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The glycosaminoglycan (GAG)-protein linkage regions of various proteoglycans share
the common tetrasaccharide GlcA-Gal-Gal-Xyl-attached to Ser residues in the core pro-
teins. In previous analysis we demonstrated unique modifications by epimerization, sul-
fation and phosphorylation of the component sugars. Here we developed a sensitive
analytical method for the linkage region oligosaccharides to detect or monitor struc-
tural variations and changes. This will be useful for investigation of their biological
roles, which are largely unknown, but they have been implicated in biosynthesis. A vari-
ety of linkage region—derived hexasaccharides was first prepared as reducing sugar
chains from peptide chondroitin/dermatan sulfate of whale cartilage, shark cartilage,
and bovine aorta by means of chondroitinase digestion in conjunction with B-elimina-
tion in the absence of reducing reagents, but involving a mild alkali, 0.5 M LiOH, at 4°'C
to prevent peeling reactions. The structures of these oligosaccharides were determined
by the combination of HPLC, enzymatic digestion, matrix-assisted laser desorption ion-
ization time-of-flight (MALDI-TOF) mass spectrometry, and '"H NMR spectroscopy, which
revealed eleven different hexasaccharides including a novel structure, AHexAal-
3GalNAcB1-4IdoAxl-3Gal(4-O-sulfate)p1-3Galp1-4Xyl (AHexA and IdoA represent unsat-
urated hexuronic acid and L-iduronic acid, respectively). These oligosaccharides were
labeled with a fluorophore, 2-aminobenzamide, to prepare analytical probes using the
recently developed procedure [Kinoshita and Sugahara (1999) Anal. Biochem. 269, 367—
378]. The fluorophore-tagged hexasacharides of low picomoles were well separated by
HPLC and successfully analyzed by MALDI-TOF mass spectrometry. The principle of the
method should be applicable to the analysis of the linkage region oligosaccharides

derived from heparin and heparan sulfate as well.
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Proteoglycans (PGs) play indispensable roles in cell prolif-
eration, differentiation and migration, and tissue morpho-
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genesis, and constitute a specific protein core and sulfated
glycosaminoglycan (GAG) side chains. Non-branched sul-
fated GAGs are classified into chondroitin sulfate (CS)/der-
matan sulfate (DS) and heparan sulfate (HS)heparin
(Hep), the former being galactosaminoglycans and the lat-
ter glucosaminoglycans. Both types of GAG chains are
attached to the respective core proteins through the so-
called common GAG-protein linkage region, GlcAp1-3Gal-
B1-3Galp1-4XylB1-O-Ser {for reviews (1, 2)).

During biosynthesis, the linkage region is formed
through sequential stepwise addition of each monosaccha-
ride residue from the corresponding sugar nucleotide to a
specific serine residue in a core protein (1, 2). Once the first
GalNAc has been transferred to this tetrasaccharide link-
age region by alleged GalNAc transferase I, the repeating
disaccharide region [(-4GlcAB1-3GalNAcB1-),] of CS/DS is
synthesized through alternative addition of B-GalNAc and
B-GlcA. In contrast, the first GlcNAc transfer to the linkage
region by a-GlcNAc transferase I leads to the synthesis of
the repeating disaccharide region [(-4GlcAB1-4GlcNAc-
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al-),] of HS/Hep [for a review (3)] through alternative addi-
tion of a-GlcNAc and B-GlcA through the action of HS poly-
merase (4). Hence, B-GalNAc transferase I and o-GlcNAc
transferase I are the key enzymes that determine the GAG
species to be synthesized on the common tetrasacharide
linkage region. However, the biosynthetic sorting mecha-
nism for CS/DS and HS/Hep has not yet been fully clari-
fied, especially due to the lack of information on the ac-
ceptor specificity of these key enzymes. It is conceivable
that these enzymes recognize the linkage region tetrasac-
charide sequence and the specific peptide sequences near
the GAG attachment sites. Although certain characteristic
peptide sequences near the attachment sites have been de-
scribed (5, 6) [for a review (7)], the detailed acceptor speci-
ficity of these enzymes has not been fully established.

Our structural studies, which were started over a decade
ago based on the working hypothesis that some structural
differences may exist in the linkage region of the different
GAG chains and determine the type or character of the
GAG species to be synthesized (2, 8), led to the identifica-
tion of the unique structures containing novel sulfated or
phosphorylated modifications such as GlcAp/IdoAal-3Gal-
(45)B1-3Galp1-4Xyl (8, 9), GlcAB1-3Galp1-3Gal(6S)31-4Xyl
(10), GlcAB1-3Gal(6S)31-3Gal(6S)31-4Xyl (11), GlcAB1-
3Gal(48)B1-3Gal(6S)B1-4Xyl (11), and GlcAB1-3GalBl-
3GalB1-4Xyl(2P) (10, 12-15), where 4S, 6S, and 2P denote
4-O-sulfate, 6-O-sulfate, and 2-O-phosphate, respectively.
Notably, sulfated Gal residues have been demonstrated in
the linkage region of CS and DS, but not in HS or Hep (16,
17), although Xyl(2P) has been found in both HS/Hep (13,
18) and CS (10, 14), indicating that the sulfation(s) on the
Gal residue(s) may represent biosynthetic sorting signals
for CS/DS. In this respect, it is intriguing that the «-Gal-
NAc transferase activity towards the linkage tetrasaccha-
ride-serine of «-N-acetylglucosaminyltransferase for HS
chain initiation is inhibited by 4-O-sulfation of the Gal resi-
due (19, 20). However, it is largely unknown whether or not
these modifications of the linkage region tetrasaccharide
sequence play any biological role as recognition signals for
biosynthetic enzymes or functional protein ligands such as
extracellular matrix components or signal transducing fac-
tors.

To clarify the biological significance of these modifica-
tions, a sensitive analytical method is required. So far, link-
age region oligosaccharides have been analyzed by proton
NMR, which requires substantial amounts of samples, or
after 3H-labeling, which requires a well equipped labora-
tory. Recently, we developed a sensitive analytical method
for GAG oligosaccharides involving fluorophore-tagging
with 2-aminobenzamide (2AB) (21). In this study, we ap-
plied this method to the analysis of the linkage region.
GAG polysaccharides or linkage region oligosaccharide
stubs, produced by GAG lyase digestion, were completely
released as reducing sugar chains through p-elimination in
the absence of reducing reagents, but under mild alkaline
conditions with 0.5 M LiOH at 4°C (22) to prevent the pos-
sible peeling reaction, and then labeled with 2AB, which
generated useful probes for a sensitive analytical method
for the GAG-protein linkage region.

MATERIALS AND METHODS
Materials—GAG-peptide fractions of whale cartilage CS,
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shark cartilage CS, and bovine aorta DS were prepared as
reported previously (9, 10, 23). Chondroitinases ABC [EC
4.2.24], AC-II [EC 4.2.2.5] and B [EC 4.2.2.] were obtained
from Seikagaku, Tokyo. Calf intestine alkaline phosphatase
of special quality for molecular biology was from Boe-
hringer Mannheim, Tokyo. 2AB was purchased from Naca-
lai Tesque, Kyoto.

Chondroitinase ABC Digestion of the GAG-Peptide Frac-
tion of Whale Cartilage CS—The GAG-peptide fraction pre-
pared from whale cartilage CS (100 mg) was digested with
1.0 TU of chondroitinase ABC in a total volume of 1 ml of
0.05 M Tris-HCl buffer, pH 8.0, containing 100 pg/ml
bovine serum albumin at 37°C for 18 h. To complete the
digestion, 0.2 IU of the enzyme was added to the reaction
mixture, followed by further incubation for 4 h. After incu-
bation, 0.11 ml of 50% trichloroacetic acid was added and
the reaction mixture was centrifuged. The resultant precip-
itate was washed with 1.2 ml of 5% trichloroactic acid and
the combined supernatant fluid was extracted with ether.
The aqueous phase was neutralized with 1 M Na,CO, and
then applied to a Bio-Gel P-2 column (1 X 115 ¢m) with
0.25 M NH,HCO,/7% 1-propanol as the eluent. Fractions (1
ml) were collected and monitored as to UV-absorption at
232 nm. The glycopeptide fraction, which was separated
from the disaccharide fraction and presumably contained
hexasaccharide-peptides (8, 23), was recovered and concen-
trated to dryness.

