4732 Biochemistry 2010, 49, 4732-4739
DOI: 10.1021/bi100007u

BIOCHEMISTRY

including biophysical chemistry & molecular biology

Article

Phosphatidylglucoside Forms Specific Lipid Domains on the Outer Leaflet

of the Plasma Membrane
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ABSTRACT: Phosphatidylglucoside (PtdGlc) is a recently discovered unique glycophospholipid involved in
granulocytic differentiation of human promyelocytic leukemia cell line HL60 and in astrocytic differentiation
in developing rodent brains. Using a PtdGle-specific monoclonal antibody in immunofluorescence and
immunoelectron microscopy, we showed that PtdGlc forms distinct lipid domains on the outer leaflet of the
plasma membrane of HL60 cells and the human alveolar epithelial cell line, A549. Similar to glyco-
sphingolipid, glucosylceramide (GlcCer), the natural form of PtdGlc exhibited a high main phase transition
temperature in differential scanning calorimetry (DSC). However, unlike GlcCer, PtdGlc did not exhibit a
large difference in the main phase transition temperature between the heating and cooling scans. DSC further
indicated that GlcCer, but not PtdGlc, was miscible with sphingomyelin. In addition, DSC and small-angle
X-ray scattering (SAXS) experiments revealed that PtdGlc was poorly miscible with phosphatidylcholine.
Our results suggest that the lack of tight intermolecular interaction excludes PtdGlc from other lipid domains

on the plasma membrane.

Accumulating evidence indicates that lipids are not randomly
distributed in biomembranes; rather, specific lipids form lipid
domains. In particular, sphingolipid-rich raftlike lipid domains
have attracted a great deal of attention recently (/, 2). Sphingo-
lipid-rich domains are spontaneously formed when sphingolipids
are mixed with glycerophospholipids such as phosphatidylcho-
line (3). Thus, the physical properties of the lipids play an impor-
tant role in the formation of lipid domains. Although sphingo-
lipid domains and lipid domains of synthetic phospholipids have
been studied extensively, little is known about the lipid domains
formed by naturally occurring phospholipids.

Phosphatidylglucoside (PtdGle)' is a unique glycophospholi-
pid originally discovered in human umbilical cord red blood
cells (4), subsequently in human promyelocytic leukemia cell line
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HL60 (5), and in epithelial cells from various human organs (6)
as well as in rat and mouse radial/astroglial cells (7, 8). Interestingly,
stimulation of HL60 cells with the Fab fragment of the mono-
clonal antibody against PtdGlc induced granulocyte differentia-
tion (5). In contrast, stimulation with anti-ganglioside GM1
[Galp1, 3GaINAcS1, 4(NeuAca2,3)Galf1,4GlcCer] improved
cell growth, whereas anti-sphingomyelin induced apoptosis of
HL60 cells (5). PtdGlc is recovered in the Triton X-100 insoluble
fraction after sucrose density gradient ultracentrifugation, sug-
gesting that this lipid forms raftlike membrane domains (7, 5).
Furthermore, treatment of an immature erythroblastic leukemia
cell line with a small dose of anti-PtdGlc antibody induced
erythroid differentiation associated with hemoglobin produc-
tion, while large-dose stimulation induced apoptosis (9). Finally,
treatment of multipotent neural progenitor cells with anti-PtdGle
antibody was recently reported to cause epidermal growth factor
receptor (EGFR) activation, suggesting that PtdGlc-enriched
domains are coupled to EGFR in mediating astroglial differ-
entiation (8).

Despite a growing body of evidence of the role of PtdGlc in
differentiation events which may be initiated at specific lipid
domains on the cell surface, little is known about its precise
cellular distribution or its biophysical properties. In contrast to
the structurally similar phosphatidylinositol (PtdIns), which is
primarily located in the inner leaflet of the plasma membrane,
immunofluorescence of HL60 cells indicated the presence of
PtdGlc in the outer leaflet of the plasma membrane, where the
lipids were segregated from GM1 and sphingomyelin (SM) (5).
However, neither the detailed distribution of PtdGlc on the outer
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Chart 1: Structure of (a) 1-Stearoyl (C18:0)-2-arachidoyl (C20:0) sn-glycero-3-phospho-f-p-glucoside (phosphatidylglucoside or

PtdGlc) and (b) C18:0 Glucosylceramide (GlcCer)
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leaflet of the plasma membrane nor its distribution in the inner
leaflet of the plasma membrane has been thoroughly evaluated.
In this study, we examined the detailed distribution of PtdGlc on
the outer as well as on the inner leaflet of the plasma membrane of
HL60 cells and the human alveolar epithelial cell line, A549,
using SDS-digested freeze fracture replica labeling (SDS-FRL)
immunoelectron microscopy (/0). Our results demonstrated that
PtdGlc forms distinct lipid domains exclusively in the outer
leaflet of the plasma membrane.

