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Abstract

Lipids are spatiotemporally organized in cell membranes, where they play indispens-
able roles in regulating diverse biological processes. Their distribution and dynamics
are intricately coupled to signal transduction, membrane trafficking, and host—pathogen
interactions. The past decade has seen substantial progress in the development of lipid
probes and imaging techniques, which have greatly advanced our understanding of lipid-
mediated regulation in living cells. Chemically optimized lipid analogs conjugated with
hydrophilic fluorophores have enabled the faithful visualization of raftophilic lipids, such
as sphingomyelin, gangliosides, and cholesterol, while minimizing artifacts. In parallel,
genetically encoded lipid sensors derived from lipid-binding protein domains have been
established. These sensors selectively report the localization and dynamics of diverse lipid
species, including phosphoinositides, cholesterol, sphingomyelin, and phosphatidylserine,
in their native contexts. Combined with state-of-the-art advanced microscopy approaches,
including ultrafast single-molecule imaging and super-resolution microscopy, these probes
facilitate high-resolution and quantitative analyses of lipid organization. This review
summarizes recent advances in both synthetic lipid probes and genetically encoded lipid
sensors, emphasizing their applications in mechanistic studies of membrane biology. We
further discuss current challenges and future directions toward the comprehensive and
minimally perturbative visualization of lipids.

Keywords: lipid probes; lipid-binding proteins; single-molecule observation; super-resolution
microscopy

1. Introduction

The spatial and temporal organization of lipids in cell membranes plays a pivotal
role in diverse cellular processes, including signal transduction, membrane trafficking,
pathogen entry, and intercellular communication [1,2]. Membrane domains in distinct lipid
species, including phosphoinositides, sphingolipids, gangliosides, and cholesterol, serve as
dynamic platforms that recruit and orchestrate signaling proteins, modulate membrane cur-
vature, and regulate vesicular transport. Therefore, elucidating the distribution and rapid
remodeling of these lipid assemblies is indispensable for uncovering the fundamental mech-
anisms underlying a broad spectrum of biological events, such as immune responses [3,4],
neuronal signaling [5,6], cancer progression [7,8], and host-pathogen interactions [9,10].
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Traditionally, the fluorescence imaging of lipids has relied on antibodies or lipid-
binding toxins applied following chemical fixation [11,12]. Fixation with formaldehyde
and/or glutaraldehyde efficiently immobilizes membrane proteins by crosslinking amino
acids, hydroxy groups, and thiols, but fails to covalently crosslink most lipid species,
thereby permitting substantial lateral diffusion, extraction, or redistribution before immobi-
lization [11,12]. To label lipids in the inner leaflet of plasma membranes (PMs), fixed cells
must be permeabilized with detergents; however, detergent permeabilization further per-
turbs the membrane architecture by solubilizing specific lipid populations and disrupting
discrete membrane domains. In addition, fixation can alter the lateral distribution of lipids
and proteins through protein crosslinking [13-15]. Furthermore, the binding of multivalent
antibodies or toxins (e.g., cholera toxin B subunit for GM1) can artificially cluster lipids and
induce non-physiological membrane rearrangements [12]. Such artifacts obscure the native
lipid distribution and may yield erroneous interpretations of their biological functions.

Because the lipid domains in cell PMs reorganize on sub-second timescales in response
to environmental cues [16,17], receptor activation [18,19], or mechanical stress [20], only live-
cell imaging can faithfully capture their native distribution and dynamic remodeling [21,22].
Recent advances in minimally perturbative lipid probes, tagged with organic fluorophores
and biosensors, including lipid-binding proteins, enable the direct visualization of specific
lipid distributions in both the outer and inner leaflets of cell PMs. Moreover, state-of-the-art
imaging modalities, such as ultrafast single-molecule tracking [23] and super-resolution
microscopy [24,25], facilitate the visualization of lipid domains with spatial resolutions of
10-20 nanometers and temporal resolutions of approximately 30 microseconds in living
cells. These approaches provide critical insights into the dynamic properties of lipids,
including how lipid heterogeneity governs protein recruitment, signaling complex assem-
bly, and membrane remodeling, thereby bridging the gap between lipid biochemistry and
cellular physiology.

In this review, we comprehensively highlight studies employing lipid probes, includ-
ing lipids conjugated with organic fluorophores and lipid-binding proteins. Furthermore,
we introduce advanced microscopic techniques, such as high-speed single-molecule imag-
ing and super-resolution microscopy, which are utilized to visualize the lipid distribution
in cell PMs.

2. Observation of Lipid Probes Conjugated with Organic Dyes in the
Outer Leaflet of the PM in Living Cells

2.1. Development of Lipid Probes Conjugated with Organic Dyes

Lipid probes conjugated with organic fluorophores represent a powerful approach for
investigating the spatial distribution and dynamic behavior of lipids in the outer leaflet
of the PM. Numerous dye-conjugated lipids, including derivatives of sphingolipids and
phosphatidylcholine (Table 1), when suspended in observation media such as HBSS, can be
incorporated into the outer leaflet of PMs [26,27]. This strategy enables the live-cell imaging
of lipid organization, domain formation, and trafficking at high spatial and temporal
resolutions using advanced fluorescence microscopy, while preserving the physiological
orientation and accessibility of the target lipid species.
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Table 1. Lipid probes conjugated with organic dyes for imaging, which are partitioned into Lo- or
Ld-like phase.

Lipid Probe Fluorophore Partitioning  References
Phosphoethanolamine (PE) Cy3-DOPE Cy3 - [23]
Phosphoethanolamine (PE) 594-DOPE ATTO59%4 Ld [26]
Phosphoethanolamine (PE) FITC-DOPE Fluorescein (FITC) - [28]
Phosphoethanolamine (PE) TMR-PE TMR - [29]
Phosphoethanolamine (PE) Atto647N-DPPE ATTO647N Ld [30]
Phosphoethanolamine (PE) DSPE-PEG-KK114 KK114 Lo [31]

Phosphatidylcholine (PC) 594neg-DOPC ATTO59%4 Ld [26]
Phosphatidylcholine (PC) 594neg-DSPC ATTO59%4 Lo [26]
Phosphatidylcholine (PC) BODIPY-FL-C5- or -C12-PC BODIPY-FL Ld [32]
Phosphatidylcholine (PC) 3-BODIPY FLC12-HPC BODIPY-FL Ld [33]
Sphingomylein (SM) 488neg-SM ATTO488 Lo [26]
Sphingomylein (SM) 594neg-SM ATTO594 Lo [26]
Sphingomylein (SM) Atto647N SM ATTO647N Ld [34]

GM1 488-S9-GM1 ATTOA488 Lo [27,35]

GM1 594-59-GM1 ATTO59%4 Lo [27,35]

GM1 BODIPY-FL-GM1 BODIPY-FL Ld [27]

GM1 Atto647N GM1 ATTO647N Ld [34]

GM1 Alexa-GM1 Alexa488, 568, 647 - [36]

GM1 Alexa-peptide-GM1 Alexa-488 Lo [37]

GM3 SF650B-GM3 SF650B - [24]

GM3 488-59-GM3 ATTOA488 Lo [27,35]

GM3 594-S9-GM3 ATTO5%4 Lo [27,35]

GM3 647N-59-GM3 ATTO647N Ld [27]

GM3 FI-S9-GM3 Fluorescein (FI) Lo [27]

GM3 NO9-FI-GM3 Fluorescein (FI) Lo [27]

Stage'SPedﬁc(segzg)’mc antigen-3 594-SSEA-3 ATTO594 Lo [35,38]
Stage'““’pedﬁc(ses“};ﬁ‘;mc antigen-4 594-SSEA-4 ATTO594 Lo [35,38]
Globohexaosylceramide (Globo-H) 594-Globo-H ATTO59%4 Lo [35,38]
Sialyl'l(al\cfe(ﬁf:zi‘c’igf)r amide ATTO594-NeuAcLc4-Cer ATTO594 Lo [35,39]
Lactotetraosylceramide (Lc4Cer) ATTO594-Lc4Cer ATTO59%4 Lo [35,39]

GD2 ATTO594-GD2 ATTO59%4 Lo [35,40]

GD3 ATTO594-GD3 ATTO594 Lo [35,41]

GQ1b ATTO594-GQ1b ATTO59%4 Lo [35,41]

Cholesterol BODIPY-Chl 2 BODIPY Lo [42]
Cholesterol Bdp-Chol BODIPY Lo [43,44]
Cholesterol Dehydroergosterol (DHE) - - [45]
Cholesterol Cholesterol analog 5 - Lo/Ld [46]
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Phospholipids conjugated with organic dyes are frequently generated by covalently
attaching hydrophilic fluorophores to the polar headgroups of phospholipids, most com-
monly via the primary amine of phosphatidylethanolamine (PE). The ethanolamine moiety
provides a reactive site for the formation of amide- or carbamate-linked conjugates with N-
hydroxysuccinimide (NHS)-activated esters or isothiocyanate derivatives of fluorophores
such as fluorescein [28], tetramethylrhodamine [29], Alexa [36], Cy3 [23], or ATTO [30]
dyes (Table 1). This headgroup-specific conjugation preserves the hydrophobicity and
bilayer-inserting capacity of the diacylglycerol backbone while exposing the fluorophore to
the aqueous phase, thereby minimizing interference with the lipid’s membrane anchoring.
An alternative strategy involves the covalent attachment of hydrophobic fluorophores, such
as BODIPY-FL, BODIPY-TR, or NBD, to the acyl chains of phospholipids. In this approach,
the fluorophore is introduced at a defined position along the saturated or unsaturated
fatty acyl chain via an amide or ester linkage, yielding analogs such as BODIPY-FL-C5- or
-C12-phosphatidylcholine (PC) and -phosphatidylethanolamine (PE) (Table 1) [32,33]. The
placement of the dye within the hydrophobic tail anchors it deep in the bilayer interior,
closely mimicking the natural insertion of fatty acyl chains. The hydrophobic nature of the
conjugates facilitates rapid and spontaneous incorporation into membranes.

2.2. Single-Molecule Tracking of Phospholipid Diffusion at High Temporal Resolution

Single-molecule tracking enables direct measurement of the trajectories of individ-
ual lipid molecules, from which diffusion coefficients and confinement properties can be
derived. In particular, the application of total internal reflection fluorescence microscopy
(TIRFM) with high-speed cameras has allowed the detailed characterization of lipid dif-
fusion. Using single-molecule tracking at a 100 ps temporal resolution, Fujiwara et al.
demonstrated that Cy3-dioleoylphosphatidylethnolamine (Cy3-DOPE, Table 1) underwent
confinement in small domains (~100 nm), intermittently hopping to adjacent domains
with a lifetime of ~10 ms, and repeatedly exhibiting this behavior in T24 cells [23]. This
diffusional mode, termed “hop diffusion”, can be revealed only by single-molecule imag-
ing at ultrahigh temporal resolution. In contrast, Cy3-DOPE displayed simple Brownian
diffusion on membrane blebs devoid of cortical actin filaments. Notably, the compartment
size of Cy3-DOPE was comparable to that observed for the transferrin receptor (TfR),
although the residency time of TR within compartments (24 ms) was longer than that of
Cy3-DOPE. Based on these findings, Fujiwara et al. proposed the “fence and picket” model
to explain hop diffusion. In this model, the actin-based membrane skeleton underlying
the PM establishes the fundamental compartment boundaries, as molecules collide with
the actin meshwork on the inner leaflet of the PM. Furthermore, transmembrane “picket”
proteins, anchored to and aligned along the actin-based fence, act as diffusion barriers
for molecules residing in the PM. The actin-based cytoskeleton thereby attenuates inter-
compartmental movement through steric hindrance. Intriguingly, even the phospholipids
located in the outer leaflet of the PM exhibited hop diffusion, with the compartment size
distributions resembling the mesh size of the actin-based cytoskeleton. Monte Carlo sim-
ulations suggested that even if transmembrane picket proteins occupy only 17% of the
compartment boundary, their immobility generates a hydrodynamic friction-like effect
sufficient to restrict molecular diffusion [47].

Cy3 is the most suitable organic fluorophore covalently conjugated to phospholipids
for high-speed single-molecule observation at a 100 us resolution, as it exhibits minimal
blinking, and the number of photons emitted from Cy3 increases proportionally with
elevated laser illumination intensity [23]. Although the quantum yield of Cy3 in observation
media is below 0.2, its fluorescence lifetime is short (0.3-0.4 ns) due to its propensity for



Membranes 2025, 15, 317

50f22

cis-trans isomerization [48], and the photon output is sufficient to generate the distinct
fluorescent spot even at acquisition rates exceeding 1 kHz [23].

