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Crystalline Lipid Bilayers as Revealed by Dehydroergosterol Fluorescence
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ABSTRACT We have examined the fractional sterol concentration dependence of dehydroergosterol (DHE) fluorescence in
DHE/cholesterol/dimyristoyi-L-a-phosphatidylcholine (DMPC), DHE/ergosterol/DMPC and DHE/cholesterol/dipalmitoyl-L-a-
phosphatidylcholine (DPPC) liquid-crystalline bilayers. Fluorescence intensity and lifetime exhibit local minima (dips) when-
ever the total sterol mole fraction, irrespective of the DHE content, is near the critical mole fractions predicted for sterols being
regularly distributed in hexagonal superlattices. This result provides evidence that all three of these naturally occurring sterols
(e.g., cholesterol, ergosterol, and DHE) can be regularly distributed in the membrane and that the bulky tetracyclic ring of the
sterols is the cause of regular distribution. Moreover, at the critical sterol mole fractions, the steady-state anisotropy of DHE
fluorescence and the calculated rotational relaxation times exhibit distinct peaks, suggesting that membrane free volume
reaches a local minimum at critical sterol mole fractions. This, combined with the well-known sterol condensing effect on lipid
acyl chains, provides a new understanding of how variations in membrane sterol content change membrane free volume. In
addition to the fluorescence dips/peaks corresponding to hexagonal superlattices, we have observed intermediate fluores-
cence dips/peaks at concentrations predicted by the centered rectangular superlattice model. However, the 22.2 mol% dip
for centered rectangular superlattices in DHE/ergosterol/DMPC mixtures becomes diminished after long incubation (4 weeks),
whereas on the same time frame the 22.2 mol% dip in DHE/cholesterol/DMPC mixtures remains discernible, suggesting that
although all three of these sterols can be regularly distributed, subtle differences in sterol structure cause changes in lateral
sterol organization in the membrane.

INTRODUCTION

Lateral sterol organization is an important subject in mem-
brane biology (reviewed in Schroeder et al., 1991; Hui,
1993). The evidence for sterols being regularly distributed
into hexagonal superlattices in phospholipid bilayers was
first reported from our laboratory (Chong, 1994). We found
that the fractional concentration dependence of dehydroer-
gosterol (A>7*(1D-22_eroostatetraene-38-ol, DHE) fluores-
cence in the liquid-crystalline state of dimyristoyl-L-a-phos-
phatidylcholine (DMPC) multilamellar vesicles exhibits
many distinct fluorescence intensity drops (referred to as
DHE dips) at specific DHE mole fractions. Those mole
fractions match the critical sterol mole fractions predicted
by the extended hexagonal superlattice model (Tang and
Chong, 1992; Chong, 1994).

DHE is a naturally occurring fluorescent sterol (Delseth
et al., 1979), with physical and physiological properties
resembling those of ergosterol and cholesterol (Rogers et
al., 1979; Bar et al., 1989). Thus, based on the observation
of DHE dips and the physical principles underlying lipid
regular distribution that we learned from previous studies on
pyrene-labeled phospholipid bilayers (Somerharju et al.,
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1985; Chong et al.,, 1994; Sugar et al., 1994), we have
proposed a general model for sterol lateral organization in
membranes (Chong, 1994). Our model includes the follow-
ing essential elements:

1. Sterol molecules tend to be maximally separated and
thus regularly distributed in a hexagonal lipid matrix.

2. The difference in cross-sectional area between the
bulky steroid ring and the matrix phospholipid acyl chain
causes an elastic deformation in the hexagonal lipid lattice.
This deformation provides the driving force (a repulsive
interaction between bulky moieties) for maximum separa-
tion of the bulky lipids (Virtanen et al., 1988; Tang and
Chong, 1992; Sugar et al., 1994).

3. Because of thermal fluctuation, changes in vesicle
curvature, and the presence of impurities, irregular distribu-
tions always coexist with regular distributions (Tang and
Chong, 1992; Sugar et al., 1994).

4. The number of lipid molecules belonging to the regions
of regular distributions reaches a local maximum at critical
sterol mole fractions and a local minimum between two
consecutive critical sterol mole fractions (Sugar et al.,
1994).

5. Membrane free volume is more abundant in irregular
regions than in regular regions (Chong et al., 1994).

6. In the regular region, sterol molecules are not embed-
ded as deep in the bilayer as those in the irregular region.

7. The critical sterol mole fractions Y (or Y') can be
predicted from the extended hexagonal superlattice model
(Tang and Chong, 1992; Chong, 1994). When the cross-
sectional area of lipid acyl chain is greater than the cross-
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sectional area of sterol, the critical sterol mole fraction Y is
given by the equation

Y=2/(n+ nn, + nt + 1), )

where n, and n,, are two integer coordinates along the two
principal axes a and b, respectively (Somerharju et al.,
1985; Virtanen et al., 1988). When the relative sizes of the
sterol and the acyl chain cross-sectional area are reversed (at
~30 mol% sterol at 35°C for sterol/DMPC mixtures), the
critical sterol mole fraction Y' is described as (Chong,
1994)

Y =1—[2/(n + nn, + nd)]. )

The critical sterol mole fractions predicted by the original
hexagonal (Virtanen et al., 1988) and the extended hexag-
onal (Tang and Chong, 1992; Chong, 1994) superlattice
models are listed in Table 1.

Our sterol regular distribution model (Chong, 1994)
agrees with the well-known cholesterol condensing effect
on lipid acyl chains (Huang and Mason, 1982; Almeida et
al., 1992; see discussion in Chong, 1994) and is not incom-
patible with currently proposed phase diagrams (Ipsen et al.,
1987; Vist and Davis, 1990; Matteo et al., 1995; McMullen
and McElhaney, 1995; see discussion in Chong et al,
1996a). The model is not incompatible with models of
aligned sterol domains (Rogers et al., 1979) or homoge-
neous distributions (Hyslop et al., 1990) because in our
model, regular and irregular regions coexist and sterols are
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aligned (figure 2 A—C in Chong, 1994) or homogeneously
distributed (figure 2, A and B, in Chong, 1994) in the regular
region. Moreover, our model is consistent with the direct
volume measurement made by Melchior et al. (1980), who
showed several local minima and maxima in the plots of
partial specific volume versus mole fraction of cholesterol
in the liquid-crystalline state of dipalmitoyl-L-a-phosphati-
dylcholine (DPPC). Furthermore, our original findings of
evidence for regular sterol distribution have been supported
by spectroscopic data obtained from other groups (Parasassi
et al., 1995; Tang et al., 1995; Virtanen et al., 1995).
Notably, Virtanen et al. (1995) reported not only hexagonal
superlattices, but centered rectangular superlattices as well
for cholesterol lateral distribution in DMPC bilayers. The
critical sterol mole fraction, X, for centered rectangular
superlattices can be calculated by the equation (Virtanen et
al., 1995; Table 1)

X = 2/(n} + 2nn, + 1). 3)

Despite this supporting evidence, more tests are needed to
verify the physical properties implicated by the sterol reg-
ular distribution model.

