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Abstract Modified galactosylceramide with a long-chain cy-
clic acetal at the sugar moiety, plasmalogalactosylceramide,
was isolated from equine brain. To identify the isomeric ste-
reostructure of the natural product, the plasmalo derivative
was chemically synthesized from galactosylceramide through
acetalization. The presence of cyclic acetal linkage, the
linked position and length of the acetal chain of the synthe-
sized and natural products were determined by proton
nuclear magnetic resonance spectroscopy and fast-atom
bombardment-mass spectrometry, as well as gas chroma-
tography-mass spectrometry and gas-liquid chromatogra-
phy. The orientation of the acetal chain linked to galacto-
side was characterized by connectivity between the cyclic
acetal proton and ring proton(s) on the sugar moiety using
the homonuclear Overhauser effect. This revealed that, of
the two positional isomers of the acetal linkage with 4,6-O-
acetal and 3,4-O-acetal derivatives obtained from the acetal-
ization reaction, the former positional isomer, separated
into two spots, was identified to ‘endo’- and ‘exo’-type acetal
chains. In comparison to the NMR data of the synthesized
derivative, equine brain acetalized lipid was found to be an
‘endo’-type 4,6-O-acetal derivative.—Yachida, Y., M. Kashi-
wagi, T. Mikami, K. Tsuchihashi, T. Daino, T. Akino, and S.
Gasa. Stereochemical structures of synthesized and natural
plasmalogalactosylceramides from equine brain. J. Lipid
Res. 1998. 39: 1039-1045.

Supplementary key words plasmaloglycolipid - acetalization - galac-
tosylceramide « NMR - fatty aldehyde

Glycosphingolipids (GSLs) play roles in intercellular
recognition and transmembrane signaling (1, 2). Some of
these GSLs are modified in normal and tumor tissues,
such as O-fatty acylated galactosylceramide (GalCer) in
several mammalian (3-5) and fish (6) brains, O-fatty acy-
lated glucosylceramide in mammalian epidermis (7), O-
acetyl GD3 in melanoma cells (8, 9), O-acetyl GM3 in
horse erythrocytes (10-14), and O-acetylated GM3 at the
Cer moiety in glioma (15). PlasmaloGSLs, which are con-
jugated with a long-chain fatty aldehyde at the sugar moi-
ety and reported to form a cyclic acetal linkage exclusively
on galactose, have recently been isolated from normal hu-

man brain as novel modified GSLs (16, 17). Modification
with fatty acetal was reported to occur at 3,4-O and 4,6-O
on Gal of GalCer (16) and Gal sphingosine (psychosine)
(17), and their chemical structures were characterized
mainly with mass spectra using fast-atom bombardment-
mass spectrometry, and by methylation analysis. The pres-
ence and chain length of fatty aldehyde have also been
determined by gas chromatography—-mass spectrometry
(GC-MS) as an enol methyl ether derivative. In particular,
plasmalopsychosines have been chemically synthesized
from psychosine with acetalization, giving acetal struc-
tures identical to naturally occurring plasmalolipid (18).
However, the stereostructure of natural plasmaloGalCer
has not yet been characterized. In the present paper, we de-
scribe isolation of plasmaloGalCer from equine brain, its
synthesis and identification of its stereochemical structure.

MATERIALS AND METHODS

Chemicals

DEAE-Sephadex, A-25 and LH-20 were purchased from Phar-
macia-LKB (Sweden). latrobeads (8060) were from latron (To-
kyo). Precoated thin-layer chromatography (TLC)-plates (Silica
gel 60) and pyridine-ds were obtained from Merck (Germany).
Other reagents were of analytical grade.

Isolation of plasmaloGalCer

The ratio of solvent mixtures is expressed by volume. Whole
horse brain (457 g wet weight) was homogenized with acetone (1
g/9 ml) to yield an acetone powder with a dry weight of 104 g.
The glycolipids were extracted three times from the powder with
chloroform-methanol-water (CMW, 4:8:3) at room tempera-
ture. The neutral glycolipid fraction was isolated from the com-
bined and concentrated extracts with a DEAE-Sephadex, A-25
(acetate form) column (2.5 X 30 cm) by elution with CMW

Abbreviations: CMW, chloroform-methanol-water; GalCer, galacto-
sylceramide; GC-MS, gas chromatography-mass spectrometry; GLC,
gas-liquid chromatography; GSL, glycosphingolipid; NMR, nuclear
magnetic resonance spectroscopy; NOESY, homonuclear Overhauser
effect spectroscopy; TLC, thin-layer chromatography.

