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ABSTRACT
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Heparan sulfate (HS) is a polysaccharide of glycosaminoglycan type composed of alternating
hexuronic acid [either glucuronic acid (GlcA) or iduronic acid (IdoA)] and glucosamine (GlcN)
units that can be sulfated in various positions. HS binds to a large number of proteins and these
interactions promote many biological processes, including cell adhesion and growth factor
signaling. This thesis deals with the structural analysis of short heparan sulfate sequences that
mediate binding to fibroblast growth factors FGF1 and FGF2, their receptor FGFR4, and the
angiogenesis inhibitor endostatin.

Both FGF1 and FGF2 were shown to interact with N-sulfated hexa- and octasaccharide
fragments isolated from HS. A pool of HS fragments depleted for FGF1 binding retained the
ability to bind FGF2. Changes in 6-O sulfation affected binding to FGF1 but not FGF2,
indicating that these proteins bind to distinct HS sequences.

All octasaccharides with high affinity for FGF1 contained an internal IdoA2S-GlcNS6S-
IdoA2S trisaccharide motif as shown by exoenzyme-based sequence analysis. FGF2 bound to a
mono-O-sulfated hexasaccharide with an internal IdoA2S unit, although the affinity was higher
for a di-O-sulfated octasaccharide displaying an IdoA2S-GlcNS-IdoA2S trisaccharide motif.

FGFR4 was shown to bind the HS analogue heparin with a KD value of 0.3 µM.
The interaction between FGFR4 and HS depends on both IdoA2S and GlcNS6S units. Sequence
analysis suggested that the number but not the precise location of 6-O-sulfate groups determines
affinity.

The HS-binding site of endostatin was identified through alanine scanning. Endostatin
mutants with reduced affinity for HS were unable to counteract angiogenesis induced by FGF2.
The predominant HS motif recognized by endostatin was shown to consist of two N-sulfated
domains separated by N-acetylglucosamine units.
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ABBREVIATIONS

c18 collagen XVIII
CS chondroitin sulfate
DS dermatan sulfate
FGF fibroblast growth factor
FGFR FGF-receptor
GAG glycosaminoglycan
Gal galactose
GlcA D-glucuronic acid
GlcN D-glucosamine
GlcNAc N-acetyl-D-glucosamine
GPI glycosyl phosphatidylinositol
pHNO2 partial cleavage with HNO2

HS heparan sulfate
HSPG heparan sulfate proteoglycan
IdoA L-iduronic acid
Ig immunoglobulin
aMan 2,5-anhydro-D-mannitol
NA N-acetylated
NDST N-deacetylase N-sulfotransferase
NS N-sulfated
OST O-sulfotransferase
PG proteoglycan
SAS sulfated/acetylated/sulfated domain
Xyl xylose
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INTRODUCTION

This thesis is focused on the role of heparan sulfate (HS) sugars in cellular
signaling. In living organisms there is a constant flow of information between
cells, either through direct cell-cell interactions or via secreted molecules that
move in solution to receptors at the cell surface. Proteins that belong to the
fibroblast growth factor (FGF) family are examples of secreted signaling proteins
important for cell survival, proliferation and differentiation. Many of the proteins
involved in FGF-signaling are also potential oncogenic factors, i.e. malfunctions
of these factors may lead to loss of growth control and result in cancer.
Importantly, FGFs bind HS at the cell surface and this is crucial for a productive
interaction between the growth factor and its cognate tyrosine kinase receptor.

The purpose of the work presented in this thesis was to study the fine
structure of HS required for interaction with proteins of the FGF-signaling
pathway, in order to understand how the expression of different HS-epitopes may
modulate FGF-activity. The structural determinants for the interaction between
HS and endostatin, a potent inhibitor of angiogenesis and therefore a potential
cancer therapeutic, were also investigated.

BACKGROUND

Glycobiology

Sugars, or saccharides, are essential components of every living organism.
Although sometimes given less attention, sugars, just like nucleic acids, proteins,
and lipids, are the basic building blocks of life. Pioneering efforts made by Emil
Fisher during the late nineteenth century established for the first time the structure
of some basic sugar species. Today, glycobiology is defined as the study of sugar
biosynthesis, structure, and function (Rademacher et al., 1988). Accumulated
evidence for the biological role of sugars, together with improved techniques for
structural analysis makes glycobiology one of the most rapidly growing
biomedical fields in the post-genomic era.

The importance of sugars can hardly be overestimated. Besides playing a
pivotal role in energy metabolism and protein modification, sugars affect
interactions between cells and their surroundings and are crucial for the
development and integrity of both simple and complex organisms (Varki et al.,
1999). Attached to lipids or proteins, sugar structures cover the surface of cells to
provide a thick "glycocalyx" that modulates incoming signals important for
cellular response to environmental stimuli. Sugars at the cell surface may also be
used by viruses and bacteria for primary attachment.
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The study of sugar structures is complicated by the lack of a direct
template for their biosynthesis, contrary to the case with proteins, where the
amino acid sequence is determined by the corresponding gene. Also, part of the
variability seen in sugar structure is due to the fact that monosaccharide units can
be coupled to each other in many different ways, as opposed to amino acids in
proteins and nucleotides in DNA.

Sugars are secondary gene products generated by the concerted action of
enzymes present in subcellular compartments of the cell. Thus, the sugar
structures depend on the expression, activity and accessibility of the different
biosynthetic enzymes.

Heparan sulfate proteoglycans

General functional properties
HS proteoglycans (HSPGs), i.e. proteins bearing covalently attached HS

polysaccharide chains, are present on cell surfaces and in the extracellular matrix
(Bernfield et al., 1999). HSPGs interact with a vast number of protein ligands
thereby potentially affecting many biological processes (Lindahl et al., 1998;
Lander and Selleck, 2000). These ligands include growth factors, matrix
components, enzyme inhibitors and microbial surface proteins. The highly varied
fine structure of HS holds epitopes, or sequences, that bind to proteins in a
selective fashion, best illustrated by the interaction between HS and the blood
anticoagulant antithrombin (Bourin and Lindahl, 1993). The ruling paradigm is
that the specificity of HS-protein interactions is determined primarily by the
relative position of sulfate and carboxyl groups in HS, recognized by positively
charged amino acid residues at the protein surface.

In the early 90’s, HSPGs were identified as essential components of the
fibroblast growth factor (FGF) signaling system, and assigned a co-receptor
function (Yayon et al., 1991; Rapraeger et al., 1991; Ornitz et al., 1992;
Nurcombe et al., 1993; Spivak-Kroizman et al., 1994). FGFs comprise a family of
22 growth factors important for cell proliferation, differentiation, and migration.
The realization that HS affects signal transduction events led to a dramatic
expansion of the HS-field. Since then, many studies have confirmed that HS does
indeed serve as a coreceptor that binds both to the FGF and the FGF-receptor
(FGFR) to regulate complex formation, receptor oligomerization and signal
transduction (reviewed by Ornitz and Itoh, 2001).

 The interaction between HS and proteins may also serve other purposes
(see Fig. 1 for overview). For instance, HS has been shown to bind and protect
proteins from proteolytic degradation (Yoneda et al., 2000) and to control growth
factor distribution in tissue (Chang et al., 2000). It has been suggested that HS
may direct diffusion of proteins by a reduction of dimensionality, thereby
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promoting molecular encounters (Lander, 1998). In addition, the internalization of
HSPGs provides a pathway for endocytosis of protein ligands, and might even
promote vesicle-mediated transport through cell layers (Williams et al., 1997;
Sperinde and Nugent, 1998; Teleman et al., 2001).

