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Shortly after the elucidation of the very basic structure and properties of cellular membranes,
it became evident that cellular membranes are highly organized structures with multiple and
multi-dimensional levels of order. Very early observations suggested that the lipid components
of biological membranes might be active players in the creation of these levels of order. In the
late 1980s, several different and diverse experimental pieces of evidence coalesced together
giving rise to the lipid raft hypothesis. Lipid rafts became enormously (and, in the opinion of these
authors, sometimes acritically) popular, surprisingly not just within the lipidologist community
(who is supposed to be naturally sensitive to the fascination of lipid rafts). Today, a PubMed
search using the key word “lipid rafts” returned a list of 3767 papers, including 690 reviews
(as a term of comparison, searching over the same time span for a very hot lipid-related key
word, “ceramide” returned 6187 hits with 799 reviews), and a tremendous number of different
cellular functions have been described as “lipid raft-dependent.” However, a clear consensus
definition of lipid raft has been proposed only in recent times, and the basic properties, the
ruling forces, and even the existence of lipid rafts in living cells has been recently matter of
intense debate. The scenario that is gradually emerging from the controversies elicited by the
lipid raft hypothesis emphasizes multiple roles for membrane lipids in determining membrane
order, that encompass their tendency to phase separation but are clearly not limited to this. In
this review, we would like to re-focus the attention of the readers on the importance of lipids

in organizing the fine structure of cellular membranes.
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INTRODUCTION
It would be difficult to imagine life without biological membranes.
Biological membranes provide physical boundaries between differ-
ent worlds, separating the cellular and extracellular environments
and the diverse cellular compartments. However, they are highly
dynamic and interactive boundaries, as they act as a scaffold for
molecules and molecular complexes that physically and functionally
link these different environments (Singer and Nicolson, 1972).
The fundaments for the structure and functions of biological
membranes are determined by the intrinsic properties of mem-
brane lipids. Ever since 1925, it became clear that membranes are
a bimolecular sheet (Gorter and Grendel, 1925), and at the end
of the 1960s the nature of this bimolecular sheet as a bilayer of
amphipathic lipids was unveiled (Steim et al., 1969; Engelman,
1970; Tourtellotte et al., 1970). Thus, the creation of the lipid bilayer,
a consequence of the aggregational properties of complex amphip-
athic membrane lipids, represents the first level of lipid-driven
organization in biological membranes. To serve its primary func-
tion as a physical boundary, the lipid bilayer as a whole is a very
stable structure. However, the fatty acyl chains of the phospholipids
constituting the bulk of biological lipid bilayers at 37°C are in a
fluid phase. Thus, biological lipid bilayers at physiological tempera-
ture are bidimensional fluids. The fluid mosaic model proposed
by Singer and Nicolson (1972) describes the fluid phospholipid
bilayer as the solvent for membrane proteins, implying that, as for
a three-dimensional viscous solution, the protein molecules dis-
solved in the two-dimensional fluid would possess a certain degree
of lateral motility, freely diffuse in the phospholipid bilayer, and

distribute along the membrane surface in a random (“aperiodic”)
arrangement. The fluid mosaic model, implying a random distribu-
tion of plasma membrane components over microscopic distances,
predicts the absence of long-range order in plasma membranes.
However it assumes that some of the lipid components might be
not in the bulk, fluid bilayer phase, but they might rather be more
strongly (specifically?) interacting with the membrane proteins,
thus allowing lateral heterogeneity on a short distance (<100 nm).
In addition, the model incorporates the notion that the random
distribution of membrane components might be perturbed by
external, physiological stimuli, and that the subsequent “aggrega-
tion” of membrane components might be of crucial importance
in some biological processes.

