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Effect of Cholesterol and Ergosterol on the Compressibility and Volume
Fluctuations of Phospholipid-Sterol Bilayers in the Critical Point Region:
A Molecular Acoustic and Calorimetric Study

Roland Krivanek, Linus Okoro, and Roland Winter
University of Dortmund, Department of Chemistry, Physical Chemistry | — Biophysical Chemistry, Dortmund, Germany

ABSTRACT Although sterol-phospholipid interactions have been of interest for many years now, a complete thermodynamic
profile of these systems is still missing. To contribute to a better understanding of the thermodynamic functions of these systems,
we determined isothermal compressibility coefficient data for dipalmitoylphosphocholine (DPPC) and DPPC-containing choles-
terol and ergosterol vesicles by means of molecular acoustics (ultrasound velocimetry and densimetry) and differential scanning
and pressure perturbation calorimetric techniques. A particular focus was on the influence of the differential structural properties of
the two sterols on the thermodynamic properties of lipid bilayers, and on the nature of the critical point region of phospholipid-sterol
systems by determining thermodynamic fluctuation parameters. Contrary to significant changes in conformational and dynamical
properties of the DPPC-sterol membranes, no marked differences were found in the various thermodynamic properties studied,
including the adiabatic (8&") and isothermal (8}"“) compressibility, as well as the volume fluctuations. Differences in g and B¢
become dramatic in the gel-fluid transition region only, due to a significant degree of slow relaxational processes in the micro-
second time range in the transition region. Our data show no evidence for the existence of a typical critical point phenomenon in the
concentration and temperature range where a critical point in the DPPC-sterol phase diagram is expected to appear. Hence, on a
macroscopic level, it seems more appropriate to describe the sterol-phospholipid binary mixtures in the liquid-ordered/liquid-
disordered coexistence region as a phase region consisting essentially of small nanodomains only. Such small-domain di-
mensions, with a series of particular properties such as increased line energy, spontaneous curvature, and limited lifetime, seem

also to be typical of raftlike domains in cell membranes.

INTRODUCTION

Sterols are essential components of eukaryotic cells both as
structural membrane components and as initiators and regu-
lators of biological processes (1—4). In particular, cholesterol
(Chol) is ubiquitous in mammalian cells and ergosterol (Erg)
is the major sterol in many fungi and protozoans. These ste-
rols fulfill various functions, including growth stimulation and
regulating and maintaining membrane elasticity, permeabil-
ity, and integrity. However, details of the interaction of ste-
rols with lipid membranes and differential properties of the
various sterols are still a matter of controversy, despite enor-
mous efforts dedicated to this issue over several decades (1-21).

It is widely accepted that cholesterol can induce a liquid-
ordered (1) state in lipid bilayer membranes, which has in-
termediate properties between a gel phase (ordered acyl
chains) and a liquid-disordered (1), fluidlike phase with high
lateral mobility (4,22,23). A macroscopic separation of two
liquid (1, and 15) phases has been observed for ternary mixtures
of, e.g., 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and
cholesterol (22,24,25). There is, however, an ongoing debate
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as to whether also binary lipid mixtures are best described
assuming 1, + 13 macroscopic coexistence in a certain com-
position and temperature range (see, e.g., (5,26-28)). A va-
riety of detailed experimental studies led to a widely accepted
phospholipid-cholesterol/ergosterol phase diagram (6,13,14,
19,29,30), indicating that the amphiphilic compounds cho-
lesterol and ergosterol are able to induce both ordered and
disordered fluid phases in a phospholipid bilayer. As cho-
lesterol interacts differently with the translational and the
conformational degrees of freedom of the phospholipid mol-
ecules, a liquid-ordered phase (29) has been postulated to
exist at cholesterol contents >20 mol %. Though it exhibits a
high degree of conformational order, this phase lacks trans-
lational order.

In Fig. 1, the experimentally proposed but still intensively
discussed phase diagrams of the DPPC-Chol binary mixture
(open circles) (13) and that of DPPC-Erg (solid circles) (6) are
presented. The one-phase—Ig, s,, and 1l,—and two-phase—
So T 1o and 14 + 1,—regions are shown. Here, T, is the gel-to-
fluid melting temperature of the pure lipid compound (T},, =
41.5°C for DPPC). The I + 1, two-phase regions seem to end
in a critical point at concentration ~20-24 mol % sterol, in a
concentration region where the distinction between liquid-
disordered and liquid-ordered phases disappears at high
temperatures. The exact location and character of the critical
point region is still under debate, however.

It is of interest to note that Xu et al. (27) found that er-
gosterol promotes the formation of raftlike domains more
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FIGURE 1 (A) Experimentally proposed phase diagrams of the DPPC-
Chol binary mixture, adopted from Vist and Davis (13) (open circles) and
that of DPPC-Erg, adopted from Hsueh et al. (6) (solid circles). s,, solid-
ordered lipid phase; l4, liquid-disordered lipid phase; 1, liquid-ordered lipid
phase. (B) Chemical structure of cholesterol (upper) and ergosterol (lower).

