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Abstract 

A new anion-exchange HPLC method for separation of gangliosides has been developed using TMAE 
(trimethylaminoethyl)-Fractogel as the stationary phase and a gradient system of ammonium acetate in methanol 
for elution. Chromatography of mouse brain gangliosides resulted in separation according not only to their degree 
of sialylation into mono-, di-, tri- and tetrasialogangliosides, but also in separation of positional isomers within the 
four elution domains, e.g. Go~ a (IV3Neu5Ac,II3Neu5Ac-GgOse4Cer) and GD1 b (II3(Neu5Ac)2-GgOse4Cer) of the 
disialoganglioside fraction. Furthermore, base-line separation of a2 -3  and a 2 - 6  sialylated neolacto-series 
gangliosides e.g. IV3Neu5Ac-nLcOseaCer and IV6Neu5Ac-nLcOse4Cer, isolated from human granulocytes, was 
achieved and pure fractions of each ganglioside were obtained. Thus, the high-resolution power of the strong 
anion-exchanger TMAE-Fractogel allowed the isolation of pure gangliosides on a preparative scale by one-step 
column chromatography. 

1. Introduction 

Gangl ios ides  are dist inguished f rom o ther  
glycosphingolipids  (GSLs)  1 by the presence  of  
sialic acid, a characterist ic  ca rbohydra te  con- 
st i tuent  [1]. Structures  and funct ions of  gan- 
gliosides have been  widely reviewed [2-4] .  They  
act as receptors  for  toxins and bacter ia  [5], 
viruses [6] and o ther  ligands and are bel ieved to 
be  involved in cel l -cel l  recogni t ion p h e n o m e n a  
and in the deve lopmen t  of  an t i - tumor  immuni ty  
[7]. 

D u e  to the biological impor tance  o f  gan- 
gliosides much  effort  has been  spent  on  their  
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1 Abbreviations 
GSL(s), glycosphingolipid(s); HGG, human granuiocytes 
gangliosides; MBG, mouse brain gangliosides, Neu5Ac,N- 
acetylneuraminic acid [22]; TMAE, trimethylaminoethyl. 
The designation of the following glycosphingolipids follows 
the IUPAC-IUB recommendations [23] and the ganglioside 
nomenclature system of Svennerholm [24] was used. LacCer 
or lactosylceramide, GalB1-4GlcBI-ICer; gangliotria- 
osylceramide or GgOse3Cer, GalNAcB1-4GalB1-4GlcB1- 
1Cer, gangliotetraosylceramide or GgOse4Cer, GalB1-3Gal- 
NAcB1-4GalB1-4GIcBI-ICer; lacto-N-neotetraosylceramide 
or nLcOse4Cer , GalB1-4GlcNAcB1-3GalB1-4GlcBI-ICer; lac- 
to-N-norhexaosylceramide or nLcOse6Cer, GalB1-4GlcNAc- 
B1-3GalI31-4GIcNAcB1-3GalB1-4GIcBI-ICer; GM3 , II3Neu5 - 
Ac-LacCer; GM2 , II3Neu5Ac-GgOse3Cer; GM1 , II3Neu5Ac - 
GgOse4Cer; Go1 ~ , IV3Neu5Ac,II3Neu5Ac-GgOse4Cer; 
Golb, n3(Neu5Ac)2-GgOse4Cer; Grl b, IV3Neu5Ac,II 3- 
(Neu5Ac)2-GgOse4Cer; Go1 b, IV3(NeuSAc)2,II3(Neu5Ac)2 - 
GgOse4Cer. } 

reserved 
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isolation and structural characterization. Anion- 
exchange chromatography is convenient as a first 
purification step of crude GSL extracts because 
of the complete separation of neutral GSLs and 
gangliosides. Since the first report by Momoi et 
al. [8], the separation of gangliosides using 
DEAE-resins has become one of the most popu- 
lar methods for the preparation and purification 
of gangliosides. To achieve fractionation of gan- 
gliosides according to their degree of sialylation, 
the use of various anion-exchange DEAE-cou- 
pied matrices has been reported [9-12]. Further 
recent improvements in separation of gan- 
gli0sides were the application of DEAE-Frac- 
togel [13] as well as the strong anion-exchanger 
Q-Sepharose [14]. In this report, we describe an 
improved HPLC anion-exchange column chro- 
matographic method using TMAE (tri- 
methylaminoethyl)-Fractogel, which allows the 
separation of ganglioside positional isomers on a 
preparative scale. A preliminary report of some 
of the results has already been published [15]. 

