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Sterols regulate biological processes and sustain the lateral structure of cellular membranes. The
sterol cholesterol, its precursor lanosterol, the plant sterols stigmasterol and ergosterol as well as
7-dehydrocholesterol were added up to 36 mol-% to vesicles of the phospholipid 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC). The aim of this study was to investigate the influence of the
sterol side chain and ring structure on the volumetric properties of the lipid bilayer system by using
pressure perturbation calorimetry (PPC), a relatively new and efficient technique, to study the thermal
expansion coefficient and volumetric properties of biomolecules. The experiments were carried out
in the temperature range from 10 to 85 °C, i. e., at temperatures below and above the chain-melting
transition temperatures of the lipid mixtures. Additionally, corresponding differential scanning calori-
metric (DSC) measurements were carried out. Whereas the conformational properties of the different
sterols have a significant effect on the order parameter of the lipid acyl-chains, the thermodynamic
parameters of these sterols are less influenced by the differential structural changes of the sterols. For

lanosterol and stigmasterol, marked differences are found, however.
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Introduction

Sterols, such as cholesterol, are important for the
structural, dynamical as well as functional properties
of biological membranes [1—4]. They are found in
high concentrations (even up to about 50 mol-%) in
plasma membranes of animal and higher plant cells,
but in markedly lower concentrations in intracellular
membranes where they are synthesized. A consider-
able amount of research has been devoted to elucidate
the different biological functions of sterols and to un-
derstand the physical basis for their evolution by in-
vestigating the role of sterols in modulating physical
properties of artificial and biological membranes, and
to unravel the relationship between their function and
molecular structure [1-7].

Cholesterol (see Fig. 1) has a hydrophobic and pla-
nar fused tetracyclic ring structure with two 3-oriented
methyl groups at positions 10 and 13, a branched ex-
tended iso-octyl side chain at position C17, and a hy-
drophilic f-oriented hydroxyl group at position C3.

The sterol ring orients itself parallel with the acyl-
chains of the membrane phospholipids, with its 3 -
OH group in proximity to the phospholipid ester car-
bonyl oxygen at the lipid—water interface. Van der
Waals interactions between the lipid acyl-chains and
the sterol ring as well as its branched side chain
seem to be the most important contributions stabiliz-
ing cholesterol-phospholipid interactions. It has been
demonstrated by a variety of physical techniques [7]
that cholesterol has a “condensing” (ordering) effect on
the packing of phospholipids in their fluid-like (liquid-
crystalline) state, because the rigid ring structure of
the sterol limits the possibility for cis-trans isomeriza-
tions and kink formation of neighboring lipid chains,
and a disordering effect below the chain-melting tran-
sition, i. e., in the gel state of the lipid bilayer. The ex-
tent of these effects depends on the detailed molecular
structure of the lipid, but probably also on the sterol
conformation and stereochemistry [5—30]. Whereas
structural and dynamical properties of these systems
have been studied to a significant extent, there is a
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Fig. 1. The chemical structures of the sterols used in this study. The formula of cholesterol includes the numbering of the

carbon atoms.

lack of knowledge of thermodynamic functions of
these systems [31—34]. In this study, we investigated
volumetric properties of lipid vesicles of the com-
mon phospholipid 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylcholine (DPPC), containing different amounts
of various sterols up to 36 mol-% sterol.

DPPC phospholipid bilayers exhibit two principal
thermotropic lamellar phase transitions, correspond-
ing to a gel-to-gel (Lg/-Pg/) pretransition and a gel-
to-liquid-crystalline (Pg/-Ly) main transition at Tp, ~
41.5 °C [35]. In the fluid-like Ly phase, the hydro-
carbon chains of the lipid bilayer are conformationally
disordered, whereas in the gel phases, the hydrocar-
bon chains are more extended and relatively ordered.
In general, sterol molecules are, in contrast to phospho-
lipids, essentially rigid and relatively smooth in their
hydrophobic parts. They prefer to have next to them
lipid acyl-chains that are ordered. On the other hand,
because the sterols have different molecular shapes
owing to conformationally ordered lipid chains, they
tend to break the lateral packing of solid-ordered (s,)
phases. This can lead to the emergence of a physical
state of lipid-sterol membranes, which has character-
istics intermediate between solid-ordered and liquid-
disordered (1), viz. the liquid-ordered (1,) state. In re-
cent years, cholesterol-rich liquid-ordered (l,) struc-
tures have received much attention in membrane bio-
physics. A hypothesis has been put forward that so-
called rafts, which are liquid-ordered domain struc-

