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Abstract

The plasma membrane of eukaryotic cells contains lipid rafts with protein and lipid compositions
differing from the bulk plasma membrane. Several recent proteomic studies have addressed the
composition of lipid rafts, but the different definitions used for lipid rafts need scrutinizing before

results can be evaluated.

The plasma membrane of mammalian cells includes several
types of microdomain. Caveolae - flask-shaped invaginations
- were described fifty years ago [1] and are now known to
depend on the caveolin family of proteins and on cholesterol
for their formation [2]. Lipid rafts are suggested to form by
the self-aggregation and tight packing of cholesterol and
sphingolipids, thus forming domains with lower fluidity and
a higher degree of saturation than the bulk membrane [3].
This ‘lipid-raft hypothesis’ provides an attractive explanation
for processes as diverse as the differential sorting of proteins
in epithelial cells, immunological signaling and the entry of
pathogens into host cells.

The existence of lipid rafts is gradually gaining acceptance,
and they have been implicated in many membrane processes
[4]. Their existence in intact cells is supported by both bio-
chemical analyses [5] and microscopy [6-8], but they have
been very elusive, and there are examples of investigators
finding no evidence for their existence [9]. Estimates of raft
size vary from a few to several hundred nanometers (nm) in
diameter [10]. Aggregation of rafts, for instance by ligands
binding to receptors that reside in them, would be expected to
create superior sites for signaling events, as the smaller cir-
cumference-to-area ratio of the aggregated rafts would slow
down interactions with deactivating molecules outside the
rafts. Several recent proteomic studies have identified proteins

found in detergent-isolated lipid rafts [11-14]. Although these
studies have given useful insights into the lipid-raft proteins,
the methods used by the authors [11-14] to isolate the rafts
leave some uncertainty about the conclusions.

Isolation of lipid rafts

One biochemical definition of lipid rafts is their insolubility
in non-ionic detergents at 4°C - a condition that yields deter-
gent-resistant membranes (DRMs). Because of their high
lipid-to-protein ratio, DRMs have a low density and can thus
be isolated by flotation on sucrose-density gradients. It is a
commonly held view in the field, as recently discussed exten-
sively at the EURESCO Conference on Microdomains, Lipid
Rafts and Caveolae [15], that progress has been hindered by
the use of numerous detergents under different solubiliza-
tion conditions. A recent report [16] stresses that the use of
most detergents can result in the transferrin receptor, the
archetypal non-lipid-raft marker, appearing in the DRM
fraction; the only two detergents among those tested that
demonstrated specificity for the lipid-raft markers choles-
terol and sphingomyelin were CHAPS and Triton X-100.
Extraction with any detergent results in a low-density frac-
tion, however, so this criterion alone cannot be used as a def-
inition of a lipid raft. Frequently, DRMs are isolated at
the 5%-30% sucrose interface, to which any lipid-rich
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membrane material would float, even if the cells from which
they are derived have never been subjected to any deter-
gents. This also means that non-detergent methods for
preparing ‘lipid rafts’ are likely to generate a floating fraction
containing membranes in general, from a number of sub-
cellular sites, but not necessarily one enriched specifically in
lipid rafts.

It is unlikely that the addition of detergents to cells will
faithfully preserve particular membrane structures. For
instance, concentrations of Triton X-100 that are too low to
lyse cells cause cell membranes to vesiculate and fuse [10].
DRMs prepared after Triton X-100 extraction of Jurkat cells
(TX-DRMs) are a mixture of vesicles ranging in diameter
between 50 nm and several micrometers (Figure 1). Consid-
ering that individual lipid rafts on the cell surface are esti-
mated to be under a few hundred nanometers in diameter
[10], it is clear that TX-DRMs are substantially aggregated
structures and are, therefore, likely to contain molecules that
would not be in close proximity in an intact cell. Conse-
quently, it is not valid to say that proteins are associated in
the same domain in the cell solely because of their appear-
ance in DRMs. Also, Triton X-100 can itself promote the for-
mation of distinct lipid domains [17,18]. On the other hand,
a failure to recover a protein in DRMs does not necessarily
mean that that protein is not found in lipid rafts in the intact
cell. This seems to be the case for the T-cell receptor [19] and
the epidermal growth factor receptor [20], which have been
shown to be in lipid rafts by means of fluorescence
microscopy codistribution or biochemical isolation, respec-
tively, although they are not always present in DRMs.

