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(Bacl(ground: Lysosomal arylsulfatase G (ARSQG) is critical in heparan sulfate degradation.
Results: ARSG is differentially expressed, processed, and transported in tissues involving a membrane-associated pre-lysosomal

Conclusion: Although its lysosomal function is established, ARSG maturation and lysosomal targeting involve nontypical steps.
Significance: These characteristics of ARSG need consideration when screening for ARSG-deficient mucopolysaccharidosis
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Arylsulfatase G (ARSG) is a recently identified lysosomal sul-
fatase that was shown to be responsible for the degradation of
3-O-sulfated N-sulfoglucosamine residues of heparan sulfate
glycosaminoglycans. Deficiency of ARSG leads to a new type of
mucopolysaccharidosis, as described in a mouse model. Here,
we provide a detailed molecular characterization of the endog-
enous murine enzyme. ARSG is expressed and proteolytically
processed in a tissue-specific manner. The 63-kDa single-chain
precursor protein localizes to pre-lysosomal compartments and
tightly associates with organelle membranes, most likely the
endoplasmic reticulum. In contrast, proteolytically processed
ARSG fragments of 34-, 18-, and 10-kDa were found in lyso-
somal fractions and lost their membrane association. The proc-
essing sites and a disulfide bridge between the 18- and 10-kDa
chains could be roughly mapped. Proteases participating in the
processing were identified as cathepsins B and L. Proteolytic
processing is dispensable for hydrolytic sulfatase activity in
vitro. Lysosomal transport of ARSG in the liver is independent
of mannose 6-phosphate, sortilin, and Limp2. However, muta-
tion of glycosylation site N-497 abrogates transport of ARSG to
lysosomes in human fibrosarcoma cells, due to impaired man-
nose 6-phosphate modification.

Sulfatases are a group of enzymes that catalyze the hydrol-
ysis of sulfate esters from different types of substrate mole-
cules, including sulfolipids and sulfated glycosaminoglycans
(GAGsS).? By means of bioinformatics, 17 and 14 sulfatases have
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been identified in the human and murine genome, respectively,
of which 13 have been characterized biochemically (1-3). Eight
of these sulfatases are localized in lysosomes, where at least
six of them are involved in the degradation of the GAGs hepa-
ran sulfate, dermatan sulfate, chondroitin sulfate, and keratan
sulfate (4). The natural substrate of the very recently described
lysosomal arylsulfatase K is yet unknown (2). Arylsulfatase A
catalyzes the desulfation of the sulfolipid cerebroside 3-sulfate
(5). Deficiencies of each of the GAG-degrading lysosomal sul-
fatases lead to mucopolysaccharidoses (MPS) characterized by
an accumulation of sulfated GAG chains in lysosomes. Affected
patients often show neurological symptoms and systemic organ
defects leading to premature death (6).

One of the recently characterized sulfatases is arylsulfatase G
(ARSG). In overexpressing cells, His-tagged human ARSG is
detected as a 63-kDa glycoprotein that binds to mannose
6-phosphate receptors (MPR) and co-localizes with Lyso-
Tracker, thereby classifying it as a lysosomal protein. ARSG
mRNA is broadly expressed in different tissues. The recombi-
nant protein is enzymatically active against the arylsulfate pseu-
dosubstrate p-nitrocatechol sulfate (pNCS) under acidic condi-
tions (3).

We have previously reported on the generation of Arsg
knock-out (KO) mice (7) developing a lysosomal storage dis-
ease phenotype with accumulation of enlarged and mostly elec-
tron-lucent vacuoles, resembling those of other mouse models
for mucopolysaccharidoses but with an attenuated phenotype.
Increased amounts of GAGs were detected in various tissues.
Examination of the GAG storage material derived from these
KO mice identified it as heparan sulfate, and further detailed
analysis of the nonreducing end revealed 3-O-sulfated N-sulfo-
glucosamine (GIcNS3S) as the natural substrate of ARSG. We
therefore classified this new lysosomal storage disease as MPS
IIIE, consistent with its function in the lysosomal degradative
pathway of glucosamine residues in heparan sulfate. Recently,
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H; MEF, mouse embryonic fibroblast; DNJ, 1-deoxynojirmycin; ML, mito-
chondria/lysosomal; Pdi, protein-disulfide isomerase; ki, knock-in.

SASBMB

VOLUME 289-NUMBER 40-OCTOBER 3, 2014



mutations in ARSG have been described in dogs with a lyso-
somal storage phenotype mostly affecting the nervous system
and similarities to neuronal ceroid lipofuscinosis (8).

Although the natural substrate of ARSG is known and its role
in the degradation of heparan sulfate was unequivocally shown
by our KO approach, no data are available on biochemical prop-
erties of the endogenous enzyme, including its expression in
tissues, post-translational modifications, or mode of transport
to lysosomes. In this study, we report on in-depth analysis of
tissue expression, proteolytic processing, and nontypical lyso-
somal transport mechanisms of ARSG.

EXPERIMENTAL PROCEDURES

Mice—ARSG-deficient mice were described previously (7).
Mice deficient for the lysosomal transport receptors (Limp2
and sortilin) or GIcNAc-1-phosphotransferase knock-in
(coded by Gnptab) mice were described previously (9 -11). Pro-
tease-deficient mice were described as follows: cathepsin B KO
(12); cathepsin H KO (13); cathepsin L KO (14); asparagine
endopeptidase KO (15); and cathepsin D KO (16). All animal
experiments were approved by local authorities. Mice were
kept on a 12-h light and 12-h dark schedule with ad libitum
access to food and water.

Antibodies and Chemicals—The following commercial anti-
bodies were used throughout the study: ARSG (R&D Systems),
raised against full-length recombinant murine ARSG protein
(Gly-17-Val-525) derived from Chinese hamster ovary cells;
Gapdh (Santa Cruz Biotechnology); actin (Sigma); RGS-His
(Qiagen); protein-disulfide isomerase (Pdi) (Cell Signaling).
Monoclonal antibody against Lampl (clone 1D4B) was
obtained from Developmental Studies Hybridoma Bank and
maintained at the University of Iowa, Department of Biology,
Iowa City, IA 52242. Antisera and monoclonal antibodies
raised against cathepsin D (17), Rab5a (18), and Npc2 (19) were
described previously. If not stated otherwise, chemicals were
purchased from Sigma.

Transfection and Cell Culture—HT1080 human fibrosar-
coma cells (ATCC CCL-121) were used to generate stably
expressing cell lines. Mouse embryonic fibroblasts (MEF) were
prepared from aforementioned mouse strains and immortal-
ized by either autoimmortalization or transfection with the
SV40large T antigen in the pMSSVLT vector (20). Transfection
was carried out using the Lipofectamine LTX transfection kit
(Invitrogen) according to manufacturer’s recommendation.
Stably transfected cells were selected with hygromycin B (PAA
Laboratories).

