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ABSTRACT Two very polarized views exist for understanding the cellular plasma membrane
(PM). For some, it is the simple fluid described by the original Singer-Nicolson fluid mosaic
model. For others, due to the presence of thousands of molecular species that extensively
interact with each other, the PM forms various clusters and domains that are constantly
changing and therefore, no simple rules exist that can explain the structure and molecular
dynamics of the PM. In this article, we propose that viewing the PM from its two predominant
components, cholesterol and actin filaments, provides an excellent and transparent perspec-
tive of PM organization, dynamics, and mechanisms for its functions. We focus on the actin-
induced membrane compartmentalization and lipid raft domains coexisting in the PM and
how they interact with each other to perform PM functions. This view provides an important

update of the fluid mosaic model.
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INTRODUCTION

When we consider plasma membrane (PM) structure, dynamics, and
functions, we are often struck by the feeling that we are engaged in
military intelligence, facing the so-called VUCA problems: volatility,
uncertainty, complexity, and ambiguity (Bennis and Nanus, 1986).
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The PM is basically in a fluid liquid state (Singer and Nicolson, 1972)
and probably contains more than 10,000 protein and lipid species
(Holthuis and Menon, 2014). They interact with each other in com-
plex ways (Simons, 2016), often forming a variety of nano- to mi-
cronscale molecular complexes and domains with very broad ranges
of lifetimes, from milliseconds to perhaps weeks (see Figure 5 of
Kusumi et al., 2012b) (Simons and Sampaio, 2011), and sometimes
with quite ambiguous boundaries with other domains/complexes,
as exemplified by the presence of so-called lipid raft domains. The
thermodynamic state of the PM has been proposed to be close to
miscibility critical points exhibiting immense local compositional
fluctuations, which might be essential for turning on cooperative
switches to trigger important signaling processes and PM structural
changes (Veatch and Keller, 2003; Honerkamp-Smith et al., 2008).
This complicates the analyses of the system, because subtle varia-
tions in experimental conditions employed by different research
groups could lead to quite dissimilar results.

Despite the VUCA of the PM as a system, in terms of its molecular
composition two molecules stand out among all molecular species
because of their abundance and essential roles in PM functions:
cholesterol (CHOL) and actin. CHOL is the most common PM
molecular species, representing ~35-45 mol% of all the PM lipids
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(Subczynski et al., 1991; Meer et al., 2008; Simons and Sampaio,
2011). The actin “membrane skeleton,” which is the actin meshwork
closely apposed to the PM cytoplasmic surface, and the cortical actin
filament layers, with a thickness of ~25 nm (three to five layers of actin
filaments) from the PM, are found virtually everywhere throughout
the PM in eukaryotic cell lines (Morone et al., 2006; Shirai et al., 2017).

In this review, we advance the arguments that the CHOL- and
actin-centered view of the PM can provide excellent perspectives
for understanding a variety of key PM properties and functions, in-
cluding those of “lipid rafts.” This year is the 50th anniversary of the
publication of the fluid mosaic model by Singer and Nicolson (1972),
which is undoubtedly still the most fundamental model for the PM
structure and molecular dynamics. Even now, the fluid mosaic model
is believed to represent the basic structure of the PMs of virtually all
cells existing on Earth. Such universality is comparable to that of the
double helical structure of DNA, although this point is often missed
even in classrooms and textbooks. Just as many DNA functions are
based on the DNA's double helical structure, the various PM func-
tions are enabled by the PM's fluid mosaic structure.

However, to develop clearer synthetic understandings of how
the PM performs its various functions, perhaps based on the PM
VUCA, scientists have been modifying the fluid mosaic model to
higher and finer levels by incorporating spatiotemporal heterogene-
ity (Manley et al., 2008; Schuberth and Wedlich-Séldner, 2015; Sez-
gin et al., 2017; Jacobson et al., 2019; Kalappurakkal et al., 2020).
For this purpose, in this article we propose that one of the useful
ways to reach a synthetic understanding of the PM structure, dy-
namics, and functions is to regard the PM VUCA from the perspec-
tives of CHOL and actin. We will explain that two major causes of
PM spatiotemporal heterogeneity are brought about by CHOL and
the parts of the cortical actin filaments directly bound to the PM
(actin-based membrane skeleton). CHOL induces “raft domains”
(defined later in this review), and the actin-based membrane skele-
ton induces the compartmentalization of the entire PM into 30-230-
nm domains. Each raft domain basically exists within an actin-in-
duced compartment.

CHOL-CENTERED VIEW OF THE PM

Strikingly nonlinear dependence of many signaling functions
on the CHOL concentration in the PM

Mild CHOL depletion is a prevalent method to study the involve-
ment of CHOL and so-called “lipid rafts” in biological processes of
interest. However, the following key point is rarely considered.

The CHOL concentration in the PM of mammalian cells is gener-
ally around 35-45 mol% of total lipids. In normal CHOL-depletion
experiments, the CHOL concentration is typically decreased by only
40% to 20-27 mol% (Green et al., 1999; Surviladze et al., 2001; Su-
zuki et al., 2007b). For conciseness, in the following we state 40 and
25% to refer to the CHOL mole fractions in the PM before and after
CHOL depletion, respectively. However, despite the presence of
high concentrations (25 mol%) of CHOL remaining in the “CHOL-
depleted” PM, many signaling reactions were shut down (we mostly
consider events occurring at 37°C), as exemplified in the following
reports: Green et al., 1999; Sheets et al., 1999; Abrami et al., 2003;
Seveau et al., 2004; Monastyrskaya et al., 2005; Vial and Evans,
2005; Hunter and Nixon, 2006; Suzuki et al., 2007a,b; McGraw et al.,
2012; Korinek et al., 2015; Ridone et al., 2020; Wang et al., 2021.

Therefore, the dependence of these signaling processes on the
CHOL content is strikingly nonlinear: full reaction at 40 mol%
CHOL and no reaction at 25 mol% CHOL. This clearly shows that
these signaling reactions do not depend on simple interactions
with single CHOL molecules but instead are enabled by the

2 | A Kusumietal

domains/structures in the PM that are formed by cooperative inter-
actions with CHOL in the presence of overall CHOL concentrations
greater than 25 mol%.

Previous and currently prevalent “definitions” of raft domains
The special domains induced by CHOL are enriched in sphingomy-
elins. Accordingly, the idea that CHOL and sphingomyelins together
form special lipid-based domains that stand out among the PM
VUCA was born, and these domains were named “lipid rafts” about
a quarter of century ago (Simons and Meer, 1988; Simons and
lkonen, 1997; Simons and Toomre, 2000; Harder and Simons, 1997;
Rietveld and Simons, 1998). Although many researchers erroneously
assumed that generally mild CHOL-depletion protocols removed
most of the CHOL from the PM (rather than just =40%),due to the
experimental ease CHOL depletion became a very useful and pop-
ular method to examine the involvement of raft domains in various
cellular events and molecular functions (Moran and Miceli, 1998;
Fessler and Parks, 2011). Furthermore, this protocol was often cou-
pled with biochemical purification methods to prepare lipid raft do-
mains as aggregates of some fractions of lipid raft domains and
raft-associated molecules, after extraction from various cells and tis-
sues using nonionic detergents at 4°C (called detergent-resistant
membranes or DRMs) (Brown and Rose, 1992). However, the inter-
esting observations obtained by this approach failed to provide a
clear definition of raft domains in the PM.

The lipid raft domain research field has long been plagued by
the lack of a clear definition. If the raft domains had been visualized
by microscopic methods, then the definition would have been eas-
ier. For example, the micronscale structures on the PM with lifetimes
longer than several tens of seconds, such as synapses, adherens
junctions, and clathrin-coated pits, and containing many (>10) cop-
ies of each key protein species could be defined simply, because
they can be imaged by immunofluorescence and immunoelectron
microscopy. The raft domains that could be visualized are limited to
those that were enlarged and stabilized by external stimulation (of-
ten by non—physiologically strong stimulation) and by artificial cross-
linking of raft-associated molecules. Therefore, the focus of interest
in raft research has shifted to revealing whether the precursor raft
domains that are triggered to become large, stabilized raft domains
exist in quiescent cells before stimulation. If they do exist, what are
the precursor domains, how do they behave, and how are they trig-
gered to become enlarged, stabilized raft domains to perform cel-
lular signaling? For such investigations, microscopic visualizations of
precursor domains in the quiescent steady state must be made, but
these observations have turned out to be enormously difficult.

At the 2006 Keystone Symposium on “Lipid Rafts and Cell Func-
tion,” lipid rafts were “defined” as “small (10-200 nm), heteroge-
neous, highly dynamic, sterol- and sphingolipid-enriched domains
that compartmentalize cellular processes. Small rafts can sometimes
be stabilized to form larger platforms through protein—protein inter-
actions.” However, although this “definition” summarizes the gen-
eral properties of raft domains in the PM quite well, it might not be
very useful for research examining whether the observed molecules
and events occur in raft domains and whether any raft domains are
involved in the observed phenomena. As such, the older definitions
of raft domains were often mixtures of definitions and properties,
and usually difficult to apply to actual research.

