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Polydispersity in sulfation profile of oligosaccharide alditols
isolated from the protein-linkage region and the repeating disaccharide region
of chondroitin 4-sulfate of bovine nasal septal cartilage
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Proteoglycans of bovine nasal sepial cartilage bear predominantly chondroitin 4-sulfate. After exhaus-
tive chondroitinase ABC digestion of a chondromucoprotein preparation rich in proteoglycans and subse-
quent reductive f-elimination, five hexasaccharide alditols were isolated from the glycosaminoglycan-
protein linkage region. They were analyzed by enzymatic digestion in conjunction with HPLC and by
one-dimensional and two-dimensional 'H-NMR spectroscopy. They share the conventional core saccha-
ride structure A4**HexAgl —3GalNAcf! —4GlcAf1 —3Galfi1 —3Galf1 —4Xyl-ol {where 4*5HexA is 4,5-
unsaturated hexuronic acid), but have different sulfation profiles. One compound () does not contain
sulfate. Two of the three monosulfated compounds (IT and I1I) have an O-sulfate group at either C6 or at
C4 of the GalNAc residue. The other monosulfated compound (IV) is hitherto unreported and has a O-
sulfate at C4 of the Gal residue preceding the GlcA residue, whereas the GalNAc is not sulfated. The
disulfated compound (V) has sulfate groups at C4 of both the Gal residue preceding GlcA and the GalNAc
residue. The molar ratio of compounds I-V is 38.3:5.9:43.0:1.6:11.2. The structural heterogeneity of
these hexasaccharide alditols reflects the polydispersity in the linkage region of the chondroitin sulfate
chains. In addition, two trisaccharide and two tetrasaccharide alditols derived from the repeating disaccha-
ride region of the chondroitin sulfate chains were also isolated. Their structures were unambiguously
determined by enzymatic analysis and by "H-NMR spectroscopy as A**HexAal—3GalNAc(4-0- or 6-
O-sulfate)fl —4GlcA-ol and A HexAal —3GalNAc(4-0- or 6-0-sulfate)f =4GlcAf1 —3GalNAc(4-0-

sulfate)-ol, respectively. "
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Chondroitin sulfate is found in various tissues and exhibits
a wide variety of biological functions. It is a ubiquitous compo-
nent of the extracellular matrix of connective tissues and is also
found on the surface of many cell types and in intracellular se-
cretory granules (for reviews see {1—3]). Immunological studies
using monoclonal antibodies have revealed the developmentally
regulated expression of the chondroitin sulfate epitopes in the
rodent fetus (for a review see [4]), and notably during rat central
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Abbreviations. A*°HexA, 4,5-unsamrated hexuronic acid; GalNAc,
2-deoxy-2-N-acetylamino-D-galactose; GlcA-ol, D-glucuronic acid aldi-
tol; ADi-05, A**HexAf{al —3)GalNAc; ADi-45, A**HexAlal —3)Gal-
NAc(4-O-sulfate);  ADi-65, A“*HexAlal —3)GalNAc(6-O-sulfate);
ADi-diSg, AHexA{2-0-sulfate)iol — GalNAc(6-C-sulfate); ADi-diSg,
A HexAial —3)GalNAc(4,6-0-disulfate); ADi-triS, 4 HexA(2-(2-sul-
fatedal — 3)GalNAc(4,6-O-disulfate): GAG, glycosaminoglycan; CS§,
chondroitin sulfate; C48, chondroitin 4-sulfate; C63, chondroitin 6-sul-
fate; C5-4- or CS-6-sulfatase, chondro-4-(- or 6-O-sulfatase, respec-
tively; ROE, rotating-frame Overhauser enhancement; 1D, one-dimen-
sional; 2D, two-dimensional: IdoA, iduronic acid.

Enzymes. chondroitinase AC-I1 {EC 3.1.6.9); chondroitinase ABC
(EC 4.2.24); chondro-d-0-sulfatase (EC 3.1.6.9); chondro-6-0-sulfa-
tase (BC 3.1.6.10); A~ *Hexuronate-2-sulfatase (EC 3.1.6.-).

nervous system development [5]. Developmentally regulated ex-
pression and tissue-specific distribution of chondroitin sulfate
isoforms suggest that chondroitin sulfate chains differing in sul-
fation profile perform distinct functions in development. For ex-
ample, chondroitinfdermatan sulfate from mouse brain, which is
recognized by a specific monoclonal antibody, promotes neurite
outgrowth of neurons from the rat central nervous system [6].
However, the detailed structure and the biosynthetic mechanism
that regulates the expression of chondroitin sulfate chains appear
sophisticated and are not well understood.

The basic structure of a chondroitin sulfate chain is com-
posed of variably sulfated repeating disaccharide units that are
linearly polymerized and covalently attached to the protein core
through the glycosaminoglycan{GAG)-protein linkage region,
GlcAf1 - 3Galf1 —3Galf1 —4Xylf1-0-Ser. Thus, they usually
occur as proteoglycans. It is noteworthy that this linkage region
is shared with dermatan sulfate, heparan sulfate and heparin (for
a review see [7]). Chinese hamster ovary cell mutants deficient
in xylosylransferase or galactosyltransferase do not produce
chondreitin sulfate nor heparan sulfate [8], being consistent with
the concept of the common linkage region. The basic biosyn-
thetic principle of these GAG chains is an alternate stepwise
transfer of monosaccharide residues onto a growing saccharide
chain from the comresponding nucleotide sugars (for a review
see [9]). However, the mechanism how different GAG chains
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are polymerized on the same linkage tetrasaccharide, which is
synthesized first, is unsolved. Our studies stem from the working
hypothesis that differences in the structures of the linkage re-
gions of the various GAG chains may exist, and that they influ-
ence the structure to be formed thereafter [10].

