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ABSTRACT 

13C-N.m.r. spectral data as well as spin-lattice relaxation times (7’, values) 
are presented for the core glycopeptides P_D-Gal-(143)~a-D-GalNAc+Ser, Thr. 
The binding of Gd3+ to these model compounds containing N-terminal blocking 
groups and esterified carboxyl groups indicates that the disaccharide contains a 
rather weak, but unique, binding-site in the vicinity of C-2 of a-D-GalNAc (possibly 
involving N-2’) the acetamido carbonyl group, O-3’ and/or possibly the glycosidic 
oxygen atom (O-3)). 

INTRODUCTION 

In the past few years, considerable use has been made of r3C-nuclear 
magnetic resonance spectroscopy (“C-n.m.r.) in order to gain structural and 
dynamic information about the carbohydrate residues of glycoproteins1-5 and about 
metal-ion-carbohydrate interactions of relevant carbohydrates, glycopeptides, and 
glycoprotein@-“. These studies were made possible because many of the 13C- 
spectral resonance assignments in these studies were based on published 13C-n.m.r. 
work of relevant glycopeptides12-17. 

In order to further promote utilization of r3C-n.m.r. spectroscopy for the 
study of glycoprotein structure and metal-ion-glycoprotein (carbohydrate) inter- 
actions, we present in this paper structural and dynamic information about the core 
glycopeptides ED-Gal-(143)~a-D-GalNAc+Ser [methyl ester] (l), and @D-Gal- 
(1+3)-a-D-GalNAc+Thr [methyl ester] (3) and the metal-ion binding studies of 
related compounds (2) and (4). These core glycopeptides are known to occur in 
many glycoproteins18J9, especially in glycophorin A, the major erythrocyte trans- 
membrane glycoprotein, which is of interest to our respective research group~~~-~. 

*TO whom correspondence should be addressed. 
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EXPERIMENTAL 

Material. - Gadolinium oxide (99.9%) was purchased from Alfa Products, 
Danvers, MA., and converted into gadolinium chloride. 

General methods. - 13C-N.m.r. spectra were obtained on a Jeol-FX90Q in- 
strument operating at 22.5 MHz (2.1 T) in the f.t. mode, as described previously6. 
A stock solution of Gd3+ was also prepared as previously described9. Chemical 
shifts were obtained from 13C-chemical-shift data available for related model com- 
poun&7-10,14-17, and are given relative to Me$i. 

Samples of the model compounds were routinely treated with Chelex-100 
(H+ form) and then freeze-dried. Preparation of the model compound samples for 
n.m.r. use involved dissolving them in de-ionized, distilled H,O and adjusting the 
pH to 6.G7.0. For the Gd3+-binding studies, additions of Gd3+ stock solution to 
the samples were made by using an Eppendorf pipet, with the total additions 
ranging from 6 to 12 pL. Spin-lattice relaxation times (Tr values) of the various 
carbon atoms were determined by using the PBFT method26 with two sets of 6 T 
values. The estimated precision is fO.1 s. 

Optical rotations were recorded with a Perkin-Elmer model 241 polarimeter. 
Capillary melting points were determined with a Btichi apparatus and are reported 
uncorrected. Thin-layer chromatography (t.1.c.) was performed on silica gel plates 
(Merck F 254), and the components were monitored by either U.V. light or by 
spraying with a 5% sulfuric acid-ethanol solution followed by heating at 100”. 
Column chromatography was performed on Merck 60, 7&230 mesh, silica gel or 
230-400 mesh in the case of flash chromatography. 

