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Abstract Glycosphingolipids (GSLs), present in cell mem-
branes, participate in a variety of biological functions. Al-
though their exact role(s) may not be understood, it has
been shown that 1) embryos lacking glucosylceramide syn-
thase activity do not develop normally, 2) GSLs can affect
neuritogenesis, and 3) they can function as receptors for
some pathogens. To study the role of the saccharide por-
tion of a GSL in any of these functions, it is necessary to
either isolate it from the intact GSL or synthesize it. Be-
cause syntheses are more complex, modifications were
made to the oxidation/elimination procedure previously
described for the isolation of the saccharide portion of
GM1 and GD1a to enable it to be used with GSLs of varying
polarity.  The key is to use a mixture of GSLs that differ in
polarity. This appears to eliminate problems encountered
when purified GSLs such as sulfatide or GT1b are used. 
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Glycosphingolipids (GSLs) have a number of different
functions. The fact that they may have a role in embryonic
development was indicated by the observation that embryos
lacking glucosylceramide synthase activity failed to develop
normally (1). GSLs have also been shown to affect both neu-
ritogenesis (2) and cell proliferation (3) and to serve as re-
ceptors for certain bacterial toxins (4) and viruses (5). To
carry out studies to determine the role of the carbohydrate
portion of a GSL, it is necessary to have a simple method for
obtaining it. An example of the need for such a procedure is
provided by studies carried out to determine the portion of
GM1 [nomenclature according to Svennerholm (6)] recog-
nized by the pentavalent binding subunit of cholera toxin
[as reviewed in (7)]. To determine whether the oligosaccha-
ride, the ceramide, or both portions of GM1 were recog-
nized by the toxin, it was necessary to isolate the oligosac-
charide portion of GM1 from the ceramide. Although two
different procedures were used to accomplish this, the re-

 

sults indicated that as long as the oligosaccharide portion of
GM1 was presented as a multivalent ligand, the ceramide
portion was not needed for binding (8, 9).

In previous work (10), we described a simple method
for isolating the saccharide portion of GM1 and GD1a.
The gangliosides were treated with 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) to oxidize the C(3)-OH of
the sphingenine to a ketone (11), then with triethylamine
to catalyze the elimination of the oligosaccharide (10). Al-
though the procedure was effective for the isolation of the
oligosaccharide portions of GM1 and GD1a, it was ineffec-
tive for more polar purified GSLs such as ganglioside
GT1b, as well as with less polar purified GSLs such as sul-
fatide. GT1b was not acted on by DDQ, presumably be-
cause it failed to form inverted micelles (12). Sulfatide, on
the other hand, was lost in the procedure described for re-
moval of the DDQ. Therefore, the technique was modi-
fied so that it could be used to isolate the saccharide por-
tion of both less polar and more polar GSLs.

METHODS

 

Isolation of GSLs

 

Gangliosides were isolated from bovine brain gray matter and
sulfatide from bovine brain white matter by extracting the tissue
in 10 volumes of chloroform –methanol 2:1 (v/v) (13). Insoluble
material was removed by filtration, and the extract was dialyzed
against water for 48 h at 4

 

8

 

C. Most of the gangliosides and some
uncharged GSLs and phospholipids were recovered in the aque-
ous layer, whereas sulfatide was isolated from the chloroform
phase. Purified mixed brain gangliosides were obtained by 1) ex-
posing lipids recovered in the aqueous phase to methanolic
NaOH in order to hydrolyze glycerophospholipids, 2) dialyzing
them against water to remove salt, and 3) chromatographing
them on DEAE-Sephadex to separate sialylated from neutral
GSLs (14). Purified sulfatide was obtained by chromatography of

 

Abbreviations: GSLs, glycosphingolipids; DDQ, 2,3-dichloro-5,6-
dicyanobenzoquinone; HPTLC, high performance thin-layer chroma-
tography; HPLC, high-performance liquid chromatography.
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lipids recovered in the chloroform phase on a silica gel 60 col-
umn with chloroform–methanol–water 65:25:4 (v/v/v) as the
solvent. Silica gel 60 high performance thin-layer chromatogra-
phy (HPTLC) plates were purchased from VWR (Bridgeport,
NJ). DDQ (Aldrich Chemical Co., Milwaukee, WI) was recr ystal-
lized from benzene and chloroform prior to use.

