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Stability of lipid domains
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Membranes with simple lipid composition exhibit complex phase behavior. Ordered and disordered
liquid phases can coexist in cholesterol-containing membranes with lipid compositions resembling
biological membranes and at physiological temperatures. Research during the last years suggests
that these lipid domains play a role in the organization of biological membranes. Understanding
the principles that govern the formation and stability of lipid domains is of great importance to
build a model that properly describes membrane structure and function. In this review, we describe
the current knowledge of the chemical and physical basis of lipid domains and its application to bio-
logical membranes.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Cellular membranes are liquid films that form closed volumes
and serve as semi-permeable barriers, thus, defining the cell itself
and its organelles. Membranes fulfill additional functions that are
necessary for life, like the directional transport of materials, energy
and information. As a consequence, a number of reactions happen
within cellular membranes, including energy production, the bio-
synthesis of its components or the formation of complexes be-
tween biomolecules. The two-dimensional nature of membranes
provides a platform in which these reactions are compartmental-
ized and biochemical efficiency is optimized. Another important
property of membranes is their ability to deform, which is neces-
sary for the adoption of specialized shapes and for budding, fission
and fusion. These processes are essential for membrane trafficking,
fertilization, and cell division and differentiation.

Scientists have long been trying to understand how cellular
membranes are organized and the molecular mechanisms associ-
ated with their functions. The analysis of their constituents, which
is becoming increasingly precise, has revealed an extremely com-
plex composition. Cellular membranes are mainly formed by pro-
teins and lipids. There is a huge variety of membrane-associated
proteins, which account for around 30% of genomes [1]. Lipids form
the membrane matrix thanks to their amphipathic structure: they
contain a hydrophilic headgroup and a hydrophobic tail that drive
spontaneous organization into a bilayer. The combination of multi-
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ple headgroups and hydrophobic tails gives rise to thousands of
different species. And although some lipids have been involved in
specific interactions, the reasons for the evolutionary selection of
such an intricate lipidome are not well understood yet.

The relationship between lipid composition and function is re-
flected in the heterogeneity found in biological membranes, which
can be found at three levels. First, the composition of membranes
varies not only with cell type, but it also differs between the organ-
elles within the same cell. Second, the composition of each of the
leaflets that forms the bilayer is different, and this transversal
asymmetry is actively maintained with specific mechanisms.
Third, there are also lateral heterogeneities within the membrane
plane that spatially compartmentalize certain cellular processes.
It is generally assumed that the composition of each cellular mem-
brane has evolved to optimize the functions associated with it. For
a review on the differential localization of lipids, see [2].

Since the fluid mosaic model proposed by Singer and Nicholson,
in which the membrane is seen as a homogeneous fluid, several
theories considered the presence of lateral heterogeneities in
membranes [3]. The controversy generated by the ‘‘raft” hypothe-
sis in the late 90’s has brought much attention to the issue of lat-
eral organization of membranes. This theory predicts the existence
of lipid and protein microdomains that are enriched in cholesterol
and sphingolipids and have a functional role in processes like sig-
naling, membrane trafficking or viral infection. Despite intense re-
search, the actual nature and functioning of lipid rafts remains
poorly understood. However, the last years have seen enormous
progress in our understanding of the lateral organization of
membranes. In this review, we describe the current knowledge of
the stability of lipid domains, meaning the physical forces that
lsevier B.V. All rights reserved.
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determine their existence and behavior, and its connection to the
organization of cellular membranes.

2. Lipid–lipid interactions

Much of our knowledge about membrane organization comes
from model systems. The chemical composition of lipids deter-
mines the interactions between adjacent molecules of the same
and different species within the membrane. Preferential interac-
tions between certain lipid molecules in a lipid mixture are in-
volved in the clustering and segregation of lipids within the
membrane matrix leading to the formation of domains.

In model systems, lipids exhibit a rich phase behavior with mul-
tiple phase transitions that depend on their chemical composition
and on temperature. A phase is a portion of the system with uni-
form chemical and physical properties. Lipids dispersed in water
can organize into lamellar and non-lamellar phases. The former
is the most commonly found in biological systems. Lamellar, or bi-
layer, phases can be liquid or solid, depending on the translational
and conformational order of the lipid chains [4]. In the solid or-
dered (so) phase, the acyl chains of lipids are in an extended con-
formation and the lateral diffusion coefficient in the plane of the
membrane is very low. The liquid disordered (ld) phase is charac-
terized by conformational freedom and a higher diffusion coeffi-
cient. Cholesterol, with its flat and rigid structure, can associate
with lipids and form a liquid ordered (lo) phase in which the con-
formational order is high, but the diffusion coefficient is only
slightly lower than in the ld phase. Interestingly, the ld and lo

phases can coexist in a situation of liquid–liquid immiscibility.
Understanding the physical and chemical properties of membranes
exhibiting lipid domain coexistence and their possible relationship
with the structure of biological membranes is a very active area of
research.

