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The anomeric configuration of the terminal Gall-3Gal linkages found in the 
asparagine-linked sugar chains of subcomponent Clq of bovine complement and of 
calf thymocyte plasma membrane glycoproteins were re-examined, and confirmed to 
be alpha by coffee bean ~-galactosidase digestion. This contradictory result compared 
to the previous assignment could be explained by the finding that even very trace 
amounts (0.06 mU) of ~-galactosidase contaminating the preparation of jack bean ~- 
galactosidase were able to cleave the Gal~l-3Gal linkage. 

The asparagine-linked sugar chains with the Galf31-3GaJ/31-4GIcNAc sequence in their 
outer chain moieties were originally found in calf thymocyte plasma membrane 
glycoproteins [1-3], and then in rat erythrocyte membrane glycoproteins [4, 5] and Clq 
subcomponents of bovine [6], guinea pig and mouse complements I7]. However, recent 
attempts to characterize the enzyme, N-acetyllactosaminide t3-galactosyltransferase, 
responsible for the formation of the Gal/31-3Gal131-4GIcNAc sequence in calf thymus, 
were unsuccessful I8, 9]. Instead of the expected t3-galactosyltransferase, N- 
acetyllactosaminide c~(1-3)-galactosyltransferase activity was discovered, suggesting 
that the trisaccharide outer chain of the asparagine-linked sugar chains of calf 
thymocyte plasma membrane glycoproteins may not be Galf31-3Gal131-4GIcNAc but in- 
stead Galc~l-3Gal~l-4GIcNAc [9, 10]. Recently, it has been also reported that the 
Gak~l-3Gal~l-4GIcNAc sequence occurs in calf thyroglobulin !11], glycoprotein of 
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Friend murine leukaemia virus [121, mouse Thy-1 glycoprotein [13], and glycopeptides 
from Ehrlich ascites tumor cells I141. Therefore, we have re-examined the anomeric con- 
figuration of the terminal Gall-3Gal linkage of the asparagine-linked sugar chains of 
bovine Clq and calf thymocyte plasma membrane glycoproteins. 

Materials and Methods 

Materials 

Gal/31-4GIc NAc~l-2Man~1-6IGal/31-4G Ic NAc/31-2Man~1-3]Man~1-4GIc NAc/31-4[F u c~1-61 - 
GIcNAcoT and GIcNAc/31-2Manod-6[GIcNAc~1-2Manc~l-3tMan/31-4GIcNAc~1-4[Fucc~1-6 [ 
-GIcNAcoT were prepared from human Clq as described previously [15 I. 
Gal/31-4(2,5-anhydro-mannitol) was prepared from human asialotransferrin by 
hydrazinolysis and nitrous acid deamination [16] followed by NaB3H4 reduction. 
2,5-Anhydro-mannitol was also prepared by nitrous acid deamination of glucosamine 
hydrochloride followed by NaB3H4 reduction. 

/3-Galactosidase and/3-N-acetylhexosaminidase were purified from jack bean meal by 
the method of Li and Li I171. Diplococcal ~-galactosidase and/3-N-acetylhexosaminidase 
were purified as described previously I171. ~-Galactosidase from coffee beans was pur- 
chased from Boehringer Mannheim Yamanouchi (Tokyo, Japan). Galactose oxidase 
from Dactylium dendroides was purchased from Sigma Chemical Co., St. Louis, MO, 
USA. NaB3H4 (360 mCi/mmol) was from New England Nuclear, Boston, MA, USA. 

Glycosidase Digestion 

Samples were incubated with one of the following glycosidases: (1) jack bean ~- 
gaiactosidase (2 units or 0.5 units) in 75/d of 0.1 M sodium citrate-phosphate buffer, pH 
3.5, at 37~ for 23 h or 42 h in either the presence or absence of 20 mg/ml of ~/-D- 
galactonolactone; (2) coffee bean o~-galactosidase (0.25 units) in 50/~1 of 0.15 M sodium 
citrate-phosphate buffer, pH 6.5, containing I mg/ml of-y-D-galactonolactone at 25~ for 
19 h. Other glycosidase digestions were performed as described previously [6]. 

