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ABBREVIATIONS

CS  chondroitin sulfate 
ECM  extracellular matrix 
ER  endoplasmic reticulum 
EXTs  members of EXT family of proteins 
EXT1  exostosin 1 
EXT2  exostosin 2 
EXTL1  exostosin like 1 
EXTL2  exostosin like 2 
EXTL3  exostosin like 3 
FGF  fibroblast growth factor  
GAG  glycosaminoglycan 
Gal  galactose 
GalNAc  -D-N-acetylgalactose 
Gal-TI  galactosyltransferase I 
Gal-TII  galactosyltransferase II 
GlcA  -D-glucuronic acid 
GlcA-TI  glucuronyltransferase I 
GlcA-TII  glucuronyltransferase II 
GlcNAc  -D-N-acetylglucosamine
GlcNAc-TI  N-acetylglucosaminyltransferase I 
GlcNAc-TII N-acetylglucosaminyltransferase II 
GPI   glycosylphosphatidyl-inositol   
Hh  hedgehog 
HME  hereditary multiple exostoses 
HS  heparan sulfate 
HSPG  heparan sulfate proteoglycan 
IdoA  iduronic acid 
Ihh Indian hedgehog
NDST  N-deacetylase/N-sulfotransferase 
OST  O-sulfotransferase 
PAPS  3’-phosphoadenosine-5’-phosphosulfate 
PG  proteoglycan 
UDP  uridine 5’-diphosphate 
XT  xylosyltransferase 
Xyl  xylose    
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INTRODUCTION

Proteoglycans (PGs) have gained immense attention during recent years, 
since it has become evident that they play pivotal roles in processes such as 
signaling and developmental patterning but also pathogenic events. Most 
PGs are composed of core proteins with covalently attached glycosami-
noglycan (GAG) chains. GAGs are unbranched polysaccharides that consist 
of alternating units of hexuronic acid and hexosamine.  Probably the most 
extensively studied GAG is heparan sulfate (HS). The HS chain can be 
modified by epimerization and sulfation, resulting in high structural hetero-
geneity. HSPGs mediate many protein-protein interactions, important for a 
number of biological processes such as organogenesis, angiogenesis, blood 
coagulation, growth factor signaling and lipid metabolism. Recognition of 
the mechanisms controlling the biosynthesis of HS, therefore, is of great 
importance for understanding the functions of HS.  
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BACKGROUND

PROTEIN GLYCOSYLATION 

Posttranslational modifications of proteins are very often essential for their 
proper functions. Glycosylation – attachment of one or more 
mono/oligosaccharides is one of the main modifications in the secretory 
pathway.  

Diversity of glycosylations 
Protein glycosylation can occur on asparagine (in the consensus sequence 
Asn-X-Ser/Thr), via the nitrogen atom of an amide group - therefore referred 
to as N-glycosylation or on serine, threonine, hydroxylysine, hydroxyproline 
and tyrosine, via the oxygen atom of a hydroxyl group – referred to as O-
glycosylation. Glycosylation is often required for the proper folding, activity 
and stability of proteins.  

N-glycosylation starts in the endoplasmic reticulum (ER) by the addition 
of a branched oligosaccharide composed of 14 specific monosaccharides; 
two N-acetylgalactosamines (GalNAc), nine mannoses and three glucoses, 
derived from a dolichol-oligosaccharide precursor. This oligosaccharide is 
further modified through trimming by glucosidases and mannosidases and 
addition of other sugar units by glycosyltransferases in the ER and Golgi 
apparatus. After these modifications, N-glycans share a common pentasac-
charide core structure and based on the composition of the additional sugar 
units they can be divided into subclasses: high-mannose, complex and hy-
brid, containing high mannose and complex units.  

O-glycosylation, in contrast to N-glycosylation, where the initial oligo-
saccharide is transferred in one single step, is a step-by-step process; all 
sugars units are added sequentially from corresponding nucleotide sugars. 
There are many possible ways to O-glycosylate proteins (Spiro, 2002; Van 
den Steen et al., 1998). In mucins, GalNAc is the first sugar added to regions 
in proteins that are rich in prolines, serines or threonines. In the epidermal 
growth factor and coagulation factors, serine and threonine residues can be 
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modified by the addition of mannose or fucose (alone or as inner sugars of 
oligosaccharide structures). Hydroxylysine of collagens can be substituted 
with galactose or glucose-galactose structures. Glycogenin, the core protein 
for glycogen molecules, has the unusual property of catalyzing its own gly-
cosylation, attaching a glucose to a tyrosine residue in the protein. The at-
tached glucose is believed to serve as the primer required by glycogen syn-
thase (Lomako et al., 2004). Among the most fascinating forms of protein-
sugar conjugates are the PGs, in which the GAG chains are O-linked to a 
serine by the first sugar in the chain, xylose (Xyl).  

Additional forms of glycosylation have been described, such as C-
glycosylation, attachment of -mannose to tryptophan via a C-C bond 
(Furmanek and Hofsteenge, 2000); P-glycosylation, addition of sugar to 
protein through a phosphodiester bond; the glycosylphosphatidyl-inositol  
(GPI) membrane anchor, formed between mannose and the C-terminus of a 
protein via phosphoethanolamine (Spiro, 2002). One example of a GPI-
anchored protein is the HSPG glypican (described below).

Some types of protein glycosylation are believed to take place outside the 
secretory pathway, e.g. the addition of GalNAc to serine or threonine in 
nuclear and cytosolic proteins (Hart, 1997). 

Glycosyltransferases  
Glycosyltransferases catalyze the biosynthesis of glycoconjugates by the 
transfer of sugar moieties from activated donor molecules to specific accep-
tors. The acceptor can be either a growing oligosaccharide, a protein or a 
lipid. Many Golgi-localized glycosyltransferases share the common topol-
ogy of type II-transmembrane proteins. They consist of a short N-terminal 
cytoplasmic tail, followed by a transmembrane domain, a stem region and a 
large C-terminal catalytic part (Figure 1) (Breton and Imberty, 1999; Paul-
son and Colley, 1989). According to the catalytic mechanism by which they 
perform reactions, glycosyltransferases can be divided into two groups: re-
taining and inverting. Retaining enzymes transfer UPD-sugar onto an accep-
tor without a change in the anomeric configuration of carbon C1 on the do-
nor sugar. In contrast, inverting glycosyltransferases change the anomeric 
configuration of the carbon C1 on the donor sugar. Additionally, glycosyl-
transferases are grouped into different families based on the sequence simi-
larity (Carbohydrate-Active-enZYmes (CAZy) homepage: http://afmb.cnrs-
mrs.fr/CAZY/).
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Figure 1. Common topology of Golgi glycosyltransferases: CT-
cytoplasmic tail, TM-transmembrane domain, SR-stem region, CD-catalytic 
domain. 

