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Chondroitin 4-sulphotransferase-1 and chondroitin 6-sulphotransferase-1
are affected differently by uronic acid residues neighbouring the acceptor

GalNAc residues
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C4ST-1 (chondroitin 4-sulphotransferase-1) and C6ST-1 (chon-
droitin 6-sulphotransferase-1) transfer sulphate from PAPS (ad-
enosine 3'-phosphate 5'-phosphosulphate) to positions 4 and 6
respectively of the GalNAc residues of chondroitin. We showed
previously that C4ST-1 purified from rat chondrosarcoma and re-
combinant C4ST-1 both transfer sulphate efficiently to position 4
of the GalNAc residues of DSDS (desulphated dermatan sul-
phate). We report here the specificity of C4ST-1 and C6ST-1
in terms of uronic acid residue recognition around the GalNAc
residue to which sulphate is transferred. When [**S]glycosamino-
glycans formed from DSDS after incubation with [*S]PAPS and
C4ST-1 were digested with chondroitinase ACII, a major part
of the radioactivity was recovered in disaccharide fractions and
the remainder distributed to tetrasaccharides and larger fractions,
indicating that C4ST-1 mainly transferred sulphate to position 4 of
the GalNAc residue located at the GlcA-GalNAc-GIcA sequence.
Structural analysis of tetrasaccharide and larger oligosaccharide
fractions indicated that C4ST-1 mainly transferred sulphate to the

GalNAc residue adjacent to the reducing side of the GIcA residue.
On the other hand, when [*S]glycosaminoglycans formed from
DSDS after incubation with [**S]PAPS and C6ST-1 were digested
with chondroitinase ACII, a major part of the radioactivity was
recovered in fractions larger than hexasaccharides, indicating that
C6ST-1 transferred sulphate to the GalNAc residues located in
the L-iduronic acid-rich region. Structural analysis of the tetra-
saccharide and larger oligosaccharide fractions indicated that
C6ST-1 showed very little preference for the GalNAc residue
neighbouring the GlcA residue. These results indicate that C4ST-1
and C6ST-1 differ from each other in the recognition of uronic
acid residues adjacent to the targeted GalNAc residue.

Key words: chondroitin sulphate—dermatan sulphate hybrid, chon-
droitin 4-sulphotransferase-1 (C4ST-1), C6ST-1, desulphated der-
matan sulphate, GalNAc-4-O-sulphation, GalNAc-6-O-sulpha-
tion.

INTRODUCTION

C4ST-1 (chondroitin 4-sulphotransferase-1) and C6ST-1 (chon-
droitin 6-sulphotransferase-1) transfer sulphate from PAPS (ad-
enosine 3'-phosphate 5'-phosphosulphate) to positions 4 and 6
respectively of the GalNAc residues of chondroitin. We previously
purified these enzymes to homogeneity and cloned the cDNAs on
the basis of the amino acid sequences of the purified proteins
[1-4]. Purified C4ST-1 [1] as well as the recombinant C4ST-1
[2] were found to sulphate DSDS [desulphated DS (dermatan
sulphate)]; however, sulphate was transferred to a glucuronic acid-
rich region of DSDS because a major part of the ¥*S-radioactivity
was recovered in ADi-4S [2-acetamide-2-deoxy-3-O-(8-D-gluco-
4-enepyranosyluronic acid)-4-O-sulpho-D-galactose] when the
¥S-labelled glycosaminoglycans were formed from DSDS after
the reaction with C4ST-1, and [PS]PAPS were digested with
chondroitinase ACII [1,2]. Such a value of specificity for C4ST-1
has also been reported by other groups [5-7]; however, how
C4ST-1 can differentiate GlcA-containing repeating units from

IdoA (L-iduronic acid)-containing repeating units is still not
clear.

CS (chondroitin sulphate)-DS hybrid molecules have been
reported to be present in various tissues [8—16]. In these hybrid
molecules, GalNAc residues located in GlcA-containing moieties
were sulphated at position 4 or 6; however, it is not known how
the sulphation pattern of these hybrid molecules is determined.
C5 epimerization of chondroitin by a particular fraction from
human fibroblasts was stimulated by the presence of a sulphate
donor, PAPS [17]. Biosynthesis of DS by cultured fibroblasts was
decreased when the concentration of inorganic sulphate in the me-
dium was decreased [18,19]. These observations suggest that
C5 epimerization is closely linked to 4-O-sulphation of GalNAc
residue. On the other hand, recent studies suggest that, during the
biosynthesis of DS, C5 epimerization may occur before the 4-O-
sulphation of GalNAc residues, since a microsomal fraction
obtained from human fibroblasts was reported to sulphate DSDS
more efficiently than chondroitin [20], and unlike C4ST-1, the
recombinant D4ST (dermatan 4-sulphotransferase) has been
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acid; AHexA; 4,5-unsaturated HexA; DS, dermatan sulphate; DSDS, desulphated DS; D4ST, dermatan 4-sulphotransferase; GalNAc, N-acetylgalactos-
amine; GalNAc(4,6-SO,), 4,6-bis-O-sulpho-GalNAc; GalNAc(4SQ,), 4-O-sulpho-GalNAc; GalNAc(6S0O,), 6-O-sulpho-GalNAc; GIcA, b-glucuronic
acid; Di-6S, GlcAB1-3GalNAc(6SO,); IdoA, L-iduronic acid; PAPS, adenosine 3'-phosphate 5'-phosphosulphate; Tet-40, GlcA-GalNAc(4S0,)-GIcA-
GalNAc; Tet-44, GlcA-GalNAc(4S0,4)-GlcA-GalNAc(4SQy,); Tet-46, GlcA-GalNAc(4S0,)-GlcA-GalNAc(6S0,); Tet-60, GlcA-GalNAc(6S0,4)-GlcA-GalNAc;
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reported to prefer DSDS to chondroitin as the acceptor [6,7].
However, the mechanisms by which C5 epimerization of GIcA
residues and 4-O-sulphation of GalNAc residues are regulated
are at present largely unknown. To clarifty whether C4ST-1 and
C6ST-1 may be involved in the biosynthesis of a CS-DS hybrid
molecule and whether or not C4ST-1 could participate in the
biosynthesis of DS, it is necessary to elucidate how C4ST-1 and
C6ST-1 recognize the sequence containing GlcA and IdoA around
the GalNAc residue to which sulphate is transferred.

