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ABsTRAcr 

The structural-reporter-group resonances in the ‘H-n.m.r. spectra of a series 
of ganglioside-derived oligosaccharides are completely assigned. The three 
different types of sialic acid residues which may occur in these compounds could be 
adequately characterized. They are distinguishable on the basis of the set of 
..chemical shifts of their H-3a and H-3e atoms. The mutual influence of GalNAc 
#I-(1+4) and NeuSAc (y-(2+3), both linked to the same Gal residue, on the 
‘H-n.m.r. parameters of each other, reflects a well-defined solution conformation, 
which is held to be responsible for the resistance of this “internal” sialic acid 
towards various sialidases. 

INTRODU(;TION 

During the past decade, high-resolution lH-n.m.r. spectroscopy has become 
a powerful method in the structure determination of glycans derived from glyco- 
proteins. Thanks to the availability of a consistent series of glycopeptides and oligo- 
saccharides of gradually increasing structural complexity, we were able to develop 
empirical rules, correlating selective ‘H-n.m.r. features with structural parameters: 
the “structural-reporter-group concept”1~2. When aiming to extend such ‘H-n.m.r. 
studies to the field of glycolipid-ganglioside oligosaccharide chains, it should be 
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kept in mind that the aforementioned compounds were investigated underivatized, 

using D,O as a solvent, at ambient temperature, limiting the strict validity of the 
rules to these experimental conditions. To take advantage of the data from the 
glycoprotein studies for structural characterization of glycolipid oligosaccharides, it 
is necessary to have a method to split the lipid part from the oligosaccharide, while 
the latter remains intact. The ozonolysis-alkaline fragmentation3 is an example of 
such a procedure yielding from the glycolipid the intact carbohydrate chain as a 
reducing oligosaccharide. Here, we report the exploration of the usefulness of the 
*H-n.m.r. structural-reporter-group concept in the field of oligosaccharides derived 
from gangliosides by the ozonolysis procedure. 

EXPERIMENTAL 

Materials. - Gangliosides of bovine brain were isolated by standard 
procedures4. Single ganglioside components were obtained from the mixture by 

high-pressure liquid chromatography (column, 1.5 cm inner diameter, 50 cm 
length; packing, Silica H, Merck, Darmstadt, F.R.G.; eluting system: linear 
gradient of chloroform-methanol-hexane-water (55:45: 10: l-8, v/v). 

Ganglioside-derived sialyi-oligosaccharides. - These were obtained 
according to Wiegandt and Bucking 3. They were purified by preparative paper 
chromatography (paper: Schleicher & Schiill, Dassel, F.R.G., 2043 mgI, solvent: 
5 : 5 : 1: 3 (v/v) pyridine-ethyl acetate-acetic acid-water, followed by preparative 
paper electrophoresis (paper: Schleicher & S&ill, Dassel, F.R.G., 2043 mgl, 
pH 6.5, buffer: 100:10:890 (v/v) pyridine-acetic acid-water. The sialyl-oligo- 
saccharides were identified by their behaviour against Vi’brio chobrae sialidase and 
the chromatographic characterization of the products of partial,, as well as total 
hydrolysis by mineral acid. 

The neutral oligosaccharides. - Gangliotriaose (GgOse,) and gangliotetraose 
(GgOse,) were obtained from the corresponding glycosphingolipids (GgsCer and 
Gg&er, respectively), as described earlier5. 

500-MHz ‘H-N.m.r. spectroscopy. - Prior to ‘H-n.m.r. spectroscopic 
analysis, the oligosaccharides (100-500 pg) were repeatedly treated with D,O at 
neutral pD, and at room temperature, with intermediate lyophilization. Finally, 
the samples were dissolved in 0.4 mL of D,O (99.96 atom % D, Aldrich, Mil- 
waukee, WI, U.S.A.). 

500-MHz ‘H-N.m.r. spectroscopy was performed on a Bruker WM-500 
spectrometer (S.O.N. hf-NMR facility, Department of Biophysical Chemistry, 
University of Nijmegen, The Netherlands), operating in the Fourier-transform 
mode, and equipped with a Bruker Aspect-2000 computer. The spectra were 
obtained with quadrature phase-detection using a 90” pulse, and taken up in 16K 
data points with an acquisition time of 3.28 s at a spectral width of 2600 Hz. In 
general, a few hundred acquisitions were accumulated for each sample. The probe 
temperature was 27.0 (+O.l)“. Data processing involved resolution enhancement 
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by Lorentzian-to-Gaussian transformation, followed by a 32K Fourier 
transformation. 