Analytical Methods 

Paper chromatography was carried out using the following solvents: I, ethyl 
acetate/pyridine/acetic acid/water, 5/5/1/3 by vol; II, ethyl acetate/pyridine/water, 12/5/4 by 
vol; III, 1-butanol/ethanol/water, 4/1/1 by vol. Bio-Gel P-4 (Bio-Rad, Richmond, CA, USA) 
column chromatography was performed by using a column (2 x 100 cm) as described 
previously [19[. 

Conversion of Asparagine-linked Sugar Chains of Bovine Clq and Calf Thymocyte 
Plasma Membrane Glycoproteins to Oligosaccharides 

A plasma membrane fraction was prepared from calf thymocytes as described previous- 
ly [20[. The dried membrane fraction containing 1.9 mg of protein, as determined by the 
method of Lowry et al. [21 l, was subjected to hydrazinolysis followed by N-acetylation 
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and NaBH4 reduction according to the method previously described 122]. The oligosac- 
charides thus released were separated from amino acid derivatives and mucin-type 
oligosaccharides, if any, by paper chromatography using solvent I for 24 h. The 
asparagine-linked sugar chains were recovered from the area 0-5 cm from the origin by 
eWution with water. The sugar chains from bovine Clq were prepared as described 
previously [6]. 

Tritium Labeling of Non-reducing Terminal Galactose Residues of Oligosaccharides 

The oligosaccharides from calf thymocyte plasma membranes were heated in 0.5 ml of 
0.01 N HCI at 100~ for 15 min to remove sialic acids. The hydrolysate was repeatedly 
evaporated to dryness after addition of water and then kept in a desiccator in vacuo over 
NaOH. The residue was then incu bated with 27 u nits of galactose oxidase in 70 ffl of 0.05 
M sodium phosphate buffer, pH 7.0, at 37~ for 72 h, and passed through a column con- 
taining 0.5 ml of AG 50W-X12 (H +) in the upper layer and 0.5 ml of AG 3 (OH -) in the lower 
layer. After evaporation of the eluate to dryness, the residue was labeled with 0.17 mCi 
of NaB3H4 according to our previously reported method [23]. The product thus obtain- 
ed contained 7.0 x 105 cpm of the radioactivity. 

Release of Outer Chain Moieties from the Labeled Oligosaccharides 

The hydrazinolysis-nitrous acid deamination method [16] with slight modifications was 
applied to release the outer chain moieties of oligosaccharides obtained from calf 
thymocyte plasma membrane glycoproteins. The tritium-labeled oligosaccharides 
were subjected again to hydrazinolysis at 105~ for 40 h for de-N-acetylation and 
evaporated to dryness in vacuo over concentrated H2SO4. The residue was deaminated 
in 0.5 ml of 0.5 N AcOH containing 0.072 M NaNO2 at room temperatu re for 16 h. The pro- 
duct was applied to a column of 0.5 ml of AG 50W-X12 (H +) and 0.5 ml ofAG 3 (OH -) and 
eluted with water. The eluate was evaporated to dryness. 

Results 

Anomeric Configuration of the Terminal Gall-3Gal Linkages of Oligosaccharides from 
Bovine Clq 

Radioactive complex type oligosaccharides of bovine Clq: Gall-3Gai;81-4GIcNAc~ 
!-2Mancd-6[Ga11-3Gal/31-4GIcNAct31-2Manc~l-3] ManI31-4GIcNAct31-4[Fucc~l-6]GIc NAcoT 
(N-l) and Ga11-3Gal/31-4GIcNAc/81-2Mano~l-6[Gal/31-4GIcNAc/31-2Manc~l-31MangX1-4GIcN 
Ac131-4[Fucod-6]GlcNAcoT (A-N), were obtained as described previously [6]. N-1 and A-N 
were eluted from a Bio-Gel P-4 (-400 mesh) column at the positions of 16.4 and 15.4 
glucose units, respectively Fig. 1A and B). 