Recent biochemical studies indicate that PtdGle exclusively
exhibits a single fatty acid combination, consisting of a stearic
acid (C18:0) at the sn-1 position and an arachidic acid (C20:0) at
the sn-2 position of the glycerophosphate backbone (7) (Chart 1).
In general, enrichment of saturated long-chain fatty acids is a
characteristic feature of sphingolipids, like SM and glycosphin-
golipids. In contrast to the glucose-containing sphingolipid,
glucosylceramide (GlcCer) (11), the physical properties of PtdGlc
have not been reported. In this study, we measured the thermo-
tropic behavior of PtdGlc for the first time and compared it with
that of GlcCer. Differential scanning calorimetry (DSC) indicated
that whereas GlcCer was miscible with SM, PtdGlc was not. Our
results suggest that PtdGlc is excluded from sphingolipid domains
because of the lack of tight intermolecular interactions with
sphingolipids, leading to the formation of specific PtdGle-rich
lipid domains that could participate in cell differentiation.

MATERIALS AND METHODS

Materials. 1-Stearoyl (C18:0)-2-arachidoyl (C20:0)-sn-gly-
cero-3-phospho-f-p-glucoside (phosphatidylglucoside or PtdGlc)
was chemically synthesized as described previously (/2). Mouse
anti-PtdGlc monoclonal antibody DIM21 was isolated as descri-
bed previously (13). 1-Palmitoyl (C16:0)-2-oleoyl (18:1) sn-glycero-
3-phosphocholine (POPC), C18:0 glucosylceramide (GlcCer),
and porcine brain sphingomyelin (brain SM) were obtained from
Avanti Polar Lipids (Alabaster, AL). The major fatty acid
composition of the brain SM was analyzed by the triple quad-
rupole mass spectrometer 4000Q TRAP (Applied Biosystems/
MDS Sciex, Toronto, ON). The lipid samples in an acetonitrile/
methanol (2:1) mixture supplemented with 0.1% ammonium
formate were infused directly into the electrospray ionization
(ESI) source at a flow rate of 5 uL/min with a syringe pump.
Scans were run in positive ion mode over the m/z range of
300—2000. The major fatty acids in porcine brain SM were C16:0
(3%), C18:0 (34%), C18:1 (1%), C20:0 (14%), C22:0 (11%),
C22:1 (5%), C24:0 (5%), C24:1 (23%), C24:2 (2%), and C26:1
(2%). Cholesterol was from Sigma (St. Louis, MO). Lysenin and
anti-lysenin polyclonal (rabbit) antiserum were purchased from

Peptide Institute Inc. (Osaka, Japan). Alexa 555-conjugated
cholera toxin B subunit and fluorescent secondary antibodies
were from Molecular Probes (Eugene, OR). HL60 cells were
grown in RPMI 1640 medium supplemented with 10% fetal calf
serum, 100 units/mL penicillin, and 100 ug/mL streptomycin.
A549 cells were grown in DMEM containing 10% fetal calf
serum, 100 units/mL penicillin, and 100 ug/mL streptomycin.
PtdGlc from HL60 and A549 was identical to PtdGlc isolated
from rat embryonic brain (7), exclusively exhibiting sn-1 C18:0
and sn-2 C20:0.

Immunofluorescence. Cells were fixed for 20 min with 3%
paraformaldehyde followed by a 10 min treatment with 50 mM
NH,4CI and a 30 min treatment with 0.2% gelatin. Cells were
triply labeled with DIM21, lysenin, and Alexa 555-conjugated
cholera toxin B subunit. Cells were then labeled with anti-lysenin
antiserum followed by Alexa 488-conjugated anti-mouse IgM
and Alexa 633-conjugated anti-rabbit IgG. Specimens were
observed under an LSM 510 confocal microscope equipped
with a C-Apochromat 63XW Korr (1.2 NA) objective (Carl
Zeiss, Oberkochen, Germany).

