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Abstract

Detergent-resistant membrane raft fractions have been prepared from human, goat, and sheep erythrocyte ghosts using Triton X-100. The
structure and thermotropic phase behaviour of the fractions have been examined by freeze-fracture electron microscopy and synchrotron X-
ray diffraction methods. The raft fractions are found to consist of vesicles and multilamellar structures indicating considerable rearrangement
of the original ghost membrane. Few membrane-associated particles typical of freeze-fracture replicas of intact erythrocyte membranes are
observed in the fracture planes. Synchrotron X-ray diffraction studies during heating and cooling scans showed that multilamellar structures
formed by stacks of raft membranes from all three species have d-spacings of about 6.5 nm. These structures can be distinguished from peaks
corresponding to d-spacings of about 5.5 nm, which were assigned to scattering from single bilayer vesicles on the basis of the temperature
dependence of their d-spacings compared with the multilamellar arrangements. The spacings obtained from multilamellar stacks and
vesicular suspensions of raft membranes were, on average, more than 0.5 nm greater than corresponding arrangements of erythrocyte ghost
membranes from which they were derived. The trypsinization of human erythrocyte ghosts results in a small decrease in lamellar d-spacing,
but rafts prepared from trypsinized ghosts exhibit an additional lamellar repeat 0.4 nm less than a lamellar repeat coinciding with rafts
prepared from untreated ghosts. The trypsinization of sheep erythrocyte ghosts results in the phase separation of two lamellar repeat
structures (¢=6.00; 5.77 nm), but rafts from trypsinized ghosts produce a diffraction band almost identical to rafts from untreated ghosts. An
examination of the structure and thermotropic phase behaviour of the dispersions of total polar lipid extracts of sheep detergent-resistant
membrane preparations showed that a reversible phase separation of an inverted hexagonal structure from coexisting lamellar phase takes
place upon heating above about 30 °C. Non-lamellar phases are not observed in erythrocytes or detergent-resistant membrane preparations
heated up to 55 °C, suggesting that the lamellar arrangement is imposed on these membrane lipids by interaction with non-lipid components
of rafts and/or that the topology of lipids in the erythrocyte membrane survives detergent treatment.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction intercellular junctions and coated pits on the cell surface.
While such structures have been examined at the molecular

The creation of lateral and transmembrane domains level, the forces governing lipid—lipid interactions in the

within biological membranes is known to mediate a wide
variety of functions that membranes perform. The inter-
action between membrane proteins, for example, is believed
to underlie the formation of specialized structures such a
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creation of so-called membrane rafts are less well under-
stood [1-3]. It has been suggested on the basis of model
membrane experiments that lateral phase separations take
place in membranes enriched in cholesterol, such as the
plasma membrane, due to the interaction of cholesterol with
saturated molecular species of choline phosphatides to form
liquid-ordered phase [4]. The phase is characterized by a
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relatively close packing of the hydrocarbon substituents,
combined with a rapid lateral mobility of the lipid molecules
[5]. The driving force for the creation of the phase is
believed to be a phase separation of cholesterol from fluid
lipids into an association with more saturated molecular
species of choline phosphatides, which provide the most
energetically favourable shielding of cholesterol from
exposure to water [6]. Based on these considerations, the
lateral phase separation of liquid-ordered phase is postulated
to occur in cell membranes to form lipid rafts [7,8].
Additional interactions between membrane lipids and
elements of the cytoskeleton are also thought to be involved
[9-11].

The isolation of liquid-ordered domains from biological
membranes has been proved possible by exploiting the
resistance of such structures to solubilization by detergents
such as Triton X-100 [12] and Brij 96 [13]. Fractions that
resist solubilization at 4 °C, the so-called detergent-resistant
membrane (DRM) fraction, represent membrane rafts. The
extent to which membrane rafts reflect the composition and
arrangement of constituents in the membrane from which
they were derived is conjectural [14,15]. Nevertheless, the
composition of DRM fractions from a wide variety of
biological membranes has been examined, and they are
invariably enriched in sphingomyelin and cholesterol [1,16]
and contain proteins characterized by anchorage to the
membrane by glycerylphosphoinositide or acyl moieties
[17—19]. The composition of DRM fractions differ consid-
erably from the parent membrane [20], and this has led to
the suggestion that raft domains are responsible for
mediating diverse membrane functions such as signal
transduction [18,21—-25], protein sorting [2,3,8,26], and
membrane budding [27].