Both oligosaccharides (3.0-3.3 x 104 cpm) were incubated with 0.25 units of coffee bean 
c~-galactosidase in the presence of 1 mg/ml of ~/-D-galactonolactone. This inhibitor was 
added in order to protect the oligosaccharides from the action of ;3-galactosidase, if any, 
in the o~-galactosidase preparation, although it decreased also the c~-galactosidase ac- 
tivity to 55%. Analysis of the rad)oactive products from N-1 (Fig. 1C) and A-N (~ata not 
shown) by the Bio-Ge[ P-4 column chromatography revealed that both of these radioac- 

323 



>- 

> 

I-- 
o 

0 

o 

19 18 1"7 16 15 14 13 12 11 10 

~ '  ~ ~ ~' ~' ~, b ~ ~ A a 

- t - - ,  J 

I ' 1 -  ~ 

2 4 0  300  
ELUTION VOLUME ( rnL ) 

Figure 1. Gel permeation chromatograms of exoglycosidase digestion products of radioactive oligosac 
charides N-1 and A-N obtained from bovine Clq. The radioactive oligosaccharides were applied to a column 
(2 x 200 cm) of Bio-Gel P-4 and the radioactivity in each tube (2 ml/tube) was determined by liquid sci ntiliation 
spectrometry. A, oligosaccharide N-l; B, oligosaccharide A-N; C, oligosaccharide N-1 incubated with coffee 
bean ~-galactosidase; D, oligosaccharide N-1 incubated with 2 units of jack bean/~-galactosidase for 42 h; E, 
oligosaccharide N-1 incubated with 2 units of jack bean/3-galactosidase inthe presence of 20 mg/ml of ~,-D- 
galactonolactone for 42 h; F, oligosaccharide N-1 incubated with 0.5 units of jack bean ~3-galactosidase for 23 h. 

The black arrows indicate the elution positions of glucose oligomers added as internal standards and the 
numbers refer to the number of glucose units. The white arrows indicate the elution positions of authentic 
oligosaccharides; a, Gali31-4GIcNAc~1-2Man~1-6[Galt31-4GIcNAc~1-2Man~1-3~Man/31-4GIcNAc/31-4[Fuccd-61 
GIcNAcoT; b, GIcNAc~1-2Man~l-6IGIcNAc~1-2Manc~1-31Mant31-4GIcNAc~31-4IFuccd-61GIcNACoT. 

tive ol igosaccharides were converted to the same decasaccharide wi th  the same mobi l i -  
ty as authent ic  Gal~1-4GIcNAct31-2Man~1-6IGal/31-4GIcNAc~1-2Man~1-31Man/31-4GIcN 
Ac/~l-4IFuco~l-61GIcNAcoT. The decrease in size of the two ol igosaccharides indicated 
that two and one galactose residues were released f rom ol igosaccharides N-1 and A-N, 
respectively. Under  the same condi t ions,  the authent ic  radioactive ol igosacchar ide 
Gal/31-4G IcNAc~1-2Manod-6[Gal/31-4GIcNAc81-2Man~1-31Man/31-4G IcNAc/31-4[Fu co~l-61- 
GIcNAcoT (3.4 x 104 cpm) was not converted to any smaller o l igosacchar ide at all (data 
not shown). Therefore, it was conc luded that ol igosaccharides N4 and A-N contain two 
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Figure 2, Revised structures of the asparagine-linked sugar chains of bovine Clq. 

and one ~-galactosyl residues, respectively, as non-reducing terminal sugars. The pro- 
ducts digested with o~-galactosidase were not susceptible to jack bean ~-N- 
acetylhexosaminidase, but they were converted to Man3GIcNAc(Fuc)GIcNAcoT by se- 
quential digestion with diplococcal /3-galactosidase and diplococcal ~-N- 
acetylhexosaminidase with the release of two galactose and two N-acetylglucosamine 
residues, respectively (data not shown). Based on the results obtained here together 
with the previous study [6], the structures of the asparagine-linked sugar chains of 
bovine Clq should be revised as shown in Fig. 2. 

In order to find out the reason why we were previously misled to conclude that the 
Gall-3Gal linkage was beta, we re-examined the experiments performed previously. The 
oligosaccharide N-1 was digested with two units of jack bean ~-galactosidase and the 
product was then analyzed by Bio-Gel P-4 chromatography. As shown in Fig. 1D, the 
o[igosaccharide was eluted at the same position as authentic GIcNAq31-2Manod-6 
[GIcNAc/31-2Man~l-3]Man/31-4GIcNAc/31-4[Fuco~1-6]GIcNAcoT, i ndicati ng that all four 
galactose residues were released by this digestion. This result was identical to that ob- 
tained in the previous study [61 . Therefore, we carefully examined the possible con- 
tamination of c~-galactosidase activity in the jack bean ~-galactosidase preparation. By 
using p-nitrophenyl ~-D-galactoside as a substrate, 0.24 mU of ~-galactosidase activity 
in 2 units of/3-galactosidase were detected. This raised the possibility that the con- 
taminating e~-galactosidase might be responsible for the hydrolysis of peripheral 
Gall-3Gal linkages if the anomeric configuration is alpha. Therefore, the radioactive 
oligosaccharide N4 was incubated with 2 units of jack bean ~-galactosidase in the 