Construction of Expression Plasmids—The murine Arsg
c¢DNA was generated from wild type mouse kidney mRNA
using the Omniscript RT-PCR kit (Qiagen) with the primer
GAAGTAAACCCACCTGTCTACAG. Single-stranded ¢cDNA
was amplified by PCR using Pfu II Ultra DNA polymerase and
the primers CGGGAGTCTTCGTGTCTTAC and GAAGTA-
AACCCACCTGTCTACAG. Restrictions sites for EcoRV,
Notl, and a sequence coding for C-terminal RGS-His tag fol-
lowed by a stop codon were added by nested PCR with the
primers TACGATATCATGGGCTGGCTCTTTCTAAAG
and TACGCGGCCGCTTATCCGTGATGGTGATGGTGA-
TGCGATCCTCTTCCGACCGGTTGGCAACGGCAGG-
SASBMB
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TAG (restriction sites underlined). The PCR product was di-
gested with EcoRV and Notl (New England Biolabs) and dire-
ctly cloned into the pcDNA3.1(+) Hygro vector (Invitrogen).
Mutations in the murine Arsg cDNA were introduced using the
QuikChange mutagenesis protocol (Stratagene) with the
following primer: N117Q, GGGGGGCTTCCAGTCCAGGA-
GACCACCTTGGC; N215Q, CGTGGAGCAGCCTGTGCA-
GCTGAGCGGCCTTGCAC; N356Q, CTGGCAGAGTTCC-
AGCCCAGGTCACTAGCACCGCC; N497Q, CAAGACAT-
CGCTGATGACCAGAGCTCCCGAGCAGAC (mutated
triplet in bold). The coding region of all constructs was se-
quenced. The pCI-neo vector containing the human ARSG-
RGS-Hisg construct was described previously (5).

Tissue and Cell Extracts—Both homogenates and lysates
were prepared in ice-cold lysis buffer (TBS with 1 mwm phenyl-
methylsulfonyl fluoride (PMSF), 5 mMm iodoacetamide, 1 mm
EDTA and either 0.5% (v/v) (homogenates) or 0.1% (v/v) Triton
X-100 (cell lysates)). Tissues were homogenized using a Potter-
Elvehjem homogenizer with three strokes and subsequent soni-
fication (three times for 20 s, 40% intensity, Branson Sonifier).
Homogenates were cleared by centrifugation at 18,000 X g at
4. °C for 15 min. Cell lysates were prepared by sonification and
spinning. Protein concentration was determined using DC
assay (Bio-Rad) with bovine serum albumin as standard.

Immunoblotting—SDS-PAGE and immunoblot analysis was
performed by standard procedures using polyvinylidene
difluoride (PVDF) membrane. In the case of nonreducing
SDS-PAGE, cell lysates were treated with PBS containing 50
mM N-ethylmaleimide prior to harvesting to avoid disulfide
shuffling.

Activity Assays—Sulfatase activity on immunoprecipitates
after ARSG IP was measured using the pseudosubstrate pNCS
at a concentration of 10 mMm in 500 mMm sodium acetate buffer,
pH 5.6. The reaction was terminated by addition of 1 M NaOH.
Absorbance was measured with microplate M200 reader
(Tecan) at 515 nm.

Glycosidase Treatment—Cell homogenates were denatured
in 0.33% SDS and 167 mM 2-mercaptoethanol at 95 °C for 5
min. After cooling, the samples were buffered with 111 mm
Tris/HC], 11 mm EDTA, pH 8.0 (for peptide N-glycosidase F
(PNGaseF)), or 55.6 mm sodium acetate, pH 5.5 (for endoglyco-
sidase H (EndoH)). Additionally, 1.1 mm PMSF and 1.1%
CHAPS (PNGase F) or 0.11% CHAPS (EndoH) were added to
the mixture. The glycoprotein was deglycosylated by adding 2
units of PNGase F or 5-10 milliunits of EndoH and subsequent
incubation at 37 °C overnight.

Tritosome Preparation—Tritosomes were prepared as
described previously (21). In brief, mice were injected with
tyloxapol (Sigma) 4 days prior to sacrifice. The liver was
removed and homogenized in a Potter-Elvehjem homogenizer
with six strokes in iso-osmotic buffer containing 250 mm
sucrose. Nuclei and debris were sedimented by centrifugation
at 1,000 X gfor 10 min. The postnuclear supernatant (PNS) was
then centrifuged for 7 min at 56,000 X g. A pellet fraction con-
taining mitochondria and lysosomes was obtained, washed in
250 mM sucrose, and resuspended in sucrose resulting in an ML
fraction with a final density of ~1.21. The ML fraction (3.5 ml)
was subjected to centrifugation on a discontinuous sucrose gra-
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dient for 150 min at 110,000 X g (Sorvall TH-641) using sucrose
solutions with densities of 1.15, 1.14, and 1.06, respectively.
Lysosomes were collected at the interphase between p 1.14 and
1.06 sucrose.

Percoll Density Gradient Centrifugation—PNS was prepared
by homogenization of the liver in a Potter-Elvehjem with six
strokes in iso-osmotic buffer containing 250 mm sucrose and 3
mM imidazole, pH 7.4, followed by centrifugation for 10 min at
1,000 X g. The PNS was mixed with 90% Percoll™ in 250 mm
sucrose, 3 mM imidazole, pH 7.4, to a final concentration of
50%. This mixture was centrifuged in a swing-out rotor at
30,000 X g for 90 min at 4 °C. Fractions were collected from top
to bottom, and the Percoll™ was removed by centrifugation.

Metabolic Labeling—Cells were labeled with [**S]methio-
nine/cysteine (PerkinElmer Life Sciences), followed by immu-
noprecipitation with mARSG (600 ng) antibody, SDS-PAGE,
and autoradiography as described for cathepsin D (22).

Membrane Association—Liver PNS was prepared as
described for Percoll density centrifugation in 250 mMm sucrose,
140 mm NaCl, and 10 mm Tris/HCI, pH 7.5. PNS was lysed by
three rounds of thawing and freezing in ethanol cooled with dry
ice followed by ultrasonification. The lysed PNS was then cen-
trifuged for 30 min at 190,000 X g at 4 °C to separate mem-
branes and soluble proteins. Membranes were washed once
with homogenization buffer, and supernatants (containing sol-
uble proteins) were pooled. Membranes were treated with 100
mM Na,COs, pH 11, for 30 min on ice followed by centrifuga-
tion for 30 min at 190,000 X g at 4 °C (with membrane-associ-
ated proteins in the supernatant) (23). Integral membrane pro-
tein-containing fraction was resuspended in 0.5% Triton X-100
and centrifuged again, and the final pellet was dissolved in 2%
SDS. 0.5 mMm mannose 6-phosphate was included in buffers
where indicated.

