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22.1 Introduction 

Proteoglycans are macromolecules that contain a protein core with one or more 
covalently linked glycosaminoglycan (GAG) chains. The GAG chains are linear 
polymers of repeating disaccharides attached to the core protein through a specific 
oligosaccharide linkage. They are variably substituted with sulfate, leading to the 
generation of a high degree of negative charge. This chapter focuses on the bio- 
synthesis of chondroitin sulfate (CS) and dermatan sulfate (DS) proteoglycans, 
which are characterized by GAG chains consisting of repeating hexosamine ( N -  
acetylgalactosamine (GalNAc)) and uronic acid disaccharides (Figure 1, Section 22.2). 
Proteoglycan structure, function, distribution and metabolism are not addressed 
here in detail (for review, the reader is referred to [ 1-81 and other Chapters in this 
volume). As a group, the CS and DS proteoglycans are widely distributed and 
structurally and functionally diverse, the common property being simply the pres- 
ence of at least one CS or DS chain. In fact, the core proteins differ greatly, and the 
GAG chains vary widely in number, length and structural complexity. Many of the 
CS and DS proteoglycans are prominent in extracellular matrices (ECM), while 
some are a part of the plasma membrane and others are stored in intracellular 
granules. A range of structural and metabolic functions have been established for 
proteoglycans in cartilage, bone, ligaments, tendons, skin and blood vessels, and 
new roles continue to be discovered. For instance, aggrecan is uniquely designed to 
concentrate negative charges in large and abundant aggregates, and is thereby able 
to maintain high levels of hydration, effectively occupy a large tissue volume in the 
cartilage ECM, and absorb compressive forces. Decorin, a small interstitial ECM 
proteoglycan that bears a single DS or CS chain, is involved in the regulation of 
collagen fibril formation and also implicated in growth factor regulation and cell 
adhesion. As a third example, serglycin, which is a CS proteoglycan in mucosal 
mast cells but may alternatively be a heparan sulfate (HS)/heparin or mixed pro- 
teoglycan in other myeloid cells, is found in the secretory granules of immmuno- 
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Chondroitin 4-sulfate 
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Chondroitin 6-sulfate 

Dermatan sulfate 

Figure 1. Repeating disaccharide residues of 
chondroitin 4-sulfate, chondroitin 6-sulfate and 
dermatan sulfate GAG chains. 1,QIdoA-a -1S-GalNAc 

logically active cells where it functions in granule condensation and protease bind- 
ing. Cell surface proteoglycans, such as the syndecans or thrombomodulin mediate 
cellular activities through interactions with growth factors and other bioactive 
molecules. Thrombomodulin is also one of the group of “part-time” proteoglycans, 
because it occurs both with and without its CS chain. Representative proteoglycans 
are described and shown in Table 1 and Figure 2. 

Despite the diversity in structure and function, CS and DS proteoglycans share 
features of their biosynthesis. The synthetic process begins with the translation of 
the protein core and its translocation into the lumen of the rough endoplasmic re- 
ticulum (ER). Subsequent to the activation of sugars and formation and trans- 
location of the precursor sugar nucleotides, xylose (Xyl) is added to serine residues 
of the core protein, and a tetrasaccharide linkage region is completed by the se- 
quential addition of GlcA and Gal residues to produce GlcA-Gal-Gal-Xyl-Ser 
(Figure 3 ) .  The addition of GalNAc as the fifth sugar establishes the beginning of a 
bona fide CS or DS galactosaminoglycan chain. As the nascent proteoglycan is 
transported through the Golgi, the repeating disaccharides of the GAG chain are 
added and sulfated, and in the case of DS, GlcA residues are epimerized to form 
IdoA. Throughout the process, each monosaccharide is added individually to the 
growing chain. These events are shown in Figure 4. Concurrently, glycoprotein-like 
oligosaccharides and other types of GAGS are often attached to the same core 
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Table 1 .  Some CS and DS Proteoglycans. 

Core protein GAG type Location 
(kDa) ( #  chains) 

Extracellular Matrix 
Hyalectans 
Aggrecan 
Versican 
Neurocan 
Brevican 
SLRPs 
Decorin 
Big1 ycan 
Epiphycan 

Type IX collagen 
Bamacan 

Cell Surface 
Syndecan-1 

Syndecan-4 
NG2 

Betaglycan (P/T) 
Thrombomodulin (PIT) 
CD44 (P/T) 

lntracellular 
Serglycin 

220 
265-370 
136 
I00 

40 
40 
35 
68 

138 

31 

20 
25 1 

110 
58-60 
32-38/49 

10-15 

CS (100) 

cs (3-7) 
CS (10-30) 

CS (1-3) 

DS (1) 
DS ( 2 )  

cs (1) 
CS (1 )  

DS (2-3) 

CS/HS (1-4) 

CS/HS (1 -4) 
CS (2-3) 

CS/HS (1-2) 
CS (1) 
CS (0 4) 

Cartilage 
Most soft tissues 
Brain 
Brain 

All connective tissues 
All connective tissues 
Epiphyseal cartilage 
Cartilage, vitreous humor 
Basement membranes 

Epithelial cells, developing 
mesenchyme 

Ubiquitous 
Brain, developing 

mesenchyme 
Fibroblasts 
Endothelial cells 
Epithelial cells, lymphocytes 

CS/HS (10-15) Myeloid cells 

proteins. The enzymes responsible for each of these sugar transfers are organized 
within membranes of the secretory pathway and function in different compartments 
of the ER and Golgi apparatus. Thus, numerous opportunities exist for regulating 
this complex, multistep biosynthetic process. Since the specific structures of both 
the protein core and the attached GAG chains are important for function of the 
mature proteoglycan, the outcome of this regulated biosynthesis has significant 
consequences. (It should be noted that critical control mechanisms operating at the 
levels of transcription and translation are not considered in this chapter; the reader 
is referred to [7-91). Both CS and DS are synthesized as proteoglycans and gener- 
ally appear in tissues in this form, but free GAG chains are sometimes found as 
products of proteoglycan processing or degradation. 

