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1. Introduction 

Earlier investigations on glycosidases in extracts of 
the protozoan Trichomonas fbetus indicated that there 
were at least two distinct ol-D-galactosidases [ 11 ; one 
acted on low-molecular-weight substrates and differed 
in heat stability and inhibitory properties from a 

second enzyme that released a-linked galactose from 
blood-group B-active structures in glycoproteins. 
Subsequently the T. foetus extract was found to con- 
tain an enzyme that destroyed the blood-group PI 
activity of a glycoprotein isolated from hydatid cyst 
fluids [2,3 ] and., as PI specificity is dependent on a 
terminal non-reducing a-galactosyl residue [3,4] , it 
was inferred that the enzyme concerned was also an 
a-galactosidase. 

The isolation of three linkage-specific ol-D-galacto- 

sidases from T. foetus extracts is described in this 
paper. The enzyme that destroys blood-group B 
specificity is characterised as a 1,3-a+galactosidase, the 
enzyme that destroys blood-group PI-specificity as a 
1,4-cu-galactosidase, and the third enzyme as a 1,6-c+ 

galactosidase which also hydrolyses alkyl and aryl a-D- 
galactosides. 

2. Materials and methods 

T. foetus organisms were grown at the Microbiological 
Research Establishment, Porton and supplied as a 
frozen cell paste. Blood-group B substance was isolated 

from human ovarian cyst fluid [5] and blood-group PI 
glycoprotein from sheep hydatid cyst fluid [2]. 

Lactose, melibiose,p-nitrophenyl (Y- and fl-D-galactosides 
and methyl QI- and /3-D-galactosides were purchased 
from Koch-Light Ltd., and raffinose (O-a-D-galactosyl- 
(1+6)-a-D-glucosyl P-D-fructoside) and stachyose 
(0cr-D-galactosyl-(17-6)~0cu-D-galactosyl-( 1+6)-o-D- 
glucosyl fi-D-fructoside) and o-nitrophenyl Q-D- 
galactoside were purchased from Sigma Ltd. 0cw-D- 
Galactosyl-( l-+4)-D-galactose was isolated from okra 
pods as described [6] . 0ar-D-Galactosyl-( 1+4)-0-P-D- 
galactosyl-(l-+4)-D-glucitol and 0ol-D-galactosyl-(l-+2)- 
O-CY-D-glucosyl-( l-l)-glycerol were gifts from Dr 
J. Kawanami and Dr J. Baddiley, respectively. &Y-D- 
Galactosyl-( l--+3)- galactose, isolated from X-carrageenin 
was supplied by Dr K. Morgan, and synthetic crystalline 
0a-D-galactosyl-( 1+3)-0cw-D-galactosyl-( 1+3)-galactose 

by Dr J. Koscielak. Radioactively labelled 0(Y-D[ 14C] - 
galactosyl-( 1+3)-O- [ol-L-fucosyl-( 1+2)] D-galactose and 
0-~-D-[14C]galactosyl-( 1+3)-O-[cu-L-fucosyl-(1+2)] - 
0P-D-galactosyl-( l-+4)-D-glucose were prepared as 
described previously [7,8] 0a-D-Galactosyl-( 1+6)- 
N-acetyl-D-glucosamine was synthesised enzymically 
[9]. 0/3-D-Galactosyl-(l-+6)-N-acetyl-D-glucosamine 
and 0P-D-galactosyl-( l-+3)-IV-acetyl-D-glucosamine 
were gifts from the late Professor R. Kuhn and U-&D- 
galactosyl-( 1 +I)-N-acetyl-D-glucosamine was supplied 
by Dr Zilliken. 0a-D-Galactosyl-( 1+4)-@-D-gal- 
actosyl-( 1+4)-N-acetyl-D-glucosamine was isolated 
from P, active glycoprotein [4]. L-Galactose was a 
gift from Professor T. Reichstein. 
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Fig.1. Separation of galactosidases in extracts of T. foetus by 

chromatography on Scphadex G-200. (0) Blood-group P,- 

destroying enzyme (ol-galactosidasc a); (0) blood-group B- 

destroying enzyme (ol-galactosidase b); (A), p-nitrophenyl 

a-Dgalactoside hydrolysing enzyme (wgalactosidase c); (A) 

p-nitrophcnyl fi-D-galactoside hydrolysing enzyme (p-galacto- 

sidase);UZZZJI:ractions pooled for isoelectric focusing. 

