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Introduction

The clearest function of membrane lipids is to form am-
phipathic bilayers that surround cells and organelles and
block leakage of hydrophilic compounds while housing
membrane proteins. However, the wide variety of lipids
observed in biological membranes would not be required
for a simple barrier function. Phospholipids alone dis-
play a variety of headgroup and acyl chain structures,
and eukaryotic cell membranes often contain sphingolip-
ids and sterols as well. Functional consequences of this
lipid heterogeneity are starting to emerge.

One such consequence is the possibility of nonran-
dom mixing in the bilayer and the formation of lipid
microdomains. It is clear that microdomains can form in
artificial bilayers [55]. However, despite much interest
in the subject, convincing evidence that lipids can cluster
in cell membranes has been slow to emerge.

This review summarizes evidence that one type of
microdomain may exist in cell membranes. Most of this
evidence has come from studies of membrane fragments
that are insoluble in cold non-ionic detergents such as
Triton X-100. These detergent-resistant membranes
(DRMs) are rich in cholesterol and sphingolipids, and
may exist in membranes in the liquid-ordered (lo) phase
or a phase with similar properties. These studies may
provide some of the first evidence for phase separation in
biological membranes. Readers are also referred to our

recent reviews of DRMs and the ordered-domain model
[5, 6], and to two other insightful reviews of these do-
mains [8, 82].

Increasing evidence suggests that another type of
domain, formed by electrostatic interactions between
membrane-associated components, may exist in mem-
branes [44]. One intriguing example is the ability of a
membrane-associated positively charged peptide derived
from the MARCKS protein to organize domains rich in
phosphatidylinositol bisphosphate [19]. Though poten-
tially very important, formation of these domains will not
be covered here.

Lipids Can Undergo Phase Separation in
Membranes; Description of the lo Phase

Phospholipid bilayers usually exist in a ‘‘frozen,’’ or-
dered gel phase at low temperatures. Above a melting
temperature (Tm) that is characteristic of each lipid, the
bilayer is present in a phase, termed liquid-crystalline (lc)
or liquid-disordered (ld), in which the lipid acyl chains
are fluid and disordered. Binary mixtures of lipids with
different Tm can be examined at temperatures between
the Tm of the two lipids. When one component is present
at low levels, the mixture is uniform, and generally re-
mains in the phase favored by the major component.
Above a threshold concentration of one component, co-
operative phase separation occurs, and gel and lc phase
domains coexist.

Eukaryotic cell membranes contain mixtures of
glycerolipids (in mammalian cells, all phospholipids ex-
cept sphingomyelin), sphingolipids, and sterols. Bio-
logical glycerolipids generally have very low Tm, while
sphingolipids (especially glycosphingolipids) have much
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higher Tm. This disparity suggests that phase separation
between glycerolipid- and sphingolipid-rich domains
might occur. Consistent with this possibility, indications
of glycosphingolipid clustering in the plasma membrane
have sometimes been observed morphologically [94].

Phase separation may explain the observation that
cellular membrane lipids are not completely solubilized
by nonionic detergents such as Triton X-100 [7, 104].
Low-density detergent-resistant membranes (DRMs) that
are enriched in sphingolipids [7, 47, 53] and cholesterol
[7] and have a clear bilayer appearance [7] were isolated
from mammalian cell lysates several years ago [7, 23, 48,
104]. Two clues suggested that DRMs might originate
from ordered lipid domains. First, model membrane
studies showed that the high Tm of sphingolipids was an
important determinant of detergent insolubility [77, 78];
reviewed in [6]. Second, dipalmitoyl phosphatidylcho-
line (DPPC) was found to be Triton insoluble when it
was in the gel phase, but soluble when in the ld phase [65,
78].

Although phase separation between lc and gel phases
has been well characterized in model membranes, the gel
phase does not appear to exist in biological membranes
except in unusual cases [59]. However, phase separation
between two fluid phases in model membranes contain-
ing binary mixtures of saturated-chain lipids (which have
high Tm) and cholesterol has been described [25, 26, 36,
63, 71, 72, 99]. In this case, above the Tm of the lipid, a
liquid-ordered (lo) phase can separate from the ld phase
as the amount of cholesterol is increased (Fig. 1). (Simi-

larly, the lo phase can separate from the gel phase below
the Tm.) Acyl chains of lipids in the lo phase have prop-
erties that are intermediate between those of the gel and
ld phases. They are extended and ordered, as in the gel
phase, but have high lateral mobility in the bilayer, as in
the ld phase [54]. Phase separation between the ld and lo
phases also occurs in ternary mixtures containing high-
and low-Tm lipids and cholesterol [1, 81].

Several lines of evidence suggest that DRMs are in
the lo phase. First, model membranes that are similar to
DRMs in terms of being rich in sphingolipids and cho-
lesterol are in the lo phase [1]. Second, model membrane
studies reveal a good correlation between the presence of
the lo phase and detergent insolubility [1, 78]. Increasing
the concentration of sphingolipids and cholesterol in
model membranes can promote both lo phase formation
[1, 78, 81] and detergent insolubility [1, 78], and deter-
gent insolubility is not observed unless the lo phase is
present. Third, depletion of sphingolipid and cholesterol
in cells reduces detergent insolubility [9, 21]. Finally,
the acyl chain ‘‘fluidity’’ of DRMs, as measured by the
fluorescence polarization of diphenylhexatriene, is simi-
lar to that in lo phase bilayers [77].

