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Acyl Chains in Developing Astroglial Membraries

Yasuko Nagatsuk&)Yasuhiro Horibatd, Yasuhiro Yamazaki,Masami Kinoshitd, Yoko Shinodd;,
Tsutomu Hashikawé Hiroyuki Koshino! Takemichi Nakamura,and Yoshio Hirabayashi®*

Hirabayashi Research Unit, Neuronal Circuit Mechanisms Research Group, and Laboratory for Neuronal Architecture, RIKEN

Brain Science Institute, Wako, Saitama 351-0198, Japan, Molecular Characterization Team and Biomolecular Characterization

Team, RIKEN, Wako, Saitama 351-0198, Japan, and Core ResearchdhutiBnal Science and Technology (CREST) of Japan
Science and Technology Agency (JST), Kawaguchi, Saitama 332-0012, Japan

Receied April 4, 2006; Reised Manuscript Receed May 24, 2006

ABSTRACT. We previously found that phosphatidylglucoside (PtdGlc), a novel glycolipid expressed in
HL60 cells, plays a role in forming signaling microdomains involved in cellular differentiation. Because
cells contain minute levels of PtdGlc, pure PtdGlc is very difficult to isolate. Thus, its complete structure
has never been assessed. To aid in analyzing PtdGlc, we generated a PtdGlc-specific monoclonal antibody,
DIM21, by immunizing mice with detergent-insoluble membranes isolated from HL60 cells [Yamazaki,
Y., et al. (2006)J. Immunol. Methods 31106-116]. DIM21 immunostaining of murine CNS tissues
revealed stage- and cell type-specific localization of the DIM21 antigen during development, with especially
high levels of expression in radial glia/astroglia. DIM21 immunostained cultured hippocampal astroglia
in a punctate fashion. To characterize the structure of PtdGlc, we isolated DIM21 antigen from fetal
brains. Using successive column chromatography, we purified two previously unrecognized glycolipids,
PGX-1 and PGX-2, from embryonic day 21 rat brains. DIM21 reacted more strongly to PGX-2 than to
PGX-1. Structural analyses with 600 MHE NMR, FT-ICR mass spectrometry, and GC revealed that
PGX-1 is phosphatidy-b-(6-O-acetyl)glucopyranoside and PGX-2 is phosphatiiptglucopyranoside.

The yields of PGX-1 and PGX-2 were approximately 26050 and 440t 270 nmol/g of dried brains,
respectively. Surprisingly, both glycolipids were composed exclusively of C18:0 at the C1 position and
C20:0 at the C2 position of the glycerol backbone. This saturated fatty acyl chain composition comprising
a single molecular species rarely occurs in known mammalian lipids and provides a molecular basis for
why PtdGlc resides in raftlike lipid microdomains.

In all vertebrate cells, most glycosphingolipids (GSLs) rafts by clustering cholesterol, glycosylphosphatidylinositol
are localized within the outer leaflet of the plasma membrane. (GPI)-anchored proteins, and acylated proteirsy). GSLs
Recent studies show that GSLs form microdomains or lipid in microdomains have multiple functions, acting as receptors
for toxins @, 7), participating in cell adhesion8{10),
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Katagiri et al. 2, 23) reported that the DIM fraction acts
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extracted from the lyophilized brains (approximately 2.0 g

as an effective immunogen. Indeed, we successfully prepareddry weight) using 100 mL of chloroform and methanol (C:M

many monoclonal antibodies (mAbs) to DIM by immunizing
mice with a DIM fraction isolated from rGL-7-stimulated
HL60 cells. We found that one of these mAbs, DIM21,
preferentially reacts with PtdGlc in HL60 cell24). Using

at 2:1, v/v) twice and then with C:M and water (W) (5:8:3,

v/viv) twice using a Polytron aggregate homogenizer (Ki-
nematica AG, Littau-Lucerne, Switzerland). The latter ex-
traction solvent containing water was essential for efficient

this antibody, we detected DIM21 antigen in the murine CNS extraction of PtdGlc. After evaporation, the lipid extract was
and found that its expression was developmentally regulated.treated with 0.5 unit of phosphatidylinositol (PtdIns)-specific
This observation suggested that PtdGlc might exist in the phospholipase €(PIPLC; Sigma-Aldrich Inc., St. Louis,

nervous system. Here we report the isolation of DIM21-
immunoreactive lipid antigen from fetal rat brains and

MO) at 37°C overnight to remove PtdIn2§). The reaction
mixture was subjected to Folch’s partition, and then the

describe the complete structural analysis of this antigen by organic layer was applied to a phenyl boronraagarose

gas chromatography (GC), 600 MHz NMR, and FT-ICR

column (PBA-60; Millipore, Billerica, MA) R1, 27, 28) to

mass spectrometry. We also describe the chemical structureenrich the glycolipids, including PtdGlc. PBA-unbound lipids

of another novel glycolipid, acylated PtdGlc, a form of
PtdGlc acetylated at C6 of its glucose ring.