The chemical shifts are expressed in p.p.m. downfield from internal sodium 
4,4-dimethyl-4~silapentane-1-sulfonate (DSS), but were actually measured by refer- 
ence to internal acetone (S 2.225) with an accuracy of 0.002 p.p.m. 

RESULTS 

Purification and characterization of ganglioside oligosaccharides. - Sialyl- 
oligosaccharides that were obtained from known, purified single ganglioside com- 
ponents could be completely freed from trace impurities by consecutive preparative 
paper-chromatography and -electrophoresis. The ganglioside sugars showed 
characteristic paper-electrophoretic properties, as described earlie+. A further 
identification was by their cleavage by (or resistance to) Vibrio cholerae sialidase 
and the chromatographic identification of the degradation products. 

500-MHz lH-N.m.r. spectroscopic studies. - 5WMHz ‘H-N.m.r. spectra 
were recorded of the 7 ganglioside-derived oligosaccharides listed in Table I. The 
relevant ‘H-n.m.r. data for these compounds, together with those for Lac as a 
reference, are summarized in Table II. The spectral features of the compounds are 
arranged into three sections, namely, for the lactose (Lac) series, for the triaose 
(GgOse,) series, and for the tetraose (GgOse,) series, respectively. 

The spectrum of I13(Neu5Ac),Lac is given in Fig. 1, as an example of the Lac 
series. This disialyllactose may be conceived as an extension of IPNeuSAcLac 
with a second NeuSAc residue in a-(2+8) linkage to the m-(2+3)-linked one. The 
‘H-n.m.r. characteristics of Lac and I13Neu5AcLac have been described6-9. The 
a-(2+3) type of linkage between NeuSAc and .Gal is reflected by the typical 
chemical-shift values of NeuSAc H-3a (S 1.799) and H-3e (6 2.757), and also by the 
shift effects on H-l (AS 0.081) and H-3 (AS 0.47) of Gal, in comparison to Lac (see 
Table II). In the spectrum of I13(Neu5Ac),Lac (Fig. l), two sets of NeuSAc 
structural-reporter group resonances are observed, namely, two nearly coinciding 
H-3a triplets at 6 1.74, two H-3e doublets of doublets at 6 2.68 and 2.78, and two 
N-ace@ singlets at S 2.068 and 2.031, respectively. The assignment of the H-3 
signals within each pair to one of the NeuSAc residues is based on the differences 
in line width (H-3a) and/or in anomerization effect (H-3e). It is reasonable to 
assume that the chemical shifts of NeuSAc in a-(2+3) linkage are more sensitive 
to the anomeric configuration of the reducing Glc residue than those of NeuSAc in 
(r-(248) linkage. The latter is likely to be further remote from this anomeric center. 
The assignment of the N-acetyl signals is based on the observation that, for terminal 
Neu5Ac residues, the N-ace@ singlet is always found at 6 2.030 (+0.003) 
irrespective of the type of linkage 2,6,7. Thus, it may be concluded that attachment 
of Neu5Ac in a-(2+8) linkage to another Neu5Ac results in a set of reporter-group 
resonances typical for the ~~(248) type of linkage of the residue itself, namely, 
H-3u at S 1.741, H-3e at 6 2.779 and 5Ac at 6 2.031. These chemical-shift values for 
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TABLE 1 

STRUCTURES OFTHE GANGLIOSIDE-DERIVED OLIGOSACCHARIDES USED FOR So&MHz IH-N.M.R. STUDIES. 
THE NUMBERING SYSTEM FOK THE NEUTRAL MONOSACCHARIDE RESIDUES IS INDICATED IN THE LASr 

STRUCTURE 
-~-__-- -_---.-..-_ --_- 

AhbreviationU Smrcrure 

II”Neu5AcLac flGal(l+4)Glc 

/ 
(rNeuSAc(2+3) 

pGal( 1+4)Glc 

/ 
aNeuSAc(2+8)(rNeu5Ac(2-+3) 

GgOse, @ialNAc(l+4)fial(l-+4)Glc 

11JNeu5AcGgOse, walNAc( 1--+4)pGal( 1+4)Glc 

/ 
aNeuSAc(2-+3) 