�9 presence of 20 mg/ml of 7-D-galactonolactone, a known inhibitor of ~3-galactosidase. As 
shown in Fig. 1E, two galactose residues were the maximum amount released from 
oligosaccharide N4, as in the case of digestion of the same oligosaccharide by coffee 
bean o~-galactosidase (Fig. 1C), and the radioactive product with the smallest size was 
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Figure 3. Paper chromatography of the deamination products. The product, released from galactose-labeled 
oligosaccharides of calf thymocyte plasma membrane glycoproteins by the hydrazinolysis-nitrous acid 
deamination method, were subjected to paper chromatography using solvent II for 14 h. The radioactivity was 
monitored by a radiochromatogram scanner. The arrow indicates the position where lactose migrated. 

eluted at the same position as authentic Gal/31-4GIcNAc~l-2Mano~1-6[Gal~1-4GIcNAc/3 
1-2Man~1-3]Man~1-4GIcNAc/31-4[Fucc~1-61GIcNAcoT. These results indicated that the 
anomeric configurations of the non-reducing terminal galactose residues of oligosac- 
charide N-1 are alpha, and that jack bean o~-galactosidase can easily hydrolyze the 
peripheral Gal~(1-3)-Iinkage of natural substrates. Even 0.06 mill iunits of ~-galactosi- 
dase, present as a contaminant in 0.5 units of jack bean ~-galactosidase, could act par- 
tially during 23 h incubation (Fig. 1F). Thus, the data indicated that jack bean o~- 
galactosidase works on the natural substrate far more efficiently than on the synthetic 
substrate. 

Isolation of a Trisaccharide Containing the Gall-3Gal Sequence from the Oligosac- 
charides Obtained from Calf Thymocyte Plasma Membrane Glycoproteins 

As already reported in the previous papers [2, 31, calf thymocyte plasma membrane 
glycoproteins have been found to contain a variety of asparagine-linked sugar chains 
with the GaI1-3GaI~I-4GIcNAc sequence at the non-reducing termini. Therefore, we 
designed an experiment to obtain, and analyze the structu re of, the trisaccharide moie- 
ty of the oligosaccharides. For this purpose, we applied the hydrazinolysis-nitrous acid 
deamination method which was developed by Strecker et al. [16], since this method 
leads to the specific cleavage of N-acetylglucosaminyl linkages resulting in the release 
of the trisaccharide moiety as an oligosaccharide. 

The asparagine-linked sugar chainswere released as oligosaccharides by hydrazinolysis 
of calf thymocyte plasma membranes as described in detail in the Materials and 
Methods section, and then desialylated. The oligosaccharide mixture thus obtained, 
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Figure 4. Sequential exoglycosidase digestion of the deaminat ion products. Aco lumn (2.0 x 100 cm) of Bio-Gel 
P-4 was used for chromatography. A and B, fragments I and II shown in Fig. 3 after reduction with NaB3H4, 
respectively; C, the radioactive peak in B digested wi th coffee bean c~-galactosidase under the same condi t ion 
as in Fig. 1C; D, the radioactive peak I IA in C digested with 1.5 u nits of jack bean/3-galactosidase. The black ar- 
rows are the same as in Fig. 1. Arrows a, b and c indicate the e[ut ion positions of authentic Gal-(2~-anhydro- 
ManoT);2~-anhydro-ManoT and galactose, respectively. 

which contained neutral and asialo-oligosaccharides, was incubated with galactose oxi- 
dase followed by NaB3H4 reduction to label the non-reducing terminal galactose 
residues in their outer chain moieties. The labeled oligosaccharides were then sub- 
jected to the hydrazinolysis-nitrous acid deamination procedure. When the products 
were examined by paper chromatography, two radioactive fragments I (72%) and I I (16%) 
were detected (Fig. 3). The radioactive peak at the origin (12%) consisted of incomplete 
degradation products (data not shown). The fragments I and [I, recovered from the 
paper, had sizes of 2.0 and 3.1 glucose units, respectively, upon Bio-Gel P-4 column 
chromatography (data not shown). These results indicated that the fragments J and II 
correspond to [3HlGal-(2,5-anhydro-Man) and [3HlGaI-Gal-(2,5-anhydro-Man). There- 
fore, a half portion of each of the remaining fragments was labeled with NaB3H4 and 
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another portion was reduced with NaBH4. After paper chromatography using solvent l l, 
di- and trisaccharides double-labeled at the reducing and non-reducing termini were 
extracted from the paper. 