MATERIALS AND METHODS

Monoclonal AntibodyMonoclonal antibody DIM21 was
generated by immunizing the DIM fraction isolated from

rGL-7-stimulated HL60 cells as described by Yamazaki et

al. (24). DIM21-producing cells were cultured in RPMI-1640
medium supplemented with 10% fetal calf serum, 100
mL streptomycin, and 100 units/mL penicillin at 3C in a
5% CQO, humidified atmosphere. For antibody preparation,

the cells were transferred into SFM-101 (Nissui Pharma-

ceutical Co., Ltd.) at a density of 2 1 cells/mL and then

cultured for 2 weeks. After the culture media had been

harvested, IgM was precipitated to 50% saturation with
ammonium sulfate for42 weeks at £C, then dissolved in

Tris-buffered saline, dialyzed against the same buffer, and

purified by using an immunoassist MGPP gel (Kanto
Chemical Co., Inc.), according to the supplier's recom-
mendations.

Immunohistochemical Staining.pregnant female rat with

embryonic day 21 (E21) fetuses was deeply anesthetized

(PB-1) were washed out with 5 column volumes of C:M
(9:1, vlv), and then the PBA-bound fraction (PB-2) was
eluted with 5 column volumes of C:M:W (5:5:1, v/viv). After
evaporation, the PB-2 fraction was applied to a Q-Sepharose
column [activated wh 1 M sodium acetate in M:W (1:1,
vlv)], washed with methanol, and pre-equilibrated with
C:M:W (30:60:8, v/v/v). After the samples had been washed
with the starting solvent for 10 min, the lipids retained in
the column were eluted with gradient solutions, starting with
C:M:W (30:60:8, v/v/v) and ending with C:M and aqueous
0.25 M sodium acetate (30:60:8, v/v/v), for 90 min. Lipids
(mainly gangliosides) remaining in the column were then
washed out with C:M and aque®2 M sodium acetate (30:
60:8, v/v/v). The elution profile of lipids was monitored by
TLC and TLC immunostaining with DIM21 according to
the method of Higashi et al2{, 28).

PtdGlc-containing fractions were pooled and partitioned
with Folch’s solvent system, and then the organic solvent
layer was dried using an evaporator, dissolved in 1 mL of
C:M (2:1, v/v), and then applied to an Aquasil Senshu Pack
column (Senshu Scientific Co., Tokyo, Japan) for HPLC.
After the samples had been washed with C:M (9:1, v/v),
‘elution was carried out with gradient solutions, starting with

and fetuses were isolated. The fetuses were then transcarc:M (9:1, viv) and ending with C:M (7:3, v/v), for 90 min.

dially perfused with 4% paraformaldehyde in a 0.1 M

phosphate buffer solution, and brains were carefully removed

embedded in agarose blocks, and then cut intardCthick
sections using a vibrating microtome (VT1000S; Leica).

Free-floating sections were used for immunohistochem-

istry. After blocking with 10% normal goat serum in PBS,
we incubated the sections with %g/mL mAb DIM21
overnight at 4°C and washed them with PBS (2 5 min
and 1x 15 min), and the bound antibody was visualized
with Alexafluor 488-conjugated anti-mouse IgM secondary
antibody (2ug/mL; Molecular Probes Inc., Carlsbad, CA).
After being washed thoroughly with PBS, sections were
mounted onto glass slides with IMMUMOUNT (Thermo
Shandon, Milford, MA) and observed with a confocal laser
microscope (model FV1000, Olympus, Tokyo, Japan).
Hippocampal Cell CulturePrimary cultures of dissociated

PtdGlc was identified by TLC and TLC immunostaining
'using DIM21 @7, 28). The amount of PtdGlc was calculated
according to phosphorus content, which was determined by
treating the 70% perchloric acid-hydrolyzed sample with a
hexaammonium heptamolybdate reagent containing ascorbic
acid. Glucose content was determined by GC.

Gas ChromatographyFatty acid and carbohydrate com-
position were determined by GC using a SHIMADZU
GC2014 apparatus equipped with a CBP-1 capillary column
(25 m x 0.22 mm, film thickness of 0.25 mm; Shimadzu
GLC, Tokyo, Japan) with increasing temperatures (from 100
to 250 °C at a rate of 5°C/min). The sample was
methanolyzed with 5% hydrogen chloride in methanol at 80
°C for 2 h. The reaction mixture was washed twice with
100 uL of hexane to extract methyl esters of fatty acids.
The hexane layer was subjected to GC analysis for methyl

hippocampal neural cells were prepared from fetal Wistar esters of fatty acids. The methanol layer was dried by
rats (SLC, Shizuoka, Japan) at E19, as described previouslyflushing with N, gas and then trimethylsililated with tri-

(25) using a D-MEM/F12 (1:1) medium without cytosine
[-D-arabinoside.

