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�-Mannosidosis is caused by the genetic defect of the lysosomal �-D-mannosidase (LAMAN), which is
involved in the breakdown of free �-linked mannose-containing oligosaccharides originating from glycopro-
teins with N-linked glycans, and thus manifests itself in an extensive storage of mannose-containing oligosac-
charides. Here we demonstrate in a model of mice with �-mannosidosis that native lysosomal proteins exhibit
elongated N-linked oligosaccharides as shown by two-dimensional difference gel electrophoresis, deglycosyla-
tion assays, and mass spectrometry. The analysis of cathepsin B-derived oligosaccharides revealed a hyper-
mannosylation of glycoproteins in mice with �-mannosidosis as indicated by the predominance of extended
Man3GlcNAc2 oligosaccharides. Treatment with recombinant human �-mannosidase partially corrected the
hyperglycosylation of lysosomal proteins in vivo and in vitro. These data clearly demonstrate that LAMAN is
involved not only in the lysosomal catabolism of free oligosaccharides but also in the trimming of asparagine-
linked oligosaccharides on native lysosomal proteins.

The lysosomal �-D-mannosidase (LAMAN; EC 3.2.1.24) be-
longs to the group of at least seven lysosomal exoglycosidases
which sequentially degrade oligosaccharides derived from gly-
coproteins (2, 31). These glycoproteins enter the lysosomal
compartment by either endocytic pathways (extracellular and
plasma membrane proteins) or autophagic processes (intracel-
lular proteins). In addition, free oligosaccharides originating
from lipid-linked oligosaccharides in the endoplasmic reticu-
lum and from glycoproteins by the endoplasmic reticulum-
associated protein degradation (ERAD) pathway are trans-
ported into the lysosome, where these oligosaccharides are
subsequently degraded (9, 45). Inside the lysosome, the deg-
radation of the glycoproteins is described as a bidirectional
process in which on the one hand the polypeptide is hydrolyzed
by a cohort of lysosomal endo- and exoproteases with partially
overlapping specificities like cathepsins and other peptidases
(like DPP II and TPP-I [19, 40, 52). On the other hand, the
sugar moiety is stepwise hydrolyzed into its monosaccharides
by exoglycosidases. The precise order of the bidirectional
breakdown of glycoproteins is unclear, although assumptions
can be made based on the analysis of the storage products of
the different glycoproteinoses (31). Therefore, it is assumed
that an efficient degradation of the oligosaccharide chain is
highly dependent on the cleavage of the protein-oligosaccha-
ride linkage by the glycosylasparaginase (2, 31). In contrast, the

proteolysis of the polypeptide backbone is mainly unaffected by
intact oligosaccharide structures on the glycoproteins (1).

LAMAN has a broad substrate specificity, cleaving nonre-
ducing terminal �1,2-, �1,3-, and �1,6-mannosyl linkages
found in complex-type, hybrid-type, and high-mannose-type
asparagine-linked glycans (30, 60). Additionally, a second ly-
sosomal mannosidase (MAN2B2) specific for the core �1,6
branch was characterized and found to be dependent on the
prior enzymatic activity of lysosomal glycosylasparaginase or
chitobiase, releasing Man3GlcNAc2 and Man3GlcNAc oligo-
saccharides, respectively (21, 36). The cooperation of this
novel core-specific �1,6-mannosidase with chitobiase is also
reflected by their similar tissue-specific expression patterns in
humans and rodents and their simultaneous absence in cattle
and cats (2, 14).

LAMAN deficiency results in the rare lysosomal storage
disorder (LSD) �-mannosidosis, which is clinically character-
ized by progressive mental retardation, dysostosis multiplex,
impaired hearing, immune defects, and mild hepatospleno-
megaly. However, the onset of symptoms varies greatly and the
clinical severity of �-mannosidosis patients ranges from mildly
affected to severely affected, lacking a genotype-phenotype
correlation (29). Patients also show elevated serum and urine
oligosaccharide levels and an enlargement of the lysosomal
compartment which is considered to be caused by the accumu-
lation of undegraded oligosaccharides. The major lysosomal
storage product is the trisaccharide Man2GlcNAc, although
oligosaccharides with up to eight mannosyl residues were de-
tected in the urine and serum of patients, indicating their
lysosomal accumulation as well (4, 33). From these findings,
one can draw the conclusion that beside metabolic intermedi-
ates of the glycoprotein degradation, a considerable number of
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oligosaccharides originate from dolichol-linked oligosaccha-
rides or from glycoproteins that failed quality control in the
endoplasmic reticulum and thus are degraded by the protea-
some, leaving behind highly mannosylated glycans (23, 32, 41).
It is assumed that 70% of the stored oligosaccharides derive
from complex- and hybrid-type glycans, 10% derive from high-
mannose-type glycans, and 20% derive from biosynthetic in-
termediates, e.g., lipid-linked oligosaccharides (61).

Naturally occurring animal models for �-mannosidosis have
been described for cats (8, 55), cattle (6, 24), and guinea pigs
(12). The animal models have been the subjects of various
studies dealing with neuropathological, behavioral, and thera-
peutic aspects of �-mannosidosis (3, 13, 38). It was shown with
guinea pigs and cats that enzyme replacement therapy (ERT)
and bone marrow transplantation, respectively, provided a
benefit concerning clinical manifestations and remarkable suc-
cess in the central nervous system of cats after bone marrow
transplantation (13, 56).