In the present study we have undertaken critical tests on
the sterol regular distribution model. First, we have used
three naturally occurring sterols, i.e., DHE (a fluorescent
sterol found in a Red Sea sponge Biemna fortis; Delseth et
al., 1979), cholesterol (the dominant sterol in mammalian
cell membranes), and ergosterol (the dominant sterol in

TABLE 1 Comparison between the dips/peaks positions observed and theoretically predicted critical sterol mole fractions
corresponding to the original hexagonal, extended hexagonal, and centered rectangular superiattice models

Critical sterol mol%

Observed dip/peak positions

Original Extended Centered Anisotropy Lifetime Intensity
hexagonal* hexagonal” rectangular® peak? dip" dip**
50.0 (1,1) 50.0(0,2) 50.0(1,1) 50.0 ND 50.0
40.0 (0,2) — 40.0 (0,2) 40.0 ND 430
— 33.3(1L,1) 333 (2,1 35.0;32.0 ND 333
25.0(1,2) 25.0(1,2) — 24.6 25.0 25.3
-— — 22.2(1,2) 222 — 22.6
20.0 (0,3) 20.0 (0,3) 20.0 (0,3) 20.3 20.3 20.3
154 (2,2) 15.4 (2,2) 154(2,2) 15.8 15.8 15.8
14.3 (1,3) 14.3 (1,3) — 135 14.3 14.7
— — 12.5(1,3) 12.3 ND —
11.8 (0,4) 11.8 (0,4) 11.8 (0.4) 11.8 ND 11.8
10.0 (2,3) 10.0 (2,3) —_ 10.2 ND 10.8;9.6
9.1(1,4) 9.1(14) 9.1(2,3) — ND 9.0
— — 8.0(1,4) — ND _
7.7 (0,5) 7.7 (0,5) 7.7(0,5) — ND 7.7
7.1(3,3) 7.13,3) 7.1(3,3) — ND ND
6.9 (2,4) 6.9 (2,4) — — ND ND
6.3 (1,5) 6.3 (1,5) — — ND ND
— — 6.1(24) 6.0 ND ND

*The values of critical sterol mol% were calculated from Eq. 1 with n,, n, values indicated within the parentheses.
#The values were calculated from Eq. 1 (for <30 mol%) and Eq. 2 (for >30 mol%).

$The values were calculated from Eq. 3.
¥The values were taken from Fig. 6.
IThe values were taken from Fig. 5 A.
**The values were taken from Fig. 4.

ND, Not determined. The dash means that the expected dips/peaks were not found.
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fungal cell membranes), as membrane components to test
the idea that the rigid and bulky tetracyclic ring of the sterol
is the cause of sterol regular distribution in phospholipid
matrix. Second, we have used the lifetime data of DHE
fluorescence to verify the model that, in the regular region,
sterols are not embedded as deep in the bilayer as those in
the irregular region. Third, we have measured the sterol
concentration dependence of steady-state anisotropy of
DHE fluorescence in DHE/cholestero/DMPC, DHE/cho-
lesterol/DPPC, and DHE/ergosterol/DMPC mixtures to test
the idea that membrane free volume reaches a local mini-
mum at critical sterol mole fractions. Our lifetime, anisot-
ropy, and intensity data all reveal peculiar behaviors at
critical sterol mole fractions, showing that this kind of
fluorescence evidence for sterol regular distribution exists
not only in two-component (Chong, 1994; Virtanen et al.,
1995; Parassasi et al., 1995; Chong, 1996; Chong et al.,
1996a,b) but also in three-component membranes, irrespec-
tive of the type of sterols. Fourth, we have determined the
reproducibilities, stabilities, and fluctuations of DHE dip
positions at different sample incubation times. Last, we
found that sterols can be arranged in hexagonal or centered
rectangular superlattices. However, some centered rectan-
gular superlattices are metastable relative to hexagonal su-
perlattices in DHE/ergosterol/DMPC mixtures; in contrast,
this metastability is not obvious in DHE/cholesterol/DMPC
mixtures, suggesting that subtle differences in sterol con-
formations cause changes in sterol lateral organization in
membranes. Based on these new findings and our earlier
works on sterol regular distribution (Chong, 1994, 1996;
Chong et al., 1996a,b), a putative functional role of mem-
brane sterol content is proposed.

MATERIALS AND METHODS
Materials

DHE and cholesterol were obtained from Sigma (St. Louis, MO). Ergos-
terol was obtained from Matreya (Pleasant, PA). Cholesterol and ergosterol
were recrystalized from ethanol. DHE was purified by high-performance
liquid chromatography with a C-18 reverse-phase column (3.9 mm X 150
mm, u-Bondapak; Millipore, Marlboro, MA), using methanol/acetonitrile
(67:33, v/v) as the mobile phase. DMPC and DPPC were purchased from
Avanti Polar Lipids (Alabaster, AL) and used as such. The concentration of
DHE was determined using an extinction coefficient at 326 nm equal to
10,600 M~' cm™' (in dioxane) (Muczynski and Stahl, 1983). The phos-
pholipid concentration was determined by the method of Bartlett (1959).

