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Background: Human sulfatases play key roles in physiology and cause numerous pathological conditions upon
deficiency/misregulation.
Results: ARSK is ubiquitously expressed, localizes to lysosomes, and shows arylsulfatase activity at acidic pH.
Conclusion: ARSK is a novel lysosomal sulfatase acting on a ubiquitous substrate.
Significance: ARSK functions in lysosomal degradation, possibly of glycosaminoglycans, and, in all probability, is associated
with a non-classified lysosomal storage disorder.

Thehuman sulfatase family has 17members, 13 ofwhich have
been characterized biochemically. These enzymes specifically
hydrolyze sulfate esters in glycosaminoglycans, sulfolipids, or
steroid sulfates, thereby playing key roles in cellular degrada-
tion, cell signaling, and hormone regulation. The loss of sulfa-
tase activity has been linked to severe pathophysiological con-
ditions such as lysosomal storage disorders, developmental
abnormalities, or cancer. Anovelmember of this family, arylsul-
fatase K (ARSK), was identified bioinformatically through its
conserved sulfatase signature sequence directing posttransla-
tional generation of the catalytic formylglycine residue in sulfa-
tases. However, overall sequence identity of ARSK with other
human sulfatases is low (18–22%). Here we demonstrate that
ARSK indeed shows desulfation activity toward arylsulfate
pseudosubstrates. When expressed in human cells, ARSK was
detected as a 68-kDa glycoprotein carrying at least four N-gly-
cans of both the complex and high-mannose type. Purified
ARSK turned over p-nitrocatechol and p-nitrophenyl sulfate.
This activitywasdependent on cysteine 80,whichwas verified to
undergo conversion to formylglycine. Kinetic parameters were
similar to those of several lysosomal sulfatases involved in deg-
radationof sulfated glycosaminoglycans.An acidic pHoptimum
(�4.6) and colocalization with LAMP1 verified lysosomal func-
tioning of ARSK. Further, it carriesmannose 6-phosphate, indi-
cating lysosomal sorting via mannose 6-phosphate receptors.
ARSKmRNAexpressionwas found in all tissues tested, suggest-
ing a ubiquitous physiological substrate and a so far non-classi-
fied lysosomal storage disorder in the case of ARSK deficiency,
as shown before for all other lysosomal sulfatases.

Sulfatases represent an evolutionary conserved enzyme fam-
ily that comprises 17members in humans (1, 2). These enzymes
catalyze the hydrolysis of sulfate esters of a variety of substrates
such as glycosaminoglycans (heparin, heparan sulfate, chon-

droitin/dermatan sulfate, and keratan sulfate), sulfolipids (e.g.
cerebroside-3-sulfate), and sulfated hormones (e.g.dehydroepi-
androsteron-3-sulfate), thereby contributing either to the deg-
radation of macromolecules and cellular components or hor-
mone activation (3, 4). Two sulfatases act on the cell surface as
editors of the sulfation status of heparan sulfate proteoglycans
(5–7) and, thereby, regulate fundamental signaling pathways
involving numerous heparan sulfate-dependent growth factors
and morphogens (for a review, see Ref. 8).
In humans, sulfatases display functional and structural

homologies but show strict specificity toward their natural sub-
strate. Each enzyme catalyzes a precise desulfation step, hence
explaining the non-redundancy of sulfatases in vivo. In vitro,
however, many human sulfatases share activity against small
sulfated aromatic pseudosubstrates like p-nitrocatechol sulfate
(pNCS)3 or p-nitrophenyl sulfate (pNPS) and 4-methylumbel-
liferyl sulfate, which was the basis for the arylsulfatase nomen-
clature. For enzymatic activity, all sulfatases require C�-formyl-
glycine (FGly) in their catalytic site (3, 9, 10). This unique
amino acid functionality is introduced by the oxidation of a
conserved cysteine residue that is part of a C-T/S/C/A-P-S-R
motif within the so-called sulfatase signature (11, 12). FGly
modification occurs during the translocation of newly synthe-
sized sulfatase polypeptides into the endoplasmic reticulum
(ER) and is catalyzed by the ER-resident FGly-generating
enzyme (FGE) (13, 14). A compromised FGE function leads to
the severe metabolic disorder multiple sulfatase deficiency, in
which the activity of all sulfatases is severely reduced (14–16).
All human sulfatases are processed via the secretory pathway

and are extensively glycosylated in the ER and Golgi during
transport to their final subcellular compartment. They can be
grouped into the non-lysosomal and the lysosomal sulfatases
according to their subcellular localization and pH preference.
The non-lysosomal group includes the ER-localized arylsulfa-
tases C, D, and F as well as the Golgi-localized arylsulfatase E
and the cell surface-localized sulfatases Sulf1 and Sulf2, which
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human sulfatases (iduronate 2-sulfatase, glucosamine 6-sulfa-
tase, galactosamine 6-sulfatase, sulfamidase, and arylsulfatases
A, B, and G) that have been demonstrated to be localized in the
lysosome and exhibit an acidic pH optimum (4, 17).
The importance of the human sulfatases is underlined by the

