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ABSTRACT A receptor that binds the phosphomannosyl rec-
ognition marker of bovine testicular P-galactosidase (13-D-galac-
toside galactohydrolase, EC 3.2.1.23) was isolated from bovine
liver membranes. The receptor was extracted from crude plasma
membrane preparations with Triton X-100 and immunoprecipi-
tated as a receptor-f-galactosidase complex with anti-,B-galacto-
sidase. The receptor was dissociated from the precipitate with
mannose 6-phosphate, labeled with `RI, and purified on a (3-ga-
lactosidase-Sepharose 4B affinity matrix. A quantitative binding
assay employing anti-(-galactosidase and IgGsorb (formalin-fixed
Staphylococcus aureus) was devised to study the binding of `5I-
labeled receptor to (3-galactosidase. Maximal binding of receptor
to enzyme occurred at pH values between 5.7 and 6.5. Divalent
cations were not required for binding. The values of the dissocia-
tion constant obtained for 83-galactosidase varied between 200 nM
observed with "lower uptake" forms and 20 nM for "higher up-
take" forms of the enzyme. A number of phosphorylated mono-
saccharides were tested as inhibitors of binding of enzyme to re-
ceptor; mannose 6-phosphate and fructose 1-phosphate served as
inhibitors and exhibited 1I values of 0.064 mM and 0.24 mM,
respectively. The receptor has a subunit molecular weight of
215,000. Similar receptors were also demonstrated in Triton
X-100 extracts of human skin fibroblasts, Chinese hamster ovary
cells, and rat hepatocytes. These cell types are known to assimilate
lysosomal enzymes containing covalently bound mannose
6-phosphate residues.

Certain lysosomal enzymes are selectively and efficiently taken
up by cultured human fibroblasts (1). This process is thought
to be mediated by a specific cell surface receptor that recognizes
phosphomannosyl residues on oligosaccharide chains of the en-
zymes (2-5). Recognition of lysosomal enzymes by a phospho-
mannosyl receptor has been proposed as an essential step for
the delivery of newly synthesized lysosomal enzymes to lyso-
somes (6-8). Direct evidence for the existence of phosphoman-
nosyl receptors has been obtained by demonstration of the re-
versible binding of a-L-iduronidase to the cell surface ofhuman
skin fibroblasts (9) and by the binding of P3-glucuronidase to fi-
broblast cell membranes (10).

Phosphomannosyl receptors also occur in other mammalian
cell types and tissues. Phosphomannosyl-dependent uptake or
binding of lysosomal enzymes has been observed in Chinese
hamster ovary cells (11), normal rat kidney cells (12), a rat liver
epithelial cell line (13), rat hepatocytes (12, 14), and Swarm rat
chondrosarcoma (15). Binding studies using f-hexosaminidase
suggest the presence of the phosphomannosyl receptor in all
major tissues of the rat and in several rat liver subcellular frac-
tions (16).

In previous studies we demonstrated the presence of man-
nose 6-phosphate residues in f3-galactosidase (P-D-galactoside
galactohydrolase, EC 3.2.1.23) (17, 18) and showed that the
enzyme is subject to endocytosis by the phosphomannosyl up-
take system in human skin fibroblasts (5). We now report the
isolation and partial characterization of a phosphomannosyl re-
ceptor from bovine liver that binds 13-galactosidase. A prelim-
inary report of this work has been presented (19).

MATERIALS AND METHODS

Alkaline phosphatase (Escherichia coli) was obtained from
Sigma; IgGsorb (formalin-fixed Staphylococcus aureus, Cowan
strain A) from the New England Enzyme Center (Boston, MA);
endoglucosaminidase H from Miles; and carrier-free Na'"I
from Amersham. N-Acetylglucosamine 6-phosphate was pre-
pared by the method of Distler et al. (20). All other reagents
were obtained from commercial sources and were of the highest
grade available.

Protein content was estimated by the procedure of Lowry et
al. (21). Polyacrylamide gel electrophoresis was conducted un-
der reducing conditions as described by Laemmli (22) in a slab
gel containing 7.5% acrylamide. "2I-Labeled compounds were
detected by autoradiography with Kodak X-Omat film in x-ray
cassettes containing Du Pont Cronex Hi Speed intensifying
screens (23).