Furthermore, the definition of raft domains often depended on
the context in which they are considered. For example, in the
biochemical context, the raft domains have long been defined as
the DRM fraction. This definition has been useful for identifying the
molecular candidates that might be involved in raft domains in the
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PM. However, the largest problem is that DRMs could not be readily
related to the actual raft domains in the PM, particularly those
before stimulation (for example, in terms of their sizes, lifetimes, and
distributions).

Therefore, a general definition of raft domains existing in the PM
must be developed for the robust development of this research
field. It must be useful for research in the future and in broad fields
of biomedicine. In addition, the definition must include the coop-
erative interaction of CHOL with other molecules for the formation
of raft domains, as explained in the preceding subsection.

Another key observation for defining raft domains in the PM
As described, many signaling reactions that depend on CHOL do
not rely on simple interactions with single CHOL molecules, but in-
stead are enabled by the CHOL-enriched domains/structures in the
PM that are formed by cooperative interactions of CHOL with other
constituent molecules. Such domains could be generated in the
presence of overall CHOL concentrations greater than 25 mol% in
the PM.

Another critically important observation was made using giant
plasma membrane vesicles (GPMVs) or PM spheres, formed by PM
blebbing after the dissociation of the actin-based membrane skele-
ton from the PM cytoplasmic surface. Upon cooling to ~10°C,
GPMVs generally have two coexisting and complementary micron-
scale liquid domains (Baumgart et al., 2007; Lingwood et al., 2008;
Levental et al., 2009, 2010; Johnson et al., 2010). These domains
exhibit the characteristics of the liquid-ordered and liquid-disor-
dered phases (Lo- and Ld-phases, respectively) found in artificial gi-
ant unilamellar vesicles (GUVs) with the proper lipid compositions,
typically a ternary 1:1:1 mixture of long, saturated phosphatidylcho-
line (PC) or sphingomyelin, CHOL, and unsaturated PC, at tempera-
tures below 37°C (for the Lo- and Ld-phases, see the next subsec-
tion, Detailed explanation 1; Figure 1, A-C).

Importantly, these results showed that the PM is capable of un-
dergoing large-scale phase separations into Lo-phase-like and Ld-
phase-like domains, when the actin-based membrane skeleton is
removed and the temperature is lowered to ~10°C. Interestingly,
after mild partial CHOL depletion, the Lo-phase-like micronscale
domains could not be induced upon cooling to 10°C (Johnson
etal., 2010), suggesting that the presence of overall CHOL concen-
trations of 25 mol% or more in the PM is essential for producing
Lo-phase-like domains in GPMVs at ~10°C. This requirement is es-
sentially the same as that for many PM signaling functions, as de-
scribed in preceding paragraphs, as well as for the induction of
Lo-Ld-phase separation in GUVs (see Section 4 of Kusumi et al.,
2020).

Detailed explanation 1: Lo- and Ld-phases in GUVs and
biological membranes
Readers familiar with Lo- and Ld-phases should skip this subsection.
They can do so without losing track of the main flow of this article.
The liquid properties of biological membranes are induced by
the thermally driven conformational changes of individual single
bonds in the fatty acyl chains of phospholipids and sphingolipids
(-CH,—CHy-), from the more stable trans conformation to either one
of the two gauche conformations ([+]gauche and [-]gauche) (Figure
1A). The gauche conformations induce a 60° bend in the acyl chain,
which prevents the lipid molecules from being packed closely in the
membrane. The acyl chain order, which is often defined by the
spread (distribution) of the angles of the C-C bonds in each -CH,-
CHa— group relative to its average orientation (averaged over all the
molecules and also over the characteristic time span for the obser-
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vation method used), is generally coupled with how well the acyl
chains are packed in the membrane: higher packing generally
means higher acyl chain order (fewer gauche conformations).

The double bond in a fatty acyl chain works like a fixed gauche
bond; that is, a mandatory 60° bend in the acyl chain (although their
exact conformations are different) (Figure 1B). Therefore, the mem-
branes containing lipids with one or two unsaturated fatty acyl
chains (unsaturated lipids) are less packed, blocking the solidifica-
tion of the membrane, which is important for organisms living in
cold environments.

In artificial membranes, like GUVs, in the absence of CHOL the
acyl chain packing and order are low at higher temperatures and
thus constituent lipid molecules can undergo rapid translational dif-
fusion. Thermodynamically, such membranes are in the liquid-disor-
dered phase (Ld-phase), which was so named because lipid mole-
cules undergo Brownian diffusion in the membrane (a characteristic
of the liquid) and the acyl chains are disordered.

The effects of CHOL on the membrane structure and dynamics in
GUVs can be understood in terms of three types of CHOL-acyl
chain interactions.

1. When an acyl chain is located adjacent to a CHOL molecule, due
to the rigid tetracyclic skeletal structure of CHOL, the gauche
conformation is suppressed, thus inducing more trans conforma-
tions and increasing the acyl chain packing (Figure 1B). There-
fore, the presence of CHOL generally enhances the acyl chain
order in membranes in the Ld-phase.

2. Upon lowering the temperature, because the presence of CHOL
induces defects in the alignment of acyl chains, the packing in
the solid phase is lower. Namely, CHOL enhances alkyl chain dis-
order in membranes in the solid phase (where acyl chains are
quite well aligned and no translational diffusion of lipids occurs).

3. CHOL and unsaturated acyl chains tend to exclude each other
because the forced 60° bend at the double bond prevents the
acyl chain from following along the rigid tetracyclic skeletal struc-
ture of CHOL (called “lateral non-conformability”; Kusumi et al.,
2005) (Figure 1B).

At sufficiently high temperatures, GUVs composed of ternary
mixtures of >25 mol% CHOL and saturated and unsaturated lipids
form the Ld-phase membrane. Upon cooling, unsaturated lipids are
excluded from the CHOLS rigid tetracyclic backbone surface (Inter-
action 3), where saturated lipids must come in and interact. Under
certain conditions, such CHOL effects induce phase-separated
membranes consisting of the Ld-phase domain containing a high
content of unsaturated lipids and lower amounts of saturated lipids
with smaller amounts of CHOL and the other phase domain mostly
consisting of CHOL and saturated lipids with small amounts of un-
saturated lipids (Figure 1C). The latter membrane domain exhibits
higher acyl chain order compared with the Ld-phase domain, due to
the interaction of CHOL with saturated fatty acyl chains (Interaction
1), but the packing is less dense than that in the solid phase due to
the lower alignment of saturated lipids next to CHOL (Interaction 2),
allowing lateral diffusion of the constituent molecules (liquid prop-
erty). Accordingly, the latter domain tends to be in the liquid-or-
dered phase (Lo-phase domain).

The thermodynamic phase can be strictly defined for GUVs com-
prising a few defined lipid species. However, for membranes com-
posed of many molecular species, like biological membranes, be-
cause the phase cannot be defined readily we call the disordered
and ordered liquid states “Ld-phase-like” and “Lo-phase-like” or
simply “Ld-like” and “Lo-like” states, respectively. Some authors
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FIGURE 1: Key molecular interactions for the formation of various raft domains. (A) All trans conformations and two
gauche conformations ([+]gauche and [-]gauche) of the alkyl chains (-CH,-CHy-),.. The gauche conformation is induced
by the rotation around a single bond between two adjacent CH; groups. The gauche conformation induces 60° bend in
the acyl chain. Because the inclusion of a single gauche conformation in a chain is quite unfavorable for the acyl chain
packing in the membrane (and thus energy), the second gauche conformation occurs frequently near the first gauche
conformation. Such double gauche conformations are called kinks. The formation of gauche conformations (rotation
around single bonds) and the rapid interconversions between the trans and gauche conformations are the fundamental
causes for inducing fluidity (liquid-like property) of the PM. (B) (a) Chemical structures of CHOL and representative
saturated and unsaturated phospholipids frequently used in the studies of GUVs. Saturated lipid: -0
distearoylphosphatidylcholine (DSPC). Unsaturated lipid: L-a-dioleoylphosphatidylcholine (DOPC). When saturated
lipids, such as DSPC, are located next to a CHOL molecule, due to the rigid tetracyclic skeletal structure of CHOL, the
gauche conformations of the acyl chain between the carbonyl carbon C1 (-COO) and the 12th carbon C12 are
suppressed, inducing more trans conformations and increasing the acyl chain packing. However, unsaturated lipids, such
as DOPC, have at least a single cis bond between C9 and C10, which induces a mandatory 60° bend there. The
mandatory 60° bend of the unsaturated acyl chain causes steric problems when it is next to a CHOL molecule.

