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Abstract

Many plasma membrane (PM) functions depend on the cholesterol concentration in the PM in
strikingly nonlinear, cooperative ways: fully functional in the presence of physiological
cholesterol levels (35~45 mol%), and nonfunctional below 25 mol% cholesterol; namely, still
in the presence of high concentrations of cholesterol. This suggests the involvement of
cholesterol-based complexes/domains formed cooperatively. In this review, by examining the
results obtained by using fluorescent lipid analogs and avoiding the trap of circular logic, often
found in the raft literature, we point out the basic similarities of liquid-ordered (Lo)-phase
domains in giant unilamellar vesicles, Lo-phase-like domains formed at lower temperatures in
giant plasma membrane vesicles, and detergent-resistant membranes: these domains are
formed by cooperative interactions of cholesterol, saturated acyl chains, and unsaturated acyl
chains. The literature contains good evidence, showing that the domains formed by the same
basic cooperative molecular interactions exist and play essential roles in signal transduction in
the PM. Therefore, as a working definition, we propose that raft domains in the PM are liquid-
like molecular complexes/domains formed by cooperative interactions of cholesterol with
saturated acyl chains as well as unsaturated acyl chains, due to saturated acyl chains’ weak
multiple accommodating interactions with cholesterol and cholesterol’s low miscibility with
unsaturated acyl chains and TM proteins. Molecules move within raft domains and exchange
with those in the bulk PM. We provide a logically established collection of fluorescent lipid

probes that preferentially partition into raft and non-raft domains, as defined here, in the PM.



1. Introduction

The hypothesis of lipid rafts in the membrane was first proposed in a review by Kai Simons and
Gerrit van Meer in 1988, in the context to explain the distinct trafficking of specific proteins
from the Golgi to the apical plasma membrane (PM) in polarized simple epithelial cells.!
Although they did not use the word “raft”, the key raft concept was presented. They proposed
that glycosphingolipids and sphingomyelins are clustered to form a microdomain in the luminal
leaflet (which could become the exoplasmic leaflet in the PM) of the bilayer of the trans Golgi
membrane, and this microdomain functions as the platform to concentrate apical proteins (by
unknown mechanisms) and the budding site to produce apical membrane vesicles.

The lipid raft concept was clearly proposed in a review by Simons and Ikonen published
in 1997:2 the rafts are dynamic clusters of sphingolipids and cholesterol, which move within the
fluid bilayer and function as platforms for the attachment of proteins when membranes are
moved around inside the cell and during signal transduction. Since then, the lipid raft concept
has been constantly revised to become consistent with newly obtained data.?'3 This journal,
Traffic, originated in 1999, and so its growth has occurred contemporarily with advancements
in lipid raft research. Therefore, it is quite meaningful to include a review on lipid raft domains
in the 20" Anniversary Issue of T7raffic. We feel quite honored to review the current
understanding of lipid raft domains, based on the results obtained over these past 20 years or
so, and provide future perspectives of the field in this 20" Anniversary issue. Our group
published a review about raft domains in 2004 in this journal,* and so it is our great pleasure
to see the impressive advancements in this research field during the past 15 years.

Our previous reviews,*1%-12 particularly the one published in this journal in 2004,* contain
important descriptions of the cholesterol interactions with saturated and unsaturated acyl
chains and transmembrane (TM) proteins, as well as how the actin-based membrane skeleton
mesh (the part of the cortical actin filaments bound to the PM cytoplasmic surface) interacts
with (presumable) raft domains. The knowledge of these interactions is quite essential for
understanding this review and the raft domains. However, in this review, we simply state these
key interactions without describing their supporting data, because we hope to avoid being too
repetitive and these interactions are now quite well known.

The definition of the lipid raft domain is still being developed, but the current general



view of the raft domains in the PM (not the definition) could be summarized as follows (most
of the references for these statements will be given later).

“The raft domains in the PMs of guiescent cells are meso-scale domains of 2 - 20 nm in
diameter, in which cholesterol and molecules containing long saturated acyl chains are
assembled in the liquid-ordered [Lo]-phase-like organization, due to the cooperative
interactions between cholesterol and long saturated acyl chains and their exclusion from (their
immiscibility with) unsaturated acyl chains, in a mechanism likened to phase separation. This
way, raft domains concentrate the molecules exhibiting better miscibility with Lo-phase-like
domains (recently, Lorent et al.'* quantitatively clarified the factors determining the miscibility
of TM proteins in raft domains). The raft domains maintain liquid-like properties, allowing the
assembled molecules to diffuse within the raft domain and exchange with molecules in the bulk
domain, which is in the liquid-disordered [Lq]-phase-like state. The residency lifetimes of
individual molecules recruited to the meso-scale raft domain are often on the order of fractions
of a second (The lifetimes of the metastable raft domains themselves have not been clarified).”

“Upon stimulation of raft-associated receptors (or proteins), the engaged receptors are
clustered, with the aid of the raft domains pre-existing in the quiescent cells, thus inducing the
coalescence and stabilization of the raft domains. These stabilized raft domains function as the
platforms for signal transduction, interactions with cortical actin filaments, endocytosis, and
other phenomena.*?11.12.15 The ligated receptors might be clustered for longer durations, but
the lipid components of the stabilized raft domains and the lipid-anchored signaling molecules
recruited there (are likely to maintain high mobilities and) undergo rapid exchanges with those
in the bulk domain, with residency lifetimes on the order of fractions of a second.”

As indicated in these statements, we emphasize the importance of separately
considering the transient (metastable) raft domains in the steady state and the
activated/engaged raft domains after stimulation. The raft domains “isolated” from animal
tissues by detergents are likely to be the stabilized, activated raft domains, because the raft-
associated receptors in the cells in tissues are considered to constantly receive signals from
other cells and hence are often ligated and engaged. This concept of the meso-scale (generally
3 — 300 nm in size) functional subcompartments in the PM was powerful and intuitively

appealing, and thus it has now infiltrated virtually all areas of cell biology.!® Caveolae could be



considered as an important special example of such stabilized raft domains.!” For caveolae
organization and function, see the splendid reviews by Parton.1819

However, note that this summary statement about raft domains does not provide the
“definitions” of lipid raft domains. Consider the following questions. What kind of experiments
can we do, if we suspect that a biological function we are interested in might be enabled by
the involvement of raft domains and wish to prove it? What advice could we give to our
colleague who suspects that the PM substructure s/he is interested in, for example,
desmosomes, adherens junctions, and synapses, as well as their subdomains, might involve
raft-lipid interactions and wants to test this working hypothesis? To address these questions,
the explanations of raft properties described in the previous paragraphs would not be directly
useful. We would need a (working) definition of lipid raft domains at high levels of accuracy
and logical correctness, as well as testability by relatively simple experiments.

With the development of liquid-liquid phase-separated giant unilamellar vesicles
(GUVs),20-26 giant PM vesicles (GPMVs and PM spheres),?’-2° new fluorescence lipid analogs,3°3!
and single-molecule imaging and superresolution fluorescence microscopy, 33240 as well as the
clarification of the key structural parameters of TM proteins for their inclusions in raft domains,*
we believe that the time is now ripe to synthesize our current biological, chemical, and physical
knowledge of raft domains. This knowledge should be reorganized in a logical way (the problem
of the circular logic in the raft research field is explained in the next section, Section 2) and
provide a simple working definition of raft domains that will be practically useful for further
studies. This review is an attempt to accomplish these goals. The end results of this attempt
might not be very different from what we think we know overall, which would indeed be a good
thing for the field. However, having a simple clear working definition of raft domains in the PM
("definition” and not the explanation of the properties of raft domains), such as that we propose
here, would be important for further development of the field. Furthermore, we tried to
comprehensively reorganize the existing data obtained by fluorescent lipid analogs, which we
think are key tools for studying raft domains in the PM, and point to which analogs should be
used to directly find raft domains in the PM in living cells at physiological temperatures. We
hope this will be useful for specialists as well as beginners in this research area, and for research

in the broader areas of cell biology, biophysics, and biochemistry.



In this review, we will focus on the raft domains located in the PMs of mammalian cells,
because these domains are the best studied. However, we believe that the organized
knowledge of such raft domains could also be used as a basis for understanding other raft
domains, such as those in the Golgi or in other animal and plant species (for reviews of lipid-

domain-dependent protein sorting and transport, see Refs. 41 and 42).

2. Why has it been difficult to define raft domains? Technological and

logical problems

We think there are two reasons why it has been difficult to define raft domains in the PM. The
first reason is that raft domains in live cells, particularly those in quiescent cells, have never
been visualized or isolated in ways that the research community can agree upon. Then, why
has it been difficult to visualize rafts in quiescent cells? Looking back on the 30-year history of
raft research, the reason is rather clear now. The raft domains are small, with sizes mostly less
than 20 nm in quiescent cells and often less than 200 nm even after stimulation. Such small
sizes make visualization in living cells difficult, even when using the most advanced super-
resolution fluorescence microscopy methods. Furthermore, the small size is linked to the fact
that the number of the same protein species located in a single raft domain might often be 0
or 1. Even if 5 copies of a protein species existed in a single domain, dual-color super-resolution
and immunoelectron microscopy methods would rarely detect the colocalization at levels with
statistical significance, and thus would not be able to detect domains or molecular complexes.
Some lipid species might be more abundant in raft domains, but the same raftophilic lipids are
also likely to exist in the non-raft domain at quite high concentrations at the physiological
temperature of 37°C. Coupled with the small sizes of raft domains (<20 nm in quiescent cells)
and the existence of very large amounts of endogenous natural lipids, identifying raft domains
by fluorescent lipid analogs would be difficult. In addition, proper fluorescent lipid probes that
behave like the endogenous parental lipids that form raft domains in the PM had hardly been
available until quite recently.3%3! The dwell times of raft-associated molecules in a raft domain
might be on the order of milliseconds to several 10s of milliseconds,30-3143-4> which make the

direct observations of raft domains quite difficult. The method of isolating raft domains, by



taking advantage of detergent-resistant membranes (DRMs), has remained to be reevaluated
for its validity.3:1>46-4°

The second reason is the problem of circular logic prevalent in the raft research field.
This problem was probably induced because the field was initiated by a powerful raft hypothesis,
which, when coupled with a simple biochemical procedure to prepare DRMs,>%>2 quickly
penetrated virtually all aspects of molecular cell biology. Researchers indeed found a variety of
microdomains with important functions, which could be loosely linked to DRMs and the clusters
of sphingolipids and cholesterol originally proposed by Simons and Ikonen.? These were
splendid advancements for membrane molecular biology and biochemistry, but it necessitated
new and expanded definition(s) of raft domains (although some doubts about the equality of
raft domains and DRMs have been expressed®1>46-4%), This way, the field of raft research
initiated a voyage to broaden its horizon and at the same time to define the horizon. Namely,
the research field of lipid raft domains in the PM has become the field where the researchers
seek the correct as well as useful definition of raft domains.

Partly due to the lack of a simple definition of raft domains in the PM, and partly due to
the technical difficulties, the prevalent logic in the raft-domain research field has often been
that “we found new raft domains in the PM, using a probe molecule that is believed to partition
into raft domains (meaning that, based on the general feel of the field, the probe is “considered”
to partition into some raft-related domains, although without any direct evidence)”. This is a
logical fallacy, because one must independently prove that the probe actually preferentially
partitions into the raft domain (or non-raft domain). However, what we want to assert here is
that even with the problem of logical circularity, the logic circles were generally quite large in
this research field, and thus useful knowledge has been accumulated over these 20~30 years
for discovering the true nature of this interesting PM domain. Therefore, for the healthy
development of the raft-domain research field in the future, it is now important to re-examine
the literature and reconstruct/establish the straightforward logic in the raft-domain research.

For this purpose, we start this review by explaining that many signaling processes in
the PM and other PM functions depend on the cholesterol concentration in strikingly nonlinear,
cooperative ways. They are fully functional in the presence of 35~45 mol% cholesterol (against

the total lipid) in the PM, but totally lose their functions when the cholesterol concentration is



reduced to ~25 mol% or less, i.e., still in the presence of high concentrations of cholesterol in
the PM. This suggests the existence of lipid complexes/domains that are formed cooperatively
with respect to the cholesterol concentrations in the membrane. Therefore, we look for such
lipid complexes/domains in GUVs, GPMVs (PM spheres), and DRMs (and in some cases, in the
antibody-induced GPI-anchored-protein domains in the PM). We organize the data in the
literature, and point out the basic similarities of the Lo-phase domains in GUVs, Lo-phase-like
domains in GPMVs, and DRMs, and ask whether the domains formed by the same basic
cooperative interactions of cholesterol and acyl chains, found in GUVs, GPMVs, and DRMs,
actually exist in the PM. If such domains exist, then we could define such domains as lipid raft
domains in the PM (as a working definition). We next identify the properties of such domains
and their functions in the PM.

For this objective, and also for the practical purpose of actually performing experiments
in future research, we extensively examined fluorescent lipid analogs. This is also a reasonable
approach, since using fluorescent lipid probes is one of the key strategies in raft domain
research.?>>3-7 First, we first searched for molecules that have been /independently shown to
partition into Lo (Ld)-phase domains in GUVs as well as the Lo (Ld)-phase-like domains in
GPMVs, to escape from the circular reasoning loop. Indeed, we found in the literature that
lissamine rhodamine B sulfonyl-dioleoylphosphatidylethanolamine (LRB-DOPE) satisfies these
conditions (preferring Ld-phase[-like] domains; Table 1).8 Surprisingly, except for LRB-DOPE,
we could not find any other fluorescent lipid analogs that were /ndependently shown to
preferentially and robustly partition into Ld-phase(-like) domains in both GUVs and GPMVs in
the literature. Furthermore, by making quite reasonable assumptions that other dioleoyl and
dilinoleoyl phospholipid probes behave like LRB-DOPE in both GUVs and GPMVs, we found that
these probes partition into non-DRM. Thus, by starting from LRB-DOPE, we were able to sort
and reorganize the partitioning data for other fluorescent lipid analogs, so that we can escape
from the situation where the premises are mixed with the conclusions (without falling into the
trap of circular arguments). Since this is done here (and once this were done properly), one
could pick any warrantied lipid probes from the list shown here and use them as true bona-fide
markers for Ld (Lo)-phase(-like) domains in GUVs and GPMVs, and probably for the (non-)raft

domains in the PM. Previously, various “bona-fide” markers have been used in the sense that



their partitioning behaviors are consistent with each other in the literature, but this was indeed
the very source of the circular logic and sometimes it was the sources of incorrect uses of lipid
probes (particularly the lipid probes considered to be raft-associated; see Table 1).
Fluorescently-tagged GPI-anchored proteins are also excellent probes for defining the
raft domains, but due to space limitations, we will touch upon their uses only briefly in this
review (The functional importance of GPI-anchored receptors has been summarized in a

wonderful review of Thy-1 by Morris).>?

