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ABSTRACT: Interactions of palmitoylsphingomyelin with cholesterol in multilamellar vesicles have been
studied over a wide range of compositions and temperatures in excess water by using electron spin resonance
(ESR) spectroscopy. Spin labels bearing the nitroxide free radical group on the 5 or 14 C-atom in either
the sn-2 stearoyl chain of phosphatidylcholine (predominantly 1-palmitoyl) or theN-stearoyl chain of
sphingomyelin were used to determine the mobility and ordering of the lipids in the different phases.
Two-component ESR spectra of the 14-position spin labels demonstrate the coexistence first of gel (Lâ)
and liquid-ordered (Lo) phases and then of liquid-ordered and liquid-disordered (LR) phases, with
progressively increasing temperature. These phase coexistences are detected over a limited range of
cholesterol contents. ESR spectra of the 5-position spin labels register an abrupt increase in ordering at
the LR-Lo transition and a biphasic response at the Lâ-Lo transition. Differences in outer splitting between
the C14-labeled sphingomyelin and phosphatidylcholine probes are attributed to partial interdigitation of
the sphingomyelinN-acyl chains across the bilayer plane in the Lo state. In the region where the two fluid
phases, LR and Lo, coexist, the rate at which lipids exchange between phases (,7 × 107 s-1) is much
slower than translational rates in the LR phase, which facilitates resolution of two-component spectra.

Sphingomyelin (SM)1 and cholesterol (Chol) are major
components of the plasma membrane outer leaflet in mam-
mals. The “raft hypothesis” (1) brought these lipids into
prominence because assemblies of sphingolipids and cho-
lesterol were proposed to function as platforms for specific
membrane proteins. This hypothesis revived an interest in
past investigations on SM/Chol interactions and promoted a
series of new ones. SM/Chol mixtures had been studied by
Sankaram and Thompson (2), who described a partial phase
diagram for bilayers in the fluid state and proposed that
cholesterol would induce formation of a “liquid-ordered” (Lo)
phase that would initially coexist with the liquid-crystalline
LR phase and, beyond a given cholesterol concentration (≈20
mol % or higher), become predominant. The Lo phases had
previously been described theoretically by Ipsen et al. (3)
as liquid-crystalline phases with a high acyl-chain order. The
earlier studies have been discussed in a series of recent
reviews on cholesterol/phospholipid interactions, the liquid-
ordered phase, and lipid rafts (4-10).

Among the more recent work, several authors have carried
out biophysical studies on ternary systems intended to
represent an ideal “raft mixture”, i.e., phosphatidylcholine
(PC), SM, and Chol. Dietrich et al. (11) were able to observe
Lo/LR phase coexistence in giant unilamellar vesicles com-
posed of PC, SM, and Chol and containing fluorescent
probes. Rinia et al. (12), using atomic force microscopy,
visualized phase separation in supported lipid bilayers also
consisting of PC, SM, and Chol. Aussenac et al. (13) applied
2H and31P solid-state NMR to the detection of Lo phases in
ternary and quaternary raft mixtures, while Veatch et al. (14)
combined NMR and fluorescence microscopy to detect
liquid-liquid immiscibility in dioleoyl-PC, dipalmitoyl-PC,
and Chol bilayers. Importantly, de Almeida et al. (15) were
able to construct a detailed ternary phase diagram for
palmitoyl-SM, palmitoyloleoyl-PC and Chol, based mainly
on fluorescence measurements.

SM/Chol binary mixtures have been studied with a variety
of techniques. Mannock et al. (16) used differential scanning
calorimetry and other techniques to show the ability of
cholesterol to increase the width, decrease the enthalpy, and
eventually smear out the gel-fluid transition of sphingo-
myelin, observations in agreement with previous ones by
Estep et al. (17, 18) and Maulik and Shipley (19) and later
ones by Contreras et al. (20). Whether sphingomyelin and
cholesterol give rise, or not, to specific complexes is a
debated issue, with data that seem to favor this hypothesis
(21-24) and data that appear to contradict it (16, 25-28).
The possibility of coexisting lipid-lipid domains in binary
SM/Chol mixtures has been examined by various authors.
Radakrishnan et al. (22) and previously Slotte (29) observed
liquid-liquid immiscibility in mixed SM/Chol monolayers,
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but only at lateral pressurese20 mN m-1, i.e., well below
those estimated for cell membranes (g30 mN m-1) (30).
NMR studies on SM/Chol mixtures have been interpreted
in terms of rapid lipid exchange between assumed coexisting
liquid-ordered and liquid-disordered phases. Guo et al. (27)
used solid-state NMR while Filippov et al. (31) applied
pulsed field gradient NMR to mixtures of cholesterol and
sphingomyelin of natural origin. In the latter study, average
translational diffusion coefficients were found to conform
with the Gibbs phase rule. The region of phase coexistence
was found to lie between≈5 and 25 mol % Chol (31), in
agreement with the early ESR observations by Sankaram and
Thompson (2). Direct visualization of fluid-fluid-phase
coexistence in membranes composed of binary lipid mixtures
with cholesterol, e.g., by fluorescence microscopy or two-
component spectra, however, has so far proved difficult.