Aside from the naturally occurring models, a mouse model
for �-mannosidosis was generated in which the LAMAN gene
was disrupted by gene targeting. This mouse model phenotyp-
ically resembled a mild variant of the human disease (46). We
exploited this mouse model to develop an ERT approach as
already clinically established for other LSDs like Gaucher dis-
ease, Hunter disease, or Pompe disease. For this purpose,
LAMAN preparations from different species were proven to
be efficacious for visceral organs, and most remarkably, we
demonstrated that high-dose administration of recombinant
human LAMAN (rhLAMAN) affected the central neural stor-
age (39). Very recently, Blanz et al. confirmed the influence of
high-dosage ERT on the peripheral as well as the central
nervous system in the same mouse model and showed clear-
ance of storage material in hippocampal neurons in particular
(5). Here, we report on structural alterations of lysosomal
proteins in mice with �-mannosidosis due to hyperglycosyla-
tion and the reversibility by ERT.

MATERIALS AND METHODS

Mice and ERT. Mice with �-mannosidosis and wild-type mice (C57BL/6 back-
ground) were used throughout the study (46). Animals were maintained under
standard housing conditions on a 12-hour-light and 12-hour-dark schedule. All
experiments were approved by local authorities (reference number G 46.04,
Bezirksregierung Braunschweig). Experiments were done with 2- to 6-month-old
animals.

For rhLAMAN treatment, mice were intravenously injected in the tail vein
four times in 2 weeks with 100 mU/g body weight rhLAMAN (stock solution, 44
U/ml) in a total volume of 100 �l and sacrificed 2 days after the last injection. To
control the amount of enzyme administered, blood was taken from the retro-
orbital plexus 5 minutes after injection. Storage of oligosaccharides was moni-
tored by thin-layer chromatography as described previously (39).

Lysosome isolation (tritosomes). Mice were treated with a single injection of
0.75 mg tyloxapol (Triton WR1339; Sigma)/g body weight 4 days prior to liver
removal. The isolation of tritosomes from tyloxapol-treated and control mice
included differential centrifugation and isopycnic centrifugation and resulted in
a lysosome-enriched fraction, F2, as described before (15, 58).

2-D gel electrophoresis. For preparative two-dimensional (2-D) gel electro-
phoresis, 300 �g of lysosomal F2 fraction was acetone precipitated and
resuspended in 100 �l lysis buffer {7 M urea, 2 M thiourea, 2% 3-[(3-
cholamidylpropyl)-dimethylammonio]-1-propanesulfonate [CHAPS]}. One
volume of rehydration buffer (lysis buffer with 2% [wt/vol] dithiothreitol
[DTT], 2% immobilized pH gradient [IPG] buffer pH 4 to 7 [GE Healthcare])
was added, and samples were subsequently applied to IPG strips by rehydra-
tion overnight.

Isoelectric focusing (IEF) was performed according to standard protocols

using IPG strips in the range of pH 4 to 7 (GE Healthcare, Munich, Germany)
on an IPGPhor II unit (GE Healthcare). After calibration with DTT (10 mg/ml)-
and iodacetamide (25 mg/ml)-containing equilibration buffer (6 M urea, 75 mM
Tris-HCl, pH 8.8, 30% glycerol, 2% sodium dodecyl sulfate [SDS]), SDS-poly-
acrylamide gel electrophoresis (PAGE) was carried out on 15% gels made
in-house. Preparative gels were stained with colloidal Coomassie brilliant blue G
solution (Roth, Karlsruhe, Germany).

2-D fluorescence DIGE. CyDye difference gel electrophoresis (DIGE) Fluor
minimal dyes (GE Healthcare, Munich, Germany) were used for fluorescence
labeling. Twenty-five micrograms of F2 fractions in 10 �l lysis buffer (see above)
derived from wild-type mice and mice with �-mannosidosis was labeled with 1 �l
Cy3/Cy5 working solution (400 pmol/�l in dimethyl formamide), respectively, for
30 min on ice in the dark. The labeling reaction was quenched by the addition of
1 �l of 10 mM lysine. After addition of 90 �l lysis buffer, 2-D electrophoresis was
performed as described above. Fluorescence was scanned with the appropriate
wavelengths for Cy3 and Cy5 with a Typhoon 9400 scanner (GE Healthcare).

Western blot analysis and antibodies. SDS-PAGE, Western blotting, and
Coomassie blue staining were performed according to standard protocols. The
following antibodies and antisera were used for immunoblotting: anti-cathepsin
B (Neuromics), anti-cathepsin E (personal gift from Y. Ohsumi [unpublished
data]), anti-NPC2 protein (rabbit antibody against recombinant human NPC2;
gift of Shutish Patel; see also reference 59), anti-Scpep1 (25), and anti-glyceral-
dehyde-3-phosphate dehydrogenase (anti-GAPDH; FL-335; Santa Cruz).

Lectin Western blotting. Twenty-five micrograms of F2 fractions was sepa-
rated by 15% SDS-PAGE and subsequently blotted on a polyvinylidene difluo-
ride (PVDF) membrane. Membranes were incubated with biotin-conjugated
Lens culinaris lectin (2 �g/�l; Vector Laboratories, Burlingame, CA) in 3%
bovine serum albumin overnight and detected with horseradish peroxidase-con-
jugated streptavidin. No streptavidin-cross-reacting bands were observed when
the Lens culinaris lectin was omitted.

Deglycosylation experiments. Thirty micrograms of lysosomal fractions was
subjected to rhLAMAN, peptide N-glycosidase F (PNGase F), and endoglyco-
sidase H (Endo H) treatment. LAMAN treatment was performed under native
lysosomal conditions in 100 mM citrate buffer (pH 4.6) and 1 mM phenylmeth-
ylsulfonyl fluoride with 200 mU of rhLAMAN for 16 h at 37°C. PNGase F and
Endo H treatments were performed as recommended by the manufacturer
(Roche).