Our knowledge of proteoglycan biosynthesis has grown through studies of intact 
cells, cell-free soluble systems, microsomal/Golgi preparations, and more recently, 
transfected cells. The structural analysis of GAG chains has been facilitated by the 
family of GAG lyases that have specificities for hexosamine, sulfate and uronic 
acid, and by GAG mapping methods that are proving to be quite useful in eluci- 
dating fine structural details [lo]. Molecular cloning and genetic analysis of the 
biosynthetic enzymes and the proteoglycans themselves are powerful approaches 
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Figure 2. A few common CS and DS proteoglycans. Decorin, aggrecan, syndecan-1, and serglycin 
are represented diagrammatically. Thicker solid lines represent core proteins, with a box toward the 
C-terminus of syndecan to indicate its transmembrane domain. Thinner solid lines indicate CS or DS 
chains, and dashed lines are HS chains. For serglycin, the GAG chains may be CS or HS. It is not 
shown, but aggrecan may also have KS chains, and most proteoglycans will have N-linked oligo- 
saccharides and may have 0-linked oligosaccharides. 

that have been instrumental in the current advancement of our knowledge base, and 
will allow interesting manipulations in the future. It is becoming apparent that 
several of the enzymes involved in the formation of GAG chains are members of 
families of related genes. The existence of multiple isozymes for individual trans- 
ferase reactions provides a biological basis for developmental and tissue-specific 
regulation, and a potential mechanism for generating specific GAG micro- 
structures. Overall, proteoglycan biosynthesis is an area of active investigation with 
a promising future. 

Although many features of CS and DS biosynthesis are understood, basic ques- 
tions remain unanswered. For example, why are certain GAG chain initiation sites 

Figure 3. Structure of the common oligosaccharide linkage region. 
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Figure 4. Proteoglycan biosynthesis and the secretory pathway. The rough ER (rER) and Golgi 
compartments of the exocytic pathway and the extracellular space are indicated. Aggrecan synthesis 
and processing is represented below to illustrate modifications characteristic of each processing 
stage. Folding begins and N-linked oligosaccharides (Y) are added in the rER, xylose addition oc- 
curs in the late ER-early Golgi, followed by completion of the linkage region in the cis-medial 
Golgi, and repeating disaccharides are added and sulfated in the late Golgi. The mature aggrecan is 
secreted into the extracellular space where it associates to form aggregates with hyaluronan and link 
protein. Proteoglycans such as decorin are also secreted and function extracellularly, while others 
such as syndecan or thrombomodulin are inserted into the cell membrane during translation and 
become cell surface-associated upon completion of synthesis and processing. Serglycin remains in 
intracellular storage granules after processing in the Golgi is completed, and is released after cell 
activation. 

and not others selected for modification? How is the choice made between adding a 
CS or DS or an HS chain? How is GAG chain length regulated? and How are 
unique GAG microstructures synthesized? Among the CS and DS proteoglycans, 
the biosynthesis of aggrecan, serglycin and decorin has been studied extensively, 
and will be emphasized in this Chapter. 

22.2 Proteoglycan Structure 

22.2.1 Proteoglycans and Their Core Proteins 

When they were first discovered, proteoglycans were named mucopolysaccharides 
because the most prominent characteristic of the substance was its slimy viscosity, 
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and it was not understood that, with the exception of hyaluronan, the GAGS are 
covalently attached to proteins (discussed in [ 1 11). Subsequently, proteoglycan 
classification was based on the type of attached GAG chain, i.e., as CS, DS, HS, or 
keratan sulfate proteoglycans. Since molecular cloning strategies have been applied, 
however, commonalties in the organization of proteoglycan domains and genes 
have emerged that define proteoglycan families. Despite the relationships among 
the various proteoglycans, the subject of proteoglycan biosynthesis in the context of 
this volume lends itself to presentations organized according to GAG chain type, 
and this chapter considers specifically the CS and DS proteoglycans. Thus, the CS 
or DS chain modification is the common feature among these proteoglycans, and 
otherwise they bear little similarity to each other. 

In general, proteoglycans are extensively modified proteins, with the core protein 
representing in some cases less than 10% of the molecular mass. For this reason, the 
chemical purification of intact core proteins free of GAG chains proved to be diffi- 
cult, and the initial characterization of core proteins was accomplished through the 
cell-free translation of mRNAs from proteoglycan-synthesizing tissues such as car- 
tilage. Since that time, molecular cloning has served to more systematically define 
core protein structures and gene families. The core proteins range in size from ten to 
several hundred kDa, while the corresponding proteoglycans are 80 kDa to over 
3,000 kDa. A brief introduction to some CS and DS proteoglycans and their pro- 
tein cores follows, but for a more complete description of proteoglycans, core pro- 
teins and gene structure and organization, the reader is again directed to several 
excellent reviews [ 1-81. 

The two families that predominate among the CS and DS proteoglycans are 
found in the ECM. The modular arrangements, common structural features and 
genomic organization within the families suggest relationships that reflect exon 
shuffling and duplications during evolution. Aggrecan, the large aggregating CS 
proteoglycan of cartilage, is the prototypic member of one major family whose 
members are distinguished by the ability to form aggregates with hyaluronan, 
through the highly conserved N-terminal hyaluronan-binding domain ([7, 121 and 
references therein). Each member is also characterized by a highly conserved C- 
terminal selectin-like domain and a central GAG attachment domain. Other CS 
proteoglycans in this family include: versican, which is widely distributed and whose 
mRNA is subject to considerable alternative splicing; neurocan, which is develop- 
mentally regulated in neurons; and brevican, which is the smallest of the group, 
brain-specific, and sometimes present in a non-glycosylated form as a part-time 
proteoglycan. In the small leucine-rich repeat proteoglycan (SLRP) family, decorin, 
biglycan, and epiphycan are the three DS/CS proteoglycans ([7] and references 
therein). These non-aggregating proteoglycans contain one to three GAG chains 
attached to a core protein characterized by a central region of multiple leucine-rich 
repeats flanked by small cysteine clusters. Similar motifs are also characteristic of 
unrelated proteins (e.g., ribonuclease inhibitor). It has been suggested that the 
domains of the core protein mediate protein-protein and protein-membrane inter- 
actions; indeed, the ability of decorin to bind collagen fibrils appears to be a prop- 
erty of the core protein. 