strongly than cholesterol does. Indeed, Urbina et al. (31) have
shown that, compared with cholesterol, 30 mol % ergosterol
orders the acyl chains of 1,2-dimyristoyl-3-sn-phosphati-
dylcholine (DMPC) more strongly. Endress et al. (32) com-
pared the effects of cholesterol and ergosterol on the
mechanical properties of DPPC bilayers. They found that the
area compressibility modulus of DPPC bilayers containing
40 mol % ergosterol at 10°C is a factor of 1.5 higher than in
the case of cholesterol. Small-angle neutron scattering on
DMPC with 20 and 47 mol % sterol mixtures by Pencer et al.
(33) revealed a lower compressibility of ergosterol compared
to cholesterol, i.e., that ergosterol has a greater condensing
effect. Tierney et al. (14) revealed a similar condensation
effect of both sterols at a concentration level of 40 mol % for
DPPC-sterol mixtures. Bacia et al. (9) also showed that a
different sterol structure may induce a different curvature of
giant unilamellar vesicles of model raft mixtures. Recently,
we investigated the influence of the sterol side chain and ring
structure on the acyl chain orientational order of lipid bilayers
by measuring the steady-state fluorescence anisotropy of the
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fluorophore 1-(4-trimethylammonium-phenyl)-6-phenyl-1,3,
5-hexatriene (TMA-DPH) to establish the molecular basis
underlying the changes in order parameter of the lipid bilayer
system (21). Sterols with the bulkiest unsaturated side chains
or sterol nuclei (stigmasterol, B-sitosterol, and lanosterol) in-
duce the smallest order parameter increase of the fluid bilayer
at high sterol concentrations (>30 mol %) and hence become
less potent rigidifiers at high sterol levels. At the highest
sterol levels, cholesterol and—even more pronouncedly—the
plant sterol ergosterol have the most profound ordering effect
on fluid DPPC bilayers (21).

In this study, to reveal further differences in properties of
sterols in lipid bilayers, we studied new thermodynamic
properties of dispersions of DPPC with cholesterol and er-
gosterol. In addition to differential scanning calorimetric
(DSC) and pressure perturbation calorimetric (PPC) mea-
surements, measurements of ultrasonic velocity and density
were carried out to determine the adiabatic and isothermal
compressibilities, as well as to yield information about the
volume fluctuations of the systems. Until now, generally only
the adiabatic compressibility of lipid systems has been deter-
mined. However, to study critical phenomena, the isothermal
compressibility is required, which is directly proportional to
the volume fluctuations of the system. The difference is most
pronounced in the gel-fluid phase transition region due to the
relaxation slowing down, where the adiabatic compressibility
is not able to capture slow processes.

Significant thermodynamic fluctuations are known to exist
near the gel-to-fluid chain-melting phase transition of pure
lipid bilayers. They occur over a narrow, but finite, temper-
ature range, in which the heat capacity at constant pressure
displays a rather sharp maximum and other physical mem-
brane properties, such as the specific volume, reveal rather
sharp or steplike changes, indicating a first-order transition
(34,35). The heat capacity and compressibility are related to
fluctuations in enthalpy and volume, respectively (36-38).
The amplitude of the fluctuations increases when approach-
ing the phase transition, as is characteristic for a second-order
transition. Obviously, the build-up of fluctuations would lead
to a critical point if not preceded by the first-order transition.
Therefore, the gel-to-fluid membrane transition is usually
considered weak first-order (39,40). In this study, we focused
also on the fluid-fluid critical point region of DPPC-sterol
mixtures to reveal the importance of fluctuations in the 1, + 14
critical point region and hence to gain information about the
nature of the transition in these systems.

MATERIALS AND METHODS
Sample preparation

1,2-Dipalmitoyl-3-sn-phosphatidylcholine (DPPC) was purchased from
Avanti Polar Lipids (Alabaster, AL). Ergosterol and cholesterol were ob-
tained from Fluka (Taufkirchen, Germany) and SIGMA (Deisenhofen, Ger-
many), respectively. Both DPPC and sterols were used without further
purification. To produce DPPC-sterol mixtures, lipids were dissolved in an
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organic solvent (chloroform/methanol 3:1 v/v mixture) and mixed in appro-
priate ratios. The solvent was afterwards removed with a gentle nitrogen
steam so that the lipid formed a thin layer on the wall of the tube. The re-
mainders of the solvent were subsequently removed in a freeze-dryer (Christ,
Osterode, Germany) under high vacuum overnight. A Tris buffer (10 mM
Tris, pH 7.4, with 100 mM NaCl) was used to hydrate dried lipid mixtures by
vortexing at ~62°C (above the main phase transition temperature, 7,,, of
DPPC (~41.5°C) (41)), resulting in homogeneous multilamellar vesicles
(MLVs). For the calorimetric measurements, the obtained MLVs were son-
icated for 30 min at a temperature above T, and subjected to six freeze/thaw
cycles. Large unilamellar vesicles (LUVs) of uniform shape and size used in
the ultrasound velocity and the density measurements were prepared from the
MLVs by extrusion (42) using a Mini-Extruder (Avanti Polar Lipids, Ala-
baster, AL), and passing them through 100 nm Nuclepore Polycarbonate
Track-Etch Membranes (Whatman, Dassel, Germany) at ~62°C. The final
DPPC concentration used in the ultrasound velocity and density measure-
ments was 5 mg/mL, and in the calorimetric measurements 20 mg/mL.