Enzyme preparations. All procedures were carried 
out at 4°C. The packed, thawed T. foetus organisms 
(80 ml) were suspended in 120 ml 0.01 M phosphate 
buffer pH 7.0. The pH was adjusted to 6.0, the sus- 
pension was stirred for 2 h, and the cellular debris was 
then removed by centrifuging for 30 min at 10 000 g. 
The material that precipitated from the supernatant 
between 40-60% saturation with ammonium sulphate 
was dissolved in 5 ml 0.15 M NaCl. Insoluble material 
was removed by centrifuging for 1.5 h at 38 000 g 
and the supernatant was loaded onto a 90 X 2.5 cm 
column of Sephadex G-200 equilibrated with 0.15 M 
NaCl. The column was eluted by upward flow with 
0.15 M NaCl and the fractions (3 ml) were tested for 
their action on p-nitrophenyl (Y- and /3-D-galactosides 
and their capacity to destroy the serological activities 
of blood-group B and PI substances (fig. 1). The frac- 
tions that contained the blood-group PI-destroying 
enzyme were pooled and concentrated to 4 ml in an 
Amicon ultrafiltration cell. The sample was then 
subjected to isoelectric focusing [lo] in an LKB 
Uniphor apparatus fitted with a 40 X 2.5 cm glass 
column. A linear sucrose gradient (O&40%) containing 
the sample and carrier ampholytes (LKB Ampholines, 
2% pH range 3.5-5.0 and 0.2% pH range 3.5-10) was 
layered onto the anode solution. Focusing was carried 

out for 66 h with a maximum voltage of 800 V. The 
column was eluted by displacement with the cathode 
solution and the pH of each fraction (2.0 ml) was 
measured at 4°C. The fractions were tested for cr- and 
fl-galactosidase activity with p-nitrophenyl galactosides 
and for blood-group B- and PI-destroying activities. 
The fractions containing PI-destroying enzyme (a- 
galactosidase a; pl 4.43) were free from B-destroying 
enzyme and also from CY- and fl-galactosidase activity 
as measured by their action on the nitrophenyl sub- 
strates (fig.2). The fractions containing blood-group 
B-destroying enzyme (cu-galactosidase b; ~14.63) were 
free from blood-group PI-destroying enzyme and o(- 
galactosidase activity measured with p-nitrophenyl 
a-galactoside. This fraction contained fl-galactosidase 
activity (fig.2) but oc-galactosidase b could be freed 
from this contaminant by a second fractionation on 
Sephadex G-200 after isoelectric focusing. A third 

enzyme (cu-galactosidase c; pl 5.39) that hydrolysed 
nitrophenyl a-galactoside was free from blood group 
B- or PI-destroying enzymes (fig.2). 

In order to obtain larger amounts of a-galactosidases 
b and c the fractions containing blood-group B-des- 
troying enzyme from the Sephadex G-200 column 
(fig.1) may be subjected to isoelectric focusing. A 
preparation of B-destroying enzyme free from (Y- 
galactosidase c may also be prepared by heating the 
B-destroying enzyme from the Sephadex G-200 
column at 50°C for 30 min. 

Enzyme assays. Hydrolysis of nitrophenyl (Y- and 
fl-galactosides and loss of blood-group serological 
activity were measured as described previously [ 11. 
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Fig.2. Separation by isoelectric focusing of galactosidases in 

pooled blood-group PI-destroying enzyme fractions from 

Sephadex G200 column (f&l). (+) pH gradient; other 

symbols as in (fig. 1). 
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Fractions from the isoelectric focusing column that 
were to be used for specificity studies were dialysed 
against several changes of 0.01 M phosphate buffer 
pH 6.2 to remove sucrose and ampholytes. To test for 
the release of galactose from the unlabelled oligosac- 
charides and glycoproteins, 10 ~1 of the dialysed 
enzyme solutions were incubated at 37°C for 4 h with 
10 ~1 of 2% aqueous solutions of the oligosaccharides 
and for 18 h with 20 ~1 of 1% aqueous solutions of 

