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Summary

1. Human N-acetylgalactosamine-6-sulfate sulfatase (EC 3.1.6.-) from human
placenta has been purified more than 3000-fold by gel filtration, ion-exchange
and substrate affinity chromatography. The enzyme has a molecular weight of
90 000 by gel filtration chromatography and 85 000 by sodium dodecy! sulfate
(SDS)-polyacrylamide gel electrophoresis. Enzyme purified from cultured
human skin fibroblasts has similar properties.

2. The tritium-labeled chondroitin 6-sulfate trisaccharide N-acetylgalactos-
amine 6-sulfate-(8,1—4)-glucuronic acid-(8,1—3)-N-acetyl[1-*H]galactosaminitol
6-sulfate as substrate demonstrated a K,,, of 0.12 mM at pH 4.5. Sulfate was hy-
drolyzed only from the non-reducing terminal of this disulfated trisaccharide.
Hyaluronic acid, dermatan sulfate, chondroitin 4-sulfate, heparin and chon-
droitin 6-sulfate tetrasaccharide were slightly inhibitory, whereas 6-sulfated
pentasaccharides and heptasaccharides were strongly inhibitory. The enzyme
does not hydrolyze sulfate from N-acetylglucosamine 6-sulfate.

Introduction

The degradation of glycosaminoglycans requires the sequential action of
both glycosidases and sulfatases for complete hydrolysis. The absence of any of
these enzymes leads to the accumulation of one or more glycosaminoglycans in
cells and tissues, resulting in the clinical conditions known as mucopolysac-

Abbreviation: Hepes, N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic acid.
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charidoses [1,2]. Morquio disease is due to a deficiency of N-acetylgalactos-
amine-6-sulfate sulfatase [3—6]. This enzyme is required for the degradation
of chondroitin 6-sulfate. Cells of patients with Morquio disease presumably
lack galactose-6-sulfate sulfatase activity, which is necessary for keratan sulfate
degradation. A rapid, sensitive radiochemical assay for N-acetylgalactosamine-
6-sulfate sulfatase was developed, in which a tritiated trisaccharide with
N-acetylgalactosamine 6-sulfate at the non-reducing terminus is used as a sub-
strate. This assay is intended for use in studies on the purification and proper-
ties of this enzyme. While this manuscript was in preparation, a report on the
purification of human placental N-acetylgalactosamine-6-sulfate sulfatase
appeared [7]. Many of the properties of the enzyme described by Glossl et al.
are verified in this study. We report on additional characteristics, especially
with regard to substrate specificities and inhibitors. Cultured skin fibroblasts
are described as an additional source of N-acetylgalactosamine-6-sulfate sulfat-
ase.

Materials and Methods

Materials

Chondroitin 6-sulfate, chondroitin 4-sulfate, hyaluronic acid, dermatan
sulfate and chondroitinase ABC were purchased from Miles Laboratories,
Inc. Heparin with a sulfate-uronic acid ratio of 1.8 was a gift from Dr. J.A.
Cifonelli. Galactose 6-sulfate, a product of Sekiagaku Koyo Co., Tokyo,
was gift from Dr. Elizabeth Neufeld; f-glucuronidase from bovine liver (Type
B-10) was purchased from Sigma Chemical Co., DEAE-cellulose from What-
man, Inc., and tritiated sodium borohydride was from New England Nuclear.

Substrates

For preparation of chondroitin sulfate oligosaccharides, 5g chondroitin
6-sulfate were dissolved in 200 ml 0.1 M sodium acetate, pH 5.0/0.15 M NaCl
and digested with 100 000 units of testicular hyaluronidase (A.B. Leo, Helsing-
borg, Sweden) at 37°C for 40 h. The digestion mixture was applied to a 4 X 30
cm column of Dowex 1 X 2 200--400 mesh) and eluted with a 4 1 linear gradi-
ent from 0.2 to 2 M NaCl. On the basis of uronic acid analyses, fraction peaks
corresponding to tetra-, hexa- and octasaccharides were pooled, concentrated
and desalted on a column of Sephadex G-25. The hepta- and pentasaccharides
were prepared by digestion of the octa- and hexasaccharides, respectively,
with 200 U of B-glucuronidase/mg oligosaccharide in 0.05 M sodium acetate,
pH 5.5. The pentasaccharide and heptasaccharide were purified by chromatog-
raphy on a column of Sephadex G-25, 1 X 180 cm eluted with 0.1 M pyridium
acetate, pH 5.0. The resultant oligosaccharides had the uronic acid, hexosamine
and sulfate analyses as well as the relative paper-chromatographic mobilities
expected for the various sizes of oligosacchides [8]. Oligosaccharides of chon-
droitin 4-sulfate were prepared in a similar manner.