Inhibitor Experiments—MEFs were transfected with the Arsg
¢DNA, and 20 mM NH,Cl was added to the growth medium 8 h
after transfection. Cells were harvested 24 h after the medium
change and processed as described above.

HT1080 cells were pretreated for 2 h with DNJ and after
transfection were further incubated in the presence of either 5
or 20 mm DN for 48 h. After transfection, cells were harvested
48 h later and processed as described above.

Pulse-chase inhibitor experiments were carried out using
transiently mArsg-transfected HT1080 cells, which were meta-
bolically labeled with [**S]methionine/cysteine. Medium was
changed after 45 min to DMEM growth medium containing
various protease inhibitors. Inhibitor concentrations were 1
mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 40 um E-64d,
100 um pepstatin A, 100 uMm leupeptin, 5 mm EDTA, 5 mm
1,10-phenanthroline, and a commercial protease inhibitor mix-
ture according to the manufacturer’s recommendations
(Sigma). Cells were harvested after 8 h. Immunoprecipitation,
SDS-PAGE, and autoradiography were carried out as described
above.

Gel Filtration—Gel filtration was performed on a Superdex
200 HR 10/300 GL column (GE Healthcare) using the Ettan LC
system (GE Healthcare). The soluble content of tritosomal frac-
tions was applied to the column and eluted with 10 mm 2-(N-
morpholino)ethanesulfonic acid, 150 mm NaCl buffer at a flow
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FIGURE 1. ARSG is expressed and proteolytically processed in a tissue-de-
pendent manner. Tissue homogenates from WT*/* and Arsg KO/~ mice
were analyzed by immunoblotting with an ARSG-specific antibody. A major
specific band for ARSG at ~63-kDa can be detected at different levels in all
tissues. An additional specific band is detected at ~34-kDa in the liver and
notably in the brain, where most ARSG is proteolytically processed. Nonspe-
cific bands are marked with asterisks. Gapdh immunoblots were used as load-
ing control. Equal amounts of protein were loaded on the gels (120 ng/lane).

rate of 200 wl/min. Fractions of 250 ul were collected. Two
standard runs with the molecular weight markers dextran blue,
thyroglobulin, ferritin, B-amylase, alcohol dehydrogenase,
albumin, ovalbumin, carbonic anhydrase, cytochrome ¢, and
aprotinin were performed to calibrate the column and calculate
a standard curve.

RESULTS

Tissue-specific Expression and Proteolytic Processing of
ARSG—Mice deficient in ARSG exhibit lysosomal storage of
heparan sulfate with terminal N-sulfoglucosamine-3-O-sulfate
(GIcNS3S) residues at the nonreducing end. Storage pathology
was demonstrated in liver, brain, and kidney (7). However,
no data are available addressing the tissue distribution and
biochemical characterization of endogenous ARSG at the
protein level. To determine its expression, we evaluated
commercially available antibodies for ARSG detection by
immunoblot analyses (Fig. 1). Tissues from Arsg KO mice
served as specificity controls. ARSG-specific bands of the
expected molecular mass of 63 kDa for the glycosylated pro-
tein were detected in most tissues evaluated, including lung,
spleen, kidney, liver, brain, and testis. None or only faint
ARSG bands were detected in the heart and the lung, respec-
tively. An additional strong immunoreactive band with a
molecular mass of ~34 kDa was observed in the liver and
even more abundant in brain lysates, where overall ARSG
protein levels were highest among the evaluated tissues.
These data show tissue-specific expression and proteolytic
processing of the 63-kDa ARSG polypeptide.

Subcellular Distribution of the Processed and Unprocessed
ARSG Forms—The lysosomal storage pathology of Arsg KO
mice indicates a lysosomal localization, and ARSG was previ-
ously shown to co-localize with LysoTracker under overex-
pressing conditions (3). We evaluated the subcellular distribu-
tion of endogenous ARSG with particular attention to the
different molecular forms. We therefore applied subcellular
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FIGURE 2. Proteolytically processed fragments of endogenous ARSG localize to lysosomes, whereas the precursor localizes to microsomes. A, subcel-
lular fractionation scheme of liver homogenates from mice treated with tyloxapol. Postnuclear supernatants were differentially centrifuged, yielding a nuclear
fraction and the supernatant (PNS) which was again centrifuged, yielding an ML fraction (light mitochondria, containing mitochondria and lysosomes) and a
PS fraction, containing microsomes (P) and cytosol (S). The ML fraction was then loaded on a discontinuous sucrose gradient, leading to four fractions F1-F4
upon centrifugation. B, immunoblot analysis of all fractions showed the processed 34-kDa fragment enriched in the ML fraction. The 63-kDa precursor was
significantly enriched in the microsomal fraction, which is essentially free of the 34-kDa fragment and contained Golgi apparatus, ER (see PDI as a marker) and
early endosomes (see Rab5a as a marker). The 34-kDa form was further highly enriched in the F2 fraction, which contained highest amounts of lysosomal
markers (Lamp1). Note differences in protein loading (PNS, N, ML, S, 150 ug; F1-F2,15 ug). C, loading of P and F2 fraction of WT and Arsg /™~ mice verifies specific
detection of both 63-and 34-kDa bands (P, 150 ug/lane; F2, 15 ng/lane). D, loading high amounts of the lysosomal fraction F2 revealed an additional processed

band of ARSG at ~18-kDa.

fractionation of liver tissue using tyloxapol, a detergent causing
a significantly reduced density of lysosomes allowing efficient
purification (“tritosomes”) (Fig. 2A4) (24). Differential centrifu-
gation of wild type mouse liver led to a nuclear fraction contain-
ing nuclei, nondisrupted cells and debris, and a PNS containing
organelles and cytosol. Both the 63- and 34-kDa ARSG bands
were found in PNS fraction as assessed by immunoblot analysis
(Fig. 2B). Further separation of the PNS by centrifugation at
56,000 X g into an ML fraction and a PS fraction containing
cytosolic components (S) and microsomes (P) revealed a strong
enrichment of the 34-kDa band and a decreased amount of the
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63-kDa band in the ML fraction, implicating lysosomal resi-
dence of the processed 34-kDa form. Further separation of P
and S fractions by centrifugation at 110,000 X g quantitatively
recovered the 63-kDa ARSG form in the microsomal fraction
(P) but essentially no 34-kDa form. A nonspecific band of ~45
kDa was quantitatively separated and recovered in the cytosolic
fraction (S). Enrichment of both early endosomes and endo-
plasmic reticulum (ER) in the microsomal P-fraction is shown
by enrichment of the marker proteins Rab5a (early endosomes)
and Pdi (ER), suggesting a pre-lysosomal/late endosomal local-
ization of the 63-kDa form of ARSG (Fig. 2B).
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FIGURE 3. ARSG precursor co-sediments with the endoplasmic reticulum.
PNS of liver homogenates (n = 3) were separated by centrifugation in 50%
self-forming Percoll gradients. The 63-kDa precursor and the 34-kDa pro-
cessed ARSG fragment were efficiently separated. The 34-kDa fragment was
highly enriched in fractions with highest B-hexosaminidase activity (marker
for lysosomes, see bottom panel), whereas the precursor co-sediments with
Pdi (ER marker) rather than Rab5a, a marker for early endosomes (see upper
panels).

