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SUMMARY 

Glycans were cleaved from gangliosides and separated by high-performance liquid chromatography 
(HPLC). The columns were packed with bonded stationary phases made of microparticulate, mac- 
roporous silica with serotonin, phenylpropanolamine or tryptamine as the biogenic amine ligate. The 
ganglioside oligosaccharides were eluted in the order of increasing number of sialic acid residues in 
the molecule and their retention decreased with the ionic strength of the mobile phase. Best selectiv- 
ity was obtained in the pH range from 3.0 to 4.0. The two major sialic acids, N-acetymeuraminic and 
N-glycolyhreuraminic acids, were separated by lectin affinity chromatography using an HPLC col- 
umn packed with silica-bound wheat germ agglutinin and 10 mM phosphate buffer, pH 4.0, as the 
eluent. Throughout thii study, isocratic elution was used and the column effluent was monitored at 
195 nm. 

INTRODUCTION 

Gangliosides are sialic acid-containing glycosphingolipids. They are found 
embedded in the plasma membrane and believed to provide recognition sites on 
the cell surface. A ganglioside molecule is composed of a hydrophilic sialooligo- 
saccharide chain and a hydrophobic moiety, ceramide, which consists of sphin- 
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gosine and fatty acid [ 11. According to recent studies, the number of sialic acid 
residues, which determines the density of negative charges on the molecule, play 
a role in regulating the physiological binding properties of gangliosides [ 2 1. They 
are known to have important physiological functions such as regulation of cell 
growth and nerve sprouting and may act as receptors for exogenous ligands such 
as bacterial toxins, hormones, growth factors, antibodies, viruses and interferons 
to induce sequential activations of cellular metabolisms [ 21. The chemical struc- 
ture, isolation and analysis of gangliosides have been reviewed by Ledeen and Yu 
recently [ 3 1. 

Growing interest in the biological function of sialooligosaccharides has gener- 
ated a need to develop improved methods for their isolation and analysis; the 
scope of high-performance liquid chromatography (HPLC) has been extended 
also to the separation of sialooligosaccharides. The HPLC methods described in 
the literature employ strong anion-exchange [4] and amino silica [5] columns 
with gradient elution at increasing salt and organic solvent concentration in the 
eluent, respectively. Lack of chromophores in the oligosaccharide molecules en- 
gender difficulties in their detection due to the relatively low specific sensitivity 
of conventional UV detection below 200 nm or detection by monitoring the re- 
fractive index of the effluent. Recently a triple pulse electrochemical detector was 
found to be suitable for sensitive detection of oligosaccharides [ 6,7]. However, 
the method requires the use of highly alkaline eluents in which silica-based sta- 
tionary phases are not stable. In this study, the HPLC of sialooligosaccharides 
was carried out using siliceous stationary phases with either a biogenic amine or 
the lectin wheat germ agglutinin as the ligate and UV detection at 195 nm. 

The rationale for the use of stationary phases with biogenic amine ligates stems 
from the observation that in several biological systems the N-acetylneuraminic 
acid (NANA) interacts with serotonin and the suggestion that gangliosides are 
part of serotonin receptors [ 81. Furthermore Wooley and Gommi [ 91 reported 
that the addition of gangliosides to neuraminidase-treated muscle restored the 
contractile response of the tissue to serotonin. Specific serotonin binding glyco- 
protein was also isolated from rat platelets [lo] and certain gangliosides were 
found to enhance the binding of serotonin to it [ 111. These findings prompted 
the development by Sturgeon and Sturgeon [ 121 of agarose-bound serotonin as 
the stationary phase for the chromatography of sialoglycoconjugates. They sug- 
gested that serotonin interacts with sialic acids containing N-acetyl but not N- 
glycolyl group. However, Corfield et al. [ 131, who successfully fractionated sialic 
acids and sialoconjugates on serotonin-agarose, found that N-glycolylneura- 
minic acid also binds to serotonin. Recently a stationary phase with serotonin 
bound to microparticulate, macroporous silica gel was introduced for the sepa- 
ration of glycoproteins by HPLC [ 141 and other biogenic amines were found also 
to be suitable ligates for HPLC of sialooligosaccharides and proteins including 
glycoproteins [ 151. 

