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Rat hemopexin is a plasma glycoprotein that contains 18.3% carbohydrate consisting 
of only N-glycosidically-linked oligosaccharide chains. Glycopeptides obtained from 
hemopexin by Pronase | digestion could be separated on Concanavalin A-Sepharose 
into three fractions. The lectin-binding fraction has been characterized as a mixture of 
monosialyl and disialyl di-antennary compounds ending in N-acetylneuraminic acid 
residues ~(2-6)-Iinked to galactose in the respective branches [Bernard N, Lombart C, 
Strecker G, Montreuil J, Van Halbeek H, Vliegenthart JFG (1983) Biochimie 65:185- 
02]. 
The structures of the glycans in the Concanavalin A non-binding fractions were deter- 
mined by a combination of methylation analysis and 500-MHz 1H-NMR spectroscopy. 
Some of them appeared to be tri-antennary glycans. However, the major component 
of these fractions possesses the following structure: 

NeuAco~2 
6 

NeuAcc~2-3Ga131-3G IcNAc31-2Manc~1\3 

Man31-4GIcNAc31-4GIcNAc31-NAs~n 

N euAc~2_6Ga131_4GicNAc31_2Manc~1/6 | 

*Author for correspondence 
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This type of structure has been encountered before in some bovine blood coagulation 
factors as well as in rat c~l-acid glycoprotein, but the 1H-NMR parameters for it are first 
reported here. Furthermore, by methylation analysis, the occurrence of the 
NeuAcc~2-8NeuAc disaccharide element was demonstrated in a minor part of the car- 
bohydrate moiety of rat hemopexin. This element has also been reported previously 
for rat brain glycopeptides. 

Hemopexin is a plasma ~-glycoprotein which binds heme with high affinity. Its biologi- 
cal function is the removal of excess heine from the bloodstream. If the hemoglobin 
level exceeds the binding capacity of haptoglobin, the heme formed by dissociation of 
hemoglobin is bound immediately to hemopexin, thereby counteracting hemolysis as 
much as possible. The complex formed between heme and hemopexin is then taken up 
by liver parenchymal cells [1-4 I. Structural studies of rat hemopexin have shown that the 
glycoprotein contains 18.3% (by weight) asparagine-linked carbohydrate chains, which 
account for the molecular heterogeneity exhibited by hemopexin [21. In order to eluci- 
date the possible physiological role of the sugar moiety of hemopexin in the heme- 
binding process, in the recognition of the heme-hemopexin complex by hepatocytes, 
and in the uptake of asialo-hemopexin by the liver mediated by the hepatic asialogly- 
coprotein receptor [4], the structures of the carbohydrate chains and their microhetero- 
geneity were studied. 

Pronase digestion of rat hemopexin led to a mixture of glycopeptides which was subse- 
quently fractionated by affinity chromatography on Con A-Sepharose. Three fractions 
were obtained, one of which (Ill) bound to Con A, while the other two (I and II) did not 
bind. The structures of the glycopeptides present in fraction I II were determined [5] to 
be mono- and disialyl di-antennary chains of the N-acetyllactosamine type: 

[NeuAc~2-6] 0-1GalB1-4GIcNAc31-2Mano~1\3 

4 A 1 Man31-4GIcNAc31- GIcN c3 -NAsn 

[NeuAc~2-6! 0-1Ga[31-4GIcNAc31-2Manod/6 I 

We report here the structure determination of the glycans present in the Con 
A-non-binding fractions I and II. A preliminary account of this study has been present- 
ed previously [6]. 
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Materials and Methods 

Materials 

Hemopexin was prepared from rat plasma as described previously [7]. Ultrogel AcA202 
was purchased from IBF (Genevilliers, France). Con A-Sepharose was obtained from 
Pharmacia (Uppsala, Sweden) and Bio-Gel P-2 from Bio-Rad (Richmond, CA, USA). 
[14C]Acetic anhydride (540 mCi/mmole) was purchased from New England Nuclear 
(Boston, MA, USA). Pronase | was obtained from Calbiochem-Behring, (San Diego, CA, 
USA). Trifluoroacetic anhydride was purchased from Fluka (Buchs, Switzerland). All 
other reagents were of the highest grade available and were used without further pu rift- 
cation. The oligosaccharides used as reference substances for structural studies, name- 
ly lactose (Lac), monosialyllactoses (ll6NeuAc-Lac and 113NeuAc-Lac), disialyllactose (113[ 
NeuAcl2-Lac), lacto-N-tetraose (LcOse4), sialyllacto-N-tetraose a (IV~NeuAc-LcOse4) and 
b (lll6NeuAc-LcOse4) and disialyllacto-N-tetraose (IV3NeuAclll6NeuAc-LcOse4) were 
isolated from human milk [8-10]. 