GgOse, 

II-‘NeuSAcGgOse, 

pGal( l--+3)~GalNAc(1~4)pGal(1~4)Glc 

/3Gal( 1-+3)#lGalNAc( &4)pGal( 1+4)Glc 

/ 
aNeuSAc(2-+3) 

IV ILI II I 
IV”Neu5AcI13Neu5AcGgOse, aNeuSAc(2-+3)pGal( 1-+3)pGalNAc( 1+4)PGal( 1+4)Glc 

/ 
aNeu5Ac(243) 

-~ --..- -.- .- --_--.-- .._ 

Womenclature recommended by the IUPAC-IUB commission on Biochemical Nomenclature. 

H-3a and H-3e are in complete accord with those described for NeuSGc cu-(2-+8)- 
linked to luNeuSGc(2+6)GalNAc-ol 7Jo: 6 H-3a 1.743 and S H-3e 2.779. Moreover, 
shift effects are induced on the reporter groups of the substituted NeuSAc residue 
(for H-3a), AS -0.06; for H-3e, AS -0.08; and for 5Ac, AC? 0.038, respectively). 
The resonance positions of the Gal-II reporter groups are only moderately affected 
by the elongation (see Table II), whereas those for Glc-I are not influenced. It 
should be noted that, because of the ~-z-(2+8) substitution, the H-g and H-9 signal 
of I13Neu5Ac undergo considerable downfield shift-effects, from 6 -3.9 to 4.14, 
and from S -3.9 to 4.18, respectively. The assignment of these signals, outside the 
bulk region of the I13(Neu5Ac),Lac spectrum (see Fig. 1) was proved by selective- 
irradiation experiments. 

In comparison with the spectrum of Lac, that of GgOse, shows additional 
reporter-group signals for GalNAc-III in p-(144) linkage to Gal, namely, H-l (6 
-4.63), H-4 (6 -3.912), and NAc (6 -2.055). The H-l and NAc signals appear to 
be sensitive to anomerization; they are doubled in the anomeric ratio cw:/3 = 7:lO 
(compare ref. 6). The /3 linkage of GalNAc-III may be inferred from its J, 2 value, 
being 8.4 Hz. Attachment of GalNAc-III in p-(1+4) linkage to Gal-II leads to a 
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significant downfield shift for H-4 of Gal (from S 3.91 to 4.096). Furthermore, the 
H-2 signal of Gal-II is shifted upfield to 6 -3.41, resonating clearly apart from the 
bulk of the skeleton protons. Also this signal is doubled because of anomerization 
(see Table II). The position of H-l of Gal-II is not affected. These features are in 
line with the shifts observed for substitution of /3Gal(l+3)GalNAc-ol by GalNAc 
in j&(1+4) linkage, resulting in the blood-group SdKad-specific determinant”J2. 

The spectrum of I13Neu5AcGgOse3, as a rebresentative of the gangliotriaose 
series, is shown in Fig. 2. The presence of Neu5Ac is evident from the H-3a and 
H-3e signals, and of an additional N-ace@ signal, as compared to GgOse,. The 
strong deviations in chemical shift of this so-called13.‘4 internal NeuSAc residue as 
compared to the external one in I13Neu5AcLac, are ascribed to the presence of 
GalNAc-III in @(1+4) linkage to the same Gal-II. The set of S H-3a 1.92 and 6 
H-3e 2.665 is proposed to be typical for the structural element PGalNAc(l+4)- 
[aNeu5Ac(2+3)]#IGal(l+) ( corn p are refs. 11 and 12). It should be mentioned 
that the chemical shift of H-3e for the internal, cr-(2-+3)-linked NeuSAc (S -2.67) 
is in the range of values usually observed for NeuSAc residues in a-(2+6) linkage 
to Gal*?‘. However, the value for H-3a (S 1.92) is thus far unique. It should be 
mentioned that, for another internal, sialidase-resistant, Neu5Gc residue, namely 
that linked to GalNAc in O-glycosylic structures from trout-egg glycoprotein@ that 
is, ~alNAc(l~4)~al(1~4)[aNeu5Gc(2~3)]~alNAc(1~3)~a1(1~3)Gal- 
NAc-01, the set of 6 H-3a 1.855 and S H-3e 2.550 has been found. The introduction 
of NeuSAc into GgOse, gives rise to shift effects on reporter groups of Gal-II as 
well as of the terminal GalNAc-III. Substitution of Gal by NeuSAc leads to effects 
on H-l, H-2, H-3, and H-4 of Gal (see Table II). As far as H-l and H-3 are 
concerned, the effects are the same as observed for extension of N-acetyllactos- 
amine-type and mucin-type oligosaccharides derived from glycoproteins, with 
NeuSAc in a-(2+3) linkage to Gal *,‘. For H-2 and H-4, the effects could not be 
traced, until now. Among the GalNAc-III reporter groups, H-l shows a significant 
downfield shift (AS -O.ll), whereas the NAc signal shifts upfield (AS - -0.04) 
(see Table II, and compare refs. 11 and 12). 