The energy differences between distinct lipid/lipid interactions
govern their preferential association and, subsequently, their spa-
tial distribution in equilibrium. For example, in a binary mixture
of species A and B, there are three types of lipid–lipid interactions
AA, BB and AB. These interactions can be described thermodynam-
ically with the unlike nearest-neighbor interaction parameter, xAB,
which corresponds to the difference between the AB interaction
and the average of AA and BB interactions [5]. If xAB < 0, the unlike
interactions AB are favored over the like interactions, and vice ver-
sa in the case of xAB > 0. The physical forces that contribute to xAB

are not defined, but contain all effects that are significant for a
nearest-neighbor interaction, such as the conformational entropy
of acyl chains, the London dispersion forces, hydrogen bonds,
hydrophobic interactions and electrostatics repulsions in the case
of charged membranes. The values for xAB can be obtained from
DSC (differential scanning calorimetry) and Monte Carlo simula-
tions, NNR (nearest neighbor recognition), ITC (isothermal titration
calorimetry) or from the analysis of lipid phase diagrams [5].
Assuming a simple lattice model for the bilayer, small values that
vary between �300 and +300 cal/mol are typically obtained for
most unlike lipid–lipid interactions. Usually they are repulsive,
indicating that lipids prefer to interact with neighbors of the same
type, but in some cases, for example the interaction with choles-
terol with sphingomyelin (SM) or with saturated phosphatidyl-
choline (PC), xAB < 0 and the interaction is attractive [5].

In binary mixtures of a phospholipid and cholesterol, the prefer-
ential interaction of the latter with the ordered acyl chain state of
the former leads to phase separation depending on the nature of
the phospholipids [5]. In the ld phase, xAB between cholesterol
and saturated PC is close to zero. However, cholesterol has slightly
repulsive interactions with unsaturated PC [6] and very unfavor-
able interactions with polyunsaturated PC [7], due to the flexibility
that the double C–C bonds promote in the acyl chain [8]. This
ordering that cholesterol induces in the unsaturated PC has a posi-
tive entropic cost. Estimation of the interactions between SM and
cholesterol in the ld phase give a value of xAB around �200 cal/
mol, which is more favorable than the cholesterol/PC interactions
in the ld phase, but less attractive that cholesterol/SM in the lo

phase (xAB � �350 cal/mol) [9]. Indeed, the interaction between
cholesterol and saturated phospholipids is especially important
in the lo phase, where the content of cholesterol is high. For exam-
ple, the interaction between saturated PC and cholesterol is one of
the most favorable found between lipids, and the interaction of
cholesterol with SM is similar or even more attractive [5]. In the
ld phase, the interactions between unsaturated PC and cholesterol
are small, but it becomes repulsive in the lo phase [10].

In ternary mixtures of di-oleoyl-phosphatidyl-choline/di-palmi-
toyl-phosphatidyl-choline/cholesterol or palmitoyl-oleoyl-phos-
phatidyl-choline/SM/cholesterol, which clearly show phase
separation, the thermodynamics of lipid–lipid interactions are
slightly different [5]. Here, cholesterol interacts more favorably
with the saturated PC or SM, which are in the ordered state, and
the interaction is repulsive with the disordered, unsaturated PC.
Interestingly, several studies have concluded that the phase behav-
ior of these ternary mixtures can be explained with three pairs of
binary interactions: the unfavorable interactions between the
two phospholipids, the favorable interactions between cholesterol
and the ordered phospholipid and the unfavorable interaction of
cholesterol with the disordered lipid are sufficient to create a
closed loop of phase coexistence in the phase diagram [10,11].
An especially relevant observation is that very simple lipid mix-
tures show a surprisingly complex behavior.