Isolation of PtdGlc. Ten pregnant Wistar rats with

embryonic day 21 (E21) fetuses were deeply anesthetized,
and brains of the fetuses were removed immediately, placed

into liquid nitrogen, and then lyophilized. Total lipids were

methylchlorosilane (TMCS) (Pierce, Rockford, IL) at 8D
for 30 min. The trimethysililated compounds were analyzed
for methyl esters of sugars.

2PtdGlc is completely resistant to PIPLC-mediated digestion
(unpublished observation).
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Ficure 1: (A) E21 rat whole brain immunostained with DIM21. The scale bar is 1 mm. Abbreviations: CB, cerebellum; CX, cerebral
cortex; HC, hippocampus; LV, lateral ventricle; OB, olfactory bulb; TH, thalamus. (B) Hippocampal region double immunostained with
DIM21 (green) and NSE (red), as a neuronal marker. The scale bar jgdlO(C) Hippocampal region double immunostained with DIM21
(green) and Phgdh (red). (D) Cultured hippocampal cells double immunostained with DIM21 antigen (green) and NSE (red). Hippocampal
cells were cultured for 14 days (DIV14) and then immunostained with antibodies against the DIM21 antigen and NSE. (E) Colocalization
of the DIM21 antigen (green) with GFAP (red) in cultured astroglial cells at DIV14. (F) High-magnification image of the DIM21 antigen
shown in panel E. The scale bar in panelsiCis 30um.

NMR SpectroscopyThe sample was dried thoroughly methanol) observed betweeniz 112.9856 and 1064.8093
under a stream of N\gas, then dissolved in 2Q0. of CDs- at intervals of 135.9748 units.
OD, and put into a 3 mrdiameter NMR microtube. ThiH
NMR spectra and two-dimensional total correlation spectra RESULTS AND DISCUSSION
(TOCSY) and'H—3'P heteronuclear multiple-bond coherence . . . .
spectra (HMBC) were measured with a JNM-ECA 600 _ !mmunochemical Detection of PtdGlc in the Murine
spectrometer (JEOL Ltd., Tokyo, Japan) equipped with an Central Newous SystemWe identified a unique type of

HX5FG2 probe head. The operating temperature was 308mammalian glycolipid, PtdGlc, through immunostaining with
or 298 K. GL2, a human monoclonal antibody against “i” antigen, and

Mass SpectrometnyA Bruker Daltonics (Billerica, MA) rGL7, the rgcombinant_ Fab fragment of GL2)( 21). For
APEX-Il Fourier transform mass spectrometer (FT-Ms) further detailed analysis of PtdGlc, we needed to develop a
equipped with a 7T passively shielded magnet and an in- MOre specific means of identifying PtdGlc, since GL-2 and
house-fabricated nano-electrospray sou was used for rGL-7 did not specifically react with PtdGlc. Katagiri et al.

the acquisition of negative ion mass spectra. The purified reported that immunization with the DIM fraction effectively
lipids dissolved in C:M (1:2, viv) (modified with 10 mM induces the formation of mAbs against carbohydrate antigens

such as SSEA-42Q). This result led us to immunize mice

ammonium acetate for stable ionization) were manuall . < .
) Y with the DIM fraction isolated from rGL-7-stimulated HL60

injected into a 2L sample loop and delivered to the nano- . ) .
electrospray emitter by pumping solvent (50% methanol) at cells to generate a specific mAb against PtdGlc present in
a flow rate of 200 nL/min. To accurately measure the mass the DIM fraction.

