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Abstract

About twenty years ago, the functional lipid raft model of the plasma membrane was published. It
took into account decades of research showing that cellular membranes are not just homogenous
mixtures of lipids and proteins. Lateral anisotropy leads to assembly of membrane domains with
specific lipid and protein composition regulating vesicular traffic, cell polarity, and cell signaling
pathways in a plethora of biological processes. However, what appeared to be a clearly defined
entity of clustered raft lipids and proteins became increasingly fluid over the years, and many of
the fundamental questions about biogenesis and structure of lipid rafts remained unanswered.
Experimental obstacles in visualizing lipids and their interactions hampered progress in
understanding just how big rafts are, where and when they are formed, and with which proteins
raft lipids interact. In recent years, we have begun to answer some of these questions and
sphingolipids may take center stage in re-defining the meaning and functional significance of lipid
rafts. In addition to the archetypical cholesterol-sphingomyelin raft with liquid ordered (Lo) phase
and the liquid-disordered (Ld) non-raft regions of cellular membranes, a third type of
microdomains termed ceramide-rich platforms (CRPs) with gel-like structure has been identified.
CRPs are “ceramide rafts” that may offer some fresh view on the membrane mesostructure and
answer several critical questions for our understanding of lipid rafts.

1. Raft biophysics and cell biology

1.1. A brief history of lipid rafts

Public databases such as Pubmed list about 6500 studies published on “lipid rafts” till 2018,
about 20% of those are reviews. This number is large compared to other areas in cell biology
such as “membrane” or “cytoskeleton” with a proportion of about 10% being reviews and
the remaining publications being original research articles. The large proportion of reviews
indicates a looming challenge underlying research on lipid rafts: their existence and function
is still controversial (Sonnino and Prinetti, 2010). For one, there is only little doubt that the
distribution of lipids and proteins in cellular membranes is anisotropic: these components are
not homogenously distributed, but show some degree of lateral order, mainly in form of
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“crowding” or “clustering”. On the other hand, it has been notoriously difficult to understand
the biophysics of lipid rafts, mainly how lipid rafts are formed and what interactions
between lipids and proteins determine the function of rafts. More seriously, however, is the
technical difficulty to investigate lipid rafts, particularly in living cells. The following
sections will discuss the basics in biophysics and analysis of lipid rafts, the history of
discovery, and the progress made to determine their structure and function.

1.1.1. The pre-raft era of membrane biology: lipids, proteins, or both?—The
official birth date of formalizing the lipid raft hypothesis is June 51, 1997 when Elina
Ikonen and Kai Simons published a concept paper on “functional rafts” in Nature (Simons
and Ikonen, 1997), although Simons discussed the function of “glycolipid rafts” already in
previous studies on the regulation of polarized vesicular trafficking originating in the Golgi
of MDCK cells (Fiedler et al., 1994; Simons and van Meer, 1988). However, the first ideas
of membrane anisotropy in form of “membrane subdomains” or “microdomains” appeared
more than 20 years earlier, shortly after Singer and Nicolson postulated the “fluid mosaic
model” of the plasma membrane with homogeneously distributed proteins and lipids (Singer
and Nicolson, 1971, 1972). Most of this early work investigated the effect of different lipid
compositions on anisotropy in liposomes, with several remarkable studies in 1975 by Hui
and Parsons and 1980-82 by Klausner and Karnovsky visualizing lipid domains and
postulating a membrane model akin to the raft model, respectively (Hui and Parsons, 1975;
Karnovsky et al., 1982a; Karnovsky et al., 1982b; Klausner et al., 1980). One may even find
the first ideas on a modular mesostructure of membrane lipids emerging a decade prior to
the Singer-Nicolson paper, when the peculiar appearance of helical and hexagonal structures
in negative electronmicroscopic stains of lipid mixtures were interpreted as lipid micelles
representative of the structure of cellular membranes (Lucy, 1964). Considering what was
known about membrane anisotropy at the time the fluid mosaic model was published it is
surprising that the domain-driven mesostructure of the membrane was not included in their
model. In fact, Singer and Nicolson described protein clusters in the membrane as merely
driven by protein interaction and an experimentally induced artifact (Singer and Nicolson,
1972), a vantage point that continued to burden research on lipid rafts till now. Probably the
closest to what was later classified as subtypes of lipid rafts were membrane domain
structures identified as “caveolae”. The caveolae vs. lipid domain dichotomy apprehended
from early on the theoretical as well as experimental challenges to cope with understanding
the functional significance of protein-lipid interaction in rafts: if proteins cluster first, why
do they need lipids, and if lipid domains drive protein clustering, how do they do it?

Caveolae.: Caveolae were first described by Eichi Yamada in 1955, although the original
discovery by electron microscopic analysis of the plasma membrane of capillary endothelial
cells dates back to George E. Palade in 1953 (Yamada, 1955). Palade also proposed that the
numerous vesicles detected underneath of pits seen in the capillary membrane were
generated by inward pinching off the plasma membrane. Till today, his interpretation is valid
in that caveolae initiate one type of clathrin-independent and raft-dependent endocytosis.
The composition of caveolae consisting of oligomerized caveolin protein embedded into a
cholesterol-enriched microdomain was determined in the early 1990’s (Rothberg et al.,
1992). Cholesterol enrichment in caveolae was found by using the fluorescent cholesterol
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binding drug fillipin for microscopy. Since then, fluorescence microscopy techniques have
been instrumental in identifying formation and function of caveolae in cells, particularly
when fluorescent protein-tagged caveolins and other caveolae-associated proteins became
available. However, apart from interrupting caveolae by cholesterol depletion, the function
of lipids in caveolae remained elusive.

Lipid microdomains.: The critical function of lipids in sorting of membrane components
during intracellular trafficking was demonstrated in a series of seminal studies conducted by
Kai Simons and his post-doctoral fellow at that time, Gerrit van Meer in the 1980’s (Simons
and van Meer, 1988; van Meer et al., 1987). They showed that in MDCK cells, fluorescently
labeled glycosphingolipids are asymmetrically transported to the apical cell membrane,
suggesting that sphingolipids are critical for the membrane distribution of proteins. It was
already shown in the early 1970’s that alkaline or cold detergent (Trion X-100) insoluble
membranes in cell lysates are enriched with cholesterol and sphingolipids (Butters and
Hughes, 1974; Gurd et al., 1972).Decades later, isolation of detergent-resistant membranes
(DRMs) should become the commonly used method to biochemically characterize lipid
rafts. However, there were only few attempts to conceptually combine the lipid microdomain
with caveolin models until the famous “lipid raft” paper in 1997 (Simons and Ikonen, 1997).
The major conceptual difference of lipid microdomains and caveolae is as put by van Meer
when cited “lipids can do it by themselves” (Lai, 2003), meaning that lipid microdomains
are mainly self-organized by lipids (Fig. 1A). Caveolins were found to be associated with
DRMs just a few years before the raft hypothesis, and they are not present in all types of
lipid rafts.

Lipid shells.: Probably one of the least advocated models on the mesostructure of cellular
membranes integrating clustering of proteins and lipids is the annular lipid shell hypothesis.
Annular shells are formed by so-called “boundary lipids” that tightly bind to proteins and
surround them like a shell (Fig. 1B). They were discovered by spin labeling almost 50 years
ago when detecting immobilized phospholipids forming a single layered shell separating the
protein from the fluid bilayer of the membrane (Jost et al., 1973). While lipid shells explain
why proteins are tightly bound into membranes through hydrophobic interaction, they do not
by themselves predict clustering of proteins in lipid microdomains. It was not until recently
that they were suggested to drive the formation of lipid rafts (Anderson and Jacobson, 2002).
In recent years, the lipid shell hypothesis was revisited and refined in the “induced-fit raft
model of raft heterogeneity” proposed by Linda Pike in 2004 (Pike, 2004), a step-wise
remodeling mechanism driving lipid-bound proteins into membrane rafts.

1.2. The post-raft era: breaking down the barrier between lipids and proteins

Biophysicists are strict in their definition of different phases in a lipid membrane as
introduced by Ipsen et al. in 1987: there are liquid ordered (Lo) and disordered (Ld) phases
with particular lipids such as cholesterol promoting Lo, while others such as non-saturated
phospholipids favoring Ld phases (Ipsen et al., 1987). In Lo phases, fatty acid chains are
stretched (ordered), but lipids do not adopt hexagonal lateral arrangement (liquid-crystalline
vs. gel state). Separation into phases with spatial extension comparable to rafts occurs when
the mixing energy exceeds the Boltzmann energy of 0.55kT (Heberle and Feigenson, 2011).
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However, lipid domains, rafts, and shells are less defined in terms of thermodynamic
underpinnings, particularly when interaction with proteins is implicated. In a consensus
definition of lipid rafts formulated at the 2006 “Keystone Symposium on Lipid Rafts and
Cell Function” it was concluded that “Membrane rafts are small (10-200 nm),
heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains that
compartmentalize cellular processes. Small rafts can sometimes be stabilized to form larger
platforms through protein-protein and protein-lipid interactions” (Pike, 2006). The omission
of lipid-lipid interactions in this definition reflects the full gravity of a lack in our
understanding the function of lipids in rafts. The question at stake is relatively simple: how
do lipid rafts induce clustering of proteins to be relevant in a biological process? Obviously,
the answer is simple when protein clusters are stabilized by protein-protein interaction: the
binding energy is equivalent to the energy required to dissociate the protein complex. If a
protein complex is stabilized long enough, a biological response ensues. Likewise, pure lipid
domains are stabilized by binding of lipids to each other, however, binding energies are
usually lower by orders of magnitude than those of proteins. Hence, which forces drive
formation of lipid rafts and segregation of proteins into rafts, and why is this segregation
biologically relevant?

Diffusion-driven lipid raft formation.—The main difference between the
(homogeneous) fluid mosaic and the (heterogeneous) lipid raft model of cellular membranes
is that in the latter, lipids and proteins are segregated in different phases. Lipid rafts are
considered Lo, they are enriched with sterols such as cholesterol and sphingolipids such as
sphingomyelin and glycosphingolipids, and they are associated with specific proteins, so-
called raft proteins (Fig. 1A). Raft proteins are often post-translationally modified by
glycosylphosphatidylinositol (GPI) anchors or fatty acids (e.g., palmitoyl- or myristoyl-
residues), although covalently bound lipid anchors are not a general requirement for lipid
raft association and in most cases, they are rather critical for translocation of proteins to the
plasma membrane. Non-raft domains of the membrane are considered Ld, they are typically
enriched with non-saturated phospholipids and associated with non-raft proteins. Unless raft
and non-raft proteins are targeted directly into the respective domains in the membrane by
anterograde transport from within the cell, they have to be laterally “moved” within the
membrane. While the “driving force” for this movement is lateral diffusion, it is not clear
how diffusion of proteins is regulated by phase separation into raft and non-raft domains of
the membrane. Diffusion or flux of a particle is governed by Fick’s law, which is dependent
on the viscosity of the medium in which the particle moves. Denser packing of lipids in rafts
increases their viscosity compared to non-raft domains. One could imagine that segregating
a protein into the raft area is like stepping into a pile of mud, the protein gets stuck and
immobilized in the raft. However, if rafts function as diffusion barriers “trapping” proteins in
viscous lipid patches, then the barrier goes both ways and energy is needed to get the protein
in (Fig. 1A). Hence, diffusion alone is not able to explain how lipids in rafts alter the
distribution of proteins in the membrane. In addition, experimental observations using
fluorescence recovery after photobleaching (FRAP) microscopy on the apical membrane of
MDCK cells argue against immobility of proteins in rafts (Meder et al., 2006). On the
contrary, raft proteins move freely, while non-raft proteins are segregated to isolated
domains, suggesting percolation through a continuous raft-domain extending over the apical
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plasma membrane (Simons and Sampaio, 2011). This observation is in line with a more
recent interpretation of lipid rafts as diffusion barriers invoking the cortical actin
cytoskeleton underneath the plasma membrane. A mesh of actin filaments with periodic
openings lining the membrane domains allows for percolation and “hop diffusion” of raft
proteins (picket fence model) (Ritchie et al., 2003). However, while these models reconcile
experimental data with theoretical predictions about diffusion, they do not address the
central question of how rafts are formed and proteins segregated at first place.