existence of, so far, eight inherited diseases that are due to sin-
gle sulfatase deficiencies. Loss of arylsulfatase C function leads
to the skin disease X-linked ichthyosis (18). Mutations in aryl-
sulfatase E lead to the bone disease chondrodysplasia punctata
type 1 (19). Six of the seven known lysosomal sulfatases are
correlated to different forms of lysosomal storage disorders.
While deficiency of arylsulfatase A (cerebroside-3-sulfatase)
leads to metachromatic leukodystrophy, five sulfatases, namely
arylsulfatase B, galactosamine-6-sulfatase, glucosamine-6-sul-
fatase, sulfamidase, and iduronate-2-sulfatase, which all are
involved in the degradation of glycosaminoglycans, lead to dif-
ferent types of mucopolysaccharidosis in case of deficiency (4).
In affected patients with these lysosomal storage disorders, the
degradation of a specific sulfated compound is blocked, leading
to its accumulation in the lysosomes and in the extracellular
fluids. Lysosomal storage finally results in an overall dysfunc-
tion of the lysosome, cellular damage, and apoptosis (20).
Recently, we characterized the novel lysosomal sulfatase aryl-
sulfatase G and showed that its inactivation in mice results in
loss of heparan sulfate 3-O-sulfatase activity, thus leading to a
new lysosomal storage disorder, mucopolysaccharidosis IIIE
(17, 21). Therefore, the consistent association of all known
lysosomal sulfatases with corresponding storage diseases gives
reason for in-depth analyses of sulfatases of unknown function
that had been identified in a genome-wide search for sulfatases
in humans. In fact, for several sulfated substrates, the corre-
sponding sulfatases and possible associated storage disorders
have not yet been identified.
One of these novel sulfatases is encoded by the ARSK gene

that is located on chromosome5q15 in the human genome.The
gene encodes a 536-amino acid protein with a predicted 22-
aminoacid signal peptidedirecting ER translocation.ARSK (ear-
lier names are SulfX, Sulf3, TSulf, and bone-related sulfatase)
displays an overall sequence identity of 18–22% (32–38%
sequence similarity) to other human sulfatases (2, 22, 23) and
was classified as a human sulfatase because of the presence of
the sulfatase signature sequence motif CCPSR at positions
80–84 and the conservation of other catalytic residues. Con-
version of the cysteine residue at position 80 into FGly was
indirectly verified by demonstrating efficient in vitro FGly for-
mation in the ARSK-derived peptide Sulf3-(70–91) FLNAYT-
NSPICCPSRAAMWSGLS by purified FGE (24). ARSK lacks a
transmembrane domain and a putative GPI anchor site and is
predicted to be a soluble protein with multipleN-glycosylation
sites. In this work, we demonstrate that human ARSK is a lyso-
somal enzyme that shows an acidic pH optimum for catalytic
activity against arylsulfatase substrates and carries mannose
6-phosphate as a lysosomal sorting signal.

EXPERIMENTAL PROCEDURES

Antibodies—A rabbit polyclonal antiserum (rabbit anti-
ARSK)was generated against recombinant humanARSK-RGS-
His6, expressed in Escherichia coli Tuner (DE3) cells using the

pET-Blue system (Novagen). The antigen was purified from
inclusion bodies under denaturing conditions on nickel-
nitrilotriacetic acid-agarose (Qiagen) as described by the manu-
facturer (QIAexpressionist Handbook). Mannose 6-phosphate
(M6P)-containing proteins were detected using the scFv M6P-1
single-chain antibody fragment, as described previously (25),
and a rabbit anti-c-Myc antibody (catalog no. C3956, Sigma).
Other antibodies used were anti-RGS-His6-tag (Qiagen), anti-
LAMP-1 (catalogname1D4B,Developmental StudiesHybridoma
Bank), and horseradish peroxidase-conjugated secondary
antibodies (Invitrogen).
Expression Analysis of ARSK in Human Tissues—To identify

ARSK mRNA transcripts, a panel of normalized cDNAs from
eight different human tissues (MTC panel human I, Clontech)
was amplified by PCR using ARSK-specific primers (forward
primer 5�-TTA ATT CAT CTG GAT CCG AGG AAA G-3�
and reverse primer 5�-AAT CGT GTG GAA GCT GG-3�) to
generate a 931-bp fragment. PCR was carried out for 36 cycles
with an annealing temperature of 55 °C. The resulting fragment
was verified by sequencing. Normalization was confirmed by
amplifying a 1000-bp fragment for glyceraldehyde-3-phos-
phate dehydrogenase cDNA (GAPDH).
Cloning and Expression of ARSK—The human ARSK cDNA

was reverse-transcribed from total mRNA of human fibro-
blasts. ARSK was amplified as a C-terminal RGS-His6-tagged
derivative by add-on PCR using a XhoI forward primer (5�-
CCGCTCGAGCCACCATGCTACTGCTGTGGGTG-3�)
and a NotI-RGS-His6 reverse primer (5�-ATAGTT TAGCGG
CCG CTA GTG ATG GTG ATG GTG ATG CGA TCC TCT
AAC TGC TCT TGG ATT CAT ATG G-3�). The ARSK-His6
cDNA construct was initially cloned into the multiple cloning
site of pLPCX (Clontech) and, to achieve better expression,
finally moved as a blunted fragment into the pSB4.7pA vector
(provided by Shire Human Genetic Therapies, LexingtonMA).
We inserted the C80A mutation into the ARSK-His6 construct
using the QuikChange site-directed mutagenesis protocol
(Stratagene) with the following complementary primers:
5�-CAC AAA CTC TCC AAT TGC CTG CCC ATC ACG
CG-3� and 5�-CGC GTG ATG GGC AGG CAA TTG
GAG AGT TTG TG-3�. Finally, all constructs were full
length-sequenced.
HT1080 and HEK293 cells were transfected with Lipo-

fectamine LTX (Invitrogen) as recommended by the manufac-
turer. To obtain stably ARSK-expressing cell lines, HT1080 and
HEK293 colonies were selected with G418 for 12 days and sub-
sequently grown in the presence of 800 �g/ml G418.
Cell Culture—If not stated otherwise, HT1080, HEK293

cells, and mouse embryonic fibroblasts were grown at 37 °C
under 5%CO2 in completeDMEM(Invitrogen) containing 10%
FCS (Lonza).
Purification of Recombinant ARSK-His6 and ARSK-C80A-