SDS-Digested Freeze Fracture Replica Labeling (SDS-
FRL). SDS-digested freeze fracture immunoelectron microscopy
was performed as reported previously (/0) with some modifica-
tions. A549 cells were grown on the specimen tables for com-
plementary replicas (Bal-Tec, Balzers, Liechtenstein) for 1 day at
37 °C. HL60 cells were collected from a culture suspension by
centrifugation. Both cells were sandwiched between two speci-
men tables, frozen in liquid ethane cooled by liquid nitrogen,
fractured in a freeze-etching machine (BAF400T, Bal-Tec) at
—110 °C, and then replicated by carbon—platinum—carbon to
improve the retention ratio of the membrane lipid (/4). Repli-
cated samples were digested in 2.5% SDS and 10% glycerin
in 62.5 mM Tris buffer (pH 6.8) in the absence or presence of
p-mercaptoethanol for more than 12 h at room temperature
under vigorous stirring to dissolve the unfractured plasma mem-
brane and cytoplasm. The replicas with separated membrane
halves were washed in Tris-buffered saline (TBS) and labeled
with biotinylated cholera toxin B subunit (Molecular Probes) and
anti-PtdGlc antibody (DIM21). Biotinylated cholera toxin sub-
unit B was detected with anti-biotin antibody conjugated to 5 nm
colloidal gold (British BioCell, Cardiff, U.K.), and anti-PtdGlc
antibody was detected with anti-mouse IgM antibody conjugated
to 10 nm colloidal gold (British BioCell). After immunogold
labeling, the replicas were washed in TBS, fixed with glutaralde-
hyde, washed again with pure water, and then transferred to
Formvar-coated grids. Subsequently, specimens were examined
under a transmission electron microscope (1200EX-1I, JEOL,
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FiGure 1: Confocal micrographs of the distribution of PtdGlc (labeled with a mouse monoclonal antibody), SM (labeled with lysenin), and GM 1
(labeled with cholera toxin) in A549 cells. The cells were fixed and triply labeled as described in Materials and Methods.

FiGURE 2: Distribution of PtdGlc on the outer leaflet of the plasma membrane of HL60 cells. A SDS-digested freeze fracture replica was prepared,
and the cell surface distribution of PtdGlc was visualized with anti-PtdGlc antibody (DIM21) using 10 nm gold as described in Materials and

Methods. The boxed area in panel a is magnified in panel b.

Tokyo, Japan). Electron micrographs recorded on imaging plates
were scanned and digitized with an FDL 5000 imaging system
(Fuji Photo Film, Tokyo, Japan). The lateral distribution of gold
particles was analyzed using Ripley’s K-function (13, 16). Briefly,
the x—y coordinates of each gold particle were obtained with
ImageJ and analyzed with a modified Ripley’s K-function
(L-function) using SPPA version 2.0 (/7).

Differential Scanning Calorimetry (DSC). Stock solu-
tions of PtdGle and GlcCer were dissolved in a chloroform/
methanol (2:1, v/v) mixture, whereas SM, POPC, and cholesterol
were dissolved in chloroform. Lipid films were formed after
evaporation of lipid solutions under a stream of nitrogen gas and
dried under high vacuum overnight. They were hydrated and vor-
texed in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
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FiGure 3: Distribution of PtdGlc (10 nm gold in panels a and b and red in panel ¢c) and GM1 (5 nm gold in panels a and b and blue in panel ¢) on
the outer leaflet of the plasma membrane in A549 cells. The cells were treated as described above and doubly labeled as described in Materials and

Methods. The boxed area in panel a is magnified in panel b.

acid (HEPES) buffer (pH 7.0) containing 100 mM NaCl and
10 mM EDTA. The final lipid concentration was 0.5—1 mM.
DSC was performed on a Microcal VP-DSC microcalorimeter
(MicroCal, Northampton, MA). DSC thermograms were recor-
ded at a scan rate of 30 °C/h for all samples. DSC scanning was
performed at least 10 times, and representative data are shown in
Figure 4. Sample damage after DSC measurement was checked
by thin-layer chromatography. No trace of PtdGlc degradation
was found under the employed experimental conditions. The
obtained data were analyzed and plotted with Origin (OriginLab
Corp., Northampton, MA). The transition temperature (7;,) and
enthalpy (AH) were determined from the three-consecutive scan
data of each sample.