LiOH Treatment of GAG-Peptides—The glycopeptide
fraction (0.75 nmol as unsaturated uronic acid) prepared
from whale cartilage CS was treated with various concen-
trations (0.1, 0.3, 0.5, 0.7, or 1.0 M) of LiOH at different
temperatures (4, 7, 10, 12, 15, or 20°C) for various times
(13, 15, 17, 19, 21, or 24 h) to determine the optimal condi-
tions. To prepare linkage oligosaccharides, the glycopeptide
fraction prepared from whale cartilage CS (4.6 pmol as
unsaturated uronic acid) was treated with 0.5 M LiOH at
4°C for 15 h. To prepare free GAGs, the GAG-peptide frac-
tions prepared from shark cartilage (1.0 g) and bovine
aorta (140 mg) were treated with 0.5 M LiOH at 4°C for 15
h to liberate GAG chains from the core peptides. The reac-
tions were terminated by neutralization with 2.0 M acetic
acid, and the reaction mixtures were then subjected to gel
filtration on a column of Sephadex G-25 (1.5 X 47 cm) with
0.25 M NH,HCO,/7% 1-propanol as the eluent.

Chondroitinase ABC Digestion of the Free GAG Fractions
of Shark Cartilage CS and Bovine Aorta DS—The free
GAG fractions prepared from shark cartilage and bovine
aorta were individually digested with 750 mIU of chon-
droitinase ABC in a total volume of 1 ml of the buffer as
described above at 37°C for 15.5 h. To complete the diges-
tions, 0.2 IU of the enzyme was added to each reaction mix-
ture, followed by further incubation. After 16 h, trichloro-
actic acid precipitation was performed as described above
and the supernatant fluid was extracted with ether. The
aqueous phase was neutralized with 1 M Na,CO, and then
applied to a Bio-Gel P-2 column. Fractions (1 ml) were col-
lected and monitored as to absorption at 232 nm. The oli-
gosaccharide fractions, which were separated from the
disaccharide fractions and presumably contained linkage
region hexasaccharides (8, 23), were recovered.

HPLC—Fractionation and analysis of the linkage oli-
gosaccharide fractions and their 2AB derivatives were car-
ried out by HPLC on an amine-bound silica column, as
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reported previously (24). Eluates containing 2AB-deriva-
tized or underivatized oligosaccharides were monitored as
to fluorescence intensity with excitation and emission
wavelengths of 330 and 420 nm, or as to absorption at 232
nm, respectively. The separated subfractions were concen-
trated and desalted on a column of Sephadex G-25 with
distilled water as the eluent.

Delayed Extraction Matrix—Assisted Laser Desorption
Ionization Time-of-Flight (DE MALDI-TOF) Mass Spec-
trometry—DE MALDI-TOF mass spectra, in the negative
mode, of linkage oligosaccharides and their 2AB derivatives
were recorded with a Voyager Elite XL (PE Biosystems,
Framingham, MA) in the reflector mode (25). a-Cyano-4-
hydroxycinnamic acid or 2,5-dihydroxybenzoic acid was
used as the matrix at a concentration of 10 mg/ml in a
water-MeCN mixture (1:1, v/v) containing 0.1% trifluoro-
acetic acid or in a water-MeOH mixture (9:1, v/v), respec-
tively. An aqueous solution of a linkage oligosaccharide (20
pmol/ul) or a 2AB derivative of a linkage oligosaccharide
(10 pmol/pl) was mixed with an equal volume of the matrix
solution. A 0.5-1.0 pl aliquot of this sample-matrix mixture
was placed on the sample plate well and then dried under a
stream of air.

Alkaline Phosphatase Digestion—The linkage oligosac-
charide fractions (0.25 nmol as AHexA) were incubated
with 1 IU of the enzyme in a total volume of 60 pl of 0.07 M
glycine/NaOH buffer, pH 9.9, containing 0.5 mM MgClL, at
37°C for 10 min (14).

500-MHz 'H NMR Analysis—Linkage oligosaccharides
for NMR analysis were repeatedly exchanged in 2H,O with
intermittent lyophilization. The 500-MHz *H NMR spectra
of fractions A, B, C, and D derived from whale cartilage CS
as well as fractions 7, 14, 17, 22, 23, 24, and 31 derived
from shark cartilage CS were measured with a Varian
VXR-500 at a probe temperature of 26°C, as reported previ-
ously (9, 26, 27). The 500-MHz 'H NMR spectra of fractions
19 and 20 derived from shark cartilage CS as well as frac-
tions I, I1, ITI, and IV derived from bovine aorta DS were
measured using a Nano-NMR probe containing 40 ul of the

(A) (B)
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sample solution, as reported previously (28). Chemical
shifts are given relative to sodium 4,4-dimethyl-4-silapen-
tane-1-sulfonate, but were actually measured indirectly rel-
ative to acetone (3 2.225) in 2H,O (29). '"H NMR spectra of
fractions 32 and 33 isolated from shark cartilage CS were
not measured because of the limited amounts of the sam-
ples.

Other Analytical Methods—Unsaturated uronic acid was
spectrophotometrically quantified based upon an average
millimolar absorption coefficient of 5.5 at 232 nm (30).
Derivatization of linkage oligosaccharides (2.0 nmol each as
AHexA) with 2AB was carried out as described previously
21).

RESULTS

Determination of the Optimum Conditions for the LiOH
Treatment—The optimal reaction conditions for liberating
oligosaccharides from core peptides were determined by
means of a series of experiments involving glycopeptide
fractions prepared from whale cartilage CS as described
under “MATERIALS AND METHODS.” Firstly, the glycopeptide
fraction prepared from whale cartilage CS was treated with
0.5 M LiOH at various temperatures (4, 7, 10, 12, 15, or
20°C) for 15 h, and the resultant oligosaccharides were
labeled with 2AB. This treatment resulted in four major
2AB-labeled putative hexasaccharides (see below), as pre-
sumed from the previous observation indicating the exist-
ence of four major linkage hexasaccharides (23). As shown
in Fig. 1A, the maximum yield of the four 2AB-labeled hex-
asaccharides was obtained on incubation at 4 and 7°C. The
following experiments were performed at 4°C rather than
7°C, to avoid an unnecessary shift to a higher temperature,
since a sharp decrease in the recovery was observed at
10°C (Fig. 1A). Secondly, the glycopeptide fraction was
treated with 0.5 M LiOH for various times (13, 15, 17, 19,
21, or 24 h). The reaction time did not affect the yield of
2AB-labeled hexasaccharides (Fig. 1B), indicating that the
reaction reached a plateau within 13 h and that the liber-
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Fig. 1. Liberation of hexasaccharides from whale cartilage CS
on LiOH treatment. The optimum temperature (A), reaction time
(B), and LiOH concentration (C) for the liberation of hexasaccharides
from the hexasaccharide-peptides prepared from whale cartilage CS
were determined by means of a series of experiments, as described
under “MATERIALS AND METHODS.” Four major liberated hexas-
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accharides were labeled with 2AB and then analyzed by HPLC on an
amine-bound silica column. The amounts of the four major 2AB-hex-
asaccharides, A-D, were calculated based on their fluorescent inten-
sity. Open circles, fraction A; closed circles, fraction B; open squares,
fraction C; closed squares, fraction D.
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ated hexasaccharides were not degraded through side-reac-
tions such as the peeling reaction. Thirdly, the glycopeptide
fraction was incubated with various concentrations (0.1,
0.3, 0.5, 0.7, or 1.0 M) of LiOH at 4°C for 15 h, and the
resultant oligosaccharides were labeled with 2AB. The
2AB-hexasaccharide products were separated and quanti-
fied based on their fluorescent intensity. The reaction was
maximum when the concentration of LiOH was in the
range of 0.3-0.7 M (Fig. 1C). Thus, 0.5 M LiOH was used
for the following reactions. Under the established condi-
tions, no shorter chains generated through possible peeling
reactions were observed.