tures enriched in cholesterol and sphingolipids, ex-
ist in cell membranes and have potential functional
importance in processes such as intracellular mem-
brane sorting and signal transduction at the cell sur-
face [36]. Only for selected phospholipid-sterol sys-
tems, temperature-concentration phase diagrams are
available [7,20-26]. They exhibit the one-phase re-
gions lg (liquid-disordered), s, (solid-ordered), and I,
(liquid-ordered). In addition, lo+s, and lo+lg two-
phase coexistence regions — separated by a three-phase
line — are found in the intermediate sterol concentration
range at low and high temperatures, respectively. (The
terms ‘solid’ and ‘liquid’ characterize mainly the fluid-
ity of a phase, whereas ‘ordered’ and ‘disordered’ indi-
cate the conformational state (order parameter) of the
lipid acyl-chains.) At sufficiently high temperatures,
the l,+lg two-phase regions seem to be terminated in
a critical point.

The focus of our study was to identify and charac-
terize the differential effects of various sterols (Fig. 1)
including cholesterol, ergosterol (which is essential in
some fungi or protozoan cells), the plant sterol stig-
masterol, trans-7-dehydrocholesterol (7-DHC), and
lanosterol, the evolutionary precursor of cholesterol,
on equilibrium volumetric properties of the DPPC bi-
layer membrane and to relate these effects to the dif-
ference in their molecular structure. To this end, pres-
sure perturbation calorimetry (PPC) has been used,
which allows determination of the temperature depen-
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dence of the coefficient of expansion, o, as well as
volume changes accompanying lipid phase transitions.
The PPC measurements were carried out over a wide
temperature range in order to cover all relevant phase
regions of these DPPC-sterol mixtures. Complemen-
tary DSC thermograms were also recorded to reveal
temperature-dependent phase changes.

Materials and Methods

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DP
PC) was obtained from Avanti Polar Lipids (Alabaster,
AL). Cholesterol, 7-dehydrocholesterol (7-DHC), lan-
osterol, and stigmasterol were obtained from Sigma-
Aldrich (St. Louis, MO), while ergosterol was obtained
from Fluka, Germany. All sterols were purchased as
dry powders and used without further purification.
Multilamellar vesicles (MLV) of DPPC and sterol with
designated mole ratios were mixed in chloroform and
dried as a thin film under a stream of nitrogen and then
freeze-dried overnight. The lipid films were hydrated
in a Tris-HCI buffer (10 mM Tris-HCI, 100 mMm NaCl,
pH = 7.4), followed by vortexing and five freeze-thaw
cycles.

Pressure perturbation calorimetry and differential
calorimetry measurements were performed with a Mi-
croCal (Northampton, USA) VP-DSC micro-calori-
meter, equipped with a pressurizing system from the
same manufacturer. The reference cell was filled with
the Tris-HCI buffer solution. Both buffer and lipid/
sterol solutions were degassed before being injected
into the respective cells. Included in the standard VP-
DSC instrument is a pressuring cap that allows ap-
plication of 1.8 bar to the cells in order to avoid air
bubbles at elevated temperatures. The instrument was
operated in the high-gain mode at a scanning rate of
40 °C h~!. Baseline subtraction (pure buffer) and nor-
malization with respect to scan rate and concentra-
tion were performed by the instrument software, yield-
ing the temperature-dependent apparent (excess) molar
heat capacity of the lipid/sterol vesicles, Cp, with re-
spect to the buffer solution. The sample concentration
of the lipid in buffer was 20 mg mL~!.

