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Asparagine-Linked Sugar Chains of Fetuin: Occurrence of Tetrasialyl 
Triantennary Sugar Chains Containing the GalP1-3GlcNAc Sequence? 

Seiichi Takasaki and Akira Kobata* 
Department of Biochemistry, Institute of Medical Science, University of Tokyo, Minato- ku, Tokyo 108, Japan 
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ABSTRACT: Asparagine-linked sugar chains were quantitatively released from fetuin by hydrazinolysis. 
Structural analysis of the sugar chains by sequential exoglycosidase digestion in combination with methylation 
analysis and Smith degradation revealed that most of them have typical biantennary (8%) and triantennary 
(74%) structures containing different amounts of N-acetylneuraminic acid residues. In addition, an unusual 
tetrasialyl triantennnary sugar chain (1 7%) containing the GalP1-+3GlcNAc sequence in the outer chain 
moiety was detected, and its structure was elucidated as NeuAca2+3Gal@l-+3(NeuAca2-+6)- 
GlcNAc~l+4(NeuAccu2-+6Gal~l~4GlcNAc~l~2)Manal-+3(NeuAca2-+3Gal~l-+4GlcNAc~1-.- 
2Mana l+6)Man~l+4GlcNAc/31-+4GlcNAc. 

F e t u i n ,  one of the major glycoproteins found in fetal calf 
serum, has been shown to contain three mucin-type sugar 
chains (Spiro & Bhoyroo, 1974) and three asparagine-linked 
sugar chains in one molecule (Spiro, 1973). Both types of 
sugar chains have been extensively investigated; however, the 
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structures of asparagine-linked sugar chains reported by 
Baenziger and Fiete (1979) and by Nilsson et al. (1979) were 
different. The sugar chains proposed by the two groups were 
the same with respect to having a trisialyl triantennary 
structure with 2,4-branched outer chains but were opposite 
in regard to the location of the outer chain branch. Later, 
Krusius and Finne (1981) presented the data that the 2,4 
branch was located on the Mancu1--3 side in accordance with 
the result obtained by Nilsson et al. (1979). While studying 
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Aliquots were withdrawn for determination of radioactivity. 
The eluted sample corresponding to fetuin was dialyzed against 
distilled water, lyophilized, and dried in vacuo over P205. Its 
oligosaccharide pattern was examined by hydrazinolysis as 
described above, except that reduction was performed by using 
NaBH,. 

Oligosaccharides. NeuAca2-.6Galp 1 -4GlcNAcP 1 -+- 

2Mana1+6(NeuAca2-+6Gal@1+4GlcNAc~l+2Manal+- 
3)Manpl+4GlcNAc@l +4GlcNAcor2 (NeuAc2Ga12Glc- 
NAc2Man3GlcNAcGlcNAcoT) and NeuAca2-+6Gal/31-+- 
4GlcNAcP 1 -2Mana 1 +6(or 3) [GalPI +4GlcNAc@ 1 -+- 

2Manal+3(or 6)]Man~l+4GlcNAc/31-.4GlcNAcoT 
(NeuAcGa12GlcNAc2Man3GlcNAcGlcNAcoT) were prepared 
from human transferrin (Spik et al., 1975) by hydrazinolysis. 
NeuAca2+6Gal@l-+4GlcNAc~l+2(NeuAccu2-.3Gal/3 1 -- 
4 G l c N A c p l + 4 ) M a n a  1+3(NeuAca2-+6Galpl-+-  
4GlcNAc/31+2Mana l+6)Manp l+4GlcNAcpl - -  
4GlcNAcor (NeuAc3Ga13GlcNAc,Man3GlcNAcGlcNAcoT) 
was from human ceruloplasmin, and its mono- and disialyl 
oligosaccharides (NeuAc,- and NeuAc2Ga13GlcNAc3Man- 
3GlcNAcGlcNAcoT) were prepared by mild acid hydrolysis 
of NeuAc3Ga13GlcNAc3Man3GlcNAcGlcNAcor (Yamashita 
et al., 1981a). Galpl+4GlcNAc~l-.4(Gal~l-- 
4GlcNAcP1-2)Mana 1 4 3  (Gal/31-+4GlcNAc/31-- 
2Mana 1 46 )Manp  1 +4GlcNAcPl -4GlcNAcoT (Ga1,Glc- 
NAc3Man3GlcNAcGlcNAcoT) and Gal@l+4GlcNAcpl+- 
2Mana l-+6(Gal~l-+4GlcNAc@l-+2Mana 1-3)Manpl+- 
4GlcNAc@l+4GlcNAcor (Gal,GlcNAc2Man3GlcNAcG1- 
cNAcoT) were obtained by sialidase digestion of 
NeuAc3Ga13GlcNAc3Man3GlcNAcGlcNAcoT a n d  
NeuAc2Ga12GlcNAc2Man3GlcNAcGlcNAcoT, respectively. 
Man@l+4GlcNAc~l+4XylNAcoT (ManGlcNAcXyl- 
NAc,,) and GlcNAc@l+2(GlcNAc~l-4)Manal-.- 
3Man~l-+4GlcNAc~l-4XylNAcoT (GlcNAc2Man2Glc- 
NAcXylNAcoT) were prepared from asialooligosaccharides 
of transferrin and ceruloplasmin, respectively, by Smith deg- 
radation. Other standard oligosaccharides were obtained by 
exoglycosidase digestion of the oligosaccharides listed above. 

