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Abstract

The sulphation pattern of glycosaminoglycan (GAG) plays a critical role in biological functions of proteoglycans. In this study, we showed
that decorins from different bovine tissues present specific sulphation pattern coupled with peculiar biological activity. In order to elucidate

chemical structure of decorin glycosaminoglycan chains, we improved an electrophoretic method to analyse fluorescent disaccharides from der-
matan/chondroitin sulphate GAG chains. The disaccharide separation is based on minigels, and this technique was able to define the polysaccharide
chain composition in terms of sulphated and not sulphated disaccharides. This approach allowed not only the measurement of few picomoles of
material, but it also permits a rapid qualitative analysis of the GAG chains. Data obtained by PAGEFS indicate that the sulphation pattern of GAG
is tissue specific and this finding may explain the different binding properties to von Willebrand factor of decorins.
© 2005 Elsevier B.V. All rights reserved.
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GAGs, glycosaminoglycans; PAGEFS, polyacrylamide gel electrophoresis of
fluorophore labelled saccharides; HPLC, high-performance liquid chromatog-
raphy; UA, uronic acid; �di-nonSCS, 2-acetamido-2-deoxy-3-O-(4-deoxy-�-
l-threo-hex-4-enopyranosyluronic acid)-4-d-galactose; �di-nonSHA, 2-aceta-
mido-2-deoxy-3-O-(4-deoxy-�-l-threo-hex-4-enopyranosyluronic acid)-4-d-
glucose; �di-mono4S, 2-acetamido-2-deoxy-3-O-(4-deoxy-�-l-threo-hex-4-
enopyranosyluronic acid)-4-O-sulpho-d-galactose; �di-mono6S, 2-acetamido-
2-deoxy-3-O-(4-deoxy-�-l-threo-hex-4-enopyranosyluronic acid)-6-O-sul-
pho-d-galactose; �di-mono2S, 2-acetamido-2-deoxy-3-O-(4-deoxy-2-O-sul-
pho-�-l-threo-hex-4-enopyranosyluronic acid)-d-galactose; �di-di(2,4)S, 2-
acetamido-2-deoxy-3-O-(4-deoxy-2-O-sulpho-�-l-threo-hex-4-enopyranosyl-
uronic acid)-4-O-sulpho-d-galactose; �di-di(2,6)S, 2-acetamido-2-deoxy-3-O-
(4-deoxy-2-O-sulpho-�-l-threo-hex-4-enopyranosyluronic acid)-6-O-sulpho-
d-galactose; �di-di(4,6)S, 2-acetamido-2-deoxy-3-O-(4-deoxy-�-l-threo-hex-
4-enopyranosyluronic acid)-4,6-O-sulpho-d-galactose; �di-tri(2,4,6)S, 2-
acetamido-2-deoxy-3-O-(4-deoxy-2-O-sulpho-�-l-threo-hex-4-enopyranosyl-
uronic acid)-4,6-O-sulpho-d-galactose
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1. Introduction

Proteoglycans are macromolecules widely distributed in
nature, showing great variability in structure and functions; they
play important roles in extracellular matrix (ECM) as well as
on cell membranes both for maintenance of the tissue struc-
ture and cell metabolism. These peculiarities of proteoglycans
depend on their structural complexity, hence these molecules
have a core protein and at least one sulphated polysaccharide
chain, the glycosaminoglycan (GAG) chain. GAG chains are
covalently linked to the core protein and possess a great vari-
ety of chemical species and structures. GAGs are classified as
galactosaminoglicuronans (dermatansulphate, and chondroitin-
sulphate) and glucosaminoglicuronans (heparansulphate and
heparin), characterized by the presence of disaccharide units,
these latter composed by a glucuronic acid covalently linked
with a glycosidic bond to a mono- or di-sulphated hexosamine.
The only GAG without sulphated hexosamine and without a core
protein is hyaluronan.

One of the most studied proteoglycan in literature is decorin,
a member of the family of small leucine-rich proteoglycans
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(SLRP) [1–3]. Decorin plays a key role in regulating col-
lagen fibril formation and the spatial arrangement of colla-
gen fibres in the matrix [4]; moreover, decorin has also the
ability to bind cytokines as transforming growth factor-� [5]
and molecules of the epidermal growth factor receptor family
[6,7].

The role of GAG chain in the turnover of the entire proteo-
glycan molecule was recently underlined [8] as well as its role
in biology of different class of cancer [9]. Furthermore, decorin
has been proposed as tumor suppressor in cancer cells during
malignant transformation, and overexpression of decorin in the
tumor ECM, probably by myofibroblasts, has been postulated
to represent a response of the host to invading cancer cells in an
attempt to avert tumor spread [10–13].

The core protein domain of various proteoglycans was deeply
studied and characterized in terms of gene sequence, splic-
ing variants [14] and crystallographic properties [1,15]. This
approach was sustained by the efficiency of the new tech-
niques of molecular biology and by the increasing importance
of core protein in most important biological activities of the
cells, including interactions with matrix proteins and growth
factors. Nevertheless, the chemical nature and structural aspects
of GAGs are not often deeply studied, even though recently it
was shown that GAG chains can play a critical role in proteo-
glycan biological functions [16,26].

In this study we present a new approach developed from
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water filtered through a Milli-Q water system (Millipore). All
other chemicals used were of analytical reagent grade.

2.2. Methods

2.2.1. Decorins purification
Decorins were extracted from three bovine tissues: tendon,

aorta and cornea as described elsewhere [21]; the only modifi-
cation was that after ultracentrifugation in high density cesium
chloride three parts at different density were recovered (D1 with
density 1.45, D2 1.5 and D3 1.55 g/ml) and in two of them,
D1 and D2, was found the proteoglycan decorin, subsequently
purified as reported above. Decorins found in D2 fractions from
tendon, aorta and cornea were indicated as D2T, D2A and D2C,
respectively, whereas in D1 fractions decorins only from aorta
and tendon called D1A and D1T, respectively, were found.

Proteoglycans were desalted with the Vivaspin concentrator.
Protein content was determined with the Bradford’s method [22]
and uronic acid (UA) content of the GAG chain with the Bitter
and Muir method [23]; purity of decorins samples was tested
by electrophoretic analysis in denaturing condition before and
after chondroitinase ABC digestion (see below) according to
Laemmli [24] followed by gel staining with Coomassie Brilliant
Blue R250.

For PAGEFS and HPLC analysis, 10 �g of UA (=50.5 nmol
of total disaccharides) from decorin were treated with
c
1
t

2

d
[
�

A
a
f
p
e
a
0
H

2

d
w
d
m
(
l
t
u
a
fl
p

he already published PAGEFS [17,25,28], a useful method to
btain a fast and sensitive characterization of the GAG struc-
ure. These results were also confirmed using as alternative

ethod the HPLC. PAGEFS applied to decorins suggests that
his approach can be an important tool for studying the GAG
hains from all proteoglycan containing galactosaminoglicuro-
an. Moreover, applying this modified PAGEFS method to
ecorins extracted from various bovine tissues, we were able to
mprove our information about the GAG chain sulphation pattern
nd its role in the binding of decorin to von Willebrand factor
16].

. Materials and methods

.1. Materials

Standard preparations of �di-nonSCS, �di-mono6S, �di-
ono4S, �di-di(2,6)S, �di-di(4,6)S, �di-tri(2,4,6)S, were

ll purchased from Seikagaku Corp. (Tokyo, Japan); �di-
ono2S and �di-di(2,4)S were purchased from Sigma (St.
ouis, MO, USA). Protease K (EC 3.4.21.64) was from
innzymes (Espoo, Finland) and Chondroitinase ABC (EC
.2.2.4) from Seikagaku Kogyo (Tokyo, Japan). AMAC
as obtained from Molecular Probes (Oregon, USA) and
aBH3CN from Sigma–Aldrich (Steinheim, Germany). Ace-