A variety of other CS and DS proteoglycans have been described. The ones listed 
here and in Table 1 are presented to indicate the range of macromolecular types 
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and are not a complete representation. Additional CS proteoglycans of the ECM 
include bamacan, a multidomain basement membrane proteoglycan [ 131 and type 
IX collagen, which is found in cartilage associated with type I1 collagen, and also 
found in the vitreous, where it has a CS chain roughly ten times larger than its CS 
chain in cartilage [14]. Some CS and DS proteoglycans reside at the cell surface, and 
among these are syndecans -1 and -4, which are also HS proteoglycans (see 
Chapter 42, this volume), betaglycan, which is a proteoglycan form of the type I11 
receptor for transforming growth factor-B [15] and NG2, which is expressed in 
neural cells and is the homologue of the human melanoma proteoglycan [ 161. 
Generally, these proteoglycans have a large N-terminal, GAG-substituted ectodo- 
main, a transmembrane domain, and short C-terminal cytoplasmic domain. They 
are known to interact with growth factors and other biologically active molecules, 
and sometimes with ECM constituents, and may function in cell interactions, ad- 
hesion, migration and proliferation. Within this group, CD44 and thrombomodulin 
exist as part-time proteoglycans, sometimes with attached GAG chains, and some- 
times not [ 17- 191. Serglycin is an important and well-characterized representative 
of the intracellular storage proteoglycans. first appreciated because of its multiple 
Ser-Gly repeats [20]. Taken together, the CS and DS proteoglycans are a heteroge- 
neous and distinctive group of complex macromolecules. 

22.2.2 What Initiates GAG Chain Addition? 

At present it is not entirely clear what commits a protein to become a proteoglycan. 
Studies with synthetic peptides have been unable to define a single consensus se- 
quence for chain initiation, but generally, a substituted Ser is followed by Gly and 
the Ser-Gly pair is preceded by acidic amino acids (reviewed in [ 12, 211). Recently, 
the alignment of amino acid sequences of over 50 CS attachment sites from 19 dif- 
ferent core proteins generated the consensus sequence a-a-a-a-Gly-Ser-Gly-a-b-a 
(with a=Glu or Asp and b=Gly,Glu or Asp), which was further tested by in vitro 
xylosylation reactions [22]. Despite these correlations, potential Ser-Gly sites for 
xylose addition commonly escape substitution. As a further complication, results 
from site-directed mutagenesis studies indicate that either of the two Gly residues in 
the Ser-Gly-Ile-Gly sequence of the decorin core protein could be replaced by Ala 
residues, without any appreciable decrease in GAG substitution [23]. Properties 
such as proximity to other substituted sites, downstream sequence, or secondary 
structure may also be important for xylose addition to singly and multiply sub- 
stituted core proteins, and in the latter case, may facilitate a processive mechanism 
for GAG initiation [ 12, 211. Other sequence and structural features contribute to the 
specification of HS or CS chains on the common linkage region (Section 22.2.3). 

22.2.3 The Linkage Region 

A common tetrasaccharide sequence consisting of GlcA-Gal-Gal-Xyl links both 
galactosaminoglycan (CS and DS) and glucosaminoglycan (HS and heparin) chains 
to the Ser residues of the core proteins (Figure 3). Phosphate groups have been 
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identified on Xyl residues of aggrecan and decorin [24-261, and sulfation of some 
Gal (predominantly the second Gal) has also been reported, notably for aggrecan 
[27]. Interestingly, all of the Gal residues are sulfated in the carbohydrate-protein 
linkage region of the chondroitin 4-sulfate chain attached to urinary trypsin inhibi- 
tor and inter-a-trypsin inhibitor [28, 291. The addition of GlcA as the last residue 
signifies the completion of the common tetrasaccharide linkage region for both 
galactosaminoglycans and glucosaminoglycans. Because mutant CHO cells lacking 
Xyl transferase [30], Gal transferase I [31], or GlcA transferase 1 [32] fail to syn- 
thesize both types of GAG chains, it has been concluded that the same enzymes 
catalyze the addition of the linkage sugars that initiate the formation of both 
galactosaminoglycan and glucosaminoglycan chains (Section 22.3). The subsequent 
addition of the first hexosamine residue commits the growing GAG chain to become 
a galactosaminoglycan or glucosaminoglycan chain, and for this reason represents 
a key regulatory step in determining GAG chain type. Under some conditions, core 
proteins have been reported to be modified only by linkage sugars, without the 
continued polymerization of GAG chains (Section 22.3.3). 

What determines whether a galactosaminoglycan or glucosaminoglycan chain 
will be added to a given GAG substitution site is an unresolved question of great 
interest. As a rule, specific proteoglycans can be classified as CS and DS or HS and 
heparin proteoglycans, but variability in the GAG substitution is also documented. 
In the case of serglycin, for example, the same core protein is substituted with CS 
chains when expressed in mucosal mast cells, but is substituted with heparin in 
connective tissue mast cells, and may be substituted with varying proportions of 
heparin and CS chains in different cells and under different growth conditions [20, 
331. For proteoglycans such as syndecan-1 and betaglycan, the same core protein 
can be substituted with both CS and HS chains. Some sequence and structural fea- 
tures of the core protein, such as clusters of flanking acidic amino acids, an adjacent 
Trp, (Ser-Gly)z units, or a hydrophobic pocket appear to preferentially direct the 
addition of HS rather than CS chains, but the relative proportion of HS versus CS 
chains is also dependent upon the specific expressing cell and growth conditions [21, 
341. Although certain amino acid sequences, other distal signals and non-sequence 
based features favor HS addition, other factors such as interactions with the glyco- 
syl transferases or targeting of core proteins to subcellular sites containing HS- or 
CS-synthesizing enzymes may influence the outcome as well. 