Small-Angle X-ray Scattering (SAXS). The dispersed
samples of PtdGle, POPC, and the PtdGlc/POPC mixture for
X-ray measurements were prepared as described for DSC
measurements, with the exception that the total lipid concentra-
tion was 10 mM. To ensure homogeneous hydration of the sam-
ples, the hydrated samples in a test tube were incubated at 90 °C
for at least 5 min and subsequently mildly sonicated in a water
bath-type sonicator. SAXS measurements were taken at RIKEN
Structural Biology Beamline I (BL45XU) at the SPring-8, 8 GeV
synchrotron radiation source (Hyogo, Japan) (/8—20). The
X-ray wavelength used was 0.9 A, and the beam size at the
sample position was ~0.5 mm x 0.7 mm. The SAXS patterns
were recorded either with a 15 s exposure by a beryllium-
windowed X-ray image intensifier which is coupled with a cooled
CCD camera (1000 x 1018 pixels) or with a 120 s exposure of the
RIGAKU imaging plate detector (R-AXIS IV, active area size
of 300 mm x 300 mm). The recorded images were corrected (21),
and likewise, recorded buffer profiles were utilized for back-
ground subtraction. The two-dimensional scattering patterns
were circularly averaged and reduced to one-dimensional profiles

using FIT2D version 12.012 (http://www.estf.fr/computing/
scientific/FIT2D/), a two-dimensional data reduction and ana-
lysis program. The reciprocal spacings (s) [s = 1/d = (2/A) sin 6
(where d is the lattice spacing, 26 is the scattering angle, and A is
the X-ray wavelength)] were calibrated with silver behenate with
a long period spacing of 5.838 nm (22).

RESULTS AND DISCUSSION

Previously, the cell surface distribution of PtdGlc was exam-
ined in HL60 cells using a human monoclonal antibody against
PtdGlc (GL-2) (5). The GL-2 antibody exhibited a dotlike
distribution throughout the cell surface. In this study, we
employed the recently developed mouse monoclonal antibody
against PtdGlc (DIM21), which exhibits a higher specificity than
GL-2(7, 13), to investigate the cellular distribution of PtdGlc. In
Figure 1, the cell surface of A549 cells was triply labeled with
DIM21, lysenin [binds to SM-rich membrane domains (16, 23)],
and cholera toxin B subunit (CTxB) [binds to ganglioside
GMI (24)]. In agreement with previous results (9), the anti-
PtdGlc antibody exhibited a dotlike distribution pattern on the
cell surface. The staining pattern was different from those of
lysenin and cholera toxin. Similar results were obtained with
HL60 cells (data not shown).

The cellular distribution of PtdGlc was further examined using
SDS-digested freeze fracture replica labeling (SDS-FRL) (10).
For this method, plasma membranes were split into two mono-
layers and cast in platinum and carbon at low temperatures.
Subsequent treatment with SDS held lipids on the metal surface,
enabling the labeling of these lipids with antibodies. A big
advantage of this method is the ability to label the lipids of the
outer and inner leaflet, separately. Figure 2 shows the outer
leaflet of the plasma membrane of HL60 cells. The distribution of
PtdGlc was studied with the DIM21 antibody, followed by an
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Ficure 4: DSC thermograms of PtdGlc (a), GlcCer (b), a PtdGlc/brain SM mixture (1:1 molar ratio) (c), a GleCer/brain SM mixture (1:1 molar
ratio) (d), a PtdGlc/brain SM/cholesterol mixture (1:1:1 molar ratio) (e), a PtdGlc/POPC mixture (1:1 molar ratio) (f), brain SM (g), and POPC (h).
Data were normalized with respect to the total mass of lipids (in panel d, cholesterol was not included to calculate the lipid mass). In panels a and
b, A and B indicate the thermograms of heating and cooling, respectively. The vertical scale bars in panels a and b and panels c—h are 2 and

0.4 kcal mol™' °C ™!, respectively.