The chondroitin 6-sulfate tetrasaccharide was digested with chondroitinase
ABC and subjected to chromatography on Whatman 3-MM paper in 1-butanol/
acetic acid/1 N NH,OH (3 : 1 : 1) for 48 h. Upon staining with alkaline silver
reagent [9], the only products detectable were saturated 6-sulfated disac-
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charide, unsaturated 6-sulfated disaccharide and a small amount (less than 5%
of the total) of unsaturated 4-sulfated disaccharide. Within the sensitivity of
the stain, the tetrasaccharide had less than 1% 4-sulfate on the non-reducing
penultimate N-acetylgalactosamine.

For preparation of a radioactive substrate for the assay of N-acetylgalactos-
amine-6-sulfate sulfatase, 20 mg chondroitin 6-sulfate tetrasaccharide were dis-
solved in 2ml 0.2 M NaHCO; and reduced by addition of 5 mCi (0.2 mmol)
sodium borotritide. Following repeated evaporations in the presence of meth-
anol, the resulting material was digested with 8000 units of S-glucuronidase in
10 ml 0.1 M sodium acetate, pH 5.5, followed by isolation of the disulfated
trisaccharide, N-acetylgalactosamine 6-sulfate-(8,1—4)-glucuronic acid-(8,1—3)-
N-acetyl[1-*H]galactosaminitol 6-sulfate by elution from a 1 X 6 cm column of
Dowex 1-X8, with a 300 ml gradient of NaCl from 0.2 to 1.5 M. Based on
glucuronic acid content, the substrate had a specific activity of 630 dpm/pmol.

For the assay of N-acetylglucosamine-6-sulfate sulfatase, cartilage keratan
sulfate (a gift from Dr. J.A. Cifonelli) with a sulfate/hexosamine ratio of 0.9
was digested by an endo-f-galactosidase from Escherichia freundii (a gift from
Dr. E. Kiatamikado, Tokyo, Japan), which digests keratan sulfate into oligosac-
charides including the disaccharide N-acetylglucosamine 6-sulfate-(5,1—4)-galac-
tose [10,11]. This disaccharide, isolated by chromatography on a 1 X180 cm
column of Sephadex G-25, had a molar ratio of glucosamine/galactose/sulfate
0f 1.0 : 1.1 : 0.96 and contained less than 0.2% of the hexosamine as galactos-
amine. The product had chromatographic mobilities as previously reported
[5,11]. The disaccharide was reduced with borotritide as described above to
yield N-acetylglucosamine 6-sulfate-(8,1—4)-[1-*H]galactitol. For the prepara-
tion of [3H]galactitol 6-sulfate, 10 mg galactose 6-sulfate in 2ml 0.1 M
NaHCQO; were reduced with 10 mCi (1 mol) sodium borotritide for 30 min,
followed by addition of 2 mg sodium borohydride. 30 min later, 1 g Dowex
50W-X8 (H" form) was added and the mixture was filtered. After neutralization
with NH,OH, the filtrate was applied to a 1.2 X 5 cm column of Dowex 1-X8,
in the formate form. The column was eluted with 0.1 M ammonium formate.
After lyophilization, the [*H]galactitol 6-sulfate was further purified by elec-
trophoresis on Whatman 3-MM paper in 0.07 M pyridine acetate, pH 5.3, at
2500 V for 1 h. The [*H]galactitol 6-sulfate had a spec. act. of 350 dpm/pmol
based on sulfate content.