His6—HEK293 cells stably expressing ARSK-His6 or ARSK-
C80A-His6, respectively, were shifted to DMEM with 1% FCS.
Conditioned medium was collected three times every 48 h and
precipitated with ammonium sulfate (50%w/v). After reconsti-
tution inHisTrap binding buffer (20mM imidazole, 20mMTris,
500 mM NaCl (pH 7.4)) and dialysis overnight at 4 °C, the dia-
lyzed protein was cleared by centrifugation at 17 000 � g for 30
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min, filtered through a 0.22-�m filter, and loaded onto a 1-ml
HisTrap column at a flow rate of 1 ml/min using the ÄKTA
Explorer purification system (GE Healthcare). After washing
with washing buffer (20 mM imidazole, 20 mM Tris, 500 mM

NaCl (pH 7.4)) elution of the columnwas performed applying a
linear gradient from to 20–500 mM imidazole (in 20 mM Tris,
50 mM NaCl (pH 7.4)) over 15 column volumes (1 column vol-
ume/fraction). Fractions were analyzed by Western blotting
using anti-RGS-His6 antibodies and Roti-Blue colloidal Coo-
massie staining (Roth). ARSK-containing fractions (fractions
6–14) were pooled, diluted 1:2 in HiTrap SP binding buffer (20
mM MES, 20 mM NaCl (pH 6.5)), and directly loaded onto a
HiTrap SP column (GE Healthcare) at a flow rate of 1 ml/min
using the ÄKTA Explorer purification system. The columnwas
washed with washing buffer (20 mM MES, 20 mM NaCl (pH
6.5)). Elution was performed with a linear gradient from 20mM

to 1 M NaCl (in 50 mMMES (pH 6.5)) over 15 column volumes.
Fractions were analyzed by Western blotting and Coomassie
staining as above.
Enzyme Assays—Activities of ARSK toward different pseu-

dosubstrates like pNCS or pNPS were assayed as described
before (17). Absorbances were measured at 515 nm (�515 �
12,400 M�1 cm�1) in the case of pNCS or at 405 nm (�405 �
18,500 M�1 cm�1) for pNPS. All measurements were per-
formed using the infinite M200 microplate reader (Tecan).
SDS-PAGE andWestern Blot Analysis—Standard techniques

were used for SDS-PAGEandWestern blot analyseswith PVDF
membranes (Millipore). Proteins were detected by enhanced
chemiluminescence detection reagent (Pierce) and quantified
using the AIDA 4.06 software package (Raytest).
Endoglucosaminidase H and Peptide N-glycosidase F

Treatment—40�l of cell lysates fromARSK-expressing cells or
40 �l of HisTrap-enriched secreted ARSK were deglycosylated
by treatment with peptide N-glycosidase F (PNGaseF, Roche)
or endoglucosaminidase H (EndoH, Roche) as described before
(17) and analyzed by Western blotting.
Mannose 6-phosphate Receptor (MPR) Binding Assay—Puri-

fied ARSK and purified recombinant Scpep1 (26), respectively,
were incubated overnight at 4 °C with goat-MRP46 and goat-
MRP300 immobilized on a 2-ml Affi-Gel 10 matrix (Bio-Rad).
Washing with glucose-6-phosphate and elution with mannose
6-phosphate were performed as described before (27). The
resulting fractionswere analyzed byWestern blotting detecting
the RGS-His6 tag present on both proteins.
ARSK Uptake and Immunofluorescence—For uptake experi-

ments, immortalized mouse embryonic fibroblasts were grown
to 70% confluency for 24 h on poly-L-lysine-coated coverslips in
24-well plates. 1 �g of ARSK-His6 in a total volume of 200 �l of
10 mM HEPES, 0.9% NaCl (pH 7.4) were mixed with 400 �l of
medium and added to the cells for 2 h. After incubation, the
cells were washed with PBS, fixed with 4% paraformaldehyde in
10 mM Na2HPO4 (pH 7.3) containing 3% sucrose for 20 min at
room temperature and washed three times with permeabiliza-
tion buffer (500 mMNaCl, 10 mMNa2HPO4 (pH 7.3) with 0.1%
Tween 20 and 0.1% Triton X-100) prior to blocking with 2%
FCS for 30 min. ARSK was detected by incubation with the
polyclonal rabbit anti-ARSK antibody and LAMP-1 with the
monoclonal rat anti-LAMP-1 antibody (1D4B) for 1.5 h at room

temperature. Afterwashingwith immunofluorescencewashing
buffer (500 mM NaCl, 10 mM Na2HPO4, 0.1% Tween 20 (pH
7.3)), primary antibodies were detected with a goat-anti-rabbit
Alexa Fluor-488 and a goat anti-rat Alexa Fluor-536 antibody
(Invitrogen). Images were obtained on a Leica DM5000B
microscope equipped with an HCX PL APO �100 oil immer-
sion objective.
Pulse-chase Experiments—HEK293 cells expressing ARSK