3. Effect of line tension and membrane deformations

As observed by AFM and X-ray scattering measurements
[12,13], the bilayer in the lo phase is thicker than in the ld phase.
This is due to the extended conformation of the lipid acyl chains
in the lo phase and leads to a height mismatch at the domain edge
in phase coexisting membranes. To minimize the unfavorable ef-
fect of the exposure of the hydrophobic tails of lipids to the water
solvent, the membrane elastically deforms at the domain interface
[14]. The height mismatch, together with steric interactions at the
phase interface, has an energetic cost that depends on the length of
the phase boundary. This effect is called line tension and is appli-
cable when the membrane is approximated to a continuum sol-
vent, instead of considering the individual lipid molecules. To
minimize line tension, and hence, the energy of the system, the
membrane tries to optimize the perimeter of the phase boundary.
As a consequence, the lipid domains tend to adopt a circular shape
and, in some cases, bud out of the membrane plane.

Line tension has been calculated from experiments in giant uni-
lamellar vesicles (GUVs) and in supported bilayers with phase sep-
aration [15,16]. By systematically changing the height mismatch,
we showed that the line tension has a great effect on the lateral
organization of the membrane (Fig. 1) [17]. The domain melting
temperature, growth rate and size in equilibrium exhibited a
strong correlation with the line tension.

If line tension were the only parameter governing phase distri-
bution, all domains in a membrane would merge with time into
one big domain. However, a stable distribution of domain sizes
can be found both in model and biological membranes. This indi-
cates that other processes, in addition to line tension, affect the
coalescence of lipid domains. Beside entropic effects and lipid
recycling due to membrane trafficking in living cells, there are
membrane mediated forces that inhibit domain merging [18,19].
Depending on bending stiffness, line tension and membrane
ons L
icense



Fig. 1. Effect of line tension on lipid domains. AFM images of domain-coexisting membranes with different phase height mismatch. The lipid composition of the membranes
was: (A) DEruPC:SM:Chol (2:2:1), (B) DEiPC:SM:Chol (2:2:1), (C) DOPC:SM:Chol (2:2:1), (D) DPoPC:SM:Chol (2:2:1) and (E) DMoPC:SM:Chol (2:2:1). lo domains correspond to
the thicker regions of the membrane and a color coding has been used so that bright and dark regions represent lo and ld phases, respectively. Scale bar 20 lm.
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tension, domains merge up to a critical size at which they switch
from a flat to a dimple shape. This causes a deformation of the
membrane in the area surrounding the domains gives rise to elastic
interactions between domains that inhibit their coalescence.

Membrane proteins and other membrane-embedded molecules
can affect the lateral organization of lipid domains. We combined
AFM and confocal microscopy to show that binding of a mem-
brane-active peptide derived from the apoptotic protein Bax reor-
ganized phase-separated membranes into irregular domains
(Fig. 2). This was linked to a reduction of the line tension at the do-
main interface [20]. Moreover, glycolipid clustering induced by
Cholera toxin subunit B or Shiga toxin induced phase segregation
in GUVs and in giant plasma membrane vesicles [21,22].

Recently, considerable attention has been brought to critical
fluctuations in lipid membranes. Veatch et al. showed that compo-
sition fluctuations of a few tens of nanometers were present in
model membranes containing cholesterol near critical points. In
such membranes, the line tension decreased to zero when the crit-
ical point was approached from low temperatures and the system
evolved in agreement with the two-dimensional Ising model for
critical phase transitions [23]. A similar critical behavior was also
found in giant plasma membrane vesicles derived from cells [24].
This is of special interest because this type of vesicles has a com-
plex composition closer to that found in cell membranes (see be-
low). Because of this, the authors hypothesized that the plasma
membrane composition of mammalian cells is close to a miscibility
critical point, so that composition fluctuations may exist and be re-
lated to rafts.

The interactions between lipids across the two leaflets that
form the bilayer had received little attention until the recent inter-
est in domain coupling within phase separated membranes con-
taining cholesterol. Using asymmetric bilayers, Tamm and
coworkers showed that ordered domains can be induced in the
Fig. 2. A membrane-active peptide derived from Bax induces lipid domain reorganizati
incubation with the peptide at a lipid to protein ratio of 109. Membrane composition: DOP
ld phase has been stained with 0.05% DiD (shown in red). Scale bar 20 lm.

 

inner leaflet of supported bilayers by domains in the outer leaflet
[25]. Interestingly, a recent report shows that tuning the lipid com-
position can induce or suppress domain formation across leaflets of
pure-lipid asymmetric bilayers [26]. In the case of gel phases,
asymmetric membranes were shown to evolve differently, depend-
ing on the relative area fraction of the gel phase between the two
leaflets [27]. However, the magnitude of domain coupling across
bilayers and the mechanisms involved remain poorly understood.
Though cholesterol probably plays a role, it is likely that the mon-
olayers interact at the membrane midplane in a similar way that
the lo and ld phases interact at their interfaces [28].