In the present study, we investigated the specificity of C4ST-1
and C6ST-1 in terms of uronic acid residue recognition and found
that C4ST-1 is quite different from C6ST-1 in its requirement for
the GIcA residue.

EXPERIMENTAL
Materials

The following commercial materials were used. H,**SO, was
obtained from PerkinElmer; chondroitinase ACII, chondroitinase
ABC, DS from pig skin, ADi-0S [2-acetamide-2-deoxy-3-O-(8-
D-gluco-4-enepyranosyluronic  acid)-D-galactose], ADi-6S
[2-acetamide-2-deoxy-3-0-(-D-gluco-4-enepyranosyluronic
acid)-6-0-sulpho-D-galactose], ADi-4S, ADi-28S [2-acetamide-
2-deoxy-3-0-(2-0-sulpho-B-D-gluco-4-enepyranosyluronic
acid)-D-galactose], ADi-diSp [2-acetamide-2-deoxy-3-O-(2-O-
sulpho-B-D-gluco-4-enepyranosyluronic  acid)-6-O-sulpho-D-
galactose], ADi-diSg [2-acetamide-2-deoxy-3-O-(2-O-sulpho-
B-D-gluco-4-enepyranosyluronic acid)-4-O-sulpho-D-galactose]
and ADi-diSg [2-acetamide-2-deoxy-3-O-(B-D-gluco-4-enepyra-
nosyluronic acid)-4,6-bis-O-sulpho-D-galactose] were obtained
from Seikagaku Corporation (Tokyo, Japan); a Partisil-10 SAX
(strong anion exchange) column (4.6 mm x 25 cm) was from
Whatman (Clifton, NJ, U.S.A.); unlabelled PAPS, GalNAc-
4-sulphate, -6-sulphate and -4,6-bissulphate, Di-6S [GIcAB1-
3GalNAc(6S0,)] and B-glucuronidase (bovine liver, type B-3)
were from Sigma. Hiload Superdex 30 HR 16/60 and Fast
Desalting Column HR 10/10 were from Amersham Biosciences;
B-N-acetylhexosaminidase was from New England Biolabs.
[**S]PAPS was prepared as described in [21]. The disulpha-
ted tetrasaccharides GlcA-GalNAc(4S0,)-GlcA-GalNAc(4SO,)
(Tet-44), GlcA-GalNAc(6S0,)-GlcA-GalNAc(4S0,) (Tet-64),
GlcA-GalNAc(4S0,)-GlcA-GalNAc(6SO,) (Tet-46) and GlcA-
GalNAc(6S0,)-GlcA-GalNAc(6S0O,) (Tet-66) and the disul-
phated trisaccharides GalNAc(4S0,)-GlcA-GalNAc(4SO,) (Tri-
44) and GalNAc(6S0O,)-GlcA-GalNAc(4S0,) (Tri-64), GalNAc-
(4S0,)-GlcA-GalNAc(6SO,) (Tri-46) and GalNAc-(6SO,)-
GlcA-GalNAc-(650,) (Tri-66) were prepared as described
in [22]. Two monosulphated tetrasaccharides, GlcA-GalNAc-
(450,)-GlcA-GalNAc (Tet-40) and GlcA-GalNAc(650,)-GlcA-
GalNAc (Tet-60), were prepared from Tet-46 and Tet-66
respectively by chondro-6-sulphatase digestion [22]. Two mono-
sulphated trisaccharides, GalNAc(4S0,)-GlcA-GalNAc (Tri-40)
and GalNAc(6S0,)-GlcA-GalNAc (Tri-60), were prepared from
Tri-46 and Tri-66 respectively by chondro-6-sulphatase digestion
[22]. Partially desulphated DS (DSDS) was prepared from pig
skin DS by the method of Nagasawa et al. [23]. Solvolysis with
90 % (v/v) DMSO was performed at 100 °C for 60 min. When
the DSDS was digested with chondroitinase ABC, ADi-0S and
ADi-4S were formed but no ADi-diSy was detected (Figure 1B).
The degree of desulphation was calculated as 73 % from the
proportion of ADi-OS in the total unsaturated disaccharides
formed after chondroitinase ABC digestion (Table 1). The propor-
tion of the GlcA-GalNAc-GIcA sequence in the DSDS was ap-
prox. 7 % of the total unsulphated repeating disaccharide units as
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Figure 1 Digestion of DS and DSDS with chondroitinase ABC or ACII

DS (A) and DSDS (B, C) were digested with chondroitinase ABC (A, B) or ACII (C). The digested
materials were separated with a SAX-HPLC. The column was monitored at 232 nm. The arrows
indicate the elution position of ADi-0S (1), ADi-6S (2), ADi-2S (3), ADi-4S (4), ADi-diSp (5),
ADi-diSg (6) and ADi-diSg (7).

