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An improved method is described for the preparation
of bovine testicular g-galactosidase that allows the iso-
lation of enzyme fractions that bind avidly to phospho-
mannosyl receptors. The procedure permits removal of
a contaminating S-hexosaminidase and yields nearly
homogeneous B-galactosidase. Enzyme eluted from
DEAE-Sephacel was arbitrarily divided into pools that
exhibited differing ability to bind phosphomannosyl re-
ceptors. A high binding fraction was rapidly assimi-
lated by cultured cells and bound to both low and high
molecular weight phosphomannosyl receptors. Carbo-
hydrate analysis of the high binding fraction indicates
an average content of one complex and one high man-
nose oligosaccharide chain per molecule and an average
mannose 6-phosphate content of two residues per mole-
cule. However, electrofocusing studies indicated that
all the fractions were heterogeneous with respect to si-
alic acid and phosphate content. The purification proce-
dure also provides highly purified §-galactosidase suit-
able for removing p-galactosidase residues from a
variety of complex carbohydrates. © 1989 Academic Press, Inc.

Bovine testicular 3-galactosidase, a lysosomal hydro-
lase, was previously purified by affinity chromatography
on phenylthio-8-galactoside-substituted agarose and
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shown to catalyze the hydrolysis of terminal 31,3-, 81,4-,
and §1,6-linked galactosyl residues from a variety of oli-
gosaccharides, glycoproteins, and glycolipids (1,2). The
enzyme binds to the surface of cultured cells and is rap-
idly assimilated (3). The internalization process is medi-
ated by membrane-bound phosphomannosyl receptors
which specifically recognize mannose 6-phosphate con-
tained in oligosaccharide chains of the enzyme (4). Puri-
fied B-galactosidase was utilized as a model ligand for
the isolation, measurement, and characterization of high
and low molecular weight forms of phosphomannosyl re-
ceptors (5,6).

The present manuscript describes (i) a simplified
method for the purification of 3-galactosidase that in-
corporates absorption of the enzyme to concanavalin A-
agarose and ion-exchange chromatography on DEAE-
Sephacel and (ii) the partial characterization of enzyme
subfractions that exhibit differential binding to high and
low molecular weight phosphomannosyl receptors. The
methodology yields enzyme fractions that are free of cat-
alytically active 3-hexosaminidase and neuraminidase,
enzymes reported to contaminate affinity-purified §8-ga-
lactosidase preparations (1,2,7). A preliminary report
has been presented (8).

MATERIALS AND METHODS

Concanavalin A-agarose, DEAE-Sephacel, Esche-
richia coli alkaline phosphatase, p-nitrophenyl deriv-
atives of B-galactopyranoside,* N-acetyl-8-glucosaminide,
2 - (4 - methylumbelliferyl) - « - N - acetylneuraminic
acid, methyl-a-mannopyranoside, 5-bromo-4-chloro-3-
indolyl-B-galactopyranoside, and mannose 6-phosphate

4 Unless otherwise described, all monosaccharides are of the D con-
figuration.

0003-2697/89 $3.00
Copyright © 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved.



CHROMATOGRAPHIC PURIFICATION OF §-GALACTOSIDASE

were obtained from Sigma. N-Glycanase was obtained
from Genzyme. Sodium boro-[?’H]hydride (sp act 409
mCi/mmol) was obtained from Amersham. Bovine high
molecular weight phosphomannosyl receptor (PMR-1)°
(9) and low molecular weight phosphomannosyl receptor
(PMR-2) (6) were prepared as previously described.

Polyacrylamide gel electrophoresis was conducted in
9% polyacrylamide gels under reducing conditions as de-
scribed by Laemmli (10). Proteins were stained with
Coomassie blue.

Isoelectric focusing was performed in a Bio-Rad
Model III IEF Cell on 5% polyacrylamide slab gels con-
taining 2% Pharmalyte (pH 4-6.5) and 5% glycerol. The
gels were cast on Gel Support Film (Bio-Rad) and, after
application of samples, voltages of 100, 200, 450, and 950
V were sequentially applied for 1 h each. Gels were
stained for B-galactosidase activity using 5-bromo-4-
chloro-3-indoyl-B3-galactopyranoside at pH 4.3 (11).