Preparation of liposomes

Appropriate amounts of sterols and phospholipids were first mixed in
chloroform. The mixture was then dried under nitrogen in microtubes
(Perfector Scientific, Atascadero, CA) and placed under high vacuum
overnight. The dried mixtures were suspended in 10 mM Tris at pH 7.5.
The dispersion was vortexed for 3 min at temperatures (~40°C for DMPC
and 56°C for DPPC) well above the main phase transition temperatures of
the matrix phospholipids. The samples were cooled to 4°C for 30 min and
then incubated at 40°C for 30 min for vesicles containing DMPC or at 56°C
for 30 min for vesicles containing DPPC. This cooling/heating cycle was
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repeated two more times. Finally, the samples were stored at room tem-
perature (~25°C) for at least 4 days before fluorescence measurements.

Note that heating/cooling cycles and long incubation have frequently
been used in liposome preparations for calorimetric studies (e.g., Lin and
Huang, 1988; Mason, 1994). This protocol provides a means of evenly
distributing membrane components among lipid multilayers and attaining
an equilibrium distribution of molecules within each monolayer. Since
1987 our laboratory has routinely used this protocol to prepare lipid
vesicles for fluorescence studies (e.g., Kao et al., 1990). Furthermore, when
we studied the PyrPC (1-palmitoyl-2-(10-pyrenyl)decanoyl-sn-glycerol-3-
phosphatidylcholine) concentration dependence of excimer/monomer
(E/M) in 1991-92, we conducted the experiment at small PyrPC concen-
tration intervals (~0.5-1.0 mol%) over a wide concentration range, in an
attempt to improve the global analysis of PyrPC fluorescence data (Sugar
et al., 1991). Because we employed cooling/heating cycles and long incu-
bation and small concentration intervals, we observed E/M dips (Tang and
Chong, 1992). Using these procedures, we also discovered DHE fluores-
cence intensity dips (Chong, 1994) and diphenylhexatriene (DPH) fluores-
cence polarization peaks (Chong, 1996; Chong et al., 1996a) at critical
sterol mole fractions. Without these procedures, smooth variations of
fluorescence parameters with sterol concentration were previously reported
by others (e.g., Schroeder et al., 1987).

Fluorescence measurements

Fluorescence intensity measurements were made with an SLM DMX-1000
fluorometer (SLM Instruments, Urbana, IL). Samples were excited at 325
nm with a 2-nm bandpath. The emission was observed through a mono-
chromator with an 8-nm bandpath. The concentration of lipids used for
fluorescence measurements was ~2 mM. Blank readings from vesicles in
the absence of DHE were negligible.

Steady-state anisotropy measurements were made on an ISS K2 flu-
orometer (ISS, Champaign, IL) using an L-format optical arrangement. The
excitation wavelength used was 325 nm, with a bandwidth of 8 nm.
Emission was collected through a Schott KV389 cutoff filter. Blank read-
ings from membranes without probes were subtracted from the sample
readings.

Fluorescence lifetimes were determined by using an ISS K2 phase-
modulation fluorometer. The light source was a He-Cd laser (model
4240NB; LiConix, Sunnyvale, CA). The excitation used was 325 nm. The
excitation polarizer was set at 35°C with respect to the vertical plane, and
no emission polarizer was used. Phase and modulation values were deter-
mined relative to a p-bis[2-(5-phenyloxazolyl)]benzene (POPOP) (in eth-
anol) reference solution, which has a lifetime of 1.35 ns (Lakowicz et al.,
1981) at 325-nm excitation. A Schott KV-389 cutoff fiiter was used for
DHE emission intensity decay measurements. The emission decay data
were analyzed with the software provided by ISS. For all of the fluores-
cence measurements, the temperature of the sample was controlled by a
circulating bath.

RESULTS

Effect of total sterol content on DHE
intensity dips

Fig. 1, A and B, shows the fractional sterol concentration
dependence of dehydroergosterol (DHE) fluorescence in-
tensity in DHE/ergosterol/DMPC multilamellar vesicles at
35°C. When the mol% of DHE was fixed at 5 mol%, two
major DHE dips (indicated by arrows in Fig. 1 A) were
observed at 20.0 and 25.6 mol% total sterol in the concen-
tration range examined (17-28 mol%). Sterol total mol% =
mol% DHE + mol% ergosterol. These two concentrations
are close to the critical sterol mole fractions (i.e., 20 and 25
mol%, Table 1) predicted for sterols regularly distributed in
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FIGURE 1 Sterol concentration 3y A
dependencies of DHE fluorescence
intensity (measured at 35°C while
stirring) in DHE/ergostero/DMPC 18
(A and B) and DHE/cholesterol/
DMPC (B and C) multilamellar ves-
icles. Fluorescence intensity was
measured from 350 to 450 nm. DHE
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hexagonal superlattices (Chong, 1994) (note from Table 1
that 20 mol% is also a critical sterol mole fraction predicted
by the centered rectangular model; Virtanen et al., 1995).
When DHE was lowered to 0.5 mol%, two distinct DHE
intensity dips were still observed at similar positions, i.e.,
20.3 and 25.6 mol% total sterol (indicated by arrows in Fig.
1 B). Comparing these dips with the 20 and 25 mol% DHE
dips previously observed from DHE/DMPC binary mixtures
(Chong, 1994), it becomes apparent that the mixing ratio of
DHE (fluorescent) to ergosterol (nonfluorescent) is unim-
portant for generating DHE dips. As long as the total sterol
content is near the critical mole fraction, a distinct DHE
intensity dip is observed. The observation that DHE dips are
still clearly observable when the mole fraction of DHE is
lowered from 5 to 0.5 mol% (Fig. 1 B) indicates that the
original findings of DHE dips (Chong, 1994) are not a
fluorescence artifact due to the use of high DHE mole
fractions.

Fig. 1, C and D, shows a similar effect in DHE/choles-
tero/DMPC multilamellar vesicles at 35°C. In this case,
sterol total mol% = mol% DHE + mol% cholesterol. When
the DHE content was fixed at 5 mol%, four prominent
intensity dips were noticed at 19.6, 22.0, 24.3, and 26.0
mol% total sterol in the concentration range examined (Fig.
1 ©). Similar dips were detected at 20.6, 22.5, 24.3, and 26.0
mol% total sterol when the DHE content was lowered to 0.5
mol% (Fig. 1 D). The dips near 25 and 22 mol% can be
attributed to the formation of hexagonal superlattices and
centered rectangular superlattices, respectively (Table 1).
The dip near 20 mol% can be predicted by either the
hexagonal or the centered rectangular superlattice model
(Table 1). The physical origin of the small dip at ~26 mol%
is not clear.

