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Differential Modulation of Membrane Structure and Fluctuations by
Plant Sterols and Cholesterol

Aden Hodzic, Michael Rappolt, Heinz Amenitsch, Peter Laggner, and Georg Pabst
Institute of Biophysics and Nanosystems Research, Austrian Academy of Sciences, A-8042 Graz, Austria

ABSTRACT We have studied the concentration and temperature dependent influence of cholesterol, stigmasterol, and
sitosterol on the global structure and the bending fluctuations of fluid dimyristoyl phosphatidylcholine and palmitoyl oleoyl
phosphatidylcholine bilayers applying small-angle x-ray scattering, as well as dilatometry and ultrasound velocimetry. Indepen-
dent of the lipid matrix, cholesterol was found to be most efficient in modulating bilayer thickness and elasticity, followed by
sitosterol and stigmasterol. This can be attributed to the additional ethyl groups and double bond at the C;; alkyl side-chain of the
two plant sterols. Hence, it seems that some flexibility of the sterol hydrocarbon chain is needed to accommodate within the lipid
bilayer. In addition, we did not observe two populations of membranes within the putative liquid-ordered/liquid-disordered phase
coexistence regime of binary sterol/lipid mixtures. Instead, the diffraction patterns could be interpreted in terms of a uniform phase.
This lends further support to the idea of compositional fluctuations of unstable sterol rich domains recently brought up by
fluorescence microscopy experiments, which contrasts the formation of stable domains within the miscibility gap of binary lipid/

sterol mixtures.

INTRODUCTION

Mammalian cells contain cholesterol localized in the plasma
membrane, where it participates in the regulation of mem-
brane fluidity, as well as in the activity and metabolism of
many membrane bound proteins (1-5). It is also believed that
cholesterol is responsible for organizing membrane lipids
laterally into submicrometer domains, commonly referred to
as rafts (6-8). Although direct evidence for their existence
seems still to be lacking, lipid rafts are conceived as an im-
portant part of several cellular functions, such as intracellular
trafficking of lipids and lipid-anchored proteins, endocytosis,
and signal transduction.

Plant sterols are structurally related to cholesterol and are
found mainly in plasma membranes of higher plant cells,
where they take over the role of cholesterol (9). Sitosterol
[(24R)-ethylcholest-5-en-33-o0l] and stigmasterol [(24S)-
ethylcholesta-5E,22-dien-33-0l] are the predominant sterols
in plant membranes (9,10). Traces of plant sterols (including
sitosterol and stigmasterol) are, however, also found in
mammalian tissues, where they represent a large proportion
of dietary sterols (11). Nevertheless, plant sterols are of huge
biological and medical relevance. For example, 3-sitosterol
as a single substance and also when combined with other
plant sterols, such as stigmasterol reduces cholesterol levels
within the blood (12,13) most likely by blocking its ab-
sorption (14). Further, plant sterols seem to be of importance
for an efficient functioning of the immune system (15) and
may cut the risk for prostate cancer by reducing the levels of
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testosterone and its more active forms (16). Additionally some
plant sterols, which are structurally similar to S-sitosterol
were reported to inhibit growth of cancer cells (17).

Biophysical studies on artificial membranes have shown
that cholesterol positions itself into lipid bilayers such that
the hydroxyl group interacts with the lipid headgroup, and the
side chain at Cy; aligns to the lipid’s fatty acid chain (9) This
induces disorder in the lamellar gel phase of lipid membranes
and order in the fluid phase (18). Moreover, several studies
on binary lipid/cholesterol mixtures have indicated a fluid-
fluid phase separation into liquid-disordered (L4) and liquid-
ordered (L,), domains (19-21). These phase diagrams have
been, however, put in doubt recently (22-26) and there is
growing experimental evidence that cholesterol instead leads
to a progressive transformation of the Ly to the L, phase in
absence of a miscibility gap. In turn, L4 and L, phase coex-
istence is well established in ternary lipid/cholesterol mix-
tures (24).

