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Abstract

The concept of transient nanometric domains known as lipid rafts has brought interest to reassess
the validity of the Singer-Nicholson model of a fluid bilayer for cell membranes. However, this
new view is still insufficient to explain the cellular control of surface lipid diversity or membrane
deformability. During the past decade, the hypothesis that some lipids form large (submicrometric/
mesoscale vs nanometric rafts) and stable (> min vssec) membrane domains has emerged, largely
based on indirect methods. Morphological evidence for stable submicrometric lipid domains, well-
accepted for artificial and highly specialized biological membranes, was further reported for a
variety of living cells from prokaryotes to yeast and mammalian cells. However, results remained
questioned based on limitations of available fluorescent tools, use of poor lipid fixatives, and
imaging artifacts due to non-resolved membrane projections. In this review, we will discuss recent
evidence generated using powerful and innovative approaches such as lipid-specific toxin
fragments that support the existence of submicrometric domains. We will integrate documented
mechanisms involved in the formation and maintenance of these domains, and provide a
perspective on their relevance on membrane deformability and regulation of membrane protein
distribution.
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1. Introduction: key concepts and significance of lipid lateral heterogeneity

Even though the protein/lipid ratio of purified stripped membranes is close to the unity on a
mass basis, their huge difference in molecular weight makes ~50 lipid molecules per
membrane protein a reasonable general estimate, underlining that membrane lipids actually
cover most of the plasma membrane (PM) [1, 2]. In addition, combinatorial variations in
head-groups and aliphatic tails allow eukaryotic cells to synthesize thousands of different
membrane lipids [3] by using ~5 % of their genes (for a review, see [4]). It seems reasonable
that due to the intrinsic complexity of their lipids, cell membranes are arranged in far more
intricate structures than simple homogenous fluid bilayers. Membrane heterogeneity is
illustrated by unequal lipid distribution among (i) different PMs, (ii) distinct intracellular
compartments, (iii) inner vsouter membrane leaflets, and (iv) the same leaflet. Whereas the
three first levels of membrane heterogeneity are well accepted by the scientific community,
the fourth level is still disputed. Limited availability of fluorescent tools, use of poor lipid
fixatives, imaging of membrane artifacts, and description of unclassified membrane domains
have intensified the debate in this rapidly growing area of research.

In this Section, we will provide a historical review of the different types of domains
evidenced at the PM of eukaryotes. Current views on structural and dynamical aspects of
biological membranes have been strongly influenced by the homogenous fluid mosaic model
proposed by Singer and Nicolson in 1972 [5]. In this model, proteins are dispersed and
individually embedded in a more or less randomly organized fluid lipid bilayer. In 1987,
Simons and Van Meer discovered that glycosphingolipids (GSLs) cluster in the Golgi
apparatus before being sorted to the apical surface of polarized epithelial cells [6]. In 1997,
Simons and coll. proposed the lipid raft theory [7], where GSLs form detergent-resistant
membranes (DRMSs) enriched in cholesterol and glycosylphosphatidylinositol (GPI)-
anchored proteins in cold non-ionic detergents such as Triton. Such theory was however
questioned for several reasons. Among others, it has been shown that Triton can promote
domain formation and may even create domains in a homogenous fluid lipid mixture,
arguing against an identification of DRMs with functional rafts [8]. In 2006, lipid rafts were
redefined as: “small (20-100nm), heterogeneous, highly dynamic, sterol- and sphingolipid
(SL)-enriched domains that compartmentalize cellular processes. Small rafts can sometimes
be stabilized to form larger platforms through protein-protein and protein-lipid interactions”
[9]. In addition to rafts, other nanoscale domains, 7.e. <100nm in diameter (also mis-called
microdomains), have been described at the PM of eukaryotes: caveolae [10] and tetraspanin-
rich domains [11]. Caveolae are defined as 60-80nm invaginations of the PM and are
especially abundant in endothelial cells and adipocytes [12]. Tetraspanins are structural
proteins bearing four transmembrane domains, which control the formation of membrane
tubules. They can oligomerize and recruit various proteins to establish functional domains
[13]. There are several reasons to consider lipid rafts, caveolae and tetraspanin-enriched
domains as distinct types of domains (reviewed in [11, 14]). However, they share similarities
such as small size, instability and governance by the liquid-ordered (Lo)/liquid-disordered
(Ld) phase partitioning described in purified lipid systems (Section 2.1).

Besides nanometric lipid domains, morphological evidence for stable (min vssec)
submicrometric (7.e. >200nm in diameter vs20-100nm) lipid domains was reported in
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artificial [15-17] and highly specialized biological membranes, such as lung surfactant and
skin stratum corneum [16, 18]. Such submicrometric domains, which are sometimes referred
to as platforms, were first inferred in cells by dynamic studies [19-21]. However,
morphological evidence was only occasionally reported and most of the time upon fixation
[22-25]. In the past decade, owed to the development of new probes and new imaging
methods, several groups have presented evidence for submicrometric domains in a variety of
living cells from prokaryotes to yeast and mammalian cells [26-32]. Other examples include
the large ceramide-containing domains formed upon degradation of sphingomyelin (SM) by
sphingomyelinase (SMase) into ceramide (Cer) in response to stress [33-35].

However, despite the above morphological evidences for lipid rafts and submicrometric
domains at PMs, their real existence is still debated. This can be explained by several
reasons. First, lipid submicrometric domains have often been reported under non-
physiological conditions. For example, they have been inferred on unfixed ghosts by high-
resolution atomic force microscopy (AFM) upon cholesterol extraction by methyl-f3-
cyclodextrin [36]. Second, lipid or protein clustering into domains can be controlled by other
mechanisms than cohesive interaction with Lo domains, thus not in line with the lipid phase
behavior/raft hypothesis (see also Section 5). Kraft and coll. have recently found
submicrometric hemagglutinin clusters at the PM of fibroblasts that are not enriched in
cholesterol and not colocalized with SL domains found in these cells [37]. Likewise,
whereas spatiotemporal heterogeneity of fluorescent lipid interaction has been found at the
PM of living Ptk2 cells by the combination of super-resolution STED microscopy with
scanning fluorescence correlation spectroscopy, authors have suggested alternative
interactions than lipid-phase separation to explain their observation [38]. Third, other groups
did not find any evidence for lipid domains in the PM. For example, using protein
micropatterning combined with single-molecule tracking, Schutz and coll. have shown that
GPI-anchored proteins do not reside in ordered domains at the PM of living cells [39].

Therefore, despite intense debates, plenty of lipid domains have been shown in the literature
but their classification is still lacking. We propose to distinguish two classes of lipid
domains, the lipid rafts and the submicrometric lipid domains, based on the following
distinct features: (i) size (20-100nm vs>200nm); (ii) stability (sec vsmin); and (iii) lipid
enrichment (SLs and cholesterol vs several compositions, not restricted to SLs and
cholesterol). Whether these two types of domains can coexist within the same PM or
whether some submicrometric domains result from the clustering of small rafts under
appropriate conditions, as proposed by Lingwood and Simons [40], are key open questions
that must be addressed regarding biomechanical and biophysical properties of cell PMs. In
addition, to clarify whether lipid domains can be generalized or not in biological
membranes, it is crucial to use appropriate tools in combination with innovative imaging
technologies and simple well-characterized cell models. In this review, we highlight the
power of recent innovative approaches and modern imaging techniques. We further provide
an integrated view on documented mechanisms that govern the formation and maintenance
of submicrometric lipid domains and discuss their potential physiopathological relevance.
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2. Lateral organization of lipids into submicrometric domains

2.1. Evidence in artificial systems and highly-specialized biological membranes

Model membrane systems have aided in understanding the lipid organization of cell
membranes. Planar supported bilayers [41], giant unilamellar vesicles (GUVs) made from
lipid mixtures [17, 42-44] as well as giant PM vesicles (GPMVs) [15, 16, 18, 45, 46] and
PM spheres (PMS), distinct PM preparations segregated from the cytoskeleton and
cytoplasmic content [15, 47], have provided elegant views to visualize membrane domains
(Fig. 1). Planar supported bilayers represent model systems for exploring lipid domains by
fluorescence microscopy or AFM (Section 3.2.4). The main advantage of planar supported
bilayers to GUVs was for a long time related to their capacity to form asymmetric bilayers.
However, a method to produce asymmetric GUVs was recently developed and validated by
London and coll. [48]. Such vesicles exhibit asymmetric lipid distribution and size
(~15-30um in diameter) comparable to those of cell membranes, allowing thereby detailed
microscopic analyses. The ability to control the membrane composition of GUVs is
advantageous because it enables understanding the functional roles of specific lipids in the
formation of domains. However, GUVs are less useful to extrapolate observations to systems
with higher lipid compositional complexity such as the PM. Striking differences in lipid or
protein partitioning can even be found between GUVs and GPMVs [49]. For more
information on model membranes, please read [50].

Lateral membrane heterogeneity, with domains reaching several micrometers in diameter, is
present in all of these model systems (Fig. 1). The shape is a particular feature of these
domains reflecting differential phase coexistence and, hence, distinct lipid composition. Ld,
Lo and solid-ordered phases (So; often called gel phase) are the most common phases found
in artificial and biological membranes (for a review, see [35, 43]). Irregular shapes are
observed in gel phases and usually found in pure systems of lipids with high melting
temperature (T/m) but generally poor in cholesterol [18, 44] (Fig. 1c,d). This contrasts with
the smooth regular boundaries observed in liquid-phase coexistence [16, 17, 43, 47] (Fig.
la,b.e).

To appreciate the possible phase states that can simultaneously exist in a membrane at
thermodynamic equilibrium, one must consider the phase diagrams [51]. Each lipid species
has an intrinsic temperature for physical transition from a solid- to a liquid-phase, known as
the Tm. Below the T/m, membrane lipids are in solid- or gel-state structures. When the
temperature is raised above the Tm, the conformation of acyl chains changes, resulting into
an increase of their disorder with more gauche conformation and, consequently, decreased
packing. The Gibbs phase rule, which can only be applied if the lipid phases separate
macroscopically, states that the number of de-mixed entities (P) for a system at equilibrium
is correlated with the number of chemically independent components (C) by the following
equation: P= C-F+2, where F is the number of independently variable intensive properties,
such as temperature, pressure and mole fractions of phase components. Applying the Gibbs
phase rule to a two-component system with a fixed composition and a fixed pressure, three
phases can coexist at only one temperature, known as the triple point [51]. The situation is
more complex in three-component systems, especially if they contain cholesterol, and in
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biological membranes, consisting of thousands of different lipids. Thus, from the above
equation, one may expect many different coexisting phases in biological membranes.
However, this is not the case. As suggested by Lingwood and Simons, this could be
explained by the fact that many PM components are not chemically independent but form
specific complexes [40].

As mentioned above, fluorescence microscopy gives evidence for such micrometric
separation in GUVs and in highly-specialized biological membranes, fitting into the classical
description of phase separation by phase diagrams. The importance of temperature on
micrometric membrane separation is illustrated with native pulmonary surfactant membranes
in Fig. 2A [16]. Typical Lo/Ld-like phase coexistence can be observed at 36°C, while Ld
domains show fluctuating borderlines at 37.5°C, and severe lateral structure changes with
melting of most of the Lo phase occur at 38°C. Besides temperature, cholesterol and Cer are
two lipids requiring a thorough consideration in the context of phase separation. Cholesterol
is a key component of membrane biology and the concept of its clustering into membrane
domains is attractive to explain its different functions including (i) membrane fluidity via
lipid ordering; (ii) membrane deformability by modulation of PM protein interactions at the
interface with cortical cytoskeleton [52]; (iii) formation and stabilization of nanometric lipid
assemblies, rafts and caveolae [40, 53], as signaling platforms [54-56]; and (iv) phase
coexistence in artificial membranes [57-59]. Fig. 2B shows the impact of modifying
cholesterol concentration in GUVs formed from pulmonary surfactant lipid extracts. Partial
cholesterol depletion (7.e. 10mol% instead of 20mol%) leads to elongated irregularly shaped
domains, typical of gel/fluid phase coexistence. In contrast, increasing cholesterol content
induces the appearance of circular-shaped domains, reflecting Lo/Ld phase coexistence (Fig.
2B [16]). Cer constitute the backbone of all complex SLs. Regarding their physico-chemical
properties, Cer present very low polarity, are highly hydrophobic and display high gel-to-
liquid-crystalline phase transition temperatures, well above the physiological temperature.
These particular properties contribute to their in-plane phase separation into Cer-enriched
domains. Hence, when mixed with other lipids, Cer can drastically modify membrane
properties [60]. For instance, increase of Cer content induces the formation of micrometric
domains with shape changes from circular to elongated forms (Fig. 2C [61]). These effects
depend on Cer structure (/.e. acyl chain length and unsaturation), as well as on membrane
lipid composition, particularly cholesterol levels. For a review on Cer biophysical properties,
please see [60].

