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Abbreviations

Endoplasmatic reticulum ER 
Glycosaminoglycan GAG 
Proteoglycan PG 
Keratan sulfate KS 
Chondroitin sulfate CS 
Dermatan sulfate DS 
Heparan sulfate HS 
N-acetyl glucosamine GlcNAc 
Galactose Gal 
N-acetyl galactosamine GalNAc 
Glucuronic acid GlcA 
Iduronic acid IdoA 
Xylose Xyl 
Hereditary multiple exostoses HME 
N-deacetylase / N-sulfotransferase NDST 
Amino acid aa 
Galactosyltransferase-I GalT-I 
Galactosyltransferase-II GalT-II 
Glucuronyltransferase-I GlcAT-I 
3’-Phosphoadenosine 5´-phosphosulfate PAPS 
N-ethylmaleimide NEM 
Adenosine 5’phosphosulfate APS 
2-O-sulfotransferase 2-OST 
6-O-sulfotransferase 6-OST 
3-O-sulfotransferase 3-OST 
Fibroblast growth factor  FGF 
Fibroblast growth factor receptor FGFR 
Human embryonic kidney 293 cells HEK 293 cells 
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Introduction

Glycosylation of proteins is the most common and diverse modification in 
living organisms and its ubiquity among different cell types is established. 
The diversity depends on the many possibilities of combining monosaccha-
rides, but also on modifications of the sugars, e.g. by phosphorylation, sul-
fation, acetylation and methylation. The glycosylation of proteins takes place 
in the Golgi network in the cell, but starts often already in the endoplasmatic 
reticulum (ER). The glycan can be attached to the protein core either by an 
N- or an O-linkage (Lis and Sharon, 1993).  

This thesis is about the biosynthesis of heparan sulfate, a glycan that belongs 
to the family of glycosaminoglycans (Iozzo, 2001). The functions of heparan 
sulfate proteoglycans in animals span from essentials roles in embryonic 
development to maintenance of normal physiology and influence on disease 
in adults (Esko and Selleck, 2002). The biosynthesis of heparan sulfate is 
complex and involves several different enzymatic steps. The complexity 
probably has a reason making this area interesting to work in.  
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Background

Proteoglycans
A proteoglycan (PG) is a protein with one or more glycosaminoglycan 
(GAG) chains covalently attached to it. There is no mammalian cell found, 
which does not contain PGs. While some PGs always are substituted with 
one type of GAG, others can have two different GAGs attached to their pro-
tein cores. GAGs are unbranched long carbohydrate chains consisting of 
repeating units of a disaccharide, which can be more or less modified 
(Kjellen and Lindahl, 1991).  

Glycosaminoglycans
There are different kinds of GAGs forming proteoglycans: keratan sulfate 
(KS), chondroitin- and dermatan sulfate (CS/DS), heparan sulfate (HS) and 
heparin. KS consists of repeating units of N-acetylglucosamine (GlcNAc) 
and galactose (Gal), whereas CS and DS are built up of N-
acetylgalactosamine (GalNAc) and glucuronic acid (GlcA) (Funderburgh, 
2002; Silbert and Sugumaran, 2002).  

HS and heparin both contain repeating units of GlcNAc and GlcA, hepa-
rin being modified to a higher degree than HS (Sugahara and Kitagawa, 
2002).  

All of the mentioned GAGs can be modified by sulfation on specific posi-
tions in the chain (Funderburgh, 2002; Silbert and Sugumaran, 2002; 
Sugahara and Kitagawa, 2002). GlcA in DS and HS / heparin can also un-
dergo epimerization resulting in the formation of iduronic acid (IdoA) 
(Sugahara and Kitagawa, 2000).

One additional member of the GAG family, hyaluronan, consisting of 
GlcNAc and GlcA units is not covalently attached to proteins. It is secreted 
from the cell membrane where it is synthesized, into the extracellular matrix 
(Taylor and Gallo, 2006).
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Heparan sulfate biosynthesis 
The biosynthesis of HS starts in the ER and continues in the Golgi network. 
The first event is the synthesis of a linkage tetrasaccharide with a xylose 
(Xyl) linked to the serine residue of the protein. This tetrasaccharide is the 
same for CS and HS and addition of a GalNAc or a GlcNAc, respectively, 
decides if a CS/DS or a HS chain will be synthesized. How this selection is 
regulated is not fully understood, but the structure of the protein core may 
have an important role (Esko and Zhang, 1996). 

The EXT1 and EXT2 proteins, adding alternating units of GlcA and 
GlcNAc to the growing chain, catalyze the polymerization of HS. The chain 
undergoes several different modifications including N-sulfation of GlcN 
units through the action of the enzyme N-deacetylase / N-sulfotransferase 
(NDST). Further modifications are, as mentioned above, epimerization of 
GlcA into IdoA and different O-sulfations. The different biosynthetic steps 
will be presented in more detail (see below) (Esko and Selleck, 2002).  

Protein linkage 
The GAG attachment site is a motif with the sequence Ser-Gly/Ala, where 
the hydroxyl group on the serine residue is the linking point. It has been 
shown that an acidic amino acid (aa) should be present on one or both sides 
of the serine residue, as part of the motif (Esko and Zhang, 1996). Brink-
mann and co-workers determined a consensus recognition site by an align-
ment of 51 amino acid sequences of CS attachment sites. This resulted in the 
sequence a-a-a-a-G-S-G-a-b-a, where a is Glu or Asp and b is Gly, Glu or 
Asp (Brinkmann et al., 1997). HS attachment appears to be enhanced by the 
presence of a hydrophobic aa close to the selected serine residue (Esko and 
Zhang, 1996). 

The linkage tetrasaccharide consists of GlcA 1-3Gal 1-3Gal 1-4Xyl 1-
O-Ser (Figure 1). The first monosaccharide, Xyl, is transferred by the en-
zyme UDP-xylosyl transferase. Two vertebrate isoforms of this enzyme has 
been found, XT-I and XT-II, but only XT-I has been shown to exhibit cata-
lytic activity (Baker et al., 1972; Gotting et al., 2000; Kuhn et al., 2001). The 
Xyl residue may be phosphorylated, maybe serving as a signal for regulation 
or trafficking (Silbert and Sugumaran, 2002). 

The transfer of the first Gal residue is catalyzed by the UDP-Gal: -Xyl -
1,4-Galactosyltransferase I (GalT-I), which was cloned 1999 as the seventh 
member of the human 4-Galactosyltransferase family (Almeida et al., 1999; 
Okajima et al., 1999). The transfer of Xyl and the first Gal residue is thought 
to take place in the ER or early Golgi compartment, as determined by the 
degree of processing of the N-linked oligosaccharides on the core protein 
(Kearns et al., 1993). 
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The second Gal is transferred by the sixth member of the human UDP-
3-galactosyltransferase family, galactosyltransferase II (GalT-II) (Bai et 

al., 2001). The two Gal residues can both undergo sulfation (Silbert and 
Sugumaran, 2002). The fourth sugar, GlcA, is transferred by the enzyme 
glucuronyltransferase I (GlcAT-I) (Kitagawa et al., 1998). 

Polymerization 
EXT family 
The EXT family of proteins has got its name from the autosomal dominant 
disease Hereditary multiple exostoses (HME), which is a result of mutations 
in the genes for EXT1, EXT2 or EXT3 (Zak et al., 2002). In HME affected 
patients cartilage capped bony outgrowths appear on the growth plate of the 
long bones (McCormick et al., 1999). Sequence similarities have added three 
other members to the EXT family, EXTL1-3 (Van Hul et al., 1998; Wise et 
al., 1997; Wuyts et al., 1997). 