Isolation and Fractionation of Hemopexin Glycopeptides 

After extensive Pronase | digestion of rat hemopexin [11], the glycopeptides obtained 
were purified by gel filtration on an UItrogel AcA202 column, and subsequently N-[~4C] 
acetylated in their peptide moiety to facilitate monitoring their elution from various co- 
lumns. Free radioactivitywas separated from the labelled glycopeptides by gel filtration 
on Bio-Gel P-2 (1.5 x 62 cm), eluted with distilled water. The labelled glycopeptides were 
fractionated by affinity chromatography on Con A-Sepharose as described [5]. The re- 
sulting three fractions (I-Ill) were desalted and separated from s-methyl glucoside by 
Bio-Gel P-2 filtration (15 x 35 cm) by eluting with distilled water. 

Desialylation of Hemopexin GlycopeptMes 

For comparative structural investigations, the asialo analogues of the glycopeptides in 
Con A fraction II were prepared by treatment of an aliquot of this fraction with 0.05 M 
trifluoroacetic acid for 30 min at 100~ The reaction mixture was subsequently passed 
over Bio-Gel P-2, to remove, inter alia, the liberated sialic acid. 

Analytical Methods 

Radioactivity was determined in a Packard Tricarb liquid scintillation counter. Qualita- 
tive carbohydrate analysis of glycopeptides was carried out by classical colourimetric 
methods [12]. Quantitative analysis was performed by GLC after methanolysis with 0.5 
M HCI/methanol for 24 h at 80~ and trifluor0acetylation [13]. Analyses were carried 
out on a Varian Aerograph 2700 (glass column packed with 5% OV210; temperature 
90-210 ~ C, 2~ n). 
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Methylation analysis was carried out as follows. Glycopeptides were methylated as 
described previously It4,151 and then methano]ysed in 0.5 M HC[lmethanol. The partial- 
ly methylated methyl glycosides were acetylated [15] (pyridine/acetic anhydride, 1/1 by 
vol, 0.2 ml, 20 min, 100~ The products were analysed by GLC-MS (Riber model 10-10, 
RueiI-Malmaison, France) using a capillary column (0.35 mm x 60 m) coated with 
Cpsil-5CB (temperature 130-260~ 5~ 

Prior to 1H-NMR spectroscopic analysis, the hemopexin glycopeptides as well as the re- 
ference oligosaccharides were repeated ly treated with 2H20 at p2H 7 and room tempe- 
rature. After each exchange treatment, the materials were lyophilized. Finally, each 
sample was redissolved in 0.4 ml 2HgO (99.96 atom% 2H, Aldrich, Milwaukee, Wl, USA). 
500-MHz ~H-NMR spectroscopy was performed on a Bruker WM-500 spectrometer 
(SON hf-NMR faciIi~y, Department of Biophysical Chemistry, Niimegen University, The 
Netherlands) operating under control of an Aspect-2000 computer. Experimental de- 
tails have been described previously [16, 17]. For solvent-peak suppression, a WEFT- 
pulse sequence (composite 180 ~ pulse- delay- 90 ~ pulse- acquisition) was applied [18]. 
Resolution enhancement of the spectra was achieved by Lorentzian-to-Gaussian trans- 
formation. The probe temperature was kept at 27.0 (+0.1)~ Chemical shifts are ex- 
pressed in ppm downfield from internal sodium 4,4-dimethyl-4-silapentane4-sulpho- 
hate (DSS), but were actually measu red by reference to internal acetone (~ 2.225 in 2H20 
at ~~ with an accuracy of 0.002 ppm. 

Results 

Hemopexin (80 mg) was isolated from 100 ml of pooled plasma from 20 Wistar rats. The 
total carbohydrate content of the glycoprotein was found to be 18.3% [1]. Galactose, 
mannose, N-acetylglucosamine and N-acetylneuraminic acid were present as consti- 
tuent monosaccharides. The molar ratios in which these sugars occur in the intact gly- 
coprotein are given in Table 1. 

Table 1. Molar carbohydrate composition of rat plasma hemopexin and of its pronase- 
digest glycopeptides before and after fractionation on Con A. 

Molar ratio of carbohydrates a 
Material Gal Man GIcNAc NeuAc 

Hemopexin 2.0 3 4.0 2.4 
Pronase glycopeptides 2.'i 3 4.0 2.4 

Con A fraction [ 2.4 3 4.5 2.9 
Con A fraction ii 2.0 3 3.9 3.1 
Con A fraction III 2.0 3 3.8 2.0 

a Calculated on the basis of 3 Man residues per glycan molecule. 
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Preparation, Fractionation and Characterization of Glycopeptides 

