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Glycocalicin (140 kDa), the main constituent of the glycoprotein Ib a-chain (150 kDa) of the human platelet membrane, 
contains 4 putative N-glycosylation sites. For the structural analysis of the N-glycosidic carbohydrate chains of glycocali- 
tin, the glycoprotein has been subjected to the hydrazinolysis procedure. The acidic carbohydrate chains obtained were 
fractionated by ion-exchange chromatography on DEAE-Sephadex A-25, and subsequently analyzed by sugar analysis, 
anion-exchange chromatography on Mono Q HR 5/5 and 500 MHz ‘H-NMR spectroscopy. A novel tetrasialylated 
monofucosylated tetraantennary chain was identified in the glycoprotein. It could also be deduced that in all structures 
the a2+6-linked NeuAc is attached exclusively at the Gah?l-t4GlcNAc~l +ZManal +3 antenna, whereas the other an- 
tennae can be terminated with a2+3-linked NeuAc. As minor constituents sialylated N-linked carbohydrate chains with 

a terminal Fucal+2Gal~l --t. sequence were detected. 

Glycoprotein Ib, Glycocalicin; N-linked carbohydrate 

1. INTRODUCTION 

Platelet membrane glycoproteins are important 
in vital biological processes such as platelet ag- 
gregation and adhesion [1,2]. One of the main 
sialoglycoproteins of the platelet plasma mem- 
brane is glycoprotein Ib. Release of glycocalicin, 
the main part of the a-chain of glycoprotein Ib, 
leads to loss of the platelet aggregation response to 
von Willebrand factor [3]. As was shown earlier, 
glycocalicin contains 40% (w/w) carbohydrate 
comprising 0- as well as N-linked carbohydrate 

chains [4]. The 4 putative N-glycosylation sites on 
the a-chain of glycoprotein Ib lie within the 
glycocalicin part [5]. These carbohydrates may in- 
fluence the course of the interaction mentioned 
above. Therefore, it is important to determine 
their structures. 

Abbreviations: Man, D-mannose; Gal, D-galactose; Fuc, L- 
fucose; GlcNAc, 2-acetamido-2-deoxy-D-glucose; GlcNAc-01, 
2-acetamido-2deoxy-D-glucitol, NeuAc, N-acetylneuraminic 
acid 

Recently, structural studies on the O-linked car- 
bohydrate chains of human platelet glycocalicin 
have been reported by us [4,6] and by others [7,8]. 
Sialylated di- and triantennary N-acetyllactos- 
amine-type oligosaccharides with an cul-+6-linked 
Fuc residue at the Asn-bound GlcNAc unit have 
been found in the N-linked chains [9,10]. Here we 
report on the additional presence of a tetra- 
sialylated monofucosylated tetraantennary type of 
structure. 

Correspondence address: S.M. Korrel, Department of Bio- 
Organic Chemistry, Utrecht University, Transitorium III, PO 
Box 80.075, 3508 TB Utrecht, The Netherlands 

2. MATERIALS AND METHODS 

2.1. Hydrazinolysis procedure ond fractionation of 
carbohydrate chains 

+Present address: Complex Carbohydrate Research Center, Glycocalicin (40 mg), isolated from human platelet mem- 
University of Georgia, Athens, GA 30613, USA branes [4], was subjected to the hydrazinolysis procedure 
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[6,11]. High-voltage paper electrophoresis of the mixture of 
tritium-labelled carbohydrate chains was carried out on What- 
man 3MM paper (70 V/cm; 90 min) using a pyridine/acetic 
acid/water buffer (3: 1:387, v/v), pH 5.4. The neutral and 
acidic fractions were recovered from the electropherogram by 
elution with water. The acidic fractions were combined and 
lyophilized. The residue was dissolved in 5 mM NaHzPOb/ 
NazHP04 buffer, pH 6.5, and subsequently applied to a col- 
umn (60x 1.5 cm) of DEAE-Sephadex A-25 (Pharmacia) 
equilibrated with the same buffer. The column was eluted with 
400 ml of a linear concentration gradient from 5 to 30 mM 
NaHzP04INazHP04 buffer, pH 6.5, followed by stepwise elu- 
tion with 100 ml of 100 mM and 100 ml of 500 mM NaHzP04/ 
Na2HP04 buffer, pH 6.5. Fractions of 3.7 ml were collected at 
a flow rate of 18.5 ml/h. Further fractionation was performed 
on a Bio-Gel P-6 (Bio-Rad) column (100x2.5 cm) using 100 
mM ammonium acetate buffer, pH 5.2. In the latter case frac- 
tions of 4 ml were collected at a flow rate of 20 ml/h. 