1To whom correspondence should be addressed.
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(40:60:10). The total neutral glycolipids were chromatographed
on a silica-gel (latrobeads) column (2.5 X 50 cm) by stepwise
elution with CM from 95:5 to 90:10, 85:15, 80:2, 75:25, and 70:30
each with 1,000 ml. The fraction that consisted of several less po-
lar glycolipids was eluted with CM, 95:5 and 90:10, and the com-
bined eluates were further chromatographed on a silica-gel col-
umn with a smaller column size (1.2 X 40 cm) by stepwise
elution with the above CM, and chromatography was repeated to
obtain homogenous glycolipid. The purified glycolipids were
chromatographed on a TLC plate, developed with CMW (90:
10:0.5), and visualized by spraying with orcinol-sulfuric acid re-
agent, for estimation of the purity.

Acetalization of galactosylceramide

The chemical acetalization of GalCer was performed accord-
ing to the method of Sadozai et al., with a slight modification,
utilizing synthesis of plasmalo-psychosine (18) and -methyl galac-
toside (19). Briefly, equine brain GalCer (30 mg containing
non-hydroxy fatty acid, co-purified as described above) in dime-
thylformamide (2 ml) was incubated with p-toluene sulfonic acid
(5 mg) and 1,1-dimethoxyhexadecane (30 mg). The reaction
mixture was applied to an LH-20 column (1 X 50 cm) with chlo-
roform to remove dimethylformamide and p-toluene sulfonic
acid. The acetalized products were further purified on asilica-gel
column (1 X 40 cm) by stepwise elution with CM from 98:2 to
96:4, 94:6, 92:8 and 90:10 each with 300 ml. An aliquot of the
fraction was chromatographed by TLC as above.

Analysis of lipid and sugar moieties

The fatty acid and fatty aldehyde of synthesized and natural
plasmaloGalCer were analyzed from the methanolyzates of the
purified GSL using a gas-liquid chromatography (GLC) appara-
tus (GC-14A, Shimadzu) equipped with a capillary column (0.25
mm X 50 m) coated with 1% of DB-5, with programmed temper-
atures from 150 to 250°C at 5°C per min. The methanolysis of the
glycolipid (0.1 mg) was carried out with 1 ml of 1 N HCI in anhy-
drous methanol at 80°C for 16 h, followed by extraction three
times with 1 ml of n-hexane. After concentration of the extracts
under N, gas to approximately 20 pl, an aliquot of the extracts was
subjected to GLC. The GLC peaks were characterized using a
GC-MS (JEOL JMS-OISG-2) with electron impact ionization,
equipped with a capillary column (0.25 mm X 50 m) coated with
1% of OV-1 and the same programmed temperatures as the
above GLC, at the NMR-MS Laboratory of the Faculty of Agricul-
ture in Hokkaido University.

The sugar species and the substituted sites of the synthesized and
natural plasmaloGalCers were determined by GC-MS as above with
partially methylated alditol acetate derived from permethylated GSL
in basic conditions following acetolysis/hydrolysis, reduction with
NaBH,, and peracetylation as reported previously (20).

NMR spectroscopy

One (1-D)- and two-dimensional (2-D) proton nuclear mag-
netic resonance spectroscopy (NMR) spectra of the glycolipids
(approximately 1 mg) in 0.3 ml of pyridine-ds containing 2%
D,O were obtained at 90°C in a Fourier-transform mode on a
Bruker AMX-500 spectrometer at the above laboratory, as de-
scribed previously (13, 15). Chemical shifts (8, ppm) were mea-
sured using tetramethylsilane as an internal standard.

RESULTS

Isolation of plasmaloGalCer

The TLC profiles of the GSLs purified from equine
brain are presented in Fig. 1, together with O-acylated-
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Fig. 1. Thin-layer chromatography of chemically synthesized and
natural plasmaloGalCers. Lane M shows a mixture of 6-O-acyl- (up-
per), 2-O-acyl- (middle), and non-acyl (lower)-GalCers obtained
from equine brain. The plate was developed with chloroform-
methanol-water 90:10:0.5, and visualized by staining with an orci-
nol-sulfuric acid reagent.

and unacylated-GalCers. Of these less-polar GSLs, the
lipid abbreviated as N-1 was a plasmaloGalCer (see below)
with a yield of 2.3 mg, and co-purified with 6-O-fatty acyl
GalCer (12 mg yield) and 2-O-acyl GalCer (8 mg) as well
as unmodified GalCer. The mobility of N-1 did not change
on TLC analysis after saponification with 0.2 N sodium
methoxide in methanol (data not shown), by which an O-
acyl group was released from the O-acylated GalCers, indi-
cating no modification with an alkali-labile group as in O-
acylation. The structures of N-1 and O-acylated GalCers
were determined by NMR, MS, and GLC as described be-
low (MS and GLC data not shown for the N-1).

