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GlcNAc-1-phosphotransferase plays a key role in the gener-
ation of mannose 6-phosphate, a recognition marker essential
for efficient transport of lysosomal hydrolases to lysosomes.
The enzyme complex is composed of six subunits (�2�2�2).
The �- and �-subunits are catalytically active, whereas the
function of the �-subunit is still unclear. We have investigated
structural properties, localization, and intracellular transport
of the human and mouse �-subunits and the molecular re-
quirements for the assembly of the phosphotransferase com-
plex. The results showed that endogenous and overexpressed
�-subunits were localized in the cis-Golgi apparatus. Secreted
forms of �-subunits were detectable in media of cultured cells
as well as in human serum. The �-subunit contains two in vivo
used N-glycosylation sites at positions 88 and 115, equipped
with high mannose-type oligosaccharides. 35S pulse-chase ex-
periments and size exclusion chromatography revealed that
the majority of non-glycosylated �-subunit mutants were inte-
grated in high molecular mass complexes, failed to exit the
endoplasmic reticulum (ER), and were rapidly degraded. The
substitution of cysteine 245 involved in dimerization of �-sub-
units impaired neither ER exit nor trafficking through the se-
cretory pathway. Monomeric �-subunits failed, however, to
associate with other GlcNAc-1-phosphotransferase subunits.
The data provide evidence that assembly of the GlcNAc-1-
phosphotransferase complex takes place in the ER and re-
quires dimerization of the �-subunits.

Newly synthesized lysosomal enzymes are modified with
Man-6-P residues that function as recognition markers for
specific Man-6-P receptors required for lysosomal targeting.
The receptor-enzyme complexes are transported to the endo-
somal compartment, where they dissociate because of the low
pH. The lysosomal proteins are then delivered to lysosomes
while the Man-6-P receptors return to the Golgi apparatus to
mediate further rounds of transport (1). The Man-6-P marker
is generated in the cis-Golgi apparatus by the sequential ac-
tion of two enzymes. In the first step, UDP-GlcNAc lysosomal

enzyme N-acetylglucosamine-1-phosphotransferase (termed
GlcNAc-1-phosphotransferase; EC 2.7.8.17) transfers GlcNAc
1-phosphate to C6 of mannose residues of lysosomal en-
zymes. In the second step, N-acetylglucosamine-1-phosphodi-
ester �-N-acetylglucosaminidase (EC 3.1.4.45) removes N-
acetylglucosamine residues, exposing the Man-6-P residues
(2, 3). The bovine GlcNAc-1-phosphotransferase is composed
of three subunits forming a 540-kDa heterohexameric com-
plex (�2�2�2) that is encoded by two genes, GNPTAB and
GNPTG (4–6). Mutations in the GNPTAB and GNPTG genes
have been found in patients with mucolipidosis (ML)2 types II
and III, biochemically characterized by missorting of lysoso-
mal enzymes lacking Man-6-P residues, intracellular deficien-
cies of acid hydrolases, and lysosomal storage of non-de-
graded material (reviewed in Refs. 7 and 8).
GNPTAB codes for the �/�-subunit precursor type III

membrane protein of 1265 amino acids. Both the N and C
termini of the precursor are located in the cytosol. The highly
N-glycosylated �/�-subunit precursor is proteolytically
cleaved into the individual subunits and contains the catalytic
activity and binding sites for lysosomal enzymes (9–11). The
�-subunit of GlcNAc-1-phosphotransferase represents a solu-
ble glycoprotein of 305 amino acids that forms disulfide-
linked homodimers (5). It is retained in the lumen of the cis-
Golgi apparatus, most likely by interactions with the integral
�- and �-subunits of the GlcNAc-1-phosphotransferase com-
plex (12, 13). The role of �-subunits in the formation of Man-
6-P residues is not yet clear. From recent studies, it has been
concluded that the �-subunit is important either to facilitate
the proper folding of the subunits of GlcNAc-1-phospho-
transferase and to maintain them in a conformation compe-
tent for substrate recognition and binding or to regulate the
activity and expression of the �/�-subunits (9, 14, 15). Fur-
thermore, it was shown that proteolytic fragmentation of the
�-subunit in human macrophages is associated with reduced
activity of the GlcNAc-1-phosphotransferase complex (13).
In this study, we have analyzed other post-translational

modifications in the �-subunit of GlcNAc-1-phospho-
transferase in detail and examined their role in the subcellular
localization and assembly of GlcNAc-1-phosphotransferase.
The results showed that the �-subunit contained two in vivo
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used N-glycosylation sites at positions 88 and 115. Non-glyco-
sylated �-subunit mutants were found in high molecular mass
complexes and failed to be transported from the endoplasmic
reticulum (ER) to the Golgi apparatus, whereas glycosylated
�-subunits were localized mainly in the cis-Golgi apparatus
and were secreted into the extracellular space. The substitu-
tion of cysteine 245 required for dimerization of �-subunits
impaired the GlcNAc-1-phosphotransferase complex
assembly.