nium acetate in methanol. After evaporation and 
desalting by dialysis, the ganglioside fraction was 
incubated for 1 h at 37°C in 1 M NaOH to 
hydrolyse phospholipids, followed by neutraliza- 
tion with acetic acid and desalting by dialysis. 
Gangliosides were then further purified by Iat- 
robeads 6RS-8060 chromatography (Macherey- 
Nagel, D/iren, Germany) according to Ueno et 
al. [19]. The total ganglioside fraction composed 
of gangliosides numbered 1 to 8 (see Table 2) 
and designated HGG1, was eluted with chloro- 
form-methanol (1:2, v/v). Alternatively, step- 
wise elution was performed with chloroform- 
methanol (85:15, 3:1, 2:1, 1:2, v/v), and finally 
with pure methanol. A neolacto-series gan- 
glioside fraction without GM3 , composed of gan- 
gliosides 3 to 8 (GM3 depleted, see Table 2) and 
designated HGG2, was obtained in the chloro- 
form-methanol (1:2) eluate. 

2.2. High-performance thin layer 
chromatography 

2. Experimental 

2.1. Gangliosides 

Chloroform and methanol of analytical grade 
(Merck, Darmstadt, Germany) were distilled 
before use. Gangliosides from female CBA/J  
mouse brains were isolated according to standard 
procedures [2]. Two pools of brain were pre- 
pared (MBG1 and MBG2) which showed some 
differences in their relative amounts of gan- 
gliosides. Structures of mouse brain gangliosides 
are listed in Table 1. 

Gangliosides from human granulocytes were 
isolated as recently described by Miithing et al. 
[16]. Briefly, cell lipids were extracted with 
chloroform-methanol (2:1, v/v) and (1:2, v/v). 
The combined extracts were evaporated and 
partitioned according to Folch et al. [17]. Gan- 
gliosides of Folch's upper phase were separated 
from neutral glycosphingolipids by anion-ex- 
change chromatography on DEAE-Sepharose 
CL-6B (Pharmacia Fine Chemicals, Freiburg, 
Germany) as described by Mfithing et al. [18]. 
Gangliosides were eluted with 0.45 M ammo- 

Gangliosides were separated on glass-backed 
silica gel 60 precoated HPTLC plates (size 10 
cm× 10 cm, thickness 0.24 mm; E. Merck, 
Darmstadt, Germany) in the solvent chloro- 
form-methanol-water (120:85:20, v/v) with 2 
mM CaC12 in standard separating chambers 
equipped with filter paper. Gangliosides were 
applied to the HPTLC plates with the automatic 
Desaga TLC-applicator AS 30 (Desaga, Heidel- 
berg, Germany). Volumes of 5 ~1 were applied 
with a high-precision 10-/zl syringe. Gangliosides 
were visualized by resorcinol as described by 
Svennerholm [20] and lipid bound sialic acid was 
estimated by densitometry. Resorcinol stained 
ganglioside chromatograms were scanned with a 
Desaga CD 60 scanner equipped with an IBM 
compatible personal computer and densitometric 
software. Intensities of bands were measured in 
the reflectance mode at 580 nm with a light beam 
slit of 0.1 mm × 2 mm. 

