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Preface

Heparin belongs to a class of linear, acidic polysaccharides known as glycosaminogly-
cans {GAGs). Nearly 90 years after its discovery by Howell, heparin and its derivatives
remain important drugs in clinical practice. Among heparin’s established uses are the
prevention of postoperative thrombosis and the treatment of acute venous thrombosis.
Little was known about the chemistry and the structure of heparin when the first clinical
trials evaluating the use of heparin began in the mid-1930s. The definitive identification
of its monosaccharide components began in 1936 and was not completed until 1964.
Over the years, the development of chemical methods of degradation, and later,
enzymatic depolymerization have played an important role in the elucidation of the
structure of heparin. This development has led to an understanding of the detailed
structural basis of heparin’s anticoagulant activity in the early 1980s.

During the same time, there was a growing interest in the structure and function
of heparan sulfate, a closely related GAG found in the body, which contains lower
sulfation but greater structural heterogeneity than heparin. Investigation of the bio-
synthesis of heparin and heparan sulfate has significantly broadened our knowledge of
the rules governing their biosynthesis and structure, leading to a deeper understanding
of the relationship between heparin and heparan sulfate. The basic lesson was that
GAG modifications did not go to completion. As a consequence of these incomplete
biosynthetic modifications, GAGs are quite heterogeneous. This heterogeneity enables
these molecules to play important roles in various processes in the body. Numerous
studies over the last decade highlight heparin and heparan sulfate binding to many
physiologically important proteins, thereby playing important roles in the regulation of
physiological and pathophysiological processes. Thus, these macromolecules are cur-
rently at the forefront of the rapidly emerging field of glycobiology.

This book is designed to provide readers with a detailed panoramic review of
the chemistry, structure, biological functions, and clinical applications of heparin
and heparan sulfate.

The 27 chapters in this volume begin with the chemistry and biochemistry of
heparin and heparan sulfate, followed by their function in various physiological and
pathological conditions and finally their clinical applications.

The antithrombin activity of heparin results from a specific pentasaccharide seq-
uence. Other minor sequences are responsible for additional biological activities. These
sequences often comprise distinct domains associated with important activities. Chapter
1 is focused on the structure and active domains of heparin. Chapter 2 surveys the
structure and function of cell associated and pericellular heparan sulfate proteoglycans.

The advent of more sophisticated instrumentation and techniques for data
collection has resulted in rapid progress in heparin structural elucidation. Chapter 3
focuses on the methods used for the analysis of heparin and heparan sulfate.
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Well-characterized heparin oligosaccharides are required to assess the many bio-
logical properties of heparin. Chapters 4-6 include the chemical synthesis, pharmacological
rationale and strategies for sequencing heparin and heparan sulfate oligosaccharides.

The backbone of heparin and heparan sulfate is comprised of repeating glu-
curonic acid (GlcA) and N-acetylglucosamine (GlecNAc) residues, which undergo
various modifications including N-acetylation, N-sulfonation of GlcNAc residues,
C-5 epimerization of GlcA to iduronic acid (IdoA), and O-sulfonation at various
positions of GlcA, IdoA, and GIcNAc residues. Chapter 7 presents an overview of
the biosynthesis of heparin and heparan sulfate. Chapters 8-10 describe the remod-
eling and degradation of heparin and heparan sulfate by different enzymes.

Different biological activities of heparin and heparan sulfate are due to their
interactions with biologically active proteins. Chapter 11 describes heparin regulation
of the complement system and Chapter 12 discusses the surface-based studies of
heparin/heparan sulfate-protein interactions, including considerations for surface
immobilization of heparin/heparan sulfate and monitoring their interaction with bind-
ing proteins. Chapter 13 focuses on heparin activation of serine protease inhibitors.

Heparan sulfate required in signaling is mediated by fibroblast growth factors.
Recent studies have shown that genetic defects can disturb growth factor signaling.
Moreover, glycol-splitting chemistry has been used to modulate heparin and
heparan sulfate based inhibition of growth factors and heparinase. Chapter 14
summarizes the role of heparan sulfate in fibroblast growth factor in signaling.
Chapter 15 describes the role of heparan sulfate in mammalian reproduction.
Chapter 16 describes glycol-splitting as an approach for modulating inhibition of
growth factors and heparinase by heparin and heparin derivatives.

Chapters 17-19 incorporate different aspects of heparin and heparan sulfate.
Chapter 17 includes the antithrombin activation and designing novel heparin mim-
ics. Vascular changes after chronic hypoxia results in the migration of smooth
muscle cells in the media of muscular and partially muscular pulmonary arteries.
Chapter 18 discusses the influence of the chemical modification of heparin on its
antiproliferative activity. Chapter 19 focuses on the mechanisms of cell growth
regulation by heparin and heparan sulfate.

Chapters 20-27 detail the use of heparin and heparan sulfate in different patho-
logical conditions. Chapter 20 discusses the emerging links between heparin and low
molecular weight heparin in thrombosis and inflammation. Chapter 21 discusses basic
and clinical differentiations of heparin and low molecular weight heparin. Chapter 22
focuses on the extracellular matrix heparan sulfate proteoglycan that regulates key
events in vascular development and disease. Chapter 23 discusses heparin and low
molecular weight heparins in clinical cardiology. Chapter 24 addresses heparin-in-
duced thrombocytopenia. Chapter 25 discusses the role of heparan sulfate in cancer
while Chapter 26 includes the use of heparin in older patients. Chapter 27 describes
advances in low molecular weight heparin use in pregnancy.
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Chapter 1

Structure and Active Domains of Heparin

BENITO CASU

@G. Ronzoni Institute for Chemical and Biochemical Research,
G. Colombo, Milan, Italy

. Introduction

Heparin is a sulfated polysaccharide belonging to the family of glycosaminoglycans
(GAG) (1). The structure of heparin has been extensively investigated for more
than 50 years, with the particular aim of unraveling the features associated with its
potent anticoagulant activity (2). The emerging interest in nonanticoagulant prop-
erties of heparin (3) and their prospective therapeutic applications (4) has extended
these studies in an attempt to gain an understanding of the molecular basis and
possible interplay of different sequences. The present knowledge of structure and
structure—activity relationships of heparin has emerged steadily over the years. The
regular sequences in the prevalent product of heparin biosynthesis that constitute
the majority of the sequences of beef lung heparins used in several structural
studies has long been thought to be exclusively responsible for the anticoagulant
activity. The discovery that this activity is mainly dependent on an antithrombin
(AT)-binding domain that is present in only about one-third of the chains consti-
tuting heparins currently used in therapy, and that this domain is a specific penta-
saccharide sequence, has led to the reappraisal of the role of minor sequences in
determining specificities of biological interactions of heparin. Such a reappraisal
has, in turn, been stimulated by an increasing interest in heparan sulfate (HS),
a structural analog of heparin that plays important roles in a number of physio-
logical and pathological processes. HS and heparin are biosynthesized from the
common precursor N-acetyl heparosan and are constituted by the same disacchari-
dic building blocks, though in different proportions. HS is less sulfated and more
heterogeneous than heparin, mainly as a result of more restricted action of the

1



2 B. Casu

enzymes that modify the common precursor (5). However, since HS is present on
the surface of most cell types and in the extracellular matrix while heparin is usually
sequestered in mast cells, HS is thought to exert physiologically some of the
functions/activities pharmacologically exerted or counteracted by heparin (5). Hep-
arin thus accompanied HS into the world of “new biology”, with the perception
that distinct domains of both GAGs preferentially bind proteins that modulate a
number of physiological and pathological processes (6).

A deeper elucidation of the structure and information on biological inter-
actions of both heparin and HS was made possible by the availability of structurally
well-defined heparin oligosaccharides obtained by chemical synthesis (7) and by
developments of methods for sequencing heparin/HS fragments (8). Developments
in understanding the structure-activity relationships of heparin are covered in
several reviews (5,9-13). The present knowledge is summarized in this chapter,
with special emphasis on those structure—activity relationships that have been most
extensively investigated. Different aspects of these and other activities are dealt
with in more detail in other chapters of this book.

Il. Heparin Components
A. Monosaccharide Residues

Like most of the GAGs, heparin is a linear polysaccharide constituted by alternat-
ing disaccharide sequences of a uronic acid and an aminosugar. The uronic acid
residues of heparin are i-iduronic acid (IdoA) and p-glucuronic acid (GlcA), and
its only aminosugar is D-glucosamine (GIcN). Indeed, IdoA, GlcA, and GIcN,
together with the minor components p-galactose (Gal) and p-xylose (Xyl) belong-
ing to the terminal of GAG chains linked to the peptide core of the
original peptidoglycan are the only monosaccharide residues identified in purified
heparins (2).

Whereas both IdoA and GlcN residues are linked «-1,4 to the next residue in
the chain, GlcA is linked B-1,4. GIcN is prevalently N-sulfated in heparin and
N-acetylated in minor sequences. Both the uronic acid (especially IdoA) and the
aminosugar bear O-sulfate groups. The formulas of monosaccharide residues most
represented in heparin are shown in Fig. 1. Heparin chains are made up of various
combinations of these building blocks. As schematized in Fig. 2, different sulfation
patterns are unevenly distributed along the heparin/HS chains, with less charged
sequences mostly concentrated towards the reducing side of the chains (R) and the
most charged ones towards the nonreducing side (NR), with mixed domains (NA/
NS) between the two regions. The relative proportion of the different domains and
the actual composition within the same domains of heparins vary depending
on the animal and organ source and, to some extent, also on the purification
procedures (14).

Some of the heparin chains terminate, at the R end, with the “linkage region”
(LR) reminiscent of the attachment, through a serine (Ser) residue, to the
peptide core of the original proteoglycan (2). As a result of the limited cleavage
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Figure 1 Monosaccharide components of heparin. Forms in parenthesis occur less fre-
quently. Minor GlcN residues bear a SO substituent (*), or a free NH, group instead of a
NHSOJ group (**) (see text).

by B-p-glucuronidases of GlcA-GlcN linkages in the last step of biosynthetic
modification of carbohydrate chains of the heparin proteoglycan, the terminal
residue on the NR end of heparin chains is usually a GlcN (5). Depending on the
extent of this latter modification and on its possible erosion during manufacturing/
purification processes, heparins from different origins widely differ in their content
in LR (see later).

B. Major Disaccharide Units

The composition of heparin is usually expressed in terms of their content in
different disaccharide units. As illustrated in Fig. 2, the major disaccharide repeat-
ing sequences of heparin are those of the trisulfated disaccharide (TSD)
IdoA2SO5—GlecNSO16S03, which are concentrated in NS domains, where gluco-
samine residues are prevalently N-sulfated. TSD units represent up to 60-75% of
heparins obtained from pig mucosa and up to 85% of heparins from beef lung
(15,16). These relatively long segments of “fully sulfated” (i.e., N-, 2-O-, and 6-O-
sulfated) disaccharide units along the heparin chains are often referred to as
constituting “‘regular regions” and are the major contributors to the polyelectrolytic
properties of heparin.

Also 2-O-sulfated GlcA residues have been identified in fully sulfated regions
of heparin (17). Although minor components [less than 0.5% (w/w)], these residues
may play important functions (10,17).
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Figure 2 Idealized representation of a heparin chain constituted of N-acetylated (NA), N-sulfated (NS), and mixed NA/
NS domains also containing an antithrombin-binding domain (AT-bd). The chain is conventionally represented as
extending from its nonreducing (NR) to its “reducing” end. In fact, its biosynthesis starts from the “linkage region”
(LR). Formulas of major disaccharidic sequences within NS, NA/NS and NA domains and of the ““linkage region” (LR)

originally linked (through Ser) to the Gly-Ser polypeptide core are shown. Symbols are as in Ref. 5.
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As segments of a macromolecule, NS regions of heparin exclusively consti-
tuted by TSD sequences should not be defined as copolymers of repeating disac-
charide units. In fact, the a-L configuration of IdoA residues involves a trans
orientation of pairs of TSD units and heparin should thus be referred to as a
copolymer of hexasulfated tetrasaccharide (HST) units, featuring arrays of three
sulfate groups (NSO3, 2-0-S0O3, and 6-0-SO3) that alternate on both sides of the
chains, as shown in Fig. 3. Such an arrangement of sulfate groups, confirmed by
3D structures (see Section III of this chapter), has an important bearing on
protein-binding and related biological properties of heparin (see Section IV).

The length of repeating TSD units along the heparin chains has been assessed
only in statistical terms and for a limited number of heparin types, mainly through
size profiling of oligosaccharides generated by cleavage of heparins oxidized with
periodate at the level of nonsulfated uronic acids (18,19). Without isolation and
sequencing of individual oligosaccharides, this analytical approach quantificates
only sequences made up of 2-O-sulfated disaccharide units and does not take into
account occasional 6-O-desulfated glucosamine residues. The length of repeating
“TSD” sequences in pig mucosal heparin corresponds to 4-12 disaccharide units
(18), with an average size of eight disaccharide units (19). As illustrated in Fig. 4,
the 2-O-sulfated sequences are separated from each other by GlcA-containing (less
frequently by IdoA-containing) sequences (see later sections) (18).

C. Undersulfated Sequences

As schematically illustrated in Fig. 2, minor undersulfated repeating units (such
as the monosulfated disaccharide (MSD) GlcA—GIcNSO;) are part of mixed
N-sulfated/N-acetylated, GlcA-containing NA/NS domains. The NA domain close
to the linkage region LR is prevalently constituted of nonsulfated disaccharide
(NSD) GlcA-GlcNAc repeating units. However, NA/NS regions may incorporate
2-O-sulfated IdoA and 6-O-sulfated GIcNSO3/NAc residues, and some GIcN

HST
/\
~ TN
TD
A
I N
NHSO3 0s03;
o}
= o o
~ gg2 OH OH_
0] O 2 0O (o]
NHSOj; 0s03; CH,0803 .

[GIcNSO36S0;-1doA2S0,4GIcNS046S0,-1doA20S05],

Figure 3 Heparin (major sequences in the NS region) as a poly-tetrasaccharide.
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[TSDl,_1o—, ~GlcA-GIcNSO,—{TSD],_1o— ,~ldoA-GICNSOz— [TSD]4_1—
(IdoA)

(GlcA—GIcNAC)_4 (GlcA—GIcNAC)_4

Figure 4 Proposed distribution of disaccharide units along an average heparin chain (18)
TSD, trisulfated disaccharide. For simplicity, possible AT-binding and linkage regions are
omitted. Arrows indicate possible insertion of GlcA-containing units.

residues in the NA domains are 6-O-sulfated. Heparins from different animal
species and/or organs significantly differ from each other in their degrees of het-
erogeneity as revealed by a disaccharide analysis (14) or an NMR analysis of their
sulfation patterns (20). As illustrated in Table 1, the relative contents of non-
6-O-sulfated glucosamine and non-2-O-sulfated iduronic acid of pig mucosal hepar-
ins are consistently different from those of beef mucosal heparins (14,16,20). Also
the extent of undersulfation associated with occurrence of nonsulfated GIcA res-
idues widely varies among different types of heparin, ranging from a few percent of
total uronic acids for beef lung heparins to up to 20% of pig mucosal heparins (16,20).

As illustrated in Fig. 2, nonsulfated GlcA (together with N-acetylated GlcN)
residues are prevalently (though not exclusively) concentrated in NA and NA/NS
regions. However, 2-O-desulfated iduronic acid residues and 6-O-desulfated
glucosamine residues are spaced out along the heparin chains (21). Figure 5 sche-
matically illustrates the concept that sulfation gaps associated with O-undersulfa-
tion in the NS/NA and NS regions of heparin separate fully sulfated sequences of
different lengths. Due to the different requirements in terms of size of fully sulfated

Table 1 6-O- and 2-O-undersulfation of Different Heparin Preparations

% A-60H %I-20H % A-60H %I1-20H

PM-1 18.0 12.9 BM-1 40.4 22
PM-2 19.0 135 BM-2 40.1 22
PM-3 21.7 nd BM-3 38.6 2.3
PM-4 16.9 135 BM-4 39.1 nd
PM-5 18.6 nd BM-5 40.7 2.3
PM-6 17.5 nd BM-6 46.7 21
PM-7 nd 9.6 BM-7 36.7 2.7
PM-8 nd 12.9 BM-8 nd 2.2
PM-9 nd 12.8

PM-10 nd 12.8

PM-11 nd 12.6

Average 18.6 12.7 40.3 2.3

PM, from pig intestinal mucosa; BM, from beef intestinal mucosa; A, aminosugar (GlcN); I,
IdoA. (Source: Ref. 20).
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Figure 5 Idealized representation of heparin NS chains with 6-O- and 2-O-sulfation gaps
(indicated by arrows) spaced out along the chains. For simplicity, AT-binding sequences are
not shown. Sulfation gaps determine the length of ““fully sulfated” segments made up of TDS
sequences and modulate protein-binding and associated biological properties of heparin.
Symbols as in Ref. 5.

sequences as effective ligands for most of the heparin-binding proteins (5,10,12),
different frequencies of sulfation gaps conceivably modulate the protein-binding
properties of heparins and heparin fractions.

A large number of heparin oligosaccharide fragments arising from the irregu-
lar regions of heparin are listed in Ref. 5. The number of identified heparin/HS
oligosaccharides is steadily increasing (22-24). Recurrent patterns, such as the
trisulfated hexasaccharide IdoA(GlcA)2SO;—GlcNSO;~-1doA-GleNAc-GleA-
GIecNSOs3, have been identified in the low sulfated irregular region of pig mucosal
heparin, the underlined trisaccharide sequence being shared by a number of the
isolated oligosaccharides (25).

D. Specific Sequences

As illustrated in Fig. 2, some of the heparin chains contain a specific sequence
constituting the antithrombin binding domain (AT-bd). This sequence is the pen-
tasaccharide AGA*IA shown in Fig. 6, where the asterisk denotes a rare 3-O-
sulfated GIcNSOs; residue. The figure also indicates the three sulfate groups that
are essential for high-affinity binding for AT, and underlines the fact that the GlcA
residue is also essential. The IdoA residue preceding the pentasaccharide shown in
the formula, though invariably present in natural AT binding domains, does not
contribute to the affinity for AT. Some natural variants compatible with high
affinity for AT (i.e., N-sulfation instead of N-acetylation of the first aminosugar
residue and 6-O-sulfation of the 3-O-sulfated residue) are also shown (5).

The information summarized in Fig. 6 has been obtained since the unexpected
finding (made independently by three research groups) that only about one-third of
the chains constituting heparin currently used in therapy bind to AT and that most
of the anticoagulant activity of heparin is attributable to species with high affinity
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GIcNAC6S04-GIcA-GICNS 043,650 4-1d0A280,5-GIcNS 03,650,

WiWkidoa

Figure 6 Pentasaccharidic antithrombin-binding sequence AGA*IA (where A is either
GIcNAc6S0O; or GIeNSO36S03; A*, GIetNSO33,6503; G, GlcA; I, IdoA2SOs3). The asterisk
marks the typical 3-O-sulfated glucosamine residue. Groups in parentheses are compatible
with high affinity for AT. Circled sulfate groups are either essential (full circles) or marginally
essential (dotted circles) for high affinity. The *“half moon” below GlcA indicates that this
residue is also essential. The IdoA residue preceding the pentasaccharide is not essential for
AT binding, but invariably occurs in natural AT-binding domains of mucosal heparins.

(HA) for AT (26-28). The discovery that the rare 3-O-sulfated glucosamine residue
is an essential component of the AT-bd (29) was followed by full elucidation of the
structure of this active domain (30) and by chemical synthesis of heparin oligosac-
charides, finally leading to a synthetic pentasaccharide exactly reproducing the
structure of the natural one (7). The events leading to these developments are
reviewed in Ref. 31. The involvement of the pentasaccharide in triggering AT-
mediated biological activities is discussed in Section IVA and in other chapters of
this book.

The location of the AT-bd along the heparin chain is still uncertain. Whereas
an early study suggested that this domain was located prevalently towards the NR
end of the molecule (32), another study suggested a more random distribution (33).
On the other hand, the observation that the NMR signals typical for the “linkage
region” concentrated exclusively in the heparin fraction with no affinity for AT (34)
is in favor of the first hypothesis. Several oligosaccharides obtained by controlled
depolymerization of heparin fractions with high affinity for AT contributed to
defining structural features around the AT-bd (35-38).

As illustrated in Fig. 2, the linkage region is another well-characterized
sequence common to heparin and HS, as well as to other GAGs (2,39). It consists
of a trisaccharide B-1,3-linked to the last GlcA residue of the glycosaminoglycan
chain and is constituted by three neutral residues: one b-galactose (Gal) residue B-1,3
linked to a second Gal, which is B-1,4-linked to a p-xylose (Xyl) residue B-linked to
Ser (39). The content of LR in heparins varies widely depending on the origin
of heparin [i.e., it is lower than 1% in beef lung heparins and up to 5% in pig
mucosal heparins (39,40)]. Depending on treatments for purification and bleaching
during the manufacturing process, heparin may lose the terminal Ser of the LR and
most of the LR as well. Though potentially implicated in antiangiogenic properties
of heparin/HS (41), the sequence of the LR is commonly regarded as a biologically
inactive component of heparin.



Structure and Active Domains of Heparin 9

lll. Molecular Conformation of Heparin Residues and Sequences

The molecular conformation of GAGs, especially of those containing IdoA, such as
heparin, HS and dermatan sulfate, has long been a matter of controversy (42).
Modeling of 3D structures of polysaccharides in solution involves the assumption of
the conformation of individual residues and building up the polymer chains with
these residues in a way that minimizes the overall conformational energy. Molecu-
lar models must then be experimentally validated, usually by NMR spectroscopy.
The assumption and experimental validation of the conformation of heparin com-
ponents, such as GlcN and GIcA, are unproblematic. Whereas energy calculations
and NMR parameters indicate a classic chair (*C;) conformation for both residues,
apparently anomalous experimental data has long made the conformation of IdoA
(and 1doA2S03) elusive (43).

The availability of a number of synthetic heparin oligosaccharides (7) has
permitted extensive studies on the conformation of IdoA (and IdoA2SO;) in
different sequences, leading to the finding that IdoA pyranose rings may assume
one of three equienergetic conformations (the chair *C; and ! Cy4, and the skew-boat
255). In fact, the shape of the IdoA residues flips from one to at least one other of
these conformations in rapid dynamic equilibrium (44). The relative population of
two (or three) conformers depends on sulfation on the same residue (i.e., I[doA2SO3
vs IdoA) and on adjacent GleN residues (44, 45). Whereas I1doA2SOs; residues in
the NS domains of heparin are about 60% in the !C4 and 40% in the 2S; conform-
ation, 3-O-sulfation of GIcNSQO; as in the AT-binding domain reverses to 40:60 the
population of these conformers (44,46). Such a proportion further varies in differ-
ent heparin/HS oligosaccharides (45-49) as a function of sequence. Also, the 1Cy
form contributes to the conformational equilibrium of IdoA and IdoA2SO; res-
idues in terminal positions (45). Conformer populations are also affected by extrin-
sic factors, such as the type of counter ions (45,47).

The capability of iduronate residues to assume more than one conformation
confers on IdoA-containing chains a peculiar local flexibility (‘““plasticity”), with
important bearing on binding and associated biological properties (50). This con-
cept is illustrated in Fig. 7. Molecular modeling studies on heparin sequences in the
regular region generated helices, as shown in A and B for chains build-up with
IdoA2SO; residues in the ' C4 and 2S, conformation, respectively (51). Both A and
B helices feature arrays of three sulfate groups (ANS, I2S, and A6S) on alternate
sides of the chain, as expected from configurational considerations on the primary
structure (Fig. 3). However, the orientation in space of different substituent groups
(including the anionic ones SO; and COO™) is widely different in the two helices
and involves different spacings between the sulfate groups within each cluster. By
contrast, the conformation of N-acetyl heparosan, taken as representative conform-
ation in the NA domains of heparin/HS (Fig. 7C), is essentially invariant due to the
stable *C; conformation taken up by B-linked GIcA residues (43,52). Apart from
affecting the relative conformer populations, sulfation gaps along the heparin
chains do not involve substantial changes in the conformation of each type of
helix (53). The foregoing concepts are discussed in critical reviews (5,50,54).
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IV. Heparin Domains Involved in Biological Interactions
A. Inhibition of Coagulation and Thrombosis

Heparin exerts its anticoagulant activity primarily by accelerating the rate of
inhibition of the natural protease inhibitors antithrombin III (AT, which inhibits
both Factor Xa and thrombin) and - to a minor extent — heparin cofactor IT (HCII,
which selectively inhibits thrombin). AT and HCII are structural homologues (55).
However, AT binds only heparin, while HCII also binds dermatan sulfate, although
involving different polypeptide sequences (56). Whereas the binding site of heparin
for AT - the unique pentasaccharide sequence described in Section ILD - is
contained in only about one-third of the chains of common heparins, HCII-binding
sequences of heparin and dermatan sulfate are less specific and contained in
practically all the GAG chains (56).

Extensive studies during the last 20 years have contributed to the elucidation
of the molecular basis of the anticoagulant and antithrombotic activity of heparin,
especially as regards their inhibition of Factor Xa and thrombin, the final two
proteases of the coagulation cascade. Although Protein C-mediated interactions
also play a role in preventing coagulation, major anticoagulant effects are mediated
by AT and heparin HCII (for a review, see Ref. 57). Anticoagulant effects are also
associated with GAG-induced release of tissue factor pathway inhibitor (TFPI)
from vascular endothelium (58,59).

The activity of both AT and HCII is dramatically increased by binding with
heparin. As mentioned in previous sections, the discovery of the active site for AT,
and the finding that the anticoagulant properties of this GAG are largely concen-
trated in species containing a unique pentasaccharide sequence, represented
a landmark in heparin research. Though occasionally found in non-AT-binding
sequences (60), the 3-O-sulfate group of the central unit of the pentasaccharide is
considered to be a marker of the active site.

Heparin sequences that specifically bind to HCII have not been identified. In
fact, HCII seems to be bound by heparin rather nonspecifically (56,57,61). How-
ever, it is reasonable to assume that sequences of the trisulfated disaccharide (TSD,
see Section 11.B) are the major sites for HCII binding.

The present knowledge of the mechanism of the interaction between heparin,
AT, and thrombin and related structural aspects is largely based on physicochem-

Figure 7 Molecular conformation of heparin NS chains (A, B) and NA chains (these latter
represented by the biosynthetic precursor N-acetyl heparosan, C), illustrating the dramatic
influence of changes (from 'C; to 25p) in the conformation of IdoA2SOj3 residues of heparin
on spacing of sulfate groups along and across the chains (52). The rigid (*C;) conformation of
GIcA residues in N-acetyl heparosan does not involve significant changes from the chain
conformation shown in C, even when some of the OH groups are sulfated (M. Guerrini and
M. Hricovini, unpublished). Structures A and B are redrawn from Ref. 51. The figure also
shows that the three conformations of uronic acid residues are characterized by different
dihedral angles between vicinal C-H bonds and distances between nonbonded atoms (i.e.,
between HS and H2), typically measurable by NMR spectroscopy (44).
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ical studies of these systems in solution (62,63) and on X-ray diffraction studies
(64,65). Since these studies and their biological implications are covered in other
chapters of this book, the present chapter briefly discusses only current information
on heparin sequences involved in the above interactions and the dependence of
these interactions on the size of GAG sequences and the location of active sites in
these sequences.

The search for minimal sequences binding to AT and HCII and inducing
inhibition of thrombin mediated by these cofactors has led to understanding the
size-dependence of GAG activities associated with interaction with the two protease
inhibitors. AT-, as well as HCII-mediated inhibition of thrombin need relatively
long heparin chains as a requisite for binding to both the inhibitor and the enzyme
in a ternary complex. Thrombin inhibition requires a minimum chain length of 14-16
monosaccharide residues (66). On the other hand, AT-mediated inhibition of Factor
Xa requires only the pentasaccharide sequence of the active site for AT (reviewed in
5,7,57,67). This observation was at the basis of the introduction of low molecular
weight heparins (LMWHSs) as antithrombotic agents blocking the coagulation cas-
cade at the level of Factor Xa. Being only marginally involved in the inhibition of
thrombin and in side effects associated with full-length heparin, LMW heparin
species were thought to reduce the hemorrhagic risks. However, as discussed in
another chapter of this book, the major advantage of LMWHs over conventional
heparin for certain therapeutic indications is their better bioavailability. Since,
as observed upon partial digestion with heparinase 1 (68,69), depolymerization
procedures used for obtaining LMWHs may occasionally cleave the AT-binding
sequence, chains with high affinity for AT are usually less represented in LMWHs
than in conventional heparins (70). On the other hand, a synthetic pentasaccharide
closely reproducing the structure of the AT-bd (as a methyl glycoside, in a variant
in which the first GIcN residue is N-sulfated instead of N-acetylated) and based
on exclusive inhibition of Factor Xa was proved to be an effective antithrombotic
agent (71).

Synthetic oligosaccharide chemistry has made an important contribution to
establish the relationships between structure and AT-mediated activities (7,71,72).
A pentasaccharide with an additional 3-O-sulfate group (on the fifth residue) with
respect to AGA*IA was shown to be even more active than the natural pentasac-
charide (7). Also, a systematic study of extension of the heparin chain on both sides
of the pentasaccharide sequence has confirmed that the chain extension required to
bind thrombin in the ternary complex with heparin and AT must be at least 14
monosaccharide residues long and definitely established that such an extension
must be toward the nonreducing terminal of the heparin chain (73). The biological
implications of the location of the AT-bd along heparin chains are illustrated in
Fig. 8. The actual location of thrombin in the ternary complex was also confirmed
by studies using neo-glycoconjugates (74) and conclusively by X-ray diffraction
studies (65).

The minimum heparin size for significant HCII binding was a hexasaccharide
corresponding to three TSD units; full affinity for HCII is practically reached at
eight monosaccharide residues (56).
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Figure 8 Heparin chains (arbitrary sequences) containing the pentasaccharidic antithrom-
bin-binding domain (AT-bd) in different locations along the chains. Since inhibition of
thrombin requires that the AT-bd is prolonged towards the nonreducing (NR) end by a
decasaccharide (73), a-type chains are expected to exert substantial anticoagulant (anti-Ila,
APTT) activity only when the AT-bd is located near the center of the chains. Symbols as in
Ref. 5.

B. Inhibition of Release and Activation of Growth Factors

Accumulating evidence that HS sulfate chains of HSPGs interact with heparin-
binding growth factors (GFs) and modulate their roles in cell growth, differentiation
and, development (75-78) has stimulated extensive studies on these interactions
(reviewed in Refs. 5, 9-12). GFs most widely studied for their implication in
angiogenesis are the fibroblast growth factors (FGFs) and vascular endothelial
growth factor (VEGF) (79,80). FGFs and VEGF are usually stored in inactive
form by HS chains of HSPGs in the extracellular matrix and on the surface of
endothelial cells. When released upon physiological or pathological breakdown of
the HS chains, they can be activated by formation of complexes with HS fragments.
These complexes are able to bind to tyrosine kinase cellular receptors (FGFRs,
VEGFRs) and build up assemblies that trigger mitogenic signals (80,81). GFs can
be displaced from HS chains also by the competitive action of exogeneous heparin
(82). Some heparin/HS species as well as some heparin derivatives are good candi-
dates as potential inhibitors of either release or activation of GFs, or both steps in
growth signaling pathways (83-86). Binding to GFs is usually regarded as a pre-
requisite for inhibition of GF-induced angiogenesis and metastasis. Heparin se-
quences that bind individual GFs have been systematically searched, making use of
heparin/HS fragments of different size and structure (87-91). Whereas significant
binding to FGF-1 requires the three typical sulfate groups NSO3, 2503, and 6SOs3,
6-O-sulfation is not necessary for binding to FGF-2 (87-93). Figure 9 shows that
different FGFs are bound to different extents by a heparin octasaccharide represen-
tative of the structure of heparin sequences in the NS regions. As shown in the same
figure, the octasaccharide is a poor ligand for VEGF (91). As illustrated in Table 2,
different GFs have been classified in terms of different sulfate groups in heparin
octasaccharides needed for high-affinity binding (91).

As expected from the conformational flexibility of iduronic acid residues (50),
comparison of synthetic pentasaccharides has demonstrated that IdoA-containing
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Figure 9 Different amounts of a heparin octasaccharide fraction with prevalent structure
(1doA2803-G1ecNSO36803), bound to different growth factors (fibroblast growth factors
FGF-2, -4, -7, -8, -10, -18, and to vascular growth factor VEGF). (Redrawn from Ref. 91).

sequences bind FGF-2 more efficiently than corresponding GlcA-containing
sequences (94).

Activation of GFs through formation of ternary and larger assemblies also
involving GF receptors requires heparin/HS sequences longer than octasaccharide
(95). Such a concept has been strongly supported by X-diffraction and molecular
modeling studies, clearly indicating that a minimum chain length is required for
heparin chains to stabilize 2:2 complexes between GFs and their receptors by fitting
in extended “basic canyons” generated by favored arrangements of the proteins
(96-98).

The search for minimal GF-binding heparin/HS sequences is being facilitated
by the use of oligosaccharide libraries obtained by systematic chemical or enzymatic
modification of heparin/HS fragments or their biosynthetic precursors (92,93).
Recurrent motifs required for high-affinity binding with certain growth factors
have been identified. Thus, all heparin octasaccharides with a high affinity for
FGF-1 contain the internal motif IdoA2S0; —~GIcNSO36S03—-1doA2SO5. However,
a di-6-O-sulfated octasaccharide containing the IdoA2SO;—GIeNSO3;—I1doA2S0;
trisaccharide sequence binds to FGF-2 more strongly than the corresponding
mono-6-O-sulfated octasaccharide, indicating that not only the number but also the

Table 2 O-Sulfate Groups Essential for Growth Factor Binding

Groups GF Necessary O-sulfate in octasaccharide
Group 1 FGF-2 2-0-S03

Group 2 FGF-10 6-0-SO;

Group 3 FGF-18 2-0-S0O; or 6-0-S0O;

Group 4 FGF-4; FGF-7; (FGF-1) 2-0- and 6-0-S0;

Group 5 FGF-8; VEGF

Source: Ref. 91.
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position of sulfate groups determine the affinity for FGFs (92,93). Due to the variety
of permutations within the heparin/HS structures, more than one sequence seems
capable of strong binding with individual GFs, especially for sequences containing
the conformationally flexible IdoA (or IdoA2SOs;) residues. On the other hand, the
mitogeneity of GFs can be influenced by heparin-like GAGs, even without significant
binding to GFs (99). As shown for FGFR4 (100), signaling may also be influenced by
direct interactions with FGF receptors.

Besides the approaches of inhibiting GFs by inhibiting formation of ternary
complexes with their receptors (85,86,101,102), GF-mediated signaling can be
inhibited by inhibiting the enzyme heparanase (103-105). Heparanase is also in-
volved in disruption of the extracellular matrix and its inhibition may impair cancer
progression and metastasis (106,107). Heparanase is an endo-B-p-glucuronidase
that cleaves HS chains at the level of GlcA residues (Fig. 10) (108). Minimal
heparin/HS sequences that are efficiently cleaved by heparanase are shown in
Table 3 (108-110). Although with somewhat reduced efficiency, GlcN residues
bearing a 3-O-sulfate group — as in oligosaccharides with high affinity for antith-
rombin — are compatible with recognition and cleavage of the target GIcA residue
(108-110). Heparanase is efficiently inhibited by heparin and some heparin deriva-
tives (111). Heparin acts both as a substrate and an inhibitor of heparanase {(108).
Removal of 2-0-SO3 or 6-O-SO3 groups does not significantly impair the hepar-
anase-inhibitory activity of heparin, provided that one of the two positions retains
a high degree of sulfation (112,113). Removal of N-sulfate groups followed by
N-acetylation involves a substantial decrease of the inhibitory activity, only however
for degrees of N-acetylation higher than 50%, suggesting that only one NSO; group
per tetrasaccharide unit is involved in binding with heparanase (113). The effects of
some chemical modifications of heparin on the heparanase-inhibiting activity are
illustrated in Fig. 11. Modification of the target GIcA residue as performed by glycol-
splitting of all nonsulfated uronic acid residues causes complete loss of affinity for the
enzyme while retaining heparanase-inhibition activity (113). Being endowed with
potent heparanase-inhibiting and antimetastatic activity without significantly releasing
GF'sfrom endothelium, N-acetylated, glycol-split heparins are promising candidates for
development as antiangiogenic and antimetastatic drugs (113).

C. Domains Involved in Other Interactions

Coverage of all reported interactions involving heparin and heparin oligosaccharides is
beyond the scope of this chapter. Among these interactions, those with lipid- or

Heparanase
l IdoA(2-0-S0;)
GlcN — GlcA - Glcr\ll - - Gle -N-
GlcA (2-0-S0;) A
Ac/SO, Ac/SO, Ac/SO3

Figure 10 Heparin/HS linkages cleaved by heparanase (108). GIcA and sulfate groups in
bold types are essential for recognition and cleavage by the enzyme.
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Table 3 Heparin Oligosaccharides Cleaved by Heparanase

HA-Octa?
J
1doA-GlcNAc6S0;-GlcA-GIcNSO;3,650;-1doA2503-GIcNSO;3-1doA2S0;-AMol.6S0;
Hexa-4b

{
AU2S0;-GIeNS03650;-IdoA-GIcNAc6S0;-GlecA— GIcNS0,46S0,

Hexa-7b
{ )
AU2S0;-GIcNSO3680;-GleA-GIcNS036804-GlcA-GIcNS046S05
Hexa-7Sb
) {
AU- GIcNSO4680;-GleA-GIcNS04680;-GlcA-GIcNS04650;,
HA-Pentac
{
GIcNS04680;-GlcA-GIecNS0,3,6503-1d0A2S05-GIeNS04650;
Tetra-Ib

J
U2505-GIcNS04680,-GlcA-GIcNS05650;

3Data from Ref. 108.

®Data from Ref. 109.

°A. Bisio, J-P Li; and M. Petitou, personal communication.

HA, high affinity for AT; AMol, anhydromannitol; AU, unsaturated uronic acid.

Arrows indicate sites of cleavage by heparanase (in parentheses: secondary cleavage sites).
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Figure 11 Heparanase-inhibiting activity of heparin (H) and heparin derivatives 100%
desulfated at specific positions (60des, 6-O-desulfated; 20des, 2-O-desulfated, IdoA form;
GalA, 2-O-desulfated, GalA form; NA, N-desulfated, N-acetylated) (113).
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membrane-binding proteins, viruses, adhesion proteins, and chemokines are described
and discussed in a comprehensive review (12). With the possible exception of those
with the dengue virus envelope protein (114), structure-activity relationships have not
yet been unraveled in such detail as those involving binding with antithrombin and
growth factors. A number of heparin—protein interactions have also been studied from
the protein side and have led to the identification of “‘consensus sequences,” which
permit, in favorable cases, the prediction and/or rationalization of heparin-binding
properties of proteins (115-117). However, heparin-binding sites are seldom localized
in short protein sequences and may involve (as in the case of antithrombin) sequences
situated in different loops of the protein. A detailed study of these complex inter-
actions requires structurally well-defined oligosaccharides longer than conveniently
obtained at present both by fragmentation/fractionation of heparin and by chemical
synthesis. Long oligosaccharides are most often required for studies of interactions
involving more than one protein, as in the case of FGFs/FGFRs. As a first approach,
heparin derivatives are used to assess whether all sulfate groups of the polysaccharide
are involved in the interaction of interest. Heparin derivatization is indeed a strategy
for obtaining general structure—activity relationships (118). The TSD sequences,
representing the prevalent product of biosynthesis of mammalian heparins, are most
often involved in the interactions with proteins inducing biological activities. However,
as already indicated in some examples in Sections IVA and B of this chapter, use of
selectively desulfated heparins has often shown that some of the sulfate groups are
compatible, but not necessary, for high-affinity binding. In fact, heparin/HS sequences
that specifically bind to a given protein site may be hidden within fully sulfated
sequences, especially in the NS domains of the GAG chains (5). Whenever extra
sulfate groups do not hinder active binding, oversuifation usually increases the strength
of heparin—protein interactions, especially when these interactions are relatively non-
specific.

Rather unexpectedly, substituents other than suifate groups were found to be
required for important heparin/HS-protein interactions. As described in Section
IVB, N-acetyl groups are compatible with recognition (108,109), as well as with
inhibition of heparanase (113). More specifically, heparin/HS sequences containing
N-acetylated GlcN residues are needed for interaction with endostatin (119) and
with the BACEL1 protein, a secretase involved in generation of B-amyloid (120).
Also, free NH, groups, long thought to be just artifacts in the preparation of
heparin and HS, were found to be natural constituents of HS and are involved in
interactions with selectins (121,122).

V. Molecular Conformation of Active Domains

Although general structure-activity relationships may be obtained by considering
primary structures, the effectiveness of biological interactions is largely determined
by the shape taken up by heparin/HS sequences in their actual complexes with the
relevant target proteins. The shape of heparin chains, especially in regions contain-
ing the conformationally flexible IdoA (or IdoA2SOs), cannot be determined by
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molecular modeling based only on theoretical calculations. X-ray diffraction studies
of co-crystals of heparin oligosaccharides and antithrombin (64) and FGF-2 (123)
have permitted us to determine ‘“‘active” conformations of heparin sequences
involved in these interactions and to emphasize the role of conformational plasticity
of IdoA residues in determining the local and overall shape of the active domains.
The conformation taken up in co-crystals by a heparin hexasaccharide complexed
with antithrombin and FGF-2 is shown in Fig. 12. Of the two equienergetic con-
formations coexisting in the absence of the proteins (44,45), the IdoA2SO; residue
of the hexasaccharide selects the chair 'Cy in the actual FGF-2 binding site and
the skew-boat 2S, outside the binding site (Fig. 12) (123), thus providing a proof-
of-concept of the importance of conformational flexibility of IdoA residues in
intermolecular interactions (50).

Active conformations of heparin oligosaccharides can also be determined
in solution (124). NMR studies confirmed the findings from X-ray diffraction
studies (64) that the conformational equilibrium of IdoA2SO; residue of the
pentasaccharide AGA*IA is completely shifted to the %Sy form in the presence of
antithrombin (125). This is illustrated in Fig. 13, which also shows that IdoA2SQ;
is not directly involved in interaction with the protein, its role apparently being only
that of determining — by settling in the skew-boat form — the essential trisaccharide
AGA* in the most favored conformation for binding to AT. Since the !C, and 2,
conformations of IdoA2SO; residues are equienergetic (44), whether the system
selects the form already prevalent in the free state remains an open question.
Notably, as shown by data in Table 4, both the strength of the complex with AT
and the corresponding inhibition of Factor Xa for three pentasaccharides increase
with increasing proportion of the 25, form already in the absence of AT (124).
However, interaction of a heparin hexasaccharide with FGF-1 in solution involves
IdoA2SO; residues in both 1Cy and 28, conformations.

h_f,, 250*_"

Figure 12 Details of the crystal structures of a 1:1 FGF-2 heparin hexasaccharide complex.
(Redrawn from coordinates of Ref. 123; see Ref. 5), showing that the two 2-O-SOs residues
select different conformations in binding to the growth factor.
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Figure 13 Solution conformation of pentasaccharide AGA*IA complexed with antithrom-
bin, showing that residue I (IdoA2SOs) is in the 2S; conformation and that the 2-0-SO;
group is not directly involved in binding (125).

Molecular modeling studies on several heparin—protein systems for which
crystal coordinates are available suggested that protein-binding domains along
heparin chains are characterized by ‘“kinks” associated with flexible IdoA
(IdoA2S0s3) residues that adapt their shapes to that of the target protein (11,
127), a concept that could facilitate designing of heparin sequences that specifically
bind to specific proteins.

VI. Conclusions and Perspectives

With a few exceptions, our knowledge of active domains in heparin are still incom-
plete and our view of the interplay of the corresponding sequences in determining
actual biological activities are at best semiquantitative. Indeed, the wealth of infor-
mation accumulated about structural requirements for biological interactions of
heparin or heparin/HS oligosaccharides permits the prediction of the specificity
and strength of some interactions. However, these conclusions can seldom be
extended to more complex biological systems in vivo. In fact, bioavailability
problems and the competition of several proteins for the same, or partially overlap-
ping active domains greatly complicate the dissection of biological effects in terms of
partial structures associated with different activities. The natural structural hetero-
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Table 4 Conformational Equilibria Observed for the IdoA Residue in the
Uncomplexed State and Biological Activity for Three Heparin Pentasaccharides®

Compound 1Cy/*Sy KD for AT (nM)  Factor X, inhibition (units mg/ml)
1. AGA*I(OH) A 75:25 380 350
2. AGA*TA 40:60 58 700
3. AG A* T A*® 10:90 13 1300

2Source: Ref. 124, and M. Petitou, personal communication.

"Compound 3 bears an extra 3-O-sulfate substituent at the terminal reducing A residue, a
2-O-sulfate substituent instead of a 2-N-sulfate substituent, and methyl substituents at all
nonsulfated hydroxyl groups (7).

geneity of heparin further complicates such an interpretation. Also, although some
of the activities of exogenously administered heparin can be reasonably associated
with reinforcement of, or competition with, functions of the HS chains of HSPGs (no
other biopolymer seems to have been so often defined as “ubiquitous’”), comparison
of heparin and HS structures is not always homogeneous. In fact, heparin contains a
much lower variety of diverse structural features than HS. As noted (6), it should also
be considered that heparin is a “purified” product, whereas HS is usually obtained in
its natural heterogeneous form.

On the other hand, the current rapid developments of new tools for structural
analysis (described in another chapter of this book), and new methodologies for
chemical synthesis of heparin sequences (128,129), are expected to make a large
number of heparin oligosaccharides available in sufficient purity and amounts for
both biochemical/biological and pharmacological testing, as already achieved for
novel antithrombotics (128). Heparin/HS oligosaccharide biosynthetic libraries (93)
will also increasingly contribute to structure-activity studies and will soon be
expanded with use of enzymatic (130) and chemo-enzymatic (131) modifications of
the Escherichia coli K5 polysaccharide, which has the same structure as the heparin/
HS precursor N-acety! heparosan. Highly diversified sequences are also being gen-
erated by a combination of partial chemical modifications of heparin (132).
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l. Introduction

The extracellular matrix is an organized structure located outside cells that is
composed of proteins and polysaccharides locally produced by cells (1). Com-
ponents of the extracellular matrix are directly involved in cell proliferation,
adhesion, migration, and regulation of cell shape. The extracellular matrix macro-
molecules regulate cell behavior by binding to cell surface receptors which then
transmit the signal intracellularly resulting in cellular changes. Proteoglycans
are a class of molecules found both in the extracellular matrix and on the cell
surface.