Enzyme assays

Assay conditions for N-acetylgalactosamine-6-sulfate sulfatase were those
previously described [5], except that the *H-labeled 6-sulfated trisaccharide
was used. Routine incubation mixtures contained 20—50 ug enzyme prepara-
tion, 7.5 nmol sodium acetate, pH 4.5/14 ug bovine serum albumin/13 nmol
trisaccharide in a total volume of 50 ul. Following incubation at 37°C for times
ranging from 4 to 16 h, 1 ml water was added, and the mixture was applied to a
0.7 X 2 ecm column of ECTEOLA -cellulose, formate form, prepared as described
by Hall et al. [12]. The column was washed with 1 ml water and the reaction
product was eluted with 4 ml 0.07 M sodium formate, pH 7. Upon addition of
12 ml Aquasol scintillation fluid (New England Nuclear), the material was
counted in a Packard Tri-Carb scintillation counter.
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Purifications of N-acetylgalactosamine-6-sulfate sulfatase

All purification steps were carried out at 4°C. Human placentas were refriger-
ated immediately after delivery and washed with 0.15M NaCl in 0.05 M
sodium phosphate, pH 7.0. 900 g placenta were cut into fragments, suspended
in 4 vol. 0.02 M Hepes/0.02 M NaCl, pH 7.0, and homogenized by a Polytron
homogenizer (Brinkman Instruments) operated at 70% of full speed for 2 min.
After centrifugation at 9000 X g for 15 min, (NH,),S0, was added to the super-
natant solution to 30% saturation at 4°C. The precipitate, which formed after
18 h, was collected by centrifugation at 9000 X g for 15 min, dialyzed against
0.05 M sodium acetate, pH 5.0 and saved for assay. (NH,),SO,; was added to
the supernatant to give 55% saturation. After standing for 18 h at 4°C, the pre-
cipitate was collected by centrifugation at 9000 X g for 15 min. The precipitate
was dissolved in 20 vol. 0.02 M Hepes/0.02 M NaCl, pH 7.0, and the solution
was chromatographed on a column of Sephadex G-200 (2.5 X150 c¢m) with
0.02M Hepes/0.02M NaCl, pH 7.0. Fractions containing N-acetygalactos-
amine-6-sulfate sulfatase activity were pooled and dialyzed against 0.02 M Tris-
HCI, pH 7.0. The preparation was applied to a column (2.5 X 20 cm) of DEAE-
cellulose and eluted with a 11 linear gradient from 0 to 0.35 M NaCl in 0.02 M
Tris, pH 7.0. Fractions containing enzyme activity (Fig. 1) were pooled, dia-
lyzed against 0.02 M Tris-HCl, pH 7.0, applied to a second DEAE-cellulose
column of the same size, and eluted with a 11 linear gradient from 0 to 0.3 M
NaCl in 0.02 M Tris, pH 7.0. The NaCl concentration was diluted to less than
5 mM during the assay. This concentration of NaCl is not significantly inhib-
itory. The fractions corresponding to the peak of enzyme activity were pooled,
dialyzed against 1 mM sodium acetate, pH 6.0, and lyophilized.

Affinity chromatography medium was prepared by addition of 8 mg chon-
droitin 6-sulfate pentasaccharide to 20 ml hydrazido-Sepharose 4B, followed
by reduction with cyanoborohydride as described by Christner et al. [13]. Hy-
drolysis by 4 N HCI at 100°C for 14 h, followed by determination of hexos-
amine by the method of Boas [14], indicated that 62 ug pentasaccharide were
bound per ml gel. Columns, 0.7 X 10 cm, were equilibrated with 0.05 M sodium
acetate, pH 4.5. The DEAE-cellulose purified enzyme was applied and the
column was washed with 10 ml sodium acetate buffer. The enzyme was then
eluted with 20 ml chondroitin 6-sulfate pentasaccharide, 600 ug/ml, in acetate
buffer. The fractions were dialyzed in 10 mM sodium acetate, pH 5.5, prior to
assay.

Human skin fibroblasts were grown for 2 weeks on plastic dishes in Dul-
becco’s Modified Eagle’s Medium containing 10% fetal calf serum. The plates
were rinsed with 0.9% NaCl in 0.05 M sodium acetate, pH 5.5 and cells were
removed by scraping with a rubber policeman. Disruption of the cells was by
6 cycles of freeze-thawing. The material was centrifuged at 10 000 X g for 10
min and N-acetylgalactosamine-6-sulfate sulfatase was purified from the super-
natant as described above for the placental enzyme.