PROTEOGLYCANS

Proteoglycans are a class of O-glycosylated proteins, with one or more 
GAG chains attached to the core protein. The functions of PGs depend both 
on the attached GAG chains and on the core proteins. PGs bind a whole 
range of proteins and are essential for many intermolecular interactions. 

Glycosaminoglycans 
GAGs are linear polysaccharides, composed of alternating hexuronic acid: 
glucuronic acid (GlcA) or iduronic acid (IdoA) and hexosamine: glucosa-
mine (GlcNAc) or galactosamine (GalNAc) (Figure 2). Based of the nature 
of this repeating disaccharide unit, GAGs can be divided into four main 
groups. HS/heparin is composed of alternating hexuronic acid and GlcNAc, 
which can be modified with sulfate groups at several positions. Chondro-
itin/dermatan sulfate (CS/DS) is composed of hexuronic acid and GalNAc 
and can be modified with sulfate groups in various positions. Keratan sulfate 
(KS) lacks the hexuronic acid moiety and is build of alternating, partially 
sulfated galactose and GlcNAc units. Hyaluronan, in contrast to the other 
GAGs, is not linked to a core protein and is composed of repeating GlcA and 
GlcNAc units that are not modified by sulfation. 

GAGs have been reported to be present in a variety of animal organisms. 
The nematode, Caenorhabditis elegans, synthesizes non-sulfated chondro-
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itin but sulfated HS chains (Toyoda et al., 2000; Yamada et al., 1999). Sul-
fated heparin-like GAGs are found in many other invertebrates, except for 
sponges (Medeiros et al., 2000).  Nevertheless, nonsulfated GAGs are pre-
sent in sponges: cell-cell adhesion in these organisms is mediated by a par-
ticular family of PGs, named spongicans, the glycan subunit structures of 
which resemble hyaluronan (Fernandez-Busquets and Burger, 2003). GAGs
are also produced by bacteria – for example the E. coli K5 strain, associated 
with urinary tract infection in humans, produces a capsule of extracellular 
polysaccharides, which are structurally identical with mammalian non-
modified heparan chains (Figure 2). As the capsule polysaccharide is similar 
or identical to the host GAG, the immune response to bacterial infection is 
very limited and thus renders the bacteria more virulent (Jann and Jann, 
1992). The advantage of such a bacterial strain for researchers is the avail-
ability of the K5 polysaccharide, which has been used to study HS biosyn-
thesis and for production of heparin-related drugs (Lindahl et al., 2005). 

Figure 2. Common structure of different glycosaminoglycans; R: H, COCH3

or SO3- R1: OH or OSO3-.
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Core proteins of heparan sulfate proteoglycans 
HSPGs are produced along the secretory pathway (Prydz and Dalen, 2000; 
Uhlin-Hansen et al., 1997) and most are secreted out of the cell. Secreted 
PGs can be found either associated with the cell membrane – cell surface 
PGs (glypicans and syndecans) or in the extracellular matrix (e.g. perlecan) 
(Figure 3). 

The HS-attachment site in the core protein generally consists of a Ser-Gly 
dipeptide with one or more flanking acidic amino acids. Hydrophobic amino 
acids in close proximity to the attachment site have been suggested to pro-
mote HS synthesis (Esko and Zhang, 1996).  

Intracellular HSPG 

Serglycin is present in the secretory granules of mast cells, where it is in-
volved in storage of proteases (Henningsson et al., 2002). This PG is modi-
fied with a highly sulfated variant of HS (heparin). Some HSPGs have been 
reported to localize in the nucleus, probably as a result of the internalization 
of cell surface PGs (Kolset et al., 2004).  

Cell surface HSPG 

Glypicans are covalently linked to the plasma membrane by a GPI anchor. 
They are localized within rafts, small lipid patches mainly built up of choles-
terol and sphingomyelin. Lipid rafts are suggested to act as sites of cell sig-
naling events (Grzybek et al., 2005). Glypicans are rich in cysteines in their 
extracellular domain; the position of the 14 cysteine residues is conserved 
among the glypicans indicating potential structural similarities. HS attach-
ment sites in glypican are clustered close to the plasma membrane, followed 
by a globular ectodomain. Glypicans can be cleaved within the GPI anchor 
by phospholipases, or in the protein by proteases, resulting in the release of 
their ectodomains. Six glypican isoforms have been found in vertebrates, 
two in D. melanogaster and one in C. elegans (Bernfield et al., 1999; Hacker 
et al., 2005; Kramer and Yost, 2003). 

Syndecans, of which four isoforms have been found in vertebrates, one in 
the fly and one in the worm, are type I transmembrane proteins, with GAG 
attachment sites most often localized in the N-terminal part of the protein. 
The short, conserved cytoplasmic domain contains tyrosines, which can be 
phosphorylated. Syndecans are shed by proteolytic cleavage at the site close 
to their transmembrane domain. The released ectodomains can still act in 
HSPG-dependent processes, as agonists or antagonists of ligand binding 
(Bernfield et al., 1999; Hacker et al., 2005; Kato et al., 1998; Kramer and 
Yost, 2003).  



11

Extracellular HSPG 

There are three main HSPGs present in the extracellular matrix (ECM): per-
lecan, agrin, and collagen XVIII (Iozzo, 2005). Perlecan is a large PG with 
HS attachment sites localized at the N-terminal and C-terminal parts of the 
protein. Perlecan can interact through its core protein and/or its HS chains 
with many ECM components such as HS-binding growth factors, laminins, 
collagens and integrins. Agrin is a regulator of the formation of postsynaptic 
structures and the neuromuscular junction. Collagen XVIII is expressed in 
the basement membrane region that connects basement membrane with 
subadjacent connective tissue. 

Figure 3. Schematic depiction of different heparan sulfate proteoglycans. 
Perlecan is an example of an extracellular matrix HSPG, glypicans and syn-
decans are found on the surface of many cells. Serglycin is a heparin-PG 
found in storage granules of connective tissue type mast cells. 
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Functions of heparan sulfate proteoglycans 
HSPGs interact with many different proteins, such as proteases and their 
inhibitors, growth factors and morphogens, chemokines and adhesion pro-
teins and can therefore mediate and regulate various cellular events. Regula-
tion of cell growth and differentiation by HSPGs is particulary marked dur-
ing development. Lack of proper HS results in a series of developmental 
defects and organisms devoid of HS die during early embryonic stages (see 
chapter “Deficiencies in heparan sulfate biosynthetic enzymes”). HSPGs
also play central roles in pathological conditions such tumor metastasis, 
virus/bacterial adhesion and invasion (Sasisekharan et al., 2002; Spillmann, 
2001)

The significance of HSPGs for cell-signaling has become an extensively 
studied field. Signaling molecules that are active during development, such 
as fibroblast growth factors (FGFs), Wingless (Wnt/Wg), hedgehog (Hh), 
transforming growth factor – beta (TGF- ) and bone morphogenic protein 
(BMP), need HSPG for proper function. HSPGs serve as co-receptors for 
growth factors mediating their efficient binding and activation of the cognate 
receptors. HSPGs also participate in the generation of morphogen gradients 
(Bernfield et al., 1999; Blair, 2005; Hacker et al., 2005; Whitelock and 
Iozzo, 2005). 

