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ABBREVIATIONS

Ab Antibody 
Ag
AT
CS
DS
ECM
GAG
Gal
GlcA
GlcN
GlcNAc 
GlcNS
HS
HSPGs
IdoA
NA
NDST
NS
2-OST
6-OST
3-OST
PDGF
PDGFR
Xyl 

Antigen
Antithrombin 
Chondroitin Sulfate 
Dermatan Sulfate 
Extracellular matrix 
Glycosaminoglycan 
Galactose 
Glucuronic acid 
Glucosamine 
N-acetyl Glucosamine 
N-sulfated Glucosamine 
Heparan Sulfate 
Heparan Sulfate Proteoglycans 
Iduronic acid 
N-acetylated domain 
N-deacetylase,N-sulfotransferase 
N-sulfated domain 
2-O sulfotransferase 
6-O sulfotransferase 
3-O sulfotransferase 
Platelet derived growth factor 
PDGF receptor 
Xylose 
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INTRODUCTION

Heparan sulfates (HS) are a subset of matrix and cell surface polysaccharides 
that exhibit an enormous degree of structural diversity. They occur attached 
to protein cores and act as important mediators of various biological events 
such as proliferation, morphogenesis, adhesion and migration. Inherent in 
the structural diversity of HS are “codes” that enable cells/proteins to re-
spond in a certain manner. The lack of molecular tools has retarded the un-
derstanding of such HS structures with functional importance. This work 
attempts at characterizing the structural requirements on HS involved in the 
interaction with anti-HS phage display antibodies – HS4C3, AO4B08 and 
HS4E4 and the platelet derived growth factor (PDGF)-BB.  

The characterization of the phage antibodies has created tools that will aid 
in the further study of HS structure and its regulation. The interaction with 
PDGF-BB was found to be dependent on the domain organization of the HS 
chain and could be related to vascular phenotypes that are defective in peri-
cyte recruitment. 
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BACKGROUND

Glycans

All cells and many proteins in nature are covered with a dense and complex 
array of covalently attached sugar chains also known as glycans. In contrast 
to DNA, RNA and proteins, glycans are secondary gene products whose 
synthesis does not follow a biosynthetic template but nevertheless are infor-
mation rich molecules, endowed with the capacity to modulate or mediate a 
variety of events in cell-cell and cell-matrix interactions, which are crucial to 
the development and function of a complex multicellular organism (Varki et 
al., 1999). Glycobiology is the term used to denote the study of the structure, 
chemistry, biosynthesis and biological functions of such glycans and their 
derivatives (Rademacher et al., 1988). The glycan functions are usually me-
diated through their interaction with proteins. 

Proteoglycans

Proteoglycans (PGs) are macromolecules composed of a category of glycans 
known as glycosaminoglycan (GAG) chains attached to a protein core 
(Iozzo, 1998; Kjellen and Lindahl, 1991). The GAG components consist of 
hexuronic acid D-glucuronic acid (GlcA) or L-iduronic acid (IdoA) and
either a hexosamine D-glucosamine (GlcN) or D-galactosamine (Gal N)  or 
galactose units that are arranged in alternating, unbranched sequence and 
most of them carry sulfate substituents. They are most commonly found in 
the extracellular matrix (ECM), but are also present on cell surfaces, secre-
tory granules, endosomes and lysosomes. The common GAGs in addition to 
hyaluronan (HA) which does not occur as a PG but in free form  include the 
galactosaminoglycans, chondroitin sulfate (CS) and dermatan sulfate (DS) 
(Sugahara et al., 2003), and the glucosaminoglycans, HS, heparin and ker-
atan sulfate (Funderburgh, 2000). Among the glucosaminoglycans, HS and 
heparin are structurally very similar, and consist of the repeating disaccha-
ride unit, GlcNAc 1-4GlcA 1-4. However heparin differs from HS in being 
more heavily sulfated than HS, and is exclusively produced by mast cells 
while HS is produced by virtually all cells. 
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Heparan sulfate proteoglycans 

Proteins with covalently attached HS type of GAGs are known as heparan 
sulfate proteoglycans (HSPG). HSPGs have been implicated in a wide vari-
ety of biological processes such as growth factor signaling, cell adhesion, 
wound healing, and tumor metastasis (Bernfield et al., 1999; Iozzo, 2001; 
Lander and Selleck, 2000). Due to the complex structures of HSPGs, their 
biosynthesis requires activities of a number of genes to synthesize the core 
proteins, a linkage tetrasaccharide sequence, to extend the polysaccharide 
polymer and its modification by secondary modification enzymes (Esko and 
Selleck, 2002). Studies in both vertebrates and invertebrates have shown that 
genetic defects in any one of these classes of enzymes may disturb growth 
factor signaling leading to morphological defects (Forsberg and Kjellen, 
2001; Morio et al., 2003; Princivalle and de Agostini, 2002). Depending on 
the tissue distribution and core protein characteristics HSPGs can be divided 
into several categories namely syndecans, glypicans (which are cell surface 
PGs), perlecan, agrin, collagen XVIII (which are pericellular PGs) and ser-
glycin (which is an intracellular PG carrying heparin chains) (Esko and Sel-
leck, 2002; Filmus and Selleck, 2001; Iozzo, 1994; Tsen et al., 1995) 