Systematic structural studies on the GAG-prolein linkage re-
gion of various chondroitin sulfate isoforms such as chondroitin
4-sulfate and H-sulfate (C45 and C68) as well as dermatan sul-
fate, all of which are classified as galactosaminoglycans, led us
to the discovery of modified structures such as Galds, Gal6s
and Xyl2F, where 45, 65 and 2P represent 4-O-sulfate, 6-O-
sulfate and 2-O-phosphate [11], respectively [10, 12-15]. In
contrast, no sulfation of the Gal residues has been detected so
far for heparan sulfate and heparin [16—18], both of which are
glucosaminoglycans. These lines of accumulating evidence have
not yet solved the biosynthetic sorting mechanism, but indicate
the existence of the structural heterogeneity of the GAG-protein
linkage region among various GAG. In this study, oligosaccha-
rides were isolated from the GAG-protein linkage region of bo-
vine nasal cartilage C45 to make a survey of new modification
profiles.

MATERIALS AND METHODS

Materials. Chondromucoprotein prepared from bovine nasal
septal cartilage [19] was a gift from the late Dr Albert Dorfman,
University of Chicago. Other materials were obtained from the
following sources: chondroitinase AC-II, the conventional and
highly purified preparations of chondroitinase ABC (the latter
being available as a protease-free preparation), chondro-4-0-sul-
fatase (abbreviated as CS-4-sulfatase), and chondro-6-(-sulfa-
tase (abbreviated as CS5-6-sulfatase) were from Seikagaku Corp.
A**hexuronate-2-sulfatase (abbreviated as 2-sulfatase), purified
from Flavobacterium heparinum [20] was a generous gift from
Keiichi Yoshida Seikagaku Corp. Authentic tetrasaccharide and
hexasaccharide alditols derived from the chondroitin-sulfate-
protein linkage region were prepared from whale cartilage and
shark cartilage chondroitin-sulfate-protecglycans as reported
previously [12—14]. Authentic unsaturated chondroitin sulfate/
dermatan sulfate trisaccharides were prepared as reported [21].

Preparation of oligosaccharide alditols. Chondromuco-
protein (2.03 g) from bovine nasal cartilage was suspended in
44 ml 0.06 M Tris/HC], pH 8.0 containing 6 mM sodium ace-
tate. The solution was adjusted to pH 7.0 with 1 M HC), treated
in boiling water for 10 min, cooled in ice water, and readjusted
to pH 8.0 with 1 M NaOH. The sample was then exhaustively
digested with 1 TU of highly purified chondroitinase ABC in a
total volurme of 47 ml. Additional enzyme (1 TU) was added after
18 h and the reaction proceeded for another 26 h. The reaction
was terminated by adjusting the pH to 6.5 with 1 M HCI fol-
lowed by heating in boiling water for 12 min. The digest was
dialyzed extensively against distilled water at room temperature.
A 58% (by vol) aliguot of the sample corresponding to
241 pmol of oligosaccharides [as 4,5-unsaturated hexauronic
acid (A*°HexA)] was treated with 1 M NaBH,/0.05 M NaOH in
a total volume of 2.34 ml at room temperature overnight to re-
lease the chondroitin-sulfate-derived oligosaccharides from the
protein cores, The reaction mixture was acidified with 1 M ace-
tic acid and a 30% trichloroacetic acid solution was added to
give a final trichloroacetic acid concentration of 5%. Insoluble
materials were removed by centrifugation, and the supernatant
was subsequently extracted with ether. The water phase was con-
centrated to dryness and desalted by gel filtration on a Sephadex
G-25 column (0.9 em*60 cm) resulting in separation between
oligosaccharide fractions, and disaccharide fractions. The ultra-

de Beer et al. (Eur. J. Biochem. 240)

violet-absorbing oligosaccharide fractions were pooled, concen-
trated and redigested with 2 IU of the conventional preparation
of chondroitinase ABC for 50 min in 2.0 ml of the buffer de-
scribed above. The digest was separated inte disaccharide
(1.19 pmol as 4**HexA) and oligosaccharide fractions (10.2 pmeol
as A**HexA) by gel filtration on a Sephadex G-15 column
(1.0 cm>89 cm} wsing 0.25 M NHHCO./7% 1-propancl as
eluent.

Enzymatic analysis of the isolated oligosaccharides. En-
zyme digestion proceeded using 0.5 nmol of each isolated oligo-
saccharide fraction and the indicated amount of the enzyme (see
below) in a total volume of 40 pl of the appropriate buffer at
37°C for 10 min, unless otherwise indicated. Chondroitinase
AC-II digestion was performed with 10 mIU enzyme in 0.05 M
sodium acetate, pH 6.0 [22). Complete digestion of fraction 8-
2A into two disaccharide units was accomplished by incubating
0.5 nmol of fraction 8-2A with 25 mIU of chondroitinase AC-II
for 60 min. Digestion with 2-sulfatase was carried out for 20 min
using 2 mIU of the enzyme in 10 mM imidazole/HCl, pH 6.5
{20]. For digestion with CS-4-sulfatase or CS-6-sulfatase
20 mIU enzyme was used in 34 mM Tris/HCI, pH 7.5, contain-
ing 34 mM sodium acetate and 0.01 % (mass/vol.) BSA [22, 23).
Afiter the incubations the reaction mixtures were boiled at 100°C
for 2 min, cooled to room temperature, mixed with 360 pl of
16 mM NaH,PO, and analyzed by HPLC.

