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Abstract

Lipid rafts are defined as cholesterol- and sphingomyelin-enriched membrane
domains in the plasma membrane of cells that are highly dynamic and cannot be
resolved with conventional light microscopy. Membrane proteins that are embed-
ded in the phospholipid matrix can be grouped into raft and non-raft proteins
based on their association with detergent-resistant membranes in biochemical
assays. Selective lipid—protein interactions not only produce heterogeneity in the
membrane, but also cause the spatial compartmentalization of membrane reac-
tions. It has been proposed that lipid rafts function as platforms during cell signal-
ling transduction processes such as T-cell activation (see Chapter 13 (pages
165-175)). It has been proposed that raft association co-localizes specific signal-
ling proteins that may yield the formation of the observed signalling microclusters
at the immunological synapses. However, because of the nanometre size and high
dynamics of lipid rafts, direct observations have been technically challenging,
leading to an ongoing discussion of the lipid raft model and its alternatives.
Recent developments in fluorescence imaging techniques have provided new
opportunities to investigate the organization of cell membranes with unprece-
dented spatial resolution. In this chapter, we describe the concept of the lipid raft
and alternative models and how new imaging technologies have advanced these
concepts.
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Introduction

Unlike pure lipid bilayers, cell membranes are not homogenous and have a heterogeneous dis-
tribution of lipids and proteins. For example, membrane lipids and proteins are asymmetrically
distributed between the exoplasmic and cytoplasmic leaflet of the plasma membrane. GPI
(glycosylphosphatidylinositol)-anchored proteins and the majority of sphingolipids are found in
the outer leaflet of the plasma membrane. Cholesterol and glycerophospholipids such as phos-
phatidylserine and phosphatidylinositol are preferentially localized in the intracellular leaflet
[1,2]. Within the membrane, heterogeneities in protein distribution and restricted diffusion of
glycosphingolipids and membrane proteins have also been reported [3-5], suggesting a lateral

membrane organization with protein clusters, lipid domains and membrane compartments.

Membrane models

Various membrane models have been proposed to account for the non-random distribution of
proteins and lipids in the plasma membrane of eukaryotes that encompass homo-dimers [6],
multi-molecular complexes [7], protein clusters of 5-10 nm in diameter [8,9], protein islands
of approximately 70-140 nm in size [10], and confinement zones of 120-250 nm diameter

[11], in which proteins are temporarily arrested.

The lipid raft hypothesis

The lipid raft hypothesis was originally formulated to explain the sorting of glycosphingolipids
to the apical membrane of polarized epithelial cells [12]. Simons and van Meer [13] hypothe-
sized that the preferential association of glycosphingolipids and cholesterol causes a lateral seg-
regation in the lipid bilayer, which leads to the formation of membrane domains as a sorting
platform for lipids. Indeed, a lipid analysis of post-Golgi vesicles in yeast revealed that glycer-
ophospholipids are segregated from glycosphingolipids and cholesterol during trafficking to the
plasma membrane [14]. The concept was later expanded to the plasma membrane and mem-
brane proteins. In 1997, Simons and Ikonen [15] proposed that cell membranes are segregated
into cholesterol- and sphingomyelin-enriched microdomains termed lipid rafts. The lipid raft
model is a modification of the fluid mosaic model that was proposed by Singer and Nicolson in
the 1970s [16]. In the latter, the lipid bilayer was viewed as a simple two-dimensional fluid in
which membrane proteins could diffuse freely in the lateral dimension (Figure 1A).

In the lipid raft model, the phase behaviour of different lipid species is exploited to create
lateral heterogeneity in the plasma membrane [15]. According to this hypothesis, the L, (liquid
disordered) phase contains mainly unsaturated phospholipids and coexists in the membrane
with a L, (liquid ordered) phase that forms from the association of saturated phospholipids,
sphingolipids and cholesterol. Such phase segregation results in lipid rafts of high viscosity and
membrane order that diffuse as distinct entities within the membrane. Membrane proteins
with affinity for the L, phase are thereby enriched in lipid rafts, whereas proteins with prefer-
ence for L, phases are excluded (Figure 1B). In this manner, lipid rafts can laterally sort mem-
brane proteins.