3. Many signaling processes in the PM depend on the cholesterol

concentration in strikingly nonlinear, cooperative ways

The cholesterol concentration in the PM of mammalian cells, as expressed as the mol% of
total lipid (largely, phospholipids + gangliosides + cholesterol) is generally around 35~45
mol%.%%° When cholesterol is partially and mildly depleted by incubating the cells with
methyl-B-cyclodextrin or saponin (for example, an incubation with 4 mM methyl-p-
cyclodextrin at 37°C for 30 min), the cholesterol concentration is typically decreased by 40%
to become 21~27 mol%.%1-63 For simplicity of presentation, we assume that the overall
cholesterol concentration in the PM is 40 mol%, and after mild cholesterol depletion, it is
reduced by ~40% to become 25 mol%. Since cholesterol is such an abundant molecular
species, one might expect that if a PM function is dependent on cholesterol, then upon
cholesterol depletion, the signaling reaction rate at the PM might be reduced by ~40%
(reduced to 60% of the original level).

On the contrary, many signaling reactions became almost totally blocked after partial
cholesterol depletion. Examples include the formation of the avp3-integrin/CD47/trimeric G
protein complex and its downstream signaling,®! the phosphorylation of the engaged FceRI by
Lyn kinase,®* NK1 receptor activation,®> P2X1 receptor-mediated currents,® tumor necrosis
factor receptor 1 signaling,®” CD59-induced activation of the trimeric G protein, Lyn, and IPs-
Ca%* pathway,®3%8 and dectin-1 signaling,®® as well as the entry of Listeria monocytogenes’®
and anthrax toxin’?.

The nonlinear responses of these reactions with respect to the cholesterol concentration



in the PM clearly indicate that these reactions do not depend on simple interactions with single
cholesterol molecules. If these reactions had depended on simple interactions with cholesterol,
then the reactions would have been reduced only to 60% (rather than almost to 0%) of the
original level when the cholesterol concentration was reduced from 40 mol% to 25 mol%.
Rather, these results suggest that the reactions must depend on the domains/structures in the
PM that are cooperatively formed in the presence of overall cholesterol concentrations higher
than 25 mol% at 37°C. We will have to find such structures or domains in the PM (In the
papers cited in this section, the authors used the term “raft”. However, this does not affect the
logic here. If this is a concern for the readers, please rephrase these words as “presumable
raft”. Note that we do not use the term “raft” in this section). We will do this in the following
part of this review, based on the results obtained by using GUVs, GPMVs (PM spheres), and
DRMs.

Partial cholesterol depletion could generate the side effect of enhancing actin
polymerization by reorganizing phosphatidylinositol 4,5-bisphosphate (PIP;),”>73 but when this
occurs, the effect reportedly lasts for at least 12 h (up to 24 h).”> Therefore, when cholesterol
repletion restores the original level of PM functions quickly,®3:6>6870.74 it suggests that the
blocking of the PM function by the partial cholesterol depletion is likely due to the direct effect
of lowering the cholesterol level by ~40%.

Liu et al. recently developed an imaging method for quantifying cholesterol in two leaflets
of the PM in live cells, and found that cholesterol concentration in the inner leaflet is ~12-fold
lower than that in the outer leaflet, whereas the mole fraction of cholesterol in the PM was 22
mol%.”> This suggests that the cholesterol mole fractions in the outer and inner leaflets will be
41 and 3.4 mol%. Although the result obtained by Liu et al. is quite different from the previous
results, showing that cholesterol is more concentrated in the inner leaflet,’®”” their result
indicates that the argument here would be useful in considering raft domains in the PM outer
leaflet. Liu et al. further showed that keeping the cholesterol level low in the inner leaflet in

quiescent cells is critical for triggering cholesterol-dependent Wnt signaling.”>

4. Giant unilamellar vesicles (GUVs): The Lo-phase-like domain might
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be involved in the nonlinear dependence of raft-related PM functions on

the cholesterol concentration

What are the molecular complexes or domains in the PM at 37°C that depend on the bulk
cholesterol concentrations higher than 25 mol% for their existence? To find the answer, let us
turn to artificial giant unilamellar vesicles (GUVs) composed of a ternary mixture of cholesterol,
a saturated phospholipid, such as L-a-dipalmitoylphosphatidylcholine (DPPC) or L-a-
distearoylphosphatidylcholine (DSPC), and sphingomyelin (18:0, SM), and an unsaturated
phospholipid, such as L-a-dioleoylphosphatidylcholine (DOPC). Such GUVs would serve as the
simplest models of the PM.

Their phase diagrams have been produced by observing the partitioning and dynamics
of fluorescent, paramagnetic spin, and deuterated probes.?%-26:787% The results indicated that
the liquid order-disorder phase separation (liquid ordered and disordered phases are called the
Lo phase and Ld phase, respectively, in this review) occurs with quite specific molecular
compositions (nearly equimolar ratios of cholesterol and saturated and unsaturated
phospholipids) at temperatures at and below the physiological temperature of 37°C. At 37°C,
the molecular fractions at which the Lo-Ld phase separation could be induced are quite limited
in the ternary mixtures of DSPC(DPPC)/DOPC/cholesterol,?> and the cholesterol concentration
must be higher than 25 mol%. The phase diagrams of SM(18:0)/DOPC/cholesterol at 37°C are
not available to the best of our knowledge, but the phase diagrams obtained at several lower
temperatures and/or using SM(16:0) suggest that the Lo-Ld phase separation occurs mostly
when the cholesterol concentrations are not much lower than ~20 mol%?!:?*78 (see also the
wonderful collection and well-considered presentation of the three-component phase diagrams
by Marsh8?).

Fluorescence microscopy revealed that both the Lo- and Ld-phase domains in GUVs are
often on the micron-scale (Fig. 1).21"2* Since the phase diagrams obtained by fluorescence
microscopy, which only gives a spatial resolution of ~300 nm, agree well with those obtained
by molecular-level techniques such as deuteron NMR and EPR spin labeling,”®8! the micron-
scale domains are likely to represent the Lo- and Ld-phase domains. However, note that these

domains are not always on the micron-scale. In particular, when DOPC was replaced by 1-
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palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine (SOPC), even at compositions where the fluorescence images appear uniform,
nanoscopic domains (=5 nm in diameter) with behaviors closely resembling those of the
genuine phases were detected.®? In equilibrium thermodynamics, the minimal number of
molecules required to form a structure that can be defined as a phase might be around 10,
because, although this is a hand-waving argument, the error by using the most approximate
Stirling’s formula of log[n!] ~ nlog[n] -n becomes less than 15% when n > 10. Furthermore,
note that the micron-scale “Lo-phase domain” detected by fluorescence microscopy might not
always be uniform: the ultrafast interferometric single-particle tracking (with a 20 us resolution)
of a 20-nm gold particle bound to a phospholipid detected the presence of nano-subdomains
as small as 10 nm within the Lo-phase, which transiently trapped the phospholipid.83

The two micron-scale domains found in GUVs were found to be liquid domains in three
ways. First, fluorescent lipid analogs and a GPI-anchored protein, placental alkaline
phosphatase (PLAP) exhibited different diffusion coefficients in two coexisting domains in
GUVs.21318485 and both were comparable to those found in the Lo- and Ld-phase domains in
simpler artificial membranes (summarized in Table 2).218486 Second, fluorescent C-Laurdan (6-
dodecanoyl-2-methylcarboxymethylaminonaphthalene)®’-%° exhibited the presence of two
domains with different orders (lipid packing), but both orders were lower than that in the solid-
phase membrane®8. Third, in the observations of two coexisting domains near the miscibility
transition temperature, the shapes of the domains were changing continuously.?%2

How well ordered is the Lo-phase domain? A deuterium NMR study revealed that the
lipid alkyl chain order between C4 and C16 is substantially higher (lower) in the Lo-phase
domain than in the Ld (solid)-phase domain.”®8! The order evaluated by using fluorescent C-
Laurdan showed that it is much higher in the Lo-phase domain than in the Ld-phase domain.>3>8

The phase diagrams demonstrated that the Lo-phase domain largely consists of
saturated phospholipids and cholesterol. Based on thermodynamic modeling, Radhakrishnan
and McConnell®® concluded that the Lo-phase domain contains high concentrations of
condensed 1:1 complexes of cholesterol and saturated PC, and that this condensed complex is
immiscible with unsaturated PC (DOPC). In addition, somewhat stable molecular complexes of

saturated PC and cholesterol at molar ratios of 4:1 and 2:1, as well as 1:1, have been
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reported,?%°1-93 suggesting that the Lo-phase domain would contain such complexes.

Taken together, the GUV results indicate that the Lo-phase domain containing higher
cholesterol mole fractions as compared with the bulk mole fraction could be cooperatively
formed even at 37°C, when the bulk cholesterol concentrations are higher than 25 mol%. This
result suggests that “the PM domains resembling the Lo-phase domain, in which saturated acyl
chains and cholesterol exist in high concentrations and form molecular complexes, might be
responsible for the non-linear dependence of many PM functions on the overall cholesterol
concentrations higher than 25 mol%".

The cause for such Lo-Ld phase separation has been proposed to be the weak multiple
interactions of cholesterol with saturated acyl chains, due to the conformational conformability
of saturated acyl chains (the rotational-conformational freedom of all of the single C-C bonds),
as well as the lateral non-conformability (immiscibility) of cholesterol with unsaturated acyl
chains.*19°497 Due to the rigid, planar tetracyclic sterol backbone of cholesterol and the rigid,
mandatorily-bent cis-double bonds in the unsaturated acyl chain, at least at the C9=C10
position, placing cholesterol and unsaturated acyl chains laterally next to each other would be
energetically less favorable, as compared with the case where cholesterol is placed next to
saturated acyl chains. Therefore, if given a choice within the GUVs, cholesterol would be
segregated out from the domain composed of unsaturated acyl chains (plus some saturated
chains, because saturated chains can mix with unsaturated chains), taking the saturated acyl
chains along because cholesterol by itself cannot form a membrane, and thus forming the
domain made of cholesterol and saturated acyl chains (note that cholesterol can stay to certain
extents in domains largely consisting of unsaturated acyl chains; in unsaturated lipid domains,
cholesterol tends to form small clusters of several cholesterol molecules with lifetimes of 1-100
ns®*). Namely, cholesterol can form (transient) complexes with saturated acyl chains (for
example, acyl chains of phospholipids, GPI-anchored proteins, glycosphingolipids, and
sphingomyelins), even if the affinities between cholesterol and these molecules are not
particularly high (due to the exclusion from the domains largely made of unsaturated chains).
This mechanism can explain why cholesterol and saturated acyl chains form a liquid-ordered
domain. Since saturated acyl chains interact with cholesterol’s rigid, planar tetracyclic sterol

backbone, the acyl chains tend to have more trans conformations (thus becoming ordered) and
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since cholesterol and acyl chains may not bind strongly, they could move about in their

concentrated domains (thus being in liquid states).

5. Determining the Lo- and Ld-phase preferences of fluorescent lipid

probes in GUVs

In the examinations of GUVs using fluorescent lipid probes, we can often determine whether
and how the employed probe preferentially partition into the Lo/Ld-phase domains from the
temperature dependence of the area fraction and connectivity>:°8, diffusion coefficient in each
domain,?31 and partitioning of fluorophores with known partitioning behavior. The last method,
examining colocalized and/or complementary staining using fluorescence microscopy, is quite
prevalent, because it is simpler and virtually the same method can be used for the examination
of GPMVs. However, to make this method work without falling into the trap of circular logic,
we first need to find at least one fluorescent probe that preferentially partition into the Lo- or
Ld-phase domain (in fact, also in Lo- or Ld-like domains in GPMVs), without using the data of
simple colocalization or complementary distribution with another molecule.

See the first and second (GUVs’) columns in Table 1, and the first row there. Kaiser et
al.”8 found that, in GUVs, the domains more intensely labeled with LRB-DOPE are colocalized
by C-Laurdan’s lower polarity region (more disordered domain), which establishes that LRB-
DOPE is an Ld-phase preferring probe in GUVs. To the best of our knowledge, such a clear Ld-
phase preference by experimental design and results had not existed for any other fluorescent
lipid probes in the literature, until recently. Without these observations, it would have been
impossible for us to start logical reorganization of the partitioning data in the literature.

Other lipid probes containing two oleoyl chains and those containing two linoleoyl chains
are expected to behave similarly to LRB-DOPE and DOPC (which is the most prevalent host
molecule for the ternary lipid mixture to produce phase-separated GUVs), due to the presence
of one and two unsaturated cis bond(s), respectively, which induces lateral nonconformability
with cholesterol. Therefore, these lipid probes were also categorized into Ld-phase preferring
molecules (Table 1, first row). Indeed, this is the only speculative part in Table 1.

Starting from these observations, we reorganize the lipid partitioning data, without being
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trapped in the circular logic, examining the complementary and colocalized partitioning with
respect to the lipid probes with established partitioning behaviors in the logical order (from the
top row toward the bottom row in Table 1). See the second row in Table 1. Since the CTB-GM1
pentamer complex exhibited complementary staining with LRB-DOPE, it was categorized as a
“Lo-phase preferring” molecule.

Meanwhile, 488neg-SM(18:0) (Hd; indicating the probe attachment to the hydrophilic
headgroup), 594neg-SM(18:0) (Hd), 594neg-DSPC (Hd), and 594neg-DOPC (Hd) exhibited two
diffusion coefficients in two coexisting domains with higher and lower partitioning (for the first
three probes, slower and faster diffusion, respectively; 594neg-DOPC was opposite), and thus
488neg-SM(18:0) (Hd), 594neg-SM(18:0) (Hd), and 594neg-DSPC (Hd) were categorized as
Lo-phase preferring probes and 594neg-DOPC (Hd) was categorized as an Ld-phase preferring
probe (See the chemical structures of these probes in Fig. 2). Thus, this class of SM and PC
probes have become the second cases, where their Lo/Ld preferential partitioning in GUVs (and
in GPMVs) was established without depending on the complementary or colocalized staining of

another probe.

6. Giant PM vesicles (GPMVs), PM spheres, and blebbed PMs, which lack
the actin-based membrane skeleton (MSK): The Lo-phase-like domains

are induced at ~10°C

Although GUVs are useful for advancing our fundamental understanding of Lo-Ld phase
separation, which might be related to many PM functions that non-linearly depend on the
cholesterol concentration, the extension of such knowledge gained in GUVs toward
understanding the events occurring in the PM is not obvious. This is because (1) the mammalian
PM molecular composition is much more complicated, containing over 10,000 molecular species
(several thousand molecular species of both lipids and proteins®®) and including the proteins
transiently associated with the outer and inner PM surfaces, and also because (2) the
mammalian PM is bound by the actin-based membrane skeleton (MSK), which is a part of the
cortical actin filaments closely apposed to the PM cytoplasmic surface.11/100-103

An experimental paradigm widely employed to avoid the complication from the actin-
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based MSK, but still including molecular complexity similar to that of the PM interior, is the
giant plasma membrane vesicles (GPMVs)?2° or PM spheres (so called when the GPMV-like
structure is induced without chemical modifications).?® They are formed by PM blebbing (in the
case of GPMVs, blebbing is followed by cleavage from the rest of the cell), and have protein
and lipid compositions similar to those of the PM, but without the actin-based MSK.10419> GPMVs
are most often prepared from the RBL-2H3 mast cell line, following the report that revived the
use of GPMVs,?7:106-108 byt they have been produced from other cell lines such as NIH 3T3
cells,?” Hela cells,%® and CHO cells.”® The CHO-cell PM contains very small amounts of GM1
(but is strongly enriched with GM3), and thus PMs of and GPMVs prepared from CHO cells
would be useful as experimental paradigms that hardly contain GM1.