2.3. Development of Raftophilic Lipid Probes Tagged with Organic Fluorophores

Lipid probes tagged with organic fluorophores have also been employed in studies of
lipid rafts in cell PMs. Probes for raftophilic lipids such as sphingomyelin (SM), glycosph-
ingolipid, phosphatidylcholine, and phosphatidylethanolamine containing two saturated
fatty acids and cholesterol have been developed and examined in the outer leaflet of cell
PMs (Figure 1a).

a
GM1
ATTO488
X ATTOB647N i
Ld-like phase \ ATTC{594\ / Lo-like phase
saturated PC \ DOPC GM3
Bodipy-FL
Outer leaflet
Bleb membrane
Y Inner leaflet
b
ATTO594, n " .
Y R L A @ Qo on
~"o \D/T\f\/\/v\/\/\/\ 488neg-SM
“r\/\/\/\/\/\/\/\/ 594neg-SM
/Mo&/g‘%%ﬂow 488-S9-GM3
A foy oM oH HNY\/\/\/\/\/\/\/\/ 594-S9-GM3
c 594-S9-GM3 BodipyFL-PC BodipyFL-GM1 647N-DOPE

BodlpyFL PC 594-DOPE

594-S9-GM1 BOdll‘FL PC

488 S9-GM3 594-DOPE BodipyFL-PC 594neg-SM

cNe REE

488-S9-GM1 594-DOPE 488neg-SM  594neg-DOPC

FI-S9-GM3  647N-DOPE 488neg-SM  594neg-SM

l EDE

647N-S9-GM3 N9-FI-GM3 488neg-SM 594neg-DSPC

Figure 1. Raftophilic lipid probes conjugated with fluorescent organic dyes. (a). Schematic diagram

of the partitioning of lipid probes into L, (raft)-like (magenta) and Ly (non-raft)-like domains (gray).
GM3 or SM probes conjugated with hydrophilic dyes at the sialic acid via nonaethyleneglycol (neg)
preferentially partitioned into L,-like phase, whereas probes conjugated with hydrophobic dyes
such as ATTO647N partitioned into Ly-like phase [27,34]. (b). Chemical structures of 488neg-SM
and 594neg-SM [26] (top), and 488-S9-GM3 and 594-S9-GM3 [27] (bottom). (c). Representative
fluorescence images from simultaneous dual-color video sequences of the probes in membrane
blebs of RBL-2H3 cells at 8 °C [26,27]. Probes in blue and red denote those localized in raft-like and
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non-raft-like phases, respectively. “S9” indicates that fluorescent dyes were conjugated to the C9
position of the terminal sialic acid of GM3 or GM1 [27]. “Neg” denotes that nonaethyleneglycol was
used as a spacer between the choline moiety of SM or PC and the dyes [26]. Adapted from Figure 1, 5
in [26] and Figure 2 in [27] with permission.

SM, a major sphingolipid, is a prototypical raftophilic lipid that participates in di-
verse cellular processes, including autophagy, apoptosis, and inflammation. Structurally,
SM consists of a sphingosine backbone, a fatty acid, and a phosphocholine or phospho-
ethanolamine headgroup, and is unique among phospholipids in lacking a glycerol moiety.
The amide and hydroxyl groups of the sphingosine backbone establish an intermolecular
hydrogen-bonding network, which is further stabilized by cholesterol. Several SM probes
conjugated with organic fluorophores have been developed, in which dyes were linked
to short fatty acids (C5 or C12) [49] or to the ethanolamine group of ceramide phospho-
ethanolamine [30] (Figure 1a). However, likely due to the steric hindrance introduced by
bulky dyes and the strong hydrophobicity of conjugated fluorophores, these SM probes
failed to recapitulate the behavior of native SM molecules. Instead, the majority partitioned
into the liquid-disordered (Ld) phase of giant unilamellar vesicles (GUVs) and giant plasma
membrane vesicles (GPMVs) [34].

To preserve the raftophilic properties of SM, namely, its preferential partitioning into
the liquid-ordered (Lo) phase in GUVs and GPMVs, as well as into detergent-resistant
membrane (DRM) fractions, Kinoshita et al. developed optimized SM probes [26]. In
these probes, hydrophilic fluorophores such as ATTO488 and ATTO594 were conjugated
to the choline headgroup of SM via a hydrophilic nonaneethylene glycol (neg) linker,
using a click reaction that retained the positive charge of the headgroup (Figure 1b,
top). These probes, termed 488neg-SM and 594neg-SM, preferentially partitioned into
the Lo-phase in GUVs and Lo-like phase in GPMVs [26] (Figure 1c and Table 1). Addi-
tionally, ATTO594-neg-distearoylphosphatidylcholine (594neg-DSPC) and ATTO594-neg-
dioleoylphosphatidylcholine (594-DOPC) were developed, which preferentially localized to
the Lo and Ld phases, respectively [26] (Figure 1c and Table 1). Another group synthesized
a PE probe by conjugating distearoylphosphatidylethanolamine (DSPE) with a hydrophilic
fluorophore (KK114) via a very large hydrophilic linker, a 2 kDa polyethylene glycol (PEG)
linker, which exhibited preferential partitioning into the Lo phase (Table 1) [31].

Gangliosides are glycosphingolipids containing one or more sialic acid residues and
are regarded as prototypical raftophilic lipid markers. Glycosphingolipids, including
gangliosides, play pivotal roles in numerous physiological processes, such as regulating
receptor activity [50]; mediating the cellular invasion of microbial toxins, viruses, and
bacteria [51]; and contributing to the pathogenesis of disorders including Guillain-Barré
syndrome [52], Alzheimer’s disease [53], and Parkinson’s disease [51]. The cholera toxin
subunit B (CTXB) has been most widely used as a marker for GM1, the predominant gan-
glioside [54]. However, CTXB forms a pentamer that crosslinks five GM1 molecules, thereby
altering their native localization. Thus, glycosphingolipid probes, including gangliosides
that faithfully mimic the behavior of their parental counterparts, are highly warranted.
To date, a variety of fluorescent glycolipid probes that partition into Lo-like phases in
GPMVs have been synthesized (Table 1). Lencer’s group developed fluorescent GM1
analogs with C18:0, C16:0, C12:0, or C16:1 fatty acyl chains [36], in which Alexa-568 or
Alexa-488 was conjugated to the C7 position of the sialic acid (Table 1). They reported
that the CTXB binding affinity of Alexa568-GM1 was approximately 10-fold lower than
that of native GM1, whereas Alexa488-peptide-GM1 exhibited binding comparable to that
of the parental molecule [37]. Similarly, Ando’s group synthesized diverse fluorescent
glycolipid probes that preferentially partition into the Lo-like phases in GPMVs [27,35].
They synthesized fluorescent analogs of GM1, GM2, GM3 (Figure 1b, bottom) and GD1b
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by labeling the parental gangliosides with fluorescein, ATTO488, and ATTO594 at specific
positions: the C9 position of the terminal sialic acid (S9-type for GM1, GM2, and GM3), the
C6 position of the terminal galactose (G6-type for GM1 and GD1b), and the C6 position
of the terminal GalNAc (GN6-type for GM2), using a method entirely based on chemical
synthesis (Table 1) [27]. All of these ganglioside probes partitioned into the DRM fractions
and Lo-like phases in GPMVs (Figure 1c). Surface plasmon resonance analyses demon-
strated that GM1 and GM3 probes bound to CTXB and wheat germ agglutinin (WGA)
with affinities equivalent to those of their parental counterparts [27]. In contrast, when
the C9 position of the sialic acid was conjugated with more hydrophobic fluorophores
such as ATTO647N or tetramethylrhodamine (TMR), the probes failed to preferentially
partition into Lo-like phases in GPMVs (Figure 1c) [27]. Similarly, an additional series of
ganglioside probes, including lacto-series and globo-series gangliosides that partitioned
into the Lo-like phase (Table 1), have also been developed [35]. These findings suggest that
the conjugation of hydrophilic fluorophores to terminal sugar residues generally preserves
raftophilic behavior.

Numerous cholesterol probes conjugated with organic fluorophores, including NBD
and BODIPY-FL, have also been developed (Table 1). However, most failed to partition
into the Lo-phase of GUVs (Figure 1c). The exception is a cholesterol probe conjugated
with BODIPY-FL at carbon 24 of the alkyl side chain via the central dipyrrometheneboron
difluoride ring [42,43].

2.4. Microscopic Observation in the Outer Leaflet of the PM

SM, ganglioside, saturated PC, and cholesterol probes can be incorporated into cell
PMs, and their dynamic behaviors have been investigated at high temporal resolution.
Transient immobilization of these raftophilic lipid probes has frequently been observed. For
example, studies using stimulated emission depletion (STED) microscopy combined with
fluorescence correlation spectroscopy (FCS) demonstrated that a GM1 probe conjugated
with ATTO647N at either the sugar moiety and an SM probe labeled with ATTO647N
at either the headgroup or the fatty acyl chain frequently underwent temporal confine-
ment in small membrane regions (<20 nm in diameter) for approximately 10 ms in a
cholesterol-dependent manner. Between confinement events, these probes diffused freely
at ~0.5 um? /s [30]. The fractions of time spent by GM1 and SM probes in these confined
regions ranged from 45 to 60% [30]. These findings have been corroborated by several
other studies [55,56]. However, because these GM1 and SM probes partitioned almost
entirely into the Ly phase in model membranes [34], these results may not necessarily
reflect transient trapping in nanoscale raft domains.

The single-molecule tracking of GM1 and GM3 probes conjugated with ATTO594 at the
C9 position (594-GM1 and 594-GM3) at a 0.5 ms resolution revealed that these ganglioside
probes were rarely confined in small domains (~100 nm in diameter) for durations longer
than 5 ms in four types of cell PMs [27]. Since these GM1 and GM3 probes partition into
the Lo-like phase in GPMVs [27] and are thus considered reliable raft markers, these results
suggest that ganglioside probes are seldom trapped in raft domains ~100 nm in diameter
for longer than 5 ms in the examined cell types (PtK2, T24, NRK, and COS7 cells) [27].

Furthermore, single-molecule tracking at a 0.5 ms resolution revealed that neither
raftophilic lipid probes such as 594neg-SM and 594neg-DSPC nor a non-raftophilic lipid
probe, 594neg-DOPC [26], were transiently confined in small raft domains ~100 nm in diam-
eter for durations longer than 5 ms in two cell types (124 and PtK2). Because 594-negSM and
594-negDSPC partitioned into the Lo-like phases in GPMVs, together with the aforemen-
tioned observations for ganglioside probes [26], these findings indicate that gangliosides,
SM, and saturated PC probes do not undergo temporal confinement in 100 nm domains
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for more than 5 ms. To our knowledge, there have been no reports of epi-fluorescence
microscopy observations showing that lipid probes conjugated with organic dyes are exten-
sively enriched in domains such as caveolae or flotillin in the steady-state cell PMs, which
is consistent with the results of single-molecule observations.

Meanwhile, single molecules of 594-GM1 and 594-GM3 were transiently recruited
to glycosylphosphatidylinositol (GPI)-anchored protein, and CD59 monomers and ho-
modimers [57] for 12 and 40 ms, respectively [27] (Figure 2a—c). Moreover, 594-GM1 and
594-GM3 were recruited to CD59 clusters, which initiate intracellular signaling [58,59], for
prolonged durations of 48 ms [27] (Figure 2a—c). Similarly, single molecules of 594neg-
SM were recruited to CD59 monomers, homodimers, and clusters for 12, 33, and 50 ms,
respectively [26]. These results indicate that ganglioside and sphingomyelin probes are
preferentially confined in the ligand-induced small dynamic raft assemblies.

A Red: 594-GM3

Green: CD59-cluster signaling raft

3 6 7
) »
9 10 1 13
.

/2.5 umle
594-GM3

Frame 1~

CD59-cluster signaling raft
10-s long

Colocalized period
for CD59-cluster raft
(from6to 9in a)

U
—
500 nm

= A
Frame 14

Ganglioside ~ CD59 homodimer cp59-cluster
(GM3 and GM1) raft (160 ms) signalin
¢ raft (stable)

Cholesterol

Figure 2. Recruitment of a ganglioside probe (GM3) to raft domains in cell PMs. (a). Representative
image sequence of CD59 cluster-signaling rafts (green) and a single molecule of ATTO594-conjugated
GMS3 (red) in the T24 cell PM at 37 °C, which were recorded at video rate [27]. (b). Trajectories of
CD59 cluster rafts and ATTO594-conjugated GM3 shown in (a) [27]. (c). Schematic diagram of the
recruitment of ganglioside probes to CD59. Single molecules of ganglioside probes were frequently
and transiently recruited to CD59 monomers, homodimers in steady state, and CD59 clusters upon
stimulation, with characteristic timescales of 12, 40, and 48 ms, respectively [27]. Adapted from
Figure 5 in [27] with permission.