Lipid rafts are often viewed as platforms for cell signal transduction processes. Owing to
lipid modifications on proteins such as palmitoylation and GPI anchors, many signalling pro-
teins partition thermodynamically into membranes that resemble lipid rafts biochemically and
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Figure 1. Models for membrane organization

(A) The fluid mosaic model. Membrane proteins and lipids undergo random two-dimensional
diffusion within the bilayer. The membrane is not compartmentalized and no lipid or protein
domains exist. (B) The lipid raft model. Membrane proteins partition into cholesterol- and
sphingomyelin-enriched lipid domains, which are highly ordered and distinct entities in the
‘sea’ of fluid phospholipids. (C) The picket fence model. Transmembrane proteins can act as
‘pickets’ by binding to underlying actin filaments. The lateral diffusion of other membrane
proteins is hindered by the membrane-associated actin network, which creates a fence-like
barrier along the actin network.

biophysically [17,18]. Given the close proximity of proteins in lipid rafts, membrane domains
and protein partitioning can physically isolate membrane reactions and thus control which sig-
nalling processes can occur. For example, the TCR (T-cell receptor) may be associated with
non-raft domains when not bound to antigens and only associate with lipid rafts upon receptor
ligation [19]. In contrast, the tyrosine kinase LCK that phosphorylates the TCR is constitutively
associated with lipid rafts in the intracellular leaflet owing to palmitoylation and myristoylation
groups. Hence, localization of the TCR in non-raft regions of the plasma membrane may pre-
vent TCR-LCK interactions in resting cells. Upon receptor ligation, the association of both the
TCR and LCK with lipid rafts would enable efficient signalling [20]. In this manner, lipid rafts
also enable the transmission of an extracellular cue — the antigen - into an intracellular signal.

As discussed below in the experimental evidence section, one has to consider that phase
partitioning is not absolute, so that a given protein is unlikely to be completely and only asso-
ciated with raft or non-raft domains. In fact, partitioning preference implies that a greater frac-
tion of the protein is associated with the preferred lipid phase and not that the protein cannot
associate with the other phase. In terms of signalling, this means that other mechanisms must
exist in addition to raft partitioning to control signalling activity. For TCR signalling, such
mechanisms could be the spatial segregation of the phosphatase CD45 from the ligated TCR
[21] and the conformational states of Lck that regulate Lck activity and clustering [22].

The picket fence model
Although the lipid raft model proposed by Simons and Ikonen [15] has been included in many

textbooks, other models have been proposed to account for membrane compartmentalization.
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One such model that found widespread attention is the picket fence model. The picket fence
model was proposed to resolve the long-standing dilemma of molecular dynamics in cell
membranes. The diffusion of both membrane lipids and proteins is substantially slower in the
plasma membrane compared with artificial membranes. The picket fence model proposed that
the plasma membrane is compartmentalized by membrane proteins and cortical actin, which
hinders the diffusion of membrane molecules [23].

Kusumi et al. [23] suggested that the lateral movement of membrane molecules is hin-
dered by a ‘picket fence’ (Figure 1C). In this model, membrane proteins that are tightly bound
to the cortical actin network constitute the pickets, whereas membrane proteins that collide
with these anchored proteins or the actin network itself form permeable fences in the mem-
brane. Lipids and proteins within these compartments can diffuse freely, but crossing the com-
partment boundaries is more difficult and hence less frequent. The idea of the picket fence
model is based on the observation that membrane molecules display non-linear ‘hop diftusion,
the spontaneous crossing of boundaries, depending on their location in the cell membrane
[3,4,24]. The diffusion coefficient of unrestricted membrane molecules was identical in cell and
artificial membranes, whereas a fraction displayed restricted diffusion in cells [24]. Drug-
induced actin depolymerization increased the size of the confinement, and decreased the fre-
quency of hop diffusion [24].

