting transition of the lipid chains. The excess heat pro-

fluctuations reflect the mean square deviation of the dis’[ri—duced during compression of the lipid membranes has to be

bution of states around the mean value. The fIuctuatiorﬁ'ri:'_télgegngé?ltthioig\ggomﬁlm \évrlltg d(i:f%?(ici%t-irhls ;]sug
theorem leads to P P ) P wt

becomes dependent upon the frequency, following relax-
9H 2 - @2 ation characteristigs (var! Osdol et a]., 1991). In' equilibrium,
C, = ((ﬂ) =R (9)  when the system is excited by a sinusoidal signal of very
p low frequencyc, is just the calorimetric heat capacity of the
total system, including the aqueous environment, and the
adiabatic compressibility is given by Eq. 14.
If the volume fractionf,, of water in the suspension is

The adiabatic compressibility, can be readily related to
the heat capacityg, and the isothermal compressibility (Eq.

8) if the temperature dependence of the volwtis known much larger than that of the lipid;, then for very low

(Wilson, 1957; Lumry and Gregory, 1986): frequenciesAc,/c, ~ 0 and the system is close to the
T ( d\—/)z isothermal case (Schaaffs, 1963):
(10)

T e\ d T, k(v = 0,f = 0) = kr (15)

Using a vibrating tube densitometer, Anthony et al. Hence at very low frequencies the sound velocity
(1981) have shown that close to the melting transition of thé Heimburg and Marsh, 1996)

lipid chains the change in volume and excess enthAldy U= (kep) Y2 = (kgp) 22 (16)
of the lipid molecules to a very high degree are proportional
to each other. Hence, approximately is given by the isothermal compressibility. The sound ve-

locity, therefore, is frequency dependent. A significant de-
AV(T) = yAH(T) (11)  viation from Eq. 16 is expected if thic/c, term in Eq. 14
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is not negligibly small as compared to 1. This is the case at 20
the heat capacity maximum aroumig (whereAc, is large) kJimolK)™!
and/or at high frequencies(wherec,(v) is small). For these 15
reasons, Eq. 16 should lead to reasonable results for small

values ofAc, for example, in a transition of low cooper- 10

ativity as found for mixtures of DMPC with cholesterol.

Suspensions of DMPC/cholesterol vesicles: g
simulating the sound velocity profiles from the
excess heat capacity

The sound velocity numbersi][ of some DMPC/choles-
terol mixtures with water are shown as a function of tem-
perature in Fig. 4. With increasing cholesterol content, the
relative minimum in the ({i]-versusT relation becomes
broader. The heat capacity profiles of extruded DMPC/ 5 30 55 oC 80
cholesterol mixtures are given in Fig. 5. Similar curves were T
?]I.Zc;ugssaer(lj d I&;Eree;teetrztlu r(i’g;%; ?I'ﬁaemhpelg,t :gpg;:)e/%rﬁ;ilzl%l':vl_GURE 5 Excess heat capacity profiles of DMPC/cholesterol vesicles

. ' ' : ith (&) . = 0; (b) x. = 0.053; €) x. = 0.081; () x. = 0.111; €) X. =
of the suspensions of extruded DMPC/cholesterol vesicleg.2s; ) x, = 0.429. Curves a—d were recorded using a scan rate of 5%/h;
reflect rather complex melting characteristics that can beurves e—f were with 60°/h. As both latter curves have low overall enthal-
reproduced, however, by multiple measurements, includingies. they were multiplied by a factor of four.
different samples. The overall melting enthalpy is strongly
dependent on the cholesterol content, being 28.5 kJ/mol in Qo - .
pure DMPC and only 5.2 kJ/mol of DMPC a — 0.43, compressibilities of water and lipid become additive

Furthermore, the excess heat capacity displays a sharp pegf(opertles.

at 24.5°C up to;, ~ 0.12, which totally disappears &t = Ks = fipiaks ipia T fr.0Ks o a7
0.25. The same features can be found in the experimental . N
sound velocity number profiles (Fig. 4). wheref,,,q andf, 5 are the volume fractions of lipid and