Plant sterols can be used as biomolecular probes to identify
specific structural features of cholesterol such as its abilities
to modulate acyl chain order (27-30), elasticity (30,31) and
lateral organization (32,33). Previous reports comparing
cholesterol to plant sterols show differential effects on the
bilayer permeability (34-37), chain melting temperature
(38), hydrocarbon chain order (39), condensation efficacy
(40) and on the membrane’s elastic behavior (41). It has been
also reported that sterols reduce in general the thermal area
expansion coefficient of the lipid bilayer (42,43). However,
because of additional ethyl or methyl groups and double
bonds, cholesterol derivatives are usually less effective in this
respect. An exception seems to be lanosterol, which con-
denses lipid bilayer more than cholesterol (43). Of particular
interest to this study are reports comparing the effects of
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cholesterol, sitosterol and stigmasterol (35,38—40). Sitosterol
and stigmasterol differ structurally from cholesterol only
with respect to the C 7 side chain by an additional ethyl group
at C,3 (sitosterol) and a double bond at C5, in addition to this
ethyl group (stigmasterol) (Fig. 1).

Schuler et al. (35) found that sitosterol was more efficient
in reducing the water permeability in egg phosphatidylcholine
(PC) and soy bean PC compared to cholesterol. Bernsdorff
and Winter (39), in turn observed, using steady-state fluo-
rescence anisotropy measurements on dipalmitoyl phospha-
tidylcholine (DPPC)/sterol mixtures, that sitosterol was less
effective than cholesterol with respect to hydrocarbon chain
ordering. Further, stigmasterol, was reported to have slightly
higher ordering capabilities than sitosterol. This latter finding
was contrasted by the groups of Slotte and Yu, who con-
cluded based on differential scanning calorimetric (DSC),
resonance energy transfer and detergent solubilization (38),
as well as monolayer studies (40), that stigmasterol had smaller
condensing effects than sitosterol. Both studies agreed,
however, with Bernsdorff and Winter (39) in that cholesterol
lead to the most pronounced increase in hydrocarbon chain
order.

In view of the lack of a structural study these controversies
prompted us to compare the effects of cholesterol on the
structural and elastic properties of model membranes com-
posed of the disaturated and monounsaturated lipids dimyr-
istoyl phosphatidylcholine (DMPC) and palmitoyl oleoyl
phosphatidylcholine (POPC) to those induced by sitosterol
and stigmasterol using a different experimental approach,
namely a combination of small-angle x-ray scattering, dila-
tometry and ultrasound velocimetry. Generally, we found a
bilayer condensation for all three sterols with increasing
concentration independent of its lipid composition. However,
cholesterol was most effective in ordering the hydrocarbon
chains followed by sitosterol and stigmasterol. Although this
is in agreement with previous studies (38,40), it is remark-
able, because stigmasterol differs from sitosterol only by a
single additional double bond (Fig. 1). We also found that the
observed differential effects are much less pronounced in
POPC than in DMPC alluding to the role of hydrocarbon
chain composition, which might explain the results of
Schuler et al. (35). An additional outcome of this study of
general interest is the absence of a fluid-fluid phase separa-
tion for all three binary sterol/lipid mixtures yielding further
support to the recent discussion on the presence of a uniform
phase above the chain melting transition.

HO HO
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MATERIALS AND METHODS
Sample preparation

DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) were purchased from Avanti Polar
Lipids (Birmingham, AL), cholesterol, B-sitosterol and stigmasterol from
Sigma-Aldrich (St. Louis, MO) and used without further purification. Lipid
and sterol stock solutions were prepared by dissolving weighted amounts
of dry lipid or sterol powder in chloroform. Sterol concentrations of 1, 5,
7, 10, 20, 30, and 40 mol % within the lipid bilayer were obtained by
mixing appropriate amounts of the stock-solutions. The organic lipid/sterol
solutions were evaporated at room temperature under a gentle stream of
nitrogen and then placed under vacuum for 12 h to form a thin lipid film on
the bottom of glass vials. The dry lipid films were subsequently resuspended
in 18 MQ/cm water (UHQ PS, USF Elga, Wycombe, UK) and incubated for
4 h at 45°C with vigorous intermittent vortex mixing. The final lipid con-
centrations were 50 mg/ml for x-ray and 3 mg/ml for dilatometry and ultra-
sound velocimetry.