Ultrasound velocity and density measurements

The speed of sound propagation in a medium, u, the density, p, and the
adiabatic compressibility coefficient, Bs = —1/V(0V/Jp)s (where V, p, and
S are the volume, pressure, and entropy, respectively) are coupled to each
other by the relationship

Bs = 1/i’p. (1

This method can also be applied to solutions of biomolecules in water, such
as lipid dispersions. The ultrasound velocity measurements were performed
with a commercial differential ultrasonic resonator device ResoScan (TF
Instruments, Heidelberg, Germany (43,44)) operating in a frequency range of
7.2-8.5 MHz. The sound velocity in the lipid dispersion was determined
relative to that in the buffer solution at the same temperature in terms of the
velocity number, [¢], defined as (45)

[u] = (u — uo) /uoc, 2)

where u# and u, denote the sound velocity in the solution and solvent,
respectively, and ¢ (in mol/L) is the solute concentration.

A high-precision density meter, DMA 5000 (Anton Paar, Graz, Austria),
based on the mechanical oscillator principle (46), corrected for viscosity-
induced errors, was employed to measure the densities, p and py, of the lipid
solution and the solvent, respectively, which were further used for the eval-
uation of the partial molar volume, V°, of the lipid according to

VO = <8V> gﬁl_m7 3)
On Po Poc

where V is the volume, n the number of solute molecules in moles, and M is
the molar mass of the solute. It must be noted that the approximation is valid
only for diluted lipid suspensions, as used here.

In molecular acoustics, due to the additivity of all components of the
system, the partial molar adiabatic compressibility, K¢, is generally used,
given by

o _ aI(S _ a—‘/‘) ~ o U _%
Ks—(g>—<ap>s—ﬁs,o<2(v ) p0>’ @

where Ks = BgsV is the adiabatic compressibility and SBg is the adiabatic
compressibility coefficient of the solvent. Here again, as in the case of the
partial molar volume, the approximation is valid only for diluted lipid
samples. By dividing the partial molar quantities V° and Kg by the molar
mass of the solute we obtain the partial specific values, i.e., the partial specific
volume, v°, and the partial specific adiabatic compressibility, k3. Accord-
ingly, the concentration, ¢, in Eq. 2 becomes ¢/M, which is then expressed in
mg/mL.
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The sound velocity was determined with a relative error better than
1073%, corresponding to a precision higher than 5 X 107> mL/g in [1]. The
density values were measured with relative error <10~ 2%, so the accuracy in
1 is better than 10~ mL/g. Hence, considering the relative errors of [u] and
V°, the certainty in k2 taken from Eq. 4 is within 107" mL/gPa. In both
methods, the corresponding values were measured at discrete temperatures
(read with an accuracy of 107°°C), resulting in an average temperature scan
rate of ~12°C/h.

Calorimetric measurements

Differential scanning calorimetry (DSC) measurements were performed with
a VP DSC calorimeter from MicroCal (Northampton, MA). The sample cell
of the calorimeter was filled with ~0.5 mL of MLV lipid suspension with a
DPPC concentration of 20 mg/mL, whereas the reference cell was filled with
a corresponding buffer solution and hence, the excess heat capacities, AC,,,
are given with respect to the reference.

Pressure perturbation calorimetry (PPC, (47-52)) measurements were
performed on the same VP DSC calorimeter mentioned above equipped with
MicroCal’s PPC accessory pressurizing system (Northampton, MA). Bidi-
rectional gas (N,) pressure-jumps applied to the samples had an amplitude of
5 bar. Under the same experimental conditions, a set of sample-buffer,
buffer-buffer, buffer-water, and water-water measurements was carried out
each time to evaluate the thermal expansion coefficient of the lipid(s), e. The
procedure was repeated automatically at many temperatures. Hence, the
technique measures the heat response of the lipid to a very small pressure
change at constant temperature, corresponding to the differential (0Q/0p).
This differential heat is related to the isobaric, thermal volume expansion,
(9V/0T),,, which can be seen by inserting the equation for the heat of a
reversible process, dS = dQ/T, into the Maxwell relation for the isothermal
entropy change with pressure, (9S/0p)y = —(9V /0T ),. The results can be
expressed as the coefficient of thermal expansion, a = 1/V(0V/0T),, at
constant pressure. Since the partial specific volume of the mixed membrane
varies only slightly (~2%, see results) compared to the pure DPPC bilayer,
the partial specific volume of DPPC was used for the calculation of «. The
effect on the resulting thermal expansion coefficient is negligible.

In both calorimetric techniques, a scan rate of 40°C/h was used.

RESULTS AND DISCUSSION

Calorimetric measurements on
DPPC-sterol mixtures

Since a detailed discussion of the DSC and PPC data of the
two systems investigated and of other sterol systems, are the
topic of another article (L. Okoro and R. Winter, unpub-
lished), as an example, we show the ergosterol data only. The
cholesterol data are in good agreement with published results
(8,10). Fig. 2 shows the DSC and PPC scans of the system
DPPC-Erg. Pure DPPC displays the well-known sharp main
transition (the s, (or Pg: gel)-to-14 transition) near 41.5°C, and
a smaller peak due to the Lg-Pg: pretransition, which ap-
pears at 35°C. In agreement with data from Hsueh et al. (6), at
5 mol % ergosterol, the main transition becomes broadened
and shifts toward a lower temperature. The broad transition in
the 5 mol % ergosterol membrane indicates a s, and 14 phase
coexistence region. As the ergosterol concentration increases
to 22 mol %, the intensity of the main DSC peak decreases,
and the peak position seems to remain essentially unchanged.
A broad shoulder appears on the high-temperature side of the
sharp peak, suggesting a (I3 + 1,) two-phase region (Fig. 1).
Where the broad peak ends, the transition to the 1; phase
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FIGURE 2 DSC (upper) and PPC (lower) scans of the DPPC-Erg system.
The curves for ergosterol concentrations below 30 mol % are upward-shifted
for better visibility.

occurs. At ergosterol concentrations of 30 mol % and above,
only a very broad residual endotherm is observed, similar to
that seen in DPPC-Chol MLVs.