HS biosynthesis 

The biosynthesis of HS occurs in the Golgi apparatus. The first step is the 
formation of the linkage sequence GlcA-Gal-Gal-Xyl, the Xyl being cova-
lently O-linked to serine in a Ser-Gly/Ala dipeptide sequence (Gotting et al., 
2000; Kokenyesi and Bernfield, 1994). The nascent HS backbone consisting 
of alternating GlcA and GlcNAc is then formed by the combined action of 
GlcNAc and GlcA transferases (Zak et al., 2002). Concomitant with the 
chain elongation a set of sequential enzymatic reactions modify the chain. 
The modifications include N-deacylation and N-sulfation of GlcNAc, C-5 
epimerization of GlcA to IdoA and O-sulfation at the 2-O-position of the 
uronic acid and the 6-O- and 3-O-position of the glucosamine. (Lindahl et 
al., 1998b; Salmivirta et al., 1996). With the exception of the C-5 epimerase 
(Crawford et al., 2001; Li et al., 1997) and the 2-O-sulfotransferase (2-OST) 
(Bai and Esko, 1996; Merry and Wilson, 2002) that occur only in single 
isoform, all other modification enzymes exist in multiple isoforms. There are 
four known isoforms of N-deacetylase/N-sulfotransferases (NDST) (Grobe et 
al., 2002), three of the 6-OST (Habuchi et al., 2000; Sedita et al., 2004) and 
six 3-OST (Liu et al., 1999; Shworak et al., 1999). 
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Fig.1 Schematic representation of the currently prevalent model of HS biosynthesis
that occurs in the Golgi due to the sequential action of the HS biosynthetic enzymes. 
The first step is the replacement of an acetyl group on the GlcN (squares) with sul-
fate groups by the NDSTs, which serves as the foundation for the subsequent modifi-
cation process. This is followed by the epimerization of the GlcA (circles) into IdoA 
acid (lined circles), catalyzed by the C-5 epimerase. The 2-OSTs then imprint sulfate 
groups (black dots), mostly on the IdoA (but also on the GlcA), following which the 
6-OSTs act on the N-sulfated or N-acetylated glucosamines in equal proportions 
(shown by black diamonds). Finally in a rare modification step the 3-OSTs impart 
sulfates (stars) on either GlcN or N-sulfated GlcN (Lindahl et al., 1994).   

HS structure 

Each of the HS modification enzyme isoforms is proposed to have its own 
substrate specificity and is expressed in a developmentally regulated fashion 
(Yabe et al., 2005). The HS biosynthesis as such is not template driven and 
does not undergo completion either. In the final product only about half of 
the GlcNAc residues are N-sulfated which limits the subsequent modifica-
tions of epimerization and 2-O-sulfation as such modifications, preferentially 
occur (due to the substrate specificities of the enzymes) downstream of 
GlcNS. However for 6-O-sulfation to occur N-sulfation of glucosamine is 
not a prerequisite. Approximately half of the 6-O-sulfation is therefore found 
on GlcNAc residues. Due to these reasons the fully synthesized HS chain is 
characterized by structural heterogeneity. The recent discovery of endosulfa-
tases (Sulfs) that have the ability to remove 6-O-sulfates from HS has further 
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added one more factor that aids in the creation of a very heterogeneous chain 
(Ai et al., 2003).

Despite the conditions that favor the creation of heterogeneous chains, 
evidence from compositional analysis of HS from murine and bovine 
sources show that the HS chain structure is expressed in a tissue specific 
manner and is conserved between samples obtained from different individu-
als (Ledin et al., 2004; Maccarana et al., 1996). One of the most convincing 
evidence with regard to the tissue specific expression of HS epitopes comes 
from the immunostaining studies done on tissue sections using phage display 
antibodies that were selected by the group of T. H. van Kuppevelt at the 
University of Nijmegen (Dennissen et al., 2002; van Kuppevelt et al., 1998). 
Immunostaining using such Abs has revealed defined topological distribu-
tions of various HS epitopes in the rat kidney and spleen (ten Dam et al., 
2003), human lung (Smits et al., 2004), and human, rat and mouse skeletal 
muscle (Jenniskens et al., 2002; Jenniskens et al., 2000). The data from HS 
compositional studies together with the immunostainings indicate that HS 
biosynthesis is tightly but differentially regulated between different tissues.  

Almost paradoxically, parallel to the detailed structural heterogeneity, 
there also exists an overall and definite pattern of chain modification that is 
followed. While some areas of the chain are untouched, known as the N-
acetylated (NA) domains, others are intensely modified creating the area 
known as N-sulfated (NS) domains (Lindahl et al., 1998b; Turnbull and Gal-
lagher, 1990). The NA and NS domains are interspersed with areas of alter-
nating N-acetylated and N-sulfated units creating regions of moderate degree 
of modification known as the NA/NS or alternating domain (Fig 2). This 
domain organization is a very characteristic feature of the HS chain and is 
absent in its analogue heparin, due to its extensive modifications. The spac-
ing of the NS-domains as well as their O-sulfation pattern are considered to 
be a characteristic feature of the cellular origin of the HS and is probably 
critical for optimal binding to protein ligands and to the multifunctionality of 
the HS chain in general (Kreuger et al., 2006). 