It should be noted that the formation of micrometric domains in artificial systems may not
reflect the situation seen in biological membranes in which so many different lipids as well
as intrinsic and extrinsic proteins are present. Thus, in cells, membrane lipid:protein
interactions and membrane:cytoskeleton anchorage represent additional levels of regulation
of lipid domain biogenesis and maintenance and are further discussed in Section 5.

2.2. Less straightforward evidence in plasma membranes

As shown in the previous Section, micrometric lipid domains are well-documented in
artificial and highly specialized biological membranes. However, generalization of this
concept to the plasma membrane of living cells is less straightforward and results have
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remained doubted based on use of fluorescent tools (Section 2.2.1) and poor lipid fixatives
(2.2.2) as well as imaging artifacts due to non-resolved membrane projections (2.2.3).

2.2.1. Use of fluorescent lipid probes—Whereas membrane labeling with fluorescent
lipid probes represents a useful technique, it nevertheless presents the limitation that PM-
inserted probes can differentially partition as compared to endogenous lipids, depending on
membrane lipid composition and on the fluorophore [62]. To minimize artifacts, at least two
criteria should be considered: (i) probe insertion at trace level within the PM, as compared
with endogenous lipid composition, to ensure preservation of membrane integrity and
avoidance of cell surface perturbations, and (ii) verification that the probe is a qualitative
bona fide reporter of its endogenous lipid counterpart. After a short description of available
fluorophores, we will briefly review the mostly used fluorescent lipid probes: (i) fluorescent
lipid analogs bearing an extrinsic fluorescent reporter; (ii) intrinsically fluorescent lipids;
(iii) fluorescent artificial lipid dyes; and (iv) small intrinsically fluorescent probes for
endogenous lipids (Fig. 3a,b).

2.2.1.1. Fluorophore grafting: Except for intrinsically fluorescent molecules (see Sections
2.2.1.3,2.2.1.4 and 2.2.1.5), it is generally required to covalently link molecules (lipids
themselves or lipid-targeted specific proteins) to a fluorophore, in order to visualize
membrane lipid organization. Among fluorophores, small organic dyes are generally
opposed to big fluorescent proteins (EGFP, RFP, mCherry, Dronpa, a.0.). Most fluorophores
used to label lipids are small organic dyes (Section 2.2.1.2) while both organic dyes and
large fluorescent proteins are used to label lipid-targeted specific proteins (e.g. toxin
fragments and proteins with phospholipid binding domain; see Sections 3.1.1 and 3.1.2).

Among others, major organic dyes developed so far to label lipids are 7-nitrobenz-2-oxa-1,3-
diazol-4-yl (NBD) and 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY).
One can also cite the red-emitting Rhodamine dye KK114 or the Cy dyes. To label proteins,
most commonly used fluorophores are Alexa Fluor, Atto or Cy dyes. Labeling kits based on
amine- or thiol-reactive organic dyes are available. The labeling of the thiol group of
cysteines is a more selective method than the amine-reactive approach, allowing a greater
control of the conjugation because thiol groups are not as abundant as amines in most
proteins.

While all organic dyes can be used in confocal microscopy, some dyes such as Alexa Fluor
or Atto dyes have also been used to analyze living cells by super-resolution microscopy [63].
Indeed, such fluorophores have been shown to be reversibly photoswitched in the presence
of thiol-containing reducing agents/thiol compounds. Interestingly, many organic dyes can
be used in super-resolution microscopy under physiological conditions without additions
[63, 64].

As compared to large fluorescent proteins, major advantages of organic fluorophores are (i)
small size, preventing steric hindrance; (ii) possible labeling of one molecule with multiple
fluorophores, enhancing the fluorescence signal [65]; and (iii) enhanced brightness and
photostability [66]. Among drawbacks, one can cite (i) non-specific labeling to the targeted
protein [67]; (ii) high labeling protein proportion which could cause fluorescence quenching
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(depending on dye structure, charge and hydrophobicity) or prevent biomolecule function
[65]; as well as (iii) higher background signal [67]. In conclusion, none of the fluorophores
is “ideal”. In the meantime, a way to work is to compare the same lipid or protein molecule
grafted with two unrelated fluorophores.

2.2.1.2. Insertion of fluorescent lipid analogs: Fluorescent lipid analogs are an attractive
way to examine lipid membrane organization. Fluorophores can be linked either to lipid
fatty acyl chains or to polar head-groups. Undoubtedly, the addition of fluorophores makes
lipid analogs not equivalent to their endogenous counterpart. For instance, targeting
modifications on the fatty acyl chain may perturb PM insertion, localization and/or phase
behavior of the analog [68]. Importantly, this limitation can be minimized by the choice of a
fluorophore which better preserve native phase partitioning, such as small and uncharged
fluorophores like NBD or BODIPY [62]. NBD or BODIPY fluorescent lipid analogs present
several advantages: (i) availability of numerous outer and inner PM lipid analogs; (ii)
efficient delivery to cells with defatted bovine serum albumin (BSA) as a carrier molecule;
(iii) possible extraction by ,,back-exchange’ using empty BSA; and (iv) a size close to their
endogenous counterparts. Such analogs can be directly inserted in the PM but also used to
metabolically label more complex lipids after incorporation of the fluorescent precursor. For
example, NBD-Cer, a vital stain for the Golgi apparatus [69], can be converted into NBD-
sphingomyelin (SM) in fibroblasts [70]. Similarly, cellular conversion of BODIPY-Cer into
BODIPY-SM in CHO cells induces PM BODIPY-SM-enriched submicrometric domains,
undistinguishable from those observed upon direct insertion of BODIPY-SM. This approach
serves to rule out artifacts due to insertion of aggregates [30].

Although NBD-polar lipids have been widely used in the past, these probes present several
disadvantages. First, NBD presents rapid photobleaching and is highly sensitive to its
environment [71]. Second, NBD bound to fatty acyl chain “loops back” to the head-group
region because of its polar nature [72]. BODIPY-polar lipids partially overcame the
problems encountered with NBD-lipids. First, BODIPY displays significantly higher
quantum yield and photostability than NBD [73], thus requiring insertion at lower
concentration and imaging at lower laser power. Moreover, the insertion of BODIPY-lipids
in membranes is deeper than that of NBD-analogs because of the higher hydrophobicity of
BODIPY [74].

Regarding fluorescent sterols, the 22- and 25-NBD-cholesterol are available but their
membrane orientation and/or distribution behavior have been shown to deviate from native
cholesterol (for review, see [75]). Several BODIPY-cholesterol analogs have also been
synthesized. However, these probes generally mis-partition, except when BODIPY is linked
to carbon 24 (BODIPY-C24) of the sterol chain via the central dipyrrometheneboron
difluoride ring [75, 76]. A new derivative, where the fluorophore is bound via one of its
pyrrole rings, shows superior behavior than BODIPY-C24-cholesterol, confirming the issue
of the labeling position [77]. 6-dansyl-cholestanol allows depth insertion in fluid phase
membranes and a distribution into cholesterol-rich vs-poor domains similar to that observed
with native cholesterol [78-80]. However, this probe is highly photobleachable, restricting
imaging time. Fluorescent polyethyleneglycol (PEG) cholesteryl esters represent another
group of cholesterol probes, that differ from native cholesterol by their higher water
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solubility, lack of hydroxyl group and main maintenance into the outer PM leaflet [39, 81].
As examples, one can cite the recently used fluorescein PEG-cholesterol (fPEG-chol) or the
KK114 PEG-cholesterol (KK114-PEG-chol) [38, 39, 81].

2.2.1.3. Insertion of intrinsically fluorescent lipids: A few lipid probes such as
dehydroergosterol (DHE) and the cholestatrienol are intrinsically fluorescent. These are
generally preferred since they are not substituted by a fluorophore. The two main drawbacks
of these analogs are their low quantum yield and their fast photobleaching, imposing
membrane insertion at relatively high concentration. DHE, mainly synthesized by the yeast
Candlida tropicalis and by the single Red Sea sponge, Biemna fortis [82, 83], has been
widely used (for review, see [75]). Structurally, DHE is similar to cholesterol, bearing three
additional double bonds and an extra methyl group. Technically, it requires multiphoton
excitation for live cell imaging and is not sensitive to the polarity of its environment. Its
membrane orientation, dynamics and co-distribution with cholesterol in cells are faithful
[84, 85]. For more information about applications and limitations of DHE in membrane
biophysics and biology, see [75].

2.2.1.4. Insertion of artificial lipid probes: Lipidomimetic dyes, such as
dialkylindocarbocyanine (Dil), diphenylhexatriene (DPH), Laurdan and
aminonaphthylethenylpyridinium (ANEP)-containing dye (e.g. Di-4-ANEPPDHQ) families,
are good alternatives for PM insertion. These probes do not mimic endogenous lipids but
give information about the organization of the bilayer, such as membrane phase partitioning
and fluidity. For details on DPH, Laurdan and Di-4-ANEPPDHQ, see [86-89]. Dil probes
[59, 90, 91], known to be photostable [92], allow time-lapse and high-resolution imaging.
This family includes several members that vary by their acyl chain length and unsaturation,
influencing their membrane partitioning. Therefore, long chain Dil preferentially partition
into the gel-like phase while shorter unsaturated Dil do so into the fluid phase [93].

2.2.1.5. Labeling of endogenous lipids by intrinsically fluorescent small molecules:
Since insertion of exogenous lipids, even at trace levels, may perturb the organization of the
host membrane, labeling of endogenous lipids by fluorescent small molecules will be
generally preferred. Filipin is an example of such probes. Filipin was discovered in
Philippine soil after isolation from the mycelium and culture filtrates of Streptomyces
filipinensis [94]. This intrinsically fluorescent probe forms a complex with cholesterol or
related sterols displaying a free 3’-OH group. Filipin is clinically used for the diagnosis of
Niemann-Pick type C disease. However, this probe cannot distinguish between free or
membrane-bound cholesterol and is highly cytotoxic, making it unsuitable for live cell
imaging. Moreover, despite its wide use, it is unclear whether filipin faithfully reflects
cholesterol distribution in membranes [95].

2.2.2. Poor membrane lipid fixation—Besides the choice of lipid probes and validation
as bona fide qualitative tracers of endogenous counterparts (see above), it is also important
to minimize other sources of misinterpretation. Fixation can be considered as a serious
limitation because it can lead to artifactual lipid redistribution. Vital imaging techniques
such as high-resolution confocal or scanning probe microscopy are recommended instead of
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super-resolution or electron microscopy methods that generally require fixation (see Section
3.2). Of note, the fixation techniques used for fluorescence and electron microscopy are
quite different. Formaldehyde is commonly used for fluorescence microscopy studies,
including super-resolution, and is known to be reversible. The main drawbacks of such
“light” fixation is its inability to cross-link lipids and to acutely arrest membrane protein
long-range movement [96]. Conversely, for electron microscopy, samples are first fixed with
glutaraldehyde (to irreversibly cross-link proteins), then post-fixed with osmium tetroxide
(to cross-link lipids). This “hard” fixation has been shown to preserve the lipid bilayer [97],
but its main drawback is the use of very toxic chemicals.

2.2.3. Limitation due to membrane projections—Another source of artifacts is
related to PM projections. For instance, genuine lipid-enriched membrane domains can be
easily confused with structural membrane projections such as filopodia, microvilli or ruffles,
in which lipids are able to confine. This issue is especially relevant for cholesterol, known to
preferentially associate with membrane ruffles [22, 98]. The use of flat membrane surfaces
(e.g. the red blood cell, RBC) or mammalian nucleated cell membranes stripped of F-actin
(to limit membrane ruffles) minimizes artifacts [29]. However, the latter approach can
generate other difficulties due to lost interactions with the underlining cytoskeleton (see
Section 5.2.2).

3. Evaluation of new tools and methods and importance of cell models

3.1. Tools

As highlighted in the previous Section, whereas the fluorescent lipid approach and labeling
with filipin are attractive ways to examine lipid lateral heterogeneity, they present several
limitations. It is thus essential to use more recent innovative approaches based on: (i)
fluorescent toxin fragments (Section 3.1.1); (ii) fluorescent proteins with phospholipid
binding domain (3.1.2); or (iii) antibodies, Fab fragments and nanobodies (3.1.3) (Fig. 3c-¢;
Table 1).

3.1.1. Fluorescent toxin fragments—Nature offers several toxins capable to bind to
lipids, such as cholesterol-dependent cytolysins (Section 3.1.1.1), SM-specific toxins
(3.1.1.2) or cholera toxin, which binds to the ganglioside GM1 (3.1.1.3). However, many of
these proteins are pore-forming molecules and/or can induce artificial lipid clustering,
considerably limiting their use. To overcome these limitations, non-toxic domain fragments
or subunits of these toxins have been generated and coupled to fluorescent proteins (e.g.
GFP, mCherry or Dronpa) or to organic fluorophores (e.g. Alexa Fluor) (Fig. 3c; Table 1). In
order to define the best fluorophore to conjugate with the toxin fragment/subunit, please
refer to Section 2.2.1.1.