It has been observed that some defects caused by the mutations in glypi-
can and in syndecan are overlapping but some are unique, suggesting that 
not only the HS chains but also the protein core is essential for the biological 
functions of HSPGs (Rawson et al., 2005). 

Signaling through the core protein of syndecans has been shown to regu-
late cytoskeletal organization (Yoneda and Couchman, 2003).  

Perlecan is an essential molecule for embryonic development, since mice 
deficient in this protein die at embryonic day 10 to 12 (E10 - E12) or just 
after birth, with major defects in cartilage formation (Arikawa-Hirasawa et 
al., 1999; Costell et al., 1999). 

BIOSYNTHESIS OF HEPARAN SULFATE 

GAG-protein linkage region 
HS and CS chain biosynthesis is initiated by the formation of the so called 
GAG-protein linkage region - a tetrasaccharide linked to a serine residue in 
the core protein (GlcA 1-3Gal 1-3Gal 1-4Xyl 1-O-Ser). The formation of 
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the HS/CS-protein linkage region is a multi-step reaction. First, a xylose 
residue is added by xylosyltransferase (XT) (Gotting et al., 2000) in the late 
endoplasmic reticulum compartments and in the Golgi apparatus (Vertel et 
al., 1993). Then, two distinct galactosyltransferases, Gal-TI and Gal-TII, 
each add one galactose (Almeida et al., 1999; Bai et al., 2001; Okajima et 
al., 1999). The last sugar in the HS- and CS-protein linkage region is GlcA, 
transferred by glucuronyltransferase I (GlcA-TI) (Kitagawa et al., 1998). It 
has been found that the linkage region can by modified by the phopshoryla-
tion of the xylose residue, a modification common for both HS and CS. On 
the other hand, the sulfation of the second galactose has been found to occur 
only in CS chains. Both modifications may be important in determining 
whether HS or CS is synthesized onto the linkage region (Ueno et al., 2001). 
Interestingly, it has been observed that not all linkage regions are used as 
primers for GAG biosynthesis (Nadanaka et al., 1998). 

Biosynthesis of the heparan backbone  
The synthesis of the HS backbone is initiated by the addition of a single -
GlcNAc residue to the polysaccharide-protein linkage region by GlcNAc-TI. 
This reaction can be catalyzed in vitro by EXTL2 and EXTL3, proteins be-
longing to the EXT family (Kim et al., 2001; Kitagawa et al., 1999). Alter-
natively, it has been speculated that such transfer may be catalyzed by the 
EXT1/EXT2 (EXT1/2) complex (Kim et al., 2003). After the addition of the 
first GlcNAc, HS chain elongation is believed to occur by the alternate addi-
tion of GlcA and GlcNAc to the non-reducing end of the polymer. The cor-
responding transfer reactions are also catalyzed by members of the EXT 
family, namely EXT1, EXT2, EXTL1 and EXTL3 (EXTL1 and EXTL3 can 
transfer only GlcNAc residues) (reviewed in (Esko and Selleck, 2002; 
Sugahara and Kitagawa, 2002; Zak et al., 2002) (Figure 5). 

Modification of the heparan backbone 
As the HS chain is polymerized, it also undergoes modifications (Esko and 
Selleck, 2002; Habuchi et al., 2004; Kusche-Gullberg and Kjellen, 2003; 
Lindahl et al., 1998) (Figure 4). 

 First, the N-acetyl group of selected GlcNAc residues is replaced with a 
sulfate group, in a reaction catalyzed by bifunctional enzymes: glucosaminyl 
N-deacetylase/N-sulfotransferase (NDST) proteins (Aikawa and Esko, 1999; 
Aikawa et al., 2001; Eriksson et al., 1994; Kjellen et al., 1992; Kusche-
Gullberg et al., 1998; Wei et al., 1993). Four isoforms of NDST exist in 
vertebrates (NDST1-4). In mouse, NDST1 and 2 are widely expressed both 
during embryonic development and in adult animals, whereas isoforms 3 and 
4 are expressed mainly during embryonic development. N-sulfation has been 
shown to promote further modifications to the heparan backbone (Kjellen, 
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2003). Epimerization of GlcA into IdoA is catalyzed by glucuronyl C-5 
epimerase (Crawford et al., 2001; Li et al., 1997; Li et al., 2001). 

Figure 4.  Schematic picture of heparan sulfate modifications. 

2-O-sulfation, of mainly IdoA but also some GlcA, is catalyzed by 2-O-
sulfotransferase (2OST) (Kobayashi et al., 1997; Rong et al., 2000). 6-O- 
and 3-O-sulfation of glucosamine units are performed by the respective sul-
fotransferases (6OST and 3OST). In vertebrates, epimerase and 2OST occur 
in single isoforms, whereas 6OST and 3OST have been found in multiple 
isoforms. All 6OST isoforms show similar enzymatic specificities (Smeds et 
al., 2003). Interestingly, 3OST catalyzes the rarest modification reaction; 
addition of sulfate groups at carbon 3 of glucosamine units, but it has the 
highest number of isoforms among HS biosynthesis enzymes (Shworak et 
al., 1999). HS chains can also contain a few glucosamine units with a free 
amino group, but the mechanism of their formation is enigmatic (van den 
Born et al., 1995; Westling and Lindahl, 2002). Recent findings show that 
HS sulfation patterns can be additionaly remodeled by the removal of 6-O 
sulfate groups by extracellular HS 6-O endosulfatases (Ai et al., 2003). 
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It is notable that within the HS chain, only a fraction of the potential sub-
strates are modified and the end product is a polysaccharide of considerable 
structural heterogeneity. 

Interactions between heparan sulfate biosynthetic enzymes 
Since HS displays high structural diversity, one may ask what are the regula-
tory mechanisms determining HS structure? Questions about regulation lead 
to queries about the enzymes: do they communicate with each other in order 
to produce such a complex molecule? Do they interact with each other? 
Some studies have shown that indeed some interactions occur between HS 
biosynthesis enzymes. It has been proposed that the first enzymes in the HS-
biosynthetic machinery: XT and Gal-TI form a complex (Silbert and Sugu-
maran, 2002). On the other hand, XT and Gal-TII, the next enzyme adding 
the second galactose, seem not to interact with each other (Pinhal et al., 
2001). Similary, glycosyltransferases involved in chain elongation, EXT1 
and EXT2 have been shown to form a complex. This complex is believed to 
be a functional HS polymerase (Kobayashi et al., 2000b; McCormick et al., 
2000; Senay et al., 2000). 2OST and the epimerase can also form a complex 
and their interaction appears to be required for translocation of both the 
epimerase and 2OST to the Golgi apparatus (Pinhal et al., 2001). In contrast, 
absence of 2OST does not alter the localization of any of the 6OST isoforms 
(Nagai et al., 2004).