Pressure perturbation calorimetry (PPC) measure-
ments were carried out on the VP-DSC calorimeter
equipped with MicroCal’s (Northampton, MA, USA)
PPC accessory. A description of the technique and its
potential applications has been placed elsewhere [37 —
43]. This still rather novel method allows to measure
heat effects induced by small periodic changes of gas

pressure (Ap = £5 bar) above the solution. The phys-
ical principle is the same as in a heat-induced thermal
expansion, although the measurable is AQ, the heat re-
leased upon a pressure change of Ap at temperature 7.
Knowing the thermal expansion coefficient of the sol-
vent, 0, the mass, m, and the partial specific volume
of the solute, V, through a series of reference measure-
ments, one can calculate the apparent thermal expan-
sion coefficient of the dissolved particles:

AQ

- 1
TApmV M

o=

The relative volume change AV/V at a phase transi-
tion, taking place in the temperature range from 7 to
T¢, can be obtained by integration of a(7):

a7 / a(T)dT @)

Three control and calibration measurements were per-
formed, namely water (sample cell) versus water (ref-
erence cell), buffer versus water and buffer versus
buffer. The results of these control experiments were
fit by second-order polynomials and were used for the
evaluation of the coefficient of thermal expansion ct(7')
of the lipid/sterol system. From the relative volume
changes AV/V, the absolute volume changes AV can
be determined when the specific volume and the molar
mass of the sample is known [30, 32, 44].

Results and Discussion

For all lipid mixtures studied, DSC and PPC scans
have been measured for a series of sterol concentra-
tions, ranging from 5 to 36 mol-%. Fig. 2a shows
the DSC scans (as stacked plot) of DPPC dispersions
containing different concentrations of cholesterol. Pure
DPPC displays a sharp transition at the main gel-to-
fluid transition at T, = 41.5 °C, and a small endother-
mic peak due to the Lg/-Pg/ pretransition which ap-
pears around 35 °C. For 5 mol-% cholesterol, the tran-
sitions broaden and shift towards lower temperatures.
The transition enthalpies AH decrease concomitantly.
As the cholesterol concentration increases to 12 mol-%
and higher, the main transition peak intensity decreases
and broadens drastically, producing a multicomponent
DSC endotherm consisting of a sharp component (aris-
ing from the fairly cooperative melting of domains
enriched on DPPC) that is progressively reduced in
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k Fig. 2. a) DSC thermograms
(heating scans only) of pure
L DPPC and DPPC/cholesterol
mixtures in excess water. The
thermograms were acquired at
the sterol concentrations (in
mol-%) indicated and have all
been normalized against the mass
of DPPC used. b) Temperature

1 1 Il 1 1

dependence of the coefficient of
thermal expansion, o, of pure
DPPC and DPPC/cholesterol
mixtures (pH = 7.4, 10 mM Tris
buffer, scan rate 40 °C h—1). For
better visibility, the curves are
displaced along the y axis (from
) bottom to top by 0.01 units).
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temperature, enthalpy and cooperativity (width), and
a broad component that increases in both temperature
and enthalpy, but decreases in cooperativity, in agree-
ment with literature data [27 —29]. The DSC thermo-
gram can be interpreted in terms of a transition from
a so+l, two-phase region to an all-fluid 13 phase at
high temperatures (above ~55 °C), thereby passing
through a 1o+l two-phase region above about 40 °C
[23,24,27,29]. Whereas at 30 mol-% cholesterol a
weak and broad DSC endotherm is still observed, at

For the data of pure DPPC, an
expanded scale is given on the
right-hand side.

36 mol-% cholesterol, no phase transitions seem to be
visible anymore.