However, it should be emphasized that the existence
of lo phase domains in cell membranes has not been
directly demonstrated. Furthermore, if these domains
are present, they may be similar but not identical to the
lo phase described in model membranes. For simplicity,
we will use the terms ‘‘lo phase’’ or ‘‘ordered phase’’ to
describe these sphingolipid and cholesterol rich mem-
brane domains.

Certain Proteins Prefer lo Phase Domains

The physiological significance of phase separation is
likely to stem from the preferential partitioning of certain
proteins into one of the two phases. It has been known
for several years that proteins anchored in membranes by
glycosyl phosphatidylinositol (GPI) are detergent-
insoluble [35] and are present in DRMs isolated from
cells [7] and liposomes [77]. GPI-anchored proteins
generally contain saturated acyl chains [43], which might
be expected to prefer an ordered lipid environment and
are likely to target the proteins to lo phase domains. Sev-
eral other acylated proteins linked to two or more satu-
rated acyl chains are also present in DRMs [6]. It is
likely that the acyl chains target many of these to ordered
domains, as has been shown for Src-family kinases [80].
Caveolin, a structural protein of caveolae (see below)
may be an interesting exception, as both the wild type
and a nonpalmitoylated mutant are present in DRMs
[11].

Does Detergent Affect Domain Structure?

Because lo phase liposomes are Triton-insoluble, while
those in the ld phase are soluble [77], and because assays

Fig. 1. Temperature-composition phase diagram of the DPPC-
cholesterol system. Reproduced with permission from [72].
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of phase separation are difficult to apply to cells, deter-
gent-insolubility is one of the most powerful probes of
phase behavior in cell membranes. However, the specter
of detergent-induced artifact has loomed over the study
of DRMs. Do DRMs correspond to domains in cell
membranes, or are the domains altered or even created
by detergent? This section describes several possible ar-
tifacts and experiments that have addressed some of
them.

One major early concern was that detergent could
create insoluble lipid domains from uniform ld phase
membranes. This might occur by selective extraction of
low-Tm phospholipids, leaving the remaining sphingolip-
ids to pack tightly with cholesterol to form DRMs in an
lo-like phase. Two studies showed that this does not oc-
cur [1, 78]. In these studies, lipids that favored ld and lo
phases were mixed in various ratios and subjected to
detergent extraction. Comparison with results obtained
from independent detergent-free methods showed wheth-
er the membranes were purely ld or lo phase, or whether
both ld and lo phase domains were present. In both stud-
ies, detergent insolubility was found only when the lo

phase was present prior to detergent addition, showing
that detergent did not reorganize lipids in the ld phase to
create insoluble domains.

Another concern is that insolubility might reflect
slow solubilization, and that lysates containing insoluble
membranes might not have reached equilibrium. How-
ever, detergent solubilization was shown to plateau and
stabilize even when insoluble membranes remained [1,
77].

Detergent might also affect the distribution of lipids
between membranes. For instance, order-preferring lip-
ids present at low concentration in a ld phase membrane
might ‘‘hop’’ into l o phase domains in separate mem-
branes in the same lysate. The following experiment
suggested that this does not occur [78]. Two sets of
vesicles, one in the ld phase and the second in the in-
soluble lo phase, were mixed and extracted with Triton.
As expected, a trace amount of radioactive sphingomy-
elin incorporated into the lo phase vesicles was insoluble,
as was the bulk unlabeled sphingomyelin in the same
vesicles. However, the radioactive sphingomyelin was
fully solubilized if it were incorporated instead into the ld

phase vesicles, although abundant insoluble membranes
derived from the lo phase vesicles were present in the
lysate. A similar approach showed that a GPI-anchored
protein in detergent-soluble liposomes mixed with pro-
tein-free insoluble liposomes prior to detergent lysis did
not ‘‘hop’’ into the insoluble membranes [78], as has
also been shown in cells [7].

These studies address some of the most serious
questions about DRMs. Most importantly, detergent
does not create insoluble membranes from fully ld phase
membranes. However, some concerns remain. For one,

temperature effects must be considered. Formation of
ordered domains is strongly favored as the temperature is
lowered. Detergent insolubility experiments have gener-
ally been performed on ice, and most DRM proteins are
solubilized at temperatures above 10–20°C [45]. Thus,
data from detergent insolubility studies do not show that
lo domains are present in cell membranes at physiologi-
cal temperatures. (Of course, the domains may exist, but
may be solubilized by detergent at 37°C.) However,
morphological studies (see below) suggest that domains
can exist even at elevated temperatures. In addition, the
finding that the lo phase forms at 37°C in liposomes
roughly modeled on the plasma membrane lipid compo-
sition [1] shows that phase separation in biological mem-
branes is plausible.

Another concern stems from the observation that
when two-phase liposomes containing both lo and ld
phase domains were extracted with Triton, some of the
membrane in the lo phase was solubilized [78]. This sug-
gests that detergent insolubility may underestimate the
amount of the lo phase in membranes that contain both lo

and ld phase domains. This effect could be selective;
certain lipids that associated with lo phase domains might
be preferentially extracted, and not be detected in DRMs.

The control experiments described above focused
mainly on possible detergent effects on organization of
lipids in domains. Possible detergent effects on the as-
sociation of proteins with domains have received much
less attention. One concern is that proteins, like lipids,
present in lo phase domains might be selectively ex-
tracted by detergent. Thus, the absence of a protein from
DRMs cannot show that it is not present in lo domains.
Another concern was raised by a study in which cell
remnants were examined by electron microscopy after
Triton extractionin situ [40]. A GPI-anchored protein
that was uniform in the membrane appeared more clus-
tered after detergent extraction, suggesting that detergent
may alter the distribution of the protein [40].

