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Analysis of glycosphingolipid-derived oligosaccharides by
high pH anion exchange chromatography
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As an adjunct to existing thin layer and column chromatographic methods for the identification of glycolipids
a method that utilizes the high pH anion chromatographic (HPAEC) analysis of the oligosaccharides released
from the glycolipids by endoglycoceramidase has been developed. Using a Dionex Carbo Pak PA1 column and
elution with a linear gradient of sodium acetate in 0.2 M NaOH, the elution times of eight neutral and fourteen
acidic oligosaccharides derived from glycolipids were determined. Under these conditions the neutral
oligosaccharides were well separated from each other but some of the acidic oligosaccharides had overlapping
elution times. The ganglioside-derived oligosaccharides could be further identified by treating them with sialidase
or by mild acid hydrolysis and reanalysing the products by HPAEC. The method was applied to the analysis of
mixed bovine brain gangliosides. The procedure provides an additional approach for the initial identification of
glycolipids by analysing the component oligosaccharides rather than the intact glycolipids.
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Introduction

Glycosphingolipids are traditionally analysed and identified
by thin layer chromatography on silica gel plates or more
recently by high performance liquid chromatography
(HPLC) [1, 2]. Although these methods are invaluable for
the identification of glycolipids, additional techniques that
would conveniently confirm the initial assignments are
needed. The introduction of an enzyme (endoglycoceram-
idase) that liberates the oligosaccharide moieties from
glycolipids [3, 4] and the development of methods for
analysing oligosaccharides by high performance anion
chromatography at high pH [5, 6] has opened up possible
new approaches to glycolipid identification and analysis.
Wang et al. [7] briefly described the combination of these
two techniques to the analysis of Gy, Gpy,, Gpip, and Gy,
gangliosides. We have extended this approach to demon-
strate its general utility in identifying both neutral and
acidic glycolipids by analysing the oligosaccharides released
by endoglycoceramidase treatment and, in the case of
gangliosides, the additional information that can be gained
by analysing the neutral and acidic oligosaccharides formed
by sialidase treatment or mild acid hydrolysis of the released
acidic oligosaccharides.
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Materials and methods
Glycolipids and sugars

The following acidic and neutral glycolipids were purchased
from Sigma Chemical Co. (St Louis, MO): Gy3, Gyzs Gurs
Gbiar Gp3> Opas Gpips Gris, sulfatide, asialo-G,,, asialo-
Gy,, globoside, globopentaosylceramide, and ceramide
dihexoside. Ceramide trihexoside was from Matreya, Inc.,
(Pleasant Gap, PA). All glycolipids were tested for purity
by thin layer chromatography (TLC). NeuGc-Gy; and
(NeuGc),-Gp; were isolated from horse [8] and cat
erythrocytes [9], respectively. NeuGe-Gy, was a gift from
Dr R. Yu (Virginia Medical College). Sialylparagloboside
and disialylparagloboside were kindly provided by Dr D.
M. Marcus (Baylor College of Medicine). Lacto-N-neo-
tetraose was purchased from Oxford Glycosystems (Rose-
dale, NY). Lacto-N-tetraose was kindly provided by Dr
A. Kobata (Tokyo). N-Acetylneuraminic acid and N-glyco-
lylneuraminic acid were obtained from the Sigma Chemical
Company.

Enzymes

Rhodococcus endoglycoceramidase was purchased from
Genzyme Co. (Cambridge, MA) or from Sigma Chemical
Co. (St Louis, MO). Vibrio cholerae neuraminidase was
from Calbiochem Co. (San Diego, CA).
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Release of oligosaccharides from glycolipids