Fig. 3a shows the DSC data for DPPC/ergosterol. In
agreement with data from Hsueh et al. [23], at 5 mol-%
ergosterol, the main transition becomes broadened and
shifts toward lower temperature, indicating a s, and l4
phase coexistence region. As the ergosterol concentra-
tion increases to 22 mol-%, the intensity of the main
DSC peak decreases, and the peak position seems to re-
main essentially unchanged. A broad shoulder appears
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Fig. 3. a) DSC scans (heating only) of pure DPPC and

DPPCl/ergosterol mixtures in excess water. b) Temperature

dependence of the coefficient of thermal expansion, «, of
pure DPPC and DPPC/ergosterol mixtures (pH = 7.4, 10 mM

Tris buffer, scan rate 40 °C h™1).

on the high-temperature side of the sharp peak, also
suggesting a lg+1, two-phase region. Where the broad
peak ends, the transition to the 14 phase occurs. At er-
gosterol concentrations of 30 mol-% and above, a very
broad residual endotherm is observed only, similar to
that seen in DPPC-cholesterol MLV.

The DSC thermograms of the systems DPPC/stig-
masterol and DPPC/7-DHC exhibit a similar concen-
tration dependence (Figs. 4a, 5a). For stigmasterol, no
sharp component is observed in the DSC thermograms
above 12 mol-% sterol, rather a broad DSC peak cen-
tered around 40—41 °C, only. However, there are sig-
nificant differences in the pattern of thermal events ob-
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Fig. 4. a) DSC scans (heating only) of pure DPPC and
DPPC/stigmasterol mixtures in excess water. b) Tempera-

ture dependence of the coefficient of thermal expansion, o,
of pure DPPC and DPPC/stigmasterol mixtures (pH = 7.4,

10 mM Tris buffer, scan rate 40 °C h—!).

served for the system DPPC/lanosterol (Fig. 6a) at con-
centrations above 12 mol-%, indicating that the phase
behavior of this system is qualitatively different at
high sterol concentrations. No pronounced 14+1, phase
coexistence region above Ty, is discernible (see also
[7,29]). Also for 5 mol-% lanosterol, no pretransitional
peak is observed, indicating that lanosterol is more ef-
fective at abolishing the pretransition than cholesterol
on a molar basis, in agreement with literature data
[7,29].

Generally, the thermodynamic variables C;, and
are directly related to fluctuation parameters. The
square average of the enthalpy fluctuations, (AH 2>, is
determined by the heat capacity, C,, of the system, and
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Fig. 5. a) DSC scans (heating only) of pure DPPC and
DPPC/7-dehydrocholesterol (7-DHC) mixtures in excess
water. b) Temperature dependence of the coefficient of ther-
mal expansion, «, of pure DPPC and DPPC/7-dehydrochol-
esterol (7-DHC) mixtures (pH = 7.4, 10 mM Tris buffer, scan
rate 40 °Ch™1).

the covariance between H and V fluctuations, (AHAV),
is related to the thermal expansion [45]:

(AH?) = RT*C,, (3)
(AHAV) = RT*V a. “4)

Fig. 2b reveals the corresponding coefficient of ther-
mal expansion for the system DPPC/cholesterol as ob-
tained from the PPC data. Notably, the a(T") curves
exhibit a similar shape as the C,(T) data, an indi-
cation of the membrane enthalpy and volume fluc-
tuations being govered by the same molecular ori-
gin. Below the main phase transition temperature of
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Fig. 6. a) DSC scans (heating only) of pure DPPC and
DPPC/lanosterol mixtures in excess water. b) Temperature
dependence of the coefficient of thermal expansion, o, of
pure DPPC and DPPC/lanosterol mixtures (pH = 7.4, 10 mmMm
Tris buffer, scan rate 40 °C h™! ); y axis scaling factors were
used as indicated on the left-hand side of the thermogram.

0 10 20 30

pure DPPC, « increases slightly with increasing tem-
perature. Around the main phase transition tempera-
ture, o¢ undergoes a rather sharp increase, reaches a
maximum of about 0.15 K~! at 7, (41.5 °C), and
then rapidly decreases with increasing temperature, to
reach a value close to that obtained below the tran-
sition temperature [a is ~0.9-1073 K~! below the
pretransition (20 °C) and ~1.0- 1073 K~! above the
main transition (65 °C)]. The observed o-value of pure
DPPC is in the same range as that of other phospho-
lipids [31, 33, 34,37, 38], and similar to the thermal ex-
pansivity of pure liquid hydrocarbons, such as tetrade-
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Fig. 7. Temperature dependence of the coefficient of thermal
expansion, «, of the various DPPC/sterol mixtures for a) 22
and b) 36 mol-% sterol.

cane (o = 0.9 1073 K1), but an order of magnitude
larger than that of water [37].