EXPERIMENTAL 

Materials 
Phenylpropanolamine, 5hydroxytryptamine (serotonin 1, tryptamine, p-ni- 

trophenyl-a-D-N-acetylglucosaminide, p-nitrophenyl-fl-D-N-acetylglucosami- 
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nide, p-nitrophenyl-a-D-N,N’ diacetylchitobiose, N-acetylneuraminic acid 
(NANA), N-glycolylneuraminic acid (NGNA) and wheat germ agglutinin 
(WGA) were purchased from Sigma (St. Louis, MO, U.S.A.). Reagent-grade 
sodium hydroxide, sodium dihydrogen phosphate, phosphoric and hydrochloric 
acids and methanol (HPLC grade) were obtained from Fisher (Pittsburgh, PA, 
U.S.A.). 

Instrument 
The liquid chromatograph was assembled from a Model 750 solvent delivery 

pump with a Model 753 ternary solvent mixer and a Model 740 control module 
(Micromeritics, Norcross, GA, U.S.A. ). Samples were injected by a Rheodyne 
(Berkeley, CA, U.S.A.) Model 7010 sampling valve with 50-~1 sample loop. A 
Kratos (Ramsey, NJ, U.S.A.) Model 770 R variable-wavelength UV detector was 
used to monitor the column effluent at 195 nm. Chromatograms were recorded 
and the peak areas measured with Model C-R3A integrator (Shimadzu, Colum- 
bia, MD, U.S.A.). 

Columns 
Phenylpropanolamine, serotonin, tryptamine and wheat germ agglutinin were 

covalently bound to 7-pm Nucleosil300-A silica gel supplied by Macherey-Nagel 
(Diiren, F.R.G.) by a method described elsewhere [ 151. The surface coverage of 
the former stationary phases as calculated from the analysis on nitrogen content 
(MultiChem Labs., Lowell, MA, U.S.A.) was 0.15,O.Zl and 0.22 pmol/m2 with 
serotonin, phenylpropanolamine and tryptamine, respectively. The various sta- 
tionary phases were packed into 100 mm x 4.6 mm No. 316 stainless-steel tubes 
(Handy and Harman, Morristown, PA, U.S.A.) at 544 bar from a slurry in meth- 
anol in the case of silica-bound biogenic amines or from a slurry in 25 mM phos- 
phate buffer containing 0.5 A4 sodium chloride and 50% (w/v) sucrose in the case 
of silica-bound WGA. 

Chromatographic conditions 
All experiments were carried out with 100 mm X 4.6 mm I.D. columns packed 

with 7-pm Nucleosil-based bonded phase. The flow-rate and temperature were 1 
ml/min and 25”C, respectively. 

For quantitative analysis of oligosaccharides cleaved from a mixture of gan- 
gliosides, calibration curves were made by injecting 50-~1 samples containing 0.125, 
0.250,0.500,1.00 or 2.00 ,ug of the individual oligosaccharides into the serotonin 
column. After elution with 13 mM phosphate, pH 3.7, peak areas were measured 
and plotted against the amount of the individual oligosaccharides. In the analysis 
of oligosaccharides cleaved from gangliosides isolated from the gray matter of 
human brain, an aliquot of 30 ~1 of the extract described below was diluted to 1.0 
ml with the above mobile phase and 50 ~1 of this solution were chromatographed 
on the serotonin column. 
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N-Acrtylneuramlnlc acid 

Fig. 1. Structures of ganglioside oligosaccharides. The legends for their codes are as follows. GAl, no 
sialic acid at the galactose residue; GMl, R, = & = H; GD la, R, = NANA (N-acetylneurminic acid 1, 
Rp=H,GDlb,R1=H,R2=NANA;GTlb,R,=R2=NANA.ForegplanationofthesymboLsseetext. 

Isolation of gangliosides and ganglioside oligosaccharides 
The gangliosides were isolated from human and bovine brains and purified as 

described previously [ 3, 161. The individual gangliosides gave a single spot in 
thin-layer chromatography [ 171. 