Neutral sugars and hexosamines were estimated by
gas/liquid chromatography as their glycitol acetate de-
rivatives (12). Glycoprotein-bound mannose 6-phos-
phate was determined after Dowex 50-catalyzed hydro-
lysis (3). Sialic acid content was determined by the
procedure of Takasaki and Kobata after prior hydrolysis
in 0.01 N HCI at 100°C for 30 min (13). In each case the
charged monosaccharide sugars were reduced with
NaB®H and separated by paper electrophoresis; the mi-
gration of the *H-labeled carbohydrates was compared
to that of standard saccharides treated in the same man-
ner. Amino acid analyses were kindly performed by the
late Dr. D. Dziewiatkowski, University of Michigan
Dental School. Samples were hydrolyzed at 100°C in 6 N
HCI for 24 h, oxidized by exposure to air in 0.05 M so-
dium phosphate at pH 7.0 for 24 h, and quantitated on a
Beckman Model 121 M amino acid analyzer.

Assimilation of {§-galactosidase by skin fibroblasts
from generalized gangliosidosis patients (13) and bind-
ing of B-galactosidase to PMR-1 and PMR-2 immobi-
lized in multiwell plates (14) were performed and cor-
rected for nonspecific binding as previously described.
Protein was determined by the procedure of Lowry et al.
(15). Assays of 3-galactosidase, §-N-acetylhexosamini-
dase (1), and neuraminidase (7,16) were performed as
described.

Preparation of Bovine Testicular 8-Galactosidase

Unless otherwise noted, all steps were carried out at
4°C. One unit of B-galactosidase is defined as that
amount of enzyme that hydrolyzes 1 umol of p-nitrophe-
nyl-g-galactopyranoside in 1 min.

® Abbreviations used: PMR-1, high molecular weight phosphoman-
nosyl receptor; PMR-2, low molecular weight phosphomannosy! re-
ceptor; W, column wash; VL, very low binding; L, low binding; H, high
binding; VH, very high binding; SDS-PAGE, sodium dodecy! sulfate—
polyacrylamide gel electrophoresis.
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Step 1. The enzyme was prepared by modification of
a previously described procedure (1,2). Decapsulated tis-
sue (six testes, 1600 g) was cut into pieces approximately
1 cm?® and homogenized in a Waring blender for 2 min in
1600 ml of a solution comprised of 0.1 N acetic acid and
0.1 M NaH,PO,. The homogenate was centrifuged at
10,000g and the precipitate discarded; the crude super-
natant (1400 ml) contained 249 units 3-galactosidase (sp
act 0.015 unit/mg protein).

Step 2. Solid ammonium sulfate was added with stir-
ring to 75% saturation. After stirring for 30 min, the pre-
cipitate was collected by centrifugation for 20 min at
10,000g. The pellet was suspended in 400 ml of a solution
comprised of 0.05 M Tris-HCl, pH 7.5, and 0.15 M NaCl.
A small amount of particulate material was removed by
centrifugation. The supernatant (400 ml) contained 247
units 3-galactosidase (sp act 0.016 unit/mg protein).

Step 3. The supernatant solution was adjusted to pH
7.5 with 0.5 M Tris and applied to a 4 X 10-cm column
of concanavalin A-agarose previously equilibrated with
0.05 M Tris—HCI, pH 7.5, containing 0.15 M NaCl. The
column was washed rapidly at room temperature with 2
liters of 0.05 M Tris-0.15 M NaCl, pH 7.5, and the 8-
galactosidase eluted from the column at room tempera-
ture with 400 ml of the same buffer containing 0.75 M
methyl-a-mannopyranoside. The eluant (400 ml) con-
tained 177 units §-galactosidase (sp act 0.19 unit/mg
protein).

Step 4. The column eluant was adjusted to pH 5.0
with 4 N acetic acid and subjected to a single cycle of
affinity chromatography on a 4 X 10-cm column of phen-
ylthio-{-galactoside-substituted agarose as previously
described (2). Enzyme was eluted with 750 ml 0.05 N
Tris~HCI, pH 7.5; the eluant contained 106 units 3-ga-
lactosidase (sp act 5.4 units/mg protein).

Step 5. The eluant from the affinity matrix contain-
ing approximately 100 units of 3-galactosidase was con-
centrated to a volume of 50 ml by pressure filtration over
an Amicon YM 10 filter (Amicon Corp.) and dialyzed for
18 h against 20 vol of 0.06 M Tris-HCl, pH 7.5.
The dialyzed solution was clarified by centrifugation
(10,000g) and applied to a 2 X 15-cm column of DEAE-
Sephacel previously equilibrated with 0.05 M Tris-HClI,
pH 7.5. The column was washed with 100 m] of buffer
and B-galactosidase eluted with a linear gradient that
consisted of 400 ml of the Tris buffer in the mixing
chamber and 400 ml of the same buffer containing 0.2 M
NaCl in the reservoir; 12-ml fractions were collected.
The major portion of §-galactosidase appeared as a
broad peak that eluted between 100 and 500 ml of the
gradient buffer.

