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ABSTRACT: The interfacial interactions of cholesterol with sphingomyelins (SMs) containing various
homogeneous acyl chains have been investigated by Langmuir film balance approaches. Low in-plane
elasticity among the packed lipids was identified as an important physical feature of the cholesterol-
sphingomyelin liquid-ordered phase that correlates with detergent resistance, a characteristic property of
sphingolipid-sterol rafts. Changes in the in-plane elastic packing, produced by cholesterol, were
quantitatively assessed by the surface compressional moduli (Cs

-1) of the monolayer isotherms. Of special
interest wereCs

-1 values determined at high surface pressures (>30 mN/m) that mimic the biomembrane
situation. To identify structural features that uniquely affect the in-plane elasticity of the sphingomyelin-
cholesterol lateral interaction, comparisons were made with phosphatidylcholine (PC)-cholesterol mixtures.
Cholesterol markedly decreased the in-plane elasticity of either SM or PC regardless of whether they
were fluid or gel phase without cholesterol. The magnitude of the reduction in in-plane elasticity induced
by cholesterol was strongly influenced by acyl chain structure and by interfacial functional groups. Liquid-
ordered phase formed at lower cholesterol mole fractions when SM’s acyl chain was saturated rather than
monounsaturated. At similar high cholesterol mole fractions, the in-plane elasticity within SM-cholesterol
liquid-ordered phase was significantly lower than that of PC-cholesterol liquid-ordered phase, even when
PCs were chain-matched to the SMs. Sphingoid-base functional groups (e.g., amide linkages), which
facilitate or strengthen intermolecular hydrogen bonds, appear to be important for forming sphingomyelin-
cholesterol, liquid-ordered phases with especially low in-plane elasticity. The combination of structural
features that predominates in naturally occurring SMs permits very effective resistance to solubilization
by Triton X-100.

The tendency of naturally occurring sphingolipids to mix
nonrandomly with other lipids and form microdomains in
model membranes has intrigued investigators for nearly two
decades (1). More recent recognition that biomembranes may
contain sphingolipid-sterol enriched microdomains or rafts
with special functional roles has stimulated a great deal of
interest. Among the proposed functions for these ‘rafts’ are
trafficking and lateral distributional roles for certain signaling
proteins and lipids in biomembranes (e.g., refs2-5).

Characterization of sphingolipid-cholesterol mixtures by
various physical approaches has revealed a highly ordered
and densely packed lipid environment when cholesterol mole
fractions are sufficiently high (1, 6). Hydrocarbon chain
saturation is a key structural feature that enables cholesterol
to form highly ordered and densely packed assemblies when
mixed with simple sphingolipids (7-9). From these and other

studies, a qualitative understanding has emerged regarding
the lipid structural features that might favorably accom-
modate certain kinds of lipid anchors attached to proteins
and enable resistance to solubilization by detergents (8, 10-
12).

It has been suggested that a key aspect of sphingolipid-
cholesterol rafts is their liquid-ordered1,2 (LO) phase character
(3, 8, 11, 13, 14). Such phases are liquidlike with respect to
the lateral diffusional capability of their component lipids
but ordered in the sense that the acyl chains are extended
and have fewer gauche rotamers due to their interactions with
the planar ring of cholesterol (15-17). An important
requirement for forming LO phase is cholesterol mole
fractions in excess of about 0.25. Lower cholesterol mole
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1 In the classic work of Ipsen et al. (15), the phase diagrams of
cholesterol and DPPC were modeled within a two-dimensional lattice,
and the terms liquid-ordered and liquid-disordered were defined and
used for the first time. This model was not constrained to either bilayers
or monolayers. Subsequent studies have shown many aspects of this
model to be applicable to both bilayers and monolayers. Here, we also
use the terms liquid-ordered and liquid-disordered and make no attempt
to distinguish among various molecular descriptions of cholesterol-
induced changes in phase structure (e.g., superlattices involving regular
versus nonregular sterol distributions or dual upper miscibility critical
points involving condensed complexes). For recent applications of the
latter model to sphingomyelin-cholesterol mixtures, readers are referred
to Radhakrishnan et al. (33, 63). While this work was under review,
Dietrich et al. (71) published an especially pertinent paper regarding
the existence of sphingomyelin-cholesterol rafts in model membranes.
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fractions promote a liquid-disordered phase structure with
features consistent with liquid-liquid immiscibility (18-
20). In arriving at the preceding picture, many studies have
utilized dipalmitoylphosphatidylcholine (DPPC) to mimic
sphingomyelin (SM) behavior (e.g., refs12, 13,and21).

Like PC, SM has phosphocholine as its zwitterionic polar
headgroup. Although SM and PC both have two long
nonpolar hydrocarbon chains configured in rather similar
ways, this is where the similarity ends. In PC, both hydro-
carbon chains are ester-linked to a glycerol backbone, the
sn-1 chain usually is saturated (e.g., palmitate or stearate),
and thesn-2 chain usually contains one or more cis double
bonds. In contrast, in SM, the sphingoid base serves the dual
role as both interfacial backbone and nonpolar hydrocarbon
chain. The only true acyl chain is amide-linked. Structural
features that may impact on SM’s ability to form specialized
membrane environments include an abundance of long,
saturated acyl chains that sometimes provide marked in-
tramolecular chain-length asymmetry and interfacial func-
tional groups that can donate and accept hydrogen bonds
with neighboring lipids (1). While the latter feature has been
the focus of many studies especially in relation to interactions
with sterols (e.g., refs16, 22,and 23), the importance of
acyl chain length and saturation has received much less
attention despite indications that they may be pivotal to SM’s
mixing interactions with cholesterol (e.g., refs7, 8, 10, 11,
and24-28).