3-0-(2-Acetamido-2-deoxy-cY-~-galactopyranosyl)-N-(benzyloxycarbonyl)-~- 
serine methyl ester (5) and -L-threonine methyl ester (6). - 3-O-(3,4,6-Tri-O-acetyl- 
2-azido-2-deoxy-cY-D-galactopyranosyl)-N-(benzyloxycarbonyl)-L-se~ne (or -L- 
threonine) methyl ester were prepared using the method previously described by 
Ferrari and Pavia”. The reduction and acetylation of the azido group was per- 
formed according to the method of Paulsen 28. 0-Deacetylation of the D-galactosyl 
residue was achieved by treatment with triethylamine-methanol mixture to provide 
compounds 5 and 6. The physical constants for compounds 5 and 6 were similar to 
those described in the literaturen. 

3-0-[2-Acetamido-3-0-(2,3,4,6-tetra-O-ace~l-~-~-galactopyranosyl)-4,6-O- 
benzylidene-2-deoxy-cY-D-galactopyranosyq-N-benzyloxycarbonyl-L-serine methyl 
ester (7) and -L-threonine methyl ester (8). - Compound 5 (0.67 g, 1.47 mmol) was 
dissolved in a mixture of acetonitrile (27 mL) and N,N-dimethylformamide (3 mL). 
a,a-Dimethoxytoluene (0.8 mL) and p-toluenesulfonic acid (0.015 g) were added 
and the mixture was stirred overnight. Dichloromethane (50 mL) was added and the 

mixture was then washed with saturated sodium hydrogencarbonate, dried over 
sodium sulfate, and evaporated. Recrystallization of the residue from ether 
provided 3-0-(2-acetamido-4,6-O-benzylidene-2-deoxy-~-D-g~actopyranosyl)-~- 
benzyloxycarbonyl-L-serine methyl ester in 70% yield (0.56 g); m.p. 196198”, [al&O 
+100.9” (c 1, CHCl,). 
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The foregoing compound (0.35 g, 0.64 mmol) was dissolved in acetonitrile 
(10 mL). Mercuric cyanide (1 g) and dry calcium sulfate (1 g) were added. The 
mixture was stirred under nitrogen for 30 min, and tetra-0-acetyl-cy-D-galacto- 
pyranosyl bromide (0.57 g, 1.4 mmol) was then added. After 8 h, more glycosyi 
bromide (0.5 g), mercuric cyanide (1 g), and calcium sulfate (0.5 g) were added. 
The mixture was stirred for an additional 16 h, diluted with CH,Cl, (50 mL), and 
filtered through Celite 545. The filtrate was washed successively with solutions of 
potassium iodide (lo%), saturated sodium thiosulfate, saturated sodium hydrogen- 
carbonate, and water; it was then dried (sodium sulfate) and evaporated. The 
residue was purified by flash chromatography (65:35 toluene-acetone) to afford 
0.32 g (60% yield) of compound 7 as a white foam; [cx]~O +78” (c 0.8, CHCl,). 

Compound 8 was prepared, by the same method used to prepare compound 
7, in 62% yield; m.p. 103-105” (dec.), [ali +86.6” (c 0.8, CHCI,). 

3 - 0 - [2 -Acetamido -3 -0 - (2,3,4,6 - tetra - 0 - acetyl-/3-D-galactopyranosyl) -2- 

deoxy-cY-D-galactopyrunosy~-N-benzyloxycarbonyE-L-serine methyl ester (9) and -L- 

threonine methyl ester (10). - Compound 7 (0.38 g, 0.43 mmol) was dissolved in 
80% acetic acid (10 mL) and heated at 75” for one h. The mixture was evaporated 
and toluene was evaporated from the residue, which was purified by flash 
chromatography (2:3 CH,Cl,-acetone) to afford 0.31 g (91%) of the desired pro- 
duct; m.p. 170-175”, [a];” +63.6” (c 1. CHCI,). 

Compound 10 was prepared in the identical manner used to prepare 9, yield 
92%; m.p. 104-105”, [(Y]&O +58” (c 0.5, CHCl,). 