Small and wide-angle x-ray scattering

Small and wide-angle x-ray scattering (SWAXS) experiments were carried
out at the Austrian SAXS beamline (44) (Sincrotrone, Trieste, Italy). Two
linear one-dimensional gas detectors were used covering the g ranges
(¢ = 4rsinf /A, where 6 is the scattering angle and A the x-ray wavelength)
between 0.01 and 0.6 A™' for SAXS and 0.67-1.95 A™" for WAXS, re-
spectively. Eight keV photons were selected. The angular dependence of the
scattered intensity was calibrated using silver behenate (d = 58.38 A) for
the SAXS regime and para-bromo benzoic acid (45) for the WAXS regime.
The instrumental resolution was determined to have a full width at half
maximum of §g = 2.23 X 1073A" . The lipid dispersions were measured in
quartz glass capillaries (diameter 1 mm) and tempered in a home-made
sample holder block of brass, which was connected to a circulating water
bath (Unistat CC, Huber, Offenburg, Germany). For any given temperature
the sample was equilibrated before exposure for a period of 10 min. Exposure
times were 2—3 min.

Background corrected SAXS patterns were analyzed in the full g-range
using the program GAP (Global Analysis Program). The technique has been
described previously in detail (46,47) (see Pabst (48) for recent review).
From the fits to the scattered intensities I = S(q) |F| (q)\z/q2 (8(g). . -structure
factor; F(g). . .form factor) we directly obtained the lamellar repeat distance d
and further the bilayer thickness dg applying (49)

dy = dyn + 4oy, (D

where dyy is the headgroup-to-headgroup thickness and oy the width of the
Gaussian peak applied to model electron density profile of the headgroup
region (46). The bending fluctuation or Caillé parameter (50,51),

o 7TkBT
- 2d*\/K.B

was directly obtained from the fits and depends on membrane bending
rigidity K. and the bulk modulus of interactions B (52). We further obtained
the lateral area per lipid by (49)

n 2

FIGURE 1 Chemical structures of cholesterol (A), sitos-
terol (B), and stigmasterol (C). The encircled regions
highlight the structural differences.
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Vi—Vu
A=—— 3)
de '
where Vj is the volume of the lipid headgroup (= 319 A% (53)) and Vy_ is the
partial lipid volume, which is obtained from dilatometric measurements (see
below). The hydrocarbon chain length dc is given by

de = dy /2 — dy, “)

where dy is the headgroup thickness that is set to 10 A (54).

Dilatometry and ultrasound velocimetry

The density p and ultrasound velocity u of the liposomal dispersions have
been determined simultaneously using the DSA 5000 density and sound
analyzer (Anton Paar, Graz, Austria). The density is measured according to
the vibrating tube principle (55,56) and the ultrasound velocity is obtained
from the propagation time of short 3 MHz acoustic pulses over a fixed dis-
tance (57). Temperature control was given by a built in Peltier circuit to
within 1073°C and the claimed accuracy of density and ultrasound velocity
are 107° g/cm3 and 0.1 m/s, respectively. Sedimentation or flotation effects
were found to be negligible by monitoring changes in density and sound
velocity values over a period of 30 min. Further, we have repeatedly mea-
sured different samples yielding a good overall data reproducibility.

From the density data we calculated apparent specific partial lipid vol-
umes ¢, using the relation (56)

¢, = 1/p[l = (p—py)/c] ®)

where pg is the density of the solvent, p the density of solution, and ¢ the
solute concentration. The partial molecular volume of sterol (V) and lipid
(VL) have been derived according to Greenwood et al. (58) by first calculating
the volume per molecule:

V = (1/Na)[xsMs + (1 — xs)M¢]o,, (6)

where N4 is Avogadro’s number, xs = Ng/(Ns + Ny ) the sterol fraction (Ng is
the number of sterols and Ny the number of lipid molecules), and Ms and My
the molecular weights of sterol and lipid, respectively. The partial molecular
volumes were then given by

dv av
VS :V+(1 _XS)i and VL:V_Xsi. (7)
dXS d.XS
The sound velocity number was obtained from the sound velocities of water
up and the lipid/water dispersion u according to (59)

DE— ®)

upC

This allowed us to estimate volume compressibility of the bilayers relative to
the solvent using (60),