3.1.1.1. Cholesterol-dependent cytolysins and non-toxic fragments: Cholesterol-
dependent cytolysins are toxins specific to cholesterol produced by gram positive bacteria.
Perfringolysin O (also named theta toxin), Streptolysin O and Listeriolysin O, produced by
Clostridium perfringens, Streptococcus pyogenes and Listeria monocytogenes, respectively,
are examples of available cytolysins. These toxins, which belong to the pore forming toxin
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(PFT) group, self-associate into oligomeric pore-forming complexes after binding to
cholesterol-containing membranes, thereby causing cytotoxicity. The theta toxin is one of
the best characterized members of the family and is composed by four domains (D1-D4). D1
is the pore forming domain and D4 the minimal toxin fragment capable to bind to
cholesterol with high affinity without causing lysis [99-102]. Binding of the two conserved
amino acid residues (Thr490 and Leu491) of the D4 domain to the cholesterol hydroxyl
group [101] induces configuration changes in the D1 domain, leading to theta
oligomerization [103] and causing cell lysis [99]. To minimize cytotoxicity, toxin derivatives
have been produced by two different approaches. In the first approach, a theta derivative, C0,
was obtained by digestion with subtilisin Carlsberg prior to methylation (MCO) or
biotinylation (BCO). BCO is a suitable probe for cholesterol visualization and distribution
[100, 104]. An alternative elegant approach is based on truncated theta, limited to its C-
terminal domain D4 (theta-D4), fused with fluorescent proteins. Dronpa-theta-D4 is one of
these derivatives best suited to super-resolution microscopy due to the reversible and
switchable photoactivable Dronpa [22]. mCherry-theta-D4 is more photostable and suitable
for vital confocal imaging [29]. In addition to general drawbacks of toxin fragments (see
Section 3.1.1.4), a specific potential limitation of theta derivatives is that their binding to
endogenous cholesterol is triggered only upon a certain cholesterol concentration threshold
[105, 106]. For more information, see [107].

3.1.1.2. Sphingomyelin-binding toxins and non-toxic fragments: Lysenin and
actinoporins, such equinatoxin I1, are pore forming toxins capable to bind to SM. Lysenin is
synthesized by the earthworm Eisenia foetida [108-110] and composed by a pore formation
domain (amino acids 1-160) in the N-terminus and the SM-binding site (amino acids
161-297) in the C-terminus. Lysenin binding depends on local distribution and density of
SM [108, 109, 111]. To overcome limitations due to oligomerization and/or pore formation,
two approaches have been developed. The first approach is based on the observation that the
C-terminus domain of lysenin is the minimal fragment responsible for specific SM binding
without inducing oligomerization nor formation of membrane pores [24, 112]. Thus, a
lysenin derivative has been developed, keeping only the C-terminus domain of the full
lysenin. This derivative is generally named NT-lysenin (for Non-Toxic lysenin). In the
second approach, a lysenin mutant based on substitution of tryptophan 20 by alanine was
shown to fail in the formation of correct oligomers, resulting into loss of cytolytic activity
but preserving ability to bind SM [113]. Such derivatives, coupled to fluorescent proteins
(e.g. GFP, mCherry, mKate, Venus or Dronpa) or small organic molecules (e.g. Alexa Fluor),
have proved useful in confocal or super-resolution microscopy analyses [22, 23, 26, 114]
(see Table 1). For further general information on lysenin, please see [110, 111, 115].
Regarding equinatoxin I, produced from the sea anemone Actinia equine, the full-length
toxin has been fused to fluorescent proteins in order to analyze SM distribution in cell
membranes. Hence, to overcome limitation due to toxicity, a non-toxic equinatoxin 11
fragment (Eqtl1(8-69)) has proved useful (Table 1; Fig. 4d). In contrast to lysenin, known to
bind clustered SM, equinatoxin Il preferentially binds dispersed SM [114].

3.1.1.3. GM1-binding cholera toxin and non-toxic B subunit: Cholera toxin, secreted by
gram-negative Vibrio cholerabacteria, is a multi-complex protein composed of two subunits,
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the toxic A subunit and the non-toxic pentameric B subunit. In cholera, infection with this
vibrio leads to sustained diarrhea after disruption of the epithelial barrier in intestinal
enterocytes. The mechanism of this process involves the specific binding of the B subunit
(CTxB) to GM1 ganglioside at the enterocyte PM [116, 117]. Despite the pentameric
binding of CTxB to GM1 and its large size, the non-toxic CTxB has been successfully used
to bind to GM1 without cellular toxicity, constituting an interesting and viable approach to
analyze endogenous lipid organization. Each monomer of the pentameric CTxB has one
binding site, thus CTxB is able to bind up to five GM1. Based on a multistep model, flow
cytometry has shown that the affinity of a monovalent GM1-CTxB interaction is ~400-fold
weaker than the one observed for the pentavalent interaction [118].

3.1.1.4. Advantages and drawbacks of plasma membrane labeling with toxin
fragments/subunits: The use of toxin fragments/subunits to decorate endogenous
membrane lipids offers several general advantages as compared to insertion of exogenous
fluorescent lipid analogs: (i) targeting of endogenous lipids with high specificity; (ii)
versatile coupling with fluorescent proteins or organic dyes; and (iii) possibility of probe
radio-iodination for quantitative measurements [26, 29, 106]. Moreover, in contrast to filipin,
toxin fragments/subunits can be used for live cell imaging. However, such probes present
some drawbacks, such as (i) few number of specific toxin fragments produced and validated,;
(if) recognition and binding limited to outer PM leaflet lipids; (iii) larger size than the
targeted lipid and/or multivalence, with predicted steric hindrance of the toxin (see below);
and (iv) prevention of native protein binding to the toxin targeted lipid, which could
potentially affect biological function.

A critical feature to take into consideration regarding PM labeling with toxin fragments/
subunits is their size and potential multivalence. In this respect, one must distinguish toxin
fragments (e.g. theta and lysenin derivatives) and multimeric toxin subunits (e.g. cholera
toxin B subunit). The multivalence and large size of the latter could induce changes in
membrane properties and biochemical response. For instance, cross-linking of GM1 by the
pentameric CTxB has been shown to induce changes in membrane phase behavior: in GUVs
exhibiting one phase, addition and binding of CTxB induce lipid reorganization into
coexisting fluid phases whatever the membrane was initially in Lo or Ld phase. Such phase
separation was not due to CTxB self-aggregation but rather caused by GM1 cross-linking
[119]. It should be however noted that this observation has been obtained in model
membranes with defined lipid composition, devoid of proteins and cytoskeleton. Among
other multimeric toxin fragments, one can also mention another member of the two-
component toxin family, the Shiga toxin. The Shiga toxin B subunit is pentameric and each
monomer has three binding sites to the glycosphingolipid globotriaosylceramide Gb3. Such
toxin fragment, able to bind up to 15 Gh3, is not suitable to study lipid distribution.
Accordingly, it has been demonstrated that addition of Shiga toxin B subunit induces
changes in domain size and shape as well as lipid orientation in model membranes
containing 1% Gb3 at a temperature above the phase transition [120].

In contrast, toxin fragments, such as theta or lysenin derivatives, are presumably monomeric
due to removal of the domain involved in toxin oligomerization (Sections 3.1.1.1 and
3.1.1.2). Regarding the interference of the probe size, we expect a minor, if any, perturbation
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on lipid binding specificity and on lipid membrane organization. Indeed, we recently
demonstrated binding specificity of lysenin and theta fragments, with size much larger than
endogenous lipids (~40kDa vs~300-800Da), using defined-composition liposomes [26, 29].
Such experiment suggested that steric hindrance of the probe does not prevent binding
specificity. Moreover, we have shown by double labeling experiment at the RBC PM that
non-saturating concentration of the large lysenin toxin fragment (~45kDa; projected
diameter ~15 times larger than endogenous SM) reveals the same submicrometric domains
as upon insertion of BODIPY-SM (with a size similar to SM), independently from the order
of labeling [26]. These data suggest that lysenin fragment does not trigger but rather reveals
membrane organization into SM-enriched submicrometric domains. Likewise, the use of
EGF-ferritin (~450kDa ferritin moiety) has been validated to authentically mimic 75-fold
smaller EGF molecule [121]. Whereas minor perturbations are expected on binding
specificity, the large probe size could nevertheless affect lipid properties such as lateral
diffusion. This has been evidenced by fluorescence recovery after photobleaching (FRAP) of
submicrometric domains at the RBC PM labeled by lysenin fragment and BODIPY-SM: the
fluorescence recovery is thrice slower for toxin fragment as compared to BODIPY-SM, a
difference that could be attributed to the larger size and/or steric hindrance of the toxin probe
[26].

3.1.2. Fluorescent proteins with phospholipid binding domain—Besides toxin
fragments, other probes are based on protein domains able to bind endogenous
phospholipids. These can be either (i) expressed in the cytosol, being then able to bind inner
PM phospholipids as well as cytoplasmic membranes of organelles (Fig. 3d; Table 1); and/or
(ii) incubated with cells to target outer leaflet phospholipids after transbilayer flip-flop. The
pleckstrin homology (PH) domain is one of these well-characterized probes specific for
phosphoinositides (Pls; [122]). The ~100 amino acid-PH domain is contained in several
proteins, such as pleckstrin or phospholipase C (PLC), with distinct binding affinity for
different Pls [123]. For instance, PH domain of PLCS (PH-PLCS) has a high affinity for
phosphatidylinositol-4,5-bisphosphate (PIP,) [124, 125]. The discoidin C2 domain is
another probe, specific for phosphatidylserine (PS). The ~160 amino acid-discoidin C2
domain is present in blood coagulation factors V and V111, milk fat globule-EGF factor 8
(MFGES; also known as lactadherin [Lact-C2]) and other plasma proteins. PH or discoidin
C2 domains can be fluorescently tagged, allowing to study phospholipid membrane
distribution [126-128]. Other globular domains capable to bind phospholipids at the
membrane surface include: (i) the FYVE zinc finger domain found in EEAL (Early
Endosome Antigen 1) a.o. that binds to phosphatidylinositol-3-phosphate (P13P); and (ii) the
calcium-dependent phospholipid binding Annexins, such as Annexin A2, which
preferentially interacts with PIP,, or Annexin A5, which is currently the most commonly
used probe for PS targeting at outer PM leaflet [129]. To further overcome limitation due to
lack of PS labeling at the luminal membrane leaflet of organelles. Parton and coll. recently
developed a novel on-section labeling approach on fast-frozen sample using purified GST
(glutathione-S-transferase)-Lact-C2 fusion protein followed by transmission electron
microscopy. This technique is based on high-pressure freezing, freeze-substitution with
minimal fixatives and embedding at low temperature. Sections are then fixed, labeled with
purified GST-Lact-C2 and followed by detection with anti-GST antibody and protein A—
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gold. Such method avoids cell permeabilization as well as detergent extraction [126]. For
more details on phospholipid-binding domains, please refer to [130]. Similarly to other
probes, this approach also presents limitations including perturbation of normal lipid
function upon high expression and high variability of affinity and specificity [129, 131].

3.1.3. Antibodies, Fab fragments and nanobodies—Antibodies have been
recognized as gold standard to detect proteins. Interestingly, several antibodies have also
been generated to decorate PM lipids (Fig. 3e). For example, there are monoclonal
antibodies (mADbs) produced to detect specific GSLs expressed during the differentiation of
oligodendrocytes and used for studying their /n vitro maturation: (i) the mAb A2B5, against
gangliosides GD3, GT3 and O-acetylated GT3 in early oligodendrocyte progenitors; (ii) the
mAb O4, against sulfated GSLs expressed by late progenitors; and (iii) the mAb O1 and the
mADb Ranscht, against galactosylceramides in mature oligodendrocytes (for a review, see
[132]). These antibodies have revealed submicrometric GSL-enriched domains at different
stages of oligodendrocyte differentiation, as illustrated in Table 1. Although less developed,
antibodies are also used to decorate phospholipids. For example, the role of PS domains as
targets for therapeutic treatment of viral infection has been highlighted by using a chimeric
antibody that recognizes PS bound to membrane glycoproteins (mAb 3G4) [133]. Recently,
phosphatidylcholine (PC) enrichment in neuronal structures has been revealed by an
antibody against PC (mAb #15) [134]. These examples illustrate that antibodies can be
useful to study membrane organization into submicrometric domains (see Table 1).