Molecular acoustic measurements on
DPPC-Chol and DPPC-ergosterol mixtures

Employing the sound velocity and density measurements, the
velocity number, [u], and the partial specific volume, v°, of the
DPPC-sterol mixtures were evaluated. Using Eq. 4 (adapted
for partial specific volume values), the partial specific adia-
batic compressibility, kg, of the lipid suspensions was deter-
mined also. Figs. 3 and 4 show the temperature dependence
of [u] (upper), v° (middle), and k3 (lower) for the binary
DPPC-Chol and DPPC-Erg mixtures, respectively, at0, 5, 12,
22, 24, 26, and 30 mol % of sterol, in the temperature range
5-85°C. In both cases, at points distant from the lipid main
phase transition temperature, T,,, [u] decreases as the tem-
perature rises, whereas the typical pronounced anomalous dip
(53-57) in the vicinity of T, for pure lipid (solid line) and low
sterol contents (both cholesterol and ergosterol at 5 and 12
mol %, represented by long- and short-dashed lines, respec-
tively) of DPPC LUVs appears. The lowest value reached for
[u], —0.15 mL/g for pure DPPC vesicles around the T}, is
consistent with the data of Mitaku and co-workers (53), but is
somewhat lower than the value of —0.12 mL/g found by
Kharakoz et al. (54), and higher than that of —0.26 mL/g
found by Schrader et al. (55). It must be noted, however, that
the depth and width of the dip in [u] depend on the sample
preparation (53), which is related to the different degree of
cooperativity of the main phase transition, the lipid concen-
tration (54), and the ultrasound frequency applied for the
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FIGURE 3 The temperature dependence of the ultrasound velocity num-
ber, [u] (upper), the partial specific volume, v° (middle), and the partial
specific adiabatic compressibility, kg (bottom), of DPPC-Chol mixtures at
different cholesterol molar fractions, xcpe. The arrows indicate the different
effects of the increasing cholesterol content on [u] bellow and above the
phase transition temperature, T,,, of DPPC (41.5°C) (see text).

measurement itself (56), which is related to the heat exchange
within the period of the sound wave (58,59). In addition, in-
adequately high temperature scan rates might induce a slight
shift in the dip minimum position toward higher temperatures
(60), since lipid bilayers are not able to thermally equilibrate
rapidly due to molecular processes slowing down during the
main phase transition.

At the proposed critical concentration of ~22 mol % ste-
rol, [u] still shows a weak minimum, which fully vanishes at
higher sterol content (24, 26, and 30 mol %, represented by
long and short dash-dotted and dot-dotted lines, respec-
tively). This issue will be discussed in detail later in con-
nection to the isothermal compressibility data. Outside the
main phase transition region, in general, [u] is smaller below
T, and larger above T,,, for both DPPC-sterol mixtures than
for pure DPPC LUVs, reflecting the different (disordering
and ordering) effects of sterols on DPPC in the gel and liquid-
crystalline phases, respectively (3,21,35,57). Conversely, v°
increases monotonously with temperature in the whole tem-
perature range measured for both sterols. For pure DPPC and
for the low sterol concentrations (5, 12, and 22 mol %), a
steplike change around T, is observed, which disappears at
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FIGURE 4 The temperature dependence of the ultrasound velocity num-
ber, [u] (upper), the partial specific volume, v° (middle), and the partial
specific adiabatic compressibility, k§ (lower) of DPPC-Erg mixtures at
different ergosterol molar fractions, xg;,. The arrows indicate the different
effects of the increasing ergosterol content on [u#] bellow and above the
phase-transition temperature, Ty,, of DPPC (41.5°C) (see text).

24, 26, and 30 mol %, and v° of both sterols increases es-
sentially linearly with temperature. For pure DPPC, the
change of v° at the main gel/fluid transition is ~0.04 mL/g,
corresponding to an ~4% increase in the bilayer volume,
which is in agreement with the value of 4.0% reported by
Melchior et al. (61), and which is also very close to the 3.6%
obtained by Nagle and Wilkinson (62). Here, also, as with the
velocity number mentioned above, cholesterol and ergosterol
have opposite effects on v° in the gel and liquid-crystalline
phases, i.e., the partial specific volume is larger below T, and
smaller above T,,, for DPPC-Chol and DPPC-Erg LUVs.

As we have already mentioned, partial quantities are ad-
ditive to all components of the system. In our particular case,
the partial molar volume, V°, is the sum of a membrane term,
V. representing the lipid molecules of the bilayer membrane
themselves, and a hydration term, V3, corresponding to the
hydration shell surrounding the lipid headgroups:

Vo=V + VO )

Furthermore, for this binary lipid mixture, the membrane
term, Vy,, is given as
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V=1 =x)Vyp + XVI?/LS7 (6)

where Vi p is the partial molar volume of phospholipid,
V1,5 18 the partial molar volume of sterol, and x is the molar
fraction of sterol within the binary mixture. Neglecting the
smaller hydration term leads to (63)

V=V = (1 = x)Vyp T2V, @)

M,PL

which leads to a good estimate for the partial molar volume of
the mixed membrane and can be obtained using the partial
molar volume of cholesterol, Vy; g = 325 mL/mol (17), and
that of DPPC, V{; ;. = 760 mL/mol (64).