 

HPTLC

 

HPTLC was used to determine the relative amount of each
GSL and each oligosaccharide. Chloroform –isopropanol–50-
mM KCl 2:13.4:4.6 (v/v/v) was used to separate gangliosides,
chloroform–methanol–water 65:25:4 (v/v/v) to separate sulfati-
des from gangliosides, and acetonitrile –isopropanol–50-mM
KCl 2:13.4:4.6 (v/v/v) to separate individual oligosaccharides
present in the mixture obtained after the elimination proce-
dure. Resorcinol was used to visualize sialic acid-containing com-
ponents (15), and 5% H

 

2

 

SO

 

4

 

 in ethanol to visualize all sugar-
containing compounds. In samples for which the relative
amount of each component was determined, the bands were
scanned with a Hewlett Packard ScanJet 6300C scanner and
Adobe Illustrator 8.0 software. Band density was determined
with NIH Image 1.62 software. Since the density of resorcinol-
positive bands was linear over the range of concentration of
sialic acid found in 2–10 

 

m

 

g of GD1a (~2–10 nmol sialic acid),
care was taken not to exceed that range.

 

Isolation of saccharides from GSLs

 

DDQ was used to oxidize the C(3)-OH of the sphingenine
base to a ketone (11). In brief, 80 mg of bovine brain ganglio-
sides were combined with 20 mg of sulfatide in 50 ml of
chloroform–methanol 2:1 (v/v) containing 3 gm of Triton
X-100 and evaporated to dryness on a flash evaporator. The resi-
due was taken up in 50 ml of anhydrous toluene containing 1.8 g
of recrystallized DDQ. After approximately 40 h at 37

 

8

 

C, the
sample was evaporated to dryness on a rotary evaporator. The
bulk of excess DDQ was removed by extracting the residue with
acetone. Residual DDQ was subsequently removed by chroma-
tography on a Bio-Gel P-2 (Bio-Rad, Hercules, CA) column (25

 

3

 

 1.2 cm) using pyridine-acetate (25 mM, pH 7.0) as the eluent.
The sample was applied in 0.5 ml of water, and oxidized and un-
reacted GSLs were recovered in the void volume (~5 –7ml), and
DDQ was eluted in the included volume (~10 –14ml). HPTLC
was used to monitor recovery of oxidized and unoxidized GSLs.
Oxidation of the C(3)-OH was indicated by an increase in lipid
mobility upon HPTLC (

 

Fig. 1A 

 

and

 

 B

 

).
Oxidized GSLs were taken up in 16 ml of methanol–water 1:1

(v/v) and dispersed by sonication. Triethylamine (1.5 ml) was
added and the elimination reaction allowed to proceed at 50

 

8

 

C
for 90 min (10). At the end of the reaction, solvent was removed
by evaporation and samples were dissolved in 10 ml of water. Sac-
charides were separated from ceramide and unreacted GSLs by
centrifugation in a Centriplus-30 concentrator (Amicon, Inc.,
Beverly, MA) @ 5,000 

 

g

 

 for 30 min. Retentate was washed with 1
ml of water three times. The filtrate, containing free saccharides,
was collected and lyophilized. Recovery of saccharides was veri-
fied by HPTLC. Individual saccharides were isolated from the
mixture by chromatography on a Bio-Gel P-4 column (85 

 

3

 

 3
cm), maintained at 55

 

8

 

C (16), with pyridine-acetate (0.1 M, pH
5.5) as the eluent. Samples containing 20 mg or less of saccha-
rides were applied to the column in 1 ml of water, and 2 ml frac-
tions were collected. Isolated saccharides were identified by their
mobility upon HPTLC.

 

Characterization of the isolated saccharides

 

To determine whether sugar components within saccharides,
eliminated from a mixture of bovine brain gangliosides, were

modified by the isolation procedure, their mobility upon high
performance liquid chromatography (HPLC) was compared
with that of known standards. Gal, glc, and galNAc were ob-
tained by hydrolyzing the mixed oligosaccharides (250 

 

m

 

g) in
0.5 ml of 2-M trifluoroacetic acid at 100

 

8

 

C. Five h later the sam-
ple was frozen and dried in a vacuum desiccator. The dried sam-
ple was then taken up in 400 

 

m

 

l of water and filtered through a
0.2-

 

m

 

m Rainin microfilterfuge. 6-O-Methylgalactose was added
as an internal standard, and the sugar composition determined
using a Dionex HPLC (Sunnyvale, CA) with a Dionex CarboPac
PA1 column (4 

 

3

 

 250 mm). Sugars were eluted using 16 mM
NaOH, and 0.4 M NaOH was added to the eluent prior to its pas-
sage through a pulsed amperometric detector. Free sialic acid
was obtained by hydrolyzing the oligosaccharides (250 

 

m

 

g) in
262 

 

m

 

l of 0.1N H

 

