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ABSTRACT

The linkage-region oligosaccharides of chondroitin sulfate and
dermatan sulfate, produced by the action of various
chondroitinases, as well as of heparan sulfate, produced by the
combined action of heparin-lyases I, II, and III, have been
separated and characterized according to their size, number of
sulfate residues, and the presence of phosphorylated xylose by
HPLC.  Glycosaminoglycans and/or proteoglycans were treated
by tritiated borohydride and the [3H]-labeled xylitole-containing
glycan chains were degraded by the various chondro/dermato-
lyases (chondroitinases ABC, AC and B) and/or heparin-lyases.
The produced linkage-region ∆-oligosaccharides have been
completely separated by ion-pair reversed phase HPLC, using
tetrabutylammonium as ion-pairing reagent, and detected by a
radiochemical detector.
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Application of the method to chondroitin sulfate and dermatan
sulfate revealed that the first uronic acid after the -Gal-Gal-Xyl
linkage trisaccharide is always glucuronic acid and the next
galactosamine residue is sulfated.  In porcine skin dermatan
sulfate studied, a three glucuronic acid-containing cluster
following the linkage-region oligosaccharide was found.  None of
chondroitin sulfate and dermatan sulfate studied contains
phosphorylated xylose.  This phosphorylation was, however, a
dominating feature in xylose linkage-region of the glycans
derived from rat chondrosarcoma proteoglycans.

The linkage region oligosaccharide fragment of heparan
sulfate had the same structure and identical retention time with
that obtained from dermatan sulfate with chondroitinase AC.

INTRODUCTION

Uronic acid-containing glycosaminoglycans (GAGs) are highly charged
linear biopolymers composed of repeating disaccharide units which contain one
hexosamine and one hexuronic acid.1  Except hyaluronic acid (HA), all GAGs
are covalently bound to protein cores, forming proteoglycans (PGs).1  The
galactosaminoglycans (GalAGs) - chondroitin sulfate (CS) and dermatan sulfate
(DS) - contain galactosamine as hexosamine, the uronic acid being glucuronic
acid (GlcA) in CS and both iduronic acid (IdoA) and GlcA in DS.  Heparan
sulfate (HS) contains glucosamine as hexosamine and GlcA/IdoA as uronic acid.
IdoA is formed by C-5 epimerization of GlcA in the chondroitin biosynthetic
precursor.2  Sulfation of the hexosamine and hexuronic acid is considered as an
event after epimerization which results in variously sulfated glycan chains with
a wide range of specificities in biological functions.3-6  CS, DS, and HS chains
are linked to serine or threonine of the protein core via the common linkage-
region trisaccharide Gal-Gal-Xyl-Ser/Thr by an O-glycosidic linkage.1-3, 5, 7-9

This attachment region provides important information on the size of the
glycan chain.4  The xylose residue has been identified in some PGs to be
phosphorylated at C-2 5-11 and this phosphorylation may reflect a biosynthetic
event required for specific functional properties.1, 9

Previous studies on DS and CSA revealed the GlcA being the next
monosaccharide to Gal in the linkage trisaccharide.4, 9-14  Electrophoretic and
chromatographic studies have shown that the first GlcA in a DS fraction (DS-
18) [average molecular size (Mr) 18 kDa] is followed by a disaccharide
containing 6-sulfated galactosamine.9, 11-13
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Using ion-pair HPLC9, 13 it has also been shown that the linkage
trisaccharide in DS-18 is followed by a cluster of three GlcA containing
disaccharides which have only the first galactosamine sulfated at C-6.4

Structural characterization of the linkage-region oligosaccharides from CSA
however, suggested that the galactosamine after the first GlcA is sulfated at
C-4.10, 12

Cleavage of CS/DS with the various chondroitinases (ABC, AC, and B),
which selectively degrade the hexosaminidic bonds of galactosaminoglycans
(GalAGs) at positions depending on the hexuronic acid type,14 could provide
useful information on the sequence of the linkage-region
oligosaccharides.12,13,15,16  Although the same trisaccharide is used for the
attachment of HS to protein core, little is known about the structure of linkage-
region oligosaccharides.  The use of the three heparin lyases I, II, and III, which
have different specificity concerning the uronic acid type and sulfation,17 has
been found to be of great importance in analyzing HS-disaccharide composition
by HPLC and/or capillary electrophoresis.17-21  The degradation of HS using a
combination of the three heparin lyases may also provide information on the
linkage-region of HS as well as of its molecular size.