In-gel PNGase F digestion. The Coomassie blue-stained bands were excised
from the gel by using a scalpel and transferred into microcentrifuge tubes. Each
excised gel piece was further destained by being washed several times with the
two following solutions: 50 mM ammonium bicarbonate acetonitrile (1:1, vol/vol)
and acetonitrile for 20 min. The solution was then removed, and the gel pieces
were dehydrated with acetonitrile for 20 min. After acetonitrile was removed, the
gel pieces were left to dry in a vacuum centrifuge for 30 min at room tempera-
ture. Each gel piece was further suspended in 50 mM ammonium bicarbonate
containing 20 mM DTT. Bands corresponding to peptides were then reduced at
56°C for 45 min. After the DTT-containing supernatant was removed, each gel
piece was suspended with 50 mM ammonium bicarbonate containing 110 mM of
iodoacetamide (IAA) and S alkylation was conducted overnight in the dark at
room temperature. The alkylating reagent-containing solution was removed, and
the gel pieces were washed several times in 100 mM ammonium bicarbonate for
20 min. The gel pieces were finally dehydrated with acetonitrile and dried in the
vacuum centrifuge for 45 min.

The dried gel pieces were rehydrated in 20 mM ammonium bicarbonate buffer
(pH 8.3) containing 1 U of PNGase F, and enzymatic deglycosylation was per-
formed at 37°C overnight. The PNGase F-released N-glycans were eluted from
the gel pieces with water three times for 20 min. The pooled extracted glycans
were dried in a vacuum centrifuge and then desalted on minicolumns with 10 mg
of nonporous graphitized carbon. The columns were sequentially washed with 1
ml of methanol and 2 ml of 0.1% (vol/vol) trifluoroacetic acid (TFA). The
glycans were dissolved in 300 �l of 0.1% (vol/vol) TFA, applied to the column,
and washed with 2 ml of 0.1% (vol/vol) TFA. The elution of glycans was con-
ducted with the application of 1 ml of 25% (vol/vol) acetonitrile in water con-
taining 0.1% (vol/vol) TFA. The fractions were dried in a vacuum centrifuge.

MALDI mass spectrometry. Matrix-assisted laser desorption ionization
(MALDI) mass spectrometry experiments for oligosaccharide analysis were car-
ried out on a Voyager Elite DE-STR Pro instrument (PerSeptive Biosystems,
Framingham, MA) equipped with a pulsed nitrogen laser (337 nm) and a gridless
delayed-extraction ion source. The spectrometer was operated in positive reflec-
tron mode by delayed extraction with an accelerating voltage of 20 kV, a pulse
delay time of 200 ns, and a grid voltage of 66%. All spectra shown represent
accumulated spectra obtained by 400 to 500 laser shots. The sample was pre-
pared by mixing a 1-�l aliquot (5 to 10 pmol) with 1 �l of matrix solution on the
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MALDI sample plate. The matrix solution was prepared by saturating methanol-
water (1:1) with 2,5-dihydroxybenzoic acid (10 mg/ml). Peptide mass fingerprint
(PMF) analysis was performed as described by Kollmann et al. (26) on a Reflex
III MALDI-time of flight (TOF) mass spectrometer (Bruker Daltonik, Bremen,
Germany).

RESULTS

Isolation and identification of lysosomal proteins from
mouse liver. To obtain lysosome-enriched fractions (F2) from
mouse liver, mice were treated with tyloxapol 4 days prior to
liver removal. Tyloxapol inhibits the lipoprotein lipase and
causes an increased endocytosis and delivery of low-density
lipoprotein into the lysosomes of the hepatocytes. Hence, the
density of the lysosomes is selectively altered so that they can
be efficiently separated from other organelles. Three livers of
either control mice or mice with �-mannosidosis were pooled
and subsequently subjected to differential centrifugation and a
single discontinuous sucrose density gradient. The resulting
lysosome-enriched fraction is 40- to 50-fold enriched in lyso-
somal marker proteins like �-hexosaminidase or �-glucuroni-
dase (data not shown). We tested the quality of the lysosomal
preparation by 2-D gel electrophoresis followed by mass spec-
trometry analysis. Therefore, 300 �g of protein of lysosome-
enriched fraction F2 from control mice was separated on a
conventional 2-D gel, visualized by Coomassie blue staining,
and analyzed by PMF assay. Figure 1 shows a representative
2-D map of the lysosome-enriched fraction F2 derived from
three mice. We excised and analyzed a moderate number of 46
clearly separated protein spots and identified 17 lysosomal
proteins in 43 protein spots. Two spots originated from non-
lysosomal proteins, subunit d of the ATP synthase in spot 23
and the Cu/Zn superoxide dismutase in spot 32, and a third
protein spot could not be identified (spot 34) (Fig. 1B). While
some lysosomal proteins like the palmitoyl protein thioesterase
2 and arylsulfatase B were detected in a single spot, some
lysosomal proteins were identified in a series of spots, e.g.,
cathepsin B (spots 7 to 13) or cathepsin D (spots 15 to 17, 24
to 28, 40, and 41), due to heterogeneity in size and charge that
is caused posttranslationally by processes like limited proteol-
ysis and trimming of N-linked oligosaccharides. These results
confirm that the F2 fraction from mouse liver preferentially
consists of soluble lysosomal proteins.