HPLC. Fractionation of the oligosaccharide alditols and
analysis of the chondroitinase AC-II digests of the isolated oli-
gosaccharides were carried out by HPLC as reported previously
for the separation of the chondroitin sulfate disaccharides [24,
25]. HPLC was performed on a 4.6 mmx250 mm polyamine-
bound silica PAO3 column (YMC Co.) using a linear gradient
from 16 mM to 530 mM NaH,PO, over a 60-min period at a
flow rate of 1.0 ml/min at room temperature. Eluates were moni-
tored by absorbance at 232 nm. Separated fractions were con-
centrated in a vacuum concentrator (Savant Instruments, Inc.)
and desalted through a column (0.8 cm>56 em) of Sephadex
(G-25 (fine) with distilled water as eluent,

'H-NMR spectroscopy. The isolated oligosaccharides were re-
peatedly exchanged in *H,O (99.96 % *H, Aldrich) with interme-
diate lyophilization. One-dimensional (1D) 'H-NMR, wo-di-
mensional (2D) '"H-NOE, 2D "H-rotating-frame Overhauser en-
hancement (ROE) and 2D 'H-TOCSY spectra were recorded at
a probe temperature of 285 K or 300 K using Bruker AMX-500
or AMX-600 spectrometers (Bijvoet Center, Utrecht University)
or at 288 K using a Varian VXR-500 (Kobe Pharmaceutical Uni-
versity) essentially as described [15, 26].

Other analytical methods. Chondroitinase-produced oligo-
saccharides were quantified based on the absorbance (E.,;, =
5500 M ‘em™") [21] caused by the 44,5 sites of the uronic acid
at the non-reducing ends. Uronic acid was determined by the
carbazole method [27] using GlcA as a standard.

RESULTS

Isolation of the linkage oligosaccharides. Chondroitin sulfate
chains of bovine nasal septal cartilage proteoglycans contain
GlcAfi1 —3GalNAc(45) as a predominant disaccharide unit [28]
and is classified as C45. To investigate the structure of the pro-
tein-carbohydrate linkage region of the proteoglycans, linkage
oligosacchandes were isolated from the chondromucoprotein
preparation that is rich in C48-proteoglycans. A proteoglycans
preparation was exhaustively digested with highly purified chon-
droitinase ABC and the core protein fraction was recovered by
dialyzing the digest against distilled water. The core protein frac-
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Fig. 1. HPLC separation of the oligosaccharide alditol fraction. The
oligosaccharide alditol fraction was chromatographed on an amine-
bound silica column as described in Materials and Methods, Elution was
performed by using a linear gradient of MaH PO, as indicated by the
dashed line. The elution positions of the authentic linkage hexasacchar-
ide alditols (A—D) as well as the six authentic unsaturated chondroitin
sulfate disaccharides are indicated by arrows: (A) dHexAal=—3Gal-
NAcf1—4GleAM —3Galf1 —3Galf1 —4Xyl-ol; (B) AHexAal—3Gal-
NAcGSH —4GlcAf —3Galf1 —3Galf1 —4Xyl-ol; (C) dHexAal —3Gal-
NAc4Sf —4GlcAf1 —3Galfl —3Galfl —4Xyl-ol;: (D) AHexAal—
3GalNAc4SF1 —4GIcAf1 —3GaldSF1 — 3Galfi1 —4Xyl-ol. For abbrevia-
tions of the disaccharides see Abbreviations,

Table 1. Migosaccharides isolated from C45 of bovine nasal carti-
lage.

Fraction Amount Recovery
nmioel ]
1 624 11.8
2 159 0
3 143 27
4 ™ 133
5 166 EN |
[ 1401 26.5
7 =10 =1
8 416 79
49 1415 26.8
10 66 13
11 i1 1.7
12 99 19
Total 5278 100.0

tion was subjected to reductive f-elimination using NaBH,/
NaOH to release the glycan stubs from the core proteins. The
sample was acidified with acetic acid and oliposaccharide frac-
tions were recovered by gel filtration on a Sephadex G-25 col-
umn. The oligosaccharide fraction was digested again with
chondroitinase ABC (a conventional preparation) to achieve a
complete digestion, and the digest was fractionated by gel filtra-
tion on a column of Sephadex G-15 into an oligosaccharide and
a disaccharide fraction in a molar ratio of 9: 1.

The oligosaccharide fraction was then separated into 12 sub-
fractions by HPLC on an amine-bound silica column (Fig. 1).
Close inspection of fraction 3 indicated that the main peak had
a shoulder ahead of it. They were designated as fractions 3-1
and 3-2 in the elution order. The yield of the isolated fractions
are summarized in Table 1. As described below, enzymatic
analysis in conjunction with HPLC and 'H-NMR spectroscopy
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revealed that fractions 1, 3, 4 and 8 contain hexasaccharide aldi-
tols stemming from the proteoglycan linkage region. In addition
to the linkage oligosaccharide alditol, fraction 8 contains a tetra-
saccharide alditol derived from the repeating disaccharide re-
gion. Fraction 9 contains such an unsaturated tetrasaccharide al-
ditol as well, whereas fractions 5 and & each contain an unsatu-
rated trisaccharide alditol, Fraction 2 contains the disaccharide
A HexAdal—3)GalN Ac(4-O-sulfate) (ADi-4S), as evident from
its elution position on HPLC (Fig. 1), and the conversion into
A*HexAlal —3)GalNAc (4Di-08) upon CS-4-sulfatase diges-
tion. The minor fractions 7, 10, 11 and 12 were not analyzed
due to their small amounts,

Structural analysis of the oligosaccharides from the proteo-
glycan linkage region. Aliquots of fractions 1, 3-1, 3-2, 4 and
8 were subjected to chondroitinase AC-1I digestion followed by
HPLC analysis. The compounds in fractions 1, 3-2 or 4 were
each degraded into equimolar amounts of a common unsaturated
oligosaccharide and variable unsaturated disaccharides being
ADi-08, A HexA(al —3)GalNAc{6-O-sulfate) (ADI-68), or
ADi-48, respectively (data not shown). The common oligosac-
charide eluted on HPLC at the position of the authentic non-
sulfated unsaturated tetrasaccharide alditol A**HexAal-
3Galfi1 —3Galf1 —4Xyl-ol. As shown in Fig. 1, the intact hexa-
saccharides in fractions 1, 3-2 and 4 eluted at the positions of
the authentic linkage hexasaccharide-alditols A [4* *HexAaq-
1=3GalNAcf1 —4GlcAf1 - 3Galf1 —3Galf1 —4Xyl-ol], B [4*
*HexAal = 3GalNAc6SH1 —4GIcAF1 —3Galf1 —3Galfi1 —4Xyl-
ol] and C [4* *HexAal—3GalNAcd5f1 —4GlcAf1 —3Galf1 —
3Galf1 —4Xyl-ol], respectively, which were isolated from C45-
proteoglycan or from C6S-proteoglycan obtained from whale
cartilage [12], or shark cartilage [13—14]. Subsequently, the oli-
gosaccharides in fractions 1,3-2 and 4 were analyzed by 'H-
NMR spectroscopy. The chemical shifts of the structural-repor-
ter-group protons {Table 2) are identical to those of the authentic
hexasaccharide alditols A, B, C, respectively [12—14], showing
that the structures of the compounds in these fractions are:

