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CS Chondroitin sulfate 
DS Dermatan sulfate 
Epi C5-Epimerase 
Gal Galactose 
GlcA Glucuronic acid 
GlcN Glucosamine 
HexA Hexuronic acid 
HPLC High performance liquid chromatography
HS                           Heparan sulfate 
IdoA Iduronic acid 
KS Keratan sulfate 
NDST N-Deacetylase N-sulfotransferase 
OST O-sulfotransferase 
PAPS 3'-phosphoadenosine-5'-phosphosulfate 
PG Proteoglycan 
Xyl Xylose 
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Introduction

Regulation of cell-cell communication is of vital importance for a 
multicellular organism. Heparan sulfate proteoglycans (HS-PG), have 
important functions in this process. Located at cell surfaces and in the 
extracelluar space HS polysaccharides are negatively charged with affinity 
for numerous of biologically important proteins. The HS structure varies 
distinctly in tissues and during development and affects binding affinity. HS 
is therefore suggested to be a modulator of biological activity. 

This thesis focuses on structure of HS in mice with targeted mutations in 
enzymes participating in biosynthesis of HS-PGs. These animal models gave 
us the opportunity to investigate the effects of altered HS structure in vivo 
and the properties of physiological HS biosynthesis. 
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Background

Proteoglycans
Carbohydrates interact with other macromolecules and are crucial for the 
function of many proteins and may, in addition, function as barriers and 
decoys to protect cells from pathogens. In contrast to DNA, RNA and 
proteins, carbohydrates are synthesized based on substrate specificity of 
different glycosyltransferases and not by reading of a template. As a result, a 
cell can efficiently change the carbohydrate structure by altering the 
expression of glycosyltransferases.  

Glycoconjugates consists of a saccharide covalentely attached to a protein 
or a lipid. Proteoglycans (PG) are glycoconjugates where so called core 
proteins are modified by long unbranched glycosaminoglycans (GAG) 
which consist of repeating units of disaccharides (Kjellen and Lindahl, 
1991). PGs are diverse both in structure and function. 

One group of GAGs include the glucosaminoglycans heparan sulfate 
(HS), heparin, keratan sulfate (KS) and hyaluronan. Another group is the 
galactosaminoglycans chondroitin sulfate (CS) and dermatan sulfate (DS) 
and. All GAGs, except hyaluronan, are attached to a core protein and are 
frequentely sulfated. Most PGs are substituted with HS or CS/DS 
polysaccharides, which are sulfated in positions that differ between cell 
types. These modifications give unique properties to the long negatively 
charged polysaccharides which have affinity for many proteins with 
positively charged regions. In particular HS-PGs can modulate a number of 
biologically important activities ranging from organogenesis to blood 
coagulation (Lindahl et al., 1998). 
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Figure 1 The basic disaccharide structures of GAGs. All GAGs, except hyaluronan 
are further modified as described in the text. 

Heparan sulfate proteoglycans
HS-PGs are expressed by virtually all cells and consist of a core protein with 
HS chains attached to certain serine residues. Cell surface HS-PGs are found 
either intercalated in cell membranes such as the syndican family of PGs or 
attached to glycosylphosphatidylinositol (GPI) anchors such as the glypicans 
(Fig. 2) (Bernfield et al., 1999). At the cell surface HS-PGs can modulate a 
number of signaling events and internalizing functions, many of them 
dependent of the properties of the attached HS chains. Some HS-PGs are 
secreted after synthesis and are found in basement membranes, such as 
perlecan (Fig. 2) and agrin. These large macromolecules consist of many 
domains involved in the organization of the basement membranes (Iozzo, 
1998). Mast cells granulaes contain serglycin, a PG substituted with the 
highly modified HS polysaccharide heparin. CD44 and beta-glycan are 
examples of part-time PGs as they sometimes are found non-decorated with 
polysaccharide chains. 



4

Perlecan
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Syndecan

 Modified region (NS-domain)

Figure 2 Common types of HS-PGs. In mammalians four syndecan (syndecan 1-4) 
and 6 glypican (glypican 1-6) isoforms are known. 

HS consists of repeating units of hexuronic acid (HexA) and glucosamine 
(GlcN) and is typically 50-150 monosaccharides long. HS are attached to the 
serine residue in the core protein by a linkage region consisting of xylose, 
two galactose units and a glucuronic acid (GlcA) residue. The HS 
polysaccharide is modified by sulfate groups in specific positions and some 
of the GlcA residues are epimerized to iduronic acid (IdoA). The 
biosynthesis of HS is discussed in detail below (Fig. 6). Typical for HS is 
clusters of modifications (Gallagher et al., 1992; Turnbull and Gallagher, 
1991) generating patterns which differ distinctly between different cells and 
during different developmental stages. 

Some structural features appear to apply to most HS characterized; The 
GlcN residues are frequently both N-sulfated and 6-O-sulfated, and contain 
less frequently free amino groups and 3-O-sulfate groups, usually less than 
5% and 0.5% respectively (Colliec-Jouault et al., 1994; Shworak et al., 1994; 
Westling and Lindahl, 2002). 2-O-Sulfate groups are most often found on 
IdoA, but 2-O-sulfated GlcA is also present. Many of the GlcN residues are 
N-sulfated and about half of the N-sulfate groups are gathered in so called 
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NS regions, usually 4-12 residues in length, where all GlcN-residues are N-
sulfated (Fig. 3). Almost all of the 2-O-sulfate groups can be found in the NS 
regions and half of the IdoA and 6-O-sulfated residues (Maccarana et al., 
1996). Regions without N-sulfated GlcN residues are referred to as NA 
domains and are virtually free of all modifications. In between NS and NA 
domains, NA/NS domains with occational N-sulfated GlcN residues are 
found. The rest of the IdoA and the 6-O sulfate groups are usually present 
here. The rare 3-O-sulfate groups are found in the NS or the NA/NS 
(Lindahl et al., 1984) regions while N-unsubstituted GlcN residues reside in 
NA/NS or NA domains (Westling and Lindahl, 2002). Numerous proteins 
have affinity for the NS domains resembling the highly sulfated 
polysaccharide heparin (Table 1). 

Heparin can be considered to be an extreme form of HS, exclusively 
expressed by mast cells (Wedemeyer et al., 2000). It is extensively sulfated 
and almost all GlcA residues have been converted to IdoA. 

2S 3SNS NS NS NS

6S 6S

2S NS

6S6SIdo IdoIdo

NS-domain NA/NS-domain NA-domain

n
2S

Figure 3 Schematic illustration of HS structure. Enzymatic modifications of the basic 
disaccharide structure are indicated. Detailed structural information is shown in 
figure 6. 

Chondroitin sulfate proteoglycans 
The CS and DS polysaccharides consist of repeating HexA and 
galactosamine residues (GalN) (Fig. 1). In many aspects, CS-PGs are similar 
to HS-PGs as they are attached to serine residues on the core protein with an 
identical linkage region (Fransson et al., 2000). Some PGs can be decorated 
with CS or HS polysaccharide depending on in what cell they are expressed 
(Bernfield et al., 1999). Serglycin is one example, which usually carries CS 
instead of heparin when expressed in other cells than mast cells (Schick et 
al., 2003). The factors that seems to determine if CS or HS will be 
synthesized are further discussed below. CS polysaccharides are sulfated at 
specific positions (Kusche-Gullberg and Kjellen, 2003). The GlcA residue in 
CS can be 2-O-sulfated. If the residue is converted to IdoA the 
polysaccharide is referred to as DS. The GalNac residue can be 4-O and 6-O 
sulfated. Although a typical CS polysaccharide can be as negatively charged 
as a HS polysaccharide, much fewer proteins are known to bind to CS. One 
explanation might be that CS modifications are not concentrated in regions 
similar to the NS regions found in HS. 
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Keratan sulfate proteoglycans and hyaluronan 
KS-PGs and hyaluronan are less similar to HS-PGs. KS is also referred to as 
polylactosamine and is not as common as CS- and HS-PGs (Funderburgh, 
2002). It differs from other GAGs by lacking a HexA component and 
contains instead galactose as the residue that alternates with GlcNAc (Fig. 
1). KS can be sulfated at the 6-O position of both residues (Kusche-Gullberg 
and Kjellen, 2003). KS polysaccharides are attached to aspargine or serine 
residues (Funderburgh, 2002). 

Hyaluronan is a huge molecule consisting of repeating GlcA and GlcNAc 
residues (Fig. 1). It is not sulfated nor attached to a core protein. While all 
other GAGs are synthesized in the Golgi compartment, hyaluronan is 
synthesized at the plasma membrane (McDonald and Camenisch, 2002). 

The biological role of heparan sulfate structural 
variation
A large number of biological functions for heparan sulfate have been 
proposed and most, if not all, are mediated by interactions with proteins. The 
finding that HS structures differ distinctly in tissues and during different 
developmental stages has established that HS structural variation is likely to 
modulate a wide variety of biological functions. 