Finally, as detailed in the next section, inspection of
phase diagrams shows that single-phase bilayers can ex-
ist in a state intermediate between the ld and lo phases.
The detergent solubility of such membranes is not
known, but they could easily show partial insolubility
similar to that observed for two-phase membranes [78].

In summary, although important questions about the
fidelity of detergent resistance in reporting on phase be-
havior remain, many of the most serious concerns have
been put to rest. Detergent insolubility appears to be a
useful and powerful, although imperfect, indicator of
membrane phase state.

Estimating the Phase Behavior of Lipids in
Cellular Membranes

As we have seen, detergent insolubility points to the
existence of interesting phase behavior in cellular mem-
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branes, but does not show precisely what phases are pres-
ent there. Phase diagrams derived from model mem-
brane studies can provide some further clues. An un-
usual feature of the phase behavior of cholesterol-
containing mixtures that may be relevant to cellular
membranes also emerges from examination of these dia-
grams.

The phase behavior of mixtures of dipalmitoyl phos-
phatidylcholine (DPPC) and cholesterol has been fairly
well characterized. A phase diagram based on work of
several groups [72] is reproduced in Fig. 1. The phase or
phases present as a function of lipid composition (in-
creasing cholesterol at the expense of DPPC along the X
axis) and temperature are shown. Focusing first on tem-
peratures between about 41°C (the Tm of DPPC) and
70°C, it is seen that mixtures are entirely present in the
ld phase at low cholesterol concentrations. As choles-
terol is increased, mixtures contain both ld and lo phase
domains. Finally, above about 30% cholesterol, mix-
tures are entirely lo.

In contrast, in some cases it is possible to move from
an ld to an lo state without undergoing phase separation.
This can be observed in Fig. 1 at temperatures above
about 70°C. As more cholesterol is added, the mem-
brane changes gradually from the ld to the lo state, with-
out phase separation. Thus, uniform lipid mixtures can
have properties intermediate between the ld and lo states.

Because DPPC:cholesterol mixtures are very non-
physiological, it would be useful to have a phase diagram
for lipids in cell membranes. Unfortunately, the com-
plexity of real membranes makes this virtually impos-
sible. Nevertheless, useful information can be obtained
from model membranes of appropriate lipid composition.
For the purposes of studying phase separation, biological
membrane lipids can be grouped in three classes; glyc-
erolipids (low Tm), sphingolipids (high Tm), and choles-
terol. Thus, determining the phase behavior of ternary
mixtures containing high and low-Tm lipids and choles-
terol is a reasonable starting point. Such a phase diagram
is available from the pioneering work of Silvius and
colleagues [81].

This diagram (reproduced in Fig. 2) shows the
phases present at 25°C in mixtures of 12-bromo phos-
phatidylcholine (12BrPC; a low Tm lipid), DPPC (with a
high Tm of 41°C), and cholesterol. The exact lipid com-
position at any point on the diagram can be determined
from the labeled axes. Along the horizontal axis, DPPC
increases at the expense of 12BrPC. The amount of cho-
lesterol, as mol% of the total, is shown on the left axis.
Depending on the lipid composition, the bilayer can be
present in ld, lo, or Pb8 (essentially gel) phases, or can
contain coexisting domains in two or even three phases.
Note that the phases present in binary mixtures can be
determined by moving along the axes. The left axis is of
particular interest. By moving along this axis, it is pos-

sible to go from the ld phase to the lo phase without a
cooperative phase transition (as was seen in Fig. 1 at high
temperatures). In this diagram, such a gradual transition
occurs at 25°C in mixtures of the low Tm lipid and cho-
lesterol. This observation reinforces the important idea
that uniform lipid mixtures with properties intermediate
between ld and lo can exist. (It should be cautioned that
this situation is highly dependent on the exact properties
of the components. For example, if a low Tm lipid with
a slightly higher Tm were substituted, then a cooperative
phase separation instead of a gradual transition from ld to
lo might be observed [81]).

We can use this phase diagram to estimate the phase
behavior of mixtures of biological phospholipids, sphin-
golipids, and cholesterol, substituting ‘‘phospholipids’’
for 12BrPC and ‘‘sphingolipids’’ for DPPC on the X
axis. The rationale for doing so is that Tms of the com-
ponents are similar; the Tm of DPPC and of the most
abundant cellular sphingolipid, sphingomyelin, (37–
40°C [37]) are close, and 12BrPC and biological phos-
pholipids both have very low Tm. In further support of
the similarity of the two systems, we have used a fluo-
rescence quenching technique to study the phase behav-
ior of mixtures of the low-Tm lipid 12SLPC and either
DPPC or sphingomyelin, with or without 33% choles-
terol. The phase behavior of the DPPC-containing mix-
tures was quite similar to that of the sphingomyelin-
containing mixtures, both with and without cholesterol
[1]. In both cases, clear evidence of phase separation
between the ld and lo phases was observed in cholesterol-
containing membranes. Thus, as will be discussed in the
next section, the phase diagram gives a rough idea of
what phases are likely to be present in various eukaryotic
cell membranes, with no reliance on detergent-insol-
ubility data.

Fig. 2. Ternary phase diagram for the 12BrPC/DPPC/cholesterol sys-
tem at 25°C. Adapted with permission from [81].
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What Cellular Membranes are Likely to Have lo
Phase Domains?