Stability of DHE intensity dips

Fig. 2 A shows DHE intensity dips (indicated by arrows)
obtained from DHE/ergostero/DMPC mixtures incubated

00 150 15 200 225 250 215 300

26.0 275

mol% of total sterol

at room temperature (~25°C) for 7 days. The dips at 15.4
and 20.0 mol% total sterol are expected from either the
hexagonal or the centered rectangular superlattice model,
whereas the dip at 22.6 mol% is close to the critical sterol
mole fraction of 22.2 mol%, predicted only from the cen-
tered rectangular superlattice model, and the 25.0 mol% dip
is predicted only from the hexagonal superlattice model
(Table 1). Interestingly, after a prolonged incubation at
room temperature (4 weeks), the 22.6 mol% dip disappears
and only the dips resulting from hexagonal superlattices
(e.g., 15.4, 20.0, and 25.0 mol%) are retained (Fig. 2 B).
Apparently, in DHE/ergostero/DMPC mixtures, the cen-
tered rectangular superlattices corresponding to the 22.2
mol% dip are metastable. Similar results were observed in
DHE/DMPC mixtures (Chong, unpublished results).
However, the effect of vesicle incubation on DHE dips in
DHE/cholestero/DMPC mixtures is different from that in
DHE/ergosterol/DMPC mixtures. Fig. 2 C shows the DHE
intensity dips obtained from DHE/cholestero/DMPC mix-
tures using the samples incubated at room temperature for 7
days. Four local minima (e.g., 19.3, 21.5, 25.3, and 26.5
mol%, indicated by arrows in Fig. 2 C) were detected.
These minima, including the dip at ~22 mol%, remained
distinctly discernible after 4 weeks of incubation at room
temperature (Fig. 2 D). This result suggests that in DHE/
cholestero/DMPC mixtures and within the time frame of 4
weeks, both centered rectangular and hexagonal superlat-
tices are stable, a result in contrast to that obtained from
DHE/ergostero/DMPC (Fig. 2, A and B).

Reproducibility of DHE intensity dips

As shown in Figs. 1 and 2, in the range of 17-28 mol% total
sterol, DHE intensity dips can be detected in the neighbor-
hood of 20, 22.2, 25, and 26.5 mol% total sterol in both
DHE/ergosterol/DMPC and DHE/cholesterol/DMPC mix-
tures. However, the reproducibilities of each of these four
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dips may depend on the incubation time (Table 2). For
example, the DHE intensity dips in the neighborhood of 20
and 25 mol% total sterol in DHE/ergosterol/DMPC mix-
tures are always detectable (from 13 sets of independently
prepared samples) regardless of incubation time. However,
the reproducibilities of the dips in the neighborhood of 22.2
and 26.5 mol% total sterol are dependent upon the incuba-
tion time. The reproducibilities of these two dips are less
than 23% for the samples incubated at room temperature for
7 days, and become even lower after 28 days’ incubation,
with a virtually zero reproducibility for the 22.2 mol% dip.
In contrast, the reproducibility of the 22.2 mol% dip in
DHE/cholestero/DMPC mixtures is near 100%, irrespec-
tive of incubation time (Table 2). As in the case of DHE/
ergosterol/DMPC, the reproducibilities of the dips in the
neighborhood of 20 and 25 mol% total sterol in DHE/
cholestero/DMPC mixtures are near 100% (determined
from 16 sets of independently prepared samples).

Fluctuations of DHE intensity dip positions

Fig. 3, B and D, shows the fluctuations of the dip positions
in the neighborhood of 20 and 25 mol% total sterol, respec-

mol% of total sterol

tively, in DHE/ergosterol/DMPC mixtures. More precisely,
DHE intensity dips were measured at 19.3, 19.6, 20.0, 20.3,
20.6 and at 24.3, 24.6, 25.0, 25.3, 25.6 mol% total sterol.
The frequency of appearance (%) of dips at these particular
total sterol concentrations was determined from 13 sets of
independently prepared samples. DHE dips are not always
observed exactly at the critical sterol mole fractions pre-
dicted by the hexagonal or the centered rectangular super-
lattice model. However, the distributions of the dip posi-
tions are centered around the predicted critical sterol mole
fractions, i.e., 20 and 25 mol%. The distribution appears to
be random, with a small fluctuation of <0.4 mol%. Similar
results were obtained from 16 sets of DHE/cholesterol/
DMPC mixtures (Fig. 3, A and C). The fluctuations of the
dip positions are believed to result from experimental errors,
such as those occurring in lipid concentration determina-
tions and the control of sample thermal history.

DHE intensity dips over a wide range of
sterol concentrations

Fig. 4 shows that DHE intensity dips were observable at 7.7,
9.0, 9.6, 10.8, 11.8, 14.7, 15.8, 20.3, 22.6, 25.3, 33.3, 43.0,

TABLE 2 Reproducibility of DHE intensity dips measured at 35°C

Reproducibility
DHE dip in the
neighborhood of 7 days 28 days
mol% of total sterol DHE/Erg/DMPC* DHE/Cho/DMPC* DHE/Erg/DMPC* DHE/Chol/DMPC*

20 100% 100% 100% 100%
222 23% 100% 0 100%
25 100% 100% 100% 100%
26.5 15% 37% 7% 6%