Heparin binding proteins 
Heparin has long been used as an anticoagulant agent in treatment of 
thrombosis, and for a long time HS was only considered to be a heparin 
byproduct. The potent heparin dependent activation of antithrombin made 
researchers look for other proteins with affinity for heparin. On the other 
hand, heparin is restricted to mast cells and most heparin binding proteins 
will never encounter heparin in vivo. It was found that although HS and 
heparin have different levels of sulfation (Gallagher and Walker, 1985) HS 
has most of the protein binding potential of heparin and is ubiquitously 
expressed. Therefore the focus naturally shifted towards HS to investigate 
the physiological functions of sulfated glycosaminoglycans. Nowadays, 
hundreds of proteins with all kinds of functions are found to be heparin 
binding and the presence of a heparin binding motif in a protein is a good 
reason to look for HS dependent biological functions (Table 1) (Capila and 
Linhardt, 2002). Heparin is still of great pharmacological interest, but the 
physiological relevence of heparin is most likely restricted to the functions 
of mast cells (Forsberg et al., 1999). 
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Table 1  Examples of heparin binding proteinsa.

Functions Protein 

Morphogens Activin, BMP2 and 4, Sonic Hedgehog, Wnts (1-13) 
Cell adhesion 
molecules L-selectin, Mac-1, N-CAM, PECAM-1 
ECM components Fibrin, Fibronectin, Laminin, Vitronectin 
Coagulation Antithrombin III, Factor Xa, Thrombin 
Growth factors EGF family, FGFs (1-15), IGF-II, PDGF-AA, TGF-b, VEGF   
Proteinases Neutrophil elastase, Catepsin G 
Anti-angiogenic 
factors Angiostatin, Endostatin 
Chemokines C-C, CXC 
Cytokines  IL2-5 and 7,12, Interferon-g, TNF-a
Energy metabolism ApoB, ApoE, Lipoprotein lipase, Triglyceride lipases 

a Adapted from (Bernfield et al., 1999). Abbreviations used: BMP, bone morphogenic 
protein; FGF, fibrobast growth factor; EGF, epidermal growth factor; IGF, insulin-like growth 
factor; PDGF, platelet-derived growth factor; TGF, transforming growth factor; IL, 
interleukin; TNF, tumor necrosis factor; N-CAM, neural cell adhesion molecule; PECAM, 
platelet-endothelial cell adhesion molecule 

Structural diversity 
Biochemichal analyses have shown that HS structure shows tissue specific 
variation (Lyon et al., 1994a; Maccarana et al., 1996; Toida et al., 1997). 
The proportion of N-sulfated residues usually varies between 40-60% in 
different mammalian tissues. The amounts of 2-O and 6-O sulfate groups 
also vary, but usually constitute less than 20% and 40% of total 
disaccharides, respectively. In NS domains, the amount of O-sulfation 
increases with the length of the NS domains, with a balance of 2-O and 6-O-
sulfation (Safaiyan et al., 2000).  This results in similar amounts of O-
sulfation in NS domains of the same size from different tissues. Longer NS 
domains are relatively more 2-O sulfated than shorter, a property that 6-O 
sulfation does not share. 

The present methodology to analyze HS from tissues lacks the sensitivity 
to investigate HS produced by minor cell populations, but 
immunohistochemical analyses with antibodies directed against HS 
structures reveal that different cell types within organs express individual HS 
epitopes (Dennissen et al., 2002; Jenniskens et al., 2000; ten Dam et al., 
2003; van Kuppevelt et al., 1998). HS biosynthesis appears however to be a 
stable process since no variation in HS structure could be detected in the 
same tissues from different individuals (Lindahl et al., 1995). 

HS structures also change during embryonic development (Allen and 
Rapraeger, 2003; Brickman et al., 1998; David et al., 1992; Lindahl et al., 
1995) as well as during the process of aging (Feyzi et al., 1998). 
Interestingly, an in vitro study of astrocyte progenitors revealed HS modified 
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in a heparin-like fashion (Stringer et al., 1999), but if these HS structures 
also can be detected in the developing tissues remains to be investigated. If 
so, the structural variation of HS could be much greater. 

Specific binding sequences 
A lot of effort has been invested in characterization of HS motifs with 
specific protein binding capacity. So far, the best studied example is the 
binding of antithrombin which requires a pentasaccharide with several 
unusual features (Petitou et al., 2003). This pentasaccharide sequence is 
present in heparin but has also been found in some HS preparations. The 
binding of the Herpes simplex gD protein is another example where a rare 
HS structural motif constitutes the binding site (Shukla et al., 1999). 
However, most protein binding sequences appear to contain common HS 
structural motifs from NS domains. Proteins interacting with such motifs 
include FGF-2 (Kreuger et al., 2001; Turnbull et al., 1992), fibronectin 
(Lyon et al., 2000), lipoprotein lipase (Parthasarathy et al., 1994), hepatocyte 
growth factor (Lyon et al., 1994b) and others (see references in (Esko and 
Selleck, 2002; Lindahl et al., 1998)). It is still possible that HS can bind 
these molecules in a selective way depending on the variation of common 
HS structures in different cell types.  The length and position of NS domains 
and 6-O sulfation patterns or occasional occurrence of 2-O sulfates in the 
NA/NS domains are likely factors to influence selective binding (Lindahl et 
al., 1998). The binding of angiostatin is for example stronger to two NS 
domains with an N-acetylated region between them, than to the separated NS 
domains (Kreuger et al., 2002). The physical properties of the HS 
polysaccharide are also affected by the modification pattern. The IdoA 
residue has a large conformational flexibility compared to GlcA residues 
which might enhance the possibility for efficient binding to some protein 
(Mulloy and Forster, 2000).  

Although very relevant for finding pharmacologically active substances, 
the information of binding strength of different HS structures are difficult to 
implement in the physiological situation. It is very tricky to investigate the 
real concentrations and positions of HS sequences in tissues and therefore, it 
is likely that although high affinity binding motifs exist, motifs with less 
affinity could actually be more important if they are present at the right time 
and location. Conversely, high affinity binding motifs might only exist in 
small cell populations during a limited time (Stringer et al., 1999) and will 
therefore easily be overlooked when HS structure is analyzed.  

How does heparan sulfate modulate biological functions?  
Although all HS dependent biological activity is based on HS/protein 
interactions, HS can modulate protein function in many different ways. In 
the least complex mechanism, the turn-over time for heparin binding protein 
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can be generally affected as binding to HS might protect from proteolytic 
degradation (Habuchi et al., 1992). Consequently, HS-PGs in basement 
membranes could function as reservoirs for heparin-binding proteins 
(Reichsman et al., 1996). HS is also suggested to function as a physical filter 
in the glomeruli, as the negative charge of the polysaccharide could prevent 
proteins from passing through.

The binding of antithrombin to a specific pentasacharide sequence causes 
a conformational change in antithrombin which enhances the inactivation 
potential for thrombin dramatically (Fig. 4C). Thrombin binds to HS 
structures in close vicinity to the pentasaccharide resulting in the formation 
of an inactive complex.  A phenomenon referred to as “reduced 
dimensionality” is probably also important as thrombin and antithrombin 
could “slide” along the long unbranched polysaccharide which will increase 
the probability for contact compared to diffusion (Rosenberg et al., 1997).  

A related mechanism would be the capturing of soluble growth factors by 
cell surface bound HS polysaccharides which then more easily can be 
presented to the receptor. It is in some cases also suggested that sulfated 
regions of the polysaccharide are necessary for correct ligand-receptor 
assembly. For example, studies have shown that the functional signaling of 
FGF/FGF-receptor complexes requires the presence of HS as a part of the 
signaling complex (Fig. 4A) (Pellegrini et al., 2000). HS, possibly with 
special sequence requirements, is present in a pocket between the ligand and 
the receptor and is needed for correct assembly. Other studies suggest 
different mechanisms for the HS-FGF interaction and the physiological role 
of HS in FGF signaling is without doubt complex and far from elucidated 
(Gallagher, 2001; Schlessinger et al., 2000; Venkataraman et al., 1999). It is 
however notable that HS structures in tissues and during different 
developing stages have distinct differences in their capacity to mediate 
complexes between certain FGFs and FGF receptors (Allen et al., 2001; 
Allen and Rapraeger, 2003), and that other heparin-binding proteins (Table 
I) might share this requirement of HS as a part of a signaling ligand/receptor 
complex.  

Cell surface bound HS-PGs can localize proteins at correct locations, as is 
the case for lipoprotein lipase (Fig. 4B). The HS/protein interaction will 
locally increase the concentration of the protein close to the cell membrane. 
HS can possibly also be involved in transport of lipoprotein lipase through 
endothelial cells (Saxena et al., 1991).
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Figure 4 Different principles of HS function  

By proteolytic cleavage close to the cell membrane, referred to as 
shedding, the HS-PG syndecan ectodomain can be released from the cell 
surface (Bernfield et al., 1999) (Fig. 5C). Proteins attached to the HS 
polysaccharides can thereby be released by induction of the proteolytic 
cleavage. For example, correct localization of chemokines to sites of injury 
have been shown to depend on shedding of syndecan-1 by a specific 
proteinase (Li et al., 2002). 