The carbohydrate moiety of hemopexin was obtained as a mixture of glycopeptides, by 
Pronase digestion followed by removal of peptides and amino acids over Ultrogel 
AcA202. Glycopeptides were labeled in the peptide part by N-[t4C]acetylation. The reco- 
very of carbohydrate in the total mixture of glycopeptides amounted to 90%; the molar 
ratio of monosaccharides was the same as that for the intact glycoprotein (see Table 1). 
The gtycopeptides were separated by affinity chromatography on Con A-Sepharose into 
three fractions, in the ration 1:2:6 (see Fig. 1). Fraction I showed no interaction at all with 
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Figure 1. Fractionation of rat hemopexin glycopeptides by Con A-Sepharose. The colu m n (1 x 24 cm) was equi- 
l ibrated with 0.05 M sodium acetate buffer pH 6.0, containing 100 mM NaCl and I mM CaCI2, MgCI2 and MnCI2. 
Elution was started with 40 ml of this buffer, fol lowed by a 15 mM solution of ~x-methyl glucoside in the buffer. 
Fractions of I ml were collected and analysed for radioactivity. 

Con A. Fraction II was also eluted with the starting buffer, but it was slightly but signifi- 
cantly retarded by Con A. Upon rechromatography, both I and I[ were eluted as single 
peaks at the same positions as in the first run, indicating that the binding capacity of the 
Con A column had not been exceeded. Fraction III bound tightly to the Con A column 
and was eluted by 15 mM o~-methyl glucoside in the starting buffer. The molar ratios of 
the sugars in the three Con A fractions are included in Table 1. 
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Figure 2. Gas-liquid chromatographic analysis of partially methylated monosaccharide derivatives present in 
the methanolysate of the permethylated glycopeptide fraction I1 from hemopexin. 

1; 3,4,6-Me3-Man. 2; 2~,4-Me3-Gal. 3; 2,4,6-Me3-Gal. 4; 2,4-Me2-Man. 5; 3,6-Mez-GIcN(Me)Ac. 6; 4-Me-GIcN(Me) 
Ac. 7; 4,7,8,9-Me4-Neu(Me)Ac. 8; 4,7,9-Me3-Neu(Me)Ac. 
Detailed conditions for the GLC analysis are given in the text. 

The primary structures of the glycopeptides present in the major fraction (Ill) were es- 
tablished by methylation analysis in conjunction with 500-MHz 1H-NMR spectroscopy 
I5]. The fundamental structure was found to be a di-antenna of the N-acetyllactosamine 
type. The branches are terminated by N-acetylneuraminic acid residues in c~(2-6)-Iin- 
kage to galactose. Some heterogeneity was observed in the degree of sialylation, mainly 
in the N-acetyllactosamine unit/3(1-2)-linked to the c~(1-6)-core mannose. The carbohyd- 
rate composition of the minor fraction I (see Table 1) and also its behaviou r on TLC after 
hydrazinolysis and N-reacetylation [5] is compatible with that of a tri-antennary N- 
glycosidic structure. 

The most intriguing feature of the rat hemopexin carbohydrates is the unusual sugar 
composition of glycopeptide fraction I I. The ratio of N-acetylglucosamine to galactose 
being 4:2 (see Table 1) points to a di-anten nary N-glycosidic structu re; this fraction, how- 
ever, contains three residues of N-acetylneuraminic acid for only two galactoses. 

Structure Determination of Con A-fraction II Glycopeptides 

The methyl derivatives obtained by methanolysisof the permethylated glycopeptide 
fraction II were identified by GLC-MS as 3,4,6-Me3-Man, 2,3,4-Me3-Gal, 2,4,6-Me3-Gal, 2,4- 
Me2-Man, 3,6-Me2-GIcN(Me)Ac, 4-Me-GIcN(Me)Ac, 4,7,8,9-Me4-Neu(Me)Ac and 4,7,9-Me~- 
Neu(Me)Ac, occurring in the approximate ratios of 1.8 : 0.9 : 0.9 : 1.0 : 2.7 : 0.9 : 2.8 : 0.2 (see 
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Figure 3. (A) Mass spectrum of the methyl glycoside of 4-mono-O-methyl-3,6-di-O-acetyI-N-methyI-N-acetyl- 
glucosamine [4-Me-GIcN(Me)Ac] (see Fig. 2, peak 6). 

(B) Mass spectrum of the methyl ester methyl glycoside of4,7/g,9-tetra-O-methyI-N-methyI-N-acetylneu raminic 
acid [4,7)3,9-Me4-Neu(Me)Ac] (see Fig. 2, peak 7). 