Upon cooling to ~10°C, GPMVs generally exhibited two coexisting (and complementary)
micron-scale domains (greater than the optical diffraction limit of ~200 nm; Fig. 3). The
transition from a single-domain to two coexisting domains started occurring at around 25°C
and was nearly complete at ~10°C.27-2%109.110 Syrprisingly, both of these domains were found
to be liquid. First, LRB-1-stearoyl-2-oleoyl-PE was found to diffuse rapidly in both domains with
diffusion coefficients of 1.8 and 5.6 um?/s?® (Table 2), which were quite comparable to those
found for fluorescent phospholipid analogs in Lo- and Ld-phase domains in GUVs, respectively3!
(Table 2; although the diffusion coefficient in the slow domain was somewhat larger than that
found in the Lo-phase domain in GUVs). The domain with the higher (lower) diffusion coefficient
coincided with the domain that was more strongly (weakly) labeled with LRB-1-stearoyl-2-
oleoyl-PE. Second, the lipid packing (order) evaluated by C-Laurdan suggested that both were
in the liquid state, although the difference in the packing between the two domains was much
smaller than that found between Lo- and Ld-phase domains in GUVs?®108 (the results reported
in Kaiser et al.”® included the data obtained by using both GPMVs and PM spheres). These
results were quite surprising when they were initially reported. One would generally expect that
GPMV lipids would solidify at lower temperatures, and that before the total solidification
eventually occurs in the cooling process, some solid domains would start forming, inducing the
coexistence of so/id and liquid domains!!t. However, it was difficult to predict the creation of
two complementary, coexisting /iguid domains in GPMVs within certain temperature ranges

(also see curious results reported in Ref. 112, 113, and 114).
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Furthermore, these two coexisting domains were complementarily stained with Lo- and
Ld-phase preferring fluorescent probes found in GUVs (see top 9 rows of Table 1). These three
results suggest that GPMVs at 37°C are in the Ld-phase-like state, and upon cooling, another
domain resembling the GUV'’s Lo-phase domain appears, leaving the rest of the membrane still
in the Ld-phase-like state. Therefore, in this article, these two domains found in GPMVs at
~10°C are given the names Lo-phase-like and Ld-phase-like domains or “Lo-like and Ld-like
domains” for short, respectively, as we do not have any proof to unequivocally show that these
domains could thermodynamically be called “phases”. The molecular-scale observations of
GPMVs using spin-label EPR spectroscopy supported the presence of two domains with
distinctively different order parameters for the acyl chains (the order parameter for the higher-
order state is intermediate between those of the Lo-phase and Ld-phase domains in GUVs!?>).

These observations are extremely important, as they show that

(1) at lower temperatures, the PM after the removal of the actin-based MSK is capable
of undergoing a cooperative process resembling the micron-sized liquid-liquid phase separation
found in GUVs with special lipid compositions; therefore, that

(2) the actin-based MSK blocks the formation of micron-sized Lo-like domains upon
cooling (also see Refs. 116, 117, and 118 for the coupling of actin filaments and lipid domains),
and that

(3) micron-sized domains do not form at the physiological temperature of 37°C, even

in the absence of the actin-based MSK.

7. The presence of >25-mol% overall cholesterol concentrations is
essential for the generation of Lo-like domains in GPMVs at lower

temperatures

Another critically important observation was made using GPMVs. After mild partial cholesterol
depletion, the Lo-phase-like micron-scale domains do not exist even at 10°C,1%° suggesting
that the presence of overall cholesterol concentrations of 25 mol% or more is essential for
producing Lo-like domains in GPMVs at ~10°C. The requirement of >25 mol% overall

cholesterol mole fraction to produce Lo-like domains in GPMVs at ~10°C is pretty much the
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same as that for many PM signaling functions, as well as that for the induction of Lo-Ld phase

separation in GUVs consisting of the ternary mixtures of DSPC(DPPC)/DOPC/cholesterol.

8. Do nano~meso-scale Lo-like domains exist in the PM at 37°C?

Considering the observations made with GUVs and GPMVs and simulations based on the Ising
model, Veatch, Keller, and their colleagues proposed that the micron-sized Lo-like domains
found in GPMVs at 10°C could become nano-meso-scale domains at 37°C, due to the critical
fluctuations of the lipid compositions that remain when the temperature is raised by 15 - 20
degrees from the temperature of the transition from the two-phase (Lo and Ld) state to a
single-phase (Ld) state (miscibility transition temperature 7misc ~20°C).23:2481,119-121 Tt i trye
that the structural and compositional fluctuations must exist as precursors to the phase
separation even above T7misc, but the problem is how extensively (in terms of size and humber)
they remain at 37°C. Veatch, Keller, and their colleagues concluded that, due to the remaining
criticality, spatial variations of the lipid compositions with the correlation length of ~20 nm?!2°
or ~5 nm!!? in GPMVs could occur, giving rise to Lo-like domains of these sizes at 37°C.

However, no direct detection or observation of Lo-like domains in GPMVs at 37°C and
PMs (at any temperature) was made. This is probably due to their small sizes of 5 ~ 20 nm.
There are other indications suggesting that the Lo-like domains in GPMVs and PMs are this size.
We previously determined that TM proteins, many of which are not sterically (laterally)
compatible with cholesterol and thus with Lo-like domains, are located ~4 nm apart from each
other in the PM,!22 suggesting that the growth of Lo-like domains much greater than 4 nm in
diameter in the PM of quiescent cells might be difficult. As described in Section 4, even in GUVs,
under certain conditions, the Lo-phase domain sizes could be on the nano-scale.8? For example,
in the presence of POPC and SOPC, which are abundant in the PM and considered to be surface
active at the interface between the Lo-phase and Ld-phase domains, the Lo-phase domains of
nanometer-sizes (=5 nm) were formed. This result suggests the possibility that the raft domains
in the quiescent-cell PM might have similar sizes.

In the Lo-phase domain in the artificial membranes made of the ternary mixtures of
saturated phospholipids/DOPC/cholesterol, the complexes of cholesterol and saturated acyl

chains at ratios of 1:2, 1:4, and 1:8 (cholesterol/PC ratios of 1:1, 1:2, and 1:4, respectively),
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which are immiscible with unsaturated PC, are likely to form, as reviewed previously* and in
Section 4. Some of these complexes might remain even when the GUVs are in a single-phase
state, perhaps forming greater complexes. If two complexes made of the 1:2 mixture of
cholesterol and saturated acyl chains (1:1 mixture of cholesterol and a saturated phospholipid,
and thus 4 molecules) were to form a greater complex (to define raft domains, we would need
at least three molecules in the domain for cooperative interactions), then it would occupy an
area of ~2 nm in diameter, which would be the smallest possibility. Taken together, the sizes
of the Lo-like domains in GPMVs and PMs, without considering the presence of the actin-based
MSK, in quiescent cells might be between 2 and 20 nm. As such, the problem of whether
nano~meso-scale Lo-like domains exist in the PM in quiescent cells at 37°C is the most

speculative issue in raft domain research (see the item 5 in the next section).

9. Working definition of raft domains
First, we will summarize the results obtained by using the GUVs and GPMVs described in the
previous sections into the following five key points:

(1) the non-linear cooperative dependence of various PM functions on the cholesterol
concentration in the PM, with typically full function at the physiological ~40 mol% cholesterol
and virtually no function below 25 mol% cholesterol,

(2) the existence of the Lo-phase domain in GUVs made of the ternary mixtures of
saturated phospholipid/DOPC/cholesterol at cholesterol concentrations higher than 25 mol%,
which are readily observable below 25°C and detectable even at 37°C, at limited mole fractions
of the three components, and

(3) the cholesterol-dependent appearance of the complementary two micron-scale
domains in GPMVs at ~10 °C (which starts below 25°C upon cooling from 37°C; micron-scale
domains appear only after the removal of the actin-based membrane skeleton bound to the PM
cytoplasmic surface; ie., upon the production of GPMVs), which suggests the occurrences of
nano~meso-scale (2-20 nm) Lo-like domains at temperatures above 25°C, such as 37°C, as
expected from both theory and simulation.

In addition, we include the following two additional results in considering the putative
raft domains that exist in GPMVs and intact PMs at 37°C:
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(4) the complexes of cholesterol and saturated acyl chains at ratios of 1:2 and 1:4
(cholesterol/PC ratios of 1:1 and 1:2, respectively), which are immiscible with unsaturated PC,
are likely to be the basic units for forming Lo domains in the ternary mixtures of saturated
PC/cholesterol/DOPC,* and

(5) GPI-anchored proteins form metastable homodimers with a lifetime of ~160 ms (in
the case of CD59) in the PM, due to the protein-protein interactions between the extracellular
protein domains. The homodimer lifetime was shortened by a factor of 2, when cholesterol was
partially depleted, even though ~25 mol% cholesterol still remained in the PM. A reduction of
the homodimer lifetime by a factor of 2 was also observed when the GPI-anchoring chains were
replaced by the TM domain of LDL receptor; ie., the interactions with 25 and 0 mol%
cholesterol gave the same effect (i.e., no effect prolonging the homodimer lifetimes). These
results indicate that the homodimers of GPI-anchored proteins are stabilized by the interactions
with the cholesterol-enriched domains formed in the presence of >25 mol% cholesterol,
implying the cooperative interactions of the GPI-anchoring chains (saturated acyl chains) and
the cholesterol-enriched complexes/domains.* (The readers might correctly raise a question
about the appropriateness of citing this one paper here as an evidence in support of the
existence of raft domains in the PM in living cells at 37°C, but we cannot find any other reports
directly showing the presence of molecular assemblies depending on cholesterol concentrations
in cooperative ways in the PM in quiescent cells, in line with the item (1), and here we need
such papers, or at least a paper, that indicate, in the PM, the existence of molecular assemblies
whose existence nonlinearly depends on cholesterol concentrations, for indicating the presence
of such molecular assemblies in the PM. Therefore, we remind the readers of being aware that
there could be pros and cons about whether this type of result is taken as a strong argument
for the existence of raft domains in the PM.)

Based on these five observations, we propose the following working definition of raft
domains in the PM. “Raft domains in the PM are liquid-like molecular complexes/domains
formed by cooperative interactions of cholesterol with saturated acyl chains as well as
unsaturated acyl chains, due to saturated acyl chains’ weak multiple accommodating

Interactions with cholesterol and cholesterol’s low miscibility with unsaturated acyl chains and

TM proteins (collectively called, ‘raft-lipid interactions’)”. How such raft domains in the PM can
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be detected will be described in Sections 10 and 14. In the following part of this review, the
word, “raft domain” indicates the membrane domains defined here. Since, in this definition,
the raft domains in the PM are basically composed of cholesterol and saturated acyl chains, we
call these raft domains “C-SAC rafts”, when the meaning of the “raft domain” may not be clear.

Raft domains are in the liquid state, because, as shown in GUVs, the domains consisting
of cholesterol and saturated acyl chains, generated as defined in this working definition, are
known to be in the liquid state. The “liquid state” means that (1) cholesterol and molecules
with saturated chains and/or the basic complexes for generating the raft domains (1:1 and 1:2
complexes of cholesterol and molecules with two saturated acyl chains) can physically exchange
their positions within the complex, (2) they can exchange with those located in the bulk Ld-like
domain, and (3) raft domains can coalesce to form larger domains by suitable triggers.

Since such liquid-like domains would only form in the presence of >25 mol% cholesterol
(typically ~40 mol% cholesterol) at 37°C in a membrane containing both saturated lipids and
unsaturated lipids, this working definition is consistent with all of the Lo-phase and Lo-like
domains found in GUVs and GPMVs. Indeed, this working definition was made possible by
integrating our knowledge obtained by using GUVs, GPMVs, DRM/non-DRMs, and PMs.

More specifically, the following three points are the key for this definition.

(1) >25 Mol% cholesterol is an essential component for creating raft domains (in the
mammalian PM).

(2) Cooperative assembly of the complex of cholesterol and saturated acyl chain (often
1:1 and 1:2 complexes of cholesterol and lipid; the ratios of cholesterol vs. saturated acyl chains
are 1:2 and 1:4, respectively) is the first key for raft formation.

(3) Cooperative exclusion of unsaturated chains from raft domains due to immiscibility
of the unsaturated chains with cholesterol is the second key for raft formation.

For the details of the second and third molecular interactions, see our previous review
published in 7raffic* We propose that the second and third molecular interactions described
here induce the cooperative formation of Lo-phase-like domains in the PM, which one could
call phase separation in a broader sense. Since this definition is based on the results obtained
in GUVs, GPMVs, DRMs, and PMs (although the data obtained in the PM directly showing the

presence of metastable nano-meso-scale raft domains are limited to only a few pieces of single-
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molecule imaging results303143), all the properties of raft domains, such as those described at
the beginning of this review, should be able to be derived or at least qualitatively explained by
this definition.

One of the strongest pieces of experimental evidence for the existence of the raft
domains in the intact PM will be the presence of the homodimers of GPI-anchored proteins,
with lifetimes prolonged by their cooperative interactions with cholesterol, as stated in point 5
for defining the raft domain. One of the weakest points for this working definition is that the
definition is only qualitative. So, the next step to improve this working definition is to make the
description more quantitative. We could consider the raft domains in the PM of non-stimulated
cells as metastable liquid-like molecular complexes/domains of cholesterol and saturated acyl
chains, formed due to their cooperative multiple molecular interactions and the immiscibility of
cholesterol with unsaturated acyl chains, as described in the working definition, and/or due to
critical lipid-compositional fluctuations, as described in the previous section (Section 8). These
statements probably represent different ways of saying the same thing, with an emphasis on
different aspects (however, see Ref. 123). The latter view is a definition from the statistical
physics viewpoint, and is more quantitative.

Why is it useful for the cells to maintain nhano~meso-scale raft domains in the PM before
the extracellular signals or other cues arrive? After the arrival of the extracellular signals, larger
and more stable signaling raft domains might form simply from the homogeneous PM, in the
absence of pre-existing metastable raft domains in quiescent cells. Perhaps, the aft domains in
resting cells might simply exist without particular functions. One of the strongest pieces of
evidence that the nano~meso-scale raft domains existing in quiescent cells play important roles
in signaling is again given by the existence of the GPI-anchored protein homodimers (as stated
in point 5 for defining the raft domain). The pre-existence of the GPI-anchored receptor
homodimers in resting cells was found to accelerate and enhance the downstream signaling
(more specifically, Ca?* mobilization), and, as stated, the GPI-anchored receptor homodimers
are enhanced (their lifetimes are prolonged) by their cooperative interactions with metastable
raft domains (see Fig. 7c in Ref. 43).

Five major mysteries remain, regarding the metastable nano~meso-scale raft domains

in the PM. First, the cholesterol distribution in the PM outer and inner leaflets is controversial.
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As much as 60-70% or only 8% of the PM sterol might exist in the cytoplasmic leaflet.”>124 This
means that cholesterol constitutes approximately 40 mol% or 5 mol% of the cytoplasmic leaflet
lipids, respectively. In this review, we assumed that at least 50 % cholesterol exists in the PM
outer leaflet, based on the traditional view of the rapid flip-flop of cholesterol.1>> More efforts
should be made for developing cholesterol-binding probes and cholesterol-analog probes that
mimic the behaviors of cholesterol in the PM, such as those described in Refs. 75, 124, and
126.