and untransfected cells, respectively, were grown on 6-cm
dishes to a confluency of 80%. The medium was removed, and
the cells were washed two times with PBS. Starvation medium
lacking methionine and cysteine with 5% dialyzed FCS was
added for 1 h. Thereafter, the medium was replaced by starva-
tion medium containing 35S-labeled methionine and cysteine
(PerkinElmer Life Sciences) for 1 h to achieve metabolic label-
ing of newly synthesized proteins (pulse). After removal of the
labeling medium, the cells were incubated in normal DMEM
for different time periods (chase). At the indicated chase times,
themediumwas removed, and cells were harvested in 500 �l of
lysis buffer (0.1%TritonX-100, 1mMEDTA, 1mMPMSF, 5mM

iodoacetamide in 1� TBS) and stored at �20 °C. Immunopre-
cipitation was performed as described earlier for cathepsin D
(28)with the followingmodifications. 10�l of rabbit anti-ARSK
was added instead of anti-cathepsin D antibody, and the pan-
sorbin immunocomplex was extensively washed four times
with 1.5 M NaCl, 0.1% Triton X-100 in 0.1� PBS. Proteins were
separated by SDS-PAGE on a 15% gel. The gel was dried and
analyzed by phosphorimaging.

RESULTS

Endogenous Expression of Arylsulfatase K in Human Tissues—
To verify endogenous expression of humanARSK, we first ana-
lyzed its mRNA levels.We looked for tissue-specific expression
by RT-PCR of normalized cDNA samples from different
human tissues and found that ARSK is ubiquitously expressed
(Fig. 1). High expression levels are found in placenta and pan-
creas, and low expression levels are found in muscle. Other
tissues (lung, brain, heart, liver, and kidney) show intermediate
expression levels. Because a specific signal could be found in
all tissues analyzed, we conclude that ARSK is ubiquitously
expressed in most, if not all, human tissues.
Expression of Recombinant Arylsulfatase K—The human

ARSK-encoding cDNA was obtained by reverse transcription
PCR (see “Experimental Procedures”). Its coding sequence

FIGURE 1. Reverse transcription PCR analysis of ARSK mRNA expression in
human tissues. Normalized cDNAs from different human tissues were used
to amplify a fragment of 931 bp by PCR using primers specific for human
ARSK. Normalization was verified using primers specific for glycerol aldehyde
3-phosphate dehydrogenase (GADPH). A sample without cDNA was used as a
negative control (water). See “Experimental Procedures” for further details.
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(1608 bp) fully matched GenBankTM accession number
AY358596. ARSK was stably expressed in HEK293 cells and
HT1080 cells as aC-terminally RGS-His6-tagged variant. These
cells were also stably transfected with the FGE-encoding cDNA
because sulfatase activity depends on posttranslational formyl-
glycine modification. Western blot analyses of untransfected
control and ARSK-expressing HEK293 and HT1080 cells using
a His tag-specific antibody (Fig. 2A, left panel) as well as an
ARSK-specific antibody (right panel) detected a proteinwith an
apparent molecular mass of 68 kDa in transfected cells. The
secreted form of ARSK present in conditioned medium from
HT1080 cells exhibited a molecular mass of �70 kDa, i.e.
slightly higher than the cellular form (Fig. 2A, lanes 3 and 11).
Glycosylation Pattern and Processing—Bioinformatic analy-

sis predicts seven putative N-glycosylation sites with the con-
sensus sequenceNXS/T. To analyze the extent of glycosylation,
recombinant ARSK was partially purified from HT1080 or
HEK293 cells as well as from conditioned medium by chroma-
tography on nickel-Sepharose and subjected to treatment with
the endoglycosidases PNGaseF and EndoH. PNGaseF treat-
ment resulted in a band shift from 68 kDa to 60 kDa, which
corresponds to the calculated mass of the unglycosylated pro-
tein. EndoH treatment led to heterogenous products of the

secreted protein frombothHT1080 andHEK293 cells (Fig. 2B).
These results indicate thatARSK fromboth cell lines is secreted
as amultipleN-glycosylated proteinwith four to fiveN-glycans,
of which some are of the high-mannose or hybrid type and
some of the complex type. Intracellular ARSK is sensitive to
EndoH and PNGaseF digest, leading to similar products
observed for secreted ARSK with a most prominent 64-kDa
product after EndoH treatment. In HEK293 cells, intracellular
ARSK is detected as a double band (Fig. 2B, lane 4) of 64 kDa
and 68 kDa evenwithout EndoH treatment. The 64-kDa species
is not secreted. Because full deglycosylation by PNGaseF results
in a nearly homogenous product, the 64-kDa species may rep-
resent an underglycosylated form of ARSK.
Several sulfatases, in particular those residing in lysosomes,

are synthesized as single-chain precursors and are proteolyti-
cally processed in the course of lysosomal transport. To analyze
for processing of ARSK and to further examine its general
stability, ARSK-expressing HEK293 cells were metabolically
labeled with [35S]methionine/[35S]cysteine for 1 h and har-
vested after various chase periods for up to 24 h. ARSK was
immunoprecipitated, separated by SDS-PAGE, and analyzed by
phosphorimaging. As expected, ARSK was synthesized as a
68-kDa protein that was clearly visible in the first 5 h (Fig. 2C,