of deprotonated molecules of lipids, broadband mass spectra We obtained various DIM-reactive antibodies (anti-
were recorded by accumulation of 512K-point 400 kHz Proteins and anti-lipid antibodies) and succeeded in generat-
transient Signa|s; the mass reso|ving powem 893 was Ing DIM21, an antl-llpld mAb that prEferentia”y reCOgnizeS
46 000. For analyzing product ions from each deprotonated membrane PtdGIc24). This mAb preferentially recognized
lipid molecule, sustained off-resonance irradiation/collision- Poth PtdGlc isolated from HL60 cells and chemically
induced dissociation (SOR|_C|D30) MS/MS Spectra were SyntheSized PtdGlc (Y Ito et al., Unpub“Shed Observation).
recorded by accumulation of 1 MHz transient signals (512K  We immunostained brain sections from E12.5 to postnatal
points); mass resolutions afz 153 and 419 were 100 000 day 21 (P21) mice with DIM21 and found that DIM21
and 36 000, respectively. The/z axes of the spectra were densely stained fetal brains. The cerebral cortex from E14.5
externally calibrated with ions attributable to sodium tri- mice, in particular, displayed strong immunoreactivity.
fluoroacetate clusters (from separately sprayed 50% aqueou®IM21 immunoreactivity, however, decreased greatly in the
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Ficure 2: (A) TLC analysis of the final purification step of the
DIM21 antigen on an Aquasil column. The immunoreactive
fractions that eluted from the Q-Sepharose column were applied
to a Aquasil Senshu Pack column that was part of a HPLC system
(Jusco PU980). After being washed with C:M (9:1, v/v) for 10 min,
the lipid sample was eluted with a gradient from 9:1 (v/v) to 7:3
(v/v) C:M for 90 min at a flow rate of 1 mL/min. The elution profile
monitored by TLC with orcinol reagent is shown. The orcinol-
positive, DIM-21-reactive lipids were termed PGX-1 and PGX-2
in the order they were eluted from the column. (B) TLC of PGX-1
and PGX-2: lane 1, LacCer; lane 2, sulfatide; lane 3, PGX-1; lane
4, PGX-2; lane 5, phosphatidylinositol; and lane 6, phosphatidyl-
choline. TLC was developed with solvent system | [C:M and 2.5
N NH4OH (60:35:8, v/iviv)], Il [C:M:W (60:35:8, v/viv)], or llI
[C:acetone:M:HOAc:W (5:2:1:1:0.5, v/viviviv)]. Lipids were vi-
sualized with orcinol reagent. (C) TLC immunostaining of purified
glycolipids with mAb DIM21. The indicated amounts of antigens
were applied to the TLC plate, which was then immunostained with
mAb DIM21 as described in the text. PGly represents phosphati-
dylglycerol. Arrowheads indicate the position of each standard
phospholipid, Ptdins and PGly.

brains of postnatal mice. At P21, DIM21 immunoreactivity
was restricted to regions of active neuronal cell proliferation
and differentiation. On the basis of the morphology of
DIM21-immunoreactive cells and co-immunostaining with
antibodies against GLAST(), BLBP (32, 33), and 3-phos-

phoglycerate dehydrogenase (Phgd#)(a key enzyme of

L-serine biosynthesis, we found that cells with a radial glia/

Biochemistry, Vol. 45, No. 29, 2008745

Table 1: Sugar and Fatty Acid Composition of PGX-1 and PGX-2
fatty acid (%)

sugar (%)

glucose othefls  C16:0 Cc18::0 C20:0
PGX-1 88.0 12.0 - 48.8 51.2
PGX-2 85.3 14.7 1.0 50.0 49.0

aPeak area not identical to known sugars.

Because a single mouse brain contains minute PtdGlc
levels, levels too low for successful isolation of pure PtdGlc,
we examined DIM21 antigen expression in rat fetal brain to
determine whether rat fetal brain would be a good source of
PtdGlc for our structural analyses. As shown in Figure 1A,
DIM21 antigen was also detectable in rat brain at E21.
Interestingly, DIM21 did not immunostain neuron-specific
enolase (NSE)-immunoreactive cell layers (Figure 1B) or
MAP2-immunoreactive cells (data not shown). DIM21
immunoreactivity overlapped, however, with cells immu-
noreactive for the glial marker, Phgdh (Figure 1C).

Next, we double immunostained cultured hippocampal
cells with DIM21 and either anti-NSE or anti-GFAP
antibodies. NSE-immunopositive neuronal cells failed to be
immunostained with DIM21 (Figure 1D). In contrast, GFAP-
immunopositive astroglial cells were immunostained with
DIM21, displaying scattered patches of DIM21 immuno-
reactivity on the cell surface (Figure 1E,F). Taken together,
these findings suggest that PtdGlc localizes to the membranes
of astroglial cells in the rat CNS. Control cultures immun-
ostained in the absence of a primary antibody displayed no
immunoreactivity (data not shown).

Isolation of PtdGlc from Rat Embryonic BrainTo
determine the chemical structure of the DIM21 antigen in
the CNS, we isolated it from lyophilized E21 fetal rat brain.
The DIM21 antigen from brain was retained on phenyl
boronate agarose, and during ion exchange chromatography,
the DIM21 antigen was retained on Q-Sepharose equilibrated
with C:M:W (30:60:8, v/v/v) and eluted by C:M and aqueous
0.1 M sodium acetate (30:60:8, v/v/v). The immunoreactive
fraction retained on Q-Sepharose was collected and parti-
tioned with Folch’s system for desalting, and then the organic
layer was loaded onto an Aquasil Senshu Pack column for
HPLC. The elution profile of PtdGlc and related compounds
retained on the Aquasil column is shown in Figure 2A. We
obtained two previously unrecognized lipids that tested
positively with the orcinol reaction. We termed these lipids
PGX-1 and PGX-2 on the basis of the elution order from
the Aquasil column.