Consistent with these results, fluorescence anisotropy imaging by Arumugam et al.
demonstrated that Alexa488-peptide-GM1 with a saturated C16:0 chain clustered into nan-
odomains through an actin-dependent process requiring cholesterol and phosphatidylser-
ine, whereas the unsaturated C16:1 GM1 probe did not [37]. CTXB binding expanded
domains in both species; however, the ceramide structure continued to modulate their
organization. Co-clustering with CD59 occurred exclusively for saturated GM1 [37]. These
results highlight that ceramide saturation is a critical determinant of GM1 nanodomain
formation, thereby influencing membrane organization.
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Single-molecule tracking of a fluorescent cholesterol analog, BODIPY488-conjugated
cholesterol (Bdp-Chol), revealed that Bdp-Chol displayed an exceptionally high diffusion
coefficient of 3.4 um?/s. This value is the highest reported for any membrane molecule and
approximately 10-fold greater than that of non-raft phospholipids (~0.33 um?/s) [44]. Bdp-
Chol exhibited no confinement over timescales exceeding 0.5 ms [44], similar to ganglioside
and SM probes. In actin-depleted blebbed membranes, its diffusion coefficient (~5.8 um?/s)
was comparable to that of a phospholipid probe (Cy3-DOPE, ~6.2 um?/s) [44], indicating
that the cortical actin skeleton reduced Bdp-Chol diffusion by only ~twofold, in contrast
to the ~20-fold reduction observed for phospholipids. These observations suggest that
cholesterol can transverse membrane compartments more readily than phospholipids and
that lipid raft domains coexist within actin-defined compartments. In addition, the larger
diffusion coefficients of Bdp-Chol than a non-raft phospholipid can also be explained by
free area theory [60].

Lipid probes conjugated with spontaneously blinking organic fluorophores, such as
SF650B (identical to HMSiR), are valuable for super-resolution dSTORM imaging. For
example, Hirosawa et al. incorporated GM3 conjugated with SF650B at the C9 of the
terminal sialic acid into liposomes, and performed dSTORM imaging by observing single
molecules at a 4 ms resolution for 10,000 frames [24]. This approach enabled the precise
determination of liposome diameters, which were highly consistent with those measured by
electron microscopy or the electrical resistance nanopulse method [24]. However, it should
be noted that, due to the moderate hydrophobicity of SF650B, the SF650B-GM3 probe
partitioned into the cold 1% Triton X-100-soluble (non-raft-like) fraction, and therefore
cannot serve as a reliable raft marker.

3. Observation of Lipids in the Inner Leaflet of Cell PMs Using
Lipid-Binding Proteins

Because lipid probes tagged with organic dyes cannot be incorporated into the in-
ner leaflet of cell PMs without fixation and permeabilization, alternative strategies are
required. To investigate the localization and dynamics of lipids in the inner leaflet of
living cells, lipid-binding proteins expressed in the cytosol of cells represent a highly ef-
fective tool. When fused to fluorophores via tags, these lipid-binding proteins enable the
visualization of lipid distribution and dynamics in the inner leaflet or intracellular com-
partments using confocal microscopy [61,62], single-molecule imaging [63,64], and super-
resolution microscopy [65-67] (Table 2). In this section, we summarize recent advances in
the development of lipid-binding protein probes and their applications in state-of-the-art
imaging methodologies.

Table 2. Lipid-binding protein probes for imaging.

Subcellular

Lipid Probe Fluorophore Localization References
P1(4,5)P; PH domain of PLC61 FP */Halo/SNAP PM inner leaflet [61,62,65-81]
PI(4,5)P, Tubby C-terminal FP PM inner leaflet [70,82]

domain
C-terminal PH .
PI(3,4)P, domain of TAPP1 FP PM inner leaflet [71,79,80,83]
PI(3,5)P, Dictyostelium SnxA FP PM inner leaflet [84]
PI1(3,5)P; KIF1A PH FP Synaptic vesicle [85]

domain
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Table 2. Cont.

Subcellular

Lipid Probe Fluorophore Localization References
PI(3,4,5)P3 PKB/Ak.t PH FP/Halo PM inner leaflet [62,71,81,86-88]
domain
P1(3,4,5)P3 GRP1 PH domain FP PM inner leaflet [63,67,89]
PI1(3,4,5)P5 Btkl PH Fp PM inner leaflet [62,79,80,90,91]
PI(4)P FAPP1 FP Golgi, PM [72,92]
P4M domain .
PI(4)P (SidM./SidC) FP Golgi, PM [71,72,80]
PI(3)P EEALFYVE FP Endocytic [71,72,93-96]
domain compartment
PI3)P Hrs 2XFYVE FP Early endosome [79,80,84,93,97]
domain
Phosphatidylserine (p5) ~ -actadherin €2 FP/Halo PM inner leaflet [66,73,81,98-105]
(Lact-C2)
Phosphatidylserine (P5) ~ ©VeCin2-TH FP Endosomes [65,67,102,106]
omain
Cholesterol D4H (domain 4 of FP PM inner leaflet [65,73,81,107-109]
perfringolysin O)
NT-lysenin
Sphingomylein (SM) (C-terminal residues FP PM outer leaflet [66,110-112]
161-297)
Sphingomylein (SM) W20A mutant FpP PM outer leaflet [66,113]
. . NT-Eqtll PM outer and
Sphingomylein (SM) (Eqtll mutant) FP/Halo inner leaflet [65]

* FP; fluorescent protein.

3.1. Development of Phosphoinositide Probes Using Lipid-Binding Proteins

Because phosphoinositides are predominantly localized to the inner leaflet of cell PMs,
it may not be easy to use phosphoinositides conjugated with organic dyes as probes. Instead,
genetically encoded fluorescent biosensors, generated by fusing phosphoinositide-binding
domains from effector proteins to fluorescent tags, have proven to be highly effective tools
for monitoring lipid dynamics in living cells.

As a genetically encoded sensor for PI(4,5)P,, the PH domain of PLC31 fused to
fluorescent proteins (e.g., GFP) has long been widely used, enabling the live-cell imaging of
membrane localization [61,62,65,68,69]. More recently, live-cell studies have demonstrated
that the C-terminal domain of Tubby (tubbyCT) accumulates at ER-PM junctions via
coincidence detection with extended synaptotagmin 3, thereby allowing selective readouts
of compartmentalized PI(4,5)P, at contact sites [70,82]. TubbyCT serves as a novel selective
reporter for ER-PM junctional pools of PI(4,5)P,. Furthermore, tandem or multimerized
tubbyCT constructs enhance the apparent affinity and signal-to-noise ratio, improving the
detection of subtle PI(4,5)P; fluctuations at both the PM and ER-PM junctions. More recent
innovations include cell-permeable fluorescent peptide probes derived from actin-binding
fragments (e.g., N-terminus 12- or 20-amino-acid peptides of gelsolin), which selectively
detect PI(4,5)P, dynamics in living cells with high sensitivity and temporal resolution on
the order of seconds [114].

The PH domain of Akt functions as a classical biosensor for P1(3,4,5)P5 [86-88]. The PH
domain of the general receptor for phosphoinositides isoform 1 (GRP1), a PI3K-activated
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exchange factor for Arf GTPases, selectively binds to PI(3,4,5)P3 with high affinity and has
been widely used as a marker [89]. Upon PI3K activation, the Akt-PH domain translocates
to the PM, reflecting P1(3,4,5)P3 accumulation and pathway activation. P1(3,4,5)P; regula-
tion is determined by amino acid residues distributed across the PH domain, rather than
solely the PIP3-binding pocket [87].

Dowler et al. [115] identified tandem-PH-domain containing protein 1 (TAPP1) as the
first protein reported to selectively bind phosphatidylinositol-3,4-biphosphate (P1(3,4)P,)
over other phosphoinositides. The C-terminal PH domain of TAPP1 was initially employed
to visualize PI(3,4)P; [83], although the sensitivity of the single domain was limited. En-
hanced specificity and signal strength were subsequently achieved using tandem or trimer
constructs, which reliably bound PI(3,4)P; at the PM with high avidity and selectivity [71].

More recently, Vines et al. characterized Dictyostelium SnxA as a highly selective
PI(3,5)P;-binding protein and validated GFP-SnxA as a PI(3,5)P, reporter in mammalian
cells [84]. Upon paraformaldehyde fixation, GFP-SnxA exhibited partial enrichment near
the plasma membrane. The PX domain of SnxA constitutes a highly selective PI(3,5)P;-
binding domain module; however, a single PX-GFP fusion protein displayed minimal
affinity for PI(3,5)P; [84]. Although tandem repeats of the PX domain enhanced binding
affinity, the affinity remained lower than that of the full-length SnxA. Furthermore, Rizalar
et al. demonstrated that the PH domain of the kinesin KIF1A directly binds to PI(3,5)P;
and, to a lesser extent, to PI(3)P in vitro [85].

Lipid phosphatidylinositol 4-phosphate (PI(4)P) probes have been engineered by fus-
ing lipid-binding domains, such as four-phosphate-adaptor protein 1 (FAPP1) or oxysterol-
binding protein homolog (OSH) proteins, with fluorescent tags to visualize localization
at the Golgi and PMs [92]. The PH domain of the PI(4)P-binding protein SidM (P4M) is
not biased by interactions with Arfl [72]. These probes enable the detailed investigation of
PI(4)P-mediated trafficking and lipid exchange between membranes.

The Fabl, YGL023, Vps27, EEA1 (FYVE) domain comprises a small Zn?*-binding
module of 60-70 amino acids enriched in cysteine residues. When employed as tandem
repeats (e.g., 2xFYVE), the FYVE domain binds to PI(3)P with markedly greater affinity
than single FYVE fingers [93-95], effectively labeling early endosomal membranes in cells.
Structural and mechanistic studies have validated FYVE domain’s high specificity for
PI(3)P and elucidated the molecular basis of this interaction, which involves electrostatic
binding, hydrophobic insertion, and a protonation-dependent “histidine switch” [96].

3.2. Development of Phosphatidylserine Probes in Cell Membranes

Phosphatidylserine (PS) is a major anionic phospholipid predominantly localized to
the cytosolic leaflet of the cell PM. The development of genetically encoded probes derived
from PS-binding protein domains has enabled the real-time visualization of PS dynamics
in living cells with high specificity.

The C2 domain of lactadherin (Lact-C2), a glycoprotein originally identified in milk fat
globule membranes, binds to PS with high affinity in a Ca?*-independent manner. Yeung
etal. [98] demonstrated that EGFP-tagged Lact-C2 specifically localizes to the inner leaflet of
the cell PM in a PS-dependent manner, as confirmed by the genetic depletion or enzymatic
conversion of PS. The lack of Ca?* dependence distinguishes Lact-C2 from annexin-based
probes, reducing interference from Ca?* signaling. Tandem constructs (2xLact-C2) have
been generated to enhance membrane association and signal stability, establishing Lact-C2
as a widely adopted standard for PS imaging across diverse microscopy platforms [99-101].

Evectin-2 is a membrane-associated protein localized to recycling endosomes, where
it contributes to vesicular trafficking. Its PH domain specifically binds to PS in the cytosolic
leaflet of endosomal membranes. Uchida et al. [102] first identified this property through
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liposome-binding assays and mutagenesis, demonstrating that conserved basic residues
within the PH domain mediate direct PS recognition. When fused to fluorescent proteins,
the evectin-2 PH domain functions as a genetically encoded biosensor for visualizing
intracellular PS pools in live cells. Notably, the evectin-2 PH probe exhibited negligible
binding to phosphoinositides such as PI(4,5)P,, thereby reducing cross-reactivity and
enhancing accuracy in complex lipid environments. The evectin-2 PH domain has also
been used as a sensor for PS in the inner leaflet of cell PMs [65,106].

3.3. Development of SM-Binding Protein Probes in Cell Membranes

Several SM-binding protein probes have been developed. Lysenin [110,116] and
members of the actinoporin family, such as equinatoxin II (EqtII) [117] from the sea anemone
Actinia equina, are pore-forming toxins with intrinsic SM-binding activity. Lysenin consists
of an N-terminal pore-forming domain comprising the first 160 amino acids, while its
C-terminal region (residues 161-297), referred to as NT-lysenin, harbors the SM-binding
site but lacks the ability to homo-oligomerize or form pores [111]. Notably, full-length
lysenin carrying the W20A mutation is also unable to oligomerize [113]. The interaction of
lysenin with SM is strongly influenced by the local distribution and density of the lipid.
Fluorescently labeled NT-lysenin and W20A-lysenin have been employed to visualize SM
in the plasma membrane (PM) [66,113].

Similarly to lysenin, Eqtll is cytotoxic; however, the L26A/P81A double mutant
abolishes its pore-forming activity while preserving the wild-type’s specificity and affinity
for SM. The truncated form, NT-Eqtll, has been successfully applied to monitor the SM
distribution in the PMs of living cells [65]. Lysenin preferentially binds to SM clusters,
whereas Eqtll recognizes more dispersed SM [118].