Recently, a number of studies have shown how gradients of  heparin-
binding morphogens in developing tissues appear disturbed in animals with 
mutations in HS-PGs biosynthetic genes (Perrimon and Bernfield, 2000). 
This suggests that HS has a critical role in shaping or maintaining 
morphogen gradients. This is a critical mechanism for many developmental 
processes as the differentiation of cells often depend on the position of the 
actual cell in one or more morphogen gradients. Several models of HS-PG 
modulation of morphogen gradients have been proposed, and it may be 
noted that they are not mutually exclusive. According to one model weak 
binding morphogens could “slide” along cell surface bound HS chains, 
diffuse, and then slide against another HS polysaccharide (Fig. 5A). This 
mechanism would enable morphogens to travel more efficiently in two 
dimensions than moving outside of the plane of the cell surface (Lander, 
1998; Lander et al., 2002). Another model suggests the morphogen to stay 
bound by the HS polysaccharide while the whole HS-PG moves at the cell 
surface (Fig. 5B). At the edge of cell, the HS-PG is either transported 
between cells, perhaps via lipid rafts, or the morphogen is handed over to 
another HS-PG at a neighboring cell. Morphogens might also, once bound to 
HS-PGs, be internalized into the cell in vesicles which are then transported 
through the cell membrane to the adjacent cell (Fig. 5D). These could then 
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fuse with vesicles containing morphogen receptors and form signaling 
complexes (Nybakken and Perrimon, 2002).

A B

C D

Figure 5 Mechanisms of HS modulation of protein movements. 

HS biosynthesis 
The biosynthesis of HS is carried out by a complex enzymatic machinery 
with capability to synthesize HS with varying structures. It is also evidently 
under tight control at some level as different cell types even within an organ 
can express HS epitopes which are absent in other cell types in close 
vicinity.  

A complex structure generated by a complex machinery
All enzymes in HS biosynthesis, with one possible exception, are type II 
membrane proteins and all of them are believed to be active in the ER and/or 
Golgi compartment. The enzymes have a small cytoplasmic tail in the N-
terminus, a hydrophobic domain inserted in the organelle membrane and a 
large C-teminal domain with catalytic activity in the organelle lumen. 
Through the Golgi compartment a flood of molecules pass to be exported or 
to stay at the cell surface or excreted. The Golgi cisternae are also in 
constant movement and Golgi residents need to keep at the right location by 
mechanisms that are far from understood (Colley, 1997; Warren and 
Malhotra, 1998). The length and structure of the transmembrane region 
(Nilsson et al., 1996) or interactions with cytoplasmic structures through the 
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cytoplasmic tail could be involved (Nilsson et al., 1994). Another possible 
mechanism for topologic regulation of HS enzymes is by interactions with 
specialized Golgi proteins with ability to sort supposedly Golgi resident 
proteins from export cargos.  Enzymes in the HS biosynthesis with 
glycosyltransferase activities utilize UDP-sugars to polymerize the 
polysaccharide and all sulfotransferases utilize 3'-phosphoadenosine-5'-
phosphosulfate (PAPS) as sulfate donor. PAPS and UDP-sugars are 
synthesized in the cytoplasm and are imported into ER and Golgi by specific 
transporter proteins (Hirschberg et al., 1998). 

HS polysaccharides are attached to serine residues in the core protein, and 
a Ser-Gly motif flanked by acidic residues seem to be required for 
recognition (Zhang et al., 1995; Zhang and Esko, 1994). A linkage 
tetrasaccharide consisting of -GlcAb3Galb3Galb4Xylb3-L-Ser is 
synthesized, similar in CS/DS- and HS/heparin-PGs (Sugahara and 
Kitagawa, 2000; Sugahara and Kitagawa, 2002). A further addition of an 
a4GlcNAc, probably by activity of one or more member of the EXTL 
family, commits the linkage region to HS/heparin biosynthesis (Kim et al., 
2001; Kitagawa et al., 1999). Motifs on the globular domain of glypican-1 
distant from the GAG attachment serine residue have been shown to promote 
HS instead of CS decoration (Chen and Lander, 2001), but the mechanisms 
that balance CS or HS decoration are still far from understood (Esko and 
Selleck, 2002).  

After the addition of the linkage region, the polymerization proceeds by 
alternating addition of GlcAb4 and GlcNAca4 catalyzed by one or more 
members of the EXT family. EXT1 and EXT2 both have GlcNAc and GlcA 
transferase activity (Lidholt et al., 1992; Senay et al., 2000). In addition, 
EXTL1 and EXTL3 can add GlcNAc to oligosaccharides (Kim et al., 2001), 
so the precise roles of EXT and EXTL proteins in polymerization are not 
entirely clear. It is possible that different combinations of EXT and EXTL 
proteins can be involved in HS polymerization. In a recent study in fruit fly 
however, EXT1-2 and EXTL3 homologues appear nonredundant for HS 
polymerization (Takei et al., 2003). 

All modifications of a HS polysaccharide (Fig. 6) are concentrated around 
the regions of N-sulfated GlcN residues. Therefore, the N-deacetylase N-
sulforansferase (NDST) is regarded as a key enzyme for HS biosynthesis 
directing subsequent modifications. NDST has both N-deacetylase and N-
sulfotransferase activity and four isoforms are known, NDST1-4 (Aikawa 
and Esko, 1999; Aikawa et al., 2000; Eriksson et al., 1994; Grobe et al., 
2002; Hashimoto et al., 1992). 

The C-5 epimerase (Epi) (Crawford et al., 2001; Li et al., 1997) converts 
GlcA residues to IdoA while the 2-O-sulfotransferase (Kobayashi et al., 
2000) adds a sulfate group to the hexuronic acid. Only single isoforms are 
known of these two enzymes and both modifications are predominantly 
found in NS-domains. The 6-O-sulfotransferases exist in three different 
isoforms, 6OST1-3 (Habuchi et al., 1998; Habuchi et al., 2003; Habuchi et 
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al., 2000), and 6-O-sulfate groups are common in both NS and NA/NS 
domains. The 3-O-sulfate group is a rare HS modification despite the 
occurrence of 6 isoforms, 3OST1-6 (HajMohammadi et al., 2003; Shworak 
et al., 1999; Xia et al., 2002). 3-O-sulfate groups are also found in NS and 
NA/NS domains.  

A small and varying portion of N-unsubstituted glucosamine residues are 
also present in HS from tissues. Free aminogroups were from the beginning 
considered to be an artifact but was later shown to be present in tissues by 
immunohistochemichal staining with antibodies specific for free amino 
groups (van den Born et al., 1995). The mechanism (Norgard-Sumnicht and 
Varki, 1995) of the generation of free aminogrups is unknown, but is 
generally believed to involve incomplete action of NDST (Westling and 
Lindahl, 2002).
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Model organisms with mutations in heparan sulfate biosynthesis 
enzymes
The use of transgenic organisms is a powerful way to investigate the 
biological role of HS. Organisms with defined disturbances in HS-PG 
biosynthesis can be generated and by characterization of the phenotypes the 
biological role of the particular targeted gene can be determined. The 
interpretation of the phenotypes are of course in reality complicated, in 
particular when it comes to questions concerning the role of different HS 
motifs. One problem is that the methods to characterize the actual effects of 
the mutation on HS-PG structures in vivo often are blunt, another the 
occurrence of isoforms of many HS-PG biosynthesis enzymes with potential 
compensating activities. In the complex biosynthesis of HS the removal of 
one enzyme affects the activity of many other, and probably also the rate of 
synthesis or degradation. For example, HS from cells with decreased NDST 
activity appears to be less sensitive to degradation ((Bame et al., 2000) and 
unpublished observation). In addition,  the many possible levels of biological 
influence of HS-PGs make the actual cause of a phenotype hard to interprete. 

 Many HS functions, as demonstrated for FGF2 induced FGF receptor 
signaling (Zhang et al., 2001), appears to be independent of the core protein 
identity. In such cases, the core protein expression pattern will only 
determine the localization of HS and phenotypes of core-protein mutants 
will only illustrate the special requirement for HS polysaccharides in certain 
locations. However, HS-core proteins may have several domains with 
functions independent of the HS polysaccharides (Bernfield et al., 1999; 
Iozzo, 1998; Kramer and Yost, 2003). Furthermore, some HS dependent 
functions may also depend on properties of the core protein (Kramer and 
Yost, 2003; Nedvetzki et al., 2003). The studies of transgenic animals have 
in any case revolutionized the understanding of the biological role of HS and 
also offered a number of surprises. 