Isolation of B-Galactosidase Receptor Binding Pools

Fractions from Step 5 containing enzyme were pooled
in such a fashion that approximately 10% of the total
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enzyme activity appeared in the most anionic and least
anionic protein fractions. The intermediate fractions
were divided into two approximately equal pools each
containing approximately 40% of the total enzyme activ-
ity (Fig. 1). Each enzyme fraction was concentrated to a
final volume of 2-5 ml by pressure filtration as described
under Step 5. Sodium azide was added to a final concen-
tration of 0.02%. The purified enzyme retained activity
and receptor binding properties for at least 6 months
when stored at 0-5°C.

RESULTS

Bovine testicular 3-galactosidase was purified 400-
fold in 43% yield from the crude testes supernatant by a
procedure described under Materials and Methods em-
ploying (NH,),SO, precipitation, elution from conca-
navalin-A agarose, and affinity chromatography on
phenylthio-3-galactoside-substituted agarose. Chroma-
tography on concanavalin A-agarose prior to affinity
chromatography allowed maximal purification of §-ga-
lactosidase by a single cycle of affinity chromatography.
In our initial description of the purification of testicular
B-galactosidase, which lacked the conanavalin A-aga-
rose step, two affinity chromatography cycles were nec-
essary to remove contaminating proteins that precipi-
tated on the affinity matrix during the first passage
through the column (2). Precipitation in the matrix was
not observed in the present procedure.

Neuraminidase, reported to copurify with 3-galactosi-
dase (7) was not detected in the present preparation af-
ter Step 2 [(NH,),SO, precipitation]. However, neur-
aminidase (2-4 units) was found in the residue that
remained after resuspension of the (NH,),SO, precipi-
tate.

Formerly, even the most highly purified §-galactosi-
dase preparations contained 3-N-acetylhexosaminidase
activity which bound independently to the affinity ma-
trix (1). The B-N-acetylhexosaminidase was resolved
from B-galactosidase by chromatography on DEAE-
Sephacel using a linear gradient of increasing NaCl con-
centration (Fig. 1). The ion-exchange column fractions
containing B-galactosidase were pooled into fractions
that differed in their capacity to bind phosphomannosyl
receptors as shown in Fig. 1. Cell assimilation and recep-
tor binding characteristics of the pooled fractions are de-
scribed in Table 1. Those fractions that bound more
strongly to DEAE-Sephacel exhibited enhanced uptake
by cultured cells and bound more avidly to both high and
low molecular weight phosphomannosyl receptors. Al-
though the binding spectrum of the 3-galactosidase frac-
tions appeared to be similar for the two phosphomanno-
syl receptors, the affinity of each fraction for PMR-2 was
lower than that for PMR-1. For example, the K, values
found for PMR-1 and PMR-2 were 10.2 munit/ml and
110 munit/ml, respectively, for fraction H. Uptake of
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FIG. 1. Chromatography of $-galactosidase on DEAE-Sephacel.
Affinity purified 8-galactosidase (100 units) was applied to a 2 X 15-
c¢m column DEAE-Sephacel as described under Materials and Meth-
ods. The column was washed with 0.05 M Tris—-HC], pH 7.5, and eluted
with a linear gradient of NaCl (from 0.0 to 0.2 M) beginning at the
arrow. Fractions of 12 ml were collected and analyzed for 8-galactosi-
dase (0) and B-N-acetylhexosaminidase (W). The fractions were
pooled as indicated by the bars: W, column wash; VL, very low bind-
ing; L, low binding; H, high binding; and VH, very high binding 8-
galactosidase pools. The receptor binding characteristics of the pooled
fractions are described in Table 1.

B-galactosidase fractions by human generalized ganglio-
sidosis skin fibroblasts (13) mimicked the phosphoman-
nosyl receptor binding spectrum. The K., value deter-
mined for fraction H (16.3 munit/ml) suggests that a
higher affinity PMR-1-like receptor may be primarily in-
volved in the uptake process.

Inspection of each binding pool by SDS-PAGE run
under reducing conditions revealed the presence of
diffuse bands whose apparent molecular weights in-
creased on elution from DEAE (Fig. 2). The calculated
average molecular weights of the pooled fractions ranged
from 62 kDa (pool W) to 66 kDa (pool VH). Pool VH,
which represents only a small portion of the 8-galactosi-
dase, frequently showed other trace protein bands and
contained measurable 3-N-acetylhexosaminidase activ-
ity. It was separated to remove these contaminants.