Table 1

Each glycosaminoglycan (15 nmol as galactosamine) was digested with chondroitinase ABC or
ACII and subjected to SAX-HPLC. Disaccharide compositions were determined by measuring
the absorbance at 232 nm of unsaturated disaccharides as shown in Figure 1. ND, not detected
under the conditions used here.

Disaccharide compositions of DS and DSDS

Glycosaminoglycans ADI-0S ADI-4S ADI-6S ADi-diSg ADi-diSe
DS ND 0.92 0.01 0.08 ND
DSDS 0.73 0.27 ND ND ND

judged from the recovery of ADi-0S after digestion with chondro-
itinase ACII (Figure 1C).

Preparation of recombinant human C4ST-1 and C6ST-1

Recombinant human C4ST-1 and C6ST-1 were expressed as
fusion proteins with a FLAG peptide and were affinity-purified.
A DNA fragment that codes for the full open reading frame of
C4ST-1 was amplified by PCR using a plasmid containing the
human C4ST-1, pcDNAC4ST-1, as a template [24]. The 5'- and 3'-
primers were CGCAAGCTTATGAAGCCAGCGCTGCTGGAA
and ACCGTCTAGATTATTCCAATTTCAGGTAGCT respect-
ively. At the 5'-end of the oligonucleotide primers, restriction en-
zyme recognition sites were introduced: the HindIII site for the
sense primer and the Xbal site for the antisense primer. The PCR
product was digested with Xbal and HindIIl and subcloned into
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Figure 2 Western-blot analysis of the affinity-purified C4ST-1 and C6ST-1

The FLAG-C4ST-1 and FLAG-C6ST-1 fusion proteins were extracted from COS-7 cells
that were transfected with the respective cDNA and purified with an anti-FLAG monoclonal
antibody-conjugated column as described under the Experimental section. The affinity-purified
(C4ST-1 (lanes 1and 3) and C6ST-1 (lanes 2 and 4) were detected with anti-FLAG antibody before
(lanes 1and 2) or after (lanes 3 and 4) the N-glycosidase F digestion. Molecular-mass standards
were as follows: myosin, 205 kDa; B-galactosidase, 116 kDa; phosphorylase b, 97 kDa; BSA,
66 kDa; egg albumin, 45 kDa; carbonic anhydrase, 29 kDa.

these sites of a pFLAG-CMV-2 plasmid (Sigma). A DNA frag-
ment that codes for the full open reading frame of C6ST-1 was
amplified by PCR using a plasmid containing the human C6ST-1,
pCNXhC6ST-1, as a template [25]. The 5'- and 3'-primers were
CGCAAGCTTATGGAGAAAGGACTCACTTTGC and CAGG-
AATTCCTACGTGACCCAGAAGGTGCC respectively. At the
5'-end of the oligonucleotide primers, restriction enzyme recog-
nition sites were introduced: the HindlII site for the sense primer
and the EcoRI site for the antisense primer. The PCR product
was digested with EcoRI and HindIII and subcloned into these
sites of a pFLAG-CMV-2 plasmid. The plasmids thus prepared
were transfected into COS-7 cells and the fusion proteins pro-
duced were extracted as described previously [2]. Cellular extracts
from ten 10 cm dishes were applied to an anti-FLAG mono-
clonal antibody-conjugated agarose column (0.5 ml; Sigma),
which was equilibrated either with buffer A [10 mM Tris/HCI,
pH 7.2, 20 mM MgCl,, 2 mM CacCl,, 10 mM 2-mercaptoethanol,
0.1 % Triton X-100 and 20 % (v/v) glycerol] containing 50 mM
NacCl for the purification of C4ST-1 or with buffer A containing
150 mM NaCl for the purification of C6ST-1. The absorbed
materials were eluted with 1.6 ml of each buffer, containing
the FLAG peptide, under the conditions recommended by the
manufacturer. The purified proteins were visualized with Western
blots, as described below, before or after N-glycosidase F diges-
tion (Figure 2). After N-glycosidase F digestion, a single pro-
tein band was detected at the migration position of 43 kDa for
C4ST-1 (Figure 2, lane 3) and 56 kDa for C6ST-1 (Figure 2,
lane 4). The molecular masses of these proteins agreed well
with the molecular masses of 42791 Da for FLAG-C4ST-1 and
55908 Da for FLAG-C6ST-1, as calculated from the cDNAs.

Western-blot analysis

The affinity-purified C4ST-1 and C6ST-1 were precipitated with
10% (w/v) trichloroacetic acid. The precipitates were washed
with acetone and digested with recombinant N-glycosidase F
(Roche Applied Science, Indianapolis, IN, U.S.A.) using the
methods recommended by the manufacturer. After digestion,
the samples were separated by SDS/PAGE as described by
Laemmli [26]. The separated proteins were electrophoretically
transferred on to Hybond ECL® membranes (Amersham Bio-

sciences) and stained with an anti-FLAG M2 monoclonal anti-
body (Sigma). The blot was developed with a polyclonal
anti-mouse IgG antibody coupled with horseradish peroxidase
using an ECL® detection kit and a Hyperfilm ECL® (Amersham
Biosciences).