2.3. Anion-exchange H P L C  of  gangliosides 

The Superformance universal glass-cartridge 
system of Merck was used for HPLC. Glass 
cartridges (150 × 10 mm) either filled with Frac- 
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togel EMD DEAE-650(S) (Merck, No. 20282) 
or with Fractogel EMD TMAE-650(S) (Merck, 
No. 20286) were fitted into a HPLC system 
(Gilson Abimed, Langenberg, Germany) con- 
sisting of three M303 HPLC pumps, a high- 
pressure mixer M811 and a fraction collector 
M202. The anion-exchanger was converted into 
the acetate form by successive rinsing with 100 
ml of NaCl/Tris buffer (0.5 M NaCI, 0.25 M 
Tris), 150 ml Milli Q-water (Millipore, Bedford, 
MA, USA; Milli-Q water purification system), 
100 ml of 1 M acetic acid and 150 ml Milli-Q 
water. Finally, the column was equilibrated with 
chloroform-methanol-water (30:60:8, v/v) and 
gangliosides were applied in this solvent onto the 
column via a Rheodyne 7125 manual injector 
connected with a 5-ml sample loop. After rinsing 
with 220 ml of chloroform-methanol-water 
(30:60:8, v/v) and 40 ml of methanol, DEAE- 
Fractogel bound gangliosides were eluted with 
an NH4OAc gradient in methanol as follows: 
flow-rate 0.5 ml/min; linear gradient from 
methanol to 0.03 M NH4OAc (280 min), fol- 
lowed by a linear gradient from 0.03 M to 0.1 M 
NH4OAc (100 min) and 0.1 M NHaOAc (60 
min). TMAE-Fractogel bound gangliosides were 
eluted with an NHaOAc gradient in methanol as 
follows: flow-rate 0.5 ml/min; linear gradient 
from methanol to 0.1 M NH4OAc (20 min) 
followed by a linear gradient from 0.1 M to 1 M 
NH4OAc (220 min) and 1 M NH4OAc (60 min). 
The details on the chromatographic parameters 
are given in the respective figures (see below). 
The relative elution volume was calculated as the 
quotient of the elution Volume to the bed volume 
of the column. 

3. Results and discussion 

The resorcinol stained thin layer chromato- 
grams of mouse brain gangliosides (MBG1, see 
Experimental) and human granulocytes gan- 
gliosides (HGG1, see Experimental) are shown 
in Fig. 1. The major gangliosides from mouse 
brain are the ganglio-series gangliosides GMX , 

GD1 a, GDI b, GT1 b and GOl b. Their structures are 
shown in Table 1. In a previous paper [16] we 

Fig. 1. Thin layer chromatogram of 10/xg gangliosides, each, 
of mouse brain (a, MBG1) and human granulocytes (b, 
HGG1). For abbreviations see Experimental. After chroma- 
tography, gangliosides were visualized by spraying the plate 
with resorcinol-HCl reagent. The structures of gangliosides 
from mouse brain and human granulocytes are listed in 
Tables 1 and 2, respectively. 

showed that, besides GM3, the neolacto-series 
gangliosides IV3Neu5Ac-nLcOse4Cer, 
IV6Neu5Ac-nLcOse4Cer and VI3Neu5Ac - 
nLcOse6Cer were t h e  major gangliosides iso- 
lated from a pool of human granulocytes, ac- 
cording to results of Fukuda et al. [21]. The 
characteristic pattern of four ganglioside double 
bands (Fig. 1, lane b) is caused by substitution of 
fatty acids with different chain length (mainly 

Table 1 
Structures of mouse brain gangliosides 

Symbol a Structure 

Gut 

GDta 

GDlb 

GTlb 

Golb 

GalB1-3GalNAcB1-4GalB1-4GIcBI-ICer 

Neu5Ac 

Gaifil-3GalNAcB1-4GalB1-4GIcBI-ICer 

Neu5Ac Neu5Ac 

GalI]I-3GalNAcB1-4GalB1-4GlcBI-ICer 

Neu5Ac8-2c~Neu5Ac 

GaII31-3GalNAcB1-4GalB1-4GlcBI-ICer 

Neu5Ac Neu5Ac8-2aNeu5Ac 

Gall31-3GalNAcl31-4Gall31-4Glcgl- 1 Cer 

Neu5Ac8-2a Neu5Ad~eu5Ac8-2a Neu5Ac 

a According to Svennerholm [24]. 
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Table 2 
Structures of 
granulocytes ° 