Since the change in [u] (~0.4 mL/mg) is around four times
larger than that of v° (~0.1 mL/mg) within the temperature
interval of 5-85°C, the partial specific adiabatic compress-
ibility, k3, as determined by Eq. 4, is largely (except in the case
of an offset) determined by the velocity number. The tem-
perature dependence of kg is shown in the lower portions of
Figs. 3 and 4 for cholesterol and ergosterol DPPC mixtures,
respectively. kg for DPPC LUVs increases linearly from 2.3
mL/gPa at 5°C. Approaching the main phase transition tem-
perature, kg abruptly increases by 38% to 5.0 mL/gPa, and
right after T;,,, it drops by only 2%, resuming the initial increase
until finally it reaches 6.2 mL/gPa at 85°C. The anomalous rise
around the T, is still remarkable at low concentrations (5 and
12 mol %) for both sterols, clearly diminishes at 22 mol %, and
is fully lost for the higher sterol contents. N

The adiabatic compressibility of the lipids, 8™, is defined

i 1/
lipid — _ (2 8
s v"(&p)s’ ®)

which is related to the partial specific adiabatic compress-
ibility, kg, by

as

kg =By ©9)

»4 can thus be obtained directly from combined ultrasound
velocity and density measurements. Fig. 5 shows the tem-
perature dependence of B4*™ for the mixtures of DPPC with
cholesterol (left) and ergosterol (right). In fact, the temper-
ature course of Blslp'd is essentially a copy of the shape of kg(T)
depicted in Figs. 3 and 4, as Eq. 9 implies, including the anom-

alous peak at the main phase transition. For pure DPPC, ngid

0 30 60 0 30 60 90
T/°C
FIGURE 5 The temperature dependence of the adiabatic compressibility
coefficient, Bls'p'd, of DPPC LUVs at various cholesterol (/eft) and ergosterol
(right) molar fractions.
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reaches 2.5 X 107" Pa~' and 6.1 X 1079 Pa" at 5°C and
85°C, respectively. The value for B¢ of 3.4 X 10~ ' Pa " at
30°C is in good agreement with B"* = 3.5 X 1071 Pa™!
obtained by Mitaku and co-workers (53), but 5.2 X 10710
Pa! at 50°C is higher compared to the literature value of
4.6 X 107" Pa~!, which might be due to different vesicle
preparations (LUV in our study and MLV in that of Mitaku
et al. (53)). Similarly, for k3, the anomalous increase of Bls'pld
around T, is still significant at 5 and 12 mol % of both sterols,
markedly declines at 22 mol %, and vanishes at higher
cholesterol and ergosterol content.

Differential effects of cholesterol and ergosterol in the gel
and liquid-crystalline phase of DPPC on v* and ,Blslpld are
shown in Fig. 6 at 30°C (gel phase) and 50°C (liquid-
crystalline phase). In fact, below the T}, for pure DPPC, v° as
well as Be" rise with increasing sterol concentration, re-
flecting the ability of both sterols to decrease the conforma-
tional order of the lipid bilayer. On the other hand, both »°
and B decrease in the fluid-like phase due to the con-
densing effect both sterols impose above the T;,, of DPPC. As
already pointed out, the relative change of v° at the main
phase transition of DPPC LUV matches well with published
data (61,62), and the same is also valid for the absolute values
of v for DPPC containing cholesterol, which do not differ by
>29% from literature values (61,63). v° at 50°C decreases
more or less linearly, and similarly, with increasing sterol
concentration for both sterol systems. For T = 30°C, an
abrupt increase of v° occurs around 24 mol % for both sterols.
A similar behavior was obtained by Melchior et al. (61) for
DPPC-Chol mixtures. In general, the influence of ergosterol

B /x1070 Pa”

0 10 20 30
Xsterol / MOl %

FIGURE 6 The dependence of the partial specific volume v (upper) and
the adiabatic compressibility coefficient of the lipids Bi"* (lower) on
different sterol (cholesterol and ergosterol) molar fractions below (30°C)
and above (50°C) the main phase transition temperature of DPPC. (Open
symbols) cholesterol; (solid symbols) ergosterol; (squares) 30°C; and (cir-
cles) 50°C.
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on 1° is comparable to that of cholesterol, and the cholesterol
effect on the volumetric data is similar to that shown for
DMPC-cholesterol mixtures (35).

The sterol concentration dependence of the adiabatic com-
pressibility, Be™, is shown in Fig. 6 as well. In this thermo-
dynamic parameter also, differences for the two sterols are
marginal, and Blslp‘d(xmml) slightly increases or decreases at
50°C and 30°C, respectively. To reveal whether critical-like
volume fluctuations exist at the main transition and in the 1,-14
critical point region, isothermal compressibility data of the
lipid systems have to be determined as well.