anti-mouse I1gM antibody conjugated with 10 nm gold. Consis-
tent with the immunofluorescence results, immunogold staining
was not evenly distributed. Instead, distinct clusters of immuno-
gold were observed throughout the membrane. In Figure 3, the
outer leaflet of the plasma membrane of A549 cells was doubly
labeled with DIM21 and CTxB. The distribution of DIM21 and
CTxB was marked with different sized colloidal gold particles. In
Figure 3c, 10 nm gold (marking DIM21) was colored red whereas
5 nm gold (marking CTxB) was colored blue. Figure 3 indicates
that PtdGlc forms distinct lipid domains in the outer leaflet of the
plasma membrane of A549 cells and these domains do not
overlap with the distribution of GM1. We then compared the
distribution of PtdGlc between the outer leaflet and the inner
leaflet of the plasma membrane. In HL60 cells, the number of
immunogold particles on the outer leaflet was 110.2 &+ 51.4 per
square micrometer (n = 17), whereas on the inner leaflet, this
number was 2.3 £ 3.4 per square micrometer (n = 16). In A549,
the outer leaflet exhibited a density of 22.1 + 29.1 particles/um?
(n=11) and the inner leaflet gave 0.75 & 0.9 particle/um? (n = 18).
The larger deviation in the outer leaflet of A549 cells was possibly
due to the lower density of PtdGlc in these cells. Our results
indicate that PtdGlc is almost exclusively distributed in the outer

leaflet of the plasma membrane in HL60 and A549 cells. The
lateral distribution of PtdGlc in the membrane was analyzed
using Ripley’s K-function (/6, 25). K-Function analysis indica-
ted that PtdGlc forms domains whose radius was 48.2 £+ 5.4 nm
(n=17) in HL60 cells and 68.9 £+ 27.2 nm (n = 11) in A549 cells.

To understand the molecular mechanisms that lead to the
formation of PtdGlc domains, we studied the physical properties
of synthetic PtdGle (12). Figure 4a shows the DSC thermograms
of synthetic PtdGlc. Dispersed PtdGlc underwent a low-enthalpy
endothermic transition at 23.73 £ 0.57 °C (AH = 0.97 £ 0.04 kcal/
mol). Further heating resulted in the high-temperature, high-
enthalpy endothermic transition at 76.42 £+ 0.05 °C (AH = 14.19 +
0.13 keal/mol) characteristic of chain melting. Upon cooling,
PtdGlc exhibited supercooling. In addition to the sharp transition
at 73.47 £ 0.05 °C, two additional distinct exothermic peaks at
~70.0 and ~61.5 °C have been observed. The total enthalpy
under this complex exotherm between 55 and 74 °C was essen-
tially identical to that of the endothermic chain melting transi-
tion observed upon heating (AH = 14.53 4 0.12 kcal/mol). As
observed in the heating scan, a low-enthalpy exothermic tran-
sition occurred at 20.68 £ 0.12 °C upon cooling (AH = 0.84 +
0.04 kcal/mol). After the sample had cooled to 5 °C, immediate
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reheating resulted in a heating scan identical to that shown in
Figure 4a.

A high gel-to-liquid crystalline phase transition temperature
has been reported in glycosphingolipids such as glucosylcer-
amide (GlcCer) (11). C16:0-GleCer exhibits a chain melting transi-
tion of ~87 °C (11). In this study, we measured the thermotropic
behavior of C18:0-GlcCer, which is one of the major molecular
species of GlcCer in neuronal cells (26) and structurally close to
PtdGle. C18:0-GlcCer exhibited a slightly higher chain melting
transition than C16:0-GlcCer at 88.50 + 0.16 °C (AH = 11.79 +
0.16 kcal/mol) (Figure 4b). In addition to the major transition,
C18:0-GlcCer underwent a broad, low-enthalpy endothermic
transition at 58.70 £ 0.59 °C (AH = 0.32 £ 0.05 kcal/mol).
Similar to PtdGle, C16:0-GlcCer, C16:0-galactosylceramide
(C16:0-GalCer) (11), and C18:0-GlcCer (Figure 4b) exhibited
complex exotherms on cooling (T, and AH of 64.31 £ 0.13 °C
and 9.32 £ 0.18 kcal/mol, respectively, in Figure 4b). The
difference in the main phase transition temperature between
heating and cooling was dramatically different between PtdGlc
and GlcCer. While C16:0-GalCer exhibited a difference of ~23 °C,
C16:0-GlcCer a difference of ~20 °C (11), and C18:0-GlcCer a
difference of ~24 °C (Figure 4b), PtdGlc exhibited a difference of
only ~3 °C (Figure 4a). The difference between the heating and
cooling scan in the case of C16:0-GlcCer and C16:0-GalCer has
been attributed to the formation of a metastable phase (//). On
the basis of the transition enthalpy characteristics of PtdGlc, no
metastable phase was formed below ~55 °C. In contrast, the
broad, low-enthalpy endothermic transition of C18:0-GlcCer at
~59 °C indicates the presence of the metastable phase.