The physical structure of HS too has been studied through NMR spectros-
copy using heparin as an analogue. The results show that heparin has a heli-
cal conformation, with sulfate groups clustered at regular intervals of 17 Å 
(Mulloy and Forster, 2000) around the axis of the helix. Another important 
fact that has emerged is the conformational flexibility of the IdoA residue in 
heparin. The IdoA residue is able to oscillate between 1C4 chair form and 2S0
skew boat forms without significant conformational change in the backbone 
(Torri et al., 1985). The energy barrier between these forms is not high, and 
so the oscillations between these two conformations are rapid. This confor-
mational flexibility of IdoA has been suggested to be useful in increasing the 
actual area of contact of the polysaccharide with the protein surface (Conrad, 
1998).
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Fig 2. Schematic representation of the domain organization of the HS chain. Re-
gions corresponding to 2-3 adjacent N-sulfated disaccharides constitute the highly 
modified areas of the chain (NS domain) while the thin lines make up the non-
modified areas of the chain (NA domains). The remaining constitute the alternating 
domain (NA/NS domain).

Anti-HS phage display antibodies 

Antibodies (Abs) are a good means to provide structural information of tis-
sue HS especially as it is difficult to isolate sufficient amounts of HS for 
characterization, from specific cellular locations in the tissues. Even though 
a few IgM isotype Abs such as 10E4 (David et al., 1992), JM 13 (van den 
Born et al., 1991), Hep SS1 (Kure and Yoshie, 1986) and JM 403 (van den 
Born et al., 1992) have been described against HS, the non-immunogenic 
nature of HS has rendered not many Abs against this molecule and conse-
quently not many tools to study the detailed structure of HS. Moreover the 
anti-HS IgM isotype Abs by nature are prone to multivalent interactions and 
their epitopes have not been completely characterized. This problem has 
been overcome by making use of phage display technology, which enables 
generation of antibodies that cannot be easily isolated by conventional hy-
bridoma technology.  

The phage display Abs, are made completely in vitro by passing the im-
mune system and the immunization procedure. The phage display is accom-
plished by fusing the coding sequence of the Ab variable (V) regions to the 
amino terminus of the phage minor coat protein p3. Expression of the fusion 
product and its subsequent incorporation into the mature phage coat results 
in the Ab being presented on the phage surface, while its genetic material 
resides within the phage (Winter et al., 1994). Presentation of the Ab on the 
phage surface allows the selection of the phages with Abs of interest, by 
using immobilized antigens (Ag) with which the phages are allowed to inter-
act. The phages carrying the relevant Ab will be retained on the surface 
coated with the Ag, while the ones lacking it will be washed away. The 
phages thus selected can be recovered from the surface, reinfected into bac-
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teria and grown for further enrichment. To isolate the anti HS phage display 
Abs used in this study, a “single pot” human semisynthetic phage library 
(scFv library 1) was used. This library contains 50 different VH genes with 
synthetic random complementarity determining region 3 (CDR3) segments 
that are 4-12 amino acid residues in length (Hoogenboom and Winter, 1992). 
Selection of phages were done by subjecting the library to four rounds of 
panning against polystyrene coated bovine kidney HS or rat muscle HS. 

HS protein interactions 

HS is known to adopt an extended helical coil, which ranges in a size of 20-
40 nm. Thus it is clearly a prominent feature at cell surfaces. This strategic 
location and physical structure along with its anionic nature enables HS to 
interact with a number of protein ligands (Bernfield et al., 1999). 

Regarding the HS protein interactions it is hypothesized that within the 
domain organization of the chain sulfates are imprinted in the form of 
“codes” that serve as high affinity interaction/recognition sites for proteins 
(Gallagher, 2001). The iduronate ring flexibility and the glycosidic torsions 
at a trisaccharide level are also considered to be contributing factors in the 
creation of these “codes” (Shriver et al., 2002). When a protein has preferen-
tial high affinity for a defined code on the chain, the interaction is considered 
specific. The most well studied example of this case being the interaction of 
the serine protease inhibitor antithrombin (AT) and heparin, which is de-
pendent on the presence of a 3-O-sulfated glucosamine containing pentasac-
charide sequence (Lindahl et al., 1981). This pentasaccharide sequence is 
rare, occurring in only about one-third of the chains in heparin. Binding of 
AT to pentasaccharide sequences induces a conformational change in AT 
and thus activating it to facilitate the inhibition of thrombin and hence inhi-
bition of blood coagulation. 

However, for most heparin interacting proteins, the given protein could 
have more than one heparin interacting site and the polysaccharide may bind 
to the protein at the different sites, with each contributing to the overall af-
finity of the polysaccharide for its ligand. Such binding sites may be specific 
for certain sequences on the polysaccharide chain or even be less well de-
fined allowing interaction of the protein with several sequences on the poly-
saccharide (Conrad, 1998). The longer the polysaccharide chain, the more 
binding sites will fit along the chain and the higher the affinity that the poly-
saccharide shows for the ligand. Due to these reasons a clear-cut demarca-
tion between specific and non-specific binding is often difficult to make. The 
nature of HS-protein interaction itself, where columbic forces are prominent 
(Capila and Linhardt, 2002) is also an important contributing factor here.  
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Attempts have also been made to define a consensus sequence on the pro-
teins, which may cause the interaction with HS (Cardin and Weintraub, 
1989; Munoz and Linhardt, 2004). However, with the discovery of an in-
creasing number of HS interacting proteins it was realized that the consensus 
sequence could not be applied as a general rule. Supported by evidence from 
molecular modeling studies it is currently believed that the spatial orienta-
tion of basic residues on proteins is the factor determining heparin binding 
ability (Margalit et al., 1993). A distance of 20 Å between basic residues is 
considered favorable for interaction with heparin (reviewed in Spillmann and 
Lindahl, 1994)  

