
Biochimica et Biophysica Acta 1838 (2014) 1922–1930

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
Sphingolipid symmetry governs membrane lipid raft structure
Peter J. Quinn ⁎
Department of Biochemistry, King's College London, 150 Stamford Street, London SE1 9NH, UK
⁎ Tel.: +44 2078484408; fax: +44 2078484500.
E-mail address: p.quinn@kcl.ac.uk.

http://dx.doi.org/10.1016/j.bbamem.2014.02.021
0005-2736/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 January 2014
Received in revised form 24 February 2014
Accepted 27 February 2014
Available online 7 March 2014

Keywords:
Raft
Membrane raft
Lipid bilayer structure
Cholesterol
Sphingomyelin
Glycosphingolipid
Lipid domain formation in membranes underlies the concept of rafts but their structure is controversial because
the key role of cholesterol has been challenged. The configuration of glycosphingolipid receptors for agonists,
bacterial toxins and enveloped viruses in plasma membrane rafts appears to be an important factor governing
ligand binding and infectivity but the details are as yet unresolved. I have used X-ray diffraction methods to ex-
amine how cholesterol affects the distribution of glycosphingolipid in aqueous dispersions of an equimolar mix-
ture of cholesterol and egg-sphingomyelin containing different proportions of glucosylceramide from human
extracts. Three coexisting liquid-ordered bilayer structures are observed at 37 °C in mixtures containing up to
20 mol% glycosphingolipid. All the cholesterol was sequestered in one bilayer with the minimum amount of
sphingomyelin (33 mol%) to prevent formation of cholesterol crystals. The other two bilayers consisted of
sphingomyelin and glucosylceramide. Asymmetric molecular species of glucosylceramide with N-acyl chains
longer than 20 carbons form an equimolar complex with sphingomyelin in which the glycosidic residues are ar-
ranged in hexagonal array. Symmetric molecular species mix with sphingomyelin in proportions less than equi-
molar to form quasicrystalline bilayers. When the glycosphingolipid exceeds equimolar proportions with
sphingomyelin cholesterol is incorporated into the structure and formation of a gel phase of glucosylceramide
is prevented. The demonstration of particular structural features of ceramide molecular species combined with
the diversity of sugar residues of glycosphingolipid classes paves the way for a rational approach to understand-
ing the functional specificity of lipid rafts and how they are coupled across cell membranes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

A universal feature of cell receptor and signalling processes is the as-
sembly of recognition and associated transducing elements in the lipid
bilayer matrix of the membrane. The structural role of lipids in receptor
functions is conjectural. While the biochemical machinery responsible
for creating and maintaining lipid asymmetry across the bilayer mem-
brane is reasonably well understood [1] the factors underlying lateral
domain formation and coupling are more problematic. There is abun-
dant evidence from the dynamics of fluorescent lipid probes on the sur-
face of living cells that domains differing in lipidmotion or fluidity exist
and particular lipid classes are known to partition into domains [2,3].
The creation of these membrane domainsmust involve specific interac-
tions between different membrane constituents but at present there is
uncertainty with regard to the extent to which protein–lipid interac-
tions or interactions between different lipids govern the process. Specif-
ic membrane lipid binding motifs, for example, have been identified in
transmembrane segments of intrinsic proteins [4] while interaction be-
tween cytoplasmic proteins and membrane lipids in such processes as
assembly of viral envelopes has yet to be resolved [5].
One model to explain domain formation is the lipid raft hypothesis
which, as originally postulated [6] and subsequently refined [7,8], envis-
ages the driving force as preferential interactions between cholesterol
and saturated molecular species of lipid of which sphingolipids are the
most abundant. The resulting liquid-ordered phase is said to be thicker
than the coexisting liquid-disordered phase contributing further to lat-
eral phase separation through hydrophobic mismatch. The key role at-
tributed to cholesterol in animal and other sterols in plant and
microbial membranes [9] in creation of lipid raft domains, however, is
not consistent with the data derived from both model and cellular
systems nor the range of molecular species of lipids present in cell
membranes.