EXPERIMENTAL PROCEDURES

Reagents—The following reagents were obtained commer-
cially as indicated: [35S]methionine, concanavalin A-Sepha-
rose and rainbow-colored protein molecular mass marker
from GE Healthcare; medium for cultivating Escherichia coli,
octyl-�-D-glucopyranoside, dithiothreitol, urea, and DAPI
from Roth; protein A-agarose, saponin, protamine sulfate,
Geneticin, and protease inhibitor mixture from Sigma; iso-
electric focusing (IEF) sample buffer, IEF marker 3–10 liquid
mixture, and BSA from Serva Electrophoresis; enhanced
chemiluminescence reagents from Pierce; PNGase F, endogly-
cosidase H, sialidase from Clostridium perfringens, Nonidet
P-40, and Benzonase from Roche Diagnostics; Phusion� po-
lymerase from Peqlab Biotechnology; DMEM, penicillin/
streptomycin, and LipofectamineTM 2000 from Invitrogen;
FCS and methionine-free DMEM from PAA; QuikChange�
site-directed mutagenesis kit from Stratagene; restriction en-
zymes from Fermentas; and nickel-nitrilotriacetic acid-aga-
rose from Qiagen. Oligonucleotides used for cloning and se-
quencing were synthesized by MWG Biotech.
Generation of �-Subunit Constructs—The human and

mouse �-subunit cDNAs (GenBankTM accession number
NM_032520.3 and NM_172529.3, respectively) were isolated
from total cDNA by PCR using Phusion� polymerase. The
�-subunit cDNA was subcloned with and without a C-termi-
nal RGS-His6 tag into the pcDNA3.1/Hygro(�) vector (In-
vitrogen) or into the pEGFP-N1 vector (Promega) using re-
striction enzymes EcoRI and XhoI. For expression in bacteria,
the mouse �-subunit cDNA (�-RGS-His6) was additionally
cloned into the pET28a(�) vector (Novagen). For amino acid
substitution in the human �-subunit, the QuikChange� site-
directed mutagenesis kit and designed mutagenic primers
were used. All expression vectors were sequenced (Seqlab,
Göttingen, Germany). Primers used for the generation of
�-subunit constructs are listed in supplemental Table 1.
Antibodies—Polyclonal antibodies against the human

�-subunit of GlcNAc-1-phosphotransferase were described
previously (12). For generation of polyclonal antibodies
against the mouse �-subunit, the construct mouse �-RGS-
His6-pET28a(�) was transformed into E. coli. Bacteria were
lysed under denaturing conditions (8 M urea, 5 mM dithiothre-
itol, 50 mM Tris-HCl, pH 8.0). After purification using nickel-
nitrilotriacetic acid-agarose, the isolated protein was dialyzed
against PBS and used for the immunization of rabbits. Mono-
clonal antibodies against protein-disulfide isomerase, GM130,
and GFP were obtained from BIOMOL, BD Biosciences, and
Roche Diagnostics, respectively. The monoclonal antibodies
against human LAMP-1 were obtained from the NICHD De-

velopmental Studies Hybridoma Bank (University of Iowa).
Secondary antibodies conjugated to horseradish peroxidase
and fluorochrome-conjugated antibodies were purchased
from Dianova.
Cell Culture and Transfection—Baby hamster kidney (BHK)

and COS-7 cells were cultured in DMEM supplemented with
10% FCS and antibiotics. To prepare mouse embryonic fibro-
blasts, mouse embryos were isolated at day 12.5 after termi-
nated mating (16). Mice were housed in the animal facility of
the University Medical Center Hamburg-Eppendorf. Animal
care and experiments were carried out in accordance with
institutional guidelines as approved by local authorities. Iso-
lated cells were cultured in DMEM supplemented with 20%
FCS and antibiotics. Cells grown on 6-cm plates were trans-
fected with cDNAs of �-subunit constructs using Lipo-
fectamine 2000TM according to the manufacturer’s instruc-
tions. Sixteen hours after transfection, the medium was
replaced with DMEM containing 0.05% BSA and conditioned
for 24 h.
Immunofluorescence Microscopy—For double immunofluo-