FIGURE 2. Recombinant expression, N-glycosylation, and stability/processing of ARSK in human cells. A, ARSK was stably expressed in HT1080 and
HEK293 cells. Cell lysates (C) and medium (M) samples were analyzed for ARSK expression by Western blotting using an anti-RGS-His6 antibody or an anti-ARSK
antiserum, as indicated. Untransfected cells served as a control. The arrow indicates the 68-kDa form of ARSK, as detected in the cell lysates. B, HEK293 cells
stably expressing ARSK were lysed, and the cellular protein was treated with endoglycosidases PNGaseF or EndoH, as indicated. In parallel, ARSK secreted by
HEK293 cells and enriched via HisTrap chromatography was subjected to treatment with endoglycosidases. All samples were analyzed by Western blotting
using the anti-RGS-His6 antibody. The black arrow indicates the fully glycosylated 68-kDa form, whereas the white arrows indicate the partially (64-kDa) or fully
deglycosylated forms (60-kDa). C, HEK293 cells either overexpressing ARSK or not overexpressing ARSK were metabolically labeled for 1 h with [35S]methio-
nine/cysteine and then chased for the indicated times. ARSK was immunoisolated from cell extracts using the anti-ARSK-antibody, separated by SDS-PAGE, and
analyzed by autoradiography. ARSK was detected as a 68-kDa protein (black arrow). In addition, a 23-kDa fragment (white arrow) appeared during the chase,
suggesting processing of the precursor (left panel). A corresponding C-terminal fragment was detected, albeit only weakly, by the anti-RGS-His6 antibody when
analyzing ARSK enriched from conditioned medium of producer cells by Western blotting (right panel, showing three elution fractions from the HisTrap
column, cf. Fig. 3A).
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left panel). After 24 h, the signal dropped by 80%. This obser-
vation may reflect processing of ARSK because a specific band
of 23 kDa could be immunoprecipitated with increasing chase
periods (Fig. 2C), which corresponds to a signal detected by
the anti-His6 antibody in enriched ARSK preparations (right
panel). Additional bandswere immunoprecipitated by the anti-
body, which, however, could also be detected in the untrans-
fected controls. At least one further ARSK-derived polypeptide
lacking the His-tag would be expected in case of a processing
event. We cannot exclude the possibility that other processed
forms of ARSK failed to be immunoprecipitated and, hence,
escaped detection.
Purification and Arylsulfatase Activity of ARSK—To charac-

terize ARSK in detail, we purified the recombinant protein
from the conditioned medium of stably expressing HEK293
cells, which were cultivated in medium containing 1% fetal calf
serum. Medium proteins were precipitated by ammonium sul-
fate, dialyzed, and sequentially subjected to chromatography on
nickel-Sepharose and on the strong cation exchange sulfopro-
pyl matrix. Elution fractions from the nickel-Sepharose (Fig.
3A) and sulfopropyl (B) column were analyzed by SDS-PAGE
and either Coomassie staining (A andB, upper panels) orWest-
ern blotting (lower panels). In addition, we determined arylsul-
fatase activity in each elution fraction (shown in Fig. 3C for the
ion exchange chromatography) to monitor coelution of sulfa-
tase activity with the ARSK protein band and removal of other
arylsulfatases. Nickel-Sepharose chromatography resulted in
partially purified ARSK with an apparent molecular mass of 68
kDa, as judged byCoomassie staining (Fig. 3A,upper panel) and
Western blot analysis using the His tag antibody (lower panel).
In the second purification step by cation exchange chromatog-
raphy, ARSK eluted in fractions 7–9, as demonstrated by Coo-
massie staining (Fig. 3B, upper panel) andWestern blot analysis
(lower panel). Mass spectrometry peptide mass fingerprint
analysis of the 68-kDa band from the Coomassie gel identified
human ARSK with aMascot score of 1907 and a sequence cov-
erage of 54%, including N- and C-terminal regions of the
mature protein after signal peptide cleavage (Fig. 3D). Arylsul-
fatase activity assays using the arylsulfate pseudosubstrate
pNCS revealed arylsulfatase activity in ARSK-enriched frac-
tions 7–10 after nickel-Sepharose chromatography (not
shown) as well as in fractions 7–9 after cation exchange chro-
matography (Fig. 3C).
Purification and Characterization of the Inactive ARSK-C/A

Mutant Protein—All eukaryotic sulfatases are characterized by
a critical formylglycine (FGly) residue in their active site, which
is generated by FGE from a conserved cysteine located in the
so-called sulfatase signature sequence. In ARSK, the key motif
of this signature is represented by the sequence 80-CCPSR-84,
in which the first cysteine is expected to be converted to FGly.
Wemutated cysteine 80 to alanine to generate an enzymatically
inactive form called ARSK-C/A. ARSK-C/A was also stably
expressed in HEK293 cells and purified as described for the
active form. As expected, ARSK-C/A showed markedly
reduced activity against pNCS. The arylsulfatase activity mea-
sured in the ARSK-C/A-enriched fractions reached up to 20%
of wild-typeARSK activity whenmeasured at neutral pH.How-
ever, at its pH optimum, the specific activity of wild-type ARSK