Proteoglycans are proteins that contain carbohydrates called glycosaminogly-
cans, which are covalently attached to a central core protein. The proteoglycan
central core protein varies in size from approximately 40,000 to greater than 350,000
daltons (2). The glycosaminoglycans are polymers of disaccharide repeats that are
highly sulfated and are, therefore, negative in charge. Many ionic interactions of the
proteoglycan are due tothe negative charge of the attached glycosaminoglycan chains.
Typical glycosaminoglycans attached to the proteoglycan central core protein,
include chondroitin/dermatan sulfate, heparan sulfate, and keratan sulfate. Chon-
droitin sulfate is composed of repeats of glucuronic acid and N-acetylgalactosamine
with sulfate groups in the 4- or 6-position of the amino sugar. Heparan sulfate con-
sists of repeats of glucuronic acid or iduronate and N-acetylglucosamine. Keratan
sulfate contains disaccharide repeats of galactose and N-acetylglucosamine with the
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sulfate at the 6-position of the amino sugar. The remainder of this chapter will focus
on heparan sulfate and heparan sulfate containing cell surface and pericellular
proteoglycans due to their role in key biological processes involved in the regulation
of tissue growth and development.

During the formation of tissues, the regulation of cell migration, proliferation,
and differentiation are central events. The signals governing these processes often
involve the binding of ligands to heparan sulfate. A large portion of the ligand
binding specificity to heparan sulfate is due to structural heterogeneity of the
heparan sulfate chains attached to the proteoglycan core protein.

Il. Heparan Sulfate Synthesis

Heparan sulfate biosynthesis requires the presence of a central core protein which
will be modified by the addition of a linkage region to serine residues that
are followed by a glycine (3, 4). Heparan sulfate is synthesized in the Golgi apparatus
while attached to its core protein (5). The synthesis process consists of three major
steps: chain initiation, chain polymerization, and chain modification (Fig. 1). The
initiation of heparan sulfate synthesis is the formation of tetrasaccharide linkage
region. Xylose (Xyl) is transferred by xylosyltransferase from UDP-Xyl to the
hydroxyl group of specific serine residues on the core protein. Two galactose (Gal)
residues are added by galactosyltransferases I and I, and glucuronic acid (GIcA) is
added by glucuronosyltransferase I to complete the formation of the tetrasaccharide
[-GleA-Gal-Gal-Xyl-(Ser)] linkage region. A single N-acetylated glucosamine
(GlcNAC) is then added to the linkage region by an unique transferase that can
recognize the sites on core protein for heparan sulfate attachment. After the first
GlcNAc residue is attached, GlcA and GlcNAc are alternatively added by a single
heparan sulfate polymerase to form the repeating 1,4-linked disaccharide polymer.
When the 1,4-linked-disaccharide polymer is formed (termed polymerization), the
heparan sulfate chain is subjected to a series of sequential enzymatic modification
reactions. The first modification reaction is the replacement of the N-acetyl group
of GlcNAc residues with a sulfate by N-deacetylase/N-sulfotransferase. Then glu-
curonyl C-5 epimerase epimerizes D-GlcA residues to L-iduronic acid (IdoA).
Following epimerization, the heparan sulfate chain undergoes extensive O-sulfations
by uronosyl-2-O-sulfotransferase, 6-O-sulphotransferase, and 3-O-sulphotransferase.
The uronic acids (GlcA or IdoA) can be sulfated at 2-O position, and the GlcNAc
can be sulfated at the 3-O and 6-O positions.

lll. Molecular Structure of Heparan Sulfate and Binding Ligands

The complicated biosynthetic scheme leads to enormous structural variability in
heparan sulfate chains. Heparan sulfate chains have regions that remain unmodified
(NA domain), segments with contiguous N-sulfated sequences (NS domain), and
mixed sequences with alternating N-acetylated and N-sulfated disaccharide residues
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Figure 1 Scheme of heparan sulfate biosynthesis. Heparan sulfate (HS) synthesis is initi-
ated by formation of a tetrasaccharide (core protein-Xyl-Gal-Gal-GlcA) linkage region.
Then GlcA and GlcNAc are alternatively added to generate the disaccharide HS chain. As
chain elongation proceeds, multiple enzymatic modifications take place sequentially, in which
GIcNAc can be sulfated at N, 3-0O, and 6-O positions, GIcA can be epimerized to IdoA, and
IdoA can be sulfated at 2-O position. Gle, glucose; GlcA, glucuronic acid; GlcNAc, N-
acetylated glucosamine; Gal, galactose; Xyl, xylose; IdoA, L-iduronic acid. (6).

(NA/NS domain). Most of the IdoA units are located within the NS domains and
are 2-O-sulfated, whereas those located outside (mainly in NA/NS domains) are
almost exclusively nonsulfated (7). The presence of the IdoA residues in the
sulfated domains gives these regions considerable conformational versatility,
which may be very important for the selective ligand-binding properties associated
with heparan sulfate (8).

Heparan sulfate can interact with a variety of ligands and thus regulate their
bioactivities. The identified binding ligands include extracellular matrix compon-
ents, cell-cell adhesion molecules, growth factors, lipase, lipoproteins, and many
other proteins (Table 1). Various ligands selectively bind specific heparan sulfate
sequences, and the binding specificity is largely determined by unique modified
residues or precise positioning of sugar units. One of the best characterized heparan
sulfate-ligand interactions is the binding of antithrombin, which inhibits thrombin,
a member of coagulation cascade. Antithrombin interacts with heparan sulfate
through a pentasaccharide sequence in which a unique 3-O-sulfated Gilc is essential
for high-affinity binding (27). Another well-studied interaction is the modulation of
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Table 1 Partial List of Ligands that Bind to Heparin or Heparan Sulfate

Factors Reference

ECM components

Collagen 9
Laminin 10
Fibronectin 11
Thrombospondin 12
Tenasin 13
Cell—cell adhesion molecules
L-selectin 14
N-CAM 15
PECAM 16
Mac-1 17
Growth factors
FGF 18
EGF 19
HGF 20
PDGF 21
TGF B 22
VEGF 23
Lipid metabolism proteins
Lipoprotein lipase 24
ApoE 25
ApoB 26
Blood coagulation factor
Antithrombin III 27
Protein C inhibitor 28
Chemokines and cytokines
IL-2 29
IL-8 30
Microbial pathogens
Herpes simplex viruses 31

Abbreviations: ApoB, apolipoprotein B; ApoE, apolipoprotein E; FGF, fibroblast growth
factor; EGF, epidermal growth factor; HGF, hepatocyte growth factor; IL, interleukin;
N-CAM, neural-cell adhesion molecule; PDGF, platelet-derived growth factor; PECAM,
platelet-endothelial cell adhesion molecule; TGF, transforming growth factor; VEGF,
vascular endothelial growth factor.

fibroblast growth factor-2 (FGF-2) interaction with its receptors by heparan sulfate.
Heparan sulfate forms a low-affinity interaction with FGF-2 leading to the high-
affinity binding of FGF-2 to its receptor forming a ternary signaling complex (32).
The minimal binding structure for FGF-2 is a pentasaccharide with N-sulfated Glc
(GlcNS) units and only one 2-O-sulfated IdoA residue is required for the binding
(33). Herpes simplex virus type I binds cell surface heparan sulfate to gain entry into
cells through viral glycoprotein gB and gC (34). The shortest glycoprotein C-binding
heparan sulfate fragment has been described as 10 to 12 monosaccharide units
containing at least one 2-O- and one 6-O-sulfate group that have to be localized in
a sequence-specific way (35). Distinct heparan sulfate structures for binding have
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also been characterized for other ligands (e.g., hepatocyte growth factor) (20),
transforming growth factor (TGF;22), and fibronectin (36). In these interactions,
various N- or O-sulfate groups have been implicated to play an important role.

IV. Types of Heparan Sulfate Proteoglycans

Heparan sulfate proteoglycans are located at both the cell surface and in the
extracellular matrix, pericellular, surrounding many types of cells in vertebrates
and invertebrates. Members of the cell surface heparan sulfate proteoglycans
include the transmembrane syndecans, betaglycan, CD 44, and the glycosylpho-
sphoinositol (GPI)-linked glypicans. The syndecan and glypican proteoglycan fam-
ilies are involved in the formation of receptor-signaling complexes, especially with
FGF-2. Some of the cell surface proteoglycans like the syndecans are also shed into
the extracellular matrix or serum and become soluble molecules interacting with
other extracellular matrix macromolecules (37, 38). The pericellular heparan sul-
fate proteoglycans surround the cells and include perlecan, agrin, and collagen
XVIIL These proteoglycans lack the ability to attach to or transverse the cell
membrane. Perlecan is located in the basement membrane and, like agrin and
collagen XVIII, is also located in the extracellular matrix.

V. Syndecans

The syndecans are type I transmembrane heparan sulfate proteoglycans that may
also have attached chondroitin sulfate chains. To date there are four members of
the syndecan family, 1-4; the numbering is based on the order of their cloning (39).
Fig. 2 is a generalized schematic of the structure of the syndecans. The syndecans all
have an N-terminal signal peptide, an extracellular or ectodomain that contains
attachment sites for the glycosaminoglycans, a transmembrane domain, and a short
C-terminal cytoplasmic domain containing conserved domain 1, variable domain,
and conserved domain 2. The transmembrane and cytoplasmic domains are con-
served across species and within the syndecan family. The ectodomain containing
serine—glycine repeats for the attachment of glycosaminoglycans is less conserved.
The syndecans are regulators of key cellular activities associated with both celt
proliferation and differentiation. This modulation of cell behavior occurs due to the
interaction of other ligands with the glycosaminoglycan chains, core protein, and
cytoplasmic domain.

The glycosaminoglycan chains of syndecan bind a variety of ligands, most
notably with FGF-2, which is a heparin-binding growth factor. It is thought that the
binding of FGF-2 to the heparan sulfate chain leads to a dimerization of FGF-2
permitting high-affinity binding to its receptor. This is then followed by activation
of intracellular tyrosine kinase signaling pathways. Modifications in the structure of
the heparan sulfate chains, shedding, or degradation of these glycosaminoglycans
will lead to changes in growth factor signal transduction. Salmivirta et al. (40)
showed that heparan sulfate chains need to be attached to a proteoglycan core
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Figure 2 Schematic of the common structural features associated with the syndecans. The
domain structure of the syndecans is illustrated showing the extracellular domain, transmem-
brane domain, conserved domain 1 (C1), variable domain, and conserved domain 2 (C2).

protein like syndecan to bind FGF-2 and extracellular matrix molecules. Chen et al.
(41) have reported that syndecan-2 can function as a co-receptor for TGF-B8
permitting the interaction of TGF-B with its signaling receptor. Unlike FGF-2,
TGF- binds to syndecan-2 at its core protein in the extracellular region.

In addition to the attached heparan sulfate chains, in part, regulating the bio-
logical activity of the syndecans, the syndecan core protein plays a role in syndecan
function. Cell adhesion, migration, and cytoskeletal signaling are some of the pro-
cesses shown to be dependent upon the core protein. Although the syndecans share
common structural features, there are differences in their functional properties as
reflected by their different tissue distributions. Although primarily localized at the cell
surface of epithelial cells (32), syndecan-1 has also been identified in tissues of
mesodermal origin like skeletal muscle (42,43). Syndecan-2 isexpressed by mesenchy-
mal cells, such as fibroblasts and hepatocytes (39, 44). Syndecan-3 is predominant in
neural tissue but is also found in muscle tissue and myogenic satellite cells (39, 45, 46).
Syndecan-4 is the most widely distributed of the syndecans and is expressed by
epithelial and endothelial cells, fibroblasts, muscle cells, chondrocytes, and neural
tissue (45-48).

Syndecan-1 was the first identified member of the syndecan proteoglycan
family (48). Syndecan-1 has been shown to be involved in cell-cell adhesion (50),
and growth factor binding (51, 52). The syndecan-1 cytoskeletal conserved domain
(C2) at the C-terminus can bind proteins at the tetrapeptide sequence EFYA that
contains a PSD-95, Discs-large, and Zonula occludens-1 (PDZ) region. This inter-
action is thought to link syndecan-1 to the cellular cytoskeleton resulting in
reorganization of the actin containing filaments leading to changes in cell shape,
which likely play a role in cell migration. Examples of PDZ containing proteins
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affecting cell morphology and binding to the C2 domain of syndecan-1 include
CASK (53) and syntenin (54).

Fibroblast growth factor-2 is a heparin-binding growth factor that stimulates
cell proliferation and inhibits cell differentiation. Although FGF can bind to its
tyrosine kinase receptor, the low-affinity interaction with heparan sulfate
enables the formation of a high-affinity interaction with its receptor, resulting in
growth factor mediated signaling at low growth factor concentrations. The inter-
action of syndecan-1 with FGF has been shown to play a role in skeletal muscle
development (42), and wound repair (55). During wound repair, syndecan-1 ex-
pression is induced by FGF-2 (56). A 280 bp sequence located -10 kb from the
syndecan-1 translation initiation site functions as a promoter element for the
syndecan-1 response to FGF-2. This 280 bp domain is termed the fibroblast growth
factor-inducible response element. To date, similar elements have not been
reported for syndecans 2 through 4.

VI. Roles of Syndecan in Development
A. Cell Adhesion

For tissue development to proceed, cells must adhere to the extracellular matrix.
After cell adhesion occurs, the processes of cell proliferation, migration, and
differentiation can take place. The adhesion of cells to the extracellular matrix
results in the formation of focal adhesions. Focal adhesion complexes are com-
prised of transmembrane integrin receptors which link the cell to the cell binding
domain of the extracellular matrix macromolecule fibronectin, and intracellular
proteins with both structural and signaling capabilities. The second component of
the focal adhesion complex is the binding of a cell surface heparan sulfate proteo-
glycan to the heparin binding domain of fibronectin (57). Although all the synde-
cans are likely to play a role in the cell adhesion process, syndecan-4 appears to play
a prominent role due to its binding to the heparin binding domain of fibronectin
(58). The cytoplasmic domain of syndecan-4 binds at the variable region to phos-
phatidyl-inositol-4, 5-biphosphate, which enhances binding to activated protein
kinase C (59). The localization of syndecan-4 in the focal adhesion is augmented
by the protein syndesmos which binds to the syndecan-4 cytoplasmic domain (60).
Once the focal adhesion complex is produced with both integrin and syndecan-4
interactions, cell spreading and cellular cytoskeleton actin stress fiber formation
proceeds through a Rho-dependent signaling pathway. Thus, syndecan-4 provides a
linkage between the extracellular and intracellular environments leading to the
activation of signal transduction pathways.

Syndecans are also expressed at sites of cell to cell adhesion. Syndecan-1 is the
earliest of the syndecans to be expressed at sites of cell to cell adhesion in the 16
through 32 cell stage mouse, and is subsequently expressed on all cells of the inner
cell mass in the blastocyst (61). During tissue formation, syndecan-1 expression
has been observed in the epidermis, the tooth, mammary epithelium, and other
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epithelia-derived tissues (62). As development proceeds, syndecan-1 expression
declines in the epithelia tissues and expression increases in the mesenchymal tissue
(60). Throughout development, syndecan-1 is dynamically expressed to function at
specific times.

B. Neuronal Development

Nervous system development occurs in three stages: with the formation of neurons
from neural stem cells (neurogenesis), the guidance of axons to target cells, and the
formation of synapses. Heparan sulfate proteoglycans have been shown to play a
significant role in these stages of neural development due to their regulation of
growth factor signaling, cell adhesion, and assembly of the extracellular matrix.
Syndecan-2 has been shown to be involved in the morphogenesis of dendritic spines
during synaptogenesis. Dendritic spines are small protusions on the surface of
dendrites and are the sites of synapse formation, and receive the majority of
excitatory synapse information. The lack of dendritic spine formation results in
mental retardation as illustrated by fragile X syndrome (63).

The C2 domain EFYA tetrapeptide of syndecan-2 binds to the synaptic PDZ
domain protein CASK. Ethell and Yamaguchi (64) showed that in vitro transfec-
tion of syndecan-2 in rhippocampal neurons results in early dendritic spine forma-
tion. Furthermore, deletion of the syndecan-2 EFYA C2 domain results in a lack of
spine formation (65). In cultured hippocampal neurons, the protein synbindin co-
localizes with syndecan-2 at the dendritic spines (66), with binding at the cyto-
plasmic EFYA region of the syndecan-2 cytoplasmic domain (64). Synbindin is a
neuronal cytoplasmic protein that shares homology to yeast proteins involved in
membrane trafficking and vesicle transport (66). Vesicle transport and trafficking
likely play a role in the maturation of postsynaptic sites (67, 68). Based on the
ligand interaction of synbindin with syndecan-2 and the proposed function of
synbindin, syndecan-2 may function in the translocation of postsynaptic neurotrans-
mitter vesicles, or the recruitment of calcium storing membrane compartments
toward the synapses (66).

Syndecan-3 is localized predominantly in neural axons (69) and binds to
heparin-binding growth associated molecule (HB-GAM). Heparin-binding growth
associated molecule is a conserved extracellular matrix-associated growth factor
(60) that is expressed in outgrowing axonal tracts in the developing brain (70).
Syndecan-3 binds to HB-GAM at its attached heparan sulfate chains. Kinnunen
et al. (71) showed that the binding of syndecan-3 to HB-GAM may activate a
cortactin-Src kinase signaling pathway leading to neurite outgrowth. In this study,
when Src kinase inhibitors were added to neuroblastoma cell cultures transfected
with syndecan-3 and plated on HB-GAM, neurite outgrowth was inhibited.

C. Muscle Development

Skeletal muscle myogenesis is a complex process that involves muscle cell prolif-
eration, migration, adhesion, fusion to form multinucleated myotubes, and further
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differentiation to become mature muscle fibers (72). This process is under precise
control through the interaction of muscle cells with the extracellular environment.
Growth factors like FGF-2 and TGF-B are strong stimulators or inhibitors of
muscle cell proliferation and differentiation, and interact with the cell by binding
to proteoglycans. Syndecans-1 through -4 have been identified in skeletal muscle
(42,73,74). In vitro studies with C,C;, mouse skeletal muscle cells have shown that
syndecan-1, syndecan-3, and syndecan-4 are down-regulated with muscle differen-
tiation with expression being higher during the proliferation stage. Syndecan-2
expression remained constant during both in vitro muscle cell proliferation and
differentiation. Larrain et al. (75) showed that C,C;; cells overexpressing syndecan-1
had a 6- to 7-fold increase in fibroblast growth factor responsiveness and a cor-
responding decrease in the expression of, myogenin, creatine kinase, and myosin, key
factors associated with muscle differentiation. Their results are suggestive of syn-
decan-1 playing a role in the terminal differentiation of muscle cells.

Postnatal muscle growth occurs through the activation of myogenic satellite
cells. Satellite cells are located between the basement membrane and the sarco-
lemma of skeletal muscle fibers (76) and donate their nuclei to adjacent muscle fibers
(77-79) leading to postnatal muscle growth through the process of hypertrophy. In
the adult, satellite cells remain quiescent and are activated to repair and regenerate
skeletal muscle. Therefore, understanding the role that syndecans may play in the
regulation of FGF-2 signaling in in vivo muscle formation is of significance for both
postnatal muscle formation and the regeneration of muscle in adults.

In studies by Cornelison et al. (46), the expression of syndecans-1 through -4
was studied in embryonic, fetal, postnatal, and adult muscle tissue, and primary
adult muscle fiber cultures. They identified the expression of syndecans-1, -3, and -4
in developing muscle tissue, and syndecan -3 and -4 expression in adult muscle
tissue was restricted to quiescent satellite cells. Upon satellite cell activation and
subsequent fusion with existing myofibers, syndecan -3 and -4 expression was
detected for at least 96 h. Disruption of heparan sulfate proteoglycan sulfation by
the addition of chlorate delayed satellite cell proliferation. These data provide
strong evidence that the heparan sulfate proteoglycans, syndecan-3 and -4, may
be critical in maintaining satellite cell quiescence, activation, proliferation, and
differentiation during the regeneration of skeletal muscle. Initial data reported by
Casar et al. (80) provide the first in vivo evidence suggesting the requirement for
syndecan-3 expression for successful skeletal muscle regeneration. In this study,
inhibiting syndecan-3 expression resulted in normal muscle cell proliferation, but a
decreased capacity of the cells to differentiate and form skeletal muscle fibers.

Vil. Glypicans

Glypicans unlike the syndecans are not transmembrane heparan sulfate proteogly-
cans, but attached to the cell surface through a GPI lipid anchor. Fig. 3 presents a
generalized schematic of the glypican structure. There have been six vertebrate
glypicans identified: glypican-1 through -6, whose structure is conserved between
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the different forms of glypican. The glypicans contain an N-terminus signal sequence,
followed by a globular domain containing multiple cysteine residues, a glycosami-
noglycan attachment domain, and a C-terminus that results in the formation of the
GPI anchor to the cell surface. Glypicans tend to localize at membrane areas that are
rich in cholesterol or lipids, and on the surface of polarized cells. To date, only
heparan sulfate chains have been reported to be attached to the glypican core
protein. The heparan sulfate chains show diversity in their structure due to modi-
fications occurring after the attachment of the glycosaminoglycans to the core
protein. Mertens et al. (81) showed that the amount of heparan sulfate determines
where glypican will localize on the cell surface.

Similar to the syndecans, the glypican family binds to ligands including growth
factors like FGF-2 that permit a high-affinity interaction with their respective
receptors activating cell signaling pathways. Unlike the syndecans which can
make direct contact with internal cytoskeletal components to activate signal trans-
duction pathways, glypican activation of signaling pathways must be indirect and
involve other transmembrane molecules, since glypican does not contain a trans-
membrane domain.

Although the function of each of the glypicans is not completely understood,
each of the glypicans is differentially expressed during development. Glypican-1 is
found in the brain, kidneys, skeletal muscle, and several other tissues (82-84).
Glypican-2 is located in the developing nervous system (85); Glypican-3 in meso-
dermal tissue and during intestine development (86); Glypican-4 in the blood
vessels, kidney, brain, and adrenal cortex (87); Glypican-5 in the kidney, limb,
and brain (88, 89); and Glypican-6 expression is widespread with predominant
expression in the human fetal kidney and adult ovary. Expression has also been
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Figure 3 Schematic illustration of the structure of the glypicans. The complete structure of
the glypicans is located extracellularly with the core protein attached to the cell surface
through a glycosylphosphoinositol (GPI) anchor. The globular domain is composed of many
disulfide bridges and the heparan sulfate chains are attached to the non-globular portion of
the core protein.
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detected in smooth muscle cells lining the aorta, mesenchymal cells of the intestine,
kidney, lung, teeth, and gonads (90).

VIIl. Roles of Glypican in Tissue Development
A. Cell Growth Control

Glypican-3 has been shown to play a role in the control of cell growth through the
induction of apoptosis (91). Mutations in glypican-3 result in cell overgrowth.
Control of cell growth is a function not usually attributed to cell surface heparan
sulfate proteoglycans. Simpson-Golabi-Behmel syndrome (SGBS) is an X-linked
disorder characterized by both pre- and postnatal overgrowth. A wide variety of
clinical symptoms have been reported with this syndrome, which include heights
over 6.5 ft in affected males, polydactyl, supernumerary nipples, cleft palate,
congenital heart defects, higher risk for tumor development during early childhood,
vertebrate and rib abnormalities, hernias, and altered facial appearance (92).

In cases of SGBS, a number of different small deletions or point mutations
have been identified in glypican-3 (93-95). At this time, it is not possible to
correlate glypican-3 gene mutations with the clinical phenotype, except to recog-
nize the lack of a functional glypican protein. The mechanism for how glypican-3
regulates cell growth is not completely understood. However, one of the primary
means in which glypican-3 may modulate cell growth is through glypican-3 acting as
a regulator of insulin growth factor II (IGF-II) levels. Insulin growth factor Il is a
stimulator of both cell growth and differentiation. Beckwith-Wiedemann syndrome
shares several clinical features with SGBS and results from an overexpression of
IGF-IL Pilia et al. (92) hypothesized that glypican-3 functions as a negative regu-
lator of IGF-II through the binding of IGF-II to the glypican-3 core protein. Studies
addressing this hypothesis have not been conclusive, and it is likely that glypican-3
modulates other signaling pathways controlling cell growth. In glypican-3 knock-
out mice, developmental overgrowth of tissues occurs as in SGBS but circulating
IGF-11 levels do not differ from normal control mice.

B. Skeletal Muscle Development

Glypican-1 expression has been identified during skeletal muscle development (96).
During skeletal muscle formation, syndecan-1 levels are high during the prolifer-
ation of muscle cells followed by an increase in glypican-1 expression during muscle
cell differentiation (82). Both syndecan-1 and glypican-1 function in the signaling of
FGF-2. Fibroblast growth factor 2 is a potent stimulator of muscie cell proliferation
and a strong inhibitor of muscle cell differentiation. The differences in syndecan-1
and glypican-1 expression suggest that these proteoglycans function in a differential
manner in the signaling of FGF-2. Brandan and Larrain (73) hypothesized, based
on differences in their in vitro expression in myogenic cell cultures, that syndecan-1
may increase muscle cell proliferation by presenting FGF-2 to its receptor, and
glypican may sequester FGF-2 to permit differentiation to proceed. Conclusive
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evidence has not yet been obtained to support this hypothesis. Syndecans-2 through -4
are also expressed during skeletal muscle development, and their role in FGF-2
signaling is not well understood at this time. Therefore, it is likely that the hypoth-
esis put forth by Brandan and Larrain (73) represents just one aspect of cell surface
heparan sulfate proteoglycan regulation of skeletal muscle development.

C. Nervous System Development

The best characterized of the glypicans during development of the nervous system
is glypican-4. Glypican-4 is expressed in the ventricular zone of the developing
brain (97). Expression of glypican-4 is limited to only neuronal cells that express
stem cell properties. Once the cells are committed, glypican-4 expression ceases
(97). Neuronal stem cells are cells that can differentiate into neurons, astrocytes,
and oligodendrocytes. Glypican-1 is also expressed in the ventricular zone, and is
detected in postmitotic and differentiated neurons (98). Glypicans-2 and -5 are
expressed in postmitotic neurons (88, 99).

Growth factor regulation is one of the critical elements during neurogenesis. It is
likely that the different forms of glypican are involved in the regulation of FGF-2.
Fibroblast growth factor 2 plays a role in the proliferation and differentiation of
neural stem cells in the cerebral cortex. Levels of FGF-2 have been shown to influence
the development of neural stem cells (100). High concentrations result in stems cells
becoming glial cells, and low concentrations result in the generation of neurons. The
mechanisms for how glypican regulates FGF-2 signaling and the specificity of the
different forms of glypican in neuronal development are still an enigma.

IX. Betaglycan and CD44
A. Betaglycan

Betaglycan is a transmembrane heparan and chondroitin sulfate proteoglycan with
an extracellular domain that functions as a coreceptor for TGF-8 by binding it to the
betaglycan core protein (101). Transforming growth factor-B exerts its biological
effects through the activation of two high-affinity serine/threonine kinase receptors,
type II (TBRII) and type I (TBRI) (102). Initial binding of TGF-B is to the TBRII
receptor and is followed by the subsequent formation of a TBRII-TBRI complex. The
complex formation results in TBRII phosphorylating TBRI and the phosphorylation
of the receptor-associated molecules Smad2 and Smad3 by TBRI. Betaglycan binds
to TGF-B through its core protein, not heparan or chondroitin sulfate chains. Beta-
glycan does not have any signaling activities on its own but affects the affinity of
TBRIand TBRII for TGF-B. The transmembrane form of betaglycan, when bound to
TGF-B, increases the affinity of TGF-8 for TBRII (103). This upregulates cellular
responsiveness to TGF-B, especially the TGF-B2 form of TGF-8 (103).

A soluble or shed form of betaglycan exists and is found in serum, extracel-
lular matrices, and conditioned medium during in vitro cell culturing. For shedding
to occur the extracellular or ectodomain of betaglycan is enzymatically cleaved.
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According to a recent study by Velasco-Loyden et al. (104), betaglycan shedding is
regulated by matrix metalloproteases (MT-MMP), MT1-MMP and MT3-MMP. In
contrast to the transmembrane form of betaglycan functioning as an enhancer to
TGF-B mediated signaling, the soluble form inhibits TGF-B activities. Therefore,
betaglycan may function as both an enhancer and inhibitor of TGF-B mediated
signal transduction, and it is likely that the regulation of the expression of the
betaglycan transmembrane form and cleavage to the soluble form are critical in the
cellular response to TGF-B.

B. CD44

The CD44 is a cell surface glycoprotein with multiple forms generated from a single
gene by alternative splicing of its mMRNA. The functions of CD44 in cell-to-cell and
cell-extracellular matrix interactions are largely influenced by the form of CD44
being expressed. The CD44 protein is composed of 19 exons with 12 exons contain-
ing variable splice sites (105). The different CD44 isoforms can be differentially
modified with chondroitin sulfate, heparan sulfate, and keratan sulfate. Heparan
sulfate is only added to exon V3 at the Ser-Gly-Ser-Gly site (106). This variant of
CD44 can act as a low-affinity receptor for fibroblast growth factor.

X. Pericellular Heparan Sulfate Proteoglycans

In addition to the cell surface heparan sulfate proteoglycans, there is a group of
heparan sulfate proteoglycans that do not contain the core protein motif to associ-
ate with the cell plasma membrane and are located in the extracellular matrix near,
pericellular, the cells. Heparan sulfate proteoglycans belonging to the periceliular
group include perlecan, agrin, and collagen XVIIIL

A. Perlecan

Perlecan is a ubiquitous heparan sulfate proteoglycan found in all basement mem-
branes (107). Perlecan was named for its appearance in rotary shadowing electron
microscopy in that it looked like pearls on a string. Fig. 4 presents an illustration of
the perlecan proteoglycan. The perlecan core protein is approximately 400 kDa
with five unique domains. Domain I contains 3 heparan sulfate chains and a sperm
protein enterokinase domain (110, 111). Domain II contains a low-density lipopro-
tein receptor and one Ig-like repeat; domain III is structurally similar to the short
arm of the laminin A chain connected by laminin-1 epidermal growth factor-like
repeats; domain IV contains neural cell adhesion molecule IgG-like repeats and
binds to nidogens, laminin-nidogen, fibronectin, and heparin (112); and domain V
has three laminin-1 globular homology domains connected by epidermal growth
factor-like repeats and promotes beta 1 integrin-mediated cell adhesion, and binds
to heparin, nidogen, and fibulin-2 (113).

Perlecan is essential for normal development to proceed. Results from perle-
can gene knockout studies have shown that 40% of the mice die at embryonic day
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Figure 4 Schematic illustration of perlecan structure. Perlecan is comprised of five unique
domains, each of which contains distinct protein modules. Domain I has three attachment sites
for heparan sulfate chain attachment and a SEA module. Domain II has an LDL receptor class
A module and one Ig-like repeat. Domain II1 has three laminin-1 globular homology domains
(homologous to the short arm of laminin-1) connected by laminin-1 EGF-like repeats. Domain
IV has multiple Ig-like repeats (21 repeats in human). Domain V has three laminin-1 globular
homology domains (homologous to G domain of laminin-1) connected by EGF-like repeats.
SEA, sperm protein, enterokinase, and agrin; LDL, low-density lipoprotein; EGF, epidermal
growth factor. (108, 109).

10.5 with abnormal cephalic development and the remaining mice died shortly after
birth with skeletal dysplasia (114). These results suggest that perlecan may play a
structural role in the appropriate development of cartilage.

Perlecan null mice develop severe myocardial dysfunction between embry-
onic days 10 to 12 (115). The homozygous knock-outs died by cardiac arrest
between embryonic days 10 to 12 with a loss of normal basement membrane struc-
ture surrounding the myocardial cells and the appearance of holes in the heart.
Costell et al. (115) have hypothesized that the basement membrane structure
without the expression of perlecan is functionally comprised and when the intra-
ventricular blood pressure increases, the mice enter cardiac arrest.

Basement membranes located at neuromuscular junctions are enriched in
perlecan (116). Acetylcholine, a neurotransmitter in skeletal muscle, binds to the
acetylcholine receptor on the responding muscle cell surface and activates sodium
channels inducing the contraction of muscle. Other macromolecular molecules
localized in the neuromuscular junction include acetylcholinesterase, agrin, dystro-
glycan, rapsyn, and utrophin (117). Perlecan-null mice exhibit an absence of
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acetylcholinesterase at the neuromuscular junction. Acetylcholinesterase synthesis
is not affected by the absence of perlecan but the localization is modified, indicating
that perlecan plays an essential role in the macromolecular organization of the
neuromuscular junction (118).

B. Agrin

Agrin is a proteoglycan that contains both chondroitin and heparan sulfate
attached glycosaminoglycan chains. Neurite outgrowth is inhibited by agrin in
ciliary ganglia, dorsal root ganglia, retina, and hippocampus {119-123). The inhibi-
tory function of agrin is limited to the N-terminus that contains heparan sulfate and
chondroitin sulfate. A recent study by Baerwald-De La Torre (124) has reported
that the agrin N-terminus inhibits neurite outgrowth by both glycosaminoglycan-
dependent and -independent mechanisms. The N-terminal domain was divided into
half. The more N-terminal fragment required the presence of the heparan sulfate
chains to inhibit neurite outgrowth, whereas the more C-terminal portion of the
N-terminus contains both heparan sulfate and chondroitin sulfate chains which
contributed to inhibition of neurite outgrowth, but were not required for the
inhibitory activity.

C. Collagen XVill

Collagen XVIII is a heparan sulfate containing proteoglycan containing eight
potential glycosaminoglycan glycosylation sites (125) localized in endothelial and
epithelial basement membranes. A C-terminal peptide of collagen XVIII showed
both anti-angiogenic and anti-tumor properties (126, 127). These discoveries have
brought much research attention to collagen type XVIII. However, the angiogenic
effects are limited to blood vessel development in only the eye, as shown through
collagen XVIII null mice (128).

L-selectin functions as a lymphocyte receptor during lymphocyte migration
to peripheral lymph nodes (129), and leukocyte migration into inflamed tissue
(130, 131). Kidney L-selectin has been shown to bind both chondroitin and heparan
sulfate proteoglycans (132). Purification of the L-selectin binding heparan
sulfate proteoglycan has identified the proteoglycan as collagen type XVIII
(133). In addition to interacting with L-selectin, collagen type XVIII in the kidney
binds to monocyte chemoattractant protein-1 and induces integrin activation
of monocytes. Based on these interactions, it is possible that kidney collagen
type XVIII links L-selectin and integrin mediated cell adhesion during renal
inflammation (133).

Xl. Role in Disease Pathogenesis
A. Alzheimer's

Patients with Alzheimer’s Disease have extensive neurofibrillary tangles, senile
plaques, and vascular amyloid angiopathy in their brain tissue (134). The
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senile plaques and cerebrovascular amyloid angiopathy contain amyloid 8 protein
(135). The neurofibriliary tangles are composed of aggregates of hyperphosphory-
lated tau protein (136, 137). Heparan sulfate proteoglycans have been identified in
senile plaques, tangles, and areas of cerebrovascular amyloid angiopathy (138, 139).

Heparan sulfate proteoglycans identified in Alzheimer’s patients include
perlecan, agrin, syndecan-1 through -3, and glypican-1. Perlecan expression is limited
to senile plaques in the cortex but not cerebellum. The cortex is not the usual site
for senile plaque formation (140). Based on the binding of perlecan to amyloid
protein and the amyloid precursor protein, it is possible that perlecan may play a role
in amyloid fibril formation (141). Verbeek et al. (142) through immunohistochemical
analysis showed that agrin is localized in senile plaques, neurofibrillary tangles, and
cerebral blood vessels. Syndecan-1 through -3 and glypican-1 were also identified in
the senile plaques and neurofibrillary tangles at a lower frequency than agrin. These
results suggest that agrin, syndecans-1 through -3, and glypican-1 may play a role in
senile plaque formation associated with Alzheimer’s disease.

B. Cancer

Heparan sulfate proteoglycan expression has been shown to be associated with
several types of cancer, including breast, pancreatic, and osteolytic myeloma tumor
metastasis. Syndecan-1 is the predominant proteoglycan expressed on the cell surface
of myeloma cells. In some patients, the myeloma syndecan-1 is shed at high levels into
the serum (143). Patients with serum levels of syndecan-1 five times higher than
normal have a poor prognosis (144), suggesting that syndecan-1 may be involved
with the progression of osteolytic tumor growth. The soluble syndecan-1 contains the
extracellular domain with the attached heparan sulfate chains. The presence of the
heparan sulfate chains allows the soluble syndecan-1 to continue to interact
with heparan sulfate binding ligands like FGF-2. Sanderson et al. (145) have found
that soluble syndecan-1 transfected cells are hyperinvasive compared to control cells.
Soluble syndecan-1 may, therefore, play a role in increasing the invasiveness of
myeloma tumor cells by promoting tumor growth within the bone microenvironment.

Similar to myeloma tumors, metastatic breast carcinoma has the capability to
grow in bone. Heparan sulfate proteoglycans may play a key role in the prolifer-
ation of breast tumors. Breast carcinoma cells have an enhanced ability to promote
the formation of FGF-2 receptor complexes compared to normal breast epithelial
cells (146). This increased interaction with FGF-2 likely stimulates carcinoma cell
proliferation, as FGF-2 is a potent stimulator of cell growth. Barbareschi et al. (147)
reported that high expression of syndecan-1 is associated with a poor prognosis and
an aggressive phenotype.

One potential therapy for the treatment of cancer is the modification of
heparan sulfate chains. Treatment of heparan sulfate with bacterial heparanase III
inhibited both tumor cell proliferation and metastatis {148). In addition to enzymatic
digestion of heparan sulfate, other possible approaches to modify the heparan sulfate
chains to inhibit tumor cell growth include: antisense or siRNA technology to reduce
the expression of heparan sulfate or heparan sulfate consensus peptides that will bind
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to heparan sulfate ligand functional domains and block interactions with ligands, like
FGF-2 that stimulate tumor cell growth and metastatis.

Xll. Summary

The heparan sulfate proteoglycans represent a large family of both cell surface and
pericellular macromolecules. Although not completely understood at this time, it is
clear that subtle changes in heparan sulfate structure and macromolecular organ-
ization of the core protein can dramatically affect their function. The heparan
sulfate proteoglycans are involved in both the development of tissue and organ
systems, as well as disease pathogenesis. However, much still needs to be learned
with regard to heparan sulfate proteoglycan function and structure. Some of the
areas which require further investigation include: (1). how the fine structure of
the heparan sulfate chains is regulated and what are the functional outcomes
of structural modifications to the chains?, (2). what are the mechanisms that
regulate the developmental and cell-specific expression of the different heparan
sulfate proteoglycans?, (and 3). heparan sulfate proteoglycans within the same
family as the syndecans or glypicans are structurally similar, what regulates their
distinct functions? The answers to these questions and others will further our
knowledge of the biology and functions of the heparan sulfate proteoglycans.
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l. Introduction

Heparin (HP) and heparan sulfate (HS) are complex, linear, acidic polysaccharides
belonging to the glycosaminoglycan (GAG) family. In biological systems, they can be
found on the cell surface, in the extracellular matrix, and intracellular granules. They
can be either attached to a protein core (HS) or in a free form (HP). Heparin is a well-
known anticoagulant drug and is extensively used in medical practice. It is widely
used during heart surgery and in the prevention of postoperative thrombosis. The
molecular basis for the anticoagulant function of heparin was elucidated in the early
1980s when a distinct pentasaccharide sequence within heparin chains was identi-
fied as being crucial for binding and activating antithrombin III, leading to accel-
erated inhibition of the coagulation cascade (1,2). Over the last 20 years, heparin
and heparan sulfate have been shown to interact with a large number of important
proteins thereby regulating a range of biological activities including cell prolifer-
ation, inflammation, angiogenesis, viral infectivity and development (3,4). Due to
the structural diversity exhibited by these molecules, it is believed that possibly
unique (in some cases) or most likely an ensemble of structural motifs might be
responsible for different interactions. Therefore, it has become increasingly impor-
tant to interpret the structural information represented in these complex molecules
in order to enable a better understanding of their structure—function relationship.
In this chapter we will discuss some of the established techniques, as well as
emerging approaches, that are being used to probe the structure of heparin and
heparan sulfate.
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Il. Structure of Heparin and Heparan Sulfate

Heparin and heparan sulfate are complex mixtures containing linear chains of
repeating disaccharide units consisting of a glucosamine and uronic acid. The initial
disaccharide unit that constitutes the growing chain during biosynthesis is a
p-glucuronic acid B-1,4 linked to a p-N-acetylglucosamine. These units are linked
to each other via an «-1,4 linkage. The subsequent biosynthetic modifications pro-
ceed in a sequential manner, beginning with the N-deacetylation and N-sulfonation
of glucosamine residues within the chains. This is followed by epimerization of the
glucuronic acid to iduronic acid and O-sulfonation at either the C-2 of the uronic acid
or the C-6 of the glucosamine. The final modification step in this pathway is
the O-sulfonation at the C-3 of the glucosamine. Each of these biosynthetic reactions
is dependent on the previous modification to some extent, as products of one step can
often act as substrates for the subsequent one. Another aspect of this pathway
that has an important bearing on the final outcome is that each of these steps
does not proceed to completion. Thus, the resulting chain can be differen-
tially modified in various regions and this variability can extend between different
chains as well. This accounts for the structural heterogeneity observed in these
molecules. The structure of the predominant disaccharide sequence in heparin and
heparan sulfate is shown in Fig. 1. The average heparin disaccharide contains ~2.7
sulfo groups whereas heparan sulfate contains ~1 sulfo group per disaccharide.
Also, while L-iduronic acid predominates in heparin, the D-glucuronic acid epimer

A .
CH,080;
o] 0]
Coo™
OH OH
O
NHSO; 0S0;
B
CH,OH coo™
0 0
OH OH ©
0O
NHAc OH

Figure 1 The major repeating disaccharide unit in (A) heparin and (B) heparan sulfate.
Structural heterogeneity arises from the variable presence of either acetyl or sulfo groups at
the N-position, sulfation at the 2-O-position on the uronic acid or 6-O- and 3-O-positions on
the glucosamine, and epimerization at the C-5 of the uronic acid.



Methods for Structural Analysis of Heparin and Heparan Sulfate 57

represents the majority of the uronic acid present in heparan sulfate. As such,
heparin is often referred to as the more completely modified version of heparan
sulfate and also possesses the highest negative charge density of any known bio-
logical macromolecule. While heparan sulfate contains all of the structural variations
found in heparin, the frequency of occurrence of the minor sequence variations
is greater than in heparin. Therefore, the extent of structural heterogeneity observed
in heparan sulfate is usually greater. Both heparin and heparan sulfate chains
are polydisperse, with a broad molecular weight distribution. Heparan sulfate
chains are generally longer than heparin chains, and have an average molecular
weight of ~30 kDa as compared to ~15 kDa for heparin. This structural variability
at multiple levels makes heparin and heparan sulfate very challenging molecules to
characterize.

lll. Separation-Based Analysis of Heparin and Heparan Sulfate

While initial methods of analysis relied on chemical processes for specifically de-
grading these sugars, the isolation and characterization of the heparin lyase enzymes
(5,6) expanded the analytical tool kit with which these molecules can be studied.
These enzymes, based on their substrate specificity, enable breakdown of HP and HS
into smaller units that can be analyzed by known separation techniques like high
performance liquid chromatography (HPLC). Powerful separation technology is a
key element for the analysis of these sugars as they are complex mixtures with many
structurally variable components. The ability to detect these components effectively
after separation is also another important issue that affects the ability to analyze
them. Different separation approaches based upon HPLC, gel electrophoresis and
capillary electrophoresis have been developed for the analysis of HP and HS. Vari-
ous different modes of detection including ultraviolet (UV) absorbance and fluores-
cence have also been explored. These approaches are highlighted in this section.

A. High Performance Liquid Chromatography Analysis

A broad range of high-performance liquid chromatography (HPL.C) techniques are
available for the analysis of GAGs. The utility of HPLC for analysis of HP and HS
includes identifying and purifying different types of GAGs, measuring the molecu-
lar weight, establishing their disaccharide building blocks and providing a compli-
mentary tool for sequencing. A majority of the approaches used for heparin and
heparan sulfate analysis are based upon either anion-exchange or reversed phase
ion-pairing chromatography.

Among silica-based anion-exchangers there are two main groups; strong base
anion-exchangers carrying quaternary ammonium groups and weak base anion-
exchangers, carrying tertiary amine groups. Linhardt er al. developed quaternary
amine based strong anion-exchange (SAX) technology for purification, oligosac-
charide mapping, and characterization of heparin and heparan sulfate-derived



58 L Capila, N. S. Gunay, Z. Shriver and G. Venkataraman

oligosaccharides from both commercial and biological sources (7,8). This technique
involves separation of oligosaccharide species by their charge using salt gradient
elution from 200 mM to 1-2 M sodium chloride. Karamanos et al. utilized reversed
phase ion-pairing HPLC for the disaccharide composition analysis of dermatan
sulfate (DS), chondroitin sulfate (CS), heparin (HP) and heparan sulfate (HS). In
this procedure a binary acetonitrile gradient system with tetrabutylammonium as
an ion-pairing reagent was used (9,10). More recently Chai et al. reported the use of
a porous graphitized carbon (PGC) HPLC column run with an acetonitrile gradient
for the analysis of oligosaccharides which are derived from partially N-deacetylated
Escherichia coli K5 polysaccharide after heparin lyase III degradation (11). For
most of these analyses, the oligosaccharides being analyzed are generated by action
of heparin lyases that cleave the chain via a B-elimination mechanism. This gener-
ates an unsaturated uronic acid (A*°-hexuronic acid) at the nonreducing end of
each oligosaccharide, thereby enabling UV detection at 232 nm. In cases where the
cleavage mechanism does not allow for the incorporation or generation of an easily
detectable tag, other derivatization methods have been explored. Derivatization of
glycosaminoglycans also represents a way to increase the sensitivity of the analysis,
especially when dealing with small amounts of sample isolated from biological
sources. Kinoshita and Sugahara developed a precolumn derivatization method
for disaccharide composition analysis of CS, HP and HS and also for sequencing
of CS-derived hexasaccharides (12). Disaccharides and oligosaccharides were deri-
vatized at their reducing end with a fluorophore (2-aminobenzamide) and separ-
ation was conducted using an amine-bound silica column with a linear gradient of
sodium monophosphate (NaH,PO,). Sensitivity of the disaccharide composition
analysis was at the picomole level. Another study reported the analysis of GAG-
derived disaccharides after their derivatization with dansylhydrazine (13). The
separation was performed on p-Bondapack NH; (aminopropylmethsilyl bonded
amorphous silica) column with isocratic elution using acetonitrile/100 mM acetate
buffer (90:10) pH 5.6 and monitored by fluorescence detection.

Sample preparation procedures for precolumn HPLC are usually tedious and
time-consuming because removal of excess labeling reagent and interfering com-
pounds is not straightforward. To address these issues, Toida and coworkers devel-
oped a fluorimetric postcolumn derivatization method for the disaccharide
composition analysis of CS/DS and HP/HS from commercial and biological sources
(14,15). The same research group also introduced a new, rapid reversed phase ion-
pairing (RPIP)-HPLC method with postcolumn derivatization for the disaccharide
composition analysis (16). The HPLC system includes: (1) a gradient pump; (2) a
chromatointegrator; (3) fluorescence spectrophotometer; (4) a double plunger
pump for the reaction solution; (5) dry reaction bath; (6) sample injector; and
(7) a column heater. The eluents for the gradient include water, 200 mM sodium
chloride, 10 mM tetra-n-butylammonium hydrogen sulfate, and 50% acetonitrile.
To the effluent are added aqueous (0.5-1%) 2-cyanoacetamide solution and 0.25-
1 M sodium hydroxide using a double plunger. The mixture passes through
a reaction coil set in a dry temperature-controlled bath at 125°C, followed by a
cooling coil. The effluent is monitored fluorimetrically. This methodology has broad
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applicability and has been utilized for analyzing heparan sulfate from human liver
tissue as well as capsular polysaccharides like K4 (17,18).

The recent availability of recombinant exolytic lysosomal enzymes that act on
GAGs has allowed their exploitation for exosequence analysis of HP/HS derived
oligosaccharides (19). In this method, a combined chemical and enzymatic scission
protocol has been used for sequencing. Briefly, oligosaccharides were radiolabeled
at their reducing end with *H (tritium), followed by partial deaminative cleavage
with nitrous acid at low pH to yield *H-labeled intermediate fragments. The nitrous
acid treatment not only reflects the position of N-sulfated glucosamine (GIcNS)
but also makes the internal sequence amenable to the action of lysosomal exoen-
zymes. The nitrous acid fragments were incubated with enzymes such as iduronate
2-O-sulfatase (I12Sase); iduronidase (IdoAase); glucosamine 6-O-sulfatase (6Sase);
a-N-acetylglucosaminidase singly or in combination, and digestion products were
analyzed by SAX-HPLC. Sequence determination was achieved by enabling the
positioning of GlcNS residues and a clear observation of shifts in elution positions
of the fragments on SAX-HPLC after exoenzyme treatment. The regular disac-
charide composition analysis by SAX-HPLC was used to confirm the structures
of sequenced oligosaccharides. This technology has been applied for the sequenc-
ing of major oligosaccharides released from **SO, metabolically radiolabeled
mastocytoma heparin by partial nitrous acid degradation (20).

B. Gel Electrophoresis

Polyacrylamide gel electrophoresis (PAGE) has been widely used for the analysis
of glycosaminoglycans and glycosaminoglycan-derived oligosaccharides prepared
by enzymatic and chemical methods. Cowman et al. first described the separation of
GAGs and their oligosaccharides in a 10% polyacrylamide gel matrix visualized by
alcian blue staining (21). Rice ef al. introduced the use of a discontinuous gradient
PAGE system for high-resolution analysis of HP/HS oligosaccharides (Fig. 2) (22).
Edens et al. demonstrated that PAGE analysis could be a useful method for
determining the molecular weight (number-averaged My, weight-averaged Mw
and polydispersity, P) of heparin and low molecular weight heparins (23). Gel
electrophoresis based separation has also been used for development of a sequen-
cing approach for heparin and heparan sulfate (24,25). In this methodology, the
reducing end of the oligosaccharide was labeled with a sensitive fluorophore. This
was followed by partial chemical degradation with nitrous acid at low pH and
digestion of the fragments generated with a combination of exosulfatases and
exoglycosidases. This method is in principle similar to the sequencing strategy
described in the preceding section for HPLC separation.

Volpi et al. developed the application of agarose gel electrophoresis, coupled
with a different staining procedure, for the analysis of GAGs. Using this procedure,
nonlabeled GAGs could be resolved by agarose gel electrophoresis and visualized
using staining with toluidine blue followed by Stains-All procedure (26). This
method is applicable for analysis of all types of GAGs, nonsulfated polyanions, as
well as identification and quantification of the contaminants of other polysaccharides
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Figure 2 Gradient PAGE analysis of heparin-derived oligosaccharide mixtures. Lane 1:
fully sulfated octasaccharide standard, lane 2: oligosaccharide mixture from bovine lung
heparin with fully sulfated oligosaccharides from dp 4 to 20 labeled, lane 3: porcine intestinal
heparin hexasaccharide (dp 6) mixture, lanes 4-7: bovine lung heparin size fractionated
mixtures; dp 10, 12, 8 and 6 respectively. Reprinted from Gunay, NS, Linhardt RJ. J
Chromatogr A 2003; 1014:225-233, with permission from publisher.

within GAG preparations. The same group also applied this method for blotting and
immobilization of several nonsulfated and sulfated complex polysaccharides on
nitrocellulose membranes (27). In this method, after the separation of polysacchar-
ides on agarose gel, the species were transferred to nitrocellulose membranes deri-
vatized with cationic detergent cetylpyridinium chloride. After reversible staining,
single species were extracted from membrane for further characterization. It was
reported that GAG recovery ranged between 70 and 100%. This technique
was subsequently also adapted for the specific immunodetection of GAGs by
antibodies (28).
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C. Capillary Electrophoresis

Capillary electrophoresis (HPCE or CE) is a high-resolution (10°-10° theoretical
plates/m) separation technique that combines the characteristics of traditional
PAGE and HPLC. CE seems to have an almost universal applicability and is
used for peptides and proteins, oligonucleotides and nucleic acids, carbohydrates,
different types of noncovalent complexes, and even small molecules (29-32). The
wide applicability of CE is primarily because of the advantages of this technique,
which include: (1) extremely high separation efficiency; (2) online detection;
(3) short analysis time CE; (4) very low consumption of samples and buffers; and
(5) automated and reproducible analysis.

Capillary electrophoresis was first applied to acidic oligosaccharides for
the total compositional analysis of chondroitin sulfate-, dermatan sulfate-, and
hyaluronan-derived disaccharides (33-35). The analysis of heparin and heparan
suifate-derived disaccharides has been developed under reversed polarity, using
low pH buffer systems (36). All known 12 unsaturated disaccharides derived
from heparin and heparan sulfate can be separated in a single run of 15 min
with detection at 232 nm in a reversed polarity mode (Fig. 3) (37). Pervin et al.
compared the CE resolution of 13 heparin-derived oligosaccharides of sizes ranging
from disaccharide to tetradecasaccharide under either normal or reversed polarity
(38). It was observed that oligosaccharides are less well resolved under acidic
conditions using reversed polarity than normal polarity mode at alkaline condi-
tions. The resolution of reversed-polarity separation decreases with increasing
oligosaccharide size. It has also been reported that addition of electrolyte additives
to the separation buffer enhances the resolution. Heparan sulfate-derived disac-
charides were efficiently separated with alkaline borate containing triethylamine as
an electrolyte additive under normal polarity mode (39). This approach was also
successfully applied on the analysis of mixtures containing heparin and dermatan
sulfate disaccharides.

Sensitivity and resolution of separation of carbohydrates can be improved by
derivatization of these molecules. The most common method for the derivatization
is reductive amination. The reductive amination reactions take place between the
reducing end of the sugar and an amino group on the labeling reagent using sodium
cyanoborohydride as a reducing agent. The most commonly used fluorophores
include: 2-aminopyridine (2-AP) (40); 2-aminoacridone (AMAC) (41); 7-amino-1,
3-naphthalene disulfonic acid (42); p-aminobenzoic acid (43); 8-aminopyrene-1, 3,
6-trisulfonate (APTS) (44). Fluorescent labeling of saturated and unsaturated
saccharides with 2-aminoacridone (AA) enabled the separation of chondroitin
sulfate- and heparan sulfate-derived disaccharides, and oligosaccharides and sub-
sequent detection using a laser-induced fluorescence (LIF) detector (41). Derivati-
zation of all chondroitin and dermatan sulfate-derived unsaturated disaccharides
with AA, followed by subsequent analysis under reversed polarity mode and
detection using a LIF detector enhanced the sensitivity by approximately 100-fold
when compared to UV detection at 232 nm (45).
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Figure 3 Electropherogram showing resolution of 12 heparin- and heparan sulfate-derived
disaccharides. A1, A2, nonsulfated disaccharides; B1-B5, monosulfated disaccharides; C1-C4,
disulfated disaccharides; and D1, trisulfated disaccharide. Adapted from reference (37), with
permission from the publisher.

IV. Mass Spectrometric Analysis of Heparin and Heparan Sulfate

Perhaps no technique holds more promise for the structural determination of
glycosaminoglycan oligosaccharides and glycosaminoglycan polysaccharides than
mass spectrometry (MS) (46). The principle of all forms of MS is the same:
compounds are discriminated from one another by separating molecular ions
according to their mass-to-charge (m/z) ratio, allowing the determination of
molecular mass provided their charge can be ascertained. To generate molecular
ions, the analyte molecule is placed into an ionization source that induces the
production of charged molecules. In addition, through high-energy collisions, mo-
lecular ions can be cleaved in highly specific ways to generate important informa-
tion regarding saccharide structure.

Early efforts towards the mass spectrometric analysis of heparin species fo-
cused on the use of fast atom bombardment (FAB) as an ionization technique. While
successful in the analysis and structural assignment of pure heparin fragments having
a low degree of polymerization, the spectra resulting from FAB analysis are often
complicated and confounding when considering analysis of a mixture. In lieu of FAB,
two orthogonal strategies have been developed, and extensively used, for the analysis
of heparin-like glycosaminoglycans: matrix-assisted laser desorption ionization
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(MALDI) and electrospray ionization (ESI). Despite its current importance in HP
and HS structural analysis, only recently have there been significant advances in
the development of MS as an analytical tool for structural characterization of these
complex polysaccharides. Whereas historically, MS procedures for biological sam-
ples have largely been investigated and optimized using peptides and proteins, recent
efforts have been aimed at identifying experimental conditions amenable to the
analysis of acidic GAGs. Such an endeavor has proven critical since early on it was
discovered that application of traditional mass spectrometric approaches to the
analysis of GAG structure were generally ineffective. GAGs are difficult to detect
as molecular ions due to differential chelation of positively charged metal ions (such
as sodium) and because they possess the tendency to fragment extensively due to the
loss of sulfate prior to detection. A number of techniques have been developed to
analyze GAGs via MS, including both ESI and MALDI techniques, which circum-
vent these shortcomings, thereby enabling the structural characterization of GAG
oligosaccharides.

A. Electrospray lonization Mass Spectrometry

In the past five years, a number of methodologies have been reported detailing the
analysis of GAG oligosaccharides via ESI. Analysis of nonsulfated GAG oligosac-
charides, such as those from hyaluronan, has proven to be much easier than the
analysis of sulfated GAG oligosaccharides, such as chondroitin/dermatan sulfate
and heparan sulfate fragments (47). For the analysis of heparin fragments, several
distinct methodologies have been developed, including replacement of chelated
monovalent and divalent ions, such as sodium or calcium, with ammonium ions or
polycationic molecules, which serve to simplify the resulting mass spectrum (48,49).
These techniques have been demonstrated to readily detect GAG oligosaccharides
up to decasaccharide in length. In addition, nano-clectrospray technologies have
enabled the facile analysis of GAG samples to concentrations as low as 50 nM (50).
Also, by placing a desalting system in-line, recent strategies have demonstrated the
ability to determine masses for heparan fragments of up to octadecasaccharides.
These techniques are especially exciting given the fact that they can be coupled to
either HPLC (51,52) or CE (53) enabling in-line, high throughput separation and
characterization of GAGs (see below for more discussion). Recent efforts have
extended ESI to the analysis of complex mixtures, drawing a parallel to MS
sequencing efforts for peptides isolated from unknown proteins.

Newly developed methodologies using selective metal chelation, specifically
of divalent group Ila or transition metals, promise to enable MS" analysis of short
GAG oligosaccharides. In this case, it has been found that specific chelation
stabilizes sulfates, preventing nonspecific cleavage and allowing for selective glyco-
sidic bond cleavage. Accordingly, predictable fragmentation patterns can then be
readily generated, yielding structural information for GAG oligosaccharides of
unknown sequence (Fig. 4A). As such, these techniques raise the promise of
de novo sequencing of GAG oligosaccharides completely within the mass spec-
trometer, similar to currently available techniques for peptides. Systematic rules for
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the analysis of some GAG structures of disaccharide in length have been developed
using an ion trap instrument and standards (54,55).

B. In-Line Techniques

Two major LC techniques have been coupled to ESI MS to enable in-line separation
and quantification prior to MS analysis (Fig. 4). Gel permeation chromatography
using MS compatible buffers, such as the volatile salts ammonium bicarbonate or
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Figure 4 Different mass spectrometry techniques for the analysis of glycosaminoglycans.
(A) ESI-MS/MS fragmentation pattern that enables identification of a disaccharide unit from
heparin. (B) MALDI-TOF analysis of an oligosaccharide in a complex with a basic peptide.
(C) GPC-MS of a low molecular weight heparin mixture. The UV trace shows the separation
of the size-fractionated components in the mixture. The inset demonstrates the mass profile
obtained from the in-line MS for a particular size fraction. (D) Capillary HPLC-MS of a
disaccharide unit from heparin showing both the UV and ion-current peaks. The ion-current
peak gives us the mass of the saccharide species contributing to the UV signal.
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ammonium formate, has been used to separate heparin fragments on the basis of
size, and these size separated mixtures have been analyzed by mass spectrometry.
Such an approach has been used for the analysis of the low molecular weight
heparin, tinzaparin (56). In addition to GPC, reversed phase ion-pairing HPLC
has been used to separate small saccharide fragments prior to analysis. In this case,
cationic surfactants chelate GAG oligosaccharides, masking their charge and add-
ing significant hydrophobic character to the noncovalent complex, enabling the
retention of GAG oligosaccharides on traditional reversed phase matrices which
are then eluted using a gradient of organic solvent (i.e., acetonitrile or methanol).
The key to successful in-line analysis after reverse phase is the use of volatile ion-
pairing reagents, such as dibutylamine, that enable facile on-column separation, but
enable identification of the molecular ion in the mass spectrometer.

This approach was first successfully used for analyzing heparosan oligosac-
charides using a Cig column and methanol gradient in 5 mM dibutylammonium
acetate. HS precursor oligosaccharides up to tetracontasaccharide (40-mer) were
separated and detected by LC-MS (57). This methodology was also useful in
characterizing the biologically important AT III binding pentasaccharide and its
precursors. Subsequently, this methodology was also adapted for the separation and
analysis of the higher sulfated heparin-derived oligosaccharides (58,59). In this
separation system, an acetonitrile gradient from 20 to 65% with 15 mM tributyla-
mine and 50 mM ammonium acetate were used (Fig. 5). It was reported that
molecular ions could be assigned for oligosaccharides as large as tetradecasaccha-
ride (14-mer) and mass detection was demonstrated up to 30-mer (58).

In-line CE-mass spectrometry (MS) technology for analysis of acidic carbo-
hydrates has also recently been investigated. Duteil et al. (53) explored the direct
coupling between CE and ESI-MS using both normal and reversed polarity modes.
In their application on the analysis of enzymatically depolymerized porcine intes-
tinal mucosa heparin, under positive polarity CE with negative MS ionization,
composition of eight heparin-derived disaccharides and two heparin-derived tetra-
saccharides could be established. Ruiz-Calero et al. also developed a CE method
with reversed polarity mode for the analysis of heparin-derived disaccharides (60).
The same research group in subsequent studies introduced a sheath-flow CE-ESI
MS and MS/MS application for the disaccharide composition analysis of heparin
(61). The CE-MS experiments were carried out in reversed polarity and negative
ion mode ESI-MS detection.

C. Matrix Assisted Laser Desorption and lonization Mass Spectrometry

Matrix assisted laser desorption and ionization mass spectrometry has been found
to be an extremely flexible technology for the analysis of GAGs with the necessary
sensitivity to analyze cell surface samples. Methodologies have been developed for
the analysis of both intact proteoglycans, isolated from the cell surface, as well as
GAG chains cleaved from them (62). In terms of detection of intact proteoglycans,
matrices and instrument settings that were developed initially for the analysis of
large proteins (>100 kDa) have enabled the rough analysis of proteoglycans, such
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Figure 5 The reversed phase ion-pairing (RPIP) HPLC chromatogram showing separation
of heparin-derived oligosaccharides using tributylammonium acetate (TrBA) as a volatile
ion-pairing reagent. (A) An elution gradient of 0.2-2 M NaCl in 120 min was used keeping
the percentage of acetonitrile (25%) and tributylammonium acetate concentration (15 mM)
fixed at pH 7.0. (B) An elution gradient of 20-65% acetonitrile in 120 min was used while
keeping the concentration of ammonium acetate (50 mM) and tributylammonium acetate
(15 mM) fixed at pH 7.0. The replacement of sodium chloride with ammonium acetate in
conjunction with the acetonitrile gradient makes this separation methodology amenable to
in-line ESI-MS detection. Reproduced from reference (59) with permission from the
publisher.

as syndecan, decorin and biglycan (62). However, due to the polydispersity of
proteoglycans, the resolution in these cases is not sufficient to define the fine
structure of proteoglycans. Traditional analysis of isolated glycans by MALDI
primarily involves the use of 2,5-dihydroxybenzoic acid (46,47). In this case, matrix
conditions and instrument parameters have been optimized for the analysis of
neutral and slightly anionic glycans. It has been found that such analysis is readily
extended to the analysis of oligosaccharides derived from unsulfated hyaluronic
acid. In these studies, some differential chelation with metal ions is observed,
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limiting to a certain extent, the sensitivity of this methodology. However, attempts
to analyze other sulfated GAGs, including chondroitin/dermatan oligosaccharides,
using DHB matrix have succeeded only in profiling the disaccharide composition of
oligosaccharides (63).

Using MALDI MS, a highly reproducible, sensitive methodology has been
developed for the analysis of sulfated HSGAG oligosaccharides that complements
traditional MS approaches. This approach takes advantage of the fact that MALDI
time-of-flight machines are optimized for the detection of peptides in the molecular
mass range of 2000-10,000. In this case, anionic, sulfated GAG oligosaccharides are
complexed with a basic peptide (of the form (RG),) and detected in the MS as 1:1
complexes (64,65). The uncomplexed peptide serves as an internal standard; the
mass of the GAG oligosaccharide is derived by subtracting the signal of the
uncomplexed peptide from the signal for the 1:1 complex (Fig. 4B). This technique
has a number of distinct advantages that have made it one of the most popular
methodologies available to structurally characterize GAGs. First, the technique
results in a simple spectrum, typically involving only the molecular ion of the
uncomplexed peptide as well as the ion arising from a 1:1 peptide:saccharide
complex. As such, the spectrum is unfettered from metal adducts, allowing for a
sensitivity of down to 50 fmol. In addition, the uncomplexed peptide acts as an
internal calibration point, enabling rapid and accurate mass assignment of oligo-
saccharides with an unknown composition. Finally, the assay is widely applicable
and has been used to assay the binding of GAGs to proteins, including gaining an
understanding of stoichiometry and specificity (66,67). Importantly, however, un-
like with ESI and MALDI analysis of uncomplexed GAGs, there is at present, no
way to extend this analysis beyond mass detection of the intact parent ion (i.e., no
post source dissociation or MS/MS is possible due to chelation of the GAG sample
with the basic peptide.).

V. Nuclear Magnetic Resonance Analysis of Heparin
and Heparan Sulfate

Nuclear magnetic resonance (NMR) spectroscopy represents an important tech-
nique in the structural analysis of glycosaminoglycans (GAGs). It is one of the few
techniques that provide structural information on the intact polymer without
resorting to chemical or enzymatic cleavage. This is advantageous as it avoids the
possibility of loss or conversion of structural information as a result of breakdown
of the polymer. The utility of NMR in understanding GAG structure and conform-
ation has been established by numerous early studies (68-70). Over the years,
improvements in the field strengths of magnets used for analysis have led to greater
resolution of signals and enabled sequencing of heparin oligosaccharides by NMR.
Depending on the level of analysis, NMR can provide information on the mono-
saccharide composition, presence of impurities, linkage and even sequence for
these complex mixtures or purified oligosaccharides.
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NMR spectroscopy has been successfully used for detecting and quantifying
signals associated with major or minor structural features in heparins. One-dimen-
sional (1D) proton and carbon NMR spectroscopy have been used to describe the
prevalent patterns of sulfation and acetylation present in heparins isolated from
different sources as well as chemically modified heparins (71,72). More recently, an
approach involving the combined use of proton and carbon NMR spectroscopy has
been developed to provide more quantitative information on the monosaccharide
composition and sulfation pattern in different heparin preparations (73). In a
regular 1D proton NMR spectrum of heparin there are few signals representative
of a particular monosaccharide component that are unaffected by signal overlap-
ping and can be directly used for quantification. In this study, two-dimensional (2D)
proton—carbon correlation spectroscopy (HSQC) of heparin was used as a means of
partially resolving and identifying signals with minimum overlap that represented a
specific sulfation pattern (Fig. 6). Integration of these signals in a 1D spectrum of
the polymer followed by simple calculations thereby facilitated a quantitative
monosaccharide compositional analysis of different porcine mucosal heparin pre-
parations (73). In a further refinement of these methods the same group has
demonstrated the ability to extend this quantitative compositional analysis to
standard 2D HSQC experiments (74). By taking into account the role of differences
in the 'Jc—g values of the integrated cross-peak signals, they have attempted to
minimize these differences, thereby maximizing the volumes of the signals ob-
served. This adjustment has made the comparison of integrated signals in the 2D
HSQC spectrum more reliable and accurate. When coupled with the increased
resolution gained by the 2D technique this represents an important methodology
to not only quantify the basic monosaccharide constituents of the mixture but also
assess their linkage environments in a quantitative manner (74).

High-field NMR analysis has also been used for probing the structure and
sequence of purified oligosaccharides from heparin and heparan sulfate (75,76). In
cases where the oligosaccharide structure has been characterized by NMR previ-
ously, a 1D proton NMR spectrum alone may be sufficient to assign structure, by
comparison of the chemical shifts with previously reported values. However, it is
best to do 2D NMR experiments (COSY, TOCSY and NOESY) to establish the
through-bond and through-space relationships of the nuclei, thereby enabling a better
understanding of the overall structure as well as sequence of the oligosaccharide.
Another advantage of using NMR to study oligosaccharide structure is the ability to
look at the ring conformations of carbohydrate units as defined by the J-coupling
constants and inter-proton nuclear Overhauser effects (NOEs). This data in con-
junction with molecular modeling studies, using restrained molecular dynamics and
energy minimization, to refine structures has been used to study the conformation
of residues in heparin, heparin sulfate and heparin oligosaccharides (77-79). Such
analyses provide a better understanding of the conformations adopted by the
oligosaccharide sugar units in solution, and enable the comparison with how these
conformations vary when the oligosaccharides are bound to proteins (80).

NMR on heparin and heparan sulfate represents a very accurate method for
direct quantification of the glucuronic and iduronic acid content in the polymer (81).
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Figure 6 'H and HSQC spectra of pig mucosal heparin. Dashed circles A and B contain
signals used for calculation of substituted monosaccharides by the HSQC method. Dashed
lines indicate proton signals used for calculation of substituted monosaccharide components
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not. The signal of the N-acetyl group used for evaluation of N-acetyl glucosamine content is
not shown. A, glucosamine; I, iduronic acid; G, glucuronic acid. Reproduced from reference

(74), with permission from the publisher.
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It also allows detection and quantification of minor sequences like the linkage
region tetrasaccharide (82), as well the presence of dermatan sulfate impurities in
industrial heparin samples (83). Structural differences in low molecular weight
heparins arising from different chemical or enzymatic methods of depolymerization
can also be assessed by NMR spectroscopy (84). Methods to obtain the molecular
weights of low molecular weight heparins and heparin using '*C NMR have also
been reported (85). Thus it is clear that the versatility of NMR makes it an essential
analytical tool for studying different aspects of glycosaminoglycan structure. How-
ever, it should be noted that one of the major limitations of the technique is the
relatively large amount of sample required for NMR analysis when compared to
other analytical techniques (MS and CE).

VI. New Methodologies for Structural Analysis of Heparin
and Heparan Sulfate

Heparin and heparan sulfate represent the most information dense biopolymers in
nature. Therefore one of the key issues in the analysis of structural information
present in these complex mixtures is the ability to assimilate the generated experi-
mental information in a bioinformatics framework that can encompass the vast
structural diversity encoded by these molecules. Recently a property encoded
nomenclature (PEN) computational platform for the structural analysis of heparin
and heparan sulfate oligosaccharides was developed. The PEN framework repre-
sents a way to account for all the possible structural diversity present in a simple
disaccharide unit {the basic building block of heparin and HS polymers) and assign
it a one-letter code based on a hexadecimal notation system (64). It should also be
noted that while each of the experimental methods described in this chapter
represent a very essential tool in the structural analysis of GAGs, they are
not without their limitations. It is therefore important to understand that
different techniques provide complementary sets of information and an assimila-
tion of these different data sets can help to provide a detailed characterization of
these mixtures.

There have been a few recent studies that highlight the importance of this
approach. In one report the combination of NMR and CE was used in conjunction
with the property encoded nomenclature (PEN) platform (86). This approach
utilized CE to provide information on the basic composition of the saccharide
along with the uronic acid to glucosamine linkage information. However, the
limitation of using just CE is that the lyase enzymes used to break down the
oligosaccharide effectively destroy information about the epimerization state of
the uronic acid, as well as the glucosamine to uronic acid linkage. However, using
NMR, the anomeric proton signals of the glucosamines can be resolved to give
linkage to the neighboring uronic acid and also the epimerization state of the uronic
acid can be determined. Therefore, the data from these two complementary tech-
niques were applied as constraints to a PEN computational framework, which
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represented all the theoretically possible sequences for the oligosaccharides being
analyzed. This facilitated the convergence to a unique sequence for the oligosac-
charides (86). In another related study MALDI-MS and CE analysis were coupled
with chemical and enzymatic digestion of HP oligosaccharides. The data generated
from the different experiments carried out were applied as experimental constraints
in the PEN framework. This enabled the determination of either a single unique
sequence, in the case of a pure oligosaccharide, or complete structural character-
ization of components for a mixture of oligosaccharides (64,87). Such approaches
have demonstrated tremendous potential for the analysis of heparin and heparan
sulfate derived mixtures.

VIl. Summary and Conclusions

Heparin and heparan sulfate are complex glycosaminoglycans that play multiple
roles in the normal physiology and pathophysiology of the human body. The
structural diversity displayed by these GAG chains makes them extremely challen-
ging molecules to analyze. Also unlike DNA and proteins, it is not possible to
amplify these structures, as their biosynthesis is not template driven. Therefore in
cases where sample amounts are limited (e.g., isolated cell surface HS), it further
magnifies the problem. Methodology for structural characterization of these mol-
ecules has primarily focused on: (1) chemical or enzymatic techniques for specifi-
cally degrading them to smaller oligosaccharides; (2) efficient means to separate
them, coupled with sensitive detection procedures; and (3) the use of NMR and
mass spectrometry. Together these techniques have provided a wealth of informa-
tion for analyzing these complex mixtures as well as in determining sequences of
isolated pure oligosaccharides. As analytical techniques get more sophisticated and
are adapted to study sugar structure (e.g., MS/MS), they open more avenues to get
structural insights into these complex mixtures. Having the PEN framework adds
another layer of sophistication to the analysis of these mixtures as it enables the
possible decoding of the structural information by taking into account multiple
experimental data sets as constraints for sequence refinement.

Heparin and heparan sulfate have been implicated as playing crucial roles in
many disease states by interacting with important proteins at key steps in different
pathways. To better understand these interactions it is essential to know the key
structural elements from both the sugar side as well as the protein side. While
advances in protein technology have enabled a greater understanding from the
protein side, understanding of complex sugar structure is lagging behind. Therefore,
an understanding of the structure and sequence information displayed by the sugars
that facilitate these interactions would possibly provide new targets for therapeutic
intervention in different disease states. As the field of ‘“glycomics” gains more
importance, advances in analytical capabilities represent the cornerstone that will
help shape the future.
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l. Introduction

Glycosaminoglycans (GAGs) are the most abundant heteropolysaccharides in the
body. These molecules are highly functionalized, unbranched polysaccharides con-
taining a disaccharide repeating unit. The disaccharide unit consists of a 2-amino-2-
deoxy glycoside [either galactosamine (GalNAc) or glucosamine (GlcNAc)] and a
uronic acid such as glucuronic acid {GlcA) or iduronic acid (IdoA). GAGs are
major components of the extracellular matrix that surrounds all mammalian cells.
Different core proteins anchor glycosaminoglycan polysaccharides in the outside of
the lipid bilayer. The linkage of GAGs to the protein core involves a specific
trisaccharide composed of two galactose residues and a xylose residue
(GAG — Gal — Gal — Xyl — O — CH; — protein). The trisaccharide linker is
coupled to the protein core through an O-glycosidic bond to a serine residue in
the protein. The protein cores of proteoglycans are rich in serine and threonine
residues, which allow multiple GAG attachments. Choindroitin sulfate, keratin
sulfate, and dermatan sulfate belong to the family of GAGs as well as heparin
and heparan sulfate, are the most complex glycosaminoglycans. GAGs have im-
portant biological functions by binding to different growth factors, enzymes, mor-
phogens, cell adhesion molecules, and cytokines (1-5).

Heparin, found only in mastocytes, has served as an anticoagulant in heart
disease for more than 60 years (6,7) and has a molecular weight ranging from 5 to
40 kDa, with an average molecular weight of about 15 kDa. These linear,
unbranched, highly sulfated polysaccharides are composed of disaccharide units
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consisting of an uronic acid 1,4-linked to a p-glucosamine unit (Fig. 2). The uronic
acid residues are more often L-iduronic acid (90%) than its C-5 epimer p-glucuronic
acid (10%). A prototypical heparin disaccharide contains three sulfate groups.
These sulfate groups render heparin one of the most acidic macromolecule in
nature. O-sulfation normally occurs at the 2-position of the uronic acids and the
3- and/or 6-position of the glucosamine. In addition, the glucosamine nitrogen may
be sulfated, acetylated or, less frequently, may remain unmodified, thus resulting in
48 possible disaccharides that make up heparin (Fig. 1) (8).

Heparan sulfate is structurally related to heparin but is widely distributed in
different cell types and tissues. At a molecular weight range of 5-50 kDa and an
average molecular weight of 30 kDa, heparan sulfate chains are generally longer
than those of heparin. Heparan sulfate, more heterogeneous than heparin, is richer
in N-acetyl p-glucosamine (GIcNAc) and p-glucuronic acid (GlcA) units, and
contains fewer O-sulfates (9).

Much research on the structure, function, and biological activity of heparin
and heparan sulfate has been carried out. A more detailed structure-activity
relationship for heparin oligosaccharides has evolved in recent years. This more
detailed understanding of GAGs has been aided by the availability of synthetic,
completely defined heparin oligosaccharides. Since many aspects of heparin chem-
istry (10-13) and biology (4,14,15) have been reviewed recently, we will focus, after
a brief general introduction, on studies using synthetic heparin oligosaccharides to
elucidate the structure—activity relationship of heparin and heparan sulfate.

ll. Biosynthesis

To understand the way GAG sequences interact with particular proteins it is helpful
to consider the mechanism by which nature synthesizes different heparins. Much
progress in understanding GAG biosynthesis has been made in recent years (16).
Heparin and heparan sulfate are assembled via a similar pathway (Fig. 3) (17). Chain
initiation occurs in the Golgi apparatus. The transfer of xylose from UDP-xylose to
the hydroxyl group of specific serine residues on the core protein is the initial step
in the formation of the tetrasaccharide linkage region (-GlcA-Gal-Gal-Xyl-Ser).
N-acetyl-p-glucosamine and glucuronic acid monosaccharide units are alternately
incorporated from the nonreducing end of the nascent polymer using the correspond-
ing sugar nucleotides. Glucuronic acid is attached by glucuronyltransferase followed
by the addition of the first N-acetyl-glucosamine residue. Two glycosyl transferases
(EXT1 and EXT2), which form a hetero-oligomeric complex in the Golgi, are
responsible for the disaccharide addition (18). As the polysaccharide chain forms,
it undergoes a series of modification reactions catalyzed by at least four families
of sulfotransferases and one epimerase (19): N-deacetylation and N-sulfation is
carried out by a N-deacetylase and a N-sulfotransferase, and the transformation of
D-glucuronic units to L-iduronic units is catalyzed by a C-5 epimerase. Different
O-sulfotransferases are responsible for O-sulfation of the iduronic acid residues.
The action of these enzymes results in tremendous heterogeneity within modified
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Figure 1 Retrosynthetic analysis of a general, modular approach to the preparation of
heparin-like glycosaminoglycans (reprinted with permission, from Chemistry, A European

Journal, Volume 9 © 2003 by Wiley-VCH, www.wiley.com).
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1
—0 0S80, Variable sequence

Major sequence

Heparin

Variable sequence

Major sequence

Heparan sulfate

Figure 2 Major and minor disaccharide repeating units in heparin and heparan sulfate
(X=HorSO35; Y = Ac, SO;, or H).

regions. Specific sulfation and uronic acid patterns give rise to particular binding
sequences for the interaction with proteins.

ll. Structure of Heparin/Heparan Sulfate

Heparin does not fold into tertiary structures like proteins, but exists primarily as a
helical structure (20). The sulfate and carboxyl groups of heparin promote specific
interactions with biologically important proteins (21). The pyranose rings of the
monosaccharide residues within heparin oligosaccharides adopt the 'C, and *C;
chair conformation, as well as the 2S; skew-boat conformation (22-24). NMR
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Figure 3 Scheme of heparan sulfate biosynthesis (reprinted with permission, from Annual
Review of Biochemistry, Volume 68 © 1999 by Annual Reviews, www.annualreviews.org).

studies and X-ray structures show that the pyranose rings of glucuronic acid and
glucosamine residues prefer the “C; chair conformation whereby all non-hydrogen
substituents, except the anomeric hydroxyl group of glucosamine, are equatorial
(25,26). The iduronic acid pyranose is more flexible: bearing a sulfate group at C-2,
the 'C,4 chair and 2S; the skew-boat conformation are preferred. Unsubstituted
iduronic acid, however, resides predominantly in the 'C4 form (Fig. 4) (25,27). The
flexibility of the r-iduronic acid residues is important for specific heparin—protein
interactions.

Different attractive forces are responsible for the heparin—protein interplay:
ionic interactions are dominant as the negatively charged sulfate and carboxyl
groups form ion pairs with positively charged amino acids. Nonionic interactions
such as hydrogen bonding as well as hydrophobic forces also contribute to binding.
The complexity of GAG polymers has greatly complicated the evolution of detailed
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Figure 4 Conformational flexibility of L-iduronic acid.
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structure—activity relationships. However, it has been shown that defined length
and sequences of GAGs are responsible for the binding to and hence modulating
the biological activity of particular proteins.

IV. Chemical Synthesis of Defined Heparin Oligosaccharides

To establish a detailed structure—activity relationship and correlate specific heparin
sequences and sulfation patterns with protein binding and biological activity, access
to defined heparin oligosaccharides is of the utmost importance. The purification of
oligosaccharides following enzymatic digestion of GAG chains has provided access
to usable quantities of oligomers up to hexasaccharides (28-30). Chemical synthe-
sis, while challenging in the context of heparin oligosaccharides, has been used to
procure defined sequences and analogs for biological studies and to define SAR
(10-12). In this section, we first briefly summarize the preparation of building
blocks used during heparin oligosaccharide assembly and then review the different
general methods used to prepare oligosaccharides.

A. Synthesis of Building Blocks for Heparin Synthesis

The preparation of sufficient quantities of fully differentiated building blocks incor-
porating appropriate protecting groups is particularly important for the synthesis of
complex oligosaccharides such as heparin. The placement of specific protecting
groups is required at the 4-hydroxyl group of each building block to allow for ready
deprotection in anticipation of chain elongation. Here, levulinoyl esters (31-33),
Fmoc carbonates (34), silyl ethers (32,35,36) and PMB ethers (37-39) have found
use. The hydroxyl groups to be O-sulfated at the end and those that should remain free
have to be protected differentially. Commonly, acetate esters serve to mark the
hydroxyl groups to be sulfated, while benzyl ethers mask hydroxyl groups that will
not be modified. The amine group of D-glucosamine requires the placement of differ-
ent protecting groups. Azides have been commonly used in this function (36,39-41).

The choice of anomeric leaving groups presents another important consider-
ation in oligosaccharide assembly. Increasingly efficient glycosylation reactions
have been developed and glycosyl trichloroacetimidate and thioglycoside building
blocks have replaced methods requiring the use of heavy metal activators.

Commonly used, commercially available, and inexpensive starting materials
for the synthesis of differentially protected glucosamine and glucuronic acid build-
ing blocks are p-glucosamine 1 and diacetone glucose 2 (Fig. 5).

Since L-iduronic acid is not accessible from natural sources, many strategies
have been developed to access this monosaccharide by manipulation of p-glucuro-
nic acid derivatives (42-52). Recently, a host of methods have been reported,
starting from p-glucuronolactone, D-diacetonglucose, and p-glucuronic acid glycals
as starting materials (8,53-62). Nevertheless, the synthesis of iduronic acid building
blocks remains a major challenge en route to the desired heparin oligosaccharides.
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Figure 5 Common starting materials for the synthesis of heparin/heparan sulfate building
blocks.

Initially, total synthesis efforts targeted a single heparin oligosaccharide and
yielded many valuable insights. In recent years, modular approaches aimed at the
synthesis of a broad range of heparin/heparan sulfate oligosaccharide fragments
have been developed.

1. Modular Synthesis of Heparin Oligosaccharides

The first modular assembly approach targeted the common heparin repeat disac-
charide 3 and its 6-O-unsulfated counterpart 4 (Scheme 1) (37). Disaccharide 3 was
prepared in 5 steps from disaccharide 5 (29% overall yield) (42) while the assembly
of 4 required 8 steps (30% yield).

Another modular approach relied on the late stage formation of uronic acids
by selective oxidation of the C-6 hydroxyl groups of glucose and idose residues.

OSOaNa OAc
o Q
OHo
-— BnO
OH NaO3SHN -— OBn 2N
NaOOC ~O OMe MeOOC ~ OMe
OH OSOzNa OH OAc
3 5
29% (over 5 steps) ot
Q
OHo
NaO3SHN
- NaDOC NS
OH 0SOzNa

4

30% (over 8 steps)

Scheme 1 Synthesis of the regular sequence disaccharides of heparin.
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Thus, problems such as epimerization of the C-5 position of uronic acids and poor
coupling efficiency of uronic acid-based glycosylating agents were circumvented
(36). It was calculated that twenty disaccharide building blocks would be required
to assemble all possible linear oligosaccharide chains. The synthetic strategy
(Scheme 2) based on the assembly of a sulfated oligosaccharide containing glucose
and idose units was synthesized before all protecting groups, except the TBDPS
ethers that masked the C-6 hydroxyl groups of the p-glucosamine units, were
removed. The primary C-6 hydroxyl groups of the glucoside and idoside units
were then oxidized to the corresponding carboxylic acids. Finally, the primary
hydroxyl groups of the p-glucosamine units were revealed.

Subsequently, hydroxyl groups to be sulfated were protected with levulinoyl
esters, whereas acetyl esters were used for non-sulfated hydroxyl substituents (40).

OTBDPS
(o]
BzO o
BnO BnO 1) K,CO3, MeOH
OBz 2) CH3COSH, pyridine
&/ W) 3) Pd(OAC)z, Ha, EtOH

OTBDPS
o}
HO O
"o OH TEMPO, NaOC1, NaOH,
AcHN /%/ j/‘ NaBr, H,0

HOOC OR

HO o o]
HO HO
OH HOOC,

AcHN o)
o (o}
HO
OH

HFpyridine, R=TBDPS
aq.CH3CN R=H

Scheme 2 New approach for heparin synthesis.
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Figure 6 Building blocks for the synthesis of 20 different heparan sulfate disaccharide
units.

Six different monosaccharide building blocks that can be combined to form the 20
disaccharides found in heparan sulfate were prepared (Fig. 6) (63). Four different
protecting groups (Lev, Fmoc, TBDPS, and All) were employed in these syntheses.
The Fmoc group was chosen to mark the C-4' hydroxyls for chain extension, while
the anomeric center of the disaccharide was protected in form of an allyl glycoside.
Benzyl ethers masked primary hydroxyls that were subsequently oxidized to carb-
oxylic acids and secondary hydroxyls that remain unsulfated. Levulinoyl esters
were utilized to protect the C-2' position and ensure the stereoselective formation
of 1,2-trans-glycosidic linkages. Finally, the C-6 position of glucosamine was pro-
tected as a TBDPS ether.

Another path to disaccharide subunits starts from diacetone glucose 2, which
was converted via 1,2:3,5-di-O-isopropylidene-B-L-idofuranose 6 to the desired
1,6-anhydro-B-L-hexopyranose 7 (Scheme 3) (64,65). Union of 7 and 8 upon
TMSOTY activation provided disaccharide 9. The a-isomer was isolated, acetylated,
and the 1,6-anhydro-B-L-idopyranosyl ring opened. Removal of the anomeric acet-
ate afforded desired alcohol 10, ready for the next glycosylation.

Two disaccharides (11,12) containing glucosamines at the nonreducing end
allowed for a systematic approach to prepare inverse sequence (glucosamine—
iduronic acid) oligosaccharides in contrast to the fragments obtained by chemical
or enzymatic processing of polysaccharides (Fig. 7) (66).

The selective installation of the a-glucosamine glycosidic linkage found in this
disaccharide by coupling glucosamine with an iduronic acid is the most challenging
task in the synthesis of heparin oligosaccharides. A new approach to stereochemical
control of glycosylation reactions by conformational control of the nucleophile was
developed (67). Introduction of a cyclic protecting group (e.g., isopropylidene or
cyclopentylidene) as conformational lock for the monosaccharide nucleophile 13
ensured the exclusive formation of the desired a-linked disaccharides (19,20)
(Scheme 4) (61).

Preparation of disaccharide building blocks by regioselective and stereoselec-
tive glycosylation of an iduronic acid ester diol (21) with a 2-azido-2-deoxy-D-
glucopyranosyl trichloroacetimidate (22) was also reported (68). Four different
series of hexasaccharides and octasaccharides were synthesized using this disac-
charide unit (Fig. 8).
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Figure 7 Disaccharide moieties with reversed sequences.

2. Solid-Phase Synthesis of Heparin Oligosaccharides

Ideally, defined heparin sequences could be prepared by automated solid phase
synthesis using methods analogous to those that already exist for the assembly of
oligonucleotides and peptides. While automated solid phase synthesis of oligosac-
charides is now possible (69), only a few polymer-supported syntheses of heparin
oligosaccharides have been disclosed (70-72). Soluble polyethylene glycol (PEG)
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polymers gave encouraging results for the synthesis of fully protected oligosacchar-
ides 25 that were obtained by coupling the disaccharide 23 with the polymer-bound
iduronic acid 24 (Scheme 5). Each elongation cycle incorporated levulinoate cleav-
age, coupling, and capping.

In a second approach, disaccharide 27 was coupled to polyethylene glycol
monomethyl ether (MPEG)-bound disaccharide 26 to furnish MPEG-bound tetra-
saccharide 28. Reaction of 30 with disaccharide 31 afforded MPEG-bound hexa-
saccharide 32 that was cleaved from the solid support {Scheme 6).

This section has summarized different approaches for the modular synthesis
of oligosaccharides. Future effort will focus on the synthesis of larger quantities of
heparin and heparan sulfate using an automated oligosaccharide synthesizer to
produce libraries of biologically significant heparin and heparan oligosaccharides.

B. Heparin Sequences of Biological Significance

Many aspects of heparin-binding proteins have been reviewed (4) and the best
studied interactions are briefly summarized below.

1.  Chemokine Interactions

Chemokines, a family of over 40 structurally related glycoproteins that facilitate
leukocyte migration, angiogenesis, breast cancer metastasis (73), and leukocyte de-
granulation also interact with heparin. Platelet factor 4 (CXC chemokine ligand 4),

23 24

25

Scheme 5 Synthesis of a polymer-bound oligosaccharide.
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Scheme 6 Synthesis of the polymer-bound hexasaccharide.

a basic tetramer of identical subunits forms a very stable 1:1 complex with heparin
(MW >10,000) (74). Therapeutically administered heparin binds to PF-4, thus result-
ing in heparin-induced thrombocytopenia (HIT), a dangerous, immunologically in-
duced loss of platelets.

Other chemokines that bind to heparin with varying affinity and specificity
are the stromal cell derived factor-la (SDF-1a), the monocyte chemoattractant
protein-1 (MCP-1), and macrophage inflammatory peptide-1 (MIP-1).

2. Annexin Interactions

Annexins comprise a family of over 30 calcium- and phospholipid-binding proteins.
At least one of the annexins is expressed in nearly every eukaryotic cell type,
indicating the wide range of biological functions. The phospholipid/membrane-
binding properties of the annexins are responsible for their anti-inflammatory
activity, exhibiting anticoagulant and calcium channel activity (75,76). In addition,
annexins are involved in membrane fusion, exocytosis, and endocytosis (77).
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Annexin V is one of few proteins that bind heparin in a calcium-dependent
manner (78) as verified by X-ray crystallography (79). The interaction of annexin V
with heparin involves an oligosaccharide sequence of 6-8 residues (78) and sulfate
groups on heparin are important. Annexins IV-VI were found to bind to heparin,
heparan sulfate, and chondroitin sulfate (80).

3. Interactions with Antithrombin Il and Thrombin

The most thoroughly studied heparin binding protein is the serine protease inhibi-
tor antithrombin III (AT III), which interacts with thrombin and factor Xa in the
blood-coagulation cascade (Fig. 9) (10). The heparin-AT III interaction is respon-
sible for the anticoagulant activity of heparin. A characteristic heparin pentasac-
charide sequence, termed DEFGH, is responsible for binding to AT III, a process
that has been studied in great detail (81,82) including NMR spectroscopy (83) and
X-ray crystallography (84,85).

Crystallographic studies of an AT IIl/pentasaccharide complex have identi-
fied the important functional groups within the pentasaccharide sequence: four
charged sulfate groups and two carbonyl groups are responsible for the binding to
AT III (86). The importance of the 3-O-sulfate group in unit F of the AT III binding
site (87) was demonstrated by NMR. The 6-O-sulfate substituent of glucosamine D
(88,89), the N-sulfate group of unit F (90) and the carboxylate group of the iduronic
acid residue G are also required for binding to AT III and affect anticoagulant
activity. The 2-O-sulfate group on iduronic acid G and the 6-O-sulfate group of unit
H, while not essential for binding, contribute to the overall binding affinity (91).

Heparin’s antithrombotic activity results from a ternary complex formed by
heparin, AT III, and thrombin (92,93). The interaction of AT III with the penta-
saccharide sequence DEFGH results in a conformational change of the protein
(Fig. 10a) (4,94). AT II-pentasaccharide binding directly accelerates the inhibition
of factor Xa, but not that of thrombin. The SAR of thrombin inhibition is much
more complicated. In the case of thrombin, a conformational change is not suffi-
cient to neutralize the enzyme. Although the pentasaccharide sequence is required

X

Figure 8 The AT III-binding domain.
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Figure 10 Heparin catalysis of thrombin inhibition by antithrombin. (A) The binding of
the specific heparin pentasaccharide to antithrombin induces a global conformational change
involving the expulsion of the hinge region (circled) of the reactive center loop (RCL,
yellow) from the central B-sheet A (red), and extension (yellow) of the A and D helices
(green and cyan, respectively). (B) Stereorepresentation of the crystal structure of the
ternary complex between antithrombin (colored as above), thrombin (magenta) and heparin
(balland-stick, with blue 2F,-F; electron density contoured at 1o). Thrombin is docked
toward the heparin-binding site of antithrombin, and makes several exosite interactions
(reprinted with permission, from Nature Structural & Molecular Biology, Volume 11 © 2004
by Nature, www.nature.com).
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for binding at AT III, a heparin chain containing 14-20 saccharide units is required
to accelerate the AT IIl/thrombin interaction (Fig. 11). Heparin forms a bridge
between AT III and thrombin in the ternary AT IIl/heparin/thrombin complex
containing 6-8 sulfated monosaccharide units that do not interact with either
protein. Although the thrombin inhibition is a desirable effect of heparin, nonspe-
cific interactions with other proteins (e.g., platelet factor 4) result in life-threatening
side effects (Fig. 10b) (95-97).

a. Synthesis of Heparin Oligosaccharides with Anti-Factor Xa Activity

The anticoagulant activity of pentasaccharide DEFGH (Fig. 9) prompted synthetic
efforts aimed at the procurement of this structure as well as a host of related
sequences (Fig. 12). The first synthetic heparin oligosaccharide 33, with a high
affinity for AT III, was synthesized in 1986 (98,99).

To simplify the chemical synthesis, a-methyl-glycoside 34, displaying the same
biological properties as 33, was prepared (100,101). The synthesis of analogs of 33
has been reviewed in detail (10). Pentasaccharides 35-39 were synthesized to
establish a detailed structure-activity relationship. Replacement of the reducing
end glucosamine by a glucose residue indicated that O-sulfates can be effectively
substituted for N-sulfates (101). The introduction of an extra 3-O-sulfate group at
the reducing end of pentasaccharide 35 increased factor Xa affinity (102). Partial
and complete O-methylation (34-39) did not significantly alter AT III affinity
(Table 1) (103,104).

To assess the role of iduronic acid in the pentasaccharide with Xa affinity, this
unit was replaced by an “‘opened carbohydrate” moiety to give 40 (Scheme 7). The
“opened” fragments are readily accessible and offer the advantage that no a/f-
mixture is formed during glycosylation. Coupling of 40 with glycosyl bromide 41,
followed by epimerization gave 42. Union of 43 and 44 furnished trisaccharide 45.
Following deallylation, 46 was coupled with 43 to afford pentasaccharide 47. The
repetition of deprotection and coupling steps afforded heptasaccharide 48 and
nonasaccharide 49.

Analogs 51-56 closely resemble heparin oligosaccharides and their function,
but are simpler to synthesize. These so-called “‘non-glycosamino” glycans contain
only O-sulfate esters and O-alkyl ethers (32). All hydroxyl groups are permanently
capped as methyl ethers, thus eliminating the need to discriminate between non-
sulfated and sulfated hydroxyl groups. Many analogs with pseudoalternating
sequences have been synthesized (105,106).

Pentasaccharides 51-53 contain a common tetrasaccharide composed of 2-O-
sulfate, 3-O-methyl uronic acid moieties, while pentasaccharides 54-56 contain an
invariable tetrasaccharide composed of 2,3-di-O-methyl uronic acid moieties
(Fig. 13). Pentasaccharide 54, containing not less than seven methyl ethers, displays
the highest anti-Xa activity (1611 units/mg) and is the most potent analog of 34
identified to date (Table 2).

To determine whether the 'Cy or the 25, conformation of L-iduronic acid is
necessary for binding and activation of AT III, octasulfated pentasaccharide 57 con-
taining an L-iduronic acid unit in a fixed !C4 conformation was synthesized (107).
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Figure 11 Structure of heparin: a heparin molecule contains an antithrombin-binding domain (ABD) and thrombin
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Figure 12 Different pentasaccharides with Xa affinity.
Table 1
R R! R? R? R* Anti-Xa activity (units/mg)
33 OH OH NHSO; OH OH 700
34 OH OH NHSO3; OMe OH 700
35 OH 0SO3 NHSO; OMe OH 1270
36 OH 0SO5 0SO; OMe OH 1300
37 OH 0SO5 0805 OMe OMe 1110
38 OMe 0SO; NHSO; OMe OH 1288
39 OMe 0SO5; 0SO3 OMe OMe 1323

Coupling of triosyl 58 with disaccharide 59 furnished after deprotection and sulfation
57 (Scheme 8). Pentasaccharide 57 exhibited very low anti-Xa activity, indicating that
either the 2S; conformation of L-iduronic acid or a flexible L-iduronic acid residue,
presence of both conformers, is essential to bind and activate AT IIL

Further studies involving different pentasaccharides indicated that a signifi-
cant shift of the conformational equilibrium from ! C, toward the %S, conformation
was observed when the r-iduronic acid residue is adjacent to a 3-O-sulfated gluco-
samine (unit F) (24). The additional sulfate on unit F is the key structural element
responsible for binding to AT III. Pentasaccharides with an extra sulfate group
introduced in unit H also show higher affinity for AT III, possibly due to the
increased presence of the 28y conformation (101).

Replacement of an O-glycoside by a C-glycoside bond in anti-factor Xa
pentasaccharides slightly decreased the affinities of 62 and 63 for AT Il and anti-
factor Xa (Scheme 9) (108,109).

To increase the 'Cy-content of iduronic acid, a C-3-deoxygenated L-iduronic
acid residue was incorporated as unit G (Fig. 14) (110).

Decrease of the nonbonding interactions between C-3 and other axial sub-
stituents shifts the conformational equilibrium to render unit G predominantly in a
1C4 conformation (65%) of unit G. The 2S; conformer that predominates in 65
(64%) is now considerably less abundant (24%). Since pentasaccharide 65 has a
much higher affinity for AT III than 64, the conformation of unit G highly
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Scheme 7 Synthesis of open-chain oligosaccharides.

influences AT III affinity. To further address the influence of uronic acid conform-
ation on AT III binding, conformationally locked pentasaccharides were prepared.
The L-iduronic units were locked in the 'C; (66) or 2S; (67) conformation by
covalently bridging the C-2/C-5 and C-3/C-5 ring atoms, or in the *C; (68) con-
formation by introducing a methoxymethyl substituent at C-5 (Fig. 15) (58,111).
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Table 2
Nr R! R? R? R* R’ Anti-Xa activity (units/mg)
51 Me Me Me SO; SO3 1217
52 Me Me SOj SOy SO; 1159
53 Me SO37 SO3 SO; SO3 1184
54 Me Me Me Me Me 1611
55 Me Me SO; Me Me 1318
56 Me SO3 SO; Me Me 1404

Pentasaccharide 67, which contains a 2Sy iduronic acid binds to AT III and can
inhibit factor Xa. In contrast, the pentasaccharides 66 and 68 containing unit G
locked in the 1 C4- or *C;-conformation respectively, exhibit little inhibitory activity.
The anti-Xa activity of compound 69 that contains a flexible G unit is similar to
reference pentasaccharide 54 (Table 3).

Insertion of one additional bridging carbon atom in pentasaccharide 70
resulted in an iduronic acid that failed to adopt the ideal 2S; conformation as
indicated by '"H-NMR coupling constants (Fig. 16) (35). The anti-factor Xa activity
(1198 units/mg) of pentasaccharide 70 is similar to that of pentasaccharide 39 (1323
units/mg) and the biological activity of 70 is slightly better than that of 67
(1073 units/mg) containing one carbon atom to bridge C-2 and C-5.

To determine whether the absence of the noncritical sulfate groups in unit H
influences the biological activity, three pentasaccharides (71-73) containing the 2S;-
locked iduronic acid as well as variously sulfate or methyl groups on the reducing
end unit H were synthesized (Table 4) (112). The 3-O-sulfate in unit H increases the
affinity for AT III and shifts the equilibrium toward the 2Sy-conformation. The 6-O-
sulfate group in H interacts with the 2-O-sulfate group on unit G resulting in
enhanced biological activity, whereas the removal of one of these sulfate groups
results in 10-fold lower activity.

The crystal structure of the AT III-pentasaccharide (74) complex illustrates
that all carboxylate groups are interacting with the positively charged Lys and Arg
residues of AT III (86). The carboxylate groups of Glul13 and Asp117 are sepa-
rated from the a-O-methyl group and the anomeric center. Therefore, the exchange
of the a-O-methyl group in 54 by a a-C-glycosidic ethylamine tether should result
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Scheme 8 Retrosynthetic synthesis of a bridged heparin analog.

in an additional binding interaction with Glul113 and Aspl17 in AT III. Pentasac-
charides (75-84) having one or two positively charged amino groups at the reducing
end were prepared (Fig. 17) (113). To minimize unwanted intramolecular salt
bridges between the terminal amino group and the sulfate groups, the R! sulfate
of 75 and the R! and R? sulfates of 80 were replaced by methyl groups in penta-
saccharides 76 and 81. Pentasaccharides 77 and 82 contained additional positively
charged amino substituents on the ethylamino tether.

All pentasaccharides were less active than 54 (Table 5). The amino groups in
78 and 83 are not interacting favorably with the negatively charged target amino
acids Glul13 and Aspl17. Based on the lower activity of 76, compared to 81, it can
be concluded that the 6-O-sulfate may form an intramolecular salt bridge with the
amine. Incorporation of two positively charged groups (77 and 82) results in
decreased activity and further suggests that the amino acid residues are not avail-
able for additional binding interactions.
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Scheme 9 Synthesis of a pentasaccharide with a C-interglycosidic bond.
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Figure 14 Pentasaccharide 64, deoxygenated at C-3 of unit G.

b. Heparin Oligosaccharides with Full Anticoagulant Properties

All pentasaccharides described above exhibit strong anti-factor Xa activity but fail
to inhibit thrombin. Longer heparin chains (14-20 saccharides) are required for
antithrombin activity. Long, sulfated oligosaccharides can be obtained by connect-
ing two sequences such as ABD and TBD through a spacer. Several aspects need to
be considered in defining the nature of the spacer: (1) the type of spacer (charged or
neutral, linear, flexible or rigid); (2) the direction of chain elongation (from the
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Figure 15 Pentasaccharides containing iduronic acid unit G locked in the %Sy, 'Cy, *Cy
conformation.

reducing end or nonreducing end); and (3) the structural requirements of the
thrombin-binding domain of heparin.

With these considerations in mind, a model of a heparin/AT I1I/thrombin
complex containing different glycoconjugates in the AT II-binding domain ABD,
a linear spacer (50 atoms in length corresponding to an oligosaccharide of 12-18
units), and a persulfated maltotrioside representing the thrombin binding domain
TBD was prepared (114). The model suggests that TBD should be attached via the
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Table 3
Anti-Xa activity (units/mg)
54 Reference 1611
66 1Cy 43
67 280 1073
68 ¢y 115
69 Flexible unit G 1345
080; 0503
“00C
o] \O [o) 0
MeO [e} RO
Meo OMe|  ©O0C 0
° o] Mo R? OMe
MeQO
OMe
70:R', R?= S0,
71:R', A% =Me
72: R’ = SO;, R? = Me
73R! = Me,R% = SO,
Figure 16 Pentasaccharides with two carbon atoms in the bridge.
Table 4
R! R? Anti-Xa activity (units/mg)
70 SO; SO; 1198
71 Me Me 960
72 SO; Me 886
73 Me SO3 1078

linker at the nonreducing end of ABD. Different short, persuifated oligosaccha-
rides 90-103 were synthesized and attached to ABD (54) to study the binding
of TBD to thrombin. The desired ABD unit was obtained over four steps by
glycosylation of the tetrasaccharide 85 with 86 (Scheme 10). Coupling of ABD-
trisaccharide 87 and the TBD-fragment 88 afforded glycoconjugate 89. The heparin
portions were separated by a 53-atom spacer that corresponds to an 18-mer stretch
of oligosaccharide.

Compounds 90-92 display both good AT IIl-mediated anti-factor Xa and
antithrombin activity and indicate that an increase in charge of the TBD unit results
higher antithrombin activity (Table 6).

The synthesis of symmetric conjugates that are able to bind AT III on one end
and thrombin on the other end was also of interest. Therefore, pentasaccharides 53,



Synthetic Approach to Define Structure-Activity Relationship of Heparin 103

0S80, o0c 0805
Q, OMe Q
MeO N
-0.S ~0,4S0.
MeO on| 0OC AN o

6} g
o] 0,80 ad (O] OMe
MeO

’El oMe 080, EI

54: R =Me
74: R = S04

75: R = SO, R = Hy*
76:R' = Me,R = H,"

o
77:R'=MeR=J{_ NH,*

78:R'=Me,R=z ~NHg*

o}
79:R'=Me,R= J_NHZ

OR? 80: R' =80, R2=S04" R =H,*
DEFG| 055
7
NHR

82: RL,R2=Me, R :/l(J)\./NHg
83 RIAZ-MeR=Zz NH'
84: R,A%=Me, R =)Ol\_/NHZ
NHZ

e

Figure 17 Pentasaccharides containing charged amino groups at the reducing end.

54, 56 containing seven, nine, and eleven sulfates were dimerized to produce
glycoconjugates 93-95 (Fig. 18). As observed in previous experiments antithrombin
activity increases with the number of sulfate groups.

Based on these findings, it was concluded that antithrombin activity increases
with the number of sulfate groups. The number of sulfates in the thrombin-binding
domain appeared to be more important than the number of carbohydrates.
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Table 5
Anti-Xa activity (units/mg)
54 938
76 77
71 18
78 105
79 28
81 21
82 18
83 138
84 49
- 0803
080, “00C. °
0 OMe o O
R'O o O0~—"0,50 -
OR?']| NaOOC 3
) oR? OMe
MeO

93: R', R = CH,
94: R' = SO;, R2 = CH,
95: R', R2 = SO;

Figure 18 Glycoconjugate derived through dimerization.

The influence of the length of the spacer was investigated using conjugates 96-99.
With an 18-atom spacer only anti-factor Xa activity was observed, whereas incor-
poration of a 32-atom spacer induces some antithrombin activity. An increase in
spacer length to 46 or 59 atoms resulted in a sharp increase in antithrombin activity.
Conjugate 100 was synthesized to establish if reduction of the AT III affinity of the
pentasaccharide in a conjugate affects both the anti-factor Xa and antithrombin
activity. Conjugate 100 is similar to 92, but contains a pentasaccharide with a 50-
fold lower activity for AT III. Surprisingly, the antithrombin activity of 100 is
almost identical to that of 92, but exhibits a sevenfold lower anti-factor Xa activity.
An explanation for this phenomenon could be that in the case of conjugate 100
the assembly of the ternary complex occurs through both the expected binary AT
III-100 complex. This leads to an anti-factor Xa and antithrombin activity, and a
binary thrombin-100 complex that lead only to a ATIII-mediated antithrombin
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Table 6
Anti-factor
Xa activity  Antithrombin
Nr TBD Spacer length ABD  (units/mg)  activity (units/mg)
90 Cellobiose (7-S) 53 54 740 10
91 Maltotriose (10-S) 53 54 490 64
92 Maltopentaose (16-S) 56 54 280 330
93 TBD=ABD (7-S) 53 54 770 14
94 TBD=ABD (9-S) 53 56 640 36
95 TBD=ABD (11-S) 53 53 280 160
96 Maltopentaose (10S-) 18 54 540 1
97 Maltopentaose (10S-) 32 54 700 15
98 Maltopentaose (10-S) 46 54 420 20
99 Maltopentaose (10-S) 59 54 630 120
100 Maltotriose (16-S) 56 54 41 280
101 DS tetra (4-S) 53 54 2
102 DS tetra (5-S) 53 54 10
103 Heparin tetra (6-S) 53 54 10
104 Cellobiose (7-P) 53 54 500 22
105 Cellobiose (7-IP) 53 54 690 5
106 Maltotriose (10-P) 54 1000 167
39 Tig-oligonucleotide 54 173 5
54 - 1611 -
Heparin Oligosaccharide +50 160 160

activity. The formation of the latter binary complex occurs more easily relative to
the thrombin-heparin binary complex because the pentasaccharide domain of
conjugate 100 has a lower activity for AT III, whereas its thrombin-binding domain
should interact more strongly with thrombin.

Heparin-like conjugates 101-103 that contain identical ABD domains but
different TBD domains were prepared (115). Conjugate 101 contains a TBD
domain with four sulfate groups and exhibited low antithrombin activity. The
conjugates 102 and 103 showed an antithrombin activity similar to 90. The charge
density of the TBD moiety determines the antithrombin inhibitory activity,
whereas the carbohydrate structure of TBD has no effect.

To probe the effect of the charged group on high-affinity ABD domains,
perphosporylated cellobiosyl saccharides 104, 105 with seven and fourteen negative
charges, respectively, as well as malitotrioside 106 carrying 20 negative charges were
synthesized (Fig. 19). Incorporation of lipophilic groups into the TBD domain was
expected to enhance the interaction with thrombin. The introduction of a phos-
phate ester in TBD increased the affinity of TBD for thrombin, while the replace-
ment of one sulfate group by a phosphate ester in the ABD decreased the affinity of
ABD for AT III.

Based on the observation that oligonucleotides can associate with the heparin-
binding site (116), conjugate 107 was prepared where part of the spacer and the
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Figure 19 Alternative TBD’s for thrombin inhibition.

TBD domain were replaced by an oligonucleotide. The low anti-factor Xa activity
(173 units/mg) and antithrombin activity (5 units/mg) of 107 illustrated the existence
of a weak interaction of oligonucleotides with the TBD domain. The interaction of
the ATB domain with AT III requires more than just the interaction of the TBD
domain with thrombin.
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N-(2-naphtalenesulfonyl)-glycyl-(p)-4-aminophenyl-alanyl-piperidine (NAPAP)
derivate 108 served as another noncarbohydrate TBD (Fig. 20) (117). NAPAP 109
itself binds directly to the active site of thrombin (ECsy = 0.75 uM). The NAPAP-
conjugate 108 was designed to stimulate AT III-mediated anti-factor Xa activ-
ity and to inhibit thrombin. Indeed, conjugate 108 exhibited antithrombin activity
(ICsy = 0.35 uM) and anti-factor Xa (885 units/mg) and confirmed that the NAPAP-
conjugate is a better inhibitor than the combination of the free pentasaccharide and
NAPAP.

All approaches discussed thus far incorporated a flexible spacer. Another
class of oligosaccharides containing a rigid spacer, and decreased charge density
was synthesized. ABD domains with at least six negative charges also served as a
TBD because the interaction of thrombin with heparin results from an electrostatic
attraction that depends on the density of negative charges. It should be noted that
AT III-ABD binding affinity is much higher than thrombin-TBD binding affinity.
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Figure 20 Example for a noncarbohydrate TBD.



Synthetic Approach to Define Structure-Activity Relationship of Heparin 109

A sequence of repeating ABDs would increase the affinity for AT III, but prevent
thrombin binding. Oligosaccharides with anti-factor Xa and antithrombin affinity
require an affinity of AT III-ABD and thrombin-TBD in the same order of
magnitude. Based on the high AT III affinity of pentasaccharide 52, hexasaccha-
rides consisting of a repeat disaccharide should have a reduced, but stiil significant
affinity for AT III. The highly symmetrical antithrombin binding domain obtained
from a single disaccharide results in a much-simplified synthesis of glycoconjugates
for drug development. The first carbohydrates exhibiting full heparin anticoagulant
properties were synthesized in 1998 (118,119).

Three hexasaccharides that contain one additional trisulfated glucose at the
nonreducing end (109), a p-glucuronic acid (110), and r-iduronic acid as the only
uronic acid in the compound (111) were synthesized (Fig. 21). The introduction of
the additional trisulfated glucose in 109 results in binding to AT III. The binding
affinity of 110 that contains only b-glucuronic acids decreased dramatically. Oligo-
mer 111 which contains only L-iduronic acids displayed ideal binding properties
with an affinity for AT IIl (K4 = 0.35uM) that is similar to heparin-thrombin
binding (K4 = 1 pM). Anti-factor Xa activity of 111 was reported at 325 units/mg.

Based on these findings, larger heparin fragments related to 111 were synthe-
sized (Scheme 11) (120). All compounds (112-117) show similar anti-factor Xa
activity. The smaller oligosaccharides (hexadecamer, octadecamer, decadecamer,
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Figure 21 Carbohydrates with full anticoagulant properties for. heparin.
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Scheme 11 Strategy for the synthesis of larger oligosaccharides.

dodecadecamer, and tetradecamer) do not inhibit thrombin while for larger oligo-
mers [hexadeca-(115), octadeca-(116), and eicosasaccharide(117)] activity increases
with size. The eicosamer is half as potent as standard heparin (Table 7).

Exchange of the polyethylene glycol spacer for a rigid permethylated poly-
maltose spacer (118) increased the antithrombin activity tenfold while anti-factor
Xa activity remained similar to 92 (Fig. 22). Due to the lower charge density and the
rigidity of the spacer, neutralization of 118 by PF4 was reduced by a factor of 20
when compared with standard heparin (121).

To create oligomers with a charge density similar to that of heparin, glyco-
conjugates 119-121 possessing a specific ABD domain and a TBD domain that is
not recognized by AT III were synthesized (Scheme 12) (122). Synthesis of these
structures relied on the elongation of the ABD domain at the nonreducing end
by the addition of 3-O-methyl-2,6,-di-O-sulfo-p-glucose oligomers with alternating
a-, and B-(1 — 4) linkages.

Anti-factor Xa activity and affinity for AT III were similar for all compounds,
whereby thrombin inhibition increased with growing chain length. Nonadecamer
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Table 7

Anti-factor Xa Antithrombin
Nr Size activity (units/mg) activity 1Csg (ng/mL)
112 10-mer 325 >10,000
113 12-mer 405 >10,000
114 14-mer 360 >10,000
115 16-mer 310 130
116 18-mer 360 23
117 20-mer 290 6.7
Heparin - 170 3
119 15-mer 370 41
120 17-mer 270 5.3
121 19-mer 290 1.7
122 17-mer 270 9.3
123 16-mer 350 490
124 18-mer 260 360
125 20-mer 210 88

121 was as potent as the most active fraction isolated from standard heparin.
Heptadecasaccharide 122 that contained even less charge density, exhibited the
same anticoagulant properties, but could not be neutralized by PF4 even at very
high concentrations (100 wg/mL) (Fig. 23) (Table 7) (123).

A new family of heparin mimetics (123-125) combined a pentasaccharide
ABD domain with a TBD domain composed of a low sulfated sequence of repeat-
ing 2,3-di-O-methyl-6-O-sodium sulfonato-a-p-glucosyl units (Fig. 24) (124). Only
small differences in the AT TII affinity and in the inhibition of Xa were observed.
These conjugates are less potent than heparin, but none are neutralized by PF4,
indicating that this group of molecules may constitute alternatives to standard
heparin (Table 7).

Until 2001 there was no experimental proof that the thrombin binding domain
in heparin is located at the nonreducing end of the antithrombin binding domain,
and that the factor Xa inhibition is not affected by elongation of the antithrombin
binding pentasaccharide sequence. Different heparin mimetics were used to inves-
tigate this hypothesis (Fig. 25) (33). The N-sulfated glucosamine units of heparin
were replaced by O-sulfated glucose, and O-methyl groups were incorporated in
place of hydroxyl groups to simplify the synthesis. In the TBD domain, 2,6-di-O-
sulfonato-B-D-glucose substituted 2-O-sulfonato-a-L-iduronic acid to maintain the
number of charges per saccharide unit as in heparin.

All analogs (126-129) exhibited the same activity for anti-factor Xa and
affinity for AT III. Again, inhibition of thrombin was increasing with chain length.
Oligosaccharide 129 does not inhibit thrombin in the presence of AT III. These
results demonstrate that the TBD must be located at the nonreducing end of ABD
to inhibit thrombin.
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Figure 24 Heparin mimetic with low sulfated sequence.

4. Interactions with Growth Factors

Many growth factors, including the fibroblast growth factors (FGFs), bind to the
extracellular matrix of target tissues by interacting with GAGs such as heparin and
heparan sulfate. The mammalian FGFs belong to a protein family involved in cell
proliferation, differentiation, and angiogenesis. Growth factors bind relatively
tightly to GAGs (84,125,126).

Heparin interacts directly with the FGF-2 receptor, and mediates a high-
affinity FGF-FGFR complex (127). One FGF molecule binds to four to five
saccharide units in heparin (128,129). Heparan sulfate stabilizes the formation of
FGF oligomers, an essential step in promoting the oligomerization and activation of
tyrosine kinase FGF receptor (FGFR). The FGFs interact with two distinct extra-
cellular receptors and proteoglycan modified FGFR dimerization activates the
FGF-mediated signal transduction process.

The most thoroughly studied members of the fibroblast growth factor family
are FGF-1 (acidic FGF) and FGF-2 (basic FGF) (Fig. 26). The minimum heparin
sequences necessary for FGF-1 and FGF-2 to promote assembly of active structures
have been determined (130-134). Short oligomers such as trisaccharides and penta-
saccharides are able to bind FGF-2 (84,131,135); however longer oligomers are
necessary for dimerization and activation of FGFs (Fig. 27) (136). X-ray crystal
structures of FGF-1 (137) and FGF-2 (84) complexed with heparin oligosaccharides
helped identify functional groups crucial for signaling (20). The binding region for
FGF-2 has been identified as a pentasaccharide sequence containing a single, essen-
tial, O-sulfate group at C-2 of iduronic acid (135) and N-sulfated p-glucosamine. For
efficient binding of FGF-2, all uronic acid units must be present as L-iduronic acids
(138,139). While 6-O-sulfate groups are necessary for binding and activation of FGF-
1, sulfates are not required for binding to FGF-2 (135,140) but are thought to be
required for the mitogenic activity of FGF-2 (141). Crystal structures of FGF-
heparin complexes further strengthen these observations (Fig. 26) (84,137,142).
Although FGF-heparin interactions are dominated by interactions involving



[ _oso,” 7
¥ Q
MeO $0,”
MeO o o os0-
080~ A
MeO ° -00C
° r© Q Q¥e 0 Q
080, |meo p o
NaOOC “0.80 Q% ~0.50
L dn MeO o- S 3
TBD-Domain O 0,80 MeO OMe
MeO fe)
OMe
126: (n=5);127: (n=6);128: (n=7); 050,”
ABD-Domain
0s0,” oso.” [
3 i —_
0 00C OMe o 080,
N::% d 0 o0 :| o) 080,”
o
NaO =, Prel -, o _
MeO © MeO
MeO ™ d 0,50 o
080,” 129 MeO
— 0,80 ~_~
‘ T T8D-Domain o
ABD-Domain

Figure 25 Heparin mimetics to prove the location of the TBD domain.

9Il

43842q258 "IT'd PuUv 1HON )



Figure 26 (A) Crystal structures of FGFs. The superimposed structures are shown here as
a backbone atom trace, looking down the barrel of the B-trefoil. The inset shown is FGF1 in
the traditional cartoon format, in an identical orientation with the main picture. Colors:
FGF1, red; FGF2, orange; FGF4, yellow; FGF7, green; FGF9, cyan. (B) Crystal structure of
a heparin decamer bridging two FGF1 molecules. FGF1 is shown as a cartoon in red, heparin
as sticks with atoms colored by type: carbon, green; oxygen, red; nitrogen, blue; sulfur,
orange. (C) A ternary complex of FGF1-FGFR2-heparin showing a 2:2:1 stoichiometry.
The Figure shown is taken from the structure 1E0O. FGF1 and FGFR?2 are shown in cartoon
form, FGF1 in red, FGFR?2 in blue. The heparin is shown as spheres. Colors are as in (B). (D)
and (E) A ternary complex of FGF2-FGFR1-heparin showing a 2:2:2 stoichiometry. The
figure shown is taken from the structure 1IFQ9. FGF2 and FGFR1 are shown in cartoon form,
FGF2 in red, FGFR1 in blue. The heparin is shown as spheres. Colors are as in (B). The
Figures were created using PYMOL (reprinted from Journal of Molecular Biology, Towards
a resolution of the stoichiometry of the fibroblast growth factor (FGF)-FGIF receptor—
heparin complex, 821-834, © 2004 with permission from Elsevier, www.elsevier.com).
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Figure 27 The FGF-binding domain.

sulfate groups, non-sulfated oligosaccharides can also bind to the same site, as the
structure of a complex between FGF-2 and a trisaccharide heparin-derivate has
shown (131). For the FGF system, only one structure has been determined with
sufficient resolution to allow for the direct identification of the structural details of
the glycan (84).

a. Synthesis of Heparin Oligosaccharides Involved in FGF Interaction
After the minimum heparin binding sequence for FGF-1 and FGF-2 had been
determined (HexA-GlcNS-HexA-GlcNS-IdoA-20S), different syntheses to ac-
cess these heparin-fragments were developed. The oligosaccharides differ in the
configuration of the HexA units, in the sulfation pattern and in length.

Using a modular strategy, tri-(130, 131), and tetrasaccharide (132) derivatives
were obtained by coupling disaccharide 133 with alcohols 134 or 135, respectively
(Scheme 13) (143).

This modular strategy also yielded disaccharides 133-138 and trisaccharides
139, 140 (Fig. 28) (144). Disaccharide 135 and 136 bind FGF-2 less tightly than
heparin. The two trisaccharides 139 and 140 bind FGF-2 and show higher affinity
for FGF-1.

To elucidate the exact nature of the hexuronic acid unit four different penta-
saccharides (141-144) were prepared (Table 8) (41,145). All pentasaccharides
inhibited FGF-2 binding to heparin or heparan sulfate and the proliferation of
FGF-induced human aortic smooth-muscle cells (HASMC). Pentasaccharide 141
is most effective, while 142-144 showed only weak potency. From these observa-
tions, it was concluded that iduronic acid is mainly responsible for the interaction
between heparin and FGF-2. The conformation of the different iduronic acid
residues was analyzed by NMR. The iduronic acid at the nonreducing end is
predominantly present in the *C;-form, the iduronic acid in the center prefers the
1C4-form, and the reducing end iduronic acid adopts the 2Sy-conformation.

A tetrasaccharide 145 and hexasaccharide methyl glycoside 146 were pre-
pared from three different disaccharides: seeding disaccharide 149, elongation
disaccharide 148, and capping disaccharide 147 (Scheme 14) (38). Within each
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Table 8

Nr

141 Ido-GleNS-Ido—-GIcNS-Ido
142 Ido-GIcNS-Glc-GleNS-Ido
143 Glc—GleNS-1do-GIcNS-Ido
144 Gle-GleNS-Gle—GleNS-Ido

disaccharide, iduronic acid was placed at the nonreducing end and glucosamine at
the reducing end. Hexasaccharide 146 antagonized iodinated heparin—-FGF-2 bind-
ing and inhibited FGF-2-induced proliferation of human aortic smooth-muscle cells
(HASMC). Tetrasaccharide 145 showed only weak efficacy (Table 9).

Three tetrasaccharides 150-152 containing the sequence (GlcN-IdoA) and
different sulfation patterns at C-6 of the glucosamines were prepared (Fig. 29)
(146). The synthesis relied on coupling two versatile disaccharide building blocks
with orthogonal protecting groups (66).
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Table 9
Inhibition of FGF-2- Inhibition of FGF-2-
binding to HASMC induced HASMC
Nr Size (pg/mL) proliferation (ug/mL)
145 tetra-mer 127 >100
146 hexa-mer 16 23.7
Heparin 14.8 30.1
-00C OH
~0 OPr
08, O
-00C OH NH
HO B
& o 0,80
0,8 O ©
“NH OR?
HO -0,80
HO &
OR’ 150: R, R2 = SO,
151: R' = H, R2= SO,
152: R, R2=H

Figure 29 Three tetrasaccharides with different sulfation patterns at C-6.

The same strategy followed by a convergent (n + 2)-block approach allowed
the preparation of longer oligosaccharides, which are not available by enzymatic or
chemical degradation of heparin, with a glucosamine unit at the nonreducing end
(Fig. 30) (Table 10) (147-149).

Hexa-153 and octasaccharide 154 contain the structural motif of the major
region of heparin and were tested for activation of FGF-1. Octasaccharide 154
activates the mytogenic signal like heparin, while hexasaccharide 153 was less
efficient. From sedimentation experiments, it has been concluded that the active
form of FGF-1 is a monomer, assuming that the dimerization of FGF-1 is not
necessary for FGF-1-induced signaling. Hexasaccharide 153 prefers a helical

Table 10 Different Sulfated Oligosaccharides

R! R? R? R* R? RS R’
153 SO; SO; SO; SO; SO3 SO, SO,
156 H SO SO; Ac H H SO;
158 SO; H SO, SO; H SO; H
159 H SO; H SO; SO;3 H SOz
154 SO; SO; SO; SO, SO; SO;

157 Ac H H Ac H H
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Figure 30 Different sulfated oligosaccharides.
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conformation, and the iduronic acid units exist in a fast equilibrium between the
28,- and the 1C4-form with a slight preference for the latter. Comparison of the
conformation of 153 with that of pentasaccharides 141-144 reveals that the se-
quence of the oligosaccharides (IdoA-GleN vs GlecN-IdoA) can affect the con-
formation of the iduronic acid units.

Electrostatic interactions of heparin with ions occur via charged saccharide
groups. Ca?*—heparin interactions where the cation binds preferentially to the
carboxylate groups of the iduronic acid units have been observed. Modification of
the carboxylate groups by conversion into methyl esters or by protonation resulted
in the loss of binding capability. The lack of the sulfamido group of the glucosamine
units results in the loss of Ca®* binding to heparin. Combination of size and charge
is responsible for site-specific Ca?* binding, while other ions (e.g., Na* and Mg**)
bind more specifically.

Binding of Ca?* to 153 was found to be specific (150,151). The ion influences
backbone flexibility, rigidifies the glycosidic linkage, and the conformational equi-
librium of the iduronic acid unit may be shifted to the !Cs-conformation. NMR-
spectroscopy studies of disaccharide unit 155 confirmed that the ! C;-conformation
showed also here the highest affinity for Ca?*. Furthermore, the ion coordinates the
carboxylate, and 2-O-sulfate groups of the iduronic acid units as well as the
N-sulfate moiety of glucosamine with the glycosidic and iduronate ring oxygen
atoms. Calcium-heparin interaction studies were extended to hexasaccharides 158
and 159 (152). NMR studies in concert with molecular modeling revealed that the
6-O-sulfate group of glucosamine is necessary for the interaction of heparin with
Ca’*, whereas the sulfate group at C-2 of iduronic acid is not. To test whether the
active form of FGF is a monomer, hexasaccharide 156 and octasaccharide 157 were
prepared using the convergent (n + 2)-block approach (148). Exhibiting charged
groups only on one side of the helical structure, a monomeric complex with FGF-1
should be formed exclusively. Conformational analyses showed that the absence of
the 2-O-sulfate groups in C and G, the 6-O-sulfate group in B and F, and the
N-sulfate group in D and H, do not change the conformation of the iduronic
acid rings. Hexasaccharide 156 was found to be biologically active and demon-
strated that a 1:1 complex between a heparin fragment and FGF-1 can induce
mitogenesis.

The closely related hexasaccharides 158 and 159, which differ from 153 and
156 only in charge distribution, were used to study the importance of sulfate groups
glucosamine C-6 and iduronic acid C-2 while keeping the number of negatively
charged groups constant (149).

The oligosaccharides contain the basic structural features of heparin, but
different charge distribution and orientation results in different biological behavior.
The two oligosaccharides 153 and 154 contain the trisaccharide motif (IdoA-20S-
GleN-60S-IdoA-20S) required for high-affinity binding to FGF-1, while oligo-
saccharides 156-159 were missing this motif. Oligosaccharides lacking this internal
trisaccharide motif can stimulate FGF-1 more efficiently than those with the regular
heparin structure (153). Hexasaccharide 156 containing sulfate groups only on one
side of the helical structure can activate FGF-1 as effectively as octasaccharide 154.
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These results underscore the importance of charge distribution in the activation
process of FGF-1 and suggest that the FGF dimerization is not absolutely required
for biological activity.

5. Synthesis of Heparin Oligosaccharides Recognized by Herpes
Simplex Virus

Heparan sulfate serves as adhesion receptor for bacteria, parasites, and viruses. The
negative charges of heparan sulfate can be recognized by viral proteins (154). Herpes
simplex viruses are members of the neurotropic subgroup of the herpes virus family.
Infection with herpes simplex virus 1 (HSV-1) and herpes simplex virus 2 (HSV-2)
are most common in humans. HSV-1 binds to cells through interaction of envelope
glycoprotein gB and gC with cell surface heparan sulfate. A third viral glycoprotein,
gD, interacts with one of multiple specific receptors, which results in a viral entry of
the virion envelope with a cell membrane. This fusion requires the concerted action
of the three glycoproteins (gB, gH, and gL) and is triggered by the binding of gD toits
cognate receptors. A heparan sulfate octasaccharide (160) that binds to HSV-1 gD
was identified (Fig. 31) (155,156).

Based on this information, a fully protected N-differentiated heparin oligo-
saccharide was prepared in an effort to establish a structure—activity relationship
(157). Based on the limitations of the analytical methods, the nature of one of the
uronic acid residues was not known. Therefore, an iduronic acid residue was
initially selected in this position. The protecting group strategy was adapted from
previous heparin syntheses: O-sulfonates were masked as O-acetates, hydroxyl
groups as O-benzyl ethers, carboxylic acids as methyl esters and N-sulfonates as
azides. In addition, the free amine was protected as benzylcarbamate and the
N-diacetate as N-acetate (Scheme 15).

Two disaccharides 162 and 163 and tetrasaccharide 164 were readily prepared.
Coupling of 163 and 164 afforded hexasaccharide 170 as an «/B-mixture (6:1) and
the rearranged tetrasaccharide 171 (Scheme 16). The selectivity is decreased by the
2-N-CBz glucosamine residue, which could force the iduronic acid unit out of the
favorable ' Cy conformation. This finding underscores the fact that the selectivity of
glycosylation reactions is greatly influenced by the formation of the nucleophile.
This fact has to be taken into consideration for further syntheses of large heparin-
like glycosaminoglycans.

6. Synthesis of Heparin Oligosaccharides Interacting with Platelets

Heparin binds to platelets and can cause activation and aggregation. To understand
how heparin alters platelet function, the platelet-binding site for heparin has to be
determined. Given the heterogeneous nature of heparin, this is a challenging task.
A disaccharide unit [GIcNS(6-OS)-IdoA(2-OS)] in heparin was found to be key for
the binding interaction (158). The disaccharide cannot be obtained by enzymatic or
chemical degradation. Therefore, a series of oligomers 172-177 containing this
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disaccharide were prepared and their platelet binding activities determined (Fig. 32)
(159,160).

Hexasaccharides 173 and 177 that contain three units of GIlcNS(6-OS)-
IdoA(2-OS) bound stronger than their counterparts 172, 175, and 176 that contain
only two key disaccharides. This finding underscores the role of the GlcNS(6-OS)-
IdoA(2-OS) clustering effect for binding. The binding potency is not influenced by
the distance between the GlcNS(6-OS)-1doA(2-OS) units. Head-to-tail dimer 174
has a higher binding activity than the tail-to-tail dimer 172. The arrangement of the
two units of GIcNS(6-OS)-1doA(2-OS) has an influence on the activity.

Pentasaccharide 34 that does not contain the key disaccharide GleNS(6-OS)-
IdoA(2-OS) binds to platelets. To determine which part of 34 is responsible for the
platelet binding, fragments of 34 were synthesized. The tetrasaccharide that con-
tains the nonreducing fragment DEF of 34 does not bind platelets. More detailed
studies were focused on the reducing end FGH trisaccharide 178, and on its
partially desulfated derivatives 179 and 180 as well as disaccharide derivatives 181
and 182 (Fig. 33). Only trisaccharide 178 bound comparably to 173 and 177. Based
on these results it has been suggested that the sequence GIcNS(3-OS)(6-OS)-
I1doA(2-O8)-GIcNS(6-08S) is a high-affinity binding site for platelets.

V. Summary and Outlook

Heparin, the drug of choice for the prevention and treatment of thromboembolic
disorders for more than 60 years, has been shown to interact with many proteins.
Despite its widespread medical use, little is known about the precise sequences that
interact with specific proteins and their structure—activity relationship. Heparin—
protein interplay has been studied using defined synthetic heparin sequences. NMR
and X-ray crystallography have aided significantly in characterizing the specific
interactions of heparin with proteins.

The minimum heparin binding sequence for FGF-1 and FGF-2 necessary to
promote signaling was investigated. A characteristic pentasaccharide sequence
DEFGH is necessary to accelerate the inhibition of thrombin and factor Xa in
the blood-coagulation cascade. A host of oligosaccharides has been synthesized and
shows activity for anti-factor Xa and thrombin. Other defined heparin oligosac-
charides tightly bind to FGF, HSV, or platelets.

The first synthetic heparin pentasaccharide drug has now been approved in
Europe and the US and is sold under the trade name Arixtra. Other oligosaccha-
rides with different compositions are under clinical investigation. Despite these
successes, many questions remain unanswered. The enormous interest in the as-
sembly of heparin oligosaccharides will stimulate the development of new synthetic
approaches. New anticoagulants based on the structure of heparin may avoid
undesired interactions with proteins such as PF4. The synthesis of oligosaccharides
will have to be simplified in order to access many different structures in large
quantities. The automation of heparin oligosaccharide synthesis, similar to that of
DNA or peptide synthesis, will play an important role.
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I. Introduction

The creation of the synthetic heparin pentasaccharide has addressed an important
issue in the pharmacology of heparin on the contribution of the inhibition of factor
Xa in the mediation of the antithrombotic effect of low molecular weight heparin
and heparin oligosaccharides.

The first studies using heparin derived oligosaccharides failed to demonstrate
a functional relevance of the inhibition of factor Xa to an antithrombotic effect in
experimental animal models. It was suggested that inactivation of thrombin was
required for inhibition of thrombosis and that agents with predominantly anti-
factor Xa activity were weakly effective antithrombotic agents. These studies
were inconclusive, however, since the agents used were heterogeneous in structure
and of relatively low potency. It remained questionable whether a highly active
anti-factor Xa agent could be antithrombotic in vivo.

Pentasaccharide is a synthetic heparin-related agent representing the min-
imum saccharidic sequence of critical structure required for the high affinity bind-
ing of heparin to the antithrombin (AT) molecule and eliciting solely a high
inhibitory action against factor Xa (opposed to the multiple antithrombotic mech-
anisms of heparin). Since pentasaccharide is synthetic, it is known to be homoge-
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neous in molecular size and structure. This oligosaccharide was thus an optimal tool
for studies related to antithrombotic agents expressing sole anti-factor Xa activity.
Pentasaccharide proved that sole inhibition of factor Xa elicits an antithrombotic
effect by decreasing the generation of thrombin, resulting in a controlled and
selective modulation of coagulation.

This basic information, initiated to understand the mechanism of action of
heparin, was obtained in studies in the 1980s. These findings served as the basis to
move ahead with the development of pentasaccharide as a drug for human use. Due
to the synthetic nature of this agent, it was logical that chemical derivatives of the
original pentasaccharide would be made and evaluated for human pharmacologic
purposes. These developments continue to this day.

Il. Biological Activities and Mechanisms of
Action of Heparin

Multiple discrete structural regions within a heparin molecule are responsible for its
ability to complex with AT or other macromolecules to promote or modulate a
wide range of biological activities (Fig. 1). These interactions range from nonspe-
cific electrostatic binding to very specific lock and key relationships. Although the
AT mediated inhibition of thrombin (factor I1a) and factor Xa are thought to be the
primary mechanisms of action of heparin in producing an antithrombotic effect
(1-5) other mechanisms have been elucidated.

A. Antithrombin Mediated Heparin Activity

The primary mechanism of the antithrombotic activity of heparin is through asso-
ciation with AT, a 55 kDa single chain plasma glycoprotein (6,7). Heparin binds
AT forming equimolar stable complexes through an epsilon-aminolysl residue (8),
producing an allosteric alteration in the AT molecule such that the critical
arginine,gs residue of AT is more readily available to interact with the serine active
site on specific activated enzymes.

By binding to different regions of the AT molecule, thereby inducing different
structural alterations of the inhibitor, different enzymes can be inhibited by the
heparin-AT complex (9). Single site binding of heparin to AT is sufficient to inhibit
factor Xa, whereas a secondary binding of heparin to AT (therefore a longer
saccharidic chain) is required to produce a conformational change in AT that allows
for inhibition of thrombin (10). Coagulation factors IXa, Xla, XIla, as well as
plasmin and trypsin can also be neutralized by this complex (11-13). Although a
much weaker effect, several investigators have shown that factor VII is also inhib-
ited by heparin (14-16).

In the presence of heparin, the inhibition of these enzymes is accelerated 300-
2000-fold above the inhibition rate by AT alone (17). Studies using affinity chroma-
tography established that 30% (gravimetrically) of unfractionated heparin can bind
with high affinity to AT (18,19). The high-affinity material is typically of higher
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molecular weight. It has also been shown that as molecular weight increased, high-
affinity derivatives showed an increased proportion of chains with two binding
sites for AT (20).

B. Heparin Cofactor Il Mediated Heparin Activity

A second means by which heparin can inhibit thrombin is through heparin cofactor
II (HC II). This inhibitor is distinct from AT in structure and function. It is a
66 kDa glycoprotein that is not recognized by antibodies towards AT. HC Il is a
relatively ineffective inhibitor of factors IXa, Xa, Xla, and plasmin (21). In vitro,
the thrombin inhibitory effect has only been demonstrated at heparin concentra-
tions greater than 5 U/ml in contrast to the much lower concentrations of heparin
(=0.1U/ml) required to inhibit thrombin via AT (22). Dermatan sulfate and low
affinity heparin are also capable of activating HC II (23,24). HC II-mediated
thrombin inhibition may be important in vivo as individuals with HC II deficiency
have been diagnosed with thrombosis (25,26).