(C) Mass spectrum of the methyl ester methyl glycoside of 47,94ri-O-methyl-8-mono-O-acetyl-N-methybN- 
acetylneuraminic acid [4,7,9-Me3-Neu(Me)Ac] (see Fig. 2, peak 8). 
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Figure 4. Structural-reporter-group regions of the 500-MHz IH-NMR spectrum (ZH20; p=H 7; 27~ of Con A- 
fraction I I glycopeptides derived from rat plasma hemopexin. The bold numbers in the spectrum refer to the 
corresponding monosaccharide residues in the structu re. Superscripts at a residue are used only if it is neces- 
sary to discriminate between equally named but differently linked monosaccharides. The relative intensity 
scale of the N-acetyl methyl proton region differs from that of the other parts of the spectrum, as indicated. 
Signals indicated by a.a. stem from amino acid protons. The signals marked by asterisks indicate the presence 
of one or more minor components in the mixtu re of glycopeptides which may correspond to the findings by 
methylation analysis (see text). 

also Figs. 2 and 3). These results suggest that indeed di-antennary branching may be 
present since the ratio of mono(C-2)- to di(C-3 and C-6)-substituted man nose derivatives 
is 2:1. Furthermore, one of the galactose residues could bear N-acetylneuraminic acid 
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]'able 2. tH Chemical shifts of structural-reporter groups of constituent monosacchari- 
des for glycopeptide fraction II and its desialylated analogue derived from rat plasma 
hemopexin, together with those for structurally related di-antennary glycopeptides A- 
C, used as reference compounds. 

Chemical shift b in ~ 

Reporter Residue a 
group c=4 \ 

- - - 4 -  " c = 4 :  

A GP-II(-SA) B C GP-II 

5 .049  d 5.052 a 
H-1 GIcNAc-1 5.094 5.088 5.068 

5,041 5.045 
GIcNAc-2 4.6t6 4.615 4.616 4.682 ~ 4.615 
Man-3 4.765 4.76 4.773 4.77 4.77 
Man-4 5.121 5.118 5,133 5.118 5.111 
Man-4' 4.928 4.926 4.949 4,940 4.943 
GIcNAc-5 4.582 4.600 4.603 4.575 4.586 
GIcNAc-5' 4.582 4.580 4.603 4,606 4.601 

4Gal-6  4 . 4 6 7  - -  4 .442  4 .545  - -  

3Gal-6* - -  4 .445  - -  - -  4 .505  

4Ga l -6 '  4 .473  4 .473  4 .447  4 .447  4 .440  

H-2 Man-3 4,246 4.249 4.254 4.253 4.247 
M a n 4  4.190 4.200 4.195 4.190 4.209 
Man-4' 4.109 4.113 4.116 4.11 4.114 

H-3 Gal-6(*) f 3.67 3.7 3,67 4.11 4.079 

H-3ax 6NeuAc - -  - -  1.716 g - -  1.716 h 
N e u Ac - -  - -  - -  1.800 1.784 

6NeuAc' - -  - -  1.716 1.717 1.716 

H - 3 e q  6 N e u A c  - -  - -  2 ,666  g - -  2 .733  h 

3NeuAc - -  - -  - -  2.758 2.758 
6 N e u A c '  - -  - -  2 .672  2.671 2 .670  

N A c  G l c N A c - 1  2 .004  2 .007  2 .002  2 .012  2 . 0 0 7  

G I c N A c - 2  2 .079  2.077 2.081 2 .094  e 2 .079  

G I c N A c - 5  2 .050  2 .045 2 .067  2 .048  2 .039  

GIcNAc-5' 2.046 2.048 2,063 2.066 2.064 
6 N e u A c  - -  - -  2 .029  i 2 .032 j 2 .029  

3 N e u A c  . . . .  2 . 0 3 4  

~ N e u A c '  - -  - -  2 .028  i 2 . 0 3 0  i 2 .029  

a For number ing of  monosaccharide residues, see Fig. 4. It should be noted that Gal-6 indicates Gal/~(1-4)-Ii nk- 
ed whereas Gal-6* denotes Gal/~(1-3)-Iinked to GIcNAc-5. A superscript preceding the name of a sugar resi- 
due indicates to which posit ion of  the adjacent monosaccharide it is l inked. 

b All data were acquired at 500 MHz, for  neutral solutions of  the compounds in 2H20, at 27~ Data for refe- 
rence compounds A, B and C were taken from I161. 
In the table-heading, structures are represented by short-hand symbolic notat ion (compare I16]): ~ = 
Man; 0 -  = GIcNAc; D-  = Gal; C)- = NeuAc~2-6; ~--  = NeuAc~ 2-3;IZ]-: = Fuc. The types of  l inkage be- 
tween Gal and GIcNAc in I - - - - - @  branches are indicated by indices to be either ~1-3 or ~1-4. For the comp- 
lete structure of  hemopexin GP-II, see Fig. 4. GP-II(-SA) means: desialylated GP-II. 

d The mult ipl ic i ty of  this doublet  is due to heterogeneity of  the pept ide moiety of GP-II (compare [16t). 
e The chemical shifts for these protons are affected by the presence of Fuc in oz(1-6)-Iinkage to GIcNAc-1 (see 