the’glycoproteins. The reaction products were 
chromatographed in ethyl acetate-pyridine-water 
(10:4:3, by vol.) on Whatman No. 40 paper for 18 h 
and the sugars were detected with silver nitrate reagent 
[ 1 l] . The radioactive substrates (10 ~1 containing 
10 000 cpm [‘“Clgalactose) were incubated with 10~1 
of enzyme solution for 1 h at 37°C and examined by 

paper chromatography as described above. The labelled 
products were detected on a Packard Radiochromato- 
gram Scanner (Model 3201) and counted in a Nuclear- 
Chicago Mark II Scintillation Counter. 

Inhibition by simple sugars of the enzymes that 

destroy the serological activity of blood-group sub- 
stances was carried out as described previously [ 121. 

3. Results 

Substrate specificity. The enzyme that destroyed 
blood-group Pi specificity (cw-galactosidase a) also 
destroyed the Pk activity of the hydatid cyst glyco- 
protein (see [ 131) and the residual glycoprotein 
showed enhanced cross reactivity with horse anti- 
pneumococcal Type XIV serum (see [3] ). These 

changes in serological activity were accompanied by 
the release of galactose; no other sugar was detected 
chromatographically. The destruction of the Pi sero- 
logical activity of the glycoprotein by oc-galactosidase 
a was inhibited by D-galactose but not by L-galactose, 
indicating that the enzyme is a D-galactosidase. (Y- 
Galactosidase a did not induce any detectable 
chemical or serological change in blood-group B sub- 
stance, and when tested on low molecular weight sub- 

strates of known structure hydrolysed only oligosac- 

charides containing terminal non-reducing o-D- 
galactosyl residues linked (1+4) to a subterminal sugar 

(table 1). 
The enzyme that destroys blood-group B specifi- 

city, (a-galactosidase b) released galactose from blood- 

group B substance but had no action on the Pi glyco- 
protein. As shown earlier [ 141 loss of B serological 
activity is accompanied by an increase in the blood- 
group H activity of the glycoprotein. With low-mole- 
cular-weight substrates this enzyme released galactose 
only from oligosaccharides containing terminal l-+3- 
linked ol-galactosyl residues (table 1). 

The enzyme that hydrolyses nitrophenyl o-D-gal- 
actoside (a-galactosidase c) hydrolyses methyl o-D- 
galactoside and disaccharides containing a-D-galactosyl 
residues joined in 1%~linkage to another sugar (table 1). 

Occasionally preparations of this enzyme hydrolysed 
a-Gal l-+3 Gal, and the corresponding galactotriose, 

although they had no action on o-Gal 1+4 Gal, the 
B-active glycoprotein or the two radioactive compounds 
containing 14C-labelled a-galactose linked (l-+3) to a 
subterminal fl-galactosyl residue substituted at C-2 
position with L-fucose (table 1). The failure of some 
preparations to show this activity suggests the existence 
of a fourth ol-galactosidase that hydrolyses the a-Gal 
l-+3 Gal bond only when there is no fucose substi- 

tuent on the subterminal galactose. The pH gradient 
of the isoelectric focusing column is relatively steep 
in the region where o-galactosidase c is eluted (fig.2) 
and a small alteration in conditions might result in the 
overlap of two enzymes with isoelectric points that 
differed only slightly. 

Heat stability and pHoptima. With nitrophenyl 

a-galactoside as substrate the activity of o-galactosidase 
c is destroyed completely on heating the enzyme solu- 
tion for 30 min at 40°C. With Pi-active glycoprotein as 
substrate no loss of a-galactosidase a activity is detect- 
able after 30 min at 45°C but at 55°C almost all the 
activity is lost. a-Galactosidase b is the most stable to 
heat and with blood-group B substance as substrate 
only slight loss of activity is detectable after 30 min 

at 60°C. Activity is lost completely when this enzyme 
is heated at 70°C for 30 min. The pH optimum of all 
three cu-galactosidases is pH 6.0-6.5. 