Analytical Methods. High-voltage paper electrophoresis 
was carried out at 80 V/cm for 4 h by using pyridine/acetate 
buffer, pH 5.4 (pyridine/acetic acid/water, 3:1:387). De- 
scending paper chromatography was performed by using 
solvent I (1-butanol/ethanol/water, 4:1:1), solvent 11 (ethyl 
acetate/pyridine/acetic acid/water, 55: 1:3), or solvent I11 
(1-butanol/acetic acid/water, 12:3:5). Bio-Gel P-4 column 
chromatography was performed as previously described 
(Yamashita et al., 1982). Methylation analysis was carried 
out as described by Endo et al. (1979). Smith degradation 
and identification of sialic acid were performed according to 
the previously described method (Takasaki et al., 1984). 
SDS-PAGE was carried out by using 10% gel according to 
the method of Laemmli (1970). Proteins and sugars were 
visualized by staining the gel with Coomassie brilliant blue 
and periodic acid-Schiff s reagent, respectively (Fairbanks et 
al., 1971). 

RESULTS 
Fractionation of Oligosaccharides Released from Fetuin 

by Hydrazinolysis. When an oligosaccharide mixture prepared 
by hydrazinolysis of fetuin followed by NaB3H, reduction was 
subjected to paper electrophoresis at pH 5.4, 99% of the total 
oligosaccharides showed an acidic nature and were separated 

* The subscript OT is used to indicate NaB'H,-reduced oligo- 
saccharides. All sugars mentioned in this paper are of the D configuration 
except for fucose, which has the L configuration. 

the structures of the asparagine-linked sugar chains of the 
human promyelocytic leukemia cell line, HL-60, we found that 
a tetrasialyl asparagine-linked sugar chain, which was absent 
in undifferentiated cells, was included in differentiated cells 
(reported at the 12th International Congress of Biochemistry, 
Perth, Western Australia, 1982). Further studies of this in- 
teresting phenomenon revealed that the sugar chain is not 
included in the plasma membrane glycoproteins of the cells, 
but in the fetuin absorbed on the surface of differentiated cells 
from culture medium. Since tetrasialyl asparagine-linked 
sugar chain has never been reported to occur in fetuin, we 
reinvestigated the whole structures of the asparagine-linked 
sugar chains of the glycoprotein. The results reported in this 
paper indicated that the asparagine-linked sugar chains of 
fetuin are much more complex than they have been considered. 
MATERIALS AND METHODS 

Chemicals and Enzymes. NaB3H, (360 mCi/mmol) was 
purchased from New England Nuclear, Boston, MA. NA- 
B2H4 and NaIO, were obtained from Merck Co., Darmstadt. 
Fetuin was obtained from Sigma Chemical Co., St. Louis, 
MO, or was purified in our laboratory from fetal calf serum 
(Irvine Scientific, Santa Ana, CA) by the method of Spiro 
(1 960). @-Galactosidase, 0-N-acetylhexosaminidase, and 
a-mannosidase were purified from jack bean meal according 
to the method of Li and Li (1972). Diplococcal @-galactosidase 
and P-N-acetylhexosaminidase were prepared as previously 
described (Kobata & Takasaki, 1978). Sialidase from Ar- 
throbacter ureafaciens (Uchida et al., 1974) was purchased 
from Nakarai Chemicals, Ltd., Kyoto. 

Glycosidase digestion was carried out as previously described 
(Yoshima et al., 1980), unless otherwise noted. 

Release of Asparagine-Linked Sugar Chains of Fetuin. The 
purified fetuin (34 mg) was subjected to hydrazinolysis as 
previously described (Takasaki et al., 1982). One-fourth of 
the oligosaccharide fraction was reduced with NaB3H4, and 
7.9 X lo6 cpm of the radioactivity was incorporated. By 
comparing the radioactivity with that incorporated into xylose 
used as an internal standard sugar, the amount of sugar chains 
released from 1 mol of fetuin (4.8 X lo4 daltons) was calcu- 
lated to be 2.4 mol. The remaining fraction was reduced with 
NaB2H, for methylation analysis. One-third of the radioactive 
oligosaccharide fraction was added to the NaB2H4-reduced 
sample for easy detection of oligosaccharides during the sep- 
aration procedures. 