Isolation of the Linkage Oligosaccharides—The GAG-pro-
tein linkage region oligosaccharides of CS/DS proteoglycans
of whale cartilage, shark cartilage and bovine aorta were
isolated from the corresponding GAG-peptide fractions (see
“MATERIALS AND METHODS”) by the combination of chon-
droitinase digetion and a B-elimination reaction. The GAG-
peptide fraction (100 mg) prepared from whale cartilage CS
was depolymerized exhaustively by chondroitinase ABC
digestion. The digest was subjected to gel permeation chro-
matography and the glycopeptide fraction obtained was
treated with LiOH to liberate oligosaccharides from pep-
tides. The resulting unsaturated oligosaccharides were frac-
tionated by HPLC on an amine-bound silica column. As
shown in Fig. 2A, four major peaks, designated as fractions
A, B, C, and D, were detected, and the oligosaccharide gave
a similar chromatographic profile to that of the linkage
hexasaccharide alditol fraction prepared from whale carti-
lage CS reported previously (23). The structure of each oli-
gosaccharide was determined from the elution position on
the amine-bound silica column, and confirmed by struc-
tural analyses involving DE MALDI-TOF mass spectrome-
try and '"H NMR spectroscopy, as described below.

In the cases of shark cartilage CS and bovine aorta DS,
the CS and DS chains were first liberated from the core
peptides, and then depolymerized into the linkage region
oligosaccharides and disaccharides derived from the repeat-
ing disaccharide region. Large amounts (1.0 and 0.14 g) of
the glycopeptide fractions prepared from shark cartilage
and bovine aorta, respectively, were treated with LiOH.
The liberated GAG fractions were digested with chondroiti-
nase ABC, and then each digest was fractionated into dis-
accharides and oligosaccharides by gel filtration on Bio-Gel
P-2. The amounts of the linkage-region-derived oligosaccha-
ride fractions prepared from shark cartilage CS and bovine
aorta DS were 19.7 and 2.1 umol, respectively, based on the
absorption of unsaturated uronic acid at 232 nm. The oli-
gosaccharide fractions from shark cartilage CS and bovine
aorta DS were subfractionated by HPLC on an amine-
bound silica column into 38 (fractions 1 to 38) (Fig. 2B) and
4 fractions (fractions I to IV) (data not shown), respectively.
For identification of hexasaccharides derived from the link-
age region, the sensitivity of each isolated oligosaccharide
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to chondroitinases AC-II and B was examined. Chondroiti-
nase ABC degrades all the B-galactosaminide bonds in CS/
DS except for the innermost galactosaminidic linkage im-
mediately adjacent to the GAG-protein linkage region tet-
rasaccharide (23). Chondroitinase ACII or B can cleave the
innermost galactosaminidic linkage (9), although sulfation
patterns influence the sensitivity of linkage hexasaccha-
rides to the latter enzyme (23). Therefore, fractions that are
resistant to chondroitinase ABC but sensitive to AC-II or B
were assumed to contain the linkage region hexasaccha-
rides. Fractions 7, 14, 17, 19, 20, 22, 23, 24, 31, 32, and 33,
in addition to fractions I, II, III, and IV, were sensitive to
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Fig. 2. HPLC subfractionation of the oligosaccharide fraction
prepared from the GAG-protein linkage region. The oligosac-
charide fractions prepared from whale cartilage CS (A) and shark
cartilage CS (B), corresponding to 4.6 and 19.7 pmol of AHexA, re-
spectively, were chromatographed on an amine-bound silica column
using a linear gradient of NaH,PO,, as indicated by the dashed
lines.

TABLE 1. Assignments of molecular ion signal afforded by the negative DE MALDI-TOF mass spectra of the fractions pre-

pared from whale cartilage CS.

Fraction m/z for [M — H]- m/z for [M + Na — 2H])~ m/z for [M + 2Na — 3H}~ Molecular composition of M
A 1,010 1,032 AHexA HexA HexNAc,Hex,Pen,
B 1,090 1,112 AHexA HexA HexNAc,Hex,Pen,(OSO,H)
C 1,080 1,112 1,134 AHexA HexA HexNAc,Hex,Pen,(OSO,H)
D 1,192 AHexA, HexA HexNAc,Hex,Pen,(OSO,H),

dJ. Biochem.
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either chondroitinase AC-II or B, indicating that they were
most likely derived from the linkage region. These individ-
ual fractions were more than 80% pure, as judged on
HPLC. Three (I, ITI, and IV) of the four fractions obtained
from the linkage region oligosaccharide fraction of bovine
aorta DS were eluted at the positions of fractions A, B, and
C derived from whale cartilage CS, indicating that each
corresponding fraction contained the same structure, re-
spectively. This was confirmed by 500-MHz 'H NMR analy-
sis, as described below.

As described above, in the case of the whale cartilage
sample, enzymatic digestion was applied first, then a B-
elimination reaction was carried out, whereas the order of
these treatments was reversed for the shark cartilage and
bovine aorta samples. Although the linkage region oligosac-
charides, attached to peptides, were better separated from
the enzymatically produced disaccharides with the former
method, both methods gave satisfactory resuits in terms of
the separation and recovery of the linkage region oligosac-
charides.

DE MALDI-TOF Mass Analysis—DE MALDI-TOF mass
analysis of the 2AB-derivatized and underivatized hexasac-
charide samples in the negative ion mode revealed their
molecular weights, from which the composition and the
maximum number of O-sulfate or O-phosphate groups pre-
sent in each fraction were inferred. In the negative ion
mode DE MALDI-TOF mass spectrum of sulfated oligosac-
charides, alkali-metal-attached molecular ions of the [M +
xNa — (x+1)H]™ type (M represents the fully protonated
acid form of an oligosaccharide) were preferentially ob-
served. The assignments of the molecular ion signals
afforded by each of the fractions are presented in Tables I,
I1, and III.

The molecular ion signal clusters at m/z 1,010 and 1,032

111

afforded by fraction A from whale cartilage CS (Table I) cor-
responded, respectively, to non- and mono-sodiated molecu-
lar ions of AHexA HexA HexNAc,Hex,Pen, ((M — HJ™ and
[M + Na — 2H]J", respectively), where HexA, AHexA, Hex-
NAc, Hex, and Pen represent hexuronic acid, unsaturated
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(M-H)
1090

(M+2Na-3H)
1134

(M+Na-2H)
112

Counts (X10%)
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o

Mass (mIZ)‘

Fig. 3. DE MALDI-TOF mass spectra of underivatized frac-
tion II (A) and 2AB-derivatized fraction II (B). DE MALDI-
TOF mass spectra of fraction II and its 2AB derivative were re-
corded in the negative ion mode with 2,5-dihydroxybenzoic acid as
the matrix. Major molecular ion signals were assigned as summa-
rized in Table III.

TABLE II. Assignment of molecular ion signals afforded by the negative DE MALDI-TOF mass spectra of the fractions pre-

pared from shark cartilage CS.