Using an ion-pair HPLC method, the variously-sized and sulfated ∆-
saccharides produced by the action of the various chondroitinases on CS and DS
have been successfully separated according to the number of tetra-
butylammonium cations (TBA+) that bind to ∆-oligosaccharides.14  It was,
therefore, of great interest to study the sequence of the linkage-region fragments
of various GalAGs by using this powerful ion-pair technique.

The aim of this study was, therefore, to develop an efficient HPLC method
by which the different linkage-region ∆-oligosaccharides, produced by the
various chondro/dermato-lyases on CS/DS and the combination of heparin-
lyases I, II, and III on HS, could be completely separated and determined
according to their size, sulfation pattern, and phosphorylation of xylose.

EXPERIMENTAL

Materials

CSA from whale cartilage, DS from porcine skin, HS (Na+ salt) from
bovine kidney, and heparin-lyase II (heparinase II, no EC number) derived from
Flavobacterium heparinium were all supplied by the Sigma Chemical Co. (St.
Louis,  MO,  USA).   A1D1 fraction of rat chondrosarcoma  PGs was  a gift      from
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Prof. Bruce Caterson.  Chondroitinases ABC, AC, and B, heparin-lyase I
(heparinase EC 4.2.2.7.) and heparin-lyase III (heparitinase, EC 4.2.2.8.) were
purchased from the Seikagaku Kogyo Co. (Tokyo, Japan).  Standard
preparations of non- and variously sulfated ∆-disaccharides:  ∆di-nonSHA, ∆di-
nonSCS, ∆di-mono4S, ∆di-mono6S, ∆di-mono2S, [∆di-di(2,4)S or ∆di-diSB],
[∆di-di(2,6)S or ∆di-diSD], [∆di-di(4,6)S or ∆di-diSE] and [∆di-tri(2,4,6)S or
∆di-triS] were also obtained from Seikagaku.  Tritiated sodium borohydride was
purchased from Dupont (Wilmington, DE, USA).  Tetrabutylammonium
hydrogen sulfate (0.5 M solution, pH 7.5) was from Alltech (Deerfield, IL,
USA).

Enzymic Digestions

Digestions with chondroitinases ABC and AC were performed in 50 µL
solution of 50 mM Tris/HCl, pH 7.5, at 37°C for 90 min,15, 16, 22 using 0.01 units
per 10 µg of uronic acid that was determined by the borate-carbazole method of
Bitter and Muir.23  Digestion with chondroitinase B was carried out in 50 µL
solution 50 mM Tris/HCl, pH 8.0, at 37°C for 60 min, using 0.01 units per 40 µg
uronic acid.24, 25  Digestion of HS was performed in 100 µL of 20 mM acetate
buffer, pH 7.0, containing 1 µmol calcium acetate and 0.05 units each of heparin
lyases I, II, and III per 25 µg of uronic acid at 37°C, overnight.  The reactions
were terminated by heating the solutions at 100°C for 1 min.  Digests were
centrifuged in a Beckman (San Ramon, CA, USA) microfuge at 11,000 x g for
10 min and aliquots were taken for further treatment.