2

 

SO

 

4

 

 at 80

 

8

 

C for 1 h and then filtered as de-
scribed above. Sialic acid content was determined by HPLC as
described above, except that it was eluted using a linear gradient
that went from 50% NaOH (200 mM), 10% sodium acetate
(1 M), and 40% H

 

2

 

O to 50% NaOH (200 mM), 25% sodium ace-
tate (1 M), and 25% H

 

2

 

O over 12 min.
Intactness of the chemically isolated saccharides was deter-

mined by comparing their mobilities on HPTLC to those of sac-
charides obtained using ceramide glycanase (17) to catalyze their
release from mixed bovine brain gangliosides. The enzymatic
procedure followed was essentially that described by Li et al. (17),
with samples exposed to the enzyme for 6 h at 37

 

8

 

C. Because the
aqueous suspension in which the saccharides were recovered
contained salt, the sample was desalted on a Bio-Gel P-2 column
as described for the separation of DDQ-oxidized GSLs. Saccha-
rides were recovered in the void and partially included volume
(~5–9 ml). HPTLC analysis was performed using acetonitrile–
isopropanol–50-mM KCl 2:13.4:4.6 (v/v/v) as the solvent.

 

RESULTS AND DISCUSSION

The key to using this method to isolate the saccharide
portion from either very polar (e.g., GT1b) or less polar

Fig. 1. High performance thin-layer chromatography (HPTLC)
of oxidized glycosphingolipids. A: Sulfatides were separated using
chloroform–methanol–water 65:25:4 (v/v/v), and bands visualized
using 5% H2SO4 in ethanol. Note the increase in mobility of the ox-
idized sulfatide (lane 1) compared with sulfatide alone (lane 2).
The more polar gangliosides included in the oxidation reaction re-
mained at or near the origin (lane 1). B: Gangliosides were sepa-
rated using chloroform–isopropanol–50-mM KCl 2:13.4:4.6 (v/v/v)
and bands visualized using resorcinol (15). Lane 1) original gangli-
oside mixture, lane 2) mixed bovine brain gangliosides following
oxidation by 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ), and
lane 3) centricon-30 retentate following triethylamine elimination
of the mixture of DDQ-treated bovine brain gangliosides. Note in
lane 3 the loss of the oxidized bands seen in lane 2.
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(e.g., sulfatides) GSLs is to include them in a mixture of
GSLs of differing polarity. When pure GT1b was used, ap-
proximately 2 mg/100 mg starting material, or a 2.7%
yield, was obtained. This result agrees with previous obser-
vations that led Sonnino, Nicolini, and Chigorno (12) to
postulate that, owing to their high charge, the GT1b mol-
ecules repel each other, thereby inhibiting formation of
the inverted micelles needed for the oxidation step. We
found that when sulfatide alone was used, the products of
the oxidation reaction partitioned into the acetone
washes used to remove DDQ. However, when a mixture of
GSLs of differing polarities was used, each was oxidized, as
shown by the appearance of corresponding bands of
higher mobility on HPTLC (Fig. 1A and B). The mixture
of GSLs presumably allowed the formation of inverted mi-
celles, thereby exposing the C3-hydroxy of sphingosine
residues to the DDQ. Comparison of the intensity of resor-
cinol-positive bands obtained for mixed bovine brain gan-
gliosides after oxidation with DDQ indicated that ~60% of
GM1 and ~65% of GD1a, GD1b, and GT1b were oxidized.
However, as indicated in Fig. 1A, all of the sulfatide ap-
peared to be oxidized by the DDQ.

The average percent yield of ganglioside oligosaccha-
ride, obtained in five separate experiments with 20 mgs of
mixed bovine brain gangliosides being used in each, was
35 

 

6

 

 4.7%. Yields were calculated using the molecular
weight for GD1a having a ceramide moiety composed of
C18 sphingosine and stearic acid. If the yield is calculated
based on the fact that ~64% of the gangliosides were oxi-
dized, the average yield becomes about 55%. Densitomet-
ric analyses of GSLs and their oxidized products on
HPTLC indicated that the percentages of individual gan-
gliosides used were similar to the percentages of oligosac-
charides recovered (

 

Table 1

 

). The yield of saccharide ob-
tained by this method is dependent on the efficiency of
the oxidation step. The observation that only unoxidized
gangliosides were present in the retentate following the
elimination reaction (Fig. 1B) indicated that saccharides
were eliminated from all oxidized GSLs. The lack of sul-
fatide after the elimination step confirmed that all of it
was oxidized by the DDQ.