The hopping rate of membrane proteins is substantially reduced when proteins are clus-
tered. This reduction is severalfold higher than what would be expected from the standard dif-
fusion law when proteins of different molecular weight are compared. Kusumi et al. [23]
proposed that hop diffusion of a protein cluster is highly restricted, as it requires all the pro-
teins in the cluster to hop across the cytoskeleton boundary at the same time. A consequence
of the model is that clustering of receptors, for example upon ligand binding, renders them
spatially immobilized at the activation site. This may aid the recruitment of intracellular sig-
nalling proteins to these locations because cells have sufficient time to re-polarize the traffick-
ing machinery and deliver signalling proteins to the site of engaged receptor clusters.

The picket fence model is mainly based on single particle tracking experiments where
two-dimensional trajectories of membrane components are recorded [3,4,24]. However, it has
to be taken into account that the plasma membrane in intact cells is not a flat sheet, but rather
has a complicated surface topology including undulations and invaginations [25,26]. Two-
dimensional projections of single molecule data obtained in membranes with three-dimen-
sional topographies can lead to an artificial increase in protein clustering [27] or
immobilization. Hence, we may discover that membrane compartmentalization by the actin

network may be more complicated than the picket fence model proposes.

The active actin aster model

Recently a very different model of membrane organization was proposed by Gowrishankar et al.
[28]. The authors suggested that the cell membrane is organized in an ATP-dependent ‘active’
manner. The formation of membrane nanoclusters of GPI-anchored proteins is actively driven
by association with the underlying cortical actin cytoskeleton (Figure 2A). An early study by the
same researchers used high-resolution fluorescence imaging to show that GPI-anchored pro-
teins exist as monomers and nanoclusters, where surprisingly, the fraction of nanoclusters was
concentration independent [29], a result that does not fit with thermodynamic predictions. In
the following investigation, Goswami et al. [9] showed that the assembly of GPI-anchored
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Figure 2. New models of membrane organization with limited experimental evidence
(A) The active actin aster model. Membrane proteins exist as monomers or small, transient
clusters depending on their association with short and dynamic actin snippets that are
arranged into asters by myosin motors. Active and passive linkages between actin asters and
membrane proteins result in protein clustering. (B) The phase switching model. The plasma
membrane is comprised of L, phases (red regions) and L, phases (green regions). Under subtle
changes in physiological conditions, the L, phase can switch from a continuous phase that
surrounds the islands of the L, phase (left panel) to a discontinuous phase with the L, phase
becoming the continuous percolating phase (right panel). Formation of lipid domains in either
L, or Ly phase induces a physical barrier for the interaction and diffusion of membrane
proteins. For example, interactions between putative raft proteins (blue dots) are permitted in
the continuous phase (left panel) but are largely inhibited when the L, phases form discrete
islands (right panel).

protein nanoclusters is dynamically correlated to cortical actin. Dissociation from cortical actin
disassembled clusters into monomers, whereas repolymerization of actin led to the recovery of
protein clusters. Theoretical modelling by Gowrishankar et al. [28] predicted that there are two
populations of actin species: short and dynamic actin fibres and a longer and stable actin mesh-
work. Myosin motors on the short actin snippets cause the formation of asters to which mem-
brane proteins can be actively or passively linked. This linkage can result in the dynamic
clustering of proteins, including GPI-anchored proteins. However, the existence of actin asters
needs to be confirmed and the nature of the linkage requires further investigations.

The phase switching model

The quantification of L, and L phases in live HeLa cells by Owen et al. [30] revealed that the
L, phase covered ~76% of the plasma membrane, and the disordered phase covered the
remaining ~24%. The result was obtained by FLIM (fluorescent lifetime imaging microscopy)
using the membrane order-sensitive dyes Laurdan and di-4-ANEPPDHQ, which have longer
lifetimes in L, than L, phases [31,32]. By using the phasor approach to FLIM analysis [33], it
was found that the lifetime distribution that originated from the cell plasma membrane was a
linear combination of the pure ordered phase and pure disordered phase. The fractional con-
tribution of each component was directly determined from the phasor plot. The data indicate
the coexistence of both L, and L, phases in the plasma membrane and suggest that the plasma

