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Abstract

The lipid composition and structure of detergent-resistant membrane rafts from human, goat, and sheep erythrocytes is inves-
tigated. While the sphingomyelin:cholesterol ratio varied from about 1:5 in human to 1:1 in sheep erythrocytes a ratio of 1:1
was found in all raft preparations insoluble in Triton X-100 at 4 �C. Excess cholesterol is excluded from rafts and saturated molec-
ular species of sphingomyelin assayed by gas chromatography–mass spectrometry determines the solubility of cholesterol in the
detergent. Freeze-fracture electron microscopy shows that vesicles and multilamellar structures formed by membrane rafts have
undergone considerable rearrangement from the original membrane. No membrane-associated particles are observed. Synchrotron
X-ray diffraction studies showed that d spacings of vesicle preparations of rafts cannot be distinguished from ghost membranes from
which they are derived. Dispersions of total polar lipid extracts of sheep rafts show phase separation of inverted hexagonal structure
upon heating and this phase coexists with multilamellar structures at 37 �C.
� 2004 Elsevier Inc. All rights reserved.
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The asymmetric distribution of various components
within biological membranes is now established into
the dogma of membrane structure. An example is the
creation of various intercellular membrane junctions
and coated pits. In these examples interactions of mem-
brane-associated proteins are believed to be responsible
for creating specialized domains. In addition to the pro-
tein-driven alteration of membrane lipids, attention has
been recently directed to the primary role of lipid–lipid
interactions in the creation of lateral domains. Lateral
lipid phase separation in biological membranes at low
temperatures is well known. The phase separation in this
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case is driven by transition of high melting point lipids
into gel phase and zone refining effects leading to the
exclusion of fluid domains [1]. A subtle form of lateral
phase separation occurs in membranes containing high
proportions of cholesterol, notably the plasma mem-
brane, in which saturated lipids otherwise existing in
gel phase associate into complexes with the sterol to
form a liquid-ordered phase after zone refining [2].
The liquid-ordered phase is typified by a relatively high
ordering of the extended acyl chains but is distinguished
from a gel phase by a rapid lateral mobility of the lipid
molecules (2–5 · 10�12 m2/s) [3]. Domains (or microdo-
mains) of liquid-ordered phase, referred to as rafts, are
expected to occur in biological membranes containing
appropriate amounts of sphingolipids and cholesterol.

mailto:p.quinn@kcl.ac.uk 


K.S. Koumanov et al. / Archives of Biochemistry and Biophysics 434 (2005) 150–158 151
The factors responsible for creating raft domains are
believed to be interactions between lipids [4,5] but inter-
actions between lipids and elements of the cytoskeleton
[6–10] may also be involved. Isolation of liquid-ordered
domains from biological membranes has been achieved
operationally by differential solubility in detergents such
as Triton X-100. Fractions resisting solubilization by
detergent yield the fraction referred to as detergent-resis-
tant membranes (DRM).1 This is assumed to represent
the raft domains preexisting in the membrane. However,
the use of detergents to fractionate membranes is prob-
lematic in that it is uncertain as to whether all the origi-
nal associations, including lipid–lipid and lipid–protein
associations, survive exposure to detergent. For this rea-
son the chemical composition of membrane domains
and the factors assumed to govern raft formation in
membranes has been questioned [11,12]. Detergent-re-
sistant membrane fractions have been commonly pre-
pared from a variety of membranes including plasma
[13–16] and Golgi membranes [17]. Analysis of DRMs
has confirmed that all are invariably enriched in sphin-
golipids and cholesterol [13,18,19]. The proteins associ-
ated with the intact membranes from which rafts are
prepared are distinct from those solubilized by deter-
gent. Lipidation is believed to explain the particular con-
centration of glycerylphosphoinositol-anchored and
acylated-proteins in rafts [20–22]. Because the lipid
and protein composition differs from whole membrane
specialized raft domains are assumed to be involved in
vivo in particular membrane functions such as mem-
brane budding [23], fusion [24,25], signal transduction
[21,26–30], protein sorting and trafficking [5,15,16,31].