3.4. Development of Cholesterol-Binding Protein Probes in Cell Membranes

Various protein probes have been developed for visualizing cholesterol in cell mem-
branes. Iwashita’s group first identified perfringolisin O (PFO, also known as theta toxin),
a cytolysin produced by Gram-positive bacteria, which preferentially binds to cholesterol
in membrane domains enriched in both cholesterol and stearoyl chains [119-121]. The
theta toxin comprises four domains (D1-D4) and forms oligomeric pore complexes in mem-
branes, with the D4 domain representing the minimal fragment required for cholesterol
binding [120]. Fusion of the D4 domain to a fluorescent protein (e.g., mCherry) enabled
imaging of the cholesterol distribution in intact erythrocyte membranes [122]. A point
mutation in D4 (D434S), termed D4H, was subsequently engineered to enhance cholesterol-
binding affinity [123] and was used to demonstrate that the cholesterol content in the inner
leaflet of CHO-K1 cell PMs is lower than that in the outer leaflet [73]. Together with other
reports [124], these results suggest that the inner leaflet of CHO-K1 cell PM contains less
cholesterol than that of HeLa or MA-10 cells.

Kemmoku et al. [107] further reported that STING clusters formed in the trans-Golgi
network (TGN) were strongly colocalized with mNeonGreen-iD4H, indicating that STING
clusters associate with cholesterol-enriched domains in the TGN. In addition to mammalian
systems, Fernandez-Golbano et al. [108] developed a live-cell imaging protocol for monitor-
ing ergosterol dynamics in Saccharomyces cerevisiae, enabling the temporal analysis of sterol
distribution under conditions of biosynthesis inhibition. In tissue applications, de Leeuw
and Nuriel [109] established a histological approach using high-affinity D4H-mCherry to
visualize intracellular cholesterol in mouse and human brain sections. Co-staining with
endosomal markers provided precise localization within subcellular compartments. Collec-
tively, these advances extend the applicability of genetically encoded cholesterol sensors
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from unicellular to complex tissues, facilitating spatiotemporal mapping of sterol dynamics
across diverse biological contexts.

4. Advanced Microscopic Observation of Lipid-Binding Protein Probes
in Cells

To obtain deeper insights into the dynamics and spatial distribution of lipids in
the inner leaflet of the cell PM, high-speed single-molecule fluorescence imaging and
super-resolution microscopy of lipid-binding protein probes represent highly powerful
methodologies, as described in the section on organic dye-conjugated lipid probes in
the outer leaflet of the cell PM. In this section, we introduce studies on lipid domain
architectures and the interactions between lipids and membrane proteins using lipid-
binding protein probes with these advanced microscopic approaches.

4.1. Observation in Fixed Cells

In many cases, super-resolution microscopy of lipid-binding proteins has been per-
formed after chemical fixation. Mizuno et al. [112] expressed the recombinant protein
domains, D4 of 6-toxin and NT-lysenin in E. coli as fusions with the photoswitchable fluo-
rescent protein Dronpa. These probes were applied to fixed HeLa cells, where PALM was
subsequently performed. They demonstrated that both D4 and NT-lysenin were organized
into clusters with diameters larger than 200 nm. Abe et al. [66] further reported that the
overexpression of peripheral myelin protein 2 (PMP2) in HeLa or MDCK cells increased the
proportion of SM in the inner leaflet while concomitantly decreasing that in the outer leaflet.
They performed super-resolution STORM imaging of single Halo-NT-lysenin molecules
conjugated with the spontaneously blinking dye SF650B in fixed cells to evaluate the abun-
dance of SM domains in the inner leaflet. Abe et al. [67] also showed that EGFR activation
reduced its colocalization with PI(4,5)P, due to PI(4,5)P; hydrolysis by PLCy, as revealed
by dual-color super-resolution PALM and dSTORM analyses of EGFR together with PS,
PI(4,5)P;, or P1(3,4,5)P5 in fixed HeLa or CHO cells. Wang et al. [74] conducted dSTORM
imaging of EGFR labeled with Alexa647-cetuximab in normal lung epithelial cells and lung
cancer cells, and observed that the EGFR clusters in normal cells (207 nm in diameter) were
smaller than those in cancer cells (293 nm in diameter). They also performed simultaneous
dSTORM imaging of EGFR and PALM imaging of PLC1-PH-mEOS3.2 in fixed COS-7 cells.
Furthermore, dual-color PALM imaging by Raut et al. [75] showed the co-clustering of
influenza A hemagglutinin and matrix protein M1 in the cell PM after chemical fixation. In
all cases, PALM and dSTORM analyses after chemical fixation enabled the visualization of
distinct and relatively large (>100 nm) lipid domains.

The lipid-binding protein is also applicable for detecting lipids other than membranes.
Szracho et al. [76] reported, based on the simultaneous dual-color structured illumination
microscopy (SIM) of fixed U20S cells, that PI(4,5)P, spatially orchestrates nuclear processes
through its association with RNA and RNA-dependent PI(4,5)P,-binding proteins, thereby
influencing their ability to form foci.

Koester et al. [103] developed a unique system to visualize the distribution of PS
in fixed U20S cells. They expressed GFP-fused Lact-C2, followed by fixation, saponin
permeabilization, and incubation with an anti-GFP nanobody site-specifically conjugated
to a single-stranded DNA oligonucleotide via site-specific click chemistry between AzPhe
and dibenzocylooctyne (DBCO). The subsequent addition of fluorescently labeled single-
stranded DNA, which transiently hybridized with the nanobody-conjugated DNA enabled
DNA points accumulation for imaging in nanoscale topography (DNA-PAINT) at a spatial
resolution of 20 nm. Dual-color DNA-PAINT analyses revealed that the constitutively
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active KRAS mutant G12V was almost invariably co-enriched with PS, while KRAS-G12D
exhibited strong co-enrichment with PS in approximately half of the cells.

4.2. Observation in Living Cells

In living cells, super-resolution microscopy revealed markedly smaller lipid domains.
For example, Ji et al. [77] expressed the photoactivable (PA)-mCherry-PH domains of PLC61
in INS-1 cells, and performed single-molecule imaging of PA-mCherry-PH of PLCo1 at
50 ms/frame for PALM data acquisition. The PALM image demonstrated that the domain
size of the PH of PLC?1 in living cells was substantially smaller than that in the fixed cells.

As described above, Mori et al. [65] developed NT-EqtlI for detecting SM in living
cell membranes. Single-molecule imaging of NT-Eqtll revealed the presence of SM in
the inner leaflet of the PMs of 8 out of 15 cells in the steady state. They also performed
super-resolution dSTORM imaging in living COS-1 cells, acquiring images by tracking
single NT-Eqtll molecules at 4 ms per frame for 2000 frames. ClusterViSu software (ver-
sion 1.1.2) analysis [125] revealed that NT-EqtII clusters exhibited an average diameter of
~180 nm, comparable to that of D4H and Lyn-N20 (the N-terminal 20 amino acids of Lyn).
Furthermore, the dual-color dSOTRM imaging of NT-EqtIl combined with PALM imaging
of D4H or Lyn-N20, followed by quantitative degree of colocalization (DoC) analysis [107],
demonstrated that SM preferentially colocalized with cholesterol and Lyn-N20 in the inner
leaflet of the living cell PM (Figure 3a,b). Collectively, these results strongly suggest the
existence of raft-like domains in the inner leaflet of living cell PMs.

a
Extracellular Cholesterol

mﬁr‘ﬁ [H” ?h

ve iy Uw‘ 5

Cyﬁsot * * $¢ ‘Tv *
t) S‘

: 25605?)4; NT-EqtI D4H

b NT-Eqtil + D4H

500 nm

100 nm

84 ms 80 ms
NT-Eqtll D4H

Figure 3. Small domain formation and rapid Brownian diffusion of lipids in the inner leaflet of cell
PMs. (a). Schematic diagram of lipid-binding protein probes expressed in cells, which transiently
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bind to specific lipids in the inner leaflet of cell PMs. NT-Eqtll and D4H are labeled with SF650B via
Halo7-tag and with mEOS4b, respectively. (b). Dual-color super-resolution images of NT-EqtlI-Halo7
labeled with SF650B (dASTORM, magenta) and D4H labeled with mEOS4b (PALM, green) in the inner
leaflet of the COS-1 cell PM at 37 °C [65]. Colocalizations between the domains are indicated by
yellow arrowheads. (c). Representative trajectories of single NT-EqtIl and D4H molecules fused with
tdStayGold in the COS-1 cell PM at 37 °C [65]. The scale bar indicates 500 nm. The magenta circle
has a diameter of 100 nm. Adapted from Figure 2, Figure 6 and Figure 7 in [65] with permission.

In living cells, the diffusional behaviors of lipid-binding proteins can also be investi-
gated and analyzed at high temporal resolution. Mori et al. [65] performed single-molecule
tracking of NT-Eqtll, D4H, 2xPH of evectin-2, 2xPH of PLC9, and Lyn-N20 fused with
tdStayGold [126] at a 4 or 1 ms time resolution at 37 °C in the COS-1 cell PM. All of these
molecular diffusions were classified as simple Brownian motion, rarely exhibiting tem-
poral arrest of Lateral. (TALL) diffusion longer than 32 ms in small domains of ~100 nm
in diameter, and showed no immobilized diffusion (Figure 3c). These results indicate
that these lipid-associated molecules are scarcely confined in small domains (<100 nm)
for extended durations (>32 ms). Because the average compartment size constrained by
transmembrane picket proteins along the actin-based membrane skeleton in COS-1 cells
is 58 nm [44], with a residency time of less than 1 ms, temporal resolutions of 4 or 1 ms
are insufficient to capture the hop diffusion of membrane molecules. This explains why
all the observed molecules appeared to undergo simple Brownian diffusion. However,
single-molecule imaging in the inner leaflet of living cell PMs currently remains unfeasible
due to the lack of photostable fluorophores comparable to Cy3 for high-time-resolution
observation. The future development of membrane-permeable, photostable organic dyes is
expected to overcome this limitation.

The multi-color simultaneous single-molecule imaging of lipid-binding proteins and
membrane molecules in living cells can elucidate their molecular associations. For example,
by employing triple-color single-molecule imaging of a G-protein-coupled receptor, V2R,
[3-arrestin 2, and PI(4,5)P, marker, PLC51-PH, Kuramoto et al. [78] demonstrated that
ligand stimulation enhanced the colocalization of V2R and f3-arrestin 2 with PLC$1-PH,
indicating that a noncanonical PI(4,5)P; site is essential for the rapid recruitment of the
V2R-B-arrestin2- PI(4,5)P; complex into immobile membrane domains. In such imaging
systems, the degree of colocalization between molecules is strongly influenced by the
labeling efficiency of each probe, necessitating careful analytical consideration, including
appropriate corrections.

5. Conclusions

In this review, we discussed lipid probes, including organic dye-conjugated lipids
and lipid-binding proteins. Although these probes are highly valuable for visualizing
lipid distribution and dynamics, enhancing their versatility requires improvements in their
binding specificity, their cell toxicity, and the photostability of their fluorophores, as outlined
herein. Moreover, as imaging technologies advance, lipid probes must be correspondingly
refined. For example, a method of super-resolution live-cell movie imaging was recently
established by the application of high-speed single-molecule observation techniques [24,
25,127], with accompanying analytical tools now publicly available. Collectively, the
continuous refinement of lipid probes in parallel with the evolution of imaging technologies
will not only deepen our understanding of lipid organization and dynamics at the nanoscale
in living cells but also open new avenues for elucidating their roles in diverse physiological
and pathological processes.