Preparation of Sialic Acid Labeled Fetuin and Its Oligo- 
saccharides. The purified fetuin was labeled according to the 
method of Lenten and Ashwell (1972) as follows. Fetuin (2.2 
mg) was oxidized with 1 mL of 4.75 mM NaI04  in 0.1 M 
acetate buffer, pH 5.5, at 0 OC in the dark for 10 min. After 
addition of 20 pL of ethylene glycol followed by 1 h of incu- 
bation, the product was dialyzed against distilled water and 
then lyophilized. The product was subsequently reduced with 
0.4 mCi of NaB3H4 in 300 pL of 0.05 M borate buffer, pH 
9.5, at 30 OC for 3 h, followed by 30 min of incubation after 
addition of 2 mg of NaBH4. The reaction mixture was 
acidified by adding acetic acid and dialyzed against distilled 
water. Total radioactivity of the fetuin preparation thus ob- 
tained was 1.4 X lo7 cpm. A part of the labeled fetuin ( 5 5  
pg, 3.5 X lo5 cpm) was subjected to SDS-PAGE.' The gel 
was cut into 5-mm slices and was extracted with 1 mL of 0.1% 
SDS by continuous shaking for 1 day at room temperature. 

~ 

' Abbreviations: SDS-PAGE, sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis; NeuAc, N-acetylneuraminic acid; Gal, galactose; 
GlcNAc, N-acetylglucosamine; Man, mannose; XylNAc, N-acetyl- 
xylosamine. 
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FIGURE 1: Paper electrophoresis at pH 5.4 of oligosaccharides released 
from fetuin by hydrazinolysis. Arrows indicate positions of standard 
oligosaccharides: (a, c, and e) NeuAc,-, NeuAc2-, and 
NeuAc3Ga13GlcNAc3Man3GlcNAcGlcNAcoT, respectively; (b and 
d) NeuAc, - and NeuAc2Ga12GlcNAc2Man3GlcNAcGlcNAcoT, re- 
spectively. 

into six fractions with molar ratios of 6% (A-1), 2% (A-l’), 
25% (A-2), 6% (A-2’), 43% (A-3), and 17% (A-4), respectively 
(Figure 1). A-1, A-2, and A-3 had the same electrophoretic 
mobility as authentic mono-, di-, and trisialyl triantennary 
oligosaccharides, respectively, and A-1’ and A-2’ had the same 
mobility as mono- and disialyl standard oligosaccharides with 
biantennary structure. A-4 migrated faster than trisialyl 
triantennary oligosaccharides, suggesting that this oligo- 
saccharide is a component that has never been identified in 
the previous studies (Nilsson et al., 1979; Baenziger & Fiete, 
1979; Krusius & Finne, 1981). Partial removal of sialic acid 
residues from A-4 by heating in 0.01 N HCl at 100 “C  for 
3 min produced three additional slower moving acidic com- 
ponents and a neutral component (data not shown), indicating 
that this new component is a tetrasialyl oligosaccharide. 

All acidic components in A-1 to A-4 were completely con- 
verted to neutral ones by sialidase digestion, and the products 
were named as A-1N to A-4N, respectively. The sialic acid 
residues directly released from fetuin by sialidase digestion 
were reduced with NaB3H,. Analysis of the radioactive sialic 
acid alcohol by paper chromatography using solvent I11 re- 
vealed that only N-acetylneuraminic acid was found as a ra- 
dioactive component. When subjected to Bio-Gel P-4 column 
chromatography, A-lN,  A-2N, and A-3N were eluted as a 
single peak at the position of 16.2 glucose units (Figure 
2A,C,E). A-4N gave a single peak with 15.8 glucose units 
(Figure 2F). A-1’N and A-2’N were eluted at the position 
of a typical biantennary sugar chain (Figure 2B,D). 

Structural Analysis of A-4. When A-4N was digested with 
jack bean 0-galactosidase, three galactose residues were re- 
leased (Figure 3A). Subsequent digestion of the product with 
diplococcal and then jack bean @-N-acetylhexosaminidases 
converted it to radioactive trimannosyl core oligosaccharide, 
Man3GlcNAcGlcNAcoT, releasing two N-acetylglucosamine 
residues (Figure 3B) and one N-acetylglucosamine residue 
(Figure 3C), respectively. These results indicated that A-4N 
is a triantennary sugar chain. Since diplococcal 0-N-acetyl- 
hexosaminidase hydrolyzes only @l-2 linkages at non- 
branched points or in the GlcNAc@l-2(GlcNAc@l-+4)Man 
group but not in the GlcNAc~l-+2(GlcNAc~l-+6)Man group 
(Yamashita et al., 1981b), it was also suggested from the 
results described above that A-4N contains 2,4-branched outer 
chains linked to one of the two a-mannosyl residues in the core 
oligosaccharide. 