However, one must remain cautious of the drawbacks of antibodies since they require
fixation (see Section 2.2.2), occasionally permeabilization and can exhibit multivalence
leading to patching [135]. To overcome these issues, it is preferable to use fragments that do
not create patching. One method is based on antibodies hydrolyzed into Fab fragments
[136]. To the best of our knowledge, there is still no study using fluorescently labeled Fab
fragments directed against lipids to study membrane organization. However, primary
antibodies against galactosylceramide followed by fluorescent secondary Fab fragments
have revealed submicrometric domains in oligodendrocytes induced by co-culture with
neurons, ruling out that domains were induced by crosslinking of secondary antibodies
[137]. An alternative approach would be to exploit the derivatives of Camelidae antibodies.
Unlike conventional antibodies which are made of heavy and light chains, the antibodies
from Camelidae are only composed of two identical heavy chains, each being fully capable
of binding independently the affiliated antigen. The advantages of isolating single heavy
chain fragments from Camelidae, also called nano-antibodies or nanobodies™, rely upon
their small size as compared to Fab fragments (~15 vs~55kDa, respectively) that can reach
confined areas inaccessible to larger probes [138]. Such nanobodies have been developed for
epithelial growth factor receptor, allowing to evidence a cholesterol-independent
colocalization of the receptor with GM1 ganglioside [139]. However, there is still a lack of
studies using nanobodies to detect submicrometric lipid domains. Nevertheless, the
generation of fluorescently conjugated Fab fragments or nanobodies against lipids could in
the future become an interesting strategy for analyzing membrane lipid organization.
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3.2. Methods

The low imaging resolution, combined with the poor preservation of lipid organization upon
fixation (see Section 2.2.2), has been a major limitation for studying the dynamic
compartmentalization of lipid species in cells. The advent of improved imaging technologies
has provided the opportunity to rectify these constraints and learn about lipid domain
morphology and dynamics in cells. This section gives a brief and non-exhaustive overview
of modern microscopy techniques with their advantages and limitations in the context of
lipid organization into submicrometric domains (Table 2). The Table also lists selected
reviews to which the reader can refer for an in-depth information about techniques.
Moreover, selected techniques are illustrated in Figs. 4-7.

3.2.1. High-resolution confocal microscopy and related techniques—
Contemporary microscopy has evolved from whole-cell visualization to high-resolution
microscopy that can discriminate objects down to the diffraction limit of ~200nm at the X-Y
axis and are widely used for live cell imaging. Three representatives of high-resolution
microscopy are (i) conventional confocal imaging, (ii) two-photon excitation microscopy
and (iii) Total Internal Reflection Fluorescence (TIRF). Confocal scanning has allowed to set
forth submicrometric lipid domains in several cells [26, 27, 29, 30, 140-142]. Two-photon
microscopy has proven very useful to examine membrane organization on artificial systems
(for a review, see [43]) but also on living cells, especially by using UV-excited probes, such
as dehydroergosterol (DHE) [143] or Laurdan [144] (see Section 2.2.1). TIRF microscopy
has mainly been used to visualize membrane proteins. Nevertheless, this technique is also
developed to determine lipid organization. As an example, one can cite the visualization of
GML1 distribution on HEK293T cells labeled with CTxB (Fig. 4a; Table 1) [145].

Optical microscopy is a versatile tool that can generate mapping of structures but also
provide information about properties and interactions of these structures. Fluorescence
Recovery After Photobleaching (FRAP) can be adapted to confocal microscopy and can
determine kinetic properties of fluorescently labeled membrane components by taking
advantage of tracking molecules in live cell imaging after photobleaching. The use of
different beam radii for photobleaching fluorescent lipid analogs has allowed to infer the
existence of submicrometric lipid domains [19, 30, 146]. Fluorescence Lifetime Imaging
Microscopy (FLIM) has been used to detect submicrometric domains in Laurdan-labeled
NIH 3T3 fibroblasts or upon RBC infection by Plasmodium falciparum, which creates areas
of cholesterol heterogeneity [147, 148]. Fluorescence Correlation Spectroscopy (FCS) can
determine molecular concentration, diffusion as well as intra- and inter-molecular
interactions. By comparison of diffusion coefficients of lipid analogs at the outer PM, this
technique has allowed to evidence submicrometric domains [149, 150].

Together, these widely used techniques provide complementary tools for detection of
submicrometric lipid domains in living cells. However, their major limitations rest upon the
use of exogenous markers (e.g. fluorescent lipid analogs) and the resolution of domains that
is constrained by the optical diffraction limit (~200nm). Specific advantages and drawbacks
of all these techniques for studying lipid organization are summarized in Table 2.
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3.2.2. Super-resolution microscopy—Recently, major breakthroughs in the field of
light microscopy have overcome the diffraction limit, resolving structures separated by a
distance smaller than 200nm. This leads to a new field of investigation for mapping
membrane structures, the super-resolution microscopy. Interestingly, several techniques of
super-resolution microscopy have not only resolved structures of a few nanometers in
diameter but have also revealed or confirmed the existence of submicrometric lipid domains.
Photo-Activation Localization Microscopy (PALM) and Stochastic Optical Reconstruction
Microscopy (STORM) use photoswitchable fluorescent probes to reveal spatial differences
between molecules. The seminal work on lipid organization using super-resolution on HelLa
cells has revealed SM and cholesterol clusters of ~250nm in diameter (Fig. 4b) [22]. Thanks
to Structured Illumination Microscopy (SIM), Makino and coll. have evidenced dispersed
and clustered pools of SM at the apical PM of pig kidney epithelial cells labeled by two SM-
specific toxins (Fig. 4c) [114]. Single Dye Tracing (SDT) allows to analyze diffusion
properties of a single labeled molecule. Upon insertion of fluorescent analogs of saturated
and unsaturated phospholipids in human airway smooth muscle cells, SDT has revealed
submicrometric clusters of saturated lipids (Fig. 4d), which diffuse more rapidly but in a
unidirectional way. The study also showed that submicrometric domains maintain their
position, suggesting the influence of the underlining cytoskeleton on lipid partitioning [21],
as proposed by other studies.

Nevertheless, it should be noticed that, despite the recent wealth of information gained, these
techniques have the inherent disadvantages that they require the use of exogenous probes
and that they are so far difficult to apply to living cells due to phototoxicity and
photobleaching. Excited fluorophores produce reactive oxygen species which react with a
large variety of easily oxidizable components, such as proteins, nucleic acids, lipids and
fluorophores, leading to loss of fluorescence signal (photobleaching) and cell cycle arrest or
cell death (phototoxicity). An additional major difficulty for application of super-resolution
microscopy on live cells is the mobility of the labelled molecule, which leads to substantial
blur during the overall recording time.

3.2.3. Secondary lon Mass Spectroscopy—Secondary lon Mass Spectrometry
(SIMS) allows direct imaging of membrane structures at a very high resolution (50-100nm)
by combining mass spectrometry molecule identification with imaging. Thanks to this
technique, Kraft and coll. have discovered SL-enriched submicrometric domains at the
fibroblast PM after metabolic labeling with 15N-SL precursors (Fig. 4e) [25, 151].

This technique presents the main advantage of studying directly endogenous lipids by
metabolic labeling with isotopes, which drastically decreases the risk of distribution artifact
that can be encountered with fluorescent lipid probes or antibodies.

3.2.4. Scanning probe microscopy—Atomic Force Microscopy (AFM) is a high-
resolution scanning probe microscopy, detecting differences in roughness at the nanometer
scale. Among others, this technique has revealed submicrometric domains on (i) the RBC
membrane upon cholesterol depletion (Fig. 4f) [36]; (ii) the external membrane leaflet of
kidney brush-border membrane models [152]; and (iii) membrane purified by
ultracentrifugation from human breast cancer cells (MDA-MB-231) [153]. AFM has become
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extremely advanced by a multiparametric analysis of samples by combining super-resolution
imaging, topography, molecular interactions and mechanical measurement [154]. A related
method is Near-Field Scanning Optical Microscopy (NSOM) with a resolution that can
reach ~20nm [155]. NSOM has revealed clustering of GM1 and GM3 in domains of
~40-360nm at the apical PM of epithelial cells [156].

3.3. Cell models

The complexity of the PM led scientists to work on model lipid bilayers with controlled and
simple composition. These models include supported bilayers and large vesicles such as
GUVs or GPMVs (reviewed in [157]; see also Section 2.1). Even if these models have
greatly helped to understand the properties of lipid bilayers, these do not authentically
reflect biological membranes, including the diversity of membrane lipid and protein
composition, the complexity of lateral and transversal lipid asymmetries and the influence of
the cytoskeleton on membrane organization. Bacteria represent an alternative model to study
membrane lipid organization. £. coli for example is very well characterized, grows rapidly
and allows easy genetic manipulations, popular for functional studies. Nevertheless, bacteria
are small (less than few um) and require high-resolution microscopy to be properly
analyzed. Moreover, the PM composition of prokaryotes is quite different from the
mammalian PM (Table 3), leading to different organization and functions. Yeast represents
another powerful model to investigate membrane lipid organization and especially the
importance of proteins in this process. Saccharomyces Cerevisiae is one of the most
intensively used eukaryotic models due to comprehensive banks of mutants, a size (~10um)
compatible with conventional microscopy and a rapid growth. However, the yeast cell wall
limits penetration of molecules larger than ~700Da [158], preventing incorporation into
intact yeast of fluorescent analogs of polar lipids mixed with BSA as lipid carriers. Other
labeling approaches, such as expression of lipid specific markers, have to be developed to
circumvent this difficulty (see Section 3.1.2). Mammalian nucleated cells offer the
possibility of co- and 3D-culture and an easy growth. However, they usually present
considerable limitations to study membrane lipid lateral organization due to lipid
metabolism, endocytosis and a tortuous surface due to vesicular trafficking and membrane
protrusions, which can lead to false interpretations. This is why our group focuses on RBCs
[26, 27, 29, 30, 146]. RBC is the simplest and best characterized eukaryotic cell system,
both at lipid and protein levels [159, 160]. Moreover, for practical purposes, RBCs (i) are
easily available and robust; (ii) are highly homogenous in size and shape due to rapid
clearance of damaged RBCs by the spleen; (iii) present a flat surface without membrane
projections or protrusions, avoiding confusion between domains and lipid enrichment in
membrane ruffles; (iv) do not metabolize lipids; and (v) do not make endocytosis, avoiding
any confusion between domains and endosomes.

Whereas all membranes described above represent interesting models to visualize lipid
organization, it has to be kept in mind that their composition is quite different. Table 3 gives
the PM composition of different cell types. For instance, SM and cholesterol contents of the
RBC PM are particularly high, as compared to the PM of human alveolar macrophages.
Since cholesterol plays a dominant role in the regulation of membrane fluidity, changes in
cholesterol levels will differentially modulate membrane organization into domains in these
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PMs. It is also important to note that yeast PM exhibits ergosterol instead of cholesterol,
while most bacteria PMs do not contain sterols. Other factors such as the PM anchorage to
the underlying cytoskeleton, which is about 20-fold stronger in RBC than in fibroblasts, and
the presence of a cell wall, as in yeast, should also be considered (see Section 5.2).
Therefore, generalized discussions of submicrometric membrane domains need to be done
cautiously within the context of PM compositional heterogeneity and membrane anchorage
to the cytoskeleton.

4. Direct evidence for submicrometric lipid domains in living cells

In 1987, Yechiel and Edidin suggested the existence of submicrometric domains [19]. Their
discussion arose from FRAP analysis at various sizes of photobleached spots on human skin
fibroblasts, using a fluorescent PC analog. The morphological evidence was less convincing
due to the imaging capacity available at the time. In 1991, Rodgers and Glaser visualized
submicrometric domains on erythrocyte ghosts after insertion of fluorescent phospholipid
analogs, without clear equivalents found in living RBCs [20]. In 2002, Kusumi and coll.
hypothesized that phospholipids are confined within compartments delineated by
transmembrane proteins anchored to the underlying cytoskeleton and acting as pickets,
before undergoing hop diffusion to adjacent compartments ([21]; see also Section 5.2). In
the past decade, several groups have presented evidence of submicrometric domains in a
variety of living cells, including prokaryotes (Section 4.1), yeast (4.2) and animal cells (4.3),
although some generalizations appear still premature.

4.1. Prokaryotes

The existence of nanometric lipid domains has been for a long time restricted to eukaryotes
simply because their formation and/or maintenance require sterols, which are absent from
the membranes of most bacteria (see membrane composition of £. coliat Table 3). However,
it has been recently shown that bacteria organize many signal transduction, protein secretion
and transport processes in functional membrane microdomains, which seem equivalent to
eukaryotic lipid rafts (reviewed in [161]). The formation of these functional membrane
microdomains seems to require flotillin-like proteins. Interestingly, heterogeneous
distribution in domains of a flotillin-like protein from B. Subtilis has been directly visualized
by fluorescence microscopy [162]. The importance of flotillins was further highlighted by
the observation that domains exhibiting high GP value in Laurdan-labeled B. subtilis (Fig.
5a) could coalesce into larger domains upon loss of flotillins [31]. However, lipid
composition of these flotillin-enriched structures is not clear. Since sterols are absent from
most bacterial membranes, domain organization should depend on sterol surrogates and,
hence, the involvement of polyisoprenoid lipids has been proposed (reviewed in [161]). A
recent study using nanoSIMS has suggested hopanoid (pentacyclic triterpenoids structurally
similar to steroids)-enriched domains in cyanobacterium Nostoc punctiforme [163].