Membrane curvature has been shown to have an effect on the
lateral organization of membranes. For example, the lipid distribu-
tion in thin tubes pulled from GUVs with raft-like composition is
different from that of the rest of the vesicle, indicating curvature-
induced lipid sorting [29]. This depends on the collective behavior
of lipids and can be affected by lipid-clustering proteins [30,31].
Moreover, it was shown that beyond a certain threshold, the mem-
brane curvature governs the spatial distribution of the lo and ld do-
mains due to differences in the bending rigidity between the
phases [32].

4. Domains in biological membranes

There are very important differences between model and cellu-
lar membranes that limit the applicability of the results obtained
with the first to the understanding of the second. One of the most
important ones is that most experiments with model membranes
are carried out under equilibrium conditions, while cellular mem-
branes in living cells are in a constant turnover. And although mod-
el membranes have proven extremely useful for the understanding
of the general principles that govern membrane organization, one
should be cautious when extrapolating conclusions.
on. (A) Confocal image of the membrane before peptide addition. (B) 10 min after
C:SM:cholesterol (1:1:0.67). The dark domains correspond to the lo phase, while the
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Some attempts have been made to characterize the behavior of
model membranes out of equilibrium, mainly in following the evo-
lution of lipid domains upon changes in temperature or mechanical
stress [17,33]. In those examples, the perturbation of the systems
provokes directional evolution towards equilibrium, which is still
very different from the steady state of the membrane found in
non-stimulated cells. However, it gets closer to the situation in
some cellular processes, like the formation of signaling synapses
upon ligand binding, which is also directional.

Another big and evident difference is the complexity of compo-
sition. Membranes in cells contain far more than three or four com-
ponents with features that can vary gradually, as the number of
unsaturations or the length of the acyl chains in the case of lipids.
This will not only affect lipid–lipid packing in membrane areas that
resemble both lo and ld phases, but also the nature of the bound-
aries between lipid domains and the membrane matrix. For exam-
ple, the hydrophobic mismatch found between lo and ld phases in
ternary lipid mixtures would very likely be compensated in cell
membranes by lipids with intermediate length, thus decreasing
the abruptness of the boundary and, thereby, the line tension. In
addition, certain membrane proteins tend to concentrate at the
packing defects of the domain edges, hence also contributing to
the reduction of the line tension [20]. And one should keep in mind
that the high protein concentration in cellular membranes creates
a crowded environment in which lipid–lipid packing is affected by
proteins, probably with a stronger effect inside the more ordered
raft-like domains.

The heterogeneity of rafts is also related to the complex compo-
sition of cellular membranes. For example, lipidomics analyses
have shown that isolated rafts, enriched in different GPI-anchored
proteins, have significantly different levels of several lipids, includ-
ing cholesterol [34]. This led to the idea that cellular rafts are het-
erogeneous in protein and lipid composition and, as a consequence,
also most probably in stability. Other interesting concepts have
emerged from lipidomics approaches. The fact that the lipidome
of the HIV virus resembled the composition of the lipid rafts of
the cells from which it budded constituted a strong evidence for
the existence of rafts in intact cells [35]. Another intriguing result
from lipidomics studies is the observation that raft-associated
glycerol–phospholipids contain high amounts of mono-unsatu-
rated acyl chains, in contradiction with the more or less estab-
lished idea that rafts are preferentially formed by saturated
phospholipids [3].