[16]). 
f For C, Gal-6 and for  GP-II, Gal-6*, 
g For NeuAc cz(2-6)-Iinked to Gal-6. 
h For NeuAc c~(2-6)-Iinked to GIcNAc-S. 
i JAssignments may have to be interchanged. 
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at C-3, and the other galactose might be substituted by N-acetylneuraminic acid at C-6. 
The occurrence of 4-Me-GIcN(Me)Ac (for its mass spectrum, see Fig. 3A) might indicate 
that the third N-acetylneuraminic acid residue is linked to either C-3 or 0 6  of an N- 
acetylglucosamine residue that simultaneously bears a second substituent at C-6 or 
C-3, respectively. The detection of a small amount of 4,7,9-Me3-Neu(Me)Ac (its mass 
spectrum is depicted in Fig. 3C and for comparison, the mass spectrum of 4,7,8,9-Me4- 
Neu(Me)Ac is shown in Fig. 3B) indicates that part of the N-acetylneuraminic acid resi- 
dues are substituted by another sugar at C-8. According to the ratio of 4,7,8,9-Me4-Neu 
(Me)Ac to 4,7,9-Me3-Neu(Me)Ac, which is 2.8 : 0.2, the glycopeptides containing the 0 8  
substituted N-acetylneuraminic acid residue represent at most 15-20% of the apparent 
mixtu re. 

In order to establish the complete primary structure of the glycopeptides present in 
fraction I1, the authentic sample as well as its desialylated analogue were subjected to 
500-MHz 1H-NMR spectroscopy. The relevant parts of the resolution-enhanced 1H-NMR 
spectrum of fraction 11 are depicted in Fig. 4. The chemical shifts of the structu ral-repor- 
ter groups [16] for the trisialyl fraction II, its desialylated counterpart and for some struc- 
turally related di-antennary glycopeptides are listed in Table 2. 

The spectrum of hemopexin fraction II glycopeptides reveals the characteristic features 
of di-antennary asparagine-bound N-glycosidic carbohydrate chains consisting of the 
common [161 trimannosyI-N,N'diacetylchitobiose core extended by N-acetylglucosa- 
mine residues in/3(1-2)-linkage to each of the o~-Iinked mannose residues (see Fig. 4). 
This can be concluded from comparison of the chemical shifts of the structural-repor- 
ter groups for GIcNAc-1 and -2, and Man-& -4 and 4' of the intact as well as the desialylat- 
ed fraction II with the corresponding values for reference glycopeptides A and B, being 
the di-antennary glycopeptide 11-6 from asialo-o~l-acid glycoprotein and its in vitro 
~(2-6)-sialylated analogue, respectively [161 (see Table 2). Similarly, it is evident that the 
~(1-6)-Iinked branch of fraction It consists of an N-acetyllactosamine unit that bears N- 
acetylneu raminic acid in ~(2-6)-Iinkage to Gal-6' (for this NeuAc', 6H-3ax 1.716 and 8H-3eq 
2.670; for Gal-6', 6H4 4.440; for GIcNAc-5', ~H4 4.601 and 6NAc 2.064; and, most decisive, 
for Man-4', 8H-1 4.943; compare ]3 and C in Table 2). However, two additional sets of N- 
acety[neuraminic acid H-3 signals are observable in Fig. 4, namely, for H-3ax at ~ 1.716 
and 1.784, and for H-3eq at 8 2.733 and 2.758, respectively. The remaining Gal H-1 doublet 
is found at 6 4505 (Jl.z = 7.6 Hz), the H4 signal of GIcNAc-5 at 6 4.586 and its N-acetyl sig- 
nal at 8 2.039. Such an assembly of chemical shift values could not be correlated with a 
structural element observed before by IH-NMR in N- or O-glycosidic carbohydrate 
chains of glycoproteins. Combination of the results of methylation analysis and 1H- 
NMR spectroscopy, in particular the complete characterization of the (1-6)-linked 
branch of the di-antenna, leaves two reasonable structural alternatives for the (1-3)-link- 
ed branch. The latter could consist of a Gal/31-3GIcNAc~1-2 or a Gal/31-6GIcNAc/31-2 u nit, 
being extended by an N-acetylneuraminic acid residue in an ~(2-3)4inkage to galactose 
and, in addition, by another one in either an ~(2-6)- or ~(2-3)-[inkage to the N-acetylglu- 
cosamine residue. To discriminate between these possibilities, and to arrive at an u nam- 
biguous assignment of the ~H-NMR features of the (1-3)-branch of the di-antenna in 
terms of its primary structure, use was made of the ~H-NMR spectral features of lactose, 
lacto-N-tetraose, and their monosialyl and disialyl analogues. Pertinent data acquired 
for the two series of compounds have been compiled in Table 3; the 500-MHz 1H-NMR 
spectra of the four lacto-N-tetraose oligosaccharides are depicted in Fig 5. 
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The spectrum of monosialyllacto-N-tetraose a (Fig. 5B) reveals that the NeuAc-a residue 
that is ~(2-3)-Iinked to a Galf11-3GIcNAc/31- unit can be characterized by its H-3ax signal 
at 8 1.786, its H-3eq signal at 6 2.759 and its N-acetyl signal at 6 2.031 (see Table 3). The at- 
tachment of such an N-acetylneuraminic acid residue affects the chemical shift of H-1 
of the substituted galactose residue: the latter shifts downfield from & 4.439 to 4.508 
(Table 3). Also, H-3 of 3Gal emerges out of the bulk of the skeleton proton signals, to- 
wards 6 4.085. Both features are in line with the effects of similar extensions ([16, 17]; see, 
for example, the step from Lac to 113NeuAc-Lac, Table 3). This implies that the NeuAc~2-3 
Gal/31-3GIcNAc/31- structural element is clearly discernible from NeuAc~2-3Gal/31-4 
GIcNAc/31-, on the basis of the combination of the resonance positions of NeuAc H-3ax 
and Gal H4 and H-3. The presence of GIcNAc/31- in this sequence is essential, since if N- 
acetylglucosamine is replaced by N-acetylgalactosaminitol, the H-3ax and H-3eq of N- 
acetylneuraminic acid resonate at 6 1.800 and 8 2.774, respectively [17]. Furthermore, it 
should be noted that in the case of a/3(1-3)-linkage between galactose and N-acetylg!u- 
cosamine, the chemical shifts of GIcNAc H4 and NAc are hardly influenced by ~(2-3)-sia- 
lylation of galactose (see Table 3). 