Analytical methods

Uronic acid analyses were performed by the method of Dische [15]. Total
hexosamine was determined after hydrolysis in 4 N HCI for 14 h by the method
of Boas [14]. Glucosamine and galactosamine were distinguished by separation
on a Technicon amino acid analyzer. Sulfate analyses were performed accord-
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ing to the method of Dodgson and Price [16]. Protein determination was carried
out by the method of Lowry et al. [17], with bovine serum albumin used as
a standard.

Polyacrylamide-gel electrophoresis in buffer containing 0.1% SDS was car-
ried out by the method of Weber and Osborn [18], with 10% polyacrylamide.

Results

Purification of N-acetylgalactosamine-6-sulfate sulfatase

The assay of the enzyme was based on the hydrolysis of sulfate from the
non-reducing terminal N-acetylgalactosamine of the disulfated trisaccharide to
form a monosulfated trisaccharide as described previously [5]. This product
eluted from ECTEOLA-cellulose with 0.07 M sodium formate and had the elec-
trophoretic mobility of a monosulfated trisaccharide. The hydrolysis varied
linearly with the amount of enzyme and with the time of incubation at 37°C
up to 16 h.

The results of each step of purification of placental enzyme are shown in
Table 1. Insignificant amounts of N-acetylgalactosamine-6-sulfate sulfatase were
found in the 0—30°C saturated (NH,),SO, precipitate and in the 55% saturated
(NH,),S0, supernatant solution. Gel filtration chromatography was carried out
in a column previously calibrated for molecular weight estimation [19]. The
activity eluted as a single peak, with a molecular size equivalent to that of
standard globular proteins of 90 000. The patterns of elution from DEAE-cel-
lulose are shown in Fig. 1. Apparent charge heterogeneity, resulting in multiple
peaks of activity on elution from DEAE-cellulose, was noted by Glossl et al.
[7]. The broad activity peak shown in Fig. 1 (top) may represent such heterog-
eneity. The relatively high purification resulted from the use of a more shallow
gradient and a more selective pool of fractions in our study than in those
reported by Glossl et al. [7].

In affinity chromatography of N-acetylgalactosamine-6-sulfate sulfatase, we
used a chondroitin 6-sulfate pentasaccharide bound to a support medium in a
manner which is expected to leave the non-reducing terminal N-acetylgalactos-
amine 6-sulfate exposed. More than 80% of the enzyme activity was bound
when the DEAE-cellulose-purified enzyme was applied in 0.05 M sodium
acetate, pH 4.5. Less than 10% of the enzyme was bound in 0.05 M sodium
acetate, pH 7.0. For determination of the specificity of the affinity column
method of purification, chondroitin 6-sulfate hexasaccharide was bound to
Sepharose 4B in the same manner as the pentasaccharide. This material con-
tained slightly more oligosaccharide (79 ug hexasaccharide compared to 62 ug
pentasaccharide/ml of Sepharose). N-Acetylgalactosamine-6-sulfate sulfatase
was not bound to the hexasaccharide-Sepharose 4B under the conditions used
for binding to the pentasaccharide derivative. This may reflect specificity of the
enzyme affinity for a free N-acetylgalactosamine 6-sulfate group. The enzyme
was eluted from the pentasaccharide-Sepharose 4B column by 0.46 mM chon-
droitin 6-sulfate pentasaccharide, but could not be eluted with chondroitin
6-sulfate trisaccharide at a concentration of 1.2 mM.