Isoelectric focusing of the pooled fractions indicated
multiple isoenzymes that differed in net charge (Fig. 3).
As anticipated, the more basic constituents were eluted
early from DEAE-Sephacel followed by more acidic ele-
ments in the higher binding fractions. Prior treatment
of the high binding 3-galactosidase pool (H) with neur-
aminidase and/or alkaline phosphatase showed that this
fraction contained phosphate, presumably mannose 6-
phosphate, and sialic acid (Fig. 4).

The carbohydrate content of each fraction is pre-
sented in Table 2. The more anionic, higher binding
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TABLE 1
Binding of 3-Galactosidase Fractions to Phosphomannosyl Receptors and Uptake by Skin Fibroblasts

Specific enzyme

B-Galactosidase

B-Galactosidase

Pooled activity bound to PMR-1¢ bound to PMR-2° Uptake by fibroblasts®
fraction (units/mg protein) (punit/well) {uunit/well) (units/mg cell protein)
W 7.87 5.2 7.4 0.22
VL 8.03 9.3 10.2 0.37
L 7.98 15.8 27.5 0.66
H 8.25 22.3 37.5 0.82
VH 7.50 25.9 43.2 1.11

Note. Equal concentrations of pooled fractions of 8-galactosidase were exposed to PMR-1 and PMR-2 immobilized in multiwell plates. After
incubation at 25°C for 2 h, the plates were rapidly rinsed and the 8-galactosidase content present in each well was determined. Values were
corrected for nonspecific binding (14). Uptake of the pooled fractions by generalized gangliosidosis skin fibroblasts was performed as previously
described (13). Both binding and uptake studies were performed with the subsaturating concentrations of 8-galactosidase indicated in the

footnotes.

¢ B-Galactosidase (20 munit/125 ul) was applied to each well; 0.4 ug PMR-1 was immobilized in each well (14).

b 8-Galactosidase (20 munit/125 ul) was applied to each well; 0.2 ug PMR-2 was immobilized in each well (14).

¢ B-Galactosidase (25 munit/1.5 ml culture medium) was applied to confluent fibroblasts in 35-mm petri dishes (approximately 2 X 10° cells).
After 3 h of exposure the cells were scraped from the plates, dispersed, and washed in saline. Enzyme activity was determined after disruption
by freezing and thawing (13). Cell protein was determined by the procedure of Lowry (15).

pools contained higher levels of sialic acid and mannose
6-phosphate and moderately higher levels of mannose,
galactose, and glucosamine than the lower binding frac-
tions. The carbohydrate content of pool H approximated
an expected analysis for an average content of one com-
plex and one biantennary high mannose oligosaccharide
chain per molecule, Removal of N-glycosylated oligosac-
charides from each fraction with N-glycanase and subse-
quent analysis on SDS-PAGE gels yielded a single ma-
jor protein staining band from each fraction with an
apparent molecular weight of 55.8 kDa (data not shown).
These data indicate that heterogeneity of the fractions
is due to differences in the oligosaccharide chains which

67K~ f 67K

W VL L H *

FIG. 2. SDS-polyacrylamide gel electrophoresis of pooled §-galac-
tosidase fractions. Aliquots of the pooled fractions (10-50 ug protein)
were subjected to electrophoresis and stained with Coomassie blue.
Molecular weight markers for bovine serum albumin, 67K, and oval-
bumin, 43K, are shown. To emphasize the size differences in the bind-
ing pools, only a portion of the gel is shown. Estimated average molec-
ular weights of the pooled fractions are 62.1, 62.8, 63.7, 64.7, and 65.8
for pools W, VL, L, H, and VH, respectively.

are attached to a common polypeptide core. This finding
is supported by the similar amino acid content of each
of the pooled fractions (Table 3).