4. Discussion 

Few reports have appeared on a-galactosidases that 
are specific for positional linkages in the substrate 
molecules. The finding that the enzyme in T. foetus 

that destroys blood-group B specificity (a-galactosidase 
b) released galactose from low-molecular-weight sub- 
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Table 1 

The release of galactosc from glycoproteins and low molecular weight substrates 

by the a-galactosidases from T. foetus 

Substrate 

P,-active glycoprotcin 

B-active glycoprotcin 

p-Nitrophenyl a-D-galactosidc 
o-Nitrophcnyl a-D-g::lactoside 
Methyl ol-D-palactobide 

cu-Gal l-2-a-Glc 141 glycerol 

a-Gal 1-3 Gal 

a t> ‘ 
(I’,-destroying (U-destroying 
enzyme) enzyme) 

____ ____ 

+ _ 

_ + 
_~ + 

+ 
*a 

a-Gal l-3-a-Gal 1-3 Gal 

ol-[‘YYJGal 1-3.[a-l UC l-2]-Gal 

cu-[“C/Gal l-3-[ol-l~uc l-2]-p-Gal l-+4 Glc 
a-Gal 14 Gal 

D-Gal l-4-p-Gal 1-4 glucitol 

Q-Gal 1-4~p-Gal 1 -94 GlcNAc 

~-Gal l--6 Glc 

a-Gal l-6 GlcNAc 

~-Gal I -6-OI-Glc 1-2-@-I:ru 

@-Gal 1m &x-Gal 1-6-a-Glc l-2-@I:ru 
__~__ 

+ wb 
+ (+)p” 
tc 

tc _ 

t _ _ 

t ._ 

t I - 
t 

_ _ t 
+ 

_ t 
__~ - 

p-Nitrophcnyl p-D-galactoside, methyl ,0-D-galactoside, p-Gal 1-3 GlcNAc, P-Gal 14 Glc, 

p-Gal l->4 GlcNAc and p-Gal l-6 GlcNAc were not hydrolyscd by a-galactosidascs, a, b or c. 

aa-Wactosidase c gave only partial hydrolysis of this compound. 

bHyrolysis observed only occasionally uith preparations of a-galactosidasc c (SW tent) 
clOO:h of the [“‘Clgalactosc was released by cu-galactosidase b; none was released by 

cu-yalactosidases a or c. 

a-Galactosidase 
.- 

+Galactose released 

-No Galactosc released 

Abhre~~iutions: Gal, D-galactose; Glc, E-glucose FUC, L-fucosc GlcNAc, N-acetyl-D-glucos- 

amine; Fru, D-fructose 

strates only when the terminal non-reducing o-gal- 
actosyl residue was linked (1+3) to the subterminal 
sugar is, however, in agreement with the known 
structure of the blood-group B determinant [ 15,161 
which contains an a-D-galactosyl residue linked (1+3) 
to a P-D-galactosyl unit substituted at the 2-position 
with an cx-Lfucosyl residue. A number of a-gal- 
actosidases of bacterial origin, and also the enzyme 
from coffee beans (see [ 17]), destroy blood-group B 

activity but the specificity of these enzymes has not 
been established in terms of their preferences for 
positional linkages. Coffee-bean oc-galactosidase was 
without action on the P, substance under conditions 

Dcccmber 1975 

which readily inactivated blood-group B substance 
[3] , although Anstee and Pardoe [ 181 found some 
diminution of PI activity on more prolonged incuba- 
tion with this enzyme. Naiki and Marcus [ 191 removed 
the terminal galactosyl residue of a PI glycolipid by 
treatment with fig a-galactosidase [2Oj but the detail- 
ed specificity requirements of the fig enzyme are not 
known. The finding that the T. fofbetus enzyme that 
destroys PI activity (ol-galactosidase a) releases 

galactose from low-molecular-weight substrates only 
when the oi-galactosyl residue is linked (l-t4) to the 
subterminal sugar is in agreement with the structure, 
c+Gal l-+4-P-Gal 1+4 GlcNAc, established for the PI 
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determinant in the glycoprotein from hydatid cyst 
fluid [4] and for the PI active glycolipid isolated from 
human red-cell membranes [21]. The enhanced reac- 
tivity of the residual glycoprotein with Type XIV 
pneumococcal serum after removal of the terminal 
a-galactosyl residue is to be expected from the exposure 
of the p-Gal 1+4 GlcNAc structure [22]. The destruc- 
tion of the Pk activity of the hydatid cyst glycoprotein 
by the PI destroying enzyme is also reconcilable with 
the fact that both the PI and Pk determinants contain 
terminal (~-Gal l-+4 Gal units [4,19,21]. 