In the previous paragraph we discussed the effect of th¥/ater, respectively. The adiabatic compressibility of the
high-frequency excitation of the ultrasonic field compared!iPid can be approximated using Eq. 14:

with the slow relaxation of heat in the melting regime, being Ac
in the range of seconds. As relaxation is slow, we will NOWks jipig = (1 — )k ge + fKrguia + AKT(l — p)

o Coot Ac,
assume that both lipid membranes and aqueous buffer may : (18)

be considered as being adiabatically uncoupled. Thus, no

heat will be transferred between membranes and water in Heref is the fractional degree of lipid melting as deter-

the microsecond time regime. In this case, the adiabatighined from theAc, profiles andc, , is the heat capacity of
the lipid hydrocarbon chains, which is roughly independent
of the melting process. It has been found by Blume (1983)

1! I l to have values between 1200 and 1700 J/(Kpl deter-
B 015 = " 7] mined for DMPC and DPPQ\c, is the experimental excess
107 ml/mg 9&3\ heat found in Fig. 5. It can adopt values much larger than
010 NI N the specific heat of the hydrocarbon chains. The adiabatic
\‘ o \ compressibility of water can be found in the literature.
0.05 - * \‘7 \'\. ] Equation 18 was derived from Eq. 14 by neglecting the
=) e Al o \'\ } thermal expansion coefficient of the lipid chains outside the
o N No. '\- g‘s' — melting regime ky 3¢ andky g,ig @re the intrinsic compress-
}% \O\O ' ibilities of the gel and fluid state, respectively. The relative
_0.05 - ) M, .—A——A:o 8? - volume change of DMPC upon melting is 3.6%, adding up
. /v;§EE:g§:0j05 to changes in the pretransition and in the main transition
040 Za 90.075 | (Nagle and Wilkinson, 1978). The heat of the complete
l | | | | l melting process is 28,500 J/mol DMPC, yieldifng= 8.9 X
15 20 25 30 35 °C 40 10~% e,
T

With Egs. 17 and 18, we were able to calculate the

FIGURE 4 The sound velocity numeu][ of aqueous suspensions of UItrasanC \(e|OCItIeS fro'm. Fhe heat capacity prE)IIlleS, using
LUVETSs from DMPC (2 mg/ml) with admixed cholesterol €9x, < 0.5)  an ao!labatlc compressibility oty g = 3 X 10 'sz/
displayed versus temperatufe dyne in the gel statesr 4,4 = 5.1 X 10 ** cm’/dyne in the