There is presently a paucity of information on the
structure of DRM fractions from biological membranes to
assist in the interpretation of how these functions are
performed. The aim of the present study was to isolate
DRM fractions from erythrocyte membranes of species with
differing sphingomyelin and cholesterol contents and
examine their structure and thermotropic phase behaviour.
Freeze-fracture electron microscopy shows that DRM
fractions are virtually devoid of membrane-associated
particles which are characteristic of the intact erythrocyte
membranes. Synchrotron X-ray diffraction methods have
been used to characterize the structure of erythrocyte ghosts
and membrane raft preparations therefrom and to examine
the role of membrane proteins in the stability of raft
membranes.

2. Materials and methods
2.1. Erythrocyte ghost preparation

Human and ruminant erythrocytes were isolated from
fresh citrated blood by procedures described previously

[28]. Briefly, whole blood was centrifuged for 10 min at
100xg. The erythrocytes were harvested and washed three
times with 5 vol. of a buffer consisting of 150 mM NaCl and
5 mM sodium phosphate (pH 8.0) (PBS) and lysed in 40
vol. of 5 mM sodium phosphate (pH 8.0). The resulting
membrane ghosts were collected by centrifugation for 20
min at 22,000x g and washed four times with lysing buffer
to produce ‘white ghosts’. When indicated, suspensions of
ghost membranes were subjected to digestion with trypsin
for 2 h at 37 °C and subsequently washed with PBS.

Detergent-resistant (DRM) fractions were prepared from
erythrocyte ghosts by resuspension in a buffer consisting of
0.25 M sucrose, 150 mM NaCl, 1 mM EDTA, and 20 mM
Tris—HCI buffer (pH 7.6) containing 1% (v/v) Triton X-100
at 4 °C and by dispersion by 10 passages through a 21-
gauge needle. The suspension was diluted with an equal
volume of 80% (w/v) sucrose. 4 ml of this detergent-treated
membrane suspension was seated in a centrifuge tube and
overlaid successively by 4 ml of buffer containing 30% (w/
v) sucrose and 3.5 ml of buffer containing 5% (w/v) sucrose.
The discontinuous density gradients were centrifuged for 18
h at 38,000xg in a SW41 Beckman rotor. The material
layered at the 5/30% (w/v) sucrose interface was designated
as DRMs and harvested for further examination. Total polar
lipid extracts were prepared according to the method of
Bligh and Dyer [29] and dispersed in an equal weight of
buffer consisting of 0.25 M sucrose, 150 mM NaCl, 1 mM
EDTA, and 20 mM Tris—HCI buffer (pH 7.6).

2.2. Freeze-fracture electron microscopy

Suspensions of human erythrocyte ghosts and detergent-
resistant membrane fractions were sandwiched between two
copper 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.
Fracturing 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 Jeol JEM100CX
electron microscope.

2.3. Synchrotron X-ray diffraction

Erythrocyte ghosts were centrifuged at 300,000 x g for 18
h. Polyvinylpyrrolidone (PVP) powder was added in an
equal weight to some pellets to induce stacking of the
membranes. DRM were oriented by centrifugation
(100,000%xg, 1 h). Pellets were collected on an aluminium
foil seated on the bottom of the centrifuge tubes and
transferred to the sample cell sandwiched between a pair of
thin mica sheets. The cell was clamped to a thermostated
stage (Linkam Scientific Instruments Ltd., UK).

Static powder diffraction patterns were recorded on
image plates at beamline BL40B2 at Spring-8, Japan, using
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a sample to detector distance of 400 mm and A=0.1 nm.
X-ray scattering intensities were obtained by circular
integration of the images using FIT2D software, and
higher orders of wet rat-tail collagen (d=67 nm) [30]
was used to calibrate the spacings. Real-time synchrotron
X-ray diffraction experiments were performed using a
monochromatic (0.141 nm), focused X-ray beam at beam-
line 16.1 of Daresbury Synchrotron Radiation Laboratory
(Warrington, UK). A website describes in detail the facility
available at the station (http://srs.dl.ac.uk/NCD/station161/
index.html). 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 400 mm. Experimental data were
analysed using the OTOKO software [31]. Scattering
intensities were corrected for channel detector response
using homogeneous irradiation from an >°Fe source.
Spatial calibrations were obtained using wet rat-tail
collagen. The reciprocal spacing are given as S=1/
d=2sin(0)/ A, where d, 4, and 0 are repeat distance,
X-ray wavelength, and the diffraction angle, respectively.