(b) (i) Schematic figure showing three possible configurations for placing CHOL and an unsaturated chain next to each
other, indicating that good packing of these two structures is difficult. This is due to the mismatch (nonconformability)
between the mandatory 60° bend at the double bond in the unsaturated acyl chain and the rigid tetracyclic skeletal
structure of CHOL (magenta rectangles). Therefore, CHOL and unsaturated acyl chains tend to exclude each other,
which is called lateral nonconformability, and CHOL tends to associate with saturated lipids if given the choice. Such
accommodating and nonconformable interactions of CHOL with saturated and unsaturated lipids, respectively, are the
main cause of phase separation in the ternary mixtures of CHOL, saturated lipids, and unsaturated lipids. (i) The rigid
ring structure of CHOL, located adjacent to the rough surface of the TM domain of the TM protein (induced by the
protruding hydrophobic side chains of the amino acids in the membrane), would generate vacant pockets (packing
defects). In this manner, CHOL is excluded from the first annulus of most TM proteins. Therefore, the CHOL-based raft
domains are excluded from the PM compartment boundaries due to their exclusion from the rows of the TM picket
proteins anchored to and aligned along the actin-based membrane skeleton fence. The TM proteins with raft affinities
are expected to be well miscible with CHOL molecules. (C) Schematic snapshot drawings of the phase-separated GUV
membrane, made of saturated lipids, such as DSPC, and unsaturated lipids, such as DOPC, and CHOL (top view). Open
circles represent acyl chains (saturated chain in green and unsaturated chain in cyan; two chains form a lipid molecule),
and solid magenta structures indicate CHOL molecules. The regions enriched in saturated lipids and CHOL represent
the Lo-phase domains, and those enriched in unsaturated lipids represent the Ld-phase domains. Note that Lo-phase
domains additionally contain smaller amounts of unsaturated lipids and Ld-phase domains additionally contain smaller
amounts of saturated lipids and CHOL. Fluorescence microscopy observations might suggest the presence of
submicronscale-micronscale Lo-phase domains, but they might actually represent the membrane regions enriched in
nanoscale (several to several tens of nanometers) Lo-phase domains. (D) (a, left) Schematic model of a GPI-AP. The
protein moiety is linked to phosphatidylinositol (Pl), a phospholipid, via a short glycochain. The glycosylated Pl (GPI)
anchors the protein moiety to the PM outer leaflet. The monomeric GPI-AP can associate with raft domains, but its
affinity is low (left). (a, right) Schematic model of the metastable GPI-AP homodimer rafts, which are formed by specific
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call these states of the biological membranes the Ld- and Lo-phases,
but readers should know that this would be a loose terminology.

In artificial membranes consisting of only CHOL and unsaturated
lipids, CHOL molecules form transient clusters (oligomers), proba-
bly due to exclusion from the space around unsaturated acyl chains.
Such CHOL clusters form and disperse continually with a lifetime of
the order of 0.1-1 ns (Subczynski et al., 1990).

The occurrence of Interaction 1 increases the number of trans
configurations in the acyl chains and enhances the lipid packing,
which would make the Lo-phase domains thicker than the Ld-phase
domains. Cryoelectron microscopy/tomography directly visualized
the membrane thickness in the Lo-phase domain to be greater than
that in the Ld-phase domain in GUVs (Cornell et al., 2020; Heberle
et al., 2020). The thickness distribution of GPMVs suggested the
nanoscale lateral heterogeneities (Heberle et al., 2020).

Revised definition of raft domains

On the basis of the argument developed in the preceding section
(Lo-phase-like and Ld-phase-like domains coexist in the PM of living
cells), as the definition of raft domains in the PM, we propose the
following: “Raft domains in the PM are Lo-phase-like, CHOL-cen-
tered molecular complexes/domains formed by cooperative inter-
actions of CHOL with saturated acyl chains as well as unsaturated
acyl chains and transmembrane (TM) proteins.” This definition rep-
resents the fundamental mechanism for the formation of raft do-
mains in the PM: the cooperative interactions due to saturated acyl
chains’ weak multiple accommodating interactions with CHOL and,
importantly, the low miscibility of CHOL with unsaturated acyl chains
and TM proteins (collectively called “raft-lipid interactions”), which
occur in the presence of >25 mol% CHOL. The latter half of this defi-
nition is quite different from previous definitions in that it includes
CHOL exclusion from the sites adjacent to unsaturated lipids and
TM domains. For details about the interactions of CHOL with satu-
rated and unsaturated acyl chains and TM proteins, see the preced-
ing subsection, Detailed explanation 1, and Figure 1, A-C.

In developing this new definition, we wanted to make it very
general but also very strong. Here, the critical molecular species to
form raft domains are only CHOL and molecules containing satu-
rated and unsaturated acyl chains. The definition is based on CHOLs
cooperative interactions with saturated acyl chains (accommodat-
ing) as well as with unsaturated acyl chains and proteins’ TM do-
mains (nonconformable). These accommodating and nonconform-
able interactions together induce cooperative interactions.
Previously, the “lateral nonconformability” between CHOL and un-
saturated acyl chains was often neglected, making the meaning of
the cooperativity unclear.

This concept is close to the mechanism for the formation of the
Lo-phase in the artificial ternary mixtures of CHOL, lipids with long

saturated acyl chains, and lipids with unsaturated acyl chains, but
in the definition of raft domains the Lo-phase formation is unnec-
essary. The key is not the formation of the phase, but the coopera-
tive interactions. The cooperativity might start with only a few
molecules that are included in raft domains (such as homodimer
rafts of glycosylphosphatidylinositol-anchored proteins [GPI-APs]
and CHOL; Suzuki et al., 2012) and the surrounding unsaturated
chains (although the Lo-phase might be defined for a molecular
assembly of =10 molecules surrounded by unsaturated lipids;
Kusumi et al., 2020).

Because this definition is based on the fundamental mechanism
for the formation of raft domains, it should be applicable and useful
for testing molecular complexes in the PM found in diverse bio-
medical fields. The application of this definition to experimental re-
search is described in the next subsection, Practical guide for study-
ing raft domains in the PM based on the new raft definition.

It is critically important to realize that the interactions of indi-
vidual molecules in and near the CHOL-centered raft domains are
transient and weak. The sum of many weak accommodating and
nonconformable interactions is the key for raft formation and for
explaining the physical properties of raft domains. Therefore, all of
the involved molecules in and around the raft domains should dy-
namically undergo thermal diffusion, readily moving in and out of
raft domains (Kenworthy et al., 2004; Suzuki et al., 2007a,b, 2012).
This is consistent with the concept that the thermodynamic state of
the PM is close to miscibility critical points exhibiting immense local
compositional fluctuations (Veatch and Keller, 2003; Honerkamp-
Smith et al., 2008). Although the space scales of the fluctuation
were considered to be quite long, =20 nm (Veatch and Keller, 2003;
Honerkamp-Smith et al., 2008), the experimental data about GPI-
AP homodimer rafts suggest that the sizes of raft domains can be
as small as a few nanometers (Suzuki et al., 2012; Tiwari et al.,
2018).

A cautionary remark is necessary here. Lo-phase-like domains
that do not involve CHOL might exist in the PM. Fluorescence
lifetime measurements, using environmentally sensitive mem-
brane dyes that report the degree of lipid packing, suggested
that ~76% of the liquid is in the “ordered” state, although the
exact meaning of the ordered state must be further clarified
(Owen et al., 2012).

Practical guide for studying raft domains in the PM based
on the new raft definition

This definition of raft domains would be convenient to use for future
research in a variety of biomedical fields. On the basis of the defini-
tion, we propose the following three criteria for determining whether
the molecule of interest preferentially partitions into and functions in
raft domains in the PM.

homoprotein interactions (P-P) and stabilized by raft-lipid interactions (which prolong the lifetime of homodimers). All
GPI-APs examined thus far form metastable homodimer rafts with lifetimes on the order of ~200 ms. (b) GPI-AP
homodimer rafts merge to form GPI-AP tetramer rafts by raft-lipid interactions (green ripples), rather than protein—
protein interactions. The tetramer raft lifetimes are shorter (~100 ms) than the homodimer raft lifetimes. When GPI-AP
homodimer rafts of the same GPI-AP species merge, they form homotetramer rafts, and when GPI-AP homodimer rafts
of different GPI-AP species merge, they form heterotetramer rafts. Such flexibility of protein species in tetramer rafts is
possible because the merging is mediated by raft-lipid interactions, rather than protein-protein interactions. These
results suggest that the formation of metastable GPI-AP homodimer rafts represents the first step in the formation of
raft domains and that the GPI-AP homodimer rafts are one of the basic units for generating greater raft domains. The
formation of GPI-AP tetramer rafts would be the second step for the formation of greater raft domains. The next step
required for the formation of greater raft domains is the stabilization of greater raft domains, which would be triggered
by signaling, including the pathways of Src-family kinases and trimeric G proteins, and probably by interactions with

active actomyosin systems.
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1. Preferential partitioning into Lo-like domains in GPMVs at 10°C;

2. Preferential partitioning into detergent-resistant membranes us-
ing Triton X-100 at 4°C;

3. Greatly reduced/altered function after mild CHOL depletion,
and recovery of the original function soon after CHOL
replenishment.