Second, related to the first mystery, the means by which the raft domains or Lo-like
domains in the PM outer leaflet are coupled to those in the PM inner leaflet are unknown.127:128
This has been a major issue in the field of lipid-raft research, and it was covered in detail in
our previous review in this journal, published 15 years ago.* Recently, Raghupathy et al. found
that transbilayer interactions between artificial GPI-anchored proteins with long acyl chains and
inner-leaflet phosphatidylserine are pivotal in generating actin-dependent nanoclusters of the
GPI-anchored protein, which might be one of the major mechanisms for the generation of lipid
raft domains.?® Nevertheless, further major advancement in our understanding of the
interbilayer coupling will be needed.

Third, the lifetimes of the raft domains in quiescent cells are totally unknown. The
stabilized raft domains generated for signaling by the engaged, clustered GPI-anchored
receptors appear to exist quite stably for minutes to 10s of minutes. Meanwhile, the dwell times
of raftophilic lipid probe molecules and signaling molecules in a raft domain might be on the
order of several 10s of milliseconds.3%3143 Therefore, we suspect that the raft domain lifetimes
in quiescent cells might be on the order of 0.1 to 10 s, but they have never been measured.
The dwell lifetimes of raftophilic lipid probes in both metastable raft domains in quiescent cells
and stabilized raft domains in stimulated cells should also be clarified. In Section 2, as one of
the two reasons why defining raft domains is difficult, we raised the point that the raft domains
in quiescent cells are difficult to visualize, due to their small sizes (2-20 nm). Here, we would
like to point out that they are also difficult to visualize due to their shorter lifetimes, on the
order of 0.1 to 10 s.

Fourth, how the compositions of cholesterol and saturated and unsaturated lipids in the

PM are regulated, including the lipid sensors and trafficking, is unknown.127-129
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Fifth, understanding the formation and function of raft domains would not be complete
without incorporating the notions of three-dimensional membrane curvatures and shapes,
including the involvement of curvature driving proteins. The research in this direction is quite

important, but it appears to be still in the fledgling stage.30-132

10. Fluorescent lipid probes that might be useful for raft-domain

research

The molecular compositions of GPMVs would be very similar to those of cellular PMs, and
therefore, in this section, we pay more attention to GPMVs than GUVs. The purpose in this
section is to establish the criteria for fluorescent lipid probes that will preferentially partition
into the (C-SAC) raft domains and non-raft domains in the PM.

The Lo-like and Ld-like domains in GPMVs have been most often defined by using two
fluorescent lipid probes that exhibited complementary staining, rather than by observing the
diffusion or acyl-chain order (lipid packing) in each domain. This sometimes created a logical
problem as well as incorrect interpretations of the results in the GPMV literature. The probe’s
preference for Lo- or Ld-like domains was often not proved independently, and therefore, the
premises were often justified by the conclusions, just like the cases found in the GUV
literature. For example, fluorescent lipid probes anchored to the membrane by way of two
palmitoyl chains or those preferentially partitioning into the Lo-phase domain in GUVs were
(often wrongly) assumed to be raft-associated and used to observe presumable raft domains
in the PM, without really testing their partitioning into Lo- or Ld-like domains in GPMVs (see
Table 1). These are basically the same as making the statement, “the raft domain was found
by a probe that was assumed to partition into the raft domain”; /.e., “all of the domains found
by this probe are raft domains because we assumed that it is a raft-associated probe”. Before
using the probe, it should have been independently shown that the probe actually does
partition into the raft domain (or non-raft domain), but this was often not properly performed
in the lipid-raft research field. This is probably because the lipid-raft literature has been quite
confusing and full of such statements. Here, we reorganize the results in the literature, and

find the logically well-defined fluorescent lipid probes.
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See the first row and the column of GPMVs in Table 1. Kaiser et al.>® found that, in
GPMVs exhibiting the presence of two complementary micron-scale domains after labeling with
LRB-DOPE and C-Laurdan, the domains more intensely labeled with LRB-DOPE are colocalized
with C-Laurdan’s lower polarity region (more disordered domain), which establishes that LRB-
DOPE is an Ld-like-domain-preferring probe in GPMVs (just as is the case with GUVs). Starting
from this, we determine whether a test probe A (the first one is the CTB-GM1 pentamer
complex; see the second row and the column of GPMVs in Table 1) preferentially partitions in
a complementary manner with LRB-DOPE in GPMVs. Such complementary staining and quite
homogeneous appearances of each domain in GPMVs are highly valued, because the creation
of two complementary liquid domains (rather than >10,000 domains) is not guaranteed in
GPMVs, according to the thermodynamic principles (phase rules) (see details in the
caption/note to Table 1).

If the preferential association of probe A is determined, then the preference of another
probe B can then be determined by complementary staining (and/or colocalized staining) of
LRB-DOPE and/or probe A in GPMVs, as was done for the GUV data. We examined this by
finding images in the literature, and the results are summarized in Table 1 (Therefore, when
Table 1 is read for the first time, it should be read from the top row toward the bottom row).

More specifically, we performed the following analysis (Table 1). After establishing
(finding) that the LRB-DOPE-concentrated domains in GUVs and GPMVs that exhibited the
existence of two complementary micron-scale domains were Ld-like domains,>® we then turned
to PM spheres (which are quite similar to GPMVs) labeled with LRB-DOPE and then treated with
CTB. In the PM spheres, the CTB-concentrated domains were formed, and the CTB domains
were found (by the original authors) to exist as domains complementary to the LRB-DOPE
domains in both GUVs and GPMVs, and to be colocalized by C-Laurdan’s higher polarity domains
in GPMVs, showing that the CTB domain is in the Lo-like state.?” This was further confirmed by
the observations in which the PM spheres treated with CTB exhibited the existence of two
diffusion coefficients of CTB-Alexa Fluor 488 (0.13 and 1.3 ym?/s, comparable to the diffusion
coefficients in the liquid domains), independently showing the presence (creation) of Lo- and
Ld-like domains after the addition of CTB to PM spheres.?® We continue such evaluations down
to the end of Table 1.
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Finally, we define the criteria for fluorescent lipid probes that will preferentially partition
into the raft domains. Among the five key points used to define raft domains (Section 9), the
points relevant for defining the lipid probes are the following three points.

(2) preferential partitioning into the Lo-phase domains in liquid-liquid phase-separated
GUVs,

(3) preferential partitioning into Lo-like domains in GPMVs at lower temperatures such
as ~10°C

(5) partitioning into (transient recruitment to) GPI-anchored proteins’ metastable
homodimer rafts in the PM.*3

The fifth point is quite difficult to test for all the relevant lipid probes because the test
requires simultaneous two-color, single-molecule imaging and tracking. As a replacement, we
could examine the extent of partitioning of the lipid probes into antibody-induced GPI-anchored
protein patches (due to space limitations, we cannot include an explanation of this method.
Readers are referred to Fig. 3 and Supplementary Figs. 3-5 and their captions in Ref. 30), but
such examination of fluorescent lipid analogs are quite rare, and not suitable to employ for our
search in literature here. However, it was shown in Ref. 30 that, although the number of
examples are limited, the preferential partitioning of the lipid probes into antibody-induced GPI-
anchored protein patches consistently occur with the probes’ partitioning into detergent-
resistant membranes (DRMs) after the probes’ incorporation into the live-cell PM and the
subsequent treatment of the cells with the detergent Triton X-100 at 4°C (the ratio of the signal
intensities after vs. before the addition of Triton X-100 at 4°C).

Therefore, we propose to define the fluorescent lipid analogs that preferentially partition
into raft domains (non-raft domains) in the PM as those molecules that satisfy all of the
following three criteria.

(1) preferential partitioning into Lo-like domains (Ld-like domains) in GPMVs at lower
temperatures such as ~10°C;

(2) preferential partitioning into the Lo-phase domains (Ld-phase domains) in liquid-
liquid phase-separated GUVs; and

(3) preferential partitioning into DRMs (non-DRMs) after its incorporation into the live-

cell PM and the subsequent treatment of the cells with the detergent Triton X-100 at 4°C.
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In the strict sense, the DRMs must be the specimens obtained by using sucrose density-
gradient fractionation of the cold-Triton-treated cells, rather than just the material that was not
dissolved in cold Triton X-100, because, for example, proteins bound to the cytoskeleton,
without any relevance to raft domains, might not be dissolved in Triton X-100. However, since
most lipid probes would not bind to the cytoskeleton, the domains marked by the fluorescent
lipid probes in the PM and remaining after the cold-Triton treatment would form lighter fractions
after density-gradient fractionation, and hence we would consider the domains remaining after
the cold-Triton treatment to be the DRMs. This justifies the third criterion.

In the biochemical literature and early raft-domain studies, DRMs were often called “lipid
rafts”, which caused unnecessary confusion. Since DRMs are not lipid rafts in the PM, DRMs
should simply be called DRMs, and not lipid rafts.’>474% The results shown in the column of
DRMs in Table 1 should be read with this important understanding.

Based on these three criteria, fluorescent lipid probes for raft or non-raft domains in the
PM are summarized in the far-right column in Table 1. From the results summarized in Table
1, the following sphingomyelin and phosphatidylcholine molecules are selected as logically and
practically excellent markers for raft domains in the PM: 488neg-SM(18:0) (Hd), 594neg-
SM(18:0) (Hd), 594neg-DSPC (Hd), and 488neg-DSPC (Hd) (CTB could create Lo-like domains,
and thus would not be useful as a probe. However, this would not affect its valuable ability to
test the Lo/Ld preferences of other probe candidates). These lipid analog probes exhibited two
different diffusion coefficients in Lo- and Ld-like domains in GUVs or GPMVs (Lo-like domains
were more densely stained by a factor of approximately four; Table 2), confirming their
preferred domains and the liquid natures of both domains, which further show that they are
excellent probes. The common structures of these probes are the presence of a saturated long
acyl chain (C18:0) and a fluorescent probe moiety placed far away from the membrane via the
hydrophilic *neg” linker on their headgroups (without losing the positive charge of the choline
group; cf. the chemical structures in Fig. 2). Blocking the insertion of the fluorescent probe into
the membrane near its parental molecule appeared important particularly for their association
with raft domains. Meanwhile, one should not oversimplify or be misled by the term, marker
for the raft domain. The preferences of these lipid probes for Lo- and Ld-like domains,

particularly Lo-preferring molecules that closely resemble their parental lipids, are not very
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strong. For many marker molecules, the partitioning ratios between Lo/Ld (or Ld/Lo) domains
in GUVs and GPMVs are often ~4:13! (see Table 4 discussed later).

The following molecules were selected as logically and practically excellent non-raft
domain markers: all of the fluorescent phospholipids and DiI- and DiO-type probes containing
two oleoyl or linoleoyl chains examined thus far (including LRB-DOPE, ATTO647N-DOPE,
ATTO594-DOPE, 594neg-DOPC, DiI-C18:1, and DiI-C18:2 [FastDiI], as well as related
compounds of DiO), DPPC-C5-BodipyFL (Acyl; the probe attachment to an acyl chain), and
594neg-DOPC. The common feature of these probe molecules is that their native cis-
unsaturated acyl chains and fluorescent probes attached to the acyl chains disturb the
molecule’s interaction with the planar rigid ring structure of cholesterol,* and thus will drive
these molecules away from raft domains into non-raft domains. However, note that the bulk
(Ld-like) domain in the PM would contain lower but substantial concentrations of cholesterol
(probably 10~20 mol%), and likewise, the raft domains might also contain unsaturated lipids
and TM proteins. Furthermore, some TM receptors might be preferentially located at the
interface between the Lo- and Ld-like domains®3%133 (see Section 12).

Note that the determinations here are qualitative, and the levels of preferences might
vary considerably as described above. More quantitative evaluations are summarized in Table

4, and will be discussed later in this review to establish additional useful fluorescent lipid probes.

11. Proteins that preferentially partition into raft and non-raft domains
in the PM

Since the molecular compositions of GPMVs would be very similar to those of cellular PMs and
much more so than those of GUVs, here we pay more attention to GPMVs. The preferential
partitioning of several proteins (and two gangliosides) in Lo/Ld-like domains in GPMVs (first
criterion) shown thus far is summarized in Table 3, after reexamining the literature based on
the Lo/Ld-like-domain markers found in the process of producing Table 1; /e., CTB, Fast Dil,
Fast DiO, TexasRed-DPPE, and LRB-DOPE (Table 1). We would also keep the third criterion:
partitioning into DRM/non-DRM.

However, we give up the second criterion in some cases; preferential partitioning into
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Lo (Ld)-phase domains in phase-separated GUVSs, due to the following two reasons. First, there
have not been many studies in which membrane proteins are reconstituted into GUVs. Second,
as pointed out earlier in this review, simply extending the similarity of the GUVs’ Lo-phase
domains to Lo-phase-like domains in GPMVs and raft domains in the PM is problematic: the Lo-
phase domains in GUVs are much more ordered and less fluid than the Lo-like domains in
GPMVs, and probably due to this reason, GPI-anchored proteins, CD59, and Thy-1, as well as
EGFP-GPI, partition more into Ld*phase domains in GUVs (see Note 3 in Table 3 for further
explanations). These are prototypical raft-associated proteins, and we rather break the second
criterion, which has its own limitations, than categorizing them into proteins that equally
partition into both raft domains and non-raft domains in the PM. However, we emphasize again
that their preferences of the partitioning into raft domains and non-raft domains are
quantitative and not all-or-none. Minor but substantial fractions of GPI-anchored proteins are
likely to exist in non-raft domains in the PM.

Transferrin receptor (constitutive covalent dimer containing two TM domains) and high-
affinity IgE receptor (apy2 tetramer containing five TM domains) before stimulation were found
to be good markers for the non-raft domains in the PM. For the structural determinants of TM
proteins that partition into raft domains, which we do not address in this review, readers are
referred to the marvelous paper by Lorent and colleagues.'* Palmitoylation was concluded to
be one of the critical conditions for incorporation of TM proteins into raft domains.'*

Hayashi’s group recently proposed a new interesting mechanism for incorporation of TM
proteins linked by palmitoyl chains into cholesterol-enriched domains.3*13> Rhodopsin, a GPCR
with seven TM domains, has two covalently-linked palmitoyl chains, but only when they form
dimers, they are likely to associate with cholesterol-enriched domains. They proposed that this
probably occurs because the hydrophobic surface of the dimer is better covered with palmitate
than that of the monomer (and possibly with the smoother parts of the 7 TM domains). Such
a mechanism for the association of TM proteins with raft domains based on dimerization-
multimerization-induced changes of the hydrophobic surfaces of TM proteins is totally new and

very appealing.