3. Results

The structure of DRM fractions prepared from eryth-
rocyte ghost membranes was examined by freeze-fracture

electron microscopy and synchrotron X-ray diffraction
methods. The structure of DRM preparations from human,
sheep, and goat erythrocyte ghosts was first compared with
intact ghost membranes using freeze-fracture techniques,
and the results are shown in Fig. 1. An electron micrograph
of an etched human erythrocyte membrane viewed from the
outside aspect of the cell (Fig. l1a) shows a characteristic
distribution of membrane-associated particles on the P-face,
and the etched surface of the cell shows a texture reflecting
the arrangement of the underlying particles. Replicas from
human DRM (Fig. 1b) show bilayer vesicles and more
extensive lamellar structures. The internal bilayer surfaces
are smooth and largely devoid of membrane-associated
particles; occasionally, small clusters of particles can be
seen. Electron micrographs of replicas prepared from
suspensions of DRM from sheep (Fig. 1¢) and goat (Fig.
1d) are similar to those of suspensions of human detergent-
resistant membranes and consist of a mixture of vesicles
some of which have more than one layer and extensive
stacked sheets of membranes. Again, the texture of the
exposed membrane surfaces tends to be smooth and
membrane-associated particles are absent. The freeze-
fracture data indicate that the original erythrocyte membrane
undergoes considerable reorganization as a result of
exposure to detergent, and the disruption causes vesiculation
and creation of multilamellar arrays of membrane. It is not
possible to determine whether or not asymmetric distribu-
tion of constituents across the membrane is preserved, but
clearly, the constituents responsible for forming membrane-

Fig. 1. Electron micrographs of freeze-fracture replicas of (a) etched human erythrocyte membrane and DRM fractions prepared from (b) human, (c) sheep, and

(d) goat erythrocyte membranes. Bars=100 nm.


 http:\\www.srs.dl.ac.uk\NCD\station161\index.html 

8 P.J. Quinn et al. / Biochimica et Biophysica Acta 1713 (2005) 5—14

associated particles are either rearranged or excluded from
the membrane.

The structure and thermotropic phase behaviour of DRM
fractions from human and ruminant erythrocytes was
examined by real-time synchrotron X-ray diffraction meth-
ods. Heating and cooling scans were performed to aid in the
assignment of the diffraction peaks. A sequence of X-ray
scattering intensity profiles recorded from a preparation of
human DRM heated from 10 °C to 50 °C is shown in Fig.
2A. This shows the SAXS region of the scattering intensity
profile in which a relatively sharp reflection at about 6.7 nm
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Fig. 2. (A) Small-angle X-ray scattering intensity patterns recorded from a
suspension of human erythrocyte detergent-resistant membranes during a
heating scan between 10 °C and 50 °C at 1°/min. The temperature interval
of each of diffraction pattern is 1 °C. Arrows indicate the first and second
orders, respectively, of a lamellar repeat structure. The temperature
dependence of d-spacings (B) and the relative X-ray scattering intensities
(C) of the first-order lamellar repeat (¢) and broad scattering band (©)
recorded during the heating scan are shown.

and a broader band at about 5.4 nm can be seen at 10 °C.
The peak at 6.7 nm shifts progressively to lower d-spacings
in concert with a minor peak at about 3.3 nm (Fig. 2A;
arrow) upon heating from 10 °C to 50 °C (Fig. 2B). Both
peaks undergo a corresponding increase in d-spacing during
subsequent cooling, indicating that the structural changes
are reversible (data not shown). These two spacings are
assigned to the first- and second-order reflections from a
multilamellar structure. The maximum intensity of the first-
order reflection (Fig. 2C) increases during the scan as the
peak becomes sharper. The relatively broad peak at about
5.4 nm, by contrast, expands during the heating scan (Fig.
2B) and contracts during cooling (data not shown),
indicating that this reflection originates from a different
structure. No higher-order reflections of this peak could be
detected, but the most likely origin of this reflection is that it
originates from unstacked bilayers, presumably vesicles.
The WAXS profiles show broad reflections at a spacing of
0.45 nm throughout the temperature scans, consistent with a
disordered hydrocarbon phase (data not shown).