The tyloxapol-loaded ML fraction was further separated by
isopycnic centrifugation on a discontinuous sucrose density
gradient. Thus, the majority of the processed ARSG form was
recovered in the F2 fraction, which is enriched in lysosomal
proteins as assessed by highest Lampl immunoreactivity (Fig.
2B). Of note, only 10% of total protein from fractions F1 to F4
was loaded compared with fractions derived from differential
centrifugation, demonstrating 30 —40-fold enrichment of the
34-kDa fragment in the F2 fraction, which is typically also
observed for other lysosomal proteins in the tyloxapol-based
fractionation experimental setup (21, 25).

Subcellular fractionation of liver derived from Arsg KO mice
and subsequent immunoblot analysis confirmed specific detec-
tion of ARSG bands (Fig. 2C). Loading high amounts of lyso-
some-enriched F2 fractions (25 ug of protein) from wild type
mice revealed an additional ARSG-specific band at ~18 kDa
(Fig. 2D), indicating an even more complex processing pattern.

To prove the subcellular distribution of the different ARSG
forms independent of the tyloxapol-induced lysosomal density
shift used for tritosome preparation, we subjected liver PNS of
untreated wild type mice to separation on a self-forming Percoll
gradient (Fig. 3). Again, subcellular separation of the 63- and
the 34-kDa band was validated. Although the majority of the
63-kDa precursor was found in fractions 3—5, the 34-kDa band
was recovered in fractions 1012 close to the bottom of the
gradient, co-fractionating with the highest activity of the lyso-
somal marker enzyme 3-hexosaminidase (Fig. 3, bottom panel).
The distribution of lysosomal marker proteins is bimodal on
density gradients due to localization in early endosomes of light
density and late endosomal/lysosomal fractions (26, 27). To
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define fractions containing the pre-lysosomal 63-kDa precur-
sor form of ARSG, we used marker proteins for the ER (Pdi) and
early endosomes (Rab5a). Although fractions with the precur-
sor ARSG contained both early endosome and ER markers, the
distribution of ARSG closely resembled that of Pdi rather than
that of Rab5a. We failed to detect ARSG at the endogenous level
in MEFs by immunofluorescence, precluding any localization
experiments by immunocytochemistry.

Membrane Association of the ARSG Precursor—As the ARSG
sequence does not contain any obvious ER retention motif, we
considered a membrane association of ARSG to cause ER resi-
dence, which we analyzed by carbonate extraction. PNS from
liver was recovered as described before and lysed by four cycles
of thaw-freezing followed by ultrasonication (Fig. 44). Mem-
branes were pelleted by centrifugation at 190,000 X g. As deter-
mined by immunoblot, the 63-kDa ARSG precursor was
enriched in the membrane pellet (P), whereas in the soluble (S)
fraction (containing soluble cytosolic and luminal proteins)
almost exclusively the 34-kDa form was found (Fig. 4B). Cyto-
solic Gapdh, cathepsin D as a (partially) membrane-associated
protein (28 -30), and Lamp1 as an integral membrane protein
served as loading controls. Approximately 60% of the entire
ARSG pool was found in the membrane fraction. Treatment of
the membrane fraction with 0.1 M Na,CO; to dissociate mem-
brane-associated proteins (23) followed by centrifugation
released ~50% of the membrane-bound 63-kDa precursor
from membranes and essentially all of the residual 34-kDa
ARSG fragment. Surprisingly, however, still ~50% of the ARSG
precursor was recovered in the membrane fraction, indicating
tight binding to membranes. Membrane-bound cathepsin D
was completely recovered in the supernatant upon Na,CO,
treatment, indicating that conditions for carbonate treatment
were sufficient to release associated membrane proteins. Solu-
bilization of the Na,COj pellet with 0.5% Triton X-100 was not
sufficient to solubilize the entire residual pool of ARSG, and
small amounts were solubilized only by SDS. Because the trans-
port of most acid hydrolases to the lysosome is mediated by man-
nose 6-phosphate receptors, we determined whether the mem-
brane association is mediated by binding to MPRs. However,
including 5 mm mannose 6-phosphate (Man-6-P) into all buffers
used for membrane extraction, to compete with binding to MPRs,
did not affect membrane association, indicating that MPRs are not
involved in the tight binding of ARSG to membranes.

To further determine the mode of interaction of the 63-kDa
ARSG precursor with membranes, we applied different agents
for membrane extraction like high salt buffer (1.5 m NaCl), 5
mM B-mercaptoethanol containing buffer or acidic sodium ace-
tate buffer, pH 4.5 (Fig. 4C). However, only Triton X-100 effi-
ciently, but not completely, released ARSG from membranes,
and Na,COg, as before, only partially solubilized the ARSG pre-
cursor. No effect was observed for NaCl, B-mercaptoethanol, or
acidic buffer. Finally, we evaluated the membrane association of
the lysosomal 34- and 18-kDa forms using tritosomal fractions
(Fig. 4D). Neither the 34- nor the 18-kDa protein exhibited
association with membranes.

Kinetics, Localization, and Products of Proteolytic ARSG
Processing—Next we examined the kinetics of processing and
the half-life of the intracellular ARSG forms by [**S]methio-
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FIGURE 4. Precursor of ARSG is tightly associated with membranes. A, fractionation scheme for the separation of soluble proteins, membrane-associated
proteins (Na,CO; soluble), and integral membrane proteins from liver PNS. B, immunoblot analysis of all fractions derived from the membrane extraction
procedure. Most of the ARSG precursor was found in the membrane fraction, whereas the 34-kDa fragment was almost completely soluble. Upon carbonate
extraction of the membranes, residual membrane-associated 34-kDa fragment and parts of the precursor were extracted and detected in the supernatant
upon centrifugation. Some precursor was only soluble after extraction with 0.5% Triton X-100 or even 2% SDS. The membrane association was independent of
mannose 6-phosphate receptor binding, because addition of 5 mm Man6P to all buffers did not interfere with membrane association of ARSG. Cathepsin D was
partially membrane-associated, but the remaining membranous portion was completely extractable with carbonate. Lamp1 and Gapdh were used as controls
forintegral membrane proteins and soluble proteins, respectively. 120 g of PNS protein were loaded per lane. Protein distribution derived therefromis shown
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contrast to the ARSG precursor, fractionation of tritosomes (F2) revealed quantitative extraction of both 34- and 18-kDa fragments in the soluble fraction.
Niemann-Pick 2 protein (Npc2) is shown as a marker for a soluble lysosomal protein.

