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Proteoglycans (PGs) are macromolecules composed of glycosaminoglycan (GAG) side chains covalently
bound to a core protein. There is currently great interest in the elucidation of the biosynthetic pathways of
PGs as they are increasingly implicated as important regulators of many fundamental biological
processes[1]. These include regulation of cell proliferation and recognition, extracellular matrix
deposition, and morphogenesis, which are the consequences of the characteristic GAG moieties
interacting with a variety of protein ligands such as growth and/or differentiation factors, cytokines, and
morphogens[2].

GAGs include chondroitin/dermatan sulfate (CS/DS) and heparan sulfate/heparin (HS/Hep), which
are classified as galactosaminoglycans and glucosaminoglycans, respectively[3]. Major components of
these linear GAGs consist of hexosamine (GalNAc, GIcNAc) and hexuronic acid (GIcA or IdoA), which
are arranged in alternating sequences to form the so-called repeating disaccharide region. These repeating
units contain a number of sulfate substitutents that contribute to the structural and functional diversity of
GAGs[4]. Both types of GAGs are covalently bound to serine residues in the core proteins through the
common GAG-protein linkage structure GIcAR1,3GallR1,3Gal’1,4Xyl’1-O-Ser (GlcA-Gal2-Gall-Xyl-O-
Ser)[5,6]. The linkage region tetrasaccharide is formed by the sequential stepwise addition of each sugar
residue by respective O-xylosyltransferase 1[7], [1,4-galactosyltransferase 7 (GalT-1)[8], [1,3-
galactosyltransferase 6 (GalT-11)[9], and 31,3-glucuronosyltransferase | (GICAT-1)[10]. The transfer of
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either a aGIcNAc or BGalNAc residue on the terminal GIcA of the linkage region initiates the
polymerization of HS or CS chains, respectively. The synthesis of the common GAG-protein linkage
region is a key step in the assembly of PGs because completion of this tetrasaccharide sequence is
essential for the conversion of core proteins to functional PGs[5]. In fact, a number of PG precursors are
variably (1) substituted with GAG chains, (2) substituted with a tetrasaccharide linkage region, (3)
lacking GAG chains, each kind of maturation influencing their biological activity. In addition, PGs such
as serglycin, betaglycan, and CD44 can be substituted at a particular attachment site by either a CS or a
HS[11]. However, the mechanisms of regulation of these processes are unknown yet.

A number of studies have recently focused on the structure of the linkage region as a possible
determinant of GAG chains maturation and sorting[12]. The characterization of the carbohydrate-protein
linkage-region fragments from various sources led to the discovery of several structural modifications.
The xylose residue can be modified by phosphorylation at C2 position, as shown in the case of aggrecan
and decorin. This modification occurs either on HS or DS side chains. On the other hand, the first and the
second Gal residues (referred to as Gall and Gal2) in the linkage region are sulfated on C4 and/or C6
position and sulfation of the linkage region has only been identified on CS chains. Such modifications
have been described for shark and whale cartilage, human urinary trypsin inhibitor, inter-a-trypsin
inhibitor, mouse syndecan 1, swarm rat chondrosarcoma, Engelbreth-Holm-swarm mouse tumor, bovine
and human articular cartilage ([13,14,15] and for review[16]). In order to shed light on the role of
phosphorylation and sulfation in the regulation of the maturation and processing of growing GAG chains,
we analyzed in a recent paper the substrate specificity of the glycosyltransferases involved in the
synthesis of the linkage region with regard to these modifications. We determined whether the
phosphorylation of xylose and sulfation of Gall and/or Gal2 affects GalT-1 and GICAT-I activity,
respectively. For this purpose, we designed and synthesized C2-phosphorylated xylosides and C4 and/or
Cé6-sulfated digalactose analogs of the GAG-protein linkage region[17]. These compounds have been
tested as potential substrates of the two recombinant human enzymes expressed in the yeast Pichia
pastoris. We found that GalT-I did not exhibit in vitro activity towards the C2-phosphorylated xyloside,
suggesting that the presence of this modification on the acceptor substrate precludes recognition and/or
transfer of Gal onto the xyloside derivative. This result is in agreement with early specificity studies
indicating that a xyloside with a bulky 2-O-isopropyl substitutent was not a substrate for native GalT-I
from CHO cells[18]. Our observation is consistent with a biosynthetic mechanism in which
phosphorylation would occur once Gal is attached to the Xyl residue of the nascent oligosaccharide
linkage. On the other hand, as the phosphorylated xylose does not serve as a substrate for GalT-I, it can be
suggested that this modification may arrest the biosynthesis of some GAG chains in vivo and by a
mechanism of phosphorylation/dephosphorylation may regulate the rate of biosynthesis of GAG chains.
In fact, inappropriate modifications by sulfation, as shown for thrombomodulin[19], can interfere with the
synthesis of the linkage region, producing immature linkage region. However, this issue awaits further
investigation.