HS as a molecular catalyst 

HS can act as a molecular catalyst in molecular interactions, enhancing the 
rate at which molecules (proteins) encounter each other, which is in other 
words the rate of association. The rate of association is in turn determined by 
the time it takes for the two molecules to encounter each other, and the prob-
ability that a given encounter will lead to association (Pontius, 1993). When 
two molecules bind to the same HS chain, the probability that they will en-
counter into each other is greater than when they are in free solution. This 
type of catalysis of molecular encounter has been referred to as “approxima-
tion effect”, or as “reduction in dimensionality” (Lander, 1998). It has been 
proposed that through this mechanism HS has the ability to regulate the ki-
netics and thermodynamics of molecular interactions (Schlessinger et al., 
1995). Recent years have seen the accumulation of evidence on an important 
role of HS proteoglycans, i.e., in determining the shape of morphogen gradi-
ents by contributing to the spreading of morphogens from their cellular 
sources toward the responding cells (Lin, 2004). The formation and robust-
ness of morphogen gradients, robustness being the term used to denote its 
ability to resist change in the face of genetic or environmental disturbances 
(Barkai and Leibler, 1997), is related to the capacity of HS to reduce the 
dimensionality of diffusion of morphogens and thus control the formation of 
gradients by maintaining local concentrations of ligand available for its re-
ceptor. HSPG mediated hedgehog (Hg) and decapentaplegic (Dpp) move-
ment in Drosophila wing disc is an example of this mechanism (Belenkaya 
et al., 2004; Han et al., 2004). HS is also proposed to control the formation 
of morphogen gradients by protecting the morphogens from degradation 
(Hacker et al., 1997) and thus increasing the stability, or even by facilitating 
the dimerization or oligomerization of ligands with their receptors (Ornitz, 
2000; Pellegrini, 2001).  
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The role of HS in pericyte recruitment 

Pericytes are cells embedded within the basement membrane surrounding 
capillary tubes where they make contact with the endothelial cells 
(Yamagishi and Imaizumi, 2005). A variety of functions have been proposed 
for the pericyte, such as regulation of new capillary growth, regulation of 
capillary blood flow, or as precursors to vascular smooth muscle cells etc
(Gerhardt and Betsholtz, 2003). The absence of pericytes leads to a non-
uniform capillary structure (Hellstrom et al., 2001). It is speculated that this 
effect may be due to abrogated control of pericytes over endothelial cell 
proliferation and differentiation. The PDGF-BB and platelet derived growth 
factor receptor  (PDGFR ) signaling pathway plays a critical role in the 
recruitment of pericytes around the endothelium (Hellstrom et al., 1999). 
PDGF-BB secreted by the endothelial cells signals in a paracrine mode of 
action to the PDGFR  expressing pericytes. It is shown that the amount of 
PDGF-BB produced by the vascular endothelium is tightly regulated, ex-
pression occurring only at sites of active pericyte proliferation. PDGF-BB is 
particularly strongly expressed by the endothelial cell located at the sprout-
ing tip of capillary vessels known as the tip cell (Gerhardt et al., 2003). This 
presumably creates a PDGF-BB gradient near the sprouting tip enabling the 
recruitment of pericytes along the sprouting capillary in the direction of its 
formation. Also pericyte coverage around the endothelium varies extensively 
between different tissues, presumably reflecting regulation of PDGF-BB 
expression levels and availability (Betsholtz et al., 2005; Shepro and Morel, 
1993). HSPGs have been implicated in the pericyte recruitment process, as 
by interacting with PDGF-BB at cell surfaces (Raines and Ross, 1992; 
Sundberg et al., 1997), it has the potential to control the diffusion and/or 
extra cellular stability of PDGF-BB that is released by the endothelial cells. 

PDGF

PDGF was originally purified as a proliferation factor from platelets. Four 
different family members (A, B, C, D) have been identified that form five 
different homo- and hetero- dimers of PDGF namely AA, BB, AB, CC, DD 
(Heldin and Westermark, 1999). PDGFs are potent mitogens and chemo-
attractants that have critical roles in embryogenesis, angiogenesis and wound 
repair (Betsholtz, 2004; Eming et al., 1999). Their biological effects are me-
diated through two structurally related tyrosine kinase receptors known as 
the  and the  receptor (Bishayee et al., 1989). PDGF isoforms, being 
dimeric molecules, bind to two receptors and thus induce receptor dimerisa-
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tion (Hammacher et al., 1989). The  receptor binds both the A and B chains 
of PDGF whereas the  receptor binds only the B chain with high affinity. 
Therefore PDGF-AA induces  receptor homodimers and PDGF-BB all 
three dimeric combinations of  and  receptors (Kanakaraj et al., 1991; 
Seifert et al., 1989). Each of the PDGF A and B chains appears as two vari-
ants, the long isoform and the short isoform. The two isoforms of the PDGF-
A chain are due to translation of two different PDGF-A transcripts, which 
are generated by alternative splicing. The B chain isoforms are, on the other 
hand, a result of posttranslational proteolytic processing. Both the A and B 
long isoforms contain a highly basic amino acid sequence in their carboxy 
terminal extension. These are referred to as retention motifs and are believed 
to mediate interaction between PDGF and the cell surface or the extracellular 
matrix. The retention motifs appear to limit the action range of PDGF- BB in 
vivo, as suggested from experiments with transplanted keratinocytes trans-
fected with PDGF-BB expression vectors (Eming et al., 1999). The physio-
logical importance of the retention motif was recently shown using mice that 
lack the PDGF-BB retention motif due to targeted mutagenesis (Lindahl et 
al., 1998a). Such mice develop defective investment of pericytes in the mi-
crovessel wall and delayed formation of the renal glomerulus mesangium. 
An identical phenotype is seen in mice devoid of the PDGFR , thus indicat-
ing the importance of PDGF-B/PDGFR  signaling in pericyte investment 
around vascular endothelial cells (Soriano, 1994).  