Characterization of liquid-ordered phase domains in
biological membranes has proven to be difficult to dem-
onstrate. Nevertheless, estimates using model dependent
spectroscopic methods have been made of the size of
membrane raft domains that vary from associations of
20–30 molecules [32] to domains extending to hundreds
of nm [33,34]. The concept of membrane rafts relies
mainly on results of studies using molecular probe meth-
ods and model membrane lipid mixtures. There are few
reports of raft structure using electron microscopic or X-
ray diffraction techniques.

The present study was undertaken to examine the
composition and structure of DRMs prepared from
erythrocyte membranes. While X-ray diffraction studies
have been performed on dispersions of lipid extracts of
DRMs [35] no examination of the original membrane
fractions including proteins has yet been reported. The
1 Abbreviations used: SM, sphingomyelin; PC, phosphatidylcholine;
PS, phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidyl-
ethanolamine; chol, cholesterol; DRM, detergent-resistant membrane;
SAT, saturated fatty acids; MONO, monoenoic fatty acids; PUFA,
polyunsaturated fatty acids; SAXS, small-angle X-ray scattering;
WAXS, wide-angle X-ray scattering; Lo-phase, liquid-ordered bilayer
phase.
present results reveal that biophysical data collected
with ruminant DRM are only partially in line with what
is expected for liquid-ordered domains of similar lipid
composition. The results indicate clear differences be-
tween the structure and phase behaviour of dispersions
of lipids extracted from DRM preparations and the in-
tact rafts which suggests that the presence of raft pro-
teins and/or retention of an arrangement of
components that differ from random dispersions of lip-
ids may be responsible.
Materials and methods

Erythrocyte ghost preparation

Human and ruminant erythrocytes were isolated from
fresh citrated blood by procedures described previously
[36] Briefly, whole blood was centrifuged for 10 min at
100g. The erythrocytes were harvested and washed three
times with 5 vol. of a buffer consisting of 150 mM NaCl,
5 mM sodium phosphate (pH 8.0) (PBS) and lysed in
40 vol. of 5 mM sodium phosphate (pH 8.0). The result-
ing membrane ghosts were collected by centrifugation
for 20 min at 22,000g and washed up to four times with
lysing buffer until �white ghosts� were obtained.

Preparation of detergent-resistant membrane fractions

Erythrocyte ghosts were resuspended in buffer consist-
ing of 0.25 M sucrose, 150 mMNaCl, 1 mM EDTA, and
20 mMTris–HCl buffer (pH 7.6) containing 1% (v/v) Tri-
ton X-100 at 4 �C and dispersed by 10 passages through a
21 gauge needle. The suspension was diluted with an
equal volume of 80% (w/v) sucrose. Four millilitre of this
detergent-treated membrane suspension was seated in a
centrifuge tube covered by successive layers of 30% (w/
v) sucrose (4 ml) and 5% (w/v) sucrose (3.5 ml). The dis-
continuous density gradients were centrifuged for 18 h at
38,000g in a SW41 Beckman rotor. The material layered
at the 5/30% (w/v) sucrose interface was designated as
DRMs and harvested for further analysis.

Lipid extraction and phospholipid analysis

Extraction of polar lipids was performed by the meth-
od of Bligh and Dyer [37]. Samples of the extracts were
subjected to analysis by thin-layer chromatography on
silica gel plates (Merck) developed with a solvent system
consisting of chloroform/methanol/acetic acid/H2O
(60:30:8:4 v/v). The phospholipid spots were scraped
off the plate and extracted with chloroform/methanol,
2:1 (v/v). The glycerophospholipids in the fractions were
saponified in 0.5 N KOH methanol at 60 �C for 15 min
and the fatty acids released from the ester bonding were
methylated using boron trifluoride:methanol complex



152 K.S. Koumanov et al. / Archives of Biochemistry and Biophysics 434 (2005) 150–158
reagent for 15 min at 60 �C. Amidated fatty acids of
sphingolipids were cleaved by acetonitrile:HCl (0.5 N
hydrochloric acid in acetonitrile/water, 9/1, v/v) for 4 h
at 70 �C and the fatty acids methylated by diazomethane.