Sulphotransferase reaction

The sulphotransferase reaction with C4ST-1 or C6ST-1 was car-
ried out by the method described previously [1,3]. The reaction
mixture contained 2.5 umol of imidazole/HCI (pH 6.8), 10 ug
of protamine chloride, 0.1 umol of dithiothreitol, 25 nmol (as
galactosamine) of DSDS, 50 pmol of [**S]PAPS (approx. 5.0 x
10° ¢.p.m.) and 2 ul of the recombinant C4ST-1 or C6ST-1 in a
final volume of 50 ul. The reaction mixtures were incubated at
37 °C for 20 min and the reaction was stopped by immersing the
reaction tubes in a boiling-water bath for 1 min. To prepare
the *S-labelled glycosaminoglycans used for structural ana-
lysis, the reaction conditions were modified; 400 pmol of [*S]-
PAPS (approx. 8.0 x 10° c.p.m.) and 10 il of the recombinant
C4ST-1 or C6ST-1 were added to the reaction mixtures and they
were incubated for 7.5h. After the reaction was stopped, the
¥S-labelled glycosaminoglycans were precipitated with ethanol,
as described previously [3]. The precipitates were dissolved in
50 mM Tris/HCI (pH 8.0) containing 0.5 mg of Actinase (Kaken
Seiyaku, Tokyo, Japan) and incubated at 37 °C for 20 h. After
digestion with Actinase, the **S-labelled glycosaminoglycans
were isolated by precipitation with ethanol followed by gel chro-
matography with a Fast Desalting Column, as described pre-
viously [3].

Digestion with chondroitinase ACII, chondroitinase ABC,
B-N-acetylhexosaminidase and g-glucuronidase

Digestion with chondroitinase ACII was performed for 12 h at
37 °C in areaction mixture containing, in a final volume of 200 p1,
3S-labelled glycosaminoglycans, 10 wmol of Tris/acetate buffer
(pH 7.5), 20 ng of BSA and 100 m-units of chondroitinase ACII.
The digestion was continued for a further 12 h with 100 m-units
of fresh chondroitinase ACII. Digestion with chondroitinase ABC
was performed for 4 h at 37 °C in a reaction mixture containing,
in a final volume of 25 ul, **S-labelled glycosaminoglycans or
¥S-labelled oligosaccharides, 1.25 umol of Tris/acetate buffer
(pH 7.5), 2.5 g of BSA and 50 m-units of chondroitinase ABC.
Digestion with B-N-acetylhexosaminidase was performed for
24 h at 37 °C in a reaction mixture containing, in a final volume of
50 pl, 3S-labelled oligosaccharides, 2.5 umol of sodium acetate
buffer (pH 4.5) and 50 units of B-N-acetylhexosaminidase. Di-
gestion with B-glucuronidase was performed for 24 h at 37 °C
in a reaction mixture containing, in a final volume of 50 ul,
Di-6S (100 nmol as galactosamine), **S-labelled disaccharides,
2.5 pmol of sodium acetate buffer (pH 4.5), 1 umol of sodium
fluoride and 4000 units of B-glucuronidase.

Removal of unsaturated uronic acid by mercuric acetate

Removal of unsaturated uronic acid was performed as described
in [27]. Oligosaccharides containing unsaturated uronic acid were
dried and dissolved in 0.5 ml of 35 mM mercuric acetate in 25 mM
Tris/25 mM sodium acetate (pH 5.0). The reaction was carried
out for 1 h at room temperature (25 °C). After the reaction was
completed, the samples were applied to a Dowex 50 (H*) column
(bed volume, 1 ml). The column was washed with 3 ml of water.
The flow-through fractions and washings were combined and
freeze-dried.
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Table 2 Sulphation of various glycosaminoglycans with affinity-purified
human C4ST-1 and C6ST-1

Sulphotransferase activities (pmol-min="-ml~" x 10-2) were assayed using various
glycosaminoglycans as described in the Experimental section.

Acceptors C4ST-1 activity C6ST-1 activity
Chondroitin 2.50 6.28
CS-A 0.04 0.39
CS-C 0.02 0.17
DS 0.00 0.00
DSDS 2.83 5.97

Superdex 30 chromatography and HPLC

A Superdex 30 16/60 column was equilibrated with 0.2 M
NH,HCO; and run at a flow rate of 1 ml/min. Fractions (1 ml) were
then collected. Separation of the degradation products formed
from ¥S-labelled glycosaminoglycans and *S-labelled oligo-
saccharides was performed by HPLC using a Whatman Partisil-
10 SAX column (4.6 mm x 25 cm). Unless otherwise stated, the
column was developed with 5 mM KH,PO, for 10 min followed
by a linear gradient of 5-500 mM KH,PO,

RESULTS
Sulphation of DSDS with the recombinant C4ST-1 and C6ST-1

We found previously that the rate of sulphation of DSDS by
purified C4ST-1 increased with increase in concentration of prota-
mine up to 0.2mg/ml [1]; therefore, the rates of sulphation
of various glycosaminoglycans by the recombinant C4ST-1 or
C6ST-1 were compared at 0.2 mg/ml protamine (Table 2). Both
the recombinant C4ST-1 and C6ST-1 transferred sulphate to
DSDS at nearly the same rate as the rate of sulphation of chon-
droitin under the assay conditions. The presence of IdoA residues
thus appears to have little effect on the rate of sulphation. CS-A
and CS-C were poor acceptors for both the recombinant enzymes.
DS was totally inactive as the acceptor for both C4ST-1 and
C6ST-1, suggesting that DS contained no unsulphated disac-
charide units available to both C4ST-1 and C6ST-1. The di-
saccharide analysis of DS shown in Figure 1 supports this idea.