¢ /K0 = —2[u] — 1/p, + 20, ©)

where @, is the specific partial adiabatic compressibility and Ky the adiabatic
compressibility coefficient of the solvent given by the Laplace equation

ko= (u’p) . (10)

RESULTS

Fig. 2 shows the behavior of the molecular volumes of the
studied lipid/sterol mixtures as a function of sterol content.
Temperatures of 35°C were chosen for DMPC (Fig. 2 A) and
25°C for POPC (Fig. 2 B), respectively, to be well above the
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FIGURE 2 The partial molecular volume values of various lipid /sterol
mixtures as a function of sterol content. (A) Results for DMPC at 35°C in
presence of cholesterol ([J), sitosterol (@), and stigmasterol (A). (B) POPC
at 25°C in presence of cholesterol (OJ), sitosterol (@), and stigmasterol (A).

chain melting transition and thus also distant from any pre-
transitional effects (49,61). A linear decrease of V is observed
for all lipid-sterol mixtures, indicating lipid condensation
as previously reported for cholesterol/lipid mixtures (58).
The same authors, however, observed in the case of DMPC
not a single, but also a second linear decrease of V at very
high cholesterol content with a slightly smaller slope, which
we did not find. The reasons for this disagreement may be
manifold. One obvious argument relates to the different ex-
perimental approach applied. However, the 5°C higher tem-
perature applied in this study may also lead to this difference.
To address this point adequately further systematic work
would be necessary. This is, however, not the scope of this
study. Nevertheless, we note that our derived partial molec-
ular volumes for DMPC, POPC and cholesterol (Table 1)
agree reasonably well with those reported by Greenwood
et al. (58). Table 1 further shows the results for the partial
molecular volumes, Vg, of sitosterol and stigmasterol in the
presence of DMPC and POPC, which are both larger than
that of cholesterol. As discussed previously (58), the volume
condensation effect of sterols is included in their apparent
partial molecular volumes and not in the partial lipid volume,
VL. Consequently, our results indicate that DMPC bilayers
can be more condensed than POPC bilayers for all studied
sterols, which can be attributed to its monounsaturated acyl
chain in agreement with several previous studies (58,62,63).
Addressing the differential condensation capabilities of the
three studied sterols is more subtle, because Vg also contains
the bare or intrinsic volume of the sterols. Greenwood et al.
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TABLE 1 Partial molecular volumes of lipid/sterol mixtures

Lipid T (°C) Vi (A% Ven (A7) Vsi (A% Vst (A%)
POPC 25 1250.0 = 2 611.0 = 6 658.7 =5 651.0 = 8
DMPC 35 1103.0 = 2 520.0 = 18 598.5 = 8 580.0 = 16

VL is the partial molecular volume of the lipid. Vy, Vs, and Vs are partial volumes of the cholesterol, sitosterol, and stigmasterol, respectively.

(58) have suggested an intrinsic volume of 630 A* for cho-
lesterol from similar measurements on a series of model
membranes, which is close to our value of 611 = 6 A’ in
POPC bilayers. Indeed the same authors have suggested that
POPC undergoes no or insignificant volume condensation, at
least in the studied cholesterol concentration range. Hence,
we may propose that the partial molecular volumes for si-
tosterol and stigmasterol obtained in POPC membranes will
be close to their intrinsic volumes. In fact, their values are
within experimental error equal and larger than Vg of cho-
lesterol as expected from their chemical structure (Fig. 1).
Using thus, Vg in POPC as approximate reference for the
intrinsic volumes we calculate the relative volume changes in
DMPC as ~—1.4% for cholesterol, ~—0.9% for sitosterol,
and ~—1.1% for stigmasterol. The relative volume change in
the presence of cholesterol compares well with a recent value
derived from pressure perturbation calorimetry in POPC at
2°C (23). The results further indicate that cholesterol leads to
a stronger volume condensation than the two plant sterols.
However, given the involved uncertainties this conclusion
may seem ambiguous. Moreover, the condensation capabil-
ities of sterols are usually much more expressed in the lateral
area per lipid or membrane thickness (23).