Initiation
As mentioned above, when a GlcNAc is transferred to the linkage region by 
an enzyme with GlcNAcT-I activity, further polymerization of a heparan 
sulfate chain is initiated (Lidholt and Lindahl, 1992). GlcNAcT-I transfer 
has been shown in vitro to be catalyzed by the enzymes EXTL2 and EXTL3, 
but also by a complex of EXT1 and EXT2 (Kim et al., 2001; Kim et al., 
2003; Kitagawa et al., 1999).  

Elongation
Polymerization of the chain is carried out through alternating transfer of 
GlcA and GlcNAc units to the non-reducing end of the growing polysaccha-
ride. The EXT1 and EXT2 enzymes catalyze the transfer of the two sugar 
units and they work much more efficiently when they act together in a com-
plex (Figure 1) (Busse and Kusche-Gullberg, 2003; Kim et al., 2003; Lind et 
al., 1998; McCormick et al., 2000; Senay et al., 2000). It has been shown 
that EXT1 alone can polymerize HS in vitro, while it is more uncertain if 
EXT2 has this ability (Busse and Kusche-Gullberg, 2003; Kim et al., 2003). 
EXTL1 and EXTL3 can both catalyze the transfer of a GlcNAc to the non-
reducing end of HS (GlcNAcT-II activity). Thus it is possible that also they 
have a role in polymerization of HS (Kim et al., 2001). 

EXT1 and EXT2 enzymes and polymerization 
EXT1 and EXT2 are type II transmembrane proteins. Several conserved 
cysteine residues indicate that the two enzymes may share a common struc-
tural fold. Many glycosyltransferases contain a DXD motif, important for 
their catalytical function. One DXD motif is present in EXT2, while EXT1 
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contains four, of which only two appear to be necessary for enzyme activity 
(Zak et al., 2002). EXT1 and EXT2 both contain two possible N-
glycosylation sites and results presented by Senay et al. have indicated that 
they are N-glycosylated, at least when they are expressed together (Senay et 
al., 2000).  

In a study by Dietrich et al. it was shown that blocking sulfation resulted 
in the inhibition of HS synthesis in cultured cells (Dietrich et al., 1988). Lid-
holt and coworkers could (in a cell free system) demonstrate that chains syn-
thesized in the presence of 3’-phosphoadenosine 5´-phosphosulfate (PAPS), 
the sulfate donor, were longer and the data indicated that it was the presence 
of N-sulfate groups in the chain that facilitated the elongation by glycosyl-
transferases (Lidholt et al., 1989). In a later study they could also show that 
the GlcA transferase preferred an N-sulfated polysaccharide as substrate 
(Lidholt and Lindahl, 1992). Sandbäck-Pikas et al. have shown that cells 
overexpressing NDST1 and NDST2 enzyme, which synthesize HS with in-
creased N-sulfation, make longer chains (Pikas et al., 2000). A result contra-
dicting that N-sulfation promotes elongation is that ES-cells from NDST1 
and NDST2 double knock out embryos produce longer HS chains, compared 
with control embryos, despite the fact that the HS totally lack N-sulfation
(Holmborn et al., 2004).  

If NDST can affect the polymerization rate both by providing an N-
sulfated substrate with a better affinity for the glycosyltransferases as well as 
by some other mechanisms is still totally clear. 

Figure 1. Biosynthesis of the linkage tetrasaccharide and polymerization of HS

N-Deacetylation / N-sulfation
When polymerization has started and the chain is growing, modification 
reactions will take place. The first enzyme to act on the polymer is NDST, a 
bifunctional enzyme with two catalytic activities. The NDST enzyme re-
moves the acetyl group from the GlcNAc residue and then a sulfate group is 
transferred into this position (Figure 2). An interesting feature of the biosyn-
thesis is that NDST does not work on every GlcNAc in the polymer, neither 
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does it seem to randomly sulfate GlcNAc units. Instead the N-sulfated
GlcNAc residues occur in domains (NS domains) with acetylated regions 
(NA domains) in between. The regions between the NS and NA domains are 
short mixed NS/NA domains (Grobe et al., 2002). 

Some glucosamine residues are N-unsubstituted and thus contain “free” 
amino groups. This is not very common and amounted in different HS prepa-
rations to 0.7 - 4% of the glucosamine units. The N-unsubstituted residues 
are thought to be generated by incomplete action of an NDST molecule 
(Westling and Lindahl, 2002). HS made by ES cells deficient in both 
NDST1 and -2 contain unsubstituted amino groups. How N-deacetylation 
has occurred in these cells is discussed by Holmborn et al. where it is specu-
lated that a so far unidentified deacetylase is present (Holmborn et al., 2004).  

Isoforms of the NDST enzyme 
Four isoforms of mammalian NDST have been identified (Grobe et al., 
2002). At first it was not known that the same enzyme catalyzed both N-
deacetylation and N-sulfation, but in 1991 the purification of a protein re-
quired for both N-deacetylase and N-sulfotransferase activity was reported 
(Pettersson et al., 1991). NDST1 was first cloned from rat liver, a heparan 
sulfate N-sulfotransferase, followed in 1995 by the human orthologue 
(Dixon et al., 1995; Hashimoto et al., 1992). 

NDST2 was first cloned from mouse mastocytoma and was believed to be 
the NDST enzyme responsible for heparin N-sulfation (Eriksson et al., 1994; 
Orellana et al., 1994). Human NDST-2 was cloned in 1998 (Humphries et 
al., 1998). 

NDST3 and –4 were more recently identified and the mRNA expression 
of these isoforms seems to be more restricted compared to that of NDST1 
and -2 (Aikawa and Esko, 1999; Aikawa et al., 2001). NDST3 and -4 are 
expressed in adult brain and during embryogenesis and NDST-3 is also 
found in adult heart, kidney, muscle and testis (Aikawa and Esko, 1999; 
Aikawa et al., 2001). NDST1 and NDST2 mRNA are more abundant and 
their expression is overlapping in all cell types analyzed (Aikawa et al., 
2001). Even if NDST1 and NDST2 mRNA often are found in the same tis-
sues, the protein expression is not always correlated with the transcriptional 
level of the NDST isoforms. Grobe et al. analyzed the 5’-untranslated region 
(5’-UTR) of the NDST isoenzymes and found that all four contained regula-
tory elements that affect the protein expression in a cell type specific fash-
ion. Translational control is one way of regulation that other HS biosynthetic 
enzymes also may use, since many contain unusual 5’UTR sequences 
(Grobe and Esko, 2002).

Mouse NDST1 and NDST2 consist of 882 and 883 amino acids (aa), re-
spectively, while NDST3 and NDST4 contain 873 and 872 amino acids 
(Aikawa et al., 2001). Mouse and human isoforms are very similar in amino 
acid sequence but when the sulfotransferase domain of the different isoforms 
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was modeled, the overall pattern of surface charge and shape differed sig-
nificantly (Aikawa et al., 2001). The four isoforms also differ in N-
deacetylase/N-sulfotransferase activity ratio, which might indicate that they 
are different not only in expression pattern but also in substrate specificity 
(Aikawa et al., 2001). 

NDST1 and NDST2 proteins both have potential N-glycosylation sites 
(four in NDST1 and six in NDST2) and there are indications that proper N-
glycosylation is needed for both N-deacetylation and N-sulfation (P. Carls-
son, Uppsala University, personal communication).

N-deacetylation 
The N-deacetylase activity of the NDST enzyme is located in the N-terminal 
part of the polypeptide. In a recently published paper, fully functional activ-
ity was found in a polypeptide corresponding to aa 66-604 in NDST2 
(Duncan et al., 2006).