Shortly after the fluid mosaic model had been formulated (1974—
1978), experiments studying thermal effects on the behavior of
membrane lipids suggested that phase behavior of lipid mixtures
could be responsible for a certain degree of lateral organization in
biological membranes, introducing the notion that the collective
aggregational properties of membrane lipids might be the driving
force for the creation of a second level of order in biological mem-
branes (Lee et al., 1974; Wunderlich et al., 1975, 1978).In 1982, the
concept that the existence of multiple phases in the membrane lipid
environment can drive the “organization of the lipid components
of membranes into domains” (Karnovsky et al., 1982) was clearly
formulated. This concept became the basis of the lipid raft hypoth-
esis (Simons and van Meer, 1988). However, while there is today no
doubt that “ordered structures that differ in lipid and/or protein
composition from the surrounding membrane” (to this writer,
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this is the minimal acceptable definition for membrane domains;
Lindner and Naim, 2009) exist in biological membranes, the real
contribution of phase separation to the stabilization of membrane
domains in living cells is just beginning to be elucidated.

This is probably not surprising, keeping in mind the huge diver-
sity of membrane lipids. A typical biological membrane contains
hundreds of different lipid species, as progressively elucidated by
the emerging contribution of a sophisticated “lipidomic” approach.
We have detailed information on the phase behavior for only rel-
atively simple mixtures of the most common membrane lipids
(Sonnino et al., 2006; Goni et al., 2008; Quinn, 2010). Translating
this information to the phase behavior of natural membranes has
proven to be extremely difficult, and a reductionist approach might
be conceptually inadequate to investigate a phenomenon that is
based on the maintenance of collective properties (this concept
has been nicely addressed in a recent review (Mouritsen, 2010).
In addition, our capability to understand the importance of lipid
phase separation in organizing membranes has been further limited
by other factors: (1) the complexity of membrane chemistry is not
limited to lipid components. Biological membranes do contain an
incredible number of different proteins (maybe it is worth to recall
that, when the fluid mosaic model was proposed, the notion that
one single type or class of “structural” membrane protein exists
had been just recently refuted). Membrane proteins can interact
with lipids, or can partition between different lipid phases. Thus,
it is clear that other lipid-driven or lipid-influenced interactions,
in addition to phase separation, can be extremely relevant to deter-
mine membrane organization; (2) biological membranes are sys-
tems not at equilibrium (Mayor and Rao, 2004), while most pieces
of information regarding lipid phase separation have been obtained
from the study of equilibrium artificial systems. Many studies on
lipid rafts in biological systems rely on the putative resistance of
lipid raft components to the solubilization by non-ionic deter-
gents. Detergent-resistant membrane preparations might reflect the
properties of lipid rafts in living cells (Sonnino and Prinetti, 2008),
however they are undoubtedly systems driven to equilibrium by
the specific experimental conditions used for detergent extraction
systems. To understand the dynamics (in time and space) of phase
separation-driven domains in living cells we still miss adequate
experimental tools, even if the first pieces of information in this
direction have been recently provided.

FLUID-FLUID PHASE SEPARATION AS DRIVING FORCE FOR
MEMBRANE HETEROGENEITY

The pillar of the original lipid raft model is that lipids can organize
domains in cellular membranes. This ability is due to the limited
solubility of lipid in lipid mixtures. The non-complete miscibility
of lipids in complex mixtures can be described using phase dia-
grams (Goni etal., 2008). This property leads to phase separation in
model systems as well as likely in biological membranes (Sonnino
etal., 2006, 2007; Lindner and Naim, 2009; Westerlund and Slotte,
2009; Elson et al., 2010; Mouritsen, 2010; Quinn, 2010). It is clear
that in cell membranes, in addition to liquid-liquid immiscibil-
ity, heterogeneity can be driven by a multitude of specific lateral
interactions. Then, why phase separation should be biologically
relevant? Phase separation can be observed in all membrane models
that recapitulate the other basic properties of a cellular membrane;

moreover, the main difference between bona fidelipid rafts and the
surrounding membrane is the lipid composition. On this basis, lipid
rafts should be defined as areas of phase separation in biological
membrane (Lindner and Naim, 2009), the properties of lipid rafts
in living cells should be dictated by the forces governing phase
separation, and a biological event should be lipid raft-dependent
if dependent on those forces. Since phase separation of lipids is a
consequence of the collective properties of a membrane lipid envi-
ronment, the dependence of a biological event on lipid rafts should
not be defined on the basis of natural or experimental changes in
the cellular levels of a single lipid (in other word, a biological event
or cellular properties can be dependent on a specific lipid, e.g.,
cholesterol-dependent, without being lipid raft-dependent).