The interaction of cholesterol and other membrane lipids to create
domain structures appears to be a much more specific process than
hitherto envisaged. Cholesterol, for example, preferentially interacts
with symmetricmolecular species of sphingomyelin [10–12] particular-
ly N-palmitoyl sphingomyelin [13] and forms a stoichiometric complex
with symmetric sphingomyelin at physiological temperatures [14,15].
Cholesterol, on the other hand, is immiscible with glycosphingolipids
at 37 °C [16]; this is at odds with the essential role such lipids are
known to perform in raft-mediated signalling processes [17,18]. There
is also evidence from high resolution (87 nm) secondary ion mass
spectrometry mapping of the distribution of cholesterol and
sphingolipids in the plasma membrane of fibroblasts that the two
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lipids are not co-localized [19]. This led to the conclusion that
favourable sphingolipid–cholesterol interactions do not dictate mem-
brane organization. Furthermore, the notion that hydrophobic mis-
match contributes to lateral phase separation of raft components is
not consistent with a failure to distinguish a significant difference be-
tween the thickness sphingomyelin–cholesterol complexes and pure
phospholipid bilayers [15] or membrane rafts and the plasma mem-
branes from which they were derived [20].

The conventional approach to model the creation of liquid-
ordered structures in ternary lipid mixtures has been to focus on
how cholesterol interacts with phospholipids with relatively high
and low phase transition temperatures [21,22]. Molecular species
of sphingomyelin commonly found in cell membranes forms stoi-
chiometric complexes with cholesterol [15] and these complexes
phase separate in fluid phospholipid bilayers [14]. To investigate
how cholesterol distributes between different sphingolipids I exam-
ined the structure of aqueous dispersions of equimolar mixtures of
cholesterol and egg-sphingomyelin containing different amounts of
glucosylceramide using X-ray diffraction methods. Three discrete
bilayer structures were formed in the ternary lipid mixtures. Choles-
terol was present in only one structure together with the minimum
amount of sphingomyelin needed to prevent phase separation of
crystalline cholesterol. The other two bilayers also contained
sphingomyelin, one consisting of a 1:1 stoichiometric complex
with molecular species of glucosylceramide with N-acyl fatty acids
longer than 20 carbon atoms and the other with symmetric molecu-
lar species of glucosylceramide.
Fig. 1. Bilayer structures in ternary lipid dispersions depend on temperature. A. Overview of X-
corded from an aqueous dispersion of egg-SM:cholesterol:GlcCer inmolar proportions 40:40:2
tering intensity profile at 37 °C is highlighted. B. Three bilayer structures designated as Bilayer 1
from the Bragg peaks throughout the heating scan. C. Relative scattering intensities and D. Peak
peaks from the first-order lamellar repeats are plotted as a function of temperature.
2. Methods

2.1. Lipids

Chicken egg sphingomyelin (eggSM) was purchased from Avanti
Polar Lipids (Alabaster, AL). This source of sphingomyelin is predomi-
nantly amidifiedwith palmitic acid (65%) and there are relatively small-
er amounts of stearic and very long-chain fatty acids (C22:0, C24:0,
C24:1; b10%). Ameanmolecularweight of 712 g/molwas used. Choles-
terol was purchased from Sigma-Aldrich (UK). Natural cerebroside, cer-
amideβ-D glucoside (GluCer) extracted from the spleen of patientswith
Gaucher's disease was purchased from Matreya Inc. (Pleasant Gap, PA)
and used without further purification. GluCer was N98% pure as
judged by thin-layer chromatography and a mean molecular weight of
779 g/mol was used.

2.2. Sample preparation

Samples for X-ray diffraction examinationwere prepared by dissolv-
ing lipids in warm (45 °C) chloroform/methanol (2:1, vol/vol) and
mixing them in the desired proportions (denoted as mol GluCer/
100mol eggSM+ cholesterol+ GlcCer). The solventwas subsequently
evaporated under a stream of oxygen-free dry nitrogen at 45 °C and any
remaining traces of solvent were removed by storage under high vacu-
um for two days at 20 °C. The dry lipids were hydrated with deionized
water to give a dispersion of 25wt.% lipid. This was sufficient for full hy-
dration of the lipids. The lipids were stirred thoroughly with a thin
ray scattering intensity profiles in the region of the first two orders of lamellar repeats re-
0 during a heating scan at 2°/min from 20 to 90 °C plotted on a logarithmic scale. The scat-
(○), Bilayer 2 (■) and Bilayer 3 (●) indexed by 4-orders of reflection can be deconvolved
shape parameters (amplitude/full width at half maximum amplitude) of the deconvolved
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needle, sealed under argon, and annealed by 50 thermal cycles between
−20 and 95 °C ensuring a complete mixing of lipids. The samples were
stored under argon at a temperature not below 4 °C for at least 1 week
before examination. X-ray diffraction examination was performed on
samples equilibrated at 20 °C for 5 h before transfer into the measure-
ment cell. In order to check for possible dehydration or demixing of
the components various control measurements were undertaken such
as checking for reversibility of phase behaviour during subsequent
heating and cooling cycles. The samples were also checked for the ab-
sence of small- and wide-angle X-ray scattering regions for diffraction
peaks from subgel or crystal phases of cholesterol and GluCer.

