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ABSTRACT

A solution of the tributylammonium salts of chondroitin 4- or 6-sulfate, or
dermatan sulfate in N, N-dimethylformamide was treated with 2.0-8.0 mol/hydroxy!
group of pyridine—sulfur trioxide at 0° for 1 h. The progress of the sulfation was
studied by chondroitinase ABC digestion and liquid chromatography. The results
suggested that sulfation proceeded homogeneously according to the order of
reactivity of the hydroxyl groups. Various chondroitin polysuifates, which resemble
natural chondroitin sulfate E with respect to the disaccharide unit composition,
were prepared from chondroitin 4-sulfate.

INTRODUCTION

The present study was initiated to establish the order of reactivity toward
sulfation of the hydroxyl groups of chondroitin 4- and 6-sulfate (C-4-S and C-6-8),
and of dermatan suifate, and to develop a method for preparing polysulfated
derivatives of these polysaccharides. To achieve this, {(a) sulfation must be carried
out in completely homogeneous medium'=2, (b) the progress of the sulfation must
be easily controllable, and (c) it must be free from side reactions, such as cleavage
or transfer of the glycosidic linkages and decomposition of the sugar components.
Recently, we devised a sulfation procedure that satisfies to some degree these
requirements, and we report herein the preparation of chondroitin sulfate E-like
materials.

RESULTS AND DISCUSSION

Commercial C-4-S and -6-S were successively purified by ion-exchange
chromatography on AG 1-X2 anion-exchange resin and by gel filtration on
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Sepharose 6B gel, respectively. The rooster-comb dermatan sulfate, RC-20
fraction®, was fractionated by ion-exchange chromatography to obtain the fractions
eluted with 2.0M sodium chloride on Dowex 1-X2 (ClI~) anion-exchange resin. The
K, values obtained by analytical gel-filtration of these purified materials on
Sepharose 6B were (.41, 0.31, and 0.31 for C-4-§ and -6-§, and dermatan sulfate,
respectively. The composition of chondroitinase ABC digestion products and sulfur
content are reported in Tables I-1I1.

As shown in Table I, the starting C-4-S used was a copolymer consisting
mainly of chondroitin 4-sulfate (81%) and 6-sulfate units (17%). The tributyl-
ammonium salt was treated with 2.0-8.0 mol/mol equiv. of hydroxyl group of

TABLE1

ANALYTICAL DATA OF SULFATED PRODUCTS OF CHONDROITIN 4-SULFATE

Composition Starting Sulfated chondroitin 4-suifate Chondroitin
chondroitin sulfaie E®
4-sulfate Prep. I Prep. li  Prep. Il  Prep. IV
(2.6)% (4.0) (6.0) (8.0)
S content
{mol/repeating unit) 1.02 1.26 1.60 1.72 2.04 1.55
Unsaturated disaccharide
compasition (%)
ADi 1.3 0.8 0.4 0.3 0.2 g
ADi-68 17.0 17.0 17.1 17.1 13.8 8.0
4Di-48 81.0 70.1 332 17.9 10.6 300
ADi-diS;, 0.7 0.4 1.1 1.5 2.1 0
ADi-diS, 0 11.7 48.2 58.4 66.0 62.0
ADi-tri§ 0 g 0 4.8 7.3

“Mol of pyridine-sulfur trioxide per mol equivalent of available hydroxyl group. *Ref. 7.
TABLE I

AMNALYTICAL DATA OF SULFATED PRODUCTS OF CHONDROITIN 6-SULFATE

Composition Starting Sulfated chondroitin 6-sulfaze
chondroitin
6-sulfare Prep. Prep. 1T Prep. I
(3.0 {5.0} (7.0}
§ content {mol/repeating unit) 1.08 1.17 1.29 1.48

Unsaturated disaccharide
composition (%)

ADi 1.3 0.9 0 0

ADi-68 73.9 74.6 74.0 72.3
ADi-48 17.7 14.1 2.6 0.8
ADi-diSp, 7.1 7.1 8.5 9.9
ADi-diSg 0 3.3 138 14.9
ADi-nis 0 0 1.1 2.1

“8ee footnote to Table L.
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TABLE III

ANALYTICAL DATA OF SULFATED PRODUCTS OF DERMATAN SULFATE

Composition Starting Sulfated dermatan sulfaie
dermatan
sulfate Prep. I Prep. II Prep. Il
(2.0)° (4.0) (6.0)
S content (mol/repeating unit) 1.04 1.27 2.01 2.29
Unsaturated disaccharide
composition (%)
ADi 4.4 2.5 1.7 0
ADi-68 3.0 44 14 1.5
ADi-48 84.2 70.8 28.3 9.2
ADi-diSp, 0.6 1.6 43 6.0
ADi-diSg 7.0 44 23 0
ADi-diSg 0.8 14.6 56.4 76.9
ADji-tri§ 0 17 5.6 6.4