Do the above data suggest that these enzymes work together in a com-
plex, necessary for the production of properly modified HS chains? Al-
though it can be tempting to speculate that HS biosynthetic enzymes form a 
complex, a so-called gagosome, there is no evidence for its existence, except 
for described interactions between some of the HS-synthesizing enzymes. In 
contrast, some observations counter this theory. Overexpression of HS bio-
synthetic enzymes, in many cases, results in altered HS structure. For exam-
ple, cells overexpressing NDST1 or NDST2 synthesize longer, over-N-
sulfated HS chains (Pikas et al., 2000). If the control of HS structure had 
been restrained by tight interactions between the biosynthetic enzymes, such 
effects would probably have not been observed.  

The HS producing enzymes may nevertheless communicate with each 
other in some way to form properly modified chains. It seems that some 
regulatory pathways do exist, since HS from different tissues have different 
structures (Ledin et al., 2004). 

Deficiencies in heparan sulfate biosynthetic enzymes 
HS is involved in many developmental processes (see above). The impor-
tance of this molecule during embryogenesis has been shown in experiments 
with mice deficient in HS synthesizing enzymes.  
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Lack of functional EXT1 or EXT2 abolishes HS production and causes 
embryonic lethality. EXT1 and EXT2-deficient mice fail to gastrulate and 
die around embryonic day 8 (E8) (Lin et al., 2000; Stickens et al., 2005). 
Conditional disruption of EXT1 in the developing mouse brain results in 
severe brain defects (Inatani et al., 2003). Organisms deficient in the mam-
malian EXTL proteins are not available yet, but inactivations of the rib-2
gene (the ortholog of human EXTL3) in C. elegans abolishes HS biosynthe-
sis and development in worms stops at gastrulation (Morio et al., 2003).

Early developmental defects have also been observed in mice lacking HS-
modifying enzymes. Most NDST1 knockout mice die soon after birth, al-
though some die during the embryonic period. They exhibit lung, skull and 
eye defects and a dramatic reduction in HS N-sulfate content (Fan et al., 
2000; Ringvall et al., 2000). NDST1-deficient mice also display develop-
mental brain and facial defects (Grobe et al., 2005). NDST2 knockout mice 
are viable and fertile but unable to synthesize sulfated heparin (Forsberg et 
al., 1999; Humphries et al., 1999). Embryos deficient in both NDST1 and 
NDST2 die between E3.5 and E6.5 (Holmborn et al., 2004). Epimerase 
knock-out mice do not produce any IdoA and die neonataly. The main 
causes of death are lack of kidneys, defects in lung and skeleton develop-
ment, but many vital organs, like brain, heart, liver develop normally (Li et 
al., 2003). 2OST-deficient mice, similar to the epimerase knock-out, die at 
birth, showing renal agenesis, abnormalities in the skeleton and eye, but 
have no lung defects (Bullock et al., 1998). Mice deficient in 6OST have not 
been reported yet, but a morpholino-mediated functional knockdown of 6-
OST in zebrafish results in disturbed muscle development (Bink et al., 2003) 
and disturbed angiogenesis (Chen et al., 2005). Surprisingly, deficiency in 
3OST1 (the enzyme responsible for the production of the majority of the HS 
sequence necessary for its anticoagulant properties) does not result in an 
obvious procoagulant phenotype and the mice are both viable and fertile 
(Shworak et al., 2002). 

EXT FAMILY 

The human EXT family of proteins (EXTs) comprises five glycosyltrans-
ferases: EXT1, EXT2, EXTL1, EXTL2, and EXTL3. EXTs are implicated in 
HS chain elongation.

Discovery of the EXT family of proteins 
It has been suggested for many years that the two glycosyltransferase activi-
ties required for HS elongation, GlcA-TII and GlcNAc-TII, are located in a 
single protein (Lidholt et al., 1992). Subsequently, a protein that catalyzed 
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the in vitro transfer of both GlcA and GlcNAc to the appropriate substrates 
was purified from bovine serum (Lind et al., 1993). Cloning of the corre-
sponding cDNA identified the GlcA- and GlcNAc- transferase as EXT2 
(Lind et al., 1998). Using an expression cloning strategy, EXT1 has been 
found to be involved in HS biosynthesis by restoring HS-dependent herpes 
simplex infectivity to an HS deficient cell line (McCormick et al., 1998). 
The indispensable function of these two proteins in HS biosynthesis has 
been shown by mice knockout studies. EXT1 and EXT2-deficient embryos 
exhibit the same developmental abnormalities; they fail to gastrulate and HS 
biosynthesis is abolished (Lin et al., 2000; Stickens et al., 2005). Further-
more, the two EXT proteins form a complex with enhanced glycosyltrans-
ferase activity (McCormick et al., 2000; Senay et al., 2000). Association of 
EXT1 and EXT2 has been suggested to be essential for their translocation 
from ER to the Golgi apparatus where HS biosynthesis takes place 
(McCormick et al., 2000). In another study, however, it has been shown that 
untagged, overexpressed EXT1 or EXT2 are localized both to the ER and 
the Golgi apparatus, and co-expression of EXT1 and EXT2 only reduced the 
ER residency (Kobayashi et al., 2000b).  

Three other members of the EXT family: EXTL1, EXTL2 and EXTL3, 
have been cloned (Saito et al., 1998; Van Hul et al., 1998; Wise et al., 1997; 
Wuyts et al., 1997), and identified as glycosyltransferases harboring GlcNAc 
transferase activities. EXTL proteins, therefore, have also been suggested to 
be involved in HS biosynthesis (Kim et al., 2001; Kitagawa et al., 1999; 
Pedersen et al., 2003). EXT1 and EXT2 are ubiquitously and concomitantly 
expressed in mice, both during development and in the adult organisms. In 
contrast, EXTL1 expression appears to be restricted to the brain and skeletal 
muscle. EXTL2 and EXTL3 are also ubiquitously expressed (Kitagawa et 
al., 1999; Saito et al., 1998; Wise et al., 1997). 

Glycosyltransferase activities of the EXT family of proteins
In common with many other glycosyltransferases, EXTs, use UDP-sugars as 
donor substrates. They can catalyze the transfer of GlcA and/or GlcNAc 
(Figure 5) on the growing heparan chain by invertion and retention mecha-
nisms, respectively.   

GlcNAc-TI
Biochemical studies indicate that the addition of the first GlcNAc unit to the 
GlcA in the polysaccharide protein-linkage region (GlcA-Gal-Gal-Xyl-O-
Ser) can be catalyzed by EXTL2 and EXTL3 (Kim et al., 2001; Kitagawa et 
al., 1999). It has also been postulated that the human EXT1/2 complex is 
able to perform this reaction, since recombinant EXT1/2 has been shown to 
polymerize HS backbone onto substrates in vitro, mimicking the protein-
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linkage region that lacks the first GlcNAc (Izumikawa et al., 2005; Kim et 
al., 2003). 