PLASMA MEMBRANE

The cholesterol and sphingolipid-rich plasma membrane
seems the most likely to display complex phase behavior.
Although estimates vary, plasma membranes have been
reported to contain 30–40 mol% sterol [83, 100] and
generally 10–20% sphingomyelin [28, 98]. Sphingolip-
ids are enriched in the outer leaflet of the plasma mem-
brane, raising the effective concentration there [10, 96].
Although the phase diagram shown in Fig. 2 is only a
crude approximation, it shows that a membrane with the
lipid composition of the plasma membrane is unlikely to
be in the ld phase. However, there are several other pos-
sibilities. The plasma membrane may be entirely in the
lo phase (for instance, as markedA in Fig. 2), or in a
two-phase region of mixed ld and lo domains (B in Fig.
2). Alternatively, it might be in a uniform phase with
properties intermediate between ld and lo (C in Fig. 2).
In any case, the plasma membrane may be poised at a
composition close to the phase separation boundary,
where the smallest change could have large effects on
phase behavior. As detailed below, this would open up
the interesting possibility of regulated phase separation.

As detergent insolubility correlates with the pres-
ence of the lo phase, the fraction of the plasma membrane
that is detergent insoluble offers a clue to its phase be-
havior. Thus, it is interesting that a substantial fraction
of the plasma membrane was found to be detergent in-
soluble in three studies. 41% of erythrocyte plasma
membrane phospholipids [104] and 35% of phospholip-
ids in mastocytoma plasma membranes [47] were in-
soluble in Triton. In a study of brain plasma membranes,
the lipid compositions of plasma membrane and of
plasma membrane-derived DRMs were determined, but
the amount of each lipid that was insoluble was not [53].
However, this quantity can be estimated by assuming
there here, as in other studies of plasma membrane [47,
104], and whole cells [7, 105], most sphingomyelin was
insoluble. Simple calculations show that if 75% of brain
plasma membrane sphingomyelin were insoluble [53],
then 45% of the total plasma membrane phospholipids
would have been insoluble. Together, these studies
show that a high fraction of plasma membrane lipids are
detergent-insoluble. Consistent with this result, a large
fraction of the plasma membrane appeared to remain
intact morphologically after Triton extraction of fibro-
blasts [40, 79].

Does the detergent resistance of the plasma mem-
brane reveal its phase behavior? Unfortunately, the data
do not distinguish between the possibilities outlined ear-
lier. The observed partial insolubility might reflect ei-

ther coexisting lo and ld domains, a uniform lo state (as
detergent can partially solubilize lo phase model mem-
branes), or a uniform state intermediate between lo and
ld, as the detergent solubility behavior of such mem-
branes is not known. However, insolubility of the
plasma membrane certainly reinforces the idea that it is
not in the ld phase.

SECRETORY PATHWAY ORGANELLES

The endoplasmic reticulum (ER) is very low in choles-
terol and sphingolipids [97], and is probably present in
the ld phase, unless cholesterol and sphingolipids are
somehow concentrated in highly restricted ER subdo-
mains. The fact that a newly synthesized GPI-anchored
protein was Triton soluble while it was in the ER in
mammalian cells [7] supports the idea that the ER is in
the ld phase. However, lowering sphingolipid synthesis
specifically retarded ER to Golgi transport of a GPI-
anchored protein in yeast, possibly reflecting a role for
ordered domains [24, 84, 92]. In another study, acute
inhibition of sphingolipid synthesis in fibroblasts re-
tarded transport of vesicular stomatitis virus G protein
(which is not in DRMs) through both the ER and Golgi
[67]. It should be kept in mind that inhibition of sphin-
golipid synthesis can lead to accumulation of bioactive
intermediates [46]. These compounds, rather than the
loss of ordered domains, may be responsible for the ob-
served effects.

Membranes such as the Golgi that contain signifi-
cant levels of sterol and sphingolipids may also show
interesting phase behavior. In one study, a GPI-
anchored protein first became insoluble in the early
Golgi during biosynthetic transport, suggesting that the
early Golgi can support DRM formation [7]. In an in-
triguing hypothesis, it was suggested that cholesterol-
rich domains in the Golgi might be selectively trans-
ported forward through the secretory pathway after being
sorted from cholesterol-poor domains [3]. This could
explain the observed gradient of cholesterol through the
Golgi [58]. Domain segregation was also proposed to
explain the retention of resident Golgi proteins. Golgi
proteins tend to have shorter membrane spanning do-
mains than plasma membrane proteins [3], and should
partition preferentially into the thinner cholesterol-poor
domains. In support of this proposal, a protein contain-
ing a 17 Leu transmembrane span was retained in the
Golgi, while the same protein with a 23 Leu transmem-
brane span was delivered to the plasma membrane [56].
In this regard, it is interesting to note that in vitro studies
show that the ratio of transmembrane helix length to
bilayer width can strongly modulate helix structure [64,
101].

It was proposed several years ago that apical pro-
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teins in polarized epithelial cells are sorted by associat-
ing with glycolipid ‘‘rafts’’ in the trans-Golgi network
(TGN) [83]. Later studies suggested that these rafts
might be DRMs [7]. In agreement with this proposal,
sorting of a GPI-anchored protein to the apical surface of
polarized epithelial cells was disrupted by inhibiting
sphingolipid synthesis [42]. In another study, however,
inhibition of cholesterol synthesis in epithelial cells re-
tarded transport of a GPI-anchored protein and decreased
its Triton insolubility, but did not affect sorting [22].
For this and other reasons [5, 102], the role of these
‘‘rafts’’ in epithelial cell sorting is not yet clear.

ENDOCYTIC PATHWAY ORGANELLES

Ordered domains may also function in the endocytic
pathway [39]. After internalization from the cell surface,
a GPI-anchored protein was found to recycle to the cell
surface more slowly than bulk membrane. This retarda-
tion of recycling was prevented by depletion of choles-
terol [39] and sphingolipids (S. Mayor,unpublished
data), suggesting that the protein may normally be sorted
to an ordered domain in an endocytic compartment.