As noted in Table I, affinity chromatography of placental enzyme resulted in
an additional 2-fold purification. It is evident from the results of polyacryl-
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Fig. 1. Chromatography of N-acetylgalactosamine-6-sulfate sulfatase on DEAE-cellulose. The top figure
demonstrates the first chromatography with a linear NaCl gradient from 0 to 0.35 M in 0.02 M Tris, pH
7.0. The material eluting between 240 and 420 ml as displayed in the upper figure was applied to a second
DEAE-cellulose column (bottom figure) and eluted with a linear NaCl gradient from 0 to 0.3 M in 0.02 M
Tris, pH 7.0. Absorbance at 280 nm (0———=), concentration of NaCl (------ ), and N-acetylgalactos-
amine-6-sulfate sulfatase activity (#———@) are plotted.

amide gel electrophoresis (Fig. 2) that a considerable quantity of contaminat-
ing proteins were removed. No additional activity could be eluted from the
affinity column with 1 M NaCl in 0.05 M sodium acetate, pH 5.0. Upon stand-
ing at 4°C for 36 h, nearly all of the activity of affinity chromatography-puri-
fied material was lost. When 100 pg/ml bovine serum albumin was included in
the pentasaccharide elution, more than 90% of the activity was recovered and
remained stable at 4°C. Enzyme eluted in the presence of albumin had a
specific activity of 154 nmol/h per mg, if the protein contribution of the
added albumin is subtracted. This specific activity then represents an 11 - 10°-
fold purification. Thus, the degree of purification by affinity chromatography
is much greater than indicated in Table I. As shown in Fig. 2, SDS-polyacryl-
amide gel electrophoresis of enzyme purified by affinity chromatography
showed only one band of protein. Compared with protein standards run in
parallel gels, this location corresponds to a molecular weight of 85 000. Table
II indicates that N-acetylgalactosamine-6-sulfate sulfatase can also be purified
from cultured human skin fibroblasts. The fibroblast homogenate has a much
higher initial specific activity than does the initial extract of placenta and
results in a higher degree of purification for the same number of purification
steps. The molecular size of the fibroblast enzyme was the same as that of
enzyme from placenta.

Properties of N-acetylgalactosamine-6-sulfate sulfatase

The K,, for hydrolysis of the *H-labeled trisaccharide determined from the
Lineweaver-Burk plot shown in Fig. 3 was 0.12 mM. We attempted the diges-
tion of [3H]galactitol 6-sulfate by using 20 ug purified enzyme with an activity
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Fig. 2. Polyacrylamide gel electrophoresis in the presence of SDS. The gels were formed, run and stained
with Coomassie blue as described by Weber and Osborn [18]. 20 ug protein were added to each gel. (A)
Concentrated pooled fractions from Sephadex G-200 chromatography of placental enzyme; (B) enzyme
from first DEAE-cellulose chromatography; (C) enzyme after second DEAE-cellulose chromatography;
(D) placental enzyme purified by affinity chromatography.

TABLE II

EFFECTS OF POLYSACCHARIDES AND IONS ON N-ACETYLGALACTOSAMINE-6-SULFATE

SULFATASE ACTIVITY

Incubation mixtures contained [3H]chondroitin 6-sulfate trisaccharide as substrate. The compounds were
added at pH 4.5. The activity of the enzyme in the absence of inhibitor was 100.4 pmol/h.

Addition Concentration Activity remaining
{percent)

None 100.0
Hyaluronic acid 0.1 mg/ml 62.5
Dermatan sulfate 0.1 mg/ml 63.0
Chondroitin 4-sulfate 0.1 mg/ml 54.8
Chondroitin 6-sulfate 0.1 mg/ml 48.0
Heparin 0.1 mg/ml 33.5
Dextran sulfate 0.1 mg/ml 8.4
NaP,04 1.0 mM 6.7
Na; HPO4 1.0 mM 5.7
MgCl, 20 mM 60
NaCl 20 mM 56