Entropy and line tension-driven lipid raft formation.—Entropy is a powerful force
for coalescence of immiscible liquids. Illustrative examples are the merging of oil drops in
water or wax drops in lava lamps. The driving force for the process of coalescence is
reducing the degree of order by minimizing the surface of the immiscible phases. However,
since phase separation in artificial membranes increases with temperature, increasing
entropy must be counterbalanced by an energy term, which is called line tension. Line
tension along the borders of raft and non-raft membrane domains is mediated by van der
Waals interaction between lipids, which leads to lateral separation (demixing) of lipid phases
when the mixing energy exceeds 0.55kT (Ackerman and Feigenson, 2015). In artificial
membranes, reducing line tension as well as increasing entropy by coalescence will lead to
formation of larger rafts. Hence, the main question is how the lipid raft organization is
sustained without all phases coalescing into just two large raft and non-raft membrane
domains? A potential solution to this question has already been touched upon in the previous
paragraph on diffusion-driven raft segregation: cortical actin “fences” underneath the
membrane separate raft domains and prevent coalescence. There is direct experimental
evidence for this hypothesis from state-of-the art combination of fluorescence microscopy
and (secondary) imaging mass spectrometry (SIMS) methods. In a landmark study from
2013, the laboratory of Mary Kraft showed that in fibroblasts, membrane domains are
enriched with sphingolipids and interrupted by cholesterol depletion and reagents
depolymerizing the cortical actin cytoskeleton (Frisz et al., 2013). There is also evidence
that some sphingolipids, particularly ceramide and lysosphingolipids, can induce
coalescence of lipid rafts into larger platforms or domains (Gulbins and Kolesnick, 2003;
Spassieva and Bieberich, 2016). Probably, coalescence is triggered by enzymatic conversion
of raft lipids such as sphingomyelin into ceramide by activation of sphingomyelinases
(SMases), or hydrolytic breakdown of glycosphingolipids by glycosidases; and therefore, it
can be a well-regulated and tunable, but also a dysregulated and pathophysiological process.
However, while line tension and entropy can explain how lipid phases separate and fuse, and
how this can be regulated or disrupted by specific lipids, it is still unclear how this extends to
the segregation of raft and non-raft proteins.

Affinity-driven lipid raft formation.—We discussed that lipid rafts are diffusion barriers
separating non-raft and raft domains (Fig. 1A), which demands for an explanation how
certain proteins are enriched in rafts, and whether this enrichment is biologically relevant. In
the simplest case, we assume that no additional energy is needed and that overcoming the
diffusion barrier resembles a catalytic process that lowers “activation energy” for moving a
protein from a non-raft area of the membrane into a lipid raft. Once inside the raft, protein
distribution stabilizes at a lower potential energy with the activation energy for transition
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into the raft being equal to that of the mixing energy for lipid phases, 0.55kT (Ackerman and
Feigenson, 2015; Heberle and Feigenson, 2011). However, how is the activation process
mediated? In enzymes, the activation energy is lowered by binding of the substrate in a
transition state within the enzyme substrate (ES) complex. The equivalent of the transition
state is a complex between the raft protein and lipids we will term “chaperon lipids”. To
overcome the diffusion barrier, chaperon lipids bound to raft proteins engage into van der
Waals interaction with raft lipids (Fig. 1C). The fundamental difference to the shell
hypothesis is that chaperon lipids are only weakly bound and will be replaced by either raft
lipids or other proteins forming stable complexes once translocated into the raft. One may
even speculate that chaperon lipids prevent protein oligomerization in the non-raft phase,
while giving way to forming stable protein complexes once moved into the lipid raft (Fig.
1C). The “lipid chaperon” model resembles the induced-fit raft model proposed by Linda
Pike (Pike, 2004), however, it defines lipid-protein as a driving force for raft formation. In
any case, discussing lipid-protein affinity as a critical driving force in raft formation and
protein translocation demands for new experimental approaches in testing lipid-protein
binding and its function for the biological relevance of lipid rafts. Unfortunately, apart from
post-translational modification sites for GPI anchors and acylation, only little is known
about raft targeting motifs in proteins that could serve as binding sites for raft, shell, or
chaperon lipids. In recent years, focus was on the transmembrane domain (TMD) of raft
proteins that have to be long and slim to accommodate for the increased thickness of lipid
rafts and to reduce surface tension (Diaz-Rohrer et al., 2014b; Lorent and Levental, 2015).
However, these studies did not specify the lipids the TMD interacts with and the biological
significance of the TMD for raft association was not distinct from its function in the
translocation of proteins to the plasma membrane. There are only very few studies that
clearly show raft-specific targeting motifs with biological significance. One study identified
a six-amino acid, phospholipid-specific raft targeting motif in the C-terminus of Src
homology 2 containing phosphatase 1 (SHP-1) (Sankarshanan et al., 2007). Importantly, the
study performed site-directed mutation demonstrating that raft association of the
phosphatase was crucial for its cell signaling activity. Lipid raft localization, however, was
solely based on copurification of the protein with DRMs, while imaging using microscopy
was not performed. This limitation makes it difficult to decide if the targeting motif is
specific for raft association or also mediates translocation of the phosphatase to the plasma
membrane.

Interestingly, the phospholipids with the highest affinity to the raft-targeting 6-mer were
phosphatidic acid, phosphatidylinositol-4 phosphate (P14P) and P14,5P. P14Klla, the P14
kinase generating PI4P, is instrumental for lipid raft formation at the trans Golgi network
(TGN) (Clayton et al., 2013), and P14,5P has been implicated in the lipid regulation of
caveolae (Fujita et al., 2009). It is not known if these phospholipids have a general function
in chaperoning the translocation of proteins into lipid rafts. Most recently, novel methods
have been developed to cross-link lipid analogs to proteins, providing the opportunity to
define a lipid-protein interactome. By identifying and mutating raft-targeting sequences that
bind to specific lipids, one may be able to clearly demonstrate the biological significance of
lipid rafts for protein function in cell signaling and other biological processes.
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1.3. Lipid-enriched compartments and road maps for vesicle traffic

Prior to proposing the raft as concrete entity in cellular membranes, lipid rafts were
operationally defined as lipid-regulated sorting mechanism for vesicle flow from the Golgi
and TGN to the plasma membrane and back into the endosome. Instrumental for identifying
lipid-regulated polarity in vesicle flow was cultivation of polarized epithelial (MDCK) cells
and radioactive tracer analysis of the lipid envelope of apically vs. basally budded viruses
used as reporters for the lipid composition of the apical or basolateral domain of the plasma
membrane (van Meer and Simons, 1982). Simons and van Meer showed that a similar “lipid
polarity” underlies budding and sorting of exocytotic vesicles in MDCK cells, which was
hypothesized to be regulated by local enrichment of specific sphingolipids and
phospholipids at the TGN (van Meer and Simons, 1988). The next milestone was a study by
Deborah Brown and John Rose in 1992 showing that a GPI-anchored protein is recovered
from the glycosphingolipid-enriched DRM fraction of post-Golgi vesicles (Brown and Rose,
1992). The authors concluded that “protein-sphingolipid microdomains form in the Golgi
apparatus and plasma membrane”, which were dubbed “rafts” one year later by Simons and
colleagues (Fiedler et al., 1993). Hence, the postulate of lipid rafts in the Golgi and TGN as
polarized exit points for secretory vesicles preceded the formal description of rafts in the
plasma membrane by several years.

Since these original discoveries, sorting regulated by specific enrichment of lipids in the
Golgi and many other compartments has been implicated in intra- and inter-organelle vesicle
flow. Sphingolipids, particularly glycosphingolipids, sphingomyelin, and ceramide, and
phospholipids, particularly phosphatidylinositol phosphates (PIPs) have taken center stage in
understanding regulation of vesicle flow and membrane fusion and fission. We and others
demonstrated that sphingolipids including ceramide are organized in sphingolipid- or
ceramide-enriched compartments (sphingosomes or CECs) (Bieberich, 2008, 2011a, 2012;
Burgert et al., 2017; Cremesti et al., 2001; Gulbins and Grassme, 2002; Gulbins and
Kolesnick, 2003; He et al., 2012; Stancevic and Kolesnick, 2010; Zhang et al., 2009). Our
group found that an apical CEC (ACEC) is important for biogenesis and function of cilia
and cell polarity (Bieberich, 2011a; He et al., 2012; He et al., 2014; Kong et al., 2015a;
Krishnamurthy et al., 2007; Wang et al., 2009; Wang et al., 2008). In addition, various lipids
are distributed in a gradient with cholesterol and sphingomyelin enriched in the plasma
membrane, while ceramide appears to be enriched in the endosomal compartment (Schulze
et al., 2009; van Meer and de Kroon, 2011; van Meer et al., 2008). Based on these
observations we hypothesize that the lateral anisotropy of lipids leads to formation of rafts
that are integrated with a lipid gradient orthogonal to the membrane. This integration leads
to lipid compartmentalization and resembles a “road map” regulating intracellular vesicle
traffic and cell polarity. The vesicular identity is even preserved during mitosis when many
compartments such as the Golgi apparatus and the nuclear envelope are disintegrated into a
myriad of vesicles (“Golgi haze”) and yet reassemble in the daughter cells with a
composition identical to the original cell (Axelsson and Warren, 2004). The following
sections will discuss the functional compartmentalization of lipids in various organelles and
the potential contribution of lipid rafts in vesicular traffic.
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Golgi apparatus and TGN.—The secretory route from endoplasmic reticulum (ER) to
Golgi/TGN and then the plasma membrane was once the role model for regulating polarity
of vesicle cargo and direction by lipid rafts. Consensus was that cholesterol (or ergosterol in
yeast) was indispensable and accompanied by sphingolipids such as sphingomyelin and
glycosphingolipids to initiate at TGN exit points what should then become a lipid raft in the
plasma membrane. However, since several pioneering studies appeared about two decades
ago (Brown and Rose, 1992; Fiedler et al., 1993), there was not much progress in our
understanding on how these lipids actually achieve the sorting process. While focusing on an
active role of lipid rafts as organizers for sorting, it was less appreciated that a well-
investigated sorting process mediated by coat protein (COPI) polymerization for
intercisternal Golgi and retrograde vesicle transport to the ER does not rely on lipid rafts
(Arakel and Schwappach, 2018; Dodonova et al., 2015). After coating starts with binding of
a GTPase (Arfl) via myristoyl-residue insertion into the Golgi membrane, coat
polymerization is confined to the non-raft (liquid disordered or Ld) domains, probably to
prevent phase separation during coat assembly (Manneville et al., 2008; Pinot et al., 2010).
These data suggested that raft and non-raft domains in the Golgi/TGN are equally important
for vesicle transport within or from the Golgi. For sorting and transport from TGN to the
plasma membrane, specific GPI-anchored, raft-associated proteins are important, while non-
raft, coated vesicles are instrumental for trafficking to the basolateral plasma membrane or
within the Golgi-ER compartment (Guerriero et al., 2008; Surma et al., 2012).