Basically, all three criteria should be satisfied for a molecule to be
categorized as a raft-associated molecule. This is because each of
these criteria is not based on the all-or-none law, but the preference
addresses a quantitative difference and thus higher probability. Fur-
thermore, these criteria are based on molecular behaviors in very
different contexts/conditions. Therefore, we think that satisfying all
three of these criteria is important.

Previously, we proposed another criterion, “Preferential parti-
tioning into the Lo-phase domains in Lo-Ld-phase-separated GUVs
after reconstitution at 25°C,"” but we replaced it with the third crite-
rion described here because the use of GUVs requires extensive
experiments and might not be practical in various research projects
(for details, see Sections 10 and 13 of Kusumi et al., 2020). We be-
lieve that this third criterion effectively represents the definition and
would be more practical for applications to molecular cell biologi-
cal studies. Note that CHOL repletion experiments must be per-
formed to confirm that the effect of CHOL depletion was directly
induced by the loss of raft domains, rather than artifactual side ef-
fects of CHOL depletion (Kenworthy et al., 2004; Suzuki et al.,
2007a,b, 2012), although CHOL repletion experiments are rarely
performed. For example, because acute CHOL depletion could in-
duce actin reorganization and reduce the mobilities of PM mole-
cules, its effect can be strong and broad in various assays (Kwik
et al., 2003). However, because this effect does not disappear for
12-24 h after CHOL repletion (Kwik et al., 2003), if CHOL repletion
quickly restores the molecular functions and behaviors before
CHOL depletion, then the CHO-depletion effect is likely induced
by the loss of raft domains.

To assess the involvement of raft domains in biological events/
phenomena of interest in the live-cell PM, we recommend exami-
nations of the recruitment/involvement of GPI-APs (Suzuki et al.,
2012) and the recently developed fluorescent analogues of sphin-
gomyelin and gangliosides, GM1, GM2, GM3, and GD1b (Komura
et al., 2016; Kinoshita et al., 2017; Arumugam et al., 2021); for an
extensive summary, see Table 4 of Kusumi et al. (2020). Note that
virtually all fluorescent ganglioside and sphingomyelin analogues
used before these publications preferentially partitioned into Ld
domains (Sezgin et al., 2012a) and thus could not and will not serve
as raft markers (these studies tended to erroneously arrive at wrong
conclusions). Protein toxin—based CHOL and sphingomyelin probes
could also be used, but due caution is required because their affini-
ties tend to be low and affected by their environment (readers in-
terested in the protein probes for CHOL and sphingomyelins, see
the next subsection, Detailed explanation 2).

Because the sizes of PM raft domains in quiescent cells might
be on the order of 2-20 nm (Kusumi et al., 2020), the recruitment
and colocalizations would be better observed by employing sin-
gle-molecule imaging methods (Komura et al., 2016; Kinoshita
et al., 2017; Arumugam et al., 2021). When single-molecule lo-
calization microscopy, such as PALM/STORM, is utilized, note
that simply gathering images would not be very useful. Instead,
the spatial correlations and colocalizations of individual mole-
cules of interest (fluorescent spots) with individual molecules of
the raftophilic lipid probes (fluorescent spots) must be obtained
(Stone and Veatch, 2014; Pageon et al., 2016; Simoncelli et al.,
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2020); for the method to circumvent the overcounting problem,
see Arnold et al. (2020). However, because lipid probes cannot
be chemically fixed (Tanaka et al., 2010), observations in living
cells, using fast data acquisition frame rates, would be preferable
(Fujiwara et al., 2021b).

For further understanding of raft domains, excellent recent re-
views, which have not been cited thus far in this article, are available.
For example, refer to Sevesik and Schiitz (2016), Levental et al.
(2020), and Regen (2020).

Recently, using protein toxin—based CHOL probes, the existence
of three distinct CHOL pools in the PM outer leaflet has been found
(Das et al., 2014; Endapally et al., 2019). Their relationships with raft
domains are not clear, but the 2-20-nm-scale raft domains could be
classified into those that do or do not contain sphingomyelin. These
three CHOL pools are summarized in Detailed explanation 3.

Detailed explanation 2: Protein-based CHOL probes
Readers who are not interested in this subject matter can skip this
subsection without losing track of the main flow of this article.

CHOL probes based on bacterial and mushroom toxins (pro-
teins) have recently been developed. The most popular probes
employ the carboxy-terminal ~13-kDa domain, referred to as do-
main 4 (D4), derived from perfringolysin O (PFO) (Ohno-lwashita
et al., 1990; Nakamura et al., 1995; Shimada et al., 2002) or an-
throlysin O (ALO) (Bourdeau et al., 2009; Farrand et al., 2010).
D4H, the D434S mutant, exhibited higher affinity to CHOL (John-
son et al., 2012; Maekawa and Fairn, 2015). Liu et al. (2017) de-
veloped a ratiometric fluorescence imaging method that allows
simultaneous in situ CHOL quantifications in both PM leaflets,
using four orthogonal CHOL sensors, which facilitate the selec-
tion of probes with proper affinities for each experiment (Cho
et al., 2022). Although these probes turned out to be extremely
useful (Zhang et al., 2018; Cho et al., 2022), the results obtained
with them should be interpreted carefully because their binding
might be sensitive to particular lipid-lipid interactions, phase
states, and masking by the binding of CHOL's physiological inter-
action partner proteins (Maxfield and Wistner, 2012; Courtney
etal., 2018).

Probes based on mushroom toxins, ostreolysin A (OlyA) and na-
kanori, which bind only to the sphingomyelin-CHOL complex, have
also been developed (Ota et al., 2013; Das et al., 2014; Skocaj et al.,
2014; Makino et al., 2017; Endapally et al., 2019).

Structural and biochemical analyses showed that the conforma-
tion of CHOL-bound sphingomyelin is different from that of free
sphingomyelin (Endapally et al., 2019). The E69A and E69S mutants
of OlyA can bind to both free sphingomyelin and sphingomyelin
complexed with CHOL and thus could be used as sphingomyelin
probes (another powerful sphingomyelin probe is lysenin [Yamaji
et al., 1998; Tomishige et al., 2021]). Interestingly, the E69G mutant
exhibited specificity to the sphingomyelin-CHOL complex, whereas
the E69N and E69D mutants failed to bind either form of
sphingomyelin.

The D4 domain of PFO (and Y181A, called PFO¥*, used at 4°C;
at 37°C, like PFO, PFO* forms pores in the PM) is very useful. It
binds to free CHOL, but not the sphingomyelin-CHOL complex.
Together with OlyA, which binds only to the sphingomyelin-CHOL
complex, three distinct CHOL pools in the PM outer leaflet were
identified (Das et al., 2014; Endapally et al., 2019). They are the
D4-accessible (~16 mol% CHOL vs. total lipid), sphingomyelin-se-
questered (~15 mol%), and essential (~12 mol%) CHOL pools (see
Detailed explanation 3, the next subsection). The essential CHOL
pool is thus termed because its depletion causes cells to round up
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and dissociate from the substrate. This pool is protected from D4
and OlyA binding and could be removed only by a treatment with
2-hydroxypropyl-B-cyclodextrin (and methyl-B-cyclodextrin) after
the D4-accessible and sphingomyelin-sequestered pools were first
depleted (Das et al., 2014).

Detailed explanation 3: Three distinct CHOL pools exist in
the PM outer leaflet

Readers who are not interested in this subject matter should skip
this subsection and directly move to the next subsection.

Three distinct CHOL pools in the PM outer leaflet were identified
(Das et al., 2014; Endapally et al., 2019) using toxins that bind to
CHOL in different states. The carboxy-terminal ~13-kDa domain of
the bacterial toxin PFO, referred to as domain 4 (D4), binds only to
free CHOL, and the mushroom toxin OlyA binds only to the sphin-
gomyelin-CHOL complex (see Detailed explanation 2 for the pro-
tein-based CHOL probes). The three distinct CHOL pools are called
the D4-accessible (~16 mol% CHOL vs. total lipid), sphingomyelin-
sequestered (~15 mol%; OlyA binding), and essential (~12 mol%)
CHOL pools. The essential CHOL pool is thus termed because its
depletion causes cells to round up and dissociate from the Petri
dish. This pool is protected from D4 and OlyA binding and could be
removed only by a treatment with 2-hydroxypropyl-B-cyclodextrin
(and methyl-B-cyclodextrin) after the accessible and sphingomyelin-
sequestered pools are first depleted (Das et al., 2014).