From the spectrum of monosialyllacto-N-tetraose b (Fig. 5C) it can be inferred that the 
NeuAc-b residue which is ~(2-6)-Iinked to a GIcNAc/31- residue substituted with galac- 
tose in a/3(1-3)-linkage, shows an H-3ax triplet at 61.689, an H-3eq doublet of doublets at 

2.744 and an N-acetyl singlet at & 2.033. This set of chemical shift values is so far unique 
for this type of N-acetylneuraminic acid environment (compare [16,17]). Introduction of 
such a branching N-acetylneuraminic acid at GIcNAc C-6 of a Gal/31-3GIcNAc/31- ele- 
ment results in an upfield shift for I-I-1 (AS -0.03 ppm) and for NAc (A6 -0.006 ppm) of the 
N-acetylglucosamine, whereas the chemical shifts of the 3Gal structural-reporter 
groups are not affected (see Table 3). 

The spectrum of disialyllacto-N-tetraose (Fig. 5D) sh~ws that the sets of chemical shift 
values proposed above to be characteristic for the NeuAco,2-3Gal/31-3GIcNAc~1- and 
Gal/31-3[NeuAc~2-6]GIcNAc/31- sequences, respectively, are found essentially unalter- 
ed, as compared to Figs. 5B and C. Apparently, the N-acetylneu raminic acid residues a 
and b do not interfere with their mutual environments and the effects which they exert 
on the chemical shifts of structural reporters o( neighbouring residues are indepen- 
dent and additive (see Table 3). 

Taking into consideration the results of methylation analysis, and extrapolating the afo- 
rementioned 1H-NMR findings for the lacto-N-tetraose series to the spectral features of 
hemopexin glycopeptide fraction II, the set of H-3ax and H-3eq signals at 6 1.784 and 6 
2.758 can be attributed to N-acetylneuraminic acid in o~(2-3)-Iinkage to Gal/31-3GIcNAc, 
~(1-2)-Iinked to Man-4 in the di-antenna. The resonance position of H4 of 3Gal (designat- 
ed Gal-6*) is in accordance with this proposal (8 4.505). Moreover, the Gal-6* H-3 signal 
is found at 6 4.079. The upfield shift of Gal-6* H4 upon desialylation (from ~ 4.505 to 4.445, 
see Table 2) confirms the linkage between Gal-6* and GIcNAc-5 to be/31-3, since the lat- 
ter value corresponds to that for GaI-IV H-1 in lacto-N-tetraose (Table 3). Concomitantly, 
due to the complete removal of sialic acid from glycopeptide II, the H-1 and NAc signals 
of GIcNAc-5 shifted downfield to ~ 4.600 and 6 2.045, respectively. The chemical shift va- 
lues for Gal-@ and GIcNAc-5' H-1 and NAc after desialylation of fraction II are the usual 
ones for an asialo N-acetyllactosamine branch (see Table 2, compound A). The shift eg 
fects shown by these reporters and by H4 of Man-4' corroborate the ~(2-6)-Iinkage of 
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NeuAc'to Gal-6'. It should be noted that the differences in chemical shifts observed be- 
tween the corresponding reporter groups of the Gal-6*-GIcNAc-5 and the Gal-6'- 
GIcNAc-5' branches in the desialylated fraction II (see Table 2) are essentially in accor- 
dance with those existing between GaI~I-3GIcNAc~I-3GaINAcOL (for GIcNAc, 8H4 
4.653; 8NAc 2.073) and Gal/31-4GIcNAc/31-3GaINAcOL (for GIcNAc, 81-14 4.631; 6NAc 2.083) 
obtained from cystic fibrosis bronchial mucin glycoproteins [191, and similarly between 
Gal/31-3GIcNAc/31-3Gal (for 3Gal, 61-14 4A38) and Gal/31-4GIcNAc/31-3Gal (for 4Gal, 8H-1 
4.482), isolated from human meconium [20]. 