2-D DIGE analysis of mouse liver lysosomal proteins. In
order to reveal differences in the protein compositions of the
lysosomal compartments from control mice and mice with
�-mannosidosis, lysosome-enriched fraction F2 was analyzed
by 2-D fluorescence DIGE analysis. Equal amounts of proteins
(25 �g) from fraction F2 of three control mice and of three
mice with �-mannosidosis were labeled with Cy3 and Cy5,
respectively. The samples were combined and subjected to IEF
using a pH gradient ranging from pH 4 to 7 in the first dimen-
sion and a 15% SDS-polyacrylamide gel in the second dimen-
sion. Proteins were visualized by in-gel fluorescent scanning.

Figure 2 shows the overlay picture of the Cy3-labeled control
sample and the Cy5-labeled �-mannosidosis sample. Remark-
ably, most proteins of the mixture appeared as two single spots
that merged vertically into each other rather than as yellow
single spots as a result of a merge of Cy3- and Cy5-labeled
protein populations. In particular, proteins with an apparent
molecular mass of less than 50 kDa showed a tricolor-like

appearance where Cy5-labeled lysosomal proteins derived
from mice with �-mannosidosis presented exclusively with
higher molecular weights than those of the Cy3-labeled pro-
teins from control mice, with partial yellow overlay in between.
The shift of a large portion of lysosomal proteins from the mice
with �-mannosidosis toward higher molecular weights, how-
ever, hampered the quantitative analysis of lysosomal proteins
in the �-mannosidosis murine model by the 2-D DIGE ap-
proach.

Detection of abnormally glycosylated proteins in a lyso-
some-enriched fraction from the liver of a mouse with �-man-
nosidosis. One common hallmark of lysosomal proteins is their
extensive glycosylation. The shift in the molecular weight of
lysosomal proteins from mice with �-mannosidosis could be
due to an altered glycosylation pattern. To test this hypothesis,
lysosome-enriched fractions from control mice and mice with
�-mannosidosis were analyzed for glycoproteins with terminal
�-D-mannosyl and �-D-glucosyl residues using biotinylated
Lens culinaris lectin after separation by SDS-PAGE and trans-
fer on a PVDF membrane. As shown in Fig. 3, Lens culinaris
lectin detected significantly larger amounts of distinct glyco-
proteins in F2 fractions of mice with �-mannosidosis (lanes 4
to 6) than in F2 fractions from control mice (lanes 1 to 3). In
particular, a number of strong signals exclusively emerged in
F2 samples from mice with �-mannosidosis with apparent mo-
lecular masses of 50 kDa, 40 kDa, 32 kDa, and 28 kDa. Most
likely, the 32-kDa and 28-kDa samples represent cathepsin B
forms corresponding to spots 7 to 10 and 11 and 12 in the 2-D
gel (Fig. 1). From these results we concluded that at least some
lysosomal glycoproteins of mice with �-mannosidosis show al-
tered glycosylation patterns.

Hyperglycosylation of lysosomal proteins in mice with
�-mannosidosis is corrected by ERT. To reveal whether the
molecular weight shift is ascribed to the altered N-glycans of
lysosomal proteins in mice with �-mannosidosis, we analyzed
liver homogenates by PNGase F treatment followed by SDS-
PAGE and detection of the lysosomal proteins cathepsin B
(Fig. 4A, top panel) and NPC2 protein (Fig. 4A, middle panel).
In order to demonstrate that the molecular weight shift of the
lysosomal proteins is a result of the �-mannosidase deficiency,
we treated the mice with �-mannosidosis for 2 weeks with four
injections, applying 100 mU/g body weight rhLAMAN prior to
organ removal (39). The efficiency of the ERT was controlled
by analyzing the storage of neutral oligosaccharides as de-
scribed before (39 and data not shown).

The lysosomal active forms of cathepsin B are represented
by a 30-kDa single-chain (SC) form and a double-chain form
consisting of a disulfide-linked 5-kDa N-terminal fragment and
a 24-kDa C-terminal fragment (28) containing two putative
N-glycosylation sites (N192 and N208). PNGase F treatment
only slightly altered the apparent sizes of both lysosomal ca-
thepsin B forms (30 kDa and 24 kDa) in control mice (Fig. 4A,
top panel, lanes 1 and 2). In contrast, lysosomal cathepsin B
from mice with �-mannosidosis showed significantly higher
apparent sizes, with 32 kDa for the SC form and 28 kDa for the
double-chain form (lane 3), and could be normalized by
PNGase F treatment toward the wild-type forms (lane 4). ERT
corrected the size increase observed for mature cathepsin B
forms in mice with �-mannosidosis to normal (32-kDa SC
form) or nearly normal (24-kDa form, lane 5). PNGase F
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treatment of the homogenates from ERT-treated mice with
�-mannosidosis finally resulted in the normalization of the
cathepsin B double-chain form (lane 6). NPC2 protein from
livers of wild-type mice mainly occurred with an apparent mo-
lecular size of 15 kDa (Fig. 4A, middle panel, lane 1), while in
mice with �-mannosidosis it was detected at 18 kDa (lane 3).
Both genotypes also exhibited a faint signal for NPC2 protein
at 16 kDa. The deglycosylation of NPC2 protein of whatever
origin—wild-type mice, mice with �-mannosidosis, or mice
with �-mannosidosis after ERT—resulted in single signals of
14 kDa in apparent size (lanes 2, 4, and 6). ERT corrected the
increased size of the NPC2 protein, partially resulting in a
17-kDa intermediate (lane 5). Similar observations were made
for cathepsin E and the novel lysosomal protein Scpep1 (25)
(data not shown). In summary, the deglycosylation analysis
demonstrates that a number of lysosomal proteins are hyper-

glycosylated in mice with �-mannosidosis and that the glyco-
sylation can be partially normalized in vivo by ERT.