Lipid bilayers usually exist in a liquid-disordered (1d) phase
characterized by high fluidity, in which the lipid acyl chains are
disordered and highly mobile. Lowering the temperature below
the melting point freezes the lipid acyl chains in an ordered gel
phase (solid-ordered) with very limited freedom of movement.
In mixtures comprising a bilayer-forming lipid, such as dipalmi-
toylphosphatidylcholine, and cholesterol (or ergosterol in yeast),
a third physical phase, the liquid-ordered (lo) phase (Ipsen et al.,
1987), can be observed. In the lo phase, the acyl chains of lipids are
extended and ordered, as in the gel phase, but have higher lateral
mobility in the bilayer.

Membrane complex lipids are highly heterogeneous in their
hydrophobic portions. The prevalence of glycerophospholipids
containing unsaturated acyl chains ensures the fluidity of biologi-
cal bilayers. However, glycerolipids with saturated chains are not
neglectable membrane components (Prinetti et al., 2001), and in
some other classes of complex membrane lipids (e.g., sphingomy-
elin and gangliosides, at least in the nervous system), palmitic and
stearic acid represent the main fatty acids. Lipids with a high content
of saturated acyl chains (that possess a high melting point and can
be tightly packed with a high degree of order in the hydrophobic
core of a bilayer) are characterized usually by a higher transition
temperature, within or above the physiological range (Prinettietal.,
2001; Sonnino et al., 2006). The difference of transition temperature
due to the different acyl chain composition probably represents
one of the main forces leading to phase separation in lipid mix-
tures and aggregates, including bilayers. Indeed phase separation
can be observed in binary mixtures of diacyl lecithins differing in
chain length and/or saturation (Goins et al., 1986; Masserini and
Freire, 1986; Masserini et al., 1988, 1989; Rock et al., 1991; Terzaghi
etal., 1993; Palestini et al., 1994, 1995) and, in turn, complex lipids
containing palmitic acid are highly enriched in detergent-resistant
membrane fractions from cells (e.g., neurons) (Prinettietal.,2001;
Pitto et al., 2002).