Preparation of Standard ∆-Oligosaccharides with Known Size

Non- and mono-sulfated HA- and CSA- derived ∆-oligosaccharides of
various sizes were prepared by limited digestion with chondroitinase AC and
subsequent gel permeation chromatography according to a protocol described by
Karamanos et al.14  Following 1 min heating in a boiling water bath, the various
sized ∆-oligosaccharides were isolated by two sequential chromatographies of
the digest on a Bio-Gel P-10 (100 x 0.6 cm) column eluted with 0.5M
ammonium formate, pH 7.0.  Eluted fractions were measured at 232 nm.14,15,21

Sample Treatment and Analysis of Linkage-Region Oligosaccharides

The linkage-region oligosaccharides of CS, DS, and HS were prepared
using  5  µg  of GAGs  and 20 µg of  A1D1 fraction  of rat chondrosarcoma    PGs.
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Figure 1. Flow chart of the strategy followed for sample treatment, separation and
determination of the linkage-region ∆-oligosaccharides derived from CS/DS and HS.

They were first treated with alkaline-borohydride using 0.25 M [3H]-NaBH4 and
0.75 M NaBH4 in 50 mM NaOH for 48 h at 45oC.14,26  The obtained solutions
were neutralized with 4 M acetic acid and [3H]-labeled glycans were recovered
by ethanol precipitation [4 vol. of  95% ethanol containing 2.5% (w/v) sodium
acetate].  The CS/DS-labeled chains were then extensively split by separate
digestions with chondroitinases ABC, AC, and B.  The HS-labeled chain was
extensively degraded (>90%) by digestion with the combination of the three
heparin-lyases,17,18,21 as mentioned above.  Finally aliquots from 10 to 50 µL
were taken for ion-pair HPLC analysis.  The [3H]-radioactivity positive peaks
that contained the [3H]-labeled linkage-region oligosaccharides were detected by
using an HPLC radiochemical detector (EG&G Berthold, Germany).  The entire
procedure followed for sample treatment is summarized in Figure 1.
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Separation of the linkage-region ∆-oligosaccharides, derived from the
degraded polymers by enzymic treatments, was performed using ion-pair
reversed phase chromatography on a Pharmacia LKB HPLC system using a 250
x 4.6 mm-i.d. Supelcosil LC-18 (Supelco) column that was connected with a 30
x 4.6 mm-i.d. RP-18 precolumn (Brownlee Labs.).14

A gradient elution was performed using a binary solvent system composed
of 20% (v/v) aqueous acetonitrile (eluent A) and 75% (v/v) aqueous acetonitrile
(eluent B).  Both solvents contain 0.01 M of the ion-pairing reagent TBA
phosphate at a final pH of 6.7.  The flow rate was 1.2 mL/min.  The elution
program used was the following: isocratic elution with 100% A for 5 min,
gradient elution to 50% B for 20 min, and finally one more gradient elution to
100% B for another 20 min.  After each sample was totally eluted, the column
was washed and re-equilibrated by further elution with 100% B for 2 min,
returning to 100% A during 1 min, and continuing with 100% A for 10 min.

RESULTS AND DISCUSSION

Separation of Non- and Variously Sulfated Oligosaccharides

As it has been previously described,14 HA-derived non-sulfated ∆-
oligosaccharides and CSA-derived mono-sulfated ∆-oligosaccharides, bearing
one sulfate residue per disaccharide unit, can be completely separated by ion-
pair HPLC.  The retention times for HA-derived ∆-di- to ∆-
decahexasaccharides as well as of CSA-derived ∆-di- to ∆-octasaccharides are
shown by arrows in Figure 2A.  As shown in this figure, the increased number
of carboxyl and sulfate groups resulted in higher retention times.  This is well
explained by the higher number of TBA cations which interact with the anionic
charges of the saccharides - the carboxyl and the sulfate groups - and the
hydrophobic sites of the C-18 column.