OTHER MEMBRANES

When both cholesterol and high-Tm lipid are present at
low concentrations (i.e., the lower left-hand corner of the
phase diagram in Fig. 2), only the ld phase is present.
Thus, because sterols and sphingolipids are generally re-
stricted to the plasma membrane and organelles of the
secretory and endocytic pathways, other membranes,
such as those surrounding mitochondria, should be en-
tirely present in the ld phase.

Organization of Domains in the Plasma Membrane

The biophysical studies described above have shown that
detergent-insolubility can be explained by phase separa-
tion and formation of lo domains, but have not revealed
the size, shape, or stability of the domains in cells. In the
following sections, we will discuss complementary mor-
phological studies that have provided further insights
into these questions and also into other aspects of the
organization of ordered domains in cells. All of these
studies have been done on the plasma membrane, and we
will focus on this membrane for the rest of the review.
It remains to be determined whether conclusions reached
from these studies apply to intracellular cholesterol and
sphingolipid-rich membranes as well. Two lines of in-
vestigation have been especially useful. First, several
studies show that order-preferring membrane compo-
nents have an affinity for caveolae. Second, the plasma
membrane distribution of proteins and lipids expected to

associate with lo domains has been determined morpho-
logically.

LIPID DOMAINS IN CAVEOLAE

Caveolae, or plasmalemmal vesicles, are 50–70 nm
plasma membrane invaginations found in a variety of
mammalian cells. Caveolae have been implicated in
transcytosis [50], lipid trafficking [14, 86], and signal
transduction [30, 33, 34, 49, 51]. (For recent reviews,
see[29, 31, 61]. They are surrounded by a striated coat,
visible in freeze-etch electron microscopy, that contains
the 22 kDa protein caveolin [68]. Caveolin forms homo-
oligomers [52], binds cholesterol tightly [57], and is
likely to be an important structural component of caveo-
lae, as expression in cells that lack the protein induces
formation of caveolae [16]. A connection between ca-
veolae and DRMs became apparent when caveolin was
found in DRMs [12, 73]. This led to the idea that all
DRMs are derived from caveolae.

Several observations show that DRMs are not re-
stricted to caveolae. First, DRMs can be derived from
cells that do not contain caveolae or caveolin [15, 20].
Second, as detailed above, a significant fraction of the
plasma membrane may be detergent-resistant, while only
a small fraction is in caveolae. In addition, large regions
of flat detergent-resistant plasma membrane were ob-
served in detergent-extracted cells by electron micros-
copy [40, 79], and many vesicles observed in DRMs
prepared from cells that contain caveolae are much larger
than caveolae [7]. Thus, an important distinction must
be made between caveolae, which have been best defined
morphologically and by their caveolin-rich coats, and
DRMs, whose formation reflects their lipid composition
and phase state.

The distinction is important because there may be
significant differences between domains in and out of
caveolae. As an example, the fact that GPI-anchored
proteins [17, 62, 69, 90], sphingolipids [17], and even
cholesterol [18] can be targeted to caveolae under appro-
priate conditions suggests that the organization of lipids
in caveolae may be unique. Preferential caveolar local-
ization of these molecules occurs despite the fact that
large regions of the membrane outside caveolae are de-
tergent insoluble, and should have at least some lo-like
character. Thus, the domains in caveolae may be ‘‘more
lo-like,’’ or may be stabilized in some way. As will be
discussed below, this may result from the effect of ca-
veolin on lipid organization.

MORPHOLOGICAL CLUES TO DOMAIN ORGANIZATION

Several morphological approaches have been used to
search for domains regardless of whether or not they are
in caveolae. One is to simply examine the distribution of
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those proteins and lipids expected to be in the domains
by fluorescence and electron microscopy. As will be
seen, domains have often proven very difficult to detect
this way. It has generally proven easier to visualize do-
mains after experimentally clustering proteins or lipids.
These findings must be taken into account in models of
domain structure.

In early studies, several GPI anchored proteins ap-
peared to be clustered in the membrane [69, 103]. A
disproportionate number of these clusters localized to
caveolae. However, later work suggested that the fixa-
tion protocol used in these studies did not immobilize the
GPI-anchored proteins in the membrane [41]. Although
still controversial [85], it appears that the antibodies used
to detect the proteins crosslinked them, causing their
clustering and caveolar localization [17, 41, 62; reviewed
in 38]. Several GPI-anchored proteins appeared uni-
formly distributed in the membrane when antibodies
were added after more stringent fixation in cells that
contained [17, 41] or lacked [15] caveolae. In contrast,
the GPI-anchored urokinase-type plasminogen activator
receptor (uPAR) was detected in caveolae even after
stringent fixation, suggesting a constitutive localization
there [90]. Two GPI-anchored proteins also showed a
clustered distribution in a promonocyte cell line even
after prolonged fixation [95]. The divergent nature of
these results may reflect a variability in the affinity of
different GPI-anchored proteins for caveolae. The affin-
ity may often be increased by clustering the proteins, as
discussed in a later section.

Intriguingly, in one study GPI-anchored proteins
were localized to a ring surrounding the caveolar neck,
and not within caveolae [76]. In contrast, the ganglio-
side GM1 was in caveolae themselves. The significance
of this difference in localization is not yet known, but it
should be kept in mind when we refer to a ‘‘caveolar’’
localization of GPI-anchored proteins in this review.