Phase separation of sphingomyelin in dimyristoylphosphati-
dylcholine bilayers depends on the degree of sphingomyelin chain
mismatch (Kahya et al., 2005) and distribution of ganglioside GM 1
in the fluid phase of a phospholipid bilayer (Palestini et al., 1995) is
inversely correlated with the acyl chain length and directly correlated
with the degree of unsaturation. Brain gangliosides, usually highly
enriched in stearic acid, are typical lo phase lipids. On the other
hand, very long (=C24) fatty acids are abundant in sphingolipids
outside the nervous system. Lipid bilayers of the skin stratum cor-
neum, characterized by an extremely high content of unusually long
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chain ceramides, are very rigid (Bouwstra and Ponec, 2006), and,
based on neutron diffraction experiments on artificial membranes,
ithas been proposed that the organization of stratum corneum lipid
bilayers could be stabilized by a partial interdigitation between the
two leaflets (Ruettinger et al., 2008). Interdigitated hydrocarbon
chains seem to play a role in the stabilization of lipid domains
in human neutrophils, enriched in lactosylceramide with a high
content of C24 fatty acid chains (Iwabuchi et al., 2008; Yoshizaki
et al., 2008). Interdigitation of long chain fatty acid residues of
complex membrane lipids might thus represent a further feature
that favors the separation of phases with a higher level of order.
This hypothesis still needs to be proven, however, it has been sug-
gested that, even in the absence of interdigitation, long chain fatty
acid-containing sphingolipids can form quasi-crystalline structures
in glycerophospholipid bilayers (Quinn, 2010). Cholesterol, that
alone has a melting point of 148.5°C, preferentially associates with
ordered acyl chains of complex lipids, due to the tight packing of
the planar smooth o-face of the sterol ring against the extended
acyl chains of lo phase lipids, both glycerol- and sphingolipids
(Mouritsen, 2010; Quinn, 2010). Cholesterol (in a wide molar
range, including also physiologically reasonable concentrations)
forms a liquid-ordered phase in dimyristoylphosphatidylcholine
or distearoylphosphatidylcholine bilayers (Almeida et al., 1992)
alone, in phospholipid bilayers in the presence of sphingomyelin,
that mixes more ideally with cholesterol that a phosphatidylcholine
with the same acyl chain (Snyder and Freire, 1980; Sankaram and
Thompson, 1990) and in sphingomyelin vesicles (Ferraretto et al.,
1997). In the lo phase, the sterol molecules are tightly intercalated
between the ordered acyl chains of the bilayer-forming lipid (Brown
and London, 2000; Sonnino et al., 2006), and cholesterol is usually
regarded as a key lipid component of lipid rafts. It should be noted
that despite this, understanding the real role of cholesterol in sta-
bilizing membrane domains is made difficult by the lack of precise
information about the transbilayer distribution of this molecule.
Reports in the literature indicate that a large fraction of plasma
membrane cholesterol is associated with the inner leaflet (75% in
human erythrocytes, Schroeder et al., 1991; 85% in mice synaptic
membrane, Igbavboa et al., 1997). Ergosterol, the main sterol in
fungi, is also able to stabilize liquid-ordered phases (Klose et al.,
2010). Coexistence of lo and Id phases has been shown in ternary
mixtures of cholesterol with a high- and a low-transition tempera-
ture lipid (for example, in ternary mixtures of dipalmitoyl PC, dio-
leyl PC, and cholesterol (Veatch and Keller, 2005), sometimes using
a sphingolipid as high melting lipid (Mattjus and Slotte, 1996). A
strong preferential interaction between cholesterol and sphingomy-
elin, leading to the formation of liquid-condensed cholesterol- and
sphingomyelin-rich domains, has been suggested by some studies in
mixed monolayers (Li et al., 2003; Mattjus and Slotte, 1996; Ohvo-
Rekila et al., 2002). However, this notion has been subsequently
confuted by a paper (Holopainen et al., 2004) clearly showing that
in phospholipid bilayers there is no evidence of such a specific
interaction between cholesterol and sphingomyelin.

In the case of sphingolipids, phase separation and associa-
tion with lo phase in glycerophospholipid bilayers are favored
by two additional features, that are unique to this class of lipids.
(1) Sphingolipids, as ceramide-based amphipathic lipids, can cre-
ate a complex network of hydrogen bonds thanks to the presence