Glycolipid (5-10 pg) was dried in a 6 x 50 mm glass culture
tube under a stream of nitrogen. Twenty-five ul of detergent
(Na tauroeoxycholate, 1 mg ml~! in H,0O) was added and
the sample was sonicated for 1 min. The dissolved glycolipid
was then mixed with 25 pul of sodium acetate-acetic acid
buffer, pH 6.0, containing 150 pU of endoglycoceramidase
[3] and incubated at 37 °C for 24 h. The oligosaccharides
released from gangliosides were isolated by adding chloro-
form (50 pl) to the reaction mixture and isolating the
aqueous phase. The solution was evaporated to dryness in
a Speed Vac and finally dissolved in 0.1 mM maltose in
water (50 pl). For neutral glycolipids, the reaction mixture
was diluted 10-fold with water, and passed several times
through a C18 Sep-pak cartridge (Millipore/Waters, Mil-
ford, MA) that had been pretreated according to the
manufacturers’ instructions. Two ml of water was applied
to the column, and pooled with the previous column
fall-through fraction. After lyophilization of these pooled
eluates, the resulting acidic oligosaccharide sample was
redissolved in 0.1 mM maltose in water (50 pl). Aliquots
(20 pl) of the neutral or acidic oligosaccharides were then
analysed for acidic or neutral oligosaccharides by HPAEC.

Sialidase treatment

Approximately 5pug of released oligosaccharides were
treated with 15mU of Vibrio cholerae neuraminidase in
50 ul volume of Na phosphate buffer (0.15M, pH 5.5) at
37 °C overnight. The hydrolysed sample (20 pl) was analysed
directly by HPAEC.

Partial acid hydrolysis of oligosaccharides

To release N-acetylneuraminic acid, the oligosaccharides
were partially hydrolysed as follows: lyophilized oligosac-
charides (5 pg) were dissolved in 200 pl of 0.1 N HCI and
hydrolysed at 80 °C for 1 h. After evaporation in a Speed
Vac the sample was redissolved in 50 pl of water and a 20 ul
aliquot analysed by HPAEC.

High pH anion exchange chromatography

HPAEC analysis was performed in a Dionex BioLc System
(Dionex Co. Synnyvale, CA) fitted with a Carbo Pak PAl
column (250 mm x 4 mm), a pulsed amperometric detector
(PAD) and a Spectro-Physics 4270 Integrator. The column
was cluted with 0.2 M NaOH for 5 min and then with a
linear gradient from 0.2 M NaOH to 0.2 M NaOH with 0.4 M
Na acetate (in CO,-free water) over 40 min at a flow rate
of 1.0 ml min ~!. The following pulse potentials on the PAD
were used for detection: E; =0.05V; E, =0.60V; E; =
—0.60 V. The range was normally set at 1000 nA.

Analysis of brain gangliosides oligosaccharides

In order to identify the oligosaccharides of bovine brain
gangliosides a larger sample was treated with endoglyco-
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ceramidase and analysed: 100 pg of bovine brain ganglio-
side (Sigma Chemical Co.) was treated with 300 pU of
endoceramidase in 100 pl of sodium taurodeoxycholate
acetate buffer pH 6.0. After 24 h, the released oligosac-
charides were isolated by chloroform-water partition,
dried by evaporation, and redissolved in 20 pl of water. The
oligosaccharide mixture was separated by HPAEC as
described above except that the column eluate was collected
in fractions (0.25 ml). Fractions corresponding to carbo-
hydrate peaks were immediately pooled, neutralized with
1 M acetic acid and the samples were deionized by passing
over a Dowex 50 (H") column (1 ml). The column was
washed with water (2 ml) and the combined eluate and wash
were lyophilized and the residue redissolved in water.
Aliquots were partially hydrolysed or treated with sialidase
as described above the rechromatographed by HPAEC to
identify the neutral or partially desialylated oligosac-
charides.

Results
Optimization of chromatographic conditions

To establish the optimal conditions for the separation of
glycolipid-derived oligosaccharides, samples from CDH,
CTH, Gy; and Gp, were prepared and analysed with a
variety of gradients of increasing Na acetate in 0.2 M
NaOH over different time periods. A program consisting of
0.2 M NaOH for 5 min, followed by a linear gradient from
0.2M NaOH to 04M Na acetate in 0.2M NaOH over
40 min (Fig. 1A) was selected for further use. Under these
conditions neutral oligosaccharides (CTH, peak 12, Fig. 1B)
and lactose (peak 10, Fig. 1C) were eluted rapidly (6—12 min)
whereas acidic oligosaccharides from Gy; (peak 19) and
Gp; (peak 27) gangliosides were well retained on the
column and eluted in 20-30 min (Fig. 1C). This chromato-
graphic programme allows for separation both of neutral
and acidic oligosaccharides in a single run. A number of
non-glycolipid-related oligosaccharides were tested for their
suitability as internal standard compounds, i.e. to be well
separated from glycolipid-derived oligosaccharides; maltose
was selected for this purpose (Figs. 1B and 1C).