Acetalization of GalCer

To identify the structure of naturally acetalized GalCer
(N-1) from equine brain, GalCer from the brain was
chemically acetalized with a 1,1-dimethoxy derivative of
hexadecanal. Three products, abbreviated as S-1, -2, and
-3, were obtained from the reaction followed by purifica-
tion. S-1 (0.9 mg, 3% yield) eluted faster with CM, 98:2; S-
2 (22.5 mg, 75%) eluted later with 98:2; and S-3 (2.4 mg,
7%) eluted with 96:4 from the silica-gel column. Of these
chemically acetalized GalCers, S-2 showed an R; identical
to N-1 as demonstrated in Fig. 1.

Analysis of lipid and sugar moieties of plasmaloGalCer
The lipid moieties of the above plasmaloGalCers were
analyzed by GLC and GC-MS after methanolysis with an-
hydrous methanolic HCI, which converted the fatty acid
to the methyl ester; the fatty aldehyde was derivatized to
dimethyl acetal as a major component and an enol methyl
ether as a minor one. Such conversions of fatty aldehydes
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TABLE 1. Composition of fatty acids?

TABLE 3. Composition of long chain base

Carbon S-20 N-1 Long Chain Base S-2 N-1
Chain
Length Saturated  Monounsaturated ~ Saturated  Monounsaturated % %
Sphingenine
0, [0)
& & dis:1 97 95
16 3 trace trace trace sphinganine
18 11 trace 34 2 :
di8:0 trace 1
19 trace trace trace trace
20 12 trace 6 2 Unknown 3 4
21 12 trace 1 trace
22 trace trace 7 1 Trace, <0.4%.
23 trace trace 8 trace
24 44 7 24 trace . . . . . .
25 8 trace 5 1 tially methylated alditol acetates, in which acetalized posi-
26 1 trace 4 2 tions in the intact sugar moiety were replaced with O-ace-
Unknown 2 3

aMeasured as methyl ester by gas-liquid chromatography. Trace,

<0.4%.
bLipid composition was identical to those of S-1 and S-3.

under an anhydrous acidic condition were confirmed by
analysis of the methanolyzates of authentic hexadecanal.
The starting fatty aldehyde itself was detected at a level of
less than 0.1%. The lipid data are summarized in Tables
1-4. From the sum of the respective areas with aldehyde
and fatty acid derivatives in the gas chromatograms, syn-
thesized and natural GalCers were estimated to have both
lipid components with approximately similar ratios. The
saturated fatty aldehydes were detected in N-1 with hexa-
decanal and octadecanal at 33% and 44%, respectively, to-
gether with their monounsaturated aldehydes as a minor
component. The composition and ratio of the lipid moi-
ety released from S-1 and S-3 by methanolysis were similar
in these lipids, indicating that they were stereoisomers of
the acetal ring and/or positional isomers of S-2. The lipid
compositions of S-1, -2, -3, and N-1 were alternatively con-
firmed by positive ion fast-atom bombardment-mass spec-
trometry (data not shown).

The substituted sites of Gal on S-1, -2, -3 and N-1 with
fatty acetal were further analyzed by GC-MS of the par-

TABLE 2. Composition of fatty aldehydes

Carbon Chain

Length S-2 N-1
% %
16:0
Aldehyde trace 1
Enol ether 4 1
Acetal 96 32
16:1
Aldehyde — trace
Enol ether — 3
Acetal — 8
18:0
Aldehyde — trace
Enol ether — 7
Acetal — 37
18:1
Aldehyde — trace
Enol ether — trace
Acetal — 11

tates. S-1, S-2, and N-1 gave only 2,3-di-O-methyl-1, 4, 5,
6-tetra-O-acetyl galactitol, indicating these GSLs to be sub-
stituted at C-4,6-O on the Gal, whereas S-3 gave 2, 6-di-
O-methyl-1, 3, 4, 5-tetra-O-acetyl galactitol, substituted at
C-3,4-0 on Gal (Table 4). Combined data from this methyl-
ation analysis and GLC analysis of the lipid moiety sug-
gested that S-1 and S-2 were diastereomeric isomers of
each other for the cyclic acetal ring and that S-3 was the
positional isomer of S-1 and S-2.