in the ceramide moiety of the amide nitrogen, the carbonyl oxygen
and the hydroxyl group positioned in proximity of the water/
lipid interface of the bilayer (Pascher, 1976). The contribution
of a hydrogen bond network to lipid-lipid interactions stabi-
lizing a more rigid segregated phase in the bilayer is energeti-
cally remarkable (3—10 kcal per hydrogen bond vs 2—3 kcal per
interaction in the case of van der Waals forces between hydro-
carbon chains). The relevance of this factor has been confirmed
by recent studies showing that (a) mixtures of natural sphin-
gomyelin and phosphatidylcholine molecular species with com-
parable fatty acyl chains are largely immiscible at temperatures
above the transition temperature of sphingomyelin (Quinn
and Wolf, 2009); (b) increased order can be observed in C18-
sphingomyelin molecules in a dioleylphosphatidylcholine bilayer
due to the formation of sphingomyelin nanoclusters stabilized
by hydrogen bonds (Mombelli et al., 2003; Pandit et al., 2004).
(2) Glycosphingolipids, present in all mammalian cell membranes
as minor components, however abundant in some tissues (e.g.,
brain) and cell types (e.g., neurons) and asymmetrically enriched
in the outer leaflet of the plasma membrane, are defined on the
basis of their sugar hydrophilic headgroup. Even the simplest,
monosaccharide-based glycosphingolipid headgroup is much
bulkier that phospholipid headgroups, and, as a general trend,
the volume occupied by the sugar headgroup increases with the
complexity of the oligosaccharide chain (Figure 1). Theoretical
calculations of minimum energy conformation show that the
oligosaccharide hydrophilic headgroup of ganglioside GM1, one
of best studies gangliosides, occupies a volume much larger than
that occupied by phosphocholine, the bulkiest headgroup present
in phospholipids (Acquotti et al., 1990). Predictions based on the
geometrical properties of glycosphingolipid molecules indicated
that separation of a glycosphingolipid-rich phase in a phospholi-
pid bilayer, concomitantly accompanied by the acquisition of a
positive membrane curvature, would imply a minimization of the
interfacial free energy required to accommodate the amphipathic
glycosphingolipid molecule in the bilayer. In other words, the geo-
metrical properties dictated by the bulky hydrophilic headgroup
of glycosphingolipid strongly favor phase separation and spon-
taneous membrane curvature (Acquotti et al., 1990, 1991, 1994;
Scarsdale et al., 1990; Sonnino et al., 1990a,b, 1994; Levery, 1991;
Siebert et al., 1992; Poppe et al., 1994; Brocca et al., 1995, 1996,

GD1a

FIGURE 1 | Schematic representation of the volume occupied by
phosphocholine, the headgroup of phosphatidylcholine (PC), and by the
oligosaccharide chains of three gangliosides of the ganglio tetraose
serie, monosialoganglioside GM1, disialoganlioside GD1a,
trisialoganglioside GT1b.
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1998). These predictions are confirmed by the observation that
the extent of ganglioside phase separation in glycerophospholipid
bilayers depends on the surface area occupied by the glycosphin-
golipid oligosaccharide chain, that is usually directly correlated
with the number of sugar residues present in the oligosaccha-
ride (Masserini and Freire, 1986; Masserini et al., 1988, 1989). In
addition, GM1-enriched domains can be formed in sphingomy-
elin bilayers (Ferraretto et al., 1997) and phase separation was
observed in mixed micelles of two different gangliosides (GM2
and GT1b (Cantu et al., 1990), GD1b and GD1b-lactone (Cantu
et al., 1991), or GM1 and GD1a (Del Favero et al., 2010) with
identical composition of the hydrophobic moiety (Figure 2).

It has been recently proposed that membrane curvature can
greatly contribute to the reduction of line tension (the energy
required to maintain a border between a membrane domain and the
surrounding membrane environment) (Baumgart etal.,2003), thus
representing a general principle explaining the segregation of lipids
and proteins in cellular membranes (Tian and Baumgart, 2009).

It has been suggested that clustering of glycosphingolipids
could be further stabilized by the formation of lateral carbohy-
drate—carbohydrate interactions. Nevertheless, while head-to-head
carbohydrate—carbohydrate interactions have been convincingly
described for glycolipids (Hakomori, 2004), direct side-by-side
oligosaccharide—oligosaccharide interactions remain at present
merely hypothetical, and NMR studies on ganglioside micelles
(Brocca et al., 1998) seem to exclude significant inter-molecular
side-by-side interactions. On the other hand, NMR revealed strong
interactions between different portions of GM1 oligosaccharide
and solvent water molecules (Brocca et al., 1998) suggesting that
a network of water-mediated hydrogen bridges could contribute
to the stabilization of a glycolipid cluster (it is here worth to recall
that water bridges between saccharides play a relevant role in sta-
bilizing the tridimensional structure of hyaluronan (Heatley and
Scott, 1988).