fraction 1, 4**HexAal—3GalNAcf1—4GlcAf1 —3Galfl -
3Galfi1 —4Xyl-ol;

fraction 3-2, A**HexAal —3GalNAc65H1 —4GlcAf1 —3Galfl —
3Galfi1 —4Xyl-ol;

fraction 4, D**HexAal —3GalNAc45f1 —4GlcAf1 -3Galf1 -
3Galfit —4Xyl-ol.

HPLC analysis of the chondroitinase AC-1I digest of fraction
3-1 gave rise to equimolar amounts of ADi-05 and an oligosac-
charide that eluted at the position of the authentic monosulfated
tetrasaccharide alditol A4 HexA«xl—3Gal451 —3Galf1 —4Xyl-
ol (standard 9; Fig. 2A). Upon subsequent treatment of the
chondroitinase AC-IT digest with CS-4-sulfatase, the latter com-
ponent shifted to the position of the non-sulfated tetrasaccharide
alditol 4**HexAal—3Galf1 —3Galf1 —4Xyl-ol (standard 7;
Fig. 2B). The enzyme CS-4-sulfatase has been demonstrated to
act not only on GalNAc4S but also on Gald§ in 4**HexAal—
3Gald5H1 —3Galf1 —4Xyl-ol [12]. These results indicate that the
compound in fraction 3-1 has the common core hexasaccharide
structure with a sulfate group probably at the C4 position of
Gal—3 (Fig. 3 for notation).

The 1D 'H-NMR spectrum of the oligosaccharide in fraction
3-1 is depicted in Fig. 3 and includes its 'H resonance assign-
ments (see also Table 2). The resonances of AHexA-6 H4 (4
5.899) and H1 (4 5.185) were readily recognized by their down-
field positions with respect to those of anomeric signals of the
other monosaccharide constituents (Fig. 3). Subsequenty, the
connectivity pattern in the 2D *H-TOCSY spectrum (Fig. 4) in
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Table 2. "H chemical shifts of monosaccharide constituents of the
linkage oligosaccharides isolated from bovine nasal septa C48, to-
gether with those of a reference compound (A fraction 4 in [13]).
Chemical shifts are given relative to acetone in "H.O (4 2.225) at 285 K
(fraction 3-1), at 288 K (compound A) or at 299 K (fractions 1, 3-2 and
4). Compound A is identical to the compound in fraction 1; NMR data
for compound A are from [13]. n.d., not determined; —, not occurring.

Residue Proton Chemical shift in
A 1 -1 3-2 4 8=2A
Kyl-ol-1 H4 3088 3985 3986 3985 3987 3994
Gal-2 H1 4617 4615 4615 4618 4618 4625
Hz2 3720 n.d 3722 n.d n.d. 374
H3 3842 n.d. 383 nd n.d. 386
H4 4,200 4195 4188 4203 4196 4,195
Gal-3 H1 4668 4670 4697 4666 4670 4743
HZ 3745 n.d. 31792 n.d. n.d. n.d.
H3 3300 n.d 4010 n.d n.d. 4,143
H4 4160 4,156 4747 4165 4161 4586
GleA-4 H1 4668 4670 4737 40683 44674 -
H2 3455 3457 3434 3470 3457 -~
H3 3624 3625 3606 nd 3634 =
H4 3778 nd 3692 nd nd =
GalNAc-5 H1 4.531 4543 4542 4569 40616 -
H2 4003 4005 4001 nd 4072 -
H3 3900 nd 390 3949 4150 -~
H4 4,098 4098 4107 4181 4615 -
H5 n.d. n.d. n.d. 4013 nd -
Hb6 f.d. n.d. n.d. 4234  n.d -
He&' nd nd nd 4221 nd -
MNac 2057 2056 2060 2054 209 -
AHexA-6 HI1 5184 5184 5185 5182 5265 5573
H2 3793 n.d. 31793 nd n.d. 4.072
H3 4094 4094 4094 4112 3943 3947
H4 5899 5895 5899 5BE6 5965 6018

combination with values of the vicinal 'H-"H coupling constants
led to the resonance positions of AHexA-6 H2 (4 3.793) and H3
(4 4.094). The set of chemical shifts of AHexA H1-H4 closely
resembles that of AHexA protons in the non-sulfated
AHexAfl1 —3GalNAc disaccharide unit in the linkage region
hexasaccharide A (Table 2), suggesting that neither of these
monosaccharides is sulfated. The GalNAc spin system was lo-
cated by the presence of a 6H1-5H3 correlation in the 2D "H-
NOE spectrum (data not shown), and was further assigned
through the connectivity pattern in the 2D "H-TOCSY spectrum
(Fig. 4), aided by the spin-coupling topology in the 1D 'H-NMR
spectrum (Fig. 3). Comparison of the 'H chemical shifts of this
GalNAc residue with those of the GalNAc moiety at the corre-
sponding position in reference compound A (Table 2) confirms
that this GalNAc is not sulfated in structure 3-1. Inspection of
the other anomeric tracks in the 2D 'H-TOCSY spectrum
{Fig. 4) shows that one of the Gal residues is sulfated at the C4
position, as is evident by the downfield shift of its H4 atom to
4.747 ppm, whereas the other monosaccharide constituents ap-
pear to be not sulfated. The GlcA spin system was identified by
the characteristic upfield resonance position of its H2 atom (d
3.434). Despite partial overlap of GleA-4 H1 (d 4.737) and the
H4 signal of the sulfated Gal residue (4 4.747), a 4H1-3H3 NOE
could unmistakably be identified, showing that the Gal residue
at position 3 is sulfated. We have previously reported a 4-sul-
fated Gal-3 residue in a linkage oligosaccharidyl-serine isolated
from Swarm rat chondrosarcoma C4S5-proteoglycan [10] as well
as in a linkage hexasaccharide alditol isolated from whale carti-

de Beer et al. (Eur J. Biochem. 240}

ABSORBANCE AT 232 nm
-

1 1 L L 1 1 1 1
0 20 40 0 20 40
TIME (min)