Fractionation patterns were monitored by scintillation count- 
ing. Tritium-labelled peaks were pooled, lyophilized and 
desalted by filtration over a column (20 x 1 cm) of Bio-Gel P-2 
(Bio-Rad) using water as eluent at a flow rate of 20 ml/h. 

Analytical fractionations were carried out by medium- 
pressure ion-exchange chromatography on a Mono Q HR 5/5 
column (Pharmacia) eluted with 3 ml of 10 mM 2,2-bis(hydrox- 
ymethyl)-2,2’,2”nitriloethanol, pH 6.4, followed by linear 
concentration gradients of 3 ml of O-10 mM NaCI, 13 ml of 
lo-50 mM NaCl and 10 ml of 50-120 mM NaCl in 10 mM 
2,2-bis(hydroxymethyl)-2,2’ ,2”-nitriloethanol, pH 6.4. Frac- 
tions of 0.33 ml were collected at a flow rate of 1 ml/min. For 
calibration, sialyloligosaccharide-alditols prepared from fetuin 
were used as reference compounds (Bolscher, J.G.M. et al. un- 
published). 

2.2. Sugar analysis 

Sugar analysis was carried out by gas-liquid chromatography 
on a CPsil5 WCOT fused silica capillary column (25 m x 0.32 
mm i.d., Chrompack) using a Varian Aerograph 3700 gas 
chromatograph. The trimethylsilylated methyl glycosides were 
prepared by methanolysis, Iv’-(re)acetylation and trimethyl- 
silylation [12]. 

2.3. 500 MHz ‘H-Nh4R spectroscopy 

Prior to ‘H-NMR spectroscopic analysis samples were 
repeatedly treated with 2Hr0 (99.96 atom% ‘H,Aldrich) at p2H 
7 and room temperature. 500 MHz ‘H-NMR spectra were 
recorded using a Bruker WM-500 spectrometer (SON hf-NMR 
facility, Department of Biophysical Chemistry, University of 
Nijmegen, The Netherlands) operating in the pulsed Fourier- 
transform mode at a probe temperature of 27°C [13]. Resolu- 
tion enhancement of the spectra was achieved by Lorentzian-to- 
Gaussian transformation [14]. Chemical shifts (s) are expressed 
in ppm downfield from internal sodium 4,4-dimethyl- 
4-silapentane-1-sulfonate, but were actually measured by 
reference to internal acetone (6=2.225 ppm in ‘Hz0 at 27°C). 

3. RESULTS 

For the release of the N-linked carbohydrate 
chains from glycocalicin the hydrazinolysis pro- 
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cedure was chosen [l 11, although the conditions 
applied also result in partial cleavage of GalNAccu- 
(14 O)Ser/Thr linkages [6]. After fractionation of 
the hydrazinolysate by paper electrophoresis, the 
acidic fractions were pooled and chromatographed 
on DEAE-Sephadex A-25 (see fig.1). The car- 
bohydrate composition of the various fractions is 
summarized in table 1. Based on the GalNAc-01, 
GalNAc and Man contents in table 1, it is clear 
that fractions I, II, V and VI contain only N- 
glycosidic type chains, III and IV only the O- 
glycosidic type and the remaining fractions both 
types of chains. Fractions I, II, VII, VIII and X 
did not contain sufficient carbohydrate material 
for structural analysis, whereas fractions III and 
IV contained alkaline degradation products of the 
0-glycosidic type of chains. In the following the 
fractions V, VI and IX will be discussed in more 
detail. 

The major component of fraction VI turned out 
to be the disialylated diantennary N-acetyllactos- 
amine type structure with an ~1-+6-linked Fuc 
residue at the Asn-bound GlcNAc unit, as reported 

I II 

Fig.1. Fractionation pattern on a DEAE-Sephadex A-25 col- 

umn (60 x 1.5 cm) of the ‘H-labelled acidic carbohydrate 
chains obtained after hydrazinolysis treatment of glycocalicin. 
The column is eluted with 400 ml of a linear concentration gra- 
dient from 5 to 30 mM NaHzPOd/NazHP04 buffer, pH 6.5, 
followed by 100 ml of 100 mM and 100 ml of 500 mM 
NaH2POd/Na2HP04 buffer, pH 6.5. Fractions of 3.7 ml are 
collected at a flow rate of 18.5 ml/h and assayed for 3H radio- 

activity. Fractions are pooled as indicated by the bars. 
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in [9,10]. However, so far, the linkage type for the 
NeuAc residues at the specific antennae is not 
known. From the ‘H-NMR spectrum it could be 
deduced unambiguously that the MancYl + branch 
bears specifically a2+3-linked NeuAc, and the 
Maw1 -+3 branch cu2+6-linked NeuAc. 