monosialogangliosides from human 

No. Fatty a c i d  Structure 

1 24:1, 22:0 
2 16:0 
3 24:1, 22:0 
4 16:0 
5 24:1 
6 16:0 
7 24:1 
8 16:0 

II3Neu5Ac-LacCer 
II3Neu5Ac-LacCer 
IV3Neu5Ac-nl_,cOse4Cer 
IV3Neu5Ac-nLcOse4Cer 
IV6Neu5Ac-nLcOse4Cer 
IV6Neu5Ac-nLcOse4Cer 
VI3Neu5Ac-nLcOse6Cer 
VI3Neu5Ac-nLcOse6Cer 

a Data drawn from Miithing et al. [16]. 

C24- and C~6-fatty acids) in the ceramide por- 
tions (see Table 2). 

3.1. H P L C  o f  ganglio-series gangliosides on 
D E A E-Fractogel 

To ensure binding of all gangliosides to the 
weak anion-exchange resin, ganglioside mixtures 
with a relatively low concentration of 30 nmol/  
ml (ca. 0.05 mg/ml)  were applied to the column. 
Increasing of the ganglioside concentration pre- 
vented binding of monosialogangliosides, which 
passed through the column without binding to 
the DEAE-groups .  The maximum loading 
capacity of the column was ca. 0 .5 /zmol  per ml 
of resin, as calculated for the mouse brain 
ganglioside mixture MBG1 (see Experimental) .  
The  H P L C  elution profile of MBG1 and the 
corresponding TLC pattern of the single frac- 
tions are shown in Fig. 2. Gangliosides were 
separated according to their degree of sialylation 
into mono-,  di-, tri- and tetrasialogangliosides 
within the relative elution volume of twelve 
column volumes. Complete elution of all gan- 
gliosides is ensured with 0.1 M NH4OAc.  Within 
the mono-,  di- and trisialoganglioside fractions, 
respectively, all individual gangliosides co- 
eluted, e.g. Go1 a and GD1 b of the disialogan- 
glioside fraction. Only in the tetrasialogan- 
glioside elution peak the two less polar com- 
pounds eluted prior to Go1 b. 

Fig. 2. HPLC of mouse brain gangliosides on DEAE-Frac- 
togel. Gangliosides (10 mg MBG1, see Experimental) were 
chromatographed and collected in 2-ml fractions (= 4-min 
fractions). Aliquots (2%) of single fractions were analyzed by 
TLC. I = mono-, II = di-, III = tri- and IV= tetrasialo- 
gangliosides. The structures of mouse brain gangliosides are 
listed in Table 1. 

3.2. H P L C  of  ganglio-series gangliosides on 
TMAE-Fractogel  

The strong anion-exchanger enabled applica- 
tion of ganglioside mixtures with a higher con- 
centration up to 300 nmol /ml  (ca. 0.5 mg/ml)  
without any loss of monosialogangliosides. Com- 
pared to DEAE-Fractogel ,  ganglioside concen- 
trations could be increased about ten-fold lead- 
ing to drastically reduced duration of sample 
application. The maximum loading capacity of 
the TMAE-Fractogel  tested was found to be at 
least ca. 1/zmol  per ml resin as calculated for the 
mouse brain mixture MBG2 (see Experimental) .  
The HPLC elution profile of MBG2 and the 
TLC patterns of single fractions are shown in 
Fig. 3. Due to the strong anion-exchanger 
TMAE,  about a ten-fold higher concentrat ion of 
NH4OAc was required for ganglioside elution 
compared to the DEAE-Fractogel .  Gangliosides 
eluted according to their degree of sialylation as 
described for DEAE-Fractogel ,  but ganglioside 
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Fig. 3. HPLC of mouse brain gangliosides on TMAE-Frac- 
togel. Gangliosides (20 mg MBG2, see Experimental) were 
chromatographed and collected in 1.5-ml fractions (= 3-rain 
fractions). Aliquots (1%) of single fractions were analyzed by 
TLC. I = mono-, II = di-, III= tri- and IV= tetrasialo- 
gangliosides. The structures of mouse brain gangliosides are 
listed in Table 1. 