Fraction m/z for Molecular composition of M
[M-H] [M+Na-2H)- [M+2Na-3H]- (M+3Na—-4H]- [M+4Na—-5H]"
7 1,010 1,032 AHexA HexA,HexNAc,Hex,Pen,

14 1,112 1,134 AHexA HexA HexNAc,Hex,Pen,(0OSO,H)

17 1,090 1,112 AHexA HexA HexNAc,Hex,Pen,(0SO,H)

19 1,090 1,112 AHexA HexA HexNAc,Hex,Pen,(OSO,H)

20 1,090 1,112 1,134 AHexA HexA HexNAc,Hex,Pen,(OPO,H),
22 1,192 AHexA HexA HexNAc,Hex,Pen,(0SO,H),
23 1,192 1,214 1,236 AHexA HexA HexNAc,Hex,Pen,(OSO,H),
24 1,192 AHexA HexA HexNAc,Hex,Pen,(OSO,H),
31 1,294 1,316 1,338 AHexA HexA HexNAc,Hex,Pen,(OSO,H),
32 1,294 1,316 1,338 AHexA, HexA HexNAc,Hex,Pen,(OSO;H),
33 1,294 1,316 1,338 AHexA HexA HexNAc,Hex,Pen,(OSO,H),

TABLE III. Assignment of molecular ion signals afforded by the negative DE MALDI-TOF mass spectra of the fractions pre-
pared from bovine aorta DS. The molecular ion signals of the non-derivatized (A) and 2AB-derivatized (B) samples are shown,

Fraction m/zfor(M—H) m/zfor(M+ Na—2H]" m/zfor (M + 2Na — 3H]- Molecular composition of M
A
I 1,010 AHexA HexA HexNAc, Hex,Pen,
I 1,090 1,112 1,134 AHexA HexA, HexNAc,Hex,Pen (OSO,H)
Im 1,090 1,112 1,134 AHexA, HexA HexNAc,Hex,Pen,(OSO;H)
v 1,090 1,112 1,134 AHexA HexA HexNAc,Hex,Pen,(OSO,H)
B
I 1,130 1,152 AHexA HexA HexNAc,Hex,Pen,-2AB
I1 1,210 1,232 1,254 AHexA HexA HexNAc,Hex,Pen,(OSO,H)-2AB
11 1,210 1,232 1,254 AHexA HexA,HexNAc,Hex,Pen,(OSO,H)-2AB
v 1,210 1,232 1,254 AHexA HexA HexNAc,Hex,Pen,(OSO,H)-2AB
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hexuronic acid, N-acetylhexosamine, hexose and pentose,
respectively. In the negative ion mode DE MALDI-TOF
mass spectra of fractions B and C (Table I), the molecular
ion signal clusters at m/z 1,090 and 1,112 corresponded,
respectively, to non- and mono-sodiated AHexA HexA Hex-
NAc,Hex,Pen, with an O-sulfate group. In the DE MALDI-
TOF mass spectrum of fraction D, a molecular ion signal
was observed as [M + Na — 2H]™ at m/z 1,192, indicating
that the component in this fraction was AHexA Hex-
A, HexNAc Hex,Pen, with two O-sulfate groups. Thus, the
major components in fractions A, B, C, and D were esti-
mated to be non-, mono-, mono-, and disulfated unsatur-
ated hexasaccharides, respectively, derived from the GAG-
protein linkage region.

In the DE MALDI-TOF mass spectra of fractions 7, 14,
17, 19, 20, 22, 23, 24, 31, 32, and 33 from shark cartilage
CS, molecular ion signals characteristic of the linkage
region hexasaccharides were observed, as shown in Table
II, and the molecular compositions were estimated from the
findings as in the case of the oligosaccharides derived from
whale cartilage CS, and are listed in the right column.
Although the detected molecular ion signals of the compo-
nent in fraction 20 were the same as those in fractions 14,
17, and 19, the major component in this fraction was sensi-
tive to calf intestine alkaline phosphatase (see below), indi-
cating that it was phosphorylated but not sulfated.

The samples prepared from the GAG-protein linkage
region of bovine aorta DS were analyzed by DE MALDI-
TOF mass before and after derivatization with 2AB. The
findings are summarized in Table III. In the negative ion
mode DE MALDI-TOF mass spectra, the molecular ion sig-
nal for underivatized fraction I was detected at m/z 1,010,
and molecular ion clusters for underivatized fractions II,
III, and IV were observed at 1,090, 1,112, and 1,134 (M -
H],[M + Na — 2H]", and {M + 2Na — 3HJ", respectively).
These findings indicated that the molecular compositions of
fraction I and fractions II — IV were AHexA HexA Hex-
NAc,Hex,Pen, and  AHexA HexA HexNAc,Hex,Pen,-
(OSO,H), respectively. Derivatization of oligosaccharides
with 2AB increased the detection sensitivity and improved

H. Sakaguchi et al.

the quality of the spectra by lowering the background level
(Fig. 3). In the negative ion mode DE MALDI-TOF mass
spectra of the 2AB derivatives, the molecular ion signal
clusters at m/z 1,130 and 1,152 as well as 1,210, 1,232, and
1,254 corresponded, respectively, to the molecular ions of
non-sulfated as well as monosulfated AHexA HexA Hex-
NAc,Hex,Pen,2AB, respectively (Table III), this being con-
sistent with the composition findings on DE MALDI-TOF
mass analysis of the underivatized samples.

Alkaline Phosphatase Digestion Analysis—Since the
mass number of a sulfate group is the same as that of a
phosphate group, it is not possible to distinguish them by
DE MALDI-TOF mass analysis. Hence, each fraction was
subjected to alkaline phosphatase digestion, and then the
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digests were analyzed by HPLC on an amine-bound silica
column. All the fractions isolated in this study except for
fraction 20 were resistant to this enzyme. Upon alkaline
phosphatase digestion of fraction 20, the peak shifted by
approximately 10 min to the position of authentic AHex-
Aal-3GalNAcB1-4GlcAB1-3Galpl-3GalBl-4Xyl (data not
shown), indicating that the major component in fraction 20
was phosphorylated.

500-MHz 'H NMR Analysis—The structures of the major
compounds in the linkage hexasaccharide fractions isolated
from whale cartilage CS (fractions A, B, C, and D), shark
cartilage CS (fractions 7, 14, 17, 19, 20, 22, 23, 24, and 31),
and bovine aorta DS (fractions I, II, III, and IV) were indi-
vidually analyzed by 500-MHz 'H NMR spectroscopy. The
proton chemical shifts were assigned by means of two-
dimensional (2D) homonuclear Hartmann-Hahn (HOHA-
HA) and correlation spectroscopy (COSY). As representa-
tives, the one-dimensional and 2D COSY spectra of fraction
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D are depicted in Figs. 4 and 5. The one-dimensional and
2D HOHAHA spectra of fraction II from bovine aorta are
shown in Figs. 6 and 7, respectively. All the NMR findings
are summarized in Table IV.

Compared with the NMR findings for the linkage hexas-
accharide alditols isolated from CS/DS chains of whale car-
tilage, shark cartilage and bovine aorta, the chemical shifts
of the protons of most of the linkage hexasaccharides pre-
pared in the present study were identical with those of the
corresponding hexasaccharide alditols (3-11, 23) except for
those of their reducing terminal xylose residues. Since the
xylose residues of the linkage hexasaccharides prepared
here were not reduced and were in equilibrium between
the o and B anomers in solution, the anomerization effects
resulted in the doubling of each proton signal. Anomeric
proton signals of an oXyl and a Xyl in the linkage hexas-
accharides prepared here were observed around § 5.18 -
5.19 and 4.59 - 4.60, respectively. These values were consis-

TABLE IV. 'H-Chemical shifts of structural-reporter-groups of the monosaccharide constituents of the isolated linkage hexas-
accharides from whale cartilage, shark cartilage, and bovine aorta CS/DS. The 'H-chemical shifts of structural-reporter-groups of
the monosaccharide constituents of the linkage hexasaccharides are shown. Chemical shifts are given in ppm downfield from internal
sodium 4,4-dimethyl-4-silapentane-1-sulfonate, but were actually measured indirectly relative to acetone (5 2.225 ppm) in 2H,0O at 26°C. The
estimated error for the values to two decimal places was only + 0.01 ppm because of partial overlapping of signals, that for the values to
three decimal places being + 0.002 ppm. Coupling constants, J, , (in Hz), are given in parentheses.