2.3. Synchrotron X-ray diffraction methods

X-ray diffractionmeasurementswere performed at Station 2.1 of the
Daresbury Synchrotron Radiation Source (Cheshire, UK). The X-ray
wavelength was 0.154 nm with a beam geometry of ~1 × 2.5 mm. Si-
multaneous small-angle (SAXS) and wide-angle X-ray scattering
(WAXS) intensities were recorded so that a correlation could be
established between the mesophase repeat spacings and the packing
arrangement of acyl chains. The SAXS intensity was recorded on a
RAPID-2 detector [23] and 1-D scattering intensities were obtained by
integration of a segment of the powder pattern. The Bragg spacings
were calibrated using wet rat-tail collagen (67 nm [24]). The sample
to detector distance was 1.5 m. The wide-angle scattering intensity
was recordedwith a HOTWAXS detector calibrated using the diffraction
peaks from high-density polyethylene [25]. Lipid dispersions (20 μl)
were sandwiched between two thin mica windows 0.5 mm apart and
the measurement cell was mounted on a programmable temperature
stage (Linkam, Surrey, UK). The temperature was monitored by a ther-
mocouple inserted directly into the lipid dispersion (Quad Service,
Poissy, France). The setup, calibration, and facilities available on Station
2.1 are described elsewhere [26]. Data reduction and analysis were
performed using OriginPro8 software (OriginLab Corp.).
Fig. 2. Structural determination of coexisting bilayers. Structure of coexisting bilayers in a terna
Scattering intensity profile showing four-orders of a lamellar structurewith the third and fourth
area functions to the first four orders of Bragg reflections. Residual errors are also shown by the
structure calculated from the first four orders of lamellar reflection. The table shows form facto
2.4. Analysis of X-ray diffraction data

The small angle X-ray scattering intensity profiles were analyzed
using standard procedures [27]. Polarization and geometric corrections
for line-width smearingwere assessed by checking the symmetry of dif-
fraction peaks in the present camera configuration using a sample of sil-
ver behenate (d= 5.838 nm). The orders of reflection could all befitted
by Voigt functions with fitting coefficients greater than R2 = 0.99.
Deconvolution is consistent with the sample to detector distance used
[28]. Deconvolution of the SAXS andWAXS intensity peaks was under-
taken using PeakFit (v4.12; Systat Software Inc.) software. Background
subtraction was performed on each diffraction band but no corrections
for polarization or geometric factors were necessary with the camera
configuration employed.

3. Results

3.1. Bilayer structures in ternary lipid mixtures are temperature-dependent

The structure and distribution of lipids in bilayers observed in aque-
ous dispersions of ternary mixtures of egg-sphingomyelin (egg-SM),
glucosylceramide (GlcCer) and cholesterol are temperature dependent.
Fig. 1 shows an analysis of X-ray scattering intensities in the small-angle
region (1.6–2.5°) of an equimolar mixture of egg-SM and cholesterol
containing 20 mol% GlcCer during a heating scan from 20 to 90 °C at
2°·min−1. Two sets of Bragg reflections representing the first and sec-
ond orders of three coexisting bilayer structures are seen throughout
the scan (Fig. 1A). The lamellar d-spacings of bilayers designated as bi-
layers 1 and 3 decrease during the scanwhile that of bilayer 2 is temper-
ature independent (Fig. 1B).

A redistribution of lipid, judged by changes in relative scattering
intensities of the bilayers (Fig. 1C), takes place between bilayers 1
and 2 in the temperature range 40–45 °C and in bilayer 3 at 73 °C co-
incident with the gel to fluid transition of egg-SM and GlcCer,
ry lipid mixture of egg-SM–cholesterol–GlcCer in molar proportions 40:40:20 at 37 °C. A.
orders scaled by a factor of 10. B. Deconvolution of three bilayer structures by fits of Voigt-
light lines on each of the fitted curves. C. Relative electron density profiles of each bilayer
rs for orders h = 2, 3 & 4 normalized to F1 for each of the three bilayer structures.

image of Fig.�2


Table 1
Structural parameters of coexisting bilayers in aqueous dispersions of equimolarmixtures
of egg-SM and cholesterol containing 2, 5, 10 and 20 mol% GlcCer at 37 °C.