Chondroitinase ACII digestion of the 33S-labelled
glycosaminoglycans formed from DSDS by reaction with the
recombinant C4ST-1 or C6ST-1

To examine the uroninc acid recognition of C4ST-1 and C6ST-
1, we utilized the difference in the specificity between chondro-
itinase ACII and chondroitinase ABC. GalNAc-GIcA bonds are
susceptible to both chondroitinase ACII and chondroitinase ABC,
whereas GalNAc-IdoA bonds can be cleaved only by chondro-
itinase ABC. When [*S]glycosaminoglycans obtained from
DSDS after incubation with [**S]PAPS and C4ST-1 were digested
with chondroitinase ACII and subjected to Superdex 30 chromato-
graphy, 32% of the total radioactivity was recovered in the
disaccharide fraction (Figure 3C), whereas the [**S]glycosamino-
glycans were quantitatively converted into disaccharide after
chondroitinase ABC digestion (Figure 3B). The disaccharide frac-
tion in Figure 3(B) was identified as ADi-4S by SAX-HPLC
(results not shown). ADi-4S should be released from the GlcA-
GalNAc¢(4S0,)-GlcA sequence in the [*S]glycosaminoglycans.
Since the proportion of the acceptor sequence GlcA-GalNAc-
GlcA in DSDS was only 7% of the total unsulphated repeating
disaccharide units (Figure 1), these results indicate that C4ST-1
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Figure 3 Superdex 30 chromatography of chondroitinase ACIl or ABC
digests of *S-labelled glycosaminoglycans derived from DSDS by incubation
with [33S]PAPS and the affinity-purified C4ST-1 or C6ST-1

The sulphotransferase reaction was carried out as described under the Experimental section. The
3S-Jabelled glycosaminoglycans formed from DSDS after the reaction with C4ST-1 (A-C) or
C6ST-1 (D—F) were applied to the Superdex 30 column before (A, D) or after digestion with
chondroitinase ABC (B, E) or ACII (C, F). The arrows indicate the elution position of Blue
Dextran (Vo), ADi-4S (Di), CS tetrasaccharide (Tet), chondroitin tetrasaccharide (Ch-Tet), CS
hexasaccharide (Hex), CS octasaccharide (Oct), CS decasaccharide (Dec), CS dodecasaccharide
(12) and CS tetradecasaccharide (14).

preferentially transferred sulphate to GalNAc residues located at
the GlcA-GalNAc-GIcA sequence in DSDS. Such a specificity of
C4ST-1 was observed previously in the C4ST-1 purified from rat
chondrosarcoma [1]. On the other hand, when the [*S]glycos-
aminoglycans obtained from DSDS by incubation with [*S]-
PAPS and C6ST-1 were digested with chondroitinase ACII, a
major part of the radioactivity was recovered in the fractions
larger than hexasaccharides (Figure 3F), whereas the [*S]glyco-
saminoglycans were also quantitatively converted into disac-
charide by chondroitinase ABC digestion (Figure 3E). The
disaccharide fraction in Figure 3(E) was identified as ADi-6S
by SAX-HPLC (results not shown). These results indicate that,
unlike C4ST-1, C6ST-1 could transfer sulphate efficiently to the
GalNAc residues embedded in the IdoA-rich region.

Structural analysis of the tetrasaccharide fractions released after
chondroitinase ACII digestion

To obtain information about the preference for HexA (hexuronic
acid) residues adjacent to the targeted GalNAc residue, we
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Figure 4 Separation of tetrasaccharide fractions by SAX-HPLC

The C4-tetra (A) and C6-tetra (B) fractions shown in Figures 3(C) and 3(F) respectively were
pooled separately, freeze-dried and applied to SAX-HPLC as described under the Experimental
section. The broken line depicts the concentration of KH,PO,4. The arrows indicate the elution
position of ADI-0S (1), GalNAc(6S04) (2), GalNAc(4S04) (3), ADI-6S (4), ADi-4S (5),
GalNAc(4,6-S04) (6), ADI-diSp (7) and ADI-diSe (8). The elution positions of Tet-40, Tet-44,
Tet-60 and Tet-64 are indicated.

analysed the tetrasaccharide fractions that were supposed to be
generated by chondroitinase ACII digestion from a sequence,
GIcA'-GalNAc(+ SO,)*-1doA*-GalNAc(+ SO,)*-GIcA’-.  The
tetrasaccharide fraction (C4-tetra) released from the [*S]glyco-
saminoglycans obtained by incubating with C4ST-1, which is
indicated by a horizontal bar in Figure 3(C), was further separated
with SAX-HPLC (Figure 4A). Two peaks were obtained from
C4-tetra; as judged from the elution positions of Tet-40 and
Tet-44, peaks a and b could be assigned to a monosulphated
tetrasaccharide and a disulphated tetrasaccharide respectively.
To determine the position to which the sulphate was transferred,
these tetrasaccharides were subjected to treatment with mercuric
acetate, and the resulting trisaccharides were separated with
SAX-HPLC; peak e was obtained from peak a and peak f was
obtained from peak b (Figure 5). Peak e was eluted near Tri-40
and peak f was eluted near Tri-44 (Figures 5A and 5C),
confirming that peaks e and f were a monosulphated trisaccharide
and a disulphated trisaccharide respectively. If the radioactive
sulphate was transferred to the GalNAc residue located at the
non-reducing side of the trisaccharides, the radioactivity should
have been released as GalNAc(4SO,) after chondroitinase ABC
digestion (see Scheme 1A). Alternatively, if the radioactive
sulphate was transferred to the GalNAc residue located at the
reducing side of the trisaccharides, the radioactivity should be re-
leased as ADi-4S. Peaks e and f were digested with chondro-
itinase ABC and the digestion products were separated with
SAX-HPLC. Only GalNAc(4S0,) was released from peak e after
chondroitinase ABC digestion (Figure 5B), indicating that sul-
phate was transferred exclusively to the No. 2 GalNAc residue
in the sequence, -GlcA'-GalNAc?-IdoA*-GalNAc*-GlcA3-. On
the other hand, GalNAc(4S0O,) and a small amount of ADi-4S
were released from peak f (Figure 5D), indicating that the No. 4
GalNAc residue in the sequence, -GlcA'-GalNAc(4SO,)*-
IdoA3-GalNAc*-GlcAS-, could also be sulphated by C4ST-1 at a
much slower rate than the No. 2 GalNAc residue in the sequence,
-GlcA'-GaINAc?-1doA3-GalNAc(4S0,)*-GlcA®-.  Taken to-
gether, C4ST-1 appears to transfer sulphate mainly to the GalNAc
residues located at the reducing side of GlcA, and such specificity
could be slightly affected by the presence of a sulphate group on
the GalNAc residue.
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Figure 5 Chondroitinase ABC digestion of the trisaccharides derived from
C4-tetra after mercuric acetate treatment