Na; S804 10 mM 1
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of 0.5 nmol/h as measured with the 3H-labeled trisaccharide. The incubation
mixture contained, in addition to enzyme, [*H]galactitol 6-sulfate at a concentra-
tion of 170 mM and 50 mM sodium acetate, pH 4.5. Following incubation at
37°Cfor24 h, 0.04 nmol presumed [*H]galactitol was liberated, as measured by
the absence of binding of reaction products to Dowex 1 resin according to the
method of Di Ferrante et al. [6]. However, when the same reaction product was
applied to Whatman 3-MM paper and subjected to electrophoresis in 0.02 M pyzr-
idine acetate at pH 5.3, there was no evidence of [3H]galactitol at the origin.
Variation in the [*H]galactitol 6-sulfate concentration between 20 and 400 mM,
and in the pH of the incubation mixture between 4 and 5.5, did not result in hy-
drolysis of [*H]galactitol 6-sulfate. Addition of 20 mM galactose 6-sulfate to the
N-acetylgalactosamine-6-sulfate sulfatase reaction with [*H]chondroitin 6-sul-
fate trisaccharide resulted in mild non-competitive inhibition (Fig. 3). The *H-
labeled keratan sulfate-derived disaccharide having N-acetylglucosamine 6-sul-
fate at the non-reducing terminus was not affected by the purified enzyme. The
enzyme also had no activity toward the heparin-derived disulfated disaccharide
used in the assay of iduronosulfate sulfatase [12], or toward methylumbelli-
ferone sulfate at pH 5 or 6.5. There was no detectable activity of §-N-acetyl-
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Fig. 3. Activity of N-acetylgalactosamine-6sulfate sulfatase as a function of substrate concentration. The
reaction was carried out with disulfated 3 H-labeled trisaccharide substrate added at various concentrations
as indicated. Indicated in the Lineweaver-Burk plot are data for 3H-labeled trisaccharide alone (0——9)
and for the same concentrations of 3H-labeled trisaccharide assayed in the presence of 20 mM galactose
6-sulfate (A———4), 0.3 mM chondroitin 6-sulfate hexasaccharide (A———5), and 0.12 mM chondroitin
6-sulfate pentasaccharide (0————0),

Fig. 4. Inhibition of N-acetylgalactosamine-6-sulfate sulfatase by chondroitin sulfate oligosaccharides.
Oligosaccharides were added at the concentrations indicated. The results shown were obtained with addi-
tion of chondroitin 6-sulfate heptasaccharide (A———2), chondroitin 6-sulfate pentasaccharide (0 a),
and chondroitin 6-sulfate hexasaccharide (O- - - - - = 0).
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glucosaminidase, f-glucuronidase, or p-galactosidase when the 4-methylum-
belliferone substrates were used.

The purified enzyme was inhibited approx. 50% by 100 ug/ml hyaluronic
acid, dermatan sulfate, chondroitin 4-sulfate and chondroitin 6-sulfate. The
same concentration of heparin gave 70% inhibition, while dextran sulfate caused
a 92% decrease in activity. Sulfate, phosphate and pyrophosphate ions were
strongly inhibitory (over 95% at 1 mM), while chloride was mildly inhibitory
as previously demonstrated {4,7].

Addition of various chondroitin 6-sulfate oligosaccharides resulted in inhibi-
tion of the hydrolysis of sulfate from the 3H-labeled trisaccharide substrate.
Fig. 4 indicates that chondroitin 6-sulfate heptasaccharide and pentasaccharide
were much more inhibitory at low concentration that the hexasaccharide,
which has a non-reducing terminal glucuronic acid. Fig. 3 indicates that chon-
droitin 6-sulfate pentasaccharide acts as a competitive inhibitor of N-acetyl-
galactosamine-6-sulfate sulfatase, whereas chondroitin 6-sulfate hexasaccharide
causes non-competitive inhibition at higher concentrations. The inhibitory
effect of hexasaccharide at high concentration may be due to its action as a
sulfated polyanion as was seen for dextran sulfate.

Discussion

The production of a radioactive oligosaccharide with N-acetylgalactosamine
6-sulfate at the non-reducing terminus provides a substrate for a sensitive assay
for N-acetylgalactosamine-6-sulfate sulfatase. The purification scheme sum-
marized in Table I resulted in more than 3000-fold purification of a single
enzyme protein, as indicated by polyacrylamide gel electrophoresis. The spec-
ific activity which we report after substrate affinity column chromatography
is less than that reported by Glossl et al. [7], but if loss of activity due to
instability of the enzyme in our procedure is considered, the degree of purifi-
cation is of the same order of magnitude with both methods. The substrate
affinity column can be used at earlier stages of purification and should be
capable of handling more material than is the case with preparative polyacryl-
amide gel electrophoresis. If bovine serum albumin is included in the final puri-
fication steps, the stability and yield of the enzyme are greatly improved. Puri-
fied N-acetylgalactosamine-6-sulfate sulfatase from extracts of cultured human
skin fibroblasts had kinetic properties and substrate specificities which were the
same as those for enzyme from placenta.