Figure 1. Some proposed functions of HSPGs. Interactions between
HS and proteins promote many biological processes. Proteins may be captured by HS
(1), and stored bound to HS, thus protected from proteolytic degradation (2). Interactions
with HS may facilitate diffusion of protein ligands (3) to promote molecular encounters,
here exemplified by the interaction between growth factors and receptors (4) that results
in receptor activation and subsequent signal transduction (5). HSPGs are also
internalized together with bound proteins (6) and recycled to the Golgi apparatus (7).
HSPGs may inhibit intracellular degradation of bound proteins and accelerate nuclear
localization (8). Alternatively, HS-bound proteins are transported and exocytosed to
other parts of the cell surface (9). HSPGs mediate cell adhesion through interactions with
matrix components (10). Syndecans and glypicans may be cleaved and shed into the
matrix (11). Finally, extracellular heparanases may degrade HS to release protein ligands
and HS degradation fragments that promote angiogenesis (12). For additional
information see the text.
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HS core proteins
Several different types of PG core proteins have been shown to carry HS

chains. Some of these proteins may also be substituted with chondroitin sulfate
(CS) (see below for details on CS structure). Syndecans (four members identified)
are transmembrane proteins that are commonly substituted with 1-3 HS chains
close to the extracellular terminus, but may sometimes carry 1-2 CS chains closer
to the cell surface (Iozzo and San Antonio, 2001). Proteolytic cleavage in the
juxtamembrane region of the core protein results in shedding of syndecans, and
this process has been implicated in the regulation of growth factor activity during
wound healing (Subramanian et al., 1997; Kato et al., 1998). Other
transmembrane core proteins are CD44 and betaglycan. Notably, betaglycan and
the different syndecans have short cytoplasmic domains that can be
phosphorylated and participate in signal transduction events upon growth factor
binding to the extracellular domain (Oh et al., 1997; Zimmermann et al., 1999;
Volk et al., 1999; Blobe et al., 2001).

Glypicans (six members identified) predominantly carry HS rather than CS
and are attached to the plasma membrane via a GPI-anchor. A recent study by
Chen and Lander (2001) demonstrated that the globular domain of glypican-1
favors HS substitution indirectly during biosynthesis through the inhibition of  CS
assembly, although the detailed mechanism behind this effect is unknown.

A unique isoform of FGFR2 has recently been shown to carry  HS or CS.
A single polysaccharide chain may  be attached to a serine residue distal to
immunoglobulin (Ig) loop Ig-2 in FGFR2-isoforms that lack the first Ig-1 domain.
A stretch of acidic amino acid residues close to the polysaccharide attachment site
was shown to be required for modification with HS (Sakaguchi et al., 1999).

Three pericellular HS core proteins have been identified. Agrin is enriched
in the basement membranes of kidney glomeruli and at neuromuscular junctions.
Perlecan, a potential carrier of both HS and CS is widespread in basement
membranes and in the extracellular matrix. Finally, collagen XVIII, the precursor
of the anti-angiogenic factor endostatin, has been shown to carry HS (Halfter et
al., 1998).

Biosynthesis and structure of HS
HS chains are long (generally 50-200 monosaccharide units), unbranched

glycosaminoglycans (GAGs) composed of alternating hexuronic acid [either D-
glucuronic acid (GlcA) or L-iduronic acid (IdoA)] and D-glucosamine (GlcN)
units. HS is synthesized attached to a core protein (reviewed by Esko and Lindahl,
2001). First, a GlcA-Gal-Gal-Xyl- linkage region is formed, the xylose residue
being covalently O-linked to serine in a Ser-Gly /Ala dipeptide sequence close to
acidic and hydrophobic amino acid residues (Esko and Zhang, 1996). The HS
chain is then polymerized through the action of GlcNAc and GlcA transferases to
generate a backbone of alternating GlcNAcα1,4 and GlcAβ1,4 units. The chain is
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enzymatically modified in a sequential fashion by several enzymes present in the
Golgi compartment (see Fig. 2 for examples of HS structures).

The first modification reaction is the partial N-deacetylation/N-sulfation of
GlcNAc-units that generates the different types of domains typically found in HS
chains: (i) NS-domains (two or more consecutive GlcNS units), (ii) NA/NS
domains composed of alternating N-acetylated and N-sulfated disaccharide units,
and (iii) NA-domains (GlcNAc units) (Fig. 3). The HS polymer is then further
modified, mainly in the N-sulfated regions, through C-5 epimerization of GlcA to
IdoA, O-sulfation at C-3 and C-6 of GlcN, and O-sulfation at C-2 of GlcA and
IdoA (Casu and Lindahl, 2001).

Figure 2. Examples of disaccharide species found in HS. During HS biosynthesis
GlcA-GlcNAc disaccharide units (top) are modified through N-deacetylation/N-
sulfation, GlcA C-5 epimerization, and O-sulfation (middle and bottom), to generate
structures implicated in protein recognition.

The great diversity of HS structure is generally ascribed to the incomplete
action (or strict regulation!) of the enzymes involved in the different modification
reactions. However, it has been proposed that degrading enzymes may structurally
modify HS polymers (Bitan et al., 1999; Hulett et al., 1999).

Approximately half of all GlcNAc residues escape N-sulfation thereby
limiting the extent of epimerization and 2-O-sulfation of IdoA that are exclusively
confined to N-sulfated regions. A GlcNAc residue may be 6-O-sulfated if
upstream or downstream to an adjacent N-sulfated disaccharide unit. Accordingly,
half of all 6-O-sulfate groups are to be found on GlcNAc residues in NA/NS
domains (Maccarana et al., 1996).
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Many of the pioneering studies on HS biosynthesis were based on
experiments with whole mouse mastocytoma microsomal fractions or with
enzyme mixtures solubilized from such preparations (Lidholt et al., 1989). Most
of the HS biosynthetic enzymes were cloned during the 1990s, and it is now
possible to further investigate the substrate specificities of the recombinant
enzymes. Currently, three different 6-O-sulfotransferases (6-OSTs) have been
cloned, seven 3-OST genes have been identified (although the functionality of all
has not been established) as well as four isoforms of  the N-deacetylase/N-
sulfotransferase (NDST) (Shworak et al., 1999; Habuchi et al., 2000; Esko and
Lindahl, 2001). In contrast, only one C-5 epimerase and one 2-OST have been
found (Bai et al., 1996; Crawford et al, 2001; Li et al., 2001).

Figure 3. Domain organization of HS. The HS chain can be divided into domains
depending on the N-substituent of GlcN units. For detailed information see the text.
Different strategies are outlined for isolation of (A) NS-domains (B) NA-domains and
(C) domains composed of both NA- and NS-domains (referred to as SAS-domains in
paper V).

The current information regarding the substrate preferences for some of the
biosynthetic enzymes has been compiled in Table I. However, the task of
clarifying substrate specificities for the biosynthetic enzymes has been hampered
by difficulties in preparing pure and well-characterized substrates. Therefore only
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a small number of substrates have been evaluated and this should be kept in mind
when trying to understand the regulation and limitations of the biosynthetic
machinery. In addition to the glycosyltransferases, the epimerase, the NDSTs and
the OSTs described above, other proteins play important roles in HS biosynthesis.
Enzymes responsible for the production of nucleotide sugars and nucleotide
sulfate, proteins involved in the transport of these precursors into the Golgi lumen,
and perhaps additional auxiliary proteins may limit the synthesis of HS structures.