Lipid bilayer volume fluctuations

As stated above, lipid bilayer thermotropic main phase tran-
sitions are considered to be of a weak first order, i.e., they
show typical features of first-order phase transitions, such as
abrupt changes in specific volume or a peak in the enthalpy
and entropy, but also significant fluctuations in volume and
lamellar d-spacing, which are typical for a second-order phase
transition. The isothermal compressibility, Kr, is directly
proportional to the volume fluctuations of the system (65,66).
In a system exhibiting a first-order transition, Kt diverges at
the phase transition temperature, whereas it exhibits a power-
law behavior (Kt « |T — T.|™?), with a particular critical
exponent (y = 1.24 for 3D systems) in the critical-point re-
gion of a second-order phase transition (67,68). By the ul-
trasound velocity and density measurements, however, only
the adiabatic compressibility, K, can be determined (see Eqgs.
1 and 4). The isothermal compressibility can be calculated as
(66)

Kr =K; g—i, (10)
where C,, and Cy are the heat capacities at constant pressure
and volume, respectively, which, using Maxwell relations,
can also be expressed as

K—K+1@12—K+Eﬁ (11
e e \ar), Y ¢,

p

with the thermal expansion E = (0V/OT),. Hence, the
isothermal compressibility can be obtained from the adiabatic
compressibility when the thermal expansion and the heat
capacity data are available. Differentiating Eq. 11 yields the
exact differential of Kt, dKt, which is given as

E TE TE®
dKr = dKs + —dT +2—dE — —5-dC,. (12)
C, G, C,
For convenience, Eq. 11 is adapted—through Eq. 12—by
thermodynamic treatment to a form where the corresponding
partial specific quantities are taken (69):

Ta, (& C,
ﬁ:@+‘“@e— P) (13)

PoCpo \ &0 Polpo
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where k7 is the partial specific isothermal compressibility, a,
(a = EJV) and ¢, ¢ are the thermal expansion coefficient and
the specific heat capacity of the solvent, respectively; and e°
and C7 are the partial specific expansivity and the partial
specific heat capacity of the lipid, respectively. The latter is
given by Privalov (70):

A o
= o L (14)
m vy

where m is the mass of the solute.
‘The corresponding isothermal compressibility of the lipid,
P4 — k9 /v° (please note that By differs from partial
specific isothermal compressibility coefficient, 8%, which is
defined as B} = 1/M(0B+1/0n) = (k% — B1v°)/V, can be ob-

tained from Eq. 13 and is given as

- o Ta) e’ C
lipid lipid
wwid _ gid . _"T0 <2— ; > (15)

V PoCpo\ X Polpo

For simplification, we denote the second and third terms in
Eq. 15 as ,ngid and ngld, respectively:

lll_Pld — lslpld _I_Blelpld _ 'Cll"d. (16)
Hence, the isothermal compressibility coefficient, B*p 4 s
given as a sum of the adiabatic compressibility, gpid, an ex-
pansion term, 8P and a heat capacity term, Bl(i:pid. Interest-
ingly, as can be seen from Eqs. 13 and 15, the heat capacity
term has a compensating effect, balancing that of the thermal
expansion on the adiabatic compressibility.

The thermodynamic parameters Cp, K, and E are directly
related to corresponding fluctuation parameters (65,71): 1),
the variance of the square average of the enthalpy fluctua-
tions, (AH?), is determined by the heat capacity, Cp, of the
system; 2), the square average of the volume fluctuations,
(AV?), is given by the respective isothermal compressibility,
Kr; and 3), the covariance between H and V, (AHAV), is

related to the thermal expansion, E, as follows:

(AH®Y = RT*C,, (17a)
(AV?) = RTK;, (17b)
(AHAV) = RT’E. (17¢)

As seen from Eq. 17c, the thermal expansion couples con-
tributions from the heat capacity and the isothermal com-
pressibility.

The different compressibilities of DPPC LUVs and their
different contributions are shown in Fig. 7 (o and ¢, of
water were used in Eq. 16, which vary at 25°C against the
values for the buffer by ~3% and ~8%, respectively). We see
that B{P > B (as expected (see Eq. 10)) by ~10% in the
whole temperature range except for the region around Ty,
where B distinctly differs (that is, it increases abruptly
(Fig. 7, inset)) due to the fact that no heat transfer between the
lipid bilayer and the buffer solution is expected within a time
window of the ultrasound wave period (~14 us in our ex-
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FIGURE 7 Contributions to the isothermal compressibility coefficient of
the lipids in DPPC LUV, BITIF’@ (squares; see Eq. 16): the adiabatic
compressibility of the lipid, ng'd (circles), the thermal expansion term
BP4 (triangles), and the heat capacity term B¢ (inverted triangles) as a
function of temperature. (/nset) The difference between BIT’p'd and Bls'p‘d in the
phase transition region is depicted.

periments) for the adiabatic compressibility. Hence, Blsipid
derived by means of the ultrasound velocity measurements is
not able to reveal slow relaxation processes around the T,. In
fact, a drastic slowing down of the relaxation time has been
observed approaching the DPPC main phase transition
(34,72) and was found to be as slow as 20—45 s in MLVs and
~3 sin LUVs. It is also interesting that the expansion term,
Bleipid, appears to be the predominant one in the isothermal
co_mdpressibility coefficient of lipids around the T,,, whereas
,BEP *" is negligible (Fig. 7). This becomes apparent when the
ratios of the thermal expansion coefficients and the heat ca-
pacities of lipid and solvent are taken into account (Table 1).
The ratio CJ /¢p-0 is smaller in both the gel and liquid phase as
compared to a/xg, but the latter ratio is one order of magnitude
larger and reaches a value of ~240 at the main phase transi-
tion, whereas the former achieves ~11 only. It must also be
noted that values of C' g for DPPC MLVs obtained at both 30°C
and 50°C are somewhat higher compared to the published
data (~2.4Jg 'K 'and ~2.3 Jg~' K™, respectively (73)).
In fact, omitting the heat capacity term of the lipid, Cp, in Eq.
15 leads to an error in B¢ of ~2% only.