LIQUID-ORDERED PHASE IN REAL BIOLOGICAL MEMBRANES?
Altogether, studies in relatively simple membrane model systems
strongly suggest that fluid—fluid immiscibility, with the separation
of aliquid-ordered phase, provides in principle an explanation for

GT1b — "+ F GT1b

FIGURE 2 | Schematic representation of phase separation driven by the
differences in the oligosaccharide chains in a GM2/GT1b micelle.

the existence of membrane heterogeneity as a consequence of the
intrinsic properties of the lipid components of biological mem-
branes. The main criticism against this view is represented by the
fact that model systems represent a strong simplification respect
to the complexity of the lipid environment in a real membrane.
Thus, a big effort has been made to extend these studies to sys-
tems closer to the complexity of biological membranes, and fluid
phase separation has been observed in reconstituted versions of
biological membranes (e.g., giant unilamellar vesicles formed by
lipids from brush border membranes (Dietrich et al., 2001) or by
lung surfactants (Bernardino de la Serna et al., 2004) or, more
recently, in vesicles obtained by various methods from cells (mast
cells, fibroblasts, Baumgart et al., 2007; Sengupta et al., 2008; Veatch
etal., 2008; A431 cells, Lingwood et al., 2008) and in budded HIV
virus membranes (Brugger et al., 2006) (that are natural example
of cell-originated membrane vesicles).

The properties of the lipid raft model inferred on the basis of
these evidences are basically in agreement with those of the puri-
fied detergent-resistant membrane fractions (Sonnino and Prinetti,
2008) and describe membrane domains based on lipid-driven
phase separation as relatively large, stable equilibrium structures,
that can be affected by artificial or physiological perturbations.
However, this scenario clashed with the view of lateral heterogene-
ity of biological membranes that emerged more recently by studies
conducted using high-resolution (in time and space) techniques
in unperturbed, living cells (that obviously represent the ultimate
test bed for the lipid raft hypothesis) (reviewed in Jacobson et al.,
2007; Lingwood and Simons, 2010).

In addition to fluorescence microscopy, that is particularly suit-
able for the study of living cells and is characterized by a high sen-
sitivity, but hampered by a relatively poor spatial resolution, several
high-resolution techniques have been used to study cell membrane
heterogeneity in unperturbed cells (Table 1) (Jacobson et al.,2007;
Owen etal.,2009). Some of these techniques are particularly appeal-
ing also for their capability to unveil the dynamics of membrane
domains, that is completely lacking in equilibrium-based investi-
gation methods, such as those used to study phase separation in
model systems or those based on the analysis of membrane fractions
separated on the basis of their detergent solubility.

When applied to the study of cell membrane heterogeneity,
these techniques were supportive to the lipid raft hypothesis at a
limited extent: they basically confirmed that there is a non-random
distribution of cell surface molecules, leading to a highly hierar-
chical membrane organization. In addition, they confirmed the
importance of cholesterol and sphingolipids in membrane domain
formation (Eggeling et al., 2009). However, all these techniques
measure experimental parameters that can be related to the asso-
ciation of a membrane molecule with a putative lipid raft, but
basically no experimental technique is currently available to proof
that membrane domains observed in intact cells correspond to
a liquid-ordered phase. Indeed, the actual view depicted by the
advent of these non-invasive approaches encompasses the existence
of domains deeply differing in their size and spatial and temporal
dynamics, but anyway strongly privileges the notion that membrane
domains are small, highly dynamic structures, that are actively
maintained and that can be generated, dissipated or deeply reor-
ganized in response to diverse biochemical stimuli. The reported

Frontiers in Physiology | Membrane Physiology and Biophysics

November 2010 | Volume 1 | Article 153 | 4



Sonnino and Prinetti

Lipids and membrane organization

Table 1| Some techniques used to the study of membrane heterogeneity in intact cells.