FIGURE 3. Purification, arylsulfatase activity, and identification of ARSK. A,
ARSK-His6-expressing HEK293 cells were grown under 1% FCS conditions. 1.5
liter of conditioned medium, after ammonium sulfate precipitation and dialysis,
was loaded onto a 1-ml HisTrap column (L, load). Unbound protein was collected
(FT). After a washing step (W), ARSK eluted in a linear imidazole gradient (20–500
mM) mainly in fractions 7–10 (1 ml each), as detected by Coomassie staining
(arrow) and by Western blotting using the anti-RGS-His6 antibody (bottom panel).
B, the ARSK-containing HisTrap fractions were pooled and loaded onto a 1-ml
HiTrap SP column for a second purification step. ARSK was mainly eluted in frac-
tions 7–9 of the applied NaCl gradient (20–1000 mM). The 68-kDa band detected
by Coomassie staining upon SDS-PAGE analysis of these fractions (arrow) corre-
sponded to the Western blot signal (bottom panel). MALDI mass fingerprint anal-
ysis of the Coomassie-stained band verified that the 68-kDa band consisted of
ARSK (D). C, arylsulfatase activity of the indicated fractions from HiTrap SP chro-
matography (B) was measured at pH 4.6 using 10 mM pNCS as substrate. Activity
was detected only in those fractions containing ARSK. D, the sequence of the
ARSK precursor protein is shown with its N-terminal signal peptide (in italics),
removed in mature ARSK, and the C-terminal RGS-His6 tag. The sequence of the
22 tryptic peptides identified by MALDI mass fingerprint analysis of the 68-kDa
band (B) is shown with shading (54% coverage of the mature sequence, Mascot
score 1907). Predicted N-glycosylation sites are underlined, and the peptide car-
rying the FGly modification (at cysteine 80) is boxed.
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was �20-fold higher as compared with ARSK-C/A (Fig. 4A). In
fact, the background activity in the ARSK-C/A preparation was
at the detection limit and, most probably, because of other con-
taminating sulfatases.
Characterization of ARSK Arylsulfatase Activity—Next we

analyzed the enzymatic properties of ARSK and its activity
toward arylsulfate pseudosubstrates. To discriminate ARSK-
associated sulfatase activity from that of potentially copurified
sulfatases, wemeasured enzymatic activity of ARSK in compar-
ison with ARSK-C/A prepared according to the same purifica-
tion protocol (see above). ARSK cleaved the small aromatic
pseudosubstrates pNCS and pNPS (Fig. 4) but not the com-

monly used pseudosubstrate 4-methylumbelliferyl sulfate (not
shown). The apparent pH optimum for ARSK was found to be
at an acidic pHof about 4.6 for the pseudosubstrates pNCS (Fig.
4A) and pNPS (not shown), thus strongly suggesting a lyso-
somal localization of ARSK. Under the applied assay condi-
tions (pH 4.6, 37 °C, 10 mM pNCS, 35 ng ARSK), substrate
turnover was linear with time for about 120 min (Fig. 4C).
Calculated activities (initial velocities) showed a direct cor-
relation to the amount of ARSK present in the assay (Fig.
4D). Similar to other sulfatases, ARSK activity was inhibited
by the presence of the reaction product sulfate or its analog
phosphate (17, 29). For ARSK, a moderate sensitivity with

FIGURE 4. Kinetic analysis of ARSK. A, to determine the pH optimum of enzymatic activity, purified ARSK (Fig. 3B) was incubated for 3 h at 37 °C with 10 mM

pNCS at various pH values between 4 and 6, as indicated. Similar amounts of the inactive ARSK-C/A (CA) mutant, purified under the same conditions (see
Western blot analysis in the inset) were assayed in parallel. Mean values of two independent experiments � S.D. are shown. B, ARSK activity was inhibited by
sulfate and phosphate, as tested in the concentration range from 0.5–30 mM (at 10 mM pNCS). In two independent experiments, IC50 values of 2.9 � 0.2 mM

(sulfate) and 2.4 � 0.2 mM (phosphate) were determined. C, the time dependence of pNCS turnover by the same ARSK preparation (35 ng) was measured for
up to 8 h at 37 °C and pH 4.6. D, for measuring the dose dependence, different amounts (0 –35 ng) of ARSK were incubated with 10 mM pNCS for 4 h at 37 °C and
pH 4.6. E and F, the dependence of pNCS and pNPS turnover by 20 –30 ng of ARSK on the substrate concentration was analyzed at pH 4.6 and 37 °C. The results
were transformed into double-reciprocal Lineweaver-Burk plots using data points from 0.5–30 mM pNCS (E) and 0.5–50 mM pNPS (F). The kinetic constants
extrapolated from these plots are given in the figure.
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IC50 values of 2.9 � 0.2 mM (sulfate) and 2.4 � 0.2 mM (phos-
phate) was observed (Fig. 4B).
Substrate saturation curves for pNCS and pNPS were deter-

mined at the pH optimum using 20–30 ng of enzyme/assay.
ARSK showed hyperbolic substrate dependence with satura-
tion observed at 15–20 mM for pNCS and 30–40 mM for pNPS
(not shown). Km and Vmax values were determined using Lin-
eweaver-Burk plots. From two independent experiments, we
calculated a Km of 10.9 � 3.3 mM for pNCS and 20.6 � 3.6 mM

for pNPS (Fig. 4, E and F, one of the two experiments shown).
The maximum specific activity Vmax was very similar for both
substrates, pNCS (0.84 � 0.29 units/mg, Fig. 4E) and pNPS
(0.93 � 0.16 units/mg, F). In comparison to most other arylsul-
fatases, these values aremuch lower than the typically observed
activities of 5–100 units/mg. Instead, they are similar to the
rates of those six sulfatases to which the arylsulfatase nomen-
clature has not been applied (3).
It should be noted that a relatively low degree of FGly