Membranes 2025, 15, 317 16 of 22

Author Contributions: Conceptualization, T.M. and K.G.N.S.; writing, TM. and K.G.N.S.; supervi-
sion, K.G.N.S.; project administration, K.G.N.S.; funding acquisition, K.G.N.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by Japan Science and Technology Agency (JST) grants from the Core
Research for Evolutional Science and Technology (CREST) program in the field of “Extracellular Fine
Particles” (JPMJCR18H2) (K.G.N.S.) and “Cell Control” (JPMJCR24B3) (K.G.N.S.); Grants-in-Aid for
Scientific Research from the Japan Society for the Promotion of Science (JSPS) (24K01974) (K.G.N.S.); a
Grant-in-Aid for Challenging Research (Exploratory) from JSPS (24K21944) (K.G.N.S.); a Grant-in-Aid
for the Core-to-Core Program from JSPS (JSCCA202000007) (K.G.N.S.); the National Cancer Center
Research and Development Fund (2023-A-03) (K.G.N.S.); the Takeda Science Foundation (K.G.N.S.);
and a Grant-in-Aid from Support for Pioneering Research Initiated by the Next Generation in JST
(JST SPRING) (JPM]JSP2125) (T.M.). T.M. was supported by a Nagoya University CIBoG program
from the MEXT WISE program.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lingwood, D.; Simons, K. Lipid rafts as a membrane-organizing principle. Science 2010, 327, 46-50. [CrossRef]

2. Sezgin, E.; Levental, I.; Mayor, S.; Eggeling, C. The mystery of membrane organization: Composition, regulation and roles of lipid
rafts. Nat. Rev. Mol. Cell Biol. 2017, 18, 361-374. [CrossRef] [PubMed]

3. Varshney, P; Yadav, V.; Saini, N. Lipid rafts in immune signalling: Current progress and future perspective. Immunology 2016, 149,
13-24. [CrossRef] [PubMed]

4. Dinic, ].; Riehl, A.; Adler, J.; Parmryd, I. The T cell receptor resides in ordered plasma membrane nanodomains that aggregate
upon patching of the receptor. Sci. Rep. 2015, 5, 10082. [CrossRef] [PubMed]

5. Grassi, S.; Giussani, P; Mauri, L.; Prioni, S.; Sonnino, S.; Prinetti, A. Lipid rafts and neurodegeneration: Structural and functional
roles in physiologic aging and neurodegenerative diseases: Thematic Review Series: Biology of Lipid Rafts. ]. Lipid Res. 2020, 61,
636-654. [CrossRef]

6.  Hulsmeier, A.J. Glycosphingolipids in neurodegeneration—Molecular mechanisms, cellular roles, and therapeutic perspectives.
Neurobiol. Dis. 2025, 207, 106851. [CrossRef]

7. Greenlee, ].D.; Subramanian, T.; Liu, K.; King, M.R. Rafting down the metastatic cascade: The role of lipid rafts in cancer
metastasis, cell death, and clinical outcomes. Cancer Res. 2021, 81, 5-17. [CrossRef]

8.  Roy, A,; Patra, S.K. Lipid raft facilitated receptor organization and signaling: A functional rheostat in embryonic development,
stem cell biology and cancer. Stem Cell Rev. Rep. 2023, 19, 2-25. [CrossRef]

9. Kulkarni, R.; Wiemer, E.A.C.; Chang, W. Role of lipid rafts in pathogen-host interaction—A Mini Review. Front. Immunol. 2021,
12, 815020. [CrossRef]

10. Fantini, J.; Yahi, N.; Azzaz, F.; Chahinian, H. Structural dynamics of SARS-CoV-2 variants: A health monitoring strategy for
anticipating COVID-19 outbreaks. J. Infect. 2021, 83, 197-206. [CrossRef]

11.  Kusumi, A.; Suzuki, K. Toward understanding the dynamics of membrane-raft-based molecular interactions. Biochim. Biophys.
Acta (BBA)—Mol. Cell Res. 2005, 1746, 234-251. [CrossRef]

12. Tanaka, K.A.; Suzuki, K.G.; Shirai, Y.M.; Shibutani, S.T.; Miyahara, M.S.; Tsuboi, H.; Yahara, M.; Yoshimura, A.; Mayor, S.;
Fujiwara, TK,; et al. Membrane molecules mobile even after chemical fixation. Nat. Methods 2010, 7, 865-866. [CrossRef]
[PubMed]

13. Ichikawa, T.; Wang, D.; Miyazawa, K.; Miyata, K.; Oshima, M.; Fukuma, T. Chemical fixation creates nanoscale clusters on the cell
surface by aggregating membrane proteins. Commun. Biol. 2022, 5, 487. [CrossRef] [PubMed]

14. Irgen-Gioro, S.; Yoshida, S.; Walling, V.; Chong, S. Fixation can change the appearance of phase separation in living cells. Elife
2022, 11, €79903. [CrossRef] [PubMed]

15. Mastrangelo, R.; Okada, T.; Ogura, T.; Ogura, T.; Baglioni, P. Direct observation of the effects of chemical fixation in MNT-1 cells:

A SE-ADM and Raman study. Proc. Natl. Acad. Sci. USA 2023, 120, e2308088120. [CrossRef]


https://doi.org/10.1126/science.1174621
https://doi.org/10.1038/nrm.2017.16
https://www.ncbi.nlm.nih.gov/pubmed/28356571
https://doi.org/10.1111/imm.12617
https://www.ncbi.nlm.nih.gov/pubmed/27153983
https://doi.org/10.1038/srep10082
https://www.ncbi.nlm.nih.gov/pubmed/25955440
https://doi.org/10.1194/jlr.TR119000427
https://doi.org/10.1016/j.nbd.2025.106851
https://doi.org/10.1158/0008-5472.CAN-20-2199
https://doi.org/10.1007/s12015-022-10448-3
https://doi.org/10.3389/fimmu.2021.815020
https://doi.org/10.1016/j.jinf.2021.06.001
https://doi.org/10.1016/j.bbamcr.2005.10.001
https://doi.org/10.1038/nmeth.f.314
https://www.ncbi.nlm.nih.gov/pubmed/20881966
https://doi.org/10.1038/s42003-022-03437-2
https://www.ncbi.nlm.nih.gov/pubmed/35595960
https://doi.org/10.7554/eLife.79903
https://www.ncbi.nlm.nih.gov/pubmed/36444977
https://doi.org/10.1073/pnas.2308088120

Membranes 2025, 15, 317 17 of 22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bhojoo, U.; Chen, M.; Zou, S. Temperature induced lipid membrane restructuring and changes in nanomechanics. Biochim.
Biophys. Acta (BBA)—Biomembr. 2018, 1860, 700-709. [CrossRef]

Ollila, O.H.S,; Risselada, H.].; Louhivuori, M.; Lindahl, E.; Vattulainen, I.; Marrink, S.J. 3D Pressure Field in Lipid Membranes
and Membrane-Protein Complexes. Phys. Rev. Lett. 2009, 102, 078101. [CrossRef]

Ghosh, S.; Wagenknecht-Wiesner, A.; Desai, S.; Vyphuis, J.; Ramos, M.S.; Grazul, ].L.; Baird, B.A. Synergy between membrane
topography and domains to control signaling protein localization in mast cells facilitates their activation. Proc. Natl. Acad. Sci.
USA 2025, 122, €2424427122. [CrossRef]

Kot, E.F,; Goncharuk, S.A.; Franco, M.L.; McKenzie, D.M.; Arseniev, A.S.; Benito-Martinez, A.; Costa, M.; Cattaneo, A.; Hristova,
K.; Vilar, M,; et al. Structural basis for the transmembrane signaling and antidepressant-induced activation of the receptor tyrosine
kinase TrkB. Nat. Commun. 2024, 15, 9316. [CrossRef]

Anishkin, A.; Loukin, S.H.; Teng, J.; Kung, C. Feeling the hidden mechanical forces in lipid bilayer is an original sense. Proc. Natl.
Acad. Sci. USA 2014, 111, 7898-7905. [CrossRef]

Suzuki, K.G.N.; Kusumi, A. Refinement of Singer-Nicolson fluid-mosaic model by microscopy imaging: Lipid rafts and actin-
induced membrane compartmentalization. Biochim. Biophys. Acta (BBA)—Biomembr. 2023, 1865, 184093. [CrossRef] [PubMed]
Aghaaminiha, M.; Farnoud, A.M.; Sharma, S. Quantitative relationship between cholesterol distribution and ordering of lipids in
asymmetric lipid bilayers. Soft Matter 2021, 17, 2742-2752. [CrossRef] [PubMed]

Fujiwara, TK,; Takeuchi, S.; Kalay, Z.; Nagai, Y.; Tsunoyama, T.A.; Kalkbrenner, T.; Iwasawa, K.; Ritchie, K.P.; Suzuki, K.G.N;
Kusumi, A. Development of ultrafast camera-based single fluorescent-molecule imaging for cell biology. J. Cell Biol. 2023, 222,
€202110160. [CrossRef] [PubMed]

Hirosawa, K.M.; Sato, Y.; Kasai, R.S.; Yamaguchi, E.; Komura, N.; Ando, H.; Hoshino, A.; Yokota, Y.; Suzuki, K.G.N. Uptake
of small extracellular vesicles by recipient cells is facilitated by paracrine adhesion signaling. Nat. Commun. 2025, 16, 2419.
[CrossRef]

Isogai, T.; Hirosawa, K.M.; Kanno, M.; Sho, A.; Kasai, R.S.; Komura, N.; Ando, H.; Furukawa, K.; Ohmi, Y.; Furukawa, K.; et al.
Extracellular vesicles adhere to cells primarily by interactions of integrins and GM1 with laminin. J. Cell Biol. 2025, 224, €29249464.
[CrossRef]

Kinoshita, M.; Suzuki, K.G.; Matsumori, N.; Takada, M.; Ano, H.; Morigaki, K.; Abe, M.; Makino, A.; Kobayashi, T.; Hirosawa,
K.M.; et al. Raft-based sphingomyelin interactions revealed by new fluorescent sphingomyelin analogs. J. Cell Biol. 2017, 216,
1183-1204. [CrossRef]

Komura, N.; Suzuki, K.G.; Ando, H.; Konishi, M.; Koikeda, M.; Imamura, A.; Chadda, R.; Fujiwara, T.K,; Tsuboi, H.; Sheng, R.;
et al. Raft-based interactions of gangliosides with a GPI-anchored receptor. Nat. Chem. Biol. 2016, 12, 402-410. [CrossRef]

Asfia, S.; Seemann, R.; Fleury, J.-B. Phospholipids diffusion on the surface of model lipid droplets. Biochim. Biophys. Acta
(BBA)—Biomembr. 2023, 1865, 184074. [CrossRef]

Ruan, H.; Zou, C; Xu, Y,; Fang, X.; Xia, T.; Shi, Y. N-(3-Oxododecanoyl) homoserine lactone is a generalizable plasma membrane
lipid-ordered domain modifier. Front. Physiol. 2021, 12, 758458. [CrossRef]

Eggeling, C.; Ringemann, C.; Medda, R.; Schwarzmann, G.; Sandhoff, K.; Polyakova, S.; Belov, V.N.; Hein, B.; von Middendorff, C.;
Schonle, A.; et al. Direct observation of the nanoscale dynamics of membrane lipids in a living cell. Nature 2009, 457, 1159-1162.
[CrossRef]

Honigmann, A.; Mueller, V.; Hell, S.W.; Eggeling, C. STED microscopy detects and quantifies liquid phase separation in lipid
membranes using a new far-red emitting fluorescent phosphoglycerolipid analogue. Faraday Discuss. 2013, 161, 77-89; discussion
113-150. [CrossRef]

Carten, J.D.; Bradford, M.K.; Farber, S.A. Visualizing digestive organ morphology and function using differential fatty acid
metabolism in live zebrafish. Dev. Biol. 2011, 360, 276-285. [CrossRef] [PubMed]

Kobayashi, T.; Beuchat, M.H.; Chevallier, J.; Makino, A.; Mayran, N.; Escola, ].M.; Lebrand, C.; Cosson, P.; Kobayashi, T.;
Gruenberg, J. Separation and characterization of late endosomal membrane domains. J. Biol. Chem. 2002, 277, 32157-32164.
[CrossRef]

Sezgin, E.; Levental, I.; Grzybek, M.; Schwarzmann, G.; Mueller, V.; Honigmann, A.; Belov, V.N.; Eggeling, C.; Coskun, U.; Simons,
K.; et al. Partitioning, diffusion, and ligand binding of raft lipid analogs in model and cellular plasma membranes. Biochim.
Biophys. Acta (BBA)—Biomembr. 2012, 1818, 1777-1784. [CrossRef]

Suzuki, K.G.N.; Komura, N.; Ando, H. Recently developed glycosphingolipid probes and their dynamic behavior in cell plasma
membranes as revealed by single-molecule imaging. Glycoconj. ]. 2023, 40, 305-314. [CrossRef]

Chinnapen, D.J.; Hsieh, W.T.; Te Welscher, Y.M.; Saslowsky, D.E.; Kaoutzani, L.; Brandsma, E.; D"Auria, L.; Park, H.; Wagner, ].S.;
Drake, K.R; et al. Lipid sorting by ceramide structure from plasma membrane to ER for the cholera toxin receptor ganglioside
GM1. Dev. Cell 2012, 23, 573-586. [CrossRef]


https://doi.org/10.1016/j.bbamem.2017.12.008
https://doi.org/10.1103/PhysRevLett.102.078101
https://doi.org/10.1073/pnas.2424427122
https://doi.org/10.1038/s41467-024-53710-7
https://doi.org/10.1073/pnas.1313364111
https://doi.org/10.1016/j.bbamem.2022.184093
https://www.ncbi.nlm.nih.gov/pubmed/36423676
https://doi.org/10.1039/D0SM01709D
https://www.ncbi.nlm.nih.gov/pubmed/33533367
https://doi.org/10.1083/jcb.202110160
https://www.ncbi.nlm.nih.gov/pubmed/37278763
https://doi.org/10.1038/s41467-025-57617-9
https://doi.org/10.1083/jcb.202404064
https://doi.org/10.1083/jcb.201607086
https://doi.org/10.1038/nchembio.2059
https://doi.org/10.1016/j.bbamem.2022.184074
https://doi.org/10.3389/fphys.2021.758458
https://doi.org/10.1038/nature07596
https://doi.org/10.1039/C2FD20107K
https://doi.org/10.1016/j.ydbio.2011.09.010
https://www.ncbi.nlm.nih.gov/pubmed/21968100
https://doi.org/10.1074/jbc.M202838200
https://doi.org/10.1016/j.bbamem.2012.03.007
https://doi.org/10.1007/s10719-023-10116-9
https://doi.org/10.1016/j.devcel.2012.08.002