Mutants in fruit fly 
Screening for mutants in developmental processes have in fruit fly identified 
HS-PGs as crucial for functions of morphogens as Decapentaplegic (Dpp), 
wg, Hedgehog and FGF (Table1). Mutants in tout-velu (The et al., 1999), 
homolog to the vertebrate EXT1, were first reported to have a rather 
selective defect in Hedgehog signaling, leaving wingless signalling relatively 
unaffected. A recent study has, however, found defects also in Dpp and 
wingless signaling (Takei et al., 2003). In the sulfateless embryos, the loss of 
the single NDST homologue results in sulfateless HS polysaccharides 
(Toyoda et al., 2000a) which cause severe defects in wingless signalling. 
The wingless dependent transcriptional activation of several genes important 
for development of the imaginal discs are disturbed (Lin and Perrimon, 
1999). The phenotype of sulfateless mutant embryos also includes defects in 
FGF-mediated branching morphogenesis of the respiratory trachea and heart 
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development (Lin et al., 1999). The phenotype resembles that of embryos 
deficient in sugarless, a homolog to vertebrate UDP-glucos dehydrogenase 
necessary for both HS and CS biosynthesis (Toyoda et al., 2000a), which 
develop segment polarity phenotypes (Hacker et al., 1997). These studies 
illustrate the absolute requirement of sulfated HS polysaccharides for the 
development of metazoans.  

Reduced expression of dHs6st, homolog to vertebrate 6OST, by RNA 
interference-mediated inhibition in the developing embryo, resulted in 
defects in branching morphogenesis of the trachea (Kamimura et al., 2001). 
This thracheal phenotype is similar to experiments where fruit fly FGF 
signalling is disturbed and suggests a role for 6-O-sulfate groups in FGF 
signalling (Nakato and Kimata, 2002). The importance and complexity of 
HS-PG function in fruit fly morphogenesis have also been illustrated by 
studies of mutants in other genes important for HS-PG biosynthesis (Nakato 
and Kimata, 2002; Perrimon and Bernfield, 2000; Selleck, 2000). These 
studies have brought light on the dependence of HS-PGs for correct 
signaling and tissue distribution of many morphogens, but have not shown if 
certain structural motifs of the HS polysaccharide play roles in fruit fly 
development. Fruit fly has a less complex HS-biosynthesis machinery with 
fewer isoforms of HS modifying enzymes than mammals. The structure of 
fruit fly HS is therefore probably less varied compared to mammals, but 
biochemical studies have revealed that the basic structures are similar 
(Toyoda et al., 2000b). Furthermore, the effects on HS biosynthesis in 
mutants of EXT1 and NDST homolog (Toyoda et al., 2000a) are consistent 
with the general principles of HS biosynthesis in mammals, as discussed 
below.

Mutants in mouse 
Recently, the in vivo role of mammalian HS-PGs has been studied in mouse 
models where genes important for HS production have been knocked out. 
Embryos lacking EXT1 probably do not syntesize HS at all (Lin et al., 
2000). They die at gastrulation due to lack of organized mesoderm and lack 
of extraembryonal tissues. However, studies have suggested that generally 
lowered HS sulfation (see paper I) or the complete absence of 2-O-sulfation 
(Bullock et al., 1998; Merry et al., 2001) or IdoA (Li et al., 2003) still enable 
the formation of most organs, apparently without larger abnormalities. 
Unique and interesting abnormalities are however present in the strains, none 
of which is viable, indicating that the fine structure of HS does have distinct 
effects on development. The 2OST-/- embryos show renal agenesis and 
exhibit additional defect of the eye and skeleton. A reduction of cell 
proliferation in the developing cerebral cortex has also been reported 
(McLaughlin et al., 2003).  The phenotype of Epi-/- embryos include renal 
agenesis, lung defects, and skeletal malformations (Li et al., 2003). 

The physiological role of heparin was demystified when NDST2 deficient 
animals did not show any thrombotic effects in spite of a complete lack of 
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heparin, while heparin was shown to have a crucial role for mast cell 
homeostasis (Forsberg et al., 1999; Humphries et al., 1999). Instead, HS with 
anticougulant activity (HSact) has been believed to be the physiological 
activator of antithrombin (Rosenberg et al., 1997). In the vascular system 
HSact is mostly found in the subendothelial matrix (de Agostini et al., 1990). 
Surprisingly, in 3OST1 deficient mice, HSact is dramatically reduced without 
procoagulant effects, even after artery injuries (HajMohammadi et al., 2003). 
The search for physiological relevance of HSact will continue as some HSact

were still present in 3OST1-/- mouse. Other 3OST enzymes (Kusche-
Gullberg and Kjellen, 2003), most likely the recently discovered 3OST5 
enzyme (Xia et al., 2002), may also synthesize HSact. It may however be that 
HS/heparin does not have a significant role in physiological anti-coagulant 
activities. If this is the case, it would teach us that an in vitro finding of an 
intricate HS dependent molecular mechanism does not implicate 
physiological relevance. 

Several syndecan and glypican genes as well as the single perlecan gene 
have been targeted and the resulting phenotypes vary dramatically in type 
and severity (Forsberg and Kjellen, 2001). Perlecan-/- embryos have severe 
abnormalities and many die at E10-E12, due to abnormal heart development 
(Arikawa-Hirasawa et al., 1999; Costell et al., 1999). Embryos that pass this 
stage die ultimately perinatally due to stress-sensitive basement membranes. 
Syndecan-1 deficient animals are healthy and fertile, although different 
wound healing phenotypes have been described (Bernfield et al., 1999). 
Syndecan-1 are furthermore involved in wnt-1 signalling (Alexander et al., 
2000) and regulation of leukocyte-mediated inflammatory responses (Gotte 
et al., 2002). No phenotype has been associated with glypican-2 deficiency 
(Lander and Selleck, 2000). The abnormalities of glypican-3 are in contrast 
severe, and include developmental overgrowth, perinatal death and abnormal 
kidney and lung development (Cano-Gauci et al., 1999). The effect of core 
protein removal are however hard to interpret in terms of HS function as 
probably many observed phenotypes are not a result solely of HS dependent 
activity. Little is also known about putative compensating mechanisms. Will 
for example cells decorate other core-proteins more extensively in cells 
where a particular core-protein is missing? 

Transgene animals will undoubtedly be of invaluable help to understand 
the complex roles of HS-PGs but the complexity constitutes a problem. 
More restricted effects on HS-PG biosynthesis, as conditional knockouts of 
HS biosynthetic enzymes or targeting of GAG attachment sites on core 
proteins, are probably required to be able to separate one effect from 
another. Some successful studies along this line are already reported (Inatani 
et al., 2003; Rossi et al., 2003). There is also a need for more sensitive 
methods to monitor the actual effects on HS biosynthesis in different cells 
and tissues for better interpretation of the observed phenotypes. 
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Regulation of HS structural variation 
It is a thrilling possibility that subtle changes in HS structures can influence 
biological activity. The HS biosynthesis is without doubt regulated tightly 
enough to imagine for example how a cell could alter the properties of the 
HS biosynthesis machinery to express a HS epitope that mediates the 
binding of a certain ligand to its receptor. How often differences in HS 
structure really are of functional importance remains to be determined, and 
questions concerning the nature of the regulation of HS structural differences 
need to be answered. 

Evolutionary aspects of heparan sulfate structural variation 
Theodosius Dobzhansky (1900-1975) said “In biology nothing makes sense 
except in the light of evolution” So can HS structural variation be interpreted 
“in the light of evolution”? The absolute requirement of sulfated HS chains 
for development of metazoans are undisputable as illustrated in fruit fly 
(tout-velu, sulfateless) (Perrimon and Bernfield, 2000)  and mouse  transgene 
models (EXT-/-, (NDST1-/- NDST2-/-)) (Forsberg and Kjellen, 2001). The 
evolutionary background to more subtle HS structural variation is however 
unknown. Is the extreme variation and tight regulation of HS biosynthesis an 
evidence for how intricately HS structure modulate biological function? Or 
does it only reflect the lack of evolutionary pressure for tight control of HS 
biosynthesis enzyme expression? 

In one extreme view, HS structural variation could have evolved as a 
dynamic way for cells to regulate which and when signals can be received, 
in the same way as cells express different types of cell surface receptors. It 
gives also possibility for other cells than the producer and the receiver of 
HS-binding molecules to shape the strength and the reach of the signaling 
event. In this scenario, we can expect systems to have evolved to change HS 
biosynthesis in such a way that the HS motifs necessary for i.e. growth factor 
binding are generated during the right developmental circumstances. Distinct 
changes in HS structure in a certain cell during development should 
therefore be a good reason to search for HS dependence in regulatory events.  