NMR study

The partial 1-D proton NMR spectra of S-1, -2, -3 and N-1
are shown in Fig. 2, together with that of GalCer as a refer-
ence. The assignment of proton signals inserted in the fig-
ure was performed with the 2-D chemical shift-correlated
spectroscopy spectra (data not shown), and the data are
summarized in Table 5. The triplet signal H-1'’ (peak 1"’ in
Fig. 2; the carbon number in each group is shown in Fig. 4)
at 85.291 ppm with one proton from the relative integra-
tion newly appeared in the 1-D spectrum of S-1 in compari-
son with the spectrum of GalCer, and the H-1'" was coupled
to an upper field signal H-2'" (1.75 ppm) having two-pro-
ton intensity, which was further coupled to H-3'" (1.48
ppm) with two protons in the 2-D spectrum. The chemical
shifts, splitting pattern, and integrations of these proton sig-
nals suggested the presence of a sequence of dioxome-
thine-methylene-methylene, and H-1'' was consequently
identified as a methine proton of the acetal group.

The 1-D spectrum of S-2 also showed a new triplet H-1"’
signal at 84.665 ppm (Fig. 2), and the proton was coupled
with H-2"" (1.74 ppm) and the H-2'’ further coupled with
H-3"" (1.48 ppm) in the 2-D spectrum, indicating H-1"’ to
be an H-1 of the acetal as in the case of S-1. The S-1 and S-
2 were, therefore, each configurational isomers at C-1"" of
the acetal with an asymmetric center having C-4-O, C-6-O,
H-1"" of the acetal and a hydrocarbon chain. These iso-
mers were each characterized by 2-D homonuclear Over-

TABLE 4. Composition of saccharides

Saccharide Partially Methylated Alditol Acetate?

S-1 1,4,5,6-tetra-O-acetyl 2,3-di-O-methyl galactitol
S-2 1,4,5,6-tetra-O-acetyl 2,3-di-O-methyl galactitol
S-3 1,3,4,5-tetra-O-acetyl 2,6-di-O-methyl galactitol
N-1 1,4,5,6-tetra-O-acetyl 2,3-di-O-methyl galactitol

Trace, <0.4%.

2Analyzed by gas chromatography—mass spectrometry.
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Fig. 2. Partial 1-D proton NMR spectra of plasmaloGalCers and GalCer. The NMR spectra were mea-
sured at 90°C in pyridine-ds containing 2% D,O. Panels, A, B, C, D, and E indicate the spectra of GalCer,
S-1, S-2, S-3, and N-1, respectively. The proton signal assigned was labeled with the numbering of the car-

bon atom demonstrated in Fig. 4.

hauser effect spectroscopy (NOESY). The H-1'' of the ace-
tal of S-1 was positioned close to H-2" on Gal based on the
appearance of an NOE peak (1''-2'), and acetal H-2"'
nearby H-4’ and H-6’a on Gal from peaks 2''-4’ and 2"'-
6'a, respectively, as shown in Fig. 3A. These NOE peaks in-
volved a stereostructure of a cyclic acetal ring having an

1042 Journal of Lipid Research Volume 39, 1998

‘exo’-type hydrocarbon chain and consequently an equa-
torial orientation of H-1"" of the acetal on a six-membered
ring (1,3-dioxane ring) as illustrated by structure 1 in Fig.
4. On the other hand, H-1"' of the acetal of S-2 had NOE
peaks toward H-4" and —6'a (Fig. 3B), indicating proximity
of acetal H-1"" and Gal H-4’ and H-6'a, and consequently
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TABLE 5. Chemical shifts and coupling constants (Hz) of ring proton on galactoside
and acetal proton of plasmaloGalCers and reference GalCer

Chemical Shift (8, ppm)

Galactoside Acetal
PlasmaloGalCer H-1’ H-2' H-3’ H-4' H-5’ H-6'a H-6'b H-1"" H-2"" H-3""
S-1 4.644 4.203 3.91 4.330 3.818 4,008 4.230 5.291 1.75 1.48
S-2 4.589 4.146 3.875 4.094 3.413 3.87 4.187 4.665 1.74 1.48
S3 4.602 3.884 4.325 4.219 4.166 4,148 4.17 5.066 1.74 1.48
N-1 4.620 4,183 3.95 4.117 3.430 3.857 4.203 4.682 1.79 1.62
GalCer 4.705 4.240 3.951 4.341 3.882 4.226 4.238

Coupling Constant (Hz)

Jl’,2’ ‘]2’,3' ‘]3’,4’ J4’,5’ JS’.G’a ‘]5',6’b JG’a,G'b Jl”.2"

S-1 7.4 7.9 35 <15 <15 4.9 11.8 54
S-2 7.9 8.0 4.0 <15 <15 <15 12.3 4.9
S-3 7.9 6.6 6.4 <15 4.0 3.5 10.3 4.5
N-1 7.9 7.9 4.0 <15 ND <15 12.3 4.9
GalCer 7.4 10.0 35 <15 6.9 5.9 eq

ND, not determined; eq, equivalent.