Golgi morphology and intra-Golgi transport is disrupted by reducing cholesterol content by
just about 10% (Stuven et al., 2003), which implies a critical role for this archetypical raft
lipid in intra-Golgi and other Golgi-related vesicle transport. There is undisputable evidence
that a lipid gradient from ER to Golgi to plasma membrane increases the concentration of
cholesterol and sphingomyelin and that lipid transport is instrumental for this enrichment of
raft lipids in the plasma membrane (Brugger et al., 2000). However, it is debatable whether
lipids or proteins initiate or mediate the raft formation or sorting process. Probably, in Golgi-
related vesicle trafficking, proteins are the key players, but they cannot achieve sorting
without the proper lipid environment. This hypothesis is based on two important
observations made in recent years: 1) a portion of lipids is not transported by vesicles, but by
lipid transport proteins (LTPs) such as the glycolipid transport protein (GLTP) superfamily,
with four phosphate (P14P) adaptor protein 2 (FAPP2) as the most prominent example
(Brown and Mattjus, 2007; D’Angelo et al., 2007; Godi et al., 2004; Mattjus, 2016; Vieira et
al., 2005; Yamaji et al., 2008), oxysterol binding proteins OSBPs (Olkkonen and Li, 2013;
Ridgway, 2010), and ceramide transport protein (CERT) (Hanada et al., 2003; Kumagai et
al., 2005); and 2) lipid transport proteins LTPs recognize specific lipid signals at the TGN,
particularly PI4P and P14,5P (Martin, 2001). PIPs themselves can be localized in rafts and
therefore, determine transport and metabolism of other raft lipids in an autoregulatory
process that is not completely understood yet (Martin, 2001).

Ceramide is another raft regulatory lipid the interaction of which with CERT may play a
critical role in shaping the lipid environment of lipid rafts in the Golgi. Ceramide is de novo
synthesized in the ER and then transported via vesicles and CERT to the Golgi. CERT-
transported ceramide is used to generate sphingomyelin, which is transported through
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vesicles to the plasma membrane. Hence, the transport and catalytic activity of CERT and
Golgi-resident sphingomyelin synthase 1 (SMS1), respectively, may determine the lipid raft
composition at the Golgi, and therefore, lipid polarity-regulated trafficking to the plasma
membrane.

Endosomes, lysosomes, autophagosomes, and extracellular vesicles.—The
endosome is at the crossroads of different vesicle flows into and from the Golgi, lysosomes,
and other compartments. Since any continuity of the cell size requires that endocytosis
balances exocytosis it is likely that similar sorting mechanisms, including those mediated by
lipid rafts are active in biogenesis and turnover of the endosome. The endocytic
compartment can be roughly divided into two domains, the early and recycling endosome,
and the multivesicular (MVE) and late endosome (Scott et al., 2014). The early endosome is
the source for the recycling endosome which is in constant exchange with the plasma
membrane. The early endosome is also the source for the MVE, which matures into the late
endosome or fuses with the plasma membrane and releases exosomes. The late endosome is
in exchange with the TGN and lysosomes. Separation of these compartments and lipid
analysis showed that the early and recycling endosomes are rich in raft lipids such as
cholesterol and sphingomyelin, while the late endosome is depleted of these lipids, probably
with the aid of cholesterol binding proteins such as NPC1 that sequesters cholesterol to the
recycling endosome (Diaz-Rohrer et al., 2014a; Gagescu et al., 2000; Hao et al., 2002; Lusa
et al., 2001; Pipalia et al., 2007). It is possible that a two-step process consisting of protein-
mediated enrichment of raft lipids in the recycling endosome, followed by lipid-induced
anisotropy mediates the function of lipid rafts in endocytosis and membrane recycling. This
hypothesis is supported by data showing that abrogation of raft partitioning by mutation of a
raft-associated protein (linker for activation of T-cells or LAT) leads to re-localization from
the recycling endosome to the late endosome (Diaz-Rohrer et al., 2014b).

Exosomes are lipid vesicles initially generated as intraluminal vesicles by inward budding
and fission of the MVVE membrane. The composition of lipids in exosomes is distinct from
that of the plasma membrane, mainly due to several-fold enrichment of sphingomyelin,
cholesterol, glcyosphingolipids, and ceramide (Record et al., 2014; Skotland et al., 2017;
Tan et al., 2013). Hence, the question is how typical raft lipids are enriched in exosomes,
while the later endosome compartments are depleted of them. One possible solution is that
proteins assisting in exosome formation enrich raft lipids for inward budding of the MVE
membrane. Proteins assisting in exosomes formation are those of the ESCRT family. It was
shown that lysobisphosphatidic acid (LBPA), an MVE specific glycerophospholipid, binds
to Alix1, an ESCRT and exosomal marker protein (Kufareva et al., 2014). Another study
using liposomes showed that cholesterol is required for assembly of the ESCRT protein
complex, while the assembled complex then binds to phospholipids such as PI3P to increase
line tension (Boura et al., 2012). Line tension is relieved by forming a neck-shaped
membrane curvature that initiates inward budding and fission of the endosomal membrane
(Hurley et al., 2010). The authors suggest that cholesterol does not bind directly to ESCRT
proteins, but ESCRT-associated phospholipids interact with cholesterol prior to neck
formation, which is consistent with the lipid chaperon model. Apart from the ESCRT-driven
intraluminal vesicle/exosome formation, there is an ESCRT-independent mechanism.
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ESCRT-independent exosome formation is likely to invoke another mode of lipid-protein
interaction that critically relies on neutral sphingomyelinase 2 (nSMase2)-dependent
conversion of sphingomyelin into ceramide (Marsh and van Meer, 2008; Trajkovic et al.,
2008). Ceramide is sequestered into exosomes, suggesting that it plays a role in formation as
well as function of exosomes (Kong et al., 2015b; Wang et al., 2012). Recently, we found
that ceramide is critical for association of astrocyte-derived exosomes with amyloid peptide
AP and may contribute to plaque formation and neurodegeneration in Alzheimer’s disease
(AD) (Dinkins et al., 2014; Dinkins et al., 2016a; Dinkins et al., 2016b; Wang et al., 2012).
We also suggested that exosomes may serve as extracellular signalosomes for “mobile rafts”
that copy and broadcast activation of a particular raft-associated cell signaling pathway from
a donor into a recipient cell (manuscript in press). Accordingly, uptake of exosomes is likely
to change the lipid composition of the plasma membrane or that of the endosomal
compartment of the recipient cell. However, only a few studies investigated the role of lipid
rafts in endocytosis of exosomes. One study shows that caveolin 1 negatively regulates
exosome uptake by non-classical, lipid-raft mediated endocytosis, suggesting that uptake of
exosomes is mediated by caveolae-independent, lipid raft-mediated endocytosis (Svensson et
al., 2013). In this regard, it is interesting that increase of ceramide in the plasma membrane
was reported to displace cholesterol and caveolin 1 from lipid rafts, suggesting that ceramide
association with other raft lipids and proteins may play a role in endocytosis of exosomes
(Yu et al., 2005). One of the raft-associated proteins critically involved in endocytosis and
also enriched in exosomes is flotillin (Frick et al., 2007; Phuyal et al., 2014), suggesting that
flotillin may contribute to lipid raft formation and recycling of rafts through endo- and
exocytotic trafficking routes.

Further downstream of the early endosome is the late endosome that feeds into lysosomes.
As mentioned before, raft lipids such as cholesterol are sequestered from the late endosome
by NPC1, which suggests that lipid rafts may not be important for lysosomes. In
pathological settings such as NPC1 deficiency (Niemann Pick disease C), redistribution of
raft lipids to lysosomes may become important, suggesting that lysosomes are devoid of
rafts unless lipid metabolism is dysregulated. However, our view on the significance of lipid
rafts for lysosomes may get a different twist when considering the endosomal and lysosomal
compartments as a functional continuum with respect to luminal acidification. The pH value
of the early to late endosome and then lysosomes drops to activate acid hydrolases, including
those generating ceramide from sphingomyelin (acid SMase) or glycosylceramides
(sialidases and glucosyl- and galactosylceramidases). The main proton pump achieving
acidification is the vacuolar ATPase (V-ATPase), a multiunit transmembrane protein that was
co-purified with DRMs from the plasma membrane, synaptic vesicles, and the endosome
(Dermine et al., 2001; Lafourcade et al., 2008). In addition, re-acidification of lysosomes
requires the activity of cystic fibrosis transmembrane conductance regulator (CFTR) a
ceramide raft-associated chloride channel (Grassme et al., 2003b). A recent study on the
effect of the lysosphingolipid psychosine (galactosylsphingosine) in Krabbe’s disease found
that V-ATPase and CFTR are affected by these lipids (Folts et al., 2016). Therefore, one may
speculate that lipid interaction of V-ATPase and CFTR is critical for lysosomal acidification,
although involvement of lipid rafts in this interaction is unclear.
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Lysosomes fuse with autophagosomes to form autolysosomes, a step instrumental for
recycling a cellular material in autophagy. It is hypothesized that autophagosomes originate
in mitochondria-associated membranes (MAMs), a subcompartment of the endoplasmic
reticulum (ER) that forms membrane contact sites (MCS) with mitochondria (see also next
paragraph in this review) (Garofalo et al., 2016). It was also shown that the raft ganglioside
GD3 is critical for biogenesis of autophagosomes, suggesting that lipid rafts in MAMs are
important for autophagy and autophagosome formation (Garofalo et al., 2007; Sorice et al.,
2012). Since dysregulation of autophagy is associated with many pathological processes
from cancer to senescence, the composition of lipid rafts during aging and disease may
change and provide an explanation for many processes involving “healthy” membrane flow
and vesicle trafficking in cells.

ER, MAMs, mitochondria, and MCS.—The endoplasmic reticulum (ER) is instrumental
in at least four important aspects of cell biology: 1) it is the locus for translation of
transmembrane proteins and initial post-translational modification or ER degradation (e.g.,
N-glycosylation, ERAD) as well as the translation site of intraluminal and many secreted
proteins; 2) it houses enzymes for de novo lipid biosynthesis of sphingolipids (e.g.,
sphingosine, ceramide) and sterols; 3) it serves as storage compartment for calcium (Ca2*)
and regulates its exchange with the cytosol and organelles such as mitochondria; and 4) it is
the source for ER-derived membranes and subcompartments such as the perinuclear ER,
mitochondria-associated membranes (MAMSs), autophagosomes, and oil droplets. In all of
these aspects of ER biology, lipid rafts may play important roles in the regulation of ER
function.

To function properly, ER membranes engage into numerous contact sites (MCS) with other
compartments such as the nucleus, mitochondria, and the plasma membrane, and they form
attachment sites with the cytoskeleton. Proteins mediating attachment of membranes within
MCS are well described, while the function of lipids and lipid rafts is largely unknown. The
MCS between the ER and the plasma membrane mediate Ca2* influx from outside of the
cell to replenish Ca2* that was stored for release to the cytosol or mitochondria. This so-
called “store-operated Ca?* entry” (SOCE) mainly relies on a complex between two
proteins, the Ca2* sensing stromal interaction molecule 1 (STIM1) in the ER and the
calcium release-activated calcium channel (ORAI)-transient receptor potential cation
channel (TRPC) in the plasma membrane (Liao et al., 2009; Pani and Singh, 2009; Vaca,
2010). It was found that gating of the pore forming ORAI-TRPC requires its association
with lipid rafts that become part of the MCS between the plasma membrane and the ER
(Liao et al., 2009). Since the discovery about 40 years ago that MCS between the plasma
membrane and the sarcoplasmic reticulum in smooth muscle cells are localized at caveolae
(Gabella, 1971), Ca2* regulation at the plasma membrane was associated with caveolin-
containing rafts. Investigating the role of lipids was limited to cholesterol depletion, which is
a rather crude method for testing the physiological significance of lipid rafts as discussed in
the next section.