Glycosidase Digestion of the Trisaccharide Fragment 

The double-labeled fragments I and II, obtained as described in the previous section, 
were eluted as 2.6 and 3.7 glucose units, respectively upon Bio-Gel P-4 column 
chromatography (Figs. 4A and 4B), which were larger than the unreduced counterparts 
by0.6 glucose units, as reported previously [19]. When fragment II was digested with cof- 
fee bean o~-galactosidase under the same condition as used in the case of Clq, two 
radioactive products IIA and liB were obtained (Fig. 4C). Product IIA had the same 
mobility as the double-labeled fragment I, which was eluted in the identical position as 
authentic Gal-(2~-anhydro-ManoT), and lib had the same mobility as galactose. This 
result indicated that an oMinked galactose residue was removed from the non-reducing 
terminal of the trisaccharide, and that the previous assignment should be withdrawn. 
Further digestion with jack bean ~-galactosidase converted IIA to radioactive 
2,5-anhydromannitol (Fig. 4D). The double-labeled fragment I was completely resistant 
to e~-galactosidase treatment, but was cleaved to radioactive 2,5-anhydromannitol and 
galactose by jack bean ~-galactosidase digestion (data not shown). Based on the results 
so far described, together with the results of previous studies [2, 3], all the structures of 
the trisaccharide sequences found in the outer chain moieties of asparagine-linked 
sugar chains of calf thymocyte plasma membrane glycoproteins should be revised to 
Gala1-3Gal/31-4G IcNAc. 

Discussion 

It has been reported that ~-galactosidase, present in the crude extract of jack bean meal, 
is inactivated by heat treatment at 60~ for 30 min [24]. However, this treatment could 
not perform the complete removal of the c~-galactosidase. Further purification pro- 
cedures using ion-exchange column chromatography [17] were also effective, but the 
final preparation of/3-galactosidase thus purified was still contaminated with 0.012% of 
o~-galactosidase activity as determined by a synthetic substrate as shown in this paper. 
Van den Eijnden etal. [9] have also shown the contamination of ~-galactosidase activity 
(0.02%) in a commercial jack bean/3-galactosidase. The finding that even a trace amount 
of o~-galactosidase can easily act on glycopeptide substrates I9] and oligosaccharide 
substrates (this study) raises a serious problem, because this enzyme has been widely 
used for the structural studies of sugar chains. Thus, the parallel use of coffee bean e~- 
galactosidase is essential for the correct assignment of the anomeric configuration of 
galactosyl linkages in sugar chains by jack bean/3-galactosidase. 

Recently, the ~(1-3)-galactosyltransferase responsible for the formation of the 
Galod-3Gal/31-4)GIcNAc sequence has been purified from calf thymus and characteriz- 
ed [10]. In that study, ~-galactosylation has been shown to compete with sialylation of 
the galactose residue in the Gal/31-4GIcNAc sequence by o~(2-6)- and o~(2-3)- 
sialyltransferases. Therefore, the presence of ~-galactosyl residues decreases the con- 
tent of anionic charge of glycoproteins. This may be very important for the conforma- 
tion and function of certain glycoproteins, such as Clq. Human and bovine Clq differ 
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in that the human subcomponent has a disialyl bi-antennary sugar chain without the 
Gal~(1-3)-Iinkage I151, whereas bovine Clq does not contain a disialyl sugar chain but in- 
stead a monosialyl bi-antennary sugar chain in which one of the outer chains is ~- 
galactosylated. This may account for the observation that bovine Clq, but not human 
Clq, was unable to aggregate latex particles coated with human lgG, even though 
bovine and human Clq are similar in their amino acid composition and molecular 
structure and the former could be substituted for human Clq when active C1 was 
reconstituted with human Clr and Cls I251. 
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