TLC mobilities of purified PGX-1 and PGX-2 under
alkaline, neutral, and acidic developmental conditions are
shown in Figure 2B. Both lipids had a single spot on TLC
with orcinol and molybdenum blue reagent (for phosphate),
but the reactivity of PGX-1 with respect to the latter reagent
was rather weak. GC analysis revealed that both PGX-1 and
PGX-2 contained glucose as their sole sugar. To our surprise,
both fractions contained only saturated fatty acid (C18:0 and
C20:0) at an equal molar ratio (Table 1). The TLC migration
of PGX-2 indicated that PGX-2 was identical to synthetic

astrocyte lineage and olfactory ensheathing glia preferentially PtdGlc (data not shown).
expressed DIM21 antigen. These observations suggested that We re-examined the binding specificity of DIM21 for

DIM21 specifically recognized glial cells (M. Kinoshita et
al., unpublished observation).

PGX-1 and PGX-2 by TLC immunostaining (Figure 2C).
DIM21 stained PGX-2 strongly and in a concentration-



8746 Biochemistry, Vol. 45, No. 29, 2006

Nagatsuka et al.

Table 2: 'H NMR Data for PGX-1 and PGX-2 in Methand}?

PGX-2 PGX-1
major minor major minor
GlcC1 4.835dd (7.6, 7.6) 4.839dd (7.6, 7.6) 4.859dd (7.6, 7.6) 4.864 dd (7.6, 7.6)
GlcC2 3.22dd (9.1, 7.6) 3.21dd (9.1, 7.6) 3.23dd (9.1, 7.6) 3.23dd (9.1, 7.6)
Glc C3 3.37dd (9.1,9.1) 3.37dd (9.1, 9.1) 3.39dd (9.1,9.1) 3.23dd (9.1, 7.6)
Glc C4 3.27m 3.26m 3.32m 3.32m
Glc C5 3.34m 3.34m 3.50m 3.50m
Glc C6a 3.85dd (12.1, 2.0) 3.85dd (11.6, 2.0) 4.43dd (12.1, 2.5) ca.4.43m
Glc C6b 3.63dd (12.1, 6.6) 3.64dd (11.6, 6.1) 4.17 dd (12.1, 5.6) ca.4.17m
Gly Cla 4.10-4.02m 4.16-4.02 m 4.06 m 4.06 m
Gly Clb 4.16-4.02m 4.16-4.02 m 4.00m 4.00m
Gly C2 5.24m 5.24m 521m 521m
Gly C3a 4.46 dd (12.1, 3.0) 4.44dd (12.1, 3.0) 4.44dd (12.1, 3.0) ca.4.44m
Gly C3b 4.18 dd (12.1, 6.6) 4.20dd (12.1, 7.6) 4.17dd (12.1,7.1) 4.20dd (12.6, 7.6)
FA-1-COCH 2.331(7.2) 2.33t(7.2) 2.321(7.3) 2.32t(7.3)
FA-2-COCH 2.30t(7.0) 2.30t(7.0) 2.29t(7.1) 2.29t(7.1)
CH; (x2) 1.59m 1.59m 1.59m 1.59m
CH, 1.28m 1.28m 1.28m 1.28m
Me 0.89t(7.1) 0.89t(7.1) 0.891(7.3) 0.891(7.3)
6-O-Ac 2.05s 2.05s

aCD,HOD at 3.30 ppm was used as an internal referencéHddMR (600 MHz) at 308 K. Chemical shifts are given in parts per million, and
coupling constand values are in hertz in parentheses. Abbreviations: dd, doublet of doublets; m, multiplet; s, singlet; t, triplet.
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Ficure 3: Proton NMR spectrometry of PGX-2. (A) Proposed
structure of PGX-2, phosphatidgtp-glucoside. (B) One-dimen-
sional proton NMR spectrum of PGX-2. (C) Two-dimensional
proton—proton TOCSY spectrum of the area including glucose ring
protons and glycerol protons of PGX-2.