We have, therefore, carried out SAXS experiments under
equivalent conditions. As an example for the various dif-
fraction data recorded Fig. 3 shows the SAXS patterns of
DMPC at 35°C in the presence of various concentrations of
stigmasterol. Fig. 3 also presents the global fits (46—48) to the
scattering data, which show a good overall agreement. The
good agreement of the fit with the experimental data is a
general result and observed for all other SAXS data (not
shown). This is remarkable because of two aspects. First of
all because the applied electron density model does not in-
clude additional electron density contributions close to the
headgroup, previously observed in diffraction studies on PC/
cholesterol mixtures (26,64). Hence, their contribution to the
scattered intensity seems to be small, which justifies not
taking it into account explicitly in the applied electron density
model. The second aspect is somewhat more important. We
have applied only a single bilayer model and were able to
obtain good fits for all data. This means that the various lipid/
sterol mixtures studied appear to be in a uniform phase. We
will address this issue in the next section in more detail.

Returning to Fig. 3, we note that the Bragg peaks shifted to
lower g-values with sterol concentration concurring with the
appearance of higher order peaks. This indicates an increase
of the lamellar repeat spacing coupled to an increase order
within the lipid bilayer. These general trends are reflected in
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Fig. 4, which presents the structural parameters dg, dyw, A, and
m retrieved from the global analysis of all DMPC/sterol
mixtures. All shown binary systems exhibited a nonlinear
increase of the membrane thickness (Fig. 4 A), observed
previously in several diffraction studies on fluid bilayers in the
presence of cholesterol (62,64—66). The increase of dg can be
attributed to an ordering of the lipid hydrocarbon chains
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FIGURE 3 X-ray diffraction patterns of fully hydrated DMPC/stigmas-
terol MLVs at 35°C. Numbers to the right of the SAXS patterns indicate
stigmasterol concentration in mol %. The solid lines show the best fit to the
data applying a global analysis technique (see Materials and Methods).
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FIGURE 4 Global structural parameters of DMPC at 35°C in presence of
cholesterol (0J), sitosterol (@), and stigmasterol (A). (A) Concentration
dependence of the membrane thickness (dg). (B) Lateral area per lipid (A).
(C) Interstitial water layer (dyw). (D) Caillé parameter (7). (O) correspond to
values obtained for the pure lipid.

mainly caused by van der Waals forces between sterols and
lipids (67). Besides this universal membrane thickening in-
duced by the studied sterols, the overall extent of dg increase
is different for the various sterols and mainly visible at higher
sterol concentrations. The total amount of the bilayer thick-
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ening is ~5 A for cholesterol, but only ~4 A and ~3 A for
sito- and stigmasterol, respectively. Similarly, we found that
the bilayer condensation as evidenced by the area per lipid
was more pronounced in the presence of cholesterol than in
the presence of the two plant sterols (Fig. 4 B). Again the
effect appears to be less pronounced for stigmasterol than for
sitosterol. Due the condensation of the lipid bilayer we ex-
pected an increase of the bending rigidity (31) that would lead
to a decrease of the bilayer separation and the bending fluc-
tuations. Indeed, we observed both effects (Fig. 4, C and D)
again following the order cholesterol > sitosterol > stigmas-
terol with respect to their effectiveness. Apparently, there
seems to be a slight difference in the behavior of dy and n on
the sterol concentration and the fluctuations are found to be
much more reduced than the bilayer separation. Previously,
we made the experience that dy is much more sensitive to
bilayer interactions than 1 (49). With respect to the quantita-
tive dependence on xs, dw should be therefore more reliable
than 7. We stress, however, that qualitatively both parameters
decrease and show the same qualitative differences between
the various sterols, which can be understood as an effect of
reduced bilayer flexibility. Rigidification of the bilayer due to
the condensation effect of sterols can be also observed in terms
of the sound velocity number and the specific partial adiabatic
compressibility (68,69). We found an increase of [#] and a
decrease of ¢, as a function of sterol content for all three ste-
rols (Fig. 5). However, no differential effects could be ob-
served for the three sterols, most likely due to instrumental
limitations.