12. Some TM receptors might function at the interface between the raft
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and bulk domains
A high-affinity IgE-Fc receptor (FceR) consists of four subunits containing a total of five TM
domains, and is an Ld-preferring molecule in GPMVs. It does not recruit fluorescent SM analogs
or raft-associated Lyn kinase in the PMs of resting cells. However, after its ligation, it recruits
the fluorescent SM and raft-associated Lyn kinase, suggesting that it becomes more associable
with raft domains.3! FceR might be located at the interface between the raft domain and the
bulk domain, which might enable the receptor to adjust its association with both the raft and
bulk domains under different conditions.38%* Similar Janus-faced associations might occur with
other receptors, such as T-cell receptor, B-cell receptor, and EGFR.136

The delicate balance of associations with raft/non-raft domains might be a reason for
the apparently inconsistent results in the literature, with regard to the Lo/Ld-DRM/non-DRM
associations of these receptors.32137-141 Their downstream signals are largely suppressed after
partial cholesterol depletion to less than ~25 mol% overall cholesterol concentrations,
indicating the requirement of raft-lipid interactions for inducing signaling. Note that the actin-
based MSK might also be involved in either suppressing unwanted stimulation or enhancing
stimulation in the signaling pathways involving raft domains.3238139,142,143

Meanwhile, upon the cell entry of HIV, CCR5 (a GPCR that can be palmitoylated)
preferentially sequestered at the Lo/Ld domain boundaries plays a pivotal role as a co-receptor,
together with the HIIV receptor CD4 substantially localized in the Lo-like domains.!33 This was
demonstrated using GPMVs derived from HelLa cells that stably express the CD4 receptor and
CCR5 co-receptor (CD4+/CCR5*) (domain separation induced at ~22°C). The fusion of HIV
with the PM occurs at the boundaries rather than the Lo-like domains.

It would be interesting to understand the general structural rules for the incorporation
of TM proteins into the interface between the raft domain and the bulk domain, in addition to
the general rules for their partitioning into raft domains (Lo-like domains in GPMVSs) as reported

previously.*

13. Methods for evaluating the involvement of a protein/lipid of interest

in raft domains in the PM
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To evaluate the involvement of a protein or a lipid of interest in raft domains in the PM, we
propose to use the same three criteria employed for defining the fluorescent lipid analogs that
preferentially partition into raft domains (or non-raft domains) in the PM:

(1) preferential partitioning into Lo-like domains (Ld-like domains) in GPMVs at lower
temperatures such as ~10°C;

(2) preferential partitioning into the Lo-phase domains (Ld-phase domains) in liquid-
liquid phase-separated GUVSs; and

(3) preferential partitioning into DRMs (non-DRMs) after its incorporation into the live-
cell PM and the subsequent treatment of the cells with the detergent Triton X-100 at 4°C.

See Tables 1, 3, and 4. DRM (non-DRM) partitioning coincides with partitioning into Lo
(Ld)-like domains in GPMVs quite well, classifying these molecules into the category of raft-
associated. However, also note interesting exceptions of several lipid-anchored signaling
molecules; e.g., EGFP-Lck-anchor, Lck, EGFP-Fyn-anchor, Fyn, EGFP-H-Ras anchor, and H-Ras.
These molecules have been often considered raft-domain associated, but their behaviors in
GPMVs are quite complicated.

Nevertheless, the results shown in these tables suggest that, in the preliminary testing
of a molecule’s possible association with raft domains in the PM, examining whether the
molecule partitions into DRMs after the cold-Triton treatment would be a good starting point.

Therefore, when evaluating a protein or a lipid of interest for its possible association
with raft domains, we recommend the following protocol (in the order of experimental ease).

1) Examine the extent of partitioning into DRMs.

2) If the molecule is present or can be expressed in cells in culture, examine the extent
of colocalization with antibody-induced GPI-anchored protein patches (due to space limitations,
we cannot include an explanation of this method. Readers are referred to Fig. 3 and
Supplementary Figs. 3-5 and their captions in Ref. 30). If possible, observing transient
associations with the metastable homodimer rafts of GPI-anchored proteins is better.

3) Prepare GPMVs and examine the extent of partitioning into the Lo-like domain at
~10°C. Make sure to use the marker molecules established here for both Lo-like and Ld-like
domains (which should stain the GPMVs complementarily).

4) If the molecule can be reconstituted in GUVs, then examine the extent of partitioning
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into the Lo-phase domain. The temperature could be lowered to 15 - 25°C for easier detection
of the Lo-phase domains. As described, note that some molecules partition into Lo-like domains
in GPMVs, but into Ld-phase domains in GUVs. If this occurs, the GPMV result is more reliable
for judging the raft association of the molecule, because the molecular compositions of GPMVs

resemble those of the PMs much more than those of the GUVs.

14. Additional useful lipid probes for studies of raft domains in the PM
(Table 4)

Table 1 was organized by following the process for logically defining raft-associated probes and
domains. Table 4 provides guantitative evaluations of the partitioning of fluorescent probes into
Lo-/Ld-phase domains in phase-separated GUVs, Lo-/Ld-like domains in GPMVs at 10°C, and
DRMs vs. intact-PM (T24 cells). In addition, gualitative data for the colocalization of each probe
with CD59 patches (item 3 in the previous section) are included.

In Table 4, the various lipid probes are grouped based on the lipid types. The major
additions here are the new fluorescent ganglioside analogs, including the analogs of GM1, GM2,
GM3, and GD1b (their chemical structures are shown in Fig. 4). Since these probes are classified
into the “raft-domain-associated” category, they would be quite useful in raft-domain research.

In this review, we left out most of the peptide/protein probes that have been used to
detect specific lipids in the plasma membrane.!**1%° They have revealed important properties
of raft domains, but since their binding to specific lipids is often very sensitive to particular
lipid-lipid interactions and also to masking by the binding of their physiological binding partner
proteins.14:146,150-153 Therefore, these results were difficult to use for defining raft domains. But
their sensitivities for lipid-lipid and protein-lipid interactions themselves are particularly useful
for studying various raft properties and functions and special types of raft domains in the PM,

based on their special sensitivities to specific molecular interactions. 13113

15. Concluding Remarks

In this review, we have focused our efforts on considering and reorganizing the existing data
in the literature in a logical manner, to provide a working definition of raft domains in the PM.

These domains are formed by the cooperative interactions of cholesterol with saturated and
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unsaturated acyl chains in the PM. The assembly occurs cooperatively, because the raft
domains disappear when the cholesterol concentration in the PM is decreased from ~40 mol%
to <25 mol%. Under these conditions, many PM functions are lost, despite the presence of
relatively high concentrations of cholesterol. The raft domains are likely to exist on the ~nano-
meso scale in quiescent cells, and could be coalesced to form larger, stabilized domains after
the reception of certain extracellular signals, for downstream signaling.

In the process of examining the data in the literature, we extensively depended on the
results obtained with fluorescent lipid analogs. We first found that LRB-DOPE has been
independently shown to partition into the Ld-phase domains in GUVs, and the Ld-like domains
in GPMVs. Starting from these observations, we were able to reorganize the lipid partitioning
data, without being trapped in the circular logic, by examining the complementary and
colocalized partitioning with respect to the lipid probes with established partitioning behaviors
in a logical order (Table 1).

We proposed the following three criteria for the expected association of fluorescent lipid
probes with raft or non-raft domains. They are: (1) the Lo/Ld preferences in GPMVs, (2)
consistency in the probe’s Lo/Ld partitioning preferences in liquid-liquid-phase-separated GUVs,
and (3) consistency in the probe’s partitioning into DRMs.

Particularly, we provided a collection of the fluorescent lipid probes that have been
logically established to preferentially partition into the raft and non-raft domains in the PM,
based on these three criteria. Since these fluorescent lipid probes are shown here to satisfy the
three criteria, they can be used for future studies without reservation and without the concern
of being trapped in the circular logic. We hope the lists of these probes, Table 1 and Table 4,
are useful for future raft-domain research.

As the readers are warned in Introduction, the end results, the definitions of raft domains
and the list of useful lipid probes for raft-domain research in the PM are probably not very
different from what many scientists in the field anticipated. However, we believe that the raft-
research field has not had a clear simple definition of raft domains in the PM before, and the
field now needs this kind of working definition badly for its healthy development. The definition
should be made so that all the properties of raft domains, such as those described at the

beginning of this review, could be derived or at least qualitatively explained by this definition.
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Since we formulated the proposed working definition based on, in principle, all the results
obtained in GUVs, GPMVs, DRMs, and PMs (although the data obtained in the PM directly
showing the presence of metastable nano-meso-scale raft domains are limited to only a few
pieces of single-molecule imaging results3%3143), the working definition developed here would
satisfy the criteria to be called a definition. This definition emphasizes cooperative interactions
of cholesterol with saturated acyl chains as well as unsaturated acyl chains, due to saturated
acyl chains” weak multiple accommodating interactions with cholesterol and cholesterol’s low
miscibility with unsaturated acyl chains and TM proteins, i.e., cooperativity including the
exclusion of unsaturated chains from the neighborhood of cholesterol and the exclusion of
cholesterol from the neighborhood of unsaturated chains.

The fluorescent lipid probes recommended in Table 1 and Table 4, can now be used for
future studies without reservation and without the concern of being trapped in the circular logic.
They could be used as true bona-fide markers for the raft and non-raft domains in the PM.

Despite our efforts, we probably have overlooked other fluorescent lipid probes that
could have been included in these lists of logically established probes, because we probably

missed many important publications. We apologize to the authors for our oversight.

Acknowledgements

We thank Prof. Makoto Kiso of the Department of Applied Bioorganic Chemistry, Gifu University
and the Institute for Integrated Cell-Material Sciences (WPI-iCeMS), Kyoto University, and Prof.
Michio Murata of Project Research Center for Fundamental Science and Department of
Chemistry, Graduate School of Science, Osaka University, for long-term collaborations, fruitful

discussions, and encouragement, which led to this review article.

34



Table 1. Fluorescent lipid probes examined for their association with raft/non-raft
domains in the PM, based on their partitioning into two coexisting liquid domains
in GUVs and GPMVs as well as into DRMs/non-DRMs after cold-Triton treatment,
arranged so that the examination process is clear from the top row to the bottom

row.

When this table is first read, it should not be read randomly, but should be read from the top
to bottom to avoid circular reasoning (see the main text). Note that the preferences of Lo/Ld-
phase domains in GUVs, Lo/Ld-like domains in GPMVs (at ~10°C), and DRMs/non-DRMs are
largely quantitative. The raft domain in this table is that defined in Section 9 (cholesterol-
saturated acyl chain [C-SAC]-raft). The judgement on whether the lipid probes are associative
with raft or non-raft domains was made quite conservatively so that the obtained results are
robust. The probes with possible complications were not recommended here for the general
use for the research of raft domains in the PM. Readers are encouraged to also refer to Ref.
55. Note that all these probes partition into both domains, and the level of partitioning would
vary greatly from probe to probe even for probes classified into the same category (see Table

4 for more quantitative data).

The names of the fluorescent lipid analogs are given depending on where the
fluorophore is attached. For analogs with the fluorophore attached to the head group, the
fluorophore name is followed by the name of the parent molecule. For analogs with the

fluorophore attached to the acyl chain, the nhame of the parent molecule is followed by the

probe name.
Preferences in e
GPMVs at ~10°C Partitioning Expected
and molecules in DRMs association
Probes Preferences in GUVs?  Refs examined for Refs cor_npared Refs with rafts or
complementary/ .W'th the non-rafts®
colocalization intact PM
°rb
staining at<4°C
LRB-DOPE¢ Ld-phase domain: 58 Ld-like domain: 58 non-DRM 30 Non-raft
LRB-DOPE domains LRB-DOPE domains 31
colocalized by C- colocalized by C-
Laurdan’s lower Laurdan’s lower
polarity domains polarity domains
All the phospholipid probes, Ld-phase domain 25 Ld-like domain 30 To avoid
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Dil probes, and DiO probes (clear images) (clear images) 104 confusion by
containing two oleoyl or (DiI-C18:1, DiO- the name of
linoleoyl chains, including C18:3 [Fast DiO]) DPPC-C5- 30 DPPC, we
ATTO647N-DOPE, ATTO594- BodipyFL (Acyl), would not
DOPE, DiI-C18:1, DiI-C18:2 ATTO647N-DOPE, and recommend
(FastDiI), DiO-C18:3 [Fast ATTO594-DOPE were using DPPC-
DiO]¢ as well as DPPC-C5- clearly colocalized C5-BodipyFL
BodipyFL (Acyl)" (with large (Acyl) as a
hydrophobic probe linked to probe,
an acyl chain): although we
based on reasonable used it
speculations from the results previously303t
shown in Ref. 25, 30, and **
GM1 + CTB Lo-phase domain: 58 Lo-like domain: 28 DRM 29 Raft
(pentameric GM1 induced by = Complementary to Two diffusion 104
CTB) LRB-DOPE and DiO coefficients of CTB- 154
Alexa Fluor 488 in PM
spheres (0.13 and 1.3 DRM" 155
um?/s), independently (native GM1 %6
showing the presence without
(creation) of Lo- and CTB)
Ld-like domains,
respectively
Colocalized by C- 58
Laurdan’s higher
polarity domain
Complementary to 27
LRB-DOPE 58
104
Complementary to 108
Fast DiO
Monomeric CTB 123
slightly preferred
partitioning into the
Ld-like domain?®
488neg-SM(18:0) (Hd)" Lo-phase domain 31 Lo-like domain 31 DRM 31 Raft
(Lo/Ld (Lo/Ld
=41+ 0.15):* = 4.8 + 0.50):
Two diffusion 31 Complementary to
coefficients (0.9 and DPPC-C5-BodipyFL
5.5 um?/s), (Acyl)
independently
showing the
presence of Lo- and
Ld-phase domains
594neg-SM(18:0) (HdYy Lo-phase domain 31 Lo-like domain 31 DRM 31 Raft
(Lo/Ld (Lo/Ld
=3.9 £ 0.15):¢ =4.7 £ 0.50):
Two diffusion 31 Complementary to
coefficients (0.9 and DPPC-C5-BodipyFL
5.4 um?/s), (Acyl)
independently
showing the
presence of Lo- and
Ld-phase domains
594neg-DSPC (Hd)' Lo-phase domain 31 Lo-like domain 31 DRM 31 Very likely to
(Lo/Ld (Lo/Ld be Raft™
=43+ 0.24): = 4.5 £ 0.40):
Two diffusion 31 Clear colocalization 31
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coefficients (0.95
and 5.2 pm?/s),
independently
showing the
presence of Lo- and
Ld-phase domains

with 488neg-SM, but
no experiments
showing
complementary
staining with Ld-
preferring probes