C. Tissue Factor Pathway Inhibitor

The Kunitz-type protease inhibitor tissue factor pathway inhibitor (TFPI) is
believed to play an important role as an endogenous inhibitor of tissue factor
induced blood coagulation (27,28). TFPI exerts its anticoagulant actions by inhi-
biting factors Xa and Vlla in a two-step, reversible reaction (29). TFPI is synthe-
sized in vascular endothelium and the majority of the intravascular pool is
associated with the endothelial cells (30). This endothelial pool of TFPI is releas-
able by heparin and other polyanionic substances (31-36) and is believed to
contribute to the anticoagulant and antithrombotic effects of these agents. The
mechanism of TFPI release is not clear, but may involve displacement from
endothelial glycosaminoglycans (27). When measured using a dilute prothrombin
time assay, TFPI has been shown to mediate approximately one-third of the
observed anticoagulant activity of heparin (37). Infusion of recombinant TFPI
decreases mortality of gram-negative bacterial sepsis in a rabbit model (38).
Mice with heterozygous TFPI deficiency exhibit a greater degree of atherosclerosis
within the vasculature and exhibit a shorter time to occlusive thrombus formation
after plaque rupture (39) than wild-type mice. In addition to releasing TFPI
from endogenous binding sites, heparin markedly enhances the ability of TFPI
to inhibit the tissue factor/factor VIla complex (40,41) and potentiate the inhib-
ition of thrombin and factor Xa generation by TFPI (42). This may be the result
of heparin’s ability to prevent TFPI from binding to circulating lipoproteins
(43).

Low molecular weight heparins are known to be structurally and biologically
diverse (44). Low molecular weight heparins have been shown to release TFPI from
the endothelium (31); this effect is related, at least in part, to the molecular weight
of the administered heparin (45) and its charge density (46).
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D. Non-SERPIN Mediated Heparin Activity

A third mechanism of action of heparin is anti-serine protease in nature but appears
to be independent of mediation by AT and HC IL. Experimental evidence for this
was shown by a low affinity heparin virtually devoid of anti-factor IIa and anti-
factor Xa activities in vitro, which significantly increased hemorrhage without
inducing an in vivo antithrombotic effect (47). Additionally, this low affinity hep-
arin was capable of potentiating the antithrombotic effect of a high affinity, 3.5 kDa
heparin (48). Further evidence lies in the fact that a low affinity heparin has been
shown to induce more platelet pro-aggregatory activity than low molecular weight,
high AT affinity fractions (49).

lll. Fractionation and Fragmentation of Heparin

Attempts have been made to individually examine the heterogeneous structural
features of heparin in order to characterize functionally active domains required for
anticoagulant action. To accomplish this objective, fractionation of the components
of the natural parent heparin material has been performed based on molecular
weight, charge density, solubility characteristics and affinity (usually to AT). Sub-
sequently, chemical procedures to depolymerize the larger molecular weight hep-
arin components into lower molecular weight material were used to generate
heparin fragments.

The development of fractions (naturally depolymerized forms) and
fragments (chemically or enzymatically depolymerized forms) of heparin added
a new dimension in the prophylactic and therapeutic use of heparin. With these
more defined materials, efforts were aimed at finding a safer antithrombotic
agent that would effectively prevent venous thrombosis, yet would have a lower
bleeding risk and a decreased incidence of heparin-induced thrombocytopenia
(HIT).

A. Biological Activity

It was found that low molecular weight heparin derivatives did not exhibit strong
heparin-like activity in global coagulant assays. A molecular weight dependence of
anticoagulant activity was demonstrated (1,50,51) raising doubts as to whether
these materials would be effective at inhibiting thrombus formation in vivo.

To better understand the depolymerized heparins, a number of in vitro
methods were developed to analyze their specific rather than overall inhibitory
activities (52). The inhibition of factor Xa and thrombin was evaluated by coagulant
and amidolytic (colorimetric) assays (53-56). These new assays provided a sensi-
tivity that allowed for the observation of a direct correlation between the inhibitory
activity against factors Ila, IXa, and XIa and the molecular weight of heparin. Ultra
low molecular weight heparin derivatives were found to be virtually devoid of anti-
factor Ila activity (1,57). An octadecasaccharide was found to be the smallest



148 J.M. Walenga, W.P. Jeske and J. Fareed

heparin derivative to possess antithrombin activity (10,58). The inhibitory activity
against factor Xa, however, was retained in low molecular weight materials and did
not show a similar correlation with molecular weight, anticoagulant activity or anti-
thrombin activity (1,2,4,10,48,51,57-59). A similar lack of molecular weight depend-
ence was shown for the inhibition of factors XIIa and kallikrein (2). A direct
molecular weight dependency on the rate of inhibition of factor Xa by heparin
existed (60). A 35-fold decrease in the inhibition rate constant was observed
between heparin with a molecular weight of 25 kDa (ki = 4.2 x 108 M~  min~1)
and the 1.7 kDa pentasaccharide (k; = 1.2 x 107 M~ min" ).

In vitro studies on the prothrombinase complex suggested different inhibitory
kinetic rates for low molecular weight heparins and unfractionated heparin. Low
molecular weight heparins were found to be progressively less effective, at
lower molecular weights than unfractionated heparin, at inhibiting platelet-bound
prothrombinase complexes (61). Higher molecular weight heparin derivatives,
however, showed a greater discrepancy between the rate of inhibition of free and
platelet bound factor Xa such that platelet bound factor Xa was inhibited at a
decreased rate from that of unbound factor Xa (61-63). There was, however, no
discrepancy observed between the two inhibitory rates for low molecular weight
heparins.

In an AT-free system, heparin derivatives demonstrated a weaker inhibition
of thrombin-induced platelet factor Va generation and thrombin- and collagen-
induced platelet activation of prothrombin than unfractionated heparin (64). In a
plasma system, the generation of thrombin was not as strongly inhibited by low
molecular weight heparins as it was by unfractionated heparin or heparin deriva-
tives with significant antithrombin activity (65). In addition, the generation of factor
Xa following intrinsic pathway activation could not be completely inhibited by high
anti-factor Xa activity agents. It was speculated from these results that agents high
in anti-factor Xa activity and low in anti-factor Ila activity, known to be poor
predictors of anticoagulant activity, would not be effective antithrombotic agents
in vivo.

Other studies with depolymerized heparins indicated that the charge density
(largely the sulfate content) of the heparin was directly related to the anticoagulant
activity (66-68). It was difficult, however, to determine a clear relationship between
potency and charge density since molecular weight and affinity to AT also varied
between the derivatives studied. Further studies showed that carboxyl groups were
also essential for anticoagulant activity, whereas acetyl groups were probably non-
functional (17,69,70).

B. Neutralization of the Antiprotease Effects of Heparin Derivatives

The antiprotease effects of heparin derivatives can be neutralized by platelet factor
4 (PF4), protamine sulfate, polybrene, and histidine rich glycoprotein. Studies have
shown that the specific antiprotease activities of heparin derivatives are differen-
tially neutralized [i.e., the anti-factor Ila activity can be fully neutralized whereas
the anti-factor Xa activity of the same agent may only be partially neutralized (71)].
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The anti-factor Xa activity of a decasaccharide was found to be insignificantly
decreased in the presence of high concentrations of PF4 (72). Measurable but
incomplete neutralization of the anti-factor Xa activity of tetradecasaccharides
and hexadecasaccharides was observed, whereas complete neutralization of the
anti-factor Xa activity of octadecasaccharides and larger oligosaccharides was
observed with excess PF4. A similar molecular weight dependency of neutralization
of the anticoagulant activity by protamine sulfate has been reported (73). The anti-
factor Ila activities of octadecasaccharides and larger oligosaccharides were more
readily neutralized by PF4 than were the anti-factor Xa activities (72). Histidine
rich-glycoprotein is unable to fully neutralize oligosaccharides of less than 18
monosaccharide units (74). In the same study, an octasaccharide retained 50% of
its anti-factor Xa activity even at a histidine rich-glycoprotein:oligosaccharide
molar ratio of 500:1.

It has been suggested that the interaction of heparin with histidine rich
glycoprotein and PF4 requires an additional saccharidic sequence than that
required for binding to AT in order to elicit a full neutralization response (74). It
has also been suggested that binding of either of these neutralizing agents to
heparin at a site adjacent to the AT binding site either causes a steric interference
with the formation of the AT-protease complex or a displacement of AT from the
heparin chain, thus inhibiting the effect of the heparins (72,75,76).

Several studies using heparin and low molecular weight heparin, have sug-
gested that the affinity of heparin for protamine sulfate is directly related to
sulfation and that this may be more important than molecular weight in determin-
ing the degree of neutralization (73,77,78).

C. Interactions Between Platelets and Heparin Derivatives

In vitro studies have demonstrated a decreased level of platelet interactions with
low molecular weight heparin as compared to unfractionated heparin. These inter-
actions include spontaneous platelet aggregation upon addition of heparin to
platelet rich plasma and augmentation of aggregation induced by ADP, collagen,
epinephrine, and thrombin. When performed in platelet rich plasma, a molecular
weight dependence to the platelet-heparin interactions was observed with little to
no reactivity with very low molecular weight heparins (49,79-82). Platelet reactiv-
ity, however, did not parallel anticoagulant activity or AT affinity for high molecu-
lar weight heparins. For low molecular weight heparins, on the other hand, high
affinity to AT corresponded to enhanced platelet activity. Specific studies examin-
ing the binding of fibrinogen to ADP-treated platelets revealed a reduced effect
only with certain low molecular heparins. It has been postulated that these effects
may be related to the anionic charge of the heparin and, therefore, its degree of
sulfation (83). In vivo studies have confirmed that low molecular weight heparin is
less disruptive of platelet plug formation than unfractionated heparin (84).

In other platelet rich plasma systems, using plasma or serum from patients
diagnosed with HIT, a molecular weight dependent effect on heparin-induced
aggregation was demonstrated (85).
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D. Endothelial Interactions of Heparin Derivatives

Limited studies have shown that low molecular weight heparins have a lower
affinity for endothelial cells as compared to unfractionated heparin (86). However,
an ultralow molecular weight hexasaccharide binds to endothelial cell growth factor
(87). While a pentasaccharide and a hexasaccharide have demonstrated antiproli-
ferative activity against smooth muscle cells, a tetrasaccharide and disaccharide
were ineffective (88). Thus, the angiogenic property of heparin appears not to be
related to its anticoagulant effect since these non-coagulant derivatives were as
effective as unfractionated heparin (89). It was determined, however, that an
O-sulfate group is required in heparin for the antiproliferative effect and N-sulfate
and N-acetyl groups helped to increase activity (88).

E. Fibrinolytic Effects of Heparin Derivatives

The fibrinolytic effect observed with unfractionated heparin both irn vivo and in vitro
has also been observed for the derivatives of heparin (90). Low molecular weight
heparins induce a fibrinolytic response in rat and rabbit models and an increase in
plasminogen activator was observed in human volunteers (91,92). Anti-fibrinolytic
drugs negated the latter effect. Activity levels appear to be dependent on the assays
used in vitro and possibly on circadian rhythms (93).

F. In Vivo Experimental Studies with Heparin Derivatives

The concept of hemostatic control, postulated by Wessler (94) and supported by
experimental data of Yin (95), pointed to a pivotal role played by factor Xa in the
generation of thrombin. These ideas, coupled with the high anti-factor Xa and low
anti-thrombin activities of low molecular weight heparins, stimulated a focus on the
specific enhancement of anti-factor Xa activity for the prevention of thrombosis. It
was hypothesized that the antithrombin activity, being associated with anticoagu-
lant activity and platelet interactions, was also associated with a hemorrhagic effect
(49,80,96). It was subsequently hypothesized that by eliminating this activity, an
effective antithrombotic agent might be obtained, which possessed a higher benefit
to-risk ratio than unfractionated heparin.

G. In Vivo Experimental Antithrombotic Data

Published experimental results with animal models of venous thrombosis have
shown that low molecular weight heparins with higher anti-factor Xa:anti-factor
ITa activity ratios than unfractionated heparins produce equivalent antithrombotic
effects as heparin. Studies have been performed on heparin derivatives that were
produced by numerous procedures, using different animal models. Thus, a detailed
comparative evaluation of the heparins is difficult, but generalizations can be made.

Heparin fractions from 4.0 to 9.5 kDa prepared by chemical depolymerization
produced significant inhibition of thrombosis in rabbit models of stenosis/stasis
coupled with an induced hypercoagulable state (96-101).
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Similar experimental animal studies were performed on low molecular weight
heparins developed for commercial use. Nadroparin (Choay; Sanofi), a 4.5 kDa
nitrous acid-derived product, was shown to be at least as effective on a gravimetric
basis as unfractionated heparin at inhibiting venous stasis thrombosis in rabbits
when administered subcutaneously (102). Enoxaparin (Sanofi-Aventis), a 4.0 kDa
product prepared by alkaline cleavage of benzyl esters of heparin, exhibited
equivalent activities as heparin at preventing the extension of new or established
venous thrombi in a rabbit model following intravenous administration (80,103).
Dalteparin (KabiVitrum, Stockholm, Sweden), a 4.5 kDa product prepared by
heparinase degradation, prevented thrombosis to the same extent as heparin in a
rabbit model of endothelial damage and flow reduction following intravenous
administration (99,104).

Experimental studies were extended to determine whether ultralow molecu-
lar weight heparins were capable of producing in vivo antithrombotic activity. The
antithrombotic actions of an octasaccharide in a venous stasis thrombosis model,
was the first experimental demonstration of a sole anti-factor Xa oligosaccharide
exhibiting antithrombotic actions (105). Subsequent studies deduced that oligosac-
charides with high affinity to AT and virtually devoid of antithrombin activity, were
incapable of exhibiting in vivo antithrombotic activities (99,100,106,107).

Based on several studies of heparin derivatives of varying molecular weight, it
was suggested that a minimum molecular weight of 4 kDa was required to produce an
antithrombotic effect equal to that of unfractionated heparin, as derivatives with
molecular weights of 2.1 and 3.3 kDa were less effective than a 4 kDa derivative (99).
This and other experimental data showed a lack of direct correlation between the
in vivo antithrombotic effect and either the ex vivo or in vitro anti-factor Xa activity.
Although several of the described studies showed partial effectiveness of low mo-
lecular weight oligosaccharides at preventing thrombosis, none demonstrated com-
plete inhibition of thrombosis by highly selective anti-factor Xa agents. Since high
circulating levels of anti-factor Xa activity were achieved in these studies without
total inhibition of thrombosis, it was reasoned that one could not predict an antith-
rombotic response based on circulating anti-factor Xa levels (100, 106, 107). Results
of another study comparing the antithrombotic effects of 2.5 and 5.0 kDa heparin
derivatives concluded that the presence of anti-factor I1a activity associated with the
anti-factor Xa activity strongly increases the inhibition of thrombosis (108).

H. The Bleeding Effect of Heparin Derivatives

Animal studies have shown that at equal unit doses, heparin derivatives caused less
blood loss in animals while exhibiting equal antithrombotic activity as standard
heparin. This has been observed for both experimental and commercially devel-
oped heparin derivatives (80,84,90,104,109-111).

Conversely, one study has shown that, at a high dose of 10 mg/kg, enoxaparin
induced a platelet defect as detected by ex vivo collagen-induced platelet aggrega-
tion, which was directly correlated to increased blood loss in the rabbit (112). Other
studies on low affinity heparin demonstrated that although no in vitro anticoagulant
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or in vivo antithrombotic response could be produced by this material, a bleeding
effect was pronounced (47,113).

The mechanism of heparin-induced bleeding is not well understood; however,
it has been suggested that bleeding may be related to the anticoagulant effect.
Based on current evidence, a heparin-induced antithrombotic effect has not been
correlated with an anticoagulant effect in all individuals (114). Furthermore, the
low molecular weight heparins have proven to be antithrombotic with reduced
bleeding tendencies yet demonstrate little to no anticoagulant effect (4,101).
Other factors likely to contribute to the bleeding effect include the effect of heparin
on platelet-vessel wall interactions, the endothelium, and fibrinolysis (113).
As previously discussed, the low molecular weight heparins have a decreased effect
on platelet activation (49).

IV. Elucidation of the Minimum Heparin Sequence
for Binding to AT

Initial studies on partially digested heparin demonstrated that anticoagulant activ-
ity was directly related to the molecular weight of heparin. Low molecular weight
components were found to be more active against activated factor X than against
thrombin (1,57). It had been determined that an octadecasaccharide was the min-
imal saccharidic sequence capable of eliciting an antithrombin effect (10,58). Sub-
sequently, a high AT affinity decasaccharide was isolated, which exhibited high
anti-factor Xa activity but very low antithrombin activity (115).

The *C-nuclear magnetic resonance (NMR) spectroscopy of this decasac-
charide revealed an extra signal corresponding to a structural group not commonly
observed, a 3-O-sulfate group (116). Utilizing a newly discovered 3-O-sulfatase
from human urine (117), the presence of a 3-O-sulfate group in certain oligosac-
charides was demonstrated (118). The 3-O-sulfate group was not found in oligo-
saccharides of low affinity.

Subsequent studies were undertaken to further degrade the decasaccharide to
obtain even lower molecular weight oligosaccharides. Using enzymatic or nitrous
acid depolymerization of heparin, followed by AT affinity chromatography and gel
filtration, two octasaccharides were obtained (119,120). These octasaccharides
possessed high affinity to AT and extremely high inhibitory effects against factor
Xa. NMR studies to determine the saccharidic sequence also revealed the presence
of the 3-O-sulfate group in both preparations. Comparison of the two structures
yielded a common hexasaccharide sequence that was then proposed as the minimal
sequence to elicit biological activity.

Preparation of a hexasaccharide by heparinase degradation of the octasac-
charide confirmed the hypothesis that such a sequence would retain high affinity to
AT and high anti-factor Xa activity without antithrombin activity (Fig. 2) (119,121).
Other octasaccharide components of heparin possessing biological activity have
been reported; however, these substances were not devoid of antithrombin activity
(122). Stepwise, controlled degradation of the previously derived decasaccharides
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and octasaccharides, produced a hexasaccharide with a defined structure. Close
inspection revealed that it contained in unnatural, 4,5-unsaturated uronic acid at
the nonreducing end, suggesting that the pentasaccharide structure contained
within the hexasaccharide was actually the minimal sequence that would bind to
AT and elicit a high anti-factor Xa activity (121,123).

Earlier, Rosenberg had suggested that a tetrasaccharide might be the critical
structural element required for anticoagulant activity (124). The isolation of large
quantities of a tetrasaccharide derived from exhaustive nitrous acid cleavage of a
material with high affinity to AT was reported. Since this tetrasaccharide was
absent from low affinity fragments, it was reasoned that it was responsible for the
anticoagulant activity; however, no conclusive data was produced.

V. Synthesis of the Pentasaccharide Representing the Critical
Binding Site of Heparin to AT

A novel synthetic approach was used to produce the pentasaccharide sequence
(Fig. 3) (125,126). The 3 C-NMR spectroscopy of the synthesized product revealed
the anticipated spectral characteristics consistent with a pentasaccharide structure
containing the desired sulfate, carboxyl, and amino groups (127). AT affinity
analysis demonstrated a high affinity (3 x 1078 M) (128). Anti-protease activities
of 2800 anti-factor Xa U/mg in human plasma by a clotting method and 4000 anti-
factor Xa U/mg in human plasma by an amidolytic method were demonstrated
(129). Pharmacologic studies confirmed that this pentasaccharide was biologically
active in vivo (130).

Due to the hypothesized critical nature of the 3-O-sulfate group on unit F of
this pentasaccharide for eliciting high affinity to AT, anti-factor Xa activity and
thus an antithrombotic effect, a structurally modified pentasaccharide devoid of the
3-O-sulfate group was synthesized (Fig. 4) (131,132). Biochemical studies did not
show the extra signal in the 1*C-NMR spectrum that was previously speculated to
result from the 3-O-sulfate group. This material did not possess high affinity to AT
(5 x 1074 M) (128), nor did it possess detectable anti-factor Xa activity (133).

so3 COO’ so3 so3
NHSO5 NHso3 so3
D E F G H

Figure 3 Structure of the pentasaccharide representing the minimal binding site of heparin
to AT with high affinity. This is fondaparinux (Arixtra”; GlaxoSmithKline) that has been
approved for prophylaxis and treatment of DVT and PE in certain clinical indications. It
continues to undergo clinical development.
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oso3 so3 so3

Figure 4 Structure of the 3-O-desulfated pentasaccharide. Removal of the 3-O-sulfate
group on glucosamine residue F (replaced by a hydroxyl group) abolishes binding of the
pentasaccharide to AT.
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As a certain degree of variability in the structure of the pentasaccharide was
thought to be compatible with binding to AT, additional structure—activity rela-
tionship studies were performed to more definitively prove the critical nature of the
synthetic pentasaccharide structure. Both tetrasaccharides contained within the
pentasaccharide (i.e., units D—G and units E—H in Fig. 1) exhibited decreased
affinity to AT and decreased anti-factor Xa activity (131,133). It was demonstrated
that not only was the 3-O-sulfate group on unit F critical for the desired properties
of this pentasaccharide, but of an equally essential nature were the 6-O-sulfate
group on unit D and the 2-N-sulfate group on unit F (123,132,134). An N-sulfate
group on unit H was determined to be important for high AT affinity. Structural
work by other investigators provided further evidence that a pentasaccharide was,
indeed, the minimal region in heparin for high affinity AT (135).

The binding of pentasaccharide to AT produces an allosteric change in AT
that increases its activity 1000-fold. The pentasaccharide-AT complex binds factor
Xa via a serine residue on factor Xa that attaches to the arginine,g,—serineso site of
AT. This inhibits factor Xa enzymatic activity in the coagulation cascade (136).
Pentasaccharide, like heparin, is reversibly bound to AT and will freely dissociate
to bind another AT molecule.

Larger heparin molecules can bind to the “pentasaccharide” site on AT while
simultaneously binding to a secondary site. Complex conformational changes are
thereby produced in AT allowing for the inhibition of thrombin and other coagu-
lation enzymes (9,12,58,137,138). Due to molecular heterogeneity, heparin pos-
sesses multiple functional domains, which can elicit many biological activities.
Pentasaccharide, of minimal structure, is only capable of the one inhibitory effect
against factor Xa. Furthermore, due to its minimum sequence, none of the penta-
saccharide’s structure remains outside its binding area of the AT molecule.

VI. Preclinical Pharmacology of Fondaparinux

These basic investigations set the stage for the development of a new class of
antithrombotic drugs. The synthetic heparin pentasaccharide (fondaparinux sodium,
Arixtra®; GlaxoSmithKline) has the structure methyl-O-2-deoxy-6-O-sulfo-
2-(sulfamino)-a-D-glucopyranosyl-(1—4)-O-B-p-glucopyranuronosyl-(1—4)-O-2-
deoxy-3,6-di-O-sulfo-2-(sulfamino)-a-p-glucopyranosyl-(1—4)-0-2-O-sulfo-a-L
-idopyranuronosyl-(1—4)-2-deoxy-6-O-sulfo-2-(sulfamino)-a-p-glucopyranoside,
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decasodium salt (Fig. 3). Although based on the structure of heparin, fondaparinux
differs from heparin and low molecular weight heparin (Table 1).

A. Anti-FXa and Other Activities

Fondaparinux (molecular weight 1.728 kDa.) is a selective and reversible inhibitor
of factor Xa dependent on binding to AT to elicit its activity. The K4 of fondapar-
inux for AT is 48 £+ 11 nM (139). Fondaparinux only promotes small increases in the
HC II mediated antithrombin activity at high concentration (140). No TFPI release
has been detected after intravenous injections of fondaparinux (140-142). There is
suggestive evidence that fondaparinux does not affect the function of thrombin
activatable fibrinolytic inhibitor (TAFI) as heparin and low molecular weight
heparin do via their inhibition of thrombin (143).

The fondaparinux-AT complex inhibits factor VIla generation and/or its
activity (144). It also inhibits the coagulant activity of the tissue factor-FVIla
complex at the same rate as heparin-AT (145). It is suggested that the fondapar-
inux-AT complex may also inhibit factor IXa (146). It is unclear whether these
mechanisms are a direct effect by fondaparinux or an indirect effect due to factor
Xa inhibition.

B. AT Saturation

Clinically effective plasma concentrations of fondaparinux for prophylaxis are up
to 1pg/ml; therapeutic plasma concentrations are approximately 1-3 ug/ml

Table 1 Comparison of the Properties of Pentasaccharide, Low Molecular Weight
Heparin, and Heparin

Pentasaccharide LMW Heparin Heparin
Molecular weight 1.728 kDa ~5 kDa ~15 kDa
Source Chemically Porcine mucosa, Porcine mucosa,
synthesized bovine lung bovine lung
Dispersity Homogeneous Heterogeneous Heterogeneous
(MW 4-9 kDa) (MW 3-30 kDa)
Protease Xa inhibition Xa and some Ila Inhibit most
specificity inhibition coagulation
proteases
AT-mediated Xa inhibition Xa >Ila inhibition Inhibit most
activity coagulation
proteases

HCII-mediated
activity

TFPI release

HIT response

Bioavailability
Half-life

Only at high
concentrations

None

Not known

~100%
Long when bound
to AT

Weak inhibition of
thrombin

Strong

Cross-reacts when
heparin is positive

=80%

Longer than heparin

Moderate inhibition
of thrombin

Strong

Positive

=30%
Relatively short
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(approx. 1 uM); effective plasma concentrations for interventional procedures will
be > 1 ug/ml (147-151). Since fondaparinux is completely dependent on binding to
AT for expression of its anti-factor Xa effect (in a 1:1 molar ratio), low plasma
concentrations of AT can be rate limiting for its activity. The normal human plasma
level of AT is 2-3 uM. This suggests that with the high concentrations of fondapar-
inux required for interventional procedures (e.g., dosing that results in plasma
levels higher than 3 pg/ml), or in patients with low AT levels due to congenital
or acquired deficiencies, the dose-dependent effect of fondaparinux could be
reduced. In vitro studies demonstrated that for 0.5-2.0 pg/ml fondaparinux, at
AT levels of 0.5 U/ml, there is 20% loss of activity in comparison to the activity
obtained with 1.0 U/ml AT (152). With 0.25 U/ml AT there is a 45% loss of activity
and with 0.125 U/ml AT there is a 65% loss of fondaparinux activity.

AT saturation by fondaparinux at high doses was also shown in a human
volunteer study (153). At doses over 17.2 mg, the AUC was lower than expected
with an increase in the drug excreted in the urine. The authors suggested that at
these high doses, where the plasma molar concentration of fondaparinux exceeds
that of plasma AT, excess fondaparinux is excreted in the urine faster than fonda-
parinux is bound to AT.

C. Anticoagulant Effect

Fondaparinux has no effect on the prothrombin time (PT) or thrombin clotting time
(154). It has a very weak effect on the activated partial thromboplastin time (aPTT)
such that prolongation is not observed with concentrations < 5.0 png/ml (154). Labora-
tory monitoring of fondaparinux is currently not being recommended for prophylactic
dosing. If necessary, fondaparinux can be measured by the anti-factor Xa assay
available in most special hematology labs. Fondaparinux activity determined by the
chromogenic anti-factor Xa assay, Heptest™ (Haemachem,; St. Louis, MO) and other
clot-based anti-factor Xa assays has been shown to correlate with antithrombotic
activity in animal models (r > 0.90) (154-157). Calibration of the assay is to be
made with fondaparinux and not a low molecular weight heparin or unfractionated
heparin. Peak plasma concentrations occur 3 h after subcutaneous dosing.

D. Thrombin Generation

Blocking the activity of factor Xa inhibits the generation of thrombin. Fondapar-
inux produces a dose-dependent inhibition of the amount of thrombin generated
and a prolongation of the lag phase of thrombin generation (140,158,159). There is
a correlation between the anti-factor Xa activity, inhibition of thrombin generation
and in vivo antithrombotic activity.

E. Platelet Interactions

Fondaparinux at concentrations of 1-100 pg/ml does not cause platelet aggrega-
tion, or influence platelet aggregation induced by epinephrine, ADP, collagen or
arachidonic acid (154).
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Fondaparinux does not induce in vitro platelet aggregation or activation in the
presence of heparin antibody obtained from patients clinically diagnosed with HIT
(154,160-162). However, data from the clinical trials in orthopedic surgery reveal
that platelet counts < 100,000 pul~! do occur with fondaparinux treatment. In the
fondaparinux groups 2.7% and 4.9% of patients vs 3.7% and 5.3% of patients
treated with enoxaparin developed thrombocytopenia (147,148).

F. Protein Binding

One study of the in vitro Plasma to Plasma of fondaparinux showed 97% bound to
plasma AT and >94% bound to purified AT (0.125 mg/ml) (163). The protein-bound
fraction decreased at higher concentrations of fondaparinux. Scatchard analysis indi-
cated specific binding to a single site coupled with a nonspecific binding component.
Specific binding parameters (Buax, Kg) Were comparable between plasma AT and
purified AT. No binding to albumin or «4-acid glycoprotein was detected.

G. Venous Thrombosis

Fondaparinux produces a dose-dependent inhibition of venous thrombosis as
shown in animal models (154-157,164). Complete inhibition is achieved at an
intravenous dose of 100 pg/kg as compared to 25 ng/kg heparin (154-157,164).
Following subcutaneous administration, the dose of fondaparinux is only 1.5-fold
higher than the effective intravenous dose to block the same thrombosis endpoint
(155). On the other hand, a nearly 6-fold higher subcutaneous dose of heparin is
required to achieve the same thrombosis inhibition endpoint (155).

H. Arterial Thrombosis

Fondaparinux is effective at inhibiting clot formation in the mesenteric arterioles
after intravenous administration to animals. A higher dose than needed to suppress
venous thrombosis is required against arterial thrombosis (>250 pg/kg) (155). In
two arterio-venous shunt models, fondaparinux effectively inhibited arterial-type
platelet rich thrombus growth and platelet consumption, as well as venous-type fibrin
rich thrombi under static and disturbed blood flow (165-167). Thrombi formed in the
presence of fondaparinux (not heparin) became less or non-thrombogenic as deter-
mined by a decrease in platelet deposition and a decrease in thrombus-induced
thrombin generation ex vivo (168). Only at relatively high concentrations did fonda-
parinux significantly reduce platelet deposits in arterial models. In an ex vivo perfu-
sion model, fondaparinux was as effective as heparin and low molecular weight
heparin in preventing thrombus formation on mechanical heart valves (169).

. Hemorrhagic Effect

Fondaparinux administered at 200-20,000 anti-factor Xa U/kg i.v. (up to approx.
25 mg/kg) dosages to rats produced only a mild increase in blood loss (2-fold more
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than placebo). In comparison, heparin produced a 5-fold increase in blood loss at a
dose of 300 anti-factor Xa U/kg i.v. (approx. 2 mg/kg) (165). In a rabbit model,
fondaparinux did not significantly increase the amount of blood loss at doses 50-
fold higher than the dose required to produce an antithrombotic effect in the same
species (155). Heparin dose-dependently increased blood loss, such that at a dose
10-fold higher than the dose that completely inhibited clot formation, a significant
increase in blood loss was observed. No bleeding was observed in a baboon model
with fondaparinux (167).

In a subgroup of a human volunteer study, repeated single daily injections of
11.4 or 26.6 mg of fondaparinux were administered to elderly subjects for 7 days
(170). In all patients, the bleeding time test was normal. Minor hematomas at the
injection/cannula site occurred, as well as one mild transient hematuria on day 3
and re-bleeding in one patient when fondaparinux plasma levels were 3.0 pg/ml
(2 anti-factor Xa U/ml).

J. Pharmacokinetics

The elimination half-life of AT-bound fondaparinux is 17-21 h (171,172). The
subcutaneous bioavailability of fondaparinux is nearly 100% and it is distributed
mainly in the blood (165,173). There is a rapid onset of action as half-maximum
activity is reached within 25 min after subcutaneous administration and a peak
plasma concentration is reached in 2-3 h (173). Area under the curve (AUC) and
maximal concentration (Cy,y) correlate linearly with dose (170). Fondaparinux is
predominantly cleared through the kidneys (173), and 77% of a single dose is
excreted unchanged in the urine. The renal clearance rate of non-AT-bound
fondaparinux is <10 min (172). Steady state plasma concentrations are reached
3—4 days after repeated daily administration of single doses of 2, 4, or 8 mg s.c.
fondaparinux (170). In normal individuals, low inter-subject variability is observed.
After discontinuation of fondaparinux, its anticoagulant effects may persist for 2-4
days (174).

VII. Clinical Trials of Fondaparinux

Fondaparinux (GlaxoSmithKline) has been evaluated in several clinical trials for
the prevention of venous thromboembolism in patients undergoing major ortho-
pedic surgery (148-151,175,176). Approval was obtained for use in hip fracture, hip
replacement, and knee replacement surgeries (177). Dosing of fondaparinux is once
daily at 2.5 mg s.c. to be started not before 6-8 h after surgery to avoid unwanted
bleeding. Patients with low body weight and renal insufficiency require dose
adjustment. Overall, there was no reduction in the bleeding risk compared to
enoxaparin. Monitoring is not recommended. However, it is advised to closely
monitor any thrombocytopenia under fondaparinux treatment. If the platelet
count falls to < 100,000 ul~! fondaparinux should be discontinued, and it should
be used with caution in patients with a history of HIT.
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Following the success of these trials, fondaparinux was evaluated in several
trials of patients undergoing high-risk abdominal surgery and in acutely ill medical
patients with restricted mobility (178,179). The global MATISSE trials evaluated
fondaparinux for the treatment of patients with acute deep-vein thrombosis (DVT)
and acute pulmonary embolism (PE) (180,181). Approval was recently obtained for
treatment of acute DVT when administered in conjunction with warfarin and for
the treatment of acute PE when administered in conjunction with warfarin when
initial therapy is administered in the hospital. The treatment dose is 7.5 mg s.c. daily
for patients with a body weight between 50 and 100 kg. Dose adjustment is neces-
sary in patients with low body weight.

Other clinical settings in which fondaparinux is being studied include inter-
ventional cardiology procedures, adjunct treatment to thrombolytic agents, acute
coronary syndrome, special population studies, and drug interaction studies.

VIIl. Derivatives of Pentasaccharide

More efficient means of synthesis of the pentasaccharide that is fondaparinux via
enzymatic reactions (182) and the use of defined carbohydrate building blocks (183)
have been reported.

A. Synthetic Designs

In an attempt to improve or alter its pharmacologic properties, a number of
structural modifications have been made to the original pentasaccharide molecule
(fondaparinux). These include linking a thrombin binding domain to the AT
binding pentasaccharide (Fig. 5) (184-188), conjugation of the AT-binding penta-
saccharide to a direct thrombin inhibitor (Fig. 6) (189), and the synthesis of an
O-sulfated, O-methylated derivative (Fig. 7) (190,191). Addition of a thrombin
binding domain to the pentasaccharide resulted in agents that were more effective
than heparin at inhibiting clot-bound enzymes and exhibited higher antithrombotic
potency in animal models of venous and arterial thrombosis. In addition, these
studies demonstrated that by manipulating the total charge or charge density of the
oligosaccharides, pharmacologic properties, such as plasma protein binding and
elimination half-life, can be modulated.

B. Idraparinux

Idraparinux (SR-34006; Sanofi-Aventis) is an O-sulfated, O-methylated pentasac-
charide derivative of fondaparinux (Fig. 7) (191). Due to the increased sulfation,
this agent exhibits a 30-fold higher binding affinity to AT than fondaparinux, and a
higher anti-factor Xa potency. Idraparinux exhibits a significantly longer elimin-
ation half-life of about 120 h, which allows for once-weekly dosing (191). It has
100% subcutaneous bioavailability (192).
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Figure 5 Chemical structure of SR 123781. This pentasaccharide derivative consists of an AT binding domain (ABD) and a thrombin
binding domain (TBD) separated by a neutral, methylated hexasaccharide sequence.
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Figure 7 Chemical structure of idraparinux. This 2-O-sulfated, O-methylated pentasac-
charide exhibits higher affinity to AT compared to the native pentasaccharide, a higher anti-
factor Xa potency and a longer elimination half-life. Idraparinux {(Sanofi-Aventis) is in
clinical development.

The PERSIST clinical study compared the efficacy (symptomatic, objectively
proven venous thrombosis or a change in thrombotic burden) and safety (clinically
overt bleeding) of idraparinux and warfarin in patients with confirmed acute
symptomatic proximal DVT. All 659 patients were treated with enoxaparin for
5-7 days and then randomized to receive either idraparinux in a once-weekly dose
(2.5,5.0,7.5, or 10 mg s.c.) or warfarin (INR 2-3) for an additional 12 weeks. This
study demonstrated that a once-weekly 2.5 mg s.c. dose of idraparinux was as
efficacious and safe as warfarin (193). There was a dose-dependent increase in
major bleeding with an unacceptable frequency in the 10 mg treatment group.
Two patients in the 5 mg group experienced fatal bleeding. Unlike heparin, enox-
aparin, and fondaparinux, the use of idraparinux was not associated with an in-
crease in plasma liver enzyme levels (194).

Clinical trials investigating the use of idraparinux for the long-term preven-
tion of stroke in patients with atrial fibrillation and for the treatment of DVT and
PE include the Van Gogh DVT, the Van Gogh PE, the Van Gogh Extension, and
the AMADEUS clinical trials (195, 196).

IX. Summary

Heparin oligosaccharides possess molecular and functional heterogeneity and con-
tain consensus sequences that have different degrees of affinity to endogenous
plasma and cellular ligands. Structure-activity studies of heparin have 'brought
about the development of low molecular weight heparins and chemically modified
heparins.

To further the understanding of the mechanism of heparin, the interaction of
the AT molecule with heparin molecules was studied in-depth. It was deduced that
a pentasaccharide sequence was the minimal sequence of heparin able to activate
AT to produce antithrombotic activity; in this case only anti-factor Xa activity was
observed.

Specifically configured pentasaccharides were then synthesized from 1983-
1986 by the group of Choay. By the '*C-NMR, four specific sulfate groups were
shown to be critical for optimum binding of the heparin molecule to AT (i.e., the
6-0-sulfate on the first saccharide unit, the 3-O-sulfate on the third saccharide unit
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and two 2-N-sulfates on the third and fifth saccharide units). The relative position-
ing of the individual sulfated saccharides also proved to be of critical importance for
AT binding.

These basic investigations set the stage for the development of a new class of
antithrombotic drugs. The synthetic heparin pentasaccharide (fondaparinux
sodium, Arixtra®; GlaxoSmithKline) is characterized as a selective factor Xa
inhibitor, thereby inhibiting thrombin generation, which requires binding to AT
to express activity. Although based on the structure of heparin, fondaparinux
differs from heparin and low molecular weight heparin with a unique therapeutic
profile and cannot be used interchangeably.

Fondaparinux is a homogeneous substance in which all chains are composed of
the same specific sulfated pentasaccharide unit. It has an ultralow molecular weight
of 1.728 kDa. It has been approved in the US and Europe for prophylaxis of venous
thrombosis after major orthopedic surgery (hip fracture, hip replacement, knee
replacement surgeries) by a fixed, once daily dose of 2.5 mg s.c. without monitoring.
It is also approved for treatment of acute DVT when administered in conjunction
with warfarin and for the treatment of acute PE when administered in conjunction
with warfarin when initial therapy is administered in the hospital. Treatment dose is
7.5 mg s.c. daily for patients with body weight between 50 and 100 kg. The bleeding
risk is not reduced with fondaparinux in comparison to enoxaparin.

Structurally similar analogues of this pentasaccharide can be produced by
modifying side groups or adding saccharidic chains. The first derivative of fonda-
parinux to undergo clinical investigation is idraparinux. Idraparinux (Sanofi-Aven-
tis) differs from fondaparinux in that it contains O-methyl groups and exhibits a
long half-life leading to once a week dosing. It is developed as an antithrombotic for
prevention and treatment of venous and arterial thrombosis, acute coronary syn-
dromes, and as an adjunct to thrombolytic therapy.

The synthetic antithrombotic agents based on the structure—activity relation-
ships within heparin will provide a unique array of designer drugs. Because they are
new, questions remain regarding the true pharmacologic potential, full mechanisms
of action, clinical limitations, and limitations in efficacy and safety of fondaparinux
and its derivatives. The future developments in this area promise to be interesting.

References

1. Andersson L-O, Barrowcliffe TW, Holmer E, Johnson EA. Sims GEC. Anti-
coagulant properties of heparin fractionated by affinity chromatography
on matrix-bound antithrombin III and by gel filtration. Thromb Res 1976;
9:575-583.

2. Holmer E, Kurachi K, Soderstrom G. The molecular-weight dependence of the
rate-enhancing effect of heparin on the inhibition of thrombin, factor Xa, factor
IXa, factor Xla, factor XIla and kallikrein by antithrombin. Biochem J 1981;
93:395-400.

3. Johnson E, Mulloy B. The molecular-weight range of mucosal-heparin prepar-
ations. Carbohydr Res 1976; 51:119-127.



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 165

4. Lane DA, MacGregor IR, Michalski R, Kakkar VV. Anticoagulant activities of
four unfractionated and fractionated heparins. Thromb Res 1978; 12:257-271.

5. Nesheim M, Blackburn MH, Lawler CM, Mann KG. Dependence of antithrom-
bin III and thrombin binding stoichiometries and catalytic activity on the mo-
lecular weight of affinity purified heparin. J Biol Chem 1986;261:3214-3221.

6. Brinkhous KM, Smith HP, Warner ED, Seegers WH. The inhibition of blood
clotting: an unidentified substance which acts in conjunction with heparin to
prevent the conversion of prothrombin into thrombin. Am J Physiol 1939;
125:683-687.

7. Rosenberg RD, Damus PS. The purification and mechanism of action of
human antithrombin-heparin cofactor. J Biol Chem 1973; 248:6490-6505.

8. Abildgaard U. Highly purified antithrombin III with heparin cofactor activity
by disc electrophoresis. Scand J Clin Lab Invest 1968; 21:89-91.

9. Stone AL, Beeler D, Oosta G, Rosenberg RD. Circular dichroism spectros-
copy of heparin-antithrombin interactions. Proc Natl Acad Sci USA 1982;
79:7190-7194.

10. Oosta GM, Gardner WT, Beeler DL, Rosenberg RD. Multiple functional
domains of the heparin molecule. Proc Natl Acad Sci 1981; 78:829-833.

11. Beeler DL, Marcum JA, Schiffman S, Rosenberg RD. Interaction of factor
Xla and antithrombin in the presence and absence of heparin. Blood 1986;
67:1488-1492.

12. Jordan RE, Oosta GM, Gardner WT, Rosenberg RD. The kinetics of hemo-
static enzyme-antithrombin interactions in the presence of low molecular
weight heparin. J Biol Chem 1980; 255:10081-10090.

13. McNeely TB, Griffith MJ. The anticoagulant mechanism of action of heparin
in contact-activated plasma: inhibition of factor X activation. Blood 1985;
65:1226-1231.

14. Broze GJ, Majerus PW. Purification and properties of human coagulation
factor VII. J Biol Chem 1980; 255:1242-1247.

15. Dahl PE, Abildgaard U, Larsen ML, Tjensvoll L. Inhibition of activated
coagulation factor VII by normal human plasma. Thromb Haemost 1982;
48:253-256.

16. Godal HC, Ryah M, Laake K. Progressive inactivation of purified factor VII
by heparin and antithrombin III. Thromb Res 1974; 5:773-775.

17. Agarwal A, Danishefsky 1. Requirement of free carboxyl groups for the
anticoagulant activity of heparin. Thromb Res 1986; 42:673-680.

18. Hook M, Bjork I, Hopwood J, Lindahl U. Anticoagulant activity of heparin:
separation of high-activity and low-activity heparin species by affinity chro-
matography on immobilized antithrombin. FEBS Lett 1976; 66:90-93.

19. Lam LH, Silbert JE, Rosenberg RD. The separation of active and inactive
forms of heparin. Biochem Biophys Res Commun 1976; 69:570-577.

20. Rosenberg RD, Jordan RE, Favreau LV, Lam LH. Highly active heparin
species with multiple binding sites for antithrombin. Biochem Biophys Res
Commun 1979; 86:1319-1324.

21. Tollefsen DM, Pestka CA, Monafo WJ. Activation of heparin cofactor II by
dermatan sulfate. J Biol Chem 1983; 258:6713-6716.

22. Tollefsen DM, Blank MK. Detection of a new heparin-dependent inhibitor of
thrombin in human plasma. J Clin Invest 1981; 68:589-596.



166

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

J.M. Walenga, W.P. Jeske and J. Fareed

Ofosu FA, Modi G, Cerskus AL, Hirsh J, Blajchman MA. Heparin with low
affinity to antithrombin III inhibits the activation of prothrombin in normal
plasma. Thromb Res 1982; 28:487-497.

Sie P, Ofosu F, Fernandez F, Buchanan MR, Petitou M, Boneu B. Respective
role of antithrombin III and heparin cofactor II in the in vitro anticoagulant
effect of heparin and of various sulfated polysaccharides. Br J Haematol 1986;
64:707-714.

Duckert F, Tran TH, Marbet GA. Association of hereditary heparin co-factor
II deficiency with thrombosis. Lancet 1985; 2:413-414.

Sie P, Dupouy J, Pichon J, Boneu B. Constitutional heparin co-factor II
deficiency associated with recurrent thrombosis. Lancet 1985; 2:414-416.
Broze GI. Tissue factor pathway inhibitor. Thromb Haemost 1995; 74:90-93.
Sandset PM. Tissue factor pathway inhibitor (TFPI) — an update. Thromb
Haemost 1996; 26(Suppl 4):154-156.

Broze GJ, Warren LA, Novotny WF, Higuchi DA, Girard JJ, Miletich JP. The
lipoprotein-associated coagulation inhibitor that inhibits the factor VII-tissue
factor complex also inhibits factor Xa: insights into its possible mechanism of
action. Blood 1988; 71:335-343.

Bajaj MS, Kuppuswamy MN, Saito H, Spitzer SD, Bajaj SP. Cultured normal
human hepatocytes do not synthesize lipoprotein-associated coagulation
inhibitor: evidence that endothelium is the principal site of synthesis. Proc
Natl Acad Sci 1990; 87:8869-8873.

Hoppensteadt DA, Jeske W, Fareed J, Bermes EW. The role of tissue factor
pathway inhibitor in the mediation of the antithrombotic actions of heparin and
low molecular-weight heparin. Blood Coagul Fibrinolysis 1995; 6:857-S64.
Sandset PM, Abildgaard P, Larsen ML. Heparin induces release of extrinsic
coagulation pathway inhibitor (EPI). Thromb Res 1988; 50:803-813.

Jeske W, Hoppensteadt D, Klauser R, Kammereit A, Eckenberger P, Haas S,
Wyld P, Fareed J. Effect of repeated aprosulate and enoxaparin administra-
tion on TFPI antigen levels. Blood Coagul Fibrinolysis 1995; 6:119-124.
Demir M, Igbal O, Hoppensteadt DA, Piccolo P, Ahmad S, Schultz CL,
Linhardt RJ, Fareed J. Anticoagulant and antiprotease profiles of a novel
natural heparinomimetic mannopentaose phosphate sulfate (PI-88). Clin Appl
Thromb Hemost 2001; 7:131-140.

Hoppensteadt DA, Fareed J, Raake P, Raake W. Endogenous release of
tissue factor pathway inhibitor by topical application of an ointment contain-
ing mucopolysaccharide polysulfate to nonhuman primates. Thromb Res
2001; 103:157-163.