The D4-accessible and sphingomyelin-sequestered CHOL pools
appear only when the CHOL contents in the PM are greater than 35
and 25 mol%, respectively. Clarification of the relationships of these
three CHOL pools with the Lo-Ld-phases in GUVs and GPMVs is the
next key issue. The D4-accessible pool is involved in many cellular
processes, including hedgehog signaling (Kinnebrew et al., 2019),
resistance to cytolysin formation (Zhou et al., 2020), and blocking
bacterial infection (Abrams et al., 2020). The biological functions of
the sphingomyelin-sequestered CHOL pools are barely known, but
recently their function during the initial stages of the influenza virus
(IFV) entry via clathrin-coated structures was reported (Tang et al.,
2022). The sphingomyelin-CHOL complex nanodomain is recruited
to the IFV-containing clathrin-coated structure, and then formin-
binding protein 17 (FBP17), a membrane-bending protein that acti-
vates actin nucleation, is recruited to this sphingomyelin-CHOL
complex, facilitating the neck constriction of the IFV-containing
clathrin-coated structure.

Detailed explanation 4: GPI-APs occupy an important
position in raft research

Readers who are familiar with the research fields of raft domains in-
cluding GPI-APs can skip this subsection without losing track of the
main flow of this article.

In the human genome, more than 150 protein species have been
identified as GPI-APs, in which the protein moieties located at the
PM extracellular surface are anchored to the PM by way of GPI, a
phospholipid (Kinoshita and Fujita, 2015; Figure 1Da). Most of the
GPIs of GPI-APs contain two saturated fatty acyl chains of C18 and
longer. Very small fractions of GPls contain an unsaturated C24:1
acyl chain, but interestingly, the double bond exists near the termi-
nal methyl group (Kusumi et al., 2004, 2020). Therefore, their inter-
actions with CHOL would be close to those of saturated acyl chains.
This suggests that GPI-APs might be involved in the formation and
functions of raft domains. Indeed, in raft research, GPI-APs occupy
an important position.

First, all GPI-APs examined thus far appear to satisfy all three
criteria described in the subsection Practical guide for studying raft
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domains in the PM based on the new raft definition to be catego-
rized as raft-associated molecules. For example, for “1) preferential
partitioning into Lo-like domains in GPMVs at 10°C,"” see Sengupta
et al. (2008) and Sezgin et al. (2012b); for “2) preferential partition-
inginto detergent-resistant membranes using Triton X-100 at 4°C,”
see Brown and Rose (1992) and Suzuki et al. (2012); and for “3)
greatly reduced/altered function after mild CHOL depletion, and
recovery of the original function upon CHOL replenishment,” see
Suzuki et al. (2007a,b, 2012).

Second, GPI-APs have played historically important roles in raft
research. GPI-APs were key molecules for developing the use of
DRMs in raft research (Brown and Rose, 1992), examining possible
raft involvement in polarized sorting and transport (Dotti et al., 1991;
Fiedler et al., 1993; Zurzolo and Simons, 2016), and investigating raft
involvement in receptor signaling (Stulnig et al., 1997; Moran and
Miceli, 1998). Gangliosides and sphingomyelins might be extensively
associated with raft domains, but the raft functions involved in signal-
ing could be better studied using GPI-APs. As such, GPI-APs have
been extensively used as representative molecular species located
and functioning in raft domains in the PM and have facilitated impor-
tant conceptual advances about raft domains in the PM. One of the
key characteristics of GPI-APs is that by replacing the GPl-anchoring
chain with the transmembrane domain of a nonraftophilic single-pass
transmembrane protein, without CHOL depletion, their raft involve-
ment can be totally suppressed, and thus this property allows us to
investigate the raft involvement of GPI-AP-related functions without
CHOL depletion (Varma and Mayor, 1998; Suzuki et al., 2012).

Third, many GPI-APs are receptors and trigger signaling pathways
involving tyrosine kinases, phospholipase C, and Ca®* (Stefanové
et al., 1991; Green et al., 1999; Sheets et al., 1999; Abrami et al.,
2003; Seveau et al., 2004; Monastyrskaya et al., 2005; Vial and Evans,
2005; Hunter and Nixon, 2006; Suzuki et al., 2007a,b; McGraw et al.,
2012; Korinek et al., 2015; Ridone et al., 2020; Wang et al., 2021).
Because GPI-APs are associated with raft domains, they are often
chosen to study the mechanisms by which raft domains work for sig-
nal transduction.

Meanwhile, the GPl-anchored structure is almost paradoxical for
receptors because, although it relays the signal from the outside en-
vironment to the inside of the cell, it spans only halfway through the
membrane (Figure 1Da). The involvement of “raft domains” has
been implied in the transbilayer signaling by the GPI-AP receptors,
but exactly how raft domains or raft-based lipid interactions partici-
pate in the transbilayer signal transduction of GPI-AP receptors re-
mains unknown, despite extensive research (in addition to the refer-
ences cited in the preceding paragraph, we suggest the following
references for further reading: Omidvar et al., 2006; Paulick and Ber-
tozzi, 2008; Lingwood and Simons, 2010; Eisenberg et al., 2011; Fes-
sler and Parks, 2011; Kusumi et al., 2014; Raghupathy et al., 2015).

Fourth, as described, all GPI-APs examined thus far form meta-
stable homodimer rafts (Suzuki et al., 2012). These metastable ho-
modimer rafts are considered to be one of the basic raft “units” that
will form greater raft domains (Suzuki et al., 2012), and thus the gen-
eration of such homodimer rafts would constitute the first funda-
mental step in raft domain formation (Figure 1Db).

As such, GPI-APs occupy a critical and unique position in raft re-
search. Therefore, in this review we will extensively discuss the be-
haviors and functions of GPI-APs.

Metastable homodimer rafts of GPI-APs are one of the basic
units for raft formation and function

As summarized in the preceding subsection, GPI-APs have occu-
pied very special positions in raft research (Figure 1D, a and b).
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Using GPI-APs, Suzuki et al. (2012) identified one of the most funda-
mental steps, and probably the first step, for the formation of raft
domains. This is based on the finding that essentially all molecular
species of GPI-APs, including CD59, DAF, Thy-1, and Prion Protein,
form dynamic, metastable homodimer rafts, with lifetimes on the
order of 200 ms (Figure 1Db) (Suzuki et al., 2012; Tiwari et al., 2018).
The formation of GPI-AP homodimer rafts requires ectodomain pro-
tein homointeractions, which are stabilized by raft-lipid interactions.
In the context of raft studies, attention was typically paid only to
raft-lipid interactions, but here, specific protein—protein interactions
were found to be critical for the formation of homodimer rafts (be-
cause GPI-APs form homodimers rather than heterodimers, the pro-
tein interaction is very specific). Because all GPI-APs examined thus
far form metastable homodimer rafts, these structures are consid-
ered to be one of the common basic characteristics of GPI-APs.
These observations were made possible by advanced single-fluo-
rescent-molecule imaging. Meanwhile, the crystal structure of a GPI-
AP dimer, human urokinase-type plasminogen activator receptor
(uPAR), was recently reported and revealed enormous conforma-
tional changes of the dimer as compared with the monomeric struc-
ture (Yu et al., 2022). Such extensive conformational changes might
also occur to induce metastable homodimers of other GPI-APs.

The formation of metastable GPI-AP homodimer rafts might
be the first step for the formation of any raft domains containing
GPI-APs, because greater raft domains containing GPI-APs, such as
GPI-AP trimer rafts and tetramer rafts, are generated by the merg-
ing of GPI-AP homodimer rafts with a GPI-AP monomer or another
GPI-AP homodimer raft, indicating that GPI-AP homodimer rafts
are the major building blocks for the production of greater raft do-
mains (Figure 1Db) (Suzuki et al., 2012). Furthermore, the merging
is likely induced by raft-lipid interactions, rather than protein—pro-
tein interactions, because GPI-AP hetero-trimer and tetramer rafts
are formed as readily as homo-trimer and tetramer rafts and their
lifetimes are about the same (not much involvement of protein—pro-
tein interactions for the merging; Figure 1Db) and also because the
merging is CHOL dependent (Suzuki et al., 2012). Because these
greater GPI-AP-containing rafts are formed by raft-lipid interac-
tions, they can have flexible GPI-AP compositions. Therefore, we
consider the formation of GPI-AP homodimer rafts as the first step
for the formation of raft domains containing GPI-APs, and the
merging of GPI-AP homodimer rafts by raft-lipid interactions is the
second step. This further means that the results of many studies of
GPI-APs might have to be reinterpreted, because what the authors
assumed to be GPI-AP monomers might have actually been GPI-AP
homodimer rafts.

Using CD59, Suzuki et al. (2012) also found that the homodimer
rafts are the basic units for inducing cytoplasmic signals after the
membrane attack complex binds to CD59. Suppression of the ho-
modimer raft formation, using a mutant CD59 in which CD59's GPI
anchor was replaced by the TM domain of the nonraft LDL receptor,
made the cytoplasmic Ca?* mobilization triggered by binding of the
membrane attack complex to CD59 much smaller and slower. These
results further indicate that the GPI-AP’s metastable homodimer
rafts are one of the basic building blocks for the formation of greater
functional raft domains containing GPI-APs.