Fatty acid analysis

The methylated fatty acids were separated by gas
chromatography on a highly polar capillary column
coated with Supelcowax-10-bound phase (i.d. 0.32 mm,
length 30 m, film thickness 0.25 lm; (Supelco, Bella-
fonte, PA)) fitted in a Hewlett-Packard (Palo Alto,
CA) 5890 Series II gas chromatograph. Fatty acids were
detected with picomolar sensitivity by mass spectrome-
try (Nermag 10-10C, Quad-Service, Poissy, France) in
the chemical ionization mode with ammonia (104 Pa)
as the reagent gas. The positive quasimolecular ions
[M + 18] were selectively monitored and time integrated.
Quantitation was achieved by normalization with an
internal standard of heptadecanoic methyl ester and
the response factors for the various fatty acids were cal-
culated with methyl ester calibrators.

Cholesterol determination

The non-esterified cholesterol (Chol) content of ghost
and DRM fractions was assayed by gas chromatogra-
phy–mass spectrometry of the trimethylsilyl ether [38]
(CHROMPACK, Middelburg, The Netherlands). The
cholesterol derivative was separated by gas chromatog-
raphy on a medium polarity RTX-65 capillary column
(0.32 mm internal diameter; length 30 m; film thickness
0.25 lm). Using electron impact mode at 70 eV the posi-
tive fragment ion (m/z = 329) was used to quantitate
Chol content after normalization with an internal stan-
dard of epicoprostanol. Calibration was achieved by a
weighted standard of Chol.

Freeze-fracture electron microscopy

Detergent-resistant membrane fractions and dis-
persed lipid extracts were sandwiched between two cop-
per sample mounts (Balzers Union 120557/1205 JT) and
equilibrated at 20 �C using a thermally stable gas flow
for 3 min prior to thermal quenching. Samples were
thermally quenched in a liquid nitrogen jet freezer. Frac-
turing and replication were performed at �150 �C using
a Polaron B7500 freeze-fracture device. Replicas were
cleaned in a solvent consisting of chloroform:methanol
(2:1, by volume) before examination in a Joel
JEM100CX electron microscope.

Synchrotron X-ray diffraction

DRM were oriented by centrifugation (100,000g, 1 h)
and the pellet deposited on a small aluminium foil was
transferred from the tube to the sample cell sandwiched
between a pair of thin mica sheets. The cell was clamped
to a thermostated stage (Linkam Scientific Instruments,
UK). X-ray scattering intensities at small-angles (SAXS)
were recorded using a multiwire quadrant detector at a
distance of 2 m from the sample. Wide-angle scattering
(WAXS) was recorded using a curved INEL (INstrument
ELectronique, France) detector at a distance from the
sample of 0.40 m. Experimental data were analysed using
the OTOKO software kindly provided by M. Koch [39].
Scattering intensities were corrected for channel detector
response using homogeneous irradiation from a 55Fe
source. Spatial calibrations were obtained using higher-
orders of reflection from wet rat-tail collagen (d =
67 nm) [40]. The reciprocal spacing are given as S = 1/
d = 2sin (h)/k, where d, k, and h are repeat distance, X-
ray wavelength and the diffraction angle, respectively.
Synchrotron X-ray diffraction experiments were per-
formed using a monochromatic (0.15405 nm) focused
X-ray beam at station 8.2 or 16.1 of Daresbury Synchro-
tronRadiationLaboratory (Warrington,UK).Aweb site
describes in details the facility available at station 16.1
(http://www.srs.ac.uk/srs/stations/station16.1.htm).
Results