rescence microscopy, BHK cells or mouse embryonic fibro-
blasts were grown on glass coverslips for 16 h. The cells were
fixed with 3% paraformaldehyde in PBS and permeabilized
with 0.5% saponin in PBS. GFP fusion proteins were detected
by direct fluorescence. Cells were incubated for 16 h with pri-
mary antibodies and for 1 h with secondary antibodies conju-
gated to Alexa Fluor� 546. After two washes, the cells were
incubated for 5 min with DAPI solution. After three washes,
the cells were embedded in Mowiol. Fluorescence was de-
tected and images were obtained using a Leica DMIRE2 digi-
tal scanning confocal microscope and Adobe Photoshop soft-
ware, respectively.
Metabolic Labeling and Immunoprecipitation—Non-trans-

fected and COS-7 cells overexpressing �-subunit constructs
were metabolically labeled with [35S]methionine (120 �Ci/ml)
in methionine-free DMEM for 1 h. After removing the label-
ing medium, cells were chased for 6 h in DMEM containing
1% BSA and 0.25 mg/ml methionine. Cell extracts and media
were prepared in lysis buffer (0.4% Triton X-100, 0.2% sodium
deoxycholate, 0.2% SDS, and 1% BSA in PBS). After successive
removal of DNA with 50 units of Benzonase and 0.03% prota-
mine sulfate, supernatants were preabsorbed with rabbit se-
rum and protein A-agarose for 60 min at 4 °C. After centrifu-
gation, rabbit anti-human �-subunit antibody (1:200) was
added to the supernatants and incubated for 12 h at 4 °C on a
rotating wheel. The immunocomplexes were precipitated
with protein A-agarose, washed, and processed for SDS-
PAGE (10% acrylamide) under reducing conditions, followed
by fluorography (17).
Other Methods—Preparation of cell extracts, measurement

of protein content, and SDS-PAGE followed by Western blot
analysis of the human �-subunit were performed as described
recently (14). For IEF, 20 �g of proteins were mixed with
prestained IEF sample buffer and run on 5% polyacrylamide
Criterion IEF precast gels (pH 3–10) (Bio-Rad) for 60 min at
100 V, for 60 min at 250 V, and for 30 min at 500 V, followed
by �-subunit Western blot analysis. To analyze serum, sam-
ples (50 �l) were diluted in 500 �l of 20 mM Tris-HCl and 0.5
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M NaCl, pH 7.4 and incubated with concanavalin A-Sepharose
(50 �l) overnight at 4 °C. Bound material was solubilized and
processed for SDS-PAGE and Western blotting. For enzy-
matic deglycosylation of proteins, cell extracts were incubated
in the presence or absence of PNGase F, endoglycosidase H,
or sialidase for 1–3 h at 37 °C according to the manufacturer’s
instructions. Gel filtration chromatography of extracts of
COS-7 cells overexpressing �-subunit constructs was per-
formed in the presence of 30 mM octyl-�-D-glucopyranoside
on a SMART HPLC system as described recently (13).

RESULTS

The �-Subunit of GlcNAc-1-phosphotransferase Is N-Glyco-
sylated at Asn-88 and Asn-115—The human �-subunit of the
GlcNAc-1-phosphotransferase represents a soluble glycopro-
tein that contains two potential N-glycosylation sites at
Asn-88 and Asn-115 (5). Western blot analysis showed that
treatment of COS-7 cells overexpressing the human �-sub-
unit with glycosidases hydrolyzing either all N-linked oligo-
saccharides (PNGase F) or high mannose-type oligosaccha-
rides (endoglycosidase H) resulted in a shift of the
electrophoretic mobility of the �-subunit from 36 to 31
kDa (Fig. 1A). The �-subunit was not sensitive to sialidase
treatment. The data indicate the presence of high man-
nose-type oligosaccharides on the human �-subunit of
GlcNAc-1-phosphotransferase.
Similar results were obtained when cell extracts of BHK

cells overexpressing the mouse �-subunit were incubated in
the presence or absence of PNGase F, followed by Western
blot analyses using a polyclonal antibody against the murine