Fig. 2. Analysis of the isolated linkage sugar alditol fractions using
chondroitinase AC-II and CS5-4-sulfatase. The isolated sugar alditol
fractions 3-1 or & were sequentially digested with chondroitinase AC-II
and CS-4-sulfatase. Each chondroitinase digest and each double digest
were then analyzed on an amine-bound silica column under the condi-
tions described for Fig. 1. (A} Chondroitinase AC-II digest of fraction
3-1; (B) chondroitinase AC-TI digest of fraction 8, (C) double digest
of fraction 3-1; (D) double digest of fraction 8. The suthentic linkage
tetrasaccharide alditols (standard 1—6) as well as the elution positions
of the standard unsaturated disaccharides (standard 710} are indicated
by arrows at the top of both panels: 1, ADi-08; 2, ADi-68; 3, ADi-45;
4, ADI-diS,,; 5, ADi-diSg; 6, ADi-rS; 7, AHexAel —3Galf1 - 3Galfl -
4Xyl-ol; 8, AHexAal—3Galfi1—3Gal65H1 —4Xyl-ol; 9, AHexAal—
3IGal45f1 - 3Galf1 —4Xyl-ol; 10, AHexAal—3GaldSf1 —3IGal6SH1—
4Xyl-ol. The open arrows indicate the elution positions of the fractions
3-1 (A) and & (C) before digestions, respectively.

Fr31 Tﬂnlfatu
AHexta-3GaNAH-4GIAR1-35aP1-3GaIf1-4Xyl-ol
] 5 4 3 H 1
B p

4 m

Fig.3. 1D '"H-NMR spectrum of the hexasaccharide alditol in frac-
tion 3-1, recorded in *Hy0 at 285 K. The letters in bold in the spectra
refer to the position of the monosaccharide in the structure, and those in
normal font stand for the protons,
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Fig. 4. 2D "H-TOCSY spectrum of the hexasaccharide alditol in frac-
tion 3-1, recorded in *Hy0 at 285 K. The letters in bold in the spectra
refer o the position of the monosaccharide in the structure, and those in
normal font designate the protons.

lage C45-proteoglycan [12]. The close resemblance of the 'H
chemical shifts of the Gal-3 residues in these three compounds,
the set of "H chemical shifts of Gal-2, NOEs between Gal-3 H1
and Gal-2 H3, and between Gal-2 H1 and Xyl-1 H4, unequivo-
cally establish the exclusive 4-sulfation of Gal-3. In summary,
the oligosaccharide in fraction 3-1 is

fraction 3-1, 4**HexAa1 —3GalNAcf1 —4GlcAf1 —3GaldSp1 —
3Galf1 —4Xyl-ol. :

Two major and two minor peaks were observed on HPLC
after chondroitinase AC-11 digestion of the oligosaccharide aldi-
tols in fraction 8. In addition to these peaks, a peak was present
at the original elution position of the undigested oligosaccharide
alditols (marked by an open arrow in Fig. 2C), indicating that
one of the compounds is not digested under the employed diges-
tion conditions. The structure of the compound resulting in this
peak and in the two minor peaks will be discussed below. The
peak areas of the major peaks are similar, suggesting that the
respective compounds originate from a common parent oligosac-
charide (designated as fraction 8-2). Their respective elution po-
sitions correspond to those of ADi-4S (standard 3) and
A**HexAal —3Gal45f1 - 3Galf1 —4Xyl-ol (standard 9). Upon
subsequent digestion by CS-4-sulfatase each of the two peaks
shifted on HPLC to elution positions of ADi-08 (standard 1} and
A HexAal=3Galf1-3Galf1 —4Xyl-ol (standard T), respec-
tively (Fig.2D). The presumably tetrasaccharide compound
eluting with standard 9 (labelled as fraction 8-2A) was isolated
and analyzed by 'H-NMR spectroscopy. Comparison of the
NMR spectral data with those of the hexasaccharide alditol in
fraction 3-1 (Table 2) show that the compound in fraction 8-24
is indeed sulfated at the C4-position of Gal-3, and that the struc-
ture is A*"HexAal—3Gald5f1 —3Galfl —4Xyl-0l. Therefore,
the following structure is proposed for the compound in fraction
8-2,
fraction 8-2, A**HexAal—3GalNAc4Sfi1 —4GlcAf1 —
3Gald§f1 —3Galfi1 ~4Xyl-ol.
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Fig.5. Analysis of the isolated sugar alditol fraction 9 using chon-
droitinase AC-I1 and CS-4-sulfatase. The isolated sugar alditol fraction
9 was sequentially digested with chondroitinase AC-I1 and CS-4-sulfa-
tase. The chondroitinase digest (upper) and the double digest (lower)
were then analyzed on an amine-bound silica column under the condi-
tions as described for Fig. 1. The elution positions of the authentic unsat-
urated chondroitin sulfate disaccharides are indicated by arrows. The
open arrow indicates the elution position of the fraction 9 before the
digestions.