While the proposed LO nature of sphingolipid-sterol rafts
provides a phenomenological framework for describing these
microdomains (1, 6, 4), this lipid phase structure is not unique
to mixtures of cholesterol and sphingomyelin or cholesterol
and saturated-chain phosphoglycerides (e.g., DPPC/choles-
terol). Similar phase diagrams have been reported for
mixtures of cholesterol and PCs with saturatedsn-1 and
monounsaturatedsn-2 acyl chains (29, 30), although the
critical sterol mole fraction appears to change with acyl
composition (31-34). Issues that remain less clear are (i)
the physical environment of the cholesterol-SM LO phase
that set it apart from PC-based, LO phases; (ii) the structural
features responsible for the SM-based LO phase being
different; and (iii) the physical features of the SM-based LO
phase that render it particularly suitable for biomembranes
compared to other ordered phases (e.g., SM gel phase).

Here, we synthesized SMs with different homogeneous
acyl chains, mixed them with cholesterol, and quantitatively
assessed the changes in interfacial elasticity induced by
cholesterol. Changes in in-plane elasticity are observed at
cholesterol mole fractions likely to produce liquid-ordered
phase behavior. Obtaining sufficiently low in-plane elastici-
ties appears to be important for the lipid mixtures to resist
solubilization by Triton X-100. Achieving low in-plane
elasticity and Triton X-100 resistance in SMs or PCs depends

on their hydrocarbon structure and configuration, their
interfacial functional groups, and their cholesterol content.

MATERIALS AND METHODS

Egg and bovine brain SMs and all PCs were purchased
from Avanti Polar Lipids (Alabaster, AL). Cholesterol was
obtained from NuChek Prep (Elysian, MN). SMs containing
homogeneous acyl chains were synthesized by reacylating
sphingosylphosphocholine with theN-hydroxysuccinimide
ester of the desired fatty acid (35, 36). After purification by
flash column chromatography and recrystallization, all lipids
were greater than 99% pure on the basis of TLC analysis.
Acyl homogeneity of the semisynthetic SM derivatives was
confirmed by quantitatively releasing, methylating, and
analyzing the fatty acyl residues via capillary gas chroma-
tography as previously described (35). Egg SM acyl com-
position consisted of 86% palmitate (16:0), 0.4% myristate,
4.8% stearate (18:0), 1.1% arachidate (20:0), 2.5% behenate
(22:0), 1.0% lignocerate (24:0), and 4.2% nervonate (24:
1∆15). Bovine brain SM acyl composition consisted of 63%
stearate (18:0), 2.4% palmitate (16:0), 6.6% arachidate (20:
0), 9.2% behenate (22:0), 6.1% lignocerate (24:0), and 13%
nervonate (24:1∆15). SMs and PCs were quantitated by
phosphate assay (37), and cholesterol was quantitated gravi-
metrically.

Monolayer Conditions. SM stock solutions were prepared
by dissolving lipids in either petroleum ether/ethanol (95:
5), hexane/ethanol (95:5), or hexane/2-propanol/water (70:
30:2.5). Solvent purity was checked by dipole potential
measurements with a210Po ionizing electrode (38). Water
for the subphase buffer was purified by reverse osmosis,
activated charcoal adsorption, and mixed-bed deionization
and then passed through a Milli-Q UV Plus System (Milli-
pore Corp., Bedford, MA) and filtered through a 0.22µm
Millipak 40 membrane. Subphase buffer (pH 6.6) consisting
of 10 mM potassium phosphate, 100 mM NaCl, and 0.2%
NaN3 was stored under argon until use. Glassware was acid-
cleaned and rinsed thoroughly with deionized water and then
with hexane/ethanol (95:5) prior to use.

Surface pressure-molecular area (π-A) isotherms were
measured with a computer-controlled, Langmuir-type film
balance, calibrated according to the equilibrium spreading
pressures of known lipid standards (39). The standard errors
of the isotherms are routinely less than 2%. Lipids were
mixed and then spread (51.67µL aliquots) from their
dissolved stock solutions (see above). Films were compressed
at a rate ofe4 Å2 molecule-1 min-1 after an initial delay
period of 4 min. Previously, we showed that these conditions
produced no hysteresis in the isotherms of various pure PCs
(41). The subphase was maintained at fixed temperature in
a thermostated, circulating water bath. The film balance was
housed in an isolated laboratory supplied with clean air by
a Bioclean Air Filtration system equipped with charcoal and
HEPA filters. The trough was separately enclosed under
humidified argon, cleaned by passage through a seven-stage
series filtration setup consisting of an Alltech activated
charcoal gas purifier, a LabClean filter, and a series of
Balston disposable filters consisting of two adsorption
(carbon) and three filter units (93% and 99.99% efficiency
at 0.1 µm). Other technical features that contribute to
isotherm reproducibility include automated lipid spreading