Although lipid–lipid interactions can drive domain formation
in model membranes, the situation in cells is much more
complicated, with many more lipid and protein components that
will affect the process. In fact, the current definition agreed on
at the 2006 Keystone symposium of Lipid Rafts and Cell
Function is as follows: ‘‘Lipid rafts are small (10–200 nm), heter-
ogeneous, highly dynamic, sterol- and sphingolipid-enriched do-
mains that compartmentalize cellular processes. Small rafts can
sometimes be stabilized to form larger platforms through pro-
tein–protein and protein–lipid interactions” [36]. According to
this description, proteins play an essential role in the clustering
of rafts and most likely they also have an effect on the chemical
and physical parameters that govern their stability. However the
underlying mechanisms are not properly characterized yet. It
could be that certain raft proteins tend to interact with raft lip-
ids, so that when these proteins cluster they bring the lipids
together and form a raft. For example, MAL is a membrane pro-
tein implicated in lipid-raft-mediated apical sorting that forms
oligomers via transmembrane protein–protein binding domains.
Magal et al. have recently proposed that hydrophobic mismatch
is implied in the association of MAL with lipid rafts and that the
combination of these two effects could have a role in raft forma-
tion [37].
A model membrane system that closely resembles the complex
composition of the plasma membrane of cells is the so-called giant
plasma membrane vesicles (GPMVs). However, they are less con-
trolled systems and the methods reported so far for their prepara-
tion consist of relatively harsh chemical treatments that probably
affect the membrane composition [21,38]. Nevertheless, these sys-
tems have already provided insight into the organization of biolog-
ical membranes. For example, they exhibited phase separation
when cooled down below 25 �C [38], or upon cholera toxin-medi-
ated cross-linking at 37 �C [21]. The segregated domains resembled
in fluidity the lo and ld phases of ternary model systems, and sev-
eral membrane proteins were shown to redistribute between the
two phases. Recently, composition fluctuations associated with
the existence of a miscibility critical point and the effect of choles-
terol on the phase separation have also been demonstrated in these
complex membrane systems [24,39]. However, the membrane
alterations associated with the preparation protocols have been
shown to play a role in the partitioning of raft-associated proteins.
Giant vesicles prepared as in Baumgart et al. [38] exhibited an or-
dered phase with much higher lipid packing when compared to the
ordered phase prepared as in Lingwood et al. [21] and, interest-
ingly, the differences in lipid packing accounted for the differential
partitioning of raft proteins in both systems [40].

All this said, the fact is that lipid domains cannot be directly ob-
served with normal optical methods in intact cells. If they exist,
they must be very small and transient. During the last years, pow-
erful techniques have been developed or improved to allow the
study of membrane structure on the nanometer scale. For example,
the role of the cytoskeleton on membrane organization has been
investigated with single particle tracking (SPT), which follows the
motion of individual membrane molecules. Analysis of the single
trajectories of several types of membrane proteins and lipid ana-
logs showed that all membrane molecules, including raft and
non-raft markers, exhibit hop diffusion and transient confinement
in nanometer-sized zones in a cytoskeleton dependent manner
[41–43]. Kusumi and coworkers proposed the ‘‘picket and fence”
model for membrane organization: the membrane is compartmen-
talized by the actin-based membrane cytoskeleton that acts like
‘‘fences”, and anchored by transmembrane proteins that would
be the ‘‘pickets” [44]. In an alternative approach, Lenne and
coworkers varied the size of the focal volume to measure fluores-
cence correlation spectroscopy (FCS) at different spatial scales
[45]. Interestingly, when they calculated the so-called FCS diffusion
laws with sub-diffraction apertures, they could access the nano-
structural organization of cell membranes and estimate the size
of lateral heterogeneities [46]. With a similar strategy of reducing
the measured membrane area under the diffraction limit, Eggeling
et al. combined FCS with STED illumination to detect and charac-
terize the size and dynamic properties of raft-like nanodomains
[47]. HomoFRET (Förster resonance energy transfer between equal
fluorophores), has also proven very useful to investigate the orga-
nization of the plasma membrane in living cells. Mayor and col-
leagues found that GPI-anchored proteins form cholesterol-
dependent nanoclusters, unlike other transmembrane proteins
with random distribution [48]. The distribution and endocytosis
of protein domains could be affected by cross-linking of GPI-an-
chored proteins, which indicates a functional, lipid-dependent
clustering [49]. A high temporal resolution analysis of the cluster
dynamics showed that they are immobile and that the redistribu-
tion dynamics between monomers and clusters is heterogeneous.
Interestingly, depletion of cortical actin affects the dynamics and
organization of the nanoclusters [50]. All these examples support
the existence of a heterogeneous organization of the membrane
at the nanometer scale. However, if the basic phenomena observed
in model membranes apply, it is not understood yet why the lipid
domains do not grow bigger. To explain this paradox, some cellular
 L
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processes have been proposed to control domain size, like the con-
stant membrane recycling via the exo- and endocytic pathways, or
the interaction of the cytoskeleton with the membrane.