nine/cysteine pulse-chase analysis followed by immunoprecipi-
tation (Fig. 5A). Because the endogenous ARSG could neither
be immunoprecipitated sufficiently from MEF nor Neuro2a
cells (data not shown), HT1080 cells transiently expressing
tagged murine mARSG were used. Untransfected cells served as
specificity controls because the antibody precipitated several
nonspecific bands. Cells labeled for 1 h with [**S]methionine/
cysteine were either harvested (0-h chase) or chased for 2—-72 h.
After pulse labeling, only the 63-kDa ARSG precursor was
observed. After 4 h of chase, both 34- and 18-kDa ARSG bands
SASBMB
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were detectable, and small amounts of an ~20-kDa polypeptide
which might represent an intermediate form. Even after 72 h of
chase, significant amounts of the 63-kDa ARSG precursor were
still detectable. All molecular weight forms markedly disappeared
after 24, 48, and 72 h, indicating a relatively short overall half-life.

To determine whether mouse and human ARSG orthologs
are similarly processed, HT1080 cells were transfected in par-
allel either with human or murine ARSG ¢cDNAs coding for
RGS-His-tagged fusion proteins (Fig. 5B). Immunoblot detec-
tion with the RGS-His antibody revealed similar expression of
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band in the right lane.

both constructs. However, the RGS-His antibody exclusively
detected the 63-kDa band, indicating removal of the C-terminal
tag during processing. The ARSG antibody (raised against
murine ARSG) cross-reacted with the human protein, but
detection was much less efficient. Of note, using this antibody,
a comparable processing pattern of both proteins was observed,
even though differences in the extent of processing and subtle
differences in the molecular weight of each chain became obvi-
ous between mouse and human ARSG.

To determine the intracellular compartment where process-
ing takes place, ARSG-expressing MEF cells were incubated
with the lysosomotropic drug NH,Cl, an efficient inhibitor of
lysosomal acidification. In the presence of NH,Cl, delivery of
newly synthesized acid hydrolases from the trans-Golgi net-
work to endosomes is affected due to impaired dissociation of
acid hydrolase-MPR complexes in late endosomes resulting in
hypersecretion of lysosomal enzymes (31). Upon incubation of
cells transiently expressing ARSG with NH,Cl, no processed
34-kDa fragments were observed (Fig. 5C) indicating that
ARSG processing occurred in post-Golgi compartments, most
likely late endosomes/lysosomes. Similar results were obtained
with mouse embryonic fibroblasts deficient for MPRs (MPR46
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and MPR300) (32) and transfected with mArsg cDNA indicat-
ing the dependence of proper sorting of ARSG in the Golgi
apparatus on MPRs in MEFs (data not shown).

To investigate the dependence of the transport of ARSG to
post-ER compartments in HT1080 cells, the ER a-glucosidase
inhibitor 1-deoxynojirmycin (33) was added to the cell culture
medium at concentrations of 5 or 20 mm followed by transfec-
tion with mArsg cDNA. Proteolytic processing of ARSG was
inhibited by deoxynojirimycin similar to NH,CI leading to an
almost complete loss of the processed 34-kDa fragment (Fig. 5D)
indicating that activity of ER glucosidases involved in N-glycan-de-
pendent folding is critical for the efficient transport to the Golgi
apparatus and subsequent delivery to lysosomes.

Finally, we evaluated the possibility of disulfide bridges
between the different chains of ARSG (Fig. 5E). Immunoblot
analysis of extracts from ARSG-transfected HT1080 cells under
reducing (+B-mercaptoethanol) or nonreducing conditions
(— B-mercaptoethanol) revealed a shift of the 18-kDa band ~28
kDa, indicating a disulfide bridge between the 18-kDa fragment
and another smaller (~10-kDa) polypeptide, which is not
detectable by immunoblotting but by pulse-chase experiments
(see below and Fig. 6A). This disulfide bridge probably involves
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FIGURE 6. Lysosomal cysteine proteases cathepsin B and cathepsin L mediate the processing of the ARSG precursor. A, [>**SImethionine/cysteine
pulse-chase analysis of stably mArsg transfected WT MEFs exposed to a mixture of different protease inhibitors and various inhibitors reveals impaired
processing in E64D (cysteine protease inhibitor)- and leupeptin (Leupep.) (a general lysosomal inhibitor)-treated cells. Other inhibitors now show changes
compared with vehicle-treated cells ((4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), pepstatin (Pepst.), and EDTA) or completely abolished processing
(phenanthroline (Phenant.)). B, stably mArsg-transfected MEFs derived from mice deficient for cathepsin B (CtsB~~), cathepsin L (CtsL /"), cathepsin B and L
(CtsB/L™""), cathepsin Z (Cts2), cathepsin H (CtsH /™), asparagine endopeptidase (AEP~"), and cathepsin D (CtsD /") were analyzed by immunoblotting and
showed impaired ARSG processing in CtsB/L™"~ double-deficient cells. C, Western blot of brain homogenates shows reduced levels of the processed 34-kDa
ARSG polypeptide band in double-deficient CtsB/L mice on the endogenous level.

Cys-195 of the 10-kDa chain, although there are several cys-
teine candidates in the 18-kDa chain (see below and Fig. 10).
Gel filtration analysis of solubilized tritosomal fractions of wild
type mice showed co-elution of the 34- and 18-kDa forms of
ARSG, indicating an association between the two chains but
absence of high molecular weight oligomers (data not shown).

Proteases Involved in Processing of ARSG—Our data indi-
cated proteolytic processing of ARSG in late endosomal/lyso-
somal compartments. To characterize proteases responsible
for the proteolytic cleavage of ARSG, a pulse-chase experiment
was performed. HT1080 cells were transfected with the His-
tagged mArsg construct for 16 h, metabolically labeled with
[**S]methionine/cysteine for 45 min, and subsequently incu-
bated for 8 h with inhibitors for different classes of proteases
(Fig. 6A). The first proteolytic cleavage of the 63-kDa precursor
to generate the 44-kDa intermediate form was not affected by
any of the used inhibitors, whereas further proteolytic processing
into the 34- and 10-kDa fragments were efficiently prevented by
leupeptin, a general inhibitor of cysteine, serine, and threonine
peptidases, and E64D, a membrane-permeable cysteine prote-
ase inhibitor. To further define the responsible protease, we
analyzed mARSG-expressing MEFs from different mouse
strains deficient for cathepsin B, cathepsin L, cathepsin B and L,
cathepsin H, cathepsin Z, cathepsin D, and asparagine endopepti-
dase/legumain by immunoblotting (Fig. 6B). Although differ-
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ences in the total ARSG expression levels observed were caused
by variable transfection efficiencies, the overall processing pat-
tern was similar with the exception of cathepsin B/L double-
deficient MEFs lacking essentially the processed 34- and
18-kDa fragments but revealed an additional faint band at ~44-
kDa. These data indicate that both cathepsin L and B contribute
to processing of ARSG. However, immunoblot analysis of
brains (Fig. 6C) from the different cathepsin KO mouse strains
still showed small amounts of the endogenous proteolytically
processed 34-kDa ARSG band.