2 Abbreviations: LO, liquid-ordered; SM, sphingomyelin; PC, diacyl-
sn-glycero-3-phosphocholine; di-16:0 PC or DPPC, dipalmitoyl-sn-
glycero-3- phosphocholine; 16:0 SM,N-16:0-sphingosylphosphocho-
line; 18:0 SM,N-18:0-sphingosylphosphocholine; 18:1 SM,N-18:1∆9(c)-
sphingosylphosphocholine; BSM, bovine brain sphingomyelin; ESM,
egg yolk sphingomyelin; 16:0,18:1 PC or POPC, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine; di-14:0 PC or DMPC, dimyristoyl-sn-
glycero-3-phosphocholine; 14:0,16:0 PC or MPPC, 1-myristoyl-2-
palmitoyl-sn-glycero-3-phosphocholine; 14:0,18:0 PC or MSPC,
1-myristoyl-2-stearoyl -sn-glycero-3-phosphocholine; di-18:1 PC or
DOPC, dioleoyl-sn-glycero-3- phosphocholine
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via a modified HPLC autoinjector, automated surface clean-
ing by multiple barrier sweeps between runs, and highly
accurate and reproducible setting of the subphase level by
an automated aspirator.

Analysis of Isotherms.In keeping with recent proposals,
we avoid using the term liquid-condensed and instead use
the term condensed to denote monolayer states in which the
hydrocarbon chains are ordered (40). The liquid-expanded
state differs from the condensed state in that the chains are
conformationally disordered. Monolayer phase transitions
between the liquid-expanded and condensed states were
identified from the second and third derivatives of surface
pressure (π) with respect to molecular area (A) as previously
described (36, 41).

Monolayer compressibilities at the indicated experimental
mixing ratios were obtained fromπ-A data by use of

whereA is the area per molecule at the indicated surface
pressure andπ is the corresponding surface pressure (e.g.,
refs42and43). To facilitate comparison with elastic moduli
of area compressibility values in bilayer systems (e.g., refs
44 and45), we expressed our data as the reciprocal ofCs,
originally defined as the surface compressional modulus
(Cs

-1) by Davies and Rideal (42). We used a 100-point
sliding window that utilized every fourth point to calculate
a Cs

-1 value prior to advancing the window one point.
Reducing the window size by as much as 5-fold did not
significantly affect theCs

-1 values obtained. EachCs
-1 vs

average molecular area curve consisted of 200Cs
-1 values

obtained at equally spaced molecular areas along theπ-A
isotherms. The standard error of theCs

-1 values is about
2%. HighCs

-1 values correspond to low in-plane elasticity
among packed lipids forming a monolayer. As shown in
Smaby et al. (53), the Cs

-1 values of PC-cholesterol
mixtures are strongly affected by PC’s acyl structure. When
mixed with equivalent high cholesterol mole fractions, PCs
with saturated acyl chains have much higherCs

-1 values than
PCs with unsaturated acyl chains, suggesting that cis double
bonds can act as interfacial springs that control the cholesterol-
induced reduction in in-plane elasticity. For more compre-
hensive reviews of membrane micromechanical properties
and of elasticity in two dimensions, readers are referred to
Needham (64) and Behroozi(43). We found pure cholesterol
monolayers, which are highly condensed, to haveCs

-1 values
of 1126, 1551, and 1540 mN/m at 10, 20, and 30 mN/m,
respectively, in agreement with Merkel and Sackmann (65).

Assessment of Lipid Resistance to Detergent Solubilization
by Light Scattering.Lipid solubilization by Triton X-100 was
determined by light scattering as described by Xu and
London (12). Multilamellar lipid vesicles (500 nmol lipid)
were prepared by hydrating dried lipid films with buffer [10
mM HEPES (pH 6.6), 100 mM NaCl, and 0.02% NaN3],
briefly vortexing the hydrated lipid at temperatures 20-25
°C above their thermal phase transitions, and then cooling
to room temperature for 4 h. As noted by Xu and London
(12), we found the preceding approach to reduce variation
associated with detergent solubilization data. Each lipid
mixture was divided in half following preparation. One half
served as control (no Triton X-100) and the remaining half
was mixed with Triton X-100 to achieve a 15.5:1 molar ratio

(detergent:lipid), which is similar to ratios used previously
(11, 12). Controls and detergent-treated samples were
incubated for 12 h at 24°C prior to measurement of their
optical densities at 400 nm (Beckman 600 spectrophotom-
eter). Solubilization of lipid by detergent resulted in de-
creased light scattering and was expressed ratiometrically
as the percent reduction in OD by dividing the OD of the
sample mixed with Triton-X 100 by the OD of the deter-
gentless control. Incubations carried out for up to 24 h
showed that changes in OD occurred during the first 3 h
following Triton X-100 addition. Other controls, in which
light scattering was measured at 90° using a steady-state
spectrofluorometer (46), yielded similar results.