onitrile HPLC grade was from Merck (Darmstadt, Ger-
any). Acrylamide, N,N′-methylenebisacrylamide, N,N,N′,N′-

etramethylethylenediamine (TEMED) and ammonium per-
ulphate were obtained from Bio-Rad (Richmond, CA).
eroxidase-conjugated anti-VWF antibody was from Dako
Lostrup, Denmark). All aqueous solutions were prepared using
hondroitinase ABC in 0.1 M ammonium acetate, pH 7.00
mU enzyme/�g UA [21] at 37 ◦C for 16–18 h, centrifuged and

he supernatant lyophilized and derivatized.

.2.2. Derivatization procedure
Derivatization of CS/DS standard and decorin �-

isaccharides was done as described by Calabro et al.
25], using 2 nmol of each standard �-disaccharide or the
-disaccharide derived from decorin digestions (10 �g of UA).
40 �l volume of 12.5 mM AMAC solution in glacial acetic

cid/DMSO (3:17, v/v) was added, and samples were incubated
or 10–15 min at room temperature. A 40 �l volume of a freshly
repared solution of 1.25 M NaBH3CN in water was added to
ach sample followed by an overnight incubation at 37 ◦C. An
ppropriate dilution of these samples in ammonium acetate
.1 M pH 7.0 or the addition of 20% glycerol was used for the
PLC analysis or the PAGEFS, respectively.

.2.3. HPLC analysis
Separation and analysis of AMAC-derivatives of �-

isaccharides were done as described by Karousou et al. [17]
ith a Jasco-Borwin chromatograph system with a fluorophore
etector (Jasco FP-920, λex = 442 nm and λem = 520 nm). Chro-
atography was carried out using a reversed phase column

C-18, 4.6 mm × 150 mm, Bischoff) at room temperature, equi-
ibrated with 0.1 M ammonium acetate buffer, pH 7.0, filtered
hrough a 0.22 �m membrane filter. A gradient elution was done
sing a binary solvent system composed of 0.1 M ammonium
cetate buffer, pH 7.0 (eluent A), and acetonitrile (eluent B). The
ow rate was 1 ml/min, and the following program was used:
re-run of column with 100% eluent A for 20 min, isocratic
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elution with 100% eluent A for 5 min, gradient elution to 30%
eluent B for 30 min and from 30 to 50% for 5 min. Sample peaks
were identified and quantified comparing the fluorescence spec-
tra with standard�-disaccharides, using Jasco-Borwin software.

A 10 �l volume of the derivatized samples (1/10 of the total)
was analysed and compared.

2.2.4. PAGEFS
A MiniProtean II or III cell vertical slab gel electrophore-

sis apparatus (Bio-Rad) was used with 7.2-cm plates, 0.75-mm
spacer, and wells of 0.5 cm. The stock solutions were 1.5 M
Tris–HCl, pH 8.8. Acrylamide solution T 50%/C 10% and T
50%/C 15%. [%T refers to the total concentration (w/v) of
acrylamide monomer (i.e. acrylamide plus methylenebisacry-
lamide); %C refers to the concentration (w/w) of cross-linker
relative to the total monomer.]

A 10 ml volume (for two gels) of T 33%/C 6.6%, 375 mM
Tris–HCl resolving gel buffer solution (final concentrations),
was prepared and degassed. Ten microliters of TEMED and a
100 �l of 10% (w/v) ammonium persulphate were added. The
solution was carefully mixed before and placed between the
glass plates; the gels had a length of at least 6 cm. The stacking
gel was prepared in a volume of 5 ml (for two gels) of T 20%/C
6%, 375 mM Tris–HCl gel buffer solution (final concentrations)
with added 5 �l of TEMED and 50 �l of 10% (w/v) ammonium
persulphate for the polymerization.
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Basically, this approach includes GAG specific digestions
with chondroitinase ABC to produce disaccharides and, after 2-
AMAC labelling, the complete separation of these disaccharides
by polyacrylamide gel electrophoresis or HPLC. The PAGEFS
separation allowed the analysis by fluorescence detection of
the resolved bands at an extraordinary sensitive level in a lin-
ear range from 10 to 75 pmol for each disaccharides (data not
shown), according to the results described elsewhere [17].