5. Conclusions

In this review, we have described the current knowledge
regarding the formation and stability of lipid domains. In model
membranes containing cholesterol, favorable interactions be-
tween cholesterol and a saturated lipid, together with repulsive
interactions between saturated and disordered phospholipids,
and between cholesterol and disordered phospholipids, are en-
ough to yield a closed loop of phase coexistence in the phase
diagram. Under conditions of phase coexistence, the difference
in thickness between the two phases is a major contributor to
the line tension at the domain boundary that promotes domain
coalescence and budding. However, a stable distribution of do-
main sizes is usually found at equilibrium due to the existence
of elastic membrane-mediated interactions that inhibit domain
merging. Interestingly, membrane-associated proteins and pep-
tides have been shown to affect the lateral organization of mem-
branes. With caution, some of the results obtained in model
membranes can be extended to biological membranes. However,
the latter have a much more complex composition and are in
constant turnover. Better model systems are needed that over-
come these issues, at least partially. Recently developed tech-
niques that sample the membrane on the nanometer scale
have proven the existence of lateral heterogeneities in the plas-
ma membrane of living cells. In spite of these advances, much
work still needs to be done until we form an accurate picture
of the mechanisms governing the formation and stability of lipid
domains in living cells.

Acknowledgements

We thank Jakob Suckale for the careful reading of the manu-
script. This work was supported by the Max Planck Society (A.J.G.S.).

References

[1] Wallin, E. and von Heijne, G. (1998) Genome-wide analysis of integral
membrane proteins from eubacterial, archaean, and eukaryotic organisms.
Protein Sci. 7, 1029–1038.

[2] van Meer, G., Voelker, D.R. and Feigenson, G.W. (2008) Membrane lipids:
where they are and how they behave. Nat. Rev. Mol. Cell Biol. 9, 112–124.

[3] Pike, L.J. (2009) The challenge of lipid rafts. J. Lipid Res. 50 (Suppl.), S323–S328.
[4] Simons, K. and Vaz, W.L. (2004) Model systems, lipid rafts, and cell

membranes. Annu. Rev. Biophys. Biomol. Struct. 33, 269–295.
[5] Almeida, P.F. (2009) Thermodynamics of lipid interactions in complex bilayers.

Biochim. Biophys. Acta 1788, 72–85.
[6] Silvius, J.R. (2003) Role of cholesterol in lipid raft formation: lessons from lipid

model systems. Biochim. Biophys. Acta 1610, 174–183.
[7] Harroun, T.A., Katsaras, J. and Wassall, S.R. (2008) Cholesterol is found to

reside in the center of a polyunsaturated lipid membrane. Biochemistry 47,
7090–7096.

[8] Feller, S.E. and Gawrisch, K. (2005) Properties of docosahexaenoic-acid-
containing lipids and their influence on the function of rhodopsin. Curr.
Opin. Struct. Biol. 15, 416–422.

[9] Zhang, J., Cao, H., Jing, B., Almeida, P.F. and Regen, S.L. (2006) Cholesterol–
phospholipid association in fluid bilayers: a thermodynamic analysis from
nearest-neighbor recognition measurements. Biophys. J. 91, 1402–1406.

[10] Frazier, M.L., Wright, J.R., Pokorny, A. and Almeida, P.F. (2007) Investigation of
domain formation in sphingomyelin/cholesterol/POPC mixtures by
fluorescence resonance energy transfer and Monte Carlo simulations.
Biophys. J. 92, 2422–2433.

[11] Reigada, R., Buceta, J., Gomez, J., Sagues, F. and Lindenberg, K. (2008) Phase
separation in three-component lipid membranes: from Monte Carlo
simulations to Ginzburg–Landau equations. J. Chem. Phys. 128, 025102.

[12] Brown, D.A. and London, E. (2000) Structure and function of sphingolipid- and
cholesterol-rich membrane rafts. J. Biol. Chem. 275, 17221–17224.

[13] Maulik, P.R. and Shipley, G.G. (1996) Interactions of N-stearoyl sphingomyelin
with cholesterol and dipalmitoylphosphatidylcholine in bilayer membranes.
Biophys. J. 70, 2256–2265.
o

[14] Kuzmin, P.I., Akimov, S.A., Chizmadzhev, Y.A., Zimmerberg, J. and Cohen, F.S.
(2005) Line tension and interaction energies of membrane rafts calculated
from lipid splay and tilt. Biophys. J. 88, 1120–1133.

[15] Baumgart, T., Hess, S.T. and Webb, W.W. (2003) Imaging coexisting fluid
domains in biomembrane models coupling curvature and line tension. Nature
425, 821–824.

[16] Blanchette, C.D., Lin, W.C., Orme, C.A., Ratto, T.V. and Longo, M.L. (2007) Using
nucleation rates to determine the interfacial line tension of symmetric and
asymmetric lipid bilayer domains. Langmuir 23, 5875–5877.

[17] Garcia-Saez, A.J., Chiantia, S. and Schwille, P. (2007) Effect of line tension on
the lateral organization of lipid membranes. J. Biol. Chem. 282,
33537–33544.