Membranes 2025, 15, 317 18 of 22

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Arumugam, S.; Schmieder, S.; Pezeshkian, W.; Becken, U.; Wunder, C.; Chinnapen, D.; Ipsen, J.H.; Kenworthy, A.K.; Lencer, W.;
Mayor, S.; et al. Ceramide structure dictates glycosphingolipid nanodomain assembly and function. Nat. Commun. 2021, 12, 3675.
[CrossRef]

Asano, S.; Pal, R.; Tanaka, H.; Imamura, A.; Ishida, H.; Suzuki, K.G.; Ando, H. Development of fluorescently labeled SSEA-3,
SSEA-4, and Globo-H glycosphingolipids for elucidating molecular interactions in the cell membrane. Int. J. Mol. Sci. 2019,
20, 6187. [CrossRef] [PubMed]

Takahashi, M.; Komura, N.; Yoshida, Y.; Yamaguchi, E.; Hasegawa, A.; Tanaka, H.; Imamura, A.; Ishida, H.; Suzuki, K.G.; Ando, H.
Development of lacto-series ganglioside fluorescent probe using late-stage sialylation and behavior analysis with single-molecule
imaging. RSC Chem. Biol. 2022, 3, 868-885. [CrossRef] [PubMed]

Yamaguchi, E.; Komura, N.; Tanaka, H.; Imamura, A.; Ishida, H.; Groux-Degroote, S.; Muhlenhoff, M.; Suzuki, K.G.; Ando, H.
Fluorescent GD2 analog for single-molecule imaging. Glycoconj. J. 2023, 40, 247-257. [CrossRef]

Konishi, M.; Komura, N.; Hirose, Y.; Suganuma, Y.; Tanaka, H.; Imamura, A.; Ishida, H.; Suzuki, K.G.; Ando, H. Development of
fluorescent ganglioside GD3 and GQ1b analogs for elucidation of raft-associated interactions. J. Org. Chem. 2020, 85, 15998-16013.
[CrossRef]

Shaw, J.E.; Epand, R.E; Epand, RM,; Li, Z; Bittman, R.; Yip, C.M. Correlated fluorescence-atomic force microscopy of membrane
domains: Structure of fluorescence probes determines lipid localization. Biophys. J. 2006, 90, 2170-2178. [CrossRef]

Ariola, FS.; Li, Z.; Cornejo, C.; Bittman, R.; Heikal, A.A. Membrane fluidity and lipid order in ternary giant unilamellar vesicles
using a new bodipy-cholesterol derivative. Biophys. ]. 2009, 96, 2696-2708. [CrossRef]

Hiramoto-Yamaki, N.; Tanaka, K.A.; Suzuki, K.G.; Hirosawa, K.M.; Miyahara, M.S.; Kalay, Z.; Tanaka, K.; Kasai, R.S.; Kusumi, A,;
Fujiwara, T.K. Ultrafast diffusion of a fluorescent cholesterol analog in compartmentalized plasma membranes. Traffic 2014, 15,
583-612. [CrossRef] [PubMed]

Mukherjee, S.; Zha, X.; Tabas, I.; Maxfield, ER. Cholesterol distribution in living cells: Fluorescence imaging using dehydroergos-
terol as a fluorescent cholesterol analog. Biophys. J. 1998, 75, 1915-1925. [CrossRef] [PubMed]

Lehmann, M.; Halder, S.; Reinholdt, P.; Bashawat, M.; Scheidt, H.A.; Leopold, J.; Schiller, J.; Prima, D.d.; Akkerman, V.; Szomek,
M.; et al. Synthesis and Characterization of a novel intrinsically fluorescent analog of cholesterol with improved photophysical
properties. Anal. Chem. 2024, 96, 18596-18604. [CrossRef]

Ritchie, K.; Shan, X.Y.; Kondo, J.; Iwasawa, K.; Fujiwara, T.; Kusumi, A. Detection of non-Brownian diffusion in the cell membrane
in single molecule tracking. Biophys. J. 2005, 88, 2266-2277. [CrossRef]

Ploetz, E.; Ambrose, B.; Barth, A.; Borner, R.; Erichson, F.; Kapanidis, A.N.; Kim, H.D.; Levitus, M.; Lohman, T.M.; Mazumder,
A.; etal. A new twist on PIFE: Photoisomerisation-related fluorescence enhancement. Methods Appl. Fluoresc. 2023, 12, 012001.
[CrossRef]

Pagano, R.E.; Martin, O.C.; Kang, H.C.; Haugland, R.P. A novel fluorescent ceramide analogue for studying membrane traffic in
animal cells: Accumulation at the Golgi apparatus results in altered spectral properties of the sphingolipid precursor. J. Cell Biol.
1991, 113, 1267-1279. [CrossRef]

Yoon, S.J.; Nakayama, K.; Hikita, T.; Handa, K.; Hakomori, S.I. Epidermal growth factor receptor tyrosine kinase is modulated by
GM3 interaction with N-linked GlcNAc termini of the receptor. Proc. Natl. Acad. Sci. USA 2006, 103, 18987-18991. [CrossRef]
Patry, R.T.; Stahl, M.; Perez-Munoz, M.E.; Nothaft, H.; Wenzel, C.Q.; Sacher, ].C.; Coros, C.; Walter, J.; Vallance, B.A.; Szymanski,
C.M. Bacterial AB(5) toxins inhibit the growth of gut bacteria by targeting ganglioside-like glycoconjugates. Nat. Commun. 2019,
10, 1390. [CrossRef]

Yu, RK.; Usuki, S.; Ariga, T. Ganglioside molecular mimicry and its pathological roles in Guillain-Barré syndrome and related
diseases. Infect. Immun. 2006, 74, 6517—-6527. [CrossRef] [PubMed]

Yanagisawa, K.; Odaka, A.; Suzuki, N.; Ihara, Y. GM1 ganglioside-bound amyloid —protein (Af3): A possible form of preamyloid
in Alzheimer’s disease. Nat. Med. 1995, 1, 1062-1066. [CrossRef] [PubMed]

Kabbani, A.M.; Raghunathan, K.; Lencer, W.I.; Kenworthy, A.K,; Kelly, C.V. Structured clustering of the glycosphingolipid GM1
is required for membrane curvature induced by cholera toxin. Proc. Natl. Acad. Sci. USA 2020, 117, 14978-14986. [CrossRef]
[PubMed]

Sahl, S.J.; Leutenegger, M.; Hilbert, M.; Hell, S.W.; Eggeling, C. Fast molecular tracking maps nanoscale dynamics of plasma
membrane lipids. Proc. Natl. Acad. Sci. USA 2010, 107, 6829-6834. [CrossRef]

Honigmann, A.; Mueller, V,; Ta, H.; Schoenle, A.; Sezgin, E.; Hell, S.W.; Eggeling, C. Scanning STED-FCS reveals spatiotemporal
heterogeneity of lipid interaction in the plasma membrane of living cells. Nat. Commun. 2014, 5, 5412. [CrossRef]

Suzuki, K.G.; Kasai, R.S.; Hirosawa, K.M.; Nemoto, Y.L.; Ishibashi, M.; Miwa, Y.; Fujiwara, T.K.; Kusumi, A. Transient GPI-
anchored protein homodimers are units for raft organization and function. Nat. Chem. Biol. 2012, 8, 774-783. [CrossRef]
Suzuki, K.G.; Fujiwara, T.K.; Sanematsu, F,; Iino, R.; Edidin, M.; Kusumi, A. GPI-anchored receptor clusters transiently recruit
Lyn and G alpha for temporary cluster immobilization and Lyn activation: Single-molecule tracking study 1. J. Cell Biol. 2007, 177,
717-730. [CrossRef]


https://doi.org/10.1038/s41467-021-23961-9
https://doi.org/10.3390/ijms20246187
https://www.ncbi.nlm.nih.gov/pubmed/31817926
https://doi.org/10.1039/D2CB00083K
https://www.ncbi.nlm.nih.gov/pubmed/35866169
https://doi.org/10.1007/s10719-023-10102-1
https://doi.org/10.1021/acs.joc.0c01493
https://doi.org/10.1529/biophysj.105.073510
https://doi.org/10.1016/j.bpj.2008.12.3922
https://doi.org/10.1111/tra.12163
https://www.ncbi.nlm.nih.gov/pubmed/24506328
https://doi.org/10.1016/S0006-3495(98)77632-5
https://www.ncbi.nlm.nih.gov/pubmed/9746532
https://doi.org/10.1021/acs.analchem.3c05720
https://doi.org/10.1529/biophysj.104.054106
https://doi.org/10.1088/2050-6120/acfb58
https://doi.org/10.1083/jcb.113.6.1267
https://doi.org/10.1073/pnas.0609281103
https://doi.org/10.1038/s41467-019-09362-z
https://doi.org/10.1128/IAI.00967-06
https://www.ncbi.nlm.nih.gov/pubmed/16966405
https://doi.org/10.1038/nm1095-1062
https://www.ncbi.nlm.nih.gov/pubmed/7489364
https://doi.org/10.1073/pnas.2001119117
https://www.ncbi.nlm.nih.gov/pubmed/32554490
https://doi.org/10.1073/pnas.0912894107
https://doi.org/10.1038/ncomms6412
https://doi.org/10.1038/nchembio.1028
https://doi.org/10.1083/jcb.200609174

Membranes 2025, 15, 317 19 of 22

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Suzuki, K.G.; Fujiwara, T.K.; Edidin, M.; Kusumi, A. Dynamic recruitment of phospholipase C gamma at transiently immobilized
GPI-anchored receptor clusters induces IP3-Ca?* signaling: Single-molecule tracking study 2. J. Cell Biol. 2007, 177, 731-742.
[CrossRef]

Falck, E.; Patra, M.; Karttunen, M.; Hyvonen, M.T.; Vattulainen, I. Lessons of slicing membranes: Interplay of packing, free area,
and lateral diffusion in phospholipid/cholesterol bilayers. Biophys. J. 2004, 87, 1076-1091. [CrossRef]

Stauffer, T.P; Ahn, S.; Meyer, T. Receptor-induced transient reduction in plasma membrane PtdIns(4,5)P, concentration monitored
in living cells. Curr. Biol. 1998, 8, 343-346. [CrossRef]

Vérnai, P; Balla, T. Visualization of phosphoinositides that bind pleckstrin homology domains: Calcium- and agonist-induced
dynamic changes and relationship to myo-[3H]inositol-labeled phosphoinositide pools. J. Cell Biol. 1998, 143, 501-510. [CrossRef]
[PubMed]

Knight, ].D.; Falke, ].J. Single-molecule fluorescence studies of a PH domain: New insights into the membrane docking reaction.
Biophys. . 2009, 96, 566-582. [CrossRef]

Mashanov, G.I; Tacon, D.; Peckham, M.; Molloy, J.E. The spatial and temporal dynamics of pleckstrin homology domain binding
at the plasma membrane measured by imaging single molecules in live mouse myoblasts. J. Biol. Chem. 2004, 279, 15274-15280.
[CrossRef] [PubMed]

Mori, T.; Niki, T.; Uchida, Y.; Mukai, K.; Kuchitsu, Y.; Kishimoto, T.; Sakai, S.; Makino, A.; Kobayashi, T.; Arai, H.; et al. A
non-toxic equinatoxin-II reveals the dynamics and distribution of sphingomyelin in the cytosolic leaflet of the plasma membrane.
Sci. Rep. 2024, 14, 16872. [CrossRef] [PubMed]

Abe, M.; Makino, A.; Murate, M.; Hullin-Matsuda, F.; Yanagawa, M.; Sako, Y.; Kobayashi, T. PMP2/FABPS8 induces PI(4,5)P(2)-
dependent transbilayer reorganization of sphingomyelin in the plasma membrane. Cell Rep. 2021, 37, 109935. [CrossRef]

Abe, M.; Yanagawa, M.; Hiroshima, M.; Kobayashi, T.; Sako, Y. Bilateral regulation of EGFR activity and local PI(4,5)P(2) dynamics
in mammalian cells observed with superresolution microscopy. Elife 2024, 13, e101652. [CrossRef]