GlcA –TII and GlcNAc-TII 
After the addition of a single GlcNAc residue, elongation proceeds by the 
alternating addition of GlcA and GlcNAc to the non-reducing end of the 
growing chain. The incorporation of GlcA residues can be catalyzed by 
EXT1, EXT2 and the EXT1/2 complex. The complex has been found to 
possess the highest GlcA-TII activity (McCormick et al., 2000; Senay et al., 
2000).  

As with the GlcA-TII reaction, GlcNAc-TII transfer can be catalyzed by 
EXT1, EXT2 and EXT1/2. Further, EXTL1 and EXTL3 have also been 
shown to posses GlcNAc-TII activity (Kim et al., 2001; Lind et al., 1998; 
McCormick et al., 2000; Senay et al., 2000).  

Figure 5. Glycosyltransferase activities of human EXT proteins. 

All these reactions, catalyzed in vitro by recombinant proteins, are necessary 
for the initiation and elongation of the HS saccharide backbone, but the re-
spective functions of the EXT family members in vivo are still elusive. Fur-
thermore, the roles of EXTL1 and EXTL2 in HS polymerization have not 
been conclusively demonstrated.
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Structure of the EXT family of proteins 
Human EXTs are type II transmembrane proteins, with a short N-terminal 
cytoplasmic tail, a single transmembrane-spanning domain, a stem region 
and a large catalytic domain (Figure 1). 

Table 1. Properties of human EXT proteins 

Protein
Number 

of aa 
residues

Molecular 
weight 
(kD) 

Isoelectric
point (pI) 

Chromsome 
localization 

Tissue
specificity

EXT1 746 86 9.2 chr.8 q24.11 ubiquitous 

EXT2 718 82 6.1 chr.11 p11.2 ubiquitous 

EXTL1 676 75 8.5 chr.1 p36.11 brain, 
muscle 

EXTL2 330 38 9.1 chr.1 p21.2 ubiquitous 

EXTL3 919 105 6.1 chr.8 p21.1 ubiquitous 

The molecular masses of the EXT proteins are from 37 kD to 105 kD (Table 
1). The pI values of the different proteins lie in a broad range between 6 and 
9. EXTs are putatively glycosylated since several N-glycosylation sites oc-
cur in their amino acid sequences. The multiple sequence alignment of hu-
man EXTs showed that the proteins are most similar in their C-terminal part 
(Figure 6). Several conserved cysteine residues are found in all EXTs, sug-
gesting that they share a common structural fold. One or more DXD motifs, 
which provide the key elements for binding of the UDP-sugar donors 
through the coordination of a divalent cation, are present in all EXT pro-
teins. In EXT1 the GlcA-T domain is situated in the N-terminal part of pro-
tein (after the transmembrane domain) (Wei et al., 2000). The amino acid 
sequence of EXTL2, the shortest member of the family, catalyzing the addi-
tion of GlcNAc onto the linkage region, aligns with C-terminal parts of the 
other EXT proteins. The C-terminal part, therefore, probably contains the 
GlcNAc-T domain. EXTL3 is the largest member of the EXT family and 
contains an N-terminal fragment with no homology with the other family 
members. This fragment could be responsible for binding Reg (regenerating 
gene) protein, as rat EXTL3 has been identified as the Reg receptor that 
mediates the signal for pancreatic -cell regeneration (Kobayashi et al., 
2000a). The N-terminal part of EXTL3 has also been shown to be involved 
in TNF- -induced NF- B activity (Mizuno et al., 2001). So far, only the 
crystal structure of EXTL-2 has been solved, in the presence of the donor 
substrates UDP-GlcNAc and UDP-GalNAc and the acceptor substrate GlcA-
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Gal-O-naphthalenemethanol (Pedersen et al., 2003). In fact, for EXTL2, 
UDP-GalNAc appears to be a better donor molecule than UPD-GlcNAc 
(Kitagawa et al., 1999; Pedersen et al., 2003), which may suggest a function 
for this enzyme other than the initiation of HS biosynthesis. 

Figure 6. Alignment of the amino acid sequences of the human EXT family 
members. Conserved amino acids within the C-terminal part are shaded. 
Alignment was prepared using ClustalW (http://www.ebi.ac.uk/clustalw/) 
and ESPripr 2.1 (http://prodes.toulouse.inra.fr/ESPript/cgi-bin/ESPript.cgi).  
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Human EXT orthologs 
The human EXT family of proteins has highly homologous counterparts in 
other mammals and vertebrates, as well as in lower invertebrates (Table 2).

EXT orthologs are present in simple invertebrates, such as C. elegans.
This is not surprising, since this organism produces HS (Toyoda et al., 2000; 
Yamada et al., 1999). Interestingly, only the EXT1 and EXTL3 orthologs, 
rib-1 and rib-2, respectively, have been found in the worm, suggesting that at 
least in this animal they are sufficient for the production of HS chains. No 
transferase activity has been detected for rib-1, but it is important to note 
that rib-1 is about half as long as human EXT1 and corresponds to the N-
terminal part of EXT1, which potentially comprises the GlcA-T domain. 
Rib-1 lacks a signal sequence, a transmembrane domain, and has only one of 
the conserved DXD-motifs. Rib-2, the EXTL3 ortholog, catalyzes the trans-
fer of GlcNAc in vitro onto acceptors mimicking initiation and polymeriza-
tion reactions (Kitagawa et al., 2001). Worms deficient in rib-2 lack HS and 
exhibit impaired development (Morio et al., 2003).  

In Drosophila, tout velu (TTV, ortholog of EXT1), sister of TTV (SOTV, 
the EXT2 counterpart), and brother of TTV (BOTV, the counterpart of 
EXTL3) have all been shown to participate in HS biosynthesis (Bellaiche et 
al., 1998; Bornemann et al., 2004; Han et al., 2004; Kim et al., 2002; Takei 
et al., 2004; The et al., 1999). BOTV is an initiator of chain elongation and a 
complex of TTV and SOTV, like the mammalian EXT1 and EXT2, has been 
suggested to be the Drosophila HS polymerase. In contrast to the mammal-
ian counterparts, Drosophila EXT1/2 complex has no ascribed GlcNAc-TI 
activity (Izumikawa et al., 2005).   

dak and box genes encode the zebrafish EXT2 and EXTL3. Both proteins 
are required for HS synthesis and therefore necessary for axon sorting in the 
optic tract and for FGF10 signaling during limb development (Lee et al., 
2004; Norton et al., 2005). Interestingly, in zebrafish, three EXT1 genes 
have been cloned (ext1a-c). This unusually high number is probably due to 
the genome duplications that occurred in bony fish. The three different 
EXT1 mRNAs are differentially expressed during development, which may 
suggest functional divergence (Siekmann and Brand, 2005). 