membrane is not a homogenous phase of intermediate order [30].
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Considering the active role of the actin cytoskeleton in the regulation of membrane protein
dynamics and membrane order [34], Owen and Gaus [35] have proposed a phase switching
model (Figure 2B), where the L, phase could switch from a continuous percolating phase to dis-
continuous islands under subtle physiological stimulation such as actin restructuring. Membrane
proteins in the continuous percolating phase can interact and form clusters through protein—
protein interactions, but switching the percolating phase to the ‘island’ phase introduces phase
boundaries and may prevent interactions. Inversely, proteins with a strong partitioning prefer-
ence for the ‘island’ phase would appear clustered but disperse upon phase switching. A study
using GPMVs (giant plasma membrane vesicles) previously described how membranes close to
the so-called critical point undergo dramatic changes in lipid phases although the variations in
conditions, for example temperature, were relatively minor [36]. However, it should be noted that

phase switching has not yet been directly observed in cell membranes.

Experimental evidence for lipid rafts and
other membrane models

Although the lipid raft model has been exceedingly popular, it has also attracted controversy
due to the difficulties in defining lipid rafts experimentally. The controversy focuses mainly on
two aspects: the definition of raft markers and the size of lipid rafts. Traditionally, proteins that
were found in DRMs (detergent-resistant membranes) were thought of as raft markers [37].
For example, palmitoylation of integral proteins was thought to regulate association with
DRMs [38]. However, recent biophysical studies of membrane proteins showed that putative
raft markers could display non-raft behaviours. For example, a fluorescent protein fused to the
raft-anchoring motif of the tyrosine kinase LCK displayed remarkably different clustering and
spatial confinement from full-length LCK, which indicates that forces additional to raft
anchoring, probably protein-protein interactions, must be involved in LCK membrane organi-
zation [7,22]. The second aspect of confusion is the small size and highly dynamic nature of
lipid rafts. In published papers, raft sizes range from less than 10 nm to over 200 nm [9,39,40],
and some papers report fast assembly and disassembly rates with raft lifetimes ranging from
milliseconds to seconds [40,41]. Hence it has been difficult to find a consensus for an experi-
mental definition of lipid rafts.

Membrane proteins and lipids used to be assessed as lipid raft markers by biochemical
extraction with detergents such as Triton X-100 at low temperature [15]. In these assays,
DRMs are typically isolated by gradient centrifugation and often contain high levels of choles-
terol and sphingomyelin and only a subset of membrane proteins, which were thus considered
to be lipid raft components. This procedure was established when the hallmark study by Brown
and Rose [42] described the increasing insolubility of proteins as they traffic through the Golgi
apparatus to the plasma membrane in polarized epithelial cells. Early biochemical studies of
T-cells using this method have identified signalling components involved in T-cell activation
in the DRM fractions including LCK and LAT (linker for activation of T-cells) [19] (for an
overview of T-cell activation, see Figure 3). An example of the confusion with DRMs is the
palmitoylation of LAT. When these groups were removed, LAT was no longer associated with
DRMs and palmitoylation-deficient LAT impaired T-cell activation [43]. However, later
reports showed that palmitoylation-deficient LAT mutants did not traffic to the plasma
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Figure 3. Sequential events involved in T-cell activation

(1) The T-cell signalling cascade is initiated by the physical interaction between an antigenic
peptide-loaded major histocompatibility complex (pMHC) molecule and the exoplasmic -8
heterodimer of the TCR complex. (2) The ligand-receptor interaction causes the
phosphorylation of the immunoreceptor tyrosine-based activation motifs (ITAMs) on the
cytoplasmic tails of CD3§ and CD3( chains that are constitutively associated with TCR o~
dimers [76]. The exact mechanism for this process is still unclear. There are two states of LCK:
an open conformation that is enzymatically active and a closed conformation that is inactive.
The fraction of the active form is not increased substantially during T-cell activation [77,78],
suggesting that ITAM phosphorylation by LCK is regulated by the change in lipid composition
upon TCR engagement [79,80] and/or by the spatial reorganization of LCK upon T-cell
activation [22]. (8) The phosphorylated TCR complex provides docking sites for the tyrosine
kinase Zap70, which becomes activated by phosphorylation. (4) Activated Zap70 targets LAT
for phosphorylation. (5) LAT can recruit several downstream intracellular signalling proteins
such as Ras and phospholipase Cy (PLCy) to the activation site that lead to the induction of key
signalling pathways, including Ca?* signalling, mitogen-activated protein kinase (MAPK) and
nuclear factor kB [81]. These signalling processes are required for gene regulation, cytokine
secretion, T-cell proliferation and differentiation.