Lipids in lipid rafts

Despite the above reservations, Triton X-100 insolubility
and subsequent flotation on sucrose density gradients is a
very useful tool and is the best available biochemical indica-
tion of partitioning into lipid rafts. TX-DRMs are enriched in
cholesterol, glycosphingolipids, sphingomyelin and satu-
rated glycerophospholipids [2,21]. These DRM lipids can by
themselves form a liquid-ordered-like state in which acyl
chains are tightly packed, highly ordered and extended, sup-
porting the raft hypothesis [22]. Extensive lipid analyses
have revealed that, in TX-DRMs from resting mast cells,
60% of the phospholipids are either saturated or mono-
unsaturated compared with 50% of the phospholipids in the
total plasma membrane [23]. Interestingly, after cross-
linking of the immunoglobulin E receptor FceRI, the propor-
tion of polyunsaturated phospholipids in the TX-DRM
fraction increased by 12-22%. The reason for this is unclear.
It has been shown that TX-DRMs from Jurkat T cells are also
enriched in saturated and mono-unsaturated phospholipids
[24] and that the production of diacylglycerol from phos-
phatidylinositols occurs in response to lipid-raft aggregation
[25]. In contrast, a floating fraction from epidermal cells pre-
pared without detergents does not have the enrichment of
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Figure |

Electron micrograph of detergent-resistant membranes from Jurkat T
cells prepared using 1% Triton X-100 on ice for I5 min (TX-DRMs).
Vesicles of varying sizes can be seen. DNA was sheared, the lysate was
mixed with | ml 80% sucrose and overlaid with 30% and 5% sucrose
followed by centrifugation at 200,000 x g for 16 h. The DRM fraction was
collected from the 5%-30% sucrose interface and samples were adsorbed
to carbon films and negatively stained with 1% sodium silicotungstate. The
scale bar represents 200 nm.

saturated and mono-unsaturated phospholipids [20],
although it does have more cholesterol and sphingomyelin
than does a mixed membrane fraction.

Proteins in lipid rafts

There are many examples of proteins that have been found
in TX-DRMs without the use of proteomics, including
various proteins anchored by glycosylphosphatidylinositol
(GPI) in the exoplasmic leaflet of the membrane, and acy-
lated intracellular protein tyrosine kinases of the Src family
[21,26]. Both these kinds of protein carry largely saturated,
unbranched lipid modifications that would easily partition
into a liquid-ordered domain. Recently, several groups have
taken a proteomic approach to identify proteins in DRMs
[11-14]. Using the detergent Brij-58 to prepare DRMs, Bini et
al. [11] found that 11 of 17 proteins identified by mass spec-
trometry were of mitochondrial origin, and plasma-mem-
brane lipid-raft proteins were detectable only by western
blotting, suggesting that the latter were of very low abun-
dance in the Brij-58 DRMs. As mitochondrial membranes
are not expected to contain lipid rafts and Brij-58 is a poor
detergent for making DRMs enriched in lipid raft proteins,
the relationship between the identified markers [16] and
lipid rafts is unclear.

In another study [12], a subset of heavier TX-DRMs - those
with a higher protein-to-lipid ratio - was found to contain
numerous proteins of the membrane cytoskeleton [12]. This
result emphasizes the link between lipid rafts and intracellu-
lar structures, which has been touched on by several other
studies reporting an enrichment of cytoskeletal proteins in
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DRMs (see, for example, [27]). The link is not surprising,
however, because Triton X-100 insolubility was originally a
method for preparing the cytoskeleton.

Given the difficulty in solubilizing hydrophobic proteins for
two-dimensional electrophoresis, various tricks have been
used to identify proteins of low abundance and/or high
hydrophobicity. Often these tricks lead to identification on
the basis of only one peptide per protein, which does not
always allow unambiguous identification by mass spec-
troscopy, but in most cases proteins can be successfully
identified. Using a cysteine-specific biotinylation agent in
combination with in-gel digestion, von Haller et al. [13]
identified 70 proteins from Jurkat T-cell TX-DRMs. These
could mainly be grouped into signaling and cytoskeletal pro-
teins. This study [13] also identified some proteins from cel-
lular locations not expected to contain lipid rafts, but there
have been an increasing number of reports of ‘moonlighting’
proteins that have different functions at different locations,
so it is advisable to keep an open mind when using protein
location to assess preparation purity.