Endo H selectively removes high-mannose-type and hybrid-
type glycans consisting of at least four mannose residues from
glycoproteins. We incubated liver homogenates from wild-type
mice, mice with �-mannosidosis, or ERT-treated mice with
�-mannosidosis with or without Endo H and assayed for ca-
thepsin B (Fig. 4B, top panel) and NPC2 protein (Fig. 4B,
middle panel). Cathepsin B from wild-type mice and mice with
�-mannosidosis as well as ERT-treated mice with �-man-
nosidosis was resistant to Endo H treatment, indicating that
the molecular shift must be due to N-glycans from complex-
type or partially trimmed core glycans with fewer than four
mannose residues (Fig. 4B, top panel). In wild-type mice,
NPC2 protein was also resistant to Endo H treatment (Fig. 4B,
middle panel, lanes 1 and 2). In contrast, NPC2 protein from

FIG. 1. (A) 2-D gel electrophoresis map of proteins from a lysosome-enriched fraction (F2) derived from mouse liver after subcellular
fractionation. Three hundred micrograms of protein of an F2 fraction from wild-type mice was separated by IEF (pH gradient 4 to 7) in the first
dimension followed by SDS-PAGE on a 15% gel in the second dimension. The gel was stained with Coomassie blue, and the arbitrarily numbered
protein spots (black circles) were excised and analyzed by PMF assay. A total of 46 protein spots were identified, of which 43 spots represented
17 lysosomal proteins while two spots—spot 23 and spot 32—contained the mitochondrial proteins ATP-synthase subunit d and Cu/Zn superoxide
dismutase, respectively (see also panel B). One protein spot could not be identified (spot 34). For example, the lysosomal protein cathepsin B was
identified in a series of protein spots (spots 7 to 13) with different isoelectric points and different apparent molecular masses. (B) Proteins identified
by PMF according to the arbitrary numbering in the 2-D gel (A). We also itemized the predicted molecular mass, the gene accession number, and
the Mowse score for each identified protein.

FIG. 2. 2-D DIGE analysis of lysosome-enriched fractions (F2) from wild-type mice and mice with �-mannosidosis. Twenty-five micrograms of
protein of an F2 fraction from wild-type mice was labeled with Cy3 (green), and 25 �g of protein of an F2 fraction from mice with �-mannosidosis
was labeled with Cy5 (red). The labeled protein fractions were mixed, separated as described above by 2-D gel electrophoresis, and finally analyzed
by fluorescence scanning. The merge picture shows that Cy5-labeled lysosomal proteins derived from the mice with �-mannosidosis generally
exhibited higher molecular masses than those of their Cy3-labeled counterparts from wild-type mice, indicating an impaired processing or altered
glycosylation of lysosomal proteins in mice with �-mannosidosis.
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mice with �-mannosidosis showed a clear reduction in appar-
ent molecular weight upon Endo H treatment (Fig. 4B, middle
panel, lanes 3 and 4) while in ERT-treated mice with �-man-
nosidosis a wild-type-like deglycosylation pattern was observed
(middle panel, lane 6), indicating that NPC2 protein of mice
with �-mannosidosis possesses high-mannose-type or hybrid-
type glycans while NPC2 protein from wild-type mice exhibits
N-glycans with fewer than four mannosyl residues.

The hyperglycosylation of lysosomal proteins is apparent in
all tested tissues of mice with �-mannosidosis. In order to
reveal whether the hyperglycosylation of lysosomal proteins in
mice with �-mannosidosis is restricted to the liver or also holds
true for other tissues and for the brain in particular, we ana-
lyzed various tissues from mice with �-mannosidosis and wild-
type mice regarding the apparent molecular size of cathepsin B
and NPC2 protein by Western blot analysis (Fig. 4C). In all
tested tissues, cathepsin B (Fig. 4C, top panel) and NPC2
protein (middle panel) from mice with �-mannosidosis showed
increased apparent molecular sizes, indicating that the hyper-
glycosylation of lysosomal proteins is a general hallmark of
�-mannosidosis-affected tissues rather than a liver-specific
characteristic. Moreover, the relative amount of some tested
lysosomal proteins like NPC2 protein was markedly elevated in
tissues from mice with �-mannosidosis (Fig. 4C).

Differences in the N-glycan structures of cathepsin B from
control mice and mice with �-mannosidosis. To further char-
acterize the abnormal molecular forms of cathepsin B and
their glycans from mice with �-mannosidosis, we analyzed ca-
thepsin B from F2 fractions of control mice and mice with
�-mannosidosis by conventional 2-D gel electrophoresis and
subsequent Coomassie blue staining (Fig. 5A). Cathepsin B

from control mice was identified by mass spectrometry in 10
spots ranging from pH 5 to pH 5.8 and apparent molecular
sizes ranging from 24 kDa to 32 kDa (Fig. 5A, left panel).
Interestingly, cathepsin B from control mice was arranged in
four double spots of 32 kDa and 30 kDa, respectively, in size
and isoelectric points (pIs) of 5 to 5.6 and three spots with an
isoelectric point of 5.8 and apparent molecular sizes of 24, 26,
and 28 kDa representing the large chain of the double-chain
form. In contrast, cathepsin B from mice with �-mannosidosis
(Fig. 5A, right panel) was identified in only four single spots of
32 kDa and one prominent spot for the large chain of the
double-chain form with an apparent size of 28 kDa and a
minor spot of 24 kDa. Regarding their isoelectric points, ca-
thepsin B proteins from control mice and from mice with
�-mannosidosis showed comparable distributions.