Previous joint studies from our laboratories include ESR
investigations of binary (sphingolipids plus glycerolipids) and
ternary (sphingolipids plus glycerolipids plus Chol) mixtures,
using both spin-labeled PC and SM as probes. Mixtures of
sphingolipids and glycerolipids of natural origin (32) showed
good mixing above the gel-to-fluid transition of the sphin-
golipids, while gel and fluid phases coexisted below this
transition. When cholesterol was included in the bilayers (23),
formation of the Lo phase was detected, concomitant with
partial transbilayer interdigitation of the sphingomyelin
N-acyl chains. Cholesterol-induced interdigitation was sug-
gested to stabilize the coexistence of gel-phase and Lo

domains.
The present work is intended to explore domain formation

in SM/Chol mixed membranes by using ESR spectroscopy.
The combined use of SM and PC probes, the former known
to exhibit a preference for the Lo phase in ternary mixtures
(23), together with an extensive range of temperatures and
cholesterol concentrations, will provide a detailed view of
this system. In addition, the use of a chemically homogeneous
(N-palmitoyl) species of sphingomyelin is intended to better
define the phase behavior. Our results provide examples not
only of the coexistence of gel plus Lo phases at lower
temperatures but also of LR plus Lo phases (i.e., fluid-fluid-
phase separation) at higher temperatures.

MATERIALS AND METHODS

Materials. N-Palmitoylsphingomyelin (C16-SM) was from
Avanti Polar Lipids (Alabaster, AL). Cholesterol was from
Sigma Chemical Co. (St. Louis, MO). Phosphatidylcholine
spin labels labeled at C5 or C14 in the stearoylsn-2 chain
of the lipid were synthesized as described earlier by acylation
of lysophosphatidylcholine (predominantly palmitoyl) from
egg yolk (33). Sphingomyelin spin labels labeled at the C5
or C14 positions in theN-acyl chain were synthesized by
the coupling reaction of theN-succinimidyl ester of spin-
labeled stearic acid (34) with sphingosine-1-phosphocholine
derived from bovine brain sphingomyelin (35).

Sample Preparation.For ESR measurements, 2µmol of
total lipids and 0.5 mol % spin label were codissolved in
chloroform or chloroform-methanol (2:1 v/v) and evapo-
rated under a stream of dry nitrogen gas. The residual solvent
was removed by vacuum-drying overnight. The lipid film
was then hydrated in 0.1 mL of 20 mM Hepes, 100 mM
NaCl, and 1 mM EDTA, pH 7.4, by incubation for 1 h at 50

°C with vortexing. Samples were then pelleted into a 1 mm
inside diameter (i.d.) glass capillary, the excess supernatant
was removed, and the capillary was flame sealed.

ESR Measurements.ESR spectra were recorded on a
Varian Century Line 9 GHz spectrometer equipped with
nitrogen gas-flow temperature regulation. Samples in 1 mm
i.d. glass capillaries were placed in a standard quartz ESR
tube containing light silicone oil for thermal stability. Spectral
data were collected digitally on a personal computer using
software written by Dr. M. D. King. Outer hyperfine
splittings (2Amax) were used to characterize the rotational
disorder and rotational rates of the spin-labeled lipid chain
segments (see, e.g., refs36 and37). For rotational mobility
with components in the slow-motional regime (38), this
parameter provides a useful comparative indicator of seg-
mental mobility in equivalent systems (e.g., ref39). Spectral
subtractions were performed as described previously (40)
using interactive graphics software written by Dr. J.-H.
Kleinschmidt. Where necessary, small corrections were made
for any residual second component in the experimental
spectra used as “single” components for subtraction.