The results obtained from a heating scan of a preparation
of DRM from sheep erythrocytes is shown in Fig. 3. The X-
ray scattering profile at the initial temperature shows a
single relatively broad scattering band centred at a spacing
of about 5.6 nm (Fig. 3A). The position of this band
decreases by about 0.1 nm during heating to 55 °C (Fig.
3B). A new peak at about 6.8 nm appears during the scan at
about 30 °C, and the spacing decreases progressively to
about 6.2 nm at 55 °C. There is a decrease in scattering
intensity of the peak centred at 5.6 nm and a corresponding
increase in the intensity of the new peak during the heating
scan (Fig. 3C). The two X-ray scattering bands cannot be
assigned to lamellar structures, as no higher-order reflec-
tions can be detected, and because they show different
dependence on temperature, the scattering is likely to
originate from different structures. Based on the position
of the peaks, a provisional assignment is a vesicular
arrangement of DRM indexed by the spacing at 5.6 nm,
which stacks into multilamellar structures at temperatures
greater than 30 °C. The WAXS profiles were dominated by
a broad temperature-independent diffraction band centred at
0.45 nm in both heating and cooling scans.

A sequence of SAXS intensity profiles from a prepara-
tion of goat DRM recorded during a heating scan from 15
°C to 45 °C is shown in Fig. 4A. A sharp peak at about 6.7
nm at 15 °C is assigned to the first-order reflection of a
multilamellar phase indexed by two orders of reflection.
These spacings decrease progressively to 6.10 nm at 45 °C.
A relatively broad band at a spacing corresponding to about
4.9 nm appears at about 25 °C (Fig. 4B) and increases in
intensity during the remainder of the heating scan (Fig. 4C).
No higher-order reflections can be detected from this
scattering band, but a decrease in scattering intensity from
the multilamellar array is consistent with the formation of
vesicles of DRM upon heating above 25 °C. The process of
vesiculation was found to be completely reversible during a
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Fig. 3. (A) Small-angle X-ray scattering intensity patterns recorded from a
suspension of sheep erythrocyte detergent-resistant membranes during a
heating scan between 10 °C and 55 °C at 1°/min. The diffraction patterns
are plotted at intervals of 1 °C. The temperature dependence of d-spacings
(B) and the relative X-ray scattering intensities (C) from the major
diffraction peak (¢) and the emergent diffraction band (¢) recorded during
the heating scan are shown.

subsequent cooling scan (data not shown). Like the DRM
from human and sheep, the WAXS profile showed a
temperature-independent scattering band centred at about
0.45 nm.

The effect of membrane protein on the structure and
stability of erythrocyte ghosts and detergent-resistant
membranes was investigated. The experimental approach
was to subject the ghost membranes to digestion with
trypsin and to examine the static X-ray structure of the
trypsinized membranes and detergent-resistant membrane
fractions isolated from the membranes. The results for
human erythrocytes are presented in Fig. 5. This shows that

a suspension of control and trypsinized erythrocytes formed
into multilamellar structures by the addition of PVP give
almost identical repeat spacings of about 5.9 nm (Fig. 5A).
Detergent-resistant membrane preparations formed into
multilamellar stacks by centrifugation from control and
trypsinized erythrocytes show different diffraction profiles
(Fig. 5B). The control raft shows a single lamellar repeat
corresponding to 6.55 nm (the peak at 5.5 nm is the
scattering band from vesicles), whereas the membranes
derived from trypsinized ghosts form two lamellar structures
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Fig. 4. (A) Small-angle X-ray scattering intensity patterns recorded from a
suspension of goat erythrocyte detergent-resistant membranes during a
heating scan between 15 °C and 45 °C at 1°/min. The diffraction patterns
are plotted at intervals of 1 °C. The temperature dependence of d-spacings
(B) and the relative X-ray scattering intensities (C) from the major
diffraction band (#) and the emergent diffraction band (©) recorded during
the heating scan are shown.
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Fig. 5. Effect of tryptic digestion on the structure of human erythrocyte
ghost membranes and detergent-resistant membranes derived therefrom.
Static small-angle X-ray scattering intensity profiles recorded at 37 °C from
human erythrocyte ghosts (A) concentrated by ultracentrifugation (curve 1)
and after the addition of PVP to ghost membranes untreated (curve 2) or
digested by trypsin (curve 3) are shown. (B) Detergent-resistant membranes
prepared from trypsin-digested ghosts (curve 4) and untreated ghosts (curve
5). The scattering intensity above S=0.3 nm ' has been scaled to
emphasize the weaker scattering peaks.

of d-spacings 6.51 and 6.15 nm, respectively. This result
suggests that the removal of protein from the ghost
membrane by trypsin causes the formation of detergent-
resistant membrane structures with a smaller d-spacing than
those from untrypsinized ghosts.