AT 232 nm
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Structural analysis of the oligosaccharides derived from the
repeating disaccharide region. The oligosaccharide alditol in
fraction 8 which was resistant to chondroitinase AC-II digestion
(designated fraction 8-1, and indicated by the open arrow in
Fig. 2C) was isolated, and was found to be completely di-
gestable by chondroitinase AC-11 under stronger incubation con-
ditions (see Materials and Methods). It was converted into two
compounds eluting at the same positions as the two minor com-
pounds {marked by the asteriks in Fig. 2C). This shows that
under the initially employed digestion conditions the oligosac-
charide in fraction 8-1 was only partially cleaved. The intensities
of these peaks are quantitatively equivalent indicating that the
two compounds stem from a commeon ancestor. Thus, fraction &
contains two compounds (8-1 and 8-2) in a molar ratio of 56:
44. One of the two digested products of the oligosaccharide in
fraction 8-1 eluted at the position of ADi-68 (standard 2;
Fig. 2D) and the peak displays a characteristic doublet repre-
senting & and f anomers [13]. The other compound eluted
slightly ahead of ADi-48 at the position of 4**HexAal —3Gal-
NAc(45)-ol (see below). The further structural characterization
of the compound in fraction 8-1 had to await "H-NMR analysis
described below.

HPLC analysis of the chondroitinase AC-II digest of fraction
9 showed two peaks; one compound eluted at the position of
ADi-45, the other eluted slightly ahead of it (Fig. 5). Upon sub-
sequent treatment with CS-4-sulfatase the latter peak shifted to
the position of 4Di-08 (Fig. 5). The structure determination of
the compound in fraction 9 was also accomplished by "H-NMR
analysis as described below.

'H-NMR spectroscopy demonstrated that fractions 8-1 and 9
each contain a tetrasaccharide alditol originating from the re-
peating disaccharide region (Fig. 6), and the '"H-NMR data of
these compounds have been collected in Table 3. Analysis of
the spin-coupling topology, 2D 'H-TOCSY and 2D 'H-ROE
connectivity patterns (data not shown), together with compari-
son of NMR data of appropriate reference compounds allowed
the identification of a 4 HexAal—3GalNAc6SH1 —3GlcAfl -3
fragment in fraction 8-1. The only difference between the oligo-
saccharide structures in fraction 8-1 and 9 lies in the differential
sulfation of GalNAc-3; the structure in fraction 9 is sulfated at
GalNAc C4 instead of at its C6 atom. The spin systems of the
reduced monosaccharide in the '"H-NMR spectra of both com-
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Fr.i1 ?Me :Il-o-:mm pe Table 3. 'H chemical shifts of monosaccharide constituents of tetra-
A SGINA R A CRAR A5 T ; saccharide fragments from the chondroitin sulfate repeating disac-
‘ ] 2 ' 3 Nz charide region, together with those of a tetrasaccharide reference
Ad Me compound (D; CSC fraction 6 in [31]). Chemical shifts are given rela-
" 4 live to acetone in *H,O (F 2.225) at 285 K. Compound D is 4 HexAal —
}[ 3GalNAcESf —4Gle AR —3GalNAcASH1; NMR data were taken from
h -4 ¥ [31). n.d., not determined; —, not occurring.
H\ Residue Proton Chemical shift in
| D 8-1 9
— —1 GalNAgc-ol-1 H1/MH1" - 3.695 n.d.
aa 0o oa “ ”‘ H2 - 417 4.172
Chamical shift (ppen) H3 - 4.264 4.267
H4 - 4 481 4,488
Fr.g 4-T-guifate +0-sulfate Hs - 4271 4960
M1WIM|W H&/H6" - 168 f.d,
! NAc - 2.000 2,005
N GleA-2 H1 4.483 4632 4,629
& H2 3416 3484 3468
H3 k| 364 3.662
H4 1.76 3.75 n.d.
r‘n HS5 3.680 3.75 m.d.
" | & GalNAc-3 H1 4.593 4.596 4636
ﬁ ﬁ v 30 H2 4.03 4.030 4.073
" e we H3 3.941 3.949 4,151
H4 4.180 4.179 4.623
H3 n.d. 4.011 3870
H6 4.22 4.226 n.d.
iy H&" 4.22 4,227 n.d.
w4 o= ou . NAc 2,056 2054 2097
Chamical shift (ppm) AHexA-4 H1 5.184 5187 5.297
. H2 . 3787 3838
Fig.6. 1D "H-NMR spectra of the tetrasaccharide alditols in frac- H3 4,105 4.106 3.939
tions 8-1 and 9, recorded in *H,0 at 285 K. The letters in bold in the H4 5877 5 886 5974

spectra refer to the position of the monosaccharide in the structure, and
those in normal font stand for the protons.

pounds were very similar and were in both cases assigned to a
GalNAc-ol residue, sulfated at its C4 atom. The sulfation at Gal-
NAc C4 was concluded from the resonance position of the H4
signal at about 4.48 ppm and the nature of the spin-topology
pattern of this spin system. In summary, the structures in these
fractions are listed below and are consistent with the results ob-
tained by enzymatic analysis described above

fraction 8-1, 4~ HexAwxl —~3GalNAcASfH1 —4GleAf1 —3Gal-
NAcdS-ol;

fraction 9, A**HexAal —3GalNAc4SH1 —4GlcAf1 —3Gal-
NAc45-ol.