When A-4N was digested with a mixture of diplococcal 
@-galactosidase and 0-N-acetylhexoaminidase, a radioactive 
product with a size of 10.0 glucose units was obtained (Figure 
3D), indicating that one of the three Gal-GlcNAc outer 
chains remained intact. Further digestion of this radioactive 

20 18 16 14 12 10 9 8 A v v v v v v v  v v v v v v 
“ 9  1 

1 
120 150 180 
ELUTION VOLUME ( m l )  

FIGURE 2: Bio-Gel P-4 column chromatography of asialooligo- 
saccharides: (A) A-1N; (B) A-1%; (C) A-2N; (D) A-2%; (E) A-3N; 
(F) A-4N. Black triangles indicate elution positions of glucose oli- 
gomers, and numbers indicate glucose units. Arrows a and b are 
elution positions of authentic Ga13GlcNAc3Man3GlcNAcGlcNAcoT 
and Ga12GlcNAc,Man3GlcNAcGlcNAcoT, respectively. -1 16 14 12 11 10 9 8 ? 6, 2 

C 

D 

E 

I 

150 200  
ELUTION VOLUME ( m l  ) 

FIGURE 3: Sequential exoglycosidase digestion of A-4N. Exo- 
glycosidase digests were analyzed by Bio-Gel P-4 column chroma- 
tography: (A) A-4N digested with jack bean @-galactosidase (1.5 
units); (B) the peak in (A) digested with diplococcal @-N-acetyl- 
hexosaminidase; (C) the peak in (B) digested with jack bean @-N- 
acetylhexosaminidase; (D) A-4N digested with a mixture of diplococcal 
0-galactosidase and 0-N-acetylhexosaminidase; (E) the peak in (D) 
digested with jack bean @-galactosidase (1.5 units). Black traingles 
are the same as in Figure 2. Arrows a, b, and c indicate elution 
positions of authent ic  GlcNAc3Man,GlcNAcGlcNAcoT, 
GlcNAc2Man3GlcNAcGlcNAcoT and Man,GlcNAcGlcNAcoT, re- 
spectively. 

product with jack bean &galactosidase resulted in the release 
of a galactosyl residue (Figure 3E). This galactosyl linkage 
was supposed to be either 61-3 or @l+6 but not 01+4 from 
the aglycon specificity of diplococcal @-galactosidase (Paulson 
et al., 1978), and it was finally identified as 01-3 by the 
detection of 4,6-di-0-methyl-2-(N-methylacetamido)-2- 
deoxyglucitol in the methylation study (Table I). Its location 
was also determined to be on the GlcNAcpl-4Man side, since 
the degalactosylated product in Figure 3E was converted to 
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Table I: Methylation Analysis of A-3, A-4, and Their 
Asialooligosaccharides 

molar ratio@ 
methylated sugar A-3 A-3N A-4 A-4N 

galactitol 
2,3,4,6-tetra-O-methyl 

(1,5-di-O-acetyI) 
2,4,6-tri-O-methyl 

(1,3,5-tri-O-acetyl) 
2,3,4-tri-O-methyl 

(1,5,6-tri-O-acetyl) 
mannitol 

3,4,6-tri-O-methyl 

3,6-di-O-methyl 

2,4-di-O-methyl 

(1,2,5-tri-O-acetyI) 

(1,2,4,5-tetra-O-acetyI) 

(1,3,5,6-tetra-O-acetyI) 
2-(N-methylacetamido)-2-deoxyglucitol 

1,3,5,6-tetra-O-methyl 
(4-mono-O-acet yl) 

3,6-di-O-methyl 
(1,4,5-tri-O-acetyI) 

4,6-di-O-methyl 
(1,3,5-tri-O-acetyl) 

4-mono-0-methyl 
(1.3.5.6-tetra-0-acetvl) 

A 3.4 - 3.3 

1 . 8 -  1 . 9 -  

1.2 - 1.2 - 

1.2 1.3 1 .1  1.2 

1.1 1.2 1.1 0.9 

1.0 1.0 1.0 1.0 

0.7 0.6 0.7 0.7 

3.5 3.6 2.7 2.6 

- - -  0.8 

0.6 - - -  

@Numbers were calculated by setting the value for 2,4-di-O-methyl- 
mannitol as 1 .O. Not detected or less than 0.1. 

~~ ~ ~ ~~~ 

the trimannosyl core oligosaccharide, releaseing an N- 
acetylglucosaminyl residue by jack bean fl-N-acetylhexos- 
aminidase digestion, but not by diplococcal @-N-acetyl- 
hexosaminidase treatment (not shown). 