For fraction V the presence of a mixture of 
disialylated triantennary (2,4-disubstituted Man 
(ul+3) and tetraantennary type of carbohydrate 
chains with an cul+dlinked Fuc unit at the Asn 
bound GlcNAc residue could be demonstrated by 
‘H-NMR spectroscopy [9,10]. Concerning the 
assignments of the various sialic acid signals, it was 
found that cu2+6-linked NeuAc is specifically 
attached at the Ga~l-+4GlcNA@?1+2Man~l~ 
3 antenna and the other antennae can be ter- 
minated by a2+3-linked NeuAc. Each of the 
branches is partially asialo. The chromatographic 
behaviour of fraction V is in accordance with the 
occurrence of disialylated compounds. As minor 
constituents in fraction V compounds with the 
Fuccvl+2Gal,&l~4GlcNA~l-+ . sequence were 
detected. 

Fraction IX contained a mixture of N- and O- 
glycosidic chains as was evident from the presence 
of GalNAc-ol and GalNAc besides GlcNAc-01 (see 
table 1). This fraction was subfractionated by Bio- 
Gel P-6 gel permeation chromatography. Sugar 
analyses of the subfractions indicated that IXa and 
IXb contain exclusively N-glycosidic and IXc and 
IXd 0-glycosidic type carbohydrate chains. 
Because of the low amount of material and the 
complexity of the carbohydrate mixture present, 
fraction IXb will not be discussed. The ‘H-NMR 
spectrum of fraction IXa showed the typical ‘H- 
NMR structural-reporter-group signals of a fully 
sialylated tetraantennary structure, not demon- 
strated before for glycocalicin: 

8’ 7’ 
NeuAw2-+ 3Gal@l*4GlcNA@1+6 

\ 
NeuAti2-+3Ga~l+4GlcNAc@1+2Ma~l-r6 

6’ 5’ 4’ \ 

Table 1 

Molar carbohydrate composition of the desalted fractions I-X 
of the DEAE-Senhadex A-25 column 

Mono- 
saccharides 

Fuc 
Man 
Gal 
GlcNAc 
GalNAc-ol 
GalNAc 
GalNAc-ol 
NeuAc 

Molar ratios in fractions 

I II III IV v VI VII VIII IX x 

1.4 1.5 - - 0.90.9 1.1 0.9 0.9 - 
3.03.00.1 - 3.03.0 3.0 3.0 3.0 3.0 
3.42.7 2.3 1.5 3.4 3.1 4.9 5.4 10.2 24.0 
3.02.8 1.0 1.03.8 3.8 4.8 5.4 6.9 15.6 
0.3 0.4 - - 0.60.6 0.9 1.0 0.7 - 
- - - - - - 0.3 0.5 0.6 - 
- 0.30.1 - - - - - 1.3 1.2 
+a0.5 1.2 1.2 1.82.5 4.4 6.0 11.4 16.2 

a Detectable, but ~0.1 

The molar ratios are calculated relative to 3 mol Man except 
fractions III and IV. These are calculated relative to 1 mol 

GlcNAc 

Table 2 summarizes the relevant ‘H-NMR data 
of this fraction together with the data of two 
tetraantennary reference compounds [ 13,151. The 
tetraantennary type of carbohydrate chain is 
reflected by the characteristic set of Man H-l and 
H-2 structural-reporter-group signals for Man-3 
(H-2,6=4.212 ppm), Man-4 (H-l, 6=5.132 ppm; 
H-2, 6=4.212 ppm), and Man-4’ (H-l, S=4.854 
ppm; H-2, S=4.110 ppm). The al-+6 fucosylated 
N,N ‘-diacetylchitobiitol unit gives rise to the 
specific series of signals for GlcNAc-l-01 (NAc, 
6 = 2.055 ppm), GlcNAc-2 (NAc, 6 = 2.085 ppm), 
and Fuc (H-l, 6 = 4.900 ppm; CH3,6 = 1.224 ppm) 
[ 161. The NeuAc H-3 regions of the spectrum show 
multiplets indicating the presence of cu2+3 (H-3e, 
6= 2.757 ppm; H-3a, 6= 1.802 ppm) and ar2-+6 
(H-3e, S = 2.673 ppm; H-3a, 6 = 1.717 ppm) linked 
NeuAc in the ratio 3 : 1. No asialo antennae are 
present since all Gal H-l signals are typical for 
sialylated Gal residues. The Gal-6 residue is ex- 