The elution position of the compound in fraction 5 on HPLC
was the same as that of the authentic trisaccharide 4**HexAgl —
3GalNAc6SH1—4GlcA [21). However, unlike the authentic tri-
saccharide, the oligosaccharide in fraction 5 was resistant to both
CS-4-sulfatases and CS-6-sulfatases, and also to chondroitinase
AC-II (data not shown). The 1D 'H-NMR spectrum and the res-
onance assignments of the oligosaccharide in fraction 5 are
shown in Fig. 7. The two most downfield signals are characteris-
tic of 4HexA H4 (4 5.882) and H1 (4 5.187) resonances. The
respective resonance positions of AHexA H2 (5 3.790) and H3
(9 4.122) were deduced through scalar correlations in a 2D 'H-
TOCSY spectrum and from values of vicinal '"H-'H coupling
constants. Comparison of the set of 'H chemical shifts of this
AHexA moiety with those of AHexA in suitable reference com-
pounds (i.e. B and C in Table 4) indicates that this residue is not

sulfated. Furthermore, the values of the AHexA 'H chemical
shifts values strongly suggest that the preceding GalNAc residue
is sulfated at the C6 position (i.e. B in Table 4). Only one addi-
tional anomeric signal was observed (§ 4.727), the respective
scalar connectivity pattern and the spin-coupling topology being
typical of a GalNAc residue. The presence of two signals stem-
ming from GalNAc H6 and H6" at 4.227 ppm and 4.18 ppm,
respectively, affirms that this GalNAc residue is sulfated at C6
[21]. The lack of other anomeric signals indicate that the struc-
ture is a trisaccharide fragment, wherein the terminal residue is
reduced. The doublet at 4.202 ppm was assigned as stemming
trom HexA-ol H5 and served as a starting point for the assign-
ment of the remaining part of the spin system. Resonance posi-
lions of the other protons were determined using scalar connec-
tivities in the 2D '"H-TOCSY spectrum (data not shown) and
values of the vicinal "H-'H coupling constants. It is noteworthy
that when structure B (Table 4) was reduced, it yielded an iden-
tical 1D "H-NMR spectrum as that of fraction 5, indicating that
the HexA-ol residue is GlcA-ol. In summary, the structure of the
trisaccharide in fraction 5 emanates from the repeating disaccha-
ride region and is

fraction 5, 4**HexAa1—3GalNAc6S1 ~4GlcA-ol.

The elution position of fraction 6—2 on HPLC was the same
as that of the authentic trisaccharide A**HexAal-—3Gal-
NAc45f1 —4GlcA [21]). Fraction 6—2 was resistant (o CS-6-sul-
fatase and chondroitinase AC-II, unlike the authentic trisaccha-
ride, but sensitive to CS-4-sulfatase resulting in a compound that
eluted at the position of the authentic non-sulfated trisaccharide
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Fig.7. 1D "H-NMR spectra of the trisaccharide alditols in fractions
5 and 6-2, recorded in *H;O at 285 K. The letters in bold in the spectra
refer 1o the position of the monosaccharide in the structure, and those in
normal font stand for the protons. The spin-coupling topology has been
included for the GlcA-ol moieties.

A**HexAal —3GalNAcf1 —4GIcA [21]. Fraction 6—2 was then
analyzed by '"H-NMR spectroscopy. The 1D spectrum of fraction
6—2 is depicted together with its 'H resonance assignments in
Fig. 7. Also this fraction contains a trisaccharide derived from
the chondroitin sulfate repeating unit. The structure of the com-
pound in fraction 6—2 only differs from that in fraction 5 in that
the GalNAc-2 residue is sulfated at C4 instead of at C6, which
was concluded based on the characteristic chemical shifts of the
AHexA protons (i.e. compare with the structure of C in Table
4), the chemical shift of GalNAc H4 (§ 4.639), and those of
GalNAc H5, H6 and HE' (Table 4). Thus, the compound in frac-
tion 6—2 contains the following structure:

fraction 6—2, 4**HexAal—3GalNAc4S5f1 —4GlcA-ol.

DISCUSSION

For preparation of the oligosaccharides from the GAG-pro-
tein linkage region of C48 of bovine nasal cartilage, highly puri-
fied chondroitinase ABC was used in this smdy. It is an endo-
type eliminase that cleaves N-acetylgalactosaminide linkages
and the predominant digestion products are unsaturated di-
saccharides, derived from the repeating disaccharide region,
and unsaturated hexasaccharides with the core structure
A""HexAal—3GalNAcf1 —4GlcAf1—3Galfi1 —3Galf1 —4Xyl-
(0-Ser) from the linkage region [12, 29, 30]. Recently, this
highly purified commercial enzyme preparation chondroitinase
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Table 4. "H Chemical shifts of monosaccharide constituents of trisac-
charide fragments from the CS repeating disaccharide region to-
gether with those of reducing trisaccharide reference compounds
(B and C; DS fraction I and CSC fraction 9 in [21), respectively).
Chemical shifts are given relative to acetone in *H;O (4 2.225) ar 285 K.
Compound B, AHexAal—3GalNAcGSH1—4GlcAbl; compound C,
AHexAal —3GalNAc4SH1 —4GlcAbl. NMR data of these structures
were taken from [21]. "H chemical shifts are given for GlcA. n.d., not
determined; —, not occurming.

Residue Proton Chemical shift in
B C 5 6-2
GleA-ol-1 H1 = - 3769 3,722
H1’ - - 3680 3633
H2 - - 3926 3.906
H3 - = 3840 3836
H4 - - 4062 4139
HS5 - - 4202 4242
GalNAc-2  HI 4575 4622 4727 4818
H2 402 4.090 4.029 4.093
H3 3946 4151 395  4.183
H4 4174 4628 417 4639
H5 402 nd 396 3878
H6 4234 nd 4227 3.794
H6’ 4223 nd. 418 3782
NAc 2055 2099 2072 2.108
AHexA-3  H1 5181 5265 5187  5.280
H2 3784 3834 3790 3852
H3 4105 3940 4122 3.954
H4 5879 5966 5882 5976

ABC was demonstrated not to act on chondroitin sulfate tetra-
saccharides from the repeating region: unsaturated disaccharides
and tetrasaccharides were generated in a molar ratio of approxi-
mately 1:3 upon digestion of various chondroitin sulfate iso-
forms [31]. The strategy used for isolating the linkage region
oligosaccharides in this study was a digestion of a chondromu-
coprotein preparation with highly purified chondroitinase ABC,
extensive dialysis of the digest to remove the resulting disaccha-
rides and oligosaccharides from the non-dialyzable protein
cores, reductive f-elimination of the dialysate to release the link-
age oligsaccharide stubs from the protein cores, isolation of oli-
gosaccharides by gel chromatography, and finally HPLC frac-
tionation of the oligosaccharides. Thus, five linkage hexa-
saccharide alditols were isolated along with unsaturated trisac-
charide and tetrasaccharide alditols derived from the repeating
region. The trisaccharide and tetrasaccharide alditols were as-
sumed to be produced by borohydride reduction of the corre-
sponding reducing trisaccharides and tetrasaccharides that were
generated by chondroitinase ABC digestion and remained pre-
sent despite the extensive dialysis. They might, alternatively, be
an artefact from the f-elimination reaction. The trisaccharides
may be derived from the cleavage sites that were generated by
the action of an endogenous endo-f-D-glucuronidase in the carti-
lage tissue as discussed for the chondroitin sulfate trisaccharides
with the backbone structure of GlcAf1—3GalNAcf1 —4GlcA
[21].