Another type of MCS is formed between MAMSs, a subcompartment of the ER, and
mitochondria. MAMs themselves are compartmentalized in different subdomains with
enrichment of distinct lipids, probably specific for the function of these subdomains. MCS
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between MAM s and the outer mitochondrial membrane (OMM) regulate Ca2* influx from
the ER to mitochondria and exchange of lipids important for the function of mitochondria
(Herrera-Cruz and Simmen, 2017; Simmen and Tagaya, 2017). These MCS are mainly
stabilized by complexes of proteins associated with MAMSs and the outer mitochondrial
membrane (OMM). The importance of lipids and lipid rafts for Ca2*-regulating MCS was
shown for the complex of sigma receptor 1 (SigR1) and inositol-3-phosphate receptor
(IP3R) and their glucose-related protein 78 (GRP78/BiP)-mediated interaction with voltage-
dependent anion channel 1 (VDAC1) in the OMM. SigR1, a chaperon of IP3R, is a
transmembrane protein that associates with cholesterol, is activated by sphingolipids such as
sphingosine, and embedded into ceramide and galactosylceramide-enriched subdomains of
MAMs (Bieberich, 2012; Fujimoto and Hayashi, 2011; Hayashi and Fujimoto, 2010;
Hayashi et al., 2009; Hayashi and Su, 2004, 2010; Palmer et al., 2007; Ramachandran et al.,
2009). Knockdown of SigR1 was shown to disrupt lipid raft distribution of raft marker
proteins such as flotillin-1 and caveolin-1 (Vollrath et al., 2014). Disruption of lipid rafts by
MCpBD-mediated cholesterol depletion shifted distribution of SigR1 into the non-raft
fraction and impaired Ca2* influx into mitochondria. Several studies showed that in neural
differentiation, association of SigR1 with galactosylceramide-enriched lipid rafts is
important for oligodendrocyte differentiation (Hayashi and Su, 2004). These data suggest
that lipid rafts regulate Ca2* influx in mitochondria and are important for cell differentiation,
although the specific roles of ceramide, galactosylceramide, and other raft lipids are still
unknown.

Our own research showed that ceramide-enrichment in MAMs modulates another important
function of MCS with mitochondria: cellular ATP regulation. Oxidative phosphorylation
(OxPhos) in mitochondria is the main supply for cellular ATP unless impaired by oxygen
deprivation or mitochondrial malfunction as observed with the Warburg effect when aerobic
glycolysis generates the bulk of ATP. Apart from regulation of enzymes in OxPhos, transport
of ADP and ATP between mitochondria and other compartments is critical for cellular ATP
levels. This transport is mediated by an ADP/ATP adenine nucleotide translocator (ANT) in
the inner mitochondrial membrane (IMM) and VDACL. As discussed VDACL1 engages into
a complex with IP3R-SigR1, but it is also regulated by tubulin. This form of MAM-
associated tubulin blocks ADP/ATP transport by inserting its C-terminal tail into the
VDAC1 pore (Maldonado and Lemasters, 2012; Maldonado et al., 2013; Noskov et al.,
2013; Rostovtseva et al., 2008; Sheldon et al., 2015). It was proposed that lipids regulate that
interaction, although this was confined to the microenvironment of VDAC1 in the OMM
(Hoogerheide et al., 2017; Rostovtseva and Bezrukov, 2008; Rostovtseva et al., 2012;
Rostovtseva et al., 2006). Our study showed that ceramide enrichment in MAMSs and its
interaction with tubulin promotes closure of VDAC1 and impairs ATP generation when
ceramide levels increase (Kong et al., 2018). It should be noted that the function of ceramide
in or at mitochondria has gained growing attention in many recent studies ranging from
inducing mitophagy to forming pro-apoptotic pores (Dany and Ogretmen, 2015; Hernandez-
Corbacho et al., 2017; Law et al., 2017; Novgorodov et al., 2011; Novgorodov and Gudz,
2011; Novgorodov et al., 2018; Patwardhan et al., 2016; Perera et al., 2016; Schwartz et al.,
2018; Siskind et al., 2002, 2006), which may involve processes such as lipid raft speciation
for membrane remodeling. Regulation of ceramide levels to modify the lipid composition
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and function of lipid rafts in MAMSs or mitochondria is mainly achieved by ER-resident
enzymes such as ceramide synthases (CerSs) or membrane-associated SMases such as
nSMase2 and potentially, a recently discovered mitochondrial neutral SMase (Kong et al.,
2018; Novgorodov et al., 2018; Rajagopalan et al., 2015; Wu et al., 2010).

In addition to regulating Ca2* and ADP/ATP transport, lipid rafts in MAMs may be critical
for many pathophysiological processes. It was shown that pathological protein aggregates
such as prion protein, amyloid peptide, synuclein or huntingtin associate with lipid rafts and
are transported to mitochondria, where they bind to proteins regulating mitochondrial
function (Area-Gomez and Schon, 2017; Garofalo et al., 2015; Manczak and Reddy, 2012;
Rouvinski et al., 2014; Smilansky et al., 2015). It remains to be elucidated if ceramide or
other raft lipids are instrumental in protein aggregate formation, endocytosis, transport, and
mitochondrial dysfunction, a pathophysiological chain reaction shared among the majority
of neurodegenerative diseases, including frontotemporal dementia (FTD), amyotrophic
lateral sclerosis (ALS), Parkinson’s disease (PD), Huntington’s disease (HD), and
Alzheimer’s disease (AD) (Area-Gomez et al., 2018; Area-Gomez and Schon, 2017; Burte
et al., 2015; Cardoso et al., 2017; Chu et al., 2014; Golpich et al., 2017; Johri and Beal,
2012; Kozlov et al., 2017; Krols et al., 2016; Paillusson et al., 2016; Rodriguez-Arribas et
al., 2016; Shoshan-Barmatz et al., 2018; Wakade and Chong, 2014; Wong and Krainc,
2017). Studies in our laboratory found that amyloid peptide (AP42) impaired mitochondrial
motility and induced fragmentation of mitochondria in astrocytes, which was not observed
in ceramide-depleted cells (Kong et al., 2018). This data suggests that ceramide-enriched
lipid rafts or CRPs in mitochondria and MAMSs may contribute to mitochondrial dysfunction
in AD and other neurodegenerative diseases.

Nucleus, chloroplasts, and peroxisomes.—These organelles contain raft lipids that
are important for their function, however, it is not known if the lipids are organized in
functional rafts. In the nuclear envelop, GML1, a typical raft glycosphingolipid, was shown to
regulate CaZ* influx into the nucleus and to affect epigenetic regulation of gene expression
(Itokazu et al., 2017; Ledeen and Wu, 2008, 2010, 2015; Tsai et al., 2016; Tsai and Yu,
2014; Wu et al., 2009; Xie et al., 2004). Lipid rafts were also found in plants, particularly in
the plasma membrane of pollen tubes, root hairs, and chloroplasts, although the function is
less investigated than in animals (Bhat and Panstruga, 2005; Cacas et al., 2012; Gronnier et
al., 2016; Grosjean et al., 2018; Jarsch and Ott, 2011; Malinsky et al., 2013; Mongrand et al.,
2010; Shabala et al., 2015; Simon-Plas et al., 2011). Peroxisomes are indispensable for
functioning of photosynthesis in plant cells, although they were first discovered in kidney
and liver cells not too long ago (De Duve and Baudhuin, 1966). They are instrumental in
oxidation of glycolate (plants and algae) and for biosynthesis of important lipids such as
polyunsaturated fatty acids, phosphatidylserine, phosphatidylethanolamine, and ether lipids.
It was shown that lipid rafts are critical for peroxisome biogenesis and ceramide-enriched
membrane domains are important for peroxisome fusion (Boukh-Viner et al., 2005). It is not
known which and how raft-associated proteins are involved in these processes and if
dysregulation of peroxisomal lipid rafts contributes to a plethora of disorders caused by
peroxisome dysfunction, including Zellweger syndrome and neonatal and X-linked
adrenoleukodystrophy. In addition to endosomes, peroxisomes are interesting in
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understanding membrane and raft lipid remodeling since they transition between the ER and
mitochondria to fulfill their metabolic function. Therefore, isolation of vesicular
compartments followed by lipid raft analysis may be a promising approach to understand the
function of lipid rafts.

Detection, preparation, and visualization of rafts and their interaction

with lipids and proteins

The methods to purify and test the biological function of lipid rafts have not changed for
decades. The purification relies on density gradient centrifugation of detergent or alkaline-
insoluble membranes, two techniques introduced in the 1970’s. Testing of the biological
function relies on cholesterol depletion using incubation of cell cultures with MBCD, which
was introduced in the 1980°s. Unfortunately, these “classical” methods used for purification
or cholesterol depletion have severe limitations. Detergents and to some extent, alkaline
treatment may change the biophysics of cellular membranes thereby inducing the formation
of lipid rafts as artifacts. MBCD will deplete cholesterol from all of the cellular membranes,
thereby disturbing Golgi architecture and Golgi-derived vesicle transport. Therefore,
disruption of cell signaling pathways is not surprising and may not rely on formation for
rafts, but vesicular transport to the plasma membrane or other compartments or organelles.
Fortunately, there are experiments instilling some degree of confidence that insoluble
membranes are a reasonable equivalent to lipid rafts and MBCD is able to test the biological
significance of rafts. These classical and novel methods to prepare and investigate lipid rafts
and their benefits and limitations will be discussed in the next paragraphs.

Biochemical preparation and manipulation of lipid rafts.

Two decades before lipid rafts became a formal concept, two studies described the isolation
of detergent-resistant and alkaline insoluble membranes as low density buoyant fraction after
ultracentrifugation on density gradients. This method relies on the ability of certain non-
ionic detergent such as cold Triton X-100 to exclude particular membrane vesicles from
solubilization, leading to a fraction of detergent-insoluble particles of low density (due to the
high lipid content) that is separated from a denser protein fraction solubilized by forming
micelles. The method initially introduced in 1974 by Butters and Hughes to prepare DRMs
from a cell membrane fraction using cold 0.5% Triton-X 100 and then refined by Brown and
Rose 20 years later has essentially been the same till now (Brown and Rose, 1992; Butters
and Hughes, 1974). Thin layer chromatography (TLC) of DRMs showed that DRMs are
enriched with typical raft lipids such as sphingomyelin and cholesterol. The alkaline method
of membrane extraction was introduced in 1972 by Gurd et al. who reported that pyridine-
insoluble fractions of the plasma membrane contain a specific selection of glycoproteins,
although lipids were not further analyzed (Gurd et al., 1972). Later, this method was refined
by replacing pyridine with Na,CO3 (carbonate method). Lipid and protein components were
found to be similar (but not always identical) to DRMs (Luria et al., 2002; Macdonald and
Pike, 2005; Persaud-Sawin et al., 2009). However, the cold Triton X-100 extraction method
was criticized for introducing artifacts due to altering the lipid distribution by exposing
membranes to low temperature and detergent, or disassembling the original rafts into smaller
micellar components that are mistaken for rafts (Heerklotz, 2002). This criticism led to a
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variety of methods using cations such as Mg2* to stabilize DRMs or different detergents
such as Brij98 to isolate rafts at physiological temperature (Chamberlain, 2004; Chen et al.,
2009; Lingwood and Simons, 2007; Morris et al., 2011; Schuck et al., 2003; Shogomori and
Brown, 2003; Williamson et al., 2010). A review by Linda Pike comprehensively discusses
the effect of different detergents on the ability to isolate heterogeneous rafts as proposed by
the induced fit, lipid shell, or lipid chaperon model (Pike, 2004). Non-detergent and
detergent methods were refined in recent years by using shear force and immunoaffinity
isolation of lipid vesicles from different membrane and organelle fractions to isolate rafts
(Brugger et al., 2004; Pike, 2004). Physical methods of membrane disruption based on shear
force (Wheaton Dounce or Potter Elvehjem homogenizer or extrusion through needles) or
cavitation (high frequency ultrasound) are likely to partition the membrane into vesicles of
100-150 nm covering membrane surface areas of 200-300 nm, which is in the size range of
lipid rafts (Garcia-Marcos et al., 2006). While there are several examples of GPl-anchored
proteins that are not found in DRMs but detected in rafts by other methods (and vice versa),
there is broad consensus that DRMs are not identical to, but they are the closest equivalent to
rafts that can be isolated by biochemical methods.