modification of ARSK contributes to the low specific activity
determined. FGly quantification was performed by nanoLC
MALDI-MS analysis of tryptic peptides obtained by in-gel
digestion of ARSK. Both theCys-80 and the FGly-80 versions of
the sulfatase signature tryptic peptide GTSFLNAYTNSPIC-
CPSR could be clearly detected (m/z � 1969.9 and 2044.9,
respectively, after carbamidomethylation). The FGly content of
ARSK, however, was�3-fold lower than that of arylsulfatase A,
which we have shown to be FGly-modified by � 90% (30) and
which served as a control in this FGly analysis of ARSK.Of note,
FGly quantification in case of ARSK was impeded by the fact
that the two neighboring cysteines in the relevant peptide
led to heterogenous carbamidomethylation products (data not
shown). Taken together, these data suggest that ARSK is a
lysosomal sulfatase with low activity and low tomoderate affin-
ity toward pseudosubstrates that, in the case of other lysosomal
sulfatases, was found to correspond to a high specificity toward
their natural substrates (see “Discussion”).
Subcellular Localization of ARSK—The acidic pH optimum

suggested a lysosomal localization of ARSK. Most soluble lyso-
somal enzymes are transported toward the lysosome by the
mannose 6-phosphate receptors MPR46 and MPR300, which
recognize an M6P-containing N-glycan. ARSK from condi-
tioned medium of stably expressing HEK293 cells was partially
purified by nickel-Sepharose chromatography and loaded onto
a column with immobilized MPR46 and MPR300. After
removal of unspecifically bound proteins with 5 mM glucose
6-phosphate, specifically boundproteinswere elutedwith 5mM

mannose 6-phosphate, and the fractions were analyzed by
immunoblotting (Fig. 5A, upper panel). The Western blot
revealed that �70% of loaded ARSK was recovered in the man-
nose 6-phosphate elution fractions. As a control, recombi-
nantly expressed murine Scpep1, another lysosomal protein
(26), was analyzed on this MPR affinity column. Scpep1 bound
and eluted with similar efficiency (about 60%, Fig. 5A, lower
panel). In addition, the presence ofM6P residues in ARSK-His6
was confirmed on a Western blot probed with a M6P-specific
antibody (25). A clear signal, even stronger than for the positive
control Scpep1-His6, was detected, whereas for the negative

control FGE-His6, only the His6 tag but no M6P could be rec-
ognized (Fig. 5B).

To further verify the lysosomal localization of ARSK, we per-
formed indirect immunofluorescence studies using stably or
transiently ARSK-expressing HT1080 cells. Because of overex-
pression, a staining of the ERwas predominant, suggestingmis-
folding and improper sorting (not shown). To overcome this
problem, we exploited the MPR/M6P-dependent uptake and
subsequent transport of many lysosomal enzymes toward the
lysosomes. After incubating mouse embryonic fibroblasts for
2 h with medium to which partially purified ARSK-His6 (�1
�g) was added, the cells were analyzed by indirect immunoflu-
orescence using theARSK-specific antiserum. The internalized
ARSKwas detectable in vesicular structures that were also pos-
itive for the commonly used lysosomal marker protein LAMP1
(Fig. 5C). In summary, these results indicate that ARSK is a
soluble lysosomal protein that is transported to the lysosome in
a MPR-dependent manner.

DISCUSSION

In 2005, four novel putative sulfatases (termed arylsulfatase
H, I, J, and K) were identified bioinformatically in humans by a
genome-wide screen using the sulfatase-specific signature
sequence (2). Arylsulfatase I and arylsulfatase J can be consid-
ered paralogs of arylsulfatase B because of their high sequence
identity (45% at the protein level). In contrast, arylsulfatase K
shows low sequence identity (18–22%) with other known sul-
fatases (2). Despite this divergence from other sulfatases, ARSK
itself is quite strongly conserved, e.g. human ARSK shows 76%
sequence identity to chicken, 62% to zebrafish, 54% to amphioxus,
and 52% to acorn worm. This conservation strengthens the pre-
diction thatARSKhas an important and conserved function.Here
we demonstrate that human ARSK is a ubiquitously expressed
glycoprotein that resides in the lysosomeandcleaves artificial aryl-
sulfate pseudosubstrates.
ARSK was stably expressed in human cell lines as a His-

tagged derivative and exhibited an apparent molecular mass of
�68 kDa in its intracellular form and a slightly higher molecu-
lar mass of �70 kDa when secreted into medium. Deglycosyla-
tion assays using endoglycosidases PNGaseF andEndoHclearly
demonstrated that both intracellular and extracellular ARSK
carry multiple complex-type as well as mannose-rich-type
asparagine-linked glycans. The reduction in size of �10 kDa
after PNGaseF treatment suggests occupation of four to five of
the seven predicted N-glycosylation sites. This agrees with our
mass spectrometric analysis detecting two of the predicted gly-
copeptides in unglycosylated form (Fig. 3D).
ARSK was purified as a secreted enzyme, i.e. after passing