RESULTS

To evaluate SM structural features that might affect in-
plane interactions with cholesterol and resulting solubilization
by Triton X-100, the following was kept in mind regarding
SM/PC structure (Figure 1). The first three carbons of the
18-carbon sphingoid base are configurationally similar to
PC’s glycerol backbone (47). Thus, PCs with ester-linked,
saturatedsn-1 acyl chains of about 14 carbons provide a close
match with respect to hydrocarbon length. Also, the initial
segment of the sphingosine base (carbons 1-5 including the
4,5-trans double bond) lies roughly orthogonal to the amide
plane but with the hydroxyl on carbon 3 oriented toward
the hydrated interface. The amide plane including the first
two carbons of the N-linked acyl chain extends roughly
parallel to the bilayer interface, but then the chain bends

Cs ) (-1/A)(dA/dπ) (1)

FIGURE 1: Structural features of naturally predominant sphingo-
myelin (SM) and phosphatidylcholine (PC). For simplicity, the lipid
hydrocarbon chains are depicted as fully extended trans rotamers.
In reality, free rotation about the carbon-carbon single bonds
provides numerous trans-gauche isomers in the fluid but not the
gel state. The cis double bond depicted in thesn-2 chain of PC
leads to a t+gt- kink. Rotation about nearby carbon-carbon bonds
increases the average molecular cross-sectional area. In PC, the
glycerol base is depicted in gray and the highly hydratable,
zwitterionic phosphocholine headgroup is depicted as a shaded
ellipse oriented roughly parallel to the bilayer surface. In SM, the
phosphocholine headgroup is depicted similarly, and a stearoyl (18:
0) acyl chain, typical of bovine brain SM, is shown amide-linked
to the 18-carbon sphingosine base, which contains a 4,5-trans double
bond.
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sharply to become parallel to the sphingoid base chain (48-
51). The result is axial displacement of carbon atom positions
along the two hydrocarbon chains, causing positional in-
equivalence. When theN-linked acyl chain contains a cis
double bond, the positional axial displacement of carbon
atoms will be exacerbated distal to the cis double bond due
to the associated crank-shaft motif. Similar positional in-
equivalences exist along the ester-linkedsn-2 chain of PC
(52).

Cholesterol Reduces SMs In-Plane Elasticity More than
That of Chain-Matched PCs.We and others have previously
shown that mixing high cholesterol mole fractions with
saturated PCs results in packing environments characterized
by low in-plane elasticity in monolayers (53) and in bilayers
(44, 54). In contrast, the in-plane elasticity of PCs with
unsaturated acyl chains is affected less by cholesterol (45,

53). To determine how closely acyl-saturated PCs mimic the
response of acyl-saturated SMs with respect to cholesterol-
induced changes in in-plane elasticity, we measured theCs

-1

vs average molecular area behavior of 16:0 SM or 18:0 SM
mixed with increasing cholesterol (Figures 2 and 3). We
compared the results with those measured for cholesterol
mixed with 14:0,16:0 PC or 14:0,18:0 PC, respectively, to
minimize SM/PC hydrocarbon chain length differences. The
upper panels of Figures 2 and 3 show the surface pressure
versus average molecular area behavior at cholesterol mole
fractions between 0 and 0.6. Two-dimensional phase transi-
tions are evident in the isotherms of the SMs or PCs in the
absence of sterol. The onset of these transitions occurs at
slightly higher surface pressures for the PCs compared to
the respective SMs. Cholesterol mole fractions above 0.2
eliminate the two-dimensional transitions. This is clearly

FIGURE 2: 16:0 SM/cholesterol (left panel) and 14:0,16:0 PC/cholesterol (right panel) mixed monolayers. Data were collected with an
automated Langmuir-type film balance (see Materials and Methods). The standard errors are 2% or less. (Upper panel) Surface pressure
versus average cross-sectional molecular area: isotherms (from right to left) contain 0 (- ‚‚ -), 0.1 (‚‚‚), 0.2 (s), 0.3 (---), 0.4 (‚‚‚), 0.5
(- ‚‚ -), and 0.6 (s) mole fraction sterol. (Lower panel) Surface compressional modulus (Cs

-1) versus average molecular area at 0 (- ‚
‚ -), 0.1 (‚‚‚), 0.2 (s), 0.3 (---), and 0.4 (‚‚‚) mole fraction sterol. The insets show data for 0.5 (- ‚‚ -) and 0.6 (s) mole fraction cholesterol.
The Cs

-1-A plots cover the surface pressure range of 1-30 mN/m. HighCs
-1 values correspond to lipid packing arrangements with low

in-plane elasticity.

FIGURE 3: 18:0 SM/cholesterol (left panel) and 14:0,18:0 PC/cholesterol (right panel) mixed monolayers. (Other details are the same as in
the caption for Figure 2.)
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evident in theirCs
-1 vs average molecular area plots (Figures

2 and 3, lower panels), which show characteristic troughs
in the two-phase coexistence region due to differences in
the partial molar areas of the liquid-expanded (chain-
disordered) and condensed (chain-ordered) phases (e.g., refs
36 and 41). The disappearance of the liquid expanded-to-
condensed transition is consistent with the general form of
published phase diagrams in monolayers and bilayers (see
introduction).