Using the fluorescent dye 10-N-nonylacridine orange (NAQO) that decorates cardiolipin,
other groups have shown the presence of cardiolipin-enriched domains at the cell poles and
at the division septum in £. coli[164] and B. subtilis [165], suggesting the presence in
bacterial membranes of domains that could be involved in cell division. Whether functional
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membrane microdomains and cardiolipin-enriched domains are spatially and functionally
related remains to be explored. Importantly, it is also still unclear if bacterial and eukaryotic
membrane domains share similarities. Taking into account the resolution limits of available
microscopy techniques, this question is particularly difficult because of the small size of
bacteria (sometimes less than 1um) and domains.

Yeast represents a powerful system to explore PM lipid and protein organization based on
genetic approaches. The PM of S. cerevisiae is known to be organized as a patchwork of
several protein domains [128]. Regarding lipid organization, studies using filipin have shown
that the budding yeast PM contains ergosterol-enriched domains (Fig. 5b) that colocalize
with the protein Sur7, a protein found in eisosomes [32]. Network-like lipid domains have
also been shown at the cytosolic PM leaflet, by targeting PS and PIP, with Lact-C2 and PH
domains [128] (see Section 3.1.2). More recently, major redistribution of PIP, into enriched
membrane clusters upon osmotic stress has been clearly evidenced for both fission and
budding yeast cells [166, 167]. Such PIP, clusters are spatially organized by eisosomes,
protein-based structures of the yeast PM which regulate activation of MAPK signal
transduction through the organization of cortical lipid-based domains [166]. Interestingly,
after perturbation of SL, sterol, PS or PIP levels, patchwork protein distribution is modified
[128], suggesting a relation between proteins and lipids at the yeast PM domains. For more
information of this subject, please see [168, 169].

In addition, other groups have suggested the existence of gel-like domains in yeast, but with
no morphological evidence and thus no domain size estimation. For instance, fluorescence
intensity and anisotropy decay analyses using #rans-Parinaric acid (t-PnA) or 1,6-
diphenyl-1,3,5-hexatriene (DPH) show reduced lateral heterogeneity in gel-like domains in
yeast with low SL levels, suggesting an essential role of SLs in these domains [170, 171].

4.3. Animal cells

As mentioned in the Introduction Section, submicrometric lipid domains have sometimes
been reported under non-physiological conditions, leading to intensified debate on their real
existence in physiological conditions. For instance, submicrometric domains have been
visualized in RBCs after alteration of membrane Cer and cholesterol contents upon
treatment with PIcHR2, a toxin from Pseudomonas aeruginosa exhibiting both
phospholipase C and SMase activities [172], or methyl-p-cyclodextrin [36], respectively. A
similar example was generated using CHO cells depleted of cholesterol [173]. Moreover,
there are cases in which submicrometric domains have not been detected. Thus, whereas
submicrometric domains enriched in SLs have been detected by SIMS at the fibroblast PM,
cholesterol is uniformly distributed throughout [25, 151]. Likewise, using protein
micropatterning combined with single-molecule tracking, Schutz and coll. have shown that
GPl-anchored proteins do not reside in ordered domains at the PM of living cells [39].

However, lipid domains have been documented in other cases with reliable approaches.
These were identified at the outer and/or inner PM leaflet of various cell types, using
different tools and methods. A substantial, albeit non-exhaustive, list of examples is
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presented in Table 1 and representative vital confocal images are shown in Fig. 5¢-f. Our
group focuses on human RBCs as a model of choice for the reasons mentioned at Section
3.3. Thus, by vital confocal imaging of RBCs partially spread onto poly-L-lysine-coated
coverslips, trace insertion in the outer PM leaflet of fluorescent lipid analogs has revealed
submicrometric domains of ~0.5um in diameter. Similar domains have been observed upon
direct labeling of endogenous SM and cholesterol using toxin derivatives (Fig. 6, 7 & Table
1) [26, 27, 29, 30, 146]. Importantly, double labeling of RBCs with the SM-specific lysenin
fragment (see above), then with BODIPY-SM, reveals perfect colocalization, suggesting the
relevance of BODIPY-SM to study its native counterpart [26]. Submicrometric lipid domains
have been confirmed on RBCs suspended in a 3D-gel, thus without artificial stretching,
suggesting a genuine feature of RBCs /17 vivo. Mechanistically, lipid domains are governed
by temperature, membrane lipid composition and membrane:cytoskeleton anchorage, thus
by membrane tension (Fig. 7; see also Section 5) [26, 29].

In addition to RBCs, oligodendrocytes are also a useful model to study PM organization,
based on differential relative abundance of specific lipids during differentiation (Section
3.1.3; for a review, see [132]) and a high global lipid content (~75% of their total dry weight,
with a protein:lipid ratio of ~0.3 vs~1 in most cells [174]). In fact, several reports have
contributed with seminal findings in this regard. First, PIP, is a major regulator of myelin
compaction by its close interaction with myelin basic proteins [175]. Second,
galactosylceramide and sulfatides form submicrometric domains [176], mutually interacting
at the apposed membranes of wrapped myelin (for a review, see [177]), regulating PM
organization and lateral diffusion of myelin proteins [178]. Third, GM1 submicrometric
domains are essential for oligodendrocyte precursor survival by providing signaling
platforms for growth factor-mediated integrin activation [179]. Fourth, sulfatide
submicrometric domains are necessary for neuron-dependent oligodendrocyte maturation by
contact with laminin, a molecule that is present at the axolemma [180] (Table 1).

Lipid domains can also be generated by the hydrolysis of specific lipids. As an example, one
can cite the Cer-rich domains with diameters of 200nm up to several micrometers that can be
formed upon degradation by acid SMase of sphingomyelin into Cer in response to stress
[33-35]. Such domains, also called platforms, can be visualized by a variety of techniques,
including fluorescence and confocal microscopy, and exhibit a gel like phase. They can play
a role in transmembrane signaling and can be involved in the physiopathology of various
diseases, including cancer [34].

5. Biogenesis

It is not clear how submicrometric lipid domains are formed, but various mechanisms have
been proposed. These include: (i) lipid:lipid interactions (Section 5.1); (ii) protein:lipid
interactions, including with the cytoskeleton or the cell wall (5.2); (iii) membrane turnover
(5.3); and (iv) extrinsic factors such as temperature, pH and osmolarity (5.4). Interplay/
balance between these different mechanisms likely varies from one cell to another,
impacting on domain abundance, size (Section 4) and function (Section 6).
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5.1. Lipid-based mechanisms

Acrtificial models are convenient to analyze biophysical parameters of lipid domains and
have been at the cornerstone of identifying key regulators of lipid submicrometric domains
in biological membranes (for reviews, please see [181-184]). These include cholesterol,
complex SLs and Cer, a.o.. Cholesterol is the most abundant lipid in several PMs, with up to
~45mol% in RBCs (see Table 3). This lipid emerges as a major regulator of submicrometric
domain biogenesis and/or maintenance in living cells, as illustrated by the following studies.
Depletion of cholesterol from living fibroblasts or CHO cells labeled by fluorescent SM
analogs induces the formation of submicrometric domains or increases their size, indicating
a restricting role of cholesterol for domain formation/maintenance in these cells [30, 173]. In
contrast, slight cholesterol depletion of the RBC PM decreases the abundance of PC- and
SM- but not GSLs-enriched submicrometric domains [26, 27] as well as lipid packing, as
revealed by Laurdan [185]. Moreover, cholesterol influences the shape of submicrometric
domains. For example, lowering cholesterol levels in native pulmonary surfactant
membranes induces a transition from circular to fluctuating borderline micrometric domains,
typical of gel-ordered like phases [16]. The fine and ambivalent effect of cholesterol on
submicrometric domains in different cells may be related to differences in membrane
composition. Indeed, cholesterol has been proposed to either promote lipid mixing by
converting gel and Ld phases into an intermediate Lo phase or, conversely, to favor SL
coalescence into SL- and cholesterol-rich Lo domains that separate from Ld domains [186].

Supporting the importance of SLs for domain organization, we have shown that cholesterol-
enriched submicrometric domains at the PM of RBCs are abrogated by SM depletion [29]
(Fig. 7b). Takamori and coll. showed that signal translation associated submicrometric
domains are only formed in a neutrophil cell line expressing long fatty acyl chain
lactosylceramide (LacCer) [187]. In line with this evidence, natural D-erythro-LacCer is
more prone to form highly-enriched submicrometric domains than the artificial L-threc-
LacCer [188]. These two studies suggest that both the fatty acyl chain length and the overall
conformation of the SL play a role in domain formation and/or maintenance.

Whereas Cer levels are extremely low in resting PMs, Cer significantly increases in stress
conditions and in response to stimuli by the hydrolytic action of SMase on SM, playing key
roles in a variety of cellular processes and diseases ([60, 172]; see also Section 6.4).
Interestingly, the extent of Cer-induced alterations is influenced by the interplay between
cholesterol and SM ratios: Cer-enriched domains are formed in conditions with low but not
high cholesterol levels. For more details, please see [60].

Depending on their lipid composition (especially cholesterol, SL and Cer contents), lipid
domain biophysical properties can strongly vary. Among others, one can cite: (i) membrane
fluidity, a property highly influenced by the nature of lipids and the degree of unsaturation of
fatty acyl chains; (ii) membrane asymmetry resulting from differences in composition of the
two membrane leaflets and the slight area excess in the outer layer (bilayer couple
hypothesis) [189]; and (iii) membrane curvature and the bending energy due to the resultant
bilayer rigidity and the line tension on domain edges [190, 191].
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5.2. Protein-based mechanisms

Lipid clustering in submicrometric domains not only arises from physical order, consequent
from lipid acyl chains and sterol content (see Section 5.1), but also from specific chemical
interactions between membrane proteins and lipids (Section 5.2.1). In addition, the
cytoskeleton also influences lipid assembly (5.2.2). Other factors such as membrane
turnover (5.2.3) and external factors (5.2.4) will also be briefly discussed.

5.2.1. Specific membrane protein:lipid interactions—Membrane association of a
protein can be achieved by different ways. Membrane interaction can simply occur by a
membrane-spanning region, which is hydrophobic and then preferentially localized in a
layer of lipid molecules. The first shell of lipid molecules interacting directly with the
protein is called the lipid annulus and is thought to be a set of lipid molecules which
preferentially binds to the surface of the membrane protein. These interactions are weak and
are driven by many van der Walls, hydrogen bonding and electrostatic interactions [192].
Even if these interactions are not very specific, they can play a cooperative role and
modulate the protein function or localization. It is already well studied that the sarcoplasmic
reticulum/endoplasmic reticulum calcium-ATPase (SERCA) activity is affected by the
composition and structure of its lipid annulus [193]. Specific lipids of the bilayer can also
directly interact with the transmembrane domain of the protein with stronger interactions.
Case in point, the cytochrome c oxidase interacts specifically with thirteen lipid molecules
among which four of them stabilize the homodimer formation [194]. A highly specific
interaction between one SM species (C18:0) and a transmembrane domain has been shown
in the protein p24, implicated in the COPI machinery from the Golgi. It seems that SM act
here as cofactors and regulate the equilibrium between an inactive monomeric and an active
oligomeric state of the p24 protein, allowing regulation of the COPI-dependent transport
[195].

Besides integral membrane proteins, many soluble proteins can bind membrane bilayers via
lipid-binding domains. For example, ERM proteins (Ezrin, Radixin, Moesin) mediate the
anchorage of actin to the PM, via their PH-domain specific for PIP, [196, 197]. Protein
kinase C can also bind to PM through a C1 domain specific for diacylglycerol (DAG) and is
activated when the concentration of DAG is increased [130]. Whereas these domains
generally have for target very specific and rare lipids that are known to be regulated in time
and/or space, there are lipid-binding domains which recognize an abundant and ubiquitous
phospholipid. For example, calcium-dependent C2 domains and Annexin A5 interact with
PS only when the calcium concentration is high enough, allowing a regulation in time and/or
space that the abundant target would not have [130]. Less specific interactions could occur
between proteins and lipids via electrostatic interactions between polybasic sequences in the
protein and acidic phospholipids in the inner PM leaflet. For example, clustering of
syntaxin-1A, the major protein of the SNARE complex (Soluble N-ethylmaleimide-sensitive
factor Attachment protein Receptor) can be induced by membrane enrichment in PIP, owed
to its polybasic sequence [198]. However, these interactions are weak and PIP, can be
released for example when the local intracellular calcium level increases, allowing another
level of regulation [199].
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Finally, proteins can be associated to the membrane by post-translational addition of lipid
anchors, including (i) GPI anchors; (ii) myristic/palmitic acid tails; and (iii) isoprenylation
[200]. GPI-anchored proteins are located to the extracellular PM leaflet while the others are
on the cytoplasmic leaflet. Each one differs by the length and the saturation of the acyl
chains. GPIl-anchored and palmitoylated proteins have mostly long saturated acyl chains and
are suspected to be associated with lipid rafts, while proteins bound to the membrane by
isoprenyl and myristoyl anchors have shorter and/or unsaturated acyl chains that seem less
clustered in membranes [201]. Moreover, such protein lipidations can be dynamically
regulated. GPI-anchored proteins can be released from the membrane by the action of a PI-
specific phospholipase C [202] and the membrane anchorage of myristoylated proteins can
be activated by a “ligand”-dependent conformational change of the protein leading to
exposure of the myristoyl moiety previously sequestered in the protein [203]. Palmitoylation
is the only one which is reversible thanks to protein acylthioesterases responsible for the
removal of the palmitate [204]. All these mechanisms may be relevant for spatial and
temporal regulation of signaling and shaping events.