Gel permeation chromatography on Bio-Gel P-4 at 55

 

8

 

C
resulted in separation of the tri-, di-, and mono-sialylated

oligosaccharides from GM1 (fractions 94–99), GD1a,
GD1b, and GT1b (fractions 64–71, 

 

Fig. 2

 

). This method is
also effective for separating galactose-3-sulfate from the
saccharides isolated from bovine brain gangliosides. Al-
though the disialylated oligosaccharides (fractions 74–85)
were separated from the mono- and tri- sialylated ones,
they were not separated from each other. The fact that
galactose-3-sulfate migrated further than galactose (Fig. 2)
reflects the use of acetonitrile–isopropanol–50-mM KCl
2:13.4:4.6 (v/v/v) to develop the plate. Galactose mi-
grated ahead of galactose-3-sulfate when n-butanol–acetic
acid–water 2:1:1 (v/v/v) was the solvent (data not
shown). However, the latter solvent was not as effective at
separating saccharides isolated from gangliosides.

The observation that saccharides cleaved from mixed
bovine brain gangliosides using ceramide glycanase (17)
had the same mobility upon HPTLC as those obtained by
oxidation and elimination (

 

Fig. 3

 

) indicated that the sac-
charides were probably not modified by the methods
used. HPLC analysis indicated that the neutral sugar com-
ponents of the mixed saccharides eliminated from bovine
brain gangliosides had the same relative mobilities as ga-
lactose, glucose, and galactosamine, compared with the
internal standard, 6-O-methylgalactose. Sugars were also
present in the relative molar ratio of 2.07:1.12:1.00, close
to the predicted 2:1:1. In addition, sialic acid obtained
from the mixture of isolated saccharides had the same
mobility as standard N-acetylneuraminic acid. Combined,
these results indicated that the saccharides were not al-
tered by the oxidation and elimination reactions.

In conclusion, the procedure described 1) eliminates

 

TABLE 1. Percentages of individual gangliosides in the mixture 
of glycosphingolipids (GSLs) used and of the corresponding 

oligosaccharides recovered following oxidation and elimination

 

Ganglioside % Ganglioside % Oligosaccharide

 

GM1 15.6 

 

6

 

 0.7 17.7 

 

6

 

 1.2
GD1a 44.4 

 

6

 

 0.8 40.4 

 

6

 

 0.8
GD1b 13.6 

 

6

 

 0.8 17.6 

 

6

 

 0.8
GT1b 22.1 

 

6

 

 0.4 19.9 

 

6

 

 1.0
GQ 4.3 

 

6

 

 0.2 4.4 

 

6

 

 0.4

Values were calculated from data obtained by densitometric analy-
ses of GSLs and oligosaccharides separated by high performance thin-
layer chromatography and visualized using resorcinol. Values were not
corrected for the number of sialic acid residues per molecule. Percent-
ages were calculated as (density of band/density of all GSL or oligosac-
charide bands in the sample) 

 

3

 

 100. Standard deviations are for n 

 

5

 

 3.

Fig. 2.  HPTLC showing the relative mobilities of isolated saccha-
rides and intact glycosphingolipids (GSLs). Bio-Gel P-4-purified oli-
gosaccharide from lane 1) GT1b, lanes 2 and 3) disialoganglio-
sides, and lane 4) GM1. Lane 5) oligosaccharides eliminated from
bovine brain gangliosides, lane 6) galactose, lane 7) galactose-3-sul-
fate, and lane 8) bovine brain gangliosides plus sulfatide. The plate
was developed in acetonitrile–2-propanol–50-mM KCl 2:13.4:4.6
(v/v/v), and bands visualized using 5% H2SO4 in ethanol. Labels
for the isolated saccharides are on the left side of the figure, those
for intact gangliosides are on the right.
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lack of oxidation of the C3-OH owing to failure of the
lipid to form inverted micelles, 2) can be applied to a vari-
ety of GSLs, 3) can be adjusted for use with a few to hun-
dreds of mg of sample, and 4) is more economical to use
than the enzyme when working with large quantities of
GSLs.

 

The authors thank Mostafa Sheykjnanzari for assistance with
the HPLC analyses. This work was supported in part by grant
NS35653 to C-L.S. from the National Institute for Neurological
Diseases and Stroke, the National Institutes of Health.

 

Manuscript received 10 July 2000 and in revised form 28 July 2000.

 

REFERENCES

 

1. Yamashita, T., R. Wada, T. Sasaki, C. Deng, U. Bierfreund, K. Sand-
hoff, and R. L. Proia. 1999. A vital role for glycosphingolipid syn-

 

thesis during development and differentiation. 