[18] Semrau, S., Idema, T., Schmidt, T. and Storm, C. (2009) Membrane-mediated
interactions measured using membrane domains. Biophys. J. 96,
4906–4915.

[19] Ursell, T.S., Klug, W.S. and Phillips, R. (2009) Morphology and interaction
between lipid domains. Proc. Natl. Acad. Sci. USA 106, 13301–13306.

[20] Garcia-Saez, A.J., Chiantia, S., Salgado, J. and Schwille, P. (2007) Pore formation
by a Bax-derived peptide: effect on the line tension of the membrane probed
by AFM. Biophys. J. 93, 103–112.

[21] Lingwood, D., Ries, J., Schwille, P. and Simons, K. (2008) Plasma membranes
are poised for activation of raft phase coalescence at physiological
temperature. Proc. Natl. Acad. Sci. USA 105, 10005–10010.

[22] Windschiegl, B., Orth, A., Romer, W., Berland, L., Stechmann, B., Bassereau, P.,
Johannes, L. and Steinem, C. (2009) Lipid reorganization induced by Shiga
toxin clustering on planar membranes. PLoS One 4, e6238.

[23] Honerkamp-Smith, A.R., Cicuta, P., Collins, M.D., Veatch, S.L., den Nijs, M.,
Schick, M. and Keller, S.L. (2008) Line tensions, correlation lengths, and critical
exponents in lipid membranes near critical points. Biophys. J. 95, 236–246.

[24] Veatch, S.L., Cicuta, P., Sengupta, P., Honerkamp-Smith, A., Holowka, D. and
Baird, B. (2008) Critical fluctuations in plasma membrane vesicles. ACS Chem.
Biol. 3, 287–293.

[25] Kiessling, V., Crane, J.M. and Tamm, L.K. (2006) Transbilayer effects of raft-like
lipid domains in asymmetric planar bilayers measured by single molecule
tracking. Biophys. J. 91, 3313–3326.

[26] Collins, M.D. and Keller, S.L. (2008) Tuning lipid mixtures to induce or
suppress domain formation across leaflets of unsupported asymmetric
bilayers. Proc. Natl. Acad. Sci. USA 105, 124–128.

[27] Lin, W.C., Blanchette, C.D., Ratto, T.V. and Longo, M.L. (2006) Lipid asymmetry
in DLPC/DSPC-supported lipid bilayers: a combined AFM and fluorescence
microscopy study. Biophys. J. 90, 228–237.

[28] Collins, M.D. (2008) Interleaflet coupling mechanisms in bilayers of lipids and
cholesterol. Biophys. J. 94, L32–L34.

[29] Roux, A., Cuvelier, D., Nassoy, P., Prost, J., Bassereau, P. and Goud, B. (2005)
Role of curvature and phase transition in lipid sorting and fission of membrane
tubules. EMBO J. 24, 1537–1545.

[30] Sorre, B., Callan-Jones, A., Manneville, J.B., Nassoy, P., Joanny, J.F., Prost, J.,
Goud, B. and Bassereau, P. (2009) Curvature-driven lipid sorting needs
proximity to a demixing point and is aided by proteins. Proc. Natl. Acad. Sci.
USA 106, 5622–5626.

[31] Tian, A. and Baumgart, T. (2009) Sorting of lipids and proteins in membrane
curvature gradients. Biophys. J. 96, 2676–2688.

[32] Parthasarathy, R., Yu, C.H. and Groves, J.T. (2006) Curvature-modulated phase
separation in lipid bilayer membranes. Langmuir 22, 5095–5099.

[33] Chiantia, S., Kahya, N., Ries, J. and Schwille, P. (2006) Effects of ceramide on
liquid-ordered domains investigated by simultaneous AFM and FCS. Biophys.
J. 90, 4500–4508.

[34] Brugger, B., Graham, C., Leibrecht, I., Mombelli, E., Jen, A., Wieland, F. and
Morris, R. (2004) The membrane domains occupied by
glycosylphosphatidylinositol-anchored prion protein and Thy-1 differ in
lipid composition. J. Biol. Chem. 279, 7530–7536.

[35] Brugger, B., Glass, B., Haberkant, P., Leibrecht, I., Wieland, F.T. and Krausslich,
H.G. (2006) The HIV lipidome: a raft with an unusual composition. Proc. Natl.
Acad. Sci. USA 103, 2641–2646.

[36] Pike, L.J. (2006) Rafts defined: a report on the keystone symposium on lipid
rafts and cell function. J. Lipid Res. 47, 1597–1598.