In the last 20 years, studies with synthetic vesicles and immunocytochemistry using
antibodies against ceramide showed that it is a main regulator of lipid rafts. SMases
activated at the plasma membrane and other compartments catalyzes hydrolysis of the raft
lipid sphingomyelin to generate ceramide. This leads to ceramide enrichment of rafts that
can also be found in DRMs. However, at a particular level, ceramide is no longer part of a
raft with Lo structures, but forms its own lipid microdomain structure. Studies with synthetic
vesicles showed that there are two distinct types of ceramide microdomains: clusters of
sphingomyelin-ceramide interaction with ceramide displacing cholesterol and those with
ceramide-cholesterol interaction. Ceramide-enriched rafts and these two types of ceramide
microdomains are now combined under the term ceramide-rich platforms (CRPs) that can be
detected in fixed cells using immunocytochemistry with anti ceramide antibody. Currently,
there are no thorough studies investigating the detergent insolubility of CRPs isolated from
cells, however, results from synthetic vesicles show that ceramide enrichment >5 mol% in
mixtures with sphingomyelin increases detergent resistance at room temperature (Sot et al.,
2006). CRPs have been detected in the plasma membrane and membranes of other
compartments and they are likely to form functional units in CECs such as MAMs and
exosomes. Probably, it is reasonable to assume that CRPs are best isolated by
immunoaffinity methods using anti-ceramide antibody as introduced by our group several
years ago (Bieberich, 2008, 2011b; He et al., 2012; Wang et al., 2005).

To test the functional significance of lipid rafts, methods that reduce or abolish rafts in cells
and DRMs by removing or disrupting the membrane distribution of raft lipids were
introduced many years ago. ldeally, a reagent disrupting rafts would also abolish the
association of raft lipids and proteins with detergent or alkaline resistant membranes and
impair the biological function of rafts in cells. One of the first reagents disrupting rafts was
the fungal polyene filipin. Filipin was isolated in 1955 from Streptomycesfilipinensis and is
a potent anti-fungal antibiotic because of its high affinity to membrane sterols. It was
initially used to visualize caveolae, although it was debated whether it truthfully shows
caveolae or rather disrupts them and forms clusters detectable by fluorescence microscopy
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and freeze edge electron microscopy (Fields et al., 1987; Schlosser and Gottlieb, 1966;
Severs and Robenek, 1983; van Deenen et al., 1975). In 1995, a study showed that filipin
disrupts association of GPI-anchored CD59 with detergent-resistant high molecular weight
protein complexes, although distribution to DRMs was not discussed (van den Berg et al.,
1995). The association of filipin with lipid rafts or specialized microdomains termed
glycolipid-enriched domains (GEMs) and “glycosphingolipid signaling domains” was
reported by Hakomori’s group in 1998 and it has been used since then to disrupt rafts in
biological assays testing their function in cell signaling pathways (Iwabuchi et al., 1998).
Another more commonly used reagent to disrupt rafts is MBCD. In 1973, MBCD was found
to form inclusion complexes with activated fatty acids, and then about 20 years later, it was
shown to extract cholesterol from cells and lipid rafts (Keller and Simons, 1998; Kilsdonk et
al., 1995; Machida and Bloch, 1973). Currently, MBCD is the most commonly used reagent
to disrupt rafts, abolish association of raft proteins with DRMs, and disrupt raft-regulated
cell signaling pathways. However, caution is advised since MBCD will not only extract
cholesterol from the plasma membrane, but also from intracellular compartments thereby
severely disturbing organelle structure and function, and vesicular transport.

Since formation of lipid rafts relies on generation of sphingolipids and sterol biosynthesis
inhibition or silencing of enzymes in metabolism of the two lipid classes will affect raft and
DRM distribution as well as cell signaling pathways regulated by raft-associated lipids and
proteins. About 20 years ago, lovostatin, a specific inhibitor of hydroxymethylglutaryl CoA
reductase, the first enzyme in cholesterol biosynthesis, was shown to disrupt Golgi-derived
transport and raft as well as DRM association of apical, but not basolateral plasma
membrane proteins in polarized enterocytes (Hansen et al., 2000). This effect was similar to
that of MBCD, demonstrating the critical contribution of cholesterol to apicobasal vesical
sorting and raft formation. The use of statins, however, was never as popular as that of
MPBCD in disrupting rafts, probably because inhibition of the entry step of isoprenoid
biosynthesis will not only reduce cholesterol levels, but also that of lipid anchors for raft-
associated proteins. While MBCD destabilizes rafts, studies from several laboratories found
that docosahexaenoic acid (DHA), a poly-unsaturated omega 3 fatty acid (PUFA) widely
available as dietary supplement in fish oil, increases the degree of disorder in non-raft
domains, thereby enhancing liquid-liquid segregation and stabilizing sphingomyelin-
cholesterol type lipid rafts (Levental et al., 2016; Shaikh et al., 2002; Wassall et al., 2004;
Wassall and Stillwell, 2008, 2009). Treatment of mesenchymal stem cells (MSCs) with
DHA at physiologically relevant concentration (20 uM) increased the amount of raft lipids in
giant plasma-membrane derived vesicles (GPMVs) and led to osteogenic differentiation of
MSCs into osteoblasts due to activation of the Akt cell signaling pathway (Levental et al.,
2017). However, most recent studies suggest that the effect of PUFAs on membrane lipid
organization is more complicated and depends on the type of fatty acid used for incubation
of cells (Hellwing et al., 2018).

Inhibition of enzymes in sphingolipid metabolism is another method to interfere with raft
formation and function. The biosynthesis of raft lipids such as sphingomyelin and
glycosphingolipids is initiated in the ER by de novo biosynthesis of the long chain bases and
aminoalcohols sphingosine and dihydrosphingosine (Gault et al., 2010; Hannun and Obeid,
2011, 2018; Pruett et al., 2008; Tidhar and Futerman, 2013). The entry reaction by
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condensation of serine with activated palmitic acid is catalyzed by serine palmitoy!l
transferase (SPT), an enzyme that can be specifically inhibited with the fungus toxin
myriocin (Hanada et al., 2000). The long chain base is then attached to fatty acids, a reaction
catalyzed by a variety of CerSs in the ER (Levy and Futerman, 2010; Park et al., 2014;
Schiffmann et al., 2012; Stiban et al., 2010). This reaction can be specifically inhibited by
the fungus toxin fumonisin B1 (FB1) (Wang et al., 1991). Most ceramides are then
transported to the Golgi to be converted into glycosphingolipids and sphingomyelin.
Ceramide transport protein (Cert) mediates ceramide transport for sphingomyelin
biosynthesis, which can be inhibited by HPA-12 (Berkes et al., 2016; Duris et al., 2011,
Hanada, 2014, 2017; Hanada et al., 2003; Kumagai et al., 2005; Santos et al., 2015).
Conversion of ceramide to glucosylceramide is the first step in biosynthesis of raft-
associated glycosphingolipids and it is catalyzed by glucosylceramide synthase, a Golgi
resident enzyme inhibited by I-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP)
or deoxynojirimycin-type compounds (Bieberich et al., 1999; Gu et al., 2017; Mellor et al.,
2004). Another Golgi-resident enzyme is sphingomyelin synthase 1 (SMS1) that catalyzes
conversion of ceramide to sphingomyelin and is inhibited by D609 (Adada et al., 2016;
Adibhatla et al., 2012; Chen and Cao, 2017; Holthuis and Luberto, 2010; Li et al., 2007;
Luberto and Hannun, 1998; Tafesse et al., 2006; Taniguchi and Okazaki, 2014). In addition
to enzymes in sphingolipid biosynthesis, there is a variety of hydrolases breaking down
glycosphingolipids or sphingomyelin, which can be inhibited or silenced to manipulate raft
formation or function.

Many of these inhibitors or knockdown/knockout of enzymes have been used to disrupt lipid
rafts or association of lipids and proteins with DRMs (Decker and ffrench-Constant, 2004;
Gelineau-van Waes et al., 2005; Kilkus et al., 2003; Li et al., 2007; Martin and Konopka,
2004; Meszaros et al., 2013; Naslavsky et al., 1999; Saghy et al., 2015; Schwan et al., 2011;
Van der Luit et al., 2007). Probably, the most interesting results come from two cell lines,
SPB-1 or LY-B CHO cells, in which a mutation of SPT prevents sphingolipid biosynthesis,
and SMS1 and 2 double knockout mouse embryonic fibroblasts (MEFs) that are devoid of
sphingomyelin. In a remarkable study from 1995, Hanada and Pagano found that SPT
deficiency mimicked MBCD treatment and reduced levels of DRMs and association of GPI-
anchored alkaline phosphatase with the raft fraction, which was restored by supplementation
of the medium with sphingosine and cholesterol (Hanada et al., 1995; Hanada and Pagano,
1995). On the other hand, SMS1 and 2 double knockout MEFs did not show reduced levels
of DRMs, which was consistent with an earlier study showing that silencing or inhibiting
SMS1 with D609 reduces the sphingomyelin content in DRMs (Li et al., 2007; Ogiso et al.,
2015).

In addition to SMS 1 and 2, a variety of SMases alter the level of sphingomyelin in cellular
membranes, which is particularly interesting since the product of this reaction, ceramide
forms its own lipid rafts or CRPs. Acid SMase was shown to generate spatially extended
CRPs, which is prevented by the tricyclic antidepressant imipramine, a drug that stimulates
proteolytic degradation of acid SMase (Grassme et al., 2003a; Grassme et al., 2005; Gulbins
and Kolesnick, 2003). Imipramine reduces association of proteins with rafts and DRMs as
shown for Ga and Toll like receptor 4 (TLR4), respectively (Cuschieri et al., 2007; Lu et al.,
2012; Singh et al., 2018). Apparently, this would argue against increase of sphingomyelin
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levels always being correlated with more rafts, however, enrichment of ceramide in rafts
may be critical for raft translocation of particular proteins. A similar result was found with
nSMase2, the enzyme we have already discussed as being critical for exosome secretion.
nSMase2 does not only increase the amount of ceramide in rafts, but the enzyme itself is
associated with DRMs, which was not shown yet for acid SMase (Goswami et al., 2005a;
Stoffel et al., 2016). Interestingly, nSMase2 was found to be associated with DRMs isolated
from Golgi fractions, consistent with its ability to shuttle between the Golgi and the plasma
membrane (Milhas et al., 2010; Stoffel et al., 2016). Knockout of nSMase2 led to
perturbation of secretory transport suggesting that sphingomyelin and ceramide regulate
vesicular traffic consistent with the proposed function of lipid rafts in the Golgi (Stoffel et
al., 2016). Skin fibroblasts from the nSMase2-deficient fro/fro mouse showed decreased
flotillin 1 association with DRMs, while enzyme inhibition with GW4869 reduced
association of variety of proteins with DRMs (Qin et al., 2012; Tan et al., 2017). These
results are consistent with biophysical studies using synthetic sphingomyelin/ceramide
bilayers and membrane vesicles from immortalized Schwann cells and suggest that ceramide
enrichment and probably displacement of cholesterol from lipid rafts increases detergent
resistance concurrent with translocation of proteins to rafts and DRMs (Megha and London,
2004; Sot et al., 2006; Yu et al., 2005).