Lemmon, M.A.; Ferguson, K.M.; O’Brien, R.; Sigler, P.B.; Schlessinger, J. Specific and high-affinity binding of inositol phosphates
to an isolated pleckstrin homology domain. Proc. Natl. Acad. Sci. USA 1995, 92, 10472-10476. [CrossRef]

Garcia, P; Gupta, R.; Shah, S.; Morris, A.J.; Rudge, S.A.; Scarlata, S.; Petrova, V.; McLaughlin, S.; Rebecchi, M.J. The pleckstrin
homology domain of phospholipase C-delta 1 binds with high affinity to phosphatidylinositol 4,5-bisphosphate in bilayer
membranes. Biochemistry 1995, 34, 16228-16234. [CrossRef]

Thallmair, V,; Schultz, L.; Evers, S.; Jolie, T.; Goecke, C.; Leitner, M.G.; Thallmair, S.; Oliver, D. Localization of the tubby domain, a
PI(4,5)P, biosensor, to E-Syt3-rich endoplasmic reticulum-plasma membrane junctions. J. Cell Sci. 2023, 136, jcs260848. [CrossRef]
Goulden, B.D.; Pacheco, ].; Dull, A.; Zewe, ].P; Deiters, A.; Hammond, G.R.V. A high-avidity biosensor reveals plasma membrane
PI(3,4)P(2) is predominantly a class I PI3K signaling product. J. Cell Biol. 2019, 218, 1066-1079. [CrossRef]

Hammond, G.R.; Machner, M.P; Balla, T. A novel probe for phosphatidylinositol 4-phosphate reveals multiple pools beyond the
Golgi. J. Cell Biol. 2014, 205, 113-126. [CrossRef] [PubMed]

Maekawa, M.; Fairn, G.D. Complementary probes reveal that phosphatidylserine is required for the proper transbilayer distribu-
tion of cholesterol. J. Cell Sci. 2015, 128, 1422-1433. [CrossRef] [PubMed]

Wang, Y.; Gao, J.; Guo, X,; Tong, T.; Shi, X.; Li, L.; Qi, M.; Wang, Y.; Cai, M.; Jiang, J.; et al. Regulation of EGFR nanocluster
formation by ionic protein-lipid interaction. Cell Res. 2014, 24, 959-976. [CrossRef] [PubMed]

Raut, P.; Obeng, B.; Waters, H.; Zimmerberg, J.; Gosse, J.A.; Hess, S.T. Phosphatidylinositol 4,5-bisphosphate mediates the
co-distribution of influenza A hemagglutinin and matrix protein M1 at the plasma membrane. Viruses 2022, 14, 2509. [CrossRef]
Sztacho, M.; Cervenka, J.; Salovsks, B.; Antiga, L.; Hoboth, P; Hozdk, P. The RNA-dependent association of phosphatidylinositol
4,5-bisphosphate with intrinsically disordered proteins contribute to nuclear compartmentalization. PLoS Genet. 2024, 20, e1011462.
[CrossRef]

Ji, C,; Lou, X. Single-molecule Super-resolution imaging of phosphatidylinositol 4,5-bisphosphate in the plasma membrane with
novel fluorescent probes. . Vis. Exp. 2016, 116, e54466. [CrossRef]

Kuramoto, R.; Ikuta, T.; Carino, C.M.C.; Kawakami, K.; Kushiro, M.; Watanabe, C.; Uchida, Y.; Abe, M.; Sako, Y.; Taguchi, T.; et al.
Membrane-domain compartmentalization of active GPCRs by B-arrestins through PtdIns(4,5)P, binding. Nat. Chem. Biol. 2025.
[CrossRef]

Posor, Y.; Eichhorn-Gruenig, M.; Puchkov, D.; Schoneberg, J.; Ullrich, A.; Lampe, A.; Miiller, R.; Zarbakhsh, S.; Gulluni, F.; Hirsch,
E.; et al. Spatiotemporal control of endocytosis by phosphatidylinositol-3,4-bisphosphate. Nature 2013, 499, 233-237. [CrossRef]
He, K.; Marsland, R., III; Upadhyayula, S.; Song, E.; Dang, S.; Capraro, B.R.; Wang, W.; Skillern, W.; Gaudin, R.; Ma, M.; et al.
Dynamics of phosphoinositide conversion in clathrin-mediated endocytic traffic. Nature 2017, 552, 410-414. [CrossRef]

Zhou, Y.; Prakash, P; Liang, H.; Cho, KJ.; Gorfe, A.A.; Hancock, J.F. Lipid-sorting specificity encoded in K-Ras membrane anchor
regulates signal output. Cell 2017, 168, 239-251.e16. [CrossRef] [PubMed]

Thallmair, V.; Schultz, L.; Zhao, W.; Marrink, S.J.; Oliver, D.; Thallmair, S. Two cooperative binding sites sensitize PI(4,5)P(2)
recognition by the tubby domain. Sci. Adv. 2022, 8, eabp9471. [CrossRef] [PubMed]


https://doi.org/10.1083/jcb.200609175
https://doi.org/10.1529/biophysj.104.041368
https://doi.org/10.1016/S0960-9822(98)70135-6
https://doi.org/10.1083/jcb.143.2.501
https://www.ncbi.nlm.nih.gov/pubmed/9786958
https://doi.org/10.1016/j.bpj.2008.10.020
https://doi.org/10.1074/jbc.M312140200
https://www.ncbi.nlm.nih.gov/pubmed/14729907
https://doi.org/10.1038/s41598-024-67803-2
https://www.ncbi.nlm.nih.gov/pubmed/39043900
https://doi.org/10.1016/j.celrep.2021.109935
https://doi.org/10.7554/eLife.101652
https://doi.org/10.1073/pnas.92.23.10472
https://doi.org/10.1021/bi00049a039
https://doi.org/10.1242/jcs.260848
https://doi.org/10.1083/jcb.201809026
https://doi.org/10.1083/jcb.201312072
https://www.ncbi.nlm.nih.gov/pubmed/24711504
https://doi.org/10.1242/jcs.164715
https://www.ncbi.nlm.nih.gov/pubmed/25663704
https://doi.org/10.1038/cr.2014.89
https://www.ncbi.nlm.nih.gov/pubmed/25001389
https://doi.org/10.3390/v14112509
https://doi.org/10.1371/journal.pgen.1011462
https://doi.org/10.3791/54466
https://doi.org/10.1038/s41589-025-01967-4
https://doi.org/10.1038/nature12360
https://doi.org/10.1038/nature25146
https://doi.org/10.1016/j.cell.2016.11.059
https://www.ncbi.nlm.nih.gov/pubmed/28041850
https://doi.org/10.1126/sciadv.abp9471
https://www.ncbi.nlm.nih.gov/pubmed/36070381

Membranes 2025, 15, 317 20 of 22

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Kimber, W.A.; Trinkle-Mulcahy, L.; Cheung, P.C.; Deak, M.; Marsden, L.J.; Kieloch, A.; Watt, S.; Javier, R.T.; Gray, A.; Downes,
C.P; et al. Evidence that the tandem-pleckstrin-homology-domain-containing protein TAPP1 interacts with Ptd(3,4)P, and the
multi-PDZ-domain-containing protein MUPP1 in vivo. Biochem. ]. 2002, 361, 525-536. [CrossRef] [PubMed]

Vines, ].H.; Maib, H.; Buckley, C.M.; Gueho, A.; Zhu, Z.; Soldati, T.; Murray, D.H.; King, J.S. A PI(3,5)P, reporter reveals PIKfyve
activity and dynamics on macropinosomes and phagosomes. J. Cell Biol. 2023, 222, €202209077. [CrossRef]

Rizalar, ES.; Lucht, M.T.; Petzoldt, A.; Kong, S.; Sun, J.; Vines, ].H.; Telugu, N.S.; Diecke, S.; Kaas, T.; Bullmann, T.; et al.
Phosphatidylinositol 3,5-bisphosphate facilitates axonal vesicle transport and presynapse assembly. Science 2023, 382, 223-230.
[CrossRef]

James, S.R.; Downes, C.P; Gigg, R.; Grove, S.J.; Holmes, A.B.; Alessi, D.R. Specific binding of the Akt-1 protein kinase to
phosphatidylinositol 3,4,5-trisphosphate without subsequent activation. Biochem. J. 1996, 315, 709-713. [CrossRef]

Park, W.S.; Heo, W.D.; Whalen, J.H.; O'Rourke, N.A.; Bryan, H.M.; Meyer, T.; Teruel, M.N. Comprehensive identification of
PIP3-regulated PH domains from C. elegans to H. Sapiens by model prediction and live imaging. Mol. Cell 2008, 30, 381-392.
[CrossRef]

Singh, N.; Reyes-Ordofiez, A.; Compagnone, M.A.; Moreno, J.E; Leslie, B.J.; Ha, T.; Chen, J. Redefining the specificity of
phosphoinositide-binding by human PH domain-containing proteins. Nat. Commun. 2021, 12, 4339. [CrossRef]

Lietzke, S.E.; Bose, S.; Cronin, T.; Klarlund, J.; Chawla, A.; Czech, M.P,; Lambright, D.G. Structural basis of 3-phosphoinositide
recognition by pleckstrin homology domains. Mol. Cell 2000, 6, 385-394. [CrossRef]

Salim, K.; Bottomley, M.].; Querfurth, E.; Zvelebil, M.].; Gout, I; Scaife, R.; Margolis, R.L.; Gigg, R.; Smith, C.I.; Driscoll, P.C.;
et al. Distinct specificity in the recognition of phosphoinositides by the pleckstrin homology domains of dynamin and Bruton’s
tyrosine kinase. EMBO ]. 1996, 15, 6241-6250. [CrossRef]

Rameh, L.E.; Arvidsson, A.; Carraway, K.L., III; Couvillon, A.D.; Rathbun, G.; Crompton, A.; VanRenterghem, B.; Czech, M.P;
Ravichandran, K.S.; Burakoff, S.J.; et al. A comparative analysis of the phosphoinositide binding specificity of pleckstrin homology
domains. J. Biol. Chem. 1997, 272, 22059-22066. [CrossRef]

Shin, J.J.H.; Liu, P; Chan, L.J.; Ullah, A.; Pan, J.; Borchers, C.H.; Burke, J.E.; Stefan, C.; Smits, G.J.; Loewen, C.J.R. pH biosensing
by PI4P regulates cargo sorting at the TGN. Dev. Cell 2020, 52, 461-476.e4. [CrossRef]

Gillooly, D.J.; Morrow, I.C.; Lindsay, M.; Gould, R.; Bryant, N.J.; Gaullier, ].M.; Parton, R.G.; Stenmark, H. Localization of
phosphatidylinositol 3-phosphate in yeast and mammalian cells. EMBO J. 2000, 19, 4577-4588. [CrossRef] [PubMed]

Lawe, D.C,; Patki, V.; Heller-Harrison, R.; Lambright, D.; Corvera, S. The FYVE domain of early endosome antigen 1 is required
for both phosphatidylinositol 3-phosphate and Rab5 binding. Critical role of this dual interaction for endosomal localization. J.
Biol. Chem. 2000, 275, 3699-3705. [CrossRef] [PubMed]

Burd, C.G.; Emr, S.D. Phosphatidylinositol(3)-phosphate signaling mediated by specific binding to RING FYVE domains. Mol.
Cell 1998, 2, 157-162. [CrossRef] [PubMed]

Kutateladze, T.G.; Overduin, M. Structural mechanism of endosome docking by the FYVE domain. Science 2001, 291, 1793-1796.
[CrossRef]

Ketel, K.; Krauss, M.; Nicot, A.S.; Puchkov, D.; Wieffer, M.; Miiller, R.; Subramanian, D.; Schultz, C.; Laporte, J.; Haucke, V. A
phosphoinositide conversion mechanism for exit from endosomes. Nature 2016, 529, 408-412. [CrossRef]

Yeung, T.; Gilbert, G.E.; Shi, J.; Silvius, J.; Kapus, A.; Grinstein, S. Membrane phosphatidylserine regulates surface charge and
protein localization. Science 2008, 319, 210-213. [CrossRef]

Kay, J.G.; Grinstein, S. Sensing phosphatidylserine in cellular membranes. Sensors 2011, 11, 1744-1755. [CrossRef]

Koltsova, E.; Avilova, A.; Nikolaeva, E.; Kolchin, N.; Butov, K. Engineered Fluorescent Variants of Lactadherin C2 Domain for
Phosphatidylserine Detection in Flow Cytometry. Biomolecules 2025, 15, 673. [CrossRef]

Kay, J.G.; Koivusalo, M.; Ma, X.; Wohland, T.; Grinstein, S. Phosphatidylserine dynamics in cellular membranes. Mol. Biol. Cell
2012, 23, 2198-2212. [CrossRef]