any loss of material. The  maximum loading 
capacity tested was 1.2 /~mol per ml resin, as 
calculated for the ganglioside mixture H G G 1  
(see Experimental) .  This mixture mainly con- 
tains GMa(Neu5Ac ) and the neolacto-series gan- 
gliosides IVaNeu5Ac-nLcOse4Cer,  IV6Neu5Ac - 
nLcOse4Cer and VIaNeuSAc-nLcOse6Cer (see 
Table 2). HPLC gave one strong double-peaked 
monosialo- and a small disialoganglioside frac- 
tion within a relative elution volume of five 
column volumes (Fig. 4), containing 95% mono- 
sialogangliosides (peaks Ia and Ib, Fig. 4) and 
5% disialogangliosides (peak II, Fig. 4). Termi- 
nally a 2 - 3  sialylated gangliosides GM3 (bands 1 
and 2), IV3NeuSAc-nLcOse4Cer (bands 3 and 4) 
and VIaNeu5Ac-nLcOse6Cer (bands 7 and 8) 
eliated in peak Ia prior to IV6Neu5Ac - 
nLcOse4Cer, which was the main compound of 
peak Ib (bands 5 and 6). The linkage type of 

separation was completed with seven relative 
column volumes, indicating a higher resolution 
capacity of the TMAE-Fractogel .  In all four 
elution peaks less polar gangliosides eluted prior 
to the more polar gangliosides. Thus, fractions of 
pure gangliosides were obtained, and good sepa- 
ration of isomers, e.g. GD1 a and GDlb, was 
achieved. The higher resolution capacity of 
strong anion-exchangers has also been reported 
by Hirabayashi et al. [14], who used Q-Sepha- 
rose for large-scale fractionation of bovine brain 
gangliosides. 

3.3. H P L C  o f  neolacto-series gangliosides on 
DEAE-Frac toge l  

Due to the high content of monosialogan- 
gliosides in the ganglioside fraction of human 
granulocytes compared to that in the mouse 
brain mixture, ganglioside mixtures with up to 70 
nmol /ml  (ca. 0.1 mg/ml)  were applied without 

Fig. 4. HPLC of human granulocytes gangliosides on DEAE- 
Fractogel. A 20-mg amount of the total ganglioside mixture 
(HGG1, see Experimental) was applied and collected in 
3.5-ml fractions ( = 7-min fractions). Aliquots (2%) of single 
fractions were analyzed by TLC. I=mono- and II= 
disialogangliosides. The structures of human granulocytes 
gangliosides 1 to 8 are listed in Table 2. 
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Neu5Ac (a2-3,  a2-6)  hardly influenced bind- 
ing, i.e. elution from DEAE-Fractogel. Isomeric 
IV3Neu5Ac-nLcOse4Cer (compounds 3 and 4) 
and IV6Neu5Ac-nLcOse4Cer (compounds 5 and 
6) were separated to some extent under the 
conditions used. Terminally a2-3  sialylated 
IV3Neu5Ac-nLcOse4Cer (compounds 3 and 4) 
and a2 -3  sialylated VI3Neu5Ac-nLcOse6Cer 
(compounds 7 and 8), differing in their oligo- 
saccharide chain length by the disaccharide se- 
quence Gall31-4GIcNAc, co-eluted in this system 
(see Fig. 4, fractions 6 to 9). The unknown 
disialogangliosides, which chromatographed in 
the range of the monosialoganglioside bands 5 
and 6 and below bands 7 and 8, co-eluted in 
fractions 17 and 18 of peak II (see Fig. 4). 