2See footnote to Table 1.

pyridine-sulfur trioxide in N,N-dimethylformamide at (° for 1 h in homogeneous
solution. The progress of sulfation was dependent on the amount of pyridine-sulfur
trioxide used. The progress of the sulfation was monitored by digesting Prepara-
tions I-IV (Table I) with chondroitinase ABC and analyzing the digestion products
by liquid chromatography under elevated pressure (l.c.)*. The data clearly showed
the most important process to be the transformation of chondroitin 4-sulfate into
chondroitin 4,6-disulfate units; for Preparation I1, 60% of the chondroitin 4-sulfate
units of the starting material were transformed into chondroitin 4,6-disulfate units
without any change of the structure of other disaccharide units. On the contrary,
transformation of chondroitin 6-sulfate units into chondroitin 4,6-disulfate units did
not occur under the conditions used for Preparations I and II, although chondroitin
6-sulfate units were partially transformed into chondroitin disulfate (D type) units
and chondroitin trisulfate units under the reaction conditions used for Preparation
IV. These results suggest that the é-sulfate group on the 2-acetamido-2-deoxy-D-
galactose residue of the chondroitin 6-sulfate unit may prevent the 4-HO group on
the same monosaccharide residue from undergoing sulfation.

As shown in Table I, the decrease of ADi-48* of Preparations I and II well
correspond to the respective increase of ADi-diS;. The decrease of ADi-4S of

*Abbreviations used: A4Di, 2-acetamido-2-deoxy-3-0-(4-deoxy-a-L-threo-hex-4-enopyranosyluronic
acid)-p-galactose; ADi-4S, 2-acetamido-2-deoxy-3-O-(4-deoxy-o-L-threo-hex-4-enopyranosyluronic
acid)-p-galactose 4-sulfate; ADi-6S, 2-acetamido-2-deoxy-3-0-(4-deoxy-a-L-threo-hex-4-enopyranosyl-
uronic acid)-D-galactose 6-sulfate; ADi-diSp, 2-acetamido-2-deoxy-3-0-(4-deoxy-a-L-threo-hex-4-eno-
pyranosyluronic acid 2- or 3-sulfate)-p-galactose G-sulfate; ADi-diSy, 2-acetamido-2-deoxy-3-O-(4-
deoxy-a-L-threo-hex-4-enopyranosyluronic acid 2- or 3-sulfate)-D-galactose 4-sulfate; ADi-DiSg, 2-
acetamido-2-deoxy-3-0-(4-deoxy-a-1-threo-hex-4-enopyranosyluronic  acid)-p-galactose  4,6-bis(sul-
fate); ADi-triS, 2-acetamido-2-deoxy-3-0-(4-deoxy-a-L-thres-hex-4-enopyranosyluronic acid 2- or 3-
sulfate}-D-galactose 4,6-bis(sulfate); ADi-US, 2-acetamido-2-deoxy-3-0-(4-deoxy-o-L-threo-hex-4-eno-
pyranosyluronic acid 2- or 3-sulfate)-D-galactose.
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Preparation III correspond to the sum of the increase of ADi-diS; and ADi-tri§
(%). These results strongly suggest that the chondroitin trisulfate unit was preferen-
tially formed by sulfation of the chondroitin 4,6-disulfate (E type) unit, and not by
that of the chondroitin disulfate (D type) unit.

As shown in Table 11, C-6-S was more difficult to sulfate than C-4-S. This
seems to be exclusively due to the marked resistance of the chondroitin 6-sulfate
unit against further sulfation, as the data suggest that the proportion of chondroeitin
6-sulfate units remains unchanged in Preparations I-III, and the increase in sulfur
content depends mostly on the transformation of the chondroitin 4-sulfate units
present in chondroitin 4,6-disulfate units. These data also indicate that a limited
proportion of the chondroitin 6-sulfate units underwent sulfation to give chon-
droitin disulfate (D type) units. Accordingly, more drastic reaction conditions
would result in the formation of additional chondroitin disulfate (D type) units and
chondroitin trisulfate units as suggested by the results obtained previously>.