Conditions for the culture of Chinese hamster ovary cells
[CHO, KI (24)] and human diploid skin fibroblasts (25) have
been described. Rat hepatocytes were isolated and cultured as
described by Kilberg et al. (26), except the cells were plated and
maintained in an arginine-deficient medium to prevent growth
of nonparenchymal cells (27).

Bovine testicular (3-galactosidase was purified and assayed as
described (28). One unit hydrolyzes 1 ,mol of p-nitrophenyl
/3-D-galactopyranoside per min under the conditions of the as-
say. Fractions containing isozymes of /3-galactosidase were ob-
tained by chromatography on DEAE-Sephacel (Pharmacia)
(17). ,B-Galactosidase was labeled with "2I by the method of
Bolton and Hunter (29). Bovine testicular inhibitor glycopro-
teins that possess the phosphomannosyl recognition marker
were obtained by chromatography on concanavalin A-Sepha-
rose (Pharmacia) (18). ,B-Galactosidase was coupled to cyanogen
bromide-activated Sepharose 4B (Pharmacia) by the method of
Cuatrecasas (30). The substituted Sepharose contained approx-
imately 1 unit of /3-galactosidase per ml of Sepharose.
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Plasma membranes were prepared from bovine liver by the
procedure of Ray (31), except that the discontinuous sucrose
gradient step was omitted.

Anti-f3galactosidase was raised in New Zealand White rab-
bits (3-4 kg). Each animal was injected with 1 ml of a mixture
containing 0.5 ml of Freund's complete adjuvant and 0.5 ml of
physiological saline containing 250 jig of &galactosidase. The
antibodies were concentrated 3-fold from the serum by precip-
itation with (NH4)2SO4 at 50% saturation.

Purification of "25I-Labeled Receptor from Bovine Liver
Membranes. All steps were performed at 4TC. Receptor was
extracted from bovine liver membranes (26 mg of protein) by
extraction for 1 hr with 2 ml ofa Krebs-Ringer phosphate buffer
(pH 6.8) containing 1% Triton X-100. The mixture was centri-
fuged for 10 min at 10,000 X g and the supernatant, containing
receptor, was diluted with an equal volume of solution A (a
mixture composed of 1 vol of Krebs-Ringer phosphate buffer
and 1 vol of physiological saline containing 0.1% Triton X-100).
,/3Galactosidase (0.4 unit) was added and the mixture was in-
cubated for 90 min to form a receptor-enzyme complex. Anti-
(3-galactosidase was added and incubation was continued for an
additional 60 min.t The resulting immunoprecipitate was pel-
leted by centrifugation, washed twice with a total of 8 ml of so-
lution A, and incubated for 2 hr in 200 pA ofKrebs-Ringer phos-
phate buffer containing 5 mM mannose 6-phosphate. The
mixture was centrifuged and the supernatant containing the
receptor was radioiodinated with 1 mCi (3.7 x 107 becquerels)
of carrier-free Na'"I, using Enzymobeads as described by Bio-
Rad. The labeled protein fraction containing receptor was sep-
arated from Na1 I by gel filtration on Sephadex G-25 equili-
brated and eluted with a mixture composed of 1 vol of
Krebs-Ringer phosphate buffer and 1 vol ofphysiological saline
containing 0.1% Triton X-100 and bovine serum albumin at 1
mg/ml (solution B).

Resolution of receptor from other "2I-labeled components
was achieved by affinity chromatography on a column consisting
of 1 ml of packed P3-galactosidase-coupled Sepharose 4B equil-
ibrated with solution B. The 1"I-labeled receptor fraction was
applied to the column and the column was washed with 20 vol
of solution B. The receptor (approximately 5 x 107 cpm) was
eluted from the column with 4 vol ofsolution B containing 5 mM
mannose 6-phosphate.