It has been suggested that the very high phase transition
temperature of GlcCer and GalCer is caused by both a highly
ordered chain packing mode and a lateral intermolecular hydro-
gen bonding network involving the sphingosine backbone, the
sugar group, and the interbilayer water molecules (27). Conse-
quently, our results suggest that PtdGlc does not exhibit similarly
tight intermolecular interaction as observed in glycosphingo-
lipids, possibly due to the presence of the diacylglycerol backbone
in combination with the relatively large headgroup of PtdGlc,
containing a negatively charged phosphate group.

Previous DSC studies revealed that GalCer is miscible with
SM (28). To examine the possibility that the formation of distinct
lipid domains of PtdGlc is due to the immiscibility of this lipid
with other plasma membrane lipids, we decided to conduct a
DSC study with a mixture of PtdGlc and brain SM as well as
C18:0-GlcCer and brain SM. During the heating scan of the
mixture of PtdGlc and brain SM (1:1), two distinct endothermic
peaksat45.15+ 1.37°C (AH = 5.33 £ 0.26 kcal/mol) and 75.53 £+
0.41 °C (AH = 1.85 % 0.19 kcal/mol) were detected (Figure 4c).
Since unmixed samples of brain SM and PtdGlc exhibited distinct
chain melting phase transitions at 38.52 + 0.09 °C (AH = 6.00 +
0.55 kcal/mol) (Figure 4g) and 76.42 + 0.05 °C (Figure 4a)
correspondingly, it is conceivable that the two endothermic
transitions in Figure 4c are mainly composed of brain SM and
PtdGle, respectively. Consequently, this result indicates that
brain SM and PtdGlc tend to retain separate phases. However,
the peak temperatures in Figure 4c¢ are shifted from the chain
melting temperature of brain SM and PtdGlc, and a broad
shoulder appeared at ~52 °C, indicating partial miscibility of
PtdGlc and brain SM. The thermogram of the cooling scan was
essentially the same as that of the heating scan (data not shown).
In contrast, the heating scan of the mixture of C18:0-GlcCer
and brain SM (1:1) showed a single transition peak centered at
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5523 £ 0.11 °C (AH = 7.37 £ 0.13 kcal/mol) (Figure 4d),
while the original chain melting endothermic peaks of brain
SM and C18:0-GlcCer disappeared, indicating that C18:0-
GlcCer and brain SM are fairly miscible. Recent computa-
tional simulation of SM molecules indicated that the OH
group of the molecule in the sphingosine moiety is the main
donor for intramolecular hydrogen bonds, whereas the NH group
is the dominating donor in the case of intermolecular hydrogen
bonds between lipids (29). The NH group primarily binds to the
hydroxyl oxygens of other SMs, as well as to a varying extent to a
carbonyl or other oxygens. GlcCer shares both features, the NH
group and the OH group, with SM, in contrast to PtdGlc, which is
lacking both groups. This structural difference might be the reason
for the different miscibility of PtdGlc and GlcCer with brain SM.

We next examined the effect of cholesterol on the miscibility of
PtdGlc and brain SM. The thermogram of the PtdGlc/brain SM/
chol (1:1:1 molar ratio) mixture (Figure 4e) exhibited two broad
but distinct endothermic transitions, at 49.79 £+ 1.16 °C (AH =
525 £+ 0.28 kcal/mol) and 74.71 £ 4.76 °C (AH = 0.71 +
0.21 kcal/mol), in the range of 5—95 °C. This transition profile is
similar to the thermogram of the PtdGlc/brain SM mixture
(Figure 4c). Hence, it is conceivable that the low-temperature
transition (~50 °C) originates from brain SM while the high-
temperature transition (~75 °C) stems from PtdGlc. However,
compared to that of the PtdGlc/brain SM mixture (Figure 4c),
the low-temperature transition peak was shifted to a higher
temperature (~45 to ~50 °C) while the peak at ~75 °C became
smaller. These results indicate that cholesterol induces the mixing
of PtdGlc and brain SM, but even with a high cholesterol content,
full miscibility is not achieved.