�-subunit (supplemental Fig. S1A). The antibody recognizes a
36/34-kDa doublet and a 31-kDa polypeptide upon deglyco-
sylation. Under nonreducing conditions, dimeric forms of the
�-subunit were detected (supplemental Fig. S1B). No immu-
noreactive polypeptides were detectable in non-transfected
cells or cell extracts overexpressing the human �-subunit,
demonstrating the specificity of the antibody. Short-term in-
cubation of cell extracts expressing mouse �-subunits with
PNGase F showed the sequential deglycosylation and indi-
cated the presence of two N-linked oligosaccharides (supple-
mental Fig. S1C).
Next, we substituted Asn-88 and/or Asn-115 with gluta-

mine residues by site-directed mutagenesis. COS-7 cells were
transiently transfected with wild-type and mutant �-subunit
(N88Q, N115Q, and N88Q/N115Q) cDNAs. Cell extracts
were incubated in the presence or absence of PNGase F and
subjected to Western blot analysis. In cell extracts, the mutant
N88Q and N115Q �-subunits exhibited the same electro-
phoretic migration pattern with a molecular mass of 34 kDa.
Both N88Q and N115Q were sensitive to PNGase F treatment
(Fig. 1B, lanes 5 and 7). These data were confirmed by West-
ern blot analysis of cells expressing the double mutant
(N88Q/N115Q), which represents a PNGase F-insensitive
non-glycosylated polypeptide band of 31 kDa (lanes 8 and 9).
Similar results were obtained in BHK cells (data not shown),
demonstrating that Asn-88 and Asn-115 are N-glycosylated in
a cell type-independent manner. To analyze whether the N-
glycosylation affects the dimerization of the �-subunits, cell
extracts were analyzed under nonreducing conditions by
SDS-PAGE and Western blotting (supplemental Fig. S2). In
extracts of wild-type �-subunit-overexpressing cells, a 72-kDa
dimeric form was detected (lane 2), which was absent in non-
transfected cells (lane 1). Treatment with PNGase F resulted
in a molecular mass shift of �10 kDa to the 62-kDa non-gly-
cosylated dimer (lane 3). The three mutants lacking one
(N88Q or N115Q) or both N-glycosylation sites (N88Q/
N115Q) exhibited 66-kDa monoglycosylated and 62-kDa
non-glycosylated dimeric forms (lanes 4–9). These data
showed that the loss of one or both N-glycosylation sites does
not affect the dimerization of the �-subunit.
N-Glycosylation Is Required for the Intracellular Trafficking

of the �-Subunit—The endogenous human �-subunit of
GlcNAc-1-phosphotransferase is localized in the cis-Golgi
apparatus in human fibroblasts and cultured macrophages
(12, 13, 18). Double immunofluorescence microscopy of
mouse embryonic fibroblasts demonstrated the presence of
the endogenous �-subunit in the cis-Golgi apparatus by com-
plete colocalization with the Golgi apparatus marker GM130
(supplemental Fig. S1D) but not with the ER marker protein-
disulfide isomerase or the lysosomal marker LAMP-1 (data
not shown). The same results were obtained when the human
�-subunit C-terminally fused to GFP was overexpressed in
BHK cells. Immunoreactive polypeptides were observed in the
Golgi apparatus (Fig. 2A) but not in the ER (data not shown).
The endoglycosidase H sensitivity and the colocalization
with GM130 confirmed that the �-subunit of GlcNAc-1-
phosphotransferase is localized in the cis-Golgi apparatus cis-
ternae in different cell types.