RESULTS

The chain-melting transition of C16-sphingomyelin mem-
branes not containing cholesterol occurs at ca. 41°C (19).
Systematic spectroscopic investigations of the dependence
on cholesterol content were carried out at different temper-
atures corresponding to the gel (Lâ) and fluid (LR) phases of
pure C16-SM bilayer membranes. For the mixtures, this
includes also the liquid-ordered (Lo) phase of the cholesterol-
containing membranes.

ESR spectra of samples at lower temperature, in the gel
and liquid-ordered phases, are considered first. This is then
followed by consideration of samples at higher temperature
that are in the liquid-disordered (i.e., LR) or liquid-ordered
phases. In each case, ESR spectra from sphingomyelin and
phosphatidylcholine spin-labeled on the 14 C-atom of the
N-acyl, or sn-2, chain are presented first. These labels are
best able to detect phase coexistence, because the spectral
differences between the more ordered and less ordered phases
are greatest for spin labels positioned closer to the terminal
methyl end of the acyl chain (see, e.g., refs32 and 41).
Spectra from sphingomyelin and phosphatidylcholine spin-
labeled at the 5 C-atom of theN-acyl, or sn-2, chain are
presented afterward. Spectra at this position of chain labeling
are most sensitive to the dependence of chain ordering on
cholesterol content in single phases. Use of two different
phospholipid probe species (SM and PC) helps to establish
the generality of conclusions on phase coexistence that are
deduced from the ESR spectra.

Gel and Liquid-Ordered Phases: 14-Position Spin Labels.
Figure 1 shows the ESR spectra of the 14-PCSL phosphati-
dylcholine spin label in hydrated mixtures of C16-SM and
cholesterol at temperatures of 22 and 30°C, which cor-
respond to the gel phase of pure C16-SM bilayers. At 22
°C, the ESR spectra of 14-PCSL very clearly consist of two
components, for samples with cholesterol contents in the
range 12.5-20 mol %. The spectral component with larger
outer hyperfine splitting (see Figure 1, left-hand panel)
corresponds to gel-phase regions (Lâ), and that with the
smaller outer hyperfine splitting corresponds to regions of
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liquid-ordered phase (Lo). With increasing content of cho-
lesterol, the proportion of the Lo component increases at the
expense of the gel-phase component.

At the higher temperature of 30°C, the spectra of 14-
PCSL again correspond to two components, at certain
cholesterol contents (see Figure 1, right-hand panel). Relative
to 22 °C (Figure 1, left-hand panel), the coexistence region
of the two spectral components is shifted to lower cholesterol
contents, approximately in the range 5-15 mol % choles-
terol.

Similar experiments have also been performed with the
14-SMSL sphingomyelin spin label. The two spectral
components corresponding to gel and Lo phases are not
resolved with this particular label (data not shown). The
difference from the 14-PCSL spin label arises from the
different backbone attachments of the sphingolipidN-acyl
chain and the glycerolipidsn-2 chain and their lengths
relative to the sphingosine andsn-1 chains, respectively. This
results in the spectra of 14-SMSL being very similar in the
gel and liquid crystalline phases (see ref32).

Figure 2 shows the dependence on cholesterol concentra-
tion of the outer hyperfine splitting, 2Amax (see Figure 1 for
definition), for both 14-PCSL and 14-SMSL spin labels, in
mixtures with C16-sphingomyelin. Data in the different
panels correspond to different sample temperatures. In panel
A, double-valued entries for 14-PCSL represent the range
of cholesterol contents over which gel and Lo phases coexist
(demarcated by the vertical dashed lines). Similar coexistence
is observed at 27 and 30°C, but at lower cholesterol contents
(see Figure 1), and is indicated by the vertical dashed lines
in panel B. In the absence of resolved coexisting spectra for
14-SMSL, the effective outer hyperfine splitting, 2Amax,
nonetheless decreases sharply in this region.