Fig. 3. Schematic drawing of PDGF isoforms. The bulb like regions is drawn to 
illustrate the extra cellular Ig like domains on the receptors. Ligands bind to the 3 
outermost Ig like domains, and domain 4 is involved in direct receptor-receptor 
interactions.
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PRESENT INVESTIGATIONS 

The extreme structural heterogeneity of HS, together with the lack of tools 
have hampered the study of high affinity sequences on HS to which proteins 
interact to mediate important biological processes. The aim of the studies 
presented here was therefore the elucidation of the HS binding motifs of 
anti-HS phage display Abs and also PDGF-BB, through the design and ap-
plication of oligosaccharide libraries. The specific aims of the study are to 

1) Characterize the HS epitopes recognized by the three phage display 
antibodies HS4C3, AO4B08 and HS4E4 

2) Characterize the HS structures bound by PDGF-BB 

Methodology

Creation of oligosaccharide libraries

The aim here has been to make or isolate tailored fragments of HS/HS like 
chains from different sources such that the resulting fragments have some 
known characteristics like size, degree of sulfation or the presence of spe-
cific residues. The libraries created thus allowed the systematic search of the 
binding motifs of a protein over a wide array of structures. Three different 
types of start material have been used to this end, some of the characteristics 
of which are summarized in the table below. The selected start material were 
then subjected to selective chemical or enzymatic cleavage to generate frag-
ments.

Characteristic            HS        Heparin            K5 
Size       10-70 kD       10-12 kD        70-80kD 
Sulfate/disaccharide       0.8 –1.8       1.8 – 2.4        Non-sulfated 
GlcNS       40-60 %       85 %         0 % 
IdoA content       30-50 %       70 %         0 % 
Site of synthesis  Almost all cells       Mast cells    E.coli cell wall 
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Cleavage methods to generate oligosaccharides from chains 

The cleavage of HS/K5/heparin chains can be accomplished using chemical 
or enzymatic methods that are specific for certain residues in them. Such 
cleavage procedures usually leave even numbered fragments of the original 
chain which can then be labeled using NaB3H4 at the reducing end of the 
fragment (Bienkowski and Conrad, 1985). 

A) Nitrous acid cleavage at pH 1.5:  This procedure is employed to selec-
tively cleave the glycosidic bonds in the NS domains of the polysaccharide 
chain. Cleavage occurs by an attack of nitrous acid on the GlcNSO3 residue 
that results in the loss of the N-SO3 as free SO4

2- and the amino group as 
nitrogen gas with concomitant cleavage of the adjacent glycosidic bond 
(Conrad, 2001; Shively and Conrad, 1976) 

B) Nitrous acid cleavage at pH 3.9: This procedure is utilized to cleave in 
the non-modified areas of the chain. The N-acetyl groups on the glucosamine 
residues in the non-modified areas are first deacetylated (Shaklee and Con-
rad, 1984) with hydrazine in a procedure known as hydrazinolysis, to con-
vert the GlcNAc residues to GlcN residues. The glycosidic bonds of the re-
sulting N-unsubstituted amino sugars can then be cleaved at room tempera-
ture with nitrous acid at pH 3.9. Both types of cleavages with nitrous acid 
leave the hexuronic acid at the non-reducing end of the cleavage site un-
changed, while the reducing end is modified to an anhyromannose (Shively 
and Conrad, 1976) 

Fig 4. Degradation of HS with nitrous acid. The linkage of N-sulfated glucosamine 
and uronic acid is cleaved at pH 1.5 while the linkage of N-acetylated glucosamine 
and uronic acid is cleaved by hydrazinolyis followed by cleavage by nitrous acid at 
pH 3.9. R =SO3

- or H. 
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C) Enzymatic cleavage: An alternative to the cleavage using chemical pro-
cedure is to use heparin lyases to cleave the polysaccharide. The heparin 
lyases are a class of enzymes purified from Flavobacterium heparinum. 
There are three known heparin lyases I, II and III that in combination can 
convert HS to disaccharides. The cleavage reactions are elimination reac-
tions, which result in the formation of an unsaturated uronic acid at the non-
reducing terminal hexuronic acid of the cleavage product and conserve the 
glucosamine residue on the reducing end of the cleavage product (Linhardt 
et al., 1986). The specificity of the respective enzymes are as depicted below 
(Desai et al., 1993a, 1993b; Lohse and Linhardt, 1992):  
Heparin lyase   I       GlcNSO3 (± 6S) 1-4 IdoA/GlcA (2S) 
Heparin lyase   II      GlcNSO3 (±6S) 1-4 IdoA 
Heparin lyase   III     GlcNR    (±6S) 1-4 GlcA/IdoA
     Where (R= N-acetyl or N-sulfate moiety) 
Based on the start material used for the creation of the libraries, they can be 
broadly classified as 1) authentic libraries, as HS isolated from tissues is 
used as start material 2) heparin based libraries and 3) K5 based libraries. 
The heparin based libraries are made from heparin that has been initially 
modified by selective removal of O-sulfate or N-sulfate groups and subse-
quently enzymatically modified using microsomal enzymes from murine 
mastcell tumor (Lidholt et al., 1989) or recombinant sulfotransferases. For 
the specific applications in this study, heparin chains were first 6-O-
desulfated using the dimethyl sulfoxide/methanol method followed by partial 
deaminative cleavage at pH 1.5 and size separation. The size separated 
fragments were re-separated based on the remaining 2-O-sulfates and sub-
jected to enzymatic modification using microsomal enzymes. In the case of 
the K5 based libraries, the substrates were first chemically N-deacetylated 
and then N-sulfated, before being subjected to enzymatic modification using 
mouse microsomal enzymes.   