The GgOse, oligosaccharide may be conceived as an extension of GgOse,, 
with a Gal-IV residue in p(1+3) linkage to GalNAc-III. This is reflected in the 
‘H-n.m.r. spectrum by an additional H-l doublet at S 4.449 (showing no anomeriza- 
tion effect), and an H-4 signal at 6 3.908. Owing to the presence of Gal-IV, the H-l 
and H-4 of GalNAc-III are shifted downfield. These effects are similar to those 
described for attachment of Gal in /3-(143) linkage to another Gal in proteoglycan 
oligosaccharides’6. The NAc signal of GalNAc-III is shifted upfield (AS -0.012). 
Furth&rnore, H-4 of Gal-II is shifted slightly downfield (see Table II). 

The spectrum of I13Neu5AcGgOse4 is depicted in Fig. 3. The shifts and shift 
effects observed for the structural-reporter groups of constituent monosaccharides 
NeuSAc, Gal-II, and GalNAc-III in the step from GgOse, to I13Neu5AcGgOse4 
are completely analogous to those for the step from GgOse, to I13Neu5AcGgOse3. 
In addition, it should be mentioned that the presence of the internal sialic acid (8 
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H-3a -1.93) influences the positions of the Gal-IV reporter groups (e.g. AC? for 
H-l, O.W), but not vice versa (see Table II). 

The spectrum of WNeu5AcI13Neu5AcGgOse, is shown in Fig. 4. Two sets 
of NeuSAc structural-reporter groups are observed. The chemical shifts of H-3a, 
H-3e, and 5Ac of the IV3Neu5Ac are identical to those observed for I13Neu5AcLac 
(Table II), and, in general, for cuNeu5Ac(2+3)/3Gal(l+~)2~7, irrespective of the 
sugar adjacent to Gal (G~I.?,~, GlcNAc2v7, GalNAc-o17J7, or GalNAC). The second 
set of H-3u, H-3e and 5Ac chemical shifts is essentially the same as that mentioned 
already as being typical for internal I13Neu5Ac. Regarding the effects of introduc- 
tion of IV3Neu5Ac, the H-l and H-3 resonances of Gal-IV are shifted downfield, 
as could be expected from the well-documented effects of elongation of Gal by 
NeuSAc in a-(2+3) linkage 2.7. The attachment of IV3Neu5Ac hardly influences the 
chemical shifts of the reporter groups of I13Neu5Ac. It is remarkable that the 
linewidth of the H-3 signals of the internal I13Neu5Ac are significantly larger than 
those of the corresponding IV3Neu5Ac signals (see Fig. 4). To gain more insight 
into the origin of this phenomenon, the ‘H-n.m.r. spectrum of the reduced 
analogue of the disialylgangliotetraose was recorded. The spectrum of the alditol 
showed a pair of equally sharp H-3e signals, at S 2.749 and 2.688, indicating that 
the line-broadening of H-3e of I13Neu5Ac in IV3Neu5AcI13Neu5AcGgOse~ is pre- 
dominantly because of anomerization.. However, the difference in linewidth 
between the H-3a signals, at 6 1.916 and 1.799, remained unaltered after reduction. 
The latter may be ascribed to steric hindrance of rotational freedom of I13Neu5Ac, 
as suggested in ref. 10. Otherwise, in addition to the disappearance of all doublings 
of signals in the anomeric ratio, and the replacement of Glc signals by Glc-01 
signals, the H-l doublet of Gal-II was mainly influenced by the reduction, both as 
to chemical shift (for the alditol, 6 4.5%) as well as to the J1,* value (7.3 Hz). This 
result is in line with the changes observed in the step from Lac to Lac-01 (H-l of 
Gal-II for Lac-01, 6 4.504; Jr,, 7.2 Hz). The NAc signal of GalNAc-III shifted to 6 
2.014. The difference in linewidth between the I13Neu5Ac and IV3Neu5Ac signals 
in the reducing oligosaccharide permits assignment of the observed 5Ac signals: 
the broader one at S 2.034 is attributed to the internal I13Neu5Ac. 