The N-deacetylase activity has been shown to be sensitive to N-ethyl-
maleimide (NEM) and the target for the inactivation seems to be Cys486

(Pettersson et al., 1991; Wei and Swiedler, 1999).  This Cys residue can be 
mutated to a small aa without any decrease in activity but resulting in a loss 
of N-deacetylase sensitivity to NEM. Cys486 is not engaged in any disulfide 
bridge and if it is mutated to a large aa like Arg or Trp, the N-deacetylase 
activity is abolished. This indicates an indirect participation of Cys486, being 
located near the active site where NEM or a larger aa like Trp, physically 
may block the active site (Wei and Swiedler, 1999). The mutation of Cys486

to Trp486 was one of two mutations we used to study the different roles of the 
two catalytic activities of NDST-1 (Paper I, Bengtsson et al.).

The N-deacetylase activity has been shown in in vitro assays to require 
Mn2+ ions, to be inhibited by high salt concentrations and to have a pH opti-
mum between 6 and 6.5 (Riesenfeld et al., 1980). It has also been shown that 
PAPS increases the N-deacetylation activity and that this effect probably is 
due to incorporated N-sulfate groups in the polysaccharide chain (Riesenfeld 
et al., 1982). In an antibody based N-deacetylase assay the affinities of 
NDST1 and NDST2 were shown to be better for a substrate containing sul-
fate groups (low-sulfated HS) compared with a non-sulfated K5 polysaccha-
ride substrate and also that N-sulfated HS oligosaccharides can work as in-
hibitors for the NDST enzymes (Van Den Born et al., 2003). In the same 
paper it was also suggested from the data that NDST2 is more tolerant to 
sulfation of the substrate (Van Den Born et al., 2003). K5 is a capsular poly-
saccharide synthesized by the Escherichia coli K5. This polysaccharide con-
sists of the same disaccharide unit, GlcA-GlcNAc, as the backbone of HS 
and has been shown to function as a substrate in assays for different HS bio-
synthetic enzymes (Kusche et al., 1991). 
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PAPS synthesis and transport 
PAPS is an active form of sulfate, which sulfotransferases use as donor of 
the sulfonate group they transfer to the recipient substrate. Inorganic sulfate 
is essential for the synthesis of PAPS, which is assembled in two steps by the 
action of ATP sulfurylase followed by APS kinase. In the first step adeno-
sine 5’phosphosulfate (APS) is formed and in the second step APS and ATP 
react to form PAPS and ADP (Venkatachalam, 2003). The synthesis of 
PAPS takes place in the cytosol, whereas the sulfation of macromolecules is 
carried out in the Golgi network. This makes the sulfation events dependent 
on both PAPS synthesis and on the transport of PAPS into the Golgi lumen 
(Klaassen and Boles, 1997). In 1996, a PAPS translocase was identified (but 
not cloned) and characterized as a specific transporter of PAPS, acting as an 
antiport with PAP as the returning ligand (Ozeran et al., 1996a; Ozeran et al., 
1996b). Recently, two PAPS transporters have been cloned, PAPST1 and 
PAPST2, which both are Golgi localized proteins with similar PAPS trans-
port activities (Kamiyama et al., 2006; Kamiyama et al., 2003). 

N-sulfation
The different sulfotransferases involved in GAG biosynthesis all use PAPS 
as sulfate donor, but they all have strict substrate specificities (Habuchi, 
2000). It is the 5’-sulfuronyl group in PAPS that is transferred to the sub-
strate (Sueyoshi et al., 1998). The first sulfotransferase to be crystallized was 
the estrogen sulfotransferase with two binding sites for PAPS. A similar 
PAPS binding sequence can be found in most of the GAG sulfotransferases 
(Kakuta et al., 1998).  

The N-sulfotransferase activity of the NDST enzyme is located in the C-
terminal part of the protein (aa558-aa882) (Berninsone and Hirschberg, 
1998; Sueyoshi et al., 1998). The human sulfotransferase domain of NDST1 
was crystallized in 1998 and the crystal structure was presented the follow-
ing year (Kakuta et al., 1999). The domain has a spherical structure with an 
open cleft, large enough to contain a hexasaccharide chain. The PAPS bind-
ing site has striking similarities with that of the estrogen sulfotransferase 
(Kakuta et al., 1999). By modeling experiments a trisaccharide (IdoA-GlcN-
IdoA) has been proposed to be the binding unit of heparan sulfate, to the N-
sulfotransferase domain (Kakuta et al., 2003). 

In the estrogen sulfotransferase, Lys48 is in a position to function as a 
catalytic residue and it is conserved in all known sulfotransferases. In NDST, 
this aa corresponds to Lys614. When this residue was mutated to an alanine 
the enzyme did not show any detectable N-sulfotransferase activity 
(Sueyoshi et al., 1998). Due to its location, Lys614 was found to have the 
ability to form a hydrogen bond to the PAPS 5’phosphate (Kakuta et al., 
1999). This was the second mutation used to study the catalytical activities 
of NDST1 (paper I, Bengtsson et al.).
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The sulfotransferase activity has been shown to be inhibited by dithio-
threitol and cysteine residues in the C-terminal part of the protein are be-
lieved to be affected (Wei and Swiedler, 1999). 

Figure 2. Possible modifications of heparan sulfate. 

Epimerization and O-sulfation
Further modifications of the HS chain include epimerization of GlcA resi-
dues into IdoA and O-sulfation at different positions (Figure 2). Only one 
enzyme responsible for the conversion of GlcA into IdoA, D-glucuronyl C5-
epimerase, has been found (Crawford et al., 2001; Li et al., 1997). 2-O-
Sulfation of IdoA and in some cases of GlcA is performed by a single 2-O-
sulfotransferase (2-OST) and the recombinant form of the enzyme has been 
shown to have a strong preference for sulfate transfer to IdoA (Kobayashi et 
al., 1997; Rong et al., 2000; Rong et al., 2001). 

Three heparan sulfate 6-O-sulfotransferases (6-OST) are known, 6-OST-1 
– 6-OST-3. In addition, two splice variants of human 6-OST-2 have been 
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identified (Habuchi et al., 2003; Habuchi et al., 2000). The three isoforms of 
6-OST have quite similar substrate specificities, but 6-OST-1 seems to have 
a relative preference for disaccharides lacking 2-O-sulfate groups (Smeds et 
al., 2003). When the different isoforms were overexpressed in HEK 293 
cells, they also gave similar 6-O-sulfation patterns and the level of expres-
sion seemed to be the most regulating factor (Do et al., 2006). 

The GlcNAc residue may also be sulfated on the C3 position by a 3-O-
sulfotransferase (3-OST). So far seven vertebrate isoforms of 3-OST have 
been found that can create this modification, which is quite rare (Sugahara 
and Kitagawa, 2002; Xu et al., 2005). Some of these isoforms have been 
shown to give rise to different 3-O-sulfated HS, with distinct biological 
functions (Xu et al., 2005). For example the 3-OST-1 and 3-OST-5 both 
have the ability to create the specific binding site for antithrombin (Liu et al., 
1999; Xia et al., 2002).  

Epimerization and the different O-sulfation reactions all need N-sulfated
domains for substrate recognition, making the NS-domains targets for ex-
tended modifications (Lindahl et al., 1998). Therefore, NDST has been re-
garded as a key enzyme during biosynthesis. This role was recently ques-
tioned when HS from embryonic stem cells deficient in N-sulfation, was 
shown to contain 6-O-sulfate groups (Holmborn et al., 2004).

Association of the biosynthetic enzymes 
All the enzymes in heparan sulfate biosynthesis, except for 3-OST-I 
(Shworak et al., 1997) and possibly Xyl-TI (Gotting et al., 2000) are type II 
transmembrane proteins. They have their C-terminal part with the catalytic 
domain in the Golgi lumen, contain a single membrane spanning region and 
an N-terminus facing the cytosol. 