The properties of N-acetylgalactosamine-6-sulfate sulfatase resemble those of
many lysosomal hydrolases that have an acid pH optimum and are glycopro-
teins. Inhibition by SOZ~ and PO3~ has been found for a number of other sul-
fatases [6,7,20]. The substrate specificities are consistent with a requirement
for sequential degradation of polysaccharides from the non-reducing terminus,
as has been suggested for other hydrolases involved in the metabolism of
sulfated glycosaminoglycans [1—3].

Our results with polysaccharides and oligosaccharides as inhibitors of
N-acetylgalactosamine-6-sulfate sulfatase confirm that competitive inhibition is
strongest when 6-sulfate is present on the non-reducing terminal N-acetylgalac-
tosamine in the polysaccharide, but that anion inhibitory effects are also con-
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siderable. Molecular-size determinations by gel filtration and SDS-polyacryl-
amide gel electrophoresis resulted in molecular weights of 90 000 and 85 000,
respectively. These results suggest that this enzyme has no subunit structure.

There was no evidence of hydrolysis of galactitol 6-sulfate by placental
N-acetylgalactosamine-6sulfate sulfatase in these or other studies [7]. We
found that enzyme prepared from human fibroblasts, spleen and urine, like-
wise, did not act upon galactitol 6-sulfate. The absence of hydrolysis of galac-
titol 6-sulfate does not preclude the possibility that the enzyme under study
serves in the stepwise degradation of keratan sulfate by removing sulfate from
galactose 6-sulfate. Genetic evidence from patients with Morquio disease [3—6]
strongly suggests that the accumulation of keratan sulfate in this disease results
from a lack of galactose-6-sulfate sulfatase activity. Nakazawa and Kagabe [21]
have described a bacterial enzyme which has sulfatase activity when either galac-
tose 6-sulfate or N-acetylgalactosamine 6-sulfate is used as substrate. The latter
substrate gave a rate of sulfate hydrolysis 2.4-times that for galactose 6-sulfate.
A recent report by Habuchi et al. [22] indicates that a N-acetylgalactosamine-
6-sulfate sulfatase partially purified from rat skin has specificities toward chon-
droitin 6-[3*S]sulfate oligosaccharides similar to those which we have described
for human placental N-acetylgalactosamine-6-sulfate sulfatase. The rat skin
N-acetylgalactosamine-6-sulfate sulfatase was noted to release sulfate from
[3°S]keratan sulfate in the absence of N-acetylglucosamine-6-sulfate sulfatase
activity, thus further suggesting that N-acetylgalactosamine-6-sulfate sulfatase
can release sulfate from galactose 6-sulfate residues. It is likely that a fragment
of keratan sulfate with non-reducing terminal galactose 6-sulfate would be
much more active than galactitol 6-sulfate as a substrate for this enzyme.
Such a keratan sulfate-derived substrate would supply direct evidence for galac-
tose-6-sulfate sulfatase activity.

The enzyme described here appears to be similar to an N-acetylgalactos-
amine-6-sulfate sulfatase from quail oviduct [23] that hydrolyzes sulfate from
UDP-N-acetylgalactosamine 6-sulfate as well as from N-acetylgalactosamine
6-sulfate of a chondroitin 4/6-[3*S]sulfate trisaccharide.

Further study is necessary to determine whether heterogeneity of N-acetyl-
galactosamine-6-sulfate sulfatase exists in a variety of tissues. It has been sug-
gested that the forms of lysosomal enzymes obtained from various sources dif-
fer with regard to receptor-mediated uptake of enzyme into cells [24—27],
based at least partially on carbohydrate and/or phosphohexose content. Pre-
liminary studies have shown that N-acetylgalactosamine-6-sulfate sulfatase can
be taken up by cultured fibroblasts and chondrocytes derived from patients
with Morquio disease [28]. This uptake is inhibited by mannose 6-phosphate.
Thus, N-acetylgalactosamine-6-sulfate sulfatase resembles a number of other
lysosomal hydrolases in its specific uptake.
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