*The data were determined from 13 sets of independently prepared samples incubated at room temperature.
*The data were determined from 16 sets of independently prepared samples incubated at room temperature.
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dips observed in the neighborhood of 20 (4
and B) and 25 (C and D) mol% total sterol in
DHE/cholestero/DMPC (A and C) and
DHE/ergosterol/DMPC (B and D) mixtures.
The frequency of appearance of dips was
determined from 13 independently prepared
samples for B and D and from 16 samples for
A and C. The height of the column represents
the frequency of appearance of the dip at the
sterol concentration indicated underneath.
The sample incubation time was 28 days.
The average dip positions and their standard
deviations were (A) 20.0 = 0.32 mol%, (B)
20.0 = 0.39 mol%, (C) 25.1 * 0.33 mol%, =Y
and (D) 25.0 * 0.37 mol% total sterol. 10
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and 50.0 mol% total sterol in DHE (fixed at 0.5 mol%)/
cholesterol/DMPC bilayers at 35°C. These dips are in good
agreement with the critical sterol mole fractions predicted
by either the hexagonal or centered rectangular superlattice
model (Table 1). Despite a 3 mol% deviation, the 43 mol%
dip is still considered to be in good agreement with the
theoretical value (40 mol%) because this dip region is
broad. The overall intensity profile, in the range of 8-53
mol% total sterol, is similar to that obtained from DHE/
DMPC mixtures (Chong, 1994), except that the dips at 33.3
and 50.0 mol% total sterol (Fig. 3) are not so shallow and
broad as those in DHE/DMPC mixtures (Chong, 1994).
Another point is that a dip at ~40 mol% was not observed
in DHE/DMPC mixtures after the samples were incubated
at room temperature for 14 days (Chong, 1994). In contrast,
a broad dip at ~43.0 mol% is clearly discernible in DHE/

o
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FIGURE 4 Effect of total sterol content on the DHE fluorescence inten-
sity (measured at 35°C) at 378 nm in DHE/cholestero/DMPC mixtures
with DHE fixed at 0.5 mol%. The sample incubation time was 28 days.
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cholesterol/DMPC mixtures (Fig. 4), even after the samples
are incubated at room temperature for 4 weeks. According
to the calculated critical concentrations (Table 1), one
would expect a single dip at 10 mol%, whereas in Fig. 4 two
dips close to 10 mol% were detected, one at 9.6 mol% and
the other at 10.8 mol%. The physical origin of the extra dip
is not clear. This, however, does not affect the conclusion on
the formation of sterol superlattices, because for the purpose
of comparison between the theoretical and observed values,
the dips in the low concentration region (<11 mol%) are not
as useful as those in the intermediate concentration region
(17-55 mol% sterol) (Chong, 1994). The dips in the inter-
mediate concentration region are more separated and can
more easily be recognized.

DHE lifetime dips

The emission decay of DHE fluorescence in DHE (fixed at
0.5 mol%)/ergostero/DMPC and in DHE (fixed at 0.5
mol%)/cholestero/DMPC multilamellar vesicles at 35°C
was determined by phase and modulation measurements
using modulation frequencies ranging from 30 to 200 MHz.
The data are best fit by a two-exponential decay law: F(f) =
a, exp(—t'T) + oy exp(—#/T,), where ; and 7; are the
preexponential factor and lifetime, respectively, for the ith
component. The fitted decay parameters obtained from
DHE/ergosterol/DMPC mixtures, along with the target
function values, X2, at the end of each optimization, are
listed in Table 3, where f; is the fraction of the total fluo-
rescence intensity derived from the ith component (f; =
a;r/(a;7, + a,m,) and £, = 1 — f}) and (7) is the average
lifetime calculated from the equation (1) = f;7; + f,7,. The
average lifetime of DHE fluorescence exhibits sharp dips at
14.3, 15.8, 20.3, and 25.0 mol% total sterol in DHE/ergos-
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TABLE 3 Fitted decay parameters of DHE fluorescence in DHE/ergosterol/DMPC multilamellar (with DHE fixed at 0.5 mol%)

vesicles at 35°C

Mol% of
total sterol 7, (ns) fi a, T, (ns) X (1) (ns)
11.3 0.71 £ 0.02 0.64 = 0.01 0.85 2.30 = 0.07 378 1.28 *0.04
12.3 0.53 = 0.04 0.42 + 0.05 0.69 1.67 = 0.12 2.94 1.19 = 0.11
13.5 0.63 + 0.04 0.54 = 0.05 0.78 1.87 = 0.19 3.89 1.20 = 0.13
14.0 1.43 = 0.09 0.68 + 0.07 042 049 * 0.07 2.96 1.13 = 0.12
14.3 0.76 = 0.14 0.70 = 0.23 0.80 1.92 £ 0.22 2.32 1.11 = 0.49
14.7 1.24 = 0.03 0.69 * 0.07 0.46 0.48 = 0.26 2.75 1.00 £ 0.13
154 0.93 = 0.07 0.77 £ 0.14 0.88 213+ 0.65 2.98 1.21 £ 0.36
15.8 1.14 = 0.06 0.88 + 0.08 0.66 0.32 £0.19 4.68 1.04 = 0.11
16.2 0.81 = 0.06 0.63 = 0.11 0.84 1.87 = 0.70 2.00 1.20 £ 0.35
17.6 0.78 * 0.06 0.71 £0.13 0.88 2.20 = 0.53 3.63 1.19 > 0.34
19.0 1.41 = 0.12 0.73 £ 0.12 0.54 0.62 +0.10 1.74 1.20 £ 0.21
19.3 0.63 * 0.05 0.48 * 0.07 0.71 1.71 = 0.19 3.46 1.19 = 0.16
19.6 047 £ 0.18 0.28 + 0.02 0.57 1.59 + 0.02 4.84 1.28 = 0.06
20.0 0.51 = 0.06 0.35 = 0.06 0.72 1.34 = 0.01 4.44 1.05 = 0.09
20.3 1.21 £ 0.08 0.79 = 0.08 0.55 0.39 = 0.12 3.25 1.04 + 0.12
20.6 1.21 = 0.05 0.85 = 0.04 0.56 0.28 + 0.13 4.55 1.07 £ 0.07
21.0 1.40 = 0.67 0.74 = 0.06 0.52 0.53 £ 0.04 3.20 1.17 = 0.50
21.8 1.48 + 0.08 0.74 = 0.04 0.50 0.52 £ 0.04 5.28 1.23 = 0.09
22.6 0.57 = 0.02 0.48 + 0.02 0.75 1.86 = 0.10 2.59 1.24 = 0.07
24.0 0.88 = 0.08 0.51 £ 0.11 0.68 1.78 = 0.16 2.23 1.32 £ 0.24
24.3 0.75 £ 0.07 0.53 = 0.11 0.74 1.85 = 0.07 4.24 1.27 = 0.23
24.6 1.28 = 0.07 0.82 = 0.07 0.59 041 £0.13 4.78 1.12 = 0.11
25.0 0.61 = 0.07 0.56 + 0.11 0.76 1.58 = 0.37 2.35 1.04 = 0.25
25.6 1.43 + 0.01 0.65 = 0.01 0.48 0.69 £ 0.49 2.13 1.17 = 0.17
26.2 0.86 + 0.06 0.69 + 0.07 0.87 253 +0.13 5.58 1.38 = 0.20
272 0.88 + 0.03 0.70 + 0.04 0.87 2.49 + 0.03 1.25 1.36 = 0.11

terol/DMPC mixtures (indicated by arrows in Fig. 5 A) and
at 20.3, 22.6 and 24.6 mol% total sterol in DHE/cholesterol/
DMPC mixtures (Fig. 5 B). These mole fractions are iden-
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FIGURE 5 Effect of total sterol mole fraction on the average lifetime
(measured at 35°C) of DHE fluorescence, (7), in (A) DHE/ergosterol/
DMPC and (B) DHE/cholesterol/DMPC mixtures. DHE was fixed at 0.5
mol%. The sample incubation time was 33 days.