Fuccul+6 

Man@1 + 4GlcNA@l--) 4GlcNAc-01 
6 5 4 j3 2 1 

NeuAccu2~6Galpl+4GlcNAc@1+2Ma~l--) 3 

NeuAccu2-+ 3Gal,f31-+4GlcNAcf31+4 
8 7 
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: 

(ml) elution volume + 

Fig.2. Fractionation pattern of fraction IX on a Bio-Gel P-6 
column (110 x 2.5 cm) eluted with 100 mM ammonium acetate 
buffer, pH 5.2. Fractions of 4 ml are collected at a flow rate of 
20 ml/h and assayed for ‘H radioactivity. Fractions are pooled 

as indicated by the bars. 

elusively ~~2-6 sialylated, as is evident from the 
chemical shift of Man-4 H-l (S=5.132 ppm), in 
combination with the H-l signal of Gal-6 
(S = 4.439 ppm) and the NAc singlet of GlcNAc-5 
(S = 2.070 ppm). The other Gal residues are CY~-+ 3 
sialylated, which is concluded from the chemical 
shifts of the H-l signals (S=4.55 ppm). By com- 
parison with the reference compounds, the NAc 
signal at S=2.076 ppm can be assigned to 
GlcNAc-7 and that at 6 = 2.040 ppm to GlcNAc-5 ’ 
and GlcNAc-7’ [13,15]. 

‘H-NMR spectroscopic analysis of the fractions 
IXc and IXd, containing only O-glycosidic type 
chains, showed that the compound present in frac- 
tion IXc is identical with the main 0-glycosidic 
oligosaccharide-alditol of glycocalicin reported 
earlier [4], i.e. NeuA~2+3Galpl+4GlcNAc@l+ 
6 (Neu AC cu2+ 3Gal pl--) 3)Gal NAc- 01, whereas 
fraction IXd contained a mixture of IXc and the 
tetrasaccharide-alditol NeuAco2-*3Galpl+3(Neu 
Aco2+6)GalNAc-ol [4]. 

Table 2 

‘H chemical shifts of structural-reporter-group protons of the 
constituent monosaccharides of fraction IXa obtained from 
glycocalicin, together with those of the reference compounds A 

[13] and B [15] 

Reporter Residuea Chemical shiftb inc 
group 

A B IXa 

*sn *sn 201 

H-l GlcNAc-2 
Man-3 
Man-4 
Man-4’ 
GlcNAc-5 
GlcNAc-5 ’ 
GlcNAc-7 
GlcNAc-7 ’ 
Gal-6 
Gal-6 ’ 
Gal-8 
Gal-8 ’ 
Fuc 

4.614 4.611 
4.757 4.76 
5.129 5.135 
4.868 4.870 
4.573 4.593 
4.596 4.593 
4.547 4.547 
4.553 4.554 
4.465 4.438 
4.472 4.469 
4.470 4.469 
4.481 4.480 

- _ 

n.d. 
n.d. 

5.132 
4.854 
n.d. 
n.d. 

4.55 
4.55 
4.439 
4.55 
4.55 
4.55 
4.900 

H-2 GlcNAc-l-01 
Man-3 
Man-4 
Man-4 ’ 

- _ 

4.210 4.218 
4.224 4.229 
4.092 4.092 

4.22 
4.212 
4.212 
4.110 

H-3 

H-3a 

Gal-6’/8/8 ’ n.d. nd. 4.117 

NeuAc 
NeuAc’/*/” 

_ 1.717 1.717 
- - 1.802 

H-3e NeuAc 
NeuAc’/*/” 

_ 2.669 2.673 
_ - 2.757 

CH3 Fuc - - 1.224 

NAc GlcNAc-l-01 
GlcNAc-2 
GlcNAc-5 
GlcNAc-5 ’ 
GlcNAc-7 
GlcNAc-7 ’ 
NeuAc 
NeuAc’/*/” 