Uchida, Y.; Hasegawa, J.; Chinnapen, D.; Inoue, T.; Okazaki, S.; Kato, R.; Wakatsuki, S.; Misaki, R.; Koike, M.; Uchiyama, Y.; et al.
Intracellular phosphatidylserine is essential for retrograde membrane traffic through endosomes. Proc. Natl. Acad. Sci. USA 2011,
108, 15846-15851. [CrossRef]

Koester, A.M.; Tao, K.; Szczepaniak, M.; Rames, M.].; Nan, X. Nanoscopic spatial association between Ras and phosphatidylserine
on the cell membrane studied with multicolor super resolution microscopy. Biomolecules 2022, 12, 1033. [CrossRef]

Zhou, Y.; Wong, C.O.; Cho, K.J.; van der Hoeven, D.; Liang, H.; Thakur, D.P; Luo, J.; Babic, M.; Zinsmaier, K.E.; Zhu, M.X; et al.
SIGNAL TRANSDUCTION. Membrane potential modulates plasma membrane phospholipid dynamics and K-Ras signaling.
Science 2015, 349, 873-876. [CrossRef] [PubMed]


https://doi.org/10.1042/bj3610525
https://www.ncbi.nlm.nih.gov/pubmed/11802782
https://doi.org/10.1083/jcb.202209077
https://doi.org/10.1126/science.adg1075
https://doi.org/10.1042/bj3150709
https://doi.org/10.1016/j.molcel.2008.04.008
https://doi.org/10.1038/s41467-021-24639-y
https://doi.org/10.1016/S1097-2765(00)00038-1
https://doi.org/10.1002/j.1460-2075.1996.tb01014.x
https://doi.org/10.1074/jbc.272.35.22059
https://doi.org/10.1016/j.devcel.2019.12.010
https://doi.org/10.1093/emboj/19.17.4577
https://www.ncbi.nlm.nih.gov/pubmed/10970851
https://doi.org/10.1074/jbc.275.5.3699
https://www.ncbi.nlm.nih.gov/pubmed/10652369
https://doi.org/10.1016/S1097-2765(00)80125-2
https://www.ncbi.nlm.nih.gov/pubmed/9702203
https://doi.org/10.1126/science.291.5509.1793
https://doi.org/10.1038/nature16516
https://doi.org/10.1126/science.1152066
https://doi.org/10.3390/s110201744
https://doi.org/10.3390/biom15050673
https://doi.org/10.1091/mbc.e11-11-0936
https://doi.org/10.1073/pnas.1109101108
https://doi.org/10.3390/biom12081033
https://doi.org/10.1126/science.aaa5619
https://www.ncbi.nlm.nih.gov/pubmed/26293964

Membranes 2025, 15, 317 21 of 22

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Hirama, T.; Lu, S.M.; Kay, ].G.; Maekawa, M.; Kozlov, M.M.; Grinstein, S.; Fairn, G.D. Membrane curvature induced by proximity
of anionic phospholipids can initiate endocytosis. Nat. Commun. 2017, 8, 1393. [CrossRef] [PubMed]

Yokoi, R.; Mori, T.; Hirosawa, K.M.; Kondo, R.; Taguchi, T.; Matsuhashi, N.; Suzuki, K.G.N. Single-molecule imaging quantifies
oncogenic KRAS dynamics for enhanced accuracy of therapeutic efficacy assessment. iScience 2025, 28, 113374. [CrossRef]
[PubMed]

Kemmoku, H.; Takahashi, K.; Mukai, K.; Mori, T.; Hirosawa, K.M.; Kiku, E.; Uchida, Y.; Kuchitsu, Y.; Nishioka, Y.; Sawa, M.; et al.
Single-molecule localization microscopy reveals STING clustering at the trans-Golgi network through palmitoylation-dependent
accumulation of cholesterol. Nat. Commun. 2024, 15, 220. [CrossRef]

Fernandez-Golbano, I.M.; Garcia, P.; Rebollo, E.; Geli, M.I.; Encinar Del Dedo, J. Use of the D4H Probe to Track Sterols in Yeast.
Methods Mol. Biol. 2025, 2888, 35-52. [CrossRef]

de Leeuw, S.M.; Nuriel, T. Intracellular cholesterol visualization in brain tissue using D4H*. STAR Protoc. 2024, 5, 102779.
[CrossRef]

Tomishige, N.; Murate, M.; Didier, P.; Richert, L.; Mély, Y.; Kobayashi, T. The use of pore-forming toxins to image lipids and lipid
domains. Methods Enzym. 2021, 649, 503-542. [CrossRef]

Kiyokawa, E.; Baba, T.; Otsuka, N.; Makino, A.; Ohno, S.; Kobayashi, T. Spatial and functional heterogeneity of sphingolipid-rich
membrane domains. J. Biol. Chem. 2005, 280, 24072-24084. [CrossRef]

Mizuno, H.; Abe, M.; Dedecker, P.; Makino, A.; Rocha, S.; Ohno-Iwashita, Y.; Hofkens, J.; Kobayashi, T.; Miyawaki, A. Fluorescent
probes for superresolution imaging of lipid domains on the plasma membrane. Chem. Sci. 2011, 2, 1548-1553. [CrossRef]
Kwiatkowska, K.; Hordejuk, R.; Szymczyk, P.; Kulma, M.; Abdel-Shakor, A.B.; Plucienniczak, A.; Dotowy, K.; Szewczyk, A.;
Sobota, A. Lysenin-His, a sphingomyelin-recognizing toxin, requires tryptophan 20 for cation-selective channel assembly but not
for membrane binding. Mol. Membr. Biol. 2007, 24, 121-134. [CrossRef] [PubMed]

Kundu, R.; Mondal, S.; Kapadia, A.; Banerjee, A.A.; Kucherak, O.A.; Klymchenko, A.S.; Koushika, S.P.; Venkatramani, R.; Vaidya,
V.A,; Datta, A. A cell-permeable fluorescent probe reveals temporally diverse PI(4,5)P, dynamics evoked by distinct GPCR
agonists in neurons. Chem. Sci. 2025, 16, 10970-10982. [CrossRef] [PubMed]

Dowler, S.; Currie, R.A.; Campbell, D.G.; Deak, M.; Kular, G.; Downes, C.P.; Alessi, D.R. Identification of pleckstrin-homology-
domain-containing proteins with novel phosphoinositide-binding specificities. Biochem. J. 2000, 351, 19-31. [CrossRef] [PubMed]
Yamaji, A.; Sekizawa, Y.; Emoto, K.; Sakuraba, H.; Inoue, K.; Kobayashi, H.; Umeda, M. Lysenin, a novel sphingomyelin-specific
binding protein. J. Biol. Chem. 1998, 273, 5300-5306. [CrossRef]

Anderluh, G.; Pungercar, J.; Strukelj, B.; Macek, P.; Gubensek, F. Cloning, sequencing, and expression of equinatoxin II. Biochem.
Biophys. Res. Commun. 1996, 220, 437-442. [CrossRef]

Makino, A.; Abe, M.; Ishitsuka, R.; Murate, M.; Kishimoto, T.; Sakai, S.; Hullin-Matsuda, F.; Shimada, Y.; Inaba, T.; Miyatake, H.;
et al. A novel sphingomyelin/cholesterol domain-specific probe reveals the dynamics of the membrane domains during virus
release and in Niemann-Pick type C. Faseb J. 2017, 31, 1301-1322. [CrossRef]

Ohno-Iwashita, Y.; Iwamoto, M.; Ando, S.; Mitsui, K.; Iwashita, S. A modified theta-toxin produced by limited proteolysis and
methylation: A probe for the functional study of membrane cholesterol. Biochim. Biophys. Acta (BBA)—Biomembr. 1990, 1023,
441-448. [CrossRef]

Ohno-Iwashita, Y.; Iwamoto, M.; Mitsui, K.; Ando, S.; Iwashita, S. A cytolysin, theta-toxin, preferentially binds to membrane
cholesterol surrounded by phospholipids with 18-carbon hydrocarbon chains in cholesterol-rich region. J. Biochem. 1991, 110,
369-375. [CrossRef]

Nakamura, M.; Sekino, N.; Iwamoto, M.; Ohno-Iwashita, Y. Interaction of theta-toxin (perfringolysin O), a cholesterol-binding
cytolysin, with liposomal membranes: Change in the aromatic side chains upon binding and insertion. Biochemistry 1995, 34,
6513-6520. [CrossRef] [PubMed]

Carquin, M.; Conrard, L.; Pollet, H.; Van Der Smissen, P.; Cominelli, A.; Veiga-da-Cunha, M.; Courtoy, PJ.; Tyteca, D. Cholesterol
segregates into submicrometric domains at the living erythrocyte membrane: Evidence and regulation. Cell. Mol. Life Sci. 2015,
72,4633-4651. [CrossRef]

Johnson, B.B.; Moe, P.C.; Wang, D.; Rossi, K.; Trigatti, B.L.; Heuck, A.P. Modifications in perfringolysin O domain 4 alter the
cholesterol concentration threshold required for binding. Biochemistry 2012, 51, 3373-3382. [CrossRef]

Venugopal, S.; Martinez-Arguelles, D.B.; Chebbi, S.; Hullin-Matsuda, F.; Kobayashi, T.; Papadopoulos, V. Plasma Membrane
Origin of the Steroidogenic Pool of Cholesterol Used in Hormone-induced Acute Steroid Formation in Leydig Cells. J. Biol. Chem.
2016, 291, 26109-26125. [CrossRef]

Andronov, L.; Orlov, I; Lutz, Y.; Vonesch, J.L.; Klaholz, B.P. ClusterViSu, a method for clustering of protein complexes by Voronoi
tessellation in super-resolution microscopy. Sci. Rep. 2016, 6, 24084. [CrossRef]


https://doi.org/10.1038/s41467-017-01554-9
https://www.ncbi.nlm.nih.gov/pubmed/29123120
https://doi.org/10.1016/j.isci.2025.113374
https://www.ncbi.nlm.nih.gov/pubmed/40949096
https://doi.org/10.1038/s41467-023-44317-5
https://doi.org/10.1007/978-1-0716-4318-1_4
https://doi.org/10.1016/j.xpro.2023.102779
https://doi.org/10.1016/bs.mie.2021.01.019
https://doi.org/10.1074/jbc.m502244200
https://doi.org/10.1039/c1sc00169h
https://doi.org/10.1080/09687860600995540
https://www.ncbi.nlm.nih.gov/pubmed/17453419
https://doi.org/10.1039/D5SC01306B
https://www.ncbi.nlm.nih.gov/pubmed/40401190
https://doi.org/10.1042/0264-6021:3510019
https://www.ncbi.nlm.nih.gov/pubmed/11001876
https://doi.org/10.1074/jbc.273.9.5300
https://doi.org/10.1006/bbrc.1996.0391
https://doi.org/10.1096/fj.201500075R
https://doi.org/10.1016/0005-2736(90)90137-D
https://doi.org/10.1093/oxfordjournals.jbchem.a123588
https://doi.org/10.1021/bi00019a032
https://www.ncbi.nlm.nih.gov/pubmed/7756282
https://doi.org/10.1007/s00018-015-1951-x
https://doi.org/10.1021/bi3003132
https://doi.org/10.1074/jbc.m116.740928
https://doi.org/10.1038/srep24084

Membranes 2025, 15, 317 22 of 22

126. Hirano, M.; Ando, R.; Shimozono, S.; Sugiyama, M.; Takeda, N.; Kurokawa, H.; Deguchi, R.; Endo, K.; Haga, K.; Takai-Todaka, R.;
et al. A highly photostable and bright green fluorescent protein. Nat. Biotechnol. 2022, 40, 1132-1142. [CrossRef]

127. Isogai, T.; Hirosawa, K.M.; Suzuki, K.G.N. Recent Advancements in Imaging Techniques for Individual Extracellular Vesicles.
Molecules 2024, 29, 5828. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41587-022-01278-2
https://doi.org/10.3390/molecules29245828

	Introduction 
	Observation of Lipid Probes Conjugated with Organic Dyes in the Outer Leaflet of the PM in Living Cells 
	Development of Lipid Probes Conjugated with Organic Dyes 
	Single-Molecule Tracking of Phospholipid Diffusion at High Temporal Resolution 
	Development of Raftophilic Lipid Probes Tagged with Organic Fluorophores 
	Microscopic Observation in the Outer Leaflet of the PM 

	Observation of Lipids in the Inner Leaflet of Cell PMs Using Lipid-Binding Proteins 
	Development of Phosphoinositide Probes Using Lipid-Binding Proteins 
	Development of Phosphatidylserine Probes in Cell Membranes 
	Development of SM-Binding Protein Probes in Cell Membranes 
	Development of Cholesterol-Binding Protein Probes in Cell Membranes 

	Advanced Microscopic Observation of Lipid-Binding Protein Probes in Cells 
	Observation in Fixed Cells 
	Observation in Living Cells 

	Conclusions 
	References