FIGURE 1. The �-subunit of GlcNAc-1-phosphotransferase is glycosyl-
ated at Asn-88 and Asn-115. A, extracts (75 �g) from �-subunit-overex-
pressing COS-7 cells were incubated for 1 h in the presence (�) or absence
(�) of PNGase F, endoglycosidase H (endoH), or sialidase. SDS-PAGE (12.5%
acrylamide) was performed under reducing conditions, and Western blot
analysis was against the human �-subunit (1:250 dilution). B, extracts (75
�g) from COS-7 cells overexpressing the wild-type (WT; lanes 2 and 3) and
mutant (N88Q, N115Q, and N88Q/N115Q (N88/115Q); lanes 4-9) �-subunits
were incubated for 1 h in the presence (�) or absence (�) of PNGase F. The
proteins were analyzed by SDS-PAGE (10% acrylamide) under reducing con-
ditions, and human �-subunit Western blot analysis was performed. Non-
transfected cell extracts were used as a control (lane 1). The positions of the
molecular mass marker proteins in kilodaltons are indicated. Representative
blots of three to four experiments are shown.
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To examine whether N-glycosylation is required for the
intracellular transport of the �-subunit of GlcNAc-1-
phosphotransferase, we analyzed BHK cells overexpressing
the mutant N88Q/N115Q C-terminally fused to GFP by
double immunofluorescence microscopy. Non-glycosylated
�-subunits did almost not colocalize with the Golgi appara-
tus marker GM130, whereas the majority costained with
the ER marker protein-disulfide isomerase (Fig. 2B), indi-
cating that N-glycosylation of the �-subunit is essential for
ER exit.
Interestingly, the �-subunit was also detectable in condi-

tioned medium of overexpressing COS-7 cells as a broad
polypeptide band with a higher molecular mass than intracel-
lular �-subunit forms (Fig. 3A, lanes 2 and 4). The increase in
molecular mass was most likely due to complex oligosaccha-

ride formation during passage of distal stacks of the Golgi
apparatus. The treatment of media with PNGase F resulted in
a molecular mass shift to the 31-kDa non-glycosylated �-sub-
unit form (lane 5). Under nonreducing conditions, the se-
creted �-subunit was detectable as a dimer (lane 6). These
data indicate that parts of the dimeric �-subunit not only
were retained in the cis-Golgi apparatus but were secreted
into the extracellular space. Similar data were obtained by
analyzing conditioned medium of COS-7 cells expressing the
mouse �-subunit (supplemental Fig. S1E).
To investigate the N-glycosylation of cellular and secreted

�-subunits in more detail, we used IEF. The cellular forms of
the �-subunit showed a complex pattern of at least four im-
munoreactive bands between pI 6.6 and 5.9 (Fig. 3B). In the
medium, both a pI 6.6 form of the human �-subunit and a pI

FIGURE 2. Intracellular localization of the human �-subunit. BHK cells were transfected with cDNA encoding the human wild-type �-subunit C-terminally
fused to GFP (A) or the non-glycosylated �-subunit (N88Q/N115Q (N88/115Q)) C-terminally fused to GFP (B). Cells were costained for either the cis-Golgi
apparatus marker protein GM130 (red; 1:200 dilution) or the ER marker protein-disulfide isomerase (red; 1:400 dilution). Colocalization in merged images
appears yellow. Scale bars � 10 �m. Magnified views of the indicated white squares are shown at the bottom.
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5.6 form of higher negative charge were visible (Fig. 3B).
To exclude that secretion of the �-subunit of GlcNAc-1-
phosphotransferase was caused by overexpression in COS-7
cells, we analyzed whether secreted �-subunit polypeptides
were detectable at the endogenous level. Therefore, serum
samples of two healthy individuals and an MLIII patient lack-
ing the �-subunit due to an intronic mutation in the coding
GNPTG gene (15) were analyzed by Western blotting. In con-
trol serum, two �-subunit-specific immunoreactive bands of
39 and 35 kDa were detectable, which were absent in the se-
rum of the MLIII patient (Fig. 3C), confirming that �-subunits
were partially secreted and present in the serum. The mutant
non-glycosylated human �-subunit (N88Q/N115Q) could not
be observed in the medium of overexpressing COS-7 cells
(Fig. 3D), confirming the immunofluorescence microscopic
data that N-glycosylation was required for exit from the ER
and trafficking of the �-subunit along the secretory route.
Cysteine 245 Is Responsible for Dimerization of the