Resolution of Sulfated and Phosphorylated Linkage-Region Oligosacchar-
ides

Analysis of [3H]-labeled linkage-region fragments obtained from CSA, DS,
and the glycan chains of A1D1 PGs fraction, after separate digestions with
chondroitinase ABC, AC, or B and these obtained from HS after the combined
action of heparin-lyases I, II, III was performed by ion-pair HPLC, as described
above.
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Figure 2. Resolution of [3H]-labeled linkage-region ∆-oligosaccharides derived from
CSA and DS following digestions with chondroitinase ABC (A and B), and from HS
with combined digestion with heparin-lyases I, II and III (D).  Arrows indicate the elution
positions of HA-derived non-sulfated ∆-di (HA-2) to ∆-decahexasaccharides (HA-16)
and of CSA derived mono-sulfated ∆-di- (CSA-2) to ∆-octasaccharides (CSA-8).

It has been explained14 that action of chondroitinase ABC on CSA and DS
produces the linkage-region ∆UA-GalNAc(SO3H)-GlcA-Gal-Gal-Xyl-3H,
whereas chondroitinase AC the linkage-region fragment ∆UA-Gal-Gal-Xyl-3H.
The DS linkage-region fragment obtained with chondroitinase B digestion
contains  GlcA-containing  repeats  near  the linkage-region and has the
structure ∆UA-GalNAc(SO3H)-GlcA-GalNAc(SO3H)-GlcA-GalNAc(SO3H)-
GlcA-Gal-Gal-Xyl-3H.
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Figure 3. Determination of phosphorylated linkage-region ∆-oligosaccharides derived
from A1D1 glycans from rat chondrosarcoma following digestion with chondroitinase AC
(A) and ABC (B). Arrows indicate the elution positions of non-phosphorylated linkage-
region ∆-oligosaccharides obtained from CSA following digestion with AC (arrow in A)
and with ABC (arrow in B).

No phosphatase activity was detected in any of GAGs tested, concluding
that the DS and CSA linkage-region contains no esterified phosphate groups.
The linkage-region fragments obtained for CSA and DS, when different
chondroitinases were used, were completely separated as it was expected since
they contain different number of carboxyl and sulfate groups (Figures 2A, B and
C).  The HS linkage-region fragment obtained with a combined digestion with
all three lyases has the same structure and identical retention time with that
obtained from DS following digestion with chondroitinase AC (Figure 2D).
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The linkage-region fragments obtained with chondroitinases ABC and AC
from the A1D1 glycans have the same saccharide composition as the respective
fragment obtained from CSA.  However, both fragments contain phosphates,
indicating the presence of phosphorylated xylose.8-11,14  These linkage-region
fragments for A1D1 glycans were also completely separated.  These fragments
showed different retention times from those obtained for CSA and DS and this
may well be explained by the additional binding of TBA cations to phosphate
groups (Figures 3A and B).

CONCLUSIONS

By the proposed ion-pair HPLC method the linkage-region oligosaccharide
structure of GAGs can be easily and accurately determined.  Presence of
phosphorylated xylose can also easily be seen by the same set-up.  The method
could be helpful in determining the sequence of the linkage-region of GAGs
isolated from various tissues as well as in identification of phosphorylated
xylose which is related to specific biological functions and/or
pathophysiological conditions.  The amount of linkage-region oligosaccharide
can be also used to determine the molecular size of the GAG chain.

REFERENCES

1.  L. Kjellen, U. Lindahl, Ann. Rev. Biochem., 60, 443-475 (1991).

2.  A. Malmström, L. Eberg, Biochem. J., 201, 489-493 (1982).

3.  T. Hardingham, Rheumatology, 10, 143-183 (1986).

4.  U. Lindahl, D. Feingold, L. Roden, Trends Biochem. Sci., 11, 221-225
(1986).

5.  L.-A. Fransson, Trends Biochem. Sci., 12, 406-411 (1987).

6.  T. C. Wright, J. J. Castellot, M. Petitou, J.-C. Lormeau, J. Choay, M. J.
Karnovsky, J. Biol. Chem., 264, 1534-1542 (1989).