tical or close to the theoretical values predicted for sterol
regular distribution in hexagonal or centered rectangular
superlattices (Table 1). No DHE fluorescence lifetime dip
was observed at 22.2 mol% in DHE/ergosterol/DMPC mix-
tures (Fig. 5 A). This is consistent with the observation that
under the similar incubation conditions (28-33 days at
room temperature), no DHE intensity dip at 22.2 mol% total
sterol was observed (Fig. 2 D), possibly because the cen-
tered rectangular superlattice at 22.2 mol% is metastable, as
discussed earlier.

DHE anisotropy peaks

Fig. 6 shows the effect of total sterol content on the steady-
state anisotropy of DHE fluorescence (measured at 35°C) in
DHE (fixed at 3 mol%)/cholesterol/DMPC multilamellar
vesicles. Local maxima were detected at 6.0, 10.2, 11.8,
12.3, 13.5, 15.8, 20.3, 22.2, 24.6, 26.5, 32.0, 35.0, 40.0, and
50 mol% total sterol, as indicated by arrows in Fig. 6. These
mole fractions, except for 26.5 mol%, match the theoreti-
cally predicted critical mole fractions for sterol regular
distribution in either hexagonal or centered rectangular su-
perlattices (Table 1). Peaks at 29.2 and 19.0 mol% (Fig. 6)
are not considered real peaks because their peak heights are
significantly smaller than the experimental errors. More-
over, according to the calculated critical concentrations
(Table 1), one would expect a single peak at 33.3 mol%,
whereas in Fig. 6 two peaks were detected, one at 32.0 and
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FIGURE 6 Effect of total sterol content on the steady-state anisotropy of
DHE fluorescence (measured at 35°C) in DHE/cholestero/DMPC mix-
tures with DHE fixed at 3 mol%. The sample incubation time was 14 days.

the other at 35.0 mol%. Although we do not know the
physical origin of the extra peak, these two observed peak
positions are fairly close to the predicted critical sterol mole
fraction, i.e., 33.3 mol%.

When the DHE content is lowered from 3 mol% to 0.5
mol% in DHE/cholestero/DMPC mixtures, the anisotropy
maximum is still observable, as illustrated by the 19.6 mol%
peak shown in Fig. 7 A. This result indicates that an anisot-
ropy peak appears as long as the total sterol mole fraction

0.30
028 | A
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014
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FIGURE 7 (A) Steady-state anisotropy (measured at 35°C) of DHE
fluorescence in the neighborhood of 20 mol% total sterol in DHE/choles-
terol/DMPC mixtures with DHE fixed at 0.5 mol%. The sample incubation
time was ~6 weeks. (B) Rotational relaxation times, p, of DHE as a
function of total sterol content. p was calculated from the steady-state
anisotropy values, r, shown in A and the average lifetime values listed in
Table 3, from the Perrin equation p = (7)/[(r,/r) — 1], where the lower
limiting anisotropy r, = 0.37.
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reaches the critical concentrations, irrespective of the DHE
content. Using the anisotropy data shown in Fig. 7 A and the
average lifetimes presented in Table 3 and assuming that the
emission decay is single exponential and that the fluoro-
phore is spherical, we have calculated the rotational relax-
ation times, p, of DHE at different total sterol mole fractions
(Fig. 7 B) using the Perrin equation (Perrin, 1936) p =
(D/(rg/r) — 1], where r is the measured steady-state an-
isotropy and r, is the limiting anisotropy (r, = 0.37; Chong
and Thompson, 1986). The rotational relaxation time of
DHE reaches a local maximum at 19.6 mol% total sterol, a
concentration close to the critical sterol mole fraction of 20
mol%. Although the above assumptions are an oversimpli-
fication, the rotational relaxation times are useful for the
purpose of comparison, showing the rotational rate of DHE
reaching a local minimum at critical sterol mole fractions.

DHE anisotropy peaks also occur in the liquid-crystalline
state of DHE (fixed at 0.5 mol%)/cholesterol/DPPC bilayers
(Fig. 8). In this system, major anisotropy peaks were de-
tected at 20.3, 22.3, 24.6, and 26.0 mol% total sterol at
56°C. This is the first time that fluorescence peaks/dips
were detected near the critical sterol mole fractions when
DPPC was the matrix lipid. This result agrees with our
earlier prediction that cholesterol tends to be surrounded by
the matrix DPPC lipids (Sugar et al., 1991), because differ-
ential scanning calorimetric data for cholesterol in DPPC
vesicles showed a negative deviation from ideality (Mabrey
et al., 1978).