We excised the cathepsin B spots from the gel, released the
N-glycans by PNGase F treatment, and pooled the N-glycans
from the appropriate genotypes prior to a semiquantitative
analysis by MALDI-TOF mass spectrometry. Thereby, it be-
came obvious that N-glycans from wild-type mice consisted
mainly of the Man2GlcNAc2 and the core fucosylated
Man2GlcNAc2 forms (Fig. 5B, upper panel). Larger oligosac-
charides (Man3GlcNAc2, fucosylated Man3GlcNAc2, and
Man4GlcNAc2) were present only in trace amounts. In con-
trast, the major glycans from cathepsin B of the mice with
�-mannosidosis were the Man3GlcNAc2 and the core fucosyl-
ated Man3GlcNAc2 forms, followed by the Man2GlcNAc2
forms and the Man4GlcNAc2 oligosaccharide—but also longer
oligosaccharides like the Man7GlcNAc2 form were detectable.
We also analyzed the N-linked oligosaccharides of each indi-
vidual spot of the cathepsin B double-chain forms in wild-type
mice and mice with �-mannosidosis and particularly detected
extended oligosaccharides (Man3GlcNAc2 and fucosylated
Man3GlcNAc2 as well as Man4-Man6GlcNAc2) in the 28-kDa
form of double-chain cathepsin B from mice with �-man-
nosidosis (data not shown). In summary, cathepsin B from
control mice and mice with �-mannosidosis contained mainly
core oligosaccharides with two mannose residues and three
mannose residues or even high-mannose glycans, respectively,
suggesting that the trimming of polymannose glycans as well as
the �1,3-linked core mannose is impaired in mice with �-man-
nosidosis.

�-Mannosidase is involved in N-glycan trimming of lysoso-
mal proteins. Obviously, the hyperglycosylation of lysosomal
proteins is a common hallmark of mice with �-mannosidosis,
indicating that lysosomal �-mannosidase is involved in trim-
ming of the N-linked oligosaccharides of lysosomal proteins
within the lysosome. To demonstrate the ability of lysosomal
�-mannosidase to trim N-glycans on native lysosomal proteins,
we incubated protein of F2 fractions from wild-type mice and
mice with �-mannosidosis in the presence or absence of 200
mU of rhLAMAN at pH 4.6 and examined NPC2 protein and
cathepsin B for a size shift by immunoblotting. Figure 6A
shows that in vitro NPC2 protein from control mice (lanes 1
and 2) was not altered in its apparent molecular size (15 kDa)
after rhLAMAN incubation. In contrast, hyperglycosylated
NPC2 protein with an apparent size of 18 kDa from mice with
�-mannosidosis is reduced by rhLAMAN treatment to a mo-
lecular size that is comparable with that of NPC2 protein from
control mice (lanes 5 and 6). To exclude the chance that the

FIG. 3. Lens culinaris lectin blotting of lysosome-enriched fractions
(F2) from wild-type mice and mice with �-mannosidosis. Thirty mi-
crograms of F2 fractions from three wild-type mice and three mice with
�-mannosidosis was separated by SDS-PAGE and blotted on a PVDF
membrane. Glycoproteins were detected by biotinylated Lens culinaris
lectin and horseradish peroxidase-coupled streptavidin (left panel).
For a loading control, a duplicate gel was stained with Coomassie blue
(right panel). Arrows indicate glycoproteins with differences in Lens
culinaris reactivity.
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shift in the molecular weight of NPC2 protein from mice with
�-mannosidosis results from residual proteolytic activity in the
rhLAMAN preparation, we incubated the F2 either with
PNGase F (Fig. 6, lanes 3 and 7) alone or sequentially with
rhLAMAN and PNGase F (Fig. 6, lanes 4 and 8). PNGase F
deglycosylation of NPC2 protein—regardless of genotype or
rhLAMAN pretreatment—always resulted in the expected sig-
nal of 14 kDa as demonstrated before (also Fig. 4). The same
proved true for the hyperglycosylated cathepsin B (Fig. 6B)
and Scpep1 (data not shown) from mice with �-mannosidosis.

DISCUSSION

There is in-depth knowledge of the processes during the
biogenesis of lysosomal glycoproteins until their enzymatic ac-
tivation including N glycosylation, limited proteolysis, and
mannose 6-phosphate labeling, whereas little is known about
their fate and mode of breakdown inside the lysosome. So far,
it has been demonstrated that the mannose 6-phosphate signal

is removed in a prelysosomal compartment (17) and the lyso-
some (7) with tissue- and environment-dependent dephos-
phorylation kinetics (16, 44). Recently, it was proposed that
acid phosphatase 5 (Acp5) is critical for the dephosphorylation
of the 6-phosphomannosyl residue (47).

Here, we show that many lysosomal soluble glycoproteins
undergo an extensive trimming process on their N-linked
oligosaccharides inside the lysosome that is dependent on �-D-
mannosidase activity. Our DIGE analysis revealed that in mice
with �-mannosidosis numerous lysosomal soluble proteins ex-
hibit increased apparent molecular weights compared to the
same set of proteins from control mice. Such an increase in
molecular size could be assigned to either incomplete limited
proteolysis or a hyperglycosylation of the lysosomal proteins.
By PNGase F treatment we could demonstrate for various
lysosomal soluble proteins like cathepsin B, NPC2 protein,
cathepsin E, and Scpep1 that hyperglycosylation causes the
molecular shift in mice with �-mannosidosis and that this hy-