d-Space dpp dw

Bilayer 1 6.79 ± .01 4.95 ± .04 1.83 ± .05
Bilayer 2 6.55 ± .02 4.73 ± .04 1.82 ± .02
Bilayer 3 6.26 ± .03 4.54 ± .03 1.72 ± .04
SM:GlcCer 1:1 6.74 ± .07 4.86 ± .05 1.89 ± .02

Mean values ± SEM of bilayers deconvolved from all four ternary lipid mixtures and
calculated from the first four orders of reflection of each bilayer. ANOVAR showed differ-
ences between the d-space and thickness for the three bilayers (P b 0.001) but no signif-
icant differences in dw. Structural parameters of the SM–GlcCer complex were calculated
from deconvolution of bilayers from three independent scattering intensity profiles from
each of binary mixtures of egg-SM containing 5, 10 and 20 mol% GlcCer at 37 °C
(Fig. S5). d-Space; lamellar repeat; dpp; bilayer thickness: dw; water layer thickness. t-
Test comparisons showed no significant differences for any structural parameters be-
tween bilayer 1 and the complex of egg-SM and GlcCer.
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respectively. This is associated with an increase in order within the
respective unit cells seen in the changes of peak shape parameter,
amplitude/full width at half maximum intensity (Fig. 1D), during
heating to about 60 °C above which the unit cells become more dis-
ordered. Because each unique bilayer is characterized by a single set
of Bragg reflections all three bilayers are coupled and in register
across the bilayer.

3.2. The structure of coexisting bilayers

The structure of coexisting bilayers was assessed at 37 °C to model
the physiological conditions under which these lipids are assembled
into rafts. Structural parameters of the coexisting bilayers in themixture
shown in Fig. 1were determined by calculation of relative electron den-
sity profiles through the bilayer repeats. Fig. 2A shows the scattering in-
tensity profiles of the first four orders of lamellar repeat structures. Peak
fitting methods were applied to lamellar Bragg reflections as illustrated
for each of the reflections in Fig. 2B. There is a satisfactory fit of three
Voigt-area functions to each Bragg peak as judged by the residual errors.
Relative electron density profiles were calculated from the first four or-
ders of reflection and the results are summarised in Fig. 2C. It can be
seen that each bilayer has a unique structure as indicated by the differ-
ences in the structural parameters and normalized form factors and
hence must be comprised of different lipid compositions.

3.3. The lipid composition of coexisting bilayers

The initial assignment of lipid composition of coexisting bilayerswas
made from X-ray scattering intensities recorded at small angles. Plots of
the first-order scattering intensities recorded from equimolar mixtures
of egg-SM and cholesterol containing different mol% GlcCer are shown
in Fig. 3A. Coexisting bilayer structures are also observed in the absence
of GlcCer indicating inhomogeneity in the distribution of sphingomyelin
and cholesterolwhich is dependent on temperature [29] (Supplementary
Fig. 3. Assignment of bilayer composition in ternary lipid mixtures from small-angle scattering
tions recorded from aqueous dispersions of ternary lipid mixtures comprised of equimolar mix
relative scattering intensities of thefirst and second-order lamellar structures of bilayers identifi
mass fraction of GlcCer in the mixture. Values are means ± SEM of the first and second-order
Fig. S1). The presence of only 2 mol% GlcCer results in a marked change
in the bilayer structures such that two additional bilayers, designated as
bilayer 1 and bilayer 3, are created inmixtures containing up to 20mol%
GlcCer. A collation of relative electron density calculations for all
coexisting bilayers observed inmixtures containing 2 to 20mol%GlcCer
is presented in Table 1. In mixtures containing more than 20 mol%
GlcCer only two coexisting bilayers are seen in the temperature range
20–73 °C which have different structural and thermotropic properties
(Supplementary Fig. S2). The normalized deconvolved scattering inten-
sities from the lamellar reflections are plotted as a function of the mass
fraction of GlcCer in the mixtures in Fig. 3B. The values have been
corrected for the angular-dependence of scattering intensity (Supple-
mentary Fig. S3) and represent the relative mass of lipid in each of the
bilayers. The method of correction was validated by the close correla-
tion between relative scattering intensities of the first and second-
order reflections (Supplementary Fig. S4). The amount of lipid in bilayer
1 increases with increasing proportion of GlcCer in the mixture and the
. A. X-ray scattering intensity profiles in the region of the first-order lamellar Bragg reflec-
tures of egg-SM and cholesterol containing indicated mol% GlcCer at 37 °C. B. Normalized
ed inA, corrected for angular dependenceof scattering intensity, plotted as a function of the
reflections of 6 independent diffraction patterns.

image of Fig.�3
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amount of lipid in bilayer 3 changes abruptly at 73 °C (Fig. 1C) indicat-
ing that these two bilayers contain GlcCer.