DISCU!XXON 

Among the sialic acid-containing glycoconjugates, the sialylglycolipids, for 
instance the gangliosides of the brain of vertebrates, show a high degree of 
structural complexity (for a review, see ref. 4). For sialic acid, three major linkage- 
types may be distinguished: (a) sialic acid, cz-w-(2+3)-linked to Gal without any other 
substituent being present at Gal, (b) “internal” sialic acid, that is NeuSAc e-(2+3)- 
linked to Gal that is substituted at the adjacent O-4 position by GalNAc, and 
(c) sialic acid linked to another sialic acid by an CX-(2+8) linkage (see Table I). 

The constituent sialic acid residues in these compounds display properties 
that depend on their position along the carbohydrate backbone and on the 
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neighbouring saccharide. In particular, the “internal” sialic acid in such 
gangliosides as II’NeuSAc-Gg,Cer, IIsNeuSAc-GgJer. and IV”NeuSAcIP 
NeuSAc-Gg,Cer, shows “anomalous” behaviour in several respects, for instance. it 
is resistant toward many bacterial and viral sialidases. and it has a vertical dipole 
moment opposite to that of a terminal sialic acid. Both properties could be due to 
steric hindrance caused by neighbouring groups (see ref. 10). 

To analyse further the environment of the sialic acid groups in the hydrophilic 
part of the molecules, we have established the detailed ‘H-n.m.r. parameters of the 
structural-reporter groups of ganglioside-derived oligosaccharides of increasing 
structural complexity. As expected, great advantage in the interpretation of the ‘H 
spectra could be taken from the availability of a catalogue of rH spectra of glyco- 
protein glycans. also recorded in aqueous solution2. The three aforementioned types 
of sialic acid may readily be distinguished on the basis of the chemical shifts of their 
H-3a and H-3e signals. For terminal cwNeuSAc(2+3)PGal(l-+-). we observed 6 
H-3a 1.80. S H-3e 2.76; for “internal” aNeu5Ac(2+3)[PGalNAc(l-+4)]/3- 
Gal(l+.), S H-3a 1.92 and S H-3e 2.67 were found, whereas for the NeuSAc 
residues in the sequence crNeuSAc(2-+8)cYNeuSAc(2+3)PGal( I-+-). S H-3u 1.74 
for both and 6 H-3e 2.78 and 2.68, respectively, are observed. In addition, the shift 
effects upon stepwise extension of Lac to, finally, IV”Neu5AcII-‘NeuSAcGgOse,, 
could be traced. 

In particular, the effects on the chemical shifts of the NeuSAc reporters in 
the step from II”Neu5AcLac to II”NeuSAcGgOse, by attachment of GalNAc-III in 
p-(1+4) linkage to Gal-II, and the mutual influences of a-(2-+3) attachment of 
NeuSAc to Gal-II upon the positions of the H-l and NAc signals of GalNAc-III (in 
the step from GgOse, to II’NeuSAcGgOse,) reflect a specific through-space inter- 
action between these NeuSAc and GalNAc residues (compare ref. 12). As far as 
II’NeuSAcGgOse, and II’NeuSAcGgOse, are concerned, our data show excellent 
agreement with those acquired by Sabesan ef af.‘” at 400 MHz, 5”. In the latter 
report, in conjunction with the paper by Sillerud and Yu”, a molecular model for 
the IIfNeu5AcGgOse, was proposed, based on ‘H- and “C-n.m.r. measurements 
and computer energy-calculations. Our results, in terms of mutual influences and 
shift-effects qualitatively expressed, fit well with the model proposed. It is of 
interest for future research to compare the conformational structure and the 
dynamic behaviour of the “internal” sialic acid in intact gangliosides with its 
behaviour in free oligosaccharides. 
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