Lipid analyses

An analysis of human, sheep, and goat erythrocyte
membranes and respective DRM fractions were under-
taken to quantitate the lipid classes populating the li-
quid-ordered phase resistant to detergent
solubilization. The distribution of major lipid classes
in ghosts and DRM fractions is presented in Table 1.
Deviation about mean values is small confirming that
the detergent treatment results in reproducible DRM
fractions (n P 3 independent preparations). A notewor-
thy feature of the composition is the relatively high pro-
portion of SM in ruminant erythrocyte ghosts as
compared with human which is the result of a substitu-
tion of PC by SM. The ratio SM:PC in the erythrocyte
membrane of different animal species varies widely from
0.8 to 0.7 in human to 10 to 13 in goat and bovine [41]
and 310 in sheep erythrocytes. Since SM is the dominant
phospholipid of the DRM fraction the proportion of the
ghost membrane remaining insoluble in detergent is
greater in ruminant compared with human erythrocyte
ghosts. Thus, human DRM fractions collected after Tri-
ton X-100 treatment represent only 5% of the total lipid
content of the membrane whereas this amounts to 27%
in goat and 35% in sheep. The ratio SM:cholesterol in
DRM fractions prepared from the various animal spe-
cies is of particular interest with regard to previous
experimental studies where a defined stoichiometry is
believed to be required to form SM-cholesterol com-
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Table 1
The molar proportions of the major lipids of human, goat and sheep erythrocyte ghosts and DRM fractions derived therefrom

Phospholipids Human Goat Sheep

Ghosts DRM Ghosts DRM Ghosts DRM

SM 12.12 ± 2.14 44.51 ± 4.54 25.85 ± 1.25 32.27 ± 2.84 41.59 ± 3.25 43.63 ± 4.86
PC 16.70 ± 1.58 4.62 ± 0.32 2.05 ± 0.14 4.54 ± 0.38 0.13 ± 0.05 0.30 ± 0.06
PS/PI 6.40 ± 0.45 8.72 ± 0.81 14.04 ± 2.01 15.58 ± 1.85 5.06 ± 0.36 6.47 ± 0.39
PE 10.78 ± 0.87 2.22 ± 0.35 9.71 ± 0.74 16.55 ± 1.11 14.00 ± 1.69 4.16 ± 0.56
Chol 54.00 ± 3.41 39.93 ± 4.11 48.35 ± 5.09 31.06 ± 2.89 39.23 ± 4.45 45.44 ± 3.85

100 100 100 100 100 100

Fig. 1. Lipid composition of human and goat erythrocyte membranes
and corresponding DRM fractions.
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plexes in the liquid-ordered phase. The present results
show that SM:cholesterol varies in a narrow range from
0.97 (sheep) to 1.1 (human) and is independent of the to-
tal cholesterol content of the respective membranes from
which the DRMs were prepared. The composition of
sheep DRM bears a remarkable resemblance to the
composition of the intact ghost membrane except that
PE is significantly lower. In the goat and particularly
the human DRM it is clear that most of the cholesterol
of the ghost membrane is excluded from the DRM frac-
tion and it is the sphingomyelin that determines the
amount of cholesterol solubilized by Triton. This sug-
gests that cholesterol resists solubilization only so long
as it is associated with SM. SM along with other sphin-
golipids is known to be resistant to solubilization be-
cause the hydrocarbon chains are relatively longer and
more saturated which favours their association with
cholesterol. The condensed state of the ordered phase
formed by SM and cholesterol is said to resist intercala-
tion of detergent molecules.

Unlike human ghosts where PC is the most abun-
dant phospholipid (about 17 mol%) it occurs only as
a minor fraction in ruminants. Aminoglycerophosphol-
ipids, PE and PS, are the prominent glycerophospholi-
pids of goat and sheep erythrocyte ghosts. In ruminant
DRMs PE/PS ratio is quite similar but it differs widely
in the whole erythrocyte membranes in which the
acidic phospholipid fraction of goat erythrocytes is
particularly conspicuous. PE in DRMs varies amongst
animal species independently of whole membranes
while PS is correlated with proportions found in the
original membranes. A comparison between the major
lipids of erythrocytes and DRMs of human and goat
membranes, typical of ruminants, is presented graphi-
cally in Fig. 1.