2"
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\..
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'g ] 1" 2"
o
[=]
- =~
1 2||_4|
s — v2"- 6 b "A’ &b
° - 2n_6|a '”6'8

Fig. 3. Partial 2-D NOESY spectra of plas-
maloGalCers. Panels A and B indicate spectra
of S-1 and S-2, respectively.

ppm
6.0 - _%_ -
- .
- 1 n 3n
5.0 - 1|l_6la 1 " 2||
4.0 -
L
ppm 6.0 5.0 4.0 3.0
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CH3(CH3)12CH, 5

Structure / (exo-type)

CHa(CH3)12,CH3

Structure 2 (endo-type)

Fig. 4. Stereostructure of “exo”- and “endo”-type plasmaloGalCers. The NOE peak was observed in the
2-D spectra (Fig. 3) between protons indicated by arrow.

S-2 was an “endo”-type stereoisomer of the hydrocarbon
chain having an axial H-1"" of the acetal (structure 2 in
Fig. 4). Of the two stereoisomers, S-1 and S-2, the 1-D and
2-D spectra of S-2 were most similar to those of N-1, indi-
cating that N-1 and S-2 had isomeric structures identical
to that of structure 2.

The 1-D spectrum of S-3 demonstrated the presence of
H-1'" of the acetal (Fig. 2), coupled with H-2’" and the H-
2'" sequentially with H-3'" as observed in the 2-D spectrum
(data not shown), just as in the cases of S-1 and S-2. The
stereochemical assignment of the “endo” or “exo”-type
hydrocarbon chain, of S-3 with a cyclic acetal ring having a
five-membered ring was, however, unsuccessful, as the
NOE spectrum was very complex.

DISCUSSION

In the present paper, plasmaloGalCer having 4,6-O-
hexadecylidene and -octadecylidene and their unsatu-
rated derivatives was isolated from equine brain, and the
stereoisomeric structure was characterized by NMR study
as structure 2 with the “endo”-type in comparison to the
stereoisomeric structures of chemically synthesized plas-
maloGalCers. The synthesized 4,6-O-hexadecylidene deriv-
ative was chromatographically separated into two diastere-
omeric isomers of the structures 1 and 2, S-1 and S-2,
respectively, with long hydrocarbon chains of fatty aldehyde,

1044 Journal of Lipid Research Volume 39, 1998

forming the 1,3-dioxane structure of the cyclic acetal ring.
Though the two stereoisomers of 3,4-O-hexadecylidene de-
rivatives should also occur, one of these isomers was barely
detected on TLC analysis, probably because of the much
lower yield of the isomer. The configuration at acetal car-
bon, the asymmetric center of the synthesized 4,6-plas-
maloGalCers, was effectively characterized by the NOESY
spectrum as above, revealing the acetal proton (H-1'") to
be equatorial in S-1 and axial in S-2 in the 1,3-dioxane
ring (see Fig. 4). These assignments were supported by
previous data with different chemical shifts of H-1 of the
acetal between equatorial and axial protons on a 1,3-diox-
ane ring, in which the equatorial proton resonated in a
field lower than 84.8 ppm whereas the chemical shift of
the axial proton was 84.5 to 4.7 ppm (22). The chemical
shifts of the axial H-1 of the acetal of other plasmalo deriv-
atives have also been observed comparably in the upper
field with 84.582 ppm (observed in CDCI;-CD3;0OD) in
synthesized plasmalopsychosine (18) and with 84.500
ppm (CDCI3) of per-O-acetyl methyl B-galactopyranoside
4,6-O-hexadecylidene (19), in accordance with the above
observations.

With respect to biological activity of plasmaloGSL, plas-
malopsychosine has been reported to have a weak inhibi-
tory effect on protein kinase C activity, and an enhance-
ments of p140T phosphorylation, mimicking activity of
nerve growth factor on rat pheochromocytoma cells (23).
These phenomena indicate that plasmalopsychosine has
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important biological roles in the nervous system, though
the biosynthetic pathway of the plasmalolipids is not yet
known.AQ
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