Residue Reporter group Fraction A® Fraction B® Fraction Ce Fraction D Fraction 14
Xyl-1 Hla 5.185 (4.0) 5.190 (3.5) 5.191 (3.5) 5.190 (3.5) 5.178 (3.0)
Hig 4.596 (8.0) 4.596 (8.0) 4.597 (7.5) 4.596 (8.0) 4.590 (8.0)
H2«a 3.547 3.546 3.540 3.546 3.56
H2p 3.263 3.261 3.263 3.263 3.279
H3 3.567 3.569 3.57 3.567 3.56
H4 3.84 3.84 3.85 3.85 3.87
H5ax 3.397 3.397 3.397 3.397 3.402
Hb5eq 4.06 4.06 4.06 4.06 4.08
Gal-2 Hlad 4.526 (7.5) 4.523 (8.0) 4,524 (8.0) 4.524 (8.0) 4.550 (8.5)
Hipd 4.528 (7.5) 4.528 (7.5) 4.529 (8.0) 4.528 (8.0) 4.558 (1.5)
H2 3.67 3.67 3.67 3.67 3.68
H3 3.81 3.81 3.81 3.80 3.85
H4 4.187 4.186 4.188 4,172 4.251
H5 ND* ND ND ND 3.98
Heé ND ND ND ND 4.219
He' ND ND ND ND 4.206
Gal-3 H1 4.663 (8.0) 4.663 (7.0) 4.666 (7.5) 4.665 (8.0) 4,668 (7.5)
H2 3.73 3.75 3.74 3.75 3.74
H3 3.78 3.78 3.78 ND 3.79
H4 4.154 4.154 4.159 4,783 4.154
H5 ND ND ND ND ND
Hé6 ND ND ND ND ND
Hé' ND ND ND ND ND
HexA-4 Hi 4.667 (8.0) 4,677 (7.0) 4.675 (7.5) 4.675 (7.5) 4.668 (7.5)
H2 3.455 3.469 3.455 3.456 3.455
H3 3.622 3.632 3.633 3.634 3.622
H4 3.76 3.74 3.77 3.76 3.79
H5 ND ND ND ND ND
GalNAc-5 H1 4.543 (8.0) 4.576 (8.5) 4.619 (7.5) 4.619 (7.5) 4.542 (8.0)
H2 4.004 4.023 4.07 4.072 3.98
H3 3.903 3.942 4.149 4,147 3.902
H4 4.098 4.173 4.623 4.624 4.098
H5 ND 4.00 ND ND ND
Hé6 ND 4,233 ND ND ND
He' ND 4,221 ND ND ND
NAc 2.057 2.052 2.095 2.095 2.057
AHexA-6 H1 5.185 (4.0) 5.181 (5.0) 5.265 (2.0) 5.266 (2.5) 5.185 (4.0)
H2 3.78 3.77 3.82 3.82 3.78
H3 4.094 4.106 3.945 3.944 4.094
H4 5.896 5.882 5.968 5.967 5.895

*The spectral data were identical for fractions A, 7, and I. *The spectral data were identical for fractions B, 17, and III. “The spectral data
were identical for fractions C, 19, and IV. ¢These values may be interchanged. ®ND, not determined.
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tent with the chemical shifts of protons belonging to Xyl-1
of the reference compound, AHexAa1-4GlcNAca1-4GlcAB1-
3GalB1-3Galp1-4Xyl, isolated from the GAG-protein link-
age region of bovine kidney heparan sulfate (26), confirm-
ing the presence of a non-reduced xylose residue at the
reducing ends of the isolated hexasaccharides. Thus, the
following structures have been elucidated, where 4S and 6S
denote 4-O- and 6-O-sulfate, respectively.

Fractions A, 7, I: AHexAa1-3GalNAcB1-4GlcAR1-3GalB1-
3Galp1-4Xyl

Fractions B, 17, III: AHexAa1-3GalNAc(6S)B1-4GlcAB1-
3Galp1-3Galp1-4Xyl

Fractions C, 19, IV: AHexAa1-3GalNAc(4S)31-4GlcAB1-
3Galp1-3Galp1-4Xyl

Fraction D: AHexAal-3GalNAc(4S)B1-4GlcAR1-3Gal-
(45)B1-3Galp1-4Xyl

Fraction 14: AHexAal-3GalNAcB1-4GlcAR1-3GalBl-
3Gal(6S)B1-4Xyl

Fraction 22: AHexAa1-3GalNAc(6S)B1-4GlcAB1-3Galpl-
3Gal(65)B1-4Xyl

Fraction 23: AHexAa1-3GalNAcB1-4GlcAB1-3Gal (6S)B1-
3Gal(65)B1-4Xyl

TABLE IV. (Continued)
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Fraction 24: AHexAa1-3GalNAc(4S)31-4GlcAB1-3GalBl-
3Gal(6S)B1-4Xyl

Fraction 31: AHexAal-3GalNAc(6S)B1-4GlcAB1-3Gal-
(6S)B1-3Gal(6S)p1-4Xyl

The proton signals in the spectrum of fraction 20, which
contained a phosphorylated linkage hexasaccharide, were
not well resoived due to the limited amount of lhe sample.
The chemical shifts of H-2, H-3, and H-4 of Xyl-1 of the
compound in fraction 20 were in the bulk region and over-
lapped with other proton signals, and thus could not be
assigned (Table IV). Compared with the chemical shifts of
protons of the non-sulfated linkage hexasaccharide, AHex-
Aal1-3GalNAcB1-4GlcAR1-3GalB1-3Galp1-4Xyl  (fractions
A, 7, and 1), downfield and upfield shifts of the anomeric
protons of aXyl-1 (8 5.334) and 8Xyl-1 (3 4.544) of the com-
pound in fraction 20 (by approximately A0.15 and 0.05
ppm), respectively, were found, whereas the chemical shifts
of protons belonging to Gal-2, Gal-3, GlcA4, GalNAc-5, and
AHexA-6 were very similar to those of the corresponding
residues of the non-sulfated linkage hexasaccharide (data
not shown), indicating that the Xyl residue was phosphory-
lated. Although it was not possible to distinguish between

Residue Reporter group Fraction 20 Fraction 22 Fraction 23 Fraction 24 Fraction 31 Fraction II
Xyl-1 Hla 5.334 (3.5) 5.183 (2.5) 5.185 (3.0) 5.187 (3.5) 5.183 (4.0) 5.188 (4.0)
H1B 4.544 (8.5) 4.591 (7.5) 4.590 (8.0) 4.591 (8.0) 4.592 (7.5) 4.600 (8.0)
H2a 3.91 3.57 3.56 3.57 3.56 3.648
H2p ND 3.279 3.286 3.281 3.286 3.265
H3 ND 3.579 3.582 3.58 3.584 3.572
H4 ND 3.86 3.86 3.86 3.87 3.85
Hb5ax ND 3.402 3.407 3.404 3.407 3.401
Hb5eq ND 4.07 4.07 4.07 4.08 4.08
Gal-2 Hla 4.529 (6.0) 4.549 (8.0) 4.550 (8.0) 4.551 (8.0) 4.550 (8.0) 4.529 (7.5)
H1p ND 4.556 (8.0) 4.559 (7.5) 4.558 (7.5) 4.559 (8.0) 4.534 (8.0)
H2 3.67 3.67 3.67 3.68 3.68 3.66
H3 3.80 3.85 3.84 3.84 3.840 3.83
H4 4.179 4.250 4.283 4.251 4.285 4.180
H5 ND 3.97 3.97 3.97 3.97 ND
Hé ND 4.220 4.239 4.220 4241 ND
He’ ND 4.208 4.222 4.208 4.220 ND
Gal-3 H1 4.665 (7.5) 4.667 (7.5) 4.678 (7.5) 4.670 (8.0 4.679 (8.0) 4.726 (7.5)
H2 3.74 3.75 3.75 3.74 3.76 3.76
H3 3.78 3.79 3.80 3.79 3.840 4.00
H4 4.154 4.154 4.197 4.159 4.285 4.661
H5 ND ND 3.91 ND 3.97 ND
Hé6 ND ND 4.187 ND 4.241 ND
Heé' ND ND 4.175 ND 4.220 ND
HexA-4 H1 4.665 (7.5) 4.676 (8.0) 4.676 (7.5) 4.676 (7.5) 4.685 (8.0) 5.168 (3.0)
H2 3.454 3.468 3.455 3.457 3.468 3.71
H3 3.624 3.632 3.622 3.635 3.631 3.97
H4 3.74 3.74 3.75 3.73 3.74 4.136
H5 ND ND ND ND ND 4.725
GalNAc-5 H1 4.544 (8.5) 4.576 (7.5) 4.544 (8.0) 4.619 (7.5) 4.579 (8.5) 4.615 (8.0)
H2 4.005 4.021 3.98 4.068 4.00 3.98
H3 3.90 3.945 3.989 4.149 3.94 3.90
H4 4.097 4.175 4.101 4.626 4.176 4.08
H5 ND 4.00 ND ND 4.00 ND
Hé ND 4.232 ND ND 4.231 ND
He’ ND 4.220 ND ND 4.217 ND
NAc 2.057 2.052 2.059 2.096 2.055 2.08
AHexA-6 H1 5.186 (4.0) 5.180 (5.0) 5.187 (4.5) 5.266 (3.0) 5.183 (4.0) 5.188 (4.0)
H2 3.78 3.78 3.78 3.82 3.77 3.78
H3 4.094 4.105 4.095 3.93 4.105 4.095
H4 5.897 5.879 5.895 5.966 5.879 5.898
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C2 and C3 with regard to the phosphorylation position of
the Xyl residue, it was most probably the C2 position of the
Xyl, judging from previous reports (10, 12-15). Thus, the
following structure is proposed for fraction 20, where 2P
represents 2-O-phosphate.