22.2.4 CS and DS Chains 

CS contains GlcA and N-acetylgalactosamine (GalNAc) residues as the repeating 
disaccharides, linked pl-3 and p1-4 (Figure 1). The GalNAc residues are predom- 
inantly sulfated in the 4- or 6-position, with a few non-sulfated residues. CS is 
heterogeneous, containing variable proportions of non-sulfated chondroitin, chon- 
droitin 4-sulfate, and/or chondroitin 6-sulfate residues. The extent of sulfation and 
amounts of 4-sulfate and 6-sulfate vary significantly in different species and tissues. 
In general, the sulfation is almost exclusively 6-sulfate or 4-sulfate, so that CS is not 
ordinarily found with equal amounts of both types of sulfate. Usually a single 
GalNAc residue will have only one sulfate, either 4 or 6, but disulfated 4, 6 GalNAc 
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residues are occasionally found. Additionally, GlcA may be sulfated at the 2- and 
3 -positions. 

DS is even more heterogeneous, since all DS contains the IdoA that defines this 
substance as DS (Figure 1) and some GlcA more common to CS. When IdoA and 
GlcA are present they are interspersed, and as a result, some regions are DS-like 
and others are CS-like within a single chain. Thus, DS is always a CS/DS hybrid. 
This is an interesting organization because the biosynthesis of IdoA, an epimeriza- 
tion process catalyzed by uronosyl epimerase, requires GlcA residues as precursors. 
The GalNAc of the dermatan disaccharide (IdoA-GalNAc) appears to be always 
4-sulfated and rarely non-sulfated or 6-sulfated, despite 6-sulfated chondroitin dis- 
accharide residues in the same GAG chain. In addition, DS may have IdoA 2-sulfate 
in fairly high amounts. At least nine different hexuronic acid-GalNAc disaccharide 
units have been identified, with sulfate residues located at the different positions 
mentioned and containing either GlcA or IdoA residues. 

The sulfated GAG is frequently the “business end” of the molecule and its het- 
erogeneity and microstructure can be of paramount importance in directing func- 
tion. The best characterized and most striking examples of unique GAG micro- 
structure functions have been described for HS/heparin; the first of these selective 
structures to be described was for the antithrombin 111 binding sequence in heparin 
(see Chapter 42, Volume IV). For CS/DS chains, specific interaction with heparin 
cofactor I1 requires the 2-sulfated IdoA-containing disaccharide units [35]. The im- 
portance of CS/DS microstructure is also suggested for other biological interactions 
involving hepatocyte growth factor/scatter factor, promotion of fibroblast growth 
factor-2 during wound repair, and neurite outgrowth (see [36] for references). Al- 
though the basic steps involved in the biosynthesis of CS/DS have been established 
in some detail, there is little information concerning the control and consequences 
of the high degree of variability seen in the number and length of galactosamino- 
glycan chains, the extent and type of sulfate substitution, and the degree of epime- 
rization of the uronic acid residues. It is likely that these regulatory features will 
reflect such factors as the core protein sequence, structure and abundance, and may 
be influenced by post-translational modifications that affect the rate of core protein 
transit through the Golgi complex and accessibility of the GAG-synthesizing 
transferases and sugar/sulfate donor substrates. A role for accessory proteins or 
perhaps molecular chaperones is an intriguing but essentially unexplored possibility. 

22.3 Biosynthesis of CS and DS Proteoglycans 

22.3.1 Biosynthesis of the Core Protein 

Once individual proteoglycan core proteins were identified, the investigation of 
early stages in proteoglycan synthesis and processing progressed. As is the case for 
most membrane and secreted glycoproteins, nascent core protein biosynthesis is 
initiated by translation in the cytosol and translocation of the nascent polypeptide 
into the lumen of the ER through the translocon, via a signal sequence-mediated 
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process. After the nascent core protein is translocated to the ER lumen, N-linked 
oligosaccharides are added co-translationally to Asn residues from dolichol phos- 
phate intermediates. Chaperone-mediated folding, formation of disulfide bonds and 
the initial trimming of the N-linked oligosaccharides presumably occur before the 
modified core protein exits the ER. Some of these events have been detailed specif- 
ically for the aggrecan and decorin core proteins (137, 381 and references therein), 
and they are probably operative for other core proteins as well. 

The necessity of exit from the ER for the continued progress of proteoglycan in- 
termediates through the secretory pathway is underscored by the recessive genetic 
defect, nanomeliu, a lethal dwarfism with skeletal abnormalities caused by the ab- 
sence of aggrecan in the cartilage ECM ([ 371 and references therein). As a result of a 
premature stop codon within the CS2 domain of aggrecan, nanomelic chondrocytes 
synthesize a truncated core protein that fails to become a proteoglycan because it 
does not arrive at the Golgi complex. Although the abnormal precursor undergoes 
ER-mediated processing events such as the addition of N-linked oligosaccharides 
and even xylosylation, pulse/chase labeling studies have shown that it exhibits a 
time-dependent loss which most likely involves disposal by ER-associated degra- 
dation. What minimal folding or conformational requirements of the aggrecan core 
protein are necessary to meet quality control criteria for exit from ER are not yet 
clear, but the three globular domains of normal aggrecan certainly undergo exten- 
sive folding. 

The problem of aggrecan folding and trafficking through the secretory pathway 
has been addressed in expression studies using cells transfected with selected 
aggrecan domains, focused on the role of globular domains and interactions with 
molecular chaperones. Results suggest that proteins containing G1 as the only glob- 
ular domain move slowly out of the ER, while intracellular trafficking and GAG 
addition is expedited by the C-terminal G3 domain (1391 and references therein). 
This experimental approach should be helpful for the further characterization of 
proteoglycan synthesis, processing and trafficking. 

