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ABSTRACT: Glycosaminoglycans (GAGs) play an intricate role in the extracellular matrix (ECM), not only as
soluble components and polyelectrolytes, but also by specific interactions with growth factors and other transient
components of the ECM. Modifications of GAG chains, such as isomerization, sulfation, and acetylation, generate
the chemical specificity of GAGs. GAGs can be depolymerized enzymatically either by eliminative cleavage with
lyases (EC 4.2.2.-) or by hydrolytic cleavage with hydrolases (EC 3.2.1.-). Often, these enzymes are specific for
residues in the polysaccharide chain with certain modifications. As such, the enzymes can serve as tools for
studying the physiological effect of residue modifications and as models at the molecular level of protein-GAG
recognition. This review examines the structure of the substrates, the properties of enzymatic degradation, and the
enzyme substrate-interactions at a molecular level. The primary structure of several GAGs is organized macro-
scopically by segregation into alternating blocks of specific suifation patterns and microscopically by formation
of oligosaccharide sequences with specific binding functions. Among GAGs, considerable dermatan sulfate,
heparin and heparan sulfate show conformational flexibility in solution. They elicit sequence-specific interactions
with enzymes that degrade them, as well as with other proteins, however, the effect of conformational flexibility
on protein-GAG interactions is not clear. Recent findings have established empirical rules of substrate specificity
and elucidated molecular mechanisms of enzyme-substrate interactions for enzymes that degrade GAGs. Here we
propose that local formation of polysaccharide secondary structure is determined by the immediate sequence
environment within the GAG polymer, and that this secondary structure, in turn, governs the binding and catalytic
interactions between proteins and GAGs.
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ABBREVIATIONS

AT IH, antithrombin [II; B-ME, B-mercaptoethanol; CD, circular dichroism; CZE, capillary zone electrophoresis; DTT,
dithiothreitol; EC, endothelial cells; ECM, extracellular matrix; EDTA, ethylenediaminetetraacetic acid; FAB-MS fast atom
bombardment mass spectroscopy; FGF, fibroblast growth factor; a,bFGF, acidic; basic fibroblast growth factor; GAG,
glycosaminoglycan; glcUA glucuronic acid; GPC, gel permeation chromatography; HB-EGF, heparin binding epidermal
growth factor; HBP1, heparin binding peptide I; HC II, heparin cofactor II; HEPES, N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid; HPLC, high-performance liquid chromatography; HS, heparan sulfate; HSPG, heparan sulfate proteoglycan;
I, ionic strength; IAA, iodoacetic acid; idoUA, iduronic acid; IU, international units (tmol product formed per minute); K,
dissociation constant in nM or pM; K, Michaelis Menten constant in uM disaccharides; MOPS 3-(N-morpholino)propanesulfonic
acid; NEM, N-ethylmaleimide; NeuNAc, neuraminic acid (sialic acid); PCMB, p-Chloromercuribenzoic acid; PG, proteoglycan;
SAX, strong anion exchange; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SEM, scanning electron
microscopy; SMC, smooth muscle cells; SOS, sucrose octasulfatel; TES, N-tris-(hydroxymethyl)methyl-2-aminoethanesulfonic
acid; TLCK, N-o-p tosyl-L-lysine-chloromethyl ketone; TPCK, N-tosyl-L-phenylalanine-chloromethyl ketone; UV, ultraviolet;
AU, 4,5 unsaturated uronic acid.
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I. INTRODUCTION

Although detailed understanding of DNA and
proteins has provided the foundation for molecu-
lar biology, the study of the third major class of
biological macromolecules, polysaccharides,
only recently has started to gain momentum
(Hardingham and Fosang, 1992; Hart, 1992).
Polysaccharides are among the most diverse bio-
logical macromolecules, consisting of cyclic
monomers of varying size and structure, which
can be linked through many different bonds and
modified extensively. Their biological function
involves modulation of extracellular processes and
is often mediated by oligosaccharide sequences
(Varki, 1993). The function of glycosaminogly-
cans (GAGs) in the extracellular matrix is an
important example of polysaccharide diversity and
specificity with high impact in development and
disease.

The extracellular matrix (ECM) provides a
physical and chemical connection among cells in
tissue. In recent years, the importance of the ECM
in signal transduction has gained increasing rec-
ognition (Folkman and Klagsbrun, 1987; Ingber,
1989; D’ Amore, 1990; Sporn and Roberts, 1990;
Vlodavsky et al., 1991). Acidic polysaccharides
(GAG:s), present in the ECM, play a central role
in this modulation of cell signals (Jackson et al.,
1991; Kjellen and Lindahl, 1991; Scott, 1992).
Modification of functional groups along GAG
polymers provides a framework for modulating
interactions with cytokines that regulate growth
and differentiation, such as fibroblast growth fac-
tor (Rapraeger et al., 1991) and vascular endothe-
lial growth factor (Gitay-Goren et al., 1992). GAGs
can bind these signal transducers and potentially
serve as a reservoir, scavenger, or cofactor for
cell signaling (Jackson et al., 1991; Vlodavsky et
al., 1991; Varki, 1993; Lindahl et al., 1994). In
addition, GAGs are soluble and have hydration
functions in the ECM, critical to tissues such as
cartilage and cornea (Hardingham and Fosang,
1992; Scott, 1992).

There has been a growing interest in the physi-
ological functions of GAGs. At the tissue level,
GAGs and proteoglycans have been related to
angiogenesis, glomerular permeability, neuron
development, joint function and Alzheimer’s dis-
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ease (Gallagher et al., 1986; Poole, 1986; Celesia,
1991). GAGs also have numerous pharmaceutical
applications: as anticoagulant, antithrombotic, and
antilipemic agents, as well as in osteoarthrosis
(Engelberg, 1991; Hirsch, 1991; Oliviero et al.,
1991; Walenga et al., 1991).

GAG degrading enzymes have proven useful
in studying structure of GAGs, and mechanisms
of GAