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Transbilayer distribution of lipids at nano scale
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ABSTRACT

There is a limited number of methods to examine transbilayer lipid
distribution in biomembranes. We employed freeze-fracture replica-
labelling immunoelectron microscopy in combination with lipid-
binding proteins and a peptide to examine both transbilayer
distribution and lateral distribution of various phospholipids in
mammalian cells. Our results indicate that phospholipids are
exclusively distributed either in the outer or inner leaflet of human
red blood cell (RBC) membranes. In contrast, in nucleated cells,
such as human skin fibroblasts and neutrophils, sphingomyelin was
distributed in both leaflets while exhibiting characteristic lipid
domains in the inner leaflet. Similar to RBCs, lipid asymmetry was
maintained both in resting and thrombin-activated platelets.
However, the microparticles released from thrombin-activated
platelets lost membrane asymmetry. Our results suggest that the
microparticles were shed from platelet plasma membrane domains
enriched with phosphatidylserine and/or phosphatidylinositol at the
outer leaflet. These findings underscore the strict regulation and
cell-type specificity of lipid asymmetry in the plasma membrane.

KEY WORDS: Plasma membrane, Lipid asymmetry, Microdomain,
Electron microscopy, Freeze fracture

INTRODUCTION

The asymmetric distribution of lipids between the outer and inner
leaflet of the membrane bilayer was first reported in red blood cells
(RBCs) (Bretscher, 1972a; Bretscher, 1972b; Gordesky et al., 1972;
Verkleij et al., 1973). Using membrane-impermeable reagents that
covalently bind to the lipid headgroup (Bretscher, 1972a; Bretscher,
1972b; Gordesky et al., 1972) or by selectively degrading the
outer-leaflet phospholipids with specific phospholipases (Biitikofer
et al., 1990; van Meer et al., 1981; Verkleij et al., 1973), it has
been shown that 65-75% of phosphatidylcholine (PC) and ~80%
of sphingomyelin (SM) are located in the outer leaflet, whereas
80-85% of phosphatidylethanolamine (PE), over 96% of
phosphatidylserine (PS) and 80% of phosphatidylinositol 4,5-
bisphosphate (PIP,) are located in the inner leaflet of the human
RBC membrane (Devaux, 1991; Zachowski, 1993).
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Although these experiments have been crucial in elucidating
the important concept of lipid asymmetry, there are several
limitations. The methods require a relatively long incubation time
(10-120 min) and do not account for the possibility of lipid
re-organisation during the course of the treatment. In addition,
these methods are, in principle, best for single-membrane system,
such as RBCs (Bretscher, 1972a; Biitikofer et al., 1990; Gordesky
etal., 1972; van Meer et al., 1981; Verkleij et al., 1973) and gram-
positive bacteria (Rothman and Kennedy, 1977). Application
of these methods to multi-membrane systems, such as eukaryotic
cell membranes, requires additional measures in order to obtain
highly purified membrane preparations (Chap et al., 1977; Perret
et al., 1979; Post et al., 1988; Record et al., 1984; Schick et al.,
1976).

In sodium dodecyl sulphate (SDS)-digested freeze-fracture
replica labelling (FRL), hereafter referred to as SDS-FRL, cells
are quickly frozen (in less than 50 msec) (Ryan et al., 1990),
and the outer- and the inner-leaflet monolayers are separated.
During freeze-fracture sample preparation, lipids and proteins
are fixed on thin metal cast. SDS treatment is necessary to
remove unfractured membranes and cytoplasmic components,
and also to prime the membranes for specific probes. It has
been reported that at least 70% of PC in the replica remains
after SDS treatment (Fujimoto et al., 1996); and Fujita
and Fujimoto obtained a similar result (Fujita and Fujimoto,
2007). In theory, this method is applicable to any cells and
tissues, although sometimes it is difficult to identify the
membrane of interest. Quick freezing of the specimen and
physical fixation are expected to minimise re-organisation of the
lipids during sample preparation. SDS-FRL, therefore, provides a
suitable method to examine lipid asymmetry in different
specimens. Indeed, this method has been applied to study the
transbilayer distribution of PC (Fujimoto et al., 1996) by using a
specific monoclonal anti-PC antibody. It was demonstrated that,
unlike previous biochemical studies, PC is exclusively distributed
in the outer leaflet of the RBC membrane.

The difficulty of obtaining effective and selective lipid-binding
probes, however, hindered further application of this method. The
recent development of peptides and proteins that recognise
specific lipids or lipid clusters has made it possible to apply SDS-
FRL to a systematic analysis of both lateral and transbilayer lipid
distribution (Fujita et al., 2007; Fujita et al., 2009b; Murate et al.,
2010). Since lipids are indirectly detected by the lipid probes,
careful experiments are required to obtain a conclusion in the
lipid detection of SDS-FRL. Particularly, the possibility of a
multiple-binding secondary antibody is a problem. However,
previous experiments by Fujita et al. (Fujita et al., 2007)
demonstrated that multivalent gold-labelled secondary antibody
and monovalent gold-labelled protein A gave very similar results
after appropriate statistical analysis. Until now, successful
experiments identified the lateral distribution of ganglioside,
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monosialoganglioside (GM1), trisialotetrahexosylganglioside
(GM3) (Fujita et al, 2007) and the recently identified
phosphatidylglucoside on the outer leaflet (Murate et al., 2010)
and PIP, in the inner leaflet of the plasma membrane in cultured
cells (Fujita et al., 2009b).

In this study, we measured the transbilayer and the lateral
distribution of lipids in several samples, including the membrane
of human RBCs, and plasma membrane of human skin fibroblasts
(HSFs), HeLa cells, neutrophils and platelets, by using the SDS-
FRL method, and a combination of one peptide and various
proteins that selectively bind to specific lipids and/or lipid
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Fig. 1. Binding specificity of lipid probes to model membranes. Binding
of anti-PC antibody to model membrane composed of: (A) POPC:egg SM
(1:99), (B) POPC:POPE:POPS (1:49.5:49.5), (C) POPS:egg SM (1:99).
Binding of MBP—lysenin to liposomes composed of: (D) egg SM:POPC (1:99),
(E) egg SM:POPE:POPS (1:49.5:49.5), (F) egg SM:DOPE:POPS
(1:49.5:49.5), (G) POPS:POPC (1:99). Binding of biotinylated duramycin to:
(H) POPE:POPC (1:99), (I) POPE:POPS (1:99), (J) POPS:POPC (1:99).
Binding of anti-PS antibody (clone 1H6) to model membrane composed of: (K)
POPS:POPC (1:99), (L) POPS:POPE (1:99), (M) POPE:POPC (1:99), (N)
liver PI:POPC (1:9). Binding of anti-PIP, antibody to liposomes of: (O) brain
PIP,:POPC (0.1:99.9), (P) brain PIP,:POPC (1:99), (Q) brain
PIP,:POPE:POPS (1:49.5:49.5), (R) POPS:POPC (1:99). (S) Quantification
of labelling densities of the probes in membranes with different lipid
composition. The number of gold particles per um? was compared to those in
membranes with different lipid composition (mean=s.d.). No significant
differences were detected across the membranes (P>0.2, Mann-Whitney U
test). In each case, more than six randomly selected areas were analysed.
(T) Distribution of gold particles after incubation of biotinylated duramycin using
symmetric liposomes composed of lyso-PE:POPC:cholesterol (10:45:45).
Scale bars: 100 nm. (U) Distribution of gold particles together with asymmetric
liposomes that had been prepared as described in Materials and Methods.

clusters. Our results indicate that, in contrast to previous
biochemical analysis, each lipid is almost exclusively distributed
to either the outer or inner leaflet of RBC membranes. In contrast to
RBCs, a substantial number of SM clusters distributed in the inner
leaflet of HSFs and neutrophil plasma membranes, where they
form distinct lipid domains. A brief activation of platelets by using
thrombin did not alter the asymmetric distribution of phospholipids
of the plasma membrane, whereas the platelet-shed microparticles
lost asymmetry. Our experiments suggest that the microparticles
are released from the specific plasma membrane domains of
platelets, where PS and/or phosphatidylinositol (PI) were exposed
to the outer leaflet. These results underscore that the asymmetric
distribution of lipids in the plasma membrane is strictly regulated
and cell-type specific.

RESULTS

Specificity and sensitivity of the lipid probes used in the SDS-
FRL method

Since lipid detection using SDS-FRL primarily depends on the
specificity and sensitivity of the lipid probes, we first
characterised our lipid probes by using model membranes with
a defined lipid composition. To study the transbilayer distribution
of lipids, it is crucial to ensure the labelling efficiency of the
lipids is the same between the extracellular surface and the
protoplasmic surface. In this study we measured the binding of
various lipid probes to model membranes that resemble the outer
leaflet containing PC and/or SM (PC/SM) and inner leaflet
containing PE and/or PS (PE/PS) of the plasma membrane.

To detect PC, we employed a monoclonal antibody that
specifically binds to PC (Fujimoto et al., 1996; Nam et al., 1990),
followed by a colloidal gold-labelled secondary antibody. The
anti-PC antibody does not bind to other phospholipids, including
SM, which shares the phosphocholine moiety with PC (Nam
et al., 1990). The specific binding of this antibody to PC was
confirmed with SDS-FRL method using model membranes. The
gold particles were detected in membranes containing PC:SM
(Fig. 1A) as well as PC, PE and PS (PC:PE:PS) (Fig. 1B), but not
in the membranes containing PS and SM (PS:SM) (Fig. 1C). In
Fig. 1A, gold particles accumulated in specific domains,
indicating the phase separation of PC and SM (Ishitsuka et al.,
2004). Fig. 1A,B demonstrates that, even at a low PC content 1%
(mol/mol), the antibody binds similarly to the model membranes
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that mimic outer- or inner-leaflet lipid environment (summarised
in Fig. 1S).

SM was detected by using the maltose-binding protein (MBP)-
tagged lysenin (MBP-lysenin) (Kiyokawa et al., 2005) followed by
an anti-MBP antibody and a colloidal gold-labelled secondary
antibody. Lysenin binds to SM only when the lipid forms clusters of
five to six molecules (Ishitsuka et al., 2004) that are dependent on the
miscibility of SM to the other lipids. Please notice that we use
‘cluster’ when referring to small aggregates composed of few
molecules, and ‘domain’ when referring to the specific area of the
membrane that accumulates immunogold labelling. Fig. 1D,E
indicate that MBP-lysenin labelled SM in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) but not in 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine ~ (POPE): 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS). This may be due to the
differences in miscibility of chicken egg-derived SM (egg SM) with
POPC and POPE:POPS. The gel-to-liquid crystalline phase transition
temperature of N-palmitoyl-D-erythro-sphingosylphosphorylcholine,
the predominant component of egg SM, is around 41°C, and of
POPC is —4°C (Marsh, 2013). The big difference of the transition
temperatures induces phase separation and clustering of SM. In
contrast, the transition temperatures of POPE and POPS are 26°C
and 14°C, respectively (Marsh, 2013). An egg SM transition
temperature that is closer to that of POPE than of POPC increases
the miscibility of SM in membranes that contain POPE and POPS
(POPE:POPS) and decreases the number and sizes of SM clusters.
Indeed, changing POPE to fluid 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), whose transition temperature is
—8°C (Marsh, 2013), resulted in binding of MBP-lysenin to
liposomes (Fig. 1F). MBP-lysenin did not bind to PS:PC (1:99)
liposomes (Fig. 1G). In the following experiments, we employed
MBP-lysenin as an SM-cluster-binding probe.

Wild type lysenin oligomerises to form a pore within the
membrane after binding to SM and is, therefore, cytotoxic
(Ishitsuka and Kobayashi, 2007; Yamaji-Hasegawa et al., 2003;
Yilmaz et al., 2013). Similar to wild type lysenin, MBP-lysenin is
haemolytic (Kiyokawa et al., 2004), suggesting that oligomerisation
of the protein occurs in the presence of SM. Oligomerisation of
the protein may result in false-positive immunogold aggregates.
Although lipids are physically fixed on the carbon and platinum
replicas in SDS-FRL (Fujimoto et al., 1996; Fujita and Fujimoto,
2007) and the addition of polyvalent anti-lipid IgM antibody did
not lead to immunogold aggregates in a previous study (Fujita
et al., 2007), it was important to examine whether the employment
of MBP-lysenin results in artificial aggregation of gold particles
under our experimental conditions. To study this possibility, we
labelled SM:PC (99:1) membranes with MBP—lysenin, followed by
anti-MBP antibody and gold-conjugated secondary antibody
(supplementary material Fig. SIA as a representative). Because
of the high concentration of SM, immunogold aggregates should
not be detected unless artificially induced by MBP-lysenin. The
gold patterns were analysed using Ripley’s K-function (Haase,
1995; Kiskowski et al., 2009; Perry, 2004; Ripley, 1979). The L(r)-
r values indicated a random distribution within all specimens
(n=10) (supplementary material Fig. S1B). This result suggests
that the aggregation of the lipids on replicated cast was not induced
by the application of probes in our experimental conditions, and
that multivalent binding of anti-MBP and gold-labelled secondary
antibodies did not affect the cluster analyses of gold particles.
Fujita and colleagues also demonstrated that [gM antibody against
ganglioside GM3 did not induce artificial clustering of the lipid
(Fujita et al., 2007).

PE was visualised with biotinylated duramycin (Iwamoto et al.,
2007), followed by a colloidal gold-conjugated anti-biotin
antibody. Duramycin is a 19-amino-acid tetracyclic peptide that
specifically binds to PE (Iwamoto et al., 2007; Rzeznicka et al.,
2010). Duramycin is a single-amino-acid variant of cinnamycin
(Iwamoto et al., 2007; Rzeznicka et al., 2010) that is reported to
form an equimolar complex with PE (Hosoda et al., 1996).
Fig. 1H,L,S that duramycin detects 1% (mol/mol) PE in the PC
(Fig. 1H) and PS membranes (Fig. 1I). Crossreaction to PS was
not detected (Fig. 1J).

Lactadherin C2 domain (Lact-C2) has been employed to label
PS of living cells (Yeung et al., 2008). When the specimen of 1%
(mol/mol) of PS in PC liposomes was treated with polyhistidine-
tagged Lact-C2 (His-Lact-C2), followed by anti-polyhistidine
antibody and a colloidal gold-conjugated secondary antibody,
distinctive gold particles were seen not only in liposomes, but also
in replica membranes outside liposomes (supplementary material
Fig. S2A). This result indicated that lactadherin is not suitable in
SDS-FRL. We also tried anti-PS antibody (clone PS4A7) (Umeda
et al., 1989), followed by a gold-conjugated secondary antibody.
This antibody bound specifically to PS 1% (mol/mol) in PC
liposomes (supplementary material Fig. S2B), but signals were also
observed in PE:PC (1:99) liposomes (supplementary material Fig.
S2C). We then examined another antibody against PS (clone 1H6),
which gave analogous positive signals when 1% (mol/mol) of PS
was added to PC (Fig. 1K) or in PE liposomes (Fig. 1L,S). Unlike
clone PS4A7, this antibody did not bind to PE:PC (1:99) liposomes
(Fig. 1M). It has previously been reported that, using lipid-coated
beads, this antibody also binds PI and phosphatidic acid (PA),
albeit to a lesser degree (Yeung et al., 2009). By using the SDS-
FRL method, we confirmed that the 1H6 antibody bound to PI at a
concentration of 10% (mol/mol) in PC liposomes (Fig. IN),
whereas no binding was observed in 10% (mol/mol) PA in PC
liposomes (supplementary material Fig. S2D). In the following
experiments, we employed clone 1H6 of the anti-PS antibody as a
PS/PI-binding probe.

Localisation of PIP, was determined by using an anti-PIP,
monoclonal antibody (Miyazawa et al., 1988), followed by a
colloidal gold-labelled secondary antibody. Previously, it has been
shown that this antibody recognised PIP, but not phosphatidylinositol-
4-monophosphate or other negatively charged phospholipids
(Miyazawa et al., 1988). This antibody detected PIP, at a
concentration as low as 0.1% (mol/mol) in PC liposomes
(Fig. 10). In addition, the antibody bound to PIP,:PC (1:99)
(Fig. 1P) and PIP,:PE:PS (1:49.5:49.5) (Fig. 1Q,S) similarly, but
not to PS:PC (1:99) liposomes (Fig. 1R).

To verify whether our fixation protocol affect asymmetric
distribution of lipids, we next examined lipid distribution in
asymmetric liposomes using SDS-FRL. Asymmetric liposomes
were prepared by incubating PC:cholesterol (1:1) liposomes with 10%
(mol/mol) 1-palmitoyl-2-hydroxy-s#-glycero-3-phosphoethanolamine
(lyso-PE). We also prepared symmetric liposomes in which lyso-PE
was mixed with PC:cholesterol before preparation of liposomes.
Previously we showed that duramycin binds both PE and lyso-
PE (Iwamoto et al., 2007). Fig. IT indicates that biotinylated
duramycin bound both convex and concave faces in symmetric
liposomes. In contrast, only the concave face was labelled in
asymmetric liposomes (Fig. 1U). Although we cannot distinguish
which face is the outer and which the inner leaflet of the lipid
bilayer in liposome specimen, these results indicate that our sample
preparation protocol does not induce transbilayer redistribution of
lipids during treatment.
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Transbilayer distribution of phospholipids in membranes of
human RBCs

The anti-PC antibody has been employed to study the membrane
distribution of PC in various cells, including human RBCs, by
using the SDS-FRL method (Fujimoto et al., 1996). The
experiment has led to the observation that PC is distributed
exclusively to the exoplasmic leaflet of RBCs. Consistent with
these findings, our present results show that the gold particles
were almost exclusively distributed to the exoplasmic fracture
face (E-face) (Fig. 2A,B). A background level of gold particles
was detected in the protoplasmic fracture face (P-face)
(Fig. 2C,D). The average number of gold particles per pm?> was
73.7x37.1 (n=19, mean=*s.d.) in the E-face and 1.4*+1.3 (n=19)
in the P-face. It was calculated that 98.1% of PC was distributed
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in the outer leaflet of RBC membranes (Fig. 2Y). These results
are similar to previous findings (Fujimoto et al., 1996).

In RBCs, SM clusters detected by MBP—lysenin were found
primarily in the E-face (Fig. 2E,F), whereas a very low quantity
of gold particles was detected in the P-face (Fig. 2G,H). The
number of gold particles per um? was 162.8%63.7 (n=22,
mean=s.d.) in the outer leaflet and 2.5%£1.4 (n=21) in the inner
leaflet.

Previously, we have shown that the binding of lysenin to SM
was inhibited by the presence of glycolipids (Ishitsuka et al.,
2004; Makino et al., 2015). To examine the possibility that the
low signal of MBP—lysenin in the inner leaflet was due to the high
concentration of glycolipids, we studied the distribution of the
main glycosphingolipid of RBCs, GM3 (Larson and Samuelsson,

Fig. 2. Binding of the lipid probes to human RBC
membranes. (A-D) Binding of anti-PC antibody. (A) E-face,

(B) enlargement of the boxed area in A, (C) P-face, and

(D) enlargement of the boxed area in C. (E-H) Binding of MBP—
lysenin. (E) E-face, (F) enlargement of the boxed area in E, (G) P-
face, (H) enlargement of the boxed area in G. (I-L) Binding of
anti-GM3 antibody. (I) E-face, (J) enlargement of the boxed area
in 1, (K) P-face, (L) enlargement of the boxed area in K.

(M-P) Binding of biotinylated duramycin. (M) E-face,

(N) enlargement of the boxed area in M, (O) P-face,

(P) enlargement of the boxed area in O. (Q-T) Binding of anti-PS/
PI antibody. (Q) E-face, (R) enlargement of the boxed area in Q,
(S) P-face, (T) enlargement of the boxed area in S. (U-X) Binding
of anti-PIP, antibody. (U) E-face, (V) enlargement of the boxed
area in U, (W) P-face, (X) enlargement of the boxed area in W.
Scale bars: 500 nm. (Y) Transbilayer lipid distribution in RBC
membrane. Average density of gold particles was compared in
the outer and inner leaflets.
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1980). Anti-GM3 antibody (Kotani et al., 1992) has been
employed previously to visualise GM3 in mouse fibroblasts
using SDS-FRL (Fujita et al., 2009a; Fujita et al., 2007), and
supplementary material Fig. S3 shows SDS-FRL labelling of
liposomes composed of GM3:PC (1:99) (A) and GM3:PE:PS
(1:49.5:49.5) (B). Supplementary material Fig. S3 indicates that
the anti-GM3 antibody bound the antigen highly efficiently in the
liposomes that mimic the phospholipid composition of inner
leaflet of the plasma membrane bilayer. Supplementary material
Fig. S3C indicates that the antibody did not bind PE:PS liposomes
in the absence of GM3.

In contrast to the model membrane results, the number of gold
particles per pum?® was 69.8+44.6 (n=19, mean=s.d.) in the outer
leaflet (Fig. 21,J), whereas it was 4.3+2.7 (n=19) in the inner
leaflet (Fig. 2K,L) of RBCs. These results indicate that GM3 is
enriched in the outer leaflet of RBCs and suggest that the low
signal of MBP-lysenin in the inner leaflet was, indeed, due to the
low concentration of SM clusters. Our results also indicate that
98.5% of SM clusters were distributed to the outer leaflet of the
RBC membrane (Fig. 2Y).

In contrast to PC and SM clusters, PE was detected exclusively
in the P-face by duramycin labelling (Fig. 2M-P). The number of
gold particles per umz was 0.6£0.7 (n=20, mean=s.d.) in the
outer leaflet (E-face), whereas it was 177.5+47.7 (n=29) in the
inner leaflet (P-face). This result suggests that 99.8% of PE was
distributed to the inner leaflet of RBC membranes (Fig. 2Y).
Previously, we have shown that the PE labelling by duramycin is
dependent on the curvature of the membrane when the membrane
is solid (Iwamoto et al., 2007). Duramycin did not efficiently bind
low-curvature membranes, such as large liposomes composed of
solid lipids (distearoyl-PE/distearoyl-PC). In contrast, duramycin
is able to interact with low curvature membrane-containing PE
when the lipids are fluid. It is speculated that the exposure of
the hydrophobic moiety of the PE molecule is required for
the binding of duramycin to PE. Although the RBC membrane
has a comparatively lesser curvature than liposomes, duramycin
yielded a positive signal in the specimen. In the SDS-FRL
method, lipids are physically fixed by the deposition of platinum
and carbon (Fujimoto et al., 1996; Fujita and Fujimoto, 2007).
Our results suggest that, even after physical fixation, PE within
membrane of RBCs is flexible enough to expose its hydrophobic
region to duramycin.

Similar to staining of PE, PS/PI detection after incubation with
anti-PS antibody (clone 1H6) was observed in the P-face, but was
almost absent from the E-face (Fig. 2Q-T). The number of gold
particles per pm* was 0.3+0.4 (n=22, mean=+s.d.) in the outer
leaflet but 43.9£27.5 (n=21) in the inner leaflet, suggesting that
99.3% of PS/PI are distributed in the inner leaflet of RBC
membranes (Fig. 2Y).

Following staining of RBC membrane with the anti-PIP,
antibody, immunogold particles were exclusively distributed to
the P-face (Fig. 2U-X). The number of gold particles per um?>
was 0.320.5 (=21, mean=s.d.) in the outer leaflet, whereas it
was 106.2+40.0 (n=24) in the inner leaflet, suggesting that
99.7% of PIP, are distributed in the inner leaflet of RBC
membranes (Fig. 2Y).

Transbilayer distribution of phospholipids in HSF

plasma membrane

Compared to the RBC membranes, the plasma membrane of
HSFs is complex and heterogeneous. Here, we examined the
distribution of various phospholipids in the outer and inner

leaflets of flat regions and caveolae of the plasma membrane.
Caveolae were identified by their characteristic shape as
described previously (Fujimoto et al., 2000).

Immunogold particles were detected in the E-face of flat
regions after incubation of HSF plasma membrane with the anti-
PC antibody (Fig. 3A). Very little immunogold labelling was
detected in the E-face of caveolae (Fig. 3B). In contrast to RBC
membranes and tissues (Fujimoto et al., 1996), a significant
amount of immunogold labelling was also found in the P-face of
HSF plasma membrane (Fig. 3C,D). Furthermore, clusters of
three to five gold particles were frequently associated with
caveolae (Fig. 3D arrowheads) in the P-face. The average number
of gold particles per pm* was 7.1+3.6 (n=50, mean+s.d.) in the
E-face, and 1.5+1.4 (n=39) in the P-face. This indicates that
82.6% of PC was distributed in the outer leaflet of HSF plasma
membrane (Fig. 3R).

Compared to RBCs, the membrane density of PC was ten times
lower in HSFs. We then examined membrane distribution of PC in
HeLa cells. Supplementary material Fig. S4 indicates the distribution
of immunogold particles in the flat region (supplementary material
Fig. S4A,C) and caveolae (supplementary material Fig. S4B,D) of
the plasma membrane of HeLa cells. The average number of gold
particles per um?” was 40.2+28.2 (n=16, means.d.) in the E-face,
and 3.4*+1.6 (n=19) in the P-face. It was calculated that 92.2% of
PC was distributed in the outer leaflet of HelLa cell plasma
membranes. We did not detect PC associated to caveolae in HeLa
cells. Membrane density of PC in HeLa cells was comparable to
that in RBCs. These results indicate that membrane density of PC is
cell type specific.

Similar to PC, SM clusters revealed by MBP—lysenin binding
were mainly distributed in the E-face (Fig. 3E) of the HSF plasma
membrane. Signals were often observed at the edge and the centre
of caveolae (Fig. 3F arrowheads). In contrast to RBCs, significant
numbers of gold particles were detected in the P-face where they
formed a domain of 5-20 particles (Fig. 3G). Inner leaflets of
caveolae were devoid of gold particles (Fig. 3H). The number of
gold particles per um? was 24.9+12.4 (n=42, mean+s.d.) in the
outer leaflet, whereas it was 3.4+3.8 (n=43) in the inner leaflet.
These results suggest that 87.9% of SM clusters detected by
MBP-lysenin were distributed in the outer leaflet of the fibroblast
plasma membrane (Fig. 3R).

In contrast to PC and SM distribution, PE labelling by
duramycin was demonstrated almost exclusively in the P-face
(Fig. 31-K). Signals were often observed within the rim of
caveolae (Fig. 3K arrowheads). The average number of gold
particles per pm* was 1.1+0.7 (n=38, mean=s.d.) in the outer
leaflet (E-face), whereas it was 45.816.6 (n=34) in the inner
leaflet (P-face). This result suggests that 97.7% of PE distributes
in the inner leaflet of HSF plasma membrane (Fig. 3R).

Similar to PE staining, localisation of the acidic phospholipids
PS and PI was indicated almost exclusively in the P-face, whereas
only a few gold particles stained the E-face (Fig. 3L-N). Signals
were often associated with the edge of caveolae (arrowheads) in
the P-face (Fig. 3N). The number of gold particles per pm?* was
0.5*+0.3 (n=40, mean=s.d.) in the outer leaflet, whereas it was
11.8+4.2 (n=32) in the inner leaflet, suggesting that 95.8% of
PS/PI were distributed in the inner leaflet of HSF plasma
membranes (Fig. 3R).

Similar to the distribution of PIP, in the RBC membrane,
immunogold particles were almost exclusively distributed in the
P-face in HSF plasma membrane following incubation with the
anti-PIP, antibody (Fig. 30-Q). The gold particles often localised

1631

()
(&)
[
Q0
O
w
o
®)
Y—
(@)
®©
[
—
>
(®)
=



http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.163105/-/DC1

RESEARCH ARTICLE

Journal of Cell Science (2015) 128, 1627—1638 doi:10.1242/jcs.163105

E-face P-face Fig. 3. Binding of the lipid probes to HSF plasma membranes.
A B - c D - "" (A-D) Binding of anti-PC antibody. (A) E-face in flat region, (B) E-face
e I ‘1 in caveolae, (C) P-face in flat region, and (D) P-face in caveolae. Small
3t > L 5 immunogold aggregates associated with caveolae (arrowheads).
PC - r i L . T b 1 (E-H) Binding of MBP-lysenin. (E) E-face in flat region, (F) E-face in
L, - M ‘: L ™ caveolae. Some signals were detected in the center of and at the rim
R et X L » -\ of caveolae (arrowheads). (G) P-face in flat region. Gold assemblies
E F ™ G H~ = indicating the lipid domains enriched with SM clusters in P-face. (H) P-
5 oI d_. - 'A face in caveolae. (I-K) Binding of biotinylated duramycin. (I) E-face,
SM ? - _j?.-,- ¢ 1 s (J) P-face in flat region, (K) P-face in caveolae. Several gold particles
cluster e £ o SRR ‘ ! A showing the distribution of PE at the rim of caveolae (arrowheads).
* Shie i iy » o (L-N) Binding of anti-PS/PI antibody. (L) E-face, (M) P-face in flat
s b \‘ x - region, (N) P-face in caveolae. (O-Q) Binding of anti-PIP, antibody.
A ) (O) E-face, (P) P-face in flat region, (Q) P-face in caveolae. Many
E-face P-face caveolae were immunogold-labelled at the rim (arrowheads). Scale
. : g , bar in A for A-D, 100 nm; in E for E=H, 500 nm; in | for I-Q, 500 nm.
| J - Ka e (R) Transbilayer lipid distribution in HSF plasma membrane. Average
," . = > ‘ density of gold particles was compared in the outer and inner leaflets.
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in the periphery of caveolae (Fig. 3Q, arrowheads), consistent
with the previous reports (Fujita et al., 2009b). The number of
gold particles per pm? was 0.3+0.2 (n=41, mean+s.d.) in the
outer leaflet, whereas it was 39.1+13.2 (n=35) in the inner
leaflet, suggesting that 99.2% of PIP, are distributed in the inner
leaflet of fibroblast plasma membranes (Fig. 3R).

Lateral distribution of phospholipids in the

plasma membrane

We then analysed the lateral distribution of gold particles in RBC
and HSF plasma membranes in a statistical analysis using
Ripley’s K-function (Haase, 1995; Kiskowski et al., 2009; Ripley,
1979). This method has been applied to analyse the distribution of
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SM clusters (Abe et al., 2012; Kiyokawa et al., 2005),
gangliosides (Fujita et al., 2007; Kiyokawa et al., 2005), PIP,
(Abe et al., 2012; Fujita et al., 2009b), glycophospholipid (Murate
et al, 2010), cholesterol (Mizuno et al., 2011) and proteins
(Lillemeier et al., 2006; Prior et al., 2003; Wilson et al., 2004) in
the plasma membrane.

The estimated radius of clusters, number of detected clusters
and maximum value of L(r)-r in each analysis are shown in
Table 1 for RBCs, and Table 2 for HSFs. Table 1 indicates that
PC and GM3 formed domains in the outer leaflet of the RBCs in
more than half of specimens tested. Regarding SM clusters in the
outer leaflet, only one out of 22 analyses exhibited domains,
whereas 21 analyses indicated a random distribution. In the inner
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leaflet of RBCs, PS/PI and PIP, exhibited domains in more than
half of specimens. Three out of 29 analyses showed domains of
PE in the inner leaflets, whereas the remaining 26 indicated a
random distribution.

In the HSF plasma membrane (Table 2), outer-leaflet PC and
SM clusters, as well as inner-leaflet PS/PI and PIP, exhibited
immunogold-labelled domains in all samples. In the case of SM
clusters, 28 out of 43 areas exhibited immunogold-labelled
domains also in the inner leaflet, whereas 15 areas showed a
random distribution of immunogold-labelled domains. Twenty
out of 34 analyses exhibited domains of PE in the inner leaflet,
whereas the remaining 14 displayed a random distribution.

Transbilayer distribution of SM clusters in human neutrophil
plasma membrane

SM clusters were not observed in the inner leaflet of RBCs
(Fig. 2E-H), but formed clear domains in the inner leaflet of HSF
plasma membranes (Fig. 3G and Table 2). We examined whether
other cell types show such lipid domains in the inner leaflet of the
plasma membrane. Fig. 4A,B show the distribution of SM
clusters revealed by MBP-lysenin in the E- (Fig. 4A) and P-
faces (Fig. 4B) of neutrophil plasma membranes. As shown in
HSF plasma membranes, SM clusters in neutrophil plasma
membranes were mainly distributed in the E-face and, also
similar to HSFs, clear domains were observed in the P-face.
Because of the rough surface of neutrophil plasma membranes, it
was difficult to accurately quantify the density of immunogold
particles within a large area. However, the domain radii were
estimated to be 110.1£50.0 nm (»=8, mean=*s.d.) in the inner
leaflet of neutrophils. The size of domains was not statistically
different to those in HSFs (Table 2); calculated using by Mann—
Whitney U test (P=0.18).

Scrambled transbilayer distribution of phospholipids in the

microparticles derived from thrombin-stimulated platelets

Similar to the situation in RBCs, the asymmetric distribution of
phospholipids in the plasma membrane of resting platelets has
been reported (Perret et al., 1979; Schick et al., 1976). However,
estimating the transbilayer distribution of the lipids is technically
difficult in a conventional phospholipase procedure due to the
presence of intracellular membranes. Activation of platelets is
accompanied by the release of highly procoagulant (Sinauridze
et al., 2007) and annexin-V-positive microparticles (Thiagarajan
and Tait, 1991). Binding of annexin V suggests the exposure of PS
in microparticle membranes. However, annexin V also binds to
PA, PI and PE (Blackwood and Ernst, 1990; Schlaepfer et al.,
1987). The detailed distribution of lipids in microparticle

membrane has not been examined. In our present study, we
examined the transbilayer and lateral distribution of SM clusters,
and PS/PI in resting and thrombin-stimulated platelets as well as
platelet microparticles.

In non-stimulated platelet plasma membrane, PS/PI labelling
was almost absent from the E-face (Fig. 5A,B), but observed in
the P-face (Fig. 5C,D). These results are similar to those observed
in RBC membrane (Fig. 2Q-T) and HSF plasma membrane
(Fig. 3L-N). In contrast to PS/PI, the localisation of SM clusters
revealed by MBP-lysenin was exclusively detected in the E-face
(Fig. 5E,F) of platelet plasma membrane. Only a background
level of gold particles was observed in the P-face (Fig. 5G,H).
The exclusive distribution of SM clusters in the E-face of platelet
plasma membranes is similar to that in RBC membranes, but
different to nucleated HSFs and neutrophils.

Treatment of platelet-rich plasma with 0.5 units/ml thrombin
for 3 min did not significantly alter the transbilayer distribution of
PS/PI (Fig. 5I-L) and SM clusters (Fig. SM-P). In contrast,
significant numbers of gold particles that correspond with the
localisation of PS/PI were detected both in the E- (Fig. 5Q) and
P-faces (Fig. SR) of microparticle membranes derived from
activated platelets. Anti-PS/PI antibody labelling was detected in
the E-face in 44.3% (n=79) of microparticles. The distribution of
MBP-lysenin staining was also observed in both layers of
microparticle membrane (Fig. 5S,T). Notably, signals for PS/PI
as well as SM clusters were not evenly distributed in outer and
inner leaflets (Fig. 5Q-T) of microparticles.

In a limited number of activated platelets, PS/PI was detected
within a very restricted area of the outer leaflet (Fig. 6A,B).
Fig. 6C,D indicates that the E-face of budding microparticles
shows a PS/PI signal, whereas other parts of E-face of the
membrane were not labelled by the anti-PS/PI antibody. These
results suggest that the scrambled membrane domains are
released as microparticles once the platelets are activated by
thrombin.

DISCUSSION

In our study here, we employed the SDS-FRL method together
with a variety of lipid-binding proteins and a peptide to study the
transbilayer and lateral distribution of phospholipids in RBC
membranes as well as plasma membranes from HSFs, Hela
cells, neutrophils and platelets. Our results indicated that the
distribution of phospholipids in RBC membranes was discrete;
PC and SM clusters were exclusively localised in the outer
leaflet, whereas PE, PS/PI and PIP, were restricted in the inner
leaflet. These results are in contrast to previous biochemical
characterisations, in which each phospholipid was detected in

Table 1. Lipid domain analyses of phospholipids for the RBC membrane

Outer leaflet Inner leaflet
Actual
Radius (nm) Lipid Maximum value Actual domain Radius (nm) Lipid Maximum value domain
(mean=s.d.) domain (mean=s.d.) radius(nm) (mean+s.d.) domain (meanz*s.d.) radius (nm)
PC 24.6+8.8 10/19 7.8+5.8 random - 0/19 - -
SM cluster random 1/22 1.8+8.2 random - 0/21 - -
GM3 32.8+5.5 12/19 16.7+x11.2 2-15 - 0/19 - -
PE - 0/20 - - random 3/29 0.5+1.8 random
PS/PI - 0/22 - - 16.5+1.6 19/21 26.2+20.1 random
PIP, - 0/22 - - 16.5+0.5 14/24 8.2+4.8 random

—: Insufficient number of gold particles for analysis.
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Table 2. Lipid domain analyses of phospholipids for the HSF plasma membrane

Outer leaflet Inner leaflet
Actual

Radius (nm) Lipid Maximum value domain Radius (nm) Lipid Maximum value Actual domain

(mean=s.d.) domain (mean=xs.d.) radius (hm) (meanz*s.d.) domain (mean=*s.d.) radius (nm)
PC 39.6+14.9 50/50 123.6+66.6 1-30 - 0/39 - -
SM cluster 36.1x7.9 42/42 30.5+22.6 3-20 147.7+60.6 28/43 646.5+220.2 60-180
PE - 0/38 - - 20.7+2.0 20/34 6.7x4.5 random
PS/PI - 0/40 - - 22.8+7.0 32/32 49.2+26.6 1-20 in some

samples

PIP, - 0/41 - - 19.6+3.3 35/35 18.0=11.6 random

—: Insufficient number of gold particles for analysis.

both leaflets, although the distribution was asymmetric (Bretscher,
1972a; Bretscher, 1972b; Biitikofer et al., 1990; Devaux, 1991;
Gordesky et al., 1972; van Meer et al., 1981; Verkleij et al., 1973;
Zachowski, 1993). Since our method is dependent on the lipid
probes employed, it is possible that lipid concentration was not
sufficiently high to be detected by the probes. However, the model
membrane experiments demonstrated that our probes effectively
detected the lipids, even when the membrane concentration was as
low as 1% (mol/mol). We speculate that the discrepancy between
our results and previously published biochemical studies is due to
leakage and re-organisation of lipid molecules occurring during
biochemical analyses.

To evaluate the size of phospholipid domains when using the SDS-
FRL method, the distance between target molecule and gold particle
has to be calculated. When 2 nm gold-conjugated glutathione S-
transferase (GST) was labelled with anti-GST antibody followed by a
5 nm gold-conjugated F(ab’), fragment of the secondary antibody,
the distance between the surface of 2 nm gold and the centre of 5 nm
gold was measured to be 16 nm (Fujita et al., 2007). To label SM
clusters, we added MBP-lysenin, anti-MBP antibody and 10 nm
gold-conjugated secondary IgG antibody. In this labelling protocol,
the distance between SM cluster and gold was estimated to be 25 nm.
The distance between the lipid and gold particle was shorter when the
two-step labelling protocol to reveal PC, GM3, PE, PS/PI and PIP,
was employed. Considering the distance between the lipid and the
gold particle, we estimated the distribution of phospholipids as
follows: random (PC and SM cluster at the outer leaflet of RBC
membranes, PE and PIP, in the inner leaflets of RBC and HSF

E-face P-face
A S
e e
'-A .7‘ : =

Fig. 4. Binding of MBP-lysenin to human neutrophil plasma
membranes. (A) E-face, (B) P-face. Gold particles indicate that the

accumulation of SM clusters formed distinctive domains at the P-face
(arrowheads). Scale bar: 500 nm.
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plasma membrane and PS/PI in the inner leaflets of RBC), domains
with a radius of 2-15 nm (GM3 in the outer leaflet of RBC
membrane), domains with a radius of 1-30 nm (PC in the outer leaflet
of HSF plasma membrane), domains with a radius of 3-20 nm (SM
cluster in the outer leaflet of HSF plasma membrane) and domains
with a radius of 60—180 nm (SM cluster in the inner leaflet of HSF
plasma membrane) (see Table 1 for RBCs and Table 2 for HSFs). In
case of PS/PI domains in HSF plasma membrane, there was a big
deviation in the domain radii (13.9—44.9 nm, average 22.8 nm); and
nine out of 32 analyses indicated domains with a radius bigger than
25 nm. These results suggest the existence of small number of PS/PI
domains in the plasma membrane. Our finding that the SM cluster is
randomly distributed in RBC membranes indicates that multivalent
binding of gold-conjugated secondary antibodies did not induce
artificial aggregation of immunogold clusters.

Our results revealed that the lateral distribution of not only SM
clusters, but also of PC was not random in the outer leaflet of HSF
plasma membranes. In addition, PS/PI occasionally formed
domains in the inner leaflet. In case of RBC membranes, GM3
formed domains in the outer leaflet. Lipid domains composed of
sphingolipids and cholesterol attracts considerable attention
(Jacobson et al., 2007; Lingwood and Simons, 2010). It has
already been reported that many kinds of membrane lipid, including
SM (Abe et al., 2012; Kiyokawa et al., 2005), glycosphingolipid
(Fujita et al., 2007; Iwabuchi et al., 2008; Kiyokawa et al., 2005),
glycosphingolipid (Murate et al., 2010) and cholesterol (Mizuno
et al., 2011) form domains on the plasma membrane. Recently, we
clarified the physiological transbilayer cooperation between SM
and PIP, domains across the plasma membrane during cytokinesis,
by using superresolution fluorescence microscopy (Abe et al.,
2012). Our present results, obtained by using the SDR-FRL method,
will contribute to better understand the role of specific lipid
domains in each leaflet of the plasma membrane.

In contrast to RBC plasma membranes, PC and SM clusters
formed distinct lipid domains in the inner leaflet of HSF plasma
membranes (as seen by labelling with 3-20 gold particles).
Domains of SM clusters were also observed in the inner leaflet of
the neutrophil plasma membranes with comparable radii. It has
been reported that PC in the cytoplasmic side of the plasma
membrane is hydrolysed by PC-specific phospholipase C
(Ramoni et al., 2004) and phospholipase D2 (PLD2) (Du et al.,
2004). Sphingomyelin is also digested by intracellular neutral
sphingomyelinase 2 (Tani and Hannun, 2007). In both cases,
signalling lipids, including diacylglycerol, PA, ceramide and
sphingosine-1-phosphate (Nagata et al., 2006) are formed. Our
results suggest that the inner-leaflet lipid domains of PC and SM
may be the targets of these enzymes in fibroblast and neutrophil
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Non-stimulated platelets
E-face

A

PS/PI

SM
cluster

Thrombin-stimulated platelets
E-face

SM
cluster

Microparticles
E-face

PS/PI

plasma membranes. In contrast to the present study, intracellularly
expressed lysenin did not localise to the plasma membrane in living
cells (Abe et al., 2012). Successful detection of SM domains in the
inner leaflet in the present study may be due to the washing out of
SM-associated proteins following SDS treatment. The molecular
mechanism of the distribution of SM in the inner leaflet of the
plasma membranes from HSF and neutrophils is obscure. However,
recent results using equinatoxin—EGFP as a SM probe suggest the
exposure of SM to the cytoplasmic side of cis-Golgi compartment in
fibroblasts (Bakrac et al., 2010). These results suggest that the
exposure of SM to the inner leaflet of the plasma membranes in HSF
is dependent on the active de novo biosynthesis of SM, which is
defective in RBC.

Fig. 5. Binding of the lipid probes
to non-stimulated and thrombin-
P-face stimulated human platelet plasma
[0}k membranes and microparticle
; membranes. (A-D) Binding of anti-
PS/PI antibody to non-stimulated
platelet plasma membrane. (A) E-
face, (B) enlargement of the boxed
areain A, (C) P-face, (D) enlargement
of the boxed area in C. (E-H) Binding
of the SM-cluster-specific probe,
MBP-lysenin to non-stimulated
H 2 ) platelet plasma membrane. (E) E-
. face, (F) enlargement of the boxed
Q areain E, (G) P-face, (H) enlargement
of the boxed area in G. (I-L) Binding of
anti-PS/PI antibody to thrombin-
stimulated platelet plasma membrane.
(I) E-face, (J) enlargement of the
boxed area in 1, (K) P-face,
(L) enlargement of the boxed area in
K. (M-P) Binding of MBP-lysenin to
thrombin-stimulated platelet plasma
membrane. (M) E-face,
(N) enlargement of the boxed area in
M, (O) P-face, (P) enlargement of the
boxed area in O. (Q,R) Binding of anti-
PS/PI antibody to E- (Q) and P-face
(R) of microparticle membrane.
(S,T) Binding of MBP—lysenin to E-
face (S) and P-face (T) of
microparticle membrane. Scale bars:
500 nm (A-P), 100 nm (Q-T).

Caveolae are characteristic small pits (60—80 nm in diameter) of
the plasma membrane that play important roles in cellular signalling,
endocytosis, lipid metabolism as well as mechanosensing (Bastiani
and Parton, 2010). Although the enrichment of sphingomyelin in
caveolae has been biochemically demonstrated (Ortegren et al.,
2004), previous SDS-FRL detection of SM using monoclonal
antibody, that binds both SM and saturated fatty acid-containing
PC (Hirota et al., 1995), did not indicate the enrichment of SM in
caveolae (Fujimoto, 1996). Our results showed the occasional
appearance of SM cluster in the centre and the edge of the outer
leaflet of caveolae. Although SM clusters were observed in the
inner leaflet of the plasma membranes of HSF, the inner leaflet of
caveolae was devoid of SM clusters, suggesting that outer-leaflet
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Fig. 6. Binding of anti-PS/PI antibody to thrombin-stimulated platelet plasma membranes. (A) E-face, (B) enlargement of the boxed area in A, (C) freeze-
fracture image of budding microparticle, (D) enlargement of the boxed area in C. E, E-face; P, P-face. Scale bars: 500 nm (A,C), 100 nm (B,D).

SM and inner-leaflet SM localise independently in caveolae. In
contrast, we detected PC in the rim of the inner leaflet of caveolae
in HSF. The outer leaflet of caveolae was devoid of PC. These
results suggest that PC in the outer and inner leaflet do not
coordinate across the bilayer in caveolae. Recently it has been
reported that type IV P-type ATPase ATP8BI1/ATP8B2
preferentially translocates PC from the outer to the inner leaflet
of the plasma membrane (Takatsu et al., 2014). Our results suggest
that caveolae are the site of the transbilayer movement of PC in
HSFs.

PIP, was also frequently detected in the rim of caveolae in the
inner leaflet. Similar to PIP,, PE in the inner leaflet was localised
within the rim of caveolae. Although the depth of caveolae were
different in the specimen, labelling of the rim of caveolae was
observed regardless of caveolar depth, suggesting that it is not
simply caused by superimposition of gold particles along the
lateral wall of the deeply invaginated caveolae. Similar results
have been obtained by Fujita et al. (Fujita et al., 2009b). Because
of its small headgroup, PE has tendency to form corn-shape
(Cullis and de Kruijff, 1979). This structural feature of the lipid
may be involved in the formation of high curvature in the edge of
caveolae.

Similar to the RBC membrane, SM clusters and PS/PI were
exclusively distributed in the outer and inner leaflet, respectively,
within the platelet plasma membrane. Even after thrombin
activation, platelets showed clear asymmetry of SM clusters
and PS/PI. However, some cells showed positive signals of PS/PI
in the restricted area of the outer leaflet of the plasma membrane.
We also observed selective labelling of the outer leaflet of
budding membrane with the anti-PS/PI antibody. The released
microparticle fraction showed scrambled transbilayer lipid
distribution of SM clusters and PS/PI. These results indicate
that the scrambled membranes are selectively released in the form
of microparticles in thrombin-activated platelets and also suggest
that exposure of PS/PI to the outer leaflet triggers the vesiculation
of platelets.

Our results, as well those from as others (Cheng et al., 2014;
Fujimoto et al., 1996; Fujita et al., 2007; Fujita et al., 2009b;
Murate et al., 2010), indicate that the SDS-FRL method is a
useful and powerful technique for investigating the localisation of
membrane lipids. It has the following advantages: (1) the
extremely rapid freezing procedure (milliseconds) and chemical
fixative-free methods ensures minimal re-organisation of the
membrane lipids during sample preparation; (2) SDS digestion
removes lipid-binding or lipid-associated proteins and most of the
membrane lipids are exposed to lipid probes; (3) the localisation
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of lipids in the inner and the outer leaflets can be distinguished by
physically splitting each leaflet of the lipid bilayer; (4) the two-
dimensional distribution of the lipids can also be investigated at
nanometre level and; (5) this method can be applied to any cell,
tissue and organelle.

The successful detection of lipids by SDS-FRL primarily
depends on the properties of the lipid probes. Owing to the lower
antigenicity of lipids, only a few lipid-specific antibodies are
available for staining. Furthermore, a limited number of peptides
and proteins are reported to bind specific lipids (Hullin-Matsuda
and Kobayashi, 2007). Further development and characterisation
of lipid probes is important for the future application of SDS-FRL
in lipid biology.

MATERIALS AND METHODS

Lipid membranes and liposomes

POPC, egg SM, DOPE, POPE, lyso-PE, POPS, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphate (POPA), L-a-phosphatidylinositol from bovine liver
(liver PI) and L-o-phosphatidylinositol (4,5)-bisphosphate from porcine
brain (brain PIP,) were purchased from Avanti Polar Lipids (Alabaster,
AL). GM3 was from Matreya, LLC (Pleasant Gap, PA). Cholesterol was
from Sigma-Aldrich (St Louis, MO). The lipids were mixed at defined
molar ratios and dried under vacuum overnight. The samples were
dissolved slowly into Tris-buffered saline pH 7.4 (TBS) with three cycles
of heating and cooling, sonicated in a bath sonicator for 10 min to
prepare multilamellar vesicles (MLVs). MLVs were centrifuged (21,600
g) for 10 min at 4°C and the precipitate was re-suspended in TBS
containing 1.75 M sucrose to prevent the formation of ice crystals. The
specimens were sandwiched between two replica carriers (Bal-Tec,
Liechtenstein) and rapidly frozen in liquid ethane cooled by liquid
nitrogen. To prepare asymmetric liposomes, MLVs composed of
POPC:cholesterol (1:1) in TBS were freeze-thawed three times using
liquid nitrogen and a 37°C water bath, and then extruded 20 times
through polycarbonate membranes (0.4 um, Avanti) mounted in the
Mini-Extruder (Avanti). Ten % (mol/mol) lyso-PE was then added to the
liposomes. Control symmetric liposomes were prepared by freeze-
thawing and extruding MLVs composed of lyso-PE:POPC:cholesterol
(10:45:45). Both symmetric and asymmetric liposomes were centrifuged,
re-suspended, sandwiched and quickly frozen as described above.

Human red blood cells, skin fibroblasts, HelLa cells, neutrophils
and platelets

Erythrocytes were obtained from freshly drawn human blood. The cells
were washed with phosphate-buffered saline three times, sandwiched
between two carriers (Bal-Tec). Human skin fibroblasts were grown on
coverslips in Ham’s F-10 Nutrient Mixture (Gibco, Grand Island, NY)
containing 10% fetal bovine serum (FBS) and penicillin/streptomycin.
HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium (Gibco)
containing 10% FBS and penicillin/streptomycin. These cultured cells
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were covered with copper plates. Human neutrophils were prepared as
previously reported (Iwabuchi et al., 2008). The isolated cells from freshly
drawn blood were sandwiched between two carriers. Platelets were
prepared from freshly drawn blood as previously reported (Kasahara et al.,
2013). The platelet-rich plasma was activated with 0.5 units/ml thrombin
(Sigma-Aldrich) for 3 min at 37°C. Activated and control platelets were
fixed with a final concentration of 2% paraformaldehyde, washed with
Tyrode’s buffer (137 mM NaCl, 2.7 mM KCI, 3.75 mM NaH,PO,4, 5 mM
HEPES pH 7.4, 0.35% BSA and 5 mM glucose), sandwiched between two
carriers. All cells were quickly frozen by liquid ethane cooled by liquid
nitrogen. This research using human blood was followed the Ethical
Regulations for Research Involving Human Subjects in RIKEN.

SDS-FRL method

Frozen samples were fractured at —110°C and replicated by an evaporation
of carbon—platinum—carbon in a freeze-etch unit (BAF400T, Balzers).
Replicated samples were digested in 2.5% SDS and 10% glycerol in
62.5 mM Tris buffer (pH 6.8) in the absence or presence of 5% P-
mercaptoethanol for more than 12 h at room temperature or 60°C under
vigorous stirring (Murate et al., 2010). The replicas were thoroughly
washed with TBS, and treated with 2% BSA and 0.2% gelatin to prevent
non-specific binding of probes. PC was labelled with anti-PC monoclonal
antibody (Nam et al., 1990), SM was detected with MBP-lysenin
(Kiyokawa et al., 2005), and GM3 was labelled with mouse anti-GM3
antibody (Seikagaku Corp., Japan) (Kotani et al., 1992). PE and lyso-PE
were detected with biotinylated duramycin (Iwamoto et al., 2007), PS with
His-Lact-C2 (Yeung et al., 2008), mouse anti-PS antibody (clone PS4A7)
(Umeda et al., 1989), or mouse anti-PS monoclonal antibody (clone 1H6,
Upstate, Lake Placid, NY), and PIP, with mouse anti-PIP, monoclonal
antibody (Miyazawa et al., 1988). His—Lact-C2 was prepared as follows:
pET28-EGFP-Lact-C2 expressing EGFP-Lact-C2 was constructed by
replacing D4 on pET28-EGFP-D4 (Shimada et al., 2002) with polymerase
chain reaction-amplified Lact-C2. Recombinant protein was expressed in
E. coli strain BL21 (DE3) (Novagen, Madison,WI) and purified using
HisTrap FF crude column (GE Healthcare, UK). After labelling, the
replicas were washed with TBS and incubated with 10 nm gold-conjugated
anti-mouse IgM (British BioCell International, UK) for PC, GM3 and PS
(clone PS4A7), anti-mouse IgG (Amersham, UK) for PS/PI (clone 1H6)
and PIP,, or 15 nm gold-conjugated anti-biotin antibody (British BioCell
International) for PE. For detection of SM, the replicas were incubated with
rabbit anti-MBP antibody (New England BioLabs, MA), washed with
TBS, and incubated with 10 nm gold-conjugated anti-rabbit IgG
(Amersham). For detection of PS using His-Lact-C2, samples were
incubated with mouse anti-Penta-His antibody (Qiagen, Germany), washed
with TBS and incubated with 10 nm gold-conjugated anti-mouse IgG
antibody (Amersham). After immunogold labelling, the replicas were
washed with TBS, washed again with ultrapure water, and then picked onto
pioloform-coated grids. Specimens were examined under transmission
electron microscope (1200EX-II or JEM1230, JEOL, Japan) with the help
of the Support Unit for Neuromorphological Analysis or the Materials
Characterisation Team in RIKEN. Electron micrographs were recorded on
imaging plates, scanned and digitised by an FDL 5000 imaging system
(Fuji Photo Film, Japan) or taken by a charge-coupled device (CCD)
camera (Veleta, Olympus-SIS, Germany).

Image analysis

Lateral distribution of gold particles on plasma membrane was analysed
using L-function (Haase, 1995; Kiskowski et al., 2009; Ripley, 1979) as
previously reported (Abe et al., 2012; Kiyokawa et al., 2005; Murate
et al.,, 2010). Briefly, the xy coordinates of each gold particle were
obtained with Image] public domain software, and analysed by L-
function using SpPack software (Perry, 2004).
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