Subsequently, a preparation of rooster-comb dermatan sulfate was subjected
to sulfation under the same conditions as just described. The preparation of
dermatan sulfate investigated contained more disaccharide 4-sulfate and less di-
saccharide 6-sulfate units than the preparation of C-4-S. As shown in Table III, the
sulfation of the polysaccharide was very similar to that of C-4-S, indicated by the
preponderant transformation of disaccharide 4-sulfate into the disaccharide 4,6-
disulfate units. The data also show a slow but sieady transformation of the di-
saccharide disulfate (B type) into disaccharide trisulfate units for Preparations I-
111, suggesting that HO-6 of the 2-acetamido-2-deoxy-D-galactose residue of the
disaccharide disulfate (B type) units is highly sensitive to sulfation under the reac-
tion conditions used. Comparison between Tables I and III revealed that the sul-
fated products of dermatan sulfate were more sulfated than those of C-4-S, owing
in part to the preponderance of unsubstituted HO-6 groups in the disaccharide
units of dermatan sulfate (Table III), as compared with C-4-S (Table I), and in part
to some difference in the three-dimensional structures of both starting materials.

A sulfated C-4-S obtained by the present method (Preparation IV in Table I)
was digested with chondroitinase ABC alone or chondroitinase ABC plus
chondrosulfatases, and each digestion product was analyzed for unsaturated di-
saccharide composition by l.c. (Table IV). The data suggest that ADi-triS was
produced by chondroitinase ABC digestion of a disaccharide trisulfate unit, in
which one sulfate group is located either at O-2 or -3 of the 4,5-unsaturated uronic
acid residue and the other two sulfate groups at O-4 and -6 of the acetamido-2-
deoxy-D-galactose residue.

The data of Tables I-III indicate that the sulfation progressed homogene-
ously according to the order of reactivity of the hydroxyl groups within the poly-
saccharide molecules. A gel-filtration analysis of Preparation III (Table I) did not
show any scission of the polysaccharide chain (Fig. 1).

A chondroitin polysulfate (ChS-E), isolated from squid cranial cartilage$’,
has been shown to have physiological roles in mammals®-11. The data in Table I
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Tube number { 2.2 mi / tube )

Fig. 1. Elution diagrams of starting chondroitin 4- and 6-sulfate and dermatan sulfate, and of sulfated
chondroitin 4-sulfate on Sepharose 6B: (——) chondroitin 4-sulfate, (----) chondroitin 6-sulfate,
(eee®eoe) dermatan sulfate, and (=) sulfated chondroitin 4-sulfate (Preparation [II, Table I).

suggest that several chondroitin polysulfates, which possess a similar degree of
disaccharide unit composition as those of natural ChS-E preparations®~!1, may be
obtained by sulfation of C-4-S. Thus, a sufficient supply of semi-synthetic ChS-E
preparations will contribute to the study of the physiological functions of ChS-E.

EXPERIMENTAL

Materials. — Chondroitin 4-sulfate {(whale cartilage, reagent grade) and
chondroitin sulfate (shark cartilage, reagent grade), chondroitinase ABC from
Proteus vulgaris (chondroitin sulfate lyase, EC 4.2.99.6), chondro-4- and -6-
sulfatases from Proteus vulgaris, and 4,5-unsaturated disaccharide standards (4Di,
ADi-4S, and ADi-6S) were obtained from Seikagaku Kogyo Co. Ltd. (Tokyo). The
chondroitin 4-sulfate was further purified by ion-exchange chromatography on AG
1-X2 (CI7) resin with a linear gradient elution of 1.5-2.5M NaCl. The fraction
eluted with 1.52-1.66M NaCl was used for the present experiments. A preparation
of rooster-comb dermatan sulfate® (RC-20) was fractionated into 1.5 and 2.0M NaCl
fractions by ion-exchange chromatography on Dowex 1-X2 (Cl-) resin, and the
2.0m NaCl fraction, a dermatan sulfate—chondroitin sulfate copolymer having an
IdoA/GIcA ratio of 41:9, was used for the present experiments. The elution
diagrams of these starting materials on Sepharose 6B gel are shown in Fig. 1.
Pyridine—sulfur trioxide obtained from Aldrich Chem. Co. Inc. (Milwaukee, Wis
53201) was purified according to the procedure described!?.

Analytical methods. — The uronic acid content was determined by the
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modified method of Bitter and Muir'®!; the uronic acid composition of the
dermatan sulfate by the procedure previously described?; and the sulfur content by
the method of Dodgson and Price!®. Analytical gel-chromatography on Sepharose
6B was carried out by the same procedure described previously's, modified by
increasing the NaCl concentration to 0.2m.