5.2.2. Interactions between the plasma membrane and the cortical
cytoskeleton or the cell wall—The interaction between PM and the cortical actin
cytoskeleton represents another important factor for lipid domain biogenesis/maintenance.
By studying the movement of unsaturated phosphatidylethanolamine (PE) in rat fibroblasts,
Kusumi and coll. suggested that the PM is compartmentalized into large areas (~750nm in
diameter) containing smaller regions (~230nm in diameter). This appears to result from an
actin-based membrane cytoskeleton fence structure with anchored transmembrane proteins
acting as pickets [21]. Electron tomography reconstruction of the cytoskeleton:membrane
interface revealed that the PM cytoskeleton covers the entire cytoplasmic surface in close
association with clathrin coated pits and caveolea. This double compartmentalization model
may explain the slower diffusion rate of lipids observed in cell membranes than that
measured in artificial bilayers. A model for the PM organization into three domains of
decreasing size and showing cooperative actions was subsequently proposed by Kusumi and
coll. [205-207]: (i) the membrane compartment (40-300nm in diameter), corresponding to
the PM partitioning mediated by the interactions with the actin-based membrane
cytoskeleton (fence) and the transmembrane proteins anchored to the membrane
cytoskeleton fence (pickets); (ii) the raft domains (2-20nm) confined by the anchored
transmembrane proteins; and (iii) the dynamic protein complex domains (3-10nm),
including dimers/oligomers and greater complexes of membrane-associated and integral
membrane proteins. This model is supported by the demonstration by Frisz and coll. that
actin depolymerization induces a randomization of 15N-SLs in fibroblasts, indicating that
SL-enriched domains strongly depend on the actin-based cytoskeleton [25]. More recently,
Mayor and co-workers provided experimental and simulation data showing that
nanoclustering of GPI-anchored proteins at the outer PM leaflet by dynamic cortical actin is
made by the interdigitation and transbilayer coupling of long saturated acyl chains.
Interestingly, authors also suggest that cholesterol can stabilize Lo domains over a length
scale that is larger than the size of the immobilized cluster, supporting the importance of
cholesterol in this process. This mechanism could have implications not only for the
construction of signaling platforms but also for cell deformation in many physiopathological

Prog Lipid Res. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carquin et al.

Page 23

events such as migration, possibly via the formation of the contractile actin clusters that
would determine when and where domains may be stabilized [208] (see also Section 6.1).

These two studies contrast with the observation that acute membrane:cytoskeleton
uncoupling in RBCs increases the abundance of lipid submicrometric domains (Fig. 7c)
[29]. The reason for this difference could reside in that, contrarily to most animal and fungal
cells with a cortical cytoskeleton made of actin filaments and slightly anchored to the
membrane, the RBC cytoskeleton is primarily composed by spectrin and is more strongly
anchored to the membrane (e.g. > 20-fold than in fibroblasts) [209].

Like RBCs, yeast exhibits membrane submicrometric domains with bigger size and higher
stability than in most mammalian cells. These features could not be due to the cytoskeleton
since yeast displays faster dynamics of cortical actin than most cells, reducing its
participation in restricting PM lateral mobility [128]. They could instead be related to close
contacts between the outer PM leaflet and the cell wall which impose lateral
compartmentalization of the yeast PM (for details, see the review [169]). For instance,
clustering of the integral protein Sur7 in domains at the PM of budding yeast depends on the
interaction with the cell wall [210]. As an additional potential layer of regulation, the very
close proximity between the inner PM and endomembrane compartments, such as vacuoles
or endoplasmic reticulum, has been proposed to impose lateral compartmentalization in the
yeast PM, but this hypothesis remains to be tested [169]. For molecular and physical
mechanisms involved in lateral PM heterogeneity in yeast, please see [168, 169].

5.3. Membrane turnover

In eukaryotic cells, membrane lipid composition of distinct organelles is tightly controlled
by different mechanisms, including vesicular trafficking (for a review, see [4]). This must
feature be considered as an additional level of regulation of PM lateral organization in
domains. There is a constant membrane lipid turnover from synthesis in specific organelles
(e.g. endoplasmic reticulum, Golgi) to sending to specific membranes. One can cite the
clustering of GSLs in the Golgi apparatus during synthesis before transport to and
enrichment at the apical membrane of polarized epithelial cells [6]. Once at the PM, lipids
can be internalized for either degradation or recycling back. This process called endocytosis
is regulated by small proteins, such as Rab GTPases, that catalyze the directional transport.
The selectivity of lipids recruited for this vesicular transport could then be a major regulator
of local lipid enrichment into submicrometric domains, as discussed for yeast in [169].

5.4. Extrinsic factors

Environmental factors including temperature, solvent properties (e.g. pH, osmotic shock) or
membrane tension also affect submicrometric domains. Temperature is an essential factor to
take into account since each lipid species has its own T (see Section 2.1). The importance
of temperature for lipid domains is illustrated by the following observations, a.0. In RBCs,
the abundance of submicrometric domains enriched in polar lipids or cholesterol (Fig.
7a,d,e) shows a strong dependence on temperature [26, 30, 146]. In activated platelets,
submicrometric domains are more abundant at cold than at physiological temperature [91].
In native pulmonary surfactant membranes or in derived human skin stratum corneum
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membranes, a slight change of temperature induces a dramatic phase transition [16, 18]. The
effect of temperature on domains can be explained by the change into acyl chain
conformation beyond the Tmas discussed in Section 2.1. Besides temperature, pH seems
also important for domain formation, as illustrated in derived human skin stratum corneum
membranes: pH ~5-6 induces micrometric domains, in contrast to pH 7 which renders lipid
organization homogenous and pH 8 which destabilizes lipid membrane architecture [18].
These observations suggest that changes in lipid ionization upon pH modifications affect
lipid molecule interactions into submicrometric domains. The perturbation of osmolarity,
which is due to a change in ions in the medium and can modulate membrane tension,
represents a third factor able to modulate lipid domains. For example, RBC swelling after
hypotonic shock induces a reversible coalescence of SM submicrometric domains [30]. Cell
stretching can also modulate membrane tension, affecting lipid organization into domains.
We have shown this effect using RBCs spread onto poly-L-lysine-coated coverslips, where
stretching forces decrease the abundance and size of submicrometric domains [27].

6. Physiopathological significance

Visualization of submicrometric lipid domains raises the question of their
physiopathological significance in the life of the cell. Four, not mutually exclusive, roles can
be hypothesized, including: (i) membrane reservoir for global cell deformation; (ii) local
membrane vesiculation sites; (iii) platforms for protein recruitment and/or activation; and
(iv) platforms for subversion by infectious agents (Fig. 8). These different mechanisms
might coexist, depending on the type of lipid domain involved and on the morphological,
biochemical and functional properties of the cell.

6.1. Membrane reservoir

Analogous to caveolae in endothelial cells [211], submicrometric lipid domains may
promote lipid resilience to sustain membrane deformability during cytokinesis, cell
polarization or cell squeezing (Fig. 8a). For example, by super-resolution fluorescence
microscopy, labeling with fluorescent lysenin and theta fragments and expression of the PH-
PLC81 domain has revealed that cytokinesis of HelLa cells requires the recruitment of SM,
cholesterol and PIP, in domains around the cleavage furrow [23]. Similarly, microscopy
experiments using Laurdan reveal that organization in ordered domains of the yeast
membrane at the mating projection depends on SLs [212]. Lipid domains could also play a
role in cell polarization, as exemplified by the concentration of PE at polarized ends in
budding yeast [213] and by the main localization of SM-enriched domains at the basolateral
membrane of differentiated epithelial cells [114]. Finally, lipid domains could promote cell
deformability. All cells are subjected to deformations and this is a critical feature for
numerous physiological processes, such as squeezing of RBCs across the narrow pores of
the spleen. Other examples include squeezing of cancer cells through tight spaces to invade
tissues [214] or formation of the phagocytic cup [215] and the immunological synapse
[141]. Regarding RBCs, our group hypothesizes that submicrometric lipid domains could
provide stretchable membrane reservoirs when they squeeze into the narrow pores of the
spleen, a process occurring >10,000 times during their 120-days lifetime. This hypothesis is
currently tested by biophysical approaches.
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6.2. Membrane vesiculation sites

In the early 90's, Lipowsky proposed a theoretical model predicting the local budding and
vesiculation of the PM when membrane lipid and/or protein domains become unstable at a
certain size [190]. This vesiculation process depends on different properties including: (i)
the composition of the two membrane leaflets; (ii) the shapes of lipids and proteins present
in the bilayer; (iii) the bending energy due to the resultant bilayer rigidity and the line
tension on domain edges; (iv) the size of the domains; and (v) the membrane:cytoskeleton
anchorage [190, 191]. This theoretical model is supported by the following experimental
observations a.o.. First, in GUVs, Ld phases tend to spontaneously reside in curved
membrane regions whereas Lo phases are preferentially localized in flat regions [216]. This
was also shown by molecular dynamics simulations [217]. Second, in living keratinocytes
labeled by the Ld marker DilC18 and the Lo marker CTxB-FITC, submicrometric
membrane separation and spontaneous vesiculation of the Ld domains occur. Such
vesiculation is still increased upon cholesterol depletion, which further enhances Lo/Ld
domain separation and the detachment of the cortical cytoskeleton from the membrane
[218]. Third, microvesicles released from activated neutrophils are enriched in cholesterol,
which seems essential for microvesicle formation [219]. This observation suggests that lipid
rafts or larger lipid domains of particular composition might be the starting point of the
vesiculation process. This might explain how microvesicles of the same cellular origin may
have different protein and lipid composition [220]. Fourth, it is well-known that senescent
RBCs loose membrane by vesiculation (Fig. 7f illustrates this point by labeling of
cholesterol with theta toxin fragment; unpublished). Similarly, in spherocytosis, a RBC
membrane fragility disease which leads to the release of microvesicles, our unpublished data
suggest that SM-enriched domains represent vesiculation sites.

Microvesicles derived from PMs are found in all body fluids and were for a long time
considered as inert cellular fragments. However, during the last few years, the hypothesis
that microvesicles have crucial roles in both physiological and pathological processes has
emerged (see Fig. 8b). Microvesicles are involved in intercellular communication [221, 222],
coagulation [223], inflammation [223, 224], tumorigenesis [191], migration [225] and
parasitism [226]. Microvesicles are also proposed to play a role during RBC senescence by
two opposite mechanisms. They may (i) prevent the elimination of the senescent but yet
functional RBCs, by elimination of band3 neoantigen, denatured hemoglobin and oxidized
proteins [227]); or instead (ii) promote removal of senescent RBCs from the circulation, by
elimination of CD47, a marker of self [228]. In addition to RBC senescence [229],
microvesiculation is also observed in blood bags destined to transfusion [230] and is altered
in RBC diseases such as spherocytosis, sickle cell disease or thalassemia [231].
Microvesicles might also represent interesting diagnostic biomarkers [232, 233] and even be
used in therapeutic applications [234].

6.3. Regulation of protein distribution

As proposed for lipid rafts, domains of particular lipid composition may serve as recruitment
or exclusion platforms for membrane proteins, participating in the spatiotemporal regulation
of dynamic cellular events (Fig. 8c). A recent study inspired the idea that confinement of
proteins facilitates reaction bursts instead of constant and weak reactions [235]. Several
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membrane biophysical properties, such as thickness, charge and curvature, could affect
protein recruitment or exclusion. These properties depend on the lipid bilayer composition
and are thus likely different between lipid domains. Whereas membrane biophysical
properties were extensively studied on simple lipid mixtures, the diversity of PM lipid
composition of different cells renders the situation more complex. Moreover when proteins
are added to the picture, lipids and proteins tend to perturb the properties of each other
[236-238]. To minimize energy loss, the hydrophobic thickness of the protein should be
equal to the lipid bilayer thickness [236, 239]. Most of the time, the protein tends to localize
in a part of the bilayer where the hydrophobic thickness is favorable. If, for some reason, the
protein does not find a match, neighboring lipids could adjust to the protein requirements.
Proteins can also tilt to hide the hydrophobic part of their transmembrane domain in the
hydrophaobic part of the bilayer. But if the mismatch is too important, the protein can
aggregate to decrease the energy loss [239, 240]. Hydrophobic mismatching may be used to
sort proteins in function of the length of their hydrophobic regions to specific compartments
and/or membrane domains. Van Galen and coll. recently showed modified organization of
functional enzymatic domains and differential sorting of transmembrane proteins in the
Trans-Golgi network after disruption of SM homeostasis [241].