 Many members of the EXT family are cloned and the primary structure 
of other transcripts can be predicted from genomic sequences. Phylogenetic 
analysis of some of the known and predicted sequences has been performed 
to study the relationships between EXT family members from different eu-
karyotic organisms (Busse and Wicher, manuscript in preparation). As 
shown in Figure 7, the different EXTs cluster together with respective coun-
terparts among species rather than with other family members. EXTL2, 
which probably first appeared in vertebrates, is the most distinct EXT. This 
finding supports the hypothesis that EXTL2 may not play a role in HS bio-
synthesis. EXTL1 is found in all investigated mammals (including marsupi-
als) but not in lower vertebrates. EXTL1 is the most similar to mammalian 
EXT1, suggesting that it arose from the duplication of the EXT1 gene. 
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EXT2 is absent in C. elegans, but is present in Drosophila and higher ani-
mals. EXT1, EXTL1 and EXT2 form a cluster suggesting a common origin. 
C.elegans rib-2 is the most distinct EXTL3, indicating that this protein has 
different functions in HS biosynthesis in comparison with EXTL3 in other 
species.

Hereditary multiple exostoses and heparan sulfate
Hereditary multiple exostoses (HME) is a human autosomal disorder charac-
terized by skeletal malformations that manifests as bony, benign tumors near 
the ends of long bones, and which in a few cases transforms into chon-
drosarcomas or osteosarcomas (Hennekam, 1991; Pierz et al., 2002). Link-
age analysis initially identified three different loci for HME; EXT1 on 
chromosome 8 (8q24.1), EXT2 on chromosome 11 (11p11-13) and EXT3 on 
chromosome 19 (19p) (Ahn et al., 1995; Le Merrer et al., 1994; Stickens et 
al., 1996; Wuyts et al., 1996). The third locus, EXT3, is controversial and 
has not been verified. As EXT1 and EXT2 are glycosyltransferases involved 
in HS biosynthesis (Lind et al., 1998; McCormick et al., 1998), it may imply 
that impaired HS biosynthesis is part of the etiology of HME. This idea is 
supported by the finding of HS abnormalities in exostosis growth plates - the 
chondrocyte zones of exostosis growth plates have no detectable HS and a 
diminished and abnormal distribution of perlecan (Hecht et al., 2002). Fur-
thermore, exostosis chondrocytes display diminished levels of EXT1 and 
EXT2 (Bernard et al., 2001). 

Many frameshift mutations in both EXT1 and EXT2, resulting in trun-
cated forms of the proteins as well as missense mutations in EXT1 have 
been linked to HME (Wuyts and Van Hul, 2000). The effect of some of the 
EXT1 mutations on HS synthesis was analyzed using herpes simplex virus 
infectivity as an indicator of HS expression on the cell surface of an EXT1-
deficient cell line. Interestingly, expression of some mutated forms of EXT1 
did rescue the EXT1-dependent HS polymerase activity of the mutant cell 
line, possibly indicating some other undefined function of EXT1 in the de-
velopment the of HME (Cheung et al., 2001). Using a yeast two hybrid sys-
tem, the interactions of the C-terminal fragment of EXT2 with tumor necro-
sis factor type 1-associated protein and an isoform of human UDP-
GalNAc:polypeptide N-acetylgalactososaminyltransferase were shown to be 
disturbed by HME-related mutations (Simmons et al., 1999). 

Development of HME can be attributed to improper Indian hedgehog 
(Ihh) signaling, as has been proposed from studies on mice producing re-
duced amounts of EXT1. No exostosis, however, was observed in these mice 
(Hilton et al., 2005; Koziel et al., 2004). On the other hand, ext2 heterozy-
gote mice have normal Ihh signaling but develop exostosis (Stickens et al., 
2005).
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Figure 7. Phylogenetic analysis of some EXT proteins. The amino acid se-
quences were aligned using CLUSTALW. Phylogenetic tree was constructed 
using program MEGA 3.1 with the maximum parsimony method.  
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Hypermethylation of the ext1 promoter leads to elimination of HS bio-
synthesis in leukemia and non-melanoma skin cancer. Reintroduction of 
EXT1 into cancer cells induces tumor-suppressor like features (Ropero et 
al., 2004). 

Mutations in EXT1 (related to exostosis) have also been linked with au-
tism associated with mental retardation, and may suggest involvement of 
EXT1 in the development of mental disorders (Li et al., 2002). This sugges-
tion may be supported by studies on conditional knockouts of EXT1 in mice, 
which have shown that HS is essential for brain development (Inatani et al., 
2003).
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PRESENT INVESTIGATIONS 

AIM

The aim of this study was to investigate the roles of human EXT1, EXT2 
and EXTL3 in heparan sulfate biosynthesis.  

RESULTS

In vitro polymerization of heparan sulfate backbone by the 
EXT proteins (PaperlI)
In this study, the ability of EXT1, EXT2 and EXT1/2 complex to elongate 
the HS carbohydrate backbone in vitro was investigated. We expressed trun-
cated, secreted forms of EXT1, EXT2, and EXT1 and EXT2 together 
(EXT1/2) in human embryonic kidney (HEK) 293 cells. The proteins were 
affinity captured from culture media on agarose beads that were later used as 
an enzyme source in the assays.  

In order to analyze the catalytic properties of the EXT proteins, two main 
assays were employed the transferase assay, which quantifies the transfer of 
single sugars to acceptor molecules (Fig 8) and the polymerization assay, in 
which the alternating addition of GlcA and GlcNAc to the size-defined ac-
ceptor was studied (Fig 9).  

To study if EXT1, EXT2 or EXT1/2 could polymerize HS chains in vitro,
affinity isolated proteins were incubated with small amounts of radiolabeled, 
size-defined K5 polysaccharide acceptors (GlcA-[GlcNAc-GlcA]4-
[3H]aManR or [GlcNAc-GlcA]5-[3H]aManR) and a large excess of UDP-
sugars (in molar ratio 1:1000). The reaction products were analyzed by gel 
chromatography. 
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Figure 8. GlcA-TII reaction. Affinity captured EXT proteins were incubated 
with radiolabeled UDP-GlcA and GlcNAc [GlcA-GlcNAc]n oligosaccharide 
acceptors. Next, radiolabeled oligosaccharides were separated from unincor-
porated UDP-sugars by gel chromatography and quantified by scintillation-
counting. For similar analysis of GlcNAc-TII activity, radiolabeled UDP-
GlcNAc and [GlcA-GlcNAc]n acceptors were used. 