3-0-[2-Acetamido-3-(~-D-galactopyranosyl)-2-deoxy-cr-D-galactopyranosy~- 

N-benzyloxycarbonyl-L-serine methyl ester (2) and -L-threonine methyl ester (4). - 
Acetylated compound 9 (0.275 g, 0.354 mmol) was dissolved in methanol (15 mL). 
Triethylamine (1.5 mL) was added, the mixture was stirred for 8 hours, evaporated, 

and toluene was evaporated from the residue, which was then dissolved in methanol 
and shaken with IRC-50 (H+) resin for 2 h. After filtration and evaporation, the 
oily residue obtained crystallized from ether to give 2 as a white powder; yield 93% 
(0.2 g); m.p. 210” (dec.); [a]&0 +84.3” (c 1, H,O). 

Compound 4 was similarly prepared starting with 10. The yield was 92% ; 
m.p. 170-175” (dec.), [(YJ&O +94’ (c 0.5, H,O). 

Compounds 1 and 3 were prepared by the hydrogenation of 2 and 4 in 
ethanol-water (10% Pd/C under H, at a pressure of 0.5 MPa)*. 

RESULTS AND DISCUSSION 

Tables I and II give the 13C chemical-shift data and resonance assignments 
for the carbon atoms of compounds 1 and 3. Figs. 1 and 2 show the effects of added 
Gd3+ on the 13C resonances of compounds 2 and 4. The 13C resonance assignments 
in the tables and figures are based on the literature 13C data available for glyco- 
proteins2 and glycopeptides14-17 containing cw-GalpNAc and P-Galp. The l3C 
chemical-shift data and resonance assignments determined for compound 3 are 
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TABLE I 

Carbon atom Chemical shiflb T, (4’ 

AC & Ser CO 

P-Gal C-l 
a-GalNAc C-l 
cy-GalNAc C-3 
P-Gal C-5 
&Gal C-3 
cx-GalNAc C-5 & 
BGal C-2 
P-Gal C-4 & 
a-GalNAc C-4 } 
Ser C-3 
a-GalNAc C-6 & 
&Gal C-6 > 
Ser C-2 
Ser (OMe) 
cY-GalNAc C-2 

CH, (Ac) 

176.0 
173.9 
106.0 
99.5 
78.3 
76.4 
74.1 

72.2 

70.2 

68.1 

62.6 

56.1 
54.6 
50.0 
23.6 

.36 

.18 

.30 

.33 

.39 

.29* 

.28* 

.32 

.25* 

.18 

.67 

.24 
60 

‘Compound 1 was 135mM in H,O, pH 7.04. The probe temperature was 30”. bThe chemical shifts of the 
various resonances are referenced relative to C-6 of BD-Galp and cr-o-GalpNAc, taken to be 62.6 
p.p.m. (see ref. 16). Estimated precision for the chemical shifts is f 0.05 p.p.m. ‘Observed T, values. 
Determined only for protonated carbon atoms. *Average value. 

almost identical to those reported for the disaccharide P-Gal-(1+3)-a-GalNAc-, 
found in fish antifreeze glycoproteins*. 

The anomeric configuration of carbohydrates 1 and 3 were unequivocally 
determined by the C-l’ coupling constants (1Jc_r)14 and by the respective spectral 
patterns. The lJcn values for anomeric carbon atoms of a-D-GalNAc and &D-Gal 
of compounds 1 and 3 were found to be 168 and 160 Hz, respectively. Other 
features that are observed when comparing the i3C data to that published for 
nonglycosylated Thr17, Ser19, and methyl a-galactopyranoside30, are that Thr C-3, 
Ser C-3 and a-D-GalNAc C-3 shift approximately 7, 7, and 4 p.p.m. downfield, 
respectively, upon glycosylation. 