488neg-DSPC (Hd)' N.D." N.D. DRM 31 Very likely to
be Raft®
594neg-DOPC (Hd)' Ld-phase domain 31 Ld-like domain 31 non DRM 31 Non-raft
(Lo/Ld (Lo/Ld
=0.14 % 0.01): =0.20 % 0.02):
Two diffusion 31 Complementary to 31
coefficients (0.9 and 488neg-SM
6.0 um?/s),
independently
showing the
presence of Lo- and
Ld-phase domains
TexasRed-DPPE (Hd)? Ld-phase domain 23 Ld-like domain 104 N.D. Better to use
LRB-DPPE (Hd)? (clear images): (clear images): probes
FITC-DPPE (Hd)P containing
FITC-DPPE 157 Clear colocalization dioleoyl
monomers with chains, to
complementary with LRB-DOPE avoid any
CTB, confusions?
but crosslinked 158
FITC-DPPE became
colocalized with CTB
(supported
monolayers)
dil-C16:0" Ld-phase domain 25 Ld-like domain: 27 N.D. Better to use
(clear images) dil-C18:1 and
Complementary to dil-C18:2 as
CTB Ld-preferring
and non-raft
probes, to
avoid any
confusions®
NBD-DPPE (Hd)* Variable 25 Lo-phase domain 104 N.D. Better not to
(including the data 157 (clear images): use, to avoid
obtained in 158 any
supported bilayers Complementary to 159 confusions
and monolayers) LRB-DPPE (Hd)
All SM analogs containing a Ld-phase domain 25 Ld-like domain 30 N.D. 30 Better not to
large organic fluorophore in (clear images) 31 (clear images) 53 use, to avoid
the acyl chain, except for (for SM-TopFluor, 53 (for SM-TopFluor, any
SM-C6-NBD (Acyl)¥, SM-C12- SM-ATTO532, SM-ATTO532, confusions”
NBD (Acyl)Y, and SM-C12- SM-ATTO647N, and SM-ATTO647N,
BodipyFL (Acyl)", examined SM-KK114, SM-KK114, and
thus far Lo/Ld < 0.3): DPPC-C5-BodipyFL,
(including Lo/Ld < 0.9):
SM-TopFluor,
SM-ATTO532, Colocalization with 30
SM-ATTO647N, and SM- TexasRed-DPPE (Hd),

KK114 [all in the acyl chain])

but no experiments
showing
complementary
staining to raft-
associated probes
defined in the upper
rows
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Cholesterol-TopFluor (Acyl) Lo-phase domain 53 Lo-like domain 53 N.D. A good
(Lo/Ld (Lo/Ld candidate for
=4.0 £ 0.15) =1.9 +0.17): raft, but TBD
Complementary to (DRM, GPI-
DiO, DiI or DiD anchored
protein
patches)
Naphthopyrene Lo-phase domain 25 Lo-like domain 27 N.D. A good

(clear image):
Complementary to
LRB-DOPE

(clear image):
Complementary to
LRB-DOPE

candidate for
raft, but TBD
(DRM, GPI-
anchored

protein
patches)

Note to Table 1:

aWhen the values of Lo/Ld ratios in GUVs and/or GPMVs for a molecule were found in the
literature, they are given in the parenthesis. Even when the values of Lo/Ld ratios are not
known for a molecule, the molecule is listed here if their partitioning is clear in the published
images. In these cases, we state “clear image(s)”, i.e., in such cases, the preferences given
here are only qualitative, and the levels of preferences vary greatly. Despite these preferences,
it is important to realize that these molecules additionally enter and/or interact with non-
preferred domains extensively, undergoing very dynamic interactions with both domains
extensively (see text).

Even when a molecule’s Lo/Ld ratios in GUVs and GPMVs were not measured (indicated as
“clear image”), since the Lo- and Ld-preferring molecules listed here exhibited very clear
preferences in GUVs and GPMVs, the following are assumed. For Lo-preferring molecules, the
ratios in these vesicles were assumed to be 1.5 or greater in GUVs and GPMVs (60% or more
molecules partitioning into the Lo-phase and Lo-like domains). For Ld-preferring molecules,
their GUVs’ and GPMVs’ Lo/Ld ratios were assumed to be 0.67 or smaller (60% or more
molecules partitioning into the Ld-phase and Ld-like domains). These assumptions are
consistent with the results summarized in Table 4.

bThe results shown here include both the fluorescent imaging data after cold-Triton treatment
of the fluorescently-labeled cells and the western blotting data after sucrose density-gradient
fractionation of the cold-Triton-treated cells.

‘Read this column after reading Section 9 “Working definition of raft domains” and Section 10
“Fluorescent lipid probes that might be useful for raft-domain research” in the main text. As
described in Section 10, probe molecules that satisfy all the three conditions, (1) Lo (Ld)-phase-
domain preference in GUVs, (2) Lo (Ld)-like-domain preference in GPMVs, and (3) DRM (non-
DRM) preference, are classified into raft (non-raft) associated.

dLRB-DOPE; Lissamine rhodamine B sulfonyl-dioleoylphosphatidylethanolamine.

eDil-C18:1, Dil-C18:2 [FastDil], and DiO-C18:2 [FastDiO]; 1,1'-dioleoyl-3,3,3',3"-
tetramethylindocarbo-cyanine methanesulfonate, 1,1'-dilinoleoyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate, and 3,3'-dilinoleoyloxacarbocyanine perchlorate,
respectively.

f(Acyl) indicates that the fluorescent probe is attached to the acyl chain.

38



9Monomeric CTB (bound to a single molecule of GM1) partitioned more into Ld-like domains in
GPMVs,123

hNative GM1 molecules highly partitioned into DRM. Furthermore, native GM1 molecules were
almost completely recovered in the DRM of Brij98 at 37°C.1%6

I(Hd) indicates that the fluorophore is attached to the lipid headgroup.

1488neg-SM(18:0) and 594neg-SM(18:0); ATTO488- and ATTO594-nonaethyleneglycol-
sphingomyelin (18:0), respectively. In the molecules whose names contain “neg”, a fluorophore
is attached to the choline headgroup (without changing its positive charge) by way of
nonagethylene glycol ([-CH2-CH2-0O-]o).

kThis ratio is comparable to that found for native SM[C18:0].7°

'504neg-DSPC, 488neg-DSPC, and 594neg-DOPC; ATTO594-nonaethyleneglycol-L-o-
distearoyl-PC, ATTO488-nonaethyleneglycol-L-a-distearoyl-PC, and ATTO594-
nonaethyleneglycol-L-a-dioleoyl-PC, respectively.

MIn the examinations using GPMVs, no experiments showing complementary staining with non-
raft probes has been performed. However, since clear colocalization with 488neg-SM was
observed, and since Lo/Ld ratio is high (4.5 £ 0.40), coupled with its high partitioning into Lo
domains in GUVs and DRM, it is concluded that this probe 594neg-DSPC is very likely associated
with raft domains. Therefore, in the following lines in this table, and in the text, 594neg-DSPC
is treated as a raft-associated probe.

"N.D.; experiments not done.

°A related molecule 594neg-DSPC (a row above), in which the ATTO488 group was replaced
by the ATTO594, has been judged to be a raft associated molecule. Since ATTO488 is more
hydrophilic than ATTO594, and thus is expected to disturb the lipid interactions in the
hydrophobic region less than ATTO594, it is very likely that 488neg-DSPC acts as a proper raft
probe. Therefore, in the following lines in this table, and in the text, 488neg-DSPC is treated
as such.

PTexasRed-DPPE (Hd), LRB-DPPE (Hd), and FITC-DPPE (Hd); TexasRed, Lissamine rhodamine
B sulfonyl, and FITC linked to the amine group (headgroup) of DPPE.

4Clear colocalization of this probe (FITC-DPPE) with LRB-DOPE was found in GPMVs (see the
first row in this table). This is probably due to the effect of the presence of the large
hydrophobic dye in the headgroup, which would be incorporated in the hydrophobic part of the
membrane, disturbing the order in Lo-like domains. This would block the entry of this probe
(FITC-DPPE) into Lo-like domains in GPMVs. Since LRB-DPPE and TexasRed-DPPE include even
larger and more hydrophobic fluorescent moieties, they are likely to partition more into Ld-like
domains in GPMVs than FITC-DPPE. Furthermore, TexasRed-DPPE exhibited systematic
changes in the staining of GUVs undergoing the miscibility transition.”® Due to these reasons,
it is very likely that TexasRed-DPPE (Hd), LRB-DPPE (Hd), and FITC-DPPE (Hd) behaves as
proper non-raft probes. Therefore, in the following lines in this table and in the text, TexasRed-
DPPE (Hd), LRB-DPPE (Hd), and FITC-DPPE (Hd) are treated as such.

Note that another DPPE-based probe containing a smaller fluorophore NBD, NBD-DPPE,
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exhibited varied partitioning behaviors in GUVs (see the row further down and Note u).

Due to such complexities in the behaviors of these probes, we recommend rather using
fluorescent probes containing dioleoyl chains as Ld-preferring and non-raft preferring probes.

Honigmann et al.'%0 found that a fluorescent probe with somewhat similar structure, KK114-
DSPE (Hd), partitions into the Ld domain, consistent with the result of TexasRed-DPPE (Hd),
LRB-DPPE (Hd), and FITC-DPPE (Hd). Interestingly, when the flurophore KK114 was placed
farther away from the membrane by inserting a polyethylene glycol chain (MW ~ 2 kD; PEG;
this probe was called KK114-PEG-DSPE), KK114-PEG-DSPE preferentially partitioned into the
Lo-phase domain, suggesting that KK114-PEG-DSPE could be a useful raft-associated probe.
However, we did not list these molecules in this table because the experiments were performed
in the mica-supported artificial bilayers, which might have affected the bilayer properties: the
diffusion coefficient of KK114-PEG-DSPE is slower there by a factor of 3 ~ 5 compared with
that in the Ld-phase domain in GUVs (see Table 2).

"diI-C16:0; 1,1’-dihexadecyl-3,3,3’,3"-tetramethylindo-carbocyanine perchlorate.

SThe partitioning behaviors of diI-C18:0, diI-C20:0, and diI-C22:0 in phase-separated GUVs are
complex. Their partitioning is different between GUVs containing sphingomyelin or DSPC as
saturated phospholipids (preferring Ld-phase domains or Lo-phase domains, respectively??).
Due to such complexities in the behaviors of these probes, we recommend using diI-C18:1 and
diI-C18:2 as Ld-preferring and non-raft preferring probe, rather than dil with saturated acyl
chains.

'NBD-DPPE (Hd); N-(7-nitro-2-1,3-benzoxadiazol-4-yl)-L-a.-DPPE.

UNBD-DPPE (Hd) exhibited varied results in GUVs, supported bilayers, and monolayers, in
contrast to the beheviors of related molecules such as TexasRed-DPPE (Hd), LRB-DPPE (Hd),
and FITC-DPPE (Hd). Therefore we would not recommend using NBD-DPPE (Hd) as raft/non-
raft specific molecules. See Table 4. See Note qg.

VThese fluorescent probes (SM-C6-NBD [Acyl], SM-C12-NBD [Acyl], and SM-C12-BodipyFL
[Acyl]) exhibited non-consistent behaviors between GUVs and GPMVs, and in addition, the
results obtained by different labs did not agree with each other (Table 4), and therefore we
would not recommend using these molecules as raft/non-raft specific molecules.

“"These SM probes do not behave like native SM molecules (Table 4) probably due to the
disturbance by the attached fluorophores.!! It is better not to use these probes because they
might exhibit complicated behaviors and their names might mislead the readers.

40



Table 2. Diffusion coefficients of molecules in artificial membranes (GUVs and
multilamellar vesicles [MLVs]; not limited to tertiary mixtures of lipids), GPMVs, PM

spheres, and PMs.

Membrane . o . b . b
Diffusant (lipid Temp in Lo—phase or in Ld—phase in the
(Probe/molecule) composition or °0) Lo—Illfe or Ld—I_lke homogenequs bulk Method Ref
cell line) domains domains domain
(um?/s) (gm?/s) (Ld or Lo) (um?/s)
DiI-Cig” GUV ~22 0.105 £ 0.031 49 +£0.3 N.A. FCS¢ 21
(SM/DOPC/Chol
=4.5:4.5:1)
DiI-Cis GUV ~22 0.255 £ 0.058 5.15 £ 0.15 N.A. FCS 21
(SM/DOPC/Chol
=2:2:1)
DiI-Cis GUV ~22 0.795 £ 0.108 51 £04 N.A. FCS 21
(SM/DOPC/Chol
=1:1:1)
DiI-Cis GUV ~22 08 0.1 51 £0.9 N.A. FCS 21
(SM/DOPC/Chol
=5.3:1.3:3.3)
488neg-SM¢ GUV 28.5 09 0.1 55 +£0.3 N.A. FCS 31
(SM/DOPC/Chol
=1:1:1)
594neg-SM¢ GUV 28.5 09 0.1 54 +£0.2 N.A. FCS 31
(SM/DOPC/Chol
=1:1:1)
594neg-DSPC® GUV 28.5 1.0 0.1 55 0.3 N.A. FCS 31
(DSPC/DOPC/Ch
ol
=1:1:1)
594neg-DSPC GUV 28.5 09 0.1 49 +£04 N.A. FCS 31
(SM/DOPC/Chol
=1:1:1)
594neg-DOPC® GUV 28.5 09 0.1 6.0 +£0.2 N.A. FCS 31
(SM/DOPC/Chol
=1:1:1)
IL-4Rd GUV 22 Not 8.2 £20 N.A. FCS 85
(EGFP linked; mostly (DOPC/SM/Chol measurable
located in the Ld- =1:1:1)
phase domain)
Fast-DiO% GUV 22 Not 11.7 £1.6 N.A. FCS 85
(Ld-phase preferring (DOPC/SM/Chol measurable
probe) =1:1:1)
PLAPh GUV ~22 0.7 0.3 3.8 +£0.3 N.A. FCS 84
(rhodamine label) (SM/DOPC/Chol
=1:1:1)
PLAP GUV ~22 (Ld-phase) FCS 84
(rhodamine label) (DOPC) N.A. 5.0+ 0.3
N.A.
PLAP GUV ~22 (Ld-phase) FCS 21
(rhodamine label) (DOPC) N.A. N.A. 6.3 £ 0.3
DPPC-ds' MLV 46 (Ld-phase) PFG MAS 86
(DPPC-ds2 N.A. N.A. 12.1 NMR
without Chol)
MLV 46 (Ld-phase) PFG MAS 86
DPPC-ds2 (DPPC-ds2/Chol N.A. N.A. 12.0 NMR
Chol = 9.5:0.5) N.A. N.A. 14.3
MLV 46 (Lo-phase) PFG MAS 86
DPPC-ds2 (DPPC-ds2/Chol N.A. N.A. 5.2 NMR
Chol = 3:2) N.A. N.A. 7.2
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MLV 46 (Lo-phase) PFG MAS 86
DPPC-ds2 (DPPC-ds2/Chol N.A. N.A. 4.3 NMR
Chol =1:1) N.A. N.A. 5.2
DPPC-ds2 MLV 51 (Ld-phase) PFG MAS 86
(DPPC-ds2 N.A. N.A. 15.1 NMR
without Chol)
MLV 51 (Ld-phase) PFG MAS 86
DPPC-ds2 (DPPC-ds2/Chol N.A. N.A. 14.4 NMR
Chol = 9.5:0.5) N.A. N.A. 17.7
MLV 51 (Lo-phase) PFG MAS 86
DPPC-ds2 (DPPC-ds2/Chol N.A. N.A. 6.3 NMR
Chol = 3:2) N.A. N.A. 9.7
MLV 51 (Lo-phase) PFG MAS 86
DPPC-ds2 (DPPC-ds2/Chol N.A. N.A. 5.4 NMR
Chol =1:1) N.A. N.A. 7.2
Rhodamine 1-stearoyl GPMV (NIH 3T3 10 1.8 5.6 N.A. FCS 29
2-oleoyl-PE fibroblasts)
CTB-Alexa488* PM sphere 37 or 0.13' 1.3 N.A. FCS 28
(A431 cells) RT? (+0.06, -0.11)  (+0.2,-0.4)
CTB-induced
Lo- and Ld-like
domains
VIP17/MAL-mRFP™ PM sphere 37 or 0.10" £ 0.03 1.27" £ 0.25 (no CTB addition; FCS 28
(A431 cells) RT? single domain)
CTB-induced 1.34" £ 0.72
Lo- and Ld-like
domains
IL-4Ra PM (HEK293- 22 N.A. N.A. (mostly Ld) FCS 85
(EGFP linked; mostly derived cell line) 0.38 £ 0.15
located in Ld)
Fast-DiO PM (HEK293- 22 N.A. N.A. (mostly Ld) FCS 85
(Ld-phase domain and  derived cell line) 1.3+0.4
Ld-like domain
preferring probe)
IL-4Ra GPMV (HEK293- 22 N.A. N.A. (mostly Ld) FCS 85
(EGFP linked; mostly derived cell line) 1.5+ 0.6
located in Ld-like
domains)
Fast-DiO GPMV (HEK293- 22 N.A. N.A. (mostly Ld) FCS 85
(Ld-like domain derived cell line) 2.5+0.5
preferring probe)
Alexa fluor488-GItT Large RT? N.A. N.A. 2.2 £0.4 ~ FCS 162
(single cysteine unilamellar 42 +0.2
mutant of the vesicles (LUVs) (4.1-nm radius)"
glutamate transporter DOPE/DOPG
GItT(Q4120))° (3:1)
Alexa fluor488-LacS Large RT? N.A. N.A. 28 £ 1.2~ FCS 162
(single cysteine unilamellar 5.0+ 0.8
mutants of the lactose  vesicles (LUVS) (3.3-nm radius)"
transporter LacS DOPE/DOPG
(A535C))° (3:1)
Alexa fluor488-LacY Large RT? N.A. N.A. 4.2 £ 0.6~ FCS 162
(lactose permease unilamellar 4.6 £ 0.6
LacY C154G/S401C vesicles (LUVs) (2.1-nm radius)"
mutant)? DOPE/DOPG
(3:1)

Note to Table 2:

ap; diffusion coefficient.

bDiI-Cys; 1,1'-dioctadecyl-3,3,3’,3"-tetramethylindo-carbocyanine perchlorate.