(PPM ™H)
Ficure 4: Proton NMR spectrum of PGX-1. (A) Proposed structure
of PGX-1, phosphatidyljs-p-(6-O-acetyl)glucoside. (B) One-
dimensional whole proton NMR spectrum of PGX-1. (C) Two-
dimensional protorrproton TOCSY spectrum of the area including
glucose ring protons and glycerol protons of PGX-1.

dependent manner, whereas DIM21 stained PGX-1 weakly.show any cross reactivity with Ptdins and PGly. In our
As described below, structural assessment of PGX-1 revealedprevious report 24), DIM21 was shown to be slightly
that the glucose C6 position of PGX-1 is modified with an reactive with the two lipids. Later, we found that this was
acetyl group. The TLC immunostaining results indicate that due to nonspecific reaction by a second HRP-conjugated
the C6 hydroxy group is critical for recognition of PtdGlc antibody. The reaction was dependent on lot number and
by DIM21. It is also worth mentioning that DIM21 did not  not detectable in the HRP-labeled antibody used in the assay
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FiGURE 5: Two-dimensionalH—31P correlation spectrum of PGX-1 (A) and PGX-2 (B).
described here. We again performed TLC immunostaining (A) (B)
in the crude lipid extract using the new second antibody to
see the specificity of DIM21. However, since the crude lipid
extract contains abundant lipids such as PC, PE, PS, and
Ptdins, it was impossible to separate PtdGlc from these major N
lipids by two-dimensional TLC and to perform immun- N
ostaining. The result of TLC immunostaining in the acidic
lipid fraction from Q-Sepharose column chromatography .
showed that lipids such as Ptdins and the other acidic lipids 49 48 49 48
(PPM) (PPM)

were not reactive with DIM21 and PtdGlc was only an active

lipid (data not shown). FiGURE 6: Minor peaks of NMR spectra. Parts of the NMR spectra
Structural Analysis of PGX-2 by 600 MHz NMR Spec- of PGX-1 (A) and PGX-2 (B) were extracted and enlarged. Arrows

trometry.A major DIM21-immunoreactive glycolipid, PGX-  d€note minor peaks.

2, was subjected to proton NMR analysis (Figure 3). PGX-2

contained g-glucose anomeric proton with a chemical shift embryonic brain was a mixture of two sterecisomerssn3-

of 4.835 ppm andJ; and J, values of 7.6 and 7.6 Hz,

phosphatidylglucoside~85%) and 1snphosphatidylglu-

respectively. The anomeric signal split into three peaks, coside ¢15%). How 1snphosphatidylgucoside is synthe-

indicating the presence of the Glcs-phosphate) structure
in PGX-2 (35).
Two-dimensionalH—'H TOCSY spectra demonstrated

sized in cells is an interesting issue that remains to be
elucidated.
Structural Analysis of PGX-1 by 600 MHz NMR Spec-

that the glucose ring of PGX-2 has a complete assignmenttrometry.PGX-1 was subjected to one- and two-dimensional

of protons (Figure 3C and Table 2). One-dimensioftl
signals were attributed to Glc C24{ 3.22 ppm,J;>dd 9.1
and 7.6 Hz), Glc C3dx 3.37 ppm,J; > dd 9.1 and 9.1 Hz),
Glc C4 ©On 3.27 ppm, m), Glc C5du 3.34 ppm, m), Glc
Cé6a On 3.85 ppm,Ji>dd 12.1 and 2.0 Hz), and Glc C6b
(0n 3.63 ppmJ;odd 12.1 and 6.6 Hz). The glycerol moiety
was also shown to contain glycerol Cla,(@4.46 ppm,J; >
dd 12.1 and 4.0 Hz), glycerol C1y 4.18 ppm,J;, dd
12.1 and 6.6 Hz), glycerol C2( 5.24 ppm, m), and glycerol
C3 (On 4.10-4.12 ppm, m). The presence of a correlation
between glucose C1 and glycerol C3 & confirmed the
presence of a GRl—phosphateglycerol C3 structure in
the PGX-2 molecule (Figure 5B).

H NMR analysis (Figure 4). Assignment of each signal is
summarized in Table 2.

NMR showed that PGX-1 was analogous to PGX-2. The
chemical shifts of thgg-glucose anomeric proton at 4.859
ppm {1 7.6 and 7.6 Hz) of PGX-1 were essentially similar
to those of PGX-2 (PtdGlc). The major anomeric signal also
split into three peaks, indicating the presence of a Glc with
a l-phosphate linkage in PGX-1.