To investigate the reason for detergent insolubility of
SM the fatty acid composition of the phospholipid
recovered in DRM fractions was determined and the
molecular species compared with SM found in the
respective ghost membranes from which DRMs were
prepared. The amide-bound fatty acids of SM purified
from human and ruminant erythrocyte ghosts and cor-
responding DRM fractions are shown in Table 2. In
all cases the saturated molecular species of SM are more
abundant in DRM fractions than in intact ghosts. The
dominance of saturated molecular species occurs at the
expense of monoenoic fatty acids which are more abun-
dant in the original membranes. Ruminant erythrocytes,
however, contain much higher proportions of 24:1 than
24:0 compared with human erythrocytes and this is re-
flected in the lower ratios of saturated:monounsaturated
fatty acids amide bonded to SM. Human DRMs show a
threefold enrichment of C22:0 and C24:0 SM but only
traces of C24:1. Similarly the goat and sheep DRM frac-
tions are enriched in C16:0 SM but depleted in C18:1
and C24:1 species relative to the original membranes.

Electron microscopic studies

The structure of DRM preparations from human and
goat erythrocytes was examined by freeze-fracture elec-
tron microscopy and compared with intact erythrocyte
ghost membrane (Fig. 2). A typical freeze-fracture image
of an etched human erythrocyte membrane viewed from
the outside aspect of the cell is shown in Fig. 2A. The P-
face shows characteristic distribution of membrane-as-
sociated particles and the etched surface of the cell
shows a texture reflecting the arrangement of the under-
lying particles. Replicas from human DRM (Fig. 2B)



Table 2
Fatty acid composition of amide-linked substituents to sphingomyelin in human, goat, and sheep erythrocyte ghosts and DRM fractions

Sphingomyelin

Fatty acid Human Goat Sheep

Ghosts DRM Ghosts DRM Ghosts DRM

C16:0 41.45 ± 5.68 8.63 ± 0.74 27.94 ± 1.35 44.26 ± 5.21 35.46 ± 3.65 74.58 ± 6.89
C18:0 6.25 ± 0.74 6.36 ± 0.66 3.27 ± 0.42 3.44 ± 0.29 1.40 ± 0.18 5.29 ± 0.65
C18:1 1.15 ± 0.21 1.49 ± 0.21 7.80 ± 0.62 0.86 ± 0.09 0.26 ± 0.15 1.29 ± 0.21
C18:2 0.10 ± 0.01 0.18 ± 0.03 0.79 ± 0.09 0.15 ± 0.01 0.07 ± 0.01 0.16 ± 0.02
C20:0 0.70 ± 0.00 2.22 ± 0.03 0.07 ± 0.01 0.06 ± 0.00 0.08 ± 0.01 0.11 ± 0.01
C22:0 5.78 ± 0.48 14.72 ± 2.02 0.76 ± 0.09 0.65 ± 0.05 2.14 ± 0.31 0.77 ± 0.08
C24:0 20.02 ± 2.35 62.10 ± 5.69 1.59 ± 0.10 1.92 ± 0.18 6.15 ± 0.75 1.41 ± 0.11
C24:1 24.02 ± 1.87 1.47 ± 0.19 55.58 ± 4.85 47.07 ± 6.25 51.39 ± 6.32 15.85 ± 1.31
C26:0 0.33 ± 0.04 2.78 ± 0.21 0.11 ± 0.02 0.09 ± 0.01 0.34 ± 0.03 0.04 ± 0.01
C26:1 0.19 ± 0.01 0.05 ± 0.00 2.10 ± 0.18 1.52 ± 0.28 2.70 ± 0.31 0.50 ± 0.06
Total 100 100 100 100 100 100
SAT 74.54 96.81 33.74 50.41 45.57 82.20
MONO 25.36 3.01 65.48 49.44 54.35 17.64
PUFA 0.10 0.18 0.79 0.15 0.07 0.16