�-Subunits—There are seven cysteine residues in the amino
acid sequence of the �-subunit, Cys-71, Cys-84, Cys-129, Cys-
142, Cys-157, Cys-169, and Cys-245, which might form intra-
and intermolecular disulfide linkages (prediction programs
DISULFIND and DIANNA (19, 20)). We generated a series of
�-subunit mutants substituting single, double, or triple cys-
teine residues with serine by site-directed mutagenesis.
COS-7 or BHK cells were transiently transfected with wild-
type or mutant �-subunit cDNA. Subsequently, cell extracts
were analyzed by �-subunit Western blotting. When SDS-
PAGE was performed under nonreducing conditions, only
mutants comprising C245S substitutions (C245S, C157S/
C245S, and C84S/C157S/C245S) could be detected as 36-kDa
monomeric forms (Fig. 4A and supplemental Fig. S3). All
other cysteine mutants (C84S, C142S, C157S, C169S, and
C84S/C157S) were expressed under these conditions as
dimers. Upon reducing SDS-PAGE, immunoreactive glycosyl-
ated 36-kDa monomeric bands were observed in extracts of
wild-type and C245S-expressing cells, whereas the C142S,
C157S, and C169S mutants exhibited a slightly increased elec-
trophoretic mobility (Fig. 4A). These differences persisted
upon PNGase F-mediated deglycosylation, supporting the
observation that the availability of one or more free cysteine
residues impairs the compact structure compared with pro-
teins containing intact disulfide bonds (21, 22). The data indi-
cated that Cys-142, Cys-157, and Cys-169 are involved in in-
tramolecular disulfide bonds and that Cys-245 is responsible
for the formation of an intermolecular disulfide linkage re-
quired for homodimerization of �-subunits. Additionally, the
data showed that all cysteine mutants tested are stable.
Double immunofluorescence microscopy showed that the

mutant C245S �-subunit colocalized with the Golgi apparatus
marker protein GM130 (Fig. 4B). This indicated that dimer-
ization was not essential for ER exit of the �-subunit. Western

FIGURE 3. N-Glycosylation is required for the intracellular trafficking of
the �-subunit. A, cell extracts (50 �g) and media conditioned for 24 h
(20%) from COS-7 cells overexpressing the human �-subunits (lanes 2 and 3)
were incubated for 1 h in the presence (�) or absence (�) of PNGase F.
Non-transfected COS-7 cells were used as a control (lane 1). The proteins
were analyzed by SDS-PAGE under reducing (�; lanes 1-5) and nonreducing
(�; lane 6) conditions. The positions of monomeric and dimeric forms are
indicated. B, for separation of �-subunit isoforms, cell extracts and condi-
tioned media from COS-7 cells overexpressing the human �-subunits were
mixed with IEF sample buffer and analyzed by IEF. The pH gradient and the
�-subunit forms (1–5) are indicated. C, sera (50 �l) of two healthy individu-
als (Co) and an MLIII patient lacking the �-subunit protein (15) were incu-
bated with concanavalin A-Sepharose. Bound glycoproteins were analyzed

by SDS-PAGE under reducing conditions (12.5% acrylamide), followed by
�-subunit Western blotting. D, cell extracts (75 �g) and media conditioned
for 24 h (15%) from COS-7 cells overexpressing the human wild-type (WT)
and non-glycosylated mutant N88Q/N115Q (N) �-subunits were ana-
lyzed by SDS-PAGE under reducing conditions and by �-subunit Western
blotting.

GlcNAc-1-phosphotransferase �-Subunit Assembly and Transport

FEBRUARY 18, 2011 • VOLUME 286 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5315

http://www.jbc.org/cgi/content/full/M110.202382/DC1


blot analysis of cell extracts and media of COS-7 cells overex-
pressing the wild-type or mutant C245S �-subunit demon-
strated that comparable amounts of secreted forms were
found in the media (Fig. 4C), indicating that the formation of
homodimers is not required for the passage of the �-subunits
through the Golgi apparatus.
Dimerization of the �-Subunits Is Important for the Assem-

bly of the GlcNAc-1-phosphotransferase Complex—It has been
reported that the subunits of bovine GlcNAc-1-phospho-
transferase form a 540-kDa hexameric �2�2�2 complex (4).
Size exclusion chromatography represents a suitable method
to follow the assembly of the GlcNAc-1-phosphotransferase
subunits into higher molecular mass complexes (13). Here, we
analyzed the importance of N-linked oligosaccharides and the
capability of the �-subunit for dimerization to assemble in

high molecular mass GlcNAc-1-phosphotransferase com-
plexes. First, octyl-�-D-glucopyranoside extracts of BHK cells
expressing wild-type and the non-glycosylated N88Q/N115Q
�-subunit were analyzed by size exclusion chromatography.
Both wild-type and non-glycosylated mutant forms were
eluted in fraction 2, corresponding to elution profiles of pro-
tein complexes with estimated molecular masses of 440–660
kDa (Fig. 5, A and B). The data indicated that N-linked oligo-
saccharides were not required for GlcNAc-1-phosphotransferase
complex formation. Second, when extracts of COS-7 cells
overexpressing the mutant C245S �-subunit were analyzed by
size exclusion chromatography, immunoreactive �-subunits
were recovered in fractions 8 and 9, coeluting with proteins
smaller than 60 kDa (Fig. 5C). No mutant C245S �-subunit
was found in fraction 2 containing high molecular mass pro-
tein complexes. The data demonstrate that monomeric
�-subunits fail to assemble with endogenous GlcNAc-1-
phosphotransferase subunits.
Increased Secretion of the Mutant C245S Monomeric