Returning to the spectrum of hemopexin fraction II (Fig. 4), the third set of H-3ax (61.716) 
and H-3eq (8 2.733) signals must be ascribed to the N-acetylneu raminic acid that is o~(2-6)- 
linked to GIcNAc-$. This assignment is primarily based on the aforementioned differ- 
ence in chemical shift observed for the H-1 and N-acetyl signals of GIcNAc-$ for the sia- 
lyl and the desialylated fraction II (AS -0.02 ppm and A~-0.006 ppm, respectively: see Tab- 
le 2). These shift decrements are in accordance with the effects of o~(2-6)-sialylation of a 
(1-3)-substituted N-acetylglucosamine residue, described above. Obviously, the precise 
chemical shifts of GIcNAc H-1 and NAc, and even thgse of N-acetylneuraminic acid 
~(2-6)-Iinked to this N-acetylglucosamine, are considerably influenced by the type of 
linkage in which N-acetylglucosamine is involved and by the residue to which it is at- 
tached (compare glycopeptide II with disialyllacto-N-tetraose, Tables 2 and 3). 

On the basis of the results of methylation analysis and 500-MHz 1H-NMR spectroscopy, 
the major component of hemopexin Con A-fraction II possesses the following struc- 
ture: 

NeuAco~2 
6 

NeuAcc~2-3Gal~l-3GIcNAc~l-2Mancd\ 
6* 5 4 '3 

Man/31-4GIcNAc/31-4G IcNAc~l-NAs~n 
/6,~ 3 2 1 | 
/ NeuAc ' ~2-6Gal~l-4GIc NAc/31-2Man~1 

6' 5' 4' 

a For coding of monosaccharide residues, see Fig. 5. A superscript preceding the name of a sugar residue in- 
dicates to which posit ion of the adjacent monosaccharide it is l inked. 

b Each of these oligosaccharides ending in the reducing Gal/31-4GIc u nit occurs, under the appl ied measu r- 
ing condit ions, as a mixture of two anomers having GIc in the ~- and/3-pyranose form, in the ratio of 7:10, 
respectively (compare [17]). 

c Data were acquired at 500 MHz, for neutral solutions in 2H20 at 27~ Chemical shifts are in ppm relative 
to internal DSS (using internal acetone at 6 2.225). 

d For complete structures of the lacto-N-tetraose series, see Fig. 5. In the table-heading, structures are repre- 
sented by short-hand symbolic notat ion (compare [16]): [ ]  = GIc; I I -  = Gal; 0--  = GIcNAc; C)- = 
NeuAc~2-6; ~ r -  = NeuAcc~2-3; ~ = NeuAc~2-8. 

e n.d., value could not be determined by inspection. 
f'gAssignments may have to be interchanged. 
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Methylation analysis pointed to the occurrence of a minor (less than 20%) glycopeptide 
constituent in hemopexin fraction II, containing a C-8 substituted N-acetylneuraminic 
acid residue. Careful inspection of the 500-MHz 1H-NMR spectrum of the hemopexin 
fraction II (Fig. 4) revealed that a small amount of contaminating glycopeptide(s) is in- 
deed present in the mixture. This is deduced from the presence of low-intensity signals 
marked by asterisks in Fig. 4, in particular from the NeuAc H-3ax signal at 61.707, the N- 
acetyl signal at ~ 2.046, the Gal H-1 doublet at ~ 4.516, the Man-4' H4 signal at ~ 4.898 and 
the Man 4 H4 signal at ~ 5.127. Comparison of these data with those listed for disialyllac- 
tose (see Table 3) shows that it is unlikely that a NeuAca2-8NeuAco~2-3Ga131-4GIcNAc31- 
element occurs in the minor constituent(s) of fraction II, since the characteristic H-3ax 
and H-3eq signals of this kind of NeuAco~2-8 are missing. The lack of suitable reference 
data, for example, for NeuAco~2-8NeuAc linked o~2-6 to Gal31-3/4, o~2-3 to Gal31-3 or a2-6 
to GIcNAc31-, makes it impossible to locate or to define further the NeuAca2-8NeuAc 
element, the occurrence of which was established by methylation analysis. 