Figure 9. Polymerization reaction. Affinity captured EXT proteins were 
incubated with radiolabeled, size-defined K5 oligosaccharide acceptors and 
a mixture of unlabeled UDP-sugars. Labeled products were analyzed by gel 
chromatography.
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Alternating addition of GlcNAc and GlcA was observed both for EXT1 
alone and for the EXT1/2 complex. However, EXT1 formed generally 
longer chains than EXT1/2 and also the mode of sugar incorporation in both 
cases was different. EXT1 appeared to incorporate GlcA and GlcNAc with 
the same efficiency whereas the EXT1/2 complex seemed to incorporate 
GlcA more efficiently than GlcNAc. Results from single sugar transfer as-
says indicated lower GlcNAc-transferase activity for the EXT1/2 complex 
than for EXT1 alone.

EXT2 was able to catalyze the addition of a single GlcA to the [GlcNAc-
GlcA]5-[

3H]aManR acceptor, but no significant chain elongation was ob-
served.

Embryonic fibroblast with a gene trap mutation in Ext1
produce short heparan sulfate chains (Paper II) 
In this study HS synthesized by cultured fibroblasts from mice with a gene 
trap mutation in Ext1 (Ext1Gt/Gt) was examined. 

In contrast to the Ext1-deficient mice generated by gene targeting that die 
at day E8.5, the Ext1Gt/Gt mutant mice survive to E14.5 and have a less severe 
phenotype. In contrast to the complete loss of HS in embryonic stem cells 
from the Ext1-deficient mice generated by the gene targeting, the Ext1Gt/Gt

fibroblasts still produced HS chains. These chains, however, were signifi-
cantly shorter then those synthesized by wild–type fibroblasts (20 and 70 
kDa, respectively). The presence of HS in mutant cells could be explained 
by the fact that the mutant cells carry a hypomorphic mutation in Ext1 and 
therefore small amounts of normal Ext1 transcript are produced in these cells 
(Koziel 2004).  

Consistently low but detectable levels of both GlcNAc and GlcA trans-
ferase activities were observed in the Ext1Gt/Gt cell extracts. Disaccharide 
analysis revealed that the sulfation pattern of HS produced by mutant cells 
was apparently normal.

Several signaling molecules, including members of the FGF, Wing-
less/Wnt, and Hh families, require HSPG at the cell surface for optimal sig-
naling activity. Whereas biochemical studies using cell culture systems and 
in vitro binding assays have provided data concerning the minimal growth
factor binding epitope on HS, the influence of HS chain length for in vivo
growth factor binding in tissues is not known. 
Our data suggest that not only the sulfation pattern but also the length of the 
HS chains is a critical determinant of normal mouse development. 

EXT1, EXT2 and EXTL3 siRNA gene silencing result in 
altered heparan sulfate chain length (Paper III)
In order to clarify the respective functions of EXT1, EXT2 and EXTL3 in 
HS biosynthesis, the effect of reduced or increased levels of human EXT1, 
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EXT2 and EXTL3 proteins on HS chain elongation was analyzed. Small 
interfering RNAs (siRNAs) directed against the human EXT1, EXT2 or 
EXTL3 mRNAs were introduced into HEK293 cells in order to suppress the 
expression of respective protein and stable clones overexpressing soluble 
EXT proteins were developed to increase the protein amounts.  

Cells transfected with EXT1 or EXT2 siRNAs synthesized shorter HS 
chains as compared with cells transfected with control siRNA. In contrast, 
cells transfected with EXTL3 siRNA produced longer HS chains. Overex-
pression of soluble EXT1, alone or co-expressed with EXT2, resulted in 
increased chain length, whereas overexpression of soluble EXT2 or EXTL3 
has no detectable effect on HS chain elongation.

Additionally, no complex formation between soluble EXTL3 and the 
EXT1/2 complex was observed by gel filtration analysis. 

Heparan sulfate from fibroblasts carrying a hypomorphic 
mutation in Ext1 exhibit altered interaction with FGF2 
(Paper IV) 
In a previous study (Paper II), HS structure in cultured fibroblasts from mice 
with a gene trap mutation in Ext1 was examined. The Ext1Gt/Gt mutant mice 
survive to E14.5 and had elevated Ihh signaling during embryonic chondro-
cyte differentiation (Koziel et al., 2004). It has been demonstrated that HS 
chain length is substantially reduced in fibroblasts from these mice (Paper 
II).

In the present study those cells were stained with the 10E4 antibodies and 
a difference in staining patterns between Ext1Gt/Gt and wt cells was observed. 
The N-sulfation patterns after nitrous acid deamination at pH 1.5 (cleavage 
at N-sulfated units within HS) revealed a considerably higher proportion of 
unmodified saccharide stretches in HS from the mutant cells. 

Mutant cells responded less efficiently than wt cells to the low concentra-
tions of FGF2, as analyzed by ERK phosphorylation assay. Similarly, HS 
chains isolated from the mutant cells bound FGF2 more weakly than HS 
from the wt cells. At higher concentrations of FGF2, however, those differ-
ences were reduced.  

In summary, we conclude that the reduced ability of Ext1Gt/Gt fibroblasts to 
respond to FGF2 was due to less efficient binding of the mutant HS chains 
to this growth factor. 

DISCUSSION 
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By mediating protein-protein interactions, heparan sulfate plays a pivotal 
role in many processes during development and in the adult organism. The 
signaling pathways of many growth factors (such as FGF) are dependent on 
the presence of HS. It is, therefore, essential to understand HS biosynthesis 
in order to comprehend its function. HS biosynthesis starts by the formation 
of the polysaccharide protein linkage region, followed by addition of the 
first GlcNAc. The chain is then polymerized by the alternate addition of 
GlcA and GlcNAc sugar units to the nonreducing end of the growing chain. 
Although both GlcA-TII and GlcNAc-TII transferase activities are ascribed 
to EXT1, EXT2 and EXT1/2 complex, the capacity to polymerize the chain 
has not previously been demonstrated for any of them.  

In vitro polymerization of the heparan backbone 
In Paper I, by using the recombinant truncated EXT proteins, it was demon-
strated, for the first time, that EXT1 and EXT1/2 complex were capable of 
catalyzing the polymerization of oligosaccharide chains on K5 acceptors.  
No significant polymerase activity was observed for EXT2. In vitro polym-
erization by EXT1 and the EXT1/2 complex did not require membranes, 
core protein, or other accessory proteins. In contrast to our results, Kim and 
coworkers (Kim et al., 2003) have not observed any significant polymeriza-
tion for EXT1, EXT2, or the EXT1/2 complex using the same oligosaccha-
ride acceptor. This could be because they have used a different concentration 
ratio of acceptor to UDP-sugars, where there was no excess of UDP-sugars 
over the K5 acceptor. In our study, we used a 1000-fold excess of UDP-
sugars over the K5 acceptor. However, Kim et al. have observed extensive 
polymerization for the EXT1/2 complex, but not for EXT1 and EXT2 alone, 
using synthetic linkage region analogs or core protein acceptors. They have 
thus suggested that the HS polymerization reaction requires both a core pro-
tein and the EXT1/2 complex formation.  