Other important points concerning these compounds are that the resonance 
of a-D-GalNAc C-2 shifts -1.2 p.p.m. upfield as a result of glycosylation at o-D- 
GalNAc C-3, whereas the resonance of a-D-GalNAc C-4 appears to be unaffected. 
Thus it would appear that this carbon atom is a good probe for detecting a substitu- 
tion at a-D-GalNAc C-3. It should also be noted that the chemical shift of Thr C-4 
does not appear to be affected by the 1+3 linkage of @Gal to cw-GalNAc. The ‘Jcu 
of methyl carbon atoms of the acetamido group of compounds 1 and 3 were found 
to be 128 and 129 Hz, respectively; these values are in excellent agreement with the 

lJCH values observed for the acetamido methyl carbon atoms of a-GalNAc+Ser 
and cY-GalNAc+Thri4, but is much larger than the ‘1, value of 117 Hz observed 
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TABLE II 

13C-~.~~ SPECTRALDATAFOR Y 

Carbon atom Chemical shifty T, (s)= 

Ac&ThrCO 

P-Gal C-l 
a-GalNAc C-l 
a-GalNAc C-3 
P-Gal C-5 & 
Thr C-3 > 
&Gal C-3 
a-GalNAc C-5 & 
P-Gal C-2 1 
j3-Gal C-4 & 
a-GalNAc C-4 > 
&Gal C-6 & 
a-GalNAc C-6 > 
Thr C-2 
Thr (OMe) 
a-GalNAc C-2 

CH3644 

Thr C-4 

175.6 
173.9 
106.0 
loo. 1 

78.2 

76.4 

74.1 

72.2 

70.1 

62.6 

.34d 

.33d 

59.7 .20 
54.2 .78 
50.2 .23 
23.8 .79 
19.5 .28 

.38 

.28 

.30 

.3Bd 

.43 

.33d 

QCompound 3 was 136mM in H,O, pH 7.39. The probe temperature was 30”. bThe chemical shifts of the 
various resonances are referenced relative to C-6 of j3-D-Gab and a-D-GalpNAc, taken to be 62.6 
p.p.m. (see ref. 16). Estimated precision for the chemical shifts is + 0.05 p.p.m. cObserved Tr values. 
Determined only for protonated carbon atoms. dAverage value. 

for the acetamido methyl carbon atom of the a-GalNAc residue of the core 
oligosaccharide found in fish antifreeze glycoproteins*. The lower coupling-constant 
observed for the fish antifreeze glycoprotein may be related to its function, as 
suggested by the authors2. 

The TI data for these model compounds give an indication as to the motional 
freedom of the specific carbon atoms %. For instance, it would be expected that 
most of the pyranoside carbon atoms (C-l’--CX’) would have similar values Tr 
values)31. These seem to be the case for our data, except for the carbon atoms 
involved in the glycosyl linkage (@-D-Gal C-l, cw-D-GalNAc C-l and C-3, Thr C-3, 
and Ser C-3). These are expected to show limited motion, by a decrease in the TI 
value. This is generally the case for our data. The limited motional freedom may 
also be detected by the decrease in the intensity of a given resonance (see Figs. 1 
and 2), because of an increase in linewidths. 

Figs. 1 and 2 show the effects of added Gd3+ on the 13C-n.m.r. spectra of 
compounds 2 and 4, respectively. We used Gd 3+ because it is a relaxation probe 

that has been used to mimic Ca2+ in biological studies. The degree of line 
broadening observed for the carbohydrate carbon resonances may be used to gain 
quantitative information about the Gd3+-carbohydrate carbon atom distances, 
because it has been shown that a dipolar mechanism dominates the 13C-Q 
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Fig. 1. The effect of Gd3+ on the t3C resonances of the proton-decoupled, natural abundance, W- 
n.m.r. spectrum of 2. [Spectra were recorded with recycle times varying from 0X-2.0 s. The concentra- 
tion of compound 2 was 14Omr.1 in H,O, pH -7. The vertical gain of the spectra of solutions containing 
large portions of paramagnetic relaxation-reagent was increased slightly, so that broadening effects 
could be clearly observed. (A) Sample contained no Gd3+, and required 23,703 accumulations. A hne- 
broadening factor of 2.2 Hz was used during the data processing. (B) Sample contained 6.Om~ Gd3+, 
and required 31,498 accumulations. A line-broadening factor of 2.8 Hz was used during the data 
processing. (C) Sample contained 12.Om~ Gd3+, and required 30,210 accumulations. A line-broadening 
factor of 4.3 Hz was applied during the data processing.] 