The usage of K5 and heparin based libraries had some distinct advantages 
such as 

a) The degree of enzymatic modifications could be controlled by varying the 
reaction conditions 
b) The modifications were easily reproducible 
c) The fragments could be subfractionated based on charge, thus enabling 
the availability of homogeneous pools of fragments which in turn makes the 
assessment of affinities easier. 
d) The characterization of the binding fragments was simplified due to the 
prior knowledge of some of the characteristics of the fragments. 
e) In addition to the above points the K5 based library had the added advan-
tage that by using various degree of N-sulfation for the start material the HS 
domain structure could be mimicked to a certain degree.  
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Results

3-O-sulfated oligosaccharide structures are recognized by anti-
heparan sulfate antibody HS4C3 (Paper I) 

In a previous study using immunohistochemistry on kidney cryosections, 
HS4C3 was shown to predominantly stain the basement membranes of the 
glomerulus and of the peritubular capillaries while it did not stain the HS 
present in basement membranes of tubules and of smooth muscle cells (van 
Kuppevelt et al., 1998) indicating that the antibody recognized very specific 
structures. In order to investigate the HS structure recognized by the anti-
body, a heparin based oligosaccharide library was created that was size and 
charge defined with respect to the number of 2-O- and 6-O-sulfates. The 
libraries were tested for affinity on Ab immobilized columns and were found 
to bind in a charge dependent manner with higher sulfation resulting in 
higher affinity. However, in the presence of 3-O-sulfated glucosamine con-
taining octasaccharides, the binding affinity was much higher than that of a 
corresponding heparin octasaccharide, which had a higher degree of sul-
fation than the 3-O-sulfated glucosamine containing octasaccharides, show-
ing the preferential affinity of HS4C3 to 3-O-sulfated sequences. This charge 
based binding of HS4C3 could also be highlighted by immunohistochemistry 
by staining using HS4C3 in a buffer with increasing NaCl concentrations 
ranging from 150 to 1000 mM. At physiological salt conditions the antibody 
bound basal lamina of epithelia and endothelia. At an ionic strength of 500 
mM salt conc, when 3-O-sulfation is required for binding, antibody recogni-
tion was more selective and restrictive. Since it is a well-established fact that 
the protease inhibitor AT binds to a 3-O-sulfate containing pentasaccharide, 
it was tested if HS4C3 could stain similar HS structures as AT in the kidney. 
HS4C3 indeed bound to similar structures as AT though HS4C3 could also 
stain structures not stained by AT. Furthermore, AT and HS4C3 could com-
pete one another for binding heparin. HS4C3 was also able to inhibit the 
anticoagulant activities of heparin and Arixtra (a heparin analogue) as dem-
onstrated using the activated partial thromboplastin time clotting and the 
anti-factor Xa assays. 

Characterization of anti-heparan sulfate phage display antibodies 
AO4B08 and HS4E4 (Paper II) 

In this study the phage display anti-HS Abs AO4B08 and HS4E4 were stud-
ied to reveal their HS epitopes. Initial binding tests using full-length HS and 
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heparin chains showed that AO4B08 bound with a higher affinity to heparin 
than HS. Using a heparin based biosynthetic oligosaccharide library the 
AO4B08 epitope could be shown to be an octasaccharide with three 6-O-
sulfate groups and an essential 2-O-sulfate group that needs to be placed on 
the internal uronic acid of the saccharide. HS4E4 on the other hand, bound 
weaker to heparin but stronger to HS. However it showed no affinity towards 
the heparin based octasaccharide library, indicating that it was not just a 
question of the degree of sulfation but also the presence of a motif present in 
HS but not in heparin. To confirm this, HS chains that showed affinity to 
HS4E4 were fractionated over Ab immobilized columns. The high affinity 
fractions of these were subjected to chemical removal of either the N-
sulfated glucosamines or the N-acetylated glucosamine. The resulting frag-
ments were unable to bind to the Ab column on reapplication showing the 
need of both N-sulfated glucosamines and N-acetylated glucosamines for Ab 
recognition. Another important feature for antibody recognition was epim-
erization of the uronic acids. O-sulfates either in the form of 2-O- or 6-O-
could be tolerated, however, the presence of both kinds of O-sulfates was 
inhibitory as seen by the inhibition of binding to heparin. These aspects 
could also be shown by immunostaining of tissues deficient in the C5-
epimerase, 2-O-sulfotransferase or 6-O-sulfotransferase modification en-
zymes. Primarily, HS4E4 recognition was dependent on the presence of N-
sulfated glucosamines and N-acetylated glucosamines, and epimerization of 
the uronic acids.