FIG. 4. (A and B) N glycosylation of lysosomal proteins in mouse liver homogenates from wild-type mice (�/�), mice with �-mannosidosis
(�/�), and mice with �-mannosidosis after ERT (�/� ERT). One hundred micrograms of protein of mouse liver homogenates was incubated in
the absence (�) or presence (�) of PNGase F (A) or Endo H (B), separated by SDS-PAGE, and subjected to immunoblotting using an
anti-cathepsin B antibody (top panel) and an anti-NPC2 protein antibody (middle panel). GAPDH was detected as a loading control (bottom
panel). (C) Multitissue Western blot analysis for cathepsin B and NPC2 protein. One hundred micrograms of total protein from various tissue
homogenates from wild-type mice (�/�) and mice with �-mannosidosis mice (�/�) was separated by SDS-PAGE and assayed for cathepsin B (top
panel), NPC2 protein (middle panel), and GAPDH as a loading control (bottom panel). Both lysosomal proteins, cathepsin B and NPC2 protein,
exhibit higher molecular masses in tissues derived from mice with �-mannosidosis than in those from wild-type mice.
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perglycosylation can be partially normalized in vivo by ERT
with rhLAMAN in mouse and in vitro by incubating a fraction
of lysosomal proteins from mice with �-mannosidosis with
rhLAMAN. Our results indicate that the lysosomal oligosac-
charide trimming on native lysosomal proteins is a common

hallmark of lysosomal proteins and that �-mannosidase defi-
ciency results in a general hyperglycosylation of lysosomal pro-
teins. The ERT-mediated correction of the hyperglycosylation
phenotype in mice with �-mannosidosis was demonstrated
solely for liver. However, correction of the brain defect might

FIG. 5. Isolation and characterization of N-linked oligosaccharides from mouse liver cathepsin B in a lysosome-enriched fraction (F2).
(A) Three hundred micrograms of protein of F2 fractions from wild-type mice (�/�, left panel) and mice with �-mannosidosis (�/�, right panel)
was separated by 2-D gel electrophoresis and visualized by Coomassie blue staining. Protein spots representing cathepsin B are drawn to a larger
scale. (B) N-linked oligosaccharides from cathepsin B spots were released by in-gel PNGase F treatment, pooled, and analyzed by MALDI-TOF
mass spectrometry. The symbols for the monosaccharides in the schematic drawing of the oligosaccharide are as follows: black squares represent
N-acetylglucosamine residues, black circles represent mannose residues, and white triangles represent fucose residues. The numbers below the
schematic structures indicate the detected masses of the appropriate oligosaccharides.
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be dependent on high-dose ERT (5) or on alternative therapy
approaches that lead to enzyme delivery across the blood-brain
barrier like bone marrow transplantation in the �-mannosido-
sis feline model (56) or adeno-associated virus-mediated gene
transfer in mice with mucopolysaccharidosis VII (MPS VII)
(43) and MPS II (37).

The analysis of cathepsin B-derived oligosaccharides in mice
with �-mannosidosis revealed that Man3GlcNAc2 and its fu-
cosylated derivative are mainly occurring on native cathepsin B
instead of Man2GlcNAc2 and the fucosylated Man2GlcNAc2
form as seen in control mice. The latter findings with mice are
in line with results from rat liver cathepsin B, where 86% of the
N-linked oligosaccharides are unfucosylated Man2GlcNAc2,
11% display the fucosylated derivative, and only 3% are
Man3GlcNAc2 chains (51). The predominant occurrence of
Man3GlcNAc2 oligosaccharides on native cathepsin B in mice
with �-mannosidosis suggests a preset order of cleavage with
the �1,3-linkage by LAMAN prior to the �1,6-linkage cata-
lyzed by the core-specific �1,6-mannosidase (MAN2B2). Fur-
thermore, it had been demonstrated before that during N-
glycan degradation MAN2B2 is dependent on the release of
the oligosaccharide from the asparaginyl residue by the activity
of the glycosylasparaginase and chitobiase (36). Taken to-
gether, we suggest a model for LAMAN function (Fig. 7) in
which—besides its known function in the degradation of re-
leased oligosaccharides—LAMAN also processes N-glycans on

FIG. 7. Schematic diagram of the lysosomal transport of LAMAN and its function inside the lysosome. (1) After synthesis in the endoplasmic
reticulum (ER), endogenous mannose 6-phosphate-containing LAMAN is recognized in the Golgi compartment by the mannose 6-phosphate
receptor and is delivered to the endosomal/lysosomal compartment. Missorted LAMAN or recombinant LAMAN injected for ERT is recaptured
by plasma membrane mannose 6-phosphate receptor (2). During lysosomal degradation of glycoproteins (3), oligosaccharides are released from
the asparaginyl residue of the polypeptide and are subsequently degraded by lysosomal exoglycosidases including LAMAN (4). Furthermore, free
oligosaccharides (5) are imported from the cytosol by a so-far-unknown mechanism for lysosomal degradation. Besides this well-known catabolic
function of LAMAN, our findings demonstrate that LAMAN is involved in the trimming of N-glycans on native lysosomal proteins (6), so that
LAMAN deficiency leads to a hypermannosylation of lysosomal proteins.

FIG. 6. In vitro normalization of hyperglycosylated lysosomal pro-
teins by rhLAMAN. Thirty micrograms of protein of F2 fractions from
wild-type mice (�/�) and mice with �-mannosidosis (�/�) was
treated with (�) or without (�) rhLAMAN and subsequently treated
in the absence (�) or presence (�) of PNGase F. Finally, the samples
were separated by SDS-PAGE and analyzed by immunoblotting
using an anti-NPC2 protein antibody (A) and an anti-cathepsin B
antibody (B).
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native lysosomal proteins to the minimum Man2GlcNAc2
form. However, further processing of the N-glycan by
MAN2B2 would imply the release of the oligosaccharide from
the polypeptide by the glycosylasparaginase.