TABLE I
Substrate specificities of enzymes involved in HS biosynthesis

Enzyme           Substrate  Not a substrate

NDST
-GlcNR-GlcA-GlcNAc-GlcA-GlcNR-

C5-epimerase
-GlcNS-GlcA-GlcNR- -GlcNAc-GlcA-GlcNS-

2-OST
-GlcNS-HexA-GlcNS-
-GlcNS-IdoA-GlcNAc

-GlcNAc-GlcA-GlcNS-
               -IdoA-GlcNS6S-

6-OST
1-3                        - GlcNS-

-GlcNS-HexA-GlcNAc-
                       -GlcNAc-HexA-GlcNS-

-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc-

3-OST
1
2

3A

3B
4

-HexA-GlcNAc(±6S)-GlcA*-GlcNS(±6S)-
                               -HexA2S-GlcNS-
                                -IdoA2S-GlcNS-
  -HexA(2S)-GlcNS-IdoA2S-GlcN(±6S)-
see 3A
Not determined

Potential target units are underlined
Blocking groups are in bold
HexA can be either IdoA or GlcA
R can be either acetyl or sulfate
*May also be IdoA in 2-OST deficient CHO-cells (Zhang et al., 2001)

HS structure - chaos or code?
The fine structure of HS, determined by the action of modifying enzymes,

could in theory accommodate an infinite number of sequences. For example, over
1,000,000 different sequences are conceivable in only an octasaccharide fragment
(Sasisekharan and Venkataraman, 2000). However, the regulated expression and
action of biosynthetic enzymes, as well as their restricted substrate specificities,
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limit the actual number of sequences expressed. Research over the last decade
implies that HS-structures are expressed in a tissue- and temporal-specific manner
(van den Born et al., 1995; Lindahl et al., 1995; Maccarana et al., 1996; Lindahl
et al., 1997; Feyzi et al., 1998; Brickman et al., 1998;  van Kuppevelt et al., 1998;
Nurcombe et al. 2000; Safaiyan et al., 2000). There is also evidence to suggest
that the domain structure determined by the distribution of N-acetylated and N-
sulfated GlcN units within the HS-chain is regulated (Gallagher et al., 1985;
Turnbull et al., 1991; Lyon et al., 1994). Recent development of sensitive
techniques has provided important tools for sequence analysis of HS structures
expressed in small quantities in cell culture or tissues (see below). For example,
sequence analysis of HS from cultured fibroblasts shows that NS-domains are
basically made up of IdoA2S-GlcNS repeats, and that variability seems to be
generated mainly by differential 6-O-sulfation (Merry et al., 1999). The high
degree of epimerization and 2-O-sulfation of these NS-domains provide a
significant example of how the actual HS sequence range may be restricted in
vivo.

The lack of a direct template for HS biosynthesis makes it difficult to
understand how specific sequences can be synthesized. While there is some
evidence for coupling or processivity of the enzymatic reactions in the Golgi
apparatus, it is still unclear if the HS-chains can be subjected to repetitive rounds
of modification before being translocated to the cell surface (Salmivirta et al.,
1996; Conrad, 1998).

  One could imagine that the HS structures produced ultimately depend on
the relative activities of the different biosynthetic enzymes, present in the same or
different compartments of the Golgi apparatus. Now, how controlled could such a
template-free system be? For example, if in a given cell the most abundant
modification reactions would be those of the NDSTs, the epimerase and 6-OSTs,
these cells would express mostly IdoA-GlcNS6S units in the NS-domains. The 2-
OST activity would be inhibited by high 6-OST activity and the presence of
downstream 6-O-sulfate groups (see Table I). However, occasionally, the 2-OST
would manage to transfer a sulfate group generating IdoA2S-GlcNS units, most
likely to be subsequently 6-O-sulfated. Thus, HS from this particular cell would
predominantly contain IdoA-GlcNS6S units with occasional 2-O-sulfates present
in the context of IdoA2S-GlcNS6S units. This simple example illustrates how the
substrate specificities and relative activities of the biosynthetic enzymes may bias
the population of HS sequences expressed.

Decoding HS
Even though we know little about how the biosynthetic enzymes are

orchestrated to create specific sequences, proteins do bind to HS in a selective
manner. For example, HS structures not only differ in their capability of
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interacting with FGFs, but also differentially promote interactions between FGFs
and FGFRs to impact downstream signaling in a sequence dependent fashion
(Delehedde et al., 1996; Pye et al., 1998; Lundin et al  2000, Nurcombe et al.
2000). The purpose of this thesis is to decode the protein binding properties
exhibited by different HS sequences. Ultimately, knowledge of the interactive
potential of different HS sequences could help to explain regulatory effects
exerted through expression of different HS structures. To reach the point where
most naturally occurring HS sequences are known and their binding properties
examined, large scale, automated sequencing/decoding will be needed.

Figure 4. Principle for sequence analysis of HS oligosaccharides. The structure of
[3H]end-labeled HS oligosaccharides can be deduced from a combination of chemical
and enzymatic cleavages (outlined to the left) assessed by  ion-exchange chromatography
(chromatograms to the right). First, the saccharide (denoted 8) to be analyzed is partially
cleaved at GlcNS units with nitrous acid, generating sub-fragments (denoted 2, 4, and 6).
The resultant fragment mix is incubated in a serial fashion with exoenzymes that remove
sulfate groups or monosaccharide units from the non-reducing end (in this figure at the
left end of saccharide fragments). Structures are identified through peak shifts caused by
the exoenzymes (IdoA2Sase, iduronate-2-sulfatase; IdoAase, α-L-iduronidase;
GlcN6Sase, glucosamine-6-sulfatase), indicated with arrows over cleaved products in the
chromatograms. Structural illustration is shown only for the 6-mer fragment.

NS 2S 2S

6S

NS

6S

NS

6S

2S

!

pHNO2   pH  1.5

NS 2S 2S

6S

NS

6S

NS 2S 2S

6S

NS

6S

NS
*

2S NS

6S

*

*

* *

2S

6S

NS

6S

NS
*

2S

6S

NS

6S

NS
*

2S NS

6S

NS

*

IdoA2Sase

IdoAase

GlcN6Sase

6

8

42

6
842

6
842

6
842

8

[NaCl]Tritium

Time

6 4 2

8

8

Tritium
 label



18

During 1999, four papers describing different but related approaches for HS
sequence analysis were published. Turnbull and co-workers (1999) using
polyacrylamide gel electrophoresis separation provided the first application of
specific HS-degrading exoenzymes for sequence analysis of HS fragments labeled
with a fluorescent tag. Another group showed that heparin/HS can be sequenced
by mass spectrometry (Venkataraman et al., 1999). In addition, two papers were
published on sequence analysis of radiolabeled HS fragments, Merry et al. (1999)
described sequencing of metabolically labeled oligosaccharides excised from HS
by heparinase III. Vivès et al. (1999) described the method for sequencing of
[3H]end-labeled HS oligosaccharides that was also used in the present study (see
Fig. 4. and papers II and III for details on the method).

Other glycosaminoglycans

The most reputable GAG is the blood anti-coagulant heparin, a close
relative to HS, first described by McLean in 1916 and later to be identified as a
carbohydrate that contains uronic acid in 1935 by Jorpes. Heparin binds to
antithrombin and thereby accelerates the inactivation of several proteases that
would otherwise cause blood coagulation at times of tissue damage. Heparin
derivatives are routinely used in clinical practice to prevent deep vein thrombosis
during surgery. Importantly, heparin is normally confined to tissue-type mast cells
in vertebrates, contrary to HS that is present on the surface of virtually all cells, as
well as in the extracellular matrix (Forsberg et al., 1999). Although HS and
heparin share the same saccharide backbone, they differ concerning the degree of
modification. Heparin chains are generally shorter and more extensively modified
than HS, resulting in less sequence heterogeneity (due to more extensive
epimerization of GlcA units and 2-O and 6-O-sulfation of IdoA and GlcNS units,
respectively) (Salmivirta et al., 1996).

 For practical reasons, heparin has been used instead of HS both in vitro
and in vivo experiments since heparin is available in large amounts due to its
commercial production. However, one must be careful in extrapolating the
information given from experiments using heparin instead of HS. Co-
crystallography of heparin with FGFs has shown that only some of the sulfate
groups in heparin will actually participate in protein interactions, and also that
variable sets of sulfate groups mediate these interactions depending on the
orientation of the heparin chain. Importantly, HS has a lower degree of sulfation,
and thus is less likely to have its sulfate groups correctly positioned for optimal
protein interactions. In addition, HS structures found in  NA and NA/NS domains
cannot be evaluated through use of native heparin.