Decorin has been emphasized in biosynthetic studies of DS proteoglycans, par- 
ticularly with respect to co- and early post-translational processing. One interesting 
feature of the decorin core protein is the presence of a 14 amino acid propeptide. 
While evidence has been presented for cleavage of the propeptide as an early post- 
translational event in bovine articular chondrocytes [40], other studies demonstrate 
that decorin is secreted from fibroblasts with the propeptide intact [41]. The ex- 
pression of decorin constructs with deletions in the N-terminal propeptide resulted 
in the synthesis and secretion of decorin with shorter than normal GAG chains [42], 
suggesting that the propeptide may influence interactions with the modifying gly- 
cosyltransferases or affect intracellular transport. The propeptide of biglycan, which 
is not removed, has also been implicated in facilitating GAG chain addition 1431. 

22.3.2 Origin of Sugar and Sulfate Precursors 

Synthesis of the CS/DS chains proceeds by the transfer of individual sugars from 
uridine sugar nucleotide (UDP) precursors. The major precursor activation path- 
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way is from glucose to sugar phosphates, followed by formation and modification 
of UDP-linked sugars (for further information, refer to Chapters 1 and 2, this vol- 
ume). The intermediate required for sulfation of chondroitin/dermatan chains is 3’- 
phosphoadenosine 5’-phosphosulfate (PAPS), formed from sulfate and ATP via 
two sequential reactions. These two reactions are catalyzed by ATP sulfurylase and 
APS kinase, activities that reside on a single bifunctional protein in mammals [44]. 
The reactions involved in the activation of sugars and sulfate take place in the cy- 
tosol, catalyzed by soluble enzymes. Subsequently, the sugar nucleotides and PAPS 
are transported from the cytosol across the membrane into the lumen of the Golgi 
by means of an antiport mechanism [45]. Although transport of UDP-Xyl has been 
reported [46], its formation has been shown to take place in particulate fractions 
[47] and within the lumen of the ER or Golgi [48], where the membrane-bound 
UDP-GlcA decarboxylase is located. An adequate supply of specific nucleotide 
sugars and PAPS within the ER or Golgi lumen at the site of enzymatic addition is 
critical for the biosynthesis of proteoglycans. Consequently, the availability (or 
lack) of sufficient amounts of these molecules is likely to bear upon the regulation of 
GAG chain initiation, final chain length, and the type and extent of sulfation. 

22.3.3 Addition of the Linkage Oligosaccharides 

Xylosylation 

The biosynthesis of the polysaccharide portion of the GAG chain begins with the 
addition of Xyl from its donor substrate, UDP-Xyl, to specific serine moieties in a 
core protein. Xyl transferase reactions have been investigated using microsomal 
preparations from several tissues, with cartilage serving as a prototype. Initially, 
immunocytochemical and subcellular fractionation studies placed the site of xylo- 
sylation between the ER to Golgi (reviewed in [49]). Based on the examination of 
radiolabeled semi-intact avian chondrocytes in combination with electron micro- 
scopic autoradiography and subcellular fractionation, it was determined more di- 
rectly that xylosylation begins in the ER and continues in the early Golgi [48, 501. 
The ER-to-Golgi transport step is necessary for a core protein to progress through 
the secretory pathway, and it has been suggested that the core protein-Xyl trans- 
ferase interaction and subsequent interaction of Xyl transferase with Gal transferase 
I (see below) could serve as a docking mechanism to deliver the core protein to the 
Gal transferase 1 in the early Golgi compartment [49]. Although the easily solubi- 
lized membrane-bound Xyl transferase has been purified from cartilage and rat 
chondrosarcoma, and some of its molecular and catalytic properties have been ex- 
amined (reviewed in [49]), further progress has been impeded by a lack of molecular 
cloning and analysis. Since xylosylation of serine residues is the first step in the se- 
quence of reactions leading to the biosynthesis of GAG chains, Xyl transfer is an 
important step in the transition from a protein to a proteoglycan. However, because 
the same Xyl transferase initiates chain synthesis for both HS/heparin and CS/DS, 
this modification is not the determinative event in specifying the synthesis of a par- 
ticular type of GAG chain. 
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The phosphorylation of Xyl has been reported for both aggrecan and decorin. 
Phosphorylated Xyl is evident on aggrecan molecules even in the ECM, suggesting 
that the modification is stable in chondrocytes [24]. This addition has been followed 
as an early post-translational event [51]. In the case of decorin, phosphorylation is 
transient. Under normal circumstances, the phosphate group is removed upon ad- 
dition of the first GlcA residue. However, treatment with brefeldin A, an inhibitor 
that interferes with anterograde transport from the ER to the Golgi, and competi- 
tion experiments using p-D-xylosides to prime galactosaminoglycans demonstrate 
that the dephosphorylation step can be blocked ([38] and references therein). It will 
be interesting to learn more about the enzymatic machinery involved in Xyl phos- 
phorylation and dephosphorylation, and the specific details and biological relevance 
of these modifications for aggrecan and decorin. It has been suggested that phos- 
phorylated Xyl may serve as a signal during intracellular trafficking or in regulating 
subsequent GAG modification. 