As cholesterol mole fractions increase above 0.2,Cs
-1

values rise steadily. Figure 6 illustrates this response at
various fixed surface pressures, where it is evident that
cholesterol’s impact is exacerbated at higher surface pres-
sures. Moreover, at equivalent cholesterol mole fractions of
0.3 or higher, both 16:0 and 18:0 SM show 30-35% higher
Cs

-1 values than their chain-matched PC analogues (14:0,-
16:0 PC and 14:0,18:0 PC, respectively). These differences
are noteworthy because saturated-chain PCs have been used
as sphingomyelin analogues in previous studies of raft lipids
(e.g., refs4, 11, and 13). A comparison of the 30 mN/m
Cs

-1 values versus cholesterol mole fraction for several
different PCs and SMs is summarized in Figure 8 (upper
panels). The data obtained at 30 mN/m are of particular
interest because high surface pressures (g30 mN/m) mimic
the biomembrane situation (55, 56).

Acyl Unsaturation in SM Mitigates the Cholesterol-
Induced Reduction in In-Plane Elasticity.If SM’s amide and/
or hydroxyl functional groups interact with cholesterol in
ways that decrease in-plane elasticity beyond what can be
attributed to chain conformation and acyl saturation, then
modifications introduced somewhat distal to SM’s interfacial
functional groups should not be as disruptive to the interfacial
elasticity as similar modifications in PC. To test this
hypothesis, we compared the interfacial behavior of choles-
terol mixed with either 18:1 SM or 1-palmitoyl-2-oleoyl-
PC (16:0,18:1 PC). Figure 4 shows the resulting surface
pressure (upper panels) andCs

-1 (lower panels) versus
average molecular area for the mixtures. Both 18:1 SM and
POPC exhibit chain-disordered, liquid-expanded behavior in
the absence of cholesterol at all surface pressures below
collapse. Mixing cholesterol with 18:1 SM or POPC at

increasing mole fractions results in decreasing mean molec-
ular areas. This behavior is not surprising given that pure
cholesterol behaves as relatively small, component with a
relatively fixed area (36-38 Å2/molecule) compared to pure
18:1 SM or POPC and that cholesterol also has a significant
ordering effect, i.e., area condensing effect, on both 18:1
SM and POPC (10, 26).

Increasing cholesterol content in 18:1 SM or POPC
significantly increased theCs

-1 values but to a lesser extent
than observed in SMs or PCs containing saturated acyl chains
(Figures 4 and 7, lower panels). Yet theCs

-1 values of 18:1
SM at sterol mole fractions above 0.2 were higher than those
observed for 16:0,18:1 PC at identical cholesterol content
(Figure 7, lower panels). The observed differences inCs

-1

may explain the increased capacity for 18:1 SM to shield
cholesterol from oxidation by cholesterol oxidase compared
to PCs such as 18:0 and 18:1 PC as well as reported
differences in sterol desorption from SM versus PC mono-
layers toâ-cyclodextrin (57, 27).

Cholesterol Reduces the In-Plane Elasticity of Naturally
Occurring SMs.Egg SM and bovine brain SM are hetero-
geneous with respect to acyl composition. Egg SM is highly
enriched in 16:0 SM (∼85%), with another 10% of other
saturated species and 5% of monounsaturated species,
whereas bovine brain SM is enriched in 18:0 SM (∼65%),
with another 20% other long saturated species and 15%
monounsaturated species (see Materials and Methods). The
acyl heterogeneity including the presence of monounsaturated
chains would be expected to impact cholesterol’s ability to
modulate in-plane elasticity. Figure 5 shows the effect of
increasing cholesterol on the force-area andCs

-1-area
behaviors of egg SM and bovine brain SM. In the absence
of sterol, both of these SMs display two-dimensional phase
transitions, but the sharpness is reduced because of acyl chain
heterogeneity (35). The Cs

-1 values achieved upon mixing
increasing cholesterol with egg or bovine brain SM are
consistent with values expected for SMs with saturated acyl
chains but are diminished somewhat, probably due to the
presence of monounsaturated chains and the mix of different
saturated acyl chains. This is especially evident for the more
heterogeneous bovine brain SM (Figure 7, upper panels).

FIGURE 4: 18:1 SM/cholesterol (left panel) and 16:0,18:1 PC/cholesterol (right panel) mixed monolayers. Note that data shown in the right
panels are consistent with those reported in Figure 3 of Smaby et al. (53). (Other details are the same as in the caption for Figure 2.)
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Cholesterol-Induced Liquid-Ordered Phase Has Lower In-
Plane Elasticity than either Liquid-Expanded or Condensed
Phase.Above 0.3 mole fraction, cholesterol dramatically
reduces the in-plane elasticity of fluid-phase PCs but the
extent of reduction depends on the number and location of
cis double bonds in PC’s acyl chains (53). At 30 mN/m, the
largest cholesterol-induced changes inCs

-1 values of fluid-
phase PCs occur when both acyl chains are saturated [e.g.,
fluid-phase DMPC) 110 mN/m; DMPC:chol (1:1)) 580
mN/m]. The results of the present study show that theCs

-1

values achieved in the chain-ordered, condensed phases of
pure PCs or SMs are significantly lower than those attained
upon mixing with high cholesterol. For instance, at 30 mN/
m, the phase state of MSPC and 18:0 SM is condensed, i.e.,
chain-ordered, as is reflected by their respective cross-
sectional areas (50 and 45 Å2/molecule) andCs

-1 values (208
and 280 mN/m). When mixed with equimolar cholesterol,
the mean cross-sectional areas of MSPC and 18:0 SM
decrease to 42 and 39 Å2/molecule, respectively, while their

Cs
-1 values increase to 670 and 906 mN/m (Figure 6). Under

the same conditions, pure chain-ordered DPPC has a cross-
sectional area of 46 Å2/molecule and aCs

-1 value of 265
mN/m, whereas DPPC’s equimolar cholesterol mix has a
mean molecular area of 40 Å2/molecule and aCs

-1 value of
706 mN/m (Figure 8, upper right panel). Thus, despite having
highly ordered hydrocarbon chains, the in-plane elasticities
of the LO and condensed phases differ significantly.