The global membrane charge seems to play an additional role in protein sorting. The inner
PM leaflet is the most negatively charged membrane of all cell bilayers, attributed to its high
PI and PS contents. Through ionic interactions, these acidic phospholipids can favor the
targeting of membrane proteins with a polybasic sequence or induce membrane protein
clustering to confined regions (see Section 5.2.1). The interaction of polybasic sequences
with acidic phospholipids can instead cause steric hindrance and limit the accessibility to
other proteins. This process is used during the activation of T cell receptor (TCR) upon
antigen engagement. TCR interacts with acidic phospholipids through ionic interactions in
quiescent T cells, resulting into deep membrane insertion of the tyrosine side chains. This
renders TCR inaccessible to phosphorylation by the Srckinase Lck. After antigen
engagement of TCR, local calcium concentration increases, leading to disruption of the ionic
protein-lipid interaction, dissociation of tyrosines from the membrane and accessibility to
Lck [242, 243].

Finally, membrane curvature, generated by the creation of lipid asymmetry between the two
leaflets or by the application of forces or mechanical constraints to the membrane, can also
influence protein distribution [244]. For example, the voltage-dependent K* channel KvAP
is heterogeneously distributed with greater enrichment in highly curved GUV membranes
after artificial micropipette bending [245]. The intrinsic shape of a protein may be a critical
factor to attribute a place in a certain membrane region in adequacy with the membrane
curvature [246].

6.4. Subversion by infectious agents

The PM represents a barrier to external aggression. Therefore, membrane lipids may be

targets/receptors of infectious agents such as bacteria and their associated toxins, viruses or
parasites. GSLs represent prime targets for toxin and viral binding (Fig. 8d). The paradigm
of this behavior is the bacterial cholera toxin that specifically binds to ganglioside GM1 by
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its B subunit. After endocytosis of the complex GM1-cholera toxin and transport to the
endoplasmic reticulum, the A subunit is unfolded and translocated to the cytosol to induce
toxicity [247]. The B subunit has been shown to induce sterol-dependent raft coalescence
into submicrometric phases in PM spheres [47]. Shiga toxin, which binds the
globotriosylceramide Gb3, induces large lipid domains leading to negative membrane
curvature and inward tubulation [248]. Likewise, Simian virus 40 (SV40) binds to
ganglioside GM1 and induces similar membrane invagination [249]. The human
immunodeficiency virus (HIV) was also shown to colocalize with GM1 and with DilC16
into domains [250]. SM-enriched domains represent another target for toxins such as
lysenin, inducing cytolysis [114]. Cer is also a pertinent candidate in infectious biology for
its ability to cluster into gel-like domains, a prerequisite for different infections (for a review,
see [251]). In this regard, Pseudomonas aeruginosa has been shown to form Cer
submicrometric domains in host cells by activation of SMase that hydrolyses SM into Cer
[33]. Similarly, Plasmodium falciparum activates host as well as pathogen SMases, inducing
Cer domains and the generation of a parasitic cavity inside RBCs [252]. These few examples
demonstrate that SL submicrometric domains are important in infectious diseases,
representing potential targets for treatments.

7. Conclusions & future challenges

In this review, we have highlighted that studying membrane lipid lateral heterogeneity
requires a combination of appropriate fluorescent tools, innovative technologies as well as
simple and well-characterized cell models. Regarding probes, we have overviewed
established probes for the most abundant lipids (Sections 2.2.1 and 3.1; Fig. 3), highlighting
their respective advantages and drawbacks. The take-home message is that, whereas several
new probes for outer PM leaflet lipids were established and validated during the past decade,
such as toxin fragments, only a few are developed for inner PM lipids. Moreover, among
available probes, some present limitations, including need of fixation and cytotoxicity. The
“ideal” probe would be a small, non-toxic and specific marker of endogenous lipids that can
be used on living cells and which exhibits good spectral properties. However, to the best of
our knowledge, such probes are not currently available. Therefore, designing of new probes
for several lipids would represent a central future challenge. In the meantime, a way to work
is to compare several probes for a same target lipid, when available. As an example, double
labeling of living RBCs with lysenin toxin fragment, specific to endogenous SM, then with
the fluorescent analog BODIPY-SM, reveals the same submicrometric domains (Fig. 6 [26]).
Once validated, probes can then be combined to study spatial relation between lipids located
in the same PM leaflet, or in one leaflet vsanother. For instance, electron microscopy of
Jurkat T-cells double labeled with lysenin fragment and CTxB shows that SM- and GM1-
rich domains are distinct, indicating the dissociation of these two lipids in the outer PM
leaflet [24]. In addition, by super-resolution microscopy of LLC-PK1 cells, a superposition
of SM clusters in the outer PM leaflet and PIP; in the inner leaflet has been shown,
indicating a transbilayer colocalization between these two lipids [23]. Thus, combination of
validated probes allows to build a map of membrane lipid lateral and transversal
organization. Like for probes, even recent technological approaches, such as super-
resolution techniques, have their own limitations, as discussed above (Section 3.2; Fig. 4).
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Last but not least, it is critical to start with a cell model which is at the same time simple
(featureless surface, no lipid turnover nor vesicular trafficking, facilitating data
interpretation) and well-characterized (Section 3.3).

Despite known limitations of probes and imaging techniques, morphological evidence for
stable submicrometric lipid domains was reported for a variety of cells from prokaryotes to
yeast and mammalian cells (Section 4; Table 1). This represents a second revision of the
Singer-Nicolson model, after the nanometric lipid rafts concept. As highlighted at Section 6
and summarized at Fig. 8, this new view of membrane organization into submicrometric
domains could confer the size and stability required for PMs to (i) deform (e.g. during RBC
or cancer cell squeezing, cell migration, cytodieresis, cell polarization or formation of the
immunological synapse); (ii) locally vesiculate (e.g. cell-cell communication, cell migration,
tumorigenesis, RBC senescence and membrane fragility diseases); (iii) regulate membrane
protein distribution (e.g. brain development, SNARE complex, TCR signaling); or (iv) be
subverted by infectious agents. Whereas some groups have identified submicrometric lipid
domains as targets for protein recruitment (Section 6.3) and for infectious agents (6.4), the
two other potential roles remain to be demonstrated.

However, caution should be exercised when generalizing submicrometric lipid domains. We
identified several reasons that may help explaining why submicrometric domains have been
missed or neglected. In addition to technical issues (spectral properties of tracers, fixation,
temperature of examination), global PM lipid composition and membrane:cytoskeleton
anchorage might also represent important factors to explain differences between studies. A
first limiting factor for the visualization of submicrometric lipid domains is related to the
spectral properties of the tracers used. For example, as compared with BODIPY, NBD
requires much higher laser power, due to lower quantum yield, thus inevitably causing
accelerated photobleaching. Fixation, necessary for some compounds/imaging methods,
must be considered as a second limitation since membrane protein long-range movement is
even not fully arrested after fixation with formaldehyde and low concentration of
glutaraldehyde [253]. This is why some groups favor vital confocal imaging instead of
super-resolution microscopy on fixed cells despite lower resolution. Temperature of
examination represents a third technical issue. Indeed, domain abundance strongly varies
with temperature, a possible cause of non-reproducibility. Besides technical issues, lipid
membrane composition, in particular the abundance of cholesterol and SLs, can
considerably vary between cell PMs (see Table 3). Finally, unequal membrane:cytoskeleton
anchorage, particularly strong in RBCs and myablasts, could also potentially explain
differences in lipid PM distribution among cell types. Likewise, the presence of a cell wall
as in yeast should also be considered.

In conclusion, one major challenge that our field faces is to evaluate whether lipid domains
can be generalized or if they are restricted to cells exhibiting particular membrane lipid and
protein composition, biophysical properties and/or membrane:cytoskeleton anchorage. In
addition, various key questions remain poorly understood and are suggested fields for future
investigations, including: (i) what is the exact size and diversity of lipid domains?; (ii) to
what extent do nanometric rafts undergo regulated coalescence into submicrometric domains
under various appropriate conditions, as already suggested for the immunological synapse
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[141] and for platelet activation [59, 91]?; (iii) is there a correspondence between lipid
domains at outer and inner PM leaflets?; (iv) how can protein:lipid interactions vs intrinsic
lipid packing be integrated to regulate domains?; and (v) what are the physiopathological
roles of domains?.
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PH pleckstrin homology

Pl phosphatidylinositol
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SL sphingolipid
SM sphingomyelin
SMase sphingomyelinase
So solid-ordered
TIRF total internal reflection fluorescence
Tm melting temperature
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Figure 1. Vizualization of phase coexistence in artificial and very specialized membranes. (a)
Giant unilamellar vesicle (GUV) composed of DOPC:cholesterol:SM (1:1:1) and 0.1mol% GM1

Labeling with Alexa 488-CTxB (GM1; green) and DilC18 (red) and examination at 23°C.
(b) GUV made of DOPC:cholesterol:SM (1:1:1). Labeling with Laurdan. fo, fluid-
ordered; fd, fluid-disordered. (¢) GUV made of POPC and 30% NCeramide mixture.
Labeling with Rhodamine-DOPE and examination at 22°C. (d) Human skin stratum
corneum (HSC) lipid membrane. Labeling with DilC18 and examination at 32°C (/.¢. skin
physiological temperature). (e) Pig pulmonary surfactant membrane. Labeling with
BODIPY-PC (green) and DilC18 (red) and examination at 36°C. (f) PM sphere (PMS)
derived from A431 cells. Labeling with Alexa 488-CTxB (GM1; green) and Alexa 568-
transferrin (Tf, red) and examination at 37°C. Notice Lo/Ld (a,b,e,f) vssolid-ordered
(So)/Ld (c) or So/So (d) phase coexistence. DOPC, 1,2-dioleoyl-sr-glycero-3-
phosphocholine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; DOPE, 1,2-
dioleoyl-sr-glycero-3-phosphoethanolamine. All scale bars, 10um. Adapted with permission
from: (a) [17]; (b) [43]; (c) [44]; (d) [18]; (e) [16]; (f) [47].
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Figure 2. Regulation of phase coexistence in artificial membranes
A. Temperature GUVs of native pulmonary surfactant membranes, labeled with BODIPY-

PC (green, Ld) and DilC18 (red, Lo) and examined at the indicated temperatures. B.
Cholesterol. GUVs composed of a lipid fraction of pulmonary surfactant membranes at the
indicated cholesterol molar ratio, labeled with BODIPY-PC (green, Lo) and DilC18 (red,
Ld) and examined at 25°C. C. Ceramide (Cer). GUVs composed of SM:Cer, labeled with
DilC18 and examined at 20°C. All scale bars, 10um. Adapted with permission from: (A,B)
[16]; (C) [61].
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Figure 3. Available tools to visualize lipid organization at the plasma membrane: (a) insertion of
exogenous fluorescent lipids; (b-e) decoration of endogenous lipids by exogenous probes

Top, localization of the lipid probes (schematics) in the outer PM (c), inner PM (d), or both
leaflets (a [except for PEG-chol in the outer leaflet], b,e). Bottom, non-exhaustive listing of
mostly used probes. Note that the size of lipids and probes are not to scale. For more
information, see text. Chol, cholesterol; Eqtll, equinatoxin Il; PEG, polyethyleneglycol.
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Figure 4. Visualization of plasma membrane lipid submicrometric domains by unconventional
diffraction limit microscopy (resolution >200nm; a,b) and higher-resolution microscopy
(<200nm; c-f)

(a) Lightguide-based total internal reflection (TIRF) microscopy on HEK293T cells labeled
with CTxB. (b) Photoactivation localization microscopy (PALM) on HeLa cells labeled
with a theta toxin fragment (Dronpatheta-D4). (c) Structured illumination microscopy
(SIM) at the apical surface of LLC-PK1 cells labeled with equinatoxin (Eqtl1(8-69)-EGFP;
green) and lysenin (mKate-NT-lysenin; red) fragments. (d) Single Dye Tracing (SDT) on
human airway smooth muscle cells labeled with fluorescent 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine. (e) Secondary ion mass spectrometry (SIMS) combined with TIRF
on fibroblasts labeled with 1°N-SL precursors. (f) Atomic force microscopy (AFM) on
outer PM leaflet of RBC ghosts after cholesterol depletion, which creates indentations
(green arrows). All scale bars, 1um. Adapted with permission from: (a) [145]; (b) [255]; (c)

[22]; (d) [114]; (e) [25]; (f) [36].
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Figure 5. Visualization of plasma membrane lipid submicrometric domains by fluorescence/
confocal vital imaging