DISCUSSION

The modified procedure described for the purification
of bovine testicular (-galactosidase allows removal of
§-hexosaminidase that formerly contaminated affinity-
purified 3-galactosidase (1). Additionally, traces of cata-
lytically active neuraminidase reported by others to
associate with 8-galactosidase through the affinity chro-
matography procedure (7) were also removed. After frac-

pH 6.5+

pH 4.0—»

A B C D

FIG. 3. Isoelectric focusing of 8-galactosidase-pooled fractions. Ali-
quots (0.016 unit of §-galactosidase) were applied to gels prefocused
with a pH gradient from 4 to 6.5 and developed as described under
Materials and Methods. (A) 8-Galactosidase pool VL; (B) pool L; (C)
pool H; and (D) pool VH. The gels were stained for 8-galactosidase
activity by the procedure of Lake (11).
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pH 4.0—

A B C D E F

FIG. 4. Isoelectric focusing of 8-galactosidase pool H, before and
after treatment, with alkaline phosphatase and/or neuraminidase. Al-
iquots (1.6 units 8-galactosidase fraction H) were treated with 1.0 unit
E. coli alkaline phosphatase at pH 7.5 or 0.2 unit Clostridium per-
fringens neuraminidase in 0.05 M sodium acetate buffer (pH 5.0) at
37°C for 24 h. Isoelectric focusing was performed as described in Fig.
3. (A) B8-Galactosidase pool H; (B) pool H after treatment with alkaline
phosphatase; (C) pool H; (D) pool H after treatment with neuramini-
dase; (E) pool H; and (F) pool H after treatment with alkaline phos-
phatase followed by neuraminidase.

tionation of the enzyme on DEAE-Sephacel, pools of en-
zyme were obtained that exhibited differing capacity for
assimilation of the enzyme by cultured cells as well as
binding to both low and high molecular weight phospho-
mannosyl receptors. The higher binding, higher assimi-
lation pools of the enzyme showed higher average molec-
ular weights, increased carbohydrate content, and more
acidic isoenzymes than the lower binding pools. The an-
ionic nature of the high binding fractions was shown to
be due to the presence of both sialic acid and mannose
6-phosphate residues. The carbohydrate content of high
binding fraction (H) closely approximated the expected
values calculated for one completely sialylated complex
oligosaccharide and one high mannose oligosaccharide
bearing two to three mannose 6-phosphate residues. The

TABLE 2

Carbohydrate Composition of Pooled
B-Galactosidase Fractions

B-Galactosidase fractions

VL L H VH

Carbohydrate {nmol/mg protein)
Glucosamine 136 117 124 151
Mannose 136 167 214 279
Galactose 38 35 54 90
N-Acetylsialic acid 12 21 58 84
Mannose 6-phosphate 7 15 20 28
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TABLE 3

Amino Acid Composition of Pooled 3-Galactosidase Fractions

B-Galactosidase fractions

VL L H VH
Amino acid
residues (residues/1000)

Aspartic acid 105 105 105 104
Threonine 56 58 60 58
Serine 48 51 56 53
Glutamic acid 92 90 90 91
Proline 70 70 70 70
Glycine 83 80 80 89
Alanine 59 59 60 58
Half-cystine 8 9 9 7
Valine 70 70 70 T
Methionine 19 21 21 19
Isoleucine 46 43 44 41
Leucine 123 122 118 118
Tyrosine 51 50 49 50
Phenylalanine 59 59 56 58
Lysine 45 46 49 44
Histidine 22 23 22 22
Arginine 46 44 42 43

oligosaccharides of the lower binding fractions con-
tained significantly lower amounts of sialic acid and
mannose 6-phosphate. Low binding fraction (L) was es-
timated to contain only an average of one mannose 6-
phosphate residue per molecule enzyme. It should be
pointed out, however, that isoelectric focusing gels indi-
cated that all the pooled fractions were heterogeneous
with respect to charge, hence individual structures are
difficult to define.

The lower carbohydrate content in some of the §-ga-
lactosidase fractions may be due to lysosomal degrada-
tion or alternatively incomplete processing or trimming.
It has been established that the major portion of acid -
galactosidase extracted from testes arises from the lyso-
somes (17) and partial removal of phosphate has been
noted following targeting of newly synthesized lyso-
somal enzymes into lysosomes (18). Therefore, the het-
erogeneity of the extracted enzyme may be at least in
part attributed to differences in the cellular age of the
individual enzyme molecules. These differences appear
not to include major proteolytic cleavage since amino
acid analyses of the fractions were similar and sharp
SDS-PAGE bands were obtained following treatment
with endoglycanase. Chromatography on DEAE-Sepha-
cel partially separates the heterogeneously charged enti-
ties. The resulting high binding fraction of 8-galactosi-
dase is suitable for binding studies with both low and
high molecular weight phosphomannosyl receptors. Ad-
ditionally, either of the two major binding fractions (L
and H) are highly purified, high specific activity enzyme
fractions that are suitable for removing 3-galactosyl res-
idues from a broad range of biological materials.
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