Separation of the oligosaccharides released from glycolipids

Twenty-two oligosaccharides released from glycolipids were
analysed by HPAEC. Table 1 shows absolute elution times
and elution times relative to maltose of these oligosac-
charides as well as the values for some relevant mono-
saccharides. In general, the compounds were well separated
from each other. The compounds were distributed clearly
in two groups. Monosaccharides, except NeuGc, and
neutral oligosaccharides were totally eluted within 15 min.
All oligosaccharides released from acidic glycolipids were
eluted at later times (from 20.5 min for Gy, to 40.8 min
for (NeuGc),Gp;). The eight neutral oligosaccharides
examined were well separated from each other and could be
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Figure 1. Separation by HPAEC of standard oligosaccharides produced from glycolipids by ceramidase treatment. Twenty pmol of each
sample was treated wtih ceramidase and separated under the conditions described in the Materials and methods section. The peaks in
this chromatogram are numbered according to Table 1. 1A: Gradient used for the elution; 1B: separation of oligosaccharides derived from
CTH, 12 and maltose (internal standard, S); 1C: separation of oligosaccharides derived from CDH (10), Gys (19), Gp; (27) and

maltose (internal standard, S).

identified on the basis of their relative elution times. The
elution times were approximately proportional to the length
of the oligosaccharides, however structural features of the
compounds also seemed to play important roles as demon-
strated by the elution of GgOse; before GbOse, and
GbOse; before LcOse,. The number of substituent sialic
acid residues was a major factor in determining the elution
times of the acidic compounds. Thus, oligosaccharides from
trisialogangliosides were eluted later than those from
disialogangliosides, which in turn were eluted later than
those from monosialogangliosides. Specifically, the order of
the elution times was Gy, Gya, Gmss Gpios Gpas Gpiar Gps
and Gr,;,. NeuGe-containing oligosaccharides were eluted
7-8 min later than the corresponding NeuAc-derivatives (cf
NeuGe-Gyy, with Gy, and NeuAc-Gy; and Gy; in Table
1). Unlike the neutral oligosaccharides tested, which could
be identified on the basis of their relative elution times
alone, some of the acidic oligosaccharides showed identical
or very close elution times (¢f Gy, with Gy; and Gp, with
diSPG). Additional information was therefore needed to
identify these oligosaccharides.

Analysis of oligosaccharides released from acidic
oligosaccharides by sialidase or mild acid hydrolysis

The endoglycoceramidase-released acidic oligosaccharides
could be further identified on HPAEC by analysing the
partially or completely hydrolysed oligosaccharides formed
by sialidase treatment or acid hydrolysis (Table 2). For
example, the oligosaccharides from Gy,; (peak 19, Fig. 2)
and Gy, (peak 17, Fig. 3) have almost identical elution
times and could not readily be distinguished in the initial
analysis of HPAEC. Following sialidase treatment, Gy,
oligosaccharide was converted to two peaks identifiable as
lactose (peak 10) and NeuAc (peak 7) as shown in Fig. 2B.
A similar result was obtained by mild acid hydrolysis (Fig.
2C). These results identify the oligosaccharide as being
derived from Gy, On the other hand, treatment of Gy,
oligosaccharide with sialidase did not result in any change
in the elution profile (Fig. 3B). Mild acid hydrolysis of the
oligosaccharide, however, yield peaks corresponding to
GgOse, (peak 11) NeuAc (peak 7) and incompletely
hydrolysed Gy, (peak 17), as shown in Fig. 3C. As NeuAc
substituted on internal residues are known to be resistant
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Table 1. HPAEC elution parameters of oligosaccharides from glycolipids.