AHexAa1-3GalNAcB1-4GlcAB1-3Galp1-3Galp1-4Xyl(2P).

The NMR findings for the linkage hexasaccharide in
fraction II did not correspond to any of those for the linkage
hexasaccharide alditols reported so far, indicating that the
hexasaccharide in fraction II was a novel structure. The
resonances between 4.5 and 5.2 ppm are characteristic of
anomeric protons, and those at & 5.188, 4.600, 4.529, 4.534,
4.726, 4.615, and 5.188 ppm were identified as H-1 reso-
nances of Xyl-1a, Xyl-1B8, Gal-2a, Gal-2B, Gal-3, GalNAc-5,
and AHexA-6, respectively. The signal at 8 5.168 had a cou-
pling constant, J, ,, of 3.0 Hz, indicating that it was the H-1
signal of IdoA4 but not GlcA (Figs. 6 and 7, and Table IV)
9, 27). Compared with the NMR findings for the reference
compound, AHexAa1-3GalNAc(4S)B1-41doAal-3Galpl-
3GalB1-4Xyl-ol, isolated from bovine aorta DS (9), a large
downfield shift of H-4 of Gal-3 (A 0.503 ppm) and a large
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upfield shift of H4 of GalNAc-5 (A 0.54 ppm) were ob-
served on NMR of fraction II, indicating that the Gal-3 resi-
due was 4-O-sulfated and that the C4 position of the Gal-
NAc-5 residue was not sulfated. Based on these NMR
findings as well as those of DE MALDI-TOF mass analysis,
the following structure was elucidated for the major com-
pound in fraction II:

AHexAa1-3GalNAcB1-41doAa1-3Gal(4S)B1-3GalB1-4Xyl.

HPLC Analysis of the 2AB-Derivatives of the Linkage
Region—derived Hexasaccharides—The isolated linkage
region hexasaccharides were labeled with a fluorophore,
2AB, to prepare analytical probes for HPLC. Chromato-
graphic separation of the 2AB-derivatives was demon-
strated by HPLC on an amine-bound silica column. As re-
presentative chromatograms, the HPLC profiles of two
mixtures, each of which contained five different fractions
isolated from shark cartilage CS (fractions 7, 14, 17, 22,
and 24, or 19, 20, 23, 31, and 32), are shown in Fig. 8, A
and B, respectively. Individual peaks were identified by
means of co-injection experiments. The fractions in both
mixtures were well separated from each other, and the
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Fig. 8. HPLC separation of the 2AB-derivatives of the linkage
hexasaccharides from shark cartilage CS. Separation of the
2AB-labeled linkage region hexasaccharides was performed on
HPLC. Mixtures of 2AB-derivatives of the linkage hexasaccharide
fractions prepared from shark cartilage CS were chromatographed
on an amine-bound silica column with a linear gradient of NaH,PO,,
as indicated by the dashed lines. A, mixture of fractions 7, 14, 17, 22,
and 24 (15-30 pmol); B, mixture of fractions 19, 20, 23, 31, and 32
(15-45 pmol). The peaks at 3-5 min were attributable to 2AB car-
ried over during the purification procedure. The right shoulders of
fractions 24 (in panel A) and 19 (in panel B) were due to minor con-
taminants.

order of their elution positions was consistent with that of
the unlabeled corresponding precursor hexasaccharides.
These results indicate that LiOH treatment/2AB-derivati-
zation can produce sensitive analytical probes, which facili-
tate analysis of the GAG-protein linkage region.

DISCUSSION

In the present study, we developed a sensitive analytical
method for the GAG-protein linkage region. The conditions
for the LiOH treatment to release sugar chains from the
corresponding core proteins were optimized using the link-
age region-derived glycopeptides, and a number of linkage
region hexasaccharides were prepared. The conditions were
also used to release GAG polysaccharides, which were then
digested with chondroitinase ABC to yield linkage region
hexasaccharides. The structures of these reducing hexasac-
charides were determined by DE MALDI-TOF mass spec-
trometry and proton NMR spectroscopy, followed by tagg-
ing with a fluorophore, 2-AB. The structures of the 2AB-
labeled hexasaccharides were confirmed by DE MALDI-
TOF mass spectrometry. The 2AB-derivatization showed

H. Sakaguchi et al.

high sensitivity as to analysis of the linkage region in the
low picomole range without radiolabeling.

Multiple linkage region hexasaccharides were obtained
from whale cartilage CS, shark cartilage CS and bovine
aorta DS, respectively. The structures of the major compo-
nents in most of the isolated fractions were determined by
500 MHz 'H NMR spectroscopy and are summarized in
Table V, although the 'H chemical shifts of the spectra of
fractions 20, 32, and 33 isolated from shark cartilage CS
could not be assigned due to insufficient resolution result-
ing from the limited sample amounts. Each major compo-
nent in fractions A, B, and C from whale cartilage CS was
identical to one in fractions 7, 17, and 19 from shark carti-
lage CS as well as to one in fractions I, III, and IV from
bovine aorta DS, respectively (Table V). Thus, eleven kinds
of linkage hexasaccharides were obtained altogether. Al-
though the structures of most of the isolated linkage hexas-
accharides corresponded to those of the known hexasaccha-
ride alditols or hexasaccharide-serines, they were utilized
as authentic reducing oligosaccharides to prepare 2AB-
labeled standards, which will, in turn, facilitate investiga-
tion of the unknown linkage region structures. These link-
age hexasaccharides prepared here will also be valuable
enzyme substrates for specificity studies on GAG biosyn-
thetic enzymes such as sulfotransferases and GAG-degrad-
ing enzymes.

The usefulness of the developed method is evident. The
method has already been successfully applied to analysis of
the linkage region of a-thrombomodulin, a recombinant
part-time PG, which revealed that it contains the truncated
linkage region tetrasaccharide, GlcA-Gal-Gal-Xyl (31).
More recently, we also successfully analyzed a linkage hex-
asaccharide of appican, the CS-PG form of the Alzheimer
amyloid precursor protein (32). In the present study, this
method led to the discovery of a novel structure, AHexAo1-
3GalNAcB1-4IdoAal-3Gal(4S)B1-3Galpl-4Xyl, in fraction
II from bovine aorta DS. This structure is related to, yet dif-
ferent from, those of the previously isolated IdoA-contain-
ing hexasaccharide alditols, AHexAal-3GalNAc(4S)B1-
4IdoAx1-3GalB1-3Galp1-4Xyl-ol and AHexAal-3GalNAc-
(4S)B1-4IdoAa1-3Gal(4S)B1-3GalB1-4Xyl-ol, after alkaline
NaBH, treatment of the same DS-peptide preparation (9).
It will be interesting to determine the relationship between
the 4-O-sulfation of the Gal residue and the C5-epimeriza-
tion of the GlcA residue attached to the Gal residue.