As a next step, we compared our observations for DMPC
to monounsaturated bilayers. Fig. 6 presents our results for
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FIGURE 5 Sound velocity number (A) and specific partial adiabatic
compressibility (B) for binary DMPC/cholesterol mixtures at 35°C.
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FIGURE 6 Global structural parameters of POPC at 7°C in presence of
cholesterol ([J), sitosterol (@), and stigmasterol (A). (O) correspond to
values obtained for the pure lipid. Encircled data points highlight the
structural parameters obtained in the presence of stigmasterol crystallites.

the structural parameters in POPC at 7°C. This particular
temperature was chosen to have a comparable temperature
difference to the chain melting temperature T,,, as in the case
of DMPC (T}, = —3.5°C for POPC (70)). Analogously to our
results for DMPC we found a nonlinear increase of dg, as
well as a nonlinear decrease of A (Fig. 6, A and B). In
agreement with our dilatometry results (Table 1) and several
previous reports (58,62,71) the overall condensation effect
for all sterols is, however, not as much pronounced as in the
case of DMPC. The total amount of bilayer thickening is
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~4 A for cholesterol, ~3.5 A for sitosterol and ~2.5 A for
stigmasterol. The latter value is of lower certainty due to the
formation of stigmasterol crystallites (Fig. 7). The formation
of stigmasterol precipitates was verified by repeated sample
preparations. Cholesterol is known to form precipitates in
lipid bilayers by exceeding its solubility limit (72), or by lipid
peroxidation (73). These reports suggest that, depending on
the nature of the phospholipid and the history of the sample,
the cholesterol crystallites can be in the form of cholesterol
monohydrate, anhydrous cholesterol or a mixture of both
forms. Analogously, we expect a similar scenario for stig-
masterol, because it can not fully dissolve at 40 mol % within
POPC. This is remarkable, because POPC/stigmasterol mix-
tures were prepared as all other samples using only chlo-
roform as organic solvent (see Materials and Methods).
Stigmasterol precipitation seems, therefore, to be related to a
packing incompatibility of stigmasterol with the asymmetric
and monounsaturated fatty acid chains of POPC due to the
double bond at Cp,.

Furthermore, an increase of temperature to 25°C led to an
increase of the differential condensation effects as evidenced
in Fig. 8, although stigmasterol was still not fully able to
dissolve within the POPC bilayers. Nevertheless, the order of
cholesterol > sitosterol > stigmasterol was preserved with
respect to the sterol capacity to cause ordering of the hy-
drocarbon chains. Thus, it appears that a temperature increase
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FIGURE 7 SAXS pattern of POPC in the presence of 40 mol % of
stigmasterol at 7°C. Arrows indicate the first and second order reflection of
stigmasterol monohydrate (d = 34 A). The inset shows the corresponding
WAXS pattern.



Membrane Modulation by Plant Sterols

58 : [ ; . 1
56 - | | .
® ® O
g Sar i} ® L |
0 E s
o 521 Ay AN 8 T A
ggﬁi & %
50 o |
o
L 1

1 1 1
0.0 0.1 0.2 03 04 0.5

FIGURE 8 Bilayer thickness of POPC 25°C as a function of cholesterol
(O), sitosterol (@), and stigmasterol (A) concentration. (O) corresponds to
the value obtained for the pure lipid. The circle marks the membrane
thickness obtained in the presence of stigmasterol crystallites.

enhances the differences of the sterol activities, but does not
change the above given order in their efficiency.

DISCUSSION

We have provided experimental evidence that cholesterol,
sitosterol and stigmasterol lead to different responses of
disaturated and monounsaturated lipid bilayers in the fluid
phase with respect to structural parameters and bending
fluctuations. All studied sterols lead to an increase of order
within these bilayers, well known from several previous
studies, which have mainly focused on cholesterol (43,64,
66). However, there is a subtle difference between the studied
sterols and we found the condensing effect to be less ex-
pressed for plant sterols compared to cholesterol following
the order stigmasterol << sitosterol < cholesterol. The dif-
ferential effects of the various studied sterols can be under-
stood qualitatively by the additional ethyl group on the side
chain of sitosterol, as well as the double bond and ethyl group
of stigmasterol (Fig. 1), which render the plant sterols less
flexible and as a consequence also less soluble in the bilayer
compared to cholesterol. Nevertheless, it is highly remark-
able that even the additional double bond of stigmasterol at
Cy; leads to different condensation properties compared to
sitosterol.