7.  M. Petitou, J. C. Lormean, B. Perly, P. Berthault, V. Bossennec, P. Sie, J.
Choay, J. Biol. Chem., 263, 8685-8690 (1988).

8.  L.-E. Fransson, in The Polysaccharides, G. O. Aspinal, ed., Academic Press,
Orlando. 1985, vol. 3, pp 337-415.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

2006 GIOLDASSI AND KARAMANOS

9.  T. R. Oegema, E. L. Kraft, G. W. Jourdian, T. R. Van Valen, J. Biol. Chem.,
259, 1720-1726 (1984).

10. J. Glössl, W. Hoppe, H. Kresse, J. Biol. Chem., 261, 1920-1923 (1986).

11. L. Rosenfeld, I. Danishefsky, J. Biol. Chem., 263, 262-266 (1988).

12. L.-A. Fransson, B. Havsmark, I. Silverberg, Biochem. J., 269, 381-388
(1990).

13. K. Sugahara, M. Masuda, T. Harada, I. Yamashina, P. Waard, J. F. G.
Vliegenhart, Eur. J. Biochem., 202, 805-811 (1991).

14. N. K. Karamanos, P. Vanky, A. Syrokou, A. Hjerpe, Anal. Biochem., 225,
220-230 (1995).

15. T. Yamagata, H. Saito, O. Habuchi, S. Suzuki, J. Biol. Chem., 243, 1523-
1535 (1968).

16. S. Saito, T. Yamagata, S. Suzuki, J. Biol. Chem., 243, 1536-1542 (1968).

17. N. K. Karamanos, P. Vanky, G. N. Tzanakakis, Th. Tsegenidis, A. Hjerpe, J.
Chromatogr. A, 765, 169-179 (1997).

18. C. F. Moffat, M. W. McLean, W. F. Long, F. B. Williamson, Eur. J.
Biochem., 202, 531-541 (1991).

19. C. C. Griffin, R. J. Linhardt, C. L. Van Corp, T. Toida, R. E. Hileman, R. L.
Schubert II and S. E. Brown, Carbohydr. Res., 276, 183-197 (1995).

20. R. J. Linhardt, “Analysis of glucosaminoglycans with Polysaccharide
Lyases,” in Current Protocols in Molecular Biology, Wiley, New York,
1994, pp. 17-32.

21. N. K. Karamanos, P. Vanky, G. N. Tzanakakis, A. Hjerpe, Electrophoresis
17, 391- 395 (1996).

22. S. Suzuki, Methods Enzymol., 28, 911-917 (1972).

23. T. Bitter, H. Muir, Anal. Biochem., 4, 330-334 (1962).

24. Y. M. Michelacci, C. P. Dietrich, Biochem. J., 151, 121-129 (1975).

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

OLIGOSACCHARIDES 2007

25. N. K. Karamanos, A. Syrokou, P. Vanky, M. Nurminen, A. Hjerpe, Anal.
Biochem., 221, 189-199 (1994).

26. D. M. Carlson, J. Biol. Chem., 243, 616-626 (1968).

Received September 23, 1998
Accepted October 17, 1998
Manuscript 4898

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081JLC100101781

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
2
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=JLC&title=DETERMINATION+OF+PHOSPHORYLATED+AND+SULFATED+LINKAGEREGION+OLIGOSACCHARIDES+IN+CHONDROITIN%2FDERMATAN+AND+HEPARAN+SULFATE+PROTEOGLYCANS+BY+HIGH+PERFORMANCE+LIQUID+CHROMATOGRAPHY&offerIDValue=18&volumeNum=22&startPage=1997&isn=1082-6076&chapterNum=&publicationDate=07%2F15%2F1999&endPage=2007&contentID=10.1081%2FJLC-100101781&issueNum=13&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+10%3A39%3A24&publisherName=dekker&orderBeanReset=true&author=Xanthee+M.+Gioldassi%2C+Nikos+K.+Karamanos&mac=GZ4FtPbw2r%YmJBCoj5$dA--