DISCUSSION

Regular distribution of fluorescent lipid analogs in liquid-
crystalline phospholipid bilayers has previously been re-
ported in PyrPC/PC (phosphatidylcholine) (Somerharju et
al., 1985; Kinnunen et al., 1987; Tang and Chong, 1992)
and DHE/PC (Chong, 1994; Chong et al., 1996a,b) mem-
brane systems. Both the pyrene moiety of PyrPC and the
tetracyclic ring of DHE are bulky and rigid. Thus the
similarity in the behavior of lipid lateral organization be-
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FIGURE 8 Effect of total sterol content on the steady-state anisotropy of
DHE fluorescence (measured at 56°C) in DHE/cholesterol/DPPC multila-
mellar vesicles with DHE fixed at 0.5 mol%. The sample incubation time
was 14 days.
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tween PyrPC/DMPC and DHE/DMPC suggests a general
phenomenon. That is, guest lipid molecules with a cross-
sectional area significantly larger (or smaller) than the
cross-sectional area of the acyl chain in the matrix lipid tend
to maximally separate and form regularly distributed pat-
terns. Because DHE resembles cholesterol and ergosterol in
possessing a rigid tetracyclic ring, we expect that, in bilay-
ers composed of DHE/cholesterol/PC or DHE/ergosterol/
PC, a DHE dip is observable whenever the mole fraction of
the total sterol is at a critical sterol mole fraction, regardless
of the ratio of DHE to cholesterol or the ratio of DHE to
ergosterol. Our present data (Figs. 1, 6, and 7) showed that
this is indeed the case. Despite the subtle differences in
sterol conformations among DHE, ergosterol, and choles-
terol, fluorescence intensity dips and anisotropy peaks are
observable in DHE/cholestero/DMPC, DHE/ergosterol/
DMPC, and DHE/cholesterol/DPPC mixtures whenever the
total sterol mole fraction is close to the critical mole frac-
tions predicted for sterols regularly distributed into super-
lattices (Table 1). This supports the idea (Chong, 1994) that
sterols are regularly distributed because of the presence of a
bulky and rigid tetracyclic ring.

Although DHE, ergosterol, and cholesterol can be regu-
larly distributed in liquid-crystalline DMPC and DPPC bi-
layers (Figs. 1, 2, 4-8), subtle differences in sterol struc-
tures cause changes in the molecular details of sterol lateral
organization. For example, in addition to the fluorescence
dips corresponding to hexagonal superlattices, we have ob-
served intermediate dips at concentrations corresponding to
centered rectangular superlattices (e.g., the 22.2 mol% dip;
Table 1). However, the 22.2 mol% dip in DHE/ergosterol/
DMPC mixtures becomes diminished after a long incuba-
tion (~28 days) at room temperature (Fig. 2), whereas the
same dip in DHE/cholestero/DMPC mixtures remains dis-
cernible after a long incubation. Apparently, in DHE/ergos-
tero/DMPC mixtures, the centered rectangular superlattice
detected at 22.2 mol% is metastable. Similar phenomena
were noticed in DHE/DMPC binary mixtures, from which a
shallow intermediate dip between two sharp DHE dips at 20
and 25 mol% was detectable for samples incubated for 2
days at room temperature; but this intermediate dip disap-
peared after a much longer incubation (Chong, unpublished
results). Furthermore, in DHE/DMPC binary mixtures, a 40
mol% dip was not detectable after 14 days’ incubation,
whereas the 33 and 51 mol% dips were discernible (Chong,
1994). Because of the lack of a 40 mol% dip, it was
determined (Chong, 1994) that the extended hexagonal su-
perlattice model best describes the sterol lateral organiza-
tion in DHE/DMPC mixtures. In contrast, our present study
indicated that, in DHE/cholesterol/phosphatidylcholine
mixtures, the 22.2 mol% DHE intensity/lifetime dips and
the 40 mol% anisotropy peak were clearly discernible, even
for samples incubated for more than 2 weeks (Figs. 2 and
4-8). Thus lateral organization models derived from cho-
lesterol/PC bilayers (e.g., Virtanen et al., 1995) are not
necessarily applicable to DHE/PC or ergosterol/PC bilayers.
However, our data do agree with the results of Virtanen et
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al. (1995) in that both hexagonal and centered rectangular
superlattices are required to describe the lateral organization
of cholesterol in PC bilayers. This means that, at critical
concentrations that are characteristic of both hexagonal and
centered rectangular superlattices, two types of regular dis-
tributions may coexist.

The finding that subtleties in the differences of sterol
chemical structures lead to differences in sterol lateral or-
ganization is new and may be biologically important. Sub-
tleties in the differences of sterol chemical structures have
previously been related to other physical properties of ste-
rols in cells and in lipid bilayers. For example, lanosterol is
more mobile in lipid bilayers than cholesterol (Yeagle et al.,
1977) because the a-methyl group at the C-14 position in
the tetracyclic ring of lanosterol prevents the close contact
between the sn-1 acyl chain of the phospholipid and the
a-face of the lanosterol ring system (Huang and Mason,
1982). Kan and Bittman (1991) showed that sitosterol and
cholesterol have different spontaneous rates of sterol ex-
change between bilayers, with the rate impeded by the
24a-ethyl group of sitosterol. Chen and Bittman (1977)
demonstrated that the antifungal drug amphotericin B
(AmB) binds faster to ergosterol than to cholesterol in
DMPC vesicles because of the presence of the A7 double
bond in ergosterol. Recently, Haynes et al. (1996) demon-
strated the lack of the AmB-induced second phase from the
AmB-resistant C. neoformans strains in the time profile of
1-[4-(trimethylammonia)phenyl]-6-phenylhexa-1,3,5-triene
(TMA-DPH) fluorescence intensity, suggesting that the
AmB-resistant strain is not able to form transmembrane
pores because the AmB-resistant strain contains an aberrant
A3 (instead of the normal A”) double bond in its ergosterol
(Kelley et al., 1994). All of these findings echo the idea
previously proposed by Yeagle (1993) that although sterols
play analogous roles from one type of cell to another,
different cells have different sterol structures to provide a
finely tuned recognition system for biological purposes.

In the sterol regular distribution model (Chong, 1994), we
postulated that, in the regular region, sterol molecules are
not embedded as deep in the bilayer. As a result, sterol
molecules in the regular region are expected to experience a
higher dielectric constant than sterol molecules in the irreg-
ular region. If so, both intensity and lifetime of DHE fluo-
rescence should reach a local minimum (a dip) at critical
sterol mole fractions because DHE fluorescence is known to
decrease with increasing dielectric constant of the medium
(Schroeder et al., 1987) and because the size of the regular
region reaches a local maximum at critical mole fractions
(Sugar et al., 1994). This assertion is fully supported by the
DHE intensity (Figs. 1, 2, and 4) and lifetime (Fig. 5) data
presented in this study. Both parameters display a local
minimum at critical sterol mole fractions (Table 1). Note
that this assertion has previously been supported by the
acrylamide quenching of DHE fluorescence in DHE/DMPC
mixtures (Chong et al., 1996a,b). The quenching rate con-
stant was found to reach a local maximum at critical sterol
mole fractions, indicating that DHE becomes more acces-
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sible to the water-soluble quencher, acrylamide, at critical
mole fractions.