Another method to affect lipid rafts and DRMs is incubation of cells with drugs interfering
with the cytoskeleton, particularly actin filaments. As discussed in one of the previous
sections of this review, cortical actin regulates lateral partitioning of the plasma membranes
into microdomains or lipid rafts (picket fence and actin aster model), which is obliterated by
drugs altering actin polymerization and stability (Ma et al., 2015). Incubation with
phalloidin, an actin filament stabilizer, prevented distribution of the raft protein CD44 to the
basolateral membrane of polarized epithelial cells after cholesterol depletion with digitonin,
while actin filament depolymerization with lacuntrulin A increased the amount of CD44 in
DRMs (Oliferenko et al., 1999). Preventing F-actin filament formation by cytochalasin D
had a similar effect on GPl-anchored proteins crosslinked by fixation following antibody
incubation or other crosslinking methods (Holowka et al., 2000). Using cytochalasin D and
immunoaffinity isolation of Mg2*-stabilized DRMs, a recent study found that two
archetypical GPI-anchored raft proteins, Thy-1 and PrP, are distributed to actin-dependent
and independent DRMs, respectively, suggesting that a combination of methods interfering
with the cytoskeleton is useful to differentiate specific lipid rafts (Chen et al., 2009). As
standard operating procedure (SOP) it is recommended to use two methods to isolate DRMs
(1% Triton X-100 at 4 °C and 1% Brij98 at 37 °C) or the detergent-free carbonate method
should be combined with cholesterol depletion using pre-incubation with MBCD and F-actin
depolymerization (latrunculin A or cytochalasin D), followed by immunoaffinity isolation of
DRMs to determine lipid and protein composition in different lipid raft fractions (Cubi et al.,
2013). Raft fractions should be tested for presence raft or raft-associated proteins such as
flotillin (not GPI anchored), alkaline phosphatase (GPI-anchored), caveolin (not GPI
anchored, specific for caveolae-type rafts), and transferrin receptor as a non-raft protein.
This SOP is compatible with other means of lipid raft detection such as
immunocytochemistry or TEM and proximity assays testing co-localization with raft marker
proteins, lipids, and the cortical cytoskeleton in fixed cells.
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Once certain proteins were co-purified in DRMs, the actual protein (or lipid-protein)
complex formation within (or outside) a lipid raft has to be tested separately. The dilemma
with this approach is that the commonly used co-immunoprecipitation assays (co-1Ps) are
incompatible with the detergent insolubility of proteins associated with DRMs. Any
detergent solubilizing protein complexes from DRMs will obliterate the effect of raft lipids
on protein complex formation, unless complexes remain stable once induced by rafts. One
has to be aware that co-IP of proteins from a detergent-insoluble fraction without further
solubilization only means that proteins are in the same DRMs, but they are not necessarily
interacting in a complex. In our laboratory, we have used Digitonin as a detergent that
removes cholesterol from rafts to perform co-1Ps while avoiding the problem of insoluble
protein-lipid vesicles in DRMs (Kong et al., 2018). In addition to co-IPs, there are other
ways of determining protein-lipid and protein-protein complexes such as proximity assays.

Synthetic and plasma membrane-derived vesicles.

Studies using synthetic lipid vesicles or liposomes as model bilayer membranes showed
lateral anisotropy and lipid domain formation already at the advent of the Singer Nicolson
fluid mosaic model and decades before the lipid raft concept was formalized. Initially, this
lipid domain formation was found in different mixtures of phosphatidyl choline with
cholesterol using TEM (Hui and Parsons, 1975). Studies correlating the lipid domain
concept with biological effects in cellular membranes appeared shortly thereafter
(Karnovsky et al., 1982a; Karnovsky et al., 1982b; Klausner et al., 1980). A report from
Kleemann and McConnell in 1976 showed that ATPase isolated from sarcoplasmic
reticulum is segregated to fluid phases while cholesterol forms solid phases in the bilayer
membrane (Kleemann and McConnell, 1976). An early study from Wim van Blitterswijk in
1979 was probably the first showing that EVs from leukemia cells are made of membranes
that are less fluid and enriched with cholesterol and sphingomyelin (van Blitterswijk et al.,
1979). Blitterswijk correctly noted that membrane rigidity was due to these two lipids and
different from the plasma membrane, implying that EVs were actively formed by lipid
anisotropy of the plasma membrane and not the remnants of dead cells. The formation of a
connected cholesterol and sphingomyelin network or domain was then demonstrated in
1980, the first evidence for what is now known as sphingomyelin and cholesterol-enriched
lipid rafts (Freire and Snyder, 1980). In the mid 1980’s, it was well established that
cholesterol and sphingomyelin form rigid lipid domains in cell membranes. The description
of sphingomyelin-cholesterol clusters as liquid ordered (Lo) vs. other phospholipid-
containing membrane domains as liquid disordered (Ld) phases was introduced in 1987
(Ipsen et al., 1987). Since then, studies with liposomes and other types of synthetic vesicles
are the best evidence that “lipids can do it by themselves” (van Meer) when self-organizing
rafts.

Currently, lipid vesicles such as synthetic giant unilamellar vesicles (GUVSs) or giant plasma
membrane-derived GPMVs are used to test the effect of specific lipids on the “classical”
cholesterol-sphingomyelin raft structure and function. Particularly, the conversion of
sphingomyelin to ceramide in rafts has become a vibrant field in biophysics showing that
increased levels of ceramide lead to fundamental restructuring of the raft and non-raft
domains to form CRPs. The use of anti ceramide antibodies in visualizing ceramide-
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enriched cellular membranes, a research field in which our group has made significant
contributions, suggested that there are CRPs of a wide range of sizes from less than 100 nm
to more than 1 um of diameter (Bollinger et al., 2005; Burgert et al., 2017; Chao et al., 2010;
Goldschmidt-Arzi et al., 2011; Grassme et al., 2002; Lacour et al., 2004; Scheffer et al.,
2007). These are known as ceramide rafts, platforms, or caps, and can even encompass
whole membrane compartments termed CECs. Three questions arise from these
observations: 1) what is the CRP structure; 2) how are CRPs regulated, particularly with
respect to size and location; and 3) what is the function of CRPs. When it comes to question
2 and 3, CRPs may actually be the better candidates in understanding the biology of lipid
rafts than the classical sphingomyelincholesterol type. Regulation of CRPs by ceramide
biosynthesis and SMases has already been discussed in previous sections of this review and
is clearly dependent on the intracellular location of these enzymes.

With respect to the raft structure, there are two distinct options dictated by the biophysics of
lipid interaction: the sphingomyelin-ceramide raft in which ceramide displaces cholesterol,
and the ceramide-cholesterol raft in which ceramide simply replaces sphingomyelin after
being generated by SMases (Boulgaropoulos et al., 2011; Boulgaropoulos et al., 2012;
Castro et al., 2007; Castro et al., 2009; Chao et al., 2010; Garcia-Arribas et al., 2016;
Goldschmidt-Arzi et al., 2011; Megha and London, 2004; Pinto et al., 2011; Sot et al.,
2006). It was suggested that DRMs isolated from red blood cell membranes contain
cholesterol-ceramide CRPs equivalent to those described from lipid vesicles (Garcia-Arribas
et al., 2016). Cholesterolceramide CRPs were also detected by using an anti ceramide
antibody raised against this type of microdomains (Goldschmidt-Arzi et al., 2011; Scheffer
et al., 2007). Both, the gel phases formed by cholesterol-ceramide and sphingomyelin-
ceramide CRPs are detergent resistant, highly ordered, and more densely packed than the
original Lo phase and thus more rigid (Sot et al., 2006). Changes in the length and
desaturation of the fatty acid linked to sphingosine in ceramide are critical for the biophysics
of these rafts and therefore, depending on the activity of specific CerSs. Collaborative
studies from Manuel Prieto’s and Tony Futerman’s laboratories clearly showed that the
results from model membranes are consistent with those from transgenic mice, particularly
those from ectopic CerS2 expression and knockout mice (Pinto et al., 2011; Silva et al.,
2012). CerS2 catalyzes condensation of activated very-long chain (VLC) fatty acids (C22-
C26) with (dihydro)sphingosine to generate VVLC ceramides (Levy and Futerman, 2010;
Stiban et al., 2010; Tidhar and Futerman, 2013). These ceramide species favor formation of
rigid, highly ordered gel phases such as described for ceramide-sphingomyelin rafts in
GUVs. When GUVs were prepared from cell membranes of cells with altered CerS2
expression, they showed biophysical properties consistent with those of synthetic vesicles:
increased gel phase when CerS2 was overexpressed, while membranes were more fluid in
GUVs from CerS2 knockout cells (Park et al., 2014; Pewzner-Jung et al., 2010; Silva et al.,
2012). CerS2 knockout mice are particularly interesting because loss of VLC ceramide is
compensated by increased levels of medium-chain ceramide such as C16 ceramide.
Increased C16 ceramide levels make membranes more fluid, although this is likely to occur
in liquid-ordered CRPs with elevated content of ceramide instead of gel-like ceramide-
sphingomyelin CRPs. Fluidity is also increased (and the formation of gel phases reduced) by
unsaturation, particularly by replacing VLC C24:0 ceramide with C24:1 ceramide. In
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vesicles, C24:1 ceramide promotes formation of tubular structures consistent with its critical
contribution to ciliogenesis reported by our laboratory (Pinto et al., 2008; Pinto et al., 2011).
On the other hand, the brain-typical C18:0 ceramide generated by CerS1, an enzyme
predominantly expressed in neurons, favors vesicular structures consistent with its critical
contribution to exosome formation also reported by our group (Wang et al., 2012). From
these observations it is clear that ceramide is an ideal lipid to fine tune the raft composition
of the membrane and function in CECs depending on the activities of enzymes such as
CerSs and SMases.