From the data thus far described, the following structure 
is proposed for A-4N: 

GalB1+4GlcNAc~l-2Manol (3) 
Gall31-3GlcNAc~lL ~~M~an~l -4GlcNAcl31 -4QlcNAc~~ 

M 3  
4 ~ a n a ~  ( 6 )  
2 Gall3 1-4GlcNAcl31 

In order to determine the location of the 2,4 branch, two cycles 
of Smith degradation were performed on the radioactive A-4N. 
By the first cycle of degradation, a radioactive hexasaccharide 
with 10.2 glucose units was produced. This product corre- 
sponds to GlcNAcP 1 -2(GlcNAc/31-4) Mana 1 -+3 (or 6)- 
Man@l-4GlcNAc@l-.4XylNAcoT (Figure 4A). When the 
product was then subjected to the second cycle of degradation, 
only one radioactive tetrasaccharide with a mobility of 6.3 
glucose units was obtained (Figure 4B). The mobility accords 
to that of the authentic tetrasaccharide Manal-+3Man/31-+- 
4GlcNAc/31-+4XylNAcoT. If the 2,4-branched outer chains 
are located on the Manal-6 side, a radioactive disaccharide, 
GlcNAc~l-.4XylNAcoT, with 4.3 glucose units should be 
obtained. Therefore, it was concluded that the 2,4-branched 
outer chains are exclusively located on the Manarl-3 side. 

In order to determine the locations of sialic acid residues, 
A-4 and A-4N fractions were subjected to a methylation study. 
As shown in Table I, two residues of 2,4,6-tri-O-methyl- 
galactitol and one residue each of 2,3,4-tri-O-methylgalactitol 
and 4-mono-Omethyl-2-(N-methylacetamido)-2-deoxyglucitol 
were detected from A-4 but not from A-4N. This result 
indicated that sialic acid linkages occur as the NeuAca2-+- 
3Ga1, the NeuAca2-*6Gal, and the NeuAca2+6(Gal/31-- 
3)GlcNAc linkages in a ratio of 2:l:l. In order to determine 
the location of the NeuAca2-+3Gal linkage in A-4, radioactive 
A-4 was subjected to Smith degradation. Analysis of the 
reaction mixture by Bio-Gel P-4 column chromatography 
revealed that a single radioactive component with mobility of 

B 
A 1 

. . ... , \. . ____-, 

n 

ELUTION VOLUME ( m l )  
FIGURE 4: Location of branches and N-acetylneuraminic acid residues. 
Smith degradation products and their exoglycosidase digests were 
analyzed by Bio-Gel P-4 column chromatography: (A) Smith deg- 
radation product of A-4N; (B) the product of A-4N subjected to two 
cycles of Smith degradation; (C) Smith degradation products of A-4 
(solid line) and A-3 (dotted line); (D) the peaks in (C) from A-4 (solid 
line) and from A-3 (dotted line) digested with diplococcal P-N- 
acetylhexosaminidase in the presence of y-D-galactonolacton (1 mg/50 
gL); (E) Smith degradation products of A-I; (F) Smith degradation 
product of A-2. Black triangles are the same as in Figure 2. Arrows 
indicate the elution position of authentic oligosaccharides: (a) 
GlcNAc,Man2GlcNAcXylNAcoT; (b) GlcNAcMan2GlcNAcXy- 
INAcoT; (c) Man2GkNAcXylNAcoT; (d) ManGlcNAcXylNAcoT; 
(e) GlcNAcXylNAcoT. 

11 .O glucose units was produced by the reaction (Figure 4C, 
solid line). This component was larger than the radioactive 
Smith degradation product of A-4N (Figure 4A) by 0.8 glu- 
cose unit. Therefore, one of the galactosyl residues, which was 
substituted by a sialic acid residue at the C-3 position and was 
resistant to periodate oxidation, should be linked to one of the 
N-acetylglucosamine residues of the GlcNAcP1-4- 
(GlcNAc/31+2)Mana1+3 group. Another NeuAca2-3Gal 
group in A-4 should be linked to the GlcNAc~l-+2Manarl-+6 
side and lost as a fragment, Gal/31+4GlcNAc/31-2-glycerol 
by Smith degradation. By diplococcal /3-N-acetylhexos- 
aminidase digestion, one N-acetylglucosamine residue was 
released from the solid line radioactive component in Figure 
4C (Figure 4D, solid line). This result indicated that the 
GlcNAc@l-+2 residue of the GlcNAc~l-4(GlcNAc/31-- 
2)Mana 1-3 group was not substi tuted by a P-galactosyl 
residue. Accordingly, the NeuAca2-3Gal group should be 
exclusively located on the GlcNAc/31+4Manal-3 side. On 
the basis of a series of experimental results, the structure of 
A-4 was proposed as shown in Figure 5. 

Structural Analysis of A-I ,  A-2, and A-3. A-IN, A-2N, 
and A-3N showed the same elution profiles on Bio-Gel P-4 
as already described above, suggesting that these oligo- 
saccharides have a common structure. Actually, sequential 
exoglycosidase digestion confirmed this presumption. 
Therefore, only the results of the structural analyses of A-3N 
will be described here. 