The DPPC LUV values of 83" in the gel phase, 3.8 + 0.1 X
107" Pa™', and in the fluid phase, 5.8 + 0.2 X 10~ '*Pa™!,
are in good agreement with our previous data of 4.2 = 0.2 X
10°"°Patand 5.4 = 0.4 X 10°1° Pa~!, respectively, de-
termined from measurements of the partial volume as a
function of the pressure (74). Regarding the phase transition
region itself, peak values of BlTlpld at the transition midpoint of
~5.4 + 0.4 X 1079 Pa~! are found. The maximum value
differs from literature values available (74). This discrepancy
probably arises from the different widths of the chain-melting
transition (which, in turn, depends on the vesicle preparation)
and the fact that the ultrasound velocity, the density, and the
thermal expansion coefficient measurements were carried out
with larger steps around the T, only. The data are also in rea-
sonable agreement with theoretical calculations of Heimburg
et al. (36), which rely on a linear proportionality between the
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TABLE 1 Comparison of thermal expansion coefficients of water (ao) and DPPC LUV («) with specific heat capacity of water (c; )
and partial specific heat capacity of DPPC LUVs (C?) at 30, 41, and 50°C

T/°C ag/1073 K™! /1073 K ™! alag cpollg ' K cy/igt K Co/cpo
30 0.30 1.02 = 0.01 4.18 5.11 = 0.03 1.2
41 0.39 94.02 = 0.74 241.1 4.18 4531 £ 0.11 10.8
50 0.45 1.05 = 0.02 4.18 495 * 0.02 1.2

excess heat capacity and the volume thermal changes, which
has been shown to be valid for different lipid bilayer compo-
sitions (75). Differences in absolute values might also be due to
the fact that in the calculations of Heimburg et al. (36), the entire
lipid solution properties, and not partial quantities, are considered.

Isothermal compressibility of DPPC-Chol and
DPPC-Erg mixtures

Based on the identification of phase boundaries separating
thermodynamic phases revealed by NMR and/or DSC mea-
surements (6,7,13), phospholipid-cholesterol and phospho-
lipid-ergosterol mixtures exhibit a liquid phase separation
(into 1, and 14 phases) region (Fig. 1). In such a system, a
critical point, and thus critical behavior, is expected to appear,
involving a corresponding critical response in thermody-
namic parameters, such as a or Bi"“. In DPPC-Chol and
DPPC-Erg vesicles, a liquid-liquid critical point was found to
appear at ~25 mol % (63) and ~22 mol %, respectively (see
Fig. 1).

Fig. 8 (upper) displays the temperature dependence of the
isothermal compressibility of DPPC-Chol (/eff) and DPPC-
Erg (right) LUVs at different sterol concentrations. For both
sterols, the isothermal compressibility peak at the main
transition drops drastically upon addition of sterol concen-
trations as low as 5 mol %. The 78% decrease of By cor-
responds to a similar strong decrease (82%) of the thermal
expansion coefficient (Fig. 2), again indicating the close re-
lationship between the corresponding fluctuations ((AV?) vs.
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FIGURE 8 Temperature dependence of the isothermal compressibility
coefficient of the lipids BlTlp'd (upper) and the calculated relative volume
fluctuations (lower) for DPPC-sterol mixtures at different cholesterol molar
fractions, Xcnor (left), and ergosterol molar fractions, Xg., (right).

(AHAVY). At sterol concentrations >12 mol %, BAPY i close
to Blslp’d in the whole temperature range covered. For the
critical concentration of 22 mol % ergosterol, no significant
changes in BlTlp]d are visible in the critical point region. The
same holds true for the shape of «(T), which also does not
exhibit any marked changes near the critical temperature
(Fig. 2).

In fact, NMR data of binary phospholipid-sterol mixtures
(76), recent MD simulations (77), and further experimental
studies (5,22) suggest that the sterol-phospholipid binary
mixtures can also be described as essentially homogeneous
monophasic rather than consisting of coexisting macroscopic
phase-separated regions. On the other hand, in cholesterol-
phospholipid monolayers, shape transitions and critical shape
fluctuations have been observed (78).

Assuming that the partial specific volume, v°, is largely
determined by the lipid term (see Eq. 7), i.e., v° reflects the
“‘real’” volume of the lipid molecule, allows us to modify Eq.
17b and to convey the relative volume fluctuations given as

AV? RT B
\/<V2>:\/ZV£/T’ . (18)

The corresponding temperature dependencies are shown in
Fig. 8 (lower) for the cholesterol-DPPC (/eff) and ergosterol-
DPPC (right) mixtures. For DPPC at the main transition, the
maximum value reached for relative volume fluctuations is
15%, and this value is strongly damped upon addition of both
sterols. It is interesting that, within the accuracy of the
measurements, no significant differences are observed for
the two different sterols.