Galactosylation 

Extension of the GAG linkage region on the xylosylated core protein continues by 
the sequential addition of two Gal residues from UDP-Gal. Xylosylated core pro- 
teins provide the natural substrate, but p-D-xylosides have also proven to be useful 
for priming galactosaminoglycan synthesis in cultured cells (as in the example dis- 
cussed above). Cell-free microsomal systems derived from cartilage were first used 
to demonstrate the transfer of Gal to free Xyl and P-D-xylosides. Although several 
properties of the two Gal transfer reactions were similar, competition experiments 
with mixed substrates indicated that the reactions were catalyzed by either two 
separate enzymes or by two independent catalytic centers on the same enzyme. 
Solubilization of the Gal transferases has been more difficult to achieve than for 
Xyl transferase, suggesting that these enzyme(s) are more firmly attached to the 
Golgi membranes. Interestingly, Gal transferase I but not Gal transferase I1 was co- 
precipitated with immune serum against Xyl transferase. Subcellular fractionation 
studies of chick cartilage support the existence of two Gal transferase enzymes 
residing in different locations of the cis or medial Golgi. Studies in rat liver using 
“freeze-frame” Golgi incubations and a diffusible xyloside acceptor also support the 
notion of two separate enzymes (reviewed in [52]). Finally, mature DS proteoglycan 
failed to be produced by fibroblasts from a progeroid syndrome patient with re- 
duced Gal transferase I activity, suggesting that the second Gal transferase does not 
compensate for the enzymatic defect [53]. Just recently, a cDNA clone encoding 
human Gal transferase I that restored GAG synthesis in Gal transferase I mutants 
was isolated using a clone from the EST data base [54]. 

Evidence clearly supports two independent Gal transferases for the addition of 
the two Gal to the linkage region on normal core proteins. However, the observa- 
tion that GAG chains are assembled on P-D-xylosides in Gal transferase I-defective 
CHO cells suggests that alternative pathways for these glycosyl transferase re- 
actions may also exist [31]. (Apparently, an alternative pathway is not available in 
fibroblasts, since GAG chain formation failed to occur on P-D-xylosides added to 
the progeroid patient cells with reduced Gal transferase I activity described above 
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[53].) It will be of interest to learn how the organization of the enzymatic machinery 
within Golgi subcompartments impacts biosynthesis. In this regard, the identifica- 
tion of a pool of decorin intermediates with attached Gal-Gal-Xyl (similarly noted 
for the proteoglycan precursor in brefeldin A-treated melanoma cells) and the ob- 
servation that the highest levels of phosphorylated Xyl are found on the linkage 
trisaccharide of decorin suggest that biosynthesis progresses in discrete stages. The 
inability of p-D-xylosides to prime galactosaminoglycan synthesis or inhibit decorin 
glycosylation and phosphorylation in brefeldin A-treated fibroblasts indicates that 
some biosynthetic steps may occur independently of one another and utilize sepa- 
rately organized sites of multi-enzyme complexes [ 381. 

Finally, the sulfation of linkage Gal has been reported for CS and DS proteo- 
glycans. It appears that this modification is catalyzed by the sulfotransferases that 
add sulfate to the GalNAc of CS chains since the 6-sulfotransferase that sulfates 
GalNAc in CS also catalyzes the 6-sulfation of Gal in keratan sulfate (Section 
22.3.4) and is capable of sulfating the linkage region Gal residues [55]. If this is the 
case, the modification would occur relatively late in the biosynthetic process. 

Addition of GlcA and completion of the common tetrasaccharide linkage region 

The first GlcA is transferred from UDP-GlcA by a GlcA transferase that appears to 
be distinct from the GlcA transferase involved in the formation of the repeating 
disaccharide units [ 521. Sucrose density gradient centrifugation studies of Golgi 
membrane fractions indicate that this first GlcA transfer takes place in both medial 
and trans Golgi regions separate from the region where the two Gal residues are 
added [52]. 

Recently, a human GlcA transferase I was cloned and expressed [56].  A hamster 
cDNA 95Y0 identical to the human cDNA clone was also reported [57], and shown 
to correct mutants lacking GlcA transferase I activity that were isolated using a new 
selection strategy [32]. Results presented in the latter study suggest that the GlcA 
transferase I catalyzes additions to a common linkage region for both CS and HS 
biosynthesis in CHO cells. 

Interestingly, the hamster cDNA was also 65% identical to the GlcA transferase 
(GlcAT-P) involved in the GlcA modification known to be involved in generating 
the carbohydrate epitope HNK-1 (human Datural killer cell carbohydrate antigen- 
1 ), an epitope highly abundant in glycoproteins, proteoglycans, and glycolipids of 
the nervous system. An evolutionary relationship between the enzymes was strongly 
suggested, and also supported by the restoration of GAG assembly in mutant CHO 
cells deficient in GlcA transferase I after transfection with either the hamster GlcA 
transferase I or GlcAT-P cDNAs [57]. Substrate specificities for the two recombi- 
nant enzymes exhibited significant overlap, although the GlcA transferase I was 
highly selective for substrates resembling the linkage region tetrasaccharide and the 
GlcAT-P was considerably less selective. Transfection experiments further estab- 
lished that both enzymes were able to catalyze GAG biosynthesis and produce 
HNK- 1 carbohydrate epitopes. These results are particularly intriguing in light of 
the expression of the GlcA transferase I in all tissues tested, and the expression of 
GlcAT-P only in brain and neurons. 
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In the case of the part-time proteoglycan, thrombomodulin, the a-thrombomo- 
dulin form was found to be a core protein modified by only the linkage tetrasac- 
charide [58] .  The block to further GAG assembly at this point demonstrates that 
addition of the fifth hexosamine can be the critical regulatory step for continued 
GAG polymerization. It remains to be established if this property is unique to part- 
time proteoglycans. Although thrombomodulin with attached tetrasaccharide 
linkage region was able to promote galactosaminoglycan chain elongation, tetra- 
saccharide linkage region-Ser and tetrasaccharide linkage region-Ser-Gly-Gly were 
not, suggesting that the core protein itself may be important for continued GAG 
assembly [ 591. 