The asialo- (GAl), monosialo- (GMl), disialo- (GDla or GDlb) and trisi- 
alooligosaccharide ( GTlb), which were cleaved from the gangliosides, are shown 
in Fig. 1. The samples used were prepared either from the ganglioside oligosac- 
charide mixture or from individual gangliosides using a previously described pro- 
cedure [ 3 ] which is summarized as follows. The ganglioside sample (5-10 mg) 
was dissolved in 25 ml of a 3:l (v/v) mixture of methanol-n-hexane, and ozone 
gas was bubbled through the solution at 0’ C for 30 min. The solvent was evapo- 
rated at room temperature, the residue dissolved in 10 ml aqueous sodium car- 
bonate, pH 10.0, and the solution was allowed to stand in room temperature for 
18 h. Subsequently, the solution containing the liberated oligosaccharides was 
lyophilized, the residue redissolved in 0.5 ml of 0.05 M acetic acid and the solution 
was chromatographed on a Sephadex G-50 column (86 cm x 1.6 cm) with 0.05 M 
acetic acid as the mobile phase and the oligosaccharides fractions were collected. 
Analysis by thin-layer chromatography on silica gel with n-butanol-acetic acid- 
water (2:1:2 ) showed no intact gangliosides present in the fractions. 

RESULTS AND DISCUSSION 

Silica-based bonded stationary phases with biogenic amine ligates facilitated 
HPLC of the isolated oligosaccharides of gangliosides by using isocratic elution 
with an aqueous buffer of low salt concentration and thus sensitive detection of 
the oligosaccharides at a detector setting of 195 nm. Fig. 2 illustrates typical chro- 
matograms obtained on serotonin and tryptamine columns at two different pH 
values. 
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Fig. 2. Separation of ganglioside oligosaccharides on tryptamine (A) and serotonin (B) bonded sta- 
tionary phases with 15 mM phosphate buffer, pH 3.2, and 10 mkf phosphate, pH 6.3, as the eluent, 
respectively. 

The retention of the sialooligosaccharides on the biogenic amine-bonded sta- 
tionary phases strongly depended on the ionic strength of the mobile phase and 
decreased with increasing salt concentration of the eluent in the pH range stud- 
ied. The asialooligosaccharide, GAl, was not retained on any of the stationary 
phases under investigation and the sialoglycans were retained in the order of 
increasing number of sialic acid residues. These findings suggest that the reten- 
tion of sialooligosaccharides is largely due to coulombic interactions although the 
existence of some biospecific interactions between the biogenic amine ligates and 
the sialic acid moiety of the eluites cannot be excluded. In essence, the biogenic 
amine stationary phases are weak anion exchangers of relatively low phase ratio. 
As a result, the sialooligosaccharides can be eluted isocratically with mobile phases 
of low salt concentration so that their detection with the UV detector at low 
wavelength is possible. This is not the case when conventional ion-exchange col- 
umns are used [ 181 because of the high salt concentration in the eluent required 
for their elution. 

Although GAl, the neutral oligosaccharide from ganglioside, was not retained 
on any of the biogenic amine columns, other neutral sugars containing phenyl 
moieties were retained. For instance on tryptamine column with 10 mM phos- 
phate buffer, pH 7.0, the retention factors of p-nitrophenyl-P-D- and -~-D-N- 

acetylglucosaminides andp-nitrophenyl-cY-D-N,N’ diacetylchitobiose were 0.30, 
0.46 and 0.49, respectively. These results suggest that besides their weak anion- 
exchange properties the biogenic amine stationary phases are also weakly hydro- 
phobic [ 151. 

The effect of eluent pH on the retention of sialooligosaccharides on the three 
biogenic amine columns was investigated in the pH range from 3.0 to 7.0 and 
resulting plots of the retention factors versus the pH of the eluent are shown in 
Fig. 3. In each case, the retention first increased and then decreased with increas- 
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Fig. 3. Plots of the retention factors of ganglioside oligosaccharides against the pH of the eluent as 
measured on serotonin (A), phenylpropanolamine (B) and tryptamine (C) bonded stationary phases 

with 10 mMph0sphat.e solutions of different pH. 

ing pH and reached a maximum between pH 4.0 to 5.0. The increase in retention 
when going from pH 3.0 to pH 4.5 is caused by dissociation of the carboxylic group 
in the sialic acid moiety, whereas the decrease in retention with the pH is believed 
to occur due to gradual deprotonation of the amino groups on the surface of the 
stationary phase above pH 5.0. 