Transport of ARSG—Most soluble lysosomal proteins are
modified with Man-6-P residues in the Golgi apparatus by the
N-acetylglucosamine-1-phosphotransferase complex encoded
by Gnptab and Gnptg. Man-6-P mediates their sorting in the
Golgi apparatus by binding to Man-6-P-specific receptors and
delivery to endosomes where MPRs release their cargo due to
the acidic pH (34). The ARSG membrane association experi-
ments (Fig. 4), however, suggested Man-6-P-independent mem-
brane association implicating a Man-6-P-independent mode of
transport. We therefore evaluated Guptab-deficient mice for
the presence of ARSG in lysosomes (Fig. 7A). Surprisingly,
ARSG levels were even increased in tritosomes derived from
these Man-6-P-deficient mice, indeed indicating the Man-6-P-
independent mode of transport in hepatic cells. Alternative
transport receptors were recently shown to be sortilin (encoded

JOURNAL OF BIOLOGICAL CHEMISTRY 27999



Molecular Characterization of Arylsulfatase G

Gnptab Sort1 Limp2 «D.
- +/+ +[+Kkilki ki/ki ++ H[+ o[- - 4+ 4+ - - [ a]
-~ —-—-ﬁ - - =150
©
-
-50
b 37
§-..- P.... = @ <o an|
3 25
g 20
C[ wr+* | Limp2-- | Gnptabkiki | Sortl - kDa]
PNS P S|PNs P s [PNs P s [pPNs P s |
1100
175
W —-—
® - -
3 —— -— —_— — %
s 37
£
= - p— -
2
> 125
= 120
T
137
5 |-
E_ . -— TEe W W
Y]

B Gnptab |
lung heart spleen kidney liver brain [kDa]
a
+/+ kilki +/+ kilki +/+ Kilki +/+ ki/ki +/+ ki/ki +/+ ki/ki
+100
75
o - e e
3| — p—
]
k] 37
; —— -
E’ 25
20
F
Bl — - — | —— 37
8 ——
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knock-in mice were analyzed by ARSG immunoblotting and revealed similar or even increased levels of the precursor form of ARSG but similar levels of the
processed form. C, membrane association of 63-kDa precursor ARSG form in the pellet fraction (P) independent of Man-6-P, Sort1, or Limp-2. Gapdh was used

as a loading control. (120 ug of protein/lane).

by Sortl) and Limp2 (35-39). However, similar ARSG levels
were found in tritosomes derived from Sort1 or Limp2 KO mice
compared with appropriate wild type controls, indicating that
lysosomal transport occurred independent of these alternative
transport systems (Fig. 7A). Additionally, ARSG expression in
various tissues of Guptab-defective mice was compared with a
wild type control. Similar levels of the processed ARSG band
were observed in spleen, liver, and brain, whereas a slight
increase in the amounts of the precursor was detected in lung,
kidney, and liver, indicating Man-6-P-independent transport in
these tissues (Fig. 7B). We failed to detect ARSG specifically in
plasma (data not shown). We also evaluated the membrane
association of ARSG in these receptors and Man-6-P mice (Fig.
7C). ARSG association with liver membranes was present in all
genotypes, indicating only weak or no steady-state binding to
MPRs, sortilin, or Limp2.

Glycosylation of ARSG—Overexpressed human ARSG was
previously shown to be glycosylated (3). Because only tagged
ARSG was evaluated, the glycosylation pattern of the processed
forms escaped analysis due to cleavage of the tag. Treatment of
liver PNS and lysosomal F2 fractions with PNGaseF or EndoH
(Fig. 8A) revealed complete susceptibility of the precursor form
of ARSG to both glycosidases, indicating high mannose-type
glycosylation. In contrast, the 34-kDa proteolytically processed
form was only marginally sensitive to EndoH treatment but
fully susceptible to PNGaseF, indicating modification of some
glycans to the complex type. We conclude that the 34-kDa form
must have passed the Golgi apparatus, whereas the 63-kDa pre-
cursor could represent a pre-Golgi intermediate.

To identify the glycosylated asparagine residues, site-di-
rected mutagenesis of the four potential N-glycosylation sites of
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murine ARSG was carried out followed by expression analysis
of mutant ARSG in HT1080 cells (Fig. 8B). The exchange of
Asn-117 to glutamine resulted in a molecular mass reduction of
the 18-kDa chain, whereas the electrophoretic mobility of the
34-kDa polypeptide was not affected, indicating glycosylation
of Asn-117 that is localized on the 18-kDa chain. No molecular
mass differences between WT ARSG and ARSG N215Q
mutant were observed under reducing conditions. However,
under nonreducing conditions, the 28-kDa form of ARSG
N215Q migrated with the same electrophoretic mobility as
observed for the N117Q mutant, indicating glycosylation of
Asn-215 and localization on the 10-kDa chain that is detectable
by the ARSG antibody only when disulfide-bonded to the 18-Da
chain (Fig. 5E). When Asn-356 was mutated (Fig. 8B), a clear
shift in molecular mass of the 34-kDa ARSG form was observed
demonstrating its use as a glycosylation site. The exchange of
Asn-497 almost completely abolished proteolytic processing of
ARSG presumably due to mis-sorting of this variant to the
medium, at least in the HT1080 cells used, or impaired folding
as indicated by a higher molecular weight band. These results
demonstrate that all predicted N-glycosylation sites are used.
Furthermore, the absence of processed ARSG forms implicates
Man-6-P-dependent mode of transport in HT1080 cells.
Influence of Processing on ARSG Activity—To evaluate a puta-
tive activation after proteolytic processing, we determined the
activity of the different molecular forms of ARSG against the
pseudosubstrate pNCS. Activation of lysosomal enzymes by
processing was described for several cathepsins, which require
removal of inhibitory propeptides (40). Although ARSG is
active against pNCS, this substrate is also cleaved by other
much more abundant sulfatases. To measure specific ARSG
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FIGURE 8. Glycosylation pattern of the precursor and the processed forms of ARSG are different. A, PNS and lysosomal F2 fractions were treated with
PNGaseF and EndoH, respectively, and analyzed by immunoblotting. Whereas the precursor is completely EndoH-sensitive, both processed forms (34- and
18-kDa) are only partially sensitive to EndoH, indicating at least a partial complex-type glycosylation. B, HT1080 cells were transfected with wild type or mutant
mArsg cDNAs, each of the four Asn-Xaa-(Ser/Thr) (where Xaa is not proline) glycosylation motifs, as indicated and analyzed by immunoblotting under reducing
conditions. Incubation of cell lysates with or without PNGase F indicated use of all four glycosylation sites and their localization on the three chains of processed
ARSG (see text). C, HT1080 cells stably expressing WT ARSG or mutants N117Q and N215Q were harvested and lysed in the presence of N-ethylmaleimide. One
aliquot of each cell lysate was treated with PNGase F under nonreducing conditions, and another aliquot remained untreated. In the untreated samples, the
28-kDa ARSG form, composed of the 18- and 10-kDa ARSG chains, showed a reduced molecular weight in the two mutants in comparison with WT ARSG,
indicating that both N-glycosylation sites are located on the 28-kDa polypeptide, with Asn-117 being located on the 18-kDa chain.