We raise the possibility that this process, in which the homodi-
mers induced by specific molecular interactions form the cores for
producing basic metastable homodimer raft domains, might also be
true for other key raft-forming molecules, such as glycosphingolip-
ids and sphingomyelins. We further consider that these various ho-
modimer rafts are the basic fundamental units for building most of
the greater raft domains in the PM and that the greater raft domains

8 | A.Kusumietal

are generated by the merging of these basic raft units by raft-lipid
interactions.

Submicronscale-micronscale GPI-AP-raft-enriched domains
In single-molecule imaging studies, the number density of the ob-
served (fluorescently labeled) GPI-APs in the PM is ~0.6 copies/pm?.
This is the condition where single molecules and the interactions of
single molecules in the PM could readily be observed. However,
such expression levels are not suitable to observe greater raft
domains.

Mayor’s group employed cells expressing GPI-APs with a total
number density of =400 copies/um?, expression levels =700x higher
than those used by Suzuki et al. (2012) (still within the physiological
range), and observed GPI-AP oligomers and assemblies by using
time-resolved forster resonance energy transfer (FRET) imaging.
Sharma et al. (2004) showed that 20-40% of GPI-APs exist in clusters
smaller than hetero-pentamers (nondiscrimination of the protein
species), with the remaining 60-80% being monomers (which might
actually be homodimer rafts, because the time-resolved FRET
method is not sensitive enough to detect homodimers).

Mayor and colleagues further found that the submicronscale-mi-
cronscale rafts containing heteromixtures of GPI-APs form in a man-
ner depending on ATP and actin filaments (Goswami et al., 2008;
Zanten et al., 2009, 2010; Komura et al., 2016; Kinoshita et al., 2017;
Arumugam et al., 2021). Because the formation of GPI-AP homodi-
mer, trimer, and tetramer rafts does not depend on actin filaments
(Suzuki et al., 2012; Tiwari et al., 2018), these results together indi-
cate that active processes involving actin filaments may be impor-
tant for the formation of much greater submicronscale-micronscale
rafts containing heteromixtures of GPI-APs (Plowman et al., 2005;
Goswami et al., 2008; Gowrishankar et al., 2012; Raghupathy et al.,
2015). We propose that these greater rafts would consist of GPI-AP
homodimer rafts that are weakly glued together by raft-lipid interac-
tions, which might associate with the actin filaments located on the
PM cytoplasmic surface and thus become stabilized. Nevertheless,
the GPI-AP homodimer rafts in such actin-induced submicronscale—
micronscale rafts would be continually (all the time) exchanging with
those existing as GPI-AP homodimer rafts and monomers in the
bulk PM.

The submicronscale-micronscale rafts might not be continuous
entities (Heberle et al., 2010, 2013, 2020; Pathak and London, 2011;
Bhatia et al., 2014, 2016, Cornell et al., 2020). They are detected by
optical microscopy, and, considering their limited spatial resolu-
tions, these “rafts” might simply be the PM regions where true
smaller raft domains are concentrated by the actomyosin mechani-
cal system. However, when the raft domains are concentrated, they
would fuse readily. However, the decomposition rates should not be
affected by the concentration. Therefore, in these raft-enriched do-
mains, extensive and rapid fusing and splitting of raft domains must
be occurring continually. We think that these raft-enriched domains
are extremely interesting in terms of their functions and the dynamic
mechanisms by which they are formed.

ACTIN-CENTERED VIEW OF THE PM

Dynamic actin meshwork partitions the PM into =100-nm
compartments

Cortical actin filament layers, with a thickness of =25 nm from the PM
cytoplasmic surface and representing three to five overlaid actin fila-
ments, are found virtually everywhere throughout the PM cytoplas-
mic surface in eukaryotic cells, except for newly forming thin lamel-
lipodial and filopodial regions (Morone et al., 2006). Together with
the stress fibers and other cytoskeletal elements, they play important
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FIGURE 2: Actin-induced PM compartmentalization and its coupling with raft domains for signal
transduction of GPI-AP receptors. (A) (a) Schematic model showing the actin-induced PM
compartmentalization and the raft domains coexisting in the PM. Virtually the entire PM is
compartmentalized by the actin-based membrane-skeleton meshes (fences) and rows of
TM-protein pickets anchored to and aligned along the actin fence (blue molecules), with sizes
between 40 and 230 nm (for different cell types). Both TM proteins (magenta) and lipids (black)
undergo short-term confined diffusion within a compartment plus occasional hop movements

to an adjacent compartment, termed hop diffusion. The phospholipids located in the PM outer
leaflet also undergo hop diffusion due to the steric hindrance of TM picket proteins and the
presence of the annular belt zone around the picket proteins, where the diffusion of membrane
molecules is slowed due to the hydrodynamic friction-like effect of immobile picket proteins in
the viscous liquid (red circular area surrounding blue TM picket proteins in the bottom figure;
also see b). Raft domains would mostly be confined within the compartment (purple domains;
see b for the mechanism). Meanwhile, submicronscale hetero GPI-AP complex rafts (pink with
red slashes in the bottom figure) might interact with the actin membrane skeleton mesh and
actin filaments associated with the membrane skeleton mesh, perhaps forming asters. The
organization of the actin-based membrane skeleton dynamically changes, thus varying the
compartment shapes all the time, partly due to myosin activities. (b) Proposed mechanisms
showing how the rows of TM picket proteins anchored to and aligned along the actin-based
membrane skeleton (fence) contribute to the formation of compartment boundaries and
suppress the growth of raft domains across the compartment boundaries. For the diffusion of all
PM-associated molecules, the TM picket proteins generate steric hindrance effects and, more
importantly, the hydrodynamic friction-like effects of immobile molecules in the viscous liquid,
which are propagated around two diameters of the immobilized TM domain cross-section, by
approximately 0.7-3 nm (propagating 1.4-6 nm away from the TM picket protein surface;
magenta gradation surrounding blue TM picket proteins). Monte Carlo simulations revealed that
when ~20% of the compartment boundary is occupied by the TM picket proteins, the
experimentally observed temporary confinement of phospholipids was observed (Fujiwara et al.,
2002). This is consistent with the presence of TM picket proteins 3-12 nm away from each other.
The large variations in these numbers are due to the different sizes of the TM picket proteins.
Raft growth across the compartment boundaries would be suppressed, because the
compartment boundaries are full of CHOL-excluding zones formed by the first annular lipids or
boundary lipids around the TM picket protein (Figure 1Bb-ii), with a belt thickness of ~0.5 nm
(the areas shown by blue diagonal lines surrounding the blue TM picket proteins). Together with
the steric hindrance effect of the TM picket proteins, they form CHOL-excluding zones of

1.7-5 nm in diameter (surrounding the TM picket proteins) located 2-11 nm away from each
other. Therefore, for the growth of raft domains across the compartment boundaries, they might
initially have to use these small gaps between the CHOL-excluding zones. (B) Schematic figure
showing the process of raft-based signaling, using the case of CD59, a GPI-AP, as an example.
See the main text for details.
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roles in morphological changes and mainte-
nance of the cell shape (which is the cell’s
PM shape), motility, endocytosis, and exocy-
tosis. Among the cortical actin filaments,
those closely apposed or bound to the PM
cytoplasmic surface crisscross throughout
this surface, forming a mesh-like structure,
and thus are called the “actin membrane
skeleton” (Bennett, 1990; Morone et al,,
2006, 2008). The actin membrane skeleton,
which in some cases includes general corti-
cal actin filaments, is a key constituent of the
PM. Owing to its prevalence on the PM and
ubiquity among cells, we will advance the
actin-centered view of the PM here, in addi-
tion to the CHOL-centered view.

The entire bulk PM is compartmentalized
(~100 nm and in the range of 30-230 nm,
depending on the cell line) by the actin-
based membrane-skeleton “fences” and
rows of TM-protein “pickets” anchored to
and aligned along these fences (Figure 2Aa)
(Fujiwara et al., 2002, 2016; Murase et al.,
2004; Trimble and Grinstein, 2015; Os-
trowski et al., 2016; Freeman et al., 2018). In
the compartmentalized PM, both TM pro-
teins and lipids undergo short-term con-
fined diffusion within a compartment plus
occasional hop movements to an adjacent
compartment, which is termed hop diffusion
(Figure 2Aa) (Fujiwara et al., 2002, 2016,
2021a,b; Murase et al., 2004; Kusumi et al.,
2005, 2012a,b; Jagaman and Grinstein,
2012; Xia et al., 2019). As a consequence,
each molecule in the PM exhibits two diffu-
sion coefficients: the microscopic diffusion
coefficient (Dpicro: 3-10 pm?/s), describing
the unhindered diffusion within a compart-
ment, and the macroscopic diffusion coeffi-
cient (Dyacro: 0.1-1 um?/s), determined by
the compartment size and the hop fre-
quency across intercompartmental bound-
aries composed of the picket fence.