The isolated linkage hexasaccharide alditols include one
non-sulfated, three monosulfated and one disulfated component
in fractions 1, 3-1, 3-2, 4 and 8-2, respectively, in a molar ratio
of 38.3:1.6:5.9:43.0:11.2. Two of them (the compounds in frac-
tions 3-1 and 8-2) contain a sulfate group on the C4 position of
Gal-3 and accounted for 12.8 mol/100 mol of the isolated link-
age hexasaccharides. Incubation of the disulfated hexasaccharide
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found in fraction & under the alkaline f-elimination conditions
used in this study did not cause desulfation of galactose 4-sulfate
{data not shown), confirming that the monosulfated hexa-
saccharide structure found in fraction 3-1 is not an artefact. The
C4 sulfation of Gal-3 was first demonstrated in C45 from rat
chondrosarcoma [10], later in that from whale cartilage [12] and
recently in that of inter-a-trypsin inhibitor [32] and urinary tryp-
sin inhibitor [33]. Thus, the monosulfated tetrasaccharide struc-
ture GleAf1 —3Gal4561 —3Galfil —4Xyl seems to be character-
istic of C45. Recently, the following novel linkage structures
containing iduronic acid (IdoA) in combination with or without
Gal4§ were isolated from bovine aorta dermatan sulfata: IdoA-
Gal45-Gal-Xyl and 1doA-Gal-Gal-Xyl [15]. They appear 1o be
characteristic of dermatan sulfate. It should be noted that C4
sulfation of Gal-3 was also found in combination with C6 sulfa-
tion of Gal-2 in the linkage hexasaccharides isolated from shark
cartilage C6S as in GleAf1 —3GaldSF1 —3Gal6SF1 —4Xyl [14].
Moreover, studies on shark cartilage C6S revealed other novel
modified structures including GleA-Gal-Gal6S-Xyl and GlcA-
Gal65-Gal6S-Xyl (13, 14). However sulfation of C6 of Gal-2
and Gal-3 appears to be specific to C65. In contrast to the link-
age region of dermatan sulfate/chondroitin sulfate (galactosami-
noglycans), no sulfation of the Gal residues has been detected so
far for heparan sulfate and heparin (glucosaminoglycans) despite
careful inspection [16—18]. Although the biological significance
of these structures is as yet unknown, they may play essential
roles in the biosynthesis of glycosaminoglycans, such as a con-
tribution to the segregation of galactosaminoglycans and gluco-
saminoglycans, or to the chain elongation of chondroitin sulfate.
Evaluation of this hypothesis requires characterization of the
substrate specificities and of the subcellular localization of the
hexosaminyliransferases and the sulfotransferases involved. It is
noteworthy that an enzymatic transfer of a §-GalNAc residue to
the linkage hexasaccharide-serine synthesized chemically using
serum fGalNAc transferase was markedly influenced by C4
sulfation of the Gal-3 residue (Kitagawa, H., Tsutsumi, K., Uji-
kawa, M., Goto, F., Tamura, J., Neumann, K., Ogawa, T. and
Sugahara, K., unpublished results). .

No phosphorylated Xyl was detected in the hexasaccharides
isolated in this study in contrast 1o the linkage region of shark
cartilage C6S [13], rat chondrosarcoma C4S [34] and bovine
lung heparan sulfate [35]. Remarkably, about 50 mol/100 mol
of the linkage hexasaccharides prepared from Engelbreth-Holm-
Swarm mouse tumor [36] contain the Xyl2P structure when
Gle6P is present during the isolation procedure to prevent
dephosphorylation. It remains to be determined whether the
multiple structures in the linkage region of CS reflect variable
synthetic modifications by phosphorylation and sulfation or re-
sult in part from dephosphorylation andfor desulfation.

In any event, accumulating evidence indicates the existence
of the structural heterogeneity of the GAG-protein linkage re-
gion among various proteoglycans, which in turn reflects the
polydispersity of each GAG species. Isolation of multiple oligo-
saccharide structures has revealed the existence of a series of
GAG polysaccharide subpopulations represented by these indi-
vidual oligosaccharide structures [10, 12—18, 36]. Thus, the five
hexasaccharide structures isolated in this study indicate that
there are at least five species of structurally distinct C438 subpo-
pulations in bovine nasal cartilage. It remains to be investigated
if they all are derived from aggrecans since the chondromuco-
protein preparation used in this study may possibly contain addi-
tional chondroitin sulfate proteoglycans. In C45 from rat chon-
drosarcoma and whale cartilage, three and four hexasaccharide
structures were demonstrated, which corresponded to those in
fractions 1, 3-2 and 4, and fractions 1, 3-2, 4 and 8-2, respective-
ly. The present investigation added to the list of the C485 linkage
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hexasaccharides another hexasaccharide structure found in frac-
tion 3-1, A*HexAal-3GalNAcfi1 —4GlcAf1 —3GaldSfi1—
3Galfi1 =4Xyl-0l. An individual chondroitin sulfate chain may
have its intrinsic polymer sequence and function. Structural
analysis of longer sequences from the linkage region would pro-
vide a more detailed picture of the subpopulations.
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