Whether the T. fiefus a-galactosidases are absolutely 
linkage specific can only be determined by more precise 
kinetic studies but the much greater facility with 
which each hydrolyses one positional linkage rather 

than others renders them very useful for establishing 
the structure either of oligosaccharides isolated from 
glycoproteins or of compounds formed in biosynthesis 
experiments. 

Acknowledgements 

We are most grateful of all those mentioned in the 
text who supplied the low-molecular-weight oligosac- 

charides of known structure and to Mr Stephen 
MacWhite for the preparation of a-Gal 1+4 Gal. This 
work was supported in part by grants from the 
Medical Research Council. 

References 

[1] Watkins, W. M. (1959) Biochem. J., 71, 261-274. 
[2] Morgan, W. T. J. and Watkins, W. M. (1964) Proc. 10th 

Int. Congr. Blood Transf., Mexico 1962 pp. 225-229. 

[3] Watkins, W. M. and Morgan, W. T. J. (1964) Proc. 10th 

Int. Congr. Blood Transf., Mexico 1962 pp. 230-234. 

[4] Cory, II. T., Yates, A. D., Donald, A. S. R.,Watkins, 

W. M. and Morgan, W. T. J. (1974) Biochem. Biophys. 

Res. Commun., 61, 1289-1295. 

[S] Gibbons, R. A. and Morgan, W. T. J. (1954) Biochem. J., 

57, 283.-295. 

[6] Whistler, R. L. and Conrad, H. IX. (1954) J. Amer. Chem. 

Sot. 76. 1673-1674. 

171 

ISI 

[91 
[lOI 

[Ill 

[I21 

[131 

[141 

[I51 

[I61 

[I71 

i-211 

Race, C., Ziderman, D. and Watkins, W. M. (1968) 

Biochem. J., 107, 733-735. 

Race, C. and Watkins, W. M. (1970) FEBS Lett., 10, 

279-283. 

Watkins, W. M. (1958) Nature, 181, 117-118. 

Haglund, H. (1971) in: Methods of Biochemical Analysis 

Vol. 19, pp. l-104. (ed. D. Glick) Interscience, New York. 

Trevelyan, W. E., Proctor, D. P. and Harrison, J. S. (1950) 

Nature, 166, 444-445. 

Watkins, W. M. and Morgan, W. T. J. (1955) Nature, 175, 

676-680. 

Matson, G. A., Swanson, J., Noades, J., Sanger, R. and 

Race, R. R. (1959) American Journal of Human Genetics, 

11, 26-34. 
Watkins, W. M. (1956) Biochem. J., 64, 21 P. 

Painter, T. J., Watkins, W. M. and Morgan, W. T. J. (1965) 
Nature, 206, 594-597. 
Lloyd, K. O., Kabat, E. A., Layug, E. J. and Gruezo, 1:. 

(1966) Biochemistry, 5. 1489-1501. 

Watkins, W. M. (1966) in: Methods in Enzymology Vol. 8 

(eds. Ncufeld, 1;. 1:. and Ginsburg, V.,) pp. 700-711. 

Academic Press, New York. 

Anstce, D. J. and Pardoe, G. I. (1973) Eur. J. Biochem. 

39, 149-156. 
Naiki, M. and Marcus, D. M. (1974) Biochem. Biophys. 

Rcs. Commun. 60, 11 OS- 1111. 

Hakomori, S., Siddiqui, B., Li, Y.-T., Li, S.-C. and 

Hellcrquist, C. G. (1971) J. Biol. Chem. 246, 

2271-2277. 

Marcus, D. M., Naiki, M., Fong, J. and Ledeen, R. (1975) 
Fed. Proc. 646. 

[22] Watkins, W. M. and Morgan, W. T. J. (1956) Nature, 

178,1289-1290. 

285 