Colocalization and complex formation of enzymes in the GAG biosynthe-
sis machinery have been shown for the polymerases EXT1 and EXT2 
(Kobayashi et al., 2000; McCormick et al., 2000) as well as for the 2-OST 
and the C5-epimerase (Pinhal et al., 2001). EXT1 and EXT2 were shown to 
localize to the ER when expressed alone, but to accumulate in the Golgi 
compartment when coexpressed. A physical interaction and complex forma-
tion of hetero-oligomers was also seen by immunoprecipitation, but the en-
zymes could also form homo-oligomers (McCormick et al., 2000).  

When a p33-tag was used to relocate the C5-epimerase to the ER, also the 
2-OST was retained in this compartment, demonstrating an interaction be-
tween the two enzymes. In mutant cells without any 2-OST, no transfected 
C5-epimerase was detected in the Golgi compartment. Instead it was found 
in the ER, indicating that the epimerase and the 2-OST depend on each other 
for correct localization. In addition C5-epimerase activity was decreased in 
the 2-OST mutant cells (Pinhal et al., 2001). In the C5-epimerase knockout 
mouse, 2-O-sulfation was decreased (Li et al., 2003). One could speculate 
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that the decrease in 2-O-sulfation is due to a shortage of IdoA containing 
substrates or due to problems in localization of the 2-OST to the Golgi com-
partment or both. 

An enzyme-enzyme interaction between the XT and GalT-I has also been 
studied. This interaction was seen both using affinity chromatography and by 
immunoprecipitation (Schwartz, 1975; Schwartz et al., 1974). 

Sulfatases
In addition to the different sulfotransferases working in the biosynthesis of 
HS, a family of enzymes has been found that modify the chain by removing 
6-O-sulfate groups incorporated in the HS chain. Two of these 6-O-
sulfatases have been cloned in human and mouse and are called Sulf-1 and 
Sulf-2 (Morimoto-Tomita et al., 2002). However, the first Sulf was identi-
fied in quail embryo in 2001 as QSulf-1 (Dhoot et al., 2001). The enzymes 
are shown to modify heparin and HS chains on the cell surface and in the 
extracellular matrix, but are also found in active form in the Golgi network 
(Ai et al., 2006; Ai et al., 2003; Morimoto-Tomita et al., 2002). 

Heparan sulfate proteoglycans 
Proteoglycans carrying heparan sulfate are present in the extracellular matrix 
and on the cell surface (Figure 3) (Bernfield et al., 1999; Iozzo, 1998).

Heparin is found intracellularly in connective tissue type mast cells, in the 
form of serglycin proteoglycan (Forsberg et al., 1999). 

In extracellular matrix 
The perlecan core protein consists of five domains where the N-terminal 
domain I contains three attachment sites for HS. A HS or a CS chain can 
also be attached to domain V in the C-terminal end. Perlecan is present in 
basement membranes and is abundant in several tissues (Iozzo and San An-
tonio, 2001). 

Collagen XVIII is part of most basement membranes and is a hybrid col-
lagen-HSPG molecule. This PG can have four HS chains attached to its non-
collagenous domains (triple-helical regions) (Iozzo and San Antonio, 2001). 

Similar to collagen XVIII, agrin is a basement membrane PG but can also 
occur in a splice variant as a transmembrane HSPG (Neumann et al., 2001). 
Agrin can carry at least three HS chains (Bezakova and Ruegg, 2003; Denzer 
et al., 1998). 
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On the cell surface 
Glypicans are cell surface bound PGs attached to the plasma membrane via a 
glycosylphosphatidyl inositol anchor at the C-terminal end. The HS chains 
are situated close to the membrane, while the N-terminal part of the protein 
is a globular domain reaching out from the cell membrane. These overall 
characteristics are the same for the six different members of the glypican 
family (GPC1-GPC6) that are found in mammals (Bernfield et al., 1999; 
Filmus and Selleck, 2001). 

Four different syndecans are described in mammals. They are transmem-
brane proteins with a single transmembrane domain. The C-terminal end of a 
syndecan is a short cytoplasmic domain, which can interact with cytoplasmic 
molecules. The N-terminal part of the protein carries three to five HS and/or 
CS chains (Bernfield et al., 1999; Tumova et al., 2000). 

In addition, part-time proteoglycans may be present on the cell surface; 
Some splice variants of CD44 have been shown to carry HS chains and the 
TGF-  binding protein betaglycan can be substituted with both CS and HS 
(Andres et al., 1991; Brown et al., 1991). 

Figure 3. Three common types of heparan sulfate proteoglycans 

Heparan sulfate proteoglycans and their different 
functions
Why are heparan sulfate and its biosynthesis so interesting and important?  
Heparan sulfate proteoglycans have been shown to be involved in a great 
variety of physiological processes including cell-matrix interactions, coagu-
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lation, lipolysis, generation of morphogen gradients, binding of growth fac-
tors, regulation of inflammation and angiogenesis (Bernfield et al., 1999). 
The ability of HS to interact with proteins depends largely on its high con-
tent of sulfate groups, created by the different sulfotransferases during bio-
synthesis. The HS chain is as described above, modified in domains, which 
constitute binding sites for many different protein ligands (Esko and Selleck, 
2002).

Studies in transgenic animals  
One strategy for determining the function of HS is to study genetically modi-
fied animals. This has been done in mice, by knocking out genes for differ-
ent proteoglycan core proteins and several of the biosynthetic enzymes. 
Many important signaling molecules during development have shown their 
need for HSPG for their proper function and include; Fibroblast growth fac-
tors (FGFs), Wingless (Wg/Wnt), transforming growth factor beta (TGF
and hedgehog (Hh) (Kramer and Yost, 2003; Nybakken and Perrimon, 2002; 
Whitelock and Iozzo, 2005).

By analyzing mutants of the fruit fly Drosophila melanogaster, the im-
portance of HS for development has been established (Lin and Perrimon, 
2002). Studies in Zebrafish and the nematode Caenorhabditis elegans have 
also added more to this picture (Berninsone and Hirschberg, 2002; Lee and 
Chien, 2004; Princivalle and de Agostini, 2002; Turnbull et al., 2003). 

Transgenic animals with targeted EXT and NDST genes  
Studies on mice where different HS biosynthesis enzymes have been 
knocked out, clearly show that absence of HS or altered HS structure is not 
compatible with normal mouse development (Forsberg and Kjellen, 2001). 

Mouse embryos lacking EXT1 do not survive beyond day E8.5 and die 
during gastrulation (Lin et al., 2000). A similar result was obtained for EXT2 
deficient embryos, which also die around the time for gastrulation (Stickens 
et al., 2005). HS could not be detected in any of these EXT deficient em-
bryos. Mice heterozygous for EXT2 develop exostoses, as do HME patients, 
while this was not observed in mice heterozygous for the EXT1 mutation 
(Lin et al., 2000; Stickens et al., 2005).  

A mouse overexpressing wild-type and mutant EXT2 in developing 
chondrocytes also displayed an upregulation of EXT1. The EXT2 wild-type 
expressing mouse also contained increased amounts of HS and showed en-
hanced bone formation (trabeculae) (Morimoto et al., 2002). 

Drosophila homologues for EXT1, EXT2 and EXTL3 are called tout-velu 
(ttv), sister of tout-velu (sotv) and brother of tout-velu (botv), respectively.
Similar to the vertebrate EXT1 and EXT2, Ttv and Sotv are associated in 
vivo (Bellaiche et al., 1998; Han et al., 2004). Mutation of Rib-2, a homo-
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logue to EXTL3 in C. elegans, demonstrated the importance of HS biosyn-
thesis during development in this model (Morio et al., 2003). 