The developed method should also be applicable to analy-
sis of the linkage region of PGs isolated from cultured cells
or precious tissue specimens, which provide only small
amounts of samples. Such samples may reveal the linkage
region structures of the biosynthetic intermediates of PGs,
and investigation of the structural variations and possible
dynamism of the modifications may help clarify the biologi-
cal functions of these unique modifying groups. Notably, O-
sulfation of the Gal residues and 2-O-phosphorylation of
the Xyl residue have not yet been demonstrated concomi-
tantly on the same hexasaccharide backbone. It is possible
that these modifications exhibit dynamic metabolism, being
coupled with regulated addition of the monosaccharide
building units of the linkage region tetrasaccharide se-
quence. In addition, since the linkage region is first con-
structed during biosynthesis, differences in the structure of
this region may influence the structure of the repeating dis-
accharide region to be synthesized later, for example
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TABLE V. Structures of the unsaturated hexasaccharides isolated from the GAG-protein linkage region.
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Fractions® Structure
ATl AHexAa1-3GalNAcB1 -4GlcAB1-3Galpl -3Galpl -4Xyl
B, 17,111 AHexAa1-3GalNAc(6S)B1 -4GleAB1-3GalBl -3Galpl -4Xyl
C,19,IV AHexAa1-3GalNAc(4S)B1 -4GlcAB1-3Galpl -3Galpl -4Xyl
D AHexAal-3GalNAc(4S)B1 -4GlcAB1-3Gal(45)B1 -3GalBl -4Xyl
14 AHexAa1-3GalNAcB1 -4GlcAB1-3Galpl -3Gal(65)B1 -4Xyl
20 AHexAa1-3GalNAcB1 -4GlcAB1-3Galpl -3Galpl -4Xyl(2P)
22 AHexAal1-3GalNAc(6S)B1 -4GlcAB1-3Galpl -3Gal(6S)B1 -4Xyl
23 AHexAal-3GalNAcB1 -4GlcAB1-3Gal(6S)B1 -3Gal(6S)B1 -4Xyl
24 AHexAa1-3GalNAc(4S)B1 -4GlcAB1-3GalBl -3Gal(65)B1 -4Xyl
31 AHexAal-3GalNAc(6S)B1 -4GlcAB1-3Gal(6S)B1 -3Gal(6S)B1 -4Xyl
11 AHexAal-3GalNAcB1 -41doAal-3Gal(4S)B1 -3GalB1 -4Xyl

*Fractions A-D were isolated from whale cartilage CS, fractions 7-31 from shark cartilage CS, and fractions I-IV from bovine aorta DS, re-

spectively.

through possible regulation of the B3-GalNAc transferase I
and a-GleNAc transferase I activities.

Another prominent example of the linkage region struc-
ture has been revealed for inter-a-trypsin inhibitor (33) and
urinary trypsin inhibitor (34), which bear a single CS chain
with a uniform linkage region structure, GlcAB1-3Gal(4S)-
B1-3GalB1-4Xyl. This is in contrast to the structural heter-
ogeneity demonstrated in the linkage region oligosaccha-
rides isolated from cartilagenous CS-PGs bearing multiple
GAG chains. These heterogeneous linkage regions may rep-
resent a number of different CS attachment sites of the car-
tilage PGs. However, structural variations have also been
demonstrated in the linkage region of the recombinant
decorin with a single CS/DS synthesized in cloned Chinese
hamster ovary cells (35), suggesting that even a single cell
or a single population of a certain cell type can synthesize a
CS/DS chain with heterogeneous structures. Thus, the uni-
formity and the heterogeneity of the structural modifica-
tions of the linkage region pose interesting scientific ques-
tions in terms of the biosynthetic mechanisms of GAGs and
the possible molecular interactions with other molecules.
Although the specific biological significance of the modifica-
tions found in the linkage region is unknown, individual
CS/DS chains with distinct structural modifications in the
linkage region may reflect discrete subclasses with differ-
ent biological roles. The analytical method developed in the
present study will facilitate invesitigation of these unsolved
problems concerning the linkage region.

We wish to thank Hiroko Yamazaki and Kaori Matsushita (Kobe
Pharmaceutical University) for the excellent technical assistance.

REFERENCES

1. Rodén, L. (1980) The Biochemistry of Glycoproteins and Pro-
teoglycans (Lennarz, W.J., ed.) pp. 267-371, Plenum Publishing,
New York

2. Sugahara, K. and Kitagawa, H. (2000) Recent advances in the
study of the biosynthesis and functions of sulfated glycosami-
noglycans. Curr. Opin. Struct. Biol. 10, 518-527

3. Lindahl, U. and Rodén, L. (1972) Glycoproteins (Gottschalk, A.,
ed.) pp. 491-517, Elsevier, New York

4. Lind, T, Tufaro, F., McCormick, C., Lindahl, U,, and Lidholt, K.
(1998) The putative tumor suppressors EXT1 and EXT2 are
glycosyltransferases required for the biosynthesis of heparan
sulfate. J. Biol. Chem. 273, 26265-26268

5. Zhang, L. and Esko, J.D. (1994) Amino acid determinants that
drive heparan sulfate assembly in a proteoglycan. J. Biol.
Chem. 269, 19295-19299

6. Zhang, L., David, G., and Esko, J.D. (1995) Repetitive Ser-Gly

Vol. 129, No. 1, 2001

10.

11.

12.

13.

14.

15.

16.

17.

18.

sequences enhance heparan sulfate assembly in proteoglycans
J. Biol. Chem. 270, 27127-27135

. Esko, JD. and Zhang, L. (1996) Influence of core protein

sequence on glycosaminoglycan assembly. Curr. Opin. Struct.
Biol. 6, 663-670

. Sugahara, K., Yamashina, 1., De Waard, P,, Van Halbeek, H.,

and Vliegenthart, JF.G. (1988) Structural studies on sulfated
glycopeptides from the carbohydrate-protein linkage region of
chondroitin 4-sulfate proteoglycans of Swarm rat chondrosar-
coma. Demonstration of the structure, Gal(4-O-Sulfate)Bl-
3GalB1-4XylB1-O-Ser. J. Biol. Chem. 263, 10168-10174

. Sugahara, K., Ohkita, Y., Shibata, Y., Yoshida, K., and Ikegami,

A, (1995) Structural studies on the hexasaccharide alditols iso-
lated from the carbohydrate-protein linkage region of dermatan
sulphate proteoglycans of bovine aorta. J. Biol. Chem. 270,
7204-7212

Sugahara, K., Ohi, Y., Harada, T., de Waard, P.,, and Vliegent-
hart, JF.G. (1992) Structural studies on sulfated oligosaccha-
rides derived from the carbohydrate-protein linkage region of
chondroitin 6-sulfate proteoglycans of shark cartilage I. Six
compounds containing 0 or 1 sulfate and/or phosphate residue.
oJ. Biol. Chem. 26'7, 6027-6035

de Waard, P, Vliegenthart, J F.G., Harada, T., and Sugahara, K.
(1992) Structural studies on sulfated oligosaccharides derived
from the carbohydrate-protein linkage region of chondroitin 6-
sulfate proteoglycans of shark cartilage. II. Seven compounds
containing 2 or 3 sulfate residues. J. Biol. Chem. 267, 6036—
6043

Oegema, TR., Jr., Kraft, E.L., Jourdian, G.W,, and Van Valen,
T.R. (1984) Phosphorylation of chondroitin sulfate in proteogly-
cans from the Swarm rat chondrosarcoma. J. Biol. Chem. 259,
1720-1726