Lipid distribution has also been examined. Sphin-
gomyelin and several neutral glycosphingolipids [17]
and cholesterol [18] appeared randomly distributed on
the cell surface by electron microscopy. All of these
lipids concentrated in caveolae after experimental clus-
tering with crosslinking antibodies (for sphingolipids)
[17] or after avidin-mediated clustering of a modified
biotinylated perfringolysin O toxin that bound to choles-
terol [18]. In another study, detection with gold-labeled
cholera toxin showed that the ganglioside GM1 was en-
riched in caveolae [60]. However, cholera toxin is pen-
tavalent [74], and could have caused GM1 clustering.
Finally, two gangliosides, GM3 and GD3, in T lympho-
cytes (which do not contain caveolae) were examined
after fixation under conditions shown earlier [41] to im-
mobilize GPI-anchored proteins [87]. (It is not known if
lipids are immobilized under these conditions.) GM3 ap-
peared clustered, while GD3 did not [87].

Thus, although clustering of GPI-anchored proteins
and sphingolipids in caveolae or other sites has some-
times been detected, they appear randomly distributed in
the membrane in a number of other studies. A striking
concentration of these markers in caveolae is generally
observed after clustering in cells that contain caveolae.
Implications for the association of these molecules with
lo domains will be discussed below.

The membrane dynamics of a GPI-anchored pro-
teins and a ganglioside were examined by single-particle
tracking, in which the lateral diffusion of gold particles
bound to cell-surface molecules was examined
[79]. (Gold particles were linked to target molecules
through antibodies, so that although the valency was kept
as low as possible, clustering may have occurred.)
About one-third of the molecules of Thy1 (a GPI-
anchored protein) and of the ganglioside GM1 were tran-
siently confined to 300 nm domains in the bilayer. In-
hibition of glycolipid synthesis reduced both the fraction
of each marker in the confinement zones and the size of
the zones, suggesting that they might be ordered do-
mains. Significantly, the markers remained in these
zones for only a few seconds. If the confinement zones
are ordered domains, then the domains, or the association
of proteins or lipids with them, may be very short-lived.

A second morphological approach has been used to
detect domains that might be too small to visualize di-
rectly. As an indirect way of determining whether two
different molecules are in the same domain, one species
is experimentally clustered in the membrane. If the two
molecules are associated, then the second could be
‘‘dragged along’’ with the first, as the whole domain
might be moved.

In one such study, lymphocyte gangliosides were
labeled with either rhodamine or Lucifer yellow [88].
Both markers initially appeared to be uniformly distrib-
uted on the cell surface. However, addition of anti-
rhodamine antibodies resulted in capping of both popu-
lations. Thus, the two gangliosides interacted with each
other, at least after the rhodamine-labeled population was
clustered.

In another study, either a GPI-anchored protein or a
ganglioside was intentionally clustered on the surface of
unfixed lymphocytes, using antibody- or toxin-mediated
crosslinking respectively [15]. Clustering of either com-
ponent did not lead to redistribution of the other. Simi-
larly, antibody-mediated crosslinking of one GPI-
anchored protein did not lead to redistribution of another
in fibroblasts [41]. However, in this case, the effect of
clustering both proteins independently was also deter-
mined. Clusters of the two proteins colocalized, demon-
strating an affinity between them. This would be ex-
pected if the clusters were present in ordered domains, as
these should have an affinity for each other. Many but
not all of the clusters were present in caveolae, as de-
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tected by colocalization with caveolin in immunofluores-
cence microscopy. Interestingly, the clustering of GPI-
anchored proteins is strongly inhibited by perturbation of
the membrane with cholesterol-binding agents [70].
This supports the idea that the clusters have a lo-like
character.

A study of the fluorescent lipid DiI in the membrane
of RBL 2H3 basophilic leukemia cells provided striking
visual evidence of ordered lipid domains in cell mem-
branes [93]. Though not a glycosphingolipid, DiI has
saturated acyl chains and prefers an ordered environment
[89]. DiI was initially distributed uniformly after being
incorporated into the plasma membrane. However,
when the cell-surface IgE receptor was clustered, DiI
colocalized with the clusters [93]. DiI also co-clustered
with antibody-induced clusters of an unusual ganglioside
expressed in these cells [93]. Of several fluorescent
probes examined, regardless of charge, only those that
might be expected to partition preferentially into an or-
dered environment co-clustered with the receptor [93].
In addition, the IgE receptor was partially recruited into
DRMs when it was clustered. This important study pro-
vides the best evidence to date that the clusters represent
an ordered lipid environment. Similar conclusions were
reached in a second study, in which IgE-bound IgE re-
ceptor clustered and colocalized with clusters of GM1

(visualized with cholera toxin) after addition of antigen
[91].

It should be noted, however, that in another study,
monomeric GM1 did not associate with clusters of Thy1
on lymphocytes [15]. Co-clustering might have been
predicted from the behavior of DiI and GM1 in co-
clustering with the IgE receptor [91, 93]. This difference
may reflect cell-type differences.

A further study suggested a functional role for or-
dered domains in basophils [13]. As noted above, some
of the IgE receptor associated with DRMs after cluster-
ing. Remarkably, only the receptor molecules in DRMs
were tyrosine phosphorylated by Lyn, the receptor-
associated kinase that is also in DRMs [13], suggesting
that both receptor and kinase may need to be in ordered
domains for signaling to occur.