Defective N-sulfation of heparan sulfate proteoglycans limits 
PDGF-BB binding and pericyte recruitment in vascular 
development (Paper III) 

As PDGF-BB has been proposed to interact with HS through its C-terminal 
polybasic retention motif, in this study the role of HS structural features in 
its interaction with PDGF-BB dimeric molecules has been investigated. 
PDGF-BB was seen to require long heparin oligosaccharides of 12 mer in 
length for binding. HS chains are mostly devoid of such long highly sulfated 
sequences, which led to the hypothesis that the PDGF-BB binding epitope is 
made of NS-domains spaced by N-acetylated units, described as SAS-
fragments. The hypothesis could be proven by preparative isolation of SAS- 
fragments by affinity chromatography, whose PDGF-BB binding capacity 
was partially abolished after cleavage of the SAS-domains at the GlcN resi-
dues. The role of O-sulfation was on the other hand investigated using a 12 
mer biosynthetic library, where it could be seen that the binding was de-
pendent on the overall degree of sulfation as opposed to any specific se-
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quence requirement. As the positioning of the O-sulfates was not found to be 
of any particular significance to PDGF binding to HS, the effect of the HS-
domain organization for the binding affinity of PDGF-BB was investigated 
using HS chains derived from Ndst-1-/- and Hsepi-/- knock out mice as such 
HS are known to have a disordered domain organization. The Ndst-1-/- de-
rived HS binding was drastically reduced as compared to the Hsepi-/- derived 
HS, which had lost only some PDGF-BB binding capacity. These results 
could also be correlated to the phenotypes observed in such knockout ani-
mals as previous studies using endothelium specific conditional knockout of 
the PDGF-BB retention motif had displayed severe defects in the pericyte 
recruitment process that occurs during angiogenesis. The Ndst-1-/- vascular 
phenotype showed severe and defective pericyte recruitment while the 
Hsepi-/- only showed delayed pericyte recruitment which correlates well with 
the affinity binding assays. 
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Discussion

The results obtained in the three studies provide evidence to the proposition 
that HS-protein interactions can occur in multiple ways. Either it can be 
through a specific modification like the 3-O sulfated GlcN seen in the bind-
ing of HS4C3 (Paper I), or it might recognize specific domains like the NS 
domains recognized by AO4B08 (Paper II) or it could also be through the 
use of adjacent domains as seen in the case of PDGF (Paper III). 

Preferential selectivity: 
In all of the studies charge does play a prominent role in determining the 
binding affinity. The negative charge imparted by the sulfate groups being a 
very characteristic feature of HS, is known to be a major contributing factor 
to HS-protein interactions, with the common perception being that higher 
charge results in better binding. However this has turned out not to be al-
ways true. In paper II, HS4E4 binding is clearly inhibited by the presence of 
the more sulfated heparin. Even though HS4E4 is a semisynthetic protein, 
the finding is of value from the point that this protein is only different by no 
more than 12 amino acids from the other phage display antibodies that have 
been studied here and yet is capable of showing such differences in binding 
preference to HS. The finding could also mean that such differences could 
exist in other more physiologic proteins as well. However, to date barring for 
the well-studied example of AT no other protein has been shown to have 
preferential binding to specific HS structures. Most studies, for eg LPL 
(Parthasarathy et al., 1994; Spillmann et al., 2006), PDGF AA (Feyzi et al., 
1997), PF-4 (Maccarana and Lindahl, 1993) show that binding happens in a 
charge dependent manner as opposed to the requirement of a specific modi-
fication. The obvious question raised in this context is then-why have so few 
physiologic proteins shown any sequence specificity? One reason might be 
that, due to limitations in the methods available to study HS-protein interac-
tions, only the ionic interactions have been looked at, while there are exam-
ples to show that hydrogen bonding and hydrophobic interactions too play a 
prominent role in HS-protein interactions (Bae et al., 1994; Hileman et al., 
1998). Specificity is regarded to be maximal when the free energy difference 
for binding of two ligands is maximal. Also if there is a conformational 
change in either one of the partners during complex formation, affinity can 
be compromised to pay up for the cost involved (Szwajkajzer and Carey, 
1997). Thus the highest affinity may not always the best solution in nature. 
These aspects are neglected in the conventional affinity chromatography 
approach and could be one of the explanations for not detecting specificity 
of interactions among physiologic proteins. To an extent with the phage dis-
play antibodies this situation is probably overcome due to the selection strat-
egy adopted in their isolation. They have been obtained by panning on Ag 
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coated polystyrene tubes, where buffered saline was used for the washing 
procedure. In this way a pre-selection had already been made of the antibod-
ies in terms of the interactions employed for their binding to Ag (HS). Even 
while the points mentioned above remain valid, an interesting aspect to no-
tice with the binding studies done using the biosynthetic libraries (Paper I 
and Paper III) is that both HS4C3 and PDGF bind to HS in a charge depend-
ent manner making them compatible with multiple epitopes. Relating this 
finding to an in vivo situation, where the physiological ion concentration is 
around 150 mM, would mean that proteins can choose from an array of epi-
topes. In other words the proteins can show a selective preference rather than 
a specific preference for epitopes, the term selective suggesting the ability of 
a protein to discriminate between epitopes. In this case the next obvious 
question is why should there be selective preferences? What determines se-
lectivity at a given occasion? The answer to both the question might lie in 
the fact that HS is being rapidly catabolised with new structures being ex-
pressed at different time points (Yanagishita and Hascall, 1992). Having 
selective preferences enables a protein to adapt easily to new situations (in 
terms of structure) and is probably another means of introducing multiplicity 
of function since selective preferences, at least as seen with the biosynthetic 
libraries, go hand in hand with varying binding affinities, which in turn im-
plies different dissociation constants for the HS-protein interactions. This 
could mean drastically different roles for the proteins depending on the 
structures expressed on HS. An example to highlight this case is when 
growth factors have to diffuse along the HS chains to create gradients, in this 
context it would be important to have lower affinity but on the other hand, 
when the purpose is to present the growth factor to its receptor by localizing 
it to cell surfaces, higher affinity might be required. Most of the HS-protein 
interaction studies take a 2-dimensional view of the interaction process, with 
the aspect of the importance of the orientation of the protein being neglected, 
mainly due to the lack of methodology. The ability to discriminate between 
HS structures could enable a given protein to orientate differentially, de-
pending on the HS structures expressed at a particular instance, and conse-
quently have diverse roles. Preferential selectivity of proteins for HS struc-
tures, thus in general might be a possible means to introduce another level of 
complexity to HS-protein interactions and to control multiplicity of func-
tions.