Determination of constitutional disaccharide compaosition in chondroitin 4-
and 6-sulfate, and dermatan sulfate, and their sulfated products. — The determina-
tion was carried out according to the procedure of Seldin et al.%. To a solution of
the sample (200 ug) in water (40 uL) were added 50mm Tris - HCI buffer (pH 8.0,
20 pL) containing 10mM NaF, and chondroitinase ABC (0.4 unit) in water (40 uL),
and the mixture was incubated for 2 h at 37°. It was diluted with ethanol (4 vol.),
cooled to 0° for 2 h, and centrifuged at 5500 g for 15 min. The supernatant {0.45
mL) was evaporated under a stream of nitrogen, and the residue dissolved in L.c.
solvent A (3:1, viv, 70% acetonitrile-methanol and 30% 0.2M ammonium acetate—
acetic acid, pH 5.3) (36 pL). L.c. was performed with a chromatographic apparatus
equipped with a liquid delivery pump (NP-D, 5SK25GK-A, Oriental motor Co.,
Tokyo), a variable-wavelength u.v. detector (S-310A model-II, Nihonseimitsu Co.,
Tokyo), a Whatman Partisil-10 PAC column (4.6 X 250 mm), and a precolumn
(4.6 X 25 mm) containing the same packing. The u.v. absorbance of the column
eluate was monitored with a detector at 232 nm. The unsaturated disaccharide
(ADi) and unsaturated disaccharide monosulfates (ADi-4S, ADi-6S, and ADi-US)
were cluted with solvent A. The unsaturated disaccharide disulfates (ADi-diSg,
ADi-diSp,, and ADi-diS;) and unsaturated disaccharide trisulfate (ADi-triS) were
eluted with solvent B (3:1, viv, 70% acetonitrile-methanol and 30% 0.4M am-
monium acetate-acetic acid, pH 5.3) and solvent C (3:1, viv, 65% acetonitrile—
methanol and 35% 0.55M sodium acetate-acetic acid, pH 5.3), respectively. The
peaks of ADi, ADi-4S, and ADi-6S were assigned by comparison with the retention
times of commercial standards. Each peak of the unsaturated disaccharide di- and
tri-sulfates was assigned by comparison of the chromatographic data of each di-
gestion product of the same sample with chondro-4- and chondro-6-sulfatase with
those of reference samples (AD1i, 4Di-4S, and ADi-65). The conditions of sulfatase
digestion were as follows. To a solution of the sample (200 pg) in enriched Tris
buffer!? [0.3M sodium acetate, 0.25M NaCl, 0.25M Tris- HCI (pH 8.0), and bovine
serum albumin (0.5 mg/mL)] (40 ul.) was added chondroitinase ABC (0.4 unit) in
water (20 uL). The mixture was incubated for 2 h at 37°, and then chondro-6-sul-
fatase (0.8 unit) in water (40 ul.) alone, or chondro4- and -6-sulfatases (each 0.8
unit) in water (40 uL) were added, and the incubation was continued for additional
16 h at 37°. The mixture was diluted with ethanol (4 vol.), cooled to 0° for 2 h, and
centrifuged at 5500 g for 20 min. The precipitate was resuspended in water (0.1
mL) and the mixture centrifuged at 5500 g for 20 min. The combined supernatants
were evaporated under a stream of N,. The residue was dissolved in solvent A (40
pL) and analyzed by L.c. with the same solvent and the 4,5-unsaturated disaccharide
standards (4D1, ADi-4S, and ADi-6S) as reference.
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Sulfation of chondroitin 4- and 6-sulfates, and dermatan sulfate. — A solution
of the Na salt of each polysaccharide (~50 mg) in water (5 mL) was passed through
a column of Dowex 50W-X8 (H+*, 50-100 mesh) at 0°, and the pH of the effluent
was adjusted to 5.0 by the addition of 10% tributylamine in ethanol. The solution
was extracted three times with diethyl ether (each 50 mL) and lyophilized to give
the tributylammonium salt (~50 mg) as a white powder.

To a solution of the tributylammonium salt of each polysaccharide (~6 mg)
in N, N-dimethylformamide (0.5 mL) was added a solution of pyridine-sulfur tri-
oxide (2.0-8.0 mol/equiv. of available hydroxyl group) in N, N-dimethylformamide
(0.5 mL), and the mixture was stirred for 1 h at 0°. The reaction was terminated by
the addition of cold water (1 mL) and the pH of the solution was adjusted to 5.0
with M NaOH. The solution was diluted with ethanol (3 vol.) saturated with
anhydrous sodium acetate and kept for 1 h at 0° to give a white precipitate. The
precipitate was collected by centrifugation at 1500 g for 15 min and dissolved in a
small volume of water. The solution was dialyzed against distilled water (3 X 20 L)
for 20 h and the dialyzate lyophilized to give the sodium salt of the sulfated product
(4-5 mg) as a white powder.
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