_ - 

2.078 2.077 
2.054 2.070 
2.042 2.042 
2.079 2.078 
2.041 2.042 

_ 2.030 

2.055 
2.085 
2.070 
2.040 
2.076 
2.040 
2.03 1 
2.031 _ - 

a For numbering of monosaccharide residues, see text. NeuAc 
denotes the sialic acid &2*6-linked to Gal-6, NeuAc’ the one 
a2+3-linked to Gal-6’, NeuAc* the one cu2-+3-linked to 
Gal-S, and NeuAc” the one ~2+3-linked to Gal-S’ 

b Chemical shifts are given for neutral solutions at 27”C, in 
ppm downfield from internal 4,4-dimethyl-4-silapentane-l- 
sulfonate in ‘H20, acquired at 500 MHz (but were actually 
measured relative to internal acetone: 6 = 2.225 ppm) 

’ Structures are represented by short-hand notation [13]: l , 
GlcNAc; l , Man; n , Gal; A, NeuAc ~2-3; 0, NeuAc 
cu2-+6; q I, Fuc 
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4. DISCUSSION 

In the past few years we [4,6,9] and other groups 
[7,8,10] have reported on the structural analysis of 
N- and 0-glycosidic carbohydrate chains of 
glycocalicin. The high carbohydrate content (40%) 
comprising both types of chains gave rise to severe 
problems in selective release of the N- as well as O- 
linked chains. In fact, hydrazinolysis or alkaline 
borohydride degradation of the intact glycoprotein 
yielded mixtures of N- and O-linked oligosac- 
charide chains ([4,6] and this study). Our recently 
introduced approach for the analysis of the car- 
bohydrate chains of N, 0-glycoproteins using 
enzymatic release for the N-linked chains by pep- 
tide-p-(N-acetyl-&glucosaminyl)asparagine ami- 
dase-F, followed by the alkaline borohydride 
method for the O-linked chains, has shown to be 
a promising alternative [ 171. 

The N-linked carbohydrate chains of glycoca- 
licin include sialylated di-, tri- (2,4_disubstituted 
Maw1 33 residue), and tetraantennary N-acetyl- 
lactosamine type structures with an cul+6-linked 
Fuc residue at the Asn-bound GlcNAc unit. Con- 
cerning the sialylation pattern of these three 
oligosaccharide chains, we have demonstrated that 
the Gal fll + 4Glc NAc@l * 2Man al + 3 antenna 
bears exclusively an Lu+6-linked Neu-Ac residue. 
The @2+3 linkage of NeuAc occurs in the addi- 
tional antennae. As mentioned, there are indica- 
tions that cul+Zlinked Fuc is also involved to 
some extent in terminating Gal&l -r4GlcNA@l+ . 
antennae. It should be noted that heterogeneity in 
branching pattern for a glycoprotein is often 
observed in serum glycoproteins, but so far not in 
membrane glycoproteins. The earlier reported 
structures for the O-linked carbohydrate chains are 
also terminated by m2+3-linked NeuAc and 
al +2-linked Fuc at Gal,&1 +4GlcNA@l+. se- 
quences [4,6,7,8]. 

Glycocalicin can be split into a 90 kDa fragment 
and a 45 kDa fragment [18]. Carbohydrate 
analysis of these fragments (not shown) shows that 
the 90 kDa fragment contains almost exclusively 
O-linked and the 45 kDa fragment N-linked car- 
bohydrate chains. Glycocalicin contains 4 poten- 
tial N-glycosylation sites [5] and the 45 kDa region 
two sites that are definitively N-glycosylated [19]. 
Experiments with different proteases indicate that 
the abundant 0-glycosidic carbohydrate chains 

protect the glycoprotein against proteolysis [ 181. 
The thrombin-binding site as well as the receptor 
site for von Willebrand factor are both located on 
the 45 kDa fragment [18]. Using a series of ex- 
oglycosidases, results were obtained suggesting 
that removal of sialic acid and galactose have no 
influence on the binding of von Willebrand factor 
to glycocalicin, but partial removal of N- 
acetylglucosamine reduces the binding of von 
Willebrand factor. It has still to be established if 
the carbohydrate residues indeed form part of the 
receptor site. The alternative explanation that 
removal of carbohydrate chains causes a confor- 
mational change cannot be excluded as yet. 
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