The complete assignment of glucose ring protons was
confirmed by'H TOCSY spectra (Figure 4B): Glc C2y
3.23 ppmJ;»,dd 9.1 and 7.6 Hz), Glc C3(; 3.39 ppmJ; »

dd 9.1 and 9.1 Hz), Glc C4(; 3.32 ppm, m), Glc C5du
3.50 ppm, m), Glc C6ady 4.43 ppm,J; > dd 12.1 and 2.5

Notably, additional minor signals at the glucose 1 and Hz), and Glc Cébdy 4.17 ppm,J; > dd 12.1 and 5.6 Hz).
glycerol 1a,b peaks were detectable in the enlarged one-Compared to the Glc C6 proton of PGX-2, the Glc C6 proton

dimensional*H spectrum (Figure 6A and Table 2). The
chemical shifts and coupling constantd) (were assessed
by two-dimensionatH—'H TOCSY spectra (Table 2), which

of PGX-1 shifted significantly to a lower field (Figures 3B,C
and 4B,C and Table 2), suggesting a substitution at the C6
position of glucose.

suggested that the minor component was a stereoisomer of The glycerol moiety was identified as glycerol Cla, (
PtdGlc. In comparison with the two synthetic stereocisomers 4.06 ppm, m), glycerol C1b3¢ 4.00 ppm, m), glycerol C2

of PtdGlc, C1 of the minor component was confirmed to

(0n 5.21 ppm, m), glycerol C3a5( 4.44 ppm,J;,dd 12.1

have a phosphate group and not a hydroxy group (Y. Ito etand 3.0 Hz), and glycerol C3 4.17 ppm,J; . dd 12.1

al., unpublished data). Thus, PGX-2 purified from rat

and 7.1 Hz). The presence of a correlation between both
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(A) PGX-1 (B) PGX-2
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FiGurRe 7: FT-ICR mass spectrometry of PGX-1 (A) and PGX-2 (B). (A) SORI-CID product ion spectrum of a deprotonated molecule of
PGX-1,m/z 935.6. Assignments of product ions shown in panel A: 447.28%81/0sP~ (formal loss of stearoyl and acetyl glucoside);
419.2563, GH4006P (formal loss of arachidoyl and acetyl glucoside); 311.2954;1630,™ (arachidate anion); 283.2641,48350,~ (stearate
anion); and 152.9958, #:0sP~ (formally, 3-hydroxy-1,2-propylene phosphate anion). Deprotonated molecule of PGX¥% 885.6224
(observed in the regular mass spectrum without SORI-CID), wigi§0.4P~ shown in the inset. (B) Product ion spectrum from PGX-2
with an ion atm/z 893.6. Assignments of product ions shown in panel B: 447.2883140:P (formal loss of stearoyl and acetyl
glucoside); 419.2565, £H4006P; 311.2955, GyH340,7; 283.2642, GgH350,7; and 152.9958, §1s0sP~. Deprotonated molecule of PGX-2
atm/z893.6118 (in the regular mass spectrum), witkHgO13P~ shown in the inset. The difference between observed masses for deprotonated
molecules of PGX-1 (935.6224) and PGX-2 (893.6118) is 41.0106, corresponding to substitution of a hydrogen for an acetyHp@up, C
(calculated mass of 41.01056).

glucose C1 and glycerol C3 aftP confirmed the presence glucose-containing phosphoglycerolipids isolated from fetal
of a Glc—1-phosphateglycerol C3 structure in the PGX-1  rat brain were 1-stearyl-2-arachidos-glycerol-3-phospho-
molecule (Figure 5A). ryl 8-p-glucopyranoside (PGX-2) and 1-stearyl-2-arachidoyl-
Additional minor signals at the glucose 1, glucose 3, and sn-glycerol-3-phosphoryp-p-(6-O-acetyl)glucopyranoside
glycerol 3b peaks were detectable (Figure 6A and Table 2). (PGX-1) (Figures 3 and 4).
As in PGX-2, these signals were supposedly derived froma  This is the first report to prove that PtdGlc exists in
stereoisomer of PGX-1. The major component had a glucosemammalian tissues. Since the mass numbers of glycolipids
1-phosphate at then3 position, while the minor component  are the same as that of Ptdins, PtdGlc has been difficult to
had a glucose 1-phosphate at 8rel position. identify solely by conventional mass spectrometric analysis.
Analysis of PGX-1 and PGX-2 by Mass Spectrometry. This may be the main reason PtdGlc has been overlooked
PGX-1 and PGX-2 were subjected to MS analysis to until now. It is important to note that the presence of
ascertain their exact molecular masses and to identify theacetylated PtdGlc was not an artifact during the purification.
substituted group in PGX-1. Negative ion FT-ICR-MS Just recently, we have established a method of identifying
detected the deprotonated molecule of PGX-2 nalz PtdGlc and acetylated PtdGlc by HPLC/MS/MS (electrospray
893.6118 (Figure 7B, inset), which corresponded to the ionization ion-trap mass spectrometry). By this method, we
calculated monoisotopic mass of 893.61246 fpigO1sP ™, can discriminate PtdGlc from Pl because the elution time
a phosphatidylglucoside containing stearic acid (C18:0) and from HPLC and the fragmentation pattern of MS/MS are
arachidic acid (C20:0). A single major peak appeared in the different (unpublished results). This analytical data proved
mass spectrum, indicating the homogeneity of the phospha-that acetylated PtdGlc as well as PtdGlc is present even in
tidic acid moiety of the phosphatidylglucoside from fetal rat crude lipid extracts (chloroform/methanol extracts) from fetal
brain. rodent brains and HL60 cells. Thus, we can exclude the
The deprotonated molecule of PGX-1 was detectedat  possibility that the PtdGlc was acetylated during the purifica-
935.6224 (Figure 7A, inset). This value corresponds to the tion or that acetyl-PtdGlc was deacetylated during the
calculated monoisotopic mass of 935.62302 faHg,0.4P ", purification.
indicating that PGX-1 was a modified form of PGX-2 that  Unexpectedly, we found that fetal rat brain PtdGlc is
contained an acetate group. Since the glucose C6 protoncomposed exclusively of saturated fatty acids (stearic and
signals of PGX-1 shifted to a lower magnetic field on NMR  arachidic acids). The presence of arachidic acid, in particular,
analysis (Figure 5) compared to those of PGX-2, PGX-1 was in glycerolipids has been described very little. This fatty acid
determined to be phosphatid§tp-(6-O-acetyl)glucoside. composition may explain why PtdGlc is enriched in the DIM
MS/MS analysis indicated that the product ion spectra of fraction, as is GSE.Brown and LondonZ, 36) suggested
both PGX-1 and PGX-2 were almost identical (Figure 7). that the highly ordered solidlike gel phase of lipids composed
Finally, we determined the position of each fatty acyl chain of GSL and cholesterol in membranes was essential for the
in the glycerol backbone of PGX-1 and PGX-2. Both lipids detergent insolubility of the raftlike membrane domain. By
were sensitive to bee venom phospholipase A2. GC analysiscomparing the GM95 GSL-deficient mutant cell line with
revealed that the remaining fatty acid in lyso-PtdGlc was
stearic acid. Thus, stearic aid and arachidic acid are attached DSC (differential scanning calorimetry) analysis showed that PtdGlc