Binding Assay Using "2I-Labeled Receptor. The assay mix-
ture contained the following components: 100 ,ul of solution B;
100 ,ul ofphysiological saline containing ,l3galactosidase (2.5-to
25 milliunits); 15 ,ul of "MI-labeled receptor (approximately
20,000 cpm); and 10 ,ul of saline with or without added inhib-
itor. Reaction mixtures were incubated for 90 min at 0°C and
25 A1 ofa mixture containing anti-,8-galactosidase4 and IgGsorb
(20% cell suspension) was added to each tube. The reaction
mixtures were incubated for an additional 20 min, 1 ml of so-
lution B was added, the immunoprecipitates were pelleted, and
the pellet-associated radioactivity was quantitated in a y-
counter.

RESULTS
Binding of'I-labeled /3-galactosidase to bovine liver cell mem-
branes is shown in Fig. 1. Binding is inhibited by an inhibitor
glycoprotein fraction and mannose 6-phosphate but not by glu-
cose 6-phosphate, suggesting that binding is mediated by a
phosphomannosyl receptor. The binding capacity of the mem-
branes was 0.27 milliunit of 3-galactosidase per mg of mem-
brane protein.
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FIG. 1. Binding of "2I-labeled 3-galactosidase to bovine liver
membranes as a function of time. Each assay mixture (250 ,ul) con-
tained 1.5 mg of membrane protein and 2.5 x 10' cpm of ,3galacto-
sidase in Krebs-Ringer phosphate buffer. After incubation at 4°C, 200
,ul of each assay mixture was layered over 3 ml of Krebs-Ringer phos-
phate buffer containing bovine serum albumin at 100 mg/ml and cen-
trifuged for 3 min at 2200 x g. The supernatant was aspirated offand
the membranes were resuspended in 3 ml ofKrebs-Ringer phosphate
buffer. The suspension was again centrifuged and the radioactivity
contained in the pellet was determined. o, No additions; *, incubation
mixtures containing 5 mM mannose 6-phosphate; t&, bovine testicular
inhibitor glycoproteins at 100 pg/ml; m, 5 mM glucose 6-phosphate.

After extraction ofthe membrane preparation with 1% Triton
X-100, 55% ofthe binding activity was lost from the membranes,
suggesting that the receptor had been extracted. The receptor
was demonstrated in the Triton X-100 extract in the following
manner. (3-Galactosidase was added to the Triton X-100 extract
and the resulting receptor-,B-galactosidase complex was im-
munoprecipitated with anti-13-galactosidase. The receptor was
dissociated from the immunoprecipitate with mannose 6-phos-
phate and labeled with "WI. The labeled receptor fraction was
further purified by affinity chromatography on B3-galactosidase-
Sepharose 4B (Fig. 2). Polyacrylamide gel electrophoresis in the
presence of sodium dodecyl sulfate indicated that the purified
receptor was homogeneous and had an apparent molecular
weight of 215,000 (Fig. 2). The intact receptor was not sedi-
mented when centrifuged at 105,000 X g for 1 hr.

Properties of the Binding of "2I-Labeled Receptor to IB-
Galactosidase. In order to characterize the purified "2I-labeled
receptor, a binding assay employing /3-galactosidase and anti-
3-galactosidase was used. The labeled receptor was allowed to
react with ,3-galactosidase and the resulting receptor-enzyme
complex was precipitated quantitatively by addition of anti-,B-
galactosidase and IgGsorb. Radioactivity contained in the pre-
cipitate was measured. Under the conditions of the assay, max-
imal binding of "2I-labeled receptor to /3-galactosidase oc-
curred within 90 min at 4°C. Concentrations of Triton X-100
between 0.05% and 0.55% had no effect on the binding of re-
ceptor to enzyme.

Previous studies revealed that preparations of f-galactosid-
ase are composed ofa mixture ofisozymes that display differing
rates of uptake by skin fibroblasts. The isozymes were partially
resolved into fractions by chromatography on DEAE-Sephacel
(17). As may be seen in Table 1, binding of the purified 'sI-la-
beled receptor to the enzyme fractions paralleled their uptake
by fibroblasts. Binding of the receptor to each enzyme fraction
was inhibited greater than 93%o by mannose 6-phosphate (data
not shown). Dissociation constants for ,3-galactosidase fractions

t The amount of anti-galactosidase used was that required for quanti-
tative precipitation of (-galactosidase activity.
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FIG. 2. Affinity chromatography of the "25I-labeled receptor frac-
tion from bovine liver membranes on ,B3galactosidase-Sepharose 4B.
Polyacrylamide gel electrophoresis ofthe fractions is shown in the In-
set. lane 1, crude "2'I-labeled receptor before affinity chromatography;
lane 2, affinity column wash fraction; and lane 3, material eluted with
mannose 6-phosphate. "2'I-Labeled compounds were detected by
autoradiography.