Fig. 9 depicts the sterol concentration dependence of 3
(open symbols, cholesterol; solid symbols, ergosterol) in
DPPC mixtures in the ordered (30°C, bottom curve) and fluid
(50°C, top curve) phase. At 30°C, the isothermal compress-
ibility rises in a manner similar to that of the adiabatic com-
pressibility (Fig. 6 lower, bottom curve) which increases with
increasing sterol concentration, reflecting the disordering ef-
fect sterols impose on ordered phospholipid phases. BlTlpld
increases slightly with increasing sterol concentration at 50°C

as well, whereas Blsipid seems to decrease slightly (Fig. 6).

lipid
T

CONCLUSIONS

We have used methods of molecular acoustics (ultrasound
velocimetry and densimetry) and calorimetries (differential
scanning calorimetry and pressure perturbation calorimetry)

Biophysical Journal 94(9) 3538-3548
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FIGURE 9 Dependence of the isothermal compressibility coefficient of
the lipids, B¥pid, on the different sterol molar fractions below (30°C) and
above (50°C) the main phase transition temperature of DPPC. (Open
symbols) cholesterol; (solid symbols) ergosterol; (squares) 30°C; and (cir-
cles) 50°C.

to determine the isothermal compressibility coefficient and
volume fluctuations of DPPC-sterol (sterols used were cho-
lesterol and ergosterol) bilayer membranes in their different
phases and at the thermotropic phase transitions exhibited by
these mixtures. A particular focus was on the influence of the
differential structural properties of the two sterols on the
thermodynamic properties of lipid bilayers, and on the nature
of the critical point region by determining thermodynamic
fluctuation parameters. To the best of our knowledge, this is
the first study in which such a multiprobe approach has been
applied to lipid systems. Recently, we used a similar ap-
proach to study the thermodynamics of protein aggregation
and fibrillization (79,80).

In pure DPPC LUVs, the isothermal compressibility co-
efficient has been found to be 3.8 = 0.1 X 107'° Pa~' and
58 * 0.2 X 107" Pa! in the gel and fluid phases, respec-
tively. These values are ~10% higher than the corresponding
adiabatic compressibility data. Based on our results, we have
not found any marked difference in the effect of the different
sterols (cholesterol and ergosterol) on the various thermo-
dynamic properties studied, namely, the partial specific vol-
ume, the adiabatic and isothermal compressibility, and the
volume fluctuations. Such behavior is in contrast to the dis-
tinct structural and dynamical differences the two sterols
exhibit when incorporated into lipid bilayers, as revealed by
our spectroscopic studies and those of others (21,31,32),
where it has been shown that ergosterol orders DPPC chains
more effectively than cholesterol. However, as revealed by
the phase diagram shown in Fig. 1, ergosterol is more ef-
fective than cholesterol in promoting l,-phase domains in
DPPC bilayers, i.e., it is less effective in promoting lateral
packing order in the liquid-like phase.

Significant differences in Bi"* and ng‘d are seen in the
solid and fluid phases of the lipid bilayer, as the solvent and
lipid membranes are adiabatically uncoupled in the MHz
region by the ultrasound experiment. These differences be-
come dramatic in the gel-to-fluid transition region, indicating
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a significant degree of slow relaxational processes in the
microsecond time range in the transition region. Maximum
values of 15% for relative volume fluctuations are reached for
DPPC at the main transition, but these values are strongly
damped upon addition of both sterols. Within the accuracy of
the measurements, no significant differences are observed for
the two sterols.

As revealed by detailed measurements of the temperature
and concentration dependence of the isothermal compress-
ibility and thermal expansion coefficient of the DPPC-sterol
system, our data show no evidence for the existence of a
typical critical point phenomenon in the concentration and
temperature range where a critical point in the DPPC-sterol
phase diagram is expected to appear. Hence, on a macroscopic
level, it seems more appropriate to describe the sterol-phos-
pholipid binary mixture in the 1, + 1, coexistence region as a
largely homogeneous phase, in accordance with earlier sug-
gestions (5,76,77), rather than as macroscopically separated
coexisting phases. Conversely, in ternary phospholipid-sterol
mixtures, macroscopic phase separation is clearly observed
(22,24,25). As the width of the transition peak in thermody-
namic functions such as C,, «, and ,BITlpld is related to the
correlation length of the corresponding fluctuation parameters
(or domain sizes), we can conclude that marked enthalpy and
volume fluctuations are largely absent in the DPPC-sterol
mixtures in their critical point region also, again pointing to
the absence of macroscopic phase separation phenomena in
these systems. Nanoscopic domains seem to be a more ap-
propriate description of the lateral organization of these sys-
tems. Disordered superlatticelike domains might exist at
critical concentrations of 20-22.2 mol % as well (81). Such
small-domain systems are expected to exhibit additional
phenomena, such as a marked entropy of mixing with other
domains, an increased edge energy related to the line tension
between domains, a spontaneous curvature, and a smaller
lifetime, connected to a more rapid exchange of lipid mole-
cules between domains. Such small-domain dimensions with
these properties and limited lifetimes seem to be also typical
of raftlike I, domains in cell membranes (7,82). Hence, these
cholesterol-sterol systems may also serve as valuable model
systems for studies of such cell membrane domains.
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