membrane [44]. Hence the reason for the impairment of T-cell activation was not the lack of
raft targeting but the low expression level at the plasma membrane. The validity of the deter-
gent extraction method has since been questioned because it was found that different deter-
gents and detergent concentrations could substantially alter the distribution of proteins in the
DRMs and soluble fractions, which suggests the possibility that lipid and protein re-associa-
tion occurred during the extraction process [45,46].

Recent MS data showed enrichment of raft lipids at the T-cell activation site [47].
Depletion of cholesterol is often used to test whether lipid rafts are involved in a given cellular
process. However, in T-cells, cholesterol depletion has been reported to disrupt or aggregate
lipid rafts and impair or induce T-cell activation, respectively, depending on the level of deple-
tion [48,49]. It should also be considered that cholesterol depletion with methyl-B3-cyclodextrin
can cause side effects on cells such as impaired actin cytoskeleton organization, clathrin-medi-
ated endocytosis [50] and inhibition of the lateral movement of membrane proteins [51].

The main support for the existence of lipid rafts is derived from observations of phase
transitions in model membrane systems [52]. Liposomes of phospholipids undergo phase
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transitions as the temperature is raised above the transition point. The transition usually
occurs from a gel-like solid phase to a liquid-like disordered phase. In the gel phase, because
the acyl chains of the lipids are tightly packed together, both the lateral translocations of lipids
and molecular vibration of the acyl chain are highly restricted. In contrast, in the L, phase, the
acyl chains are conformationally relaxed, and the translational diffusion of lipids is unre-
stricted in this phase. Interestingly, in the presence of cholesterol, a second liquid phase can
separate from the L, phase [52], known as the L, phase. The addition of cholesterol to the L,
phase leads to the formation of a structurally more ordered phase due to a higher rigidity of
the acyl chains, but the lipid mobility is similar to that in the L; phase. Because the lateral
translocation of lipid molecules is permitted, the L, phase is regarded as a fluid phase.

In a lipid mixture that contains a certain proportion of unsaturated phospholipids, sphin-
gomyelin and cholesterol, the L, and L, phases can coexist [53]. It is believed that cell mem-
branes behave in a similar fashion, where lipid rafts are equivalent to the L, phase and
surrounded by an Ly phase composed of unsaturated phospholipids [54]. In cells, membrane
order and the fraction of the L, phase can be efficiently reduced with the oxysterol 7KC
(7-ketocholesterol) [30,55]. In 7KC, the additional ketone group protrudes perpendicular from
the planar cholesterol rings. Fluid membranes can accommodate the ketone groups, but the
lipid packing in highly ordered membranes such as L, phases is disrupted. Rentero et al. [55]
showed that membrane condensation at the immunological synapse was inhibited by the sub-
stitution of cholesterol with 7KC, which also impaired T-cell activation.

A key part of the lipid raft model is the segregation of membrane proteins into distinct
microdomains according to their affinity for raft lipids [15]. Such spatial compartmentalization of
membrane proteins is crucial for the high sensitivity and fidelity of cell signalling processes.
Studies examining lipid and protein partitioning in model membranes and GPMVs have sup-
ported the lipid raft hypothesis [56-58]. It was shown that lipid/lipid unmixing during phase sepa-
ration could segregate GPI-anchored and palmitoylated proteins into distinctive domains. The
diffusion kinetics of the putative raft proteins was substantially slower than their non-raft counter-
parts [56]. Similar observations were made in cell membranes, revealing the clustering [59] and
confined diffusion of the putative raft proteins [60]. The latter study showed that GPI-anchored
proteins had the highest viscous drag compared with transmembrane and non-raft proteins.
Although the lipid composition is much more complex in cell membranes, it is generally assumed
that the same lipid biochemistry and thermodynamics operate in model and cell membranes.