Fig. 2. Electron micrographs of freeze-fracture replicas of (A) etched
human erythrocyte membrane and DRM fractions prepared from (B)
human (C) goat erythrocyte membranes. (D) Lipid extract from goat
DRM dispersed in aqueous medium. Bars = 100 nm.
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show vesicles some of which contain more than one
layer. The fracture faces of both the inner and outer
fracture planes of the vesicles are typically smooth and
devoid of the membrane-associated particles of the type
observed in the intact erythrocyte membrane. Occasion-
ally, the fracture plane within the vesicle reveals a
roughened texture on the surface but the appearance is
clearly distinct from that of the intact membrane. Elec-
tron micrographs of replicas prepared from suspensions
of DRM from goat (Fig. 2C) are similar to those of
human but the fracture planes revealing the inner mon-
olayers show a low density of small membrane-associ-
ated particles; the outer monolayers tend to be smooth
in appearance. The results show that the original mem-
brane undergoes considerable reorganization as a result
of exposure to detergent in that the original ghost mem-
brane is disrupted so that vesicles become trapped with-
in larger vesicles and multilamellar structures are
observed. Whether or not asymmetric distribution of
constituents across the membrane is preserved is conjec-
tural but clearly the constituents responsible for forming
membrane-associated particles are either rearranged or
excluded from the membrane. Further studies were
undertaken to compare the appearance of the DRM
fractions with the structure of aqueous dispersions of
the lipid extracts derived from the DRM. An electron
micrograph of a dispersion of total polar lipids extracted
from a goat erythrocyte DRM preparation is shown in
Fig. 2D. This shows that at a quench temperature of
20 �C a multilamellar phase dominates the structure
making it accessible to small-angle X-ray diffraction
analysis.

Synchrotron X-ray diffraction measurements

The structure of DRM fractions from human and
ruminant erythrocytes was examined by synchrotron
X-ray diffraction methods. Small-angle X-ray diffraction
patterns recorded from suspensions of DRMs from
erythrocyte ghosts of human, sheep, and goat are pre-
sented in Fig. 3. All membranes show sharp peaks in
the region corresponding to repeat spacings of 5–6 nm.
Examination of the change in the position of these peaks
as a function of temperature (data not shown) indicates
that the peaks about 5.1 nm arise from a different
arrangement of the membranes from those centred at
about 6.1 nm. Higher-order reflections are observed at
a spacing of about 3 nm when the reflection at 6.1 nm
predominates suggesting that this peak is a reflection



Fig. 3. Small-angle X-ray scattering intensity patterns recorded from
suspensions of DRMs prepared from (A) human, (B) sheep, and (C)
goat erythrocyte ghosts. (D) Goat DRMs suspended in buffer
containing 1% Triton X-100. All patterns were recorded at 37 �C.

Fig. 4. Small-angle X-ray scattering intensity patterns recorded from
an aqueous dispersion of total polar lipids from sheep DRM at
designated temperatures during a heating scan. The data are plotted on
a logarithmic scale to emphasize the weakly scattering peaks. The
orders of reflection from the hexagonal-II phase are indicated.
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from stacked arrays of membrane. The peak at about
5.1 nm has no corresponding higher-order reflections
but we assign this peak to unoriented vesicles on the ba-
sis of the reciprocal changes in intensities of the two
peaks as a function of temperature (data not shown).
The addition of Triton X-100 to the suspension of goat
DRM causes the vesicles to align in multilamellar stacks
which have a repeat spacing somewhat greater (6.5 nm)
than the stacked arrays of DRM preparations and the
stacking order is more regular as evidenced by the prom-
inent reflection at d/2. This suggests that the detergent
influences the hydration forces between the bilayers
but does not destroy the bilayer structure even at tem-
peratures greater than 4 �C. The wide-angle region of
the scattering patterns show broad scattering bands cen-
tred at 0.455 nm indicative of a disordered hydrocarbon
phase.

The thermotropic phase behaviour of dispersions of
total lipid extracts prepared from sheepDRMswas inves-
tigated to determine the role of the non-lipid components
in the structure and stability of the rafts. Small-angle X-
ray scattering intensity patterns recorded at 10, 37, and
50 �Cduring a heating scan are presented inFig. 4.Amul-
tilamellar phase indexed by two-orders of reflection is
seen at 10 �C. The appearance of a non-lamellar phase is
observed when the temperature exceeds about 30 �C
and is indexed by higher-order reflections consistent with
hexagonal-II phase ð1 ¼ d=1; 2 ¼ d=

ffiffiffi

3
p

; 3 ¼ d=
ffiffiffi

4
p

Þ. The
hexagonal-II phase (d spacing 6.1 nm) coexists with the
multilamellar phase (d spacing 5.7 nm) on heating up to
50 �C and is completely reversed on cooling below 30 �C.
Discussion