INNER LEAFLET DOMAINS

An important question concerning the organization of lo

phase domains is their disposition between the two leaf-
lets of the bilayer. Very little is known about how or-
dered domains form in the sphingolipid-poor inner leaf-
let, and how such domains might be coupled with outer
leaflet domains. It is possible that sphingolipids in the
outer leaflet may aid in coupling of domains in the two
leaflets, possibly through interdigitation of the long
sphingolipid acyl chains with lipids in the opposite leaf-
let [75]. Many cytoplasmically localized molecules,

such as Src-family kinases, associate with DRMs
through a dual acylation motif [80] and can only interact
with the cytoplasmic bilayer leaflet. As these proteins
appear to be functionally coupled to GPI-anchored and
transmembrane proteins in lo domains [4, 13], under-
standing how inner leaflet domains are organized is an
important topic for further research. However, except in
the context of caveolae, this poorly understood topic will
not be discussed further here.

Models of Domain Structure in the
Plasma Membrane

Detergent-insolubility studies suggest that the plasma
membrane is likely to be at least partially in an lo-like
phase, and bring up the possibility that ld and lo phase
domains coexist. However, proteins and lipids expected
to have the highest affinity for the lo phase often appear
uniformly distributed in the membrane unless they are
experimentally clustered. These results put important
constraints on models of domain structure and suggests
that domains (if they exist) may be altered substantially
by clustering. Several alternate models of lo domain or-
ganization in the ‘‘unclustered’’ plasma membrane are
outlined next. The possible effects of clustering on do-
mains structure will then be discussed. Finally, we will
consider the special case of caveolae.

MODEL 1: DOMAINS FOR WHICH PROTEINS AND LIPIDS

HAVE A WEAK AFFINITY

Domains may be large enough to be detectable by mi-
croscopy, but may be difficult to visualize as individual
components interact with them only weakly and tran-
siently. The single-particle tracking experiment dis-
cussed above [79] is consistent with this model, as indi-
vidual molecules remained in transient confinement
zones for only a few seconds. If individual components
actually have such a low affinity for lo domains, then
their concentration there may be only a few fold higher
than in surrounding ld domains.

Support for this possibility comes from a study of
the phase behavior of liposomes containing sphingomy-
elin, dioleoyl PC (DOPC), and cholesterol at 37°C [1].
The mixtures were present in either a uniform ld phase, a
mixture of ld and lo phases, or a uniform lo phase, de-
pending on the relative amounts of sphingomyelin and
DOPC. Throughout the two-phase region (i.e., all lipo-
somes that have undergone phase separation and contain
both ld and lo phase domains), the lipid composition of
each phase is expected to remain relatively con-
stant. The concentrations of sphingomyelin at the begin-
ning and the end of the two-phase region provide an
estimate of the lipid composition of each phase. Only a
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crude estimate can be obtained in a ternary lipid mixture,
but the data obtained [1] suggest that the sphingomyelin
concentration in the lo phase might have been only 4–5
fold higher than that in the coexisting ld phase. Such a
small difference in the sphingolipid concentration be-
tween domains of unspecified size might be extremely
difficult to detect by microscopy, especially if the ex-
amination were focused on searching for small clusters.
It should be pointed out that even such weak favorable
partitioning could have important functional implica-
tions. For example, a molecule that partitions even mod-
estly into an ordered domain could interact more easily
with a protein constitutively localized in that domain
than could a molecule that was excluded.

Another possible explanation for the difficulty of
detecting domains is that they may be very large, con-
stituting a substantial fraction of the cell surface, and
irregularly shaped. If so, individual components might
appear uniformly distributed in the membrane, even if
their concentration were higher than in the ld domains.
It should be noted, though, that models postulating large
fixed domains cannot easily explain localization of pro-
teins and lipids in much smaller, easily visualized do-
mains after clustering.

MODEL 2: ‘‘M ICRODOMAINS’’ C ONTAINING ONLY A

FEW MOLECULES

lo domains may be very small, including only a few
lipids and proteins. In this case, they would be below the
level of resolution by microscopy. The fact that a GPI-
anchored protein did not associate with antibody-
mediated clusters of a second protein [41] or a toxin-
induced ganglioside clusters [15] suggests that GPI-
anchored proteins are not present in ordered domains
before clustering, unless the domains are very small.
(Note that antibody-mediated redistribution of a GPI-
anchored protein did not affect the distribution of a sec-
ond protein [41]. This shows that the two proteins did
not interact with each other without clustering, suggest-
ing that each microdomain is too small to contain mol-
ecules of both proteins.) In accord with this model, very
small clusters of glycosphingolipids have been observed
in model membranes [66]. It is true that large DRMs are
often observed after extraction of cells [7, 40]. However,
these might arise from detergent-induced coalescence of
small domains.

In order for such small domains to be stable, they
would have to exhibit strong internal interactions be-
tween components, but ordinarily have only a weak ten-
dency to coalesce with each other. As one example, spe-
cific proteins might have multiple high-affinity binding
sites for saturated lipids and/or cholesterol. In this case,
a ‘‘domain’’ would consist of one protein and the sur-
rounding lipids, serving as a valid case of the more gen-

eral annulus or boundary lipid models of membrane
structure [27]. As another example of how microdo-
mains might be stabilized, the fatty acid composition of
some lipids might give them a strong affinity for lo do-
mains on one side and a strong affinity for ld domains on
the other [32]. Such lipids might prefer the boundaries
between ld and lo domains. If present at high levels,
these lipids would have a tendency to increase the
amount of lipid at domain boundaries, resulting in a re-
duction in domain size.

MODEL 3: INDUCTION OF DOMAIN FORMATION

BY CLUSTERING

It is also possible that stable domains do not exist con-
stitutively, except possibly in caveolae, but are induced
during clustering of order-preferring components. This
might be possible because cholesterol-containing lipid
mixtures can exist in a uniform state with a significant
degree of lo phase behavior and a lipid composition close
to that at which phase separation can occur. In such a
state, very small changes might be able to induce phase
separation. Clustering of molecules that have an inher-
ent affinity for ordered domains might do so, for instance
by raising the local concentration of order-preferring
acyl chains. Such a concentration might recruit other
order-preferring lipids and lead to phase separation. The
affinity of several order-preferring molecules for caveo-
lae suggests that caveolae may serve a similar function.