In Paper III, the importance of the domain organization of HS too is seen. 
Even though there is a lack of specificity of interaction and the details of O-
sulfation is inconsequential, it can be seen that the overall structure of the 
HS chain affects binding. In terms of the proposed function of HS in the 
pericyte recruitment process which is to serve as a depot for the PDGF-BB 
produced by the endothelial cells, for its subsequent presentation to the peri-
cytes, it is quite reasonable that the overall sulfation degree might be the 
determining factor to control the process as opposed to the detailed O-
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sulfation pattern of the HS chain. This is also strengthened by the inability of 
the Ndst-1-/- derived HS to bind to the PDGF immobilized columns. Exami-
nation of the crystal structure of PDGF reveals that the molecule is made up 
of two antiparallel chains that are highly positively charged (Oefner et al., 
1992). The distance between the two putative heparin binding sites on the 
two chains can be mapped to be around 40 Å, which is roughly the distance 
that can be covered by a decasaccharide. Spacing of sulfate groups at a dis-
tance greater than this is not favorable to PDGF binding and this reasoning is 
also justified by the defective binding of PDGF to Ndst-1-/- derived HS, that 
are known to have long stretches of the N-acetylated units due to the defi-
ciency of Ndst-1-/-.

The physiological angle: 
From a physiological perspective it is well established that PDGF-BB is a 
powerful factor for mesangial cell proliferation (Leveen et al., 1994). It has 
also been reported to play an important role in the synthesis of ECM proteins 
(Floege et al., 1993). It is reported that the mRNA expression of PDGF-B 
and PDGFR-ß is increased in the glomeruli of patients with mesangial pro-
liferative glomerulonephritis when compared to the normal glomeruli 
(Matsuda et al., 1997). Furthermore insulin-dependent diabetes mellitus pa-
tients had higher urinary excretion of PDGF compared to controls (Fagerudd 
et al., 1997). Also in a study involving the structural comparison of HS from 
diabetic and non-diabetic human glomeruli, the proportion of 3-O-sulfated 
glucosamine residues was seen to be decreased by half in the diabetic situa-
tion (Edge and Spiro, 2000). Taking together the above facts, an impairment 
of the HS biosynthetic machinery is strongly implicated in the complications 
of the glomeruli. In this context, it is also interesting to notice that mesangial 
cell proliferation (which is a hallmark of a number of kidney disorders) is 
known to be stimulated by thrombin and this effect can be abrogated by the 
administration of AT (Pahl et al., 1996). The results of Paper I show a pre-
ponderance of the AT binding sites in the kidney glomerulus. Thus together 
it is highly probable that HS has some protective role in the kidney, in strik-
ing a balance between the AT and thrombin mediated mechanisms. How-
ever, the HS4C3 staining has also shown the presence of locations other than 
the AT binding sites, which in the Paper I have been speculated to be 3-O-
sulfated glucosamines located to an adjacent 2-O-sulfated iduronic acid. 
Such 3-O-sulfated groups might have other functions as well. The glomeru-
lar basement membrane being known as the major filteration barrier with the 
anionic HS providing selective permeability to the glomerular vessels, it is 
likely that the 3-O-sulfated glucosamines either contribute to the formation 
of the filtration “mesh” or/and as a selective binding site to certain as yet 
unidentified proteins. 
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FUTURE PERSPECTIVES 

The characterization of the phage display antibodies has created tools to 
study HS structural variation and regulation. To date no other anti-HS anti-
body is known that specifically binds to 3-O-sulfated glucosamines or to the 
alternating domains. Examples of some questions that could be answered 
using these antibodies are: 

1) Role of 3-O-sulfated groups in the kidney: There is clearly a 
preponderance of the 3-O-sulfated groups in the kidney though the 
exact function of such units is not known. Using the HS4C3 Ab 
such sites could be blocked to study effect of 3-O-sulfated se-
quences on biological functions. Alternatively the Abs could also 
be used to pull down authentic 3-O-sulfated oligosaccharides in 
which this modification exists in a context other than in the well 
known AT binding pentasaccharide sequence. 

2) Changes in the HS expression pattern: Though it is known that 
HS has a rapid rate of catabolism, the changes in the fine structure 
and domain organization of HS have not been systematically asso-
ciated with key biological events. Anti-HS Abs, but especially 
HS4E4 could be excellent tools to study such aspects. 

3) Regulation of HS structure and their biological impact: Re-
cently, evidences for the importance of HS domain arrangement 
rather than the engagement of specific sequences in protein bind-
ing have accumulated. However, the biosynthetic regulation of 
these domains and the structural impact on protein binding still 
remains to be understood. Such questions could also be elucidated 
with the help of such Abs. 

4) Localization of PDGF presenting HS: The current data available 
on the HS mediated pericyte recruitment around the endothelium 
does not explain if the localization of PDGF-BB is mediated by 
HS expressed by the endothelium or the pericytes. This question 
could be answered by creating endothelium specific knockouts of 
HS.
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