Mice deficient in NDST1 die early after birth due to lung failure and with 
skull and brain defects(Fan et al., 2000; Grobe et al., 2005; Ringvall et al., 
2000), while mice lacking NDST2 survive until adulthood and are fertile 
(Forsberg et al., 1999) (Humphries et al., 1999). NDST1-/- embryos has a 
reduced HS N-sulfation with the overall structure affected compared with 
control embryos, while NDST2-/- mice display no differences in HS structure 
(Ledin et al., 2004). The NDST2-/- mice, however, display only a phenotype 
with abnormal mast cells containing no heparin (Forsberg et al., 1999)
(Humphries et al., 1999). In contrast, mice lacking both NDST1 and NDST2 
die during early embryonic development during gastrulation, clearly pointing 
to a functional role also for NDST2 during embryogenesis (Holmborn et al., 
2004). Inactivation of NDST1 in endothelial cells resulted in impaired neu-
trophil trafficking during inflammatory responses (Wang et al., 2005). Muta-
tion of the NDST homologue sulfateless in Drosophila results in defects 
during embryogenesis, demonstrating the importance of HSPG in FGF re-
ceptor (FGFR) signaling (Lin and Perrimon, 1999). 

Other biosynthetic enzyme studied in knockout mice 
Mice deficient in 2-OST and mice deficient in C5-epimerase show similar 
phenotypes. They both die around the time of birth and lack kidneys. C5-
Epimerase knockout mice also display a lung phenotype not present in the 2-
OST deficient mice, but similar to the phenotype of NDST1-/- mice (Bullock 
et al., 1998; Li et al., 2003; Ringvall et al., 2000). In mice lacking 2-OST the 
HS synthesized contains an increased amount of N-sulfate and 6-O-sulfate
groups, so the overall charge density is maintained. This may indicate that 2-
O-sulfation sometimes may occur before N-sulfation (Merry et al., 2001).

The 3-OST-1, capable of creating the specific binding site on HS for anti-
thrombin, has been knocked out in mice. The mouse did not show the ex-
pected procoagulant phenotype, but the mutation was lethal on a specific 
genetic background (Shworak et al., 2002). 

HS core proteins in knockout mice 
Syndecan-1, -3 and -4 knockout mice are all viable and fertile. Still they 
show some specific phenotypes e.g. reduced Wnt-1-induced tumorigenesis 
in mammary glands of syndecan-1 deficient mice, altered feeding behaviour 
in syndecan-3 null mice and a delayed wound repair and reduced angiogene-
sis in syndecan-4 deficient mice (Alexander et al., 2000; Echtermeyer et al., 
2001; Reizes et al., 2001).  

Patients with Simpson-Golabi-Bemel syndrome (SGBS) have mutations 
in the gene for glypican-3. Mice deficient in glypican-3 display several clini-
cal symptoms similar to the SGBS patients as for example developmental 
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overgrowth, abnormal lung development and perinatal death (Cano-Gauci et 
al., 1999; Pilia et al., 1996). 

Perlecan knockout mice have also been studied. While approximately half 
of the mice die during embryonic development between day 10 and 12 due 
to haemorrhage around the heart, the rest die just after birth with a very 
complex phenotype (Arikawa-Hirasawa et al., 1999; Costell et al., 1999). 
Mice lacking exon 3 in perlecan, without the HS attachment sites in domain 
I, show early degeneration of the lens, but otherwise develop normally 
(Rossi et al., 2003).  

Importance of specific sulfate patterns  
The binding of heparin to antithrombin was the first specific interaction stud-
ied, where a pentasaccharide with a specific structure is critical for the bind-
ing (Petitou et al., 2003). Binding of the polysaccharide induces a conforma-
tional change of antithrombin making it a much more efficient inhibitor of 
thrombin and other members of the coagulation cascade (Bourin and Lin-
dahl, 1993). 

Another interaction that has been well studied is the one between HS, 
FGF and FGFR. Several of the FGF and FGFR have been shown to require 
HS to form a specific complex on the cell surface, which is needed to 
achieve signal transduction. A complex is formed composed of two FGF 
ligands and two FGFR bound to one HS chain (Harmer, 2006; Pellegrini, 
2001; Whitelock and Iozzo, 2005).

In addition to interactions requiring specific sulfation patterns, the overall 
negative charge of the HS chain also offers a more unspecific type of bind-
ing to many proteins (Kreuger et al., 2005). New results about the structure 
specificity of HS needed for the FGF / FGFR complex is discussed in recent 
publications. Jastrebova and coworkers could show that the number of sul-
fate groups was the most important factor for the stability of FGF-
oligosaccharide-FGFR complex and not the positions of the O-sulfate groups 
(Jastrebova et al., 2006; Kreuger et al., 2005). In a review by Kreuger et al. it 
was speculated that the domain organization, instead of specific sulfation 
patterns, might be critical for many interactions (Kreuger et al., 2006). 
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Present investigation 

Paper I – Distinct effects on heparan sulfate structure by 
different active site mutations in NDST-1 
In order to investigate how the two different catalytical units of the NDST1 
enzyme work on the heparan sulfate chain we introduced point mutations 
into mNDST1 cDNA. The first mutation (C486W) completely destroyed the 
N-deacetylase activity while the second mutation (K614A) abolished the N-
sulfotransferase activity (Sueyoshi et al., 1998; Wei and Swiedler, 1999). 
These cDNAs as well as one containing both mutations cloned into a mam-
malian expression vector, were transfected into human embryonic kidney 
293 cells  (HEK 293) and stable clones were generated. The cloned cell lines 
were analyzed for protein expression, mRNA expression and N-deacetylase 
and N-sulfotransferase activities. Cells transfected with the NDST1 C486W 
mutant, displayed the same N-deacetylase activity as mock transfected cells, 
while the N-sulfotransferase activity was very high. The opposite effect was 
seen for the K614A mutant, which showed a high deacetylase activity with-
out any increase in N-sulfotransferase activity.  

The HS synthesized by the different cell lines was analyzed for the pres-
ence of free amino groups, N-sulfation, chain length and charge density. 
Since an increase in free amino groups could be expected to be present in HS 
made by the K614A N-sulfotransferase mutant, it was surprising that this 
was not the case.  Instead, HS from this cell clone seemed to have similar 
amounts of free amino groups as HS chains produced in control cells ex-
pressing wild-type NDST1. The degree of N-sulfation (66%) was also the 
same for cells transfected with NDST1 and the sulfotransferase mutant, 
compared to 33% in HS from cells transfected with vector control. Cells 
expressing the C486W N-deacetylase mutant had the same degree of HS N-
sulfation as the control cells.

Previously it has been shown that cells overexpressing NDST1 synthezise 
HS with an increased chain length in addition to the increased N-sulfation
(Pikas et al., 2000). This was also the case for the N-sulfotransferase mutant 
expressing cells but not for the N-deacetylase mutant cells. Even if the cells 
expressing NDST1 and the N-sulfotransferase mutant produced longer HS 
chains, the total amount of HS was not affected, suggesting that the cells 
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produce longer but fewer chains. The increase of N-sulfation in NDST1 
wild-type and N-sulfotransferase mutant cells was also shown by anion-
exchange chromatography, where the two cell lines showed a similar in-
crease in charge density, compared to control cells. 

In addition to the altered HS structure, we could also see a decrease in the 
charge density in one pool of CS made by the cells overexpressing NDST1 
and the N-sulfotransferase mutant compared to CS in control cells and cells 
transfected with the N-deacetylase mutant.  