Protein-lipid interaction is an important aspect of our current understanding how lipid rafts
are organized. We have discussed the cortical actin cytoskeleton as “picket fence” separating
raft from non-raft regions of the plasma membrane. We have also discussed the potential
function of lipid shells and chaperon lipids for translocation of proteins into lipid rafts.
Finally, several proteins interacting with cholesterol such as caveolin, NPC1, or flotillin
were shown to be critical for the function of caveolae or other lipid rafts. Therefore, it is
reasonable to ask if CRPs are also regulated by protein-lipid interaction and whether
synthetic vesicles can provide model membranes to test the function of this interaction for
CRPs and other lipid raft structures. It was not until recently that we began understanding
the role of proteins interacting with ceramide for the function of CRPs. In a landmark study
from 1986, Yusuf Hannun and Bob Bell found that sphingosine interacts with protein kinase
C (PKC), which was followed by the finding that ceramide activates protein phosphatase 2
(PP2a) and PP1 (Chalfant et al., 2000; Chalfant et al., 1999; Chalfant et al., 2004;
Dobrowsky and Hannun, 1992; Dobrowsky et al., 1993; Hannun and Bell, 1989; Hannun et
al., 1986; Mukhopadhyay et al., 2008; Perry et al., 2012). His group found that ceramide-
activated PP1 dephosphorylates and activates the ezrin, radixin, and moesin (ERM) family
proteins, which anchor lipid rafts to the cytoskeleton, particularly to cortical F-actin (Adada
et al., 2014; Canals et al., 2012). It is not known if CRPs function as “hot spots” for F-actin
anchoring to the plasma membrane involving ERMs. We and others found that aPKC is a
protein binding to ceramide (Bieberich et al., 2000; Bourbon et al., 2000; Lozano et al.,
1994; Muller et al., 1995; Wang et al., 2005; Wang et al., 1999). Recently, we have identified
another two proteins that interact with ceramide, GSK3 and tubulin (Bieberich, 2004, 2008;
Kong et al., 2015a; Kong et al., 2018). Common to aPKC, GSK3, and tubulin is their
localization in lipid rafts (at least in some cell types) and their role in regulation of the
cytoskeleton (Dremina et al., 2005; Etienne-Manneville and Hall, 2003; Fox et al., 2007;
Palazzo et al., 2004; Singh et al., 2018; Sui et al., 2006). Therefore, it is possible that CRPs
are critical for the interdependence and interaction of lipid rafts and the cytoskeleton. While
it is known that lipid vesicles made of ceramide and sphingomyelin are detergent resistant,
even at higher temperature, there is only little information on the protein association with
CRPs isolated in the DRM fraction. The few studies showing increase of the proportion of
CRPs and analysis of proteins associated with DRMs report that concurrent with cholesterol
displacement from lipid rafts, cholesterol-associated proteins such as caveolins are also
depleted from DRMs (Yu et al., 2005). The most prominent example are studies showing
that CD95 clustering is associated with CRPs. Visualization of CRPs using anti ceramide
antibody and isolation of DRMs clearly show that acid SMase-mediated increase of
ceramide labeling coincides with elevated levels of CD95 and CD40 in DRMs (Fanzo et al.,
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2003; Grassme et al., 2003a; Grassme et al., 2002; Gulbins and Grassme, 2002). Although
imaging studies suggest association of ceramide binding proteins with CRPs, it not clear if
these proteins are also enriched in DRMs.

Imaging of lipid rafts.

The first evidence of lipid microdomains emerged from contrast-stained TEM images of
caveolae and liposomes more than 50 years ago (Hui and Parsons, 1975; Yamada, 1955).
The first report on lipid-lipid and lipid-protein interaction in membrane microdomains using
freeze etch or fracture TEM then appeared in 1975 (van Deenen et al., 1975). One of the
obstacles using TEM for visualization of rafts is the use of organic solvents or SDS as the
detergent for immunolabeling, which makes it difficult to image lipids using antibodies. The
“unfixability” of lipids can be overcome by introducing a second fixation step after applying
the lipid-specific antibody assuming that the initial fixation of membrane proteins preserves
the distribution of lipids in the membrane. While cryo-EM works without these setbacks and
has yielded images of stunning resolution for membrane proteins embedded in liposomes or
micelles, the actual visualization of the lipid environment of these proteins, including that of
lipid shells and rafts has still to be developed. Another recently developed imaging method
applied to lipid rafts is Atomic Force Microscopy or AFM. AFM scans membrane surface
potential at sub-nanometer resolution and has provided clear evidence that membranes
actually become thicker in CRPs, and when combined with high resolution fluorescence
microscopy (Correlated Fluorescence AFM), they are confined to areas visualized with
fluorescently labeled sphingolipid analogs (Chiantia et al., 2006; Chiantia et al., 2008;
Orsini et al., 2012; Popov et al., 2008; Shaw et al., 2006). To date, however, correlated AFM
has been limited to imaging supported model membranes generated from synthetic lipid
mixtures or matrix-adsorbed DRMs, which will still need to be developed into analysis of
lipid rafts in actual cell membranes.

From the very beginning of lipid raft analysis, fluorescence microscopy has been the most
important technique for raft imaging in cells and lipid vesicles. In principle, there are three
different methods of using fluorescence labeling for raft imaging: 1) fluorescent dyes
binding to raft lipids such as filipin or laurdan; 2) fluorescently labeled lipids such as
BODIPY-cholesterol or fluorescently labeled gangliosides incorporating into rafts; and 3)
proteins and antibodies binding to raft lipid and proteins such as lysenin (binds to
sphingomyelin), cholera toxin B (binds to GM1 ganglioside), or anti lipid (e.g.,
gangliosides, ceramide) antibodies. As previously discussed filipin specifically binding to
cholesterol is one of the first fluorescent dye used for lipid raft analysis (Fields et al., 1987;
Schlosser and Gottlieb, 1966; Severs and Robenek, 1983; van Deenen et al., 1975).
However, filipin disrupts the raft organization and is therefore not suitable for imaging.
Laurdan was introduced to lipid domain imaging about 30 years ago and shows a large red
shift from 440 nm (gel phase, non-polar) to 490 nm (liquid phase, polar) emission known as
fluorescence relaxation (Barucha-Kraszewska et al., 2013; Dietrich et al., 2001; Dinic et al.,
2013; Kindzelskii et al., 2004; Parasassi et al., 1990). Since the early 2000’s, laurdan and
later, C-laurdan was used to visualize rafts equivalent to DRMs in model membranes and
living cells (Barucha-Kraszewska et al., 2013). The drawback of these lipophilic dyes is
their rapid internalization and incompatibility with fixation that have prevented them from
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moving into novel fields of superresolution fluorescence microscopy. A similar obstacle
arises for fluorescent analogs of raft lipids. While they were originally used to distinguish
apical and basolateral transport suggesting the function of lipid raft at Golgi exit sites form
vesicle transport, it was later noted that membrane lipid packing and therefore, partitioning
of these lipid analogs is critically affected by the conjugated fluorophore (Klymchenko and
Kreder, 2014). To solve this problem, Bob Bittman and others synthesized a variety of
cholesterol and sphingolipid compounds with the fluorophore attached to different positions
of the analogs (Li et al., 2006). The most recent development of fluorescent lipid analogs are
ultrabright ganglioside analogs (e.g., ATTO-labeled GM1) and clickable cholesterol or
sphingolipids that are administered to living cells and are only minimally different from
endogenous lipids (Haberkant and Holthuis, 2014; Haberkant et al., 2016; Kong et al.,
2015a; Kong et al., 2018; Walter et al., 2016). The new generation of ganglioside analogs
carries the fluorophore in the oligosaccharide moiety which does not interfere with
incorporation of the sphingolipid portion into the membrane (Suzuki et al., 2017; Suzuki et
al., 2018). They were successfully used in high-speed, superresolution or single molecule
fluorescence microscopy (particularly TIRF, see further down) to track the movement and
resting time of raft lipids in the plasma membrane of living cells at the millisecond range. In
the new generation of clickable sphingolipid analogs developed by Per Haberkant and
colleagues, the fluorophore is introduced via click reaction after incorporation of these
analogs into membranes of living or fixed cells. We and our collaborators found that
clickable ceramide analogs colocalize with CECs detected by immunocytochemistry using
anti ceramide antibody (Kong et al., 2015a; Kong et al., 2018; Walter et al., 2016).
Bifunctional and trifunctional analogs can even be used for cross-linking to lipid binding
proteins and administered as caged compounds, respectively (Hoglinger et al., 2017).
Ultimately, any fluorescent lipid analogs to image rafts are only reliable if combined with
other methods such as AFM (Correlated AFM), immunocytochemistry, or imaging mass
spectrometry (Chiantia et al., 2008; Shaw et al., 2006).

The use of lipid binding proteins and antibodies for lipid raft imaging generally requires
fixation of cells and tissue. It is understood that organic solvents such as cold acetone or
methanol cannot be used for initial fixation. Unfortunately, there is no ideal method for
fixation of endogenous lipids. The most commonly used fixation method is a mixture of 4%
pformaldehyde/0.5% glutaraldehyde in PBS at room temperature. We and others showed
that this fixation method will preserve CRPs and CECs, and imaging of other lipid raft types
was verified by using a second method such as mass imaging spectrometry as shown by
Mary Kraft’s group (Burgert et al., 2017; Frisz et al., 2013; He et al., 2012). However, one
has to keep in mind that it is still debated if any fixation method is even capable of genuinely
preserving the /n situ raft organization of cellular membranes. Nevertheless, the use of
antibodies and specific binding proteins allows to characterize and distinguish raft subtypes
based on lipid composition. For example, lysenin binds to clusters of sphingomyelin and
cholesterol and should not recognize CRPs, cholera toxin B recognizes GM1 in all types of
rafts, and anti ceramide antibody has been raised in our group against different ceramide
species and binds to CRPs and CECs, while others have developed an antibody specifically
recognizing CRPs of the ceramide-cholesterol type (Abe and Kobayashi, 2014; Hullin-
Matsuda and Kobayashi, 2007; Makino et al., 2015; Skocaj et al., 2013; Yamaji et al., 1998;
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Yilmaz et al., 2018). Combining our antibody with lysenin labeling, we showed that in
polarized MDCK cells, sphingomyelin-cholesterol clusters are gradually converted into an
apical CEC (ACEC), a ceramide-enriched compartment at the apical plasma membrane that
is important for the formation of primary cilia (He et al., 2012). Segregation of sphingolipids
into subdomains of the apical plasma membrane of MDCK cells was also observed for the
gangliosides GM1 and GM3 (Fujita et al., 2007; Janich and Corbeil, 2007). However, in this
and many other studies, the resolution of confocal immunofluorescence microscopy was not
sufficiently high to resolve structures of lipid rafts.