Figure 3 resolves the two spectral components from 14-
PCSL in a C16-SM membrane containing 18 mol %
cholesterol at 22°C by using spectral subtraction. Subtracting
a spectrum from C16-SM plus 25 mol % Chol membranes
at 22°C yields a single-component spectral line shape that
closely resembles that from C16-SM plus 10 mol % Chol

membranes at 22°C, and vice versa. Figure 4 shows that,
quantitatively, the fractional population,f, of spin-labeled
lipid in the liquid-ordered phase, for a membrane with mole
fraction X of cholesterol, follows the lever rule (42):

whereXS is the mole fraction of cholesterol in the gel-phase
domains (S≡ Lâ) and XF that in the liquid-ordered phase
domains (F≡ Lo). The linearity of the dependence on
cholesterol content in Figure 4 implies that the 14-PCSL
probe partitions approximately equally between the gel and
liquid-ordered phases. The phase boundaries deduced from
fitting eq 1 to the dependence off on cholesterol concentra-
tion are given in the inset to Figure 4.

Gel and Liquid-Ordered Phases: 5-Position Spin Labels.
The left-hand panel of Figure 5 shows the ESR spectra of
the 5-PCSL phosphatidylcholine spin label in C16-SM plus
cholesterol mixed membranes at 30°C. The outer hyperfine
splitting (indicated by the dashed lines on the figure) is large,
characteristic of a low-mobility and/or highly ordered state.
The spectral line shapes remain rather similar up to 12.5 mol
% cholesterol. At 15 and 18 mol % cholesterol, the spectra
are characteristic of a somewhat more mobile state. Beyond
this, the spectra display evidence of increasing chain order,
i.e., larger hyperfine splitting and sharper lines, with increas-
ing cholesterol content. (In the high cholesterol regime, there
is evidence of slightly decreasing order; see below.) Es-
sentially similar, although less pronounced, changes are
recorded by the 5-SMSL sphingomyelin spin label (Figure
5, right-hand panel).

FIGURE 1: ESR spectra of 14-PCSL, spin-labeled phosphatidyl-
choline, in hydrated bilayer membranes of palmitoylsphingomyelin
(C16-SM) containing cholesterol. The cholesterol content is
indicated in the figure. Dashed vertical lines indicate the outer
splittings, 2Amax, of the two coexisting spectral components arising
from the gel (Lâ) and liquid-ordered (Lo) phases. Left-hand panel:
samples at 22°C. Right-hand panel: samples at 30°C. Total scan
width: 100 G.

FIGURE 2: Dependence on cholesterol content of the outer hyperfine
splitting, 2Amax, of the 14-PCSL (solid symbols, solid lines) and
14-SMSL spin labels (open symbols, dashed lines) in hydrated C16-
sphingomyelin bilayer membranes. The different panels correspond
to different sample temperatures, as indicated on the figure. (A)
22 °C (b, O) and 26°C (9, 0). (B) 27 °C (2, 4) and 30°C (1,
3). Typical uncertainty in 2Amax is (0.2-0.4 G.

f )
X - XS

XF - XS
(1)
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Figure 6 shows the dependence of the outer hyperfine
splittings, 2Amax, of the 5-PCSL and 5-SMSL spin label on
cholesterol content of the C16-SM mixed membranes, at
various temperatures in the lower range. The responses are
biphasic in the transition region and multiphasic over the
whole range, depending on ordering effects, fluidizing
effects, and (unresolved) phase coexistence in the different
regimes of cholesterol content.

Liquid-Disordered and Liquid-Ordered Phases: 14-Posi-
tion Labels.The left-hand panel of Figure 7 shows the ESR
spectra of the 14-PCSL phosphatidylcholine spin label in
C16-SM plus cholesterol membranes at 50°C. In the absence
of cholesterol, 14-PCSL displays a quasi-isotropic, sharp

three-line, single-component spectrum that is characteristic
of the fluid LR phase. With 50 mol % cholesterol, the ESR
spectrum of 14-PCSL consists of a single axially anisotropic
component with dynamics characteristic of the liquid-ordered
Lo phase. At intermediate cholesterol contents, viz., 20 mol
%, the spectra consist of two components that are charac-
teristic of coexisting liquid-disordered and liquid-ordered
phases. These two spectral components are indicated by the
dashed vertical lines in the high-field region of the spectra
in Figure 7. Spectral subtraction (data not shown) reveals
coexisting spectral components over the approximate range
from 12.5 to 20 mol % cholesterol. Phase boundaries for
the LR and Lo regions at 50°C are predicted at approximately
10( 1 and 24( 1 mol % cholesterol, respectively, by using
the method of Figure 4.