The observations that order-preferring molecules ap-
pear dispersed in the membrane, but that ordered do-
mains may be present after aggregation of proteins or
lipids, provide the strongest support for this model. Two
of the experiments discussed above are especially sig-
nificant in this regard. First, the association between or-
der-preferring lipids and IgE receptor clusters [91, 93]
strongly suggests that these clusters exist in an ordered
lipid environment. The second important experiment is
the colocalization of two independently clustered GPI-
anchored proteins [41]. This colocalization would be ex-
pected if both proteins were present in ordered lipid do-
mains, as such domains should have an affinity for each
other. Colocalization is more difficult to explain without
invoking lipid domains, especially as GPI-anchored pro-
teins are restricted to the outer leaflet of the bilayer and
cannot interact directly with the cytoskeleton.

CLUSTERING MAY ALTER THE AFFINITY OF MOLECULES

FOR ORDEREDDOMAINS

Models 1 and 3 propose that clustering of order-
preferring molecules alters the domain structure of the
membrane. Clustering might either increase the affinity
of these molecules for pre-existing domains (Model 1),
or induce the domains to form (Model 3). How could
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clustering have this kind of effect? Clustering of GPI-
anchored proteins or sphingolipids would increase the
local concentration of saturated acyl chains in the mem-
brane. This could increase the affinity of the grouped
molecules for an ordered domain, as proposed in Model
1. A crude calculation shows how important such an
effect could be. Consider a weakly favorable acyl chain
interaction in which partitioning into the ordered phase is
favored 5-fold (i.e.,Kp, the coefficient of partition favor-
ing the ordered phase, is 5). SinceDG 4 −RTlnKp, this
corresponds to aDG of about 1 kcal/mole. A clustering
event resulting in a species with just four such interac-
tions, i.e.,DG 4 4 kcal/mole, would increaseKp to close
to 800. (Such cumulative effects have been postulated to
be important for the regulation of electrostatic interac-
tions between membrane components [2]).

Clustering of molecules that prefer an ordered envi-
ronment might nucleate or stabilize domains in a similar
manner, as proposed in Model 3, promoting recruitment
of additional order-preferring lipids. Clustering might
thus provide the ‘‘trigger’’ required for phase separation
in a uniform membrane of a lipid composition that was
poised on the brink. This could be physiologically sig-
nificant because although clustering has been induced
experimentally through antibody-mediated crosslinking,
it may easily occur in vivo as well. An example is re-
ceptor clustering during signaling through the IgE recep-
tor [13].

CAVEOLAE AS CONSTITUTIVE LIPID CLUSTERS

The fact that so many order-preferring species localize to
caveolae, at least after they are aggregated in the mem-
brane, suggests that the caveolar membrane has unusual
properties. It is very likely that one or more proteins in
caveolae influence the organization of the lipids there,
possibly through the ‘‘clustering effect’’ as described
above. Caveolin is an attractive candidate for this role.
Caveolae are surrounded by homo-oligomers of caveolin
[52, 68]. Each caveolin monomer is linked to three pal-
mitate chains, and caveolin-linked palmitate chains are
likely to make up a significant fraction of the total lipid
acyl chains in caveolae [6]. Caveolae are thus rich in
constitutively clustered acylated proteins. This high con-
centration of saturated acyl chains, possibly in combina-
tion with caveolin-bound cholesterol [57], may affect the
phase behavior of the membrane. This could increase
the affinity of sphingolipids and GPI-anchored proteins
for caveolae, especially after clustering of these mol-
ecules to further increase their affinity for an ordered
lipid environment.

It should be noted that caveolin-linked palmitate
chains are likely to insert into the cytoplasmic leaflet of
the bilayer, opposite from clustered GPI-anchored pro-
teins and sphingolipids. These chains might be impor-

tant in establishing ordered domains in the sphingolipid-
poor inner leaflet. It is not yet known how such domains
might be coupled to outer-leaflet domains.

Summary

Detergent insolubility studies point to the possibility of
phase separation and formation of an lo-like phase in cell
membranes. Sphingolipids, GPI-anchored proteins, and
other multiply-acylated proteins, whose saturated acyl
chains would predict an affinity for ordered domains,
tend to be detergent insoluble. Complementary model
membrane studies that do not involve detergent resis-
tance support the plausibility of phase separation in cell
membranes. However, domains are difficult to detect in
cell membranes. Instead, putative marker components
often appear to be randomly distributed in the plasma
membrane. Nevertheless, the distribution of these mark-
ers can be dramatically altered after clustering, when
more convincing evidence of their presence in ordered
lipid domains appears.

Several models for the structure of ordered domains
in cells that incorporate these observations can be imag-
ined. The domains might be either very small, or very
large, and components might associate with them only
weakly and transiently. Alternatively, domains might
only form upon clustering of order-preferring proteins or
lipids. The membrane in caveolae may be more ordered
than the rest of the membrane. If so, caveolar proteins
(possibly caveolin) may affect the caveolar lipid envi-
ronment, favoring the localization of other order-
preferring molecules there. Further increases in the af-
finity of these molecules for an ordered environment by
clustering may sometimes be required for their stable
localization in caveolae. Whatever model is correct, it
now appears that the phase behavior of cell membranes
is an important aspect of their structure and function.
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