°FCS; fluorescence correlation spectroscopy.
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d488neg-SM and 594neg-SM; ATTO488- and ATT0594-nonaethyleneglycol-sphingomyelin
(18:0), respectively.

€594neg-DSPC and 594neg-DOPC; ATT0594-nonaethyleneglycol-L-a-DSPC and DOPC,
respectively.

fIL-4Ra; single-pass TM protein, N-terminally His-tagged interleukin-4 receptor o chain
comprising the amino acids 1-266 fused to a short-linker ADPPV and a C-terminal EGFP (540
amino acids in total; signal deficient due to truncation of the cytoplasmic domain), mostly
located in the Ld-phase domain in GUVs and Ld-phase-like domain in GPMVs at 22°C.

9Fast-DiO; 3,3'-dilinoleoyloxa-carbocyanine perchlorate (Ld-preferring probe).
hPLAP; human placental alkaline phosphatase.

'DPPC-ds2; L-a-dipalmitoyl-ds>-phosphatidylcholine.

JPFG MAS NMR; 'H pulsed-field gradients magic-angle spinning NMR spectroscopy.
KCTB-Alexa488; CTB conjugated with Alexa488.

These values are smaller than those of other molecules shown in this table by factors of 4 -
20. If no actin-based MSK exists in the PM spheres at all, the larger radius of CTB-GM1
pentamer complex will not explain such strong diffusion suppression of CTB-GM1 pentamer
complex in PM spheres, following the theory of Saffman and Delbriick,63 which was extensively
proved by experiments (for a review, see Ref. 101 and 11), including the results shown in
bottom three rows in this table (cf. Note r). This suggests that small amounts of the actin-
based MSK s still attached to the cytoplasmic surface of PM spheres.

mVIP17/MAL-mRFP; vesicular integral membrane protein 17/myelin and lymphocyte protein
(tetraspanning proteolipid) conjugated by mRFP.

"These values are smaller than those of other molecules shown in this table by factors of 4 -
20. The reason for the difference is unknown. However, as described in Note |, small amounts
of the actin-based MSK might still be attached to the cytoplasmic surface of PM spheres and
VIP17/MAL-mRFP might be in molecular complexes. When these two occur at the same time,
diffusion would be slowed due to a phenomenon called “oligomerization-induced trapping”
within a compartment generated by the actin-based membrane skeleton mesh.164

°From Bacillus stearothermophilus.
PFrom Streptococcus thermophiles.
9From Escherichia coll.

The diffusion coefficients found in this work show a very weak dependence of the diffusion
coefficients on the diffusant (protein) radius, and this dependence agreed well with the
prediction made by Saffman and Delbriick.!®3> Meanwhile, Gambin et al.'®> reported that the
translational diffusion coefficient of the TM protein in the membrane was strongly radius-
dependent, inversely proportional to their radius R (1/R model). However, the results by
Gambin et al.’®> were obtained for synthetic model peptides reconstituted into surface-
supported bilayers made of nonionic surfactants, and not native lipids such as phospholipids.
Therefore, we tend to believe the results by Ramadurai et al.'®? 1and many others (for a review,
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see Ref. 101 and 11) and the prediction made by Saffman and Delbriick.163
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Table 3. Partitioning of proteins into raft/non-raft domains in the PM, expected
from their partitioning into the Lo/Ld-like domains in GPMVs at ~10°C (RBL-2H3
cells) and into DRM/non-DRM. The preferences in the partitioning in GPMVs was
determined by complementary and/or colocalized distributions of fluorescent lipid probes with
Lo/Ld preferences in GPMVs (Table 1). The “raft domain” in this table is that defined in Section
0.

Molecules

Preferences - Expected
in examlned for Partl_ Preferences associa_
GPMVs at comple- rant in tion with
mentary/ tioning in B
Molecules lower Y, Ref Ref GUVs Ref  raft/non
t colocalized DRMs at
empera- -010LdllZ <4°Cb raft
tures? distributions = domains in
in GPMVs the PMc
Transferrin receptor ~ Ld-like domain  Complementary 28 non-DRM 49 No direct GUV Very likely to
to CTB¢ 166 137 data be rafte
Colocalized with 155 available®
FastDiO and 167
FastDil
GPI-anchor Lo-like domain  Complementary 104 DRM 43 Complicated® 84
(EGFP-GPI, to TexasRed- 109 168  Raft"
YFP-GL-GPI, DPPE
mYFP-GL-GPI)
CD59 full length Lo-like domain  Complementary 109 DRM 43 Complicated® 84
to TexasRed- 168  Raft"
DPPE
Thy-1 full length Lo-like domain  Complementary 27 DRM 137 Complicated® 84 Raft"
(Thy-1 to LRB-DOPE 158
crosslinked by 168
mAb Ox 7)
Anti GD1b mAb AA4  Lo-like domain  Complementary 104 N.D. N.D. TBD (GUV,
(forming dimers of (clear image) to LRB-DOPE DRM, and
acetylated GD1b antibody-
gangliosides) induced
patches of
GPI-
anchored
proteins)’
High-affinity IgE Ld-like domain  Colocalized with 27 non-DRM 169-  No direct GUV Very likely to
receptor’ LRB-DOPE 171 data be non-rafte
available®
EGFP- Varied Co-stained with 109 DRM' 172 N.D. Probably
Lck-anchor® TexasRed-DPPE (full length complicated
Lck)
EGFP- Ld-like domain  Colocalized with 109 DRM 155 N.D. Probably
Fyn-anchori* TexasRed-DPPE (full length complicated
Fyn)
EGFP- Ld-like domain  Colocalized with 109 DRM 173 N.D. Probably
H-Ras anchor™ TexasRed-DPPE complicated
H-Ras full length™ Ld-like domain  Colocalized with 109 Both 167, N.D. Probably
TexasRed-DPPE 173 complicated
GTP (GDP)
form, more
into
non-DRM
(DRM)
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Notes to Table 3

aThe results included those performed in PM spheres at 37°C as well as those observed in
GPMVs at 10°C.

bThere have been attempts to prepare DRMs at 37°C using different detergent (Brij 96174) and
the DRMs of nano-meso scales.*®17> However, since solubilizing the cells using 1% Triton X-
100 at temperatures <4°C is prevalent, we only list those using this protocol. The results shown
here include both the fluorescent imaging data after cold Triton treatment of the cells and the
western blotting data after sucrose density-gradient fractionation of the cold-Triton-treated
cells.

¢Section 9 “Working definition of raft domains” and Section 10 “Fluorescent lipid probes that
might be useful for raft-domain research” in the main text.

dNote that this result was obtained in the PM sphere at 37°C where phase separation was
induced by the addition of CTB.

ePartitioning of transferrin receptor into Lo- and Ld-phase domains in phase-separated GUVs
has not been examined. However, since interleukin receptor 4o chain (a single-pass TM protein)
and bacteriorhodopsin (a 7-pass TM protein) partition into the Ld-phase domain in GUVs, it is
likely that transferrin receptor partitions into the Ld-phase domain in GUVs.8*#> Therefore, it is
very likely that transferrin receptor is associated with non-raft domains.

fYFP-GL-GPI (and mYFP-GL-GPI) is an artificial GPI-anchored protein made from YFP (mYFP)
containing a consensus N-glycosylation (GL) site fused to a GPI-attachment signal.

9In GPMVs, GPI-anchored proteins, such as EGFP-GPI-anchor, CD59, and Thy-1,%/:109
preferentially partition into Lo-like domains. Meanwhile, Kahya et al.®* and Kahya and
Schwille®® showed that PLAP, a GPI-anchored protein, prefers Ld-phase domain over Lo-phase
domain ~3:1 in GUVs at room temperature (perhaps ~22°C). When PLAP was crosslinked by
antibodies, the crosslinked PLAP did not show any preferences between Ld- and Lo-phase
domains in GUVs (although PLAP apparently exists as constitutive dimers, which withstand even
in SDS-PAGES),

As touched upon in the main text, the lipid packing (order) evaluated by C-Laurdan was much
higher in Lo-phase domains than that in Lo-like domains in GPMVs.>3>8 The high lipid order in
Lo-phase domains in GUVs might drive PLAP (and perhaps other GPI-anchored proteins) away
to partition more into Ld-phase domains.

Surprisingly, in supported lipid bilayers with equimolar mixture of SM (brain SM, which is
predominantly 18:0), cholesterol, and DOPC, the majority of PLAP was found in the Lo-phase
domain at room temperature, perhaps at ~22°C.'76 Furthermore, in supported monolayers,
another GPI-anchored protein, Thy-1, partitioned more into the Lo-phase domain (~2:1 over
the Ld-phase domain;!°8). These variations in terms of GPI-anchored proteins’ partitioning into
Lo-phase domains in GUVs suggest that their partitioning into Lo-phase domains is determined
by delicate balances of various molecular interactions.

hDespite the complicated behaviors of GPI-anchored proteins in artificial membranes (GUVs

46



and supported bilayers and monolayers) as described in the Note g, since all of the GPI-
anchored proteins exhibited clear partitioning into the Lo-like domains in GPMVs and DRM, they
were classified in the category of molecules that could associate with raft domains.

The partitioning behaviors in GUV, DRM, and antibody-induced patches of GPI-anchored
proteins (such as CD59) are to be determined.

iIn older literature, TM proteins, hemagglutinin (HA), and linker for activation of T cells (LAT),
and signaling proteins located on/in the PM cytoplasmic surface/leaflet, Fyn and H-Ras, were
considered DRM-associated proteins. However, more recent results?>1’” suggest that more
quantitative evaluation of DRM association in GPMVs would be necessary. Hemagglutinin
partitioning in GPMVs vary greatly from a vesicle to another, exhibiting Lo, Ld, and no
preferences at the ratios of 26, 58, and 16%.1%° The full length, palmitoylated LAT partitions
into Lo-like domain more than the non-palmitoylated LAT, whereas the TM domain of LAT
partitioned into the Lo and Ld domains almost equally in GPMVs, 166

kBoth the Lck-anchor and Fyn-anchor contain the sites for two palmitoyl chains and one
myristoyl chain, but their behaviors in GPMVs are different.l%® The peptide sequences
themselves and/or acyl chain modification efficiencies might affect the results.

'After Brij98 extraction at 37°C, the full-length Lck partitioned into both DRM and non-DRM,
but more in non-DRM, 16

mThe H-Ras anchor contains two palmitoyl chains and one farnesyl chain.
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Table 4. Additional fluorescent lipid probes recommended for use as raft/non-raft-
associated probes, based on more quantitative evaluations,, in various lipid
categories. Unlike Tables 1 and 3, this table is based on more quantitative evaluations of the
probe’s partitioning into Lo-/Ld-phase domains in phase-separated GUVs (consisting of tertiary
mixtures of saturated phospholipid (mostly Brain SM/DOPC/Chol = 1/1/1 [28.5°C]3! or 2/2/1
[~22°C]?3) and into complementary Lo-/Ld-like domains in GPMVs (RBL-2H3 cells) at 10°C
(temperature unknown in Ref. 104), and into DRMs vs. intact-PM (T24 cells), as well as

qualitative examination of colocalization within CD59 patches (T24 cells).

We propose here the following way of determining preferential association of these
probes with “raft” or “non-raft” domains (shown in the second column from the right). However,
this categorization is basically over-simplified, and one should always keep in mind that these
probes partition into both “raft” or “non-raft” domains anyway, i.e., the preference is not all or

none.

(1) If the Lo/Ld ratio in GPMV is 1.5 or greater, we refer to the data of GUV partitioning,
DRM incorporation, and localization within antibody-induced patches of GPI-anchored protein.
If two or more of the following three conditions are satisfied, the molecule is determined to be
raft-domain-associated. 1) The GUV Lo/Ld ratio > 1.5; 2) DRM/intact-PM intensity ratio > 0.67;
and 3) localization within antibody-induced patches of GPI-anchored protein (CD59) = +. If at
least one of them is not satisfied, the probe molecule is defined as “Not useful” as a raft-
associated probe or a non-raft-associated probe. Note that the molecules classified into the
“Not useful” category might be useful for other objectives: for example, they might partition
into both domains and could be useful for monitoring the dynamics of the molecules in both

raft and non-raft domains.

(2) If the Lo/Ld ratio in GPMV is 0.67 or smaller, we refer to the data of GUV partitioning,
DRM incorporation, and localization within antibody-induced patches of GPI-anchored protein.
If one of the following three conditions is satisfied, the molecule is defined to be non-raft-
associated. 1) The GUV Lo/Ld ratio < 0.67; 2) DRM/intact-PM intensity ratio < 0.33; and 3)
localization within antibody-induced patches of GPI-anchored protein (CD59) = + or —. If none

of the three conditions are satisfied (when the GPMV’s Lo/Ld ratio is 0.9 or smaller), the probe
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molecule is defined as “Not useful” as a raft-associated probe or a non-raft-associated probe

(although such probes have not been found and are not listed in this Table).