Sequential digestion of A-3N with jack bean @-galactosidase 
and diplococcal or jack bean @-N-acethylhexosaminidases gave 
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A-3 : NeuAc~2+3Gal~1+4GlcNAcBl+2Manal~ 

m4Mana 1 r’ 
NeuAca2+3GalB 1 +4GlcNAc B 1 

NeuAca2+6GalB 1+4GlcNAcB 1 r 2  

~Man~l+4GlcNAc~1+4G1cNAcOT 

A-4 : NeuAca2+3Gal~1+4GlcNAcBl+2Manal 
NeuAca2, I 

6 :Man B 1 +4GlcNAc 6 1 +4GlcNAcOT 
NeuAca2+3GalB1-+3GlcNAc~1~ 7 :Maria 1 
NeuAca2+6GalBl+4GlcNAc~l’ 

FIGURE 5 :  Proposed structures of fully sialylated oligosaccharides A-3 and A-4. 

exactly the same results as those for A-4N. However, all three 
galactosyl residues were released from A-3N by diplococcal 
P-galactosidase digestion (not shown). On the basis of these 
results and the methylation data (Table I), a 2,4-branched 
triantennary structure containing only Galpl-4GlcNAc outer 
chains was proposed for A-3N. The location of the 2,4 branch 
was analyzed by two cycles of Smith degradation of A-3N. 
Degradation products showed entirely the same elution profiles 
(not shown) as those of A-4N which were shown in Figure 
4A,B. Therefore, it was concluded that the 2,4 branch is 
exclusively located on Manal-3 side, supporting the data 
obtained by Nilsson et al. (1979). 

As to the linkage and the location of N-acetylneuraminic 
acid residues, the following data were obtained. (1) Two 
residues of 2,4,6-tri-O-methyl derivatives and one residue of 
2,3,4-tri-O-methyl derivatives of galactose were newly detected 
from A-3 by the methylation study (Table I), indicating the 
presence of NeuAca2-3Gal and NeuAca2-+6Gal in a ratio 
of 2 to 1. (2) Smith degradation of radioactive A-3 gave a 
single radioactive component which is eluted slightly faster 
than the product from radioactive A-4 (Figure 4C, dotted line). 
An N-acetylglucosamine residue was released from the ra- 
dioactive component by diplococcal p-N-acetylhexosaminidase 
treatment (Figure 4D, dotted line). These results indicated 
that a NeuAca2-3Gal sequence is located on the 
GlcNAc/31+4 side and a NeuAca2-6Gal on the 
GlcNAc/31-+2 side of the 2,4 branch. As already reported 
(Yamashita et al., 1982), the effective size of the Gal/31-- 
3GlcNAc group is slightly smaller than that of the Gal/31-- 
4GlcNAc group in Bio-Gel P-4 column chromatography. On 
the basis of these results, the structure of A-3 was proposed 
as shown in Figure 5. 

A-1 and A-2 are mono- and disialyl derivatives, respectively, 
of the undecasaccharide A-3N. In view of the evidence of 
selective sialylation reported by Van den Ijnden et al. (1980), 
the locations of sialic acid residues in these partially sialylated 
oligosaccharides were of interest. In order to determine the 
location of an N-acetylneuraminic acid residues, radioactive 
A-1 was subjected to the following analyses. Two nonreducing 
terminal galactosyl residues were removed from A- 1 by jack 
bean 6-galactosidase digestion, and the resultant de- 
galactosylated A-l was subjected to Smith degradation. As 
shown in Figure 4E, the product was eluted as two major peaks 
(I  and 11) and one minor peak (111). All three radioactive 
products should be derived from the 2,4-branched Manal-3 
arm. Since digestion of peak I with a mixture of diplococcal 
P-galactosidase and diplococcal P-N-acetylhexosaminidase 
released only one residue of galactose (data not shown), it 
should be a hexasaccharide, Galpl-4GlcNAcpl-- 
4Manal+3Man/31+4G1cNAc~l+4XylNAcoT. This hexa- 
saccharide should be obtained if the NeuAca2-3Gal sequence 
is located on the G l c N A c ~ l ~ 4 M a n a l + 3  arm. Since an 
N-acetylglucosaminyl residue was removed from peak I1 by 

diplococcal 6-N-acetylhexosaminidase digestion (data not 
shown), it should be a pentasaccharide, GlcNAcPl-- 
2Mana1-3Man~1-4GlcNAc~1-4XylNAcoT. Therefore, 
peak I1 must be produced from an oligosaccharide which has 
the NeuAca2-6Gal sequence on a GlcNAcP1-2Mana1-3 
arm. Peak I11 was a tetrasaccharide, Manal-+3Manpl+- 
4GlcNAc~1-4XylNAcoT, originating from the oligo- 
saccharide with an N-acetylneuraminic acid residue on its 
Manal-6 arm. The percent molar ratio of peaks I, 11, and 
I11 was 33, 60, and 7, respectively. These data indicated that 
sialylation occurs at all three sites, but preferentially on the 
Manal-3 side. 