A previous DSC study on the impact of bulky ethyl or
methyl groups and the length of the C,; sterol side chain on
the thermotropic phase behavior concluded that the differ-
ential effects were mainly due to the sterol side chain length,
whereas the side chain structure had only minor influence
(74). In turn, using DSC, resonance energy transfer and de-
tergent-induced solubilization, Halling and Slotte (38) more
recently found that the composition of the C,; side chain is
also of significance for the sterols effects on lipid bilayer. In
this particular study the importance of double bonds in the
structure of sterol side chain has been shown and cholesterol
was found to induce tightest packing in POPC bilayers, fol-
lowed by sitosterol and stigmasterol. Most recently, Su et al.
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(40) reported similar results using dipalmitoyl PC monolay-
ers. Our present findings are in broad agreement with these
studies. Our results, however, disagree with Bernsdorff and
Winter (39), who reported that stigmasterol affects dipalmi-
toyl PC bilayers more strongly than sitosterol. This might be
due to the fluorescence probe used, which detected only the
““interaction between the rigid system of the sterols with the
upper acyl chain region of the phospholipids’ (39). As this
region is intrinsically relatively rigid their measurements may
not be very sensitive to small modifications of the alkyl side
chain of the sterols, which are located deeper toward the
center of the bilayer. Bernsdorff and Winter (39) explained
their results by smaller volume fluctuations of stigmasterol,
as compared to sitosterol, due to the rigidity of the double
bond at C,,. A double bond exhibits, however, in addition
ar-orbitals, which align normal with respect to the o-orbitals
and, therefore, extend effectively the electron cloud along the
bond. Moreover, a rigid C=C segment can be easily envi-
sioned to increase the steric repulsion amplitude of the whole
C,7 alkyl side chain by decreasing its overall packing flexi-
bility. Both effects yield toward an additional repulsion of
neighboring hydrocarbon chains and thus to a less effective
condensation property of stigmasterol, as observed in our
experiments.

Further, and again in agreement with previous studies
(58,62,63) we found that the condensing effect of cholesterol
is less expressed in unsaturated lipids than in saturated lipids.
In general, the less favorable cross-relaxation rates between
cholesterol and unsaturated chains (63) are a plausible ex-
planation for this effect. The same holds true for the two
studied plant sterols as judged from our results. Additionally,
the above given ranking is not changed and sitosterol is al-
ways less effective than cholesterol unlike the observation
made in polyunsaturated lipid mixtures of egg PC or soy bean
PC (35). Nevertheless, the differences regarding the effects
on the membrane structure and elasticity between the three
studied sterols become less pronounced (Fig. 6) and we
cannot exclude sitosterol inducing more order in polyunsat-
urated membranes than cholesterol.

Our study further shows clearly that double-bond inter-
actions have significant consequences for the solubility of
stigmasterol in POPC, and both unsaturated moieties on ei-
ther the lipid acyl chain or sterol alkyl side chain seem to be
responsible for this effect. We further note that the solubility
limit of stigmasterol in soy bean PC bilayers was reported to
be 16 mol % (35), which indicates that this effect is even
more pronounced for polyunsaturated lipids. POPC features
a cis-double bond at the Cy position of the unsaturated acyl
chain, which is inducing an inflexible ‘‘kink’’ of the chain.
On the other hand, stigmasterol has an additional double
bond at the C,, position of its alkyl side chain. Hence, the
reduced solubility may be explained by the mismatch be-
tween the trans-double bond of the sterol molecule (Ilength
~17 A) and the cis-double bond of the lipid hydrocarbon
chain as a kind of stereo-chemical packing incompatibility.
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Additionally we found that temperature has an important
influence on the condensation of the membrane by the three
studied sterols. In essence, differences in their abilities in
inducing order within the bilayer are much more enhanced at
higher temperature (Fig. 8). This can be understood by
considering the interplay between entropy and van der Waals
interactions between the hydrocarbon chains. With temper-
ature entropy within the bilayer increases, leading to more
pronounced mutual steric repulsion between the cis double-
bond of the unsaturated POPC hydrocarbon chain and the
trans double-bond on the stigmasterol side chain.