Owing to the difficulties associated with identifying lipid rafts biochemically and translat-
ing measurements from model to cell membranes, the actual existence of lipid rafts in cell
membranes is still debated. One promising avenue of investigation is the development of lipid-
phase-sensitive fluorescent dyes [61], particularly in combination with single molecule imag-
ing. Compared with the traditional biochemical analysis, fluorescence microscopy is
minimally invasive, as it does not cause substantial disturbance to the cell membrane under
investigation. However, the intense laser power and prolonged illumination that are often
required for high-resolution techniques can lead to oxidative stress, which could damage lipids
and cause a reorganization of the membrane. Because advanced imaging techniques can detect
a small number of molecules, they can probe the underlying heterogeneity of membrane
organization that is inaccessible by conventional imaging techniques. With the continuing
advances in spatial and temporal resolution of imaging techniques, more details on diffusion

kinetics and lipid domain assembly and disassembly will emerge.
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The future direction for studying
membrane organization

The recently developed far-field super-resolution imaging techniques, such as PALM (photo-
activated localization microscopy) [62], STORM (stochastic optical reconstruction micros-
copy) [63] and STED (stimulated emission depletion) microscopy [64], have truly shifted the
resolution limit of fluorescence imaging techniques and allow quantitative imaging of molecu-
lar structures that are 10-100 nm in size. The details of these techniques have been reviewed
previously [65,66] and are summarized in Figure 4.

Using a pair correlation analysis on PALM data, Sengupta et al. [67] observed distinct clus-
ters of different membrane proteins. The authors showed that GPI-anchored proteins were clus-

tered in domains of <60 nm in size with an average of three proteins per cluster. In contrast,

Figure 4. Principles of PALM/STORM and STED microscopy

(A) In PALM and STORM, the sample is labelled with photo-activatable or photo-convertible
fluorophores at high density. In contrast with the traditional imaging regime, where all of the
fluorophores are excited at the same time, only a sparse subset of molecules are activated in a
stochastic manner in PALM and STORM. The intensity of the activation laser is tuned so that in
each diffraction-limited spot there is less than one emitter on average. The spatial co-ordinates of
each molecule are retrieved from the intensity profile of each emitter. During the imaging process,
fluorophores are photobleached and a new set of fluorophores are converted, imaged and
bleached. After repeating this cycle thousands of times, the molecular co-ordinates of all emitters
are combined. This provides diffraction-unrestricted information about the distribution of proteins
with nanometre precision. (B) STED microscopy improves conventional confocal laser-scanning
microscopy, where the sample is scanned with an excitation laser. STED introduces a second
fluorescence emission depletion laser that reduces the excitation spot of the conventional
excitation laser. The spectrally red-shifted depletion laser returns the excited fluorophores back
into the ground state without emission of fluorescence. Because of the insertion of a phase plate,
the depletion laser is doughnut shaped. It switches off the fluorophores in the peripheral region
only, not in the centre. As a consequence, only the fluorescence emitted from fluorophores in the
geometric centre of the excitation laser is registered in each pixel. Because STED is built on laser-
scanning microscopes, it can be combined with point measurement techniques such as FCS.
TIRFM, total internal reflection fluorescence microscopy.
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clusters of LAT and the inner leaflet, lipid-anchored protein Lyn varied in sizes and densities.
Gudheti et al. [68] examined the clustering mechanisms of the transmembrane protein HA
(haemagglutinin) using PALM. Clustering of HA positively correlated with the distribution of
the underlying cortical actin filament, and disrupting actin altered the clustering of HA. On the
other hand, the actin-binding protein cofilin was spatially excluded from the protein cluster of
HA, which indicated that clustering of HA influenced actin organization. Apart from revealing
the spatial distributions of molecules of interest, two-colour PALM has been employed to study
the stoichiometry of membrane receptors at the single molecule level [69]. By labelling the
receptor subunit with spectrally different photo-activatable dyes, the number of each subunit
was retrieved by sequential activation of fluorophores in separate channels. The relative abun-
dance of the fluorophores provides stoichiometric information of the receptor complex.