Now that it has been demonstrated that all N-glycosidic carbohydrate chains of rat he- 
mopexin share the common mannotriose branching element, it can be estimated from 
the molecular weight of the glycoprotein (Mr - 62 000 [2]) together with the mannose 
content (3.7% [1]), that rat hemopexin must have four glyr sites. This means at 
least fou r out of ten [1] Asp residues as determined per molecule by amino acid analysis, 
stem from glycosylated Asn. 

Discussion 

Rat plasma hemopexin is composed of a single polypeptide chain with Ms - 62 000. The 
protein contains as much as 18.3% carbohydrate [1], which is linked to four asparagine 
residues. Although the physiological role of the sugar chains of hemopexin has not yet 
been elucidated, it is tempting to suggest that they play a role in the recognition of the 
heme-hemopexin complex by hepatocytes. In the present study, the structures of the 
carbohydrate chains of hemopexin were determined after their release from the pro- 
tein as glycopeptides and subsequent fractionation by affinity chromatography. In ac- 
cordance with the known binding affinities of Con A [21], the major glycopeptides, 
namely, the mono- and disialyl di-antennae 

[NeuAca2-6] 0-1 Ga131-4GIcNAc31-2Mana1,,~, 3 

1 4 1  Man3 - G cNAc31-4GIcNAc31-NAsn 
6 t 

[NeuAcc~2-6] 0-2 Gal/31-4GIcNAc31-2Manod / 

Figure & 500-MHz 1H-NMR spectra (21-120; p2H 7; 27~ of (A) lacto-N-tetraose (LcOse4); (B) monosialyllacto-N- 
tet raose a (lV3NeuAc-LcOse4); (C) monosialyllacto-N-tet raose b (l116NeuAc-LcOse4); and (D) disia[yllacto-N-tet- 
raose (lV3NeuAc, 1116NeuAc-LcOse4). The HO2H signals in spectra (B), (C) and (D) were suppressed by a WEFT- 
pulse sequence. Roman numbers in the spectra refer to the corresponding residues in the structures; a and 
3 refer to the respective anomers of the oligosaccharides. 
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bound tightly to the lectin, whereas the tri-antennary compounds did not I51. 

By Con A-fractionation of rat hemopexin glycopeptides, another mixture (11) of glyco- 
peptides was obtained that bound only weakly to the lectin. These were characterized 
as di-antennae possessing a relatively high content of sialic acid. The latter is probably 
responsible for the deviating affinity properties with respect to Con A. The main com- 
ponent is composed of a trisialyl di-antennary oligosaccharide linked to a short pep- 
tide: 

NeuAc~2 
6 

N euAc~2-3Gal/31-3GIcNAc~1-2Man~1\3 

Man/31-4GIcNAc~1-4GIcNAct31-NAsln 

NeuAc ~2-6Gal~l-4GIcNAc~l-2Mano~l//6 [ 

A minor component of this fraction contains the NeuAc~2-8NeuAc disaccharide ele- 
ment, which has been described to occur in rat brain glycopeptides [22], but it has not 
previously been encountered in rat circulating glycoproteins. The structure of this mi- 
nor constituent of the mixture could not be completely unraveled by the combination 
of methylation analysis and 1H-NMR spectroscopy. However, at present, FAB-MS studies 
are being carried out to solve this problem. 

Di- and tri-antennary N-glycosidically-linked glycans, containing one or more 
NeuAc~2-3Gal/31-3[NeuAc~2-61GIcNAc/31- sequences directly linked to the core, have 
been found in bovine prothrombin [23], bovine blood coagulation factors X (Stuart fac- 
tor) [24], IX (Christmas factor) [25] and I] [261. A structural variant, containing N-acetyl- 
neuraminic acid o~(2-4)- instead of o~(2-3)-Iinked to galactose, was reported for bovine 
cold-insoluble globulin [271. Therefore, it was suggested [281 that such sialylated 
GaI~I-3GIcNAc structures might be characteristic for bovine glycoproteins. After the 
discovery of type I [Galfll-3GIcNAc I chains in ~l-acid glycoprotein from rat plasma [291, 
this proposal can now be definitely rejected, since the same type of sialylated type 1 
structure appears to occur in the rat plasma glycoprotein, hemopexin. 

It should be mentioned that previous structural elucidation of the bovine oligosaccha- 
rides possessing such sialylated Gal/31-3GIcNAc (type 1) chains was carried out by a 
combination of methylation analysis and sequential exoglycosidase digestion, per- 
formed on the reduced carbohydrate chains liberated from the protein by hydrazinoly- 
sis [23-271. In the present paper, evidence for the trisialyl di-antennary glycopeptide 
from rat plasma hemopexin is based on methylation analysis, and independently on 
high-resolution (500-MHz) ~H-NMR spectroscopy. The latter technique can rapidly loc- 
ate such a type I unit in a specific branch of a di-antenna, which also contains a normal 
N-acetyllactosamine (type 2) branch. This result is difficult to achieve by other routes of 
structural analysis. 
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