The effect of trypsin treatment of sheep erythrocyte ghosts
is different from that of human membranes (Fig. 6). With
sheep ghosts, trypsinization results in phase separation of the
ghost membrane evidenced by the presence of two lamellar
repeats in membranes stacked by the presence of PVP (Fig.
6A). By contrast, the lamellar repeat spacings of detergent-
resistant membranes from control and trypsinized ghosts is
almost identical. This result suggests that trypsinization alters
the structure of the erythrocyte ghost membrane, but because
most of the membrane of this species is in a liquid-ordered
phase, fractionation by detergent is unaffected by the removal
of protein from the parent membrane.

From these results and those from the temperature scans,
a comparison of the d-spacings recorded from the different
membranes at 37 °C has been collated in Table 1. It can be
seen that the spacings obtained from multilamellar stacks
and vesicular suspensions of raft membranes were, on
average, more than 0.1 nm greater than corresponding
arrangements of erythrocyte ghost membranes from which
they were derived.

Scattering Intensity ———
W,

0.1 0.2 0.3 0.4
S (nm™

Fig. 6. Effect of tryptic digestion on the structure of sheep erythrocyte ghost
membranes and detergent-resistant membranes derived therefrom. Static
small-angle X-ray scattering intensity profiles recorded at 37 °C from sheep
erythrocyte ghosts (A) concentrated by ultracentrifugation (curve 1) and
after the addition of PVP to a suspension of ghost membranes untreated
(curve 2) or digested by trypsin (curve 3) are shown. (B) Detergent-resistant
membranes prepared from trypsin-digested ghosts (curve 4) and untreated
ghosts (curve 5). The wide-angle scattering intensity has been scaled to
emphasize the weaker scattering peaks.

The effect of membrane protein on the structure of the
lipid was investigated by comparing the thermal stability of
sheep DRM (Fig. 3) with the thermotropic phase behaviour
of the dispersions of total lipid extracts prepared from sheep
DRM. The SAXS and WAXS intensity patterns recorded
from a lipid dispersion during a heating and subsequent
cooling scan identical to that of DRM preparation shown in
Fig. 3 are presented in Figs. 7A and B, respectively. The
dispersion forms multilamellar structures at all temperatures
covered by the thermal scan with a d-spacing indexed by
two orders of reflection of 5.7 nm at 50 °C. Upon heating
above 30 °C, a non-lamellar phase emerges from the
multilamellar structure; this phase has a d-spacing at 50
°C of 6.1 nm indexed by three orders of reflection in a space
grouping: 1, 1/43, and 1/y4 (see arrows). The higher orders
of reflection of the non-lamellar phase are illustrated in the
static patterns recorded at 34 °C and 50 °C plotted on a

Table 1
Spacings (nm) of erythrocyte membrane preparations from different species
obtained from X-ray scattering intensity bands recorded at 37 °C

Species Multilamellar Vesicles

Ghosts” DRM Ghosts DRM
Human 6.00 6.10 4.93 5.15
Sheep 5.78 6.02 5.10 5.08
Goat n/d 6.02 n/d 5.01

? In the presence of PVP.
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Fig. 7. Small-angle (SAXS) (A) and wide-angle (WAXS) (B) intensity
patterns recorded from an aqueous dispersion of a total polar lipid extract of
sheep DRM during a heating scan from 10 °C to 55 °C and a subsequent
cooling scan to 20 °C at 1°/min. (C) SAXS intensity patterns recorded at
designated temperatures recorded during an initial heating scan plotted on a
logarithmic scale.

logarithmic scale in Fig. 7C. The result is interpreted as the
coexistence of lamellar and hexagonal-II phases at temper-
atures greater than 30 °C; the phase separation is reversed
on subsequent cooling to 10 °C. The d-spacing has a value
of 5.80 nm at 37 °C and compares with a value of about
6.02 nm for multilamellar arrangements of sheep erythro-
cyte DRM suspensions (Table 1).