With the accessibility of the spatial distribution of molecules at nanometer resolution
scales, Rossy et al. [22] showed that the clustering of LCK was determined by its conforma-
tional states and not by its association with raft lipids or protein networks. Similarly, PALM
and STORM analysis of LAT revealed that there was an increased density of LAT clusters at
the T-cell activation sites. Surprisingly, newly formed LAT clusters were not constructed from
the lateral recruitment of LAT monomers, but instead assembled by LAT subsynaptic vesicle
docking to the activation sites [70]. Another report using super-resolution imaging to examine
LAT clustering showed that clustering was regulated by both protein-protein interactions and
protein-lipid interactions [71].

In addition to the increase in spatial resolution, STED microscopy has the unique advan-
tage of reducing the excitation spot, which opens the possibility of probing fluorescence in
high-density samples. This enables STED to be coupled with dynamic live cell imaging meth-
ods such as FCS (fluorescence correlation spectroscopy). FCS is a fluctuation-based method
that is widely used to study the diffusive behaviour of molecules in live cells. In particular, FCS
can extract the molecular concentration and diffusion constants of a population of molecules
from the fluctuations in a detected fluorescence signal that arise from molecules passing
through the excitation spot. The recent combination of STED and FCS [72,73] thus allows the
quantification of highly dynamic membrane processes such as the trapping of lipids in
domains. A seminal STED-FCS study by Eggeling et al. [40] revealed the hindered diffusion of
sphingomyelin and GPI-anchored proteins that could not be resolved with conventional con-
focal FCS. The authors showed that these putative raft markers were transiently trapped in
20-nm large domains with dwell times of approximately 10-20 ms. In contrast, the phospho-
glycerolipids such as DOPE (dioleoylphosphtidylethanolamine) displayed a uniform diffusion
constant of approximately 0.5 um?s~. A recent STED-FCS study of artificial lipid bilayers with
coexisting lipid phase reported the size of the L, phase ranging from 40 nm to 300 nm [74].
This novel approach thus confirms previous studies that probed the coexistence of L, and
L, phases with FRET measurements in model membranes [75]. As FRET cannot visualize
L, domains per se, STED imaging may resolve the long-standing question of lipid raft size in

cell membranes.

Conclusion

Over the past decade, many researchers have examined the organization of cell and model

membranes using a range of biochemical and biophysical techniques. However, there is still
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no definite picture of the structure and dynamics of cell membranes. Despite the differences
between the various models that have been proposed, it is generally accepted that the cell
membrane is highly dynamic and contains heterogeneities at the nanometre scale. Model
membranes have taught us about phase transition and the coexistence of L, and Ly phases.
However, cellular membranes are more complex and the underlying actin cytoskeleton may
actively or passively organize lipids and proteins in the membrane. Given the nanometre
size and highly dynamic nature of membrane domains in cell membranes, sophisticated
new imaging approaches with high spatiotemporal resolution may unravel the contribu-
tion of protein-lipid, protein-protein and lipid-lipid interactions in the organization of
cell membranes.

Summary

e Cell membranes are organized in a non-homogeneous and highly dynamic
manner. Different membrane models have been proposed to explain the exist-
ence of lipid domains, protein clusters and membrane compartmentalization.

e Biochemical and biophysical approaches have been used to provide exper-
imental evidence for the various membrane models, often producing con-
flicting data. A long-standing issue is the inability to directly visualize lipid
domains in cell membranes.

e High- and super-resolution microscopy overcome the diffraction limit and
promise new insights into membrane biology. It is anticipated that these
imaging methods will reveal new and unprecedented details about the spa-
tial and temporal heterogeneity of cell membranes.

This work was supported by fellowships and grants from the National Health and
Medical Research Council of Australia (to K.G., grant numbers APP1059278 and
APP1037320) and the Australian Research Council (to K.G., grant number
CE14010011).
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