Whereas the retention maximum of oligosaccharides on the serotonin and 
phenylpropanolamine columns was about the same, the tryptamine column ex- 
hibited slightly higher retentivity underthe &me elution conditions asean be 
seen in Fig. 3. This is likely due to differences in the ‘anion-exeKange capacity’ 
at neutral pH, which was calculated from the density of biogenic amines as 0.020, 
0.024 and 0.035 mequiv./g for the stationary phases with phenylpropanolamine, 
serotonin and tryptamine ligates, respectively [ 151. As can be concluded from 
the data shown in Fig. 3, the selectivities of the three columns for the oligosac- 
charides investigated are slightly different and decrease in the order of trypt- 
amine > serotonin > phenylpropanolamine. In all cases the selectivity for the GDlb 
and GM1 oligosaccharide pair is the highest at pH 4.5, wheres the selectivity for 
the GDla and GDlb pair increases monotonically with decreasing pH in the do- 
main studied here. 

Calibration curves of GMl, GDla, GDlb and GTlb were obtained by the ex- 
ternal standard procedure at a detector setting of 195 nm and they were linear in 
the concentration range 0.1-2.0 pg with correlation coefficients better than 0.997. 
Ganglioside oligosaccharides from the gray matter of human brain were analyzed 
for carbohydrate contents using the above chromatographic system. A typical 
chromatogram is depicted in Fig. 4 along with that of the standard mixture. Ac- 
cording to the analytical results, the amounts of GMl, GDla, GDlb, and GTlb 
in 30 ~1 of the sample were 370.0,132.2,100.3 and 49.3 pg, respectively. 

The term sialic acid stands for a family of neuraminic acid derivatives with 
acetyl or glycolyl functions at the amino or hydroxyl group. Approximately twenty 
different sialic acids have been discovered, but only a few of them were found thus 
far in gangliosides [ 31. The two major sialic acids are NANA and NGNA and 
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Fig. 4. Chromatograms of ganglioside oligosaccharides obtained on the serotonin column with 15 mM 
phosphate, pH 3.2, under identical conditions. (A) Sample of known composition, (B ) human brain 
extract. 
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Fig. 5. Separation of N-acetylneuraminic (NANA) and N-glycolyneuraminic (NGNA) acids on sil- 
ica-bound WGA with 10 m.M phosphate, pH 4.0. Each peak represents approximately 50 ng of sialic 
acid. 

their physiological role is under investigation. Although ganglioside oligosaccha- 
rides can be readily analyzed as their trimethylsilyl derivatives by gas-liquid 
chromatography [ 191 the derivatization of free sialic acids is beset with difficul- 
ties. Whereas NANA and NGNA can be separated by HPLC using strong anion 
exchangers [ 181, attempts to separate the two sialic acids on our biogenic amine 
columns in a wide pH range were not successful. Since WGA is known for its 
affinity to sialooligosaccharides and sialoglycoconjugates, a WGA-silica sorbent 
was prepared and found to be suitable for this particular separation using 10 mM 
phosphate, pH 4.0, as the eluent. It is seen from the chromatogram in Fig. 5 that 
as little as 50 ng of the two sialic acids can be analyzed by this technique. 

The significance of the approach taken in this study for the HPLC analysis of 
oligosaccharides derived from gangliosides is that it affords isocratic elution with 
mobile phases having low salt concentration and the concomitant use of ubiqui- 



tous variable-wavelength detectors at 195 nm for monitoring the column effluent 
at relatively high sensitivity. HPLC analysis of intact gangliosides is hampered 
by the lack of eluents which are optically transparent at such a low wavelength 
and in which the gangliosides would be soluble. As mentioned above sialooligo- 
saccharides can be separated on strong ion exchangers of sufficiently higher re- 
tentive capacity, but gradient elution is required and it precludes the use of a UV 
detector at such low wavelengths. 

The results show that novel stationary phases presented here can facilitate the 
analysis of closely related sialooligosaccharides by HPLC and are likely to be 
useful to carry out their isolation and purification. Although the retention mech- 
anism is yet to be elucidated, the ease and quantitative nature of HPLC mea- 
surements should make it easier to shed light on the interaction underlying the 
chromatographic separation process. The information gained from such investi- 
gations should not only lead to highly efficient stationary/mobile phase systems 
for glycan HPLC but also to a better understanding of the physicochemical na- 
ture of glycan interactions in physiological systems. 
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