Egg-SM and GlcCer are known to form stoichiometric complexes of
1:1 at 30 °C and 2:1 at 50 °C [30]. At 37 °C the stoichiometry was
found to be equimolar (Supplementary Fig. S5). A deconvolution of
the first-order scattering intensity profile of a binary mixture of egg-
SM and GlcCer in molar proportion 80:20 is shown in Fig. 4A and the
calculated relative electron densities through the unit cells of the two
structures are presented in Fig. 4B. The mean structural parameters ob-
tained from the 1:1 stoichiometric complexes of binary mixtures that
comprised of egg-SM containing 5, 10 and 20 mol% GlcCer are indistin-
guishable, within experimental error, from those of bilayer 1 (Table 1)
and this defines the composition of bilayer 1. The amount of egg-SM
and GlcCer in bilayer 1 can therefore be calculated from the relative
scattering intensities in Fig. 3B (Supplementary Section 6). Bilayer 1 in
ternarymixtures containing 5, 10 and 20mol%GlcCerwas found to con-
tain 63.2±0.5% of the total GlcCer present in each of thesemixtures. An
explanation for the distribution of GlcCer between bilayer 1 and the
other bilayer structures resides in the spectrum of molecular species
of glucocerebroside present in the extract (Supplementary Table S1).
Cerebrosides with N-acyl chains longer than 20 carbons represent
about two thirds of the molecular species of GlcCer with the remainder
having chainsmore or less symmetricwith the sphingosinemoiety. This
assignment is consistent with the difference in bilayer thickness be-
tween bilayers 1 and 3 and the volume of hydrocarbon forming com-
plexes with symmetric and asymmetric molecular species of GlcCer
(Supplementary Section 6).

The distribution of lipids between bilayers 2 and 3 can be obtained
from an analysis of the wide-angle (7.3–11.1°) scattering profiles re-
corded from the ternary mixtures at 37 °C (Fig. 5A). An equimolar mix-
ture of egg-SM and cholesterol produces a broad wide-angle reflection
centred at a spacing of 0.495 ± 0.003 nm which has been shown by
Fig. 4. Structure of egg-SM complexwith GlcCer. A. Deconvolution of the scattering inten-
sity profile of the first-order Bragg reflection of a binary mixture of egg-SM and GlcCer in
molar proportion 80:20 at 37 °C. B. Relative electron densities calculated through the unit
cells of coexisting bilayers in A.
electron spin resonance probe methods to be a liquid-ordered struc-
ture [31]. An additional reflection is observed in all ternary mixtures
at a d-spacing of 0.447 ± 0.003 nm assigned as hydrocarbon chains
packed in an hexagonal configuration with an interchain spacing of
0.52 nm, intermediate between gel (0.48 nm) and fluid (0.55 nm) struc-
tures. This structure in stoichiometric complexes of phospholipid and
GlcCer has the properties of a liquid-ordered phase as judged by elec-
tron spin resonance probe measurements [32]. A plot of the relative
scattering intensities of the peak at 0.447 nm as a function of the mass
fraction of GlcCer in the ternary lipid mixtures is shown in Fig. 5B.
Since themass of asymmetric GlcCer and egg-SM in bilayer 1 can be de-
termined for each of the ternary mixtures (Supplementary Section 6)
the contribution to the relative scattering intensity of the WAXS peak
centred at a d-spacing of 0.447 nm from bilayer 1 can be calculated. It
can be seen that the intensity of the scattering from the peak at
0.447 nm is greater than can be accounted for by bilayer 1. A plot of
this additional intensity against themass fraction of GlcCer (Fig. 5C) co-
incides with the corresponding relative intensities of bilayer 3 observed
in mixtures containing 2–20 mol% GlcCer indicating that bilayer 3 is
comprised only of symmetric molecular species of GlcCer and egg-SM.
Accordingly, bilayer 2 must contain only egg-SM and cholesterol. This
is consistent with the close relationship between the relative scattering
intensities of the wide-angle scattering peak at 0.495 nm and the rela-
tive scattering intensity bilayer 2 in Fig. 3B assigned as a liquid-
ordered structure of egg-SM and cholesterol (Fig. 5C).