activity, we immunoprecipitated endogenous ARSG followed
by the pNCS assay. ARSG activity was linear after immunopre-
cipitation from liver extracts corresponding to a range of 0.5—
2.5 mg of total protein (Fig. 94), indicating sufficient antibody
binding capacity in this range. The comparison of homogenates
of different organs, including brain, liver, and testis, revealed
significant differences in the hydrolysis of pNCS (Fig. 9B). How-
ever, these differences matched the amounts of immunoreactive
ARSG (data not shown), suggesting little or no influence of ARSG
processing on activity. Tissues from ARSG-deficient mice showed
no activity against pNCS, highlighting the specificity of our assay.
Subjecting similar amounts of the pre-lysosomal 63-kDa precur-
sor form and the processed lysosomal mature 34-kDa form, as
determined by immunoblot (Fig. 9C, right panel), both from liver
differential centrifugation (Fig. 2), to our immunoprecipitation-
based assay revealed a slight increase in the activity of the pro-
cessed lysosomal form, again proportional to the slightly higher
amounts of the applied 34-kDa form. These data clearly show that
proteolytic cleavage of ARSG has little or no influence on its activ-
ity toward the pNCS substrate.

DISCUSSION

The human and mouse genomes encode eight sulfatases for
which a lysosomal localization has been demonstrated. Two of
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these sulfatases, arylsulfatase K and ARSG, have been described
and characterized only recently after heterologous ectopic
expression (2, 3). In this study, detailed biochemical description
of the endogenous ARSG enzyme is presented to understand in
vivo expression, function, and properties of this enzyme, which
is critical for the degradation of 3-O-sulfated glucosamine res-
idues of heparan sulfate.

ARSG is broadly expressed in several tissues. However,
marked differences were determined by immunoblot analyses.
Previous RT-PCR analyses of murine tissues revealed the high-
est mRNA expression in the lung and only moderate expression
in liver and spleen (41). In contrast, no ARSG transcripts were
found in the human lung, but high expression levels were found
in human liver and spleen (3). At the protein level, we found the
highest expression in mouse brain, kidney, testis, liver, and
spleen. These apparent discrepancies might be explained by
both species-specific differences and differences in post-tran-
scriptional regulation of mRNAs or the stability of the protein.
Interestingly, ARSG protein levels correlate well with the dis-
tribution of 3-O-sulfated heparan sulfate in the KO mouse,
which is highest in brain, liver, and kidney (7), indicating
precisely regulated expression in tissues with high substrate
turnover rather than ubiquitous expression with character-
istics of a “housekeeping” gene.
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FIGURE 9. Development of an ARSG-specific activity assay and influence of proteolytic processing on ARSG activity. A, immunoprecipitation of ARSG
from increasing amounts of lysed liver PNS followed by colorimetric sulfatase activity assay with the pseudosubstrate pNCS shows a linear increase of pNCS
turnover up to 2.5 mg of PNS protein, indicating no antibody limitation in the selected range. (AE = change of pNCS product absorbance measured at 515 nm).
B, ARSG activity measurement with the above-described IP-based assays with 2 mg of protein of different organ extracts from wild type and Arsg KO mice (n =
3) and 4 ul of ARSG antibody revealed marginal background activity in tissues of KO mice, indicating high specificity of the assay. Highest activity can be
observed in brain homogenates. C, IP-based ARSG activity assay of 300 pg of liver microsomal fraction (P) and 30 ug of lysosomal fraction F2 from three WT
mice (left panel). The higher activity in the F2 fraction corresponded to the higher amount of the 34-kDa processed ARSG form as compared with the 63-kDa

precursor in the microsomal fraction (right panel), hence indicating comparable or only slightly increased activity of processed ARSG.

In addition to differences in the expression level, this study
demonstrates that ARSG undergoes proteolytic processing
during maturation to a three-chain form in a tissue-dependent
manner. In this respect ARSG resembles other lysosomal sulfa-
tases, including iduronate-2-sulfatase (42), sulfamidase (43,
44), arylsulfatase A (45), arylsulfatase B (46), N-acetylgalac-
tosamine-6-sulfatase (47), and N-acetylglucosamine-6-sulfa-
tase (48), which were similarly shown to be proteolytically pro-
cessed. Our pulse-chase analyses exclude translation of possible
shorter mRNA splice variants, which are annotated in data-
bases resulting in truncated ARSG form(s). They rather showed
a complex maturation process of the 63-kDa ARSG precursor
protein to 34-, 18-, and 10-kDa chains (Fig. 10), which relies on
transport to lysosomes, low pH, and lysosomal proteases. The
inhibitor and expression experiments revealed that lysosomal
cysteine proteases, which are sensitive to E64D, and our trans-
fection experiments using protease-deficient MEFs revealed
that cathepsin B and L play an important role in the processing
step cleaving a 44-kDa intermediate into the 34- and 10-kDa
chains. However, E64D only partially inhibited processing sug-
gesting either incomplete inhibition of the responsible pro-
tease(s) or the possibility that the activity of another protease
depends on cathepsin B and L. This alternative explanation
could also explain the occurrence of proteolytic processing in
the brain of cathepsin B/L double-deficient mice (Fig. 6C).

Interestingly, subcellular fractionation experiments exhibit a
relatively long lasting stability of the endogenous ARSG precur-
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sor protein in a pre-lysosomal compartment, with the precur-
sor co-fractionating with Pdi, an ER-resident protein. In the
liver, most ARSG was detected, at steady state, in its precursor
form. Finally, our deglycosylation analysis demonstrated mostly a
high mannose-type glycosylation of the 63-kDa precursor,
whereas the proteolytically processed ARSG carried complex-type
N-glycans. This indicates that the forms that become processed in
late endosomes had passed the Golgi apparatus, although the pre-
cursor is a pre-Golgi intermediate (49).