Initiation of CS/DS chains by addition of the first GalNAc 

When GAG polymerization continues, the respective transfer of GalNAc or 
GlcNAc to the linkage oligosaccharide is the first step that provides specificity for 
CS/DS or HS/heparin GAG formation. Evidence has been presented to support 
the notion that the first GalNAc and the first GlcNAc are added by enzymes dif- 
ferent from the GalNAc and GlcNAc transferases involved in polymerization [60- 
621. However, in the thrombomodulin studies discussed above, the success of a 
chondroitin-synthesizing enzyme preparation in promoting GAG assembly on a 
thrombomodulin-linkage tetrasaccharide substrate raises the possibility that the 
same enzyme can catalyze the transfer of GalNAc for both the linkage region and 
repeating disaccharide units. These issues should be resolved as the cloning and 
molecular characterization of the enzymes progress. 

An alternative a-GalNAc transferase activity has been described that could 
function in a capping mechanism to block the further addition of GAG chains or in 
the initiation of HSlheparin rather than CS/DS chain formation. This unique a- 
GalNAc transferase was recently purified from a human sarcoma cell line. Peptide 
analyis revealed 100% identity to the multiple exostoses-like gene EXTL2/EXTR2 
family of tumor suppressors, and expression of a soluble recombinant form of the 
protein was shown to catalyze the transfer of GalNAc or GlcNAc to the serine- 
linkage tetrasaccharide from activated UDP precursors [63]. Although small 
amounts of a-GalNAc-terminated Gl~A-Gal-[~H]Gal-xyloside were identified in 
several different cell lines grown with p-D-xylosides and ['H]galactose 1641, the 
presence of a-GalNAc in CS or DS chains has never been described. It remains to 
be determined whether or not the a-GalNAc serves as a stop signal to preclude 
further chain elongation or as a shunting mechanism for HS biosynthesis, or 
whether it serves yet another function. 

22.3.4 Formation of the CS/DS Chains 

Addition of the repeating disaccharides 

Upon completion of the linkage region and the addition of the first acetyl hexos- 
amine, the growth of CS chains continues by the addition of alternating residues of 
GlcA and GalNAc from activated precursors. Formation of the repeating dis- 
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accharide units occurs in the Golgi by alternating the transfer of sugars to the non- 
reducing end of the growing nascent proteoglycan primer in a highly organized 
fashion, with both N-acetylhexosaminyl transferase and GlcA transferase acting in 
concert to elongate individual chains. Polymerization on endogenous primers can 
result in CS chains as large as 70 kDa or more. However, exogenously added oli- 
gosaccharides serve as substrates for the addition of only one or a few sugars, and 
do not serve as primers for substantial chain polymerization. This significant dis- 
crepancy suggests that positioning the nascent proteoglycan in juxtaposition to the 
enzymes is essential for extensive polymerization. Density gradient subfractionation 
studies, immunocytochemical and cytochemical studies have suggested that the 
polymer-forming glycosyl transferases in chondrocytes are contained in both medial 
and truns Golgi fractions ([52] and references therein). What interactions and 
mechanisms hold the nascent proteoglycan in place in relation to the synthesizing 
glycosyl transferases and serve to regulate chain lengths are not understood. In this 
regard, the observation that brefeldin A-treated cells add shorter and undersulfated 
chains to CS/DS proteoglycans such as decorin and serglycin, and perhaps no GAG 
chains to other CS proteoglycans, suggests that organization within the Golgi 
membranes is important and may differ in specific Golgi subcompartments and in 
the various specialized cells [37, 65-69]. It will be of interest to determine what re- 
lationships exist between Golgi organization and chain elongation for different CS 
proteoglycans and in different cells. 

The polymer-forming enzymes involved in CS biosynthesis have been partially 
purified. A photoaffinity technique for labeling with [ P-”P]5N3UDP-GlcA was 
used to demonstrate that the GlcA transferase I1 is an 80 kDa protein [70]. Separate 
proteins appear to be involved in the transfer of GlcA and GalNAc residues in CS/ 
DS sulfate synthesis (Sugumaran unpublished), in contrast to the finding that a 
single protein catalyzes the transfer of both sugar residues in HS/heparin synthesis 
[71, 721. It remains to be established whether the same or separate polymer-forming 
glycosyl transferases exist for CS and DS synthesis and how the enzymes are 
regulated. 

Epimerization of GlcA to IdoA to form DS 

As mentioned in Section 22.2.4, DS is defined as a CS-like GAG with IdoA as well 
as GlcA. Usually the IdoA content is greater than 50% of the total uronic acid, but 
smaller percentages are also seen. The remainder consists of GlcA-containing CS 
regions with small but variable amounts of nonsulfated chondroitin disaccharide 
residues. The IdoA is formed by the epimerization of GlcA after it has been incor- 
porated into the GAG chain, and not from an IdoA nucleotide (reviewed in [55]). It 
has been shown using microsomal systems that there is little epimerization before 
the addition of PAPS to the incubation mixtures and experiments performed later 
with cultured human skin fibroblasts grown under conditions of sulfate depriva- 
tion confirmed and extended these findings. All the DS-like regions with IdoA- 
containing disaccharide units were found to have 4-sulfated GalNAc adjacent to the 
epimerized GlcA, while all the CS-like regions with GlcA-containing disaccharides 
remained non-sulfated. Thus, the epimerization of GlcA to IdoA in the formation 
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of DS is intimately linked to GalNAc sulfation, although the order of the relation- 
ship has not been established definitively (reviewed in [ 5 5 ] ) .  

The precise subcellular location for epimerization is not known, but studies with 
monensin, which blocks the secretory pathway in the medial Golgi region, have 
indicated that 6-sulfation of decorin is less affected than the epimerization and 4- 
sulfation of decorin [73]. The experiments suggest that the 4-sulfotransferase and 
epimerase must be in close proximity to each other and that the 6-sulfation of 
decorin occurs in an earlier Golgi compartment. The epimerase has yet to be char- 
acterized and cloned. 