varied between 200 nM for a "lower uptake" fraction (0.01-0.03
M NaCI) to 20 nM for a "higher uptake" fraction (0.09-0.12 M
NaCl). Removal of the phosphomannosyl recognition marker
from the "higher uptake" fraction with alkaline phosphatase or
endoglucosaminidase H decreased binding by 98% and 90%,
respectively.

Several sugar phosphates were studied for their ability to in-
hibit binding of 'sI-labeled receptor to P-galactosidase. Inhi-
bition constants for these compounds were determined as de-
scribed by Dixon (32). Mannose 6-phosphate and fructose 1-
phosphate were strong inhibitors of binding, with K, values of
0.064 and 0.240 mM, respectively; noninhibitory compounds
(KY > 4.0 mM) included glucose 1-phosphate, glucose 6-phos-
phate, mannose 1-phosphate, fructose 6-phosphate, and N-ace-
tylglucosamine 6-phosphate. These values are in close agree-
ment with the k1 values obtained when these compounds were
tested as inhibitors of lysosomal enzyme uptake in fibroblasts
(3).
The effect ofpH on the binding ofthe receptor to the enzyme

is shown in Fig. 3. Greater than 95% of the 8-galactosidase ac-
tivity was immunoprecipitated at each pH value tested. Maxi-
mal binding of the labeled receptor to the enzyme occurred
between pH values of5.7 and 6.5. A precipitous drop in binding
was observed between pH values of 5.7 and 5.0. Substitution
of EDTA/phosphate buffer for Krebs-Ringer phosphate buffer
did not affect binding of the receptor to the enzyme, suggesting
that divalent cations are not required for binding. These results
closely parallel the results obtained for binding of lysosomal
enzymes to cultured skin fibroblasts (9, 33).

Phosphomannosyl-dependent uptake of lysosomal enzymes

Table 1. Binding of the 125I-labeled receptor to 3-galactosidase
isozymes

Uptake by
fibroblasts,t
milliunits/hr 125I-Labeled

1-Galactosidase fraction,* per mg cell receptor bound,t
NaCl concentration protein cpm

0 (column wash) 0.22 3,990
0.01-0.03 M 0.37 6,710
0.03-0.06 M 0.66 7,640
0.06-0.09 M 0.82 9,110
0.09-0.12 M 1.11 16,450

0.09-0.12 M
(treated with alkaline
phosphatase)§ <0.13 1,620

0.09-0.12 M
(treated with
endoglucosaminidase H) <0.13 430

* -Galactosidase (50 units) was applied to a 2 x 15 cm column of
DEAE-Sephacel in 0.05 M Tris HCl, pH 7.5, and eluted with 800 ml
of a linear salt gradient from 0 to 0.2M NaCl in the same Tris buffer
(15).

t ,-Galactosidase uptake studies were performed with generalized
gangliosidosis skin fibroblasts at a concentration of 0.025 unit/ml
as described (23).

* The binding assay was performed with 40,000 cpm of '251-labeled
receptor and 0.010 unit of P-galactosidase.
P,-Galactosidase (1.6 units) was treated with 0.3 unit of alkaline
phosphatase at 25°C for 24 hr. The mixtures were dialyzed against
0.05 M Tris HOl, pH 7.5, during the reaction.