Technique

Experimental observable

Selected references

Fluorescence recovery after photobleaching
(FRAP)

Fluorescence correlation spectroscopy (FCS)
Fluorescence resonance energy transfer (FRET)

Translational mobility of a fluorophore

Energy transfer between an excited donor fluorophore

Varma and Mayor (1998), Rao and
Mayor (2005)

Pralle et al. (2000)

and an acceptor molecule, allowing to determine the

donor-acceptor proximity

Single fluorophore tracking microscopy (SFTM)
Single-particle fluorescence tracking (SPFT)
Single-particle tracking (SPT)

Stimulated emission depletion farfield
Fluorescence nanoscopy (STED)

Translational trajectories of membrane molecules
measuring the motility of a florescent label or of a
colloidal gold particle (in the latter case, by Raleigh light
scattering) specifically bound to the target molecule

Time traces of single molecule diffusion of a
fluorescence-labeled probe

Saxton and Jacobson (1997), Jacobson
etal. (1995), Sheets et al. (1997), Chen
et al. (2006), Jacobson et al. (2007),
Jacobson and Dietrich (1999)

Eggeling et al. (2009)

size of these ordered structures in intact cells greatly varies between
the nanometer (Wilson et al., 2000; Brugger et al., 2004; Lommerse
etal., 2004a; Sharma et al., 2004; Douglass and Vale, 2005) and the
micrometer-scale (Schutz et al., 2000; Hao et al., 2001; Gaus et al.,
2003; Gomez-Mouton et al., 2004), and their lifespan ranges from
microseconds (Dietrich et al., 2002; Dahan et al., 2003; Kusumi
etal.,2005a) to milliseconds and seconds (Schutz et al., 2000; Gaus
et al., 2003; Lommerse et al., 2004b; Douglass and Vale, 2005).
These amazing differences in the reported features of membrane
domains probably do at least in part reflect the great differences in
spatial and temporal resolution that are characteristic of the differ-
ent techniques used. On the other hand, it is unquestionable that
they indicate the coexistence of multiple kinds of non-equilibrium
membrane domains, whose features seem to be hardly explainable
on the sole basis of the lipid raft hypothesis, i.e., on the basis of
fluid—fluid phase separation.

Should we hence forget about liquid-ordered phase in real
biological membranes? The answer is clearly no. The notion of
liquid-ordered phase, and the derived concept of lipid raft, still
explain several of the properties of membrane domains observed
in intact cells, including the heterogeneity at the nanometer scale
of membrane domains and their highly dynamic nature. For
the latter point, it should be recalled that coalescence of lipid
rafts, i.e., the fusion of nanoscale domains into larger signal-
ing platforms, can occur at physiological temperature, possibly
under physiologically relevant stimuli (Ayuyan and Cohen, 2008;
Hofman et al., 2008; Lingwood et al., 2008), an indication that
phase separation can occur under biologically relevant conditions
in intact cells. Moreover, even if no analytical approach can iden-
tify aliquid-ordered phase in a living cells, convincing evidences
on the ordered nature of lipid-driven membrane domains have
been recently obtained. Two findings are particularly convincing
in this direction: (1) stimulated emission depletion microscopy,
that allows recording of membrane-associated molecules dynam-
ics much below the diffraction limit imposed by visible light,
showed the presence of cholesterol- and sphingolipid-dependent
nanodomains that exclude glycerophospholipids and transiently
trap GPI-anchored proteins (Eggeling et al., 2009); (2) Lingwood

etal. (Lingwood et al., 2008) showed that, in plasma membrane
spheres obtained by a cell-swelling procedure from A431 cells,
cross-linking of GM1 ganglioside using pentavalent cholera
toxin at 37°C resulted in the cholesterol-dependent coalescence
of GM1-rich domains with the formation of micrometer-scale
domains. The resulting GM1- and cholesterol-enriched phase is
characterized by a lower translational diffusion, and fluorescent
microscopy and spectroscopy performed using order-sensitive
probes (Kaiser et al., 2009) revealed that the degree of lateral
order in the GM1 domain is sensibly higher than in the sur-
rounding membrane, however it is considerably lower than in
the ordered phase of giant unilamellar vesicles, representative
of a lipid ordered phase. As a consequence, this GM1 domains
recruits lipid-anchored proteins usually regarded as lipid raft
markers (but not transferrin receptor, usually excluded from lipid
rafts), but also transmembrane proteins normally not associated
with liquid-ordered phases in model systems or with detergent-
resistant membrane fraction.