Detergent Resistance of SM-Cholesterol and Chain-
Matched PC-Cholesterol Mixtures.If the in-plane elasticity
of SM-cholesterol mixtures correlates with resistance to
solubilization by Triton X-100, achieving sufficiently high
Cs

-1 values should limit or prevent Triton X-100 solubili-
zation. To test this hypothesis, we used light scattering
approaches to monitor Triton X-100 solubilization of select
SM and PC derivatives in the absence and presence of
increasing amounts of cholesterol as described by Xu and
London (12). Figure 8 (lower panels) shows the percent
change in optical density observed following incubation with

FIGURE 5: Egg SM/cholesterol (left panel) and bovine SM/cholesterol (right panel) mixed monolayers. (Other details are the same as in the
caption for Figure 2.)

FIGURE 6: Surface compressional moduli (Cs
-1) versus sterol composition for 16:0 SM/cholesterol, 14:0,16:0 PC/cholesterol, 18:0 SM/

cholesterol, and 14:0,18:0 PC mixed monolayers. The standard errors are 2% or less. Surface pressures are indicated by the following
symbols: 5 mN/m (b), 10 mN/m (9), 20 mN/m ([), and 30 mN/m (2).
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Triton X-100 (see Materials and Methods). Equilibration
times of 3 h showed no further change in optical density.
Solubilization depended upon the mole fraction of cholesterol
as well as the SM or PC acyl chain composition. For 16:0
SM, 18:0 SM, and PCs with saturated acyl chains (e.g.,
DPPC, DMPC, MPPC, and MSPC), dramatic increases in
resistance to Triton X-100 solubilization at 24°C were
evident at cholesterol mole fractions between 0.2 and 0.3.
Changing the acyl chain from 18:0 to 18:1 in SM increased
the mole fraction of cholesterol necessary to achieve
resistance to Triton X-100 solubilization (Figure 8). Similar

behavior was observed in POPC-cholesterol mixtures except
that even higher amounts of cholesterol were necessary.
When both PC acyl chains were monounsaturated (18:1),
sterol mole fractions up to 0.5 did not prevent solubilization
by Triton X-100, in agreement with previous reports (e.g.,
refs 8 and11).

DISCUSSION

The results of this study provide insights into the in-plane
elastic packing interactions of cholesterol and SMs. Increas-
ing cholesterol content reduces sphingomyelin’s in-plane

FIGURE 7: Surface compressional moduli (Cs
-1) versus sterol composition for egg SM/cholesterol, bovine SM/cholesterol, 18:1 SM/cholesterol,

and 16:0,18:1 PC mixed monolayers. (Other details are the same as in the caption for Figure 6.)

FIGURE 8: Comparison of monolayer surface compressional moduli (Cs
-1) and bilayer detergent insolubility of lipid mixtures of cholesterol

and SM or PC. (Upper left panel)Cs
-1 vs cholesterol mole fraction of SM/cholesterol mixtures at 30 mN/m and 24°C. The standard errors

are 2% or less. 16:0 SM (b); 18:0 SM (O); 18:1 SM (1). Values at zero mole fraction cholesterol are consistent with those reported
previously by Smaby et al. (35) and Li et al. (36). (Upper right panel)Cs

-1 vs cholesterol mole fraction of PC/cholesterol mixtures at 30
mN/m and 24°C. The standard errors are 2% or less. DPPC (b); POPC (O); DMPC (1); MPPC (3); MSPC (9); DOPC (0). Values
reported for DMPC, POPC, and DOPC also appear in Smaby et al. (53). (Lower panels) Solubilization of lipid mixtures by Triton X-100
at 24°C as determined by optical density change (% OD change). The standard errors are 5% or less. (Symbols are the same as for the
upper panels).
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elasticity in a nonlinear fashion over the biologically relevant
sterol mole fraction range of 0-0.6. Slight or no decrease
in in-plane elasticity is observed at low cholesterol mole
fractions, whereas marked changes occur at sterol mole
fractions higher than 0.2-0.3. This abrupt reduction in in-
plane elasticity is consistent with proximity to a critical point-
(s) in the phase diagram (32, 33, 63) and correlates with
conversion to liquid-ordered behavior in the sphingomyelin
matrix (16).

The abrupt decrease in the in-plane elasticity that occurs
at cholesterol mole fractions between 0.2 and 0.3 is not
unique to SMs but also occurs in PCs (53, 58). In PCs, the
trend is observed whether the acyl chains are saturated or
unsaturated. However, increasing unsaturation acts to buffer
the abruptness and diminish the extent of the decrease in-
duced by cholesterol. Thus, the sharpest and largest decreases
in in-plane elasticity occur with SMs or PCs that have
saturated acyl chains regardless of whether the lipids are in
liquid-crystalline or gel phase in the absence of cholesterol.