Another GAG structure that has been used for generating HS-related
polymers is the Escherichia coli K5 polysaccharide that is composed of repeated
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[GlcΑβ1-4GlcNAcα1-4] units, similar to that of the precursor polysaccharide in
HS and heparin biosynthesis (Vann et al., 1981).  Other members of the GAG
family present on the cell surface and in the extracellular matrix are chondroitin
sulfate (CS), keratan sulfate (KS) and hyaluronan (HA). CS is composed of
[GlcAβ1-3GalNAcβ1-4] repeats that may be sulfated on C-6 and C-4 of GalNAc,
as well as on C-2 and C-3 of GlcA. If any of the GlcA units in CS undergoes C-5-
epimerization, the structure will be referred to as dermatan sulfate (DS). KS is a
poly-N-acetyllactosamine composed of repeated [Galβ1-4GlcNAcβ1-3]
disaccharide units with possible sulfation at the C-6 of both the Gal and GlcNAc
units. HA is the only GAG without sulfate groups, composed of [GlcAβ1-
3GlcNAcβ1-4] repeats. Also, HA is the only GAG that is not synthesized attached
to a core protein. Possible functional overlap between HS and other GAGs will be
considered in the General Discussion.

HS ligands of particular interest

Fibroblast growth factors
Proteins of the FGF family are essential for embryonic development as

well as tissue homeostasis in adult animals. Both FGFs and their cognate tyrosine
kinase receptors are expressed in specific temporal and spatial patterns. Some
FGFs are expressed only in embryonic tissue (FGF3, 4, 8, 15, 17 and 19) whereas
others are found also in adult animals (FGF1, 2, 5-7, 9-14, 16, 18, and 20-22)
(Ornitz, 2001).

FGFs are found in both vertebrates and invertebrates. Between species,
orthologous FGF proteins commonly share more than 90% amino-acid sequence
identity. Currently, 22 Fgf genes have been identified in human, seven in frog
(Xenopus), seven in chicken, four in zebra fish, two in the nematode
Caenorhabditis elegans, and only one Fgf gene in Drosophila. It has been
suggested that the Fgf gene expansion took place during the period of global gene
duplication preceding the period when vertebrates emerged (Coulier, 1997).

The prototype Fgf genes (ex Fgf1, 2) commonly contain three coding
exons, but there are several exceptions to this mode of  gene organization. For
example, variability is seen in the position of the initiation codon, the use of
alternative splicing, and the size of the coding portion that ranges from under 5 kb
to 100 kb. The Fgf genes are spread throughout the genome indicating evolution
through chromosomal duplication. Clustering of some FGF genes suggest that the
expansion also was due to gene amplification and translocation.

Structural studies have shown that most FGFs share an internal core
structure with six identical and 28 highly conserved amino acids, ten of these
residues are implicated in binding to FGF receptors (FGFR). The prototype
growth factors FGF1 and FGF2 exhibit 12 antiparallel β-strands in the core



20

region, arranged in a four-stranded β-trefoil. Several basic amino acid residues
found in β-strand 10 and 11, and in the loop between strands 1 and 2, are exposed
to the solvent and form the heparin binding site (Zhu et al.,  1991).

FGF receptors
There are five types of FGFRs, the fifth one identified only recently

(Sleeman et al., 2001). The extracellular part of the FGFRs contains two or three
Ig-like domains. Alternative splicing creates FGFR isoforms with different ligand
binding properties. For example, differential mRNA splicing in Ig  domain III
changes the specificity of the FGFR for certain FGFs, and these splicing events
are tissue specific and seem to be essential for functional FGF signaling between
distinct cell populations (Ornitz et al., 1996; Ornitz, 2000).

It was shown in 1993 that FGFRs contain an essential heparin binding
domain and a ternary complex between FGF, FGFR and HSPGs has been
implicated with productive signaling (Kan et al., 1993; Guimond et al., 1993).
The signaling activity of the receptors presumably depends on the sequence
differences among receptors, FGFs and HSPGs that interact with both the
receptors and growth factors.

Endostatin
Endostatin is a proteolytic C-terminal fragment of collagen XVIII (c18)

that has been shown to counteract the expansion of experimental tumors through
inhibition of angiogenesis (O’Reilly et al., 1997; Sasisekharan et al., 1999). The
anti-angiogenic effect may in part be due to endostatin's ability to induce
apoptosis as well as to inhibit proliferation and migration of endothelial cells
(Yamaguchi et al., 1999; Dhanabal et al., 1999; Dixelius et al., 2000). c18 was
discovered through screening of cDNA libraries (Oh et al., 1994) and shown to
contain 10 collagenous repeats, a trimerization motif and a 38 kD non-collagenous
domain that includes the endostatin structure (Sasaki et al., 1998). Intriguingly,
the c18 gene also contains an alternative splicing domain corresponding to the
Drosophila gene frizzled that is a receptor for the morphogen hedgehog.

c18 is the first collagen species to be identified as an HSPG (Halfter et al.,
1998), although both collagen 9 and collagen 12 may be substituted with CS
chains. The C-terminal endostatin domain found in vertebrates has homologues in
both Drosophila and C. elegans.

Invasive tumor cells secrete proteases leading to degradation of
surrounding tissue, including basement membranes and associated proteins such
as c18. This cleavage releases endostatin as well as other peptides with similar
activity, resulting in inhibition of angiogenesis (Cao, 2001). Since the growth of
solid tumors is limited by the supply of nutrients via the bloodstream, it has been
proposed that endostatin is part of an endogenous defense mechanism against
tumor expansion.
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Another interesting feature of c18 is its ability to trimerize in vivo. Kuo et
al.,(2001) recently showed that dimeric and trimeric forms of endostatin induce
endothelial tube assembly implicating a role for endostatin oligomers in
morphogenesis and cell motility. However, the action of these multimeric forms
could be suppressed by adding the monomeric form, in agreement with previous
data.

Collagen 15 is a homologue to c18 (together they make up the multiplexin
subclass of collagens) and exhibits an endostatin domain with 60% amino acid
identity to that of c18. However, collagen 15-derived endostatin does not seem to
depend on interactions with GAGs for activity (Sasaki et al., 2000) nor exhibit
any morphogenic activity in dimeric or trimeric forms (Kuo et al., 2001).

HS-protein interactions

Nature of HS-protein interactions
HS researchers commonly maintain that the specificity, and nature, of HS-

protein interactions depend on electrostatic interactions between the negatively
charged sulfate and carboxyl groups in the saccharide, and positively charged
amino acid residues in the protein (mostly arginine and lysine) (Fig. 5). Rarely
discussed, however, are the results obtained by microcalorimetry suggesting that
only 30% of the binding free energy between FGF2 and heparin is due to pure
electrostatic interactions (Thompson et al., 1994). Other non-ionic interactions
such as hydrogen bonding and van der Waals forces would instead make up most
of the free energy of the interaction.

How do these findings relate to the hypothesis that specific sequences in
HS, largely contributed by negatively charged sulfate and carboxyl groups,
regulate binding to proteins? We have in the present work characterized HS
epitopes separated through affinity chromatography by salt elution from
immobilized proteins. Theoretically, we thus would probe only the electrostatic
component of these interactions, ignoring some 70% of the binding energy
contributed by the non-ionic interactions. What is the contribution to specificity
by such interactions?

The ionic and non-ionic determinants are not readily separated from each
other. Conceivably, the sulfation and charge distribution of the saccharide
influence the conformation and three-dimensional structure, then presumably
affecting the exposure and positioning of structures involved also in the non-ionic
interactions. The sulfation pattern thus would indirectly affect also the non-ionic
interactions.

As an alternative to the isolation of fragments by salt elution, one could
perform affinity chromatography with chaotropic or organic solvents to break the
non-ionic interactions. This approach could however be problematic since
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solutions that interfere with the hydrophobic regions of proteins may induce
denaturation.