FIGURE 3: Difference spectroscopy for 14-PCSL in C16-SM/18
mol % cholesterol membranes at 22°C. (A) Solid line, original
spectrum; dashed line, sum from 57% of the dashed spectrum in
(B) and 43% of that in (C). (B) Solid line, gel-phase difference
spectrum resulting from subtracting 43% of the dashed spectrum
in (C) from the original spectrum in (A); dashed line, gel-phase
reference spectrum (C16-SM/10 mol % Chol at 22°C). (C) Solid
line, liquid-ordered difference spectrum resulting from subtracting
57% of the dashed spectrum in (B) from the original spectrum;
dashed line, liquid-ordered phase reference spectrum (C16-SM/25
mol % Chol at 22°C). Percentages in each case refer to the double-
integrated intensities of the first-derivative spectra. Scan range)
100 G.

FIGURE 4: Dependence on cholesterol content of the fractionf of
the liquid-ordered component in the spectra from 14-PCSL in C16-
SM/Chol mixed membranes at the temperatures indicated. Solid
lines are least-squares fits of eq 1. Inset: Boundaries for onset
(squares) and completion (circles) of gel (Lâ)/liquid-ordered (Lo)
phase separation deduced from the linear fits.

FIGURE 5: ESR spectra of 5-PCSL (left-hand panel) and 5-SMSL
(right-hand panel) in hydrated bilayer membranes of C16-SM. The
cholesterol content is indicated on the figure.T ) 30 °C; total scan
width ) 100 G.

FIGURE 6: Dependence on cholesterol content of the outer hyperfine
splitting, 2Amax, of the 5-PCSL (upper panel) and 5-SMSL (lower
panel) spin labels in hydrated C16-SM membranes. The different
sample temperatures are indicated on the figure. Typical uncertainty
in 2Amax is (0.2-0.4 G.
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The right-hand panel of Figure 7 shows the corresponding
spectra of the 14-SMSL sphingomyelin spin label. A very
similar picture emerges to that obtained with the 14-PCSL
spin label. Two coexisting spectral components are obtained
from the sample with 20 mol % cholesterol, for example. It
is noted that, in contrast to the situation with Lâ-Lo phase
coexistence, two spectral components are observed with 14-
SMSL in the region of LR-Lo coexistence because the outer
hyperfine splitting of 14-SMSL in the presence of cholesterol
is larger than that for 14-PCSL (see Figure 2 and ref23).

Figure 8 shows the dependence on cholesterol content of
the outer hyperfine splitting, 2Amax, of both 14-PCSL and
14-SMSL in membranes at 50°C. The region of coexistence

of liquid-disordered (LR) and liquid-ordered (Lo) phases (i.e.,
of two-component spectra) is indicated by the double-valued
entries and approximately by the vertical dashed lines.
Outside this range, 2Amax increases with increasing choles-
terol content in the Lo single-phase region but displays
relatively little cholesterol dependence (at this label position)
in the LR-phase region.

Liquid-Disordered and Liquid-Ordered Phases: 5-Posi-
tion Spin Labels.Figure 9 (left-hand panel) shows the ESR
spectra of the 5-PCSL spin label in hydrated C16-SM
membranes at 50°C as a function of cholesterol content.
All spectra consist of apparently single-component, axially
anisotropic powder patterns that are characteristic of fluid
phases. The spectral anisotropy measured by the difference
in the splittings between the outer and inner peaks increases
progressively with increasing cholesterol content in the
membranes.

The right-hand panel of Figure 9 shows the corresponding
ESR spectra of the 5-SMSL sphingomyelin spin label. Again,
as for 5-PCSL, the spectra are all apparently single-
component, axially anisotropic powder patterns. The outer
hyperfine splitting at 50°C, as a function of cholesterol
content, is given for both 5-position spin labels (as for the
14-position labels), also in Figure 8. The steepest part of
the functional dependence corresponds to the region of phase
coexistence that is detected by the 14-position spin labels.

DISCUSSION

The ESR results reported here provide essential informa-
tion on the phase behavior and lipid chain ordering in
membranes of C16-SM/cholesterol mixtures. Undoubtedly
the most significant result is the direct demonstration of the
coexistence of sphingolipid-containing liquid-ordered and
liquid-disordered phases that is presented in Figure 7.
Whereas the coexistence of gel and liquid-ordered phases
has been demonstrated previously for glycerolipids by2H
NMR spectroscopy (43), and later for sphingolipids by2H
NMR (44), and further by ESR spectroscopy for complex
sphingolipid/glycerolipid mixtures (23), a direct visualization
of the coexistence of liquid-ordered and liquid-disordered
phases, i.e., fluid-fluid-phase separation, spectroscopically
in two-component bilayer membranes has proved rather
elusive (cf. also ref45).