Designation Compound

Elution time Relative

(min)® elution time®*
Mono- and oligosaccharides

1 Fucose 2.98 0.25

2 Galactosamine 3.61 0.30

3 Glucosamine 4.10 0.34

4 Glucose 4.25 0.35

5 Galactose 433 0.36

6 Maltose 12.00 1.00

7 N-acetylneuraminic acid (NeuAc) 14.80 1.23

8 N-glycolylneuraminic acid (NeuGc) 26.70 222

Oligosaccharides derived from glycolipids
I. From neutral glycolipids

9 GgOse; (Asialo Gy,/Gp,) 5.62 0.47
10 GbOse, (Lactosylceramide) 6.11 0.51
11 GgOse, (Asialo Gy,) 7.14 0.60
12 GbOse; (Trihexosylceramide) 8.60 0.72
13 GbOse, (Globoside) 9.60 0.80
14 nLcOse, (Lacto-N-neotetraosylceramide) 9.96 0.83
15 GbOse; (Globopentaosylceramide) 10.90 091
16 LcOse, (Lacto-N-tetraosylceramide) 15.00 1.25

I1. From acidic glycolipids

17 11’ NeuAc-GgOse, (Gyy;) 20.03 1.67
18 II3NeuAc-GgOse; (Gyys) 20.36 1.70
19 I*NeuAc-Lac (Gys) 20.46 1.71
20 13S0,-Gal (Sulfatide) 24.00 2.00
21 IV3NeuAc-LenOse, (Sialylparagloboside) 25.25 2.10
22 I13(NeuAc),-GgOse, (Gp,) 25.60 2.13
23 II*(NeuAc),-GgOse; (Gp,) 26.50 220
24 I*NeuGe-GgOse; (Gy,, NeuGe) 27.72 2.31
25 IV3NeuAc, II3NeuAc-GgOse, (Gp1,) 27.84 2.32
26 II*NeuGe-Lac (Gys, NeuGe) 28.70 2.39
27 II*(NeuAc),-Lac (Gp3) 28.80 2.40
28 IV3(NeuAc),-LenOse, (Disialylparagloboside) 28.90 241
29 IV*NeuAc, II’(NeuAc),-GgOse, (Grip,) 32.60 2.72
30 I1*(NeuGc),-Lac (Gp;, NeuGce) 40.80 3.40
a5
® Elution time relative to maltose.
¢ +2%.

to Vibrio cholerae sialidase treatment, this result, in
combination with the identification of GgOse,, identifies
the oligosaccharide as being derived from Gy,;. NeuGec-
containing oligosaccharides could be readily discriminated
from NeuAc-containing oligosaccharides with similar
clution times by the release of NeuGce following either
sialidase or mild acid hydrolysis treatment.

Chromatography of oligosaccharides bovine brain
gangliosides

The acidic fraction of bovine brain glycolipids is well known
to contain a mixture of various gangliosides. Using thin
layer chromatography, three major (Gp,,, Gp1y, and Gryy)

and two minor gangliosides (Hy; and Gyp,) were detected
by resorcinol-HCI spray (data not shown). To analyse the
composition of bovine brain gangliosides a relatively large
amount of the sample (100 pg) was treated with endo-
ceramidase and separated by HPAEC. As shown in Fig.
4A, the sample was separated into six major peaks and
several minor peaks. By comparison with the relative
elution times of the stanard oligosaccharides (Table 1), the
major peaks were found to correspond to Gy,/Gy; (peak
17, 18), Gp,,, (peak 22), Gy, (peak 25), and Gy, (peak 29)
and minor peaks corresponding to Gp,, (peak 23) and Gy,
(peak 27). A peak cluting at 16.49 min could not be
identified. In order to confirm the identity of these
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Figure 2. HPAEC of oligosaccharides from Gy ganglioside
before and after acid hydrolysis and sialidase treatment. 2A: Gy,
oligosaccharide (19) released by ceramidase treatment; 2B: Gy,
oligosaccharide after stalidase treatment (lactose, 10 and NeuAc
7}, 2C: Gy; oligosaccharide after mild HCI hydrolysis. Peak S:
Internal stadnard (maltose).