(3) In the case where the Lo/Ld ratio in GPMVs is greater than 0.67 and smaller than
1.5 (corresponding to 40 and 60% of the total number of molecules partitioning into the Lo
domain), we classify them into the category of “Not useful as a probe for differentiating Lo/Ld-
like domains in GPMVs”,

Here, we heavily depend on the Lo/Ld ratio in GPMVs prepared from RBL-2H3 cells.
Since molecular compositions of the GPMVs would be different from cell-type to cell-type, the

use of this Table requires due caution.
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GUV GPMV DRM/intact PM Localiza- Association with
Probes Lo/Ld partition  Lo/Ld partition - : tion in “Raft” or Ref
- - intensity ratio w ”
ratio ratio (mean + SE) CD59 Non-raft
(mean + SE) (mean + SE) - patches domains
Fluorescent ganglioside analogs
FI-S9-GM3 (Hd)® N.D. 88 +1.5 1.1 +£0.05 + Raft 30
TMR-59-GM3 (Hd)? N.D. 1.5 +0.08 1.0 +0.10 + Raft 30
(weak)
594-59-GM3 (Hd)® N.D. 4.0 £0.14 1.0 +0.05 + Raft 30
488-S9-GM3 (Hd)? N.D. 4.6 +0.58 1.1 +0.06 + Raft 30
647N-S9-GM3 (Hd)*° N.D. 0.26 + 0.02 0.066 + 0.008 - Non-raft 30
Better not to use®
TMR-G6-GM3 (Hd)? N.D. 1.7 £0.14 0.029 +0.006 - Not useful 30
594-G6-GM3 (Hd)? N.D. 1.7 +0.09 0.49 +0.04 + Not useful 30
594-59-GM2 (Hd)® N.D. 4.1 +£0.48 1.0 +0.05 + Raft 30
594-GN6-GM2 (Hd)® N.D. 44 +0.43 1.1 +£0.07 + Raft 30
594-termG6-GD1b (Hd)a N.D. 4.2 +0.40 1.0 + 0.04 + Raft 30
Cy3-CTB Lo phase (no
6.7 +0.49 1.2 + 0.08 + Raft
(GM1 pentamer) quantification) 21,30,178
TMR-S9-GM1 (Hd)® N.D. 1.9 +0.25 1.0 +0.05 + Raft 30
(weak)
594-S9-GM1 (Hd)? N.D. 3.3 £0.11 1.1 +£0.08 + Raft 30
488-S9-GM1 (Hd)? N.D. 3.0 £0.23 1.1 +0.06 + Raft 30
594-termG6-GM1 (Hd)? N.D. 4.7 £0.35 1.0 +0.05 + Raft 30
Alexa568-GM1 (Hd) Lo~No Pref* N.D. N.D. N.D. N.D. 179
647N-GM1 (Hd)? 0.09 +0.01 0.35 + 0.05 N.D. N.D. Non-raft 53
Better not to use®
- d 0.06 £ 0.02 0.12 £ 0.01 N.D. N.D. Non-raft 53
GM1-647N (Acyl) Better not to use®
GM1-C5-BodipyFL (Acyl)® 0.33+£0.09 1.9 £0.17 N.D. N.D. Not useful® 53
GM1-C5-BodipyFL (Acy|)e N.D. 0.62 +0.05 0.042 +0.009 - Not useful® 30
GM1-C5-BodipyFL (Acyl)® N.D. Varied® N.D. N.D. Not useful® 104
GM1-C6-NBD (Acyl) 0.30 £0.10 2.0 £0.18 N.D. N.D. Not useful 53
Fluorescent sphingomyelin (SM) analogs
488neg-SM(18:0) (Hd)\ 4.1 + 0.15 4.8 +0.50 1.1+0.06 N.D. Raft 31
594neg-SM(18:0) (Hd)" 3.9 + 0.15 4.7 +0.50 1.1+0.07 N.D. Raft 31
SM-TopFluor (Acyl) 0.27 +0.05 0.49 + 0.09 N.D. N.D. Non-raft 53
SM-C12-BodipyFL (Acyl) 0.45 + 0.07 1.9 +0.17 N.D. N.D. Not useful 53
SM-C12-NBD (Acyl)? 0.05 + 0.02 0.53 + 0.08 N.D. N.D. Not usefuld 53
SM-C12-NBD (Acyl)?
N.D. ~1c N.D. N.D. Not useful? 104

(also Ceramide-C12-NBD)
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SM-C6-NBD (Acyl)" 0.15+0.03 0.85 £ 0.07 N.D. N.D. Not useful 53

SM-C6-NBD (Acyl)" N.D. Largely Lo Intermediate N.D. Not useful® 104

SM-ATTO532 (Acyl)? 0.18 + 0.04 0.88 + 0.02 N.D. N.D. Not useful 53

ATTO532-SM (Hd)¢ 0.19 + 0.05 0.61 + 0.03 N.D. N.D. Non-raft 53
Better not to use®

SM-ATTO647N (Acyl)d 0.04 +0.01 0.22 £ 0.06 N.D. N.D. Non-raft 53
Better not to use®

ATTO647N-SM (Hd)? 0.03 = 0.01 0.18 + 0.07 N.D. N.D. Non-raft 53
Better not to use®

SM- K114 (Acyl)® 0.02 +0.01 0.04 + 0.02 N.D. N.D. Non-raft 53
Better not to use®

K114-SM (Hd)" 0.05 + 0.02 0.14 + 0.01 N.D. N.D. Non-raft 53

Better not to use®

Fluorescent PC analogs

594neg-DSPC (Hd)f 43 +0.24 4.5 £0.40 1.1 +0.09 N.D. Raft 31
594neg-DOPC (Hd)f 0.14£0.01 0.20 £ 0.02 0.039 +0.003 N.D. Non-raft 31
DPPC-C5-BodipyFL (Acyl) Ld-phase 0.23 + 0.02 non-DRM N.D. Non-raft 30,31

Fluorescent cholesterol analogs

Chol-TopFluor (Acyl) 4.0 £0.15 1.9 £0.17 N.D. N.D. N.D. 53
Chol-Bodipy-TMR (Acyl)! 0.69 £ 0.02 3.2 £0.17 N.D. N.D. Not useful 53
Note to Table 4:

aThe chemical structures of these fluorescent ganglioside analogs are shown in Fig. 4.

Fluorescent modification of the sialyl group in GM1 has been done quite extensively, for
example, by Spiegel et al.,!8%18! Goins et al.,!® Marushchak et al.,!® Mikhalyov et al.,'® and
Sachl et al.’® However, these probes have not been characterized as extensively as the probes
listed in this table, in terms of their use for raft-domain studies.

bThese ganglioside and SM probes do not behave like native ganglioside and SM molecules,
respectively, probably due to the disturbance by the attached fluorophores.6! It is better not
to use these probes as raft/non-raft specific probes because they might exhibit complicated
behaviors, and in addition their names might mislead the readers.

‘When the GUVs consisting of DPPC/DOPC/Chol (30/35/35 by mols) were observed at room
temperature, no preferential partitioning was observed. However, when the GUVs consisting of
DPPC/DOPC/Chol (40/40/20 by mols) were observed at room temperature, Lo-phase domain
partitioning was observed in 60% of the GUVs used, whereas no preferential partitioning was
found in the remaining 40%.

dIn the literature, these probes have sometimes been used as raft-associated probes. However,
it is clear that these probes are associated with Ld-phase domains in GUVs and Lo-like domains
in GPMVs, and, based on the criteria, they are classified into the non-raft-specific category.
These results clearly indicate that the previous observations made by using these probes as
raft markers must be re-interpreted; the events observed were very likely to take place in the
bulk non-raft domain.
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We noted that virtually all of the lipid probes that employed ATTO647N (both Hd and Acyl
linked) preferred Ld-phase domains in GUVs and Ld-like domains in GPMVs, suggesting that
the hydrophobic bulky fluorophore might be inserted into the hydrophobic environment around
the probe molecule, causing the exclusion of the ATTO647N-linked lipids away from the Lo-
phase/Lo-like domains. Therefore, it is likely that all the results obtained with ATTO647N-linked
lipids should be re-interpreted as the events that occurred in the non-raft domain.

€The same probe, GM1-C5-BodipyFL (Acyl), was used in three independent examinations in
different labs. Different results were obtained for the partitioning in GPMVs (perhaps Sengupta
et al.1% might have employed temperatures somewhat higher than 10°C, as they reported
varied results for individual GPMVs), suggesting the lack of robustness of the results. Therefore,
this probe was classified into the category of “Not useful”. The results obtained by Sezgin et al.
>3 by themselves indicate the same classification.

fThe chemical structures of these fluorescent sphingomyelin and PC analogs are shown in Fig.
2.

9The same probe, SM-C12-NBD (Acyl), was used in two independent examinations in different
labs. Different results were obtained for the partitioning in GPMVs, suggesting the lack of
robustness of the results. Therefore, this probe was classified into the category of “Not useful”.
A probe with related structure, Ceramide-C12-NBD, did not exhibit any clear partitioning in
GPMVs,1%4 and therefore was classified into the category of “Not useful”.

"The same probe, SM-C6-NBD (Acyl), was used in two independent examinations in different
labs. Different results were obtained for the partitioning in GPMVs. According to Sengupta et
al., 1% SM-C6-NBD (Acyl) partitioned into the Lo-like domain in 80-90% of the GPMVs and
partitioned more evenly between Lo-like and Ld-like domains in 10-20% of the GPMVs. These
results are quite different from the results reported by Sezgin et al.>3 (partitioning more in Ld-
like domain than in Lo-like domain), suggesting the lack of robustness of the results. Therefore,
this probe was classified into the category of “Not useful”.

'Satisfactory fluorescent cholesterol analogs have not been produced yet. None of the existing
cholesterol analog probes induced higher packing of saturated phospholipid acyl chains, which
native cholesterol induces. According to Scheid et al.'8, only a spin-labeled cholesterol with
the doxyl group placed at the end of the acyl chain and a fluorescent probe cholestatrienol
could mimic cholesterol’s ordering effect to a certain degree.

Depending on the properties of the conjugated fluorescent/paramagnetic groups and/or their
binding sites in cholesterol or chemical modifications of cholesterol to make it fluorescent,
cholesterol analogs may adopt an “up-side-down” orientation in the membrane, undergo flip-
flop faster than cholesterol, and/or fluctuate between “upright” and up-side-down orientation
by rotational motions about the short axis not typical for native cholesterol. Such analogs are
not able to induce condensation of saturated phospholipids (enhancing order) as much as
cholesterol. 186

Scheid et al.'8¢ showed that dehydroergosterol, which has been used quite extensively,’®’” has
an up-right orientation similar to that of cholesterol although it failed to induce lipid packing.
They argued that, nevertheless, dehydroergosterol could be used at lower concentrations (up
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to 1 mol%). Under these conditions, it might not perturb Lo-phase/Ld-like domain organization.

The problems of using cholestatrienol (absorption/emission maxima ~ 325/376 nm) and
dehydroergosterol (absorption/emission maxima ~ 327/393 nm) are their poor signal to noise
ratios under the fluorescence microscope. Their excitation wavelengths are in the UV range
and therefore their observations require an UV fluorescence microscope or a two-photon
excitation microscope. Even if these microscopes are employed, high quality images are difficult
to obtain. In addition, they are quite susceptible to photobleaching and oxidation.

22-NBD-cholesterol (22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-23,24-bisnor-5- cholen-
3p-ol) and 25-NBD-cholesterol (25-{N-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)- methyllamino}-27-
norcholesterol) were found to partition into Ld-phase domains in GUVs.>3194 Furthermore, their
NBD moiety is preferentially localized in the polar interface (the analog molecule is placed in
the membrane upside down) and/or (ii) the analogs have very high transbilayer mobility.
Neither 22- nor 25-NBD-cholesterol could induce higher packing of phospholipid alkyl chains,
which native cholesterol induces. These results indicate that the use of NBD-cholesterol will not
be useful for raft-domain research. Although unclear, similar problem might be occurring for
Chol-TopFluor (Acyl) and Chol-Bodipy-TMR (Acyl).

Baumgart et al.?> reported that polycyclic aromatic hydrocarbons, such as naphthopyrene and
terrylene, because of their planar rigid shapes, partition into Lo-phase domains in GUVs and
orient their long axes parallel to the bilayer normal, but that in a single Ld-phase domain, they
are not oriented in any direction (their orientations are randomized).

Recently, Liu et al.”> developed a collection of tunable orthogonal cholesterol sensors that
seamlessly cover a wide dynamic range of cholesterol concentration down to <1 mol%. These
sensors are genetically modified from the D4 domain of perfringolysin O, which is known to
have high specificity for cholesterol. Such sensors would be extremely useful for the future raft
research.18’
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Figure Legends

Figure 1. GUVs consisting of the ternary mixture of SM(18:0)/DOPC/cholesterol (1:1:1 by
moles) labeled with proper fluorescent lipid pairs exhibited micron-scale two complementary
domains at 28.5°C, suggesting the occurrence of phase separation. (Top) 594neg-SM(18:0)
and DPPC-C5-BodipyFL (Acyl). (Bottom) 488neg-SM(18:0) and 594neg-DOPC. The structures
of the phospholipid analogs with a neg linker are shown in Fig. 2. In the images of 594neg-
SM(18:0) and 488neg-SM(18:0), note that both of the two domains are labeled, with different
intensities, by a factor of about 4. This result is consistent with the observations made with
deuterated SM(18:0), suggesting that these fluorescent SM analogs behave very much like
their parental molecules. Bars, 20 pm. Adapted from Fig. 2B of Ref. 31 with permission. The

probes’ chemical names are provided in the notes to Table 1.

Figure 2. Chemical structures of fluorescent sphingomyelin (SM) and PC analogs that have
been shown to behave in ways very similar to their non-labeled endogenous molecules. These
analogs keep the same charges on the phosphate and choline groups as their parental
molecules, due to the addition of the fluorescent probes to the choline group of SM and PC by
using Huisgen cycloaddition (red), and the fluorescent probes are placed quite far away from
the choline headgroup of the parental lipid by using a hydrophilic nonaethylene glycol (neg)
linker. For comparison, the chemical structure of a DOPE probe often used as an Ld marker is
shown. The fluorescent probe is directly bound to the amine group, and thus the positive charge
there is lost and the fluorescent probe is placed close to the membrane surface. 488 and 594
are ATTO488 and ATTO594 dyes, respectively. Since these fluorescent phospholipid analogs
and the fluorescent ganglioside analogs that behave very much like their parental gangliosides
(Fig. 4) have been developed quite recently by our group and are not found in literature very

easily, their chemical structures are shown. Adapted from Fig. 1 of Ref. 31 with permission.

Figure 3. GPMVs, prepared from RBL-2H3 cells, labeled with proper fluorescent lipid pairs, and

then cooled to 10°C, exhibit two coexisting and complementarily-labeled micron-scale domains
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(greater than the optical diffraction limit of ~200 nm). (Top) DPPC-C5-BodipyFL (Acyl) and
594neg-SM(18:0). (Bottom) 488neg-SM(18:0) and 594neg-DOPC. Adapted from Fig. 5A of Ref.
31 with permission.

Figure 4. Chemical structures of the fluorescent analogs of the gangliosides GM1, GM2, GM3,

and GD1b entirely produced by chemical synthesis. Reproduced from Fig. 1 of Ref. 30 with

permission.
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