The location of sialic acid residues in A-2 was analyzed 
similarly. As shown in Figure 4F, the Smith degradation 
product of degalactosylated A-2 was separated into three 
peaks, 1’, 11’, and 111’, in a percent molar ratio of 48, 14, and 
38, respectively. All the radioactive products should contain 
the Manal-3 arm, since the Manal-6 arm is released as 
unlabeled fragments. Peak 1’ was eluted at the same position 
as the radioactive Smith degradation product of A-3 (Figure 
4C, dotted line), the structure of which was elucidated as 
Galpl-4GlcNAcp 1 -4(GlcNAcp 1 -2)Mana 1 -3Manp 1 +- 

4GkNAc~l-+4XylNAcoT.. This result indicated that the 
product was produced from an oligosaccharide, in which the 
two outer chains of 2,4-branched Manal-3 arm are fully 
sialylated and the outer chain on the Manal-6 arm is de- 
galactosylated. Actually, peak I’ was converted to 
GlcNAcP 1 -4( G lcNAcPl -2 )Mana  1 -3Manp 1 -+- 

4GlcNAc~l-+4XylNAcoT with release of a galactosyl residue 
by jack bean 6-galactosidase digestion (data not shown). By 
the same series of analyses as described in the case of peaks 
I and I1 in Figure 4E, the structures of peaks 11’ and 111’ were 
elucidated as Gal~l+4GlcNAc/31-4Mana 1+3Manpl-- 
4GlcNAc~l-+4XylNAcoT and GlcNAcpl-2Manal-- 
3 Man@ 1 -4GlcNAcP 1 -4XylNAcoT, respectively (data not 
shown). Therefore, peaks 11’ and 111’ should be produced from 
the two radioactive oligosaccharides in which the GalPl-+- 
4GlcNAcpl-2Mana1-3 group and the GalPl-- 
4GlcNAcpl-4Manal-3 group were degalactosylated, re- 
spectively. A series of experimental results, so far described, 
indicated that the two N-acetylneuraminic acid residues of the 
oligosaccharides in A-2 were also distributed in all three 
possible combinations. 

Structural Analyses of A-I ‘ and A-2’. A- 1’ and A-2’ are 
minor components that accounted for 8% of total oligo- 
saccharides in all. Structural analyses of A-1’N and A-2’N 
by sequential glycosidase digestion revealed that these sugar 
chains have biantennary structures (not shown). Almost equal 
amounts of 2,3,4-tri-O-methyl- and 2,4,6-tri-O-methyl- 
galactitols were detected by the methylation analysis of A-2‘ 
(not shown), indicating the presence of a NeuAca2-6Gal and 
a NeuAca2-3Gal in the outer chain moieties. By analogy 
with A-3, it is likely that NeuAca2+6 is located on 
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~ G U R E  6 SDS-PAGE of purified fetuin: (A) gel stained with 
Coomassie brilliant blue; (B) gel stained with periodic acid-SchiBs 
reagent; (C) radioelectrophoretogram of sialic acid labeled fetuin 
preparation. An arrow indicates the position corresponding to the 
molecular weight (48 000) of fetuin. 

Manal+3 side, and NeuAca2-3 on the M a n a l - 6  side, 
although we do not have any direct evidence. No further 
analysis was performed on these components because of the 
limited amount of the samples available. 

origin ofA-4. As mentioned above, it became apparent that 
our purified and commercial preparations of fetuin contain 
heterogeneous sugar chains. Since the structure of A 4  is quite 
different from that of the others, we carefully examined 
whether the Occurrence of this sugar chain is due to micro- 
heterogeneity or contamination with other glycoproteins. 
When the purified fetuin preparation was subjected to SDS- 
PAGE, some minor contaminating proteins, which were also 
stained by periodic acid-SchifPs reagent, were detected in 
addition to a major fetuin band (Figure 6). Therefore, we 
prepared sialic acid labeled fetuin by sodium periodate oxi- 
dation followed by NaB’H, reduction, and the preparation was 
subjected to electrophoresis (for details, see Materials and 
Methods). The labeled fetuin extracted from the gel, which 
contained approximately 80% of the total radioactivity, was 
subjected to hydrazinolysis, and the pattern of sugar chains 
was examined. As shown in Figure 7, its pattern on paper 
electrophoresis a t  pH 5.4 was quite similar to that shown in 
Figure 1. This result indicated that all sugar chains including 
A-4 were derived from fetuin. 