Cella G, Sbarai A, Mazzaro G, Motta G, Carraro P, Andreozzi GM, Hoppen-
steadt DA, Fareed J. Tissue factor pathway inhibitor release induced by
defibrotide and heparins. Clin Appl Thromb Hemost 2001; 7:225-228.
Sandset PM, Bendz B, Hansen JB. Physiological function of tissue factor
pathway inhibitor and interaction with heparins. Haemostasis 2000; 30(Suppl
2):48-56.

Matyal R, Vin Y, Delude RL, Lee C, Creasey AA, Fink MP. Extremely low
doses of tissue factor pathway inhibitor decrease mortality in a rabbit model of
septic shock. Inten Care Med 2001; 27:1274-1280.



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 167

39. Westrick RJ, Bodary PF, Xu Z, Shen YC, Broze GJ, Fitzman DT. Deficiency
of tissue factor pathway inhibitor promotes atherosclerosis and thrombosis in
mice. Circulation 2001; 103:3044-3046.

40. Hamamoto T, Kisiel W. The effect of heparin on the regulation of factor VIla-
tissue factor activity by tissue factor pathway inhibitor. Blood Coagul Fibri-
nolysis 1996; 7:470-476.

41. Jesty J, Wun TC, Lorenz A. Kinetics of the inhibition of factor Xa and the
tissue factor—factor VIla complex by the tissue factor pathway inhibitor in the
presence and absence of heparin. Biochemistry 1994; 33:12686-12694.

42. Kaiser B, Hoppensteadt DA, Jeske W, Wun TC, Fareed J. Inhibitory effects
of TFPI on thrombin and factor Xa generation in vitro-modulatory action of
glycosaminoglycans. Thromb Res 1994; 75:609-616.

43. Alban S. Molecular weight-dependent influence of heparin on the form of
tissue factor pathway inhibitor circulating in plasma. Semin Thromb Hemost
2001; 27:503-511.

44. Fareed J, Jeske W, Hoppensteadt D, Clarizio R, Walenga JM. Are the
available low-molecular-weight heparin preparations the same? Semin
Thromb Hemost 1996; 22(Suppl 1):77-91.

45. Alban S, Gastpar R. Plasma levels of total and free tissue factor pathway
inhibitor (TFPI) as individual pharmacological parameters of various hepar-
ins. Thromb Haemost 2001; 85:824-829.

46. Valentin S, Larnkjer A, Ostergaard P, Nielsen JI, Nordfang O. Characteriza-
tion of the binding between tissue factor pathway inhibitor and glycosamino-
glycans. Thromb Res 1994; 75:173-183.

47. Ockelford PA, Carter CJ, Cerskus A, Smith CA, Hirsh J. Comparison of the
in vivo hemorrhagic and antithrombotic effects of a low antithrombin-II1
affinity heparin fraction. Thromb Res 1982; 27:679-690.

48. Barrowcliffe TW, Merton RE, Havercroft SJ, Thunberg L, Lindahl U, Tho-
mas DP. Low-affinity heparin potentiates the action of high-affinity heparin
oligosaccharides. Thromb Res 1984; 34:125-133.

49. Salzman EW, Rosenberg RD, Smith MH, Lindon JN. Effect of heparin and
heparin fractions on platelet aggregation. J Clin Invest 1980; 65:64-73.

50. Andersson L-O, Barrowcliffe TW, Holmer E, Johnson EA, Soderstrom G.
Molecular weight dependency of the heparin potentiated inhibition of throm-
bin and activated factor X. Effect of heparin neutralization in plasma. Thromb
Res 1979; 15:531-541.

51. Laurent TC, Tengblad A, Thunberg L, Hook M, Lindahl U. The molecular
weight dependence of the anticoagulant activity of heparin. Biochem J 1978;
175:691~701.

52. Walenga JM, Fareed J, Hoppensteadt D, Emanuele RM. In vitro evaluation
of heparin fractions: old vs new methods. CRC Crit Rev Clin Lab Sci 1986; 22:
361-389.

53. Denson KWE, Bonnar J. The measurement of heparin. A method based on
the potentiation of anti-factor Xa. Thromb Diath Haemorrh 1973; 30:471-479.

54. Handeland F, Abildgaard U. Assay of unfractionated and LMW heparin with
chromogenic substrates: twin methods with factor Xa and thrombin. Thromb
Res 1984; 35:627-636.



168

55.

56.
57.

58.

59.
60.
61.
62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

J.M. Walenga, W.P. Jeske and J. Fareed

Teien AN, Lie M. Evaluation of an amidolytic heparin assay method: in-
creased sensitivity by adding purified antithrombin III. Thromb Res 1977,
10:399-410.

Yin ET, Wessler S, Butler JV. Plasma heparin: a unique, practical, submicro-
gram-sensitive assay. J Lab Clin Med 1973; 81:298-310.

Barrowcliffe TW, Johnson EA, Eggleton CA, Thomas DP. Anticoagulant
activities of lung and mucous heparins. Thromb Res 1977; 2:27-36.

Holmer E, Lindahl U, Backstrom G, Thunberg L, Sandberg H, Soderstrom G,
Anderson L-O. Anticoagulant activities and effects on platelets of a heparin
fragment with high affinity for antithrombin. Thromb Res 1980; 8:861-869.
Thunberg L, Lindahl U. On the molecular-weight-dependence of the anti-
coagulant activity of heparin. Biochem J 1979; 181:241-243.

Ellis V, Scully MF, Kakkar VV. The relative molecular mass dependence of
the anti-factor Xa properties of heparin. Biochem J 1986; 238:329-333.

Ellis V, Scully M, Kakkar VV. The acceleration of the inhibition of platelet
prothrombinase complex by heparin. Biochem J 1986; 233:161-165.

Miletich JP, Jackson CM, Majerus PW. Properties of the factor Xa binding
site on human platelets. J Biol Chem 1978; 253:6908-6916.

Teitel JM, Rosenberg RD. Protection of factor Xa from neutralization by the
heparin-antithrombin complex. J Clin Invest 1983; 71:1383-1391.

Baruch D, Franssen J, Hemker HC, Lindhout T. Effect of heparin and low
molecular weight heparins on thrombin-induced blood platelet activation in
the absence of antithrombin I11. Thromb Res 1985; 38:447-458.

Ofosu FA, Blajchman MA, Modi GJ, Smith LM, Buchanan MR, Hirsh J. The
importance of thrombin inhibition for the expression of the anticoagulant
activities of heparin, dermatan sulphate, low molecular weight heparin and
pentosan polysulphate. Br J Haematol 1985; 60:695-704.

Cifonelli JA. The relationship of molecular weight and sulfate content and
distribution to anticoagulant activity of heparin preparations. Carbohydr Res
1974; 37:145-154.

Hurst RE, West SS, Menter JM. Anticoagulant activity, anionic density, and
the conformational properties of heparin. American Chemical Society Sym-
posium Series 1981; 150:251-264.

Hurst RE, Poon M-C, Griffith MJ. Structure-activity relationships of heparin.
Independence of heparin charge density and antithrombin-binding domains in
thrombin inhibition by antithrombin and heparin cofactor II. J Clin Invest
1983; 72:1042-1045.

Cofrancesco E, Radaelli F, Pogliani E, Amici N, Torri GG, Casu B. Correl-
ation of sulfate content and degree of carboxylation of heparin and related
glycosaminoglycans with anticomplement activity. Relationships to the anti-
coagulant and platelet-aggregating activities. Thromb Res 1979; 14:179-187.
Danishefsky I, Siskovic E. Heparin derivatives prepared by modification of
the uronic acid carboxyl groups. Thromb Res 1972; 1:173-182.

Racanelli A, Fareed J, Walenga JM, Coyne E. Biochemical and pharmacolo-
gic studies on the protamine interactions with heparin, its fractions and frag-
ment. Semin Thromb Hemost 1985; 11:176-189.

Lane DA, Denton J, Flynn AM, Thunberg L, Lindahl U. Anticoagulant
activities of heparin oligosaccharides and their neutralization by platelet
factor 4. Biochem J 1984; 218:725-732.



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 169

73. Hubbard AR, Jennings CA. Neutralization of heparan sulfate and low
molecular weight heparin by protamine. Thromb Haemost 1985; 53:86-89.

74. Lane DA, Pejler G, Flynn AM, Thompson EA, Lindahl U. Neutralization
of heparin-related saccharides by histidine-rich glycoprotein and platelet
factor 4. J Biol Chem 1986; 261:3980-3986.

75. Kitani T, Nagarajan SC, Shanberge JN. Effect of protamine on heparin-
antithrombin III complexes. In vitro studies. Thromb Res 1980; 17:367-374.

76. Okajima Y, Kanayama S, Maeda Y, Urano S, Kitani T, Watada M, Nakagawa
M, Tjichi H. Studies on the neutralizing mechanism of antithrombin activity of
heparin by protamine. Thromb Res 1981; 24:21-29.

77. Dawes J, Pepper DS. A sensitive competitive binding assay for exogenous
heparins. Thromb Res 1982; 27:387-396.

78. Poon MC, Hurst RE, Rives MS. Platelet factor four and protamine sulfate
neutralization of heparin fractionated according to anionic charge density.
Thromb Haemost 1982; 47:162-165.

79. Brace LD, Fareed J, Tomeo J, Issleib S. Biochemical and pharmacological
studies on the interaction of PK 10169 and its subfractions with human
platelets. Haemostasis 1986; 16:93-105.

80. Cade JF, Buchanan MR, Boneu B, Ockelford P, Carter CJ, Cerskus AL,
Hirsh J. A comparison of the antithrombotic and haemorrhagic effects of
low molecular weight heparin fractions: the influence of the method of prep-
aration. Thromb Res 1984; 35:613-625.

81. Fernandez F, N’guyen P, Van Ryn J, Ofosu F, Hirsh J, Buchanan MR.
Hemorrhagic doses of heparin and other glycosaminoglycans induce a platelet
defect. Thromb Res 1986; 43:491-495.

82. Westwick J, Scully MF, Poll C, Kakkar VV. Comparison of the effects of low
molecular weight heparin and unfractionated heparin on activation of human
platelets in vitro. Thromb Res 1986; 42:435-447.

83. Soria C, Soria J, Dunn FW, Thomaidis A, Tobelem G, Caen JP. Interactions
of platelets with standard heparin and low molecular weight fractions. Med J
Aust 1986; 144:HS32-34.

84. Esquivel CO, Bergqvist D, Bjorck CG, Nilsson B. Comparison between
commercial heparin, low molecular weight heparin and pentosan polysulfate
on hemostasis and platelets in vivo. Thromb Res 1982; 28:389-400.

85. Huisse MG, Guillin MC, Bezeaud A, Toulemonde F, Kitzis M, Andreassian
B. Heparin-associated thrombocytopenia. In vitro effects of different molecu-
lar weight heparin fractions. Thromb Res 1982; 27:485-490.

86. Barzu T, Molho P, Tobelem G, Petitou M, Caen J. Binding and endocytosis of
heparin by human endothelial cells in culture. Biochim Biophys Acta 1985;
845:196-203.

87. Lormeau JC, Petitou M, Choay J. A heparin hexasaccharide fragment able to
bind to anionic endothelial cell growth factor: preparation and structure. XIII
International Carbohydrate Symposium: Abstract #C28, 1986.

88. Castellot JJ, Choay J, Lormeau JC, Petitou M, Sache E, Karnovsky MlJ.
Structural determinants of the capacity of heparin to inhibit the proliferation
of vascular smooth muscle cells. II. Evidence for a pentasaccharide sequence
that contains a 3-O sulfate group. J Cell Biol 1986; 102:1979-1984.

89. Taylor S, Folkman J. Protamine is an inhibitor of angiogenesis. Nature 1982;
297:307-312.



170

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

J.M. Walenga, W.P. Jeske and J. Fareed

Fareed J, Walenga JM, Hoppensteadt D, Messmore HL. Studies on the
profibrinolytic actions of heparin and its fractions. Semin Thromb Hemost
1985; 11:199-207.

Doutremepuich C, Gestreau JL, Kuttler MC, Fenelon L, Toulemonde F,
Variel EG, Quilichini R. Fibrinolytic activity of heparin and heparin frac-
tions. Haemostasis 1984; 14: Abstract #218.

Vairel EG, Bouty-Boye H, Toulemonde F, Doutremepuich C, Marsh NA,
Gaffney PJ. Heparin and a low molecular weight fraction enhances throm-
bolysis and by this pathway exercises a protective effect against thrombosis.
Thromb Res 1983; 30:219-224.

Paques EP, Stohr HA, Heimburger N. Study on the mechanism of action of
heparin and related substances on the fibrinolytic system: relationship be-
tween plasminogen activators and heparin. Thromb Res 1986; 42:797-807.
Wessler S. Small doses of heparin and a new concept of hypercoagulability.
Thromb Diath Haemorrh 1974; 33:81-86.

Yin ET. Effect of heparin on the neutralization of factor Xa and thrombin
by the plasma alpha-2-globulin inhibitor. Thromb Diath Haemorrh 1974;
33:43-50.

Carter CJ, Kelton JG, Hirsh J, Cerskus A, Santos AV, Gent M. The rela-
tionship between the hemorrhagic and antithrombotic properties of low
molecular weight heparin in rabbits. Blood 1982; 59:1239-1245.

Bergqvist D, Nilsson B, Hedner U, Pedersen PC, Ostergaard PB. The effect
of heparin fragments of different molecular weights on experimental throm-
bosis and haemostasis. Thromb Res 1985; 38:589-601.

Carter CJ, Kelton JG, Hirsh J, Gent M. Relationship between the antith-
rombotic and anticoagulant effects of low molecular weight heparin. Thromb
Res 1981; 21:169-174.

Holmer E, Mattsson C, Nilsson S. Anticoagulant and antithrombotic effects
of heparin and low molecular weight heparin fragments in rabbits. Thromb
Res 1982; 25:475-485.

Ockelford PA, Carter CJ, Mitchell L, Hirsh J. Discordance between the anti-
Xa activity and the antithrombotic activity of an ultra-low molecular weight
heparin fraction. Thromb Res 1982; 28:401-409.

Thomas DP, Merton RE, Lewis WE, Barrowcliffe TW. Studies in man and
experimental animals of a low molecular weight heparin fraction. Thromb
Haemost 1981; 45:214-218,

Fareed J, Walenga JM, Williamson K, Emanuele RM, Kumar A, Hoppen-
steadt DA. Studies on the antithrombotic effects and pharmacokinetics of
heparin fractions and fragments. Semin Thromb Hemost 1985; 11:56-74.
Boneu B, Buchanan MR, Cade JF, Van Ryn J, Fernandez FF, Ofosu FA, Hirsh
J. Effects of heparin, its low molecular weight fractions and other glycosami-
noglycans on thrombus growth in vivo. Thromb Res 1985; 40:81-89.

Bjorck CG, Bergqvist D, Esquivel C, Nilsson B, Rudsvik Y. Effect of hep-
arin, low molecular weight (LMW) heparin, and a heparin analogue on
experimental venous thrombosis in the rabbit. Acta Chir Scand 1984;
150:629-633.

Choay J, Lormeau JC, Petitou M, Fareed J, Sinay P. Oligosaccharides de
fabile poids moleculaire presentant une activite inhibitrice du facteur Xa en



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 171

milieu plasmatique. II. Nouveaux elements de structure et activite antith-
rombotique. Annales Pharmaceutiques Francaises 1981; 39:267-272.

106. Buchanan MR, Boneu B, Ofosu F, Hirsh J. The relative importance of
thrombin inhibition and factor Xa inhibition to the antithrombotic effects
of heparin. Blood 1985; 65:198-201.

107. Thomas DP, Merton RE, Barrowcliffe TW, Thunberg L, Lindahl U. Effects
of heparin oligosaccharides with high affinity for antithrombin III in experi-
mental venous thrombosis. Thromb Haemost 1982; 47:244-248.

108. Bara L, Trillou M, Mardiguian J, Samama M. Comparison of antithrombotic
activity of two heparin fragments PK 10169 (mol. wt. 5000) and EMT 680
(mol. wt. 2500) and unfractionated heparin in a rabbit experimental throm-
bosis model: relative importance of systemic anti-Xa and anti-Ila activities.
Nouv Rev Fr Hematol 1986; 28:355-358.

109. Andriuoli G, Mastacchi R, Barbanti M, Sarret M. Comparison of the antith-
rombotic and haemorrhagic effects of heparin and a new low molecular
weight heparin in rats. Haemostasis 1985; 15:324-330.

110. Bergqvist D, Burmark US, Frisell J, Hallbook T, Lindblad B, Risberg B,
Torngren S, Wallin G. Prospective double-blind comparison between Frag-
min and conventional low-dose heparin: thromboprophylactic effect and
bleeding complications. Haemostasis 1986; 16:11-18.

111.  Doutremepuich C, Toulemonde F, Bousquet F, Bonini F. Comparison of the
haemorrhagic effects of unfractionated heparin and a low molecular weight
heparin fraction (CY 216) in rabbits. Thromb Res 1986; 43:691-695.

112.  Fair DS, Sundsmo JS, Schwartz BS, Edgington TS, Muller-Eberhard HIJ.
Prothrombin activation by factor B (Bb) of the alternative pathway of
complement. Thromb Haemost 1981; 46:301.

113. Pangrazzi J, Abbadini M, Zametta M, Casu B, Donati M. Low molecular
weight heparins and bleeding. Thromb Haemost 1985; 54:158.

114. Bratt G, Tornebohm E, Widlund L, Lockner L. Low molecular weight heparin
(Kabi 2165, Fragmin): pharmacokinetics after intravenous and subcutaneous
administration in human volunteers. Thromb Res 1986; 42:613-620.

115. Choay J, Lormeau JC, Petitou M. Anti-Xa active heparin oligosaccharides.
Thromb Res 1980; 18:573-578.

116. CasuB, Oreste P, Torri G, Zoppetti G, Choay J, Lormeau JC, Petitou M, Sinay
P. The structure of heparin oligosaccharide fragments with high anti-(factor
Xa) activity containing the minimal antithrombin ITI-binding sequence. Bio-
chem J 1981; 197:599-609.

117. Leder IG. A novel 3-O sulfatase from human urine acting on methyl
2-deoxy-2-sulfamino-alpha-p-glucopyramoside 3-sulfate. Biochem Biophys
Res Comm 1980; 94:1183-1189.

118. Lindahl U, Backstrom G, Thunberg L, Leder IG. Evidence for a 3-O sulfated
D-glucosamine residue in the antithrombin-binding sequence of heparin.
Proc Natl Acad Sci USA 1980; 77:6551-6555.

119. Choay J, Lormeau JC, Petitou M. Oligosaccharides de faible poids molecu-
laire presentant une activite inhibitrice du facteur Xa en milieu plasmatique.
Annales Pharmaceutiques Francaises 1981; 39:37-44.

120. Thunberg L., Backstrom G, Grundberg H, Riesenfeld J, Lindahl U. The
molecular size of the antithrombin-binding sequence in heparin. FEBS Lett
1980; 117:203-206.



172

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

J.M. Walenga, W.P. Jeske and J. Fareed

Thunberg L, Backstrom G, Lindahl U. Further characterization of the antith-
rombin-binding sequence in heparin. Carbohydr Res 1982; 100:393-410.
Ototani N, Kikuchi M, Yosizawa Z. Structure and biological activity of
finback-whale (Balaenoptera physalus) heparin octasaccharide. J Biochem
1982; 205:23-30.

Choay J, Lormeau JC, Petitou M, Sinay P, Fareed J. Structural studies on a
biologically active hexasaccharide obtained from heparin. Ann NY Acad Sci
1981; 370:644-649.

Rosenberg RD, Lam L. Correlation between structure and function of hep-
arin. Proc Natl Acad Sci USA 1979; 76:1218-1222.

Petitou M, Duchaussoy P, Lederman I, Choay J, Sinay P, Jacquinet JC, Torri
G. Synthesis of heparin fragments. A chemical synthesis of the pentasacchar-
ide O-(2-deoxy-2-sulfamido-6-O-sulfo-alpha-p-glucopyranosyl)-(1—4)-O-
(beta-p-glucopyranosyluronic acid)-(1—4)-0-(2-deoxy-2-sulfamido-3,6-di-
O-sulfo-alpha-p-glucopyranosyl)-(1—4)-0O-(2-O-sulfo-alpha-L-idopyra-
nosyluronic acid)-(1—4)-2-deoxy-2-sulfamido-6-O-sulfo-p-glucopyra-
nose decasodium salt, a heparin fragment having high affinity for
antithrombin III. Carbohydr Res 1986; 147:221-236.

Sinay P, Jaquinet JE, Petitou M, Duchaussoy P, Lederman I, Choay J, Torri
G. Total synthesis of a heparin pentasaccharide fragment having high affinity
for antithrombin III. Carbohydr Res 1984; 132:C5-C9.

Torri G, Casu B, Gatti G, Petitou M, Choay J, Jacquinet JC, Sinay P. Mono-
and bi-dimensional 500 MHz 1H-NMR spectra of a pentasaccharide corre-
sponding to the binding sequence of heparin to antithrombin-III: evidence
for conformational peculiarity of the sulfated iduronate residue. Biochem
Biophys Res Comm 1985; 128:134-140.

Atha DH, Lormeau JC, Petitou M, Rosenberg RD, Choay J. Contribution of
monosaccharide residues in heparin binding to antithrombin III. Biochemis-
try 1985; 24:6723-6729.

Choay J, Petitou M, Lormeau JC, Sinay P, Casu B, Gatti G. Structure—
activity relationship in heparin: A synthetic pentasaccharide with high affin-
ity for antithrombin III and eliciting high anti-factor Xa activity. Biochem
Biophys Res Commun 1983; 116:492-499.

Walenga JM, Fareed J. Preliminary biochemical and pharmacologic studies
on a chemically synthesized pentasaccharide. Semin Thromb Hemost 1985;
11:89-99.

Choay J. Biologic studies on chemically synthesized pentasaccharide and
tetrasaccharide fragments. Semin Thromb Hemost 1985; 11:81-85.
Riesenfeld J, Thunberg L, Hook M, Lindahl U. The antithrombin-binding
sequence of heparin. Location of essential N-sulate groups. J Biol Chem
1981; 256:2389-2394.

Petitou M. Synthetic heparin fragments: new and efficient tools for the study
of heparin and its interactions. Nouv Rev Fr Hematol 1984; 26:221-226.
Lindahl U, Backstrom G, Thunberg L. The antithrombin-binding sequence
in heparin. Identification of an essential 6-O sulfate group. J Biol Chem 1983;
258:9826-9830.

Lindahl U, Thunberg L, Backstrom G, Riesenfeld J, Nordling K, Bjork L
Extension and structural variability of the antithrombin-binding sequence in
heparin. J Biol Chem 1984; 259:12368-12376.



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 173

136. Jackson CM. Factor X. In: Spaet TH ed. Progress in Hemostasis Thrombosis.
New York: Grune & Stratton, 1984; 55-109.

137. Hoylaerts M, Owen WG, Collen D. Involvement of heparin chain length in
the heparin-catalyzed inhibition of thrombin by antithrombin III. J Biol
Chem 1984; 259:5670-5677.

138. Machovich R, Aranyi P. Effect of thrombin inactivation by antithrombin IIL
Biochem J 1978; 173:869-875.

139. Herbert JM, Petitou M, Lormeau JC. SR90107A/ORG31540, a novel anti-
factor Xa antithrombotic agent. Cardiovasc Drug Rev 1997; 15:1-26.

140. Lormeau JC, Hérault JP. The effect of the synthetic pentasaccharide SR
90107/ORG 31540 on thrombin generation ex vivo is uniquely due to AT-
mediated neutralization of factor Xa. Thromb Haemost 1995; 74:1474-1477.

141. Zitoun D, Bara L, Bloch MF, Samama MM. Plasma TFPI activity after
intravenous injection of pentasaccharide and unfractionated heparin in rab-
bits. Thromb Res 1994; 75:577-580.

142. Kaiser B, Hoppensteadt DA, Jeske W, Wun TC, Fareed J. Inhibitory effects
of TFPI on thrombin and factor Xa generation in vitro — modulatory action
of glycosaminoglycans. Thromb Res 1994; 75:609-616.

143. Walenga JM, Florian M, Hoppensteadt DA, Demir A, Lietz H, Jeske WP,
Messmore HL, Leya F, Fareed J. Heparin, LMW heparins and HCII binding
oligosaccharides, but not pentasaccharide, regulate TAFIL. Thromb Haemost
2001; (July Suppl):2011.

144. Gerotziafas GT, Bara L, Bloch MF, Makris PE, Samama MM. Treatment
with LMWHs inhibits factor VIla generation during in vitro coagulation of
whole blood. Thromb Res 1996; 81:491-496.

145. Lormeau JC, Hérault JP, Herbert JM. Antithrombin mediated inhibition of
factor Vlla-tissue factor complex by the synthetic pentasaccharide represent-
ing the heparin binding site to AT. Thromb Haemost 1996; 76:5-8.

146. Wiebe E, O’Brien L, Stafford A, Fredenburgh J, Weitz J. Heparin catalysis
of factor FIXa inhibition by antithrombin: pentasaccharide-induced confor-
mational change in antithrombin predominates over the template effect.
Thromb Haemost 2001; (July Suppl):P2101.

147. Turpie AGG, Gallus AS, Hoek JA, for the Pentasaccharide Investigators.
A synthetic pentasaccharide for the prevention of deep-vein thrombosis after
total hip replacement. N Engl J Med 2001; 344:619-625.

148. Turpie G. The PENTATHLON 2000 study: comparison of the first synthetic
factor Xa inhibitor with low molecular weight heparin in the prevention of
venous thromboembolism after hip replacement surgery. Thromb Haemost
2001; (July Suppl):OCA48.

149. Lassen M. The EHPHESUS study: comparison of the first synthetic factor
Xa inhibitor with low molecular weight heparin the prevention of venous
thromboembolism after elective hip replacement surgery. Thromb Haemost
2001; (July Suppl):OCA45.

150. Eriksson BI, Bauer KA, Lassen MR, Turpie AGG for the Steering Commit-
tee of the Pentasaccharide in Hip-Fracture Surgery Study. Fondaparinux
compared with enoxaparin for the prevention of venous thromboembolism
after hip-fracture surgery. N Engl J Med 2001; 345:1298-1304.

151. Bauer KA, Eriksson BI, Lassen MR, Turpie AGG for the Steering Commit-
tee of the Pentasaccharide in Major Knee Surgery Study. Fondaparinux



174

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

J.M. Walenga, W.P. Jeske and J. Fareed

compared with enoxaparin for the prevention of venous thromboembolism
after elective major knee surgery. N Engl J Med 2001; 345:1305-1310.
Walenga JM, Hoppensteadt D, Mayuga M, Samama MM, Fareed J.
Functionality of pentasaccharide depends on endogenous antithrombin levels.
Blood 2000; 96:817a.

Boneu B, Necciari J, Cariou R, Sié P, Gabaig AM, Kieffer G, Dickinson J,
Lamond G, Moelker H, Mant T, Magnani H. Pharmacokinetics and toler-
ance of the natural pentasaccharide (SR90107/ORG31540) with high affinity
to antithrombin III in man. Thromb Haemost 1995; 74:1468-1473.

Walenga JM. Factor Xa Inhibition in Mediating Antithrombotic Actions:
Application of a Synthetic Heparin Pentasaccharide, doctoral thesis. Men-
tion tres bien. Universite Pierre et Marie Curie, Paris VI, Paris, France,
June 1987.

Jeske W. Pharmacologic Studies on Synthetic Analogues of Heparin with
Selective Affinity to Endogenous Serine Protease Inhibitors, doctoral thesis.
Loyola University Chicago, Chicago, IL, May 1996.

Walenga JM, Fareed J, Petitou M, Samama M, Lormeau JC, Choay J.
Intravenous antithrombotic activity of a synthetic heparin pentasaccharide in a
human serum induced stasis thrombosis model. Thromb Res 1986; 43:243-248.
Walenga JM, Petitou M, Lormeau JC, Samama M, Fareed J, Choay J.
Antithrombotic activity of a synthetic heparin pentasaccharide in a rabbit
stasis thrombosis model using different thrombogenic challenges. Thromb
Res 1987; 46:187-198.

Walenga JM, Bara L, Petitou M, Samama M, Fareed J, Choay J. The inhibi-
tion of the generation of thrombin and the antithrombotic effect of
a pentasaccharide with sole anti-factor Xa activity. Thromb Res 1988;
51: 23-33.

Beguin S, Choay J, Hemker HC. The action of a synthetic pentasaccharide
on thrombin generation in whole plasma. Thromb Haemost 1989;
61: 397-401.

Walenga JM, Koza MJ, Lewis BE, Pifarré R. Relative heparin-induced
thrombocytopenic potential of low molecular weight heparins and new
antithrombotic agents. Clin Appl Thromb Hemost 1996; 2(Suppl 1):521-S27.
Elalamy I, Lecrubier C, Potevin F, Abdelouahed M, Bara L, Marie JP,
Samama M. Absence of in vitro cross-reaction of pentasaccharide with the
plasma heparin dependent factor of twenty-five patients with heparin asso-
ciated thrombocytopenia. Thromb Haemost 1995; 74:1384-1385.

Ahmad S, Jeske WP, Walenga JM, Hoppensteadt DA, Wood JJ, Herbert
JM, Messmore HL, Fareed J. Synthetic pentasaccharides do not cause plate-
let activation by antiheparin-platelet factor 4 antibodies. Clin Appl Thromb
Hemost 1999; 5:259-266.

Paolucci F, Clavies MC, Donat F, Necciari J. Fondaparinux sodium mech-
anism of action: identification of specific binding to purified and human
plasma-derived proteins. Clin Pharmacokinet 2002; 2:11-18.

Walenga JM, Jeske WP, Bara L, Samama MM, Fareed J. Biochemical and
pharmacologic rationale for the development of a synthetic heparin penta-
saccharide. Thromb Res 1997; 86:1-36.

Hobbelen PM, Van Dinther TG, Vogel GM, van Bieckel CA, Moelker HC,
Meuleman DG. Pharmacological profile of the chemically synthesized antith-



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 175

rombin III binding fragment of heparin (pentasaccharide) in rats. Thromb
Haemost 1990; 63:265-270.

166. Vogel GMT, Meuleman DG, Bourgondien FGM, Hobbelen PMJ. Compari-
son of two experimental thrombosis models in rats, effects of four glycosa-
minoglycans. Thromb Res 1989; 54:399-410.

167. Cadroy Y, Hanson SR, Harker LA. Antithrombotic effects of synthetic
pentasaccharide with high affinity for plasma antithrombin III in non-
human primates. Thromb Haemost 1993; 70:631-635.

168. Vogel GM, Van Amsterdam RG, Kop WJ, Meuleman DG. Pentasaccharide
and Orgaran arrest, whereas heparin delays thrombus formation in a rat
arteriovenous shunt. Thromb Haemost 1993; 69:29-34.

169. Schlitt A, Buerke M, Hauroeder B, Peetz D, Hundt F, Bickel C, Schaefer I,
Meyer J, Rupprecht HJ. Fondaparinux and enoxaparin in comparison to
unfractionated heparin in preventing thrombus formation on mechanical
heart valves in an ex vivo rabbit model. Thromb Haemost 2003; 90:245-251.

170. Boneu B, Necciari J, Cariou R, Sie P, Gabaig AM, Kieffer G, Dickinson J,
Lamond G, Moeclker H, Mant T. Pharmacokinetics and tolerance of the
natural pentasaccharide (SR90107/0Org31540) with high affinity to antithrom-
bin IIT in man. Thromb Haemost 1995; 74:1468-1473.

171. Crepon B, Donat F, Barzu T, Hérault JP. Pharmacokinetic parameters of AT
binding pentasaccharides in three animal species: predictive value for hu-
mans. Thromb Haemost 1993; 69:654.

172. Van Amsterdam RG, Vogel GM, Visser A, Kop WIJ, Buiting MT, Meule-
mam DG. Synthetic analogues of the antithrombin III-binding pentasacchar-
ide sequence of heparin. Prediction of in vivo residence times. Arterioscler
Thromb Vasc Biol 1995; 15:495-503.

173. Donat F, Duret JP, Santoni A, Cariou R, Necciari J, Magnani H, de Greef R.
The pharmacokinetics of fondaparinux sodium in healthy volunteers. Clin
Pharmacokinet 2002; 2:1-9.

174. Fondaparinux Sodium. In: AHFS Drug Information 2005. American Society
of Health-System Pharmacists, Inc., Bethesda 2005; 1446-1448.

175. Eriksson BI, Lassen MR, Pentasaccharide in Hip-Fracture Surgery Plus
Investigators. Duration of prophylaxis against venous thromboembolism
with fondaparinux after hip fracture surgery: a multicenter, randomized,
placebo-controlled, double-blind study. Arch Int Med 2003; 163:1337-1342.

176. Turpie AGG, Bauer KA, Eriksson BI, Lassen MR. Effect on efficacy and
safety of the timing of the first pentasaccharide (fondaparinux, Arixtra)
administration in the prevention of venous thromboembolism after major
orthopedic surgery. Blood 2001; 98:1119.

177.  Arixtra® (fondaparinux) Prescribing Information Sheet (GlaxoSmithKline,
2004).

178. Agnelli G, Berqgvist D, Cohen AF. A randomized double-blind study to
compare the efficacy and safety of fondaparinux with dalteparin in the
prevention of venous thromboembolism after high-risk abdominal surgery:
the PEGASUS Study. J Thromb Haemost 2003; 1{Suppl):0C006.

179. Cohen AT, Gallus AS, Lassen MR. Fondaparinux vs. placebo for the pre-
vention of venous thromboembolism in acutely ill medical patients (ARTE-
MIS). J Thromb Haemost 2003; 1(Suppl):P2046.



176

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

J.M. Walenga, W.P. Jeske and J. Fareed

Buller HR, Davidson BL, Decousus H, Gallus A, Gent M, Piovella F, Prins
MH, Raskob G, Segers AE, Cariou R, Leeuwenkamp O, Lensing AW,
Matisse Investigators. Fondaparinux or enoxaparin for the initial treatment
of symptomatic deep venous thrombosis: a randomized trial. Ann Int Med
2004; 140:867-873.

Buller HR, Davidson BL, Decousus H, Gallus A, Gent M, Piovella F, Prins
MH, Raskob G, van den Berg-Segers AE, Cariou R, Leeuwenkamp O,
Lensinig AW, Matisse Investigators. Subcutaneous fondaparinux versus
intravenous unfractionated heparin in the initial treatment of pulmonary
embolism. New Eng J Med 2003; 349:1695-1702.

Kuberan B, Lech MZ, Beeler DL, Wu ZL, Rosenberg RD. Enzymatic
synthesis of antithrombin III-binding heparan sulfate pentasaccharide. Nat
Biotechnol 2003; 21:1343-1346.

Short PL. Sugar chemistry finding markets. Chemical & Engineering News
2004; 82:14-17.

Hérault JP, Bernat A, Roye F, Michaux C, Schaeffer P, Bono F, Petitou M,
Herbert JM. Pharmacokinetics of new synthetic heparin mimetics. Thromb
Haemost 2002; 87:985-989.

Hérault JP, Cappelle M, Bernat A, Millet L, Bono F, Schaeffer P, Herbert
JM. Effect of SanOrgl23781A, a synthetic hexadecasaccharide, on clot-
bound thrombin and factor Xa in vitro and in vivo. J Thromb Haemost
2003; 1:1959-1965.

Bal Dit Sollier C, Kang C, Berge N, Hérault JP, Bonneau M, Herbert JM,
Drouet L. Activity of a synthetic hexadecasaccharide (SanOrgl23781A) in a
pig model of arterial thrombosis. J] Thromb Haemost 2004; 2:925-930.
Herbert JM, Hérault JP, Bernat A, Savi P, Schaeffer P, Driguez PA, Duch-
aussoy P, Petitou M. SR123781A, a synthetic heparin mimetic. Thromb
Haemost 2001; 85:852-860.

Hérault JP, Bernat A, Gaich C, Herbert JM. Effect of new synthetic heparin
mimetics on whole blood thrombin generation in vivo and in vitro in rats.
Thromb Haemost 2002; 87:238-244.

Vogel GM, Meuleman DG, Van Dinther TG, Buijsman R, Princen AW,
Smit MJ. Antithrombotic properties of a direct thrombin inhibitor with a
prolonged half-life and AT-mediated factor Xa inhibitory activity. J Thromb
Haemost 2003; 1:1945-1954.

Gouin-Thibault I, Dingler E, Maris FA, Samama MM. In vitro interaction of
the pentasaccharide idraparinux (SanOrg 34006) with unfractionated hep-
arin. J] Thromb Haemost 2003; 1:2054-2056.

Herbert JM, Hérault JP, Bernat A, van Amsterdam RG, Lormeau JC,
Petitou M, van Boeckel C, Hoffmann P, Meuleman DG. Biochemical and
Pharmacological Properties of SANORG 34006, a potent and long-acting
synthetic pentasaccharide. Blood 1998; 91:4197-4205.

Faaij RA, Burggraaf J, Schoemaker RC, Van Amsterdam RGM, Cohen AF.
A phase I single rising dose study to investigate the safety, tolerance and
pharmacokinetics of subcutaneous SanOrg 34006 in healthy male and female
elderly volunteers. Thromb Haemost 1999; (Suppl): Abstract 15547.

The Persist Investigators. A novel long-acting synthetic factor Xa inhibitor
(SanOrg34006) to replace warfarin for secondary prevention in deep vein
thrombosis. A phase II evaluation. Thromb Haemost 2004; 2:47-53.



Biochemical and Pharmacologic Rationale for Synthetic Heparin Polysaccharides 177

194. Reiter M, Bucek RA, Koca N, Heger J, Minar E. Idraparinux and liver
enzymes: observations for the PERSIST trial. Blood Coagul Fibrinolysis
2003; 14:61-65.

195. Organon’s Idraparinux — a novel once weekly anticoagulant enters phase III
trials. NV Organon Press Release, 11 June 2003.

196. Ma Q, Fareed J. Idraparinux sodium. IDrugs 2004; 7:1028-1034.



Chemistry and Biology of Heparin and Heparan Sulfate
H.G. Garg, R.J. Linhardt and C.A. Hales (Editors)
© 2005 Elsevier Ltd. All rights reserved

Chapter 6

Separation and Sequencing of Heparin and Heparan
Sulphate Saccharides

MARK A. SKIDMORE and JEREMY E. TURNBULL

Molecular Glycobiology Group School of Biological Sciences,
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. Introduction

There is a pressing need to investigate at the structure-function level the many
interactions in which heparan sulphate and its oligosaccharides participate. This
makes the ability to sequence heparan sulphate oligosaccharides of fundamental
importance. In addition, with the ability to probe binding properties of heparan
sulphate oligosaccharides (both chemically derived and natural) using a variety of
affinity methods, and to identify activators or inhibitors of specific biological
processes using bioassays, it is of increasing significance to determine their
sequences in order to exploit their potential applications as novel tools for selective
chemical intervention, or indeed as new therapeutics. Using current methodologies,
this is still a considerable challenge, involving laborious multistage procedures, and
requiring significant amounts of starting material. Furthermore, the isolation of
heparan sulphate oligosaccharides and their separation to purity is by no means
trivial.

Structurally, heparin and heparan sulphate both have a characteristic disacchar-
ide repeat unit comprising of a uronic acid and a glucosamine residue. The uronic acid
residue may be present as glucuronic acid or its C5 epimer, iduronic acid. C2 of the
glucosamine residue is either N-acetylated or N-sulphated. Further modifications by
means of O-sulphation can occur at C6 and C3 of the glucosamine or C2 of the uronic
acid residue (1). These modifications theoretically produce 32 possible disaccharide
subunit building blocks with which to build heparin or heparan sulphate polysac-
charide chains. This array of disaccharide subunits creates potentially one of the
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most information-dense molecules in biology (2) and the degree of structural
complexity imparted on this molecule explains why heparan sulphate is known to
mediate such a large number of biological processes and protein interactions
including FGF signaling in a variety of systems, host-cell invasion by pathogenic
microorganisms (HSV, dengue virus, malaria, etc.), regulation of APP cleavage in
Alzheimer’s disease, VEGF regulation in angiogenesis, and GDNF in kidney and
brain development (3).

Unfortunately, and in contrast to nucleic acid and protein chemistry, methodology
for the analysis of carbohydrates has only recently evolved and with some difficulty.
Due to the nature of heparin and heparan sulphate, most traditional chemistries prove
problematic, with heparan sulphate and heparin both being sensitive to low (4) and high
pH (5) (de-N-sulphation occurs at low pH, epoxide formation occurs at high pH), and
remaining all but insoluble in most organic solvents. The presence of the reducing end
carbonyl (aldehyde) allows for the formation of imines by condensation with amines, but
this reaction is sluggish and acid catalysis cannot be used if de-N-sulphation is to be
avoided. There is also evidence to suggest that the extent of labeling is influenced by the
structure of the disaccharide present (4) and the yield can be as low as a few percent (6).
Recently a method to attack the nonreducing terminus of heparin/heparan sulphate
oligosaccharides by oxymercuration has been developed, taking advantage of the C=C
bond generated by bacterial lyase digestion (7). This method may prove more fruitful for
labeling and immobilization in comparison to the reducing end strategy. For more
detailed information on the chemical properties of heparin and heparan sulphate, readers
are referred to the chapter entitled ““Surface-Based Studies of Heparin/Heparan Sulfate—
Protein Interactions” by Rudd, Skidmore, and Yates in this volume.

The ability to sequence heparin and heparan sulphate is further hampered by
the amount of sample available for analysis. Heparin and heparan sulphate
preparations are heterogeneous due to the high degree of complexity of the poly-
saccharide chain, and the presence of many structural isomers. Conventional sep-
aration strategies fail to resolve constituent oligosaccharide pools to pure species
alone. Commonly, a combination of techniques is required and even then, only a
limited number of pure species may be obtained. Isolation and purification is
laborious with generally only microgram-milligram amounts being prepared. This
can make detection problematic, with the use of fluorophores or radiolabels com-
monplace. Furthermore, all of the present sequencing strategies rely on some form
of sample manipulation, from derivitization to salt extraction and hence sample
losses quickly compound. The recent generation of complex analogue libraries by
semi-synthetic chemical modification of heparins (8) avoids the problem of low
yield but is reliant on the ability to separate similar structures, i.e., oligosaccharides
containing many structural isomers.

As could be inferred from above, another problem encountered during hep-
arin and heparan sulphate sequencing is that sample purity. The issues above
combined with that of sample purit are the main problems presented by heparin
and heparan sulphate sequencing.

Sequencing strategies, which have been used to date, are based on one of
three methods:
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(i) Direct sequence information from nuclear magnetic resonance (NMR)
data, without labeling.

(ii) Treatment of saccharides with various enzymes and their analysis using
mass spectrometry.

(iii)  Partial hydrolysis (enzymatic or chemical) of end-labeled saccharides

(e.g., carrying a fluorophore or radiolabel tag) followed by separation
(e.g., on a polyacrylamide gel) and detection of further band shifts or
mass changes depending on the action of particular enzymes.

All depend heavily on an ability to separate the oligosaccharide of interest at
the outset and subsequent oligosaccharides produced during the sequencing process.
Since this is arguably the single biggest obstacle facing the would-be sequencer, a
considerable portion of this chapter is devoted to this aspect. The need to isolate pure
species is of paramount importance for sequencing methodologies. To date no
individual sequencing method possesses the ability to unequivocally determine the
structures present within a complex mixture. Therefore, it should be appreciated that
this step in the progression from isolation to sequence determination is probably the
most difficult and one of the most critical.

Il. Separation of Heparin and Heparan Sulphate Oligosaccharides

As mentioned in the introduction, the capacity to separate heparin and heparan
sulphate saccharides into single pure species is not an easy task. The chemistry of
these molecules gives rise to immense structural diversity. Disaccharide repeats
which are structural isomers having the same molecular mass (and the same charge)
are common within oligosaccharides and this heterogeneity provides a serious
challenge. To complicate matters further, the highly acidic nature of the molecules
due to the presence of sulphate and carboxylic acid groups, the sensitivity of the
molecules to pH and their insolubility in the vast majority of common organic
solvents impairs the use of many conventional separation strategies.

The two physical properties of heparin and heparan sulphate molecules,
which are exploited in the separation of oligosaccharides, are their hydrodynamic
volume and their charge. The size and conformation of a chain is dictated by the
amount and arrangement of disaccharide units present, while the charge of the
molecule is dependant on the amount of O-sulphate groups and N-sulphates pre-
sent, along with a carboxylic acid group per disaccharide unit. The separation of
heparin and heparan sulphate oligosaccharides is conventionally performed by
chromatography and/or electrophoresis.

A. Chromatography

The chromatographic separation techniques outlined below arise from the presence
of two different phases, the mobile phase, and the stationary phase. The analyte (in
our case the carbohydrate oligosaccharides heparin or heparan sulphate) is present
in the mobile phase and its interaction with the stationary phase as it passes
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throughout the column determines the success and level of separation. A record of
the separation is usually obtained in the form of a chromatogram, which gives a
correlation between the retention time within the column and the intensity of a
peak (representative of an eluting entity) as the analytes pass through an appro-
priate detector.

In column chromatography (methods detailed below) UV detection at
232 nm is often employed because this is the absorbance maxima for the C=C
double bond introduced into the carbohydrates at the nonreducing end following
lyase digestion (9). The level of detection by UV at this wavelength is approxi-
mately 20-50 pmol using a typical HPLC system. If chemical degradation is per-
formed, detection is possible at 210 nm but with low sensitivity. Sensitive detection
of small amounts of saccharides requires a suitable fluorophore or radiolabel at
either the reducing or nonreducing termini.

1. Size-Exclusion Chromatography

Also known as molecular exclusion, gel filtration or gel permeation chromatog-
raphy; size-exclusion chromatography, as its name suggests, separates on the basis
of size (hydrodynamic volume). This separation is achieved by the interaction of
the analytes with a porous stationary phase. The beads, which compose this sta-
tionary phase, have a specific assortment of pore sizes which gives rise to a
fractionation range within which molecules can be separated. With regard to the
separation of heparin and heparan sulphate oligosaccharides, two types of separ-
ation are usually encountered, namely the removal of inorganic salts or the frac-
tionation of different sized oligosaccharides. Inorganic salts also need to be
removed before further separations, such as ion exchange chromatography, can
be carried out. Both of these separations are performed by size-exclusion chroma-
tography, although the fractionation range is markedly different.

For the removal of inorganic salts, such as sodium chioride (NaCl), a column
with a relatively small pore size is required. An example is Superdex G25 Superfine
(Amersham Biosciences; e.g., PD-10 pre-packed columns). These will quickly and
conveniently separate oligosaccharides greater in size than a tetrasaccharide from
inorganic salts. Similar columns with improved fractionation properties for disac-
charides can be poured using Sephadex G25 Superfine as the matrix of choice by
increasing the column length. For semi-preparative separations, Hi-Prep 26/10
columns provide a preparative load-desalting alternative, which can be easily
coupled to HPLC systems for automation.