Conclusions 
The conclusions from this paper were: 

N-Deacetylation is rate limiting, determining the degree of HS N-sulfation
(When the N-deacetylase mutant was overexpressed no increase in N-
sulfation was seen even though the enzyme exhibited a high N-
sulfotransferase activity, while N-sulfation was increased to the same de-
gree in the N-sulfotransferase mutant and NDST1 overexpressing cells.) 
Different NDST molecules can work on the same GlcN unit. (Since the 
level of HS N-sulfation is higher compared to the control in cells overex-
pressing the mutant lacking N-sulfotransferase activity, but no increase in 
the amount of N-unsubstituted GlcN residues can be seen.) 
In HEK 293 cells the degree of HS sulfation affects the sulfation of CS. 

Paper II – EXT1 and EXT2 affect NDST1 expression and 
heparan sulfate sulfation 
The aim of this work was to study a potential coupling between HS chain 
elongation and N-sulfation. To address this question stable cell lines were 
produced overexpressing NDST1, EXT1 and EXT2 in different combina-
tions.

The different cell lines were analyzed for enzyme activities, protein ex-
pression and HS structure. Immunoprecipitation was also performed with 
antibodies against NDST1 and EXT2. 

The first striking result was that the N-deacetylase and N-sulfotransferase 
activities were very much increased in cells transfected with NDST1 to-
gether with EXT2, compared with NDST1 alone. The opposite effect was 
seen when NDST1 and EXT1 (with or without EXT2) were expressed to-
gether. The NDST activities correlated with protein expression as deter-
mined by SDS-PAGE and Western blotting.  

The increase in NDST1 expression in cells transfected with both NDST1 
and EXT2 also affected the HS N-sulfation, which increased from around 
55% in NDST1 expressing cells to over 80%. 
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Immunoprecipitation with EXT2 antibody of crude cell lysates from 
NDST1 and EXT2 coexpressing cells, resulted in a coprecipitation of EXT2 
and NDST1. Similar results were obtained with the NDST1 antibody.  

However, no effect could be seen on HS chain length when the two EXT 
proteins alone or in combination, were coexpressed with NDST1.  

Conclusions 
The conclusions from this paper were: 

EXT2 can regulate the amount of active NDST1 available for HS chain 
modification. 
NDST1 can form a complex with EXT2. We propose that EXT2 acts as a 
chaperone / transport protein for NDST1. 
EXT1 inhibits the expression of NDST1, tentatively due to a competition 
between NDST1 and EXT1 for binding to EXT2. 

Paper III – Effects of wild-type and mutant EXT2 on heparan 
sulfate chain length 
Mutations in EXT1 and EXT2 give rise to the disease HME, where the pa-
tients develop cartilage-capped bony outgrowths located at the long bones. 
By analyzing genetically modified mice overexpressing wild-type EXT2 or 
EXT2 with two mutations found in HME (EXT2-Y419X, EXT2-D227N), 
we wanted to study how these mutations affected HS biosynthesis. We also 
overexpressed these forms of EXT2 together with EXT1 in HEK 293 cells 
and analyzed the transferase activities and the chain length of the HS pro-
duced.

Mice overexpressing wild-type EXT2 and the EXT2 mutants did not 
show any clear phenotype, neither was the function of the normal EXT pro-
teins or the HS chain length altered. HS made by the cell lines overexpress-
ing EXT1 had an increased chain length compared to HS from control cells 
and coexpression of EXT1 and EXT2 resulted in even longer chains. This 
enhanced increase of chain length was not seen when EXT1 was coex-
pressed with the mutated EXT2-Y419X. Neither did overexpression of 
EXT2 alone have any effect on HS chain length. 

Conclusions 
The conclusions from this paper were: 

 “HME-mutations” in EXT2 results in a loss of the ability of the protein 
to enhance HS chain length in the presence of EXT1 in vitro.
Expression of EXT2 alone does not affect polymerization. 
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Paper IV – Heparan sulfate biosynthesis: PAPS regulates NDST-
mediated formation of N-sulfated domains 
In this manuscript the catalytical properties of recombinant NDST1 and 
NDST2 have been analyzed. Full-length NDST1 and -2 with his-tags in the 
C-terminal end of the proteins were cloned into expression vectors. The con-
structs were transfected into HEK 293 cells and the proteins were semi-
purified from cell lysates. Enzyme assays were made on two different kinds 
of substrates: metabolically labeled 14C-K5 polysaccharide (GlcUA-
GlcNAc)n or 3H-end labeled K5-oligosaccharides of defined sizes. 

While NDST2 exhibited the highest N-deacetylase activity, NDST1 was 
the most efficient N-sulfotransferase. We found that the smallest oligosac-
charide NDST1 and NDST2 could use as N-deacetylase substrate was an 
octasaccharide. 

When the enzymes were allowed to work on the 14C-K5 polysaccharide in 
the presence of PAPS a higher degree of N-sulfation was obtained with 
NDST2 compared to NDST1. Interestingly, the N-sulfation appeared in do-
mains with N-sulfation on adjoining disaccharides. In contrast when N-
sulfation was prevented due to the absence of PAPS, N-deacetylation ap-
peared to occur in a more random fashion. N-Deacetylation in the presence 
of PAP (N-sulfation not possible) resulted in increased N-deacetylation, but 
the modifications did not occur in domains. 

While NDST2 was capable of further modifying a K5 substrate that 
NDST1 already had modified maximally, the opposite was not true. 

Conclusions 
The conclusions from this paper were: 

NDST2 is a more efficient N-deacetylase than NDST1 in an in vitro as-
say. 
NDST1 is a more efficient N-sulfotransferase than NDST2 in an in vitro
assay. 
The smallest N-deacetylase substrate in vitro for NDST1 and NDST2 is 
an octasaccharide. 
PAPS regulates the modification pattern, so that NDST1 and -2 gain the 
capacity to modify GlcN residues of adjoining disaccharides and thereby 
create N-sulfated domains. 
The stimulatory effect of PAPS on NDST enzyme activity is at least in 
part due to an interaction between the sulfate donor and the enzyme.  

Concluding discussion 
The diverse structure of HS is its greatest quality, giving a HS chain the pos-
sibility to appear in many different shapes. Even if the backbone structure is 
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the same, the modification enzymes have the tools to give the chain a total 
makeover, styling it for the appropriate function. It is also possible for the 
EXT polymerases to take part in the process and vary the length of the 
chains.

It is very interesting to look for the regulatory mechanisms of the en-
zymes in this machinery and also to search for more knowledge about their 
interactions and the effects they may have on each other. When we in the 
future know more about how the design of the chain is regulated it may be 
possible to influence cells in living humans / animals to produce HS of a 
certain structure. Since HS is involved in such a huge amount of processes, 
we need to collect more information about how HS works in different 
physiological contexts. Even if the specificities of protein HS binding are not 
absolute, it is obvious that different HS structures exhibit more or less affin-
ity for different proteins.  

The spacing between the NS-domains may also be important (Kreuger et 
al., 2002). If it is the distribution of the NS-domains that determines the 
binding capacity of the HS chains as proposed by Kreuger et al. (Kreuger et 
al., 2006), the understanding of how the NDST enzymes create the N-
sulfated domains is of even greater importance.  