(a) B. Subtilis labeled with Laurdan at 37°C. (b) S. Cerevisiae stained with filipin. (c)
RBC labeled with theta toxin fragment, mCherry-theta-D4 (cholesterol), at 20°C and
examined at the same temperature. (d) Platelets labeled with DilC18 and examined at
15°C. (e) CHO cell labeled with BODIPY-SM, pretreated with latrunculin B and examined
at 4°C (to prevent both endocytosis and membrane protrusions). (f) Macrophage labeled
with Laurdan and examined at 37°C. All scale bars, 2um. Adapted with permission from:

(a) [31]; (b) [32; (c) [29]; (d) [91]; () [30]; (f) [260].
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BODIPY-SM NT-lysenin

NT-lysenin BODIPY-SM

Figure 6. Need to use complementary unrelated probes for a specific lipid: illustration with SM
(a,b) Labeling with either BODIPY-SM (a) or lysenin fragment (b) reveals submicrometric

domains. Spread RBCs labeled by insertion of exogenous BODIPY-SM (green) or by
lysenin fragment (mCherry-NT-lysenin; red) to decorate endogenous SM and observed at
37°C. (c) Colabeling with BODIPY-SM and lysenin fragment reveals the same domains.
Spread RBCs labeled with lysenin fragment, then with BODIPY-SM in the absence of
lysenin fragment. Domains boxed at left are enlarged below. All scale bars, 2um; insets,
1um. From [26].

merge
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Figure 7. Regulation of plasma membrane lipid submicrometric domains: illustration for
cholesterol evidenced with the theta toxin fragment mCherry-theta-D4

(a) Abundance of domains in control RBC at 20°C. (b) Domain abrogation upon SM
depletion by sphingomyelinase pre-treatment. (c) Increase of domain abundance and size
upon acute uncoupling of membrane:cytoskeleton anchorage at 4.1R complexes by PKC
activation. (d,e) Progressive decrease of domain abundance and size from 20°C (a) to 30°C
(d) and 37°C (e). (f) Domain expulsion as microvesicles (arrows) upon accelerated aging
by extended storage at 4°C. Dotted line, RBC profile. All scale bars, 2um. (a-€) from [29];
(f) unpublished data.
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Figure 8. Potential roles for plasma membrane lipid submicrometric domains
For more information, see text. No speculation is made regarding lipid composition of

submicrometric domains involved in the different hypothetical roles.
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Table 1

Mammalian cells exhibiting plasma membrane submicrometric lipid domains.

Page 53

Cell

Lipid

Probe

Temperature/fixation

Imaging method

Domain diameter (um)  Ref.

SPECIFIC LIPID PROBES

Quter PM leaflet

Human RBCs chol mCherry-theta-D4 10-37°C/living Confocal ~0.5 [29]
SM BODIPY-SM 10-37°Cl/living Confocal ~0.5 [30]
mCherry-NT-lysenin 10-42°Cl/living Confocal ~0.5 [26]
GlcCer BODIPY-GlcCer 20-37°Clliving Confocal ~0.5 [30]
GM1 BODIPY-GM1 20°C/living Confocal ~0.5 [146]
Alexa 568-CTxB 37°Clliving Confocal ~0.5 [27]
PC BODIPY-PC 10-37°C/living Confocal ~0.5 [146]
NBD-PC (16:0) 10-37°Cl/living Confocal ~0.5 [146]
NBD-PC (18:1) 10-37°Cl/living Confocal ~0.5 [146]
NIH 3T3 SLs 15N-SL precursors 37°C/fixed®+0 SIMS ~0.2 [25]
Human skin fibroblasts SM MBP-lysenin freezen-fracture replica EM ~0.1 [114]
LacCer BODIPY-D-e-LacCer  10°C/living Fluorescence 05-1 * [188]
PC NBD-PC 18-20°C/living FRAP 0.35-0.5 [19]
CHO SM BODIPY-SM 10, 37°Cl/living Confocal/FRAP ~0.5 [30]
NBD-SM 37°Clliving Confocal/[FRAP ~0.5 [30]
NBD-SM 37°Clliving Confocal 1 * [173]
GlcCer BODIPY-GlcCer 10, 37°Clliving Confocal ~0.5 [30]
LacCer BODIPY-D-e-LacCer  10°C/living Confocal ~0.5 [146]
PC BODIPY-PC 10°C/living Confocal/FRAP ~0.5 [146]
C2C12 myoblasts chol mCherry-theta-D4 10°C/living Confocal ~0.5 [29]
HelLa chol Dronpa-theta-D4 20°C/fixedF PALM ~0.24 [22]
SM Dronpa-NT-lysenin 20°C/fixed" PALM ~0.25 [22]
MDCK GM1 Biotinylated-CTxB 4°C/fixed” NSOM 0.042 - 0.36 [156]
GM3 GMR6 antibody 4°C/fixed” NSOM 0.084 - 0.36 [156]
Endothelial cells GM1 FITC-CTxB 4°C/fixedF Confocal ? [142]
Jurkat cells SM HmMV-NT-lysenin 4°C/fixedF+G+0 EM 0.12-0.16 [24]
GM3 GM3 antibody 12°C/fixedM Confocal -1 * [135]
GM1 Biotinylated-CTxB 4°C/fixedF+G+0 EM 0.12-0.16 [24]
FITC-CTxB 12°C/fixedM Confocal W [140]
LLC-PK1 SM mKate-NT-lysenin 37°C/fixed™C SIM 015-0 4* [114]
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Cell Lipid Probe Temperature/fixation ~ Imaging method Domain diameter (um)  Ref.
Eqtl1(8-69)-EGFP 37°C/fixed™C SIM 02" [114]
Alexa 647-lysenin fixed PALM/dSTORM ~0.3-0.7 [23]
HEK293T GM1 Alexa 647-CTxB 37°Clliving LG-TIRF ~3 [145]
OLs GalCer mGalC 1gG3 antibody  fixedF Confocal 0.2 * [137]
OL precursors GM1 Rhodamine-CTxB 4°C/fixedFM Confocal 1 * [179]
sulfatides  O4 antibody 4°C/fixed™tM Confocal >1 * [180]
OL cell line GalCer 01 antibody 4°C/fixedF Confocal 1 * [178]
sulfatides  O4 antibody 4°C/fixed” Confocal 1 * [178]
PC12 PC mADb#15 antibody 4°C/fixedF Confocal >1 * [134]
Sensory neurons GM1 Biotinylated CTxB 20°C/fixed” Fluorescence 1 * [254]
Inner PM leaflet
LLC-PK1 PIP, Dronpa-PH-PLC81 fixed™C PALM/dSTORM ~0.3-0.7 [23]
OL precursors PIP, GFP-PH-PLC81 33°Cl/living Confocal -1 * [175]
NRK PE DOPE-Cy3 37°Clliving SDT 0.23-0.75 [21]
HASM PE DMPE-Cy5 20°Clliving SDT ~0.7 [255]
Both PM leaflets
L-cell fibroblasts chol DHE 37°Clliving Three-photon ? [143]
ARTIFICIAL LIPID DYES
Human RBCs Laurdan 20-37°Clliving Two-photon 0.2-1 * [185, 256-258]
Rabbit RBCs Laurdan 37°Clliving FCS 0.05->0.6 [28]
Human platelets DilC18 4-25°C/living Fluorescence ? [91]
NIH 3T3 Laurdan 37°Clliving Two-photon/FLIM >1 * [147]
HelLa Di-4-ANEPPDHQ 37°Clliving Two-photon ? [259]
RAW264.7 macrophages Laurdan 37°Clliving Two-photon >0.18 [260]
Jurkat cells DilC18 37°Clliving Confocal -1 * [135]
OLs Laurdan 37°Clliving Two-photon ? [137]

Cells: CHO, chinese hamster ovary; HASM, human airway smooth muscle; HEK293, human embryonic kidney; HelLa, human cell line derived
from cervical cancer; LLC-PK1, pig kidney; MDCK, Madin-Darby canine kidney; NIH 3T3, mouse embryo fibroblast; NRK, normal rat kidney

fibroblast; OL, oligodendrocyte; PC12, rat adrenal gland; RBC, red blood cell. Probes and lipids: chol, cholesterol; CTxB, cholera toxin B
subunit; DHE, dehydroergosterol; DilC18, dialkylindocarbocyanine C18; Di-4-ANEPPDHQ, a styryl dye; DOPE-Cy3, Cy3-conjugated 1,2-
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dioleoyl-sn-glycero-3-phosphoethanolamine; DMPE-Cy5, Cy5-conjugated 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; Eqtll, equinatoxin
11; GalCer, galactosylceramide; GlcCer, glucosylceramide; LacCer, lactosylceramide; MBP, mannose binding protein; PH, pleckstrin homology;

PLC, phospholipase C; SL, sphingolipid. Fixation methods: F, formaldehyde; G, glutaraldehyde; M, methanol; O, osmium. Imaging methods:
EM, Electron Microscopy; FCS, Scanning Fluorescence Correlation Spectroscopy; FLIM, Fluorescence Lifetime Imaging Microscopy; FRAP,
Fluorescence Recovery After Photobleaching; NSOM, Near-field Scanning Optical Microscopy; PALM, Photoactivation Localization Microscopy;
SDT, Single Dye Tracking; SIM, Structured Illumination Microscopy; SIMS, High-resolution Imaging Mass Spectrometry; dSTORM, direct
Stochastical Optical Reconstruction Microscopy; LG-TIRF, Lightguide-Based Total Internal Reflection Fluorescence Microscopy.

Domain diameter:

?, size not mentioned by authors.

*
domain diameter estimated by ourselves based on image analysis
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Table 2
Advantages and limitations of microscopy techniques applied to biological membranes to analyze lipid lateral
heterogeneity.
Methods Advantages Limitations Ref. Figures
HIGH-RESOLUTION CONFOCAL MICROSCOPY AND RELATED TECHNIQUES
Conventional confocal microscopy - XY resolution, ~200nm - photobleaching [261] Fig.5-7
- XZ resolution, ~500nm - phototoxicity
- live cell imaging & - use of fluorescent probes
immunofluorescence
- possibility of multiple labeling
- 3D-reconstruction
- easy to use
Two-photon excitation - deep imaging into the sample - XY resolution twice lower [43] Fig.5a
- focal vertical excitation than confocal
- limited photodamage - use of fluorescent probes
- visualization of UV-excited probes
Total Internal Reflection Fluorescence - XZ resolution, ~100nm - restriction to interface between  [262] Fig.4a
(TIRF) - limited photodamage two media of specific refraction
- negligible background noise index
- use of fluorescent probes
Fluorescence Recovery After - dynamics of lateral diffusion and - photobleaching [263] --
Photobleaching (FRAP) compartmentalization - diffusion properties of a pool
of molecules
- use of fluorescent probes
Fluorescence Lifetime Imaging - high temporal resolution - difficult analysis of molecules [264] --
Microscopy (FLIM) - possibility to gain information of with multiple lifetime
environment (viscosity, lipid:lipid and - complex and cost equipment
lipid:protein interactions) - use of fluorescent probes
Fluorescence Correlation Spectroscopy - molecular concentration measurement - use of highly-photostable [265] --
(FCS) - diffusion measurement fluorescent probes
- possibility to study molecular
interactions
- possibility of combination with several
imaging methods
SUPER-RESOLUTION MICROSCOPY
PhotoActivated Localization Microscopy - single molecule imaging - general requirement of sample  [266]  Fig.4b
(PALM) & Stochastic Optical - XY resolution, ~20nm fixation
Reconstruction Microscopy (STORM) - XZ resolution, ~50nm - use of fluorescent probes
- slow image acquisition for
mobile molecules
- high photodamage
- potential blur during the
overall recording time
Structured Illumination Microscopy - XY resolution, ~100nm - sample fixation [267] Fig.4c
(SIM) - lengthy image acquisition
- specialized hardware system
Single Dye Tracing (SDT) - high temporal resolution - heavy computational system [268] Fig.4d
- single molecule diffusion properties - use of fluorescent probes
SECONDARY ION MASS SPECTROSCOPY
Secondary lon Mass Spectrometry - study of endogenous molecule - sample fixation [269] Fig.4e
(SIMS) - XY resolution, ~50-100nm - requirement of ultra-high
- possibility of data quantification vacuum
SCANNING PROBE MICROSCOPY
Atomic Force Microscopy (AFM) - XY resolution, ~10nm - tip-sample distance challenge [154] Fig.4f

- study of endogenous molecule
- topography analysis

- measurement of mechanical properties

(deformation and elasticity)

- tip fragility
- complex data analysis
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Methods Advantages Limitations Ref. Figures
- measurement of molecular interactions
(chemical or hydrophobic adhesion and
receptor-ligand interaction)
Near-Field Scanning Optical - XY resolution, ~20-100nm - lengthy image acquisition [155] --

Microscopy (NSOM)

- topography analysis - challenging for live imaging
- use of fluorescent probes

For details, see text.
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