With increasing cholesterol concentration, o in-
creases slightly below and — notably, despite the con-
densing effect cholesterol imposes on fluid bilayers —
also above T, (for example, @ = 1.25- 103 K1 at
20 °C and o = 1.4- 1073 K~ ! at 65 °C for 30 mol-%
cholesterol in DPPC), whereas the main peak height
of o in the transition region decreases and broadens
markedly. Figs. 7a and 7b display the a(T)-data in
an expanded scale for all sterols at a concentration
of 22 and 36 mol-%, respectively. Besides lanosterol,
a qualitatively similar behavior of o(T') is observed
for all sterols at a sterol concentration of 22 mol-%
(Fig. 7a). The only significant differences are some-
what larger a-values at the transition maxima. For
the system DPPC/lanosterol, the asymmetric peak is
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Fig. 8. a) Temperature dependence of the overall relative vol-
ume changes, AV/V, and b) of the absolute volume change,
AV, of the various DPPC/sterol mixtures undergoing their
chain-melting transitions.

broadened and shifted to a ~8 °C lower temperature,
however, and the coefficient of thermal expansion is
the largest one below Tp,. Fig. 7b displays the corre-
sponding PPC data for 36 mol-% sterol. As expected,
the a-values have further decreased in the phase transi-
tion region. For 7-DHC and ergosterol, the broad tran-
sition maxima have shifted to slightly higher temper-
atures if compared to cholesterol, whereas for lanos-
terol, again, a shift towards lower temperatures is ob-
served. Notably, no such suppression of the transition
is observed for DPPC/36 mol-% stigmasterol. The PPC
data for both sterol concentrations indicate that choles-
terol is most efficient in suppressing the chain-melting
transition of the phospholipid bilayer system.

From an integration of the PPC data over the tem-
perature range where the phase transitions occur, the
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relative volume changes, AV/V, of pure DPPC and
the DPPC/sterol mixtures have also been determined
(Fig. 8). While AV/V = 0.04 £+ 0.007 (4 %), corre-
sponding to an absolute volume change of 29 mL
mol~L, for pure DPPC, AV/V is 0.032 + 0.003 for
5 mol-%, 0.03 & 0.002 for 12 mol-%, and 0.013 +
0.005 for 26 mol-% cholesterol, and continues to
decrease with increasing sterol concentration, finally
reaching AV/V = 0.002 +0.001 ~ 0 around 36 mol-
% cholesterol. The corresponding width of the over-
all transition, AT} /25 increases from about 1 °C for
the main transition of pure DPPC to about 13 °C for
the DPPC/36 mol-% cholesterol mixture. The volume
change associated with the pretransition of pure DPPC
is a factor of about 10 smaller than that of the main
transition.

Fig. 8 shows the relative volume changes, AV/V, of
pure DPPC and all DPPC/sterol mixtures as a func-
tion of the sterol concentration. Qualitatively, a similar,
essentially linear behavior is observed for AV/V as a
function of the sterol concentration for all DPPC/sterol
mixtures. Only for the system DPPC/stigmasterol, a
saturation behavior seems to occur above 24 mol-%.
Notably, a similar behavior has been found for the or-
der parameter profile of DPPC/stigmasterol as a func-
tion of sterol concentration [19].

Concluding Remarks

The focus of this study was to identify and charac-
terize the differential effects of various sterols, includ-
ing cholesterol, the plant sterols ergosterol and stig-
masterol, trans-7-dehydrocholesterol (7-DHC), and
lanosterol, the evolutionary precursor of cholesterol,
on the volumetric properties of the DPPC bilayer mem-
brane and to relate these effects to the difference in
their molecular chemistry (Fig. 1). To this end, PPC
experiments have been carried out that allow determi-
nation of the temperature dependence of the expansion
coefficient as well as volume changes accompanying
lipid phase transitions.