As shown in Fig. 1, we were able to separate seven disac-
charides obtained from chondroitin/dermatan GAGs using high
percentage polyacrylamide separating gel and Tris–HCl buffers
(Fig. 1, lane 7) but also the unusual �di-mono2S disaccharide
was resolved from the other �mono-disaccharides by this tech-
nique (Fig. 1, lane 8). Compared to the other methods already
described in literature for no sulphated GAG [17], the peculiar-
ity of this electrophoretic procedure is the salt formulation of
the buffers. In fact, Tris–HCl buffers used in gel and as run-
ning buffer better separated the disaccharides than Tris–borate
buffers described for no sulphated and low sulphated disac-
charide electrophoresis separation [17,18]. A Tris–HCl buffer
was used by Seyfried et al. to resolve a mixture of oligosac-
charides from hyaluronan, even if in that case the separation
was mainly on the basis of the molecular dimension and not
by the charge of the samples [27]; in our condition we also
separated structural isomers: �mono- and �di-sulphate disac-
charides differing in the position of sulphation (e.g. �di-di(4,6)S
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The running buffer was 25 mM Tris–HCl and 192 mM
lycine pH 8.3.

A 5 �l volume of each sample (1/20 of the total) was loaded.
marker sample containing bromophenol blue was also run in

well with no sample. Electrophoresis was performed at 4 ◦C at
80 V for 1 h and then at 400 V since the dye marker was 1.5 cm
rom the bottom of the gel (∼45 min).

Gels were scanned in a UV-light box using a CCD camera
Gel Doc 2000 System) from Bio-Rad Laboratories (Hercules,
A).

.2.5. Solid phase binding assay
Solid phase binding assay was performed as described by

uidetti et al. [16]. Briefly, wells of microtiter plates were
oated in triplicate with 4 �g of BSA and 4 �g of decorin
s protein (in 50 �l of PBS), for 16 h at 4 ◦C. Upon coating,
ashings and blocking procedures, plates were incubated with
�g of purified VWF in 50 �l of PBS for 2 h at room tem-
erature. Bound VWF was detected by peroxidase-conjugated
nti-VWF antibody (1:5000 dilution in PBS containing 1% BSA
nd 0.05% Tween 20). Absorbance was measured at 490 nm
sing an ELISA microplate reader.

. Results

In the present study we analysed the composition of GAG
hain from different decorins using a developed electrophoretic
ethod in comparison with traditional HPLC method. The

nalysis was performed to investigate the role of the sulphation
attern in the interaction of decorin with von Willebrand
actor.
nd �di-di(2,6)S or �di-mono4S and �di-mono6S), whereas
he separation of non-sulphated isomers requires Tris–borate
AGEFS.

In our system all disaccharide bands were clearly separated
s shown in Fig. 1, both in single and in mixture preparation.
s expected, the bands with higher sulphate content showed a

aster migration, whereas the bands with the same sulphate con-
ent showed slightly different migration. Therefore, in this case
he separation is probably due to the different spatial geom-
try of the sulphate groups. The bands represented 2-AMAC
abelled disaccharide standards that can be obtained from chon-
roitinsulphate and dermatansulphate GAG chains. The extreme
ensitivity of the system allowed to detect some impurities in
ommercial standards, as shown, for example, in Fig. 1 (lane
), where �di-di(4,6)S showed contamination of traces of �di-
ono4S.