A particularly compelling aspect of this study is the large
difference observed in the in-plane elasticities of pure SM
(or PC) condensed phases compared to their cholesterol-rich
mixtures. Relative to the chain-disordered, liquid-expanded
phase, the in-plane elasticity of the condensed phase is
reduced 2-3-fold, while that of the liquid-ordered phase at
equimolar cholesterol is reduced 5-7-fold. One possible
explanation for this observation is the following. Cholesterol
is likely to act as a phosphocholine headgroup spacer because
the sterol polar headgroup is small compared to SM/PC’s
phosphocholine, while the sterol’s nonpolar cross-sectional
area (∼37 Å2/molecule) is similar to that of ordered SM/PC
with a saturated chain(s) (∼39 Å2/molecule). At mole
fractions of 0.3 or higher, cholesterol enhances phospho-
choline headgroup mobility (ref1 and references therein)
and increases molecular translational mobility in the SM/
PC matrix (15, 16, 19). Thus, ordered states such as LO phase
can form relatively fast and with fewer packing defects
compared to pure SM or PC gel phases, which have longer
range order but, because of lower molecular translational
mobility, generally have more packing defects, especially
in the absence of very long equilibration times and/or reduced
temperatures. The preceding explanation is supported by
other recent data. Freed and colleagues (14) have shown that
SM and DPPC gel phases have substantially greater rotational
diffusion rates and order parameters than their equimolar
mixtures with cholesterol near room temperature. Thus, while
the time scales and temperatures associated with our mono-
layer experiments are likely to be insufficient for the pure
SM or PC gel phase to achieve a true equilibrium, this same
situation is likely for eukaryotic biomembranes under physi-
ological conditions. Having high cholesterol provides biomem-
branes with the capability for rapidly achieving highly
ordered membrane regions likely to be favored by certain
proteins.

Our results emphasize that, although clearly important,
saturation of SM’s acyl chain is not the only structural feature
contributing significantly to the low in-plane elasticities
achieved by mixing SM with cholesterol. When chain-
matched with respect to conformation and saturation, SMs
(e.g., 18:0 SM or 16:0 SM) achieve almost 25% higherCs

-1

values than PCs (e.g., 14:0,16:0 PC or 14:0,18:0 PC,
respectively) upon mixing with equimolar cholesterol. This

implies that intermolecular interactions between SM’s mostly
saturated hydrocarbon chains and cholesterol’s planar steroid
ring only partially account for the low in-plane elasticity.
An added contribution is likely to arise from intermolecular
hydrogen bonding between cholesterol’s 3-OH group and
SM’s amide group (22). The C-N bond of an amide has
enhanced ionic character and diminished rotational capacity
compared to the C-O bond of an ester (59). This difference
may help stabilize interfacial hydrogen bonds between
cholesterol and SM.

Cholesterol-Induced Changes in In-Plane Elasticities of
Monolayers and Bilayers.Because lateral interactions among
neighboring lipids affect many physical phenomena in
membranes, it not surprising that bilayer and monolayer
model membranes mimic one another with respect to several
fundamentally important features. For instance, changes in
lipid translational diffusion rates that accompany the phase
transitions of pure PCs (66) and that accompany increasing
cholesterol mole fractions in PC (65, 67) are similar in both
monolayers and bilayers.

In earlier monolayer studies involving SMs and cholesterol
[ref 10and references therein], interactions among the lipids
were evaluated primarily from changes in the average cross-
sectional area, i.e., area condensation. Subsequent studies
have revealed inherent caveats in relying solely on area
condensations at lower surface pressures to assess the in-
plane interaction affinity of cholesterol for different sphin-
golipids or PCs (10, 53). The caveats occur because acyl
structure alters the surface pressure response of the area
condensation in complex and nonuniform ways, making it
risky to arbitrarily extrapolate to the high surface pressure,
biomembranelike situation (53). Moreover, accurately quan-
titating small changes in absolute lipid area at the high
surface pressures that better mimic biomembrane conditions
is beyond the practical capabilities of most instrumental
systems. In contrast,Cs

-1 measurements rely primarily on
information contained within the shapes of the isotherms and
are much less affected by the absolute area values. As a
result, they provide a sensitive way to gain quantitative
insights into the packing elasticity achieved over a range of
surface pressures and cholesterol mole fractions, including
those most relevant to biomembrane conditions. It is worth
noting that the cholesterol-induced changes in bilayer and
monolayer in-plane elasticities for various fluid-phase PCs
are similar when the monolayer measurements are performed
in the 30-35 mN/m surface pressure range (45-53).

Comparing SM monolayer and bilayer in-plane elasticity
values is currently possible only for equimolar bovine SM
and cholesterol. No bilayer data have appeared for pure SMs,
presumably because of the technical challenges associated
with manipulating pure gel-phase SM vesicles by micropipet
aspiration. Yet, from work with bilayers, it is clear that chain
saturation in SMs plays a major role in producing low-
elasticity packing interactions with cholesterol (45, 54).