In the other extreme view the distinct variation in HS structure could just 
reflect that the complex biosynthesis of HS will be affected when cells 
differentiate with a new sets of transcription factors and changed properties 
in the Golgi compartment. The HS biosynthesis enzymes are probably all 
vital, as they all are conserved in different animals and no natural 
homozygous mutants are known. Indeed, the reason for lack of severe 
phenotypes in some of the HS mouse models  (Forsberg and Kjellen, 2001) 
may just reflect how restricted the laboratory animal environment is 
compared to the stress a free living animal faces. However, the conclusion 
that all HS biosynthesis genes are of vital importance during some 
circumstances could simultaneously result in a large nonfunctional structural 
variation of HS structure if these different enzymes are not efficiently 
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downregulated in cells were they are redundant. This is not in opposition 
with the hypothesis of specific roles for HS structural motifs since HS 
binding proteins can develop a functional affinity to discrete HS motifs 
during evolution. But it does mean that the occurrence of dramatic changes 
in HS structure in development or findings of unusual HS motifs in certain 
areas does not have to indicate a role for HS motifs. Instead, every case of 
biological dependence on HS structural motifs must be carefully confirmed 
by in vivo studies. Which extreme, or what mixture of the extremes, that best 
describe the real situation is unclear. The generation of transgene animals, 
where  subtle aspects of HS biosynthesis are manipulated, as discussed 
above, combined with improved analysis methodology will be necessary for 
an understanding of the regulation of HS biosynthesis. 

In should be noted that a selective pressure for “meaningless” HS 
structural variation in theory could have existed as a defense against 
pathogens with receptors for HS structures. Analogous to the discussion of 
the origin of blood groups (Greenwell, 1997), HS structures could have been 
used by pathogens followed by a selective pressure to alter these structures. 
The herpes simplex virus (Shukla et al., 1999), the HIV virus (Tyagi et al., 
2001) and other pahtogens (Rostand and Esko, 1997) are suggested to use 
HS structures to bind to cells. The failure of detecting individual variation of 
HS structure in humans (Lindahl et al., 1995) makes this less likely, but 
larger studies involving several tissues and very distantly related individuals 
have to be performed to exclude this possibility. 

Principles of regulation of heparan sulfate structure 
The modifications of a HS polysaccharide are the result of a complex 

machinery and although glycosaminoglycan biosynthesis lacks a template, 
the reproducibility of HS biosynthesis is striking. 

The best understood cause of HS structural variation is the contribution of 
substrate specificities of the HS modifying enzymes. The basic rules of HS 
biosynthesis have since long been known by studying intermediates in HS 
biosynthesis in microsomal fractions (Lidholt et al., 1989).These data was 
later largely confirmed when many enzymes were cloned, overexpressed and 
tested for substrate specificity. 

Many sites with apparently acceptable substrates are however not 
modified by HS biosynthesis enzymes. Furthermore, most HS modifications 
also alter the availability of substrate sequences for other enzymes. Thus, 
differences in absolute and relative concentrations of different biosynthesis 
enzymes appear to be a likely source of HS structural variation between 
cells. Enzyme levels may be regulated by transcriptional control of mRNA 
levels of the enzymes which differ between tissues, developing stages and 
cell types. Only a few studies in vivo have so far correlated changes in HS 
structural motif with alteration of enzyme transcription (Ford-Perriss et al., 
2002; Nogami et al., 2003). Thus it is presently unclear how much of HS 
structural variation that is caused by trancriptional regulation of enzyme 
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expression compared to other suggested mechanisms, and barely nothing is 
known about the proportions of active enzymes in different cells. Since 
many HS modifying enzymes have 5’-untranslated regions (UTR) with 
similarities with sequences associated to translational regulation, the mRNA-
level may not correlate with enzyme level. When studied in an in vitro 
system, the NDST 5’-UTRs were expressed differently in different cells 
(Grobe and Esko, 2002). Furthermore, regulation of enzyme activity in the 
Golgi compartment by proteolytic cleavage or glycosylation can not be 
excluded.

Several results suggest that HS biosynthesis enzymes may function in 
physical vicinity to each other. In microsomes, PAPS stimulates 
polymerization of HS from oligosaccharides, which suggests a coupling of 
EXT and NDST activities (Lidholt et al., 1989). The GlcA transferase 
activity also showed a marked preference for substrates with GlcNAc-GlcA-
GlcNS- as terminal sequences (Lidholt and Lindahl, 1992). So far, the EXT 
proteins have been found to associate in the Golgi compartment 
(McCormick et al., 2000; Senay et al., 2000) and an interaction between the 
2OST and the epimerase has also been shown (Pinhal et al., 2001). If most of 
the enzymes are organized in a protein complex, a “GAGosome” with 
putative additional regulating factors, protein/protein interactions could 
mediate or inhibit access to the polysaccharide. 

Many of the enzymes have differences in the transmembrane and 
cytoplasmic region which are proposed to be important for Golgi 
localization. If the system for localization of Golgi resident enzymes differ 
between cell-types, the access to the polysaccharide substrate might be 
affected resulting in structural differences. Local concentrations of 
nucleotide sugars or PAPS could also affect the structure. Treatment of cells 
with chlorate, which decreases the synthesis of PAPS, has shown that N-, 2-
O- and 6-O-sulfation are differently sensitive to PAPS concentration 
(Safaiyan et al., 1999). HS structure appears however to be similar on 
different core proteins from the same cell in the few cases investigated 
(Tumova et al., 2000; Zako et al., 2003). In contrast, the length of the HS 
chains have been shown to differ between core proteins (Tumova et al., 
2000).

Finally, a newly identified sulfatase may remove 6-O-sulfate groups from 
HS after the completion of HS biosynthesis (Dhoot et al., 2001), interfering 
with wnt signaling in vivo. The enzyme appears to selectively target 6-O-
sulfate groups within NS domains (Ai et al., 2003) and has also in vitro the 
potential to promote BMP signaling by releasing the HS bound BMP 
antagonist Noggin (Viviano et al., 2003). The 6-O-sulfatase and other 
putative post-biosynthesis modifiers of HS (Giraldez et al., 2002) show that 
cells have other principles to modulate HS-protein binding than solely by 
altering HS biosynthesis. 
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NDST- what regulates the regulator? 
N-sulfate groups are assumed to be a major regulator of HS biosynthesis 
since all other modifications are gathered in NS and NA/NS regions (Lindahl 
et al., 1998). How the pattern of N-sulfation is formed is not known. 
NDST1-2 isoforms are ubiquitously expressed in all investigated tissues and 
developing stages, while NDST3-4 show a more restricted distribution and 
appear mainly expressed during embryonic stages (Aikawa et al., 2000). 
When overexpressed, NDST2 produces longer NS domains compared to 
NDST1 (Pikas et al., 2000), in agreement with the absolute requirement of 
NDST2 for heparin biosynthesis (Forsberg et al., 1999). CHO mutant cells 
defective in NDST1 but not in NDST2 make HS with 25% GlcNS indicating 
that NDST2 participates in HS biosynthesis (Aikawa and Esko, 1999; Bame 
and Esko, 1989). The N-sulfotransferase domain of NDST1 has been 
crystallized (Kakuta et al., 1999). Using this structure as a template, 
molecular modeling has suggested that NDST isoforms have different 
substrate binding pockets (Aikawa et al., 2000) and an in vitro investigation 
of enzymatic activities reveal that NDST1-2 have similar N-deacetylase and 
N-sulfotransferase activity while NDST3 shows mainly N-deacetylase and 
NDST4 mainly N-sulfotransferase activity (Aikawa et al., 2000). The NDST 
isoforms are often expressed together and it is possible that one isoform 
perform the deacetylation and another the sulfation step (Bengtsson et al., 
2003). The generation of NS domains suggests that also NDST prefers N-
sulfated substrates and thereby also continuously influences its own 
substrate. The occurrence of these domains is a unique feature of HS 
structure with great implications for downstream HS modifications and HS 
function.

Do the C5-epimerase, the 2-O- and the 6-O-sulfotransferases depend on 
NDST?
The Epi appears to act on GlcA residues located towards the reducing side of 
a GlcNS residue if not the surrounding GlcN residues or the actual GlcA 
residue are O-sulfated (Esko and Selleck, 2002; Hagner-McWhirter et al., 
2000). This suggests that epimerization occurs after N-sulfation. The 2OST 
requires NS domains as the proportion of 2-O-sulfate groups increases in 
longer NS domains and very few 2-O-sulfate groups are found in NA/NS 
domains. The 2OST appears to prefer IdoA compared to GlcA [Rong, 2001 
#443]. In Epi-/- also the level of 2-O-sulfation is drastically reduced ((Li et 
al., 2003)and paper III). The epimerization appears not to be influenced by 
2-O-sulfation since CHO cells with reduced 2-O-sulfation have normal 
IdoA/GlcA content (Bai and Esko, 1996). Interestingly, a growing line of 
evidence suggests that also NDST enzymes are affected when downstream 
enzymes are targeted. For example, HS from both 2OST-/- and Epi-/- 
animals have an increased N-sulfation. Also 6-O-sulfation is increased, in 
agreement with studies where 2-O-sulfation and 6-O-sulfation appear to be 
balancing events in NS domains (Safaiyan et al., 2000). The three 6OST 
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isoform are less restricted and positions in close vicinity of N-sulfated 
residue constitute acceptable substrates (Smeds et al., 2003).  Other studies 
have indicated some substrate recognition differences the 6OST isoforms 
(Habuchi et al., 2000) and splice variants of 6OST2 with differences in 
enzymatic properties have been reported (Habuchi et al., 2003).  The 
transcript levels of 6OST isoforms vary in tissues (Habuchi et al., 2003; 
Habuchi et al., 2000) and may add to HS structural heterogeneity. The 
localization of 6-O-sulfate groups differs in HS from different parts of the 
developing chick limb bud, as does the mRNA expression of the individual 
6-O-sulfotransferase isoforms (Nogami et al., 2003). The differences 
correlate with the in vitro characterized substrate specificities, and suggest 
therefore transcriptional control of 6-OST as a source of HS structural 
variation in this case. 