�-Subunit—BHK cells overexpressing the wild-type or mu-
tant (N88Q/N115Q and C245S) �-subunits were metaboli-
cally labeled with [35S]methionine for 1 h and either harvested
or chased in nonradioactive medium for 6 h. 35S-Labeled
wild-type �-subunits were detectable as 36-kDa polypeptides
after a 1-h pulse (Fig. 6, lane 2). Radioactive quantification of
35S-containing bands cut from the gel revealed that after a
chase period of 6 h, approximately 73 and 27% of wild-type
�-subunits were found in cell extracts and media, respectively
(lanes 3 and 8). The non-glycosylated mutant N88Q/N115Q
�-subunit could be immunoprecipitated as a 31-kDa 35S-la-
beled protein (lane 4). After a 6-h chase, no polypeptides were
detectable in cell extracts and media (lanes 5 and 9), suggest-

FIGURE 4. Cys-245 is involved in dimerization of the �-subunits. A, cell
extracts from COS-7 cells overexpressing the human wild-type (WT) and
mutant (C142S, C157S, C169S, and C245S) �-subunits were incubated for
1 h in the presence (�) or absence (�) of PNGase F. The proteins were sepa-
rated by SDS-PAGE under reducing (� ME) and nonreducing (� ME) condi-
tions and analyzed by �-subunit Western blotting. The asterisk indicates an
unspecific band. B, the mutant C245S �-subunit C-terminally fused to GFP
shows colocalization with the cis-Golgi apparatus marker protein GM130 in
BHK cells. Scale bar � 10 �m. Magnified views of the indicated white squares
are shown below. C, cell extracts (75 �g) and media conditioned for 24 h
(15%) from COS-7 cells overexpressing the human wild-type (WT) and mu-
tant C245S (C) �-subunits were analyzed by �-subunit Western blotting.

FIGURE 5. Dimerization but not N-glycosylation of the �-subunits is im-
portant for the complex formation of GlcNAc-1-phosphotransferase.
Size exclusion chromatography was performed using a Sephadex 200 col-
umn. Lysates of BHK cells overexpressing wild-type (WT; A), mutant N88Q/
N115Q (N88/115Q; B), and mutant C245S (C) �-subunits were run under
identical conditions. Eluted fractions (100 �l) were analyzed by Western
blotting for the �-subunit. The elution of the standard proteins thyroglobu-
lin (660 kDa), ferritin (440 kDa), albumin (66 kDa), and ribonuclease A (13.5
kDa) are indicated at the top of the blots (see also Ref. 13). For comparison,
50 �l of the loaded extract (input (In)) was included.
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ing that the loss of N-glycosylation sites affects the folding
and transport to the Golgi apparatus and results in degrada-
tion of the �-subunits. The mutant C245S �-subunit was syn-
thesized as a 36-kDa protein (lane 6). After the 6-h chase pe-
riod, 40% of the newly synthesized protein was found in cell
extracts and 60% in the media (lanes 7 and 10). The data sug-
gest that the inability of monomeric �-subunits to form
high molecular mass complexes with �/�-subunits of
GlcNAc-1-phosphotransferase leads to an increased secretion
into the medium.
Of note, when COS-7 cells overexpressing the human

�-subunit were metabolically labeled for 1 h and either har-
vested or chased for 1, 2, and 3 h, followed by immunopre-
cipitation of the �-subunit, the intensity of 35S-labeled precip-
itated polypeptide increased at least until 2 h of chase. The
data suggest that the folding of the �-subunits is a slow pro-
cess accompanied by an increased number of antibody-acces-
sible epitopes.