Low In-Plane Elasticity and Detergent Resistance.The
trend of little change in in-plane elasticity until critical
cholesterol mole fractions are reached, followed by rapidly
increasingCs

-1 values at higher cholesterol mole fractions,
is a response that is mirrored in the solubilization response
of Triton X-100. WhenCs

-1 values are relatively low (<350
mN/m), SMs and PCs are largely solubilized by Triton X-100
at 24°C (Figure 8). When sufficient cholesterol is present
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for Cs
-1 values to exceed∼400 mN/m, much less Triton

X-100 induced solubilization is achieved.
With SMs or PCs containing saturated acyl chains, the

relatively abrupt increases in resistance to Triton X-100
solubilization appear to approximate conversion to LO phase
behavior. Schroeder et al. (13) observed similar behavior with
DPPC-cholesterol mixtures. It is also clear that relying on
Triton X-100 solubilization only approximates the amounts
of LO phase domains (21). Assuming that resistance to
solubilization by Triton X-100 does approximate conversion
to LO behavior, then our results suggest that SM and PC
with a single monounsaturated acyl chain (e.g., 18:1 SM or
POPC) need higher amounts of cholesterol to achieve LO
than their saturated counterparts. Indeed, Mateo et al. (30)
investigated the POPC-cholesterol phase diagram and found
cholesterol mole fractions of 0.4 or higher are required to
form LO phase compared to cholesterol mole fractions of
0.3 in DMPC. Epifluorescence microscopy studies also
suggest the need for higher cholesterol mole fractions to
achieve LO phase in POPC-cholesterol monolayers (68).
Our detergent resistance data appear to support these data.
Conversion of 18:1 SM-cholesterol mixtures to LO has not
been previously reported, although our detergent resistance
data would suggest between 0.3 and 0.4 mole fraction is
needed. With a PC in which both acyl chains are monoun-
saturated (DOPC), cholesterol mole fractions up to 0.5 fail
to produce LO phase as judged by the modest increases in
Cs

-1 values and by the lack of resistance to Triton X-100
solubilization. The facile solubilization of DOPC-cholesterol
mixtures by Triton X-100 is well established (4, 21).

Implications. By studying the in-plane interactions of
different sphingomyelin species and cholesterol, we have
determined that the especially low in-plane elasticity of
cholesterol-SM LO phase sets it apart from PC-based, LO
phases. Moreover, the structural basis for SM-based LO
phase being different is not simply due to the preponderance
of saturated chains in naturally occurring SMs but also may
involve the enhanced stability of hydrogen bonds involving
amide linkages. Simple sphingolipids possess interfacial
functional groups (e.g., amino and carbonyl groups of amide
linkages, as well as hydroxyl groups) that can donate and
accept intramolecular hydrogen bonds, whereas only hydrogen-
bond acceptors (carbonyl groups of ester linkages) are present
in PC’s interfacial region. Importantly, however, the low in-
plane elasticities needed to avoid Triton X-100 solubilization
are most easily attained at physiological cholesterol concen-
trations when acyl chains are saturated. When SM’s acyl
chain is unsaturated, higher cholesterol mole fractions are
required to achieve sufficiently low in-plane elasticity to
avoid Triton X-100 solubilization. In this regard, naturally
occurring SMs are particularly suited for achieving a liquid-
ordered state of low in-plane elasticity at cholesterol contents
within the physiological realm of many biomembranes. The
low in-plane elasticities within SM-cholesterol liquid-
ordered phases also distinguish them from other SM ordered
phases such as pure gel phase and help explain observed
differences in the Triton X-100 solubilization of these two
types of phases. Thus, the physiologically relevant ordered
phase in biomembranes is likely to be the cholesterol-induced
liquid-ordered phase.

In biomembranes, the question of whether sphingolipid-
cholesterol rafts really exist remains unsettled. One recent

study suggests that sphingolipid-cholesterol rafts in the
plasma membrane of fibroblast-like cells can diffuse as rather
stable platforms with average areas of about 2100 nm2 (60).
Yet other compelling investigations raise serious concerns
about raft existence based on their ability to cluster GPI-
anchored proteins in plasma membranes (61). Our measure-
ments of the in-plane packing elasticity of cholesterol mixed
with various SM and PC species suggest that naturally
abundant SMs are especially well suited for forming sterol-
enriched microdomains in model membranes. Moreover, as
pointed out previously (69), SM involvement in rafts makes
the situation more intriguing because SMs are one of the
few naturally occurring membrane lipids whose fluid-gel
coexistence region is poised close to mammalian physiologi-
cal temperatures. Cholesterol could easily modulate domain
formation and size. While the inherent miscibility of the
lipids can provide a favorable driving force for raft formation
in model membranes, the problem in cell membranes appears
to be controlling the size, location, and stability of such
domains because plasma membranes contain relatively large
amounts of SM and cholesterol. This has led to the idea that
compartmentalization of rafts may occur via the membrane-
associated cytoskeleton (70). In addition, specialized mem-
brane proteins may play a role in altering the inherent
miscibility of raft lipids. Interestingly, there is precedent for
nonenzymic proteins laterally reorganizing the lipid com-
position of liquidlike interfaces to enhance lipolytic processes
(62). Whether analogous lipid recruiting or segregating
proteins play a role in controlling sphingolipid-sterol raft
formation and size will require further study.
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