We also observed microheterogeneity, since high-mannose-
type glycans were detected in small amounts in cathepsin B
from mice with �-mannosidosis. Consideration of the mannose
6-phosphate-dependent transport of cathepsin B for lysosomal
sorting would postulate the presence of at least one high-
mannose-type or hybrid-type oligosaccharide and thus a much
higher yield of high-mannose oligosaccharides in �-mannosi-
dase-deficient mice. However, mouse cathepsin B possesses
three potential N-glycosylation sites, of which one is located in
the N-terminal part that is removed upon activation as dem-
onstrated for cathepsin B from rat liver and porcine spleen (49,
50). The N-linked oligosaccharide of the proregion is consi-
dered to be phosphorylated and thus responsible for lysosomal
transport (50). The remaining two N-glycosylation sites are
obviously used in the two-chain form, since we observed three
different forms of cathepsin B (Fig. 5). The low-molecular-
weight form of cathepsin B is supposed to carry at least a single
and thereby undetected N-acetylglucosamine, since total de-
glycosylation would result in a shift in the isoelectric point of
the protein due to desamidation of the asparagyl residue.

An increase in the apparent molecular weight of single ly-
sosomal proteins had been described in mouse models for
lysosomal storage diseases, e.g., recently for cathepsin D in a
mucolipidosis II model (18) and interestingly also for NPC2
protein in the NPC1 protein model, where it was shown to be
hyperglycosylation (10). In the latter instance it was discussed
as being the result of a trafficking/processing defect. Further-
more, the Acp5-lysosomal acid phosphatase double-knockout
model also showed an increased molecular weight for cathep-
sin D in various tissues like brain, kidney, and spleen (A. Suter
and P. Saftig, personal communication). These observations in
other LSD mouse models are most likely due to secondary
inhibitions of lysosomal exoglycosidases like �-mannosidase,
�-fucosidase, or �-sialidase resulting in prolonged N-linked
oligosaccharides on lysosomal proteins. Such a secondary in-
hibition of lysosomal hydrolases would also explain the obser-
vation of secondary storage material like gangliosides and cho-
lesterol, which is a common hallmark of LSD as observed in
MPSs (for a review, see reference 57).

In contrast, we could demonstrate by detailed mass spec-
trometry analyses of cathepsin B N-linked oligosaccharides
derived from control mice and mice with �-mannosidosis that
specifically elongated oligosaccharides with terminal mannosyl
residues (up to the Man7GlcNAc2 form) are enriched in mice
with �-mannosidosis, and most remarkably, we were able to
correct the hypermannosylation in vitro and in vivo, suggesting
that the hypermannosylation is a primary and direct effect of
�-mannosidase deficiency. Such primary defects of the modi-
fication of oligosaccharide had been described 25 years ago
indirectly in lectin binding studies for complex-type oligosac-
charide chains of glycoproteins derived from galactosialidosis
patients showing hypersialylated glycoproteins (34, 48) that
were removed by ERT with lysosomal �-sialidase or protective
protein/cathepsin A in fibroblasts from galactosialidosis pa-
tients. As another example, it was shown that the action of
exoglycosidases is required to mature the lysosomal hydrolase

glucocerebrosidase (53). These findings prompted Elizabeth
Neufeld to expand the term “carbohydrate trimming” on the
lysosomal compartment (33). The biochemical consequences
that arise from the hyperglycosylation of lysosomal glycopro-
teins are not predictable since, e.g., glucocerebrosidase
shows—regardless of its glycosylation status—no effect on rel-
ative catalytic activity (53). On the other hand, it was
demonstrated for recombinant human NPC2 protein that the
diglycosylated NPC2 protein exhibited significantly lower cho-
lesterol transfer rates (three- to fourfold) than the monogly-
cosylated NPC2 variant, most likely due to charge repulsions
between the oligosaccharides and anionic groups of the phos-
pholipids (27). Comparably, it was shown that the deglycosyl-
ation of the lysosomal �-glucosidase as well as TPP1 leads to a
complete loss of enzyme activity (20, 35). Hyperglycosylation
of N-linked oligosaccharides due to an impaired trimming had
been described for Golgi �-mannosidase II deficiency, also
called HEMPAS (hereditary erythroblastic multinuclearity
with a positive acidified serum lysis test), leading to a reduced
ability to form complex-type oligosaccharides (11). The unpre-
dictability of the glycosylation impact on the function of gly-
coproteins has to be ascribed to the different tasks and func-
tions in terms of its influence on the conformational properties
and solubility of glycoproteins and its function in control of
half-life by conferring resistance to denaturation and proteol-
ysis as well as its effect on enzymatic activities and protein-
substrate interactions (22, 42, 54).

In summary, we demonstrate the existence of hyperglyco-
sylated lysosomal proteins with terminal mannosyl residues in
mice lacking LAMAN, suggesting a direct role of lysosomal
exoglycosidases in the trimming of oligosaccharides on native
lysosomal proteins. Furthermore, the hyperglycosylation of ly-
sosomal proteins in mice with �-mannosidosis could be par-
tially reversed in vivo by ERT using rhLAMAN and in vitro by
incubation with rhLAMAN.

ACKNOWLEDGMENTS

We thank Nicole Eiselt and Klaus Neifer for excellent technical
assistance and Kurt von Figura for critical reading of the manuscript.

This work was supported by the HUE-MAN consortium (European
Commission FP VI contract LHSM-CT-2006-018692) as well as by the
Centre National de la Recherche (Unité Mixte de Recherche CNRS/
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