The relative scattering intensity of bilayer 3 remains fairly constant
in ternary mixtures containing up to 20 mol% GlcCer. Since the amount
of symmetric GlcCer increases proportionately to the total mass of
GlcCer in the mixture there must be a corresponding decrease in the
amount of egg-SM in bilayer 3. Knowing the amount of symmetric
GlcCer in the ternary lipid mixtures and the total mass of lipid in bilayer
3 the amount of egg-SM in each of the ternary mixtures can be calculat-
ed. An exponential relationship is found between the ratio of egg-SM:
GlcCer in bilayer 3 and the mass fraction of GlcCer in the mixtures
(Fig. 6). This shows that when the proportion of GlcCer in the ternary
mixture exceeds about 28 mol% the stoichiometry of egg-SM:GlcCer is
less than 1:1. Under these conditions cholesterol mixes with bilayers
containing GlcCer.

3.4. Distribution of lipids in mixtures with proportions of GlcCer greater
than 20 mol%

The difference between the total amount of egg-SM in the ternary
mixtures and the amounts of egg-SM in bilayers 1 and 3 is the amount
of egg-SM in bilayer 2. Bilayers 1 and 3 are devoid of cholesterol
hence bilayer 2 is found to be comprised of egg-SM containing
66 mol% cholesterol which is known to be a saturating amount in
liquid-ordered bilayers of egg-SM [33]. The formation of two bilayer
structures in ternary lipid mixtures containing 30 mol% GlcCer occurs
when an equimolar stoichiometry of egg-SM and GlcCer cannot be
maintained without removal of additional egg-SM from bilayer 2. An
analysis of the structure and composition of the two bilayers is present-
ed in Fig. 7. The scattering intensity profile of the first-order Bragg re-
flection of a ternary lipid mixture containing 30 mol% GlcCer at 37 °C
can be deconvolved into two coexisting bilayer structures (Fig. 7A).
Peak2 is designated as bilayers of egg-SMcontaining66mol% cholester-
ol. Relative electron density profiles calculated from the first four orders
of reflection of the bilayer repeats (Fig. 7B) indicate that the structure of
the bilayers is different from that of the bilayers observed in the mix-
tures containing 2–20 mol% GlcCer presumably because the redistribu-
tion of the three lipids is different. A tentative composition of the two
bilayers based on the scattering data in Fig. 3B is shown in Fig. 7C. Ac-
cording to this analysis the lamellar structure designated as peak 2 is
comprised largely of egg-SM and cholesterol while some cholesterol
and egg-SM have redistributed to form peak 1 which contains the
GlcCer (Fig. 7C).

image of Fig.�4


Fig. 5. Assignment of bilayer composition in ternary lipid mixtures fromwide-angle scattering. A. X-ray scattering intensity profiles recorded in the wide-angle region from aqueous dis-
persions of ternary lipid mixtures comprised of equimolar mixtures of egg-SM and cholesterol containing the indicated mol% GlcCer at 37 °C. The intensity profiles from 4 independent
recordings were deconvolved by fits of two Voigt-area functions giving d-spacings of 0.495 ± 0.003 and 0.447 ± 0.003 nm, respectively. B. Relative scattering intensity of the shaded
peak in A plotted as a function of the mass fraction of GlcCer in the mixture (●). Calculated relative scattering intensities from equimolar complexes of egg-SM and asymmetric GlcCer
comprising bilayer 1 are also shown (○). C. Plot of relative scattering intensities of bilayer 2 in Fig. 2B (○) and the peak of d-spacing 0.495 nm in A (●). Values are mean± SEM of 4mea-
surements. Plot of the difference in scattering intensities shown in B (■). Relative scattering intensities of bilayer 3 in Fig. 2B (□).

Fig. 6. Composition of bilayer 3. Plot of the ratio egg-SM:GlcCer in bilayer 3 as a function of
mass fraction of GlcCer in the ternary lipid mixtures.
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4. Discussion

The model studies reported here are not in agreement with current
theories of lipid domain formation in membranes. The distribution of
lipids in what are often referred to as canonical raft mixtures are seen
to be dominated by the glycosphingolipids and in particular the molec-
ular species of glycosphingolipid determined by the length of theN-acyl
fatty acid of the ceramide. The effect of cholesterol in the mixtures ex-
amined acts simply to limit the amount of phospholipid able to interact
with the glycosphingolipid to that in excess of the amount required to
prevent an energetically unfavourable crystallization of cholesterol. It
is also evident that in proportions of glycosphingolipids found in biolog-
ical membranes gel phase separation is avoided by formation of com-
plexes with membrane phospholipids despite having phase transition
temperatures well above the physiological range.