compounds, fractions corresponding to the peaks were
collected and the samples treated with dilute acid or
sialidase as described above. Figure 4B shows the identifica-
tion of peak 25 as Gy, by partial acid hydrolysis to
II°NeuAc-GgOSe, (peak 17; Gy, oligosaccharide), GgOse,,
(peak 11) and NeuAc (peak 7) and Fig. 4C shows that peak
29 is converted to II3(NeuAc),-GgOse, (peak 22 Gy,
oligosaccharide), II*°NeuAc-GgOse,, (peak 17) and NeuAc
(peak 7) thus confirming its identity as Gy,

Discussion

Since its introduction in 1988 [5, 6], high pH anion
exchange chromatography has been used for the analysis of
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"Figure 3. HPAEC of oligosaccharides from Gy, ganglioside

before and after acid hydrolysis and sialidase treatment. 3A: Gy,
oligosaccharide released with ceramidase (17); 3B: Gy, oligosac-
charide after sialidase treatment (17); 3C: Gy; oligosaccharide
after mild HCI hydrolysis (Gy,, 17, asialo Gy, 11) and NeuAc (7).
The peaks in the chromatogram are numbered according to Table
1. Peak S: internal standard (maltose).

monosaccharides [10, 11], oligosaccharides from N-linked
[5, 6,12, 13] and O-linked chains [13-15], and ganglioside-
derived oligosaccharides [7]. We have now demonstrated
its general utility in the analysis of both neutral and acidic
oligosaccharides released from glycolipids by endoglyco-
ceramidase. Using a simple gradient elution profile, all the
monosaccharides and neutral oligosaccharides studied
could be separated from each other (Table 1). Many of the
acidic oligosaccharides, derived from gangliosides, could
also be readily resolved. As would be expected for anion
exchange chromatography, sialylated oligosaccharides were
cluted at later times than the corresponding neutral
compounds; substitution with one NeuAc delayed the
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Figure 4. HPAEC of oligosaccharides produced from bovine brain gangliosides. 4A: Bovine brain gangliosides (100 ug) were treated
with ceramidase and separated by HPAEC under the condition described in the Materials and methods section. 4B: HPAEC of partially
acid hydrolysed peak 25; 4C: HPAEC of partially acid hydrolysed peak 29. The peaks in this chromatogram are numbered according

to Table 1. Peak S: internal standard (maltose).

elution time by 13-17 min, while the substitution of a
second NeuAc delayed the clution time by an additional
4-8 minutes. As reported previously [7, 14], NeuGe-
containing oligosaccharides were eluted considerably later
{7-8 min) than the corresponding NeuAc-containing com-
pounds.

As some of the acidic oligosaccharides had identical or
very similar elution times to each other, these compounds
could not be firmly identified by their elution times.
However, by mild acid hydrolysis or sialidase treatment to
remove, or partially remove, sialic acid residues and

rechromatography, the majority of the acid oligosac-
charides studied could be distinguished (Table 2). Further-
morte, the sialic acid moiety can be identified as NeuAc or
NeuGec. Further structural information can be obtained by
rechromatographing the sialidase or acid-treated oligosac-
charides. As is well known, Vibrio cholerae sialidase or mild
acid hydrolysis will completely remove terminal NeuAc
residues whereas NeuAc residues substituted on internal
sugars are more stable (16-18). Thus, analysis of the
products gives additional data on the nature of the
structure. Examples of this approach can be seen in Fig. 2.
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Table 2. Relative elution times of ganglioside oligosaccharides and derived neutral oligosaccharides.

Ganglioside Relative elution Sialidase treatment Acid hydrolysis
oligosaccharide time (RET)*
Product RET Product RET
Gy 1.67 NC? NC GgOse, 0.60
Gua 1.70 NC NC GgOse, 0.47
Gus 1.71 GbOse, 0.51 GbOse, 0.51
Goib 2.13 Gui 1.67 GgOse, 0.60 and
Gy 1.67
Gp, 2.20 Gua 1.70 GgOse;, 0.47 and
Gus 1.70
Gpia 2.32 Gyt 1.67 GgOse, 0.60 and
Gy 1.67
Gp; 2.40 GbOse, 0.51 GbOse, 0.51 and
Gz 1.71
Grip 2.72 Gy 1.67 GgOse, 0.60,
Gy 1.67 and
Gpip 2.13

* RET: Relative to the elution time of maltose (12.00 min).