Fransson, L.-A., Silverberg, 1., and Carlstedt, I. (1985) Struc-
ture of the heparan sulfate-protein linkage region. Demonstra-
tion of the sequence galactosyl-galactosyl-xylose-2-phosphate.
J. Biol. Chem. 260, 14722-14726

Sugahara, K., Mizuno, N., Okumura, Y., and Kawasaki, T.
(1992) The phosphorylated and/or sulfated structure of the car-
bohydrate-protein-linkage region isolated from chondroitin sul-
fate in the hybrid proteoglycans of Engelbreth-Holm-Swarm
mouse tumor. Eur. J. Biochem. 204, 401-406

Moses, dJ., Oldberg, A., Cheng, F., and Fransson, L.-A. (1997)
Biosynthesis of the proteoglycan decorin. Transient 2-phospho-
rylation of xylose during formation of the trisaccharide linkage
region. Eur. J. Biochem. 248, 521-526

Sugahara, K., Yamada, S., Yoshida, K., de Waard, P, and
Vliegenthart, JF.G. (1992) A novel sulfated structure in the
carbohydrate-protein linkage region isolated from porcine
intestinal heparin. J. Biol. Chem. 267, 1528-1533

Sugahara, K, Tsuda, H., Yoshida, K, Yamada, S., de Beer, T,,
and Vliegenthart, J.F.G. (1995) Structure determination of the
octa- and decasaccharide sequences isolated from the carbohy-
drate-protein linkage region of porcine intestinal heparin. J.
Biol. Chem. 270, 22914-22923

Rosenfeld, L. and Danishefsky, I. (1988) Location of specific oli-

ZT0Z ‘T Jeqo1Q uo Asiealun Bupd e /Bio'seuinolpioxoqly/:dny woy pepeojumoq


http://jb.oxfordjournals.org/

118

19.

20.

21.

22,

23.

24.

25.

26.

217.

gosaccharides in heparin in terms of their distance from the
protein linkage region in the native proteoglycan. J. Biol.
Chem. 263, 262-266

Kitagawa, H., Tanaka, Y., Tsuchida, K., Goto, F., Ogawa, T, Lid-
holt, K., Lindahl, U., and Sugahara, K. (1995) GalNAc transfer
to the common carbohydrate-protein linkage region of sulfated
glycosaminoglycans: identification of UDP-GalNAc: chondro-
oligosaccharide o-N-acetylgalactosaminyltransferase in fetal
bovine serum. J. Biol. Chem. 270, 22190-22195

Lidholt, K., Fjelstad, M., Lindahl, U,, Goto, F., Ogawa, T., Kita-
gawa, H., and Sugahara, K. (1997) Assessment of glycosami-
noglycan-protein linkage tetrasaccharides as acceptors for Gal-
NAc- and GleNAc-transferases from mouse mastocytoma. Gly-
coconjugate J. 14, 737-742

Kinoshita, A. and Sugahara, K. (1999) Microanalysis of gly-
cosaminoglycan-derived oligosaccharides labeled with a fluoro-
phore 2-aminobezamide by high-performance liquid chromatog-
raphy: application to disaccharide composition analysis and ex-
osequencing of oligosaccharides. Anal. Biochem. 269, 367-378
Heinegérd, D. (1972) Hyaluronidase digestion and alkaline
treatment of bovine tracheal cartilage proteoglycans. Isolation
and characterization of different keratan sulfate proteins. Bio-
chim. Biophys. Acta 285, 193-207

Sugahara, K., Masuda, M., Harada, T, Yamashina, I, de
Waard, P, and Vliegenthart, J.F.G. (1991) Structural studies on
sulfated oligosaccharides derived from the carbohydrate-pro-
tein linkage region of chondroitin sulfate proteoglycans of
whale cartilage. Eur. J. Biochem. 202, 805-811

Sugahara, K., Okumura, Y., and Yamashina, I. (1989) The
Engelbreth-Holm-Swarm mouse tumor produces undersulfated
heparan sulfate and oversulfated galactosaminoglycans. Bio-
chem. Biophys. Res. Commun. 162, 189-197

Sugiyama, E., Hara, A., Uemura, K., and Taketomi, T. (1997)
Application of matrix-assisted laser desorption ionization time-
of-flight mass spectrometry with delayed ion extraction to gan-
glioside analyses. Glycobiology 7, 719-724

Sugahara, K., Tohno-oka, R., Yamada, S., Khoo, K.-H., Morris,
H.R., and Dell, A. (1994) Structural studies on the oligosaccha-
rides isolated from bovine kidney heparan sulphate and charac-
terization of bacterial heparitinases used as substrates. Glyco-
biology 4, 535-544

Yamada, S., Yamane, Y., Sakamoto, K., Tsuda, H., and Suga-
hara, K. (1998) Structural determination of sulfated tetrasac-

28.

29.

30.

31.

32.

33.

34.

35.

H. Sakaguchi et al.

charides and hexasaccharides containing a rare disaccharide
sequence, -3GalNAc(4,6-disulfate)l-41doAal-, isolated from
porcine intestinal dermatan sulfate. Eur. JJ. Biochem. 258, 775-
783

Yamada, S., Van Die, 1., Van den Eijnden, D.H., Yokota, A,
Kitagawa, H., and Sugahara, K. (1999) Demonstration of glyco-
saminoglycans in Caenorhabditis elegans. FEBS Lett. 459,
327-331

Vliegenthart, J.F.G., Doriand, L., and Van Halbeek, H. (1983}
High-resolution, 'H-nuclear magnetic resonance spectroscopy
as a tool in the structural analysis of carbohydrates related to
glycoproteins. Adv. Carbohydr. Chem. Biochem. 41, 209-374
Yamagata, T, Saito, H., Habuchi, O., and Suzuki, S. (1968)
Purification and properties of bacterial chondroitinases and
chondrosulfatases. J. Biol. Chem. 243, 1523-1535

Nadanaka, S., Kitagawa, H., and Sugahara, K. (1998) Demon-
stration of the immature glycosaminoglycan tetrasaccharide
sequence GlcAB1-3GalB1-3Galpl-4Xyl on recombinant soluble
human a-thrombomodulin. An oligosaccharide structure on a
“part-time” proteoglycan. J. Biol. Chem. 273, 33728-33734
Tsuchida, K., Yamada, S., Sugahara, K., Shioi, J., Boghosian,
G., Wy, A,, Cai, H,, and Robakis, N.K. (2000) The proteoglycan
form of Alzheimer’s amyloid precursor protein (APP), appican,
contains sulfated disaccharide unit GlcA-GalNAc(4,6-disulfate)
in its glycosaminoglycan chain in Abstract of XXlIst Japanese
Carbohydrate Symposium, Nagoya, Japan, July 27-29, 2000, p.
102

Yamada, S, Oyama, M., Kinugasa, H., Nakagawa, T,
Kawasaki, T., Nagasawa, S., Khoo, K.-H., Morris, H.R., Dell, A,,
and Sugahara, K. (1995) The sulfated carbohydrate-protein
linkage region isolated from chondroitin 4-sulfate chains of
inter-a-trypsin inhibitor in human plasma. Glycobiology 5,
335-341

Yamada, S., Oyama, M., Yuki, Y., Kato, K., and Sugahara, K.
(1995) The uniform galactose 4-sulfate structure in the carbo-
hydrate-protein linkage region of human urinary trypsin inhib-
itor. Eur. J. Biochem. 233, 687-693

Kitagawa, H., Oyama, M., Masayama, K., Yamaguchi, Y., and
Sugahara, K. (1997) Structural variations in the glycosami-
noglycan-protein linkage region of recombinant decorin
expressed in Chinese hamster ovary cells. Glycobiology 17,
1175-1180

oJ. Biochemn.

ZT0Z ‘T Jeqo1Q uo Asiealun Bupd e /Bio'seuinolpioxoqly/:dny woy pepeojumoq


http://jb.oxfordjournals.org/