¶ ,B-Galactosidase (1.6 units) was treated with 0.025 unit of endo-
glucosaminidase H at 3700 for 5 hr in 0.05 M sodium acetate, pH 5.0.

has been reported to occur in human skin fibroblasts (2-5),
Chinese hamster ovary cells (9), and rat hepatocytes (12, 13).
The demonstration of phosphomannosyl receptors in these cell
types is shown in Fig. 4. The receptors present in extracts of
the cells were enriched and labeled as described in Materials
and Methods for the purification of "2I-labeled bovine liver re-
ceptor. An "2I-labeled material with a molecular weight similar
to that of the purified bovine liver receptor (215,000) was found
in each case (lane 1). The specificity of the binding of each '"I-
labeled receptor to ,B-galactosidase was established by immu-
noprecipitation of receptor-enzyme complexes in the presence
and absence of inhibitors known to prevent binding of enzyme
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FIG. 3. Effect of pH on the binding of 125I-labeled receptor to (-
galactosidase. Binding assays were performed as described in Mate-
rials and Methods except that solution B contained Mcllvain citrate/
phosphate buffer at the indicated pH values in place of the Krebs-
Ringer phosphate buffer.
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FIG. 4. Demonstration of "2'I-labeled phosphomannosyl receptor in mammalian cells. Approximately 1 x 107 cells of each cell type were ex-
tracted at 4VC for 1 hr with 2 ml of Krebs-Ringer phosphate buffer containing 1% Triton X-100. Phosphomannosyl receptor of each cell type was
enriched and labeled as described for the bovine liver receptor. Each "MI-labeled receptor fraction was characterized in the following manner. (3
Galactosidase was added to samples of each fraction and the resulting complex was immunoprecipitated with anti--pgalactosidase in the presence
or absence of potential inhibitors. The resulting immunoprecipitates were subjected to polyacrylamide gel electrophoresis in the presence ofsodium
dodecyl sulfate and the "2'1-labeled compounds were detected by autoradiography. Lane 1 shows results from the enriched, labeled fraction from
each cell type; lane 2, the corresponding immunoprecipitates obtained with no additions; lane 3, with added bovine testicular inhibitor (100 pg/
ml); lane 4, with added mannose 6-phosphate (5 mM); and lane 5, with added glucose 6-phosphate (5 mM).

to receptor. Binding was inhibited by the bovine testicular in-
hibitor glycoprotein fraction and mannose 6-phosphate as evi-
denced by the absence of the "WI-labeled band (215,000) in
lanes 3 and 4, respectively. As expected, glucose 6-phosphate
was noninhibitory (lane 5).

DISCUSSION
A membrane protein that specifically binds the phosphoman-
nosyl recognition marker of lysosomal f3-galactosidase has been
isolated from Triton X-100 extracts ofbovine liver plasma mem-
branes. The "MI-labeled receptor was isolated by immunopre-
cipitation of the enzyme-receptor complex, dissociation of the
receptor from the complex with mannose 6-phosphate, and fi-
nally purification by affinity chromatography on ,3-galactosid-
ase-Sepharose 4B.

Properties ofthe purified binding protein are similar to those
of the phosphomannosyl receptor that mediates endocytosis of
lysosomal enzymes in fibroblasts (2-5) and other mammalian
cells (11-15). The purified protein binds "higher uptake" iso-
zymes of 3-galactosidase more effectively than "lower uptake"
isozymes. Binding of B-galactosidase to the purified protein is
abolished when the enzyme is pretreated with alkaline phos-
phatase or endohexosaminidase H, treatments that alter or re-
move the phosphomannosyl recognition marker of lysosomal
enzymes (2-5, 34, 35). Binding is specifically inhibited by man-
nose 6-phosphate and fructose 1-phosphate, inhibitors of the
uptake oflysosomal enzymes by fibroblasts (2, 3). The pH profile
for the binding of 3-galactosidase to the receptor is strikingly
similar to that observed for binding of,-glucuronidase to fi-
broblast cell surface phosphomannosyl receptors (33). As in the
case of lysosomal enzyme binding to fibroblasts (9), divalent
cations are not required. Phosphomannosyl receptors of the
same molecular weight and binding specificity as the purified
bovine liver receptor were demonstrated in human skin fibro-
blasts, Chinese hamster ovary cells, and rat hepatocytes. We
conclude from these results that the binding protein isolated
from bovine liver membranes is the phosphomannosyl receptor
thought to be involved in the absorptive endocytosis of extra-
cellular lysosomal enzymes (2-5, 11-15) and in the delivery of

newly synthesized lysosomal enzymes to lysosomes (6-8).
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