18 K. DILL, H. K LANNOM, M. DENARIE, J. M. LACOMBE, A. A. PAVIA 

p.p .m. from Me@ 

Fig. 2. The effect of Gd3+ on the 13C resonances of the proton-decoupled, natural abundance, r3C- 
n.m.r. spectrum of 4. [Spectra were recorded with recycle times varying from 0.8-2.0 s. The concentra- 
tion of compound 4 was 146mM in H,CJ, pH -7. The vertical gain of the spectra of solutions containing 
large portions of paramagnetic relaxatton-reagent was increased slightly, so that broadening effects 

could be clearly observed. (A) Sample contained no Gd3+, and required 20,198 accumulations. A line- 

broadening factor of 3.5 Hz was used during the data processing. (B) Sample contained 6.OmM Gd3+, 
and required 13,311 accumulations. A hne-broadening factor of 4.0 Hz was used during the data 
processmg. (C) Sample contained 12.0mM Gd3+. and required 22,640 accumulations. A line-broadening 

factor of 3.5 Hz was applied during the data processing.] 



i3C-~.~.~. STUDIES OF /3-D-Gal-(1+3)-a-D-GalNAc+Ser, Thr 19 

(electron-nuclear) relaxation in cyclitol-Gd3+ complexes32. Because of the over- 
lapping resonances and the fact that the metal-ion binding to the carbohydrate 
appears to be “weak”, no metal-ion-carbohydrate distance information was 
obtained. Our data does, however, give a qualitative view of the type(s) of carbo- 
hydrate-Gd3+ interactions that occur with these glycopeptides. 

Previous work concerning Gd3+-glycopeptide interactions were done with 
simple model compounds in which the amino acid(s) were glycosylated with only a 
single saccharide. The current work allows us to determine whether a disaccharide 
provides a better binding site, or chelation structure, for certain metal ions. Our 
studies used compounds containing blocked amino acids (OMe, N-benzyloxy- 
carbonyl) because we have previously shown that free carboxyl and amino groups 
bind such metal ions as Gd3+ strongly8. Therefore in this work, we have removed 
any strong metal-ion binding sites associated with these groups. 

Fig. 1 indicates that the addition of Gd3+ to a solution of compound 2 
specifically broadens the resonances of the acetyl carbon atoms (methyl and 
carbonyl), a-D-GalNAc C-2, and to some extent @-~-Gal C-3, and C-l of II-D- 

GalNAc. The results seem to indicate a rather specific binding-site near the vicinity 
of a-D-GalNAc C-2, possibly involving N-2 and O-3 of a-D-GalNAc, and the 
glycosidic oxygen atom (O-3). Fig. 2 indicates that the addition of Gd3+ to a 
solution of compound 4 specifically broadens the 13C resonances of the acetyl 
carbon atoms (methyl and carbonyl) and C-2 of a-D-GalNAc, indicating a specific 
binding-site near a-D-GalNAc C-2, possibly involving N-2’. 

These results are somewhat different than those observed for the binding of 
Gd3+ to O-a- and P-D-galactosylated peptides8-lo and a-D-GalNAc+Ser- 
(OMe)(NAc)8. For the studies dealing with binding of Gd3+ to O-a- and P-D- 

galactosylated peptides, unique Gd 3+ binding sites were observed near C-l’ and 
C-6’8-10. In the single study dealing with the binding of Gd3+ to a-D- 
GalNAc+Ser(OMe)(NAc), binding sites for Gd3+ were observed that involved 
N-2’ as well as the acetyl protecting group on the serines. Work is currently in 
progress dealing with the metal-ion binding studies of more complex oligo- 
saccharides of glycopeptides. 
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