Figure 5. Details of interaction between FGF1 and heparin as shown by
co-crystallography. Hydrogen bonds (dashed lines) between amino acid residues
(ball-and-stick) in FGF1 (ribbon) and heparin (ball-and-stick, top). Monosaccharide
units are labeled S for GlcN units and I for IdoA units, and they are numbered from
the reducing end (right). In this crystal,  the 6-O-sulfate group of S4, the 2-O-sulfate
group of I5, the N-sulfate group of S6 and carboxyl groups of I3 and I7 form
hydrogen bonds with FGF1. The picture was adopted from DiGabriele et al., (1998)
and represents only the interaction between heparin and one FGF1 molecule in a
heparin-linked FGF1 dimer.

Analytical approaches
The inherent diversity of HS structure has made it difficult to isolate large

quantities (milligrams) of pure HS oligosaccharides required for interaction
studies by crystallography and nuclear magnetic resonance. Instead, heparin has
been used and successfully co-crystallized with FGF1, FGF2 and recently also
with these FGFs bound to their receptors FGFR1 and FGFR2 (Faham et al., 1996;
DiGabriele et al., 1998; Plotnikov et al., 1999; Plotnikov et al., 2000;
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Schlessinger et al., 2000; Pellegrini et al., 2000 ). The different crystals show that
variable sets of sulfate and carboxyl groups in heparin can mediate binding to the
different protein ligands. Thus, the various co-crystals express different
interactions between heparin and the two types of proteins, as shown by three
possible models for the active FGF-FGFR-HS complex in Fig. 6. It seems likely
that the more sparsely sulfated endogenous HS epitopes would be less capable of
exploring different modes of interaction with the proteins (Salmivirta et al., 1996).

Figure 6. Models of the interaction between heparin, FGFs and FGFRs.
Crystal structures of heparin oligosaccharides (black bars) in complex with FGFs (gray
circles) and FGFRs (domain outline shown in white) have generated several models for
the active signaling complex. (A) DiGabriele et al. (1998) have suggested that heparin-
linked FGF1 dimers mediate receptor dimerization. (B) Pellegrini et al. (2000) solved
the structure of an asymmetric complex between FGFR2, FGF1 and a heparin
decasaccharide, where the oligosaccharide interacts with both FGFs but with only one
receptor. (C) Schlessinger et al. (2000) proposed that an FGFR1 dimer exhibits a
positively charged canyon, formed between the IgII domains of the receptors, that binds
to heparin fragments with opposite orientation in a "two-end model" (view is from the
top). Each FGF2 molecule interacts with both receptors, and one of two
oligosaccharides.

So far,  most HS structures (isolated from tissue or cell culture) have been
tested for binding to proteins through affinity chromatography or a sensitive
nitrocellulose filter trapping assay (Maccarana et al., 1993). Until the recent
development of methods for HS sequence analysis, the composition of different
heparin and HS derivatives was assessed through disaccharide analysis (Shively
and Conrad, 1976). Several methods have been used to determine the affinity of
heparin/HS-protein interactions, including calorimetry, frontal affinity
chromatography and surface plasmon resonance (Thompson et al., 1994; Lee and
Lander, 1991; Mach et al., 1993; Rahmoune et al., 1998).
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In vivo processes influenced by HS-protein interactions

HSPGs interact with a multitude of proteins and have been implicated in
the regulation of a broad range of biological processes including cell division,
migration, adhesion, tissue organization and viral entry (Lindahl et al., 1998).
Recent genetic studies have confirmed that HSPGs play important roles in growth
regulation during morphogenesis and for the inhibition of tumor-related
angiogenesis. The possible functions of HSPGs in the two latter processes will be
discussed in the following paragraphs.

Embryogenesis
The secretion of signaling proteins from distinct cell populations controls

limb development. These proteins form gradients in tissues and activate target
genes in a concentration-dependent manner (Strigini and Cohen, 1999). Thus,
individual cells in the developing limb are activated in a unique manner
depending on their position and relative exposure to these signals. The overlap of
multiple signal gradients forms a grid of information conveying positional
information to target cells. This interplay between different cell populations
provides the basis for axis formation and the outgrowth of functional limbs.

Growth factors and morphogens important for embryonic development and
tissue homeostasis in the adult have been reported to interact with HSPGs.
Examples of such proteins are the FGFs and proteins that belong to the WNT and
bone morphogenetic protein families. These findings are supported by genetic in
vivo studies in Drosophila that have implicated the glypican homologues dally
and dally-like protein with the activities of the secreted signaling proteins
Wingless, Decapentaplegic and Hedgehog (reviewed by Selleck, 2000). Much of
our knowledge on limb development derives from genetic studies of Drosophila.
Although the degree of similarity between limb development in vertebrates and
Drosophila is uncertain, the fly provides a good model organism for future
attempts to assess the functional role of HSPG-morphogen interactions. Wingless,
Decapentaplegic and Hedgehog all form long-range protein gradients and act in a
concentration-dependent manner to control cell fates (Strigini et al., 2000;
Teleman et al., 2000). Yet little information is available on how these
morphogens move through the tissue to form gradients of different shape
(Teleman et al., 2001).

Malfunction of growth factor signaling may lead to loss of growth control
and result in tumorogenesis. For example, mutation of the HSPG glypican-3 leads
to tumor formation in humans and mice (Selleck, 2000). Together with the genetic
evidence from Drosophila these findings enforce the notion that HSPGs have
important roles in growth control and morphogenesis. However, the precise
molecular mechanisms behind these important functions remain to be elucidated.
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Angiogenesis
Angiogenesis is defined as the outgrowth of capillaries from pre-existing

blood vessels. In the healthy adult, angiogenesis is confined to sites of wound
repair and to the monthly process of neo-vascularization in the female
reproductive tract. However, angiogenesis is also intimately associated with the
progression of pathological conditions such as diabetic retinopathy, rheumatoid
arthritis and tumor growth.

Folkman (1971) proposed that the spread and expansion of solid tumors are
restricted by angiogenesis. He could later show that the growth rate of tumors
(implanted into poorly vascularized rabbit cornea) turned exponential upon
vascularization (Gimbrone et al., 1974). Another interesting finding was that
primary tumors somehow inhibited the growth of metastases, and that removal of
the primary tumor resulted in increased vascularization and growth of secondary
tumors. A break-through in the understanding of tumor-related angiogenesis was
the identification of angiostatin (O`Reilly et al., 1994). Angiostatin was isolated
from serum and urine of animals bearing experimental tumors, and is a 38 kDa
fragment generated through the proteolytic cleavage of plasminogen. The
identification of angiostatin clearly demonstrated the role of proteolysis for the
inhibition of angiogenesis. Thus, when endothelial cells excrete proteases in order
to degrade basement membranes and matrix components to facilitate cell
migration and proliferation in conjunction with angiogenesis, these proteases also
generate inhibitors and a negative feedback on angiogenesis. To date, at least 14
endogenous inhibitors, including endostatin, produced by the proteolytic cleavage
of large precursor proteins have been identified (reviewed by Cao, 2001). The
angiogenic phenotype of the endothelium is currently believed to be determined
by the balance between activating and inhibiting factors. FGF1, FGF2 and
vascular endothelial growth factor (VEGF) are examples of pro-angiogenic
factors, produced by normal endothelium and also overexpressed by  many tumors
(Larsson, 2001).
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PRESENT INVESTIGATION

Aims

The purpose of this study was to identify HS epitopes expressed in vivo
that interact with proteins related to the FGF-signaling pathway, in order to gain
understanding of the specificity and biological relevance of these interactions.
Specifically, our aims were:

1) to provide evidence that FGF1 and FGF2 is recognized by structurally distinct
    HS motifs

2) to show that the extracellular domain of FGFR4 interacts with HS

3) to perform sequence analysis of  HS motifs, expressed in various tissues, that
    bind with different affinities to FGF1, FGF2 and their receptor FGFR4

4) to assess the functional importance of the interaction between HS and
     endostatin for anti-angiogenic processes

5) to resolve structural determinants for the endostatin-HS interaction, both
    with regard to protein and HS structure

Results

 Characterization of fibroblast growth factor 1 binding heparan sulfate domain
(Paper I)

The biological activities of both FGF1 and FGF2 depend on interactions
with HS. Previous studies employing heparin oligosaccharides suggested a role
for both 2-O and 6-O-sulfates in binding to FGF1 (Ishihara et al., 1994;
DiGabriele et al., 1998), whereas the interaction with FGF2 seems to depend on
2-O-sulfates only (Turnbull et al., 1992; Maccarana et al., 1993; Faham et al.,
1996).