Most recently, immunocytochemistry of lipid rafts has been combined with super resolution
fluorescence microscopy, mainly using stimulation emission depletion (STED),
photoactivated localization microscopy (PALM), and stochastic optical reconstruction
microscopy (STORM). STED coupled with fluorescence correlation spectroscopy (STED-
FCS) yields images of high spatiotemporal resolution thereby catching transient resting or
trapping of single molecules in raft and non-raft domains of the membrane. A recent study
from Stefan Hell, a pioneer of STED microscopy and nobel laureate, found that in contrast
to glycerophospholipids, sphingolipids (sphingomyelin and GM1) and GPl-anchored
proteins (GPIACP) are transiently confined to very small areas of less than 20 nm for a very
short period of time (10-20 ms), which is dependent on cholesterol (Eggeling, 2015;
Eggeling et al., 2009; Sezgin et al., 2012). While this observation is consistent with the
prediction of lipid raft composition and dependence on cholesterol, it raises serious
questions about functional significance of rafts, at least when considering the interpretation
from 2006, that lipid rafts are “...stabilized to form larger platforms through protein-protein
and protein-lipid interactions.” While the half-life of the observed “nanodomains” is well
within the association rate of receptor complex formation, dissociation rates in the second-
to-minutes range for protein complexes preclude stable association with lipid rafts once
protein interaction has occurred (Fallahi-Sichani and Linderman, 2009). Therefore, data
from STED microscopy are rather compatible with our lipid chaperon model predicting that
lipid rafts are transient catalysts, but not stabilizers for protein interaction within rafts.
PALM and the related STORM allows for reconstruction of fluorophore distribution
throughout the entire cell (Castro et al., 2013; Curthoys et al., 2015). PALM combined with
total internal reflection fluorescence (TIRF) microscopy of quantum dot-labeled receptor
proteins (type 1 interferon receptor) found that the plasma membrane is
microcompartmentalized and rapidly dissociated receptor complexes re-associate within a
secondary confinement domain of about 300 nm diameter depending on the cortical actin
meshwork or “membrane skeleton” (You et al., 2016). This study did not test the effect of
lipids, but its results are compatible with the “picket fence” model and suggests that lipid
rafts are hierarchically organized ranging from very small domains (few nanometers) that
are clustered (>100 nm) and segregated from non-raft domains by cortical actin. In another
study, PALM images of raft-associated receptors (GPCR B2-adrenergic receptor) revealed
that cluster formation was susceptible to actin filament dissociation, but not cholesterol
depletion, suggesting that our previous view on the role of cholesterol in lipid raft formation
needs revision (Annibale et al., 2011; Scarselli et al., 2013; Scarselli et al., 2012). Another
study combining dSTORM with TIRF showed segregation of PIPs into 60-100 nm
nanodomains containing either PIP2 or PIP3, but not both PIPs at the same time (Wang and
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Richards, 2012). Of note, membrane availability of PIP2 depends on cholesterol and PIP2
regulates cortical actin, which may mediate interdependence of lipid rafts and the
cytoskeleton as suggested by the “cluster feed-back” model of rafts (Curthoys et al., 2015).
Using dSTORM and anti ceramide antibody, our collaborative study showed that CRPs in
the plasma membrane were about 70 nm in diameter and contained approximately 30
ceramide molecules (Burgert et al., 2017). In another study, we used N-STORM to visualize
the distribution of ceramide and the bifunctional ceramide analog N-(9-(3-pent-4-ynyl-3-H-
diazirin-3-yl)-nonanoyl)-D-erythro-sphingosine (pacFACer) in astrocytes (Kong et al.,
2018). pacFACer can be cross-linked to ceramide binding proteins and derivatized with
photoactivatable fluorophores using click chemistry (Kong et al., 2015a). We imaged CECs
in mitochondria-associated membranes (MAMS) that were cross-linked to tubulin,
suggesting that hierarchical or modular organization and interaction of lipid domains with
the cytoskeleton is a general principle for regulation and compartmentalization of cellular
membranes (Kong et al., 2018).

In the few years that superresolution microscopy was applied to imaging of lipid rafts, new
compelling data demand for a fresh view on the structure and function of lipid rafts. In line
with this conclusion are recent approaches to specifically map the lipid content in rafts by
secondary imaging mass spectrometry (SIMS). SIMS uses an ion beam to eject and collect
isotope-labeled components of surfaces such as lipids in the plasma membrane, the
composition of which is analyzed by mass spectrometry. Using this technique at a lateral
resolution of 50 nm and a depth of <5 nm and combined with TIRF immunofluorescence
microscopy, Mary Kraft’s laboratory found 200 nm lipid microdomains in the plasma
membrane that were enriched with 1°N-labeled sphingolipids (Frisz et al., 2013).
Surprisingly, even 30% reduction of cholesterol by treatment with MBCD did not eliminate
the sphingolipid-enriched rafts, while latrunculin-induced disruption of the F-actin
cytoskeleton did. This observation demonstrates that cholesterol depletion does not abolish
lipid rafts, which demands for a fundamental revision of our understanding of lipid rafts. It
also shows that the interaction of the cytoskeleton with rafts is critical for the formation and
function of lipid rafts.

4. Function of CRPs and Conclusions

When discussing the evolving concepts on the structural organization of lipid rafts, one may
have noticed that we did not further elaborate on their function in different biological
settings. The reason for this limitation is several-fold: 1) there are many excellent reviews on
the functional significance of the archetypical cholesterol-sphingomyelin lipid raft, and the
reader is kindly referred to the following selection that is by no means complete, but
certainly representative of various aspects of lipid raft function in different cell types and
organisms (Lu and Fairn, 2018; Pacheco et al., 2016; Sezgin et al., 2017; Simons and Gerl,
2010; Sonnino et al., 2015; Varshney et al., 2016); 2) with the changing view on lipid rafts
shifting from the central role of cholesterol toward sphingolipids, many of the experiments
studying lipid raft function based on cholesterol depletion by MBCD will have to be
revisited and probably re-evaluated using new approaches and re-interpreted using new
concepts. Hence, it may be premature to reiterate conclusions drawn from these studies; and
3) the concept of CRPs as functionally defined rafts is too preliminary to clearly determine
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what their function is. It is unlikely that there is simply a structural or functional continuum
between tiny raft-like CRPs and large ceramide membrane domains or even CECs. CECs
may contain a large number of CRPs, but they are by no means just big CRPs. To provide
the reader with some information on current directions in research on ceramide rafts we have
to keep in mind that ceramide is ideally suited to bridge structure and function for several
reasons.

Firstly, ceramide levels in cellular membranes are low when compared to “classical” raft
lipids such as sphingomyelin and cholesterol. The typical plasma membrane contains <1
Mol% ceramide and 10 Mol% sphingomyelin (Das et al., 2014). To be of regulatory
function, the regulatory factor should be low in concentration and enzymatically adjustable.
Which brings us to the second benefit: the ceramide concentration in cellular membranes is
tightly controlled by mainly three enzyme families: CerSs, SMSases, and SMases.
Particularly, acid and neutral SMases increase the ceramide concentration in the outer and
inner leaflet of the plasma membrane, respectively. Which brings us to third benefit: SMases
are activated by environmental cues such as cytokines and pathogens, which makes ceramide
an ideal membrane signaling lipid interfacing extracellular signals and intracellular cell
signaling pathways. Along comes the fourth benefit that ceramide binds to upstream protein
phosphatases and kinases, which complements activation of signaling effectors by their
recruitment and clustering in spatially defined ceramide domains. Finally, and already
discussed in previous sections: ceramide forms domains on its own that are more gel-like
than the classical Lo-type domains. While this is still a matter of intense research, ceramide
domains may undergo various mesostructural transitions of the hexagonal or porous type,
which was suggested to be important for receptor clustering/activation and punching holes in
membranes, respectively (Cremesti et al., 2002).

Receptor clustering was the first function of extended ceramide domains discovered in the
early 2000’s, mainly based on the use of anti-ceramide antibody in flow cytometry and
immunofluorescence microscopy and co-localization analyses. The groups led by Erich
Gulbins and Richard Kolesnick found that ceramide domains dubbed “ceramide-rich
membrane rafts” fuse and induce clustering of CD95 (capping), a process induced by the
CD95 ligand TNF-a and activation of acid SMase, eventually leading to apoptosis (Cremesti
et al., 2001; Grassme et al., 2003a; Grassme et al., 2001; Gulbins and Grassme, 2002).
Subsequently, these groups also showed that clustering and activation of other receptors such
as CD40 or pathogen infection is regulated by ceramide domains (Grassme and Becker,
2013; Grassme et al., 2002; Grassme et al., 2003b; Grassme et al., 2005; Grassme et al.,
2013; Gulbins et al., 2004). However, it is not clear whether receptors or pathogens actually
interact with ceramide. Atypical PKCg/A (aPKC) is one of the first proteins found to bind to
ceramide and at the same time, being recruited to lipid rafts. Mark Kester’s group showed
that ceramide binding and raft recruitment leads to aPKC-dependent inactivation of protein
kinase B/Akt, an activator for glucose transport and cell survival (Fox et al., 2007).
Likewise, a study by Glyn Dawson’s laboratory found that ceramide recruits PTEN to rafts,
which also leads to inactivation of the PI3K/Akt in the insulin cell signaling pathway
(Goswami et al., 2005b). Our group showed that interaction of aPKC with ceramide-
enriched membrane domains organizes cell polarity, probably by a sphingolipid-induced
protein scaffold (SLIPS) involving polarity protein Par6 and the small Rho-type GTPase
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Cdc42 (Bieberich, 2008, 2011a, 2012; Krishnamurthy et al., 2007; Wang et al., 2008; Wang
et al., 2018). Our studies also provided evidence that enrichment of ceramide in the apical
plasma membrane and interaction with ceramide is instrumental for primitive ectoderm
differentiation and neuronal cell polarity and cortical layer formation (lamination) of the
embryonic brain. However, it still needs to be investigated whether ceramide-aPKC
interaction described by Kester’s and our group involved CRPs of the sphingomyelin-
ceramide type.

The function of CRPs of the cholesterol-ceramide type is also not clearly defined yet. The
group led by Lia Addadi who reported development of an anti-ceramide antibody detecting
this type of CRPs found that cholesterol-ceramide rafts are localized in late endosomes and
trans-Golgi, but not in early endosomes, ER, or lysosomes (Goldschmidt-Arzi et al., 2011;
Scheffer et al., 2007). In collaboration with Tony Futerman’s group, they discovered that in
Farber disease, a deficiency of acid ceramidase, cholesterol-ceramide CRPs are also found in
mitochondria and the plasma membrane, suggesting that they contribute to the
pathophysiology of the disease (Ferreira et al., 2014). Another potentially
pathophysiological role of ceramidecholesterol CRPs is suggested by data from Felix Goni’s
group obtained with lipid vesicles. These studies found that mixtures of cholesterol and
ceramide may increase permeability of cellular membranes including those of mitochondria
(Goni et al., 2005). The mechanism is related but not identical to ceramide pores described
by Marco Colombini’s group (Perera et al., 2016; Siskind et al., 2002). They form at a
certain concentration in isolated mitochondria and may induce apoptosis, an alternative (or
complementary) mechanism to death receptor clustering previously described for ceramide
rafts. It is obvious that CRPs of the sphingomyelin-ceramide or cholesterol-ceramide type
can be generated by activation of SMases, the activity of which is modulated by the extent
and composition of lipid rafts, suggesting a self-propelled feedback activation mechanism.
However, the biological function or dysfunction of this activation and emergence of CRPs is
still not fully understood.
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GPCR G-protein coupled receptor
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MVE multivesicular endosome
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Highlights

. This review discusses the history and new developments in research on lipid
rafts. Specifically, the lipid raft and lipid shell model are explained and the
lipid chaperon model introduced. Additional topics are methods to detect and
characterize lipid rafts in vitro and in vivo with focus on the physiological and
pathophysiological function of ceramide-rich platforms.
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Figure 1.
Different models of lipid-protein interaction in membrane microdomains and rafts A. In the

original “lipid raft” model formalized by Simons in 1997, lipids such as cholesterol and
sphingomyelin form a liquid ordered phase (Lo) in the membrane, the lipid raft (blue). Raft
proteins (yellow) are enriched in rafts and form complexes. One obstacle in this model is the
diffusion barrier (green), which requires activation energy for transfer of raft proteins into
rafts. B. In 2002, Anderson and Jacobson published the “lipid shell” model. Annular or
boundary lipids surround membrane proteins in lipid shells (red) that target raft proteins to
lipid rafts where they form larger lipid-protein or protein-protein complexes. However, in
this model, the relationship between lipids in a raft and lipid shells surrounding raft proteins
is not clear. C. The “lipid chaperon” model suggested in this review attempts to integrate and
refine the raft and shell model. Protein-bound chaperon lipids interact with raft lipids to
overcome the diffusion barrier between raft and non-raft areas of the membrane. Once
entering the raft, chaperon lipids (purple) may be replaced by raft lipids, which is different
from the shell model. Chaperon lipids act like a catalyst lowering the activation energy for
overcoming the diffusion barrier to the lipid raft, but they do not need to stay with the
protein complex once formed. They may actually prevent protein complex formation unless
stripped off from raft proteins when entering the raft.
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