A collation of available data on the lipid composition of rafts
isolated from biological membranes shows that the proportion of
glycerophospholipids is at least twice that of sphingomyelin [34].
This raises the question of how glycerophosphatidylcholine might
compete with sphingomyelin for interaction with cholesterol and
glycosphingolipids in membranes. The present results can provide
a guide to the interpretation of data using conventional X-ray diffrac-
tion methods reported previously for similar ternary mixtures in which
dipalmitoylphosphatidylcholine replaced egg-SM [16]. At temperatures
less that 50 °C a proportion of 22 mol% glycosphingolipid was

image of Fig.�5
image of Fig.�6


Fig. 7. Structure and tentative composition of coexisting bilayers in ternary lipidmixture containing 30mol%GlcCer at 37 °C. A. Deconvolution of twobilayer structures from thefirst-order
Bragg reflection. B. Relative electron density profiles through the bilayer repeat structure calculated from the first four orders of reflection for peaks designated as 1 & 2. C. Tentative lipid
composition of peaks 1 & 2.
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incorporated into an equimolar phospholipid–cholesterol mixture. It is
known that dipalmitoylphosphatidylcholine forms a 1:1 complex with
GlcCer [35] and formation of bilayers of this complex would produce
another bilayer of phospholipid containing 65 mol% cholesterol.
The difference between ternary mixtures containing egg-SM and
dipalmitoylphosphatidylcholine is seen when the proportion of
glycosphingolipid is present in excess of 20 mol%. Thus cholesterol
and egg-SMare incorporated intoGlcCer-rich bilayers (Fig. 7) but excess
glycosphingolipid forms bilayers of pure lipid in gel phase in mixtures
with glycerophospholipid. This indicates that glycosphingolipid can ac-
commodate some cholesterol only if accompanied by sphingomyelin
but not by phosphatidylcholine suggesting that glycosphingolipid
forms tighter complexes with sphingomyelin than with saturated
glycerophospholipid.

The results reported here provide a rational basis for understanding
the specificity associated with different membrane raft functions. It is
clear that the involvement of glycosphingolipids in signalling processes
involves not only the class of sphingolipid defined by the type of sugar
residue and the molecular species defined by the length and type of
N-acyl fatty acid residue of the ceramide but also their lateral arrange-
ment and coupling with appropriate domains on the opposing bilayer
leaflet. While there is evidence favouring lateral segregation of
glycosphingolipids like GM1 in the conduct of their signalling function
[36] there are differences of opinion about how this may be achieved.
One model envisages that complex glycosphingolipids are phase sepa-
rated into gel phase domains driven by their relatively high order-
disorder phase transition temperature while simple glycosphingolipids
such as galactosy- and glucosylceramides form liquid-ordered phases
with cholesterol [18]. Another model describes a phase separation of
complex glycosphingolipids based on steric hindrance of bulky sugar
groups segregating them into regions of high membrane curvature
[37]. Bothmodels appear implausible on the basis of the present results.
Cholesterol does not interact with either symmetric or asymmetric
glycosphingolipid and there is no evidence in the wide-angle scattering
region of gel phases at any temperature down to 20 °C in the mixtures
examined. Recent studies using secondary ion mass spectrometry
have, however, reported evidence that cholesterol induces a phase
separation of ganglioside GM1 into nanoscale assemblies rich in
sphingomyelin [38]. The present results show that cholesterol increases
order within the unit cells of eggSM:GlcCer complexes (Supplementary
Fig. S5) suggesting that cholesterol, while clearly not a component of
the complex, is closely associated with them and may represent one of
the roles of cholesterol in membrane lipid raft assembly. With regard
to phase separation models reliant on the steric hindrance between
bulky polar groups it is unlikely that this will be a factor when the
glycosphingolipid is complexed with phospholipid. Furthermore, all
mixtures examined in this study form smectic mesophases with no ev-
idence of diffuse scattering from bilayers with low radii of curvature.
The creation of glycosphingolipid–phospholipid liquid-ordered com-
plexes will result in display of sugar residues on the membrane surface
in a hexagonal array in the case of asymmetric molecular species and in
less regular, quasi-crystalline configurations with symmetric molecular
species which would depend on the precise proportions of the two
lipids in the structure.