From these studied clearly emerged that ordered phases in living
cells resemble but are not completely equivalent to liquid-ordered
phases, and that phase separation under physiological conditions
only partially explains the behavior of ordered membrane domains,
implying an important role for additional forces.

LIPID-DEPENDENT MEMBRANE ORDER OTHER THAT
FLUID-FLUID PHASE SEPARATION

In cell membranes, in addition to liquid-liquid immiscibility, het-
erogeneity can be driven by a multitude of specific lateral inter-
actions. It is a well established notion that proteins possess the
potential to organize membrane domains, and indeed protein—
protein interactions have been regarded for several years as the
main factor responsible for the stabilization of membrane macro-
and microdomains. Protein- and lipid-driven lateral organizations
have been regarded as somehow mutually exclusive, while it is clear
that they are cooperative in the creation of membrane structural
and functional heterogeneity. Obvious limitations to reciprocal
diffusion are present for proteins belonging to a multimolecular
complex, formed by direct protein—protein interactions, such as
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the respiratory chain complex in prokaryotes and the complexes
organized by membrane receptors. In addition, protein-driven
membrane domains can be based on the presence of protein scaf-
folds (recently reviewed in Lindner and Naim, 2009), that can be
organized by extracellular (e.g., galectins), intracellular (clathrin
in clathrin-coated pits, the actin network at the cytosolic face of
plasma membrane, that can be anchored to transmembrane pro-
teins creating a “membrane-skeleton fence” limiting the lateral
diffusion of molecules trapped in the fence (Kusumi and Suzuki,
2005b)), or membrane proteins [tetraspanins (Hemler, 2005),
caveolins and cavins (Prinetti et al., 2008; Sonnino and Prinetti,
2009), flotillins (Rajendran et al., 2007)].

These domains are mainly driven in their formation and
stabilized by protein—protein interactions, but specific binding
between protein and lipids can be as well involved in the stabi-
lization of the domains (Prinetti et al., 2009). Specific lipids are
component of the quaternary structure of membrane-associated
proteins or protein complexes, e.g., beta 2 adrenergic receptor
(Cherezov et al., 2007; Hanson et al., 2008), cytochrome bcl
(Wenzetal., 2009), and specific binding of gangliosides to mem-
brane receptors has been known from a long time, even if only
recently some molecular details have been unveiled (reviewed
in Prinetti et al., 2009). Some proteins that are associated with
lipid domains are surrounded by a “shell” of typical raft lipids
(sphingolipids, cholesterol) (Fantini and Barrantes, 2009): alipid
shell might confer to a membrane protein higher affinity for lipid
rafts, determining its partitioning to a phase separated membrane
domain in cooperation with or even in the absence of a specific
raft targeting motif. Cholesterol binding domains and sphin-
golipid binding domains (that can bind the polar headgroups of
sphingolipids) have been identified and characterized in several
proteins (Epand, 2006; Fantini and Barrantes, 2009). The binding
of lipids to receptors induces conformational changes affect-
ing both ligand binding and signaling pathways downstream to
receptor activation. On the other hand, it can deeply influence
the lateral organization of membrane components in the domain
of a membrane-organizing protein. For example caveolin-1, a
typical scaffold-forming protein, tightly and specifically binds
cholesterol (Murata et al., 1995; Li et al., 1996; Thiele et al.,
2000), and cholesterol, in turn, is essential for caveolae forma-
tion and maintenance (Fielding and Fielding, 2000; Ikonen et al.,
2004). Remarkably, palmitoylation (usually regarded as a lipid
raft targeting motif) of caveolin does not affect its association
with lipid rafts, however it is relevant for caveolin interaction
with cholesterol (Uittenbogaard et al., 2002). The interaction of
tetraspanins with cholesterol or sphingolipids does not affect
direct interactions of tetraspanins with other membrane proteins
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