The trisaccharides derived from peak a (A, B) or peak b (G, D) shown in Figure 4(A) were
separated with SAX-HPLC before (A, C) or after (B, D) digestion with chondroitinase ABC. The
standards were the same as those described in the legend to Figure 4. The elution positions of
Tri-40 and Tri-44 are indicated.

A -GlcA-GalNAc-ldoA-GalNAc-GlcA B  -GlcA-GalNAc-IdoA-GalNAc-GlcA-
L CAST-1 l C6ST-1
-GleA-GalNAC(450,)-doA-GalNAc-GlcA- -GlcA-GalNAc-1doA-GalNAG(BS0,)-GlcA-
L ACII l ACH
AHexA-GaINAC(4S0,)-IdoA-GalNAG AHexA-GalNAc-ldoA-GalNAC(BSO,)
(Peak a) {Peak c)
l Hg(CH,COO), l Hg(CH3CO0),
GalNAc-ldoA-GalNAc(650,)
GalNAc(450,)-ldoA-GalNAc (Peak g)
(Peak &) ABC
4 N\ AeC GalNA H A INAC(6SO,)
al C AHexA-Gal
GalNAC(450,) AHexA-GalNAC (aDi-6s)
(ADI-0S)

Scheme 1 Structural analysis of monosulphated tetrasaccharides formed
after chondroitinase ACII digestion

%S-labelled glycosaminoglycans formed from DSDS after the reaction with C4ST-1 (A) or
(C6ST-1(B) were digested with chondroitinase ACII. The monosulphated tetrasaccharide fractions
(peak a in Figure 4A and peak ¢ in Figure 4B) were purified and treated with mercuric acetate.
The resulting trisaccharides (peak e in Figure 5A and peak g in Figure 6A) were digested with
chondroitinase ABC. GalNAc(4S04) was obtained from the non-reducing terminal of peak e,
and ADI-6S was obtained from the reducing terminal of peak g.

To compare the specificity of C4ST-1 with that of C6ST-1, we
analysed the tetrasaccharide fraction (C6-tetra) released from the
[*Slglycosaminoglycans obtained by incubation with C6ST-1,
which is indicated by a horizontal bar in Figure 3(F). C6-tetra was
also proposed to be derived from the sequence -GlcA'-GalNAc-
(£S0,)*-1doA3-GalNAc(+ SO,)*-GlcA’-. Two major peaks
(peaks c¢ and d) and several minor peaks were obtained from
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Figure 6 Chondroitinase ABC digestion of the trisaccharides derived from
C6-tetra after mercuric acetate treatment

The trisaccharides derived from peak ¢ (A, B) or peak d (C, D) shown in Figure 4(B) were
separated with SAX-HPLC before (A, C) or after (B, D) digestion with chondroitinase ABC. The
standards were the same as those described in the legend to Figure 4. The elution positions of
Tri-60 and Tri-64 are indicated.

Co6-tetra after SAX-HPLC (Figure 4B). As judged from the elution
position of Tet-60 and Tet-64, peaks ¢ and d could be assigned to a
monosulphated tetrasaccharide and a disulphated tetrasaccharide
respectively. Other small peaks seem to represent tetrasac-
charides with different sulphation patterns; however, these peaks
were not examined further because of their limited amounts. Ma-
terials contained in peaks ¢ and d were recovered separately and
subjected to treatment with mercuric acetate; peak g was obtained
from peak ¢ and peak h was obtained from peak d (Figure 6).
Peak g was eluted near Tri-60 and peak h was eluted near Tri-64
(Figures 6A and 6C), confirming that peaks g and h were a mono-
sulphated trisaccharide and a disulphated trisaccharide respect-
ively. When peak g derived from peak c was digested with chon-
droitinase ABC, ADi-6S was exclusively detected (Figure 6B),
indicating that sulphate was transferred to the No. 4 GalNAc
residue in the sequence, -GlcA'-GalNAc?-IdoA*-GalNAc*-
GlcA3- (see Scheme 1B). In contrast, when peak h derived from
peak d was digested with chondroitinase ABC, only GalNAc-
(650,) was obtained (Figure 6D), indicating that C6ST-1 could
transfer sulphate to the No. 2 GalNAc residue in the sequence,
-GlcA'-GalNAc?-IdoA3-GalNAc(4S0,)*-GlcA3-. These results
suggest that the specificity of C6ST-1 appears to depend markedly
on the presence or absence of a sulphate group on the GalNAc
residue, but not on the HexA type; C6ST-1 could transfer sulphate
almost at the same rate to both the GalNAc residue located at the
reducing side of IdoA and the GalNAc residue located at the re-
ducing side of GIcA. These results were obtained from an analysis
of the two major peaks in Figure 4(B). Structural analysis of
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Figure 7 B-Glucuronidase digestion of a disaccharide (Di-X) derived from
peak g after 8-N-acetylhexosaminidase digestion

The monosulphated trisaccharide (peak g in Figure 6A) was digested with B-N-acetyl-
hexosaminidase and separated by Superdex 30 chromatography. The resulting disaccharide
(Di-X) was mixed with Di-6S and separated with SAX-HPLC before (B, D) or after (C, E)
digestion with B-glucuronidase. The column was eluted with 40 mM KH,PQ, isocratically and
monitored by the absorption at 210 nm (A-C) and the %5S-radioactivity (D, E). The broken line
depicts the concentration of KH,PQ,. The elution profile of standard GalNAc(6S04) (1) and
Di-6S (2) is indicated in (A). A large background before 5 min and a small peak at approx.
17 min in (C) are derived from the B-glucuronidase preparation.

the other minor peaks may depict a more complicated picture
regarding the specificity of C6ST-1.

The presence of an IdoA residue in the chondroitinase ACII-
resistant oligosaccharides was assumed on the basis of the repor-
ted specificity of chondroitinase ACII [28]. We tried to confirm
the type of uronic acid residue contained in peak g. When peak g
was digested with B-N-acetylhexosaminidase, an **S-labelled
disaccharide (Di-X) was obtained. Di-X was eluted from the
Superdex 30 at the position ADi-6S. If Di-X contained GIcA,
GalNAc(6SO,) would be released after S-glucuronidase diges-
tion, but if Di-X contained IdoA, GalNAc(6SO,) would not be re-
leased. **S-labelled Di-X was mixed with standard Di-6S and sub-
jected to B-glucuronidase digestion. The reaction products were
separated by SAX-HPLC (Figure 7). After digestion with 8-glu-
curonidase, Di-6S was completely degraded to yield GalNAc-
(6S0O,) (Figure 7C). On the other hand, *S-labelled Di-X re-
mained almost intact (Figure 7E). A small amount of radioactivity
was detected at the position of GalNAc(6SO,) after digestion
with B-glucuronidase (Figure 7E). It was reported previously
that a trace amount of «-L-iduronidase activity was detected in
commercially available §-glucuronidase from bovine livers [29].
The low radioactivity of GalNAc(6SO,) may be released by the
contaminating «-L-iduronidase. As described above, peak g was
degraded by chondroitinase ABC to ADi-6S. Taken together,
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Figure 8 Chondroitinase ABC digestion of the oligosaccharides derived
from C4- or C6-oligo after mercuric acetate treatment

Oligosaccharides derived from C4-oligo (A) and C6-oligo (B) after mercuric acetate treatment
were separated with SAX-HPLC after digestion with chondroitinase ABC. The standards were
the same as those described in the legend to Figure 4.

it is concluded that peak g contained IdoA residue. *S-labelled
Di-X was eluted approx. 0.5 min later than Di-6S (Figures 7B
and 7D), supporting the idea that Di-X contained an IdoA residue
because IdoA-anhydromannitol(6SO,) was eluted later than
GlcA-anhydromannitol(6SO,) under the same elution conditions
[30].

Structural analysis of the higher oligosaccharide fractions

When the ¥*S-labelled glycosaminoglycans, derived from DSDS
after incubation with C4ST-1, were digested with chondroitinase
ACII, 68 % of the total radioactivity was recovered in the frac-
tions larger than tetrasaccharide (Figure 3C). Since the larger
fractions were not obtained after chondroitinase ABC digestion
(Figure 3B), these fractions should have been composed of oligo-
saccharides containing different numbers of IdoA-GalNAc repeat-
ing units. The observation that a radioactive sulphate was found
in the larger fractions might lead to the tentative proposal that
C4ST-1 could also transfer sulphate efficiently to the GalNAc
residues existing between IdoA residues; however, this was not the
case, as described below. The larger oligosaccharide fractions are
supposed to be formed by the eliminative cleavage of the GalNAc—
GIcA bond from IdoA-rich regions and, hence, should contain a
AHexA residue at their non-reducing ends. If C4ST-1 prefers the
GalNAc residue located at the reducing side of GIcA as shown
in C4-tetra, the radioactive sulphate groups should reside mainly
on the penultimate GalNAc residue adjacent to AHexA. To
address these issues, we investigated the distribution of radioactive
sulphate groups incorporated into the higher molecular fractions
(C4-oligo) indicated by a horizontal bar in Figure 3(C). As
judged from the elution positions of an even number of CS oligo-
saccharides, C4-oligo seems to contain an octasaccharide to tetra-
decasaccharide. C4-oligo was subjected to treatment with mer-
curic acetate and then digested with chondroitinase ABC. The
chondroitinase ABC digestion products were separated with
SAX-HPLC (Figure 8A). A major part of the radioactivity was
recovered in GalNAc(4S0,), and a small amount of radioactivity
was detected at ADi-4S. These results also indicate that C4ST-1

transferred sulphate mainly to GalNAc residues adjacent to the
reducing side of GIcA residues.