X-ray diffraction methods give no information on the lateral dimen-
sions of membrane domains, however, to act in dynamic processes they
are likely to be relatively small and consist of assemblies of at most tens
of molecules rather than extensive static phases. By contrast, the meth-
od provides conclusive evidence that the domains are strongly coupled
and in register across the bilayers in these model membrane systems.
The lipids and proteins of biological membranes, however, are asym-
metrically arranged and this asymmetry appears to be exploited in the
execution of transient functions including those of raft-associated sig-
nalling processes. Defining the interplay of forces required to couple do-
mains on either side of cell membranes remains a considerable
challenge but molecular species asymmetry could contribute to these
forces. The interdigitation or residence of the terminal ends of the
long N-acyl chains comprising asymmetric ceramides in the central
plane of lipid bilayers has long been mooted as a coupling mechanism
[39]. More recently, neutron scattering studies of GM1-containing
asymmetric bilayers indicate that coupling to cholesterol in the oppos-
ing leaflet takes place [40] and providing further confirmation that cho-
lesterol does not mix with glycosphingolipids in these model systems.
The situation in biological membranes is obviously more complicated
because there is evidence that asymmetric glucosylceramide is located
on the cytoplasmic side of the plasma membrane where it is likely to
form stoichiometric complexes with phosphatidylethanolamines capa-
ble of registering with asymmetric glycosphingolipid domains on the
cell surface [34] but in any event cholesterol is excluded from these
complexes.

A number of conclusions can be drawn from the present results that
are pertinent to the role of lipids in the formation of membrane rafts.
The stoichiometry of sphingomyelin and cholesterol in rafts present in
cell membranes will depend critically on the amount of symmetric mo-
lecular species of sphingomyelin that is not sequestered into complexes
with glycosphingolipids. Clearly cholesterol is not the primary driving
force for the creation of lipid domains into which raft-associated pro-
teins are incorporated. An alternative mode of assembly of functional
cholesterol-containing rafts may be accomplished by coalescence of
raft proteins which interact with raft lipids at specific sites on their
transmembrane segments. Many raft-associated proteins possess cho-
lesterol recognition/interaction amino acid consensus (CRAC; CARC)
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motifs [41,42] while a motif for specific binding of symmetric
sphingomyelin (C-18:0) to coat-protein complex I (COPI) has been de-
scribed [43]. Covalent binding of cholesterol anchors is known to be a
feature of hedgehog signalling [44].

Another inference that can be made concerns the binding of penta-
valent toxins such as cholera and Shigella toxins and polyomaviruses to
their particular glycosphingolipid receptors. Binding to symmetric rath-
er than asymmetric molecular species is likely to be favoured although
less infective variants that bind to asymmetric glycosphingolipids have
been reported [45]. This is because asymmetric ceramide lipids form
strictly 1:1 stoichiometric complexes with choline phospholipids and
pack laterally in the bilayer in hexagonal array whereas symmetric
glycosphingolipids can assemble in quasi-crystalline configurations of
1:1.6 stoichiometry with phospholipid to form an array with 5-fold
symmetry exemplified by Penrose tiles. This is an important consider-
ation as retrograde transport of the toxin–receptor complex is achieved
only on binding to symmetricmolecular species of glycosphingolipid. In
the case of cholera toxin binding to GM1 the N-acyl chain must be
mono-unsaturated or relatively short to enter retrograde [46,47] or
transcytotic [48] pathways. Likewise, entry of SV40 virions into host
cells requires binding to symmetric molecular species of GM1 [49].

The function of asymmetric glycosphingolipids appears to be largely
concerned with cell signalling and development [18]. They are also
known to be key players in a variety of disease states including glycolip-
id lysosomal storage, infectious and neurodegenerative diseases, cancer
and diabetes [50,51]. Biosynthesis of asymmetric GlcCer is geared to
that of GPI anchors [52] suggesting that functional interactions take
place in membrane rafts. Their role in transmembrane signalling pro-
cesses has been clearly demonstrated in experiments where the conse-
quences of varying the length of the N-acyl chain of glycosphingolipids
have been examined [17,53–55]. The complexity of known molecular
species of asymmetric glycosphingolipids, which vary both in the cer-
amide and sugar constituents, is in keeping with the multitude of
tasks with which they have been associated. With the application of in-
creasingly sophisticated methods of analysis exploiting both physical
and biochemical properties of the lipids [56] a clearer picture of their
particular role in cell signalling is emerging.
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