The composition of the DRMs from different species
is remarkably similar despite considerable differences in
the composition of the erythrocyte membranes from
which they were prepared. Unlike human ghosts in
which PC dominates the major phospholipid composi-
tion more than half of ruminant phospholipid is SM,
also a choline-containing phospholipid (Table 1). This
feature appears to be characteristic of ruminants since
a similar composition was also observed for bovine
erythrocytes [42]. The high content of SM is correlated
with the reduction of PC while other phospholipids vary
less. This is consistent with the presence of a highly ac-
tive PC-specific phospholipase-A2 in bovine ghosts [42]
and which is also found in goat and sheep erythrocytes
(Koumanov, unpublished). Another significant differ-
ence between human and ruminant erythrocyte lipids
was the fatty acid composition characterizing the differ-
ent molecular species of SM. SM usually contains high
levels of nervonic acid (C24:1N-9) as the most abundant
unsaturated fatty acid of the membrane. This holds for
human as well as in goat and sheep ghosts. However,
in ruminant erythrocytes the level was twice that of hu-
man erythrocytes. The reason why the proportion of
nervonic acid in goat DRM is particularly high is un-
clear. Due to the higher SM content ruminant DRM
fractions represent about 30% of the total ghost lipid
but only 5% in human. This is consistent with the pro-
portion of SM and cholesterol in the ghost membranes
and presumably reflects the extent of ordered lipid do-
mains (Lo-phase) in the intact membrane that resists
solubilization by Triton.

In both human and ruminant DRM preparations a
consistent finding is a ratio SM:Chol of about 1.Whether
a complex of this stoichiometry is present in the DRMs
cannot be concluded from the available evidence because
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other (glycero)phospholipids are also present in the
DRM fraction. The failure to detect sharp WAXS reflec-
tions indicative of gel phases that would be predicted to
form at temperatures below 30 �C is consistent with
interaction of saturated molecular species of SM with
cholesterol. A ratio lower than equimolar for SM:choles-
terol could be expected for Lo phase in DRM if part of
cholesterol is to partition with glycerophospholipids. In-
deed, the low solubility of cholesterol in aminophosphol-
ipids PE and PS [43] which are found associated with
DRM implies that the ratio SM:cholesterol is probably
close to the value of 1. As pointed out in recent reviews
[44,45] the stoichiometry for such a SM:cholesterol com-
plex is dependent on the physical state of the system such
as lateral pressure and temperature.

One notable feature concerning the cholesterol con-
tent of DRMs is that the mixture is close to crystalliza-
tion of cholesterol within the bilayer. In sheep DRMs
cholesterol microcrystals have been observed when tem-
peratures exceed 45 �C, a condition that is presumed to
decrease the association of cholesterol with the least sat-
urated molecular species of SM. The phase separation is
reversible on cooling. This observation implies that
DRMs are able to maintain their cholesterol content
via cholesterol separation of microcrystals. Such a pos-
sibility has already been observed in previous studies
of biological membranes [46].

While the phospholipid and fatty acid composition of
erythrocyte ghost membranes differ significantly the
DRMs are invariably enriched with saturated molecular
species of SM. Saturated molecular species of SM or PC
associated with cholesterol are known to form Lo-phase
on the basis of model membrane studies [47,48]. Indeed,
the compact nature of the Lo phase and resistance to
detergent solubilization is believed to be due to a reduc-
tion of gauche rotational isomers of the acyl chains of
the high melting temperature molecular species of SM
in van der Waals contact with the a-face of the choles-
terol ring structures [49].