The purpose of this study was to characterize HS domains binding to
FGF1 with regard to size and sulfation. The relationship between HS domains
binding to FGF1 and FGF2 was also investigated.

We showed that the FGF1 binding epitope is found in domains of N-
sulfated heparin and HS oligosaccharides ≥ 5 monosaccharides in length.
Decameric NS-domains from bovine intestinal mucosa and partially de-O-sulfated
heparin hexasaccharides that bind to FGF1 were isolated through the
nitrocellulose filter trapping procedure. Bound and unbound pools were subjected
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to cleavage with HNO2 at pH 1.5, and the products were radiolabeled by reduction
with NaB3H4 before compositional disaccharide analysis by anion-exchange
chromatography.

Oligosaccharides that bound to FGF1 were enriched (~2.5-fold) in IdoA2S-
GlcNS6S units compared with the unbound pool. The FGF2-bound saccharides
showed only a small enrichment in 6-O-sulfate groups, instead  >50% of the
disaccharide units were IdoA2S-GlcNS. Furthermore, a majority of the HS
fragments that interact with FGF2 do not bind to FGF1 suggesting that different
HS motifs mediate these interactions. This was supported by the finding that
chlorate treatment of MDCK-cells (known to reduce the amount of HS O-
sulfation) result in a selective loss of binding to FGF1. Our results also indicate
that HS domains in aorta interacting with FGF1 are expressed in an age-related
manner, similar to what has been reported for PDGF-AL(Feyzi et al., 1997).
 In summary, study I demonstrates that the HS domains involved in binding
to FGF1 contain one or more IdoA2S-GlcNS6S units. This type of motif occurs
more rarely than the FGF2 binding HS motifs characterized by IdoA2S units.
Thus, 6-O-sulfation of GlcNS units appears essential for  FGF1 binding.

Sequence analysis of heparan sulfate epitopes with graded affinities for
fibroblast growth factors 1 and 2 (Paper II)

Paper I showed that specific HS domains promote binding to FGF1 and
FGF2. The concurrent development of methods for sequence analysis of HS
(Turnbull et al., 1999, Vivès et al., 1999) enabled such analysis of short HS
sequences. Several lines of evidence have indicated that the fine structure of HS
directly impacts FGF signaling activity (Nurcombe et al.,  2000, Lundin et al.,
2000; Delehedde et al., 2000), However, the exact HS sequences, i.e. the sulfation
patterns of HS epitopes expressed in vivo involved in such regulation had not been
identified.

In this study, we affinity purified HS octasaccharides binding to FGF1 and
FGF2. First, HS fragments derived from pig intestinal mucosa HS were isolated
using FGF1 affinity chromatography. Sequence information was obtained from
saccharides eluted with increasing amounts of NaCl from FGF-Sepharose. The
results showed that the positions of sulfate groups affected the relative affinities.
Octasaccharides with high affinity for FGF1 (≥0.5 M NaCl required for elution)
all contained an internal IdoA2S-GlcNS6S-IdoA2S trisaccharide motif. The
affinity was significantly reduced if the 6-O-sulfate group of the trisaccharide
motif was shifted to a neighboring GlcN unit. The octasaccharides exhibiting the
strongest binding toward FGF1 all contained the above trisaccharide motif
together with additional sulfate groups in certain positions.

HS octasaccharides isolated from aorta were evaluated for binding to
FGF2. Although a single internal 2-O-sulfate group was sufficient for binding,
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two adjacent internal IdoA2S units present in an octasaccharide gave higher
affinity.

Altogether, paper II provides for the first time sequence information on
several HS octasaccharides that bind with graded affinities to FGF1 and FGF2.
Our results suggest that the expression of distinct HS sequences enables
regulation of FGF activity.

Binding of heparin/heparan sulfate to fibroblast growth factor
receptor 4 (Paper III)

Currently five FGFRs have been identified, four of which are known to
interact with heparin. Several studies point to a role of HS in the FGF-FGFR
signaling complex, and suggest that a direct interaction between the FGFR and
HS is a prerequisite for generation of the active signaling complex (Kan et al.,
1993). Furthermore, the kinase activity of FGFR4 may be triggered by heparin
alone in the absence of growth factors (Gao et al., 1995).

The aim of this study was to characterize the heparin/HS structures that
interact with the extracellular domain of FGFR4.

FGFR4 was shown to interact with heparin fragments no smaller than
octasaccharides. The binding of heparin to FGFR4 was dose dependent with a KD

of 0.3 µM. Selective desulfation of heparin oligosaccharides resulted in impaired
binding to FGFR4. Compositional disaccharide analysis of HS decamers bound to
FGFR4 showed enrichment of GlcNS6S and IdoA2S units. Notably, and in
disagreement with previous findings by McKeehan et al., (1999), heparin
decasaccharides showed similar affinity for FGFR4 regardless of their affinity
toward antithrombin.

HSs isolated from several organs were shown to interact with FGFR4
although with lower apparent affinity than heparin. Finally, HS octasaccharides
affinity fractionated on FGFR4-Sepharose were subjected to sequence analysis.
Several sequences were completely or partially resolved from fractions eluted
with 0.2 and 0.3 M NaCl. The affinity was shown to depend on the number but
not the specific position of 6-O-sulfate groups, found in N-sulfated octamers with
two internal IdoA2S units.

In summary, study III presents evidence that the interaction between
FGFR4 and HS requires N-, 2-O and 6-O sulfate groups. Importantly, all
octasaccharides interacting with FGFR4 in this study were fully N-sulfated and
invariably contained 2-O-sulfate groups on the two central IdoA residues. In
contrast to our findings with FGF1, the variability in position of individual 6-O-
sulfate groups in the bound pool made it difficult to discern regio-specific
requirements for individual 6-O-sulfate groups. However, an increase in the
number of 6-O-sulfate groups correlated with higher affinity.
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Structural basis and potential role of heparin/heparan sulfate binding to the
angiogenesis inhibitor endostatin (Paper IV)

The mechanism responsible for the biological activity of endostatin has not
been clarified, although endostatin crystals (Hohenester et al.,1998) show that the
protein surface displays several arginine residues well suited for interactions with
heparin/HS.

In the present study, heparin was shown to bind recombinant mouse
endostatin with a KD of 0.3 µM. Heparin fragments shorter than 12-mers do not
bind effectively to endostatin. The specific amino acid residues involved in this
interaction were identified through alanine scanning, i.e. selected arginine
residues were replaced by alanine units. Endostatin mutants were screened for
binding by affinity chromatography on heparin-Sepharose. In addition, binding of
endostatin to various heparin/HS preparations was tested using the nitrocellulose
filter trapping assay.

Two clusters of arginines mediating binding to heparin/HS were identified;
one made up by R155, R158, R184, and R270 and the other by R193 and R194
respectively. Endostatin mutants with greatly reduced affinity for heparin were
unable to counteract FGF2 induced angiogenesis, as shown by the chick
chorioallantoic membrane assay.

VEGF-induced angiogenesis was largely unaffected by endostatin although
the vessels showed fewer branch points and were of reduced diameter. The
interactions of endostatin with sulfatides and fibulins were also evaluated using
the solide phase assay. The binding site for sulfatides but not fibulins overlap with
the binding site for HS.

In summary, these results indicate for the first time that the activity of
endostatin depends on interactions with HS.

Endostatin is recognized by heparan sulfate epitopes containing both sulfated
and acetylated N-substituents (Paper V)

HS-epitopes mediating binding to endostatin were analyzed further in this
study. We showed in Paper IV that a heparin 12-mer binds effectively to
endostatin, as well as large proportions of HS isolated from various tissues.
However, NS-domains of 12-mers or larger size are rare in HS suggesting that
other types of epitopes may be involved.