3-O-sulfate and free amino groups 
3-O-sulfate groups are rare but have been found to be a crucial modification 
for several HS-protein interactions. At least six isoforms exist with varying 
expression pattern and substrate specificity (Chen et al., 2003; Mochizuki et 
al., 2003; Shworak et al., 1999; Xia et al., 2002). 3OST1 appears to be the 
isoform involved in biosynthesis of HS with anticoagulant activity 
(HajMohammadi et al., 2003), although other isoforms might contribute (see 
above).

The mechanism behind the generation of another rare modification, the 
free amino groups, is not known. N-deacetylation performed by an NDST 
without subsequent N-sulfation is one likely mechanism. Free amino groups 
are especially common in regions close to the core protein and in NA 
domains. Less than 30% of disaccharides with free amino groups have 
neighboring N-sulfated disaccharides (Ding et al., 2001; Westling and 
Lindahl, 2002). 



23

Results and discussion 

Aim
To study the role of NDST-1 in mice by targeting the gene of NDST-1. 

To investigate the regulation of HS biosynthesis in vivo by studying cells 
and tissues from animals with targeted mutations in genes coding for 
enzymes important for HS production. 

Present investigation 

Paper I 
Defective heparan sulfate biosynthesis and neonatal lethality in mice lacking 
N-deacetylase/N-sulfotransferase-1 

NDST1 and NDST2 are the most widely expressed NDST isoforms while 
NDST3 and NDST4 show a more restricted expression pattern (Grobe et al., 
2002). When the work presented in this paper was initiated, NDST3 and 
NDST4 had not been identified. The restricted penotype of NDST2 deficient 
mice (Forsberg et al., 1999) made us expect a more severe phenotype for the 
NDST1-/- mice. Heterozygous crossings did not generate any viable 
NDST1-/- offspring. Instead, pups which were later identified as NDST1-/- 
became cyanotic after birth and died neonatally. Lungs of newborn NDST-/- 
were not properly inflated, and although syntesized, surfactant proteins were 
not secreted from type II ephithelial cells. Analyses of embryos at different 
stages suggested that a minor proportion of NDST1-/- embryos died between 
E14.5 and E18.5. Incompletely penetrant defects of skull and eyes were also 
observed. By the use of two different antibodies, both dependent on HS N-
sulfation for epitope recognition, we could demonstrate that the effect of 
NDST1 deficiency on HS biosynthesis was universal. A biochemical 
analysis of HS synthesised by primary embryonic fibroblast showed a 
decreased charge density of the polysaccharide and a strong reduction in N-
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sulfated residues. However, the remaining N-sulfate groups were still 
concentrated in NS and NA/NS regions while large stretches of the HS 
polysaccharide were completely devoid of NS groups. Four major 
conclusions could be drawn from this study:  
•  NDST1 is a central player in HS biosyntesis in most tissues and 

celltypes, see also figure 7. 
• Despite the general abnormality in HS structure, most of the structures in 

NDST-/- animals appear correctely developed. Given the large number of 
HS binding proteins involved in regulation of embryonic development, it 
can be concluded that requirements for special HS motifs for protein 
binding are not likely to be the general way in which HS mediate its 
biological function. 

• The remaining NDST isoforms are capable of synthesizing NS and 
NA/NS domains, which could be the explanation of the relatively mild 
phenotype.  

• NDST1-/- animals do not develop mature lungs. The developmental 
pathway interfered with remains to be established, but most likely, the 
maturation of type II epithelial cells is interrupted. 
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Figure 7 Immunohistochemical staining of HS structures. See figure1 in paper I for 
experimental details. The antibody used is HepSS-1 which recognizes an N-sulfated 
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HS epitope. Left panel; control embryo. Right panel; NDST1-/- embryo. A-B; lung, 
C-D; heart, E-F; muscle, G-H; gut. In control experiments where the primary 
antibody was excluded no signal was seen (data not shown). 

Paper II 
Role of NDST isoforms in liver heparan sulfate biosynthesis 

The result obtained in paper I demonstrated a general effect on HS 
biosynthesis in all tissues examined as a result of targeted mutation of 
NDST1, but also that a considerable amont of N-sulfate groups remained in 
the HS synthesized. In contrast, NDST2 deficient mice were fully viable and 
fertile but with defective connective tissue type mast cells (Forsberg et al., 
1999). We were interested in how the different NDST isoforms contributed 
to HS biosynthesis in vivo, and if the HS biosynthesis responded to the 
altered HS structure by some sort of compensating mechanism. As NDST1 
deficient mice die neonatally, we decided to study liver HS biosyntesis in 
E18.5 embryos deficient of NDST1 and NDST2, respectively. We also 
characterized liver HS from adult NDST2-/- mice.   

We concluded that the organisation of liver basement membranes and 
blood vessels were apparantly normal in NDST1-/- embryos, and no obvious 
liver phenotype was present in neither of the knockout mice. N-Sulfation, 2-
O-sulfation and C5-epimerization of liver HS were dramatically reduced. 6-
O-Sulfation was not affected to the same extent. In sharp contrast, liver HS 
structure in both NDST2-/- adults and E18.5 embryos were indistinguishable 
from that of control animals. Northen blotting was performed revealing 
similar transcript levels of all biosynthesis enzymes investigated. NDST1 
and NDST2 were the only NDST isoforms detected in liver, indicating that 
NDST2 must be the source of N-sulfate groups in NDST1-/- animals. We 
could also show by western blotting that the NDST2 protein is expressed in 
liver in control and knockout animals. However, according to N-deacetylase 
activity determinations, the main N-deacetylation activity in NDST2-/- and 
control mice originates from NDST1. These are the main conclusions from 
paper II: 
• NDST1 is the main NDST isoform engaged in liver HS biosynthesis. 
• NDST2 is capable of partly compensating for NDST1 deficiency. 

NDST2 must therefore be either present in active form in control liver 
without influencing the HS structure, or be upregulated or activated by a 
post-transcriptional mechanism. This putative mechanism could 
tentatively be a translational regulaton (Grobe and Esko, 2002) or a post-
translational event such as glycosylation or proteolytic cleavage. 

• Despite the great abnormalities in liver HS structure in NDST1-/-  mice, 
the transcript levels of all investigated HS biosynthetic enzymes were 
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similar in control and NDST1-/- mice. This suggests that no mechanisms 
exsist to increase transcription levels of any HS biosynthetic enzyme in 
response to alteration in HS structure. 

Paper III 
Heparan sulfate structure in mice with genetically modified heparan sulfate 
production 

In paper I-II we studied HS biosynthesis in NDST1 and NDST2 deficient 
mice by metabolic labelling and subsequent isolation and biochemichal 
analysis. The protocols used are well established but not designed for 
multiple small samples. We now wanted to investigate how NDST1 
deficiency influenced HS structure in different embryonic tissues. The 
generation of cellines from transgene animals, as the study presented in 
paper IV, also increased the need for a fast and sensitive HS analysis 
protocol.

We decided to apply a method developed for characterization of fruit fly 
GAGs (Toyoda et al., 2000b) to analyze embryo tissues. In summary, GAGs 
were isolated from small tissue samples (<50mg dry weight). The GAGs 
were enzymatically degraded to disaccharides, separated by reverse phase 
ion pair (RPIP) HPLC  chromatography, labeled with 2-cyanoacetamide and 
detected by a fluorescence detector. The signal strength and elution position 
of peaks were compared to those of a known standard and quantified. We 
further developed a protocol based on the RPIP-HPLC separation of 
products derived from HS treated with nitrous acid at low pH. The resulting 
chromatogram constitutes a detailed fingerprint of the HS structure, as the 
cleavage results in more than 20 different saccharide species. GlcA and IdoA 
containing disaccharides originating from NS domains with 2-O-sulfate 
groups, 6-O-sulfate groups or both could be identified and the unidentified 
species were classified as di, tetra or >tetrasaccharides. Although the 
protocol is useful for NS domain compositional analysis, its major advantage 
is the resolution of the fingerprint which makes it a tool to monitor even 
minor change in HS structure.
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Figure 8 Adapted from (Staatz et al., 2001). Flow diagram of the postcolumn system 
used for RPIP-HPLC analyses. The sample is injected into the solvent pathway and 
separated on the column at 55¯C with a NaCl gradient formed by the gradient pump. 
The column eluate is then mixed with 2-cyanoacetamide and NaOH and reacted at 
130¯C to form fluorescent products that are detected by the fluorescence detector. 
Solvent A is 1.2 mM tert-n-butylammonium hydrogen sulfate in 8.5% acetontrile. 
Solvent B is 0.2 M NaCl in solvent A. See paper III for details. 