The most recent proteomic study of DRMs is that of
Matthias Mann and co-workers [14]. This work is technically
impressive: the ratios of isotopes from cells labeled with
either leucine or trideuterated leucine were measured by
mass spectrometry and used to group TX-DRM proteins into
three categories on the basis of the sensitivity of their pres-
ence in the TX-DRMs to acute cholesterol depletion: raft
proteins, raft-associated proteins and ‘nonspecific’ proteins.
The cell type used (HeLa cells) contains caveolae as well as
lipid rafts, and the methods used for lipid-raft purification
do not distinguish between the two. The paper [14] makes
the assumption that the association of genuine raft proteins
with TX-DRMs should be sensitive to cholesterol depletion
whereas that of contaminating proteins should not, but this
has not been universally established. Although cholesterol
depletion does make some components of lipid rafts sensi-
tive to detergent extraction, both lipid and protein markers
of lipid rafts can still be purified in TX-DRMs after such
treatment [28]. There is also evidence that cholesterol deple-
tion causes coalescence rather than dispersion of lipid
domains in living cells [29]. Mann and co-workers [14]
treated cells with methyl-B-cyclodextrin until no less than
96% of the cells’ cholesterol had been removed. During this
one-hour treatment the cells almost certainly lose viability,
probably undergo extensive intracellular reorganization and
degradation, and lose many proteins through membrane
blebbing. The authors found that disorganization of the cho-
lesterol in rafts using the agents nystatin and filipin did not
identify any specific grouping of proteins sensitive to this,
and nor did any of the three cholesterol-disrupting agents
give rise to a useful discrimination when applied to floating
membranes prepared in the absence of detergent, reinforc-
ing the questionable utility of non-detergent methods for
preparing ‘lipid rafts’.
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The supplementary information (Tables 3-5) to the study by
Mann and colleagues [30] gives complete and informative
data on the proteins they identified. The ‘nonspecific’ cate-
gory, showing low sensitivity to cholesterol depletion, reas-
suringly contains the transferrin receptor, the classical
non-raft marker, as well as many other proteins not expected
to be in rafts. In general, the authors find the expected pro-
teins such as small and heterotrimeric G-proteins, Src-
family tyrosine kinases and cytoskeletal proteins in the ‘raft’
category, with the addition of several glycolytic enzymes,
ribosomal proteins and nuclear proteins. These non-tradi-
tional raft proteins may be examples of proteins with multi-
ple functions; they do not necessarily reflect contamination.
It is less straightforward to know where to draw the line
between ‘raft’ proteins (defined as showing high dependence
on cholesterol for association with DRMs) and ‘raft-associ-
ated’ proteins (showing intermediate dependence on choles-
terol for DRM association). The cut-off values are set
somewhat arbitrarily where there are minor discontinuities
in the graph of proteins plotted in order of their dependence
on cholesterol (see Figure 3 of Foster et al. [14]). This results
in the classical caveolar or lipid-raft protein caveolin-1 being
classified as only ‘raft-associated’ whereas by all other crite-
ria this is a highly raft-enriched protein. In fact, caveolin-1 is
very close to the cut-off between raft-associated and non-
specific proteins. The failure of caveolin-1 to show strong
dependence on cholesterol for DRM association could be
because the protein can itself bind cholesterol, perhaps
making it less susceptible to the general loss of cholesterol
from cell membranes, and this could also apply to other cho-
lesterol-binding proteins.

Mann and co-workers [14] conclude that lipid rafts are rich in
signaling molecules, membrane-skeletal and cytoskeletal pro-
teins, consistent with studies showing that lipid-raft compo-
nents can associate with actin filaments, either directly or
through adaptors, temporarily anchoring them to intracellu-
lar structures. Many of the proteins identified have not previ-
ously been reported to partition to lipid rafts, and they extend
the list of identified raft proteins to 241. This is an impressive
number given that TX-DRMs are estimated to contain only
0.3-2% of total cellular protein. Mann and co-workers [14]
also characterize a large number of hypothetical raft or raft-
associated proteins, which may turn out to be the most useful
aspect of this study because it points to new raft proteins as
well as new raft functions. No doubt we will learn more about
the organization of the plasma membrane once these proteins
have been functionally assigned; the raft and raft-associated
proteins identified so far suggest an involvement of lipid rafts
in ubiquitinylation and endocytosis.

It is clear that the dynamic plasma membrane of cells is far
from homogenous, and we are still only just scraping the
surface of its complexity. With careful isolation of lipid
rafts, proteomics may be a useful tool for understanding
this complexity.
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