Membrane cholesterol content is known to affect a num-
ber of cellular membrane activities, including endocytosis
(Heiniger et al., 1976), lymphocyte capping (Hoover et al.,
1983), cell adhesion (Broadley et al., 1991), platelet aggre-
gation (Mcleod et al., 1982), the activities of membrane-
bound proteins (e.g., Whetton and Houslay, 1983), and the
infectivities of retrovirus (Pal et al., 1983). These effects
have frequently been interpreted to be a result of choles-
terol-induced changes in membrane fluidity. “Membrane
fluidity” is a term that denotes the structural and dynamic
properties (membrane order and rates of motion, respec-
tively) that determine the motions of molecules in the mem-
brane. Because motions of molecules in the membrane
require membrane free volume and because the fluidity of a
liquid is a strong function of volume (Bingham and Kinney,
1940), “membrane fluidity” may be better referred to as the
free volume available for the motions of molecules in the
membrane. Therefore, to improve our understanding of the
structure-function relationship of membrane cholesterol, it
is necessary to understand how variations in membrane
cholesterol content change membrane free volume.

Our previous pressure study (Chong et al., 1994) showed
that the membrane free volume reaches a local minimum at
critical PyrPC mole fractions in DMPC vesicles. Further-
more, computer simulation data (Sugar et al., 1994) showed
that regular and irregular regions coexist and that the ratio
of the regular to irregular areas reaches a local maximum at
critical mole fractions and a local minimum at noncritical
mole fractions. These physical properties should apply, in
principle, to sterol/PC mixtures. Because there are many
critical mole fractions over a wide range of sterol concen-
trations (Chong, 1994), we proposed (Chong, 1994) that
membrane free volume should vary with sterol content in an
alternating manner with a local minimum in membrane free
volume at critical sterol mole fractions.

This concept has recently been tested by using a mem-
brane probe, diphenylhexatriene (DPH), in cholesterol/
DMPC multilamellar vesicles (Chong, 1996; Chong et al.,
1996a,b). The steady-state polarization of DPH fluores-
cence reflects mainly the molecular order of lipid acyl
chains (Chen et al., 1977; Jahnig, 1979). If membrane free
volume reaches a local minimum at a critical sterol mole
fraction, DPH polarization should be higher at critical cho-
lesterol mole fractions than at their neighboring noncritical
mole fractions. We have demonstrated that, although the
lifetime of DPH varies little with sterol content over the
sterol mole fraction range examined (Chong et al., 1996a),
DPH polarization exhibits local maxima at sterol mole
fractions near 20, 22.2, and 25 mol% total sterol (Chong,
1996; Chong et al., 1996a,b). These concentrations are the
critical mole fractions predicted for cholesterol regularly
distributed in diacylphosphatidylcholine bilayers (Table 1).
This finding is consistent with the idea of a biphasic change
in membrane free volume in the vicinity of a critical sterol
mole fraction (Chong, 1994). However, DPH is a free
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probe, not a sterol. DPH fluorescence polarization may be
influenced by the partitioning of the probe between various
microdomains in the membrane and may depend on its
orientation with respect to the membrane normal (Daven-
port et al., 1985). These concerns make it difficult to un-
derstand DPH signal response.

In the present study, DHE is used as both a lipid com-
ponent and a fluorescent probe. This approach alleviates the
above-mentioned problems associated with DPH. DHE data
showed anisotropy peaks at many critical sterol mole frac-
tions in DHE/cholestero/DMPC and DHE/cholesterol/
DPPC bilayers (Figs. 6-8). The calculated rotational relax-
ation times, which are inversely proportional to the
rotational rate, also showed a local maximum at a critical
sterol mole fraction (Fig. 7 B). Thus these data provide
strong evidence that the membrane free volume available
for the rotation of sterol molecules varies periodically with
the sterol mole fraction in the membrane, reaching a local
minimum at the critical sterol mole fractions where the
regularly distributed areas are at a maximum.

Based on DPH and DHE anisotropy data and previous
knowledge of membrane dynamics (reviewed in Schroeder
et al., 1991), we propose here that cholesterol modulates
membrane free volume by 1) condensing its neighboring
lipid acyl chains (a well-known phenomenon in the litera-
ture) and by 2) varying the size of regularly distributed lipid
areas (a new concept). In our opinion, this concept gives a
more accurate physical picture of how cholesterol alters
membrane free volume. In view of the fact that under
physiological conditions the cholesterol content in cell
membranes fluctuates by only a few percent (Quintao et al.,
1971; Alvarez et al., 1993), it is of importance to pay special
attention to the “local” cholesterol concentration effect on
membrane properties, especially those known to be influ-
enced by membrane free volume.

In summary, our present data have provided evidence that
DHE, ergosterol, and cholesterol can be regularly distrib-
uted in three-component liquid-crystalline PC bilayers. The
data also verify the physical properties predicted by the
sterol regular distribution model (Chong, 1994). Note that
evidence for sterol regular distribution has been found not
only in PC but also in sphingomyelin (SPM) bilayers
(Chong et al., 1996a,b). Cholesterol, SPM, and PC are the
major lipid components in mammalian plasma membranes,
in which cholesterol/SPM/PC enriched domains are likely
to occur (e.g., Lentz et al., 1980). Within these domains,
lipids may be regularly distributed as superlattices, in co-
existence with irregularly distributed areas (Fig. 9). The
ratio of regular to irregular regions, as well as the membrane
free volume, should vary with the cholesterol/phospholipid
molar ratio according to the principles of lipid regular
distribution (Sugar et al., 1994; Chong et al., 1994). The
regions of lipid regular distribution can be considered as
microdomains within the cholesterol/phospholipid-enriched
domains in the plasma membrane (Fig. 9). Microdomains
are local structures; thus their existence should not be
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FIGURE 9 A schematic diagram showing a putative biological role of
membrane cholesterol. The dark squares in the hexagonal lattice represent
sterol molecules. The open circles are phospholipid hydrocarbon chains.

greatly affected by the presence of membrane proteins, the
heterogeneity of membrane lipids, or cytoskeletal structures.
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