intracellular quality control. Arylsulfatase activity measured in
this preparationwas due to recombinantARSKbecause activity
correlated with purified ARSK protein, as detected bymass fin-
gerprint analysis and quantified by Western blotting or Coo-
massie staining. Moreover, activity was dependent on FGly
modification of ARSK because the ARSK-C/Amutant, purified
in parallel under identical conditions, showed no significant
activity. Kinetic analysis of ARSK revealed a relatively low affin-
ity toward artificial arylsubstrates as well as a low specific turn-
over of these pseudosubstrates. Similar enzymatic properties as
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reported here forARSK, i.e. affinities for arylsulfates in themill-
imolar range (Km 4–12 mM) and specific activities � 1 units/
mg, have been described for four other lysosomal sulfatases that
show high specificity and affinity toward their natural sub-
strates, namely iduronate 2-sulfatase, glucosamine 6-sulfatase,
galactosamine 6-sulfatase, and sulfamidase (an overview is
given in Ref. 3). These four sulfatases catalyze the removal of
specific sulfate moieties from the sulfated glycosaminoglycans
heparan, chondroitin/dermatan, or keratan sulfate, suggesting
that ARSK also acts during the lysosomal degradation of sul-
fated glycosaminoglycans. Possible substrates include the 2-O-
sulfate groups of glucuronic acids and themore rare 3-O-sulfate
groups of glucosamine (in its free amine form), for which no
desulfating enzyme has been identified so far.
Using the pseudosubstrates, we determined an apparent pH

optimum of 4.6 for ARSK activity, which strongly suggested a
lysosomal localization. This was confirmed by immunofluores-
cence studies demonstrating colocalization of ARSK with the
lysosomal integral membrane protein LAMP-1 upon uptake of
partially purified ARSK supplemented to the cell culture

medium. Most lysosomal hydrolases are sorted toward the
lysosome by theM6P receptor system (31), which alsomediates
uptake ofmistargetedM6P-containing proteins from the extra-
cellular space. Accordingly, ARSKwas shown to bind efficiently
to immobilized MPR in an M6P-dependent manner, and,
moreover, a strong M6P-signal was detected for ARSK in
Western blot analyses using a M6P-specific antibody. Taken
together, these findings demonstrate a lysosomal localization of
ARSK. Interestingly, and in line with our observations, ARSK
had already been identified previously in studies of the lyso-
somal subproteome when analyzing the mannose 6-phosphate
glycoproteomes from humans, mouse, and rat (32–34 and
reviewed in Ref. 23). In their study, Sleat et al. (34) pinpointed
the M6P site to asparagines Asn-498 and Asn-499 in human
and mouse ARSK, respectively.
Lysosomal hydrolases are often synthesized as inactive pre-

cursors that undergo limited proteolysis during maturation
into their active lysosomal forms (35), as applies also to several
sulfatases, e.g. arylsulfatase B (N-acetylgalactosamine-4-sulfa-
tase) (36, 37). In the case of ARSK, we obtained evidence for

FIGURE 5. Subcellular localization of ARSK and binding to an MPR affinity column. A, HisTrap-purified ARSK (1 �g) was loaded on a matrix with immobilized
MPRs and incubated overnight. After collecting the flow-through (FT), the column matrix was washed four times with binding buffer (BB) (fractions W1-W4) and
three times with 5 mM glucose 6-phosphate (G6P) (fractions W5-W7). Bound ARSK was eluted with 5 mM M6P in 10 fractions (E1-E10). All fractions were analyzed
by Western blotting using the anti-RGS-His6 antibody (upper panel). The lower panel shows the results obtained for the established lysosomal protein Scpep1,
purified as well via its RGS-His6-tag, which was subjected to the same MPR affinity chromatography protocol. B, ARSK, enriched by HisTrap chromatography
(Fig. 3A), as well as purified recombinant mouse Scpep1 (100 ng) (26) and purified recombinant FGE (40 ng) (24), both produced by HT1080 cells, were analyzed
by Western blotting using the scFv M6P single-chain antibody fragment (upper panel) and the anti-RGS-His6 antibody (lower panel), respectively. All three
proteins carried the same RGS-His6 tag. C, immortalized mouse embryonic fibroblasts were grown for 24 h on coverslips to 70% confluence. Then, 1 �g
ARSK-His6 was added to the cells and incubated for 2 h prior to fixation and detection of ARSK with a polyclonal ARSK antibody and detection of LAMP1 with
a monoclonal LAMP1 antibody. Detection of ARSK (green) is shown on the left, detection of LAMP1 (red) is shown in the center, and the merged signals are
shown on the right. The boxed areas are shown below at higher magnification.
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processing of the 68-kDa precursor during 24-h pulse-chase
experiments because a stable 23-kDa fragment could be immu-
noprecipitated by anti-ARSK antibodies from a 2-h chase
onwards. An equivalent His-tagged, i.e. C-terminal, ARSK-de-
rived 23-kDa fragment could be detected inWestern blot anal-
yses of ARSK enriched from conditioned medium of producer
cells. Corresponding N-terminal fragment(s) could not be
detected. They might have escaped our analyses on the basis of
antibody recognition because of incompatible epitopes after
processing. Further studies on this issue will require expression
of larger amounts of ARSK and/or availability of other ARSK-
specific antibodies.
ARSK is expressed in all tissues examined in this study and

was also identified in eight tissues from rat in M6P glycopro-
teome analyses (33). Its ubiquitous expression patternmay sug-
gest a common andwidespread sulfated substrate and indicates
that ARSK deficiency probably leads to a lysosomal storage dis-
order, as shown for all other lysosomal sulfatases. Currently, we
are generating an ARSK-deficient mouse model that should
pave the way to identify the physiological substrate of this sul-
fatase and its overall pathophysiological relevance. Finally, the
mouse model could enable us to draw conclusions on ARSK-
deficient human patients who so far escaped diagnosis and
might be accessible for enzyme replacement therapy. The pres-
ence ofM6P onARSK qualifies this sulfatase for such a therapy,
which has proven useful for treatment of numerous other lyso-
somal storage disorders.
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