All these lines of evidence indicate that ARSG is not only
present in the endo-/lysosomal compartment but to significant
amounts also in pre-lysosomal compartments like the ER.
Interestingly, in the first report on ARSG, its subcellular local-
ization was assigned to the ER (41). However, these studies were
conducted under overexpressing conditions that are often
accompanied by ER accumulation due to folding stress. Fur-
thermore, detection was carried out with an antibody against an
epitope tag, which is rapidly removed during maturation, as
also seen in this study, and hence it precludes detection of the
mature forms in acidic compartments. Our experimental setup
aimed to detect endogenous protein wherever possible, exclud-
ing potential overexpression artifacts. It confirms a partial ER
localization, described in this initial study, at least for the ARSG
precursor. Nevertheless, our subcellular fractionation experi-
ments unambiguously reveal a lysosomal localization of func-
tional and active ARSG, which is in line with the lysosomal
accumulation of GAGs upon ablation of ARSG in the KO
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teine in position 84 is modified to formylglycine, and asparagine residues are
modified with N-glycans at positions 117, 215, 356, and 497. In the Golgi
apparatus, N-glycans become partially modified to complex-type or man-
nose-type glycans, from which Asn-497 becomes modified with mannose
6-phosphate. En route to late endosomes/lysosomes, proteolytic processing
takes place in two steps, yielding two fragments in the first step (apparent
molecular masses of 44 and 18 kDa). In the second step, the 44-kDa fragment
is processed further to the 34- and 10-kDa chains. The 10-kDa chain is a cleav-
age product of the 44-kDa fragment but linked to the 18-kDa chain through a
disulfide bridge, as found after analysis by nonreducing gel electrophoresis
(see Fig. 5E). According to the three-dimensional homology model for ARSG,
based onits closest relative arylsulfatase A (Protein Data Bank code 1E2S), the
two processing sites are located in surface-exposed loop regions (approxi-
mate amino acid positions 182-192 and 255-268, respectively). Accordingly,
Cys-195 is the only cysteine located on the 10-kDa chain and hence disulfide-
bridged to either Cys-167,-178 or -181 on the 18-kDa chain.

mice. The relevance of the slow transport kinetics of ARSG,
causing precursor accumulation in microsomal compart-
ments, remains unknown. The low residual activity of ARSG
at neutral pH (3) makes a second GlcNS3S-unrelated hydro-
lytic activity in the ER highly unlikely.

Our biochemical studies revealed, beside the unexpectedly
long residency in the ER, a strong association of the 63-kDa
precursor protein, but not of processed ARSG, with cellular
membranes as shown by lysis of organelles followed by ultra-
centrifugation. Of note, ARSG does not contain any predicted
transmembrane domain. The membrane association was only
partially lost after incubation with carbonate and unaffected by
Man-6-P, high salt, reducing agent, or acidic buffers. Because
the precursor protein is quantitatively associated with mem-
branes, it can be concluded that the membrane-associated frac-
tion is completely localized to the ER. The strong membrane
association of the precursor and the loss of membrane associa-
tion of the processed chains raise the question regarding how
ARSG is retained in the ER and whether the putative interac-
tion with an ER resident protein is important for its mode of
transport. The lack of proteolytic processing upon incubation
of cells with the glucosidase inhibitor 1-deoxynojirmycin may
result from inappropriate folding or its abnormal interaction
with receptors in the endoplasmic reticulum and thus pro-
longed interaction with quality control chaperones like cal-
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nexin. Whether such interaction is the reason for the rather
slow itinerary of ARSG through the ER also in the absence of
1-deoxynojirmycin remains to be investigated.

In fact, our subcellular fractionation studies revealed equal or
even higher levels of processed ARSG in liver lysosomes of
Gnptab knock-in mice (with a defect in the generation of Man-
6-P), sortilin-, and also Limp2-deficient mice compared with
corresponding controls. A similar observation was made in
other tissues of Guptab knock-in mice, which revealed no dif-
ferences or even increased levels in the steady-state levels of
ARSG. Thus, two independent modes of transport seem to be
operative in the liver and other tissues, of which one is obvi-
ously independent of Man-6-P and another pathway compen-
sates for the deficiency of these known receptors for lysosomal
proteins and Man-6-P. These data are in line with a series of
other lysosomal enzymes, for which Man-6-P-independent
transport was shown and, interestingly, membrane association
as well. These include cathepsin D, prosaposin, and glucocer-
ebrosidase (28, 29, 50, 51). Even though for the latter, Limp2
binding and a Limp2-dependent mode of transport was shown
(35), we can exclude that pathway because ARSG levels were
similar in lysosomes from WT and Limp2-deficient mice and
membrane association was not lost in liver membranes of
Limp2 KOs. We are currently trying to identify interaction
partners of ARSG, which might give insight into a new trans-
port route. Furthermore, a likely explanation could also involve
a secretion of ARSG into the bloodstream and (Man-6-P-inde-
pendent) re-uptake mechanism, which was previously suggested
to act as a compensatory mechanism in MPR-double deficient
mouse (52). However, we failed to detect ARSG in the plasma of
mice, preventing experimental proof for this hypothesis.

Remarkably, in MPR-deficient MEFs ARSG is not proteolyti-
cally processed, implicating mis-sorting and thereby different
transport routes in fibroblasts and other tissues like liver, as
described previously for other lysosomal soluble enzymes in
MPR double deficient mice (52). Furthermore, mutation of
asparagine 497 considerably abrogated processing and most
likely transport to lysosomes in HT1080 cells. In good agree-
ment with our data, this residue was previously shown to be
Man-6-P-modified in a screen for Man-6-P modification of ly-
sosomal proteins (53). Because all other glycosylation site
mutants were processed properly, this residue is likely the only
Man-6-P-modified sorting signal.

Proteolytic processing was shown to be critical for maximal
activity for some lysosomal enzymes or even activation in gen-
eral, although it was shown to be dispensable for others (40,
54-60). We therefore aimed to investigate a possible activation
of the hydrolytic activity by proteolytic processing. Even
though our IP-based assay might be biased to some extent by
different efficiencies of precipitation of the used polyclonal
antibody, which was raised against the full-length recombinant
protein, or of the different ARSG forms (precursor and pro-
cessed), we can exclude a substantial gain of activity due to
processing. This observation is further strengthened by our
previous results, which indicated that the precursor is already
active against both the pseudosubstrates pNCS and 4-methyl-
umbelliferyl sulfate (3) and also the natural substrate GIcNS3S
(7). We are currently developing an assay based on the degra-
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dation of the natural substrate GIcNS3S for the determination
of endogenous ARSG activity, which is independent of any
immunological reagents and thus will be useful for further
characterization of ARSG and to find putative MPS patients
with ARSG deficiency. It should be noted, however, that diag-
nosis of ARSG deficiency as a lysosomal storage disorder most
probably will have to take into consideration the existence of an
extra-lysosomal ARSG form under physiological and probably
also under pathological steady-state conditions that contrib-
utes to the measured cellular activity.
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