For the separation of oligosaccharide fragments generated from partial cleav-
age of heparan sulphate chains to oligosaccharides, it has been determined that
separations of disaccharides through to hexadecasaccharides can be easily carried
out using a column of diameter 1-2 cm and length 1-2 m using Bio-Gel P10
(BioRad) or Sephadex G50 (Amersham) (10). Flow rates are low and thus run
times of are usually 24-48 h for these columns. Bio-Gel P10 gives the highest
resolution but is the most difficult matrix to handle due to its soft gel nature and
thus is less reliable. Alternatively, columns of similar dimensions using the matrix
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Figure 1 Size-exclusion chromatography elution profile of partial enzymatic digest
of porcine mucosal-derived heparan sulphate (PMHS). Separation was carried out on two
Amersham XK-16 columns (15 mm x 1 m) connected in series packed with Superdex 30
with a 0-1000 min run time in ammonium bicarbonate 0.5 M at a flow rate of 0.5 ml/min.

Superdex 30n (11) can be employed and give excellent and consistent resolution.
In addition this column can be coupled to the HPLC and run at faster flow rates,
thus reducing the extended run times necessary with Bio-Gel P10 or Sephadex G50.
Using any of these columns, 100-200 mM ammonium bicarbonate is used to ion
pair with the negatively charged carboxyl and sulphate groups, hence negating the
possibility of charge interactions with the matrix beads. Ammonium bicarbonate is
volatile, so it can be readily removed by lyopholization. Examples of a separation
profile on a Superdex 30 column is shown in Fig. 1. The choice of column used to
separate oligosaccharides depends upon the fractionation range required. As oligo-
saccharide size increases separation becomes increasingly difficult, and the reso-
lution of oligosaccharides differing by a single disaccharide unit decreases. Thus, it
is usually the case in this type of separation that pooled peaks will contain a
heterogeneous mixture of oligosaccharides and a certain degree of overlap between
peaks is inevitable.

2. High-Performance Strong Anion Exchange Liquid Chromatography

Ion exchange chromatography separates molecules on the basis of their charge. In
anion exchange chromatography, the stationary phase or matrix possesses positive
charge and interacts with analytes of negative charge. The positive charge on the
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matrix is due to a strong base derivatized on to a support medium, which remains
positively charged across the pH range of 1-14. The sample mixture is introduced
into the mobile phase and will bind ionically to the positively charged matrix. The
strength of this interaction is dependent on the number of sulphate groups present
in the oligosaccharide and the environmental pH of the mobile phase. The pH of
the mobile phase must be above the pK, of the sulphate and carboxyl groups to
de-protonate the acidic groups. If the pH is less than the pK, of the acidic groups,
they will not interact with the column matrix and will pass through the column
(although this is unlikely for heparin and heparan sulphate oligosaccharides).

In order to elute the oligosaccharide molecules from the column in a manner,
which separates them based on their charge, a counter ion must be introduced that
can compete for the basic groups present on the support matrix. The counter ion
used for elution is dependent not only on the anion exchange column, but also the
charge state of the analytes.

A reliable strong anion exchange column for separation of heparin and
heparan sulphate oligosaccharides is the Propac PA1 column (Dionex). This col-
umn is polymer based and does not suffer from the steady deterioration problems
encountered with its silica-based counterparts (short column life, peak broadening
and inconsistent retention times). The Propac PA1 column provides the consistent
elution times, which are necessary for the disaccharide analysis described earlier
coupled with column longevity (consistent over 250 runs in a 2-year period) (12).
Sample loads of between 0.5 and 1 mg can be carried out on a 4 mm x 250 mm
analytical column, or up to as high as 5 mg on a semi-prep scale (9 mm x 250 mm)
column.

A general separation, which is common in heparin or heparan sulphate
structure determination, is disaccharide analysis. This involves the de-polymeriza-
tion of the glycosaminoglycan chains into their constituent disaccharide compon-
ents. This is achieved by a cocktail of bacterial lyase enzymes (heparitinase I,
heparitinase II and heparinase (see Table 1)) (13). Note that structural information
with regard to the hexuronic acid epimer present at the nonreducing terminus
(formerly iduronic or glucuronic acid) is lost by the creation of a C=C bond
between C4 and C5. A reference chromatogram of structurally defined disaccharide
standards can be used to identify the disaccharides present in the sample mixture.

With regards to column choice for disaccharide analysis, the Propac PAl
column separates all eight common disaccharide standards with baseline resolution
and consistent and predictable elution times. In order to perform this analysis a
linear chloride counter ion gradient, 0-100%, 1 M NaCl, pH 3.5, is used for
example over a 45-min period at a flow rate of 1 ml/min. The sample is loaded in
double-distilled water adjusted to pH 3.5. An example of the resolution of eight
disaccharide standards on Propac PA1 is shown in Fig. 2. Sensitivity is approxi-
mately 50 pmol per peak, so a minimum starting sample of about 1 g is required
for a clear compositional analysis.

An alternative to the Propac column is provided by the silica based C18
Hypersil column (Agilent) for disaccharide analysis. This column is derivatized
prior to use with cetyltrimethylammonium hydroxide in order to provide the
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Table 1 Enzymes for Depolymerising and Sequencing Heparan Sulphate

Enzyme Substrate specificity*
Polysaccharide lyases
Heparitinase I (Heparinase III) GIcNR(+ 6S)al-4GlcA
Heparitinase II (Heparinase IT) GIeNR (£ 6S)al-4GlcA/IdoA
Heparitinase ITI (Heparinase I} GIeNS(+ 6S)al-41doA(2S)
Exosulphatases
Iduronate-2-sulphatase IdoA(2S)
Glucosamine-6-sulphatase GIcNAc(6S), GIeNSO3(6S)
Sulphamidase (glucosamine-N-sulphatase) GlcNSO;
Glucuronate-2-sulphatase GicA(2S)
Glucosamine-3-sulphatase GIecNSO;5(3S)
Exoglycosidases
Iduronidase IdoA
Glucuronidase GlcA
«-N-acetylglucosaminidase GIlcNAc
Bacterial exoenzymes
A4,5-Glycuronate-2-sulphatase AUA(2S)
A4,5-Glycuronidase AUA

*The specificities are shown as the linkage specificity (for the bacterial polysaccharide
lyases), and as the nonreducing terminal group recognized by the enzymes (for the
exoenzymes). Sulphatases remove only the sulphate group whereas the glycosidases cleave
the whole nonsulphated monosaccharide.

basic group used for anion exchange (14). The column does not appear to have the
longevity of the Propac PA1 column in our hands, requiring re-derivitization after 3—
4 months. This column does however provide better resolution than the Propac PA1
for disaccharides. This can be seen by the resolution of «- and B-anomers with some
of the disaccharide standards. The C18 CTA derivatized column has a mobile phase
of double-distilled water brought to pH 3 with methane sulphonic acid. The counter
ion is ammonium methane sulphonate and a gradient of 0-100%, 0-2 M ammonium
methane sulphonate, pH 2.5 is used over 74 min at a flow rate of 0.22 ml/min.
Another advantage of this column is the UV transparency of the mobile phase. This
column has also been coupled to gel permeation columns to give a two-dimensional
separation (14). An example of the disaccharide separation profile is shown in Fig. 3.

The separation of disaccharides derived from chemical degradation using
nitrous acid cleavage poses more of a challenge. This cleavage occurs between
the N-sulphated glucosamine residue and the hexuronic acid leaving a reducing
end anhydromannose residue, which is usually reduced to anhydromannitol (15).
One advantage is that the hexuronic acid residue remains intact and can thus be
identified. Detection can be achieved by reducing end labeling with radioactivity
(3H-borohydride) as there is no C=C double bond at the nonreducing terminus as
after lyase digestion. For separation, a silica based column has been used convention-
ally (e.g., SAX Partisil), but this column appears to give inadequately resolved, broad
peaks. This hampers quantitation, identification, and the sensitivity of detection.
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Figure 2 Disaccharide profile for eight common naturally occurring disaccharides derived from heparan sulfate. Separation was achieved
using high-performance strong anion exchange chromatography (HPSAX) on a Dionex Propac PAl column with a 0-45 min,
0-1 M NaCl linear gradient, pH 3.5; flow rate 1 mlUmin. Disaccharide peaks: (1) AHexA-GlcNAc; (2) AHexA-GlcNAc(6S);
(3) AHexA-GIcNSOs; (4) AHexA(2S)-GleNAc; (5) AHexA-GIcNSO;(6S); (6) AHexA(2S)-GIcNSOs; (7) AHexA(2S)-GleNAc(6S);
(8) AHexA(2S)-GIcNSO,4(6S).
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Figure 3 Disaccharide profile for eight common naturally occurring disaccharides derived
from heparan sulphate. Separation was achieved using high-performance strong anion ex-
change chromatography (HPSAX) on a cetyl-triethylammonium ion (CTA) derivatized C18
silica-based column (C18 Hypersil) with a 0-90 min, 0-2 M ammonium methane
sulphonate linear gradient, pH 3.5; flow rate 0.22 ml/min. Peaks and structures as defined
in Fig. 2.

In contrast, 2 Propac PA1 columns in series provide excellent resolution using
shallow linear sodium chloride gradients (e.g., 0-150 mM over 50 min followed
by 150-500 mM over 70 min) (12). Furthermore, improved separation of mono-
sulphated disaccharides can be achieved by running a potassium dihydrogen phos-
phate gradient 0-100%, 1 M over 90 min, with the initial mobile phase being
double-distilied water pH 6 (12).

Larger heparin and heparan sulphate oligosaccharides can also be separated
using the Propac PA1 column using extended linear NaCl gradients (e.g., 0-100%,
1-2 M NaCl over 90-180 min). Figure 4 shows an example of a decasaccharide
fraction from a heparitinase I digest of porcine mucosal heparan sulphate. From the
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Figure 4 High-performance strong anion exchange (HPSAX) elution profile of size separated porcine mucosal derived heparan sulfate
(PMHS) oligosaccharides of uniform size consisting of five disaccharide units. Run conditions were Dionex Propac PA1 column with a
0-180 min, 0-2 M NaCl linear gradient, pH 3.5; flow rate 1 mli/min.
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profile both resolved and partially resolved peaks can be observed. It is thought that
these peaks are sub-fractions of a particular heparan sulphate saccharides that
possess similar or identical charge, but are structural isomers. The C18 CTA
column method can also be used to separate larger saccharides (14).

3. Reverse-Phase lon-Pairing High Performance Liquid Chromatography

Reverse-phase HPLC involves binding an organic molecule to a stationary phase,
often silica derivatized with alkyl chains, in a relatively polar environment (the
mobile phase), which could contain water, and then eluting the organic molecule
using a gradient of a less polar organic solvent. The compounds are therefore
separated on account of their differing hydrophobic character. This technique has
only been used to separate relatively small oligosaccharides with long run times and
problematic desalting making the technique laborious (16). In the case of heparin
oligosaccharides, these are first converted into organic salts, often a hydrophobic
ammonium salt, for example, tetrabutylammonium by neutralizing the acidic form
of the oligosaccharide with, for example, tetrabutylammonium hydroxide (17).
Recently this methodology has proved advantageous for linking L.C separations
directly to electrospray mass spectrometry {see later (16)].

B. Electrophoresis

Electrophoresis is a high-resolution technique, which separates molecules on the
basis of their charge, size, and conformation. This separation results from the
interaction of an analyte with the gel matrix when a charged molecule experiences
a force towards an electrode of opposite charge causing migration. The frictional
force experienced by the analyte from the gel is proportional to the distance the
analyte migrates within a constant electric field. For the analysis of carbohydrates
and especially heparin and heparan sulphate, both agarose and polyacrylamide
gels have been used (18). Commonly polyacrylamide gels of high viscosity are
used in the order of 30%, but capillary electrophoresis separations have also been
developed.

1. Polyacrylamide Gel Electrophoresis

Polyacrylamide gels are created by the polymerization of acrylamide monomers
with the N,N'-methlylenebisacrylamide cross-linker. The pore size, formed within
the gel, is dependent on the amount of cross-linking and the lengths of the polymer
chains. Ammonium persulphate is usually used as the free radical initiator while
N,N.N',N'-tetramethylenediamine (TEMED) stabilizes the polymerization chain
reaction. The chain reaction is inhibited by molecular oxygen so the polymerization
is conventionally carried out between two thin glass plates with the top of the
gel solution covered with water-saturated butanol. Gels used for sequencing, etc.
[such as in integral glycan sequencing (IGS)] are generally run on a vertical
platform apparatus.
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For the analysis of oligosaccharides derived from heparin and heparan sul-
phate a 33% polyacrylamide gel (with 19:1 acrylamide:bisacrylamide cross-linker)
has been found to give good separation. The concentration of the acrylamide
solution can however be adjusted though to give more tailored average pore sizes
and hence separation ranges. Gradient gels can be used, but these are difficult to
cast and reproducibility poses a serious problem. Unlike protein electrophoresis,
carbohydrate gels are in the native form and hence the carbohydrate conformation
(and thus mobility) will depend on the exact oligosaccharide structures present
within. Therefore, a simple direct migration distance to size relationship cannot be
achieved.

A common method for visualization of unlabeled oligosaccharides is the
blue dye Azure A. Staining occurs due to ionic interactions with the highly negative
charge sulphate and carboxylic acid groups present in this class of carbohydrate.
Background staining can easily be removed by washing with double-distilled water.
The limit of detection is in the order of a few micrograms (13). Detection of
oligosaccharides separated on gels can also be achieved using radiolabels (19)
or fluorescent tags (20) and preparative scale purification of saccharides is also
possible (21).

2. Capillary Electrophoresis

Conventional polyacrylamide gel electrophoresis (PAGE) has two main draw-
backs. First, only relatively low voltages can be used due to the effect of Joule
heating upon the separation gel and the analytes themselves. Second, detection of
the molecules is problematic and the level of detection is comparatively low in the
slab gel format used in PAGE. To counter these problems capillary electrophoresis
(CE) can be employed. The capillary has a high surface to volume ratio, hence
radiating heat, allowing for efficient cooling mechanisms to be introduced negating
the voltage restrictions that limit PAGE. Detection is performed by directing UV
or visible light through a narrow window in the capillary and detecting on the
opposing side. This allows for the analysis of much smaller sample quantities. As
the voltages used in capillary electrophoresis are very high (typically up to 30 kV)
(22), sample run times are usefully short.

Capillary electrophoresis takes place in a narrow bore fused silica capillary.
Electrophoresis can occur in free solution or the capillary can be filled with a
suitable matrix. Sample loads are minuscule in comparison to conventional
PAGE - between 10 and 100 nL of sample is required and consumable costs are
significantly reduced (23). Loading on to the capillary is usually achieved by either
applied voltage, with only charged molecules entering the capillary (electrokinetic
injection), or by a pressure difference being induced across the sample vial and
capillary (hydrodynamic injection). It should be noted here that while hydro-
dynamic injection gives a quantitative representation of the original sample, elec-
trokinetic does not, as the more highly charged analytes will enter the capillary in
greater numbers from the starting solution. After electrophoresis the capillary can
be flushed, regenerated, and reused.
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One consideration, which must be given to capillary electrophoresis, is that
of endo-osmotic flow. This occurs due to the presence of silanol groups on the
inner surface of the fused capillary. At environmental pHs >2 they donate protons
and become ionized. Positively charged ions from the buffer ion-pair with the
negatively charged silanol groups lead to the creation of an electric double layer.
The positive buffer ions present in the electric double layer are able to migrate
towards the negatively charged electrode and in doing so they trap water molecules,
which leads to endo-osmotic flow (24). This effect can be diminished by using low
pH buffers which protonate the silanol groups and abolish the formation of the
electric double layer or by derivitization of the silanol groups, for example with
methylcellulose. Various modes of capillary electrophoresis exist. Common ones
include capillary zone electrophoresis (CZE), capillary gel electrophoresis, capil-
lary isoelectric focusing, capillary iostachophoresis, and micellar electrokinetic
capillary chromatography. As heparan sulphate and heparin oligosaccharides are
not amphoteric species, capillary isoelectric focusing is not discussed. Furthermore
heparin and heparan sulphate have a high degree of structural diversity so the
possibility of micellar electrokinetic capillary chromatography is problematic, al-
though the less diverse disaccharides of dermatan and chondroitin sulphates have
been separated using this method (25). Consequently, this form of CE is also
omitted.

In regard to heparin/heparan sulphate oligosaccharide separation by CE, the
most common mode used is capillary zone electrophoresis (CZE). This involves
separation in free solution. To date both normal and reverse polarity separations
have been performed (26) on this class of carbohydrate. In normal mode the
environmental pH is buffered around neutrality and the capillary wall is negatively
charged. Separation will occur due to both electrophoretic and electroendo-osmotic
migration/flow. In reverse mode, the pH is usuaily buffered at around pH 2.5,
limiting the effects of endo-osmotic flow, thereby carrying out the separation solely
on the basis of electrophoresis.

Detection can be either direct or by derivitization of the carbohydrate mol-
ecules with a fluorophore prior to injection. The C=C double bond created upon
bacterial lyase digestion mentioned previously allows direct observation using a
UV-spectrophotometric detector (27). Carbohydrate analytes can also be deriva-
tized with fluorophores allowing for more highly sensitive detection, including the
use of a laser induced fluorescence detection module (28). An example of the power
of CE can be seen from the disaccharide analysis performed both by UV and after
derivitization with the fluorophore 2-aminoacridone (AMAC). Again, the labeling
occurs through reductive amination. Twelve known heparin and heparan sulphate
derived disaccharides are resolved in 26 min by UV detection at A = 232 nm with
the assistance of an imposed pressure gradient (29) and all 12 standards are again
resolved using UV and LIF detection (at A = 255 and 488 nm, respectively) in just
over 30 min (22). Sensitivity of detection of disaccharides labeled with AMAC
fluorophore and separated by CE with LIF detection is approx. 50 fmol/peak, and
thus nanogram quantities of sample should be required to detect all disaccharides
present at >1% level in a typical heparan sulphate.
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lll. Heparin and Heparan Sulphate Sequencing

The ability to sequence heparin and more specifically heparan sulphate is of
fundamental importance in the determination of structure—function relationships
between the carbohydrate and its many interacting partners. Unlike protein and
nucleic acid sequencing, the sequencing of carbohydrates and more specifically that
of glycosaminoglycans has lagged behind with no one individual method allowing
for facile, reproducible sequence determination of an oligosaccharide (and cer-
tainly not a polysaccharide) chain of any sizeable length.

One of the main obstacles faced is that of obtaining a reasonable amount of
starting material in order to perform the multiple stages required with current
strategies. This, along with the difficulty in obtaining pure samples, has led to a
gap in this aspect of glycosaminoglycan biochemistry.

In general, two approaches to the sequencing of heparan sulphate exist.
The first is a direct method, which uses NMR to observe the molecule in question;
this method does not require multiple processing steps, yet it does require large
amounts of pure sample. The remaining methods can be further subdivided into
those, which require oligosaccharide separation methods and which do not (namely
mass spectrometry). Associated with all of these methods is the need to generate
oligosaccharide fragments from the parental oligosaccharide and the use of a
specific sets of endolytic bacterial lyase enzymes and exolytic mammalian lysosomal
enzymes in order to identify the presence and positioning of the various sulphate,
acetyl and carboxyl groups on the uronic acid and glucosamine residues. The
various enzymes used are summarized in Table 1. They are exoglucosidases (e.g.,
iduronase, which removes the iduronic acid residue present at the terminal non-
reducing end, and only acts if there is no 2-O-sulphate present), and a class of
enzymes known as exosulphatases that remove specific sulphates from nonreducing
terminal residues. This information, coupled to the position of N-sulphates from the
nitrous acid digestion allows for the determination of sequence.

A summary of the different sequencing methods and their merits and limita-
tions are provided in Table 2. Demonstrations of the applications of these various
methods have already begun to appear. IGS has been used to sequence heparan
sulphate saccharides, which act as specific regulators of signaling by FGFR isoforms
(20). Matrix-assisted laser desorbtion ionization (MALDI) and IGS have been used
to sequence an antithrombin-binding saccharide with anticoagulant activity (30). In
general the methods are designed for the sequencing of purified saccharides, which
have been shown to have selective protein-binding characteristics or particular
biological activities, as in the above two examples. However, the step sequencing
method has also been used to examine structural diversity, by elucidating the
sequences of a set of S-domains of different sizes expressed by a single cell type (31).

A. Nuclear Magnetic Resonance

Sequencing oligosaccharides by NMR usually involves several two-dimensional
experiments. These are required to obtain firstly, a spectral assignment, to establish
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Table 2 Comparison of Sequencing Techniques

Technique Advantage Disadvantage
NMR Isomer information present Large sample amount needed
Gives structural information Spectrum complex for large
oligosaccharides
Nondestructive Pure saccharides needed
No labels required
IGS Uses common PAGE technique  Loss of sensitivity due to acid
digestion
Small sample amounts Low yielding reducing end
fluorophore
Enzyme activity is essential
Radiolabel (IGS/step)  Small sample amounts Radioactivity handling
Increased detection levels Disposal of labeled samples
Metabolic labeling possible
MALDI-MS Accurate mass data Indirect detection
Mass database Peptide coupling problems
Small sample amounts Ionization problems
ES-MS Very small sample amounts Ton-pairing problems
Tandem MS/MS Ionization problems

Accurate mass data
Mass database

which signals arise from particular positions in the sugar units. These are typically
three bond 'H —! H COSY and TOCSY experiments. Results from these spectra
allow unambiguous assignment of the sugar rings present in the sample but give no
information concerning their connectivity. The second set of experiments involves
some form of correlation experiment in which the connectivity of residues can be
followed. Typically, this involves a NOESY experiment in which space proximity
is established and this form of experiment will also establish the proximity of
atoms within the ring and allow assignments to be made. Long-range H-C
correlation experiments can also be employed to establish connectivity between
residues.

There are two principal disadvantages to sequencing heparan sulphate
oligosaccharides by NMR. The first is that relatively large amounts of sample
are required (usually in the order of a few milligrams) and a high degree of
sample purity is required. The second is that the resolution of signals from adjacent
disaccharide units becomes more difficult as the length of the oligosaccharide
chains increases, and becomes a problem sooner if the disaccharide-repeating
units are of the same or similar structure. This is because the signals from those
units tend to converge as their environment becomes less distinguishable, i.e., in
general, the further they are from the reducing end. In practice, NMR has mainly
been used to sequence small saccharides up to hexasaccharide in size, with occa-
sional examples of application to larger oligosaccharides (30).
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B. Integral Glycan Sequencing

The IGS technique is based on the observation of band shifts on polyacrylamide
gels to yield sequence information (20). In the original PAGE-IGS strategy a
purified oligosaccharide is first labeled fluorescently at the reducing end with a
fluorophore (e.g., 2-aminobenzoic acid, 2AA) by means of reductive amination.
This fluorescent tag provides an essential reading frame for sequence elucidation.
2AA has an excitation maximum in the range of 300-320 nm and an emission
maximum between 410 and 420 nm. This allows for easy visualization of subse-
quent gels on a standard 312-nm UV transilluminator. Improved detection has also
been reported using the fluorophore ANDSA (7-aminonapthalene, 1-4-disulfonic
acid), since this fluorophore has a greater extinction coefficient than that of 2AA
while being less sensitive to cleavage under the acidic conditions experienced
during nitrous acid degradation (4).

The second step involves the generation of a ladder of intermediate sized
oligosaccharides by partial nitrous acid cleavage of the oligosaccharide. Nitrous
acid cleavage occurs between a N-sulphated glucosamine residue and its reducing
end uronic acid residue. Cleavage does not occur if the glucosamine residue is
N-acetylated. The resulting ladder of sized oligosaccharides, i.e., di-, tetra-, hexa-
saccharides, etc. each have a common fluorescently tagged reducing end terminus,
with their nonreducing termini corresponding to the original positions of N-sulfo-
glucosamine residues. In the third step, aliquots of these fragments are treated
separately with cocktails of various exolytic lysosomal enzymes —exoglucosidases and
exosulphatases — that remove specific monosaccharide residues or sulphate groups
respectively from the nonreducing ends of the fragments. The resulting products
are then separated in separate tracks on a PAGE gel. The specificity of these
enzymes, combined with the band shift patterns permits the sugar sequence to be
read directly from the resulting fluorescent banding patterns in a manner analogous
to DNA sequencing (Fig. 5).

Sequencing using IGS can be achieved with a few nanomoles of starting
material (low microgram quantities) but in the future improvements in sensitivity
can be expected using better fluorophores and more sensitive detection modes (e.g.,
LIF detection in CE separations). Note that “breaks” in the sequencing ladder are
caused by the presence of GlcNAc residues - to sequence through such a gap
additional treatment with the enzyme N-acetylglucosaminidase is required to
open up access to the next disaccharide unit.

A radiolabel version of the IGS strategy has also been reported, using a >H
radiolabel at the reducing end. This has the advantage of being more resistant to the
partial nitrous acid degradation step. Samples are labeled at the reducing end by
reduction with the radioactive reducing agent sodium borohydride (NaB[>H],).
Oligosaccharide samples are then treated in a manner analogous to PAGE-IGS.
The resulting oligosaccharide products of the various digests (with a *H-labeled
reading frame) are then separated in a series of SAX-HPLC runs with detection
achieved by fraction collection and scintillation counting. The elution positions and
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Figure 5 Diagrammatic presentation of the integral glycan sequencing strategy (IGS). This
schematic example shows a simple hexasaccharide with the sequence IdoA(2S)-GIcNS(6S)-
IdoA-GIeNS(6S)-1doA(2S)-GIeNS. The saccharide is labeled at its reducing end with a fluo-
rescent tag (track 1; purple star). Partial chemical cleavage at GIcNS residues with nitrous acid
“opens up” the structure by creating intermediate fragments differing in size by a disaccharide
unit (track 2). Particular combinations of exoenzymes (exosulphatases and exoglycosidases)
are used to selectively remove specific sulphate groups or monosaccharide residues. These
include 2-O-sulphates, IdoA residues and 6-O-sulphatesin tracks 3,4, and 5, respectively (1d2S,
iduronate-2-sulphatase; Idase, iduronidase; Glc6Sase, glucosamine-6-sulphatase). Critically,
these enzymes only act at the nonreducing end disaccharide units of each fragment, newly
exposed by the partial fragmentation in the previous step. The products are separated on
adjacent tracks of a high density polyacrylamide gel and the resulting fluorescent banding
pattern allows the sugar sequence to be read directly from the band shifts in a manner analogous
to DNA sequencing.

peak shifts are interpreted to read the sequence of the original saccharide (31).
Sensitivity is reported to be similar to that for IGS with the ANDSA label
(1-2 nmol of starting material).

C. Sequencing of Metabolically Radio-Labeled Heparan Sulphate
Saccharides

The metabolic incorporation of radiolabel (*H and **S) into heparan sulphate by the
use of radioactive precursors permits the sequencing of cell or tissue-derived sac-
charides. Cells are cultured in the presence of p-[6->H]glucosamine hydrochloride
(2045 Ci/mmol) and in some cases also Na3’>SOy (up to 80 mCi/ml), which become
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incorporated into the heparin/heparan sulphate polysaccharides produced by the
cells. Very small amounts of biosynthetically radio-labeled heparan sulphate sac-
charides prepared from these radio-labeled polysaccharides by lyase degradation
and size exclusion/SAX-HPLC purification can be sequenced using a variant of IGS
called “step-sequencing” (32). SAX-HPLC purified heparan sulphate saccharide
peaks are partially degraded with nitrous acid to produce intermediate oligosacchar-
ide fragments, and aliquots subjected to various exoenzyme treatments, followed by
SAX-HPLC analysis of the products on a Propac PA1 column. Since the saccharides
are radio-labeled along their entire length, a key aspect of the step sequencing
method is that it relies upon for a “‘reading frame” differences in elution position
of fragments which contain the original nonreducing end hexuronic acid residue vs
those that do not. By careful interpretation of the SAX profiles, enhanced by
knowledge of the elution positions of various known intermediate structures, the
sequence of the original saccharide can be deduced. This method is specifically
designed for sequencing metabolically labeled heparan sulphate saccharides where
sufficient labeled heparan sulphate can be prepared to produce the purified sacchar-
ides of interest. It has been used to sequence up to decasaccharides, but larger
fragments may prove problematic due to the resolution constraints (problems in
detecting shifts) imposed by the strong anion exchange separation itself.

D. Matrix-Assisted Laser Desorbtion lonization Mass Spectrometry

The use of mass spectrometry to derive the structure of oligosaccharide fragments
provides an attractive prospect when the theoretically low amount of material
required for analysis is considered. Unfortunately, the ability to ionize and “fly”
sulphated saccharides possess something of a problem (33). The high negative
charge of the heparin/heparan sulphate saccharides limits ionization, while the
high susceptibility of the sulphate group itself to cleavage possess a major obstacle
to sequencing. Furthermore, mass spectrometry does not allow for the resolution of
the structural isomers arising from the uronic acid epimers or the O-sulphates,
which can be present at C3 or C6 of the glucosamine residue.

MALDI mass spectrometry has been used to detect oligosaccharide frag-
ments by employing a basic noncovalently bound coupling peptide. This peptide
possesses uniform positive charge, which ion-pairs with negatively charged groups
contained within the heparan sulphate, hence masking the negative charge and
allowing ionization of the molecule. Detection in the mass spectrometer is of the
combined mass, i.e., that of the heparan sulphate saccharide and the bound peptide.

A MALDI-peptide approach to sequencing based on a convergent strategy
has been developed, linked to use of mass information for intact oligosaccharide
fragments that provides a database for mining with the mass signature for any
particular saccharide of interest. The database provides the many possible solutions
for any single mass (which arise from the extensive potential for structural isomers).
In initial studies the further susceptibility of the saccharide to various lyase
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enzymes, coupled to knowledge of their specificity and the presence of a reducing
end mass tag to identify peaks with a common reducing end, yields a characteristic
set of breakdown products that limits the solution possibilities for the initial
signature ion observed (34). However, it is rarely possible to fully define a sequence
using this approach, so it was further refined by employing various additional
treatments with partial nitrous acid and exoenzymes to converge towards a single
sequence by the presence or absence of appropriate mass shifts (35,36). Sensitivity
is reported to be similar to that for IGS (nmol quantities of starting material), but
may be improved with increasing sensitivity of MALDI instruments. However,
there are likely to be limitations and the broad applicability still needs to be
explored. Coupling is probably favored for heparin/heparan sulphate saccharides
with a high degree of charge, and may make sequencing of lower sulphated heparan
sulphate saccharides difficult (33). The peptide itself may have to be tailored to the
size of the heparin/heparan sulphate fragment under investigation.

E. Electrospray Mass Spectrometry

Effective electrospray mass spectrometry (ES-MS) methods for heparan sulphate
saccharides are now emerging. Currently, ES-MS techniques rely on the masking of
the negative charge by ion pairing with quaternary ammonium ions, such as tetra-
ethylammonium hydroxide or dibutylammonium acetate. This permits ionization of
carbohydrate fragment as well as provides a volatile solvent required for the mass
spectrometric technique (37,38).

The use of ES-MS for heparan sulphate sequencing appears to be attractive
for a number of reasons. Tandem MS/MS opens up the possibility of overcoming
the structural isomer problem by detecting differing fragmentation pathways (39).
Another attractive possibility is the direct coupling of liquid chromatography or
capillary electrophoresis equipment to the ionization source leading to true two-
dimensional analysis. Tributylammonium acetate or dibutyl ammonium acetate are
used as the ion pairing agent for direct coupling of liquid chromatography with
electrospray. This permits ionization of carbohydrate fragment (especially heparan
sulphate) and provides a volatile solvent required for the mass spectrometric
technique in order to enhance retention and peak shape (16,38). The characteriza-
tion of the pentasaccharide responsible for AT III binding and its precursors has
been elucidated using LC-ES-MS (38). Furthermore, these methods allow sample
concentration prior to ionization.

In addition, coupling of the use of the lyase and exoenzymes with the above
methodologies may produce new and powerful sequencing strategies [especially
with the use of nano-electrospray ionization techniques (40)] that accurately dis-
tinguish between the structural isomers present within differing sequences of equal
mass (uronic acid epimers and O-sulphate positions), although this may ultimately
prove unnecessary if differing fragmentation pathways can be elucidated with
tandem MS/MS (40).
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IV. Discussion

The separation and sequencing of heparin and heparan sulphate saccharides is by
no means a trivial undertaking. Separation of heparan sulphate saccharides is
problematic due to the heterogeneity, which is often present within a given sample.
Separation techniques, which have greater resolving power, are crucially needed
within the field. Pure samples are of fundamental importance if accurate sequence
information is to be obtained. Yet, no method provides the ability to unequivocally
sequence a complex mixture. Thus, a limiting step in our ability to sequence is
sample quantity and purity. Nevertheless, there have been significant advances over
the past decade, and there are a number of methods in current use, which with
careful experimentation do permit the sequencing of relatively small amounts of
saccharide from a range of sources (both cell- and tissue-derived heparan sulphate).
The techniques and instrumentation required for these methods are diverse and
accessible, putting them within the capabilities of most researchers.

Looking forward, better labeling strategies are needed that provide increased
yield (labeling efficiency) and which are more stable in the presence of acid to
support the sequencing strategies based on tagging. Better separation techniques
should lead to improved purity of heparan sulphate saccharides for sequencing, and
more accurate sequencing separations. The increasing sensitivity of detection in
mass spectrometry methods, and the possibility of understanding fragmentation
pathways for oligosaccharide fragments, can be expected to make an impact and
would considerably advance the field. It is reasonable to anticipate that the next
decade will see major advances in separation and sequencing techniques for hep-
arin and heparan sulphate saccharides, with the exciting possibility of ““‘glycomics”
studies on the structure—activity relationships of these complex molecules.
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. Introduction

Heparin (HP) and heparan sulfate (HS) are structurally the most complex species of the
glycosaminoglycan (GAG) family. The backbones of HP and HS are linear polymers
composed of repeating disaccharide units, [—4GlcABI(IdoAal)-4GIcNAc
al—],(Fig. 1), where GlcA, IdoA and GleNAc represent D-glucuronic acid, 1-iduronic
acid and N-acetyl-p-glucosamine, respectively, which are covalently attached to the core
proteins through the so-called common GAG-protein linkage tetrasaccharide,
GlcAB1-3GalB1-3Galp1-4XyIB1-O-Ser {(where Gal, Xyl, and Serstand for p-galactose,
D-xylose and L-serine, respectively). An obvious difference between HP and HS is their
cellular localization: HP is mainly present in mast cells, whereas HS exists at the cell
surface and extracellular matrix (ECM) in the form of proteoglycans (PGs). In addition,
their structural features are different. HP is a highly sulfated species with a high propor-
tion of N-sulfated glucosamine {GIcNS) and IdoA, whereas HS is a low-sulfated chain
with a high proportion of GIcNAc and GlcA. Although HP meets today’s standards for
an anticoagulant, it actually controls levels of mast-cell proteases in vivo. HSPGs play
roles through the HS side chains in various biological processes, such as cell proliferation,
tissue morphogenesis, infection by viruses, and interactions with numerous growth
factors, morphogens and cytokines (Fig. 2).

The biosynthesis of HP and HS chains that governs the expression of their
functions, is initiated by the construction of the tetrasaccharide linkage region,
which is assembled by the stepwise transfer of monosaccharides from respective
uridine diphosphate (UDP)-sugars to a Ser residue of the core proteins and/or the
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Figure 1 Typical repeating disaccharide units in HP/HS and their potential sulfation sites.
HP and HS consist of uronic acids (IdoA and GlcA) and GlcNAc residues with varying
proportions of IdoA and GlcA. These sugar residues can be esterified by sulfate at various
positions as indicated in the figure.

Core protein
Cytokine ~__ \ Virus

HS chain

Cell membrane

U UV ~ A FGF receptors
Frizzled /\z /é
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Signal transductions

Figure 2 Various functions of HS chains. HS chains expressed on the cell surface interact
with various proteins, such as growth factors, morphogens, cytokines, and viral envelope
proteins.

naked nonreducing terminus through the action of the respective specific glycosyl-
transferases. Next, the chain elongation that results in the formation of the repeat-
ing disaccharide region of HP and HS, occurs by the action of HS polymerases.
Finally, HP and HS are modified by GlcNAc N-deacetylase, GIcA epimerase and
sulfotransferases. Recently, studies involving cDNA cloning of the genes encoding
these enzymes and genetic analyses using knockout mice, zebrafish, fruit flies, and
nematodes have led to unanticipated findings of interesting biological phenotypes.
This chapter focuses on recent advances in the study of the biosynthesis and
functions of HP and HS.
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li. Biosynthetic Enzymes and Transporters of Uridine
Diphosphate-Sugars and 3'-Phosphoadenosine
5'-Phosphosulfate

A. Uridine Diphosphate-Sugars

During the synthesis of HP and HS chains, glycosyltransferases that have one or
two DXD motif(s) for uridine diphosphate (UDP)-sugar binding, utilize nucleotide
sugars as donor substrates (1-3). The nucleotide sugars, UDP-Xyl, UDP-Gal,
UDP-GIcA, and UDP-GleNAc, are produced mainly from p-glucose (Glc), D-
glucosamine (GIcN) and p-Gal, as shown in Fig. 3 (4). UDP-GIcA is formed by
the action of the UDP-Glc dehydrogenase (UGDH) on UDP-Glc in the cytosol (5).
On the other hand, UDP-Xyl is formed by the action of UDP-GIcA decarboxylase
(UGD) in the endoplasmic reticulum (ER) and Golgi apparatus (Table 1).
Moriarity et al. however, demonstrated that the rat UGD is localized primarily to
the perinuclear Golgi (6). Recently, several groups individually reported the iden-
tification and cloning of the ugdh gene, sugarless in Drosophila melanogaster
(D. melanogaster) and squashed vulva (sqv)-4 in Caenorhabditis elegans (C. elegans),

GleNH, Glc
GlcNAc GIcN 6- Pq— Fru-6-P €— Glc-6-P
GlcNAc 6-P G]c 1-P Gal SOZ + ATP
@1 l
GlcNAc-1-P UDP Glc. Ga[ 1-P APS
© UDP-Glc
® ® @
@ Gle-1-P
UDP-GalNAc <€— UDP-GIcNAc UDP- G[cA UDP Gal PAPS
Cytosol \
UDP-sugar UDP-sugar UDP -sugar
transporter transporter 1ransponer
Golgi 7
UDP-GlcNAc PAPS UDP-GIcA —) UDP- Xyl UDP- Gal PAPS

Repeating disaccharide region Linkage region
of heparin/heparan sulfate

Figure 3 Biosynthetic pathways of UDP-sugars and PAPS. 1, Hexokinase; 2, GlcNH,
acetyltransferase; 3, GIcNH,; 6-phosphate N-acetyltransferase; 4, GlcNAc kinase; 5, GlcNAc
phosphomutase; 6, UDP-GIcNAc pyrophosphorylase: 7, UDP-GalNAc 4-epimerase; 8, Glu-
tamine-fructose-6-phosphate aminotransferase; 9, Glc-6-phosphate isomerase; 10, Hexokinase;
11, Phosphoglucomutase; 12, UDP-Glc pyrophosphorylase; 13, UDP-Gle dehydrogenase;
14, UDP-GlcA decarboxylase; 15, UDP-Glc 4-epimerase; 16, Galactokinase; 17, Gal-1-
phosphate uridylyltransferase; 18, ATP sulfurylase; 19, APS kinase.
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Table 1 Human Uridine Diphosphate-Sugars and 3'-Phosphoadenosine
5’-Phosphosulfate Synthases

Chromosomal Amino mRNA mRNA

Name Abbreviation Product location acid  expression  accession
UDP-GIcNAc  UAP1 UDP- 1q23.2 505 Testis, NM_003115
pyrophos- Gle- placenta,
phorylase NAc muscle,
liver
Gal-1-phosphate GALT UDP-Gal 9pl3 379 —* NM_000155
uridylyl-
transferase
UDP-Glc (126)** (NM_
147131)
(162)** (NM_
147132)
UDP-Gle UGDH UDP- 4pl15.1 494 Ubiquitous NM_003359
dehydroge- GlcA
nase
UDP-GIcA UGD UDP-Xyl 2q12.2 420 Ubiquitous NM_025076
decarboxy- (UXS1)
lase
(UDP-Xyl
synthase)
PAPS synthase PAPSS1 PAPS 4q24 624 Ubiquitous NM_005443
PAPSS2 10q23-q24 614 Ubiquitous NM_004670

—*, not reported.
** variant form.

both of which produce UDP-GIcA required for the synthesis of HS and chondroitin
sulfate (CS) or chondroitin (7-12). These studies of the sugarless mutant led to the
findings that HS side chains attached to the core proteins are required for signal
transduction of Wingless (Wg) and fibroblast growth factor (FGF). These findings are
brought about by a defect of HS, but not CS, the synthesis of which also requires
UDP-GIcA. On the other hand, the sqv-4 mutant shows defects in the formation of
the vulva and cytokinesis in C. elegans. In addition, sqv-I encoding UGD was
necessary for the morphogenesis (13). It was not clear, however, which type of
GAG, chondroitin or HS, was essential for vulval morphogenesis. Recently, Hwang
et al. and our group independently reported that chondroitin, but not HS, is necessary
for cytokinesis and formation of the vulva (14,15). Furthermore, the genes homolo-
gous to jekyll and uxsl that encode UGDH and UGD, respectively, in zebrafish, were
reported as requirements for the formation of a cardiac valve and cartilage, respect-
ively (16,17). Alsoin mice, the mutation of ugdh, lazy mesoderm, resulted in defects in
the migration of mesoderm and endoderm as in the FGF mutants (18).

UDP-sugars synthesized in the cytosol, except for UDP-Xyl, are incorporated
into the ER and Golgi lumen through the nucleotide sugar transporters (NSTs)
(Fig. 3 and Table 2), which are predicted to contain 6-10 membrane-spanning
domains based on hydrophobicity analyses and secondary structure predictions
(19,20). The NST genes are found not only in mammals but also in C. elegans and
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Table 2 Human Uridine Diphosphate-Sugars, 3’-Phosphoadenosine 5'-Phosphosulfate
and Sulfate Transporters

Chromo-

somal Amino mRNA mRNA
Name Abbreviation  Substrate location acid  expression  accession
Fringe hfrcl UDP- 9q22.32 337 Colon, NM_007001
connection  (UGTrel8) GlcNAc stomach,

UDP-Glc lung,
leukocyte
UDP-GlcA/ UGTrel7 UDP-Gal 1p32-p31 355 Ubiquitous NM_015139
UDP- NAc UDP-
GalNAc GlcA
dual
transporter
UDP- UGTrel2 UDP- 1p21 325 Ubiquitous NM_012243
GlcNAc GIcNAc
transporter
UDP-Gal UGT UDP-Gal Xpl1.23- 396 Ubiquitous NM_005660
transporter UDP-Gal- pl1.22
NAc

UDP-Gal UGTrell —* 17921.33 322 — NM_005827
trans-
porter-re-
lated
isozyme 1
PAPS PAPST1 PAPS 6p12.1-p11.2 432 Ubiquitous NM_178148
transporter (UGTrel4)
Diastrophic DTDST Sulfate 5q31-q34 739  Ubiquitous NM_000112
dysplasia anion
sulfate
transporter

—* not reported.

D. melanogaster, sqv-7 and fringe connection (frc), respectively (13, 21-23). SQV-7
translocates UDP-GlcA, UDP-GalNAc, and UDP-Gal in vitro. The sqv-7 mutant
perturbs vulval invagination due to a lack of chondroitin. On the other hand, the frc
mutant displays defects in the signaling of Wg, Hedgehog (Hh), FGF, and Notch.
Thus, the enzymes responsible for the biosynthesis of UDP-sugars and NSTs are
required not only for the biosynthesis of GAG chains but also for the morphogen-
esis in early development.

B. 3'-Phosphoadenosine 5'-Phosphosulfate

The sulfation of HP and HS is indispensable for the exertion of their physiological
functions. Sulfotransferases, which catalyze the transfer of sulfate from the donor
substrate, 3’-phosphoadenosine 5'-phosphosulfate (PAPS), to respective acceptor
substrates, have the structural motifs of PAPS-binding sites (24). PAPS is synthe-
sized from inorganic sulfate, which is incorporated into the cytosol through the
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sulfate transporter, and adenosine triphosphate (ATP). This reaction occurs in two
sequential steps as shown in Fig. 3 (25,26). In the first step, inorganic sulfate reacts
with ATP to form adenosine 5'-phosphosulfate (APS) and pyrophosphate by ATP
sulfurylase. The second step is the reaction of APS with ATP, which is catalyzed by
APS kinase, to form both PAPS and ADP. ATP sulfurylase and APS kinase have
been cloned from bacteria, fungi, yeast, and plants, whereas in animals these
enzymes are combined and referred to as PAPS synthase (PAPSS), which is
composed of the N-terminal APS kinase domain and the C-terminal ATP sulfur-
ylase domain. In humans, the bifunctional PAPSS has been identified as two
different isozymes, PAPSS1 and 2 (Table 1). Although PAPSS1 mRNA is ex-
pressed in all tissues, the levels of expression are lower in the liver, skeletal muscle,
and adrenal gland than in the other tissues. PAPSS2, in contrast, has high levels of
expression in cartilage, liver, and adrenal gland. Murine brachymorphism is char-
acterized by a dome-shaped skull, a short thick tail and shortened but not widened
limbs and has been attributed to a defective PAPSS2 (27). In humans, spondyloe-
pimetaphyseal dysplasia of Pakistani type that is characterized by short, bowed
lower limbs, enlarged knee joints, kyphoscoliosis, a mild generalized brachydactyly
and early-onset degenerative joint disease in the hands and knees, also involves a
mutation in PAPSS2 but not PAPSS1 (28). In fact, PSPSS1 plays a role in human
high endothelial venules for the sulfation of mucin-like glycoproteins, such as
GlyCAM-1, CD34, and MAdCAM-1 (29). Furthermore, diastrophic dysplasia
(DTD) including atelosteogenesis type 2 and achondrogenesis 1B is an autosomal
recessive osteochondrodysplasia that comprises disorders of the skeletal system
caused by defects in the DTD sulfate transporter (DTDST) gene (30-32).