4. Discussion

The DRM preparations from erythrocyte ghost mem-
branes are predominantly in the form of vesicles of variable
size, as seen from the freeze-fracture electron microscopic
evidence. In addition to vesicles, the presence of multi-
lamellar arrangements indicates that considerable rearrange-
ment takes place as a result of exposure of the ghost
membrane to Triton X-100 at 4 °C. From an operational
viewpoint, it is important determine to what extent the DRM
preparations accurately reflect the topological arrangement
of the components of the parent membrane. One obvious
and common feature of all the DRM preparations is the
virtual absence of membrane-associated particles from the
inner fracture plane. This is consistent with the presence of a

liquid-ordered structure of the hydrocarbon chains from
which components that comprise these membrane-associ-
ated particles are often excluded. The exclusion of trans-
membrane peptides from DRM is believed to be due to the
tight packing of the hydrocarbon chains associated with the
formation of liquid-ordered phase [32,33]. A similar
exclusion of membrane-associated particles is observed in
biological membranes cooled to temperatures below the gel
phase transition of the constituent lipids [34]. It is often
inferred that the phase separation involves a lateral phase
separation of intrinsic membrane proteins from the ordered
lipid bilayer, but an analysis of the membrane-associated
particle density leads to the conclusion that intrinsic proteins
may be ejected from the hydrophobic region of the bilayer
(vertical displacement) or that the constituents of the
particles become rearranged in such a way as to be
accommodated within the hydrophobic domain of the
ordered lipid bilayer [35].

The X-ray scattering intensity patterns obtained from
unoriented vesicles of biological membranes are interpreted
as reflections arising predominantly from the lipid bilayer
matrix [36]. The repeat structure consists of two layers of
relatively high electron density representing the lipid—water
interface, where the polar phosphate groups of the mem-
brane lipids reside and which sandwich a layer of relatively
low electron density where the hydrocarbon chains are
located [37,38]. X-ray scattering intensity profiles from a
variety of biological membranes, including rat erythrocytes,
were found to consist of broad diffraction bands centred at
about 5 nm, with occasionally higher-order reflections. The
broad scattering from these preparations was believed to be
due to interference within the bilayer rather than a
broadened Bragg reflection resulting from inter-membrane
interference. The first-order scattering peak from such
membranes is anomalous and does not correspond to the
bilayer thickness; however, higher-order scattering maxima
are used as a reliable measure of the distance separating the
phosphate groups on either side of the bilayer [39,40]. No
higher-order peaks from vesicular suspensions could be
detected from the synchrotron X-ray study, but the assign-
ment of the single broad scattering intensity maxima at
spacings about 5 nm to the continuous transform of single
unstacked bilayers could be made from the relative position
of the peak and the difference in temperature dependence of
these peaks with respect to those that could be unambigu-
ously assigned to stacked multilayers. The temperature
dependence of DRM forming these two structures differed
with the species of red cell. Thus, goat DRM tended to form
multilamellar arrangements at temperatures below about 25
°C, and these destacked to form vesicles at higher temper-
atures. Sheep DRM showed the opposite behaviour in that
vesicles were the only structure observed at temperatures
below 30 °C, and these tended to stack into a smectic phase
at higher temperatures. Human DRM preparations formed a
mixture of stacked arrays and vesicles, the proportion of
which remained relatively constant over the temperature
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range 10 °C to 50 °C. The reasons for these differences in
macroscopic behaviour are presently unknown.

An examination of the corresponding WAXS profiles of
DRM preparations from all species indicated a broad
scattering band at all temperatures investigated consistent
with disordered hydrocarbon chains. The detection of
ordered lipid phases on the basis of wide-angle X-ray
scattering data is problematic [41], but the existence of
liquid-ordered lipid phase is likely on the basis of the high
content of saturated molecular species of sphingomyelin and
cholesterol present in DRM preparations from erythrocyte
membranes [20].