What is the heparan sulfate polymerase in vivo?
We found that polymerization products generated by EXT1 ended with ei-
ther GlcNAc or GlcA, whereas those produced by EXT1/2 ended to a large 
extent with GlcA (Paper I). In agreement with these results, the EXT1/2 
complex exhibited less GlcNAc-TII activity than EXT1 alone. This result 
was unexpected as previously the EXT1/2 complex has been shown to have 
a higher GlcNAc-TII activity than EXT1 and EXT2 alone (Senay et al., 
2000).

The non-reducing end of the HS chain has been suggested to have the fol-
lowing structure: GlcA-GlcNS6S-UA±2S-GlcNS±6-Ido2S-GlcNS±6S (Wu 
and Lech, 2005), which, together with our polymerization results (Paper I) 
supports the concept that EXT1/2 complex is the functional polymerase in 
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vivo. On the other hand, EXT1 alone was a more efficient polymerase in our 
in vitro system. 

Mechanism of polymerization 
The fact that the polymerization on K5 oligosaccharides resulted in high 
amounts of short products and not in low amounts of long products (Paper 
I), suggests that in vitro EXT1 and EXT1/2 operate as non-processive glyco-
syltransferases, with repeated association - sugar(s) transfer - dissociation 
cycles. Consistently, Ext1Gt/Gt fibroblasts, which express small amounts of the 
Ext1 transcript, synthesized an apparently normal number of HS chains that 
were shorter than those produced by wt-cells, instead of producing fewer 
chains of normal length (Paper II).  

Role of EXT2 in heparan sulfate biosynthesis 
Compared to EXT1, EXT2 is not an efficient glycosyltransferase or poly-
merase (Paper I). What then, is than the function of this protein? We showed 
that EXT2 modulates the enzymatic activity of EXT1 in vitro (Paper I), and 
seems to assist EXT1 in the polymerization process in vivo, since silencing 
of this protein has the same effect on the HS chain length as silencing of 
EXT1 (Paper III). Over-expression of EXT2, in contrast to EXT1, has no 
effect on HS chain length, suggesting that these two proteins do have differ-
ent functions in the polymerization machinery. It has been proposed that 
EXT2 may be a chaperone of EXT1 (Wei et al., 2000). 

Role of EXTL3 in heparan sulfate biosynthesis 
We observed that silencing of EXTL3 in HEK293 cells resulted in increased 
HS chain length compared to control cells and that overexpression of this 
protein had no effect on HS chain elongation (Paper III). These results are in 
agreement with the earlier observations that EXTL3, but not EXT1 and 
EXT2, possesses GlcNAcT-I activity (the ability to add the first GlcNAc 
residue onto the linkage region) (Kim et al., 2001; Kitagawa et al., 2001). 
Inhibition of EXTL3, therefore, could have reduced the number of linkage 
region acceptors able to serve as a substrate for the HS polymerase, eventu-
ally leading to the increased length of HS chains synthesized on the remain-
ing acceptors. 

On the other hand, Kim and coworkers (Kim et al., 2003) have observed 
extensive polymerization by the affinity-captured EXT1/2 complex using 
linkage region analog acceptors containing a GlcA residue at the non-
reducing end. The authors have thus suggested that the human EXT1/2 com-
plex can catalyze the addition of the first GlcNAc residue to the linkage 
region. In contrast, in vitro polymerization of HS by Drosophila enzymes, 
onto the same acceptor, required both EXT1/2 (TTV/SOTV) and EXTL3 
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(BOTV), indicating distinct mechanisms of HS biosynthesis in Drosophila
and in man (Izumikawa et al., 2005). 

Polymerization and N-sulfation 
It has been shown that the polymerization reaction is stimulated by N-
sulfation. However, the precise coupling between HS chain elongation and 
its modifications has not been defined (Lidholt et al., 1989; Pikas et al., 
2000). On the other hand, HS chains produced by mouse embryonic stem 
cells deficient in both NDST1 and NDST2 were longer then chains from 
control cells (Holmborn et al., 2004). The addition of recombinant NDST1 
and PAPS (sulfate group donor) to the in vitro polymerization assay only 
slightly increased the chain elongation (Busse et al, unpublished data). Nev-
ertheless, it may be that the acceptor used, a K5 decamer was too short to be 
a good substrate for NDST1, and therefore it is difficult to draw any conclu-
sions about the role of N-sulfation for in vitro polymerization. Overexpres-
sion of NDST1 or NDST2 together with EXT1, EXT2 or EXT1/2 did not 
affect HS chain length compared to overexpression of EXTs alone (Presto et 
al, manuscript in preparation).

Importance of heparan sulfate chain length for HS-protein 
interactions
How are the studies on HS elongating enzymes related to studies on HS-
protein interactions? We showed that one of the growth factors known to 
require HS for proper activation of its downstream signaling cascade, FGF2, 
activated ERK in Ext1Gt/Gt mutant cells less efficiently than in wt cells (paper 
IV). HS from mutant cells also bound more weakly to FGF2. Koziel et al
(Koziel et al., 2004) demonstrated that Ext1Gt/Gt mice have impaired Hh sig-
naling. The disaccharide composition of Ext1Gt/Gt HS is virtually indistin-
guishable from that of wt HS (paper II). However, analysis of the amounts 
and distribution of N-sulfated glucosamine units, showed that the mutant HS 
contained higher proportions of unmodified regions than HS from wt cells 
(paper IV). This can be explained by higher proportions of fragments de-
rived from the unmodified saccharide sequence adjacent to the HS-protein 
linkage region in shorter chains (Lyon et al., 1994). In summary, the length 
of HS is apparently one of the critical factors influencing HS - protein inter-
actions.

FUTURE PERSPECTIVES 
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HS biosynthesis is a research field with great opportunities for new discover-
ies. Despite the efforts of many investigators, the machinery producing such 
an important molecule is still poorly understood. 

The process of HS polymerization is still elusive. Some clues about a role 
of EXT1, EXT2, EXT1/2 and EXTL3 in this process were gained in the 
present study. However, the identity of the in vivo polymerase remains to be 
defined: is it EXT1, the EXT1/2 complex or are there more elements in-
volved in this process? The function of EXT2 is very intriguing because of 
the necessity of this protein for HS polymerization despite its lack of signifi-
cant transferase activities. In order to verify whether EXTL3 or the EXT1/2 
complex initiates elongation of the HS chain, the role of EXTL3 in should 
be investigated in more detail.

Is the chain length under some control? 
What are the control mechanisms behind the specific modifications of the 

HS chains?
Do the enzymes participating in HS biosynthesis collaborate? Hopefully 

the ongoing studies on EXTs-NDSTs interactions will provide us with new 
insights into the relationships between polymerization and N-sulfation.

In science, every discovery opens new possibilities but also raises new 
questions. Hopefully, HS biosynthesis and function will one day no longer 
be a mystery. This would not only satisfy our scientific curiosity, but more 
importantly, may help us to find cures for HS-related diseases.  
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