DISCUSSION

The human �-subunit has two potential N-glycosylation
sites (Asn-88 and Asn-115) that are both used in vivo and are
conserved in human, monkey, mouse, rat, and chicken or-
tholog proteins (supplemental Fig. S4). Here, we have shown
that mouse �-subunits are also glycosylated at Asn-88 and
Asn-115. When expressed in COS-7 cells, the presence of
high mannose-type oligosaccharides and the colocalization

with the Golgi apparatus marker GM130 suggested that the
�-subunits were localized in the cis-Golgi apparatus. In addi-
tion, Western blot analysis and pulse-chase experiments of
metabolically labeled cells followed by immunoprecipitation
demonstrated that �25% of newly synthesized �-subunits are
secreted as dimers. During their passage through distal parts
of the Golgi apparatus, the glycans on �-subunits are pro-
cessed to complex-type oligosaccharides, which contribute to
the more acidic pI of the secreted �-subunit in comparison
with the cellular �-subunit forms. Secretory forms of �-sub-
units are not caused by the overexpression but can also be
observed in the serum of healthy individuals, whereas �-sub-
units were not detectable in the circulation of an MLIII pa-
tient who lacks �-subunits because of an intronic mutation in
the GNPTG gene (15). At present, the physiological signifi-
cance of the secretory �-subunit and the mechanism by which
soluble �-subunits are retained in the Golgi apparatus are un-
known. It is likely that the formation of the hexameric
GlcNAc-1-phosphotransferase complex prevents the secre-
tion of �-subunits for which N-linked oligosaccharides of
�-subunits might be important. Our data demonstrate that
the absence of oligosaccharides, however, reduces the stability
and impairs the transport of �-subunits from the ER to the
Golgi apparatus. These data may explain how the deletion of
one N-glycosylation site (Asn-115) in the �-subunit found
in two MLIII siblings resulted in reduced activity of
GlcNAc-1-phosphotransferase and sorting efficiency of sev-
eral lysosomal enzymes (12). One N-linked oligosaccharide on
the �-subunit monomers appears to be not sufficient to assist
the proper interaction with molecular chaperones or with
quality control sorting receptors (23).
Replacement of Cys-245 prevented the formation of disul-

fide bonds between �-subunit monomers. Pulse-chase experi-
ments and size exclusion chromatography provided evidence
that mutant C245S �-subunits were stable and were found in
the cis-Golgi apparatus but lost their capability to assemble
with the �/�-subunit precursor protein. The data were sup-
ported by the higher percentage of secreted mutant C245S
�-subunits. How the non-assembled �-subunit mutant is
transported and retained in the Golgi apparatus remains to be
examined.
The analysis of brain extracts of �-subunit targeted mice

(11) and of �-subunit-deficient fibroblasts of MLIII patients
(15) revealed that the formation of the Man-6-P recognition
marker and the sorting efficiency of lysosomal enzymes were
reduced in a hydrolase-depending manner. The affected
GlcNAc-1-phosphotransferase activity in these cells might
have been partially compensated by an increase in �/�-sub-
unit precursor mRNA expression (14). In addition, the pro-
teolytic cleavage of the �-subunit in human macrophages also
inhibits the formation of high molecular mass complexes with
other GlcNAc-1-phosphotransferase subunits (13) and is as-
sociated with a strongly reduced capability to form Man-6-P
residues on lysosomal enzymes.
In summary, this study provides insight into the structural

requirements of �-subunits to assemble with other subunits
of the GlcNAc-1-phosphotransferase complex. The data dem-
onstrate the importance of �-subunit dimerization for subunit

FIGURE 6. Biosynthesis and sorting of human wild-type and mutant
�-subunits. Non-transfected and BHK cells overexpressing the wild-type
(WT), N88Q/N115Q (N), and C245S (C) �-subunit constructs were metaboli-
cally labeled with [35S]methionine. Human �-subunits were immunoprecipi-
tated from cells that were either harvested (�) or chased (�) for 6 h (A) or
for 1, 2, and 3 h (B) in media as described under “Experimental Procedures.”
The amounts of secreted �-subunits were determined by excision of 35S-
labeled gel pieces and are expressed as a percentage of totally synthesized
�-subunits in cells and media (A).
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assembly and the requirement of N-linked high mannose-type
oligosaccharides for stability and exit from the ER. The trans-
port of the heterohexameric GlcNAc-1-phosphotransferase
complex from the ER to the Golgi apparatus is prerequisite
for Man-6-P formation on lysosomal proteins and lysosomal
functions.
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