3.4. H P L C  o f  neolacto-series gangliosides on 
T M A  E-Fractogel  

The GM3 depleted ganglioside mixture HGG2 
(see Experimental) was applied onto TMAE- 
Fractogel with a concentration of 470 nmol/ml 
(ca. 0.75 mg/ml). The highest loading capacity 
tested with this ganglioside mixture was 1.6 
~mol per ml resin. HPLC resulted in two base- 
line separated monosialoganglioside peaks (Fig. 
5, Ia and Ib) and a double-peaked disialogan- 
glioside fraction (Fig. 5, II) within a relative 
elution volume of six column volumes. Isomeric 
IV3Neu5Ac-nLcOse4Cer (compounds 3 and 4) 
and IV6Neu5Ac-nLcOse4Cer (compounds 5 and 
6) were clearly separated in this system. Sepa- 
ration of a2-3 sialylated IV3Neu5Ac - 
nLcOse4Cer (bands 3 and 4) and the GalB1- 
4GIcNAc elongated a2-3 sialylated VI3Neu5Ac - 
nLcOse6Cer (compounds 7 and 8) was partly 
achieved, as shown by the TLC control in Fig. 5. 
Both fractions 13 and 15 contained single 
purified isomers. Thus, all structurally well char- 
acterized major gangliosides of elution peak Ia 
contained a Neu5Aca2-3-terminus, whereas the 
Neu5Aca2-6-terminus of the neolacto-series was 
characteristic for the main components of elution 
peak lb. From these data, the minor ganglioside 
of peak Ia (occurring in fractions 16 and 17 of 
the TLC insert in Fig. 5) is predicted to be 

Fig. 5. HPLC of human granulocytes gangliosides on TMAE- 
Fractogel. A 30-rag amount of the GM3 depleted ganglioside 
mixture (HGG2, see Experimental) was applied and col- 
lected in 1.5 ml fractions ( = 3 min fractions). Aliquots (1%) 
of single fractions were analyzed by TLC. I = mono- and 
II = disialogangliosides. The structures of human 
granulocytes gangliosides are listed in Table 2. 

VIII3Neu5Ac-nLcOsesCer, and the minor gan- 
glioside of peak Ib (occurring in fractions 28 and 
29) is speculated to represent VI6Neu5Ac - 
nLcOse6Cer. The latter assumption is supported 
by data of Fukuda et al., who showed the 
expression of VI6Neu5Ac-nLcOse6Cer in human 
granulocytes [21]. 

In the separation of the disialogangliosides by 
TMAE-Fractogel chromatography (Fig. 5, peak 
II), two pairs of disialogangliosides of yet un- 
known structures were dissolved (Fig. 5, frac- 
tions 45 to 54), which were not separated before 
by DEAE-Fractogel chromatography (cfi to Fig. 
4). To our knowledge, this is the first report on 
the expression of disialogangliosides in human 
granulocytes. Fukuda et al. [21] reported the 
putative presence of a disialoganglioside struc- 
ture within a purified monosialoganglioside frac- 
tion, but no further structural data were avail- 
able due to the low amounts present in 
granulocytes. Until now, the low concentrations 
present and the limited availability of material 
also prevented the isolation of sufficient amounts 
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of disialogangliosides, but their structural charac- 
terization is presently in progress. 

4. Conclusions 

In the case of  the weak anion-exchanger 
DEAE-Frac toge l ,  the number  of sialic acid res- 
idues is the dominant  pa ramete r  in the retention 
of gangliosides. In addition to separation accord- 
ing to the degree of sialylation, the strong anion- 
exchanger  TMAE-Frac toge l  enabled the sepa- 
rat ion of isomeric compounds,  which only dif- 
fered in their type of sialylation ( a 2 - 3 ,  a 2 - 6 ) .  
Gangliosides,  identical in sialic acid substitution, 
but  with differences in their respective neutral 
oligosaccharide moieties,  could also only be 
separa ted  by TMAE-Frac togel .  Thus,  besides 
improved  separat ion of gangliosides, extended 
structural information about  unknown gan- 
gliosides can be obtained by the strong anion- 
exchanger.  Fur thermore ,  the technique de- 
scribed offers the opportuni ty to accumulate 
minor  components ;  this is beneficial for the 
isolation of minor  gangliosides, that might be of 
relevance e.g. in cell-cell  recognition, interac- 
tion with microorganisms or which might play a 
role as receptors  for carbohydrate  binding lig- 
ands. 
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