ig. 1. PAGEFS of standard CS disaccharides; 40 pmol of each 2-AMAC-
erivatized disaccharide was loaded in the gel: lane 1, �di-nonSCS; lane 2,
di-mono6S; lane 3, �di-mono4S; lane 4, �di-di(4,6)S; lane 5, �di-di(2,6)S;

ane 6, �di-tri(2,4,6)S; lane 7, mix of all the CS disaccharides; lane 8, mix of
di-mono6S, �di-mono4S, �di-mono2S.
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Fig. 2. PAGEFS of the 2-AMAC derivatized GAG disaccharides from different
families of decorins; in lanes 1–5 were loaded 5 �l of the derivatized GAG
disaccharides (1/20 of total volume, 2.5 nmol of total disaccharides) obtained
from: lane 1, decorin D1 aorta (D1A); lane 2, decorin D1 tendon (D1T); lane 3,
decorin D2 aorta (D2A); lane 4, decorin D2 tendon (D2T); lane 5, decorin D2
cornea (D2C); lane 6, mix of 40 pmol each of all the CS disaccharides mono-,
di- and tri-sulphated.

Interestingly, the development of this technique allowed the
characterization of the GAG chain of the decorins from different
bovine tissues (Fig. 2). Even though decorins from different tis-
sues have the same core proteins (data not shown), they showed
different GAG structure when analysed by PAGEFS or HPLC
analysis. Decorins purified from different bovine tissues and
separated by standard ultracentrifuge technique in D1 and D2
subfamilies, could be quite different in GAG chain sulphation
pattern (compare Fig. 2, lanes 2 and 4 for tendon samples). The
subfamily D1T in tendon decorin contained more �di-nonSCS
and �di-mono6S than D2T subfamily, which contained mainly
�di-mono4S. In decorin from aorta the sulphation pattern was

different from that described in tendon, in fact D1A and D2A
subfamilies showed similar sulphation pattern (compare Fig. 2,
lanes 1 and 3) and �di-mono4S was the main disaccharide.

All data obtained by PAGEFS have been confirmed by HPLC
equipped with fluorescence detector. Fig. 3 reports a typical
HPLC separation, where in panel A standard disaccharide mix-
ture including the �di-nonSHA (peak 8) was analysed and panel
B contains an example of disaccharide mixture from decorin
GAG chain (D2T). In Table 1 we report all data obtained from
GAG analysis, and the values reported are calculated from
HPLC data, that are in good agreement with those obtained by
PAGEFS. From the disaccharide analysis was evident that �di-
di(2,6)S disaccharide was present in decorin from both aorta
and tendon, even if slightly more abundant in the D1 fraction
(Table 1). The tri- and di-sulphate disaccharides (�di-tri(2,4,6)S
and �di-di(4,6)S) were also detectable, but in traces. Inter-
estingly, decorin from cornea was mainly concentrated in D2
fraction (D2C). In this fraction �di-mono4S was predominant,
with traces of �di-nonSCS (Fig. 2, lane 5) and a particular low
amount of �di-di(2,6)S.

Considering the core protein identity of all decorins, as
previously described [16], the sulphation degree of GAG chains
is critical for decorin binding properties to von Willebrand
factor; in order to clarify more deeply those preliminary
results, we carried out binding experiments using von Wille-
brand factor as ligand with decorins with very different
s
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5 CS.
ig. 3. HPLC chromatogram of: (A) mix of standard CS disaccharides 100 pmo
f total disaccharides) of decorin after ultracentrifugation (sample D2T). Peaks
, �di-mono4S; 6, �di-mono2S; 7, �di-mono6S; 8, �di-nonSHA; 9, �di-nonS
ulphation pattern: decorin from bovine aorta (D2A) and
ecorin from bovine cornea (D2C). In Fig. 4, it is evident
he big difference in binding properties between these two
ecorins: decorin from bovine aorta (D2A) bound with less
fficiency to von Willebrand factor than decorin from bovine
ornea (D2C).