FIGURE 7: ESR spectra of 14-PCSL (left-hand panel) and 14-SMSL
(right-hand panel) spin labels in hydrated bilayer mixed membranes
of C16-SM and cholesterol at 50°C. The cholesterol content is
indicated on the figure. The dashed vertical lines indicate the high-
field peaks of the coexisting spectral components from the liquid-
disordered (LR) and liquid-ordered (Lo) phases. Total scan width:
100 G.

FIGURE 8: Dependence on cholesterol content of the outer hyperfine
splittings of the 14-PCSL and 14-SMSL spin labels in hydrated
C16-SM membranes (solid lines and symbols) at 50°C. Corre-
sponding data for the 5-PCSL and 5-SMSL spin labels are given
by dashed lines and open symbols. Typical uncertainty in 2Amax is
(0.2-0.4 G.

FIGURE 9: ESR spectra of 5-PCSL (left-hand panel) and 5-SMSL
(right-hand panel) spin labels in C16-SM/cholesterol membranes
at 50°C. The cholesterol content is indicated on the figure. Total
scan width: 100 G.
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The features of the various cholesterol-containing sphin-
golipid phases and their coexistence that are deduced from
the ESR spectra of the C-14 and C-5 position spin-labeled
lipids are discussed below. The lower temperature regime
(Lâ and Lo) is treated first, followed by the higher temperature
regime (LR and Lo).

Gel-Liquid-Ordered (Lâ-Lo) Coexistence.The two-
component spectra of the 14-PCSL spin label (Figure 1)
graphically demonstrate the coexistence of gel and liquid-
ordered phases. Spectral subtraction (Figure 3) shows that
the individual spectral line shapes of the two components
do not change throughout the two-phase region, as is required
by the Gibbs phase rule. Figures 2 and 4 show that the region
of phase coexistence moves to lower cholesterol concentra-
tions and decreases in width, as the temperature is increased
toward the chain-melting temperature of C16-SM alone. This
is in good agreement with the partial phase diagram for C16-
SM/cholesterol that was published by de Almeida et al. (15),
based on fluorescence spectroscopy. Qualitatively, the cho-
lesterol dependence of the outer splitting from the 14-SMSL
sphingomyelin spin label (see Figure 2) is in agreement with
this interpretation of the phase mixing behavior in this part
of the binary phase diagram, although two-component spectra
are not resolved directly (see also ref32).

In this region of the phase diagram, i.e., at relatively low
temperatures, the outer hyperfine splittings of the 5-position
spin labels are all large (see Figure 5) and sensitive both to
rotational rates (in the slow motional regime) and to
amplitudes of motion (in the high-ordering regime). Initial
admixture of cholesterol at low concentrations causes either
little effect or a slight ordering of the gel phase, depending
on temperature (see Figure 6). Beyond this point, a disorder-
ing or fluidizing effect that corresponds to formation of the
liquid-ordered phase takes place at 27 and 30°C. This is
observed at 12.5-15 mol % cholesterol with 5-PCSL and
at 5-10 mol % cholesterol with 5-SMSL (cf. Figure 2).
Beyond the two-phase region of Lâ-Lo coexistence, further
ordering of the 5-PCSL spin label takes place in the single-
phase liquid-ordered region, although this is not registered
by the 5-SMSL spin label. Finally, a decrease in effective
ordering is observed with both 5-PCSL and 5-SMSL, at the
highest cholesterol contents.