To find the natural epitope, we set out to isolate HS fragments containing
sections of both N-sulfated and N-acetylated domains, denoted SAS-domains. A
library of SAS-domains was generated through partial deamination of HS from
bovine intestinal mucosa with nitrous acid at pH 1.5. The products were separated
according to size, and a pool of fragments composed of oligosaccharides that were
8-16 monosaccharides long was tested for binding to endostatin-Sepharose.
Approximately 15 % of the SAS-domains were retained by the column and were
eluted at about the same salt concentration as that required to displace heparin 10-
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mer (0.2-0.3 M NaCl). Size determination of the bound pool showed enrichment
of long SAS-domains, no 8-mers remained bound to endostatin at 0.2 M NaCl.

Bound SAS-domains were analyzed for presence of GlcNAc units by
hydrazinolysis and subsequent deaminative cleavage at unsubstituted GlcN units
with nitrous acid, pH 3.9. Gel chromatography of the degradation products
indicated that most of the SAS-domains that bound to endostatin contained
GlcNAc-units. Cleavage at these sites disrupted the endostatin binding epitope as
demonstrated by affinity chromatography.

In summary, our data suggest that endostatin interacts with common HS
epitopes composed of NS-domains interspersed by one or more N-acetylated
disaccharide units. Endostatin is the first monomeric protein shown to interact
with an SAS-domain. We predict that SAS-domains mediate binding to other
monomeric protein ligands as well. This concept, if verified, provides a novel
structural basis for HS-protein interactions.

Conclusions

› FGF1 and FGF2 are recognized by distinct HS-motifs; however all HS-
motifs interacting with FGF1 can also bind FGF2.

› Not only the number but also the relative position of sulfate groups
determine the affinity of HS for FGF1 and FGF2.

› 6-O sulfation of constitutively expressed [IdoA2S-GlcNS]n blocks is likely
to control binding of FGF1.

› A specific IdoA2S-GlcNS6S-IdoA2S trisaccharide motif present in N-
sulfated HS 8-mers is essential for binding to FGF1. Additional sulfation in
certain positions increases the affinity.

› FGF2 interacts with a mono-O-sulfated HS 6-mer containing a single
IdoA2S-unit. However, a di-O-sulfated 8-mer containing two internal
IdoA2S-units gives stronger binding.

› We predict that HS motifs with graded affinities for FGFs may modulate
FGF-dependent processes in vivo.

› Both heparin and HS-domains of ≥8-mer size interact with the extracellular
domain of FGFR4.
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› FGFR4 binds to heparin with a KD of ~0.3 µM. Defined N-sulfated HS 8-
mer structures containing both 2-O and 6-O-sulfate groups bind to FGFR4,
but no consensus motif was identified.

› Endostatin binds heparin with a KD of ~0.3 µM through two clusters of
arginine residues; R155/R158/R184/R270 and R193/R194.

› Angiogenesis induced by FGF2 in the chorioallantoic membrane assay  is
inhibited by wild- type endostatin, but not by a mutant unable to bind
heparin/HS. VEGF-induced angiogenesis is less sensitive to endostatin.

› Endogenous HS motifs interacting with endostatin consist of two short NS-
domains interspersed by one or a few N-acetylated disaccharide units.



32

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

This thesis demonstrates that distinct HS sequences bind to proteins in a
selective fashion, and that subtle alterations of the sulfation pattern regulate the
affinity of these interactions. Admittedly, the classification of HS-fragments into
categories of strong and weak protein binders has been based solely on the
relative salt concentration required for their displacement in affinity
chromatography. To further define affinity, we have therefore initiated work  to
estimate the actual  KD values for these interactions using the nitrocellulose filter
binding assay. So far, the preliminary KD values obtained for different HS-
sequences in FGF1 binding corroborate the relative affinities presented in paper II
(Kreuger, J., Jemth, P.,  and Lindahl, U., unpublished results).

Notably, proteins that interact with HS seem to have partly overlapping
sequence preferences, as demonstrated by the fact that all sequences recognized
by FGF1 also bind to FGF2 (papers I and II). This finding, together with the fact
that heparin binds all protein ligands that interact with HS, raises the question as
to the need for specific HS sequences in protein recognition. Probably, as shown
in paper II and III, many HS sequences can promote binding to a given protein,
albeit with different affinities.

Apart from the sequence-dependent specificity in HS-protein interactions
there are conformational aspects to consider. IdoA residues present in NS-
domains show great conformational flexibility, allowing for transition between
different conformations of the pyranose ring. In contrast, the intervening NA-
domains dominated by GlcA-GlcNAc-repeats exhibit most plasticity around the
glycosidic linkages (Mulloy and Forster, 2001). In a recent review, Gallagher
(2001) discusses whether the inherent flexibility of the HS polymer may partly
compensate some of the need for specific HS sequences to mediate interactions
with proteins. The HS polymer would thus explore various conformations in space
to obtain optimal interactions with different proteins. Indeed, Merry et al. (2001)
showed that mice with a gene trap mutation in the Hs2st gene encoding the 2-OST
survive until late gestation. Apparently, the structurally unusual HS (completely
lacking 2-O-sulfate groups) is still able to promote some of the functions exerted
by HS during embryogenesis. Along the same line of reasoning, would it be
possible for other sulfated glycosaminoglycans to mimic the actions of HS? Based
on structural homology, the GAG best suited for mimicking the activity of HS
(apart from heparin) would be DS. Although DS is structurally distinct from HS
(see above), it also contains flexible IdoA units and is rich in O-sulfate groups.
Indeed, DS but not CS that lacks IdoA units,  has been shown to bind and promote
the activity of growth factors/cytokines such as FGF2, hepatocyte growth factor
and platelet factor 4,  pointing to a functional overlap between DSPGs and HSPGs
(Penc et al., 1998; Lyon et al., 1998; Bechard et al., 2001; Cella et al., 1992).
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Nevertheless, paper II clearly shows that the affinity for FGF1 is determined by
the relative position of sulfate groups in small saccharide domains, in support of
the hypothesis that distinct HS sequences are indeed essential for the regulation of
FGF-activity in vivo. (Guimond et al., 1993; Walker et al., 1994; Pye et al., 1998;
Delhedde et al., 2000; Nurcombe et al., 2000; Lundin et al., 2000). Moreover,  if
the conformational flexibility of HS would abrogate the need for specific
sequences, why then is the biosynthesis of HS such a complex process,  involving
multiple isoforms of several of the biosynthetic enzymes, and what is the purpose
of controlled expression of  HS epitopes in tissue (van Kuppevelt et al., 1998)?
Ultimately, a comprehensive evaluation of different GAG sequences in protein
binding, e.g. through surface plasmon resonance, nuclear magnetic resonance and
crystallography with synthetic and/or pure oligosaccharide preparations, will shed
light on the determinants for these interactions.