It is important to recognize that the composition of
DRMs is determined by the detergent and the proce-
dures used to isolate them. Thus, detergents such as Tri-
ton X-100, Tween, Brij58, and Lubrol differ markedly in
their ability to selectively solubilize membrane proteins
and to promote enrichment in sphingomyelin and cho-
lesterol at the expense of glycerophospholipids and sat-
urated compared with unsaturated choline phosphatides
[50]. A comparison of the lipid composition of rafts pre-
pared using a non-detergent method [50] with parent
membranes isolated from a human epidermoid cell line,
nevertheless showed a threefold enrichment of choles-
terol in the raft fraction [51]. The DRM preparations
from erythrocyte ghost membranes are in the form of
vesicles as seen from the electron microscopic evidence.
The vesicles are of variable size and configuration with
closed vesicles enveloped by larger vesicles. This indi-
cates that considerable disruption occurs during expo-
sure of the ghost membrane to the detergent. The
important question is how extensive is this disruption?
One obvious feature of all the DRM preparations is
the absence of membrane-associated particles from the
inner fracture plane. This is consistent with the presence
of an ordered structure of the hydrocarbon chains from
which components that comprise these membrane-asso-
ciated particles are often excluded [52]. The question of
whether exposure of erythrocyte ghosts to Triton results
in reorganization of the membrane into fragments of the
original membrane which form stable vesicles of raft
membrane or whether the detergent causes the dissocia-
tion of membrane components and their reassembly into
DRMs can be addressed from the X-ray diffraction re-
sults. An indication of the structure and stability of
DRMs can be deduced from the effect of adding Triton
X-100 to the DRM preparation. The presence of the
detergent changed the macroscopic order of vesicle sus-
pensions and caused the membranes to aggregate into
multilamellar arrays. The arrays were stable over the
temperature range 4–45 �C consistent with the predicted
effect of Triton in concentrations used to prepare the
DRMs [53]. The only detectable effect on the structure
was an increase in d spacing of the multilamellar array
by 0.2 nm.

The stability of the rafts can be judged from a com-
parison of the thermotropic behaviour of the raft prep-
aration from sheep erythrocytes with that of dispersions
of total polar lipid extracts of the rafts. The X-ray scat-
tering intensity patterns recorded from the raft prepara-
tion remains unchanged during heating up to 40 �C. By
contrast, an hexagonal-II structure begins to phase sep-
arate from the lamellar structure at about 30 �C during
the heating scan. Clearly the non-bilayer forming lipids
present in the raft membrane are constrained into a bi-
layer either by their particular configuration in the raft
membrane or their interaction with the non-lipid com-
ponents of the raft. The relative proportion of the scat-
tering arising from the hexagonal-II and lamellar
structures suggests that the particular arrangement of
the lipids is a significant factor. Since there is also no evi-
dence of lipid phase separation in the erythrocyte ghost
membranes at temperatures at least up to 40 �C the
inference is that the lipid configuration in the ghost
membrane is preserved in the raft.

One of the distinguishing features of membrane rafts
is said to be that the hydrocarbon thickness is greater
than non-raft domains of the membrane and that this
difference is exploited in sorting intrinsic membrane pro-
teins [5,54]. An X-ray diffraction study of model systems
in which the hydrocarbon thickness of lipid mixtures
which resist solubilization by Triton X-100 was deter-
mined from electron density calculations supported this
hypothesis [35]. Accordingly, the headgroup separation
across bilayers formed by DRM fractions, calculated
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from Bragg reflections recorded from multilamellar
structures, was found to be about 4.8 nm and similar
to SM:Chol dispersions forming Lo phase. This was sig-
nificantly greater than the corresponding distance in
bilayers formed from detergent-soluble lipids which were
invariably less than 4 nm. Accurate electron density cal-
culations could not be performed on the multilamellar
structures formed by erythrocyte rafts in the present
study because the camera configuration only allowed
the collection of two orders of the lamellar repeat. The
present results, however, are in marked contrast to the
model reported earlier [35] since the d spacings frommul-
tilamellar structures formed by erythrocyte rafts (6.1 nm)
are significantly less than that reported for the model li-
pid rafts (7 nm) despite the presence of protein in the
membrane raft preparation. Clearly the presence of sur-
face protein may be a factor because differences in thick-
ness of about 0.4 nm between Lo and La phases have
been reported in mixed lipid systems on the basis of
atomic force microscopic measurements [55].
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