Previously, several studies have shown that HS structure is tissue specific 
and that the variation in HS structure between induviduals is minor. We 
confirmed these results in a screening of mice tissues utilizing the enzymatic 
and nitrous acid based protocols. We then screened a large number of tissues 
in control and NDST2-/- animals to evaluate the contribution of NDST2 to 
HS biosynthesis. With the possible exception of intestine, HS structures 
were identical in both mouse strains. HS in tissues from Syndecan 1-/- and 
control animals were also found to be identical. 

NDST1 and Epi are known to have key roles in HS biosynthesis and their 
removal causes great structural abnormalities (Paper II and (Li et al., 2003)). 
A number of  organs from NDST1-/- and Epi-/- animals were analyzed to 
investigate if the effects on HS biosynthesis differed in different organs. In 
general, the effects were similar between tissues suggesting a basic shared 
organization of HS biosynthesis. The N-sulfation in NDST1-/- animals was 
for example reduced with ~50% in the five tissues analyzed, indicating a 
very stable role for NDST1 in HS biosynthesis. Other structural features 
were more varied. The N-sulfation in Epi-/- animals were increased in liver 
but decreased in lung and brain. The 6-O-sulfation was reduced in NDST1-/- 
liver but was largely unaffected in brain and lung. The major conclusions 
from paper III are: 
• The descibed protocol for RPIP-HPLC analysis of disaccharides derived 

by enzymatic cleavage is suitable for high-throughput screening of tissue 
or cell samples (2-50 mg dry weight). By replacing the enzymatic 
degradation with a low nitrous acid treatement, which cleaves HS at 
positions of N-sulfated residues, the HS structure can be monitored as a 
detailed fingerprint which gives information on sulfation patterns and 
GlcA/IdoA content. 
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• The analyses demonstrated that HS structure in liver and kidney or in 
different parts of the intestine are similar to each other. In contrast, lung 
HS has a unique structure. 

• NDST2 does not contribute to the structural variation of HS with the 
possible exception of intestinal HS.  

• Deficiency of syndecan-1 does not result in detectable changes in HS 
structure, which may contribute to the mild phenotype in Syndecan1-/- 
animals (Gotte et al., 2002). The finding also supports the conclusion that 
HS structure is not core protein specific.

• The general effects on HS biosynthesis in NDST1-/- and Epi-/- animals, 
respectively, are similar in different tissues, indicating a similar basic 
organisation of HS biosynthesis.  

• The effect of N-sulfation is very similar in different tissues from 
NDST1-/- animals. Thus NDST1 appears to have a similar role in most 
tissues.

• The previously reported increased N- and 6-O-sulfation in Epi-/- 
embryos (Li et al., 2003) was not so evident in the three tissues 
investigated. The dramatic increase of HexA-GlcNS(6S) disaccharides 
and the decrease in HexA-GlcNAc(6S) disaccharides appear however to 
be general. 

Paper IV
Heparan Sulfate synthesized by mouse embryonic stem cells deficient in 
NDST1 and NDST2 is 6-O-sulfated but contains no N-sulfate groups 

In papers I-III, HS biosynthesis in mice deficient in either NDST1 or NDST2 
was investigated. We could conclude that most tissue organs could develop 
normally. However, lack of both NDST1 and NDST2 results in early 
embryonic lethality (Holmborn, personal communication). The generation of 
(NDST1-/- NDST2-/-) ES cells from blastocysts gave us the possibility to 
study HS biosynthesis in a, as it turned out, virtually NDST free cell. 

The results showed that wild type ES cells express NDST1 and NDST2 
mRNA while minimal amounts of NDST3 and no NDST4 could be detected. 
These cells produced a low sulfated but apparently normal HS, indicating 
that HS biosynthesis is organized in a similar way as in later stages. 
(NDST1-/- NDST2-/-) ES cells synthesize comparable amounts of GAGs 
compared to control cells while the HS polysaccharide chain length was 
increased in the NDST free cells. HS from the NDST deficient cells lacked 
N-sulfate and 2-O-sulfate groups while, unexpectedly, half of the 6-O-sulfate 
groups remained. Interestingly, the amount of free amino groups were 
apparantly the same in (NDST1-/- NDST2-/-) and control ES cells. The 
major findings in paper IV are:  
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• NDST1 and NDST2 are the major NDST isoforms in ES cells. Minimal 
amounts of NDST3 appears to be present. 

• HS polymerization in a cell is not dependent on the presence of NDST. 
Instead, the HS chains are notably longer in (NDST1-/- NDST2-/-) ES 
cells.

• 6-O-Sulfation is not completely dependent on N-sulfate groups. This 
finding suggests that some 6OST, presumably 6OST1, is less dependent 
on N-sulfated substrates than previously recognized. Tentatively 6-O-
sulfate groups could even influence N-sulfation. 

• The formation of free amino groups independent of NDST1 and NDST2. 
Tentatively, the minimal amounts of NDST3, which is known to be more 
efficient in N-deacetylation than N-sulfation (Aikawa et al., 2000), are 
sufficient to generate the free amino groups present. Alternatively, a so 
far unknown N-deacetylase performs the activity. In either way, 
Bengtsson et al (2003) (Bengtsson et al., 2003) have shown that free 
amino groups generated by an NDST1 mutant devoid of N-
sulfotransferase activity can be sulfated by another NDST molecule. 
Therefore, since the free amino groups are present also in control ES 
cells, the amino groups generated must be unaccesable for NDST1 and/or 
NDST2.
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Concluding remarks

The elusive role of NDST2 
Both NDST1 and NDST2 transcripts are expressed in most mammalian 
tissues. NDST2 has been shown to synthesize a more highly N-sulfated 
polysaccharide than NDST1, when overexpressed in 293 dells (Pikas et al., 
2000) and is also known to synthesize heparin (Forsberg et al., 1999). We 
therefore assumed that the different properties of NDST1 and NDST2 would 
contribute to the large variability in HS structures seen in tissues. The results 
that NDST2 deficient animals synthesized liver HS with a structure 
indistinguishable from that of control animals (paperII) was therefore 
surprising.  Liver could of course be an exception and lack active NDST2 
enzyme because of for example translational repression (Grobe and Esko, 
2002). Thus, in Paper III HS structure was determined in a large number of 
tissues from NDST2 deficient animals. With the possible exception of 
intestine, no difference in HS structure between NDST2 deficient and 
control HS could be detected. We can therefore conclude that NDST2 does 
not contribute to HS tissue structural variability. 

However, in the absence of NDST1, NDST2 is the only remaining 
isoform in liver (paper II) and must be responsible for the HS N-sulfation in 
this case. How can NDST2 be present in control liver without contributing to 
HS N-sulfation? One possbility is a “frozen-out” model (Fig. 9), in which 
NDST1 has superior affinity for putative HS biosynthesis complexes. When 
NDST1 is not present, as in NDST1-/- tissues, NDST2 would be 
incorporated in the complexes and can participate in HS biosynthesis.  

Alternatively, the nature of the NDST isoform is not important and 
regulating factors in a “GAGosome” may instead determine the structure of 
N-sulfation.  If so, the difference between NDST1 and NDST2 deficient 
tissues could be just that the number of NDST1 molecules are enough to 
fulfill NDST activities alone, while the number of NDST2 molecules are not. 
Yet other possible explanations are discussed in Paper II. The mechanism 
that causes the elusive behavior of NDST2, is probably universal, since HS 
structure in NDST2 deficient tissues was unchanged in all tissues except in 
intestine and in mast cells.
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NDST1

NDST2

NDST1-/-NDST2-/-

NDST1 NDST2

Figure 9 The “Frozen out” model for the role of NDST2 in HS biosynthesis. The 
gray protein symbols represent members of a putative HS synthesizing complex and 
may include EXT, Epi and OSTs as well as yet unkown regulators of HS 
biosynthesis 

Do most heparan sulfate binding proteins tolerate 
abnormal HS biosynthesis for normal function? 
HS structure is known to vary greatly in tissues and we showed in paper III 
that practically all large tissues in mice display unique HS structures. This 
finding suggests that HS biosynthesis can be organized in a very large 
number of ways. Still, when antibodies with affinity for sulfated motifs are 
applied to sectioned tissues of NDST1-/- embryos, virtually all HS structures 
seemed to be affected (see Paper I and Fig. 7). The biochemical analyses of 
NDST1-/- and Epi-/- HS in Paper III showed furthermore significant 
alteration in HS structure in all tissues investigated.  