Many biological functions have been ascribed to HSPGs (Fig. 1). We may
consider the possible need for specific HS sequences in two such processes,
namely facilitated diffusion and receptor complex formation in the context of
growth factor signaling. It is tempting to suggest that the molecular design of HS
could serve to coordinate both these processes. First, HS has been proposed to
enhance the rate of molecular encounters at the plasma membrane through
facilitated diffusion of proteins along the polymer, analogous to some of the
DNA-binding transcription factors including the Lac repressor of E. coli (Winter
et al., 1981; Lander, 1998).  This type of phenomenon can also be described as a
reduction of dimensionality; the diffusion of a protein along a polymer is
restricted to one dimension defined by the polymer. It follows that if two proteins
diffuse along the same chain, the probability that they would collide is higher than
if they are diffusing freely in solution. This has been shown to hold true for the
inactivation of thrombin by antithrombin where an increase in the rate of
molecular encounters is catalyzed by heparin (Olson and Björk, 1992).
Presumably, this hypothesis prescribes that some HS-protein interactions are of
moderate affinity, since too high affinity would instead limit diffusion. Thus, in
the context of facilitated diffusion it would be important to have low affinity
binding sites in HS. However, it can be hypothesized that when the growth factor
approaches the cell surface, close to the FGF binding sites on the FGFRs,
diffusion should slow down to promote protein-protein interactions.  Accordingly,
HS sequences that bind to proteins with high affinity may be positioned closer to
the cell surface (Fig. 7.) This hypothesis could be tested in several ways. First, one
could map sequences at different locations of the HS chain. In a recent paper
Chen and Hansma (2000) showed that the direct interactions between intact
HSPGs and proteins can be visualized by atomic force microscopy. With this
technique, the positions of high and low affinity binding sites along the HS chain
could be detected through incubations of HSPGs with protein ligands at
increasing concentrations of salt. Another approach to study the position of HS
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motifs along the chain would be to map the distribution of NS, NA and  NA/NS-
domains by combinations of partial chemical degradation that cleave

Figure 7. A hypothetical model for the distribution of sequences in HS.
(A) The extended HS chain may be divided into functional domains. The approximation
domain contains several sequences with low affinity for the protein ligands (O-sulfate
groups are shown as black dots). The reaction domain exhibits high affinity sequences
for one or more proteins and thus promotes protein-protein interactions. The situation at
the cell surface is shown in (B) where the FGF is captured by HS (1) and diffuses to the
reaction domain (thick section). The interaction between HSPGs and FGFRs may be
limited by lateral diffusion in the plasma membrane (2). High affinity sequences in the
HS chain cluster FGF and FGFR (3). Protein oligomerization, possibly influenced by
local HS sequences in the reaction domain, results in signal transduction events (4).

preferentially in the different regions, followed by analysis of the cleavage
products by either size exclusion chromatography or mass spectrometry (Fig. 8).
The interpretation of such data is complicated by the possibility that protein
binding domains may be designed in various fashions. For instance, the minimal
binding sequences for FGFs are shorter than the sequences required for receptor
activation. As judged by some of the current crystallographic models of the FGFR
complex, an NS-domain tailored to bind both receptor and growth factor must be
longer than 10 monosaccharide units. Most likely, such extended domains with
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appropriate sequences for interactions with both growth factors and receptors (i.e.
sulfation at the ends) are not common in HS (Safaiyan et al., 2000; paper V).
Instead, it is possible that combinations of different short NS-domains
interspersed by NA-domains may accommodate the FGF-receptor complex. Such
arrangement would be analogous to the interaction between  endostatin and HS
demonstrated in paper V and by others (Lortat-Jacob et al., 1995; Stringer et al.,
1997; Spillmann et al., 1998) (albeit only with oligomeric proteins). In order to
study the cooperative interaction of different HS domains with proteins, it would
be of use to isolate (or synthesize) fragments that have different combinations of
NS- and NA-domains similar to the SAS-domains used in paper V.

Figure 8. Hypothetical domain distribution analysis of HS by mass
spectrometry. Mass determination of intact HS chains (shown at the top with the
linkage tetrasaccharide to the left) of similar size is shown. Partial cleavage with nitrous
acid (pHNO2) in either NS-domains (pH 1.5) or NA-domains (after deacetylation, pH
3.9) generate sub-fragments that reflect the domain distribution. Sub-fragments that
contain the linkage tetrasaccharide are recovered from other cleavage products prior to
mass determination to enable a clear readout.

How may the fine structure of HS influence the signaling activity of
FGFRs? It is conceivable that different HS sequences affect the relative positions
of the receptors in the signaling complex. That fixation of receptor dimers in
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certain orientations may affect downstream signaling has been a long-standing
hypothesis in the field of signal transduction (discussed by Ballinger and Wells,
1998). However, the possibility that distinct HS structures expressed in vivo may
induce a change in the orientation of receptor dimers has not been addressed
experimentally. Various HS sequences could also regulate the life span of receptor
complexes and thereby the duration and amplitude of signaling (Delehedde et al.,
2000). Experiments designed to clarify the importance of HS sequences for the
activity of tyrosine kinase receptors will require pure preparations of sequence-
defined HS oligosaccharides. For example, the qualitative and quantitative effects
of different HS sequences on FGFR phosphorylation could be assessed by using
anti-phosphotyrosine antibodies and phosphopeptide mapping (Lundin, 2001).

In a broader perspective, there are still many unresolved questions
regarding the roles of FGFs during development, homeostasis in the adult, and
disease. It remains to be elucidated how the FGFs alone, or in different
combinations, may activate different splice variants of FGFRs to regulate
biological processes. In addition, it remains to be seen how different HS
species can modulate the binding specificity of FGFs to FGFRs.

Little is known about the mechanism whereby endostatin exerts its
biological effect. However, it has been shown that interactions with HS chains in
glypicans may promote activity (paper IV and Karumanchi et al., 2001). Possibly,
endostatin could simply compete with growth factors for binding to HS to quench
FGFR signaling and thereby inhibit endothelial cell proliferation.

Finally, signaling pathways involving HSPGs could be evaluated
through genetic over- and mis-expression screens in various model organisms
such as Drosophila (Rørth et al., 1998; Zhang et al., 2001).  Such experiments
could lead to further insight into the role of HSPG in growth control, and to the
identification of new genes that are related to HSPG biosynthesis and  HSPG-
dependent signal transduction. In addition, new functions for already known
genes in this context may be discovered. Genes of interest can also be
characterized based on loss-of-function phenotype by knock out experiments,
including techniques for RNA-interference (Forsberg and Kjellén, 2001; Moss,
2001).
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SAMMANFATTNING PÅ SVENSKA (Summary in Swedish)

Alla levande organismer är uppbyggda av små funktionella enheter, celler.
För att celler av olika slag skall kunna samverka och fungera på sin plats i
kroppen måste de kommunicera med varandra. Dessa samtal celler emellan kan
ske på olika sätt. Antingen etablerar cellerna direkt kontakt med varandras ytor,
eller så sänder de ut särskilda signalmolekyler, oftast proteiner, som transporteras
till receptorer (mottagare) på andra celler.

Denna avhandling handlar om hur den biologiska aktiviteten hos sådana
utsöndrade signalmolekyler (och deras receptorer) kan påverkas genom att
molekylerna binds till sockerstrukturer av typen heparansulfat. Nästan alla
djurceller har heparansulfat på cellytan.  Heparansulfat är en lång sockerpolymer
(kedja av sockermolekyler) uppbyggd av repeterade enheter hexuronsyra och
glukosamin. Denna grundstruktur gör att heparansulfat klassas som en
glukosaminoglykan. Den för allmänheten mest kända glukosaminoglykanen är
heparin som finns naturligt i kroppen och som också kan ges som läkemedel för
att förhindra uppkomst av blodpropp. Heparansulfat har samma grundarkitektur
som heparin, men är i övrigt mer varierad till strukturen

Vår forskning syftar till att studera hur olika typer av heparansulfat binder
och reglerar den biologiska aktiviteten av protein som styr delning och utveckling
av celler. Nybildning av blodkärl, sk angiogenes, är ett exempel på en biologisk
process som kan påverkas av heparansulfat. Angiogenes sker normalt då organ
bildas under fosterutvecklingen samt vid sårläkning och under menstruations-
cykeln. Det är också känt att angiogenes sker i tumörvävnad och är en
förutsättning för att tumören skall kunna växa. En möjlig behandling av tumörer
skulle därför kunna vara att blockera eller förhindra angiogenes. Detta gör det
viktigt att studera de mekanismer, däribland interaktioner med heparansulfat, som
styr angiogenesen.

Vi har med hjälp av en ny metod för analys av heparansulfat visat att några
av de signalmolekyler som reglerar angiogenes binder till olika typer av
heparansulfat som finns naturligt i kroppen. De heparansulfatstrukturer som
presenterats i detta arbete kan fungera som utgångspunkt för design av läkemedel
som påverkar processer där heparansulfat är inblandat, t.ex. angiogenes i
tumörvävnad.
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