; (B) 10 �l of the derivatized GAG disaccharides (1/10 of total volume, 5 nmol
spond to: 1, �di-tri(2,4,6)S; 2, �di-di(2,4)S; 3, �di-di(4,6)S; 4, �di-di(2,6)S;
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Table 1
Distribution (%) of disaccharides present in the GAG of examined decorins measured by HPLC (see text for details)

Sample Disaccharides D1T D1A D2T D2A D2C

�di-nonSCS 1.90 0.85 0.74 0.63 0.67

�di-mono6S 8.61 0 1.07 0.73 6.15

�di-mono4S 75.72 80.12 85.38 81.00 87.01

�di-di(2,6)S 11.86 16.07 10.21 14.47 3.39

�di-di(4,6)S 0 0.22 0 0.26 0

�di-tri(2,4,6)S 1.90 2.74 2.60 2.91 2.77

Analyzing the GAG composition in Table 1, it is noteworthy
that decorin from aorta (D2A) contained GAG chains with
higher amount of �di-di(2,6)S and lower amount of �di-
mono6S, compared to decorin from cornea (D2C). On this
basis, our data suggest that the position of sulphate group is the

Fig. 4. von Willebrand factor (VWF) binding to decorins. Wells of microtiter
plates were coated with: BSA; decorin from bovine aorta (D2A); decorin from
bovine cornea (D2C). VWF binding to immobilized ligands was measured upon
incubation a peroxidase-conjugated anti-VWF antibody revealed with a colori-
metric reaction. Results are means of three different experiments and the S.D.
is shown.

critical point in the interaction between GAG chains and von
Willebrand factor.

4. Conclusions

Decorin is one of the most studied proteoglycans in the last
decades, not only for its presence and abundance in almost all
tissues, for its role in regulating collagen fibril formation and
the spatial arrangement of collagen fibres in the matrix [4],
but also for its multiple binding ability with a lot of different
ligands, among these cytokines as transforming growth factor-�
[5], molecules of the epidermal growth factor receptor family
[6,7], serpins [26] and recently, von Willebrand factor [16].
Decorin has also been proposed as tumor suppressor in cancer
cells during malignant transformation, and overexpression of
decorin in the tumor matrix, probably by myofibroblasts, has
been postulated to represent a response of the host to invading
cancer cells in an attempt to avert tumor spread [10–13].

Most of these studies were focused on the proteoglycan
protein core, reporting gene sequences, splicing variants [14]
and crystallographic properties [1,15], omitting the informa-
tion deriving from the saccharidic chains, often not for defect
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in availability but for the insufficient sensitivity of the used
methods.

Moreover, the chemical nature and structural aspects of
GAGs are now studied in more detail not only for their relevance
in biological functions [16,26], but also for the methodologi-
cal approaches now available, including among these PAGEFS
recently proposed [17].

In this study, we present an approach developed from the
already published PAGEFS method [17,25,28], useful to char-
acterize the structure of chondroitin and dermatan GAG chains.
These results were confirmed using HPLC as alternative method.
PAGEFS was applied to decorin GAG chains and the encour-
aging results suggested that this approach can be an useful tool
for studies on all proteoglycan containing galactosaminoglicuro-
nan, as versican and aggrecan.

The modified PAGEFS consists of an electrophoretic
procedure in which the salt buffer composition is Tris–HCl.
Other studies reported that Tris–borate buffer is indicated for
no sulphated and low sulphated disaccharide electrophoretic
separation, but this buffer formulation was poorly efficient in
sulphated disaccharides analysis [17,18]. The new condition
we used can completely separate all the chondroitin/dermatan
disaccharides, separating structural isomers as �di-mono- and
�di-disulphate disaccharides differing only in the site sulphate
position (e.g. �di-di(4,6)S and �di-di(2,6)S or �di-mono4S
and �di-mono6S).
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the ratio of these disaccharides changes during aging [19,20],
and it could be used as a marker of matrix aging. The role of the
sulphation pattern in decorin is therefore critical for its physio-
logical functions and in particular the presence of high amount
of �di-di(2,6)S disaccharide.

In conclusion, GAG chains of proteoglycans have not only a
structural relevance, but this study demonstrated that GAG struc-
ture contributes to the biological activity of the proteoglycans.
The improved PAGEFS method here described is therefore one
of the simplest and fastest methods to address the GAG structure
description.
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