 

Proc. Natl. Acad.
Sci. USA.

 

 

 

96:

 

 9142–9147.
2. Roisen, F. J., H. Bartfeld, R. Nagele, and G. Yorke. 1981. Ganglio-

side stimulation of axonal sprouting in vitro. 

 

Sci.

 

 

 

214:

 

 577–578.
3. Li, R., J. Manela, Y. Kong, and S. Ladisch. 2000. Cellular ganglio-

sides promote growth factor-induced proliferation of fibroblasts. 

 

J.
Biol. Chem.

 

 

 

275:

 

 34213–34223.
4. Holmgren, J., I. Lonnroth, and L. Svennerholm. 1973. Tissue re-

ceptor for cholera exotoxin: postulated structure from studies
with GM1 ganglioside and related glycolipids. 

 

Infect. Immun.

 

 

 

8:

 

208–214.
5. Superti, F., and G. Donelli. 1991. Gangliosides as binding sites in

SA-11 rotavirus infection of LLC-MK2 cells. 

 

J. Gen. Virol.

 

 

 

72:

 

 2467–
2474.

6. Svennerholm, L. 1980. Ganglioside designation. 

 

Adv. Exp. Med.
Biol.

 

 

 

125:

 

 11.
7. Fishman, P. H. 1982. Role of membrane gangliosides in the bind-

ing and action of bacterial toxins. 

 

J. Memb. Biol.

 

 

 

69:

 

 85–97.
8. Schwarzmann, G., W. Mraz, J. Sattler, R. Schindler, and H. Wie-

gandt. 1978. Comparison of the interaction of mono- and oligova-
lent ligands with cholera toxin. 

 

Hoppe-Seyler’s Z. Physiol. Chem.

 

 

 

359:

 

1277–1286.
9. Thompson, J. P., and C. L. Schengrund. 1998. Inhibition of the ad-

herence of cholera toxin and the heat-labile enterotoxin of 

 

Escher-
ichia coli

 

 to cell-surface GM1 by oligosaccharide-derivatized den-
drimers. 

 

Biochem. Pharmacol.

 

 

 

56:

 

 591–597.
10. Miljkovic, M., and C. L. Schengrund. 1986. Oxidative degradation

of glycosphingolipids revisited: a simple preparation of oligosac-
charides from glycosphingolipids. 

 

Carbohydr. Res.

 

 

 

155:

 

 175–181.
11. Ghidoni, R., S. Sonnino, M. Masserini, P. Orlando, and G. Tetta-

manti. 1981. Specific tritium labeling of gangliosides at the 3-
position of sphingosines. 

 

J. Lipid Res.

 

 

 

22:

 

 1286–1295.
12. Sonnino, S., M. Nicolini, and V. Chigorno. 1996. Preparation of ra-

diolabeled gangliosides. 

 

Glycobiol.

 

 

 

6:

 

 479–487.
13. Folch, J., M. Lees, and G. H. Sloane Stanley. 1957. A simple

method for the isolation and purification of total lipids from ani-
mal tissues. 

 

J. Biol. Chem.

 

 

 

225:

 

 497–509.
14. Ledeen, R. W., and R. K. Yu. 1982. Gangliosides: structure, isola-

tion, and analysis. 

 

Methods Enzymol.

 

 

 

83:

 

 139–191.
15. Svennerholm, L. 1957. Quantitative estimation of sialic acids. II. A

colorimetric resorcinol-hydrochloric acid method. 

 

Biochim. Bio-
phys. Acta.

 

 

 

24:

 

 604–611.
16. Yamashita, K., T. Mizuochi, and A. Kobata. 1982. Analysis of oli-

gosaccharides by gel filtration. 

 

Meth. Enz.

 

 

 

83:

 

 105–126.
17. Li, S-C., R. DeGasperi, J. E. Muldrey, and Y-T Li. 1986. A unique

glycosphingolipid-splitting enzyme (ceramide-glycanase from
leech) cleaves the linkage between the oligosaccharide and the
ceramide. 

 

Biochem. Biophys. Res. Comm.

 

 

 

141:

 

 346–352.

Fig. 3. HPTLC of a mixture of oligosaccharides obtained by lane
1) DDQ oxidation and base-catalyzed elimination of mixed bovine
brain gangliosides, and lane 2) cleavage of mixed bovine brain gan-
gliosides by ceramide glycanase. The plate was developed in
acetonitrile – 2-propanol – 50-mM KCl 2:13.4:4.6 (v/v/v), and
bands visualized using resorcinol (15).
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