Furthermore, we examined the influence of sulfation of Gal residues on the activity and specificity of
GIcAT-1. This enzyme plays an important role in the completion of the linkage region and has been
suggested to be rate limiting in CHO cells[20], skin fibroblasts[21], and chondrocytes[22]. Our recent
work suggests that it may represent a pharmacological target in osteoarthritis[22,23]. Interestingly, we
demonstrated that the sulfated analog substituted on the C6 position of Gall served as a better substrate
compared to the unsulfated digalactoside. We found that the enhanced efficiency exhibited by the
membrane-bound and by the purified enzyme was due to a higher affinity towards the C6-sulfated
digalactoside than its unsulfated counterpart. Site-directed mutagenesis studies allowed us to identify
Trp?? and Lys®! as critical residues of the acceptor substrate binding site. On the other hand, no GICAT-I
activity could be detected towards digalactose when Gall was sulfated on the C4 position or when Gal2
was sulfated on the C4 or C6 position. A digalactoside bearing a sulfate substitutent at C6 position of both
Gal residues was not substrate of the enzyme either. These results suggest that sulfation is a critical
feature to serve or not as a substrate for GICAT-I. The observation that sulfation influences the activity of
the glycosyltransferases involved in GAG synthesis is in agreement with previous observations. Recently,
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Seko et al.[24] showed that R1,4-galactosyltransferase IV involved in the synthesis of keratan-sulfate is
specific for GIcNAc-6-O-sulfate. Sato et al.[25] showed strong activity of the recombinant CSGalNAcT-2
towards sulfated chondroitin substrates, suggesting that sulfation stimulates this chondroitin-synthase and
possibly elongation of the GAG chains. Furthermore, it is reasonable to hypothesize that similar
mechanisms may also regulate the synthesis of HS chains during EXT-catalyzed HS extension, as
indicated by the finding that oversulfated HS resulting from glucosaminyl N-deacetylase/N-
sulfotransferase overexpression are longer than wild-type chains[26].

In conclusion, our work demonstrates that phosphorylation and sulfation of the acceptor substrate
critically influence the activity of the glycosyltransferases involved in the formation of the common
linkage region of PGs, suggesting that these modifications may play a role in the regulation of GAG
assembly. The in vivo relevance of these findings requires further investigation. In view of the
regioselective modifications of the galactose and xylose residues of the tetrasaccharide linkage region by
sulfation and phosphorylation and their specific recognition by GICAT-I and GalT-I, it can be
hypothesized that this sequence provides multiple regulatory possibilities driving the biosynthesis of PGs.
Careful examination to detect biosynthetic intermediates during the maturation process of a proteoglycan
as well as identification of the kinase and the sulfotransferases involved in the modification of the
tetrasaccharide linker would represent important steps towards the assessment of the functional
significance of phosphorylation and sulfation of the linkage region. Furthermore, our study sheds light on
the structure and function of the glycosyltransferases involved in the initial steps of GAG synthesis. This
is an important issue with regard to the increasing interest of these enzymes as pharmacological targets.
There is growing evidence for the implication of PGs in several disease processes including
arthropathies[27], atherosclerosis[28], Alzheimer’s disease[29], and cancer[30]. Recently,
glycosaminoglycan precursors have been tested with success as antiamyloid[31] antithrombotic[32], and
antiproliferative agents[33]. A better understanding of the structure and mechanism of the
glycosyltransferases involved in GAG synthesis undertaken in our laboratory[34,35] and in
others[7,8,9,10] paves the way towards the development of carbohydrate- and especially GAG-based
therapeutics.
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