[37] Magal, L.G., Yaffe, Y., Shepshelovich, J., Aranda, J.F., de Marco, M.C., Gaus, K.,
Alonso, M.A. and Hirschberg, K. (2009) Clustering and lateral concentration of
raft lipids by the MAL protein. Mol. Biol. Cell 20, 3751–3762.

[38] Baumgart, T., Hammond, A.T., Sengupta, P., Hess, S.T., Holowka, D.A., Baird, B.A.
and Webb, W.W. (2007) Large-scale fluid/fluid phase separation of proteins
and lipids in giant plasma membrane vesicles. Proc. Natl. Acad. Sci. USA 104,
3165–3170.

[39] Levental, I., Byfield, F.J., Chowdhury, P., Gai, F., Baumgart, T. and Janmey, P.A.
(2009) Cholesterol-dependent phase separation in cell-derived giant plasma
membrane vesicles. Biochem. J.

[40] Kaiser, H.J., Lingwood, D., Levental, I., Sampaio, J.L., Kalvodova, L., Rajendran, L.
and Simons, K. (2009) Order of lipid phases in model and plasma membranes.
Proc. Natl. Acad. Sci. USA 106, 16645–16650.

[41] Nakada, C., Ritchie, K., Oba, Y., Nakamura, M., Hotta, Y., Iino, R., Kasai, R.S.,
Yamaguchi, K., Fujiwara, T. and Kusumi, A. (2003) Accumulation of anchored
proteins forms membrane diffusion barriers during neuronal polarization. Nat.
Cell Biol. 5, 626–632.

[42] Fujiwara, T., Ritchie, K., Murakoshi, H., Jacobson, K. and Kusumi, A. (2002)
Phospholipids undergo hop diffusion in compartmentalized cell membrane. J.
Cell Biol. 157, 1071–1081.
ns L
icense



1658 A.J. García-Sáez, P. Schwille / FEBS Letters 584 (2010) 1653–1658

 18733468, 2010, 9, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/d
[43] Dietrich, C., Yang, B., Fujiwara, T., Kusumi, A. and Jacobson, K. (2002)
Relationship of lipid rafts to transient confinement zones detected by single
particle tracking. Biophys. J. 82, 274–284.

[44] Ritchie, K., Iino, R., Fujiwara, T., Murase, K. and Kusumi, A. (2003) The fence
and picket structure of the plasma membrane of live cells as revealed by single
molecule techniques (review). Mol. Membr. Biol. 20, 13–18.

[45] Wawrezinieck, L., Rigneault, H., Marguet, D. and Lenne, P.F. (2005)
Fluorescence correlation spectroscopy diffusion laws to probe the submicron
cell membrane organization. Biophys. J. 89, 4029–4042.

[46] Wenger, J., Conchonaud, F., Dintinger, J., Wawrezinieck, L., Ebbesen, T.W.,
Rigneault, H., Marguet, D. and Lenne, P.F. (2007) Diffusion analysis within
single nanometric apertures reveals the ultrafine cell membrane organization.
Biophys. J. 92, 913–919.
oi/10.
[47] Eggeling, C., Ringemann, C., Medda, R., Schwarzmann, G., Sandhoff, K.,
Polyakova, S., Belov, V.N., Hein, B., von Middendorff, C., Schonle, A. and Hell,
S.W. (2009) Direct observation of the nanoscale dynamics of membrane lipids
in a living cell. Nature 457, 1159–1162.

[48] Varma, R. and Mayor, S. (1998) GPI-anchored proteins are organized in
submicron domains at the cell surface. Nature 394, 798–801.

[49] Sharma, P., Varma, R., Sarasij, R.C., Ira, Gousset K., Krishnamoorthy, G., Rao, M.
and Mayor, S. (2004) Nanoscale organization of multiple GPI-anchored
proteins in living cell membranes. Cell 116, 577–589.

[50] Goswami, D., Gowrishankar, K., Bilgrami, S., Ghosh, S., Raghupathy, R., Chadda,
R., Vishwakarma, R., Rao, M. and Mayor, S. (2008) Nanoclusters of GPI-
anchored proteins are formed by cortical actin-driven activity. Cell 135, 1085–
1097.
1016/j.febslet.2009.12.036 by M
PI 302 B

iophysics, W
iley O

nline L
ibrary on [19/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Stability of lipid domains
	Introduction
	Lipid–lipid interactions
	Effect of line tension and membrane deformations
	Domains in biological membranes
	Conclusions
	Acknowledgements
	References