The influence of the extrinsic component of membrane
proteins on the structure of human erythrocytes differs from
sheep. The digestion of human erythrocytes with trypsin is
known to release about 90 proteins with unique sequences
from the cytoplasmic and exoplasmic surfaces of the
membrane [42]. The only detectable effect of the treatment
of the erythrocyte ghost was a reduction of about 3% in the
lamellar repeat spacing of membranes stacked in the
presence of PVP. The removal of protein, however, resulted
in a significant change in the structure of DRM prepared
from digested membranes. Two components distinguished
by their lamellar d-spacing were observed, one with a d-
spacing almost identical to DRM prepared from undigested
erythrocyte membranes and the other with a significantly
lower d-spacing. Since Triton X-100 is believed to frac-
tionate membranes on the basis of solubility of the
membrane lipids, this result would suggest that the proteins
that accompany the insoluble lipids influence the structure
of the DRM. The creation of two distinct DRM fractions
indicates that either DRM derived from trypsinized mem-
branes contain a different set of proteins or that the
polypeptides that survive tryptic digestion that turn up as
components of the DRM have been segregated within the
membranes. By contrast, trypsinization of sheep erythrocyte
ghosts causes perturbation of the structure, as evidenced by
the creation of membranes exhibiting a new d-spacing
somewhat greater than that observed in untreated mem-
brane. The reason for this species difference may be due to
the recovery of only 5% of the total membrane lipid in the
human DRM fraction, whereas in sheep, this fraction
represents 35% of the total ghost lipid [20]. Any specific
effects of protein on the d-spacing of raft domains in human
ghost membranes would be difficult to detect compared
with sheep ghosts, in which liquid-ordered lipid phase
represents a significant component of the total erythrocyte
membrane. There is no evidence of segregation of protein
domains in the DRM fraction prepared from trypsinized
sheep ghost membranes, as a single d-spacing is observed
which coincides with DRM fractions prepared from native
erythrocyte ghosts.

A comparison of the thermotropic behaviour of DRM
preparations from sheep erythrocytes with that of aqueous
dispersions of total polar lipids extracted from the DRM
provides insight into the role of the non-lipid components

on the structure and stability of the rafts. The emergence of a
non-bilayer phase is induced in lipid dispersions when the
temperature exceeds about 30 °C. The phase behaviour is
completely reversible, indicating that interaction with other
bilayer-forming lipids or non-lipid constituents does not
interfere with the phase separation involved in the transition.
The membrane lipids most likely to form hexagonal-II
structure are the unsaturated molecular species of phospha-
tidylethanolamines, which are known to phase separate from
cholesterol in bilayer phases [43]. By contrast, no non-
bilayer lipid structures can be detected in DRM prepara-
tions, even at temperatures of 50 °C. This can be explained
if the non-lipid components that are removed during
extraction interact with non-bilayer forming lipids to impose
a bilayer configuration. Alternatively the topography of the
lipids in the DRM fractions is not preserved in the dispersed
lipid extract in which a random distribution of lipids would
be expected. The possibility that both factors are responsible
for the stability of the DRM also cannot be excluded.

One theory to explain a putative function of membrane
rafts can be assessed from the results presented in Table 1.
The creation of lipid rafts in the midst of the generally
disordered membrane lipid matrix [2,22,44] is believed to
act as a selective protein filter admitting only those proteins
whose membrane insertion is specifically adapted to ordered
lipids [45,46]. A mechanism that has been proposed to
achieve this adaptation is that the hydrophobic span of
intrinsic proteins is longer and said to be matched to the
thicker hydrocarbon length of liquid-ordered phases [8,47].
Support for this theory was reported from the results of X-
ray diffraction studies of model systems in which the
hydrocarbon thickness of lipid mixtures that resist solubi-
lization by Triton X-100 was determined from electron
density calculations [48]. While it is known that bilayer
thickness may not be related to d-spacings and that
differences in water layer thickness may be influenced by
differences in the composition of the membranes, the
present results show consistently greater d-spacings for
DRM arrays compared with erythrocyte ghosts from which
they were prepared. The same trend was also seen in the
position of the scattering band observed in vesicular
dispersions. Recent evidence also points to membrane
proteins as determinants of bilayer thickness and not
cholesterol, as is often assumed [40]. Again, a comparison
of the d-spacing of sheep DRM with dispersions of lipid
extracts of the DRM is consistent with this evidence,
although it must be emphasized that proteins may influence
water layer thickness. Clearly, also the presence of protein
on the membrane surface may be a factor because differ-
ences in thickness of about 0.4 nm between the Lo and La
phases have been reported in mixed lipid systems on the
basis of atomic force microscopic measurements [49]. While
differences in bilayer thickness may distinguish fluid from
liquid-ordered phases, this may not be the only factor related
to the mechanism responsible for protein sorting. In model
studies of peptides with lengths tailored to span the width of
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fluid or liquid-ordered bilayers, it was found that neither
type of peptide colocalizes in DRM fractions, suggesting
that the cohesive properties of the bilayer may be of greater
significance than hydrophobic match in the sorting of
transmembrane peptides [32,33].
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