to the C1 and C2 positions, respectively, of the phosphatidyl 1155 ‘a high melting temperature comparable to that of GSLs (T.
group. Taken together, these findings indicate that the mainKobayashi, unpublished observation).
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wild type melanoma cells, Ostermeyer et &I7)(concluded 3
that GSLs were not essential for formation of lipid rafts. A
more recent study showed that all classical glycerophospho-
lipids exist in lipid rafts isolated from the Jurkatt T cell line 5
and that these glycerophospholipids are involved in TCR
signaling 88). Sandhoff et al. reported that glucosylceramide 6
in lipid rafts isolated from testicular tissue contained very
long chains of polyunsaturated fatty acid residues (e.g., 28:5
and 30:5) in their ceramide moieties and that these long
chains played a role in spermatogene8@).(These results
strongly suggest that structural analysis of lipid rafts,
including fatty acyl moieties, is important for understanding
the physiological function and localization of lipid molecules 8
in rafts.

It is very important to know what the active lipid for
DIM21 in the biological membranes is. To address this 9
guestion, we have to wait until we have the gene involved
in PtdGlc synthesis or isolate an enzyme to destroy mem-
brane PtdGlc specifically. At present, all we can tell is that 10
the hydrophobic chain of PtdGlc may be a critical part for
presentation of glucose (phosphate) essential for DIM21
recognition. PtdGlc contains exclusively 18:0/20:0 fatty acyl 14
chains. The saturated fatty acyl chains may give a unique
property to the biological membranes; in our preliminary
experiment, we found that PtdGlc forms clusters or ag-
gregates in model membranes (T. Kobayashi et al., unpub-
lished results). We speculate that the aggregated form of
PtdGlc may be present in vivo and the aggregated lipid (high- 13
density form) can more easily be recognized by the IgM type
monoclonal antibody of DIM21. 14

As shown in Figure 1F, DIM21 immunostained the surface

of glial cells in a dotlike fashion. Depleting cell membranes
of cholesterol with 10 mM methyB-cyclodextrin (data not

IN

~

12

shown) abolished this punctate staining pattern, indicating 16.

that PtdGlc resides within distinct membrane microdomains,
i.e., rafts, on astroglial cells. At present, the biological roles
of PtdGlc in glial cells remain unknown and need to be
elucidated. We believe, however, that the characteristic
presence of an arachidic acid fatty acyl chain suggests that
PtdGlc may play an important role in glial cell development
and differentiation. Analyzing the physicochemical properties
of PtdGlc may help us understand its roles in lipid rafts or
microdomain formation and organizatién.

Since arachidic acid is rarely found in mammalian lipids,
PtdGlc is presumably biosynthesized by a pathway different 19
from those that synthesize known phospholipids. Thus,
determining how PtdGilc is synthesized in glial cells would
also be important.
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