DISCUSSION 

In this paper, we showed that fetuin contains a variety of 
asparaginelinked sugar chains. These sugar chains are dif- 
ferent in the branching structure and the degree of sialylation. 
The majority of the sugar chains (43%) had a typical 2.4- 
branched triantennary structure as reported by Nilsson et al. 
(1979). Considerable amounts of mono- (6%) and disialyl 
(25%) oligosaccharides sharing a common structure in the 
neutral portion with the major trisialyl oligosaccharide were 
detected. In addition, we found the presence of oligo- 
saccharides with hiantennary structure (8%) and tetrasialyl 
triantennary structure (17%). Such heterogeneity was ob- 
served in the commercial fetuin preparation as well as in our 
purified preparation. On the basis of the evidence that fetuin 
has three N-glycosylation sites (Spiro, 1973). the amount of 
each of these minor oligosaccharides is calculated to be less 
than 1 mol per mole of protein. Therefore, we suspected that 

FIGURE 7: Paper electrophoretogram of radioactive oligosaccharides 
released from sialic acid labeled fetuin. The radioactive fetuin was 
extracted from the gel after SDS-PAGE of the sialic acid labeled 
fetuin and subjected to hydrazinolysis. The relead oligosaccharides 
were analyzed by paper electrophoresis at pH 5.4 (80 V/cm, 2 h). 
Arrows a-f indicate the elution positions of A-I, A-l’, A-2, A-2’. A-3, 
and A-4 from fetuin, respectively 

the minor sugar chains might be derived from same minor 
glycoproteins contaminating the fetuin preparation. However, 
analysis of the sialic acid labeled fetuin, which was extracted 
from the gel after SDS-PAGE, indicated that all the oligo- 
saccharides originated from the fetuin molecule. Thus, fetuin 
should be considered to he a mixture of molecules with dif- 
ferent sets of three asparagine-linked sugar chains. 

The disialyl tetrasaccharide sequence NeuAca2-- 
3Gal@1-3(NeuAca2-6)GlcNAc included in the tetrasialyl 
oligosaccharides of fetuin has originally been found in the 
biantennary sugar chains of bovine prothrombin (Mizuochi 
et al., 1979). and then in those of bovine coagulation factor 
X (Mizuochi et al., 1980). Factor IX also contains that se- 
quence in the triantennary sugar chains as well as in bian- 
tennary sugar chains. In the case of the triantennary sugar 
chains, the disialyl tetrasaccharide outer chain is located on 
the nonbranched GlcNAcpl-2 side and the GlcNAcpl -6  
side of the 2.6 branch (Mizuochi et al., 1983). In contrast, 
the tetrasaccharide is located exclusively on the GlcNAyPI-4 
side of the 2.4 branch in the case of fetuin. Such a diverse 
location of the tetrasaccharide outer chain indicated that si- 
alyltransferases involved in the formation of this unique 
structure have rather wide specificities for the branches. The 
fact that both NeuAca2-3 and 6Gal@l-4GlcNAc outer 
chains are found in the sugar chains of fetuin and that only 
the NeuAca2-SGalpl-4GlcNAc outer chain is found in the 
blood coagulation factors is in good agreement with the en- 
zymatic evidence reportea by Van den Eijnden and Schiphorst 
(1981). They showed that fetal calf liver contains a 
Ga1@1-4GlcNAca2-6 sialyltransferase and a Gal@l-- 
4GlcNAca2-3 sialyltransferase, and the latter enzyme dra- 
matically decreases during development of bovine liver. 

Of interest is the selective location of N-acetylneuraminic 
acid residues in A-3, that the NeuAca2-6Gal sequence was 
exclusively found on the GlcNAc@I-ZManal-3 side and 
that the NeuAca2-3Gal sequences were on the 
GlcNAc@1-2Manal-6 side and the GlcNAc@l-- 
4Manal-3 side. This selectivity might result from the dif- 
ference in relative activities and branch specificities of the 
sialyltransferases. It is noteworthy that the 012-6 sialyl- 
transferase preferentially transfers N-acetylneuraminic acid 
to the Galpl4GlcNAc@1-2Manal-3 sequence (Van den 
Eijnden et al., 1980). 

During the preparation of this paper, Dr. J. F. G. Vlieg- 
enthart’s group presented data that the Galj3l-3GlcNAc 
sequence mrred in a part of the triantennnary sugar chains 
of fetuin on the basis of ‘H NMR analysis (van Halkek  et 
al., 1985). The data of Vliegenthart’s group also indicated 



S T R U C T U R E S  O F  F E T U I N  O L I G O S A C C H A R I D E S  

the presence of two isomeric forms of sialylation (the 
NeuAccu2-+3Gal and the NeuAca2-6Gal) on the Mana 1 -6  
arm. We cannot rule out the presence of such isomers, since 
the Manal+6 arm was lost during Smith degradation and 
the released fragments could not be directly analyzed. How- 
ever, the methylation data suggested that the Manal-6 arm 
is predominantly sialylated by an a 2 4 3  linkage. Therefore, 
the NeuAca2+6Gal, even if it is present, may occur as a 
minor component. By study on the interaction of hepatic 
Gal/GalNAc lectin with fetuin glycopeptides, Dr. Y. C. Lee's 
group also found the heterogeneity of fetuin glycopeptides and 
reached the same conclusion from 'H  NMR analysis 
(Townsend et al., 1986). 
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