When the **S-labelled glycosaminoglycans derived from DSDS
after incubation with C6ST-1 were digested with chondroitinase
ACII, a major part of the radioactivity was recovered in the frac-
tions larger than tetrasaccharides (Figure 3F). As shown in the
analysis of C6-tetra, the C6ST-1 activity seems to be independent
of the presence or absence of the GIcA residue; therefore, most of
the radioactivity in the larger oligosaccharide fractions is expected
to reside in the internal regions. To determine the location of
the radioactive sulphate in the oligosaccharide, we analysed the
oligosaccharide fractions (C6-oligo) indicated by a horizontal bar
in Figure 3(F) by the methods described above. C6-oligo was sub-
jected to treatment with mercuric acetate and then digested with
chondroitinase ABC. The chondroitinase ABC digestion products
were separated with SAX-HPLC (Figure 8B). The highest
radioactivity was recovered in ADi-6S and a trace amount was
detected at GalNAc(6SO,). These results indicate that C6ST-1
transferred sulphate mainly to the internal GalNAc residue of
these oligosaccharides and that C6ST-1 does not require the pre-
sence of a GIcA residue adjacent to the non-reducing side of the
targeting GalNAc residue.

DISCUSSION

In the present study, we showed that C4ST-1 and C6ST-1 were
different from each other not only in the position to which sulphate
was transferred, but also in the recognition of the uronic acid
residue adjacent to the targeted GalNAc residue. C4ST-1 was
found to prefer GalNAc residues located between GIcA residues,
and was demonstrated to transfer sulphate mainly to GalNAc re-
sidues adjacent to the reducing side of the GIcA residue. In
contrast, C6ST-1 did not show any requirement for the presence
of GIcA residues.

NMR analysis of the *S-labelled tetrasaccharides obtained
from the *S-DSDS after chondroitinase ACI showed that D4ST
transfers sulphate to the No. 4 GalNAc residue in the sequence
of GlcA'-GalNAc?-1doA*-GalNAc*-GIcA [7]. Such a specificity
is quite different from the specificity of C4ST-1 described in
the present study and appears to coincide with the observ-
ation that a microsomal fraction obtained from fibroblasts was
reported to sulphate DSDS more efficiently than chondroitin [20];
nevertheless, the strict specificity of D4ST should be confirmed
by determining the position of radioactive sulphate transferred
to the acceptor DSDS, since the amount of radioactive sulphate
transferred to DSDS through the reaction catalysed by D4ST
might be much smaller than the amount of sulphate groups pre-
sent in the acceptor molecules. C5 epimerization of GIcA residue
appears to be closely linked to C4 sulphation of GalNAc residue in
the biosynthesis of DS [17-19]. If C4 sulphation of the GalNAc
residue occurs after the C5 epimerization of the GIcA residue,
C4ST-1 could be hardly involved in the biosynthesis of DS,
since C4ST-1 showed very weak activity towards the No. 4 Gal-
NAc residue in the sequence GlcA'-GalNAc?-IdoA*-GalNAc*-
GIcA. Instead, C4ST-1 may participate in the biosynthesis of
a hybrid sequence, GlcA-GalNAc(4S0,)-IdoA-GalNAc(4S0O,)
[15]. Genetic approaches will be necessary to clarify the sulpho-
transferases that are involved in the biosynthesis of DS or CS-DS
hybrid structures.

C6ST-1 was found to sulphate the GalNAc residues present in
the regions containing contiguous IdoA-GalNAc units; however,
glycosaminoglycans having IdoA-GalNAc(6S0O,) units are very
rare in vertebrate tissues. On the other hand, an ascidian species
has been reported to have a DS containing IdoA-GalNAc(6SO,)
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units [31]. It remains to be determined why the DS containing
IdoA-GalNAc(6SO,) units is not synthesized in the vertebrate
tissues. CS—DS hybrid molecules from the human meniscus were
reported to have GlcA-GalNAc(6SO,) units on the non-reduc-
ing side of IdoA-GalNAc(4S0,) units [10]. C6ST-1 may be in-
volved in the synthesis of these hybrid structures since it was
demonstrated to transfer sulphate to the No. 2 GalNAc residue
in the sequence GlcA'-GalNAc?-IdoA*-GalNAc(4S0,)*-GIcA as
shown in Figure 6(D).

We previously found that the ability of chondroitinase ACII to
cleave the GaINAc—GIcA bond was not affected by the sulphation
pattern on GalNAc residues since GlcA-containing trisaccahrides
having sulphate groups on position 4 or 6 of GalNAc residues were
all easily degraded by chondroitinase ACII [22]. We also found
that a trisaccharide having a sulphate group on position 2 of
the GIcA residue was refractory to chondroitinase ACII digestion
[22]; therefore, the tetrasaccharides obtained from the *3S-labelled
DSDS might have contained GIcA(2SO,) instead of IdoA.
However, this was not the case, because only [**S]ADi-4S was
detected after chondroitinase ABC digestion of the *S-labelled
glycosaminoglycan formed from DSDS (Figure 3B), and the
acceptor DSDS did not yield any detectable ADi-diSy or ADi-2S
after chondroitinase ABC digestion (Figure 1B).

Glycosaminoglycans containing IdoA-GalNAc(4,6-SO,) units
have been reported in the hag fish notochord [32,33], glomeruli
[34], rat mesangial cells [35] and an ascidian species [36]. These
glycosaminoglycans may be synthesized by sulphotransferases
different from C6ST-1, since C6ST-1 failed to transfer sulphate to
position 6 of the GalNAc(4S0O,) residues. Instead, GaINAc(4SO,)
6-O-sulphotransferase may be involved in the synthesis of these
glycosaminoglycans, since both the squid and human GalNAc-
(450,) 6-O-sulphotransferases were found to transfer sulphate to
DS efficiently [37,38].
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Priority Areas No. 10178102 from the Ministry of Education, Science, Sports and Culture
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