The TM picket proteins would not have
to be packed on the actin filament meshes
(Fujiwara et al., 2002). Owing to the hydro-
dynamic friction-like effect of immobile
molecules in viscous liquid, the diffusion co-
efficients of molecules within ~5 nm from
the TM picket proteins would be greatly de-
creased (Figure 2Ab). Therefore, ~20%
picket coverage of the fence area would be
sufficient to generate the diffusion barriers.

Only several microseconds are needed
for a membrane molecule to pass the com-
partment boundary on an actin filament (as-
suming 5 pm?/s for the phospholipid diffu-
sion coefficient within the compartment and
10 nm for the width of the compartment
boundary). Therefore, if a TM protein binds
to an actin filament for >10 ps, it would
block the passage of membrane molecules
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across the compartment boundary. Consequently, although the TM
protein pickets might be dynamically exchanging with diffusing
molecules all the time, the TM proteins transiently bound to an actin
filament still work well as diffusion obstacles and creators of annular
areas within which diffusion is slowed.

Membrane molecules probably move from one compartment to
an adjacent one due to the temporary breakdown of the fence or
pickets. Short-term severing and spatial fluctuations of the actin fila-
ment mesh, as well as temporary loss of the TM picket proteins, would
provide space for the passage of membrane molecules. For example,
in the erythrocyte membrane, by pulling the spectrin meshwork with
laser tweezers, Tomishige et al. (1998) found that spectrin tetramer
dissociation to dimers (severing of the fence) is a key step for the hop
movement of band 3, a TM protein (spectrin tetramer-dimer equilib-
rium [SPEQ] gate model) (Tsuji et al., 1988; Bennett, 1990; Tomishige
et al., 1998). Therefore, it is wrong to assume that such picket fences
are static structures, as mentioned by some authors (Gowrishankar
et al., 2012; Freeman et al., 2018). In longer timescales, laser tweezer
experiments in which membrane molecules were laterally dragged in
the PM plane revealed that the compartment boundaries shift and
break within a minute (Ritchie and Kusumi, 2002).

Actin membrane skeleton is dynamically reorganized and
continually modified by ATP- and myosin ll-dependent
processes

The hop movements of membrane molecules and the laser tweezer
data suggest temporary severing and spatial fluctuations of the ac-
tin filament mesh, as well as dynamic large-scale modifications of
the actin membrane skeleton. Superresolution microscopy of corti-
cal actin filaments labeled with Lifeact-mGFP in live cells, conducted
at time resolutions of 0.5-2.3 s and spatial resolutions of ~120 nm,
detected actin clusters linking two or more actin filaments in the fine
actin meshwork (confirmed by phalloidin staining using fixed cells),
acting as nodes of the meshwork (Shirai et al., 2017). About two-
thirds of the actin nodes are located within 3.5 nm from the PM cy-
toplasmic surface, as found by using Lifeact linked to a TM peptide
(Lifeact-TM), indicating that the majority of the observed actin nodes
are on the actin membrane skeleton (Shirai et al., 2017). Interest-
ingly, the use of Lifeact-TM revealed that 89% of the stress fibers are
also in the proximity (within 3.5 nm) of the PM cytoplasmic surface.
The node formation depended on the Arp2/3 actin nucleation and
filament branching activities.

The actin nodes dynamically moved on/along the actin mesh-
work in a myosin ll-dependent manner. However, despite these
myosin ll-dependent movements of the actin nodes in the actin
membrane skeleton, myosin Il is not present in the actin nodes.
Myosin Il is probably located near the nodes, because it induces
their directed and jittering diffusion-like movements. The fluctuating
movements of the actin node are caused by several nearby myosin
Il filaments, which undergo a tug of war over the actin node.

These ATP-dependent active processes might be involved in the
formation and dynamics of the actin membrane skeleton meshwork.
As described, scanning optical trap experiments demonstrated that
the PM compartments drift and change shapes in less than a minute
(Ritchie and Kusumi, 2002).

INTERACTION OF THE ACTIN-BASED MEMBRANE
SKELETON AND CORTICAL ACTIN FILAMENTS WITH
RAFT DOMAINS

In this section, we describe the relationship between CHOL-cen-
tered raft domains and the actin-based membrane skeleton.
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Raft exclusion from PM compartment boundaries by rows of
TM picket proteins aligned along the actin membrane
skeleton fence

In general, TM proteins and CHOL are sterically nonconformable
with each other, due to the rigid a-helical structure and the rugged
surface (due to the amino acid side chains protruding from the o-
helix) of the TM domain and the rigid, bulky tetracyclic CHOL struc-
ture (Figure 1Bb) (however, see the paragraph after the next one).
Therefore, raft domains, whether they exist in only the PM outer
leaflet or in both the outer and inner leaflets, would hardly grow
across the compartment boundaries where the TM picket proteins
are abundant. Consequently, the sizes of raft domains in the PM
would be limited by the meshes of the actin membrane skeleton.
This conclusion is supported by in vitro experiments in which actin
was placed on the supported bilayer or GUVs and by simulations
(Honigmann et al., 2014; Arumugam et al., 2015).

In addition, the GPMV experiments revealed that cooling-in-
duced large micronscale phase separation into Lo-phase-like and
Ld-phase-like domains can occur only after the removal of the actin
membrane skeleton (Baumgart et al., 2007; Lingwood et al., 2008;
Levental et al,, 2009, 2010; Johnson et al., 2010). These results
clearly showed that the actin membrane skeleton blocks the forma-
tion of micronscale raft domains.

Meanwhile, some TM proteins have been proposed to partition
into raft domains (Levental et al., 2010). Furthermore, immune TM
receptors reportedly take advantage of raft domains in their signal-
ing. These results are summarized in Detailed explanation 5, which
is placed right before Concluding remarks.

We sometimes hear arguments about whether the PM is orga-
nized by actin-based compartmentalization or raft domains, but it is
important to realize that both occur, as clarified by the preceding
discussions; also see Kusumi et al. (2012a,b). The actin membrane
skeleton compartmentalizes the entire PM, and the nanoscale (2-
200 nm) rafts exist within the compartments (Figure 2A).

Because both actin-induced compartments and raft domains co-
exist in the PM and the sizes and densities of raft domains as well as
the sizes of the actin-induced compartments vary greatly among
different types of cells, applications of the so-called diffusion law for
interpreting the results of fluorescence correlation spectroscopy ob-
tained by confocal and stimulated emission depletion (STED) mi-
croscopy must be done carefully. Depending on the details of the
raft domains and actin-induced compartments, the dependence of
the diffusion coefficients on the observation area size would vary in
very complex ways (Wawrezinieck et al., 2005; Andrade et al., 2015;
Schneider et al., 2017; Veerapathiran and Wohland, 2018; Sezgin
etal., 2019).

Submicronscale-micronscale rafts containing heteromixtures
of GPI-APs are coupled with cytoplasmic actin filaments by
way of TM proteins and long, saturated phosphatidylserine
bound to actin filaments

As described, Mayor's group found submicronscale-micronscale
rafts containing heteromixtures of GPI-APs in the PM outer leaflet,
whose formation is actively driven by actomyosin, located on the
PM inner surface. These submicronscale-micronscale rafts are con-
sidered to be surrounded by radially spreading actin filaments. Such
structures are termed "asters,” and were visualized in vitro (Gowris-
hankar et al., 2012) but apparently not in vivo. The asters are colo-
calized with myosin Il and filamin. For beautiful and clear presenta-
tions of asters and the actin meshwork on the PM, see Figure 1b of
Honigmann and Pralle (2016).
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How can these actin filaments located on the PM inner surface
become coupled to the hetero-GPI-AP complex rafts in the PM
outer leaflet? Mayor's group proposed that clusters of phosphati-
dylserine (PS), with long, saturated acyl chains located in the inner
leaflet, are bound to actin filaments and also coupled to the submi-
cronscale-micronscale rafts containing heteromixtures of GPI-APs
in the outer leaflet by interdigitation in the middle of the bilayer
(Raghupathy et al., 2015). Because CHOL is much shorter than the
long, saturated chains of GPI-APs and PS (Figure 1Ba), the inner
surfaces of both the PS and GPI-AP clusters in the central part of the
bilayer are rough, and thus once they come together, they might
not readily break apart from each other. The transbilayer coupling is
enhanced upon the activation of 81 integrin, which triggers actin
nucleation via formins and myosin, and the involvement of talin and
the mechanotransducer vinculin in the cluster (Kalappurakkal et al.,
2019). Interestingly, GPI-AP clustering was required for integrin-in-
duced cell spreading and migration.