Chain Interdigitation in the Lo Phase.Figure 2 shows that
in the gel phase of C16-SM, in the absence of cholesterol,
the outer hyperfine splitting of 14-SMSL is less than that of
14-PCSL. In the liquid-ordered phase, at cholesterol contents
above 20 mol %, however, this situation is reversed. The
result for the gel phase is explained by reference to the crystal
structure of glycerolipids and sphingolipids (see ref32). The
spin-labeledsn-2 chain of phosphatidylcholine is overlapped
completely by thesn-1 chain, whereas the spin-labeledN-acyl
chain of sphingomyelin is longer than the sphingosine chain.
This lack of interchain overlap at the C-14 position of the
N-acyl chain accounts for the smaller outer splitting of 14-
SMSL in the gel phase. Correspondingly, the larger outer
splitting of 14-SMSL, relative to 14-PCSL, in the Lo phase
can be attributed to a partial interdigitation of the spin-labeled
N-acyl chain from sphingomyelin across the bilayer mid-
plane. This effect has been observed previously in mixtures
of cholesterol with sphingolipids of natural origin (23).
Transbilayer interdigitation ofN-acyl chains from sphin-
golipids in the exoplasmic leaflet that is induced by the

presence of cholesterol in the cytoplasmic leaflet has been
proposed as a mechanism for stabilization of sphingolipid
“rafts” in cell membranes (1).

Liquid-Disordered/Liquid-Ordered (LR-Lo) Coexistence.
Compared with the gel/Lo-phase coexistence, information on
LR-Lo boundaries in lipid/cholesterol binary phase diagrams
is scarcer, less precise, and based mostly on indirect
measurements (2, 15, 43). Detection of small domains
depends on the time scale of the spectroscopic technique, or
on the spatial resolution of the microscopy, that is used for
observation. Direct visualization of liquid-ordered/liquid-
disordered phase coexistence in bilayer membranes has so
far been restricted to studies with a biradical spin label in
glycerolipid systems (46). Recent imaging of coexisting fluid
domains by two-photon microscopy of giant vesicles is
confined to cholesterol-containing ternary lipid systems (11,
47). Visualization of fluid-fluid-phase separation by fluo-
rescence microscopy has not proved possible in binary
mixtures of cholesterol with a single lipid (45, 48). The
unambiguous demonstration here of coexistence between
fluid domains with high and low cholesterol content in
sphingomyelin membranes therefore adds significant experi-
mental support to the theoretical prediction of the existence
of a liquid-ordered phase that is distinct from the fluid LR

phase in lipid mixtures with cholesterol (3). More specifi-
cally, it points to the potential physiological relevance of
liquid-ordered phases of sphingolipids in cell membranes.

A feature of considerable interest is the rate at which lipids
exchange between the two fluid phases, Lo and LR. In the
region where two-component spectra are resolved (see Figure
7), the exchange is slow compared with the separation,δH,
of the high-field peaks from the 14-position labels in the LR

and Lo domains. For the spectra in Figure 7, this corresponds
to frequencies in the region ofgeâeδH/p ≈ 7 × 107 s-1.
Therefore, the exchange rate must be considerably slower
than the translational diffusion rates in LR phases (49), as is
necessary to maintain phase separation between fluid do-
mains.

Outer hyperfine splittings of the 14-position spin labels
at 50 °C indicate very clearly the increase in lipid chain
ordering on formation of the liquid-ordered phase (see Figure
8). At this position of the chain, the dependence of ordering
on cholesterol content in the single-phase regions is greater
for the liquid-ordered phase than for the liquid-disordered
phase. Changes in spin-label outer hyperfine splitting at the
C-5 position of the chain show a greater dependence on
cholesterol than do those at the C-14 position (see Figure
8). Because the overall order is greater at the C-5 position
of the chain, separate spectral components are not resolved
in the phase coexistence region (see Figure 9). Varying
proportions of the two unresolved components then cause
the change inAmax with cholesterol content in the two-phase
regime. In contrast to the situation with the 14-position labels,
chain ordering at the C-5 segments displays a pronounced
dependence on cholesterol content in both LR and Lo single-
phase regions.

CONCLUSIONS

The experimental data presented in this paper demonstrate
that, for lipid bilayers consisting of palmitoyl-SM and Chol
in multilamellar vesicles in excess water, gel and Lo phases
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coexist at temperatures up to at least 30°C, i.e., below the
gel-fluid transition of palmitoyl-SM (41°C). At higher
temperatures, i.e., 50°C, coexistence of the LR and Lo fluid
phases is observed. Under these conditions, phase separation
is maintained due to a slow rate of interdomain lipid
exchange. In addition, interdigitation of SM acyl chains
across the bilayer mid-plane occurs in the Lo phase. Taken
together, these observations provide a detailed description
of the phenomena of LR-Lo coexistence in a two-lipid system
and may contribute to our understanding of the physical basis
of lipid domain formation in (fluid) cell membranes.
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