Why is the development of most organs apparently normal despite 
abnormal HS structure, such as in NDST1-/-, Epi-/- and 2OST-/- mice 
(Paper I-II, (Bullock et al., 1998; Li et al., 2003))? Proposed HS binding 
sequences of many proteins must have been destroyed in these mice. Thus, 
these results may suggest that many HS interacting proteins (Table 1) 
tolerate larger variations in HS structure than previously anticipated.
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Lessons of 6-O-sulfotransferase regulation 
All modifications are reduced in liver HS from NDST1-/- mice, although 6-
O-sulfation is the least affected. (Paper II). This is not due to any 
transcriptional regulation since the amount of transcripts, including the three 
isoforms of 6-OST, are unchanged. It appears therefore reasonable to assume 
that enzyme substrate specificities or other post-transcriptional mechanisms 
are the cause of the altered HS structure.  

In HS from Epi-/- embryos the HexA-GlcNS(6S) disaccharides are 
dramatically increased (Li et al., 2003) and Paper III), resembling HS in 2-
OST deficient fibroblasts, where 6-O-sulfation has replaced 2-O-sulfation in 
the NS domains (Bai and Esko, 1996; Merry et al., 2001). No increase in 6-
O-sulfation was seen in NA/NS regions suggesting that 2-O-sulfate groups 
in NS domains normally inhibit 6-O-sulfation. In HS from the Epi-/- mouse 
a distinct reduction in HexA-GlcNAc(6S) containing disaccharides was seen 
(Paper III), which could be explained if extended NS regions “cover” some 
of the NA/NS regions where many 6-O-sulfated GlcNAc residues otherwise 
should have been placed.  

As mentioned above, 6-O-sulfation is not very affected in HS from 
NDST1-/- mice. Both HexA-GlcNAc(6S) and HexA-GlcNS(6S) still exist in 
almost normal amounts even though N-sulfation is highly reduced (Paper I, 
III and (Bame et al., 2000)). 2-O-sulfation is more affected, maybe because 
the NS domains are shorter. The finding of unchanged HexA-GlcNS(6S) 
levels could therefore again be due to compensatory 6-O-sulfation in NS 
regions whith decreased 2-O-sulfation. 

The effect on N-sulfation in HS from 2OST-/- and Epi-/- mice suggests 
that HS biosynthesis is less hierarchic and that N-sulfation may be affected 
by “downstream” modifications. It could be speculated that some N-
sulfation still occurs after other HS modifications (Fransson, 2003). and that 
“late” NDST activity prefers 6-O-sulfated GlcNAc residues. The finding in 
Paper IV that 6-O-sulfate groups are present even in the absence of N-sulfate 
groups further suggests a more independent role for 6-OST which may 
influence HS structure to an larger extent than previously known.

High-throughput analysis of HS structure  
Chromatographic techniques for analyzing HS structures have been available 
for many years. Most of the available protocols are however not suitable for 
processing of many small samples for screening purposes. In the work in 
paper II with embryo tissues from transgene animals, the need for such 
methods became obvious. By metabolic labeling of HS, liver was the only 
embryo organ which could be analyzed and tissues from several individuals 
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still had to be pooled. The methods described in paper III allowed us to 
efficiently scan a number of embryonic and adult tissues from different 
genetically modified mice to investigate the in vivo properties of HS 
biosynthesis.  

The number of transgene animals with defects in PG biosynthesis is 
growing, creating a need for detailed GAG characterization to understand 
observed phenotypes. In addition, very little is known about the natural 
variation of HS structure in mammals and few studies on nutritional and 
pathological effects on HS structures have been performed. Information 
concerning variation between distantly related individuals and between 
different species will be helpful to understand the role and evolution of HS 
structure. The RPIP-HPLC analyses of enzymatically and nitrous acid 
cleaved HS are fast and sensitive enough to address some of these questions.
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Populärvetenskaplig sammanfattning 

En människa består av många miljarder celler. Alla dessa celler i en individ 
har precis samma arvsanlag (DNA), men det finns ändå hundratals olika 
sorters celler som gör väldigt olika saker. En nervcell kan ha meterlånga 
utskott som förmedlar elektriska impulser medan en cell i tarmen är 
specialiserad på att fånga upp näringsämnen. Eftersom alla celler från början 
är lika, sker en intensiv signalering i kroppens vävnader under deras 
utveckling så att cellerna ska veta om de ska dela sig, var de skall vara och 
hur de senare ska utföra sina uppgifter.

Proteoglykaner är en typ av ämnen som sitter på cellers utsida, och de 
består av ett protein med långa sockerkedjor fästade till sig (Fig. 2). En 
vanlig typ av proteoglykaner har sockerkedjor som kallas heparansulfat 
(HS). Dessa kedjor har ett mönster av sulfatgrupper och andra modifieringar 
på olika ställen (Fig. 3). Mönstret av modifieringar har visat sig påverka hur 
många olika signalmolekyler fungerar (Fig. 4-5). Man kan alltså tänka sig att 
en cell med ett visst mönster på sina HS-kedjor kan fånga in en viss molekyl 
och därigenom ta emot en signal som en cell med ett annat mönster på sina 
HS-kedjor inte kan ta emot. På så sätt tror man att mönstret av HS-
modiferingar påverkar ett stort antal reglerande processer i kroppen. 

Mönstret av HS är ett resultat av ett komplicerat biosyntesmaskineri där 
olika enzymer modifierar sockerkedjan (Fig. 6). Men då det finns många 
olika HS-mönster i kroppen, som dessutom ofta ändras, har det varit svårt att 
bedöma exakt vilken roll mönstret spelar för olika biologiska processer.  

I denna avhandling har vi använt oss av möss som är genetiskt 
modifierade så att vissa av enzymerna som modifierar HS-sockerkedjan är 
borta. Vi har sedan analyserat mönstret på HS-kedjorna från mössens olika 
vävnader och genom detta fått veta vilken roll ett visst enzym har för HS-
biosyntes i olika vävnader. Genom att se vilka defekter de modifierade 
mössen har, har vi sedan slutit oss till vilka roller modifieringsmönster i HS 
har för olika processer. 

Främst har två viktiga enzymer studerats, NDST1 och NDST2. Dessa 
enzymer är isoformer, vilket betyder att de utför samma modifiering (Fig. 6) 
men att deras aktivitet  ändå kan regleras individuellt. Eftersom NDST även 
påverkar många andra modifieringar, är det viktigt att undersöka hur NDST 
regleras för att förstå varför olika HS-mönster bildas (Fig. 6). Enzymerna 
visade sig ha mycket olika roll i biosyntesen av HS. Medan NDST1 är en 
basal komponent i HS-biosyntes, kan NDST2 ersätta en del av NDST-
aktiviteten i djur som saknar NDST1. I djur som saknar NDST2 ser man 
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däremot inga skillnader jämfört med kontrolldjur. Vi misstänker därför att 
någon okänd typ av reglering av NDST2 kan förklara våra resultat 
(Delarbete I-II).  

Eftersom många HS-modifierande enzymer ger så pass svåra defekter att 
djuren inte överlever fosterstadiet, är vi tvungna att studera HS från 
embryovävnader. Vi har därför anpassat en automatiserad metod för HS-
analys av däggdjursvävnader. Dessutom har vi utvecklat en metod att skapa 
ett känsligt ”fingeravtryck” av de komplicerade möster som HS består av 
(Fig. 4 i delarbete III). Med dessa metoder har vi studerat HS från olika 
vävnader och utvecklingsstadier, något som med tidigare metoder skulle 
varit mycket tidsödande och krävt vävnader från många fler djur. Vi kunde 
därigenom visa vilka aspekter av HS-biosyntes som liknar varandra mellan 
olika vävnader och vilka som skiljer sig åt. Vi tror att dessa snabbare och 
känsligare metoder ska kunna medföra att man kan undersöka HS mönster 
enklare än förr, tex i andra genetiskt modifierade djurmodeller eller vid 
mänskliga sjukdomar. Detta kan bidra till en bättre förståelse av vilken roll 
HS-modifieringsmönster spelar hos både djur och människor. 

I delarbete IV undersöktes celler som saknar både NDST1 och NDST2. 
Dessa celler visade sig helt sakna den modifiering som NDST utför (Fig. 6). 
Till vår förvåning kunde vi ändå se en annan modifiering som utförs av ett 
helt annat enzym, 6-O-sulfotransferas (Fig. 6), som man tidigare trott vara 
helt beroende av NDST. Fler undersökningar behövs innan man kan avgöra 
om 6-O-sulfotransferaset också kan spela en självständig roll i bildandet av 
HS-modifieringsmönster och kanske i sin tur själv kan påverka andra 
enzymer i HS biosyntesen. 
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