N-deacetylation and N-sulfation – coupled activities and isoform 
differences
In my first paper studies of NDST mutants gave some new information 
about how the enzyme acts on HS. The two enzyme activities can function 
with the other one inactivated and two different NDST molecules can work 
on the same GlcN unit. The two processes could thus be separated both in 
space and time. Therefore, an NDST can either be an N-deacetylase, a N-
sulfotransferase or both. However, even before it was known that the two 
enzyme activities were part of the same protein, a coupling between the two 
activities was noted (Riesenfeld et al., 1982; Silbert, 1967). This is also 
demonstrated in the fourth manuscript included in this thesis, where we 
show that N-deacetylation is enhanced by PAP.  This effect is probably due 
to the binding of PAP to the N-sulfotransferase domain, causing a conforma-
tional change in the protein that influences N-deacetylase activity. We could 
also see that PAPS, compared to PAP, had an additional effect on NDST 
since adjacent GlcN residues now were modified, leading to the formation of 
N-sulfated domains, similar to those found in in vivo produced HS. N-
Deacetylation without PAPS gave rise to a more random N-deacetylation 
pattern also seen in the presence of PAP. This may be a possible regulatory 
event; when a lot of PAP is formed due to high sulfation, the NS domain 
formation decreases in favor of NS/NA domains.  
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The N-sulfotransferase is of course dependent on the N-deacetylase activ-
ity, which creates the substrate, an unsubstituted aminogroup on the GlcN 
residue. In addition, N-deacetylation was in paper I shown to be the rate-
limiting step in N-sulfation of HS, determining the degree of N-sulfation. 
Saribas et al. using recombinant NDST1 purified from yeast could also con-
firm this result (Saribas et al., 2004). 

In paper IV we could also see that NDST2 is a more efficient N-
deacetylase than NDST1 and that the ratio between the N-deacetylase and N-
sulfotransferase activity is much higher for NDST2. This has also been 
shown before (Aikawa et al., 2001) and correlates well with the in vivo func-
tion, where NDST2 is responsible for N-sulfation of heparin and should be 
more efficient in the rate-limiting N-deacetylation step in order to give rise 
to such a high N-sulfation degree. Even if NDST2 exhibits the highest N-
deacetylase activity, Ledin et al. show that in liver from NDST1-/- mice, 
NDST2 is incapable of fully compensating for the loss of NDST1. It was 
also shown that HS N-sulfation was unaltered in NDST1+/- NDST2-/- embry-
onic liver, where the NDST enzyme activity was lowered to 30 %, compared 
to wild-type liver. This indicates that NDST1 in wild-type liver is present in 
excess, since such a loss in enzyme activity did not influence the HS strucure 
(Ledin et al., 2006).  

In the experiments with recombinant NDST1 and -2 in paper IV, the en-
zymes were capable of 30 % and 50 % N-sulfation, respectively. This is a 
much lower degree of sulfation than that obtained in EXT2 and NDST1 co-
expressing cells in paper II, where the HS synthezised had an N-sulfation 
degree of more than 80 %. In these EXT2 / NDST1 overexpressing cells, 
NDST1 can be as efficient as NDST2 in NDST2 overexpressing cells (Pikas 
et al., 2000). So what is the major difference between the experiments with 
the recombinant enzymes and the cell culture studies? The recombinant en-
zymes have so far only been tested on K5 polysaccharide substrates without 
any other type of modification, while the cellular substrate probably is modi-
fied by other enzymes at the same time as NDST is working on it. If epimer-
ized and O-sulfated HS is a good substrate for NDST1 is not known, but this 
will now be possible to analyze with our recombinant enzymes. When over-
expressed, NDST1 may end up in later Golgi compartments than in control 
cells, encountering previously O-sulfated substrates. This idea is supported 
by the findings that overexpression of NDST1 and NDST2 in 293 cells did 
not affect O-sulfation (Pikas et al., 2000). 

EXTs and NDST1 – competitors within the team? 
We were surprised to find that overexpression of EXT1 and EXT2 affected 
NDST enzyme levels as well as N-sulfation of HS. The interaction as dem-
onstrated by immunoprecipitation between EXT2 and NDST1, could be a 
clue. EXT2 has previously been shown to bind other Golgi proteins, in addi-
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tion to EXT1 (Simmons et al., 1999). Moreover, its glycosyltransferase ac-
tivities are very limited (Busse and Kusche-Gullberg, 2003; Kim et al., 
2003). It is possible that the main function of EXT2 is to transport EXT1 to 
the correct localization. In a study by Bernard et al. using “exostosis chon-
drocytes” from HME patients, a decrease in EXT2 protein caused by a muta-
tion, was accompanied by a decrease in EXT1 protein (Bernard et al., 2001). 
In contrast, when EXT2 was upregulated on the mRNA level following 
nerve injury, EXT1 mRNA was not increased (Murakami et al., 2006). 
However, mRNA and protein levels do not have to correlate and it is also 
possible that EXT2 normally is present in excess.  

In our study (paper II), where we could see an increased amount of over-
expressed NDST1, we hypothesize that EXT2 facilitates NDST1 transport to 
the Golgi network. The findings that NDST1 became more N-glycosylated 
(evident as a shift to a higher apparent molecular weight after SDS-PAGE, 
data not shown) support this idea. In a study by Senay et al., their results 
indicated that the EXT1 and EXT2 proteins became fully glycosylated when 
they were coexpressed in yeast, but not when they were expressed alone 
(Senay et al., 2000). If both NDST1 and EXT1 use EXT2 as a chaperone / 
transport protein, they may well compete for binding and transport. Accord-
ing to our hypothesis, EXT1 and/or NDST1 not bound to EXT2 will be re-
tained in ER and subsequently degraded (Figure 4).  

Figure 4. EXT1 (E1) and NDST1 (N1) may compete for binding to EXT2 (E2). 
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Polymerization and N-sulfation 
Earlier work had shown a stimulatory effect of substrate N-sulfation on HS 
polymerase activity (Lidholt et al., 1989). Also, previous studies had demon-
strated that increased expression of NDST1 and NDST2 in 293 cells leads to 
increased HS chain length (Pikas et al., 2000). Similar results were obtained 
in paper I, where expression of the N-sulfotransferase mutant resulted in 
increased N-sulfation together with longer HS chains, while expression of N-
deacetylase mutant was without effect in both respects. Apparently contra-
dicting the notion that N-sulfation promotes chain elongation, ES-cells from 
NDST1 and NDST2 double knockout embryos, synthesize HS with an in-
creased chain length, which totally lacks N-sulfate groups (Holmborn et al., 
2004). But here the results from paper II become useful; if EXT1 competes 
with NDST1 for binding to EXT2, the absence of NDST1 will make it pos-
sible for more EXT1 molecules to bind to EXT2, resulting in increased HS 
polymerase activity in the Golgi network and an increased chain length. 
Along the same line we could show in paper II that fibroblasts with drasti-
cally decreased EXT1 expression, exhibit higher N-deacetylase activity. 

In paper III we show that overexpression of EXT1 affects chain length, 
but that the chains become even longer when EXT2 is expressed together 
with EXT1, supporting previous results where enzyme activities have been 
shown to increase when EXT1 and EXT2 are in a complex (Busse and Ku-
sche-Gullberg, 2003; Kim et al., 2003; Lind et al., 1998; McCormick et al., 
2000; Senay et al., 2000). Overexpression of EXT2 alone did not have any 
obvious effect on chain length (paper III), in agreement with previous results 
where EXT2 alone has been shown to display very low glycosyltransferase 
activities (Busse and Kusche-Gullberg, 2003; Kim et al., 2003). 

In conclusion, our results indicate that HS chain length could be influ-
enced by NDST in at least two different and opposing ways; N-sulfation
makes the growing polysaccharide a better substrate for the EXT1 /EXT2 
complex and the amount of NDST present in the cell affects the number of 
EXT1 / EXT2 complexes formed. 

Further experiments 

A lot of clues in understanding the biosynthetic machinery have already been 
found and need to be combined to get the full picture. Of course, a lot of 
information is still missing, but we begin to know where to search. 