Sulfation of GalNAc 

Sulfation of CS and DS occurs with the direct transfer of sulfate groups from PAPS 
to appropriate sites on the GAGS during or after polymerization ([55] and refer- 
ences therein). The same microsomal preparations that are involved in GAG poly- 
merization contain the enzymes for the addition of sulfate, and separation of the 
sulfotransferases from the site of polymerization results in a lower efficiency of sul- 
fation. Partial GAG and oligosaccharide chains that are not in juxtaposition to 
the sulfotransferases are much less efficient as sulfate acceptors. Sulfation in vitro 
tends to occur in an “all or nothing” fashion, resulting in chains that rapidly be- 
come highly sulfated or remain unsulfated. Specific hexosaminyl 4- and/or 6-0- 
sulfotransferases are involved in the transfer to each type of sulfation site. Whether 
the specific sulfation is a random or programmed process is not known. Sulfation 
appears to occur while the nascent GAG chains are actively growing rather than 
after the chains are completed. Like polymerization, 6-sulfation of chondroitin/ 
dermatan takes place in the medial and early trans Golgi regions while 4-sulfation 
appears to occur in a later trans Golgi region [85].  

Sulfation has been suggested as one of the factors regulating GAG chain length 
(reviewed in [55] ) .  Cell-free studies have shown that the presence of a 4-sulfated 
GalNAc at the end of a CS chain, or a GalNAc that is preterminal to a GlcA at the 
end of a CS chain, blocks the further addition of GalNAc or GlcA residues. Natu- 
rally occurring CS chains as well as endogenous microsomal primers terminate in 
GalNAc 6-sulfate, GalNAc 4-sulfate, or GlcA, but in vitro 6-sulfation of GalNAc 
at the non-reducing end has not been demonstrated. It is probable that in vivo the 
terminal GalNAc 6-sulfate modifications arise through the action of a distinct 
enzyme found in a variety of tissues from different vertebrate species that is capable 
of adding a 6-sulfate to a terminal GalNAc 4-sulfate. The resulting GalNAc 4,6- 
disulfate may next be 4-desulfated by another enzyme, producing a terminal GalNAc 
6-sulfate that can then allow further polymerization to proceed. This sequence of 
events may provide a salvage mechanism for prematurely terminated chains. Ac- 
cordingly, aggrecan from chicken cartilage and rat chondrosarcoma has been shown 
to contain significant proportions of terminal GalNAc 4-sulfate and GalNAc 4,6- 
disulfate. Whether or not such sulfated terminal GalNAc residues regulate chain 
lengths in vivo needs to be examined rigorously. 

A chondroitin 6-sulfotransferase has been purified to homogeneity from chicken 
embryos [74, 751. Substrate competition experiments, photoaffinity labeling [75] and 
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subsequent cloning and expression of this enzyme [76] have confirmed that a single 
enzyme catalyzes the sulfation of both the GalNAc residues of chondroitin and Gal 
residues of keratan. Mammalian chondroitin 6-sulfotransferases with varying de- 
grees of homology to the avian chondroitin 6-sulfotransferase have also been cloned 
and expressed [77-791. Recently, a novel 6-sulfotransferase has been identified in 
fetal bovine serum that specifically transfers sulfate to the C6 position of GalNAc 
residues adjacent to IdoA residues of DS [SO]. It remains to be established if these 
individual 6-sulfotransferases have different substrate specificities like the HS 3-0- 
sulfotransferase isoforms [8 11. 

With respect to 4-sulfation, a 4-sulfotransferase has been purified to homogeneity 
from rat chondrosarcoma [82]. This enzyme is capable of sulfating only GalNAc 
residues that are adjacent to GlcA residues in CS and not those next to IdoA resi- 
dues in DS. This observation suggests that separate 4-sulfotransferases may be 
involved for CS and DS or, alternatively, 4-sulfation may ordinarily occur before 
epimerization to form DS. Cloning and characterization of the 4-sulfotransferase 
will help to resolve this issue. 

Sulfation of uronic acid 

A portion of the IdoA in DS is usually 2-sulfated, while in contrast, the 2-sulfation 
of GlcA in CS is only occasional. Recently, a uronic acid 2-sulfotransferase with 
considerable homology to the heparin/HS epimerase was cloned and expressed [ 361. 
The expressed enzyme was capable of sulfating IdoA residues in DS with high effi- 
ciency and GlcA residues in chondroitin 6-sulfate with lower efficiency. Neither 
chondroitin nor chondroitin 4-sulfate functioned as substrates for 2-sulfation. The 
reaction appears to take place after the GalNAc residues are sulfated and is likely to 
be the last step in the biosynthesis of DS and CS. Thus, it presumably occurs in a 
relatively late Golgi compartment. 

Although 3-sulfation has not been demonstrated in mammalian CS or DS chains, 
novel sulfated chondroitin oligosaccharide structures containing 3-O-sulfated GlcA 
that are recognized by the HNK-1 monoclonal antibody have been isolated from 
king crab cartilage [83]. The significance of this modification is not yet established. 

22.4 Concluding Remarks/Perspectives 

The concerted effort now underway to systemmatically clone and characterize the 
biosynthetic enzymes and individual proteoglycans will continue to drive the prog- 
ress in understanding proteoglycan biosynthesis. The fine structure mapping of oli- 
gosaccharides and glycosaminoglycans will enhance these efforts. Cell biological 
studies using cells from different tissues and species should reveal similarities and 
differences in the organization and activities of the enzymes in the ER and Golgi 
subcompartments and the trafficking of the different proteoglycans. Since several of 
the enzymes involved in the formation of GAG chains are members of Families 
of related genes, and others have yet to be cloned and characterized, it will be of 
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interest to determine the regulatory mechanisms operating in specific tissues and 
during growth and development. Gene knockouts and mutational analysis will add 
new dimensions to our understanding of these processes. Methodologies such as the 
Cre-loxP recombination system offer the possibility of targeted mutations that 
should provide a more selective approach to the disruption of activities [84]. These 
combined investigations should also lead to an understanding of how specific GAG 
microstructures are generated. The current interest and activity in proteoglycan 
biosynthesis offer promise for the future. 
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