We also investigated the miscibility of PtdGlc and POPC,
another abundant component of the plasma membrane. Figure 4f
shows the DSC thermogram of the PtdGlc/POPC (1:1 molar
ratio) mixture. The characteristic phase transition peak of
PtdGlc (at ~75 °C) disappeared, and a broad endothermic transi-
tion peak at 63.21 £ 1.54 °C with a low-temperature shoul-
der (at ~50 °C) was observed between ~30 and ~70 °C. The
AH in this broad endotherm between 30 and 70 °C was 6.04 +
0.13 kcal/mol. Since POPC itself did not exhibit a transition peak
over the examined temperature range (5—95 °C) (Figure 4h), it is
reasonable that the observed broad peak with a shoulder was
mainly derived from the transition of PtdGlc. In addition, such a
broad two-peak transition suggests that PtdGlc was distributed
heterogeneously.

To further clarify the phase separation of a PtdGlc/POPC
mixture, SAXS measurements were performed. Figure 5 shows
the SAXS profile of PtdGlc, POPC, and a PtdGlc/POPC (1:1
molar ratio) mixture at 25 °C. PtdGlc exhibited three reflection
peaks in the small-angle region over the broad scattering of the
form factor (Figure 5a). These reflections correspond well with
first- to third-order lamellar reflections with a 10.21 nm lamellar
distance (d-spacing). POPC also exhibited lamellar structure with
a d-spacing of 6.25 nm (Figure 5b). The PtdGlc/POPC mixture
exhibited several reflections in the small-angle region (Figure 5c).
The peak positions of these reflections indicate the presence of
two lamellar structures with d-spacings of 9.28 and 6.58 nm, thus
exhibiting a clear phase separation of two lamellar phases.
Comparison of this reflection profile and d-spacing with the
previously discussed SAXS data of PtdGlc (Figure 5a) and POPC
(Figure 5b) indicates that the two observed lamellar structures
(Figure 5c) can be attributed to phase-separated PtdGlc- and
POPC-rich regions.
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FIGURE 5: Small-angle X-ray scattering profiles of dispersed PtdGlc
(a), POPC (b), and a PtdGlc/POPC mixture (c) in 20 mM HEPES
buffer (pH 7.0), containing 100 mM NaCl and 10 mM EDTA at
25°C. Bold and dashed vertical lines in panel ¢ indicate the positions
of lamellar peaks that originated from 9.28 and 6.58 nm lamellar
distances (d-spacing), respectively.

Although the characteristic main phase transition peak of
PtdGlc, as observed in the PtdGlc/SM (Figure 4c) and PtdGlc/
SM/chol (Figure 4¢) mixtures, was not present in the thermogram
of the PtdGlc/POPC (Figure 4f) mixtures, SAXS data strongly
indicate that PtdGlc and POPC are not well miscible under our
experimental conditions. However, the d-spacing in the PtdGlc/
POPC mixture of the PtdGlc-rich region (9.28 nm) was signifi-
cantly smaller than that of pure PtdGlc (10.21 nm), while the
POPC-rich region (6.58 nm) was larger than that of pure POPC
(6.25 nm), indicating that certain amounts of both components
were mixed with each other.

In this study, we showed that PtdGlc forms distinct lipid
domains on the outer leaflet of the plasma membrane in HL60
and A549 cells. Our DSC and SAXS studies suggest that this is
due to the immiscibility of PtdGlc with the other lipids of the
outer leaflet, mainly sphingolipids (SM) and glycerolipids
(POPC). Moreover, even in the presence of cholesterol, PtdGle
was phase separated from SM. PtdGlc is thought to be involved
in granulocytic differentiation of HL60 cells (5, 30) as well as in
astrocytic differentiation in developing rodent brains (8, 30). Our
results, in combination with these observations, suggest that
physically segregated PtdGle domains might provide a unique
lipid environment for these signaling processes.
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