Many questions would in relation to my work be interesting to continue 
with. It would be informative to study the interaction between EXT2 and 
NDST1 in an in vivo model. The overexpressing systems can be questioned, 
since in cells synthesizing so much more of a protein compared to endoge-
nous amounts, the conditions in the Golgi network could be altered. I still 
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think you can learn a lot from these systems as long as you are aware of the 
limitations. Using cultured cells from knockout mice would be an approach 
to confirm the conclusions from the overexpressing systems. In paper II we 
could demonstrate an increase in NDST activities in EXT1 “deficient” cells. 
Analysis of the HS structure would tell us if the detected increase in N-
deacetylase activity is accompanied by an increase in N-sulfation. Transfec-
tion of EXT1 to these cells followed by HS structural analysis and enzyme 
activity measurements would be a good control experiment. We would also 
like to analyze NDST activities in different organs from mice generated in 
paper III, overexpressing EXT2. 

In NDST1 and –2 deficient cells it would be interesting to analyze HS po-
lymerase activities. If the increased chain length seen by Holmborn et al.
(Holmborn et al., 2004) is due to an increase in EXT1 reaching the Golgi 
compartment (and escaping degradation), it would be nice to have antibodies 
against EXT1 to detect the increase. So far we do not have access to specific 
EXT1 antibodies. 

The recombinant forms of NDST1 and NDST2 give us the possibility to 
continue with the studies on NDST properties and enzyme action. The regu-
latory effect of PAPS would be very interesting to analyze further. Will dif-
ferent concentrations of PAPS in the cell result in different HS domain or-
ganization? We would also like to continue with experiments where differ-
ences and similarities between the NDST enzymes are studied. What kind of 
substrates are they able to work on and do they attack the HS chain in differ-
ent ways? It would also be worthwhile to combine NDST1 and NDST2 with 
recombinant forms of other biosynthetic enzymes in different combinations, 
to see how other modifications affect N-sulfation. Hopefully, we will in the 
future be able to control HS biosynthesis so that we are able to synthesize 
HS with desired biological activity in a test tube. 
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Sammanfattning på svenska 

Heparansulfat är en lång kolhydratkedja som tillverkas av i stort sett alla 
celler i kroppen. En eller flera kolhydratkedjor sitter bundna till ett protein 
och de bildar tillsammans en proteoglykan. Proteoglykaner med heparansul-
fat finns både i cellernas plasmamembran samt i bindväven omkring celler-
na. Heparansulfat är en livsviktig molekyl för människa och djur och detta 
har bl. a visats i studier av möss utan heparansulfat som inte överlever fos-
terstadiet, utan dör på ett tidigt stadium som musembryo. Heparansulfat be-
står av två olika slags sockermolekyler och dessa är modifierade på flera sätt. 
Modifieringarna består framför allt av sulfatgrupper, som ger heparansulfatet 
en negativ laddning och dessa sitter på specifika platser i sockermolekylerna. 
Heparansulfat med olika sulfateringsmönster kan binda olika proteiner, som 
påverkar embryonala celler under forsterutvecklingen. 

Jag har studerat ett enzym som deltar under tillverkningsprocessen av he-
paransulfat inne i cellen. Detta enzym har sitt namn efter den funktion det 
har, N-deacetylas / N-sulfotransferas (NDST). Det NDST gör är att ta bort en 
acetylgrupp, som är bunden till en aminogrupp (N-) och ersätta den med en 
sulfatgrupp. Detta enzym finns i fyra varianter som har samma typ av aktivi-
tet, men med lite olika egenskaper. De två första varianterna, NDST1 och 
NDST2, är de som finns i de allra flesta typer av celler. Mycket tyder på att 
NDST1 har det största ansvaret för N-sulfatering av heparansulfat i de flesta 
av kroppens celltyper. 

NDST är det enzym som påbörjar designen av sulfateringsmönstret på 
heparansulfatkedjan. Vissa delar av kedjan får många N-sulfatgrupper medan 
andra blir utan. På så sätt bildas sulfaterade domäner med omodifierade 
socker däremellan. Andra enzymer fortsätter därefter med att modifiera ked-
jan i och omkring dessa domäner. Detta är en anledning till att NDST anses 
vara ett nyckelsteg i bildningen av heparansulfat. Det har också tidigare vi-
sats att enzymerna som polymeriserar heparansulfatkedjan, EXT1 och 
EXT2, påverkas positivt av att N-sulfatgrupper finns i den kedja som byggs 
på. EXT1 och EXT2 binder till varandra i cellen och de fungerar allra bäst 
om de får vara tillsammans. Två av de delarbeten, som är presenterade i 
denna avhandling, har också innefattat de två polymeriserande enzymerna 
EXT1 och EXT2.  

I delarbete ett (Paper I) har vi undersökt de två olika funktionerna hos 
NDST, genom att låta celler uttrycka varianter av enzymet där en av de två 
funktionerna inte fungerar. Utav detta kunde vi dra slutsatsen att N-
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deacetyleringsdelen av enzymet är det som bestämmer i hur stor utsträckning 
heparansulfatet ska N-sulfateras. Vi kunde också se att N-deacetylering och 
N-sulfatering kan utföras av två olika NDST molekyler, på en och samma 
sockerbit.

I delarbete två (Paper II) kunde vi också se en ny koppling mellan de po-
lymeriserande enzymerna och NDST1. Det ena polymeriserande enzymet, 
EXT2, ökade mängden av NDST1 när vi lät celler göra dessa tillsammans, 
medan EXT1 hade en motsatt effekt. Vi kunde också hitta EXT2 och 
NDST1 bundna till varandra. Detta får oss att tro att EXT2 kan fungera som 
en hjälpande transportör för NDST1, så att det kommer till rätt plats i cellen. 
Vi föreslår också att EXT1 och NDST1 kan vara konkurrenter om att få plats 
att binda till EXT2. 

Delarbete tre (Paper III) handlar om EXT2 och en mutation som före-
kommer hos patienter med en sjukdom som kallas HME. Dessa patienter får 
en slags bentumörer, som uppkommer i tidig ålder. Orsaken till dessa tumö-
rer är i många fall mutationer i gener som kodar antingen för EXT1 eller för 
EXT2. När vi analyserade möss som överuttryckte en normal och två mute-
rade former av EXT2, kunde vi se inte se någon påverkan på musens hepa-
ransulfat. I en cellinje däremot påverkade ett samtidigt överuttryck av EXT1 
och EXT2 längden av heparansulfatet väldigt mycket, medan den muterade 
formen inte kunde samarbeta på det sättet med EXT1. 

I det sista delarbetet (Paper IV) har vi renat fram NDST1 och NDST2 från 
celler och undersökt och jämfört deras egenskaper med varandra. Vi kunde 
visa att NDST1 är ett bättre N-sulfotransferas än NDST2 och att NDST2 
istället är det bättre enzymet på att N-deacetylera. Vi kunde också se att både 
NDST1 och NDST2 behöver den molekyl som donerar sulfatgruppen 
(PAPS), för att kunna göra den viktiga domänstrukturen. Utan sulfatdonatorn 
PAPS blir N-deacetyleringen mer slumpmässigt utförd. Vi såg att enzymerna 
blir mer effektiva N-deacetylas bara av att PAPS är närvarande. Detta kan 
bero på att PAPS binder till enzymet och på så sätt förändrar dess struktur 
och funktion.  

Heparansulfat är en beståndsdel i kroppen viktig både under fosterutveck-
lingen och i vuxenlivet. Ju mer information vi har om hur kroppen reglerar 
dess funktion, desto fler möjligheter har vi att kunna påverka när något går 
fel. I denna avhandling har jag presenterat en del nya rön om hur den kom-
plexa sulfateringen av heparansulfatkedjan regleras med inriktning på enzy-
met NDST. 
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