Since the sulfation of GAGs occurs in the ER and Golgi apparatus, PAPS
formed in the cytosol must be translocated into the Golgi by a specific transporter:
the PAPS transporter (PAPST) (Fig. 3). Recently, two groups reported the identi-
fication and cloning of the human and D. melanogaster PAPST gene (33,34) (Table
2). Human PAPST1 is ubiquitously expressed and localized to the Golgi apparatus
but not ER. The D. melanogaster PAPST gene mutant, slalom, exhibits defects in
the Wg and Hh signaling pathways because of a lack of GAG sulfation. These
findings suggest that the sulfation of GAG chains might be involved in the early
development and onset of diseases involving cartilage and bone metabolism.

lll. Biosynthesis of Heparin and Heparan Sulfate Backbones
A. Glycosaminoglycan-Protein Linkage Region

HP and HS chains in addition to CS and dermatan sulfate (DS) contain the
common GAG-protein linkage tetrasaccharide, GlcAB1-3GalB1-3GalB1-4Xyl
B1-O-Ser. After the translation of a core protein, xylosylation of a Ser residue of
the core protein is initiated by xylosyltransferase (XylIT) in the ER and the cis-
Golgi (35,36). XyIT catalyzes the transfer of a Xyl residue through a B-linkage from
UDP-Xyl to a Ser residue in the core protein substrates (Fig. 4), the amino acid
sequences of which are conserved as Ser-Gly-X-Gly (where Gly and X stand for
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Figure 4 Schema of the assembly of the HP/HS backbones by various glycosyltransferases.
Each enzyme shown in an oval requires UDP-sugar as a donor substrate, and then transfers a
sugar residue to the nonreducing terminal sugar of an acceptor substrate. The genes encoding
respective glycosyltransferases are given next to the enzymes. EXTI/EXT2 indicates a
heterodimeric complex. XylIT, xylsyltransferase; GlaT-I, galactosyltransferase-I; GlaT-II,
galactosyltransferase-1I; GIcAT-1, glucuronyltransferase-I; GlcNAcT-I, N-acetylglucosami-
nyltransferase-I; GleNAcT-1I, N-acetylglucosaminyltransferase-1I; HS-GlcAT-II, HS-glucur-
onyltransferase-1I; GlcA/GIcNACT, GlcA and GlcNAc transferase.

glycine and any amino acid, respectively) as revealed by comparison with the GAG
attachment sites in the core proteins (37). In human and rat, two different 3-XylITs
have been cloned (38) (Table 3). Human XylT-1 and XylT-2 are 55% identical to
each other in the amino acid sequence. Xy!T-1 can transfer a Xyl residue from UDP-
Xyl to the recombinant bikunin and its peptide in vitro, whereas the catalytic activity
of XyIT-2 has not been shown. Thus, the biological role of XylT-2 remains unclear.
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Table 3 Human Linkage Region Glycosyltransferases

Chromosomal Amino mRNA mRNA

Name Abbreviation location acid expression accession
Xyl transferase XylT-1 16p12 959 Ubiquitous NM_022166
XylT-2 17q21.3-17q22 865 Ubiquitous NM_022167
Gal transferase-1 GalT-1 5q35.2-q35.3 327 Ubiquitous NM_007255
(B1-4Gal transferase-7) (B4GalT7)
Gal transferase-11 GalT-1I 1p36.33 329 Ubiquitous NM_080605
(B1-3Gal transferase-6) (B3GalT6)
GlcA transferase-I GIcAT-1 11q12.3 335 Ubiquitous NM_012200

(B1-3GIcA transferase-3)  (B3GAT3)

Subsequently, two Gals are attached to the Xyl residue by galactosyltrans-
ferases-I and galactosyltransferases-II (GalT-I, GalT-11) (Fig. 4). GalT-I (B4GalT7)
is one of the seven B1-4GalT family members, which appear to have exclusive
specificity for the donor substrate UDP-Gal; all transfer Gal through a B1-4 linkage
to similar acceptor sugars: GIcNAc, Gle, and Xyl (39, 40). To confirm that this gene
product is involved in the biosynthesis of GAG in vivo, Chinese hamster ovary
(CHO) mutant cells, pgsB-761 that lack GalT-I, were transfected with GalT-I
(B4GalT7) (39). The ability to synthesize GAG was restored to the transfectant
cells, suggesting that B4GalT7 actually encodes GalT-I in vivo. On the other hand,
GalT-II (B3GalT6), which transfers Gal from UDP-Gal to a B-linked Gal residue,
is one of the six B1-3GalT family members (41). Silencing of the gene B3GalT6 by
siRNA blocks the assembly of GAG in vivo, ascertaining the identification of
B3GalT6 as GAG GalT-II (41).

Finally, the linkage region is completed by the transfer of a GlcA through a
B1-3 linkage from UDP-GIcA to Galp1-3GalB1-4Xylg1-O-Ser (Fig. 4), which is
catalyzed by glucuronyltransferase-I (GlcAT-T) (Table 3) (42,43). GIcAT-1 was the
first member cloned by PCR using degenerate primers derived from the conserved
domain sequences of GIcAT-P (44), which is required for the addition of GlcA to a
terminal GalB1-4GlcNAc-sequence of glycoprotein oligosaccharides and can pro-
duce the precursor antigen, GlcAB1-3GalB1-4GIcNAcB1-R, for human natural
killer cell carbohydrate antigen-1 (HNK-1). Both GIcAT-1 and GIcAT-P are Bl1-
3GIcAT family members along with GIcAT-S (45,46). The transcript of the GlcAT-
I gene is broadly expressed in human tissues (47,48), consistent with the ubiquitous
distribution of GAGs. On the other hand, GIcAT-P is markedly expressed in the
brain (44), corresponding to the expression of the HNK-1 epitope. Remarkably,
overexpression of GIcAT-I in COS-1 cells, which do not intrinsically express the
HNK-1 epitope, renders the cells capable of synthesizing the HNK-1 epitope as in
GIcAT-P transfectants (43). Conversely, overexpression of GicAT-P in CHO mu-
tant cells lacking endogenous GIcAT-I activity restores the ability to synthesize
GAG chains (47). Conceivably, the functions of GlcAT-I and GIcAT-P may be
partially redundant in some tissues. Human GIcAT-I is the first GAG glycosyl-
transferase crystalized (2,3). The crystal structure of GlcAT-I has provided insights
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into not only the mechanisms for recognition of their specific substrates and
cofactors but also catalytic mechanisms for these reactions.

Mutations of the GalT-I gene cause a progeroidal appearance and symptoms
of Ehlers-Danlos syndrome (40,49). Fibroblasts derived from patients with
this syndrome synthesize PG core proteins, which are devoid of GAGs (50).
In addition, the wild-type GalT-I localizes to the Golgi apparatus, whereas the
mutant GalT-I localizes to the cytoplasm (49). Until now, there has been no report
that other glycosyltransferases involved in the synthesis of the linkage region are
responsible for a progeroid variant of Ehlers—-Danlos syndrome. C. elegans and
D. melanogaster have the linkage region tetrasaccharide as in the case of mamma-
lian GAGs (51). The worms have mutations in the genes sqv-6, -3, -2, and -8
encoding the glycosyltransferases, XylT, GalT-I, GalT-1I, and GIcAT-I, respect-
ively (39,52~54). Since these enzymes are required for the biosynthesis of GAG
chains, these mutants show reduced synthesis of both HS and chondroitin. The
mutant phenotypes show that GAGs play a role in the early developmental stage
in C. elegans. In addition, D. melanogaster also have these glycosyltransferases
(41,55-58). Drosophila XylT, GalT-1, and GIcAT-I act on the respective acceptor
substrates (55-58). Functions of GalT-I have been demonstrated in D. melanogaster
using the RNA interferance (RNAIi) technique, where double-strand RNA
(dsRNA) of the target gene sequence is used to suppress the gene expression. In
GalT-1 RNAi-treated flies, the synthesis of both types of GAGs, HS, and CS, is
impaired, and the wing and leg morphology is similar to that of flies defective in Hh
and Decapentaplegic (Dpp) signaling (56), which needs PGs (59-61). Thus, GAGs
are essential for morphogenesis and organogenesis in the regulation of signaling
molecules.

B. Modifications of the Glycosaminoglycan-Protein Linkage Region

Several modifications of the GAG-protein linkage region have been reported.
2-O-Phosphorylated Xyl has been found in both HP/HS (51,62-64) and CS
(51,64-67) from various species. 4-O-sulfated and/or 6-O-sulfated Gal residues
have so far been isolated in CS/DS (64,68-73), but not in HP/HS. Crucial evidence
for the selective sulfation of Gal residues in only CS chains has been provided (64).
The sulfation of the Gal residue of the linkage region in Syndecan-1 that has both
CS and HS chains on the same core protein is observed in CS, but not HS. These
observations indicate that the sulfated Gal residues may be sorting signals involved
in the biosynthesis or in the intracellular transport of CS/DS, or key factors that
control the acceptor activity of the linkage region oligosaccharides for glycosyl-
transferases involved in the formation of the linkage region. In this regard, it is
interesting that al-4N-acetylglucosaminyltransferase-I (GIcNACT-I), the key
enzyme for HP/HS synthesis that also has al-4N-acetylgalactosaminyltransferase
(a-GalNACT) activity towards the linkage region tetrasaccharide, was inhibited by
the sulfated Gal residue (74,75). On the other hand, the C-6 sulfation of the
nonreducing terminal Gal residue in the linkage region improves the substrate for
recombinant GlcAT-I (76). The recombinant GalT-I shows no activity towards the
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acceptor substrate containing a C-2 phosphorylated Xyl (76). Whereas the linkage
trisaccharide with the phosphorylated Xyl is one of the best acceptors for recombin-
ant GlcAT-I in vitro (Tone Y, Pedersen L, Yamamoto T, Kitagawa H, Nishihara J,
Tamura J, Darden TA, Negishi M, Sugahara K unpublished data). These observa-
tions suggest that the phosphorylation of the Xyl residue may occur after the
transfer of the first Gal residue, and stimulate the biosynthesis of GAG by
GIcAT-I. The specific kinase, phosphatase, and sulfotransferases that modify
the Xyl and Gal residues in the linkage region have not been identified. Thus, the
function of these modifications remain to be investigated.

C. Repeating Disaccharide Region

Chain polymerization of the repeating disaccharide region in HP and HS is evoked
by the transfer of the aGlcNAc residue from UDP-GIicNAc to the linkage region
tetrasaccharide, which is mediated by GlcNACT-I (Fig. 4). On the other hand, the
addition of B1-4-linked GalNAc to the linkage region by f1-4N-acetylgalactosami-
nyltransferase-I {GalNAcT-I) initiates the formation of the repeating disaccharide
region of CS and DS chains (77). GlcNAcT-1 is encoded by the exostosin like-genes
2 and 3 (EXTL2 and FXTL3) (78,79). Three EXTL genes are homologous to the
tumor suppressors, exostosins (EXTs), which are associated with hereditary mul-
tiple exostoses (HME) and encode HS polymerases (see below) (80). EXTL2
protein is an N-acetylhexoaminyltransferase that transfers not only GlcNAc but
also GalNAc to the linkage region through an al-4-linkage (78). The aGalNAcT
activity of the recombinant human EXTL2 is much stronger than the GIcNACT
activity. No structure containing a1-4GalNAc, however, has been isolated from any
naturally occurring GAG chains. EXTL2 was the first member of the EXT gene
family to be crystalized, as a ternary complex with UDP and the acceptor substrate,
providing important insights into the mechanisms of al-4N-acetylhexoaminyl
transfer in the biosynthesis of HS (81). EXTL3 can transfer aGlcNAc to the linkage
region, apparently more efficiently than EXTL2 (79). After the attachment of the first
aGIcNAc, the resultant nascent pentasaccharide is elongated further by alternate
additions of BGlcA and aGlcNAc from UDP-GlcA and UDP-GIcNAc, which are
catalyzed by HS-B1-4glucuronyltransferase-II (HS-GlcAT-I1) and a1-4N-acetylglu-
cosaminyltransferase-11 (GlcNACcT-II), respectively (Fig. 4). EXTL1 and EXTL3
but not EXTL2 have GIcNAcT-II activity (78,79) (Table 4). Furthermore, EXT1 and
EXT2 have both HS-GIcAT-II and GleNACcT-II activities (82,83) (Fig. 4). Two
independent studies revealed a relation between HS-synthesizing glycosyltrans-
ferases and the HME genes (EXTI and EXT2) (80,84).

Firstly, McCormick et al. screened for cDNAs capable of restoring sensitivity to
herpes simplex virus (HSV) in HS-deficient and HSV-resistant sog9 cells. A single
cDNA, the putative tumor suppressor EXT], was isolated, which sufficiently restored
the ability to synthesize HS in the sog9 cell line, thereby rescuing the HSV infectivity
(85). Human EXT1 protein has a type 11 transmembrane topology and consists of 746
amino acids. Overexpression of EXT/ in sog9 cells induced a slight yet significant
increase in both HS-GIcAT-II and GlcNACcT-II activities (86). Secondly, Lind et al.



Table 4 Human Heparin/Heparan Sulfate Glycosyltransferases, Sulfotransferases, Epimerase, Sulfatases, and Heparanases %’-
e}
Chromosoma Amino mRNA mRNA §
Name Abbreviation location acid expression accession S?'
GIcA/GIcNAc EXT1 8924.11-q24.13 746 Ubiquitous NM_000127 g
transferase E
EXT2 11pl2-pll 718 Ubiquitous NM_000401 2
GlcNACc transferase-I GIcNACT-I 1p21 330 Ubiquitous NM_001439 8
(EXTL2) 5
GlcNACc transferase-11 GIcNACT-II 1p36.1 676 Skeletal muscle, NM_004455 8
(EXTL1) brain, heart SV
GlcNAc transferase-I/11 GIcNACT-I/II 8p21 919 Ubiquitous NM_001440 %
(EXTL3) T
GlcNAc N-deacetylase/ NDST-1 5q33.1 882 Ubiquitous NM_001543 3
N-sulfotransferase S
NDST-2 10q22 883 Ubiquitous NM_003635 §
NDST-3 4926 873 Brain, kidney, liver NM_004784 >
NDST-4 4925-g26 872 —* NM_022569 <

GlcA C5-epimerase Hsepi (GLCE) 15923 618 Ubiquitous NM_015554

HS 2-O-sulfotransferase HS28T 1p31.1-p22.1 356 Ubiquitous NM_012262

HS 6-O-sulfotransferase HS6ST-1 2q21 401 Ubiquitous NM_004807

HS6ST-2 Xq26.2 499 Brain NM_147174

HS6ST-2S Xq26.2 459 Ovary, placenta, NM_147175

fetal kidney
HS6ST-3 139321 471 — NM_153456
HS 3-O-sulfotransferase HS3ST-1 4pl6 307 Kidney, brain, heart, NM_005114
lung

HS3ST-2 16p12 367 Brain NM_006043

HS3ST-3A 17p12-p11.2 406 Ubiquitous NM_006042

HS3ST-3B 17pl2-pll.2 390 Ubiquitous NM_006041

HS3S8T-4 16p11.2 456 Brain NM_006040

HS3ST-5 6q22.31 346 Skeletal muscle NM_153612

HS3ST-6 16p13.3 311 — NM_001009606

. )
(Continued) =



Table 4 Conr’d

Chromosoma Amino mRNA mRNA
Name Abbreviation location acid expression accession
Sulfatase Sulf-1 8q13.2-q13.3 871 Testis, stomach, NM_015170
skeletal muscle,
lung, kidney
Sulf-2 20q12-q13.2 870 (852)** Opvary, skeletal muscle, NM_018837 (NM_198596)
stomach, brain, uterus,
heart, kidney, placenta
Heparanase HPSE-1 4921.3 543 Ubiquitous, NM_006665
HPSE-2 10q23-q24 592 Brain, mammary gland, NM_021828

prostate, small intestine,
testis, uterus

—*, not reported.
**_variant form.
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identified a HS-polymerase, EXT2, by direct peptide sequencing of that purified from
bovine serum (86). The bovine EXT2 has a type II transmembrane protein composed
of 718 amino acids. The recombinant bovine EXT2 showed both HS-GlcAT-1I and
GIcNACT-IT activities toward GIcNAc—[GlcA—GIcNAc], and [GlcA —GIeNAc],
oligosaccharide acceptors, respectively.

EXT1 and EXT?2 form a hetero-dimeric complex in vivo, which leads to the
deposition of both proteins in the Golgi apparatus (82,87), although overexpressed
EXT1 or EXT2 alone is localized predominantly in the ER (82). The two proteins
expressed together exhibit a much higher level of glycosyltransferase activity than
the individually expressed proteins (82,83). Recently, we demonstrated that the
soluble form of the recombinant EXT1/EXT?2 hetero-dimeric complex can synthe-
size HS polymer chains on various linkage region tetrasaccharide acceptors in vitro
(88). Likewise, Busse and Kusche-Gullberg reported that recombinant EXT1 alone
and the EXT1/EXT?2 hetero-dimeric complex catalyze the in vitro polymerization
of the HS backbone structure on oligosaccharide acceptors (89). These findings
explain why mutations in either one can cause HME with very similar clinical
pathologies despite the existence of the two HS-polymerases, and suggest that
they cannot compensate for each other’s loss.

HME is an autosomal dominantly inherited genetic disorder that affects
Caucasian populations with an estimated occurrence of 1 in 50,000-100,000. It is
characterized by cartilage-capped tumors (exostoses) that develop from the growth
plate of endochondral bones, especially of long bones (90). This pathologic feature
leads to skeletal abnormalities and a short stature. Malignant transformation from
exostoses to chondrosarcomas (91,92) or osteosarcomas (93,94) occurs in approxi-
mately 2% of HME patients as a result of loss of heterozygosity in EXTI or EXT2.
Genetic linkage analysis of HME has identified three different loci, 8g24.1, 11p11-
13, and 19p, which include EXTI, EXT2, and EXT3, respectively (95-97). In most
HME cases, missense or frameshift mutations in EX71 and EX72 have been
identified, although an association of EXT3 with HME has not been shown (80).

Mice with a targeted disruption of the gene encoding EXT1I die by embryonic day
8.5-14.5 due to defects in mesoderm formation and a failure of egg cylinder elongation
(98-100). EXT1~/~ mice show remarkable decreases in GlcA and GIcNAc transferase
activities and a complete lack or shortening of HS chains (98,100). Koziel ez al. suggested
that reduced amounts of HS potentiate the signaling of Indian hedgehog (Ihh) and
parathyroid hormone-related peptide (PTHrP) in EX71~/~ mice, resulting in delayed
hypertrophic differentiation and increased chondrocyte proliferation, and HME pa-
tients similarly have clusters of overproliferating chondrocytes (99). Furthermore,
Inatani ef al. generated EXTI-null mice in which the EXTI gene was selectively
disrupted in the central nervous system resulting in serious errors in midline axon
guidance through Slit, Sonic hedgehog (Shh) and FGF signalings (101). EXT2 homo-
zygous null mice also failed to develop at the gastrulation stage (102). EXTI or EXT2
heterozygous mice develop exostoses at low frequency. On the other hand, combined
heterozygotes (EXT1*/~ EXT2*/~) show a higher frequency of exostoses (102).

HS is present in genetically tractable model animals as well (51, 103-106), and
EXT genes are well conserved in humans, zebrafish (Danio rerio) (extl, ext2/dackel,
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extl3/boxer), D. melanogaster (ttv, sotv, botv), and C. elegans (rib-1, rib-2) (107-117)
(Fig. 5 and Table 5). Among these genes, in vitro glycosyltransferase activities have

Botv

EXTL3

EXTL2

Rib-2

zEXT1a
zEXT1b

ZEXT1c.

Dackel EXT2

Rib-1

Figure 5 The phylogenetic tree of known EXT family members among Homo sapiens
(EXT1, EXT2, EXTL1, EXTL2, and EXTL3), Danio rerio (zEXTla, zEXT1b, zEXTlc,
Dackel, and Boxer), D. melanogaster (Ttv, Sotv, and Botv) and C. elegans (Rib-1 and Rib-2).
Whole amino acid sequences were used for the ClustalW algorithm.

Table 5 The Model Organisms with the Loss-of-functions or Gain-of-functions Caused
by Mutations of the Genes Encoding the Biosynthetic Enzymes of Heparin/Heparan
Sulfate, Heparan Sulfate-Proteoglycan Core Proteins and Related Enzymes

Affected Encoded
genes enzymes Phenotypes Reference
C. elegans
sqv-1 UDP-GIcA Defects in cytokinesis and 13
decarboxylase vulval morphogenesis
sqv-2 GalT-II Defects in cytokinesis and 52
vulval morphogenesis
sqv-3 GalT-I Defects in cytokinesis and 39,54
vulval morphogenesis
sqv-4 UDP-Glc Defects in cytokinesis and 12
dehydrogenase vulval morphogenesis
sqv-5 ChSy-1 Defects in cytokinesis and 14,15
vulval morphogenesis
sqv-6 XylT Defects in cytokinesis and 52
vulval morphogenesis
sqv-7 UDP-GIcA, Defects in cytokinesis and 13,21
UDP-GalNAc, vulval morphogenesis
UDP-Gal
transporter
sqv-8 GlcAT-1 Defects in cytokinesis and 54
vulval morphogenesis
rib-1 EXT1 —* 115
rib-2 EXTL3 Developmental abnormalities 116,117

at embryonic stage

(Continued)
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Affected Encoded
genes enzymes Phenotypes Reference
hst-1 NDST Abnormal 118
hst-2 HS2ST Abnormal axon branching 119,120
hst-3 HS3ST — 121
hst-6 HS6ST Suppression of 119,122
kal-1-dependent
axon-branching phenotype
hse-5 HS GIcA Abnormal axon branching 119
C5-epimerase
srf-3 UDP-Gal, Alteration of surface 123,124
UDP-GlcNAc antigenicity and inhibition
transporter of bacterial adherence
unc-52 Perlecan Defects in the formation or 125,126
maintenance of the muscle
myofilament lattice, affects
the regulation of distal tip
cell migration
sdn-1 Syndecan Defects in vulval 127
morphogenesis
agrin Agrin Embryonic lethality 128
D. melanogaster
sugarless UDP-Gle Defects in Wg, FGF signaling 7-10
dehydrogenase
frc UDP-sugar Defects in Wg, Hh, FGF, 22,23
transporter Notch signaling
DmUGT UDP-Gal, — 129
UDP-GalNAc
transporter
DmPAPSS PAPS synthase — 130
slalom PAPS transporter Defects in Wg, Hh signaling 33,34
oxt XylT — 55
beta4GalT7 GalT-I Abnormal wing and leg 56,57
morphology similar to flies
with defective Hh and Dpp
signaling
DmGIcAT-1 GlcAT-1 — 58
ity EXT1 Defects in Hh, Wg, Dpp 109-113
signaling
sotv EXT2 Defects in Hh, Wg, Dpp 111-113
signaling
boty EXTL3 Defects in Hh, Wg, Dpp 111-114
signaling
sulfateless NDST Defects in Wg, FGF signaling 10,131
pipe HS28T Defects in the formation 132
of embryonic dorsal-ventral
polarity
dHS2ST HS2ST — 133
dHS3ST-A HS3ST — 134
dHS3ST-B HS3ST Defects in Notch signaling 134
dHS6ST HS6ST Defects in FGF signaling 135
dally Glypican Defects in Wg, Dpp, Hh 131,136-143

signaling

(Continued)
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Affected Encoded
genes enzymes Phenotypes Reference
dally-like Glypican Defects in Wg, Hh signaling 143-148
troll Perlecan Defects in neuroblast 149
proliferation in the CNS
dSyndecan Syndecan Interaction with Slit-Robo 150,151
pathway
Zebrafish
(Danio rerio)
jekyll UDP-Gle Defects in cardiac valve 16
dehydrogenase formation
uxsl UDP-GIcA Defective cartilage unstained 17
decarboxylase with alcian blue
b4galt7 GalT-1 Defective cartilage unstained 152
with alcian blue
b3gat3 GIcAT-1 Defective branchial arches and 17
jaw
extl EXT1 — 107
dackel EXT2 Defects in optic tract sorting 108
boxer EXTL3 Defects in optic tract sorting 108
ZHS6ST HS6ST Defects in muscle 106
differentiation
knypek Glypican Defects in Wnt signaling 153
syndecan-2 Syndecan-2 Defects in angiogenesis 154
Mouse
lazme (lazy UDP-Glc Defects in FGF signaling 18
mesoderm) dehydrogenase
brachymorphic PAPS synthase 2 Dome-shaped skull, shortened 27
mouse but not widened limbs, short
tail
DTDST—/- DTDST Growth retardation, skeletal 155
dysplasia, joint contractures
EXTI7/~ EXT1 Disruption of gastrulation 98-100
EXTI7/~ EXT1 Defects in the midbrain- 101
(specific for hindbrain region, disturbed
brain) Wnt-1 distribution
EXT2 7/~ EXT2 Disruption of gastrulation 102
EXTI"- EXTI/EXT2 Exostoses 102
EXT2*/-
EXT2 EXT2 Upregulation of the formation 156
transgenic of trabeculae
mice
NDST-1-/- NDST-1 Neonatal lethality due to 157-160
respiration defects
NDST-2-/- NDST-2 Loss of heparin, abnormal 161,162
mast cell
NDST-1"/-/  NDST-1/NDST-2 Embryonic lethality 159
NDST-2/-
NDST-37/- NDST-3 Disortion of the Mendelian 159
distribution
HS28T-/~ HS2ST Renal agenesis, defects in the 163-165

eye and the skeleton

(Continued)
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Affected Encoded
genes enzymes Phenotypes Reference
HS3ST-1-/- HS3ST-1 Genetic background-specific 166
lethality, intrauterine
growth retardation
Hsepi~/~ Hsepi Neonatal lethality with renal 167
agenesis, lung defects,
skeletal malformation
Heparanase Heparanase Reductions of food 168
transgenic consumption and body
mice weight, enhancement of
vascularization, and renal
failure
Syndecan-1-/-  Syndecan-1 Defects in the repair of skin 169,170
and corneal wounds, low
susceptibility to Wnt-1
signaling
Syndecan-3/~ Syndecan-3 Reduction of reflex 171
hyperphagia following food
deprivation
Syndecan-4~/~  Syndecan-4 Impairment of focal adhesion 172
under restricted conditions
Gpypican-2~/~ Glypican-2 No phenotypes 59
Gpypican-3~/~ Glypican-3 Developmental overgrowth 173
typical of human Simpson-—
Golabi-Behmel syndrome
Perlecan™/~ Perlecan Defective cephalic 174,175
development
Agrin~/~ Agrin Perinatal lethality owing to 176
breathing failure, defects of
neuromuscular
synaptogenesis
Serglycin™/~ Serglycin Disruption of protease storage 177
in mast cells
Human
Spondylo- PAPS synthase 2 Short, bowed lower limbs, 28
epimetaphyseal enlarged knee joints,
dysplasia kyphoscoliosis, a mild
generalized brachydactyly
Achondrogen- DTDST Autosomal recessive, lethal 30-32
esis type 1B chondrodysplasia with
severe underdevelopment
of skeleton, extreme
micromelia, and death
before or immediately after
birth
Ehlers—Danlos GalT-1 Aged appearance, 49,50

syndrome

developmental delay,
dwarfism, craniofacial
disproportion, and
generalized osteopenia

(Continued)
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Table 5 Cont’d

Affected Encoded

genes enzymes Phenotypes Reference
Hereditary EXT1 EXT2 An autosomal dominant 80,84
multiple disorder characterized by the
exostoses formation of cartilage-capped

tumors (exostoses) that
develop from the growth
plate of endochondral bones,
especially of long bones

—*, not reported.

been demonstrated only for Botv and Rib-2, both of which have GlcNAcT-I and -II
activities (114,116). In zebrafish dackel and boxer mutants that are defective in ext2
and extl3, respectively, some dorsal retinal ganglion cell axons inappropriately pro-
ject into the optic tract (108,178). HS was drastically reduced in dackel and boxer,
suggesting that both genes are required for its production (108). On the other hand,
Drosophila homologs of EXT genes, tout-velu (1tv), sister of tout-velu (sotv) and
brother of tout-velu (botv) that correspond to vertebrate EXTI, EXT2,and EXTL3,
respectively, are involved in the Hh, Wg, and Dpp signalings (109-113). Even though
Ttv and Sotv have not been demonstrated to have glycosyltransferase activities, both
mutant larvae show a marked reduction in HS but not CS (104,105,113). Rib-1 and rib-
2in C. elegans show the highest homology to EXTI and EXTL3, respectively, among
human EXT genes (Fig. 5). Rib-2 mutants exhibit anomalous features, such as a
developmental delay and egg-laying defects, which are most likely caused by a
reduction in HS (117). Thus, EXT1, EXT2, and EXTL3 participate not only in the
biosynthesis of HS in vivo but also in the development of organisms, especially
morphogenesis in the early stages of development. However, the functions of
EXTL1 and EXTL2 in vivo remain unclear. These proteins might have more spe-
cialized or tissue-specific functions since they exist only in vertebrates.

IV. Modifications of the Sugar Backbones of Heparin
and Heparan Sulfate

A. N-Deacetylation and N-Sulfation

N-Deacetylation and N-sulfation of GlcNAc residues in HP and HS are initial
modifications of precursor chains and essential for all the subsequent modifications
(Fig. 6) (179). Both reactions are catalyzed by bifunctional enzymes, GlcNAc
N-deacetylase/N-sulfotransferases (NDSTs). Following the formation of the
repeating disaccharide region of HP/HS by EXT proteins, the first modification is
the hydrolytic release of acetyl-groups in GlcNAc by the N-deacetylase domain of
NDSTs. The next step is the transfer of sulfate-groups to unsubstituted GIcN
residues from PAPS by the N-sulfotransferase domain of NDSTs. The vertebrate
NDST family is comprised of four isozymes (Table 4), but only one NDST is found
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Figure6 Pathways of biosynthetic modifications of HP and HS chains. Following synthesis of
the backbone of HP or HS by HS polymerases belonging to the EXT gene family, modifications
of the precursor HP/HS chains are conducted by various sulfotransferases and a single epimer-
ase. The first modifications, N-deacetylation and N-sulfation, are essential for all subsequent
reactions. Next, some GlcA residues adjacent to GlcNS residues are converted to IdoA residues
by GlcA C5-epimerase. Thereafter, sulfation at C-2 of IdoA residues, and at C-6 and C-3 of
GIcNS and/or GleNAc residues takes place through the actions of specific sulfotransferases.
The remodeling of HS through modifications by NDSTs, Hsepi, and sulfotransferases is
conducted by sulfatases and heparanases. S, 2-N-sulfate; 28, 2-O-sulfate; 3S, 3-O-sulfate; 6S,
6-O-sulfate; n, the number of repeating disaccharide units.

in D. melanogaster and C. elegans (Table 5). NDST-1 and NDST-2 were originally
purified from rat liver and HP-producing mouse mastocytoma, respectively
(180,181), and both ¢cDNAs were then isolated based on amino acid sequences
(182,183). In addition, NDST-3 and NDST-4 were cloned using the EST database
(184,185). NDST-1 and NDST-2 are broadly expressed in mouse tissues, whereas
NDST-3 and NDST-4 are strongly expressed in the brain and at embryonic stages in
the mouse (185). Comparison of the enzymatic properties of these isozymes has
revealed remarkable differences in N-deacetylase and N-sulfotransferase activities.
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NDST-1 and NDST-2 have much higher levels of both, compared with the other
family members. NDST-3 and NDST-4 are characterized by a high level of
N-deacetylase and N-sulfotransferase activity, respectively (185).

Approximately two thirds of NDST-1-deficient mouse embryos (NDST-17/")
survive until birth, but turn cyanotic and die neonatally with a pathology similar to
infant respiratory failure (157,158). The others show skull defects and a disturbed
eye development (159). Intriguingly, these abnormalities resemble the mutant
phenotypes of Wnt-1, Shh, Chordin and Noggin that are HS-binding morphogens
or antagonists of bone morphogenetic protein (BMP) (159). Analysis of
NDST-17/~ has also demonstrated that HS is involved in Ca?' kinetics in skeletal
muscle (160). Structural analysis of HS chains in NDST-17/- mice has revealed
significantly reduced N-sulfation (158,160). On the other hand, NDST-2-deficient
mouse embryos (NDST-2~/~) are viable and fertile, though their mast cells are
incapable of synthesizing HP (161,162). The mast cells show changes in morphology
and severely reduced amounts of granule proteases, indicating that the storage
is controlled by HP. Furthermore, a double knockout (NDST-1-/~/NDST-27/")
of NDST-1 and NDST-2 results in early embryonic lethality, resembling EXT1-
null mice (159). HS chains of embryonic stem (ES) cells derived from
NDST-17/=/NDST-2"/~ completely lack N-sulfation, but synthesize 6-O-sulfated
HS (186), suggesting that 6-O-sulfation as well as the generation of N-unsubstituted
GleN residues may occur independently of N-sulfation. The Drosophila NDST
gene, sulfateless, is essential for Wg and FGF receptor signaling, as in the case of
the sugarless mutant deficient in UGDH (10,131). HS chains of sulfateless com-
pletely lack sulfated disaccharides without an effect on the total amount (105). This
finding supports the idea that N-deacetylation/N-sulfation is an early step in the
modification of HS required for the subsequent epimerization and sulfation.

B. Glucuronic Acid C5-Epimerization

HP/HS glucuronyl C5-epimerase (Hsepi), which catalyzes in vitro the interconver-
sion of GlcA to IdoA and/or IdoA to GlcA in HP/HS but not in CS/DS, was
originally purified from bovine liver (187). Hagner-McWhirter er al. however,
have recently shown using a cellular system that GlcA C5-epimerization is effect-
ively irreversible in vivo (188). A ¢cDNA clone encoding Hsepi has been isolated
from bovine, mouse, human, C. elegans, and D. melanogaster (189-191). The GFP-
tagged and Myc-tagged full-length Hsepi, which is predicted to have a type II
transmembrane topology, localizes to the Golgi, whereas an YFP-tagged and
N-terminal truncated form of Hsepi, which exhibits weak activity compared with
the full-length protein, diffuses in the cytosol (191). Hsepi of a microsomal prepar-
ation acts on uronic acids in HP/HS chains when the target residues are located on the
nonreducing side of GIcNS, while it does not act on O-sulfated uronic acids or on
uronic acids on the reducing side of GlcN residues (192). These observations suggest
that the GlcA C5-epimerization occurs after the N-deacetylation/N-sulfation of
GlcNAc residues but before the O-sulfation of uronic acid (Fig. 6). It has been
proposed that IdoA residues in HP/HS provide conformational flexibility to the
chain, which facilitates interaction with specific proteins (193).
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Targeted disruption of the mouse Hsepi results in an almost complete loss
of IdoA residues, and alters the sulfation profile (167). The corresponding
phenotype is lethal, with renal agenesis, lung defects and skeletal dysplasia as
observed for NDST-1/~ mice and HS2ST~/~ mice, which are deficient in HS
2-O-sulfotransferase (HS2ST) catalyzing the 2-O-sulfation of IdoA and/or GlcA
(see later) (157,158,163). In addition, a C. elegans Hsepi (hse-5) mutant was isolated
during the search for suppressors of the kal-1 gain-of-function phenotype (119,178).
Kal-1 1s a homolog, which is deficient in individuals with Kallmann syndrome, a
neurological disorder characterized by various behavioral and neuroanatomical
defects. The hse-5 mutant shows defects in many types of axon-guidance behavior
and affects Slit and Kal-1 signaling. Thus, GlcA C5-epimerization of HS is required
for the subsequent modifications and also for tissue morphogenesis and the nervous
system’s development.

C. O-Sulfation

HS2ST was purified from cultured CHO cells, and the full-length cDNA has been
cloned based on the amino acid sequence obtained from the purified enzyme
(194,195). HS2ST catalyzes the transfer of sulfate from PAPS to the C-2 position
of uronic acids in HP/HS, but the enzyme strongly favors the sulfation of IdoA
(196). This observation is further supported by the finding that HS2ST and Hsepi
interact with each other in vivo (197). A CHO mutant cell line, pgsF-17, has
defects in the HS2ST gene (198). The HS in pgsF-17 shows a complete lack of
2-O-sulfation of both GIcA and IdoA, but exhibits a greater degree of N-sulfation
and 6-O-sulfation of GlcN residues, suggesting that the formation and sulfation of
IdoA residues are independent of 2-O-sulfation. Mice homozygous for the HS2ST
gene trap allele die during the neonatal period, showing bilateral renal agenesis and
defects in the eyes and skeleton (163). In addition, a significant reduction in cell
proliferation, but not cell migration, in the developing cerebral cortex is brought about
by the loss of 2-O-sulfation (164). The HS chains in HS2ST~/~ mutant mice exhibit
compensatory increases in N-sulfation and O-sulfation, as in the case of the CHO
mutant, pgsF-17 (165). The mutant HS showed no change in affinity for hepatocyte
growth factor/sccater factor or fibronectin, but a significant reduction in affinity for
FGF-1 and FGF-2. Surprisingly, the HS2ST~/~ cells are sufficient to allow apparently
normal FGF signaling as well as hepatocyte growth factor/sccater factor signaling,
suggesting that the synergism between HS and FGF-1 or FGF-2 does not always
require a high affinity binding for signal transduction. Drosophila mutants of pipe
that encodes a putative HS2ST, is required for the formation of embryonic dorsal-
ventral polarity (132). Another putative Drosophila HS2ST gene, dHS2ST, has also
been identified at the Segregation disorter gene locus involved in the meiotic drive
system (133). On the other hand, the C. elegans HS2ST (hst-2) mutant shows notonly a
disturbance in the axon guidance system as observed for the Ase-5 mutant but also
defectsincell migration (119,120,178). These observations indicate that 2-O-sulfation
of HS is essential for cell migration, tissue morphogenesis, early embryonic develop-
ment and the formation of the nervous system.
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Heparan sulfate 6-O-sulfotransferase (HS6ST), which catalyzes the transfer of
sulfate to the C-6 position of GlcNAc and GlcNS residues in HP/HS, was originally
purified from the culture medium of CHO cells, and HS6ST-1 cDNA was cloned on
the basis of its amino acid sequence (199,200). Furthermore, two additional HS6ST
isoforms in mouse, designated HS6ST-2 and HS6ST-3 (201), and a short splicing
isoform of human HS6ST-2 lacking 40 amino acids encoded by exons 2 and 3, desig-
nated HS6ST-2S, have also been cloned (202) (Table 4). Mouse HS6ST-1,-2and -3 are
type II transmembrane proteins composed of 401, 506, and 470 amino acids, respect-
ively,and the amino acid sequence of mouse HS6ST-11is51 and 57 % identical to that of
HS6ST-2 and HS6ST-3, respectively. These mouse isoforms differ in their sulfotrans-
ferase activity toward target GlcN, GIcNS, or GlcNAc residues adjacent to the uronic
acids. The recombinant mouse HS6ST-1 exhibits specificity preferring an IdoA resi-
due adjacent to the targeted GIcNS residue, whereas HS6ST-2 prefers GIcA to IdoA,
and HS6ST-3 is able to transfer to both structures (201). Moreover, these HS6STs can
synthesize the 6-O-sulfated GlcNActhat iscontained in addition to a GlcNSresidue in
an AT-binding sequence of HP/HS (203). These mouse HS6STs are localized to the
Golgi and the localization requires the stem domain of HS6ST proteins (204). Add-
itionally, their sulfotransferase activities are greatly reduced in HS6STs lacking the
stem domain. Drosophila HS6ST is 54,46, and 53 % identical tomouse HS6ST-1,-2, and
-3,respectively (135). The HS6ST RN Ai-treated flies showed embryonic lethality and
perturbation of the primary branching of the tracheal system similar to the defects
observed in fly mutants of FGF signaling components. On the other hand, the C.
elegans HS6ST (hst-6) mutant showed axonal branching and misrouting depending on
Kal-1 and Slit signaling (119,122). Furthermore, the knockdown of zebrafish HS6ST
using a specific antisense morpholino oligonucleotide led to the perturbation of
somatic muscle development caused by the reduction of 6-O-sulfation in HS (106).

Heparan sulfate 3-O-sulfotransferase (HS3ST), which catalyzes the transfer
of sulfate to the C-3 position of GlcN residues in HP/HS, is an essential enzyme for
the synthesis of the AT-binding domain in HP/HS (205). HS3ST was originally
purified to homogeneity from the culture medium of the mouse L cell line, LTA
(206), and its cDNA as well as the human counterpart was cloned based on the
partial amino acid sequence of the purified enzyme (207). The additional six human
isoforms, designated as HS3ST-2, -3A, -3B, -4, -5, and -6, have also been identified
based on the sequence homologous to HS3ST-1 or HS3ST-3 (208-211) (Table 4).
Human HS3ST-1 is strongly expressed in the brain, kidney, and heart. On the other
hand, HS3ST-2 and HS3ST-4 are predominantly expressed in the brain, whereas
HS3ST-3A and HS3ST-3B show broad expression patterns (208), and HS3ST-5 is
mainly expressed in the skeletal muscle (210), suggesting that human HS3ST genes
are differentially regulated, have distinct functional roles in tissue, and are cell
type-specific. Human recombinant HS3ST-1 can act on the C-3 position of GIcNS
or GlcNS(6S) adjacent to the reducing side of GlcA. On the other hand, HS3ST-2
is able to catalyze 3-O-sulfation of GIcNS residues in [-GlcA(2S)-GlIeNS—| and
[-IdoA(2S)-GIcNS-] sequences in HP/HS. Additionally, HS3ST-3 and HS3ST-6
prefer [-IdoA(2S)-GleNS-] and [-IdoA(2S)-GIcNS(6S)-] sequences to other
units, and HS3ST-5 can act on the C-3 position in [-GlcA-GIcNS(6S)-],
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[-IdoA(2S)-GlcNS-] and [-IdoA(2S)-GIcNS(6S)-] sequences (209-211). While
the 3-O-sulfation in HP/HS is uncommon in natural HS chains, it plays crucial
roles in the binding to diverse proteins, such as AT (205), envelope glycoprotein D
of herpes simplex virus-1 (212), an FGF receptor (213), and FGF-7 (214). HS chains
sulfated by HS3ST-1 and HS3ST-5 are able to bind AT (207,210), and those
sulfated by HS3ST-3, -5, and -6 can bind glycoprotein D for viral entry (210-212).
On the other hand, HS3ST-2 is involved in the production of melatonin and the
regulation of circadian rhythm in the pineal gland (215,216). The CpG islands’
methylation of the 5’ region of the HS3S7T-2 gene, which plays important roles in
cancer development, is found in a wide range of human cancer cells but not normal
cells, suggesting that the HS3ST-2 gene is expected to be available for the diagnosis
and therapy of human cancers (217). The functions of anticoagulant HS in vivo
have been clarified by the targeted disruption of HS3ST-1 in mice (166). HS3ST-1
knockout mice show a large reduction in anticoagulant HS, whereas HS3S7T-1~/~
mice do not display an anticipated procoagulant phenotype, suggesting that the
bulk of anticoagulant HS is not essential for normal hemostasis and the hemostatic
tone may not be closely linked to the total amount of anticoagulant HS, and that the
other HS3ST family members may compensate for the loss of HS3ST-I. Two
Drosophila HS3ST genes, designated HS3ST-A and HS3S7T-B, have been isolated
(134). A reduction in HS3ST-B functions caused by using the RNAI technique,
resulting in neurogenic phenotypes and an abnormal wing margin, affects Notch
signaling, suggesting that 3-O-sulfation in HS might be involved not only in antic-
oagulation and viral entry but also in signal transduction.

D. Degradation and Desulfation on Cell Surface

HP and HS chains are degraded by lysosomal enzymes after exerting various
functions (218,219). However, there are other catabolic enzymes that are quite
different from lysosomal enzymes and mainly expressed on cell surfaces. First,
heparanase is an endo-B-glucuronidase that degrades HS chains in the ECM and
has been implicated in a variety of biological processes, such as inflammation,
tumor angiogenesis, and metastasis (220-223). The cloning of a single human
heparanase cDNA, Hpse-1, was independently reported by several groups (223-
226), and another putative heparanase gene, Hpse-2, has also been cloned using the
Hpse-1 amino acid sequence (227). No gene homologous to Hpse has been found in
D. melanogaster and C. elegans. The expression of human Hpse-I mRNA in normal
tissues is restricted principally to the placenta and lymphoid organs (224-227). In
contrast, the level of Hpse-2 mRNA is high in the brain, mammary gland, prostate,
small intestine, testis, and uterus (227). Furthermore, the expression of both Hpse-1
and Hpse-2 was increased in human malignancies and xenografts of carcinomata
(227). The recombinant Hpse-1 cleaves in principle the glucuronidic linkage in the —
GlIeNAc(6S)-GlcA-GleNS- sequence, whereas this sequence is not sufficient, and
an additional sulfate group on this or an adjacent sequence appears to be required
(228). For analysis of the functions of Hpse in vivo, homozygous transgenic mice
overexpressing human Hpse-1 in all tissues were generated (168). The mice appear
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normal and are fertile, but exhibit a reduction in food consumption and body weight,
a disruption of the filtration barrier and reabsorption functions in the kidney, and an
excess branching and widening of ducts associated with enhanced neovasculariza-
tion. Altogether, these findings suggest that human Hpse-1 and/or the mature HS
chains are involved in food consumption, tissue morphogenesis, and vascularization.

Second, HS 6-O-endosulfatase (Sulf), which is distributed on the cell surface
and in the Golgi apparatus, is involved in various signal transductions. The cloning
of Sulf cDNAs of quail (QSulfl), rat (RsulfFP1), mouse (MSulf-1 and MSulf-2),
and human (HSulf-1 and HSulf-2) was independently reported by several groups
(229-231). In addition, there are genes homologous to Sulf in D. melanogaster and
C. elegans. QSulfl was identified in a molecular cloning screen for Shh responsive
genes, which are activated during somite formation in quail embryos and involved
in the regulation of the Wnt signaling (229). On the other hand, RsulfFP1 was
isolated from rat embryos by screening for floor plate-specific genes (230). There-
after, HSulf and MSulf were identified in a search of the GenBank@® database
(231). HSulf-1, HSulf-2, and QSulfl remodel 6-O-sulfation in the [-IdoA(2S)-
GIcNS(6S)-] sequence (231,232). Novel functions of Sulf have been revealed by
biochemical experiments with HSPG and QSulfl on Wnt and BMP signaling
activities (232,233). Ai et al. proposed a model whereby 6-O-sulfated HS on cell
surface HSPGs bind Wnt with high affinity to catch Wnt ligands, and 6-O-desul-
fated HS, which exhibits a low affinity binding to Wnt, releases Wnt, which is then
presented to the Frizzled receptors (232). Viviano et al. showed that the activity of
QSulfl in cells results in the release of Noggin, which is a BMP antagonist, from the
cell surface and a restoration of BMP’s binding to receptors (233). Furthermore,
HSulf-1 is reported to be involved in tumorigenesis (234-236). Thus, the regulation
of sulfation of HP/HS is mediated not only by various sulfotransferases but also by
extracellular sulfatases.

V. Conclusions

The recent cDNA cloning of enzymes involved in the synthesis and modification of
HP and HS chains has led to an understanding of not only the biosynthetic
mechanisms but also the functions in vivo of HP and HS. Various genes and their
products participate in the biosynthesis of HP and HS, as described above. The
bioactive HS chains, which have diverse modifications and are covalently attached
to various core proteins as HSPGs, play crucial roles in a variety of biological
processes, such as cell adhesion (169), cell signaling (61,237), axon guidance (178),
cancer biology (84,220), viral entry (35), and the regulation of various growth
factors and chemokines (35,169). Further studies on the biosynthesis of HP/HS
will help reveal the pathological mechanisms of various human diseases and pro-
vide insights into possible therapeutic applications.
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