Finally, this study adds also to the discussion of binary
lipid/sterol phase diagrams. We were able to fit all SAXS data
with a single phase model. Hence, we were not able to ob-
serve a coexistence of L, and L4 phases in a certain range of
sterol concentrations proposed originally by Ipsen et al. (20)
and found in several spectroscopic studies (see, for example,
refs. (19,21)). Instead, the binary mixtures appear to be in a
uniform phase with a gradual change from L4 to L,, with sterol
concentration in agreement with recent fluorescence mi-
croscopy measurements (24,25). At first sight our findings
might not be a convincing argument in favor of a uniform
phase at all sterol concentrations, because x-ray diffraction
experiments in general report on structural properties of the
sample average and small details will get blurred, especially
if one concentrates only on the scattered intensities found in
the Bragg peaks. The global analysis technique, however,
models the full g-range, hence, taking also into account the
diffuse intensities between the peaks (48). Therefore, it is in
principle sensitive to coexisting domains with different
structural properties as shown recently for phosphatidyl-
glycerols (75). The prerequisites are, however, that the do-
mains are large, stable on the time-scale of the diffraction
experiment, differ significantly in membrane thickness and
display a sufficiently large volume fraction. In this case the
maximum difference of membrane thickness between pure
bilayers and bilayers containing 40 mol % sterol is ~5 A
(Fig. 4 A). Assuming that this corresponds to the difference in
thickness between the Ly and L, phases we should be able to
detect the coexisting domains at this data quality given an
approximate 1:1 volume fraction of the two phases. This
latter condition should be fulfilled at some point in the
studied sterol concentration range. In support of this as-
sumption, a similar difference of dg values between Ly and L,,
phases was recently reported for a ternary dioleoyl PC/
DPPC/cholesterol mixture (26). In that case, however, a clear
phase separation in form of two populations of lamellar lat-
tices has been observed. This means that the two coexisting
domains were large and stable enough to come into registry.
Obviously this is not the case for our binary lipid/cholesterol
mixtures, nor are we aware of any x-ray diffraction study
reporting coexisting lamellar lattices in such systems. Con-
sequently, even if such domains exit in our samples they are
too small and unstable to be detected. On thermodynamic
grounds this means, however, that these domains can only
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approximately be considered as phases. The correct way to
view fluid lipid/sterol mixtures would consequently be in
terms of nonrandom mixtures with compositional fluctuations
of sterol/lipid complexes, i.e., a dynamic formation and dis-
sipation of nanoscopic L, domains (23,76). Considering the
different experimental time scales, the disagreement between
the spectroscopic techniques and fluorescence microscopy or
diffraction studies can be reconciled. Spectroscopic techniques
may detect the compositional fluctuations, which get averaged
out on the larger time scales involved in diffraction experi-
ments or fluorescence microscopy.

It has not escaped our notice that in particular the area per
lipid (Fig. 4 B) shows sudden changes at ~20 mol % sterol
content. Although more experimental data in this concen-
trations regime would be needed to prove the significance of
this finding this observation compares at least for DMPC
surprisingly well with the break points observed in the partial
molecular volumes by Greenwood et al. (58). For POPC no
such break point was observed. The most appropriate ex-
planation appears to be that this marks the sterol concentra-
tion up to which the condensation takes place. Because the
volume condensation is much smaller than the area con-
densation (23), it might be difficult to be detected in dilato-
metric measurements on mono- or di-unsaturated lipid/sterol
mixtures, which are known to interact less preferentially with
sterols (58,62,63). Further, Heerklotz and Tsapatsis (23) have
shown that the volume condensation decreases significantly
with temperature. We therefore expect that dilatometric ex-
periments are able to resolve a volume condensation effect in
POPC at sufficiently low temperature. It would be further
interesting to discuss these findings in terms of the models
described in Edholm and Nagle (77), however, this is not the
intention of this study.

In conclusion, this study shows clearly that small differ-
ences in sterol structure can give rise to significant differ-
ences in membrane properties. These effects also depend on
the lipid composition (degree of hydrocarbon chain satura-
tion) and on temperature conditions. The ability of sterols
to modify membrane properties in different ways points to
the mutual interplay between sterols and membrane me-
chanical properties, and its potential relevance for evolution
(78). Their different modulation of membrane properties
suggests that the small differences in their molecular archi-
tecture are associated with their different roles in biological
systems.
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