Recent measurements of the lipid acyl-chain order
parameter revealed that with increasing side-chain vol-
ume of the sterol, the conformational order of the
lipid acyl-chains decreases, and an increase in alkyl
chain volume has the most drastic effect on the con-
densing capacity of sterols [19]. The introduction of
a double bond in the side chain counteracts this ef-
fect, owing to the decreased volume fluctuations in
the steroid alkyl chain region. Introduction of a dou-

ble bond in the ring system leads at low and medium-
high sterol levels (up to ~40 mol-%) to a drastic
increase in conformational order of the lipid acyl-
chains (compare, e. g. trans-7-dehydrocholesterol with
cholesterol), which can indeed be substantially higher
than that induced by cholesterol. Additional methyl
groups in the ring system of the sterol markedly coun-
teract this rigidifying effect (compare lanosterol with
ergosterol). Sterols with the bulkiest unsaturated side
chains or sterol nuclei (stigmasterol, lanosterol) induce
the smallest order-parameter increase of the fluid bi-
layer at high sterol concentrations (> 30 mol-%), and
hence become less effective rigidifiers at high sterol
levels. The difference might also be due to a differ-
ent solubility/partitioning in the bilayer. Lanosterol is a
sterol precursor. Owing to its additional methyl groups
in the ring system, its partitioning is much less effec-
tive than that of cholesterol at high sterol levels. An
important conclusion has been that cholesterol, with
its streamlined molecular structure, interacts more ef-
fectively with lipid chains and stabilizes the liquid-
ordered state. Interestingly, from an evolution point of
view, cholesterol seems to be very efficient in suppress-
ing the chain-melting transition of the phospholipid bi-
layer system. A marked limitation of the condensing
effect is observed for the stigmasterol system having a
rather bulky alkyl chain [19], which is also reflected in
volumetric parameters as discussed above.

As shown here, alterations in the sterol structure
are also reflected in their thermodynamic properties.
Though the overall thermodynamic features of all
sterols besides lanosterol seem to be qualitatively sim-
ilar, minor differences are found, such as in abolish-
ing the pretransition and in the extension of the phase
space of the two-phase regions, as indicated by the dif-
ferences observed in the corresponding DSC and PPC
thermograms. For lanosterol, differences in the mis-
cibility and temperature-concentration phase behavior
and hence the thermodynamic functions C,(T) and
a(T) are most obvious when compared to cholesterol
and the other sterols.

Generally, the changes in C,(T) are found to pre-
cisely mirror the corresponding o(7") data, an indica-
tion that membrane enthalpy and volume fluctuations
(Egs. 3, 4) have the same molecular origin. Increases
in C,(T) and a(T) at phase changes are mainly linked
to cooperative fluctuations of large numbers of lipid
molecules in their physical state [30,46]. The sharp-
ness of the transition peaks is related to the correla-
tion lengths of these fluctuations, namely the domain
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sizes of the coexisting phases. With increasing sterol
concentration, the widths of both thermodynamic pa-
rameters at the chain-melting transitions increase dras-
tically, indicating coupled enthalpy and volume fluctu-
ations with low amplitude by large correlation lengths
over an extended temperature region.

The large cross-sectional area of the steroid ring sys-
tem of lanosterol makes this sterol a more effective
spacer than DPPC molecules in the gel-state bilayer,
thus relieving the mismatch in the cross-sectional ar-
eas of the acyl-chains and the DPPC polar headgroups
at lower sterol concentrations more efficiently than

cholesterol. Also, the rougher surface of the lanos-
terol molecule is expected to produce a greater amount
of orientational disorder in the adjacent phospholipid’s
acyl-chains, thus further augmenting the expansion
of the DPPC gel-state bilayer, and leading to the
markedly larger ¢t-values observed for this system.
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