Halstenberg et al. Cholesterol-Induced Bilayer Fluctuations 269

fluid state, and a hydrocarbon heat capacitg,pf = 1650  trast, Heimburg and Biltonen (1996) have shown that heat
J/(mol K). These compressibility values are close to thecapacity traces of lipid peptide mixtures, which apparently
isothermal compressibilities found for DPPC vesicles, beingcontain two components, may be simulated with a simple
Krgel = 3.3 X 107** cnP/dyne andkrg,q = 11-17 X two-state lipid model. The asymmetry in the heat capacity
10 ** cné/dyne (Liu and Kay, 1977). The parametewas  profiles is caused by a change in the interaction of the lipids
taken to be constant for DMPC (independent of cholesterolith the peptides in different phases, thus leading to a
content) and to be zero for cholesterol. This implies thetemperature-dependent mixing behavior. From this point of
assumption that the overall volume change in the transitiowiew, the conclusions drawn from the deconvolution of the
is reduced upon the addition of cholesterol, as the overalheat capacity traces are incorrect. Rather, the anomalies of
melting enthalpy is strongly reduced. The results of thisthe heat capacity represent the fluctuations of the system,
calculation are given in Fig. 6, being in reasonable agreewhich reflect complex mixing behavior. Statistical thermo-
ment with the experiment. Reproduced are especially theynamics studies on lipid-cholesterol interaction have taken
lower limit cutoff of the velocity numbers at low cholesterol a similar view (Ipsen et al., 1987, 1989; Cruzeiro-Hansson
content and the absence of a velocity number anomaly ait al., 1990). Their conclusion highlighted the influence of
high cholesterol content. The sharp velocity reduction atholesterol on the thermodynamic fluctuations and the in-
24.5°C seems to be extended over a broader temperatuterfacial energy of the gel and fluid lipid domains, which
interval in the experimental profiles as compared with thedetermine the transition cooperativity. The phase diagram
calculation, which may be due to the very simplifying derived on these grounds is clearly incompatible with the
assumptions on the basic parameters of the system. decomposition of the specific heat into different compo-
As we argued in the theoretical section, the compressibilnents. Sackmann (1995) adopted the DPPC phase diagram
ity and the heat capacity are linked to the fluctuations in theby Ipsen et al. (1989) for the DMPC-cholesterol system.
system states. In recent decades, in several articles it hasThe apparent specific compressibilities displayed in Fig.
been proposed that heat capacity profiles in the presence @fshow that at low cholesterol content the compressibility of
cholesterol may be deconvolved into two melting peaksthe membranes below as well as abdyg appears to be
representing lipid domains of different composition (see, forenhanced with respect to pure DMPC vesicles. This is in
example, Estep et al., 1978; Mabrey et al., 1978; Tartpe accordance with the idea that small concentrations of cho-
al., 1991; McMullen et al., 1993 McMullen and McElhaney, lesterol tend to decrease the surface tension between sug-
1995; Huang et al., 1993). Similarly, mixtures of single gested gel and liquid domains, respectively, on the mem-
lipids with integral peptides have been deconvolved thabrane and to promote the formation of domains and thus
way (Zhang et al., 1995). This deconvolution implies thatdecrease the cooperativity of the transition (Sackmann
two lipid domains coexist and melt independently. In con-1995; Mouritsen and Jgrgensen, 1994; Michels et al., 1989).
At large cholesterol-to-phospholipid molar ratik, the
phase transition is not cooperative. The melting is more or
less a continuous process with temperature. Thus, the lipid

0.20 - :
o compressibility also undergoes a continuous change from a
mL/mg
0.15
0.10 10~ mL/mg X.=
12 ¥ 0
W 007
| AN =y N oo .
0.05 1 a g O PRI 01

1.0 - é& . o/ /l 05

y 09 oy | ] ]
-0.05 S 2l @p/
: e N6 )
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08 A _
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o 07 5//5/v -
Z
-0.15 : ' ‘ : 06 -
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FIGURE 6 Ultrasonic velocity numbers of DMPC/cholesterol vesicle T

suspensions withej x. = 0; (b) x. = 0.053; €) x. = 0.082; ¢l) x, = 0.111,

(e) x. = 0.25; ) x. = 0.429, calculated using the curves in Fig. 5. They FIGURE 7 The apparent specific adiabatic compressibiijtyor aque-
show a behavior that is very similar to the experimentally obtained profilesous suspensions of DMPC/cholesterol vesicless(f, = 0.5) shown as a
in Fig. 4. function of temperaturd&. The concentration of DMPC is 2 mg/ml.
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rigid to a more compressible state due to the differentCruzeiro-Hansson, L., J. H. Ipsen, and O. G. Mouritsen. 1990. Intrinsic
Compressibilities of the ge| and the fluid |ipid states. No molecules in lipid membranes change the lipid-domain interfacial area:

ianifi l fth ibility linked fl cholesterol at domain interfaceBiochim. Biophys. Acté879:166—-176.
signiticant anomalies ot the compressibility linked to fluc- Estep, T. N., D. B. Mountcastle, R. L. Biltonen, and T. E. Thompson. 1978.

tuations in state are expected. Beldw, ¢, is enhanced Studies on the anomalous thermotropic behavior of aqueous dispersion
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