Some of the actin nodes detected by superresolution micros-
copy might be the same as actin asters, but some may differ be-
cause myosin Il and filamin A are not appreciably colocalized with
the actin nodes (Shirai et al., 2017). Previously, such actin clusters
(nodes and asters) were found in vitro (Koster et al., 2016) or after
drug-induced partial actin depolymerization in live cells (Luo et al.,
2013). However, superresolution microscopy of live cells clarified
that actin nodes constitutively exist in the actin membrane skeleton
within 3.5 nm from the PM inner surface and are dynamically driven
by myosin Il in an ATP-dependent manner (Shirai et al., 2017).

Involvement of actin membrane skeleton in GPI-AP
receptors’ raft-based signaling

Reports about the involvement of the actin membrane skeleton (or
cortical actin filaments) in the signal transduction of GPI-AP receptors
have been quite scarce. Here, we summarize the results reported
previously (Suzuki et al., 2007a,b), which are rare publications ad-
dressing this issue. When CD59, a GPI-AP working as the receptor
for the membrane attack complex, is engaged, it forms clusters con-
taining an average of four to five CD59 molecules, which in turn form
nano-sized stabilized CD59-cluster rafts (Figure 2B1). Experimentally,
this process could be mimicked by closely cross-linking the CD59
molecules by the addition of 40-nm gold particles coated with an
anti-CD59 monoclonal antibody. Both the natural ligation and artifi-
cial cross-linking can trigger very similar intracellular signals, such as
PLCy recruitment to CD59-cluster rafts, leading to IP3 production
and then to intracellular calcium responses (Figure 2B).

Engaged CD59-cluster rafts exhibited very peculiar behaviors.
They repeatedly and continually undergo temporary immobiliza-
tions lasting for 0.56 s (exponential lifetime) that are induced by the
binding of CD59-cluster rafts to the actin-based membrane skeleton
(called stimulation-induced arrest of lateral diffusion = STALL; Figure
2B2). This binding is induced by Src-family kinases, such as Lyn,
which is activated by Gia, the alpha subunit of the inhibitory trimeric
G protein, after they are both recruited to CD59-cluster rafts (Figure
2B3). The protein(s) phosphorylated by Lyn is unknown, but it (or
one of them) could be an as-yet-unknown TM protein X, which
might mediate the PLCy recruitment to the site on the PM inner
surface linked to the CD59-cluster raft located in the PM outer leaf-
let (Figure 2B4). Meanwhile, a cytoplasmic protein Y might also be
involved in this process (Figure 2B5).

Very interestingly, PLCy is recruited to the CD59%-cluster only
when the CD59-cluster raft is undergoing temporary immobilization
due to its binding to the actin-based membrane skeleton (Figure
2B6). These results suggest the possibility that signal transduction
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platforms for GPI-APs might abundantly exist on the actin-based
membrane skeleton. When the CD59-cluster raft meets Gio and Lyn
on the platform, it becomes temporarily immobilized on the signal-
ing platform by binding to proteins X and Y, which are in turn phos-
phorylated by Lyn, producing the binding sites for PLCy. PLCy re-
cruited to CD59-cluster rafts produces IP3 and diacylglycerol, leading
to intracellular Ca?* mobilization and PKC activation (Figure 2B7).

Detailed explanation 5: TM proteins partitioning into raft
domains and TM receptors taking advantage of raft
domains for their signaling

Note that some TM proteins have been proposed to partition into
raft domains (Levental et al., 2010). Lorent et al. (2017) identified
three physical features of the TM domains that independently affect
the raft partitioning of TM proteins: smaller surface area, longer TM
domain, and palmitoylation. More specifically, they represent
smaller protruding amino acid side chains from the a-helical TM do-
main, matching of the hydrophobic length of the TM domain with
the extended saturated acyl chains (due to the association with
CHOL), and smoothing of the rugged TM domain surface by the
palmitoyl chains, respectively. These features might be coupled with
the dimerization—oligomerization of TM proteins linked by palmitoyl
chains. Rhodopsin, a G protein—coupled receptor with seven TM
domains, has two covalently linked palmitoyl chains, but becomes
associated with raft domains only upon dimer formation (Seno and
Hayashi, 2017; Hayashi et al., 2019). This result suggests that the
rugged parts of the TM domain surface of the dimer are more easily
covered with four palmitate chains than those of the monomer with
two palmitate chains.

Immune receptors, including high-affinity Fce receptors (FceRl) in
mast cells and B-cell receptors, take advantage of the raft domains
that the ligand-induced receptor oligomers generate in/around
them to enhance their downstream signaling. The involvement of
raft domains in immune receptor signaling had long been sus-
pected, but it was difficult to show unequivocally. However, this dif-
ficulty was solved by developing/improving microscopic imaging-
analysis methods.

By improving imaging fluorescence correlation spectroscopy,
Baird and colleagues revealed that stabilized Lo-like nanoscale raft
domains are created around clustered FceRI in immune mast cells
(Bag et al., 2021). These domains strongly augment the Lyn recruit-
ment and suppress the recruitment of the TM phosphatase PTPo..
Proof of the Lyn recruitment to clustered FceRI had previously been
elusive, but extensive examinations of very many molecular trajecto-
ries (several tens of thousands), made possible by the improvement
and application of imaging fluorescence correlation spectroscopy,
unequivocally revealed Lyn recruitment to clustered FceRI. This re-
sult is consistent with the enhanced recruitment of sphingomyelin, a
prototypical raftophilic phospholipid, to antigen-induced clusters of
FceRI but not to FceRl in resting cells, found by single-molecule im-
aging tracking of a newly developed fluorescently labeled sphingo-
myelin (Kinoshita et al., 2017).

In immune B cells, by applying a pair cross-correlation analysis
method to superresolution single-molecule localization microscopy
data (Stone and Veatch, 2014), Veatch and colleagues demon-
strated that stimulation-induced B-cell receptor (BCR) clusters in-
duce Lo-phase-like domains around them, which are capable of
sorting key regulators of BCR activation (Stone et al., 2017).

Taken together, these results provide evidence for the role of the
receptor clustering-induced membrane domains and a plausible
mechanism for recruiting downstream signaling molecules to the
receptor clusters. They agree well with the signaling raft domain
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formation induced by the clustering of a GPI-AP, CD59 (Suzuki et al.,
2007a,b, 2012) and suggest that similar mechanisms are employed
in many other receptor signaling pathways (Kusumi et al., 2004;
Koyama-Honda et al., 2020).

For other examples in which raft-based interactions might be in-
volved in the signal transduction by TM receptors, refer to the fol-
lowing papers: Sohn et al. (2008); Coskun et al. (2011); Chung et al.
(2016); Shelby et al. (2016).

CONCLUDING REMARKS

We propose two major updates of the Singer—Nicolson fluid mosaic
model. One is the CHOL-induced cooperativity-based assembly of
CHOL and molecules containing saturated acyl chains, which repre-
sents the transition of the fluid mosaic model from a simple liquid
model to a model of the liquid containing various metastable liquid-
like clusters of 2-20 nm in diameter, called raft domains. The forma-
tion of such lower-nanoscale liquid rafts is enhanced by homophilic
protein—protein interactions in the case of GPI-APs, leading to the
formation of GPI-AP homodimer rafts, which are one of the basic
unit rafts involved in building greater raft domains containing GPI-
APs. Upon extracellular stimulation, GPI-AP receptors form ligand-
induced clusters, which induce greater and stabilized raft domains
with the help of raft-lipid interactions, and these enlarged, stabilized
raft domains become responsible for the downstream signaling.
Note that the cooperativity for the raft domain formation is due not
only to the accommodating interactions between CHOL and satu-
rated acyl chains, but also to the nonconformable interactions be-
tween CHOL and unsaturated acyl chains + proteins’ TM domains.

The other update is the compartmentalization of the entire PM
by the actin-based membrane skeleton (fence), as well as TM pro-
teins anchored to and aligned along the membrane skeleton (pick-
ets). This compartmentalization occurs throughout the entire PM
with compartment sizes between 30 and 230 nm, which depends on
the cell type. However, within each compartment, the fluid mosaic
model with the upgrade of the presence of many nanoscale liquid
raft domains is perfectly correct.

Raft domains are excluded from the picket-fence compartmen-
tal boundary areas due to their nonconformability with the TM
pickets. Therefore, the raft domains tend to be localized within a
compartment and thus their sizes are smaller than the compart-
ment sizes. However, the stabilized raft domains induced by the
engaged GPI-AP receptors might be able to indirectly associate
with the actin-based membrane skeleton by way of the signal
transduction platform bound to the actin-based membrane skele-
ton. This was deduced by the finding that the stabilized raft do-
mains induced by the engaged GPI-AP receptor clusters undergo
actin-dependent temporary immobilizations and signal transduc-
tion during immobilization.

In this review, we have advanced the argument that the CHOL-
and actin-centered views of the PM provide excellent perspectives
for understanding PM structure, molecular dynamics, and functions,
while coping with the VUCA of the PM. We hope that readers have
been convinced of the usefulness of these views and that they will
start considering the PM accordingly.
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