® NC: No change.

Thus G,,; is converted to lactose and NeuAc by both acid
hydrolysis and sialidase treatment (Fig. 2A). On the other
hand, Gy, is stable to sialidase but dilute acid hydrolysis
releases GgOse, and NeuAc (Fig. 2C). It is interesting to
note that the hydrolysis conditions chosen (0.1 N HCI at
80 °C for 1h), which are the standard conditions usually
used to release sialic acid from complex carbohydrates, did
not completely remove the NeuAc from Gy, (Fig. 2). By
increasing the hydrolysis time most of the NeuAc could be
released from Gy, but this leads to a lower yield of GgOse,
and increasing amounts of smaller oligosaccharides (data
not shown). A similar result was observed in the partial acid
hydrolysis of Gp;, and Gg,, (Table 2) and the nature of
these products provided additional data on the structure of
the parent oligosaccharide. These results confirm and
extend those made previously [17, 18] on the susceptibility
of NeuAc residues to partial acid hydrolysis. As with
sialidase treatment, sialic acid residues substituted on the
internal galactose residue were less acid labile than those
substituted on a terminal galactose residue. Moreover, even
the a2 — 8NeuAc in Gy, and Gy, is more resistant than
the ¢2 — 3Gal-linked, terminal sialic acid.

This HPAEC method is designed to complement standard
TLC and HPLC methods for the identification of glyco-
lipids. TLC of intact glycolipids is relatively insensitive and
identification is sometimes ambiguous because of multiple
bands resulting from heterogeneity in the ceramide portion
of the glycolipids. HPLC methods can also give multiple
peaks and derivatization is needed in some procedures. The
analysis of released oligosaccharides by HPAEC provides
an additional approch to glycolipid identification in which

the parameters governing separation are quite different
from those responsible for the chromatographic separations
of intact glycolipids. The method described can be com-
pared with two other published procedures for the analysis
of endoglycoceramidase-relased oligosaccharides. Higashi
et al. [19] described a two-dimensional HPLC mapping
method based on the separation of p-aminobenzoic acid
ethyl ester derivatives of the oligosaccharides. This method
is effective and fairly sensitive but requires derivatization
and two separate HPLC separations. An alternative
approach described by Hansson et al. [20] utilizes gas
chromatography of permethylated oligosaccharides and
identification of the peaks by mass spectrometry. This is a
powerful method but again requires derivatization and is
not applicable to polysialosyl oligosaccharide.

An important advantage of the use of pulsed ampero-
metric detection is that very small amounts of underderiva-
tized compounds can be readily detected. In this study, we
routinely treated 5-10 ug of glycolipid with endoglyco-
ceramidase and analysed about half of the released
oligosaccharide by HPAEC; however, much smaller
amounts of glycolipid can be identified by increasing the
sensitivity of the detector. The procedure can also be scaled
up quite conveniently to a semi-preparative level. In
analysing total brain ganglioside we separated oligosac-
charides derived from 100 pg of glycolipids and isolated and
reanalysed the individual peaks by partial acid hydrolysis.
The method is also applicable to the analysis of oligosac-
charides released from radiolabelled glycolipids. For
instance, in a recent study (S. Ruan, K. O. Lloyd and K.
Furukawa. Enzymatic analysis of melanoma cells stably
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transfected with fGalNAcl — 4transferase (Gy,/Gp, syn-
thase) cDNA, submitted for publication) on the expression
of a f1,4GalNAc-transferase we identified the products of
the enzyme reaction using this HPAEC method. In
this study the products resulting from the transfer of
[**C]CMP-NeuAc to Gy; or Gpj, were identified as Gy,
and Gy, respectively, by endoglycoceramidase treatment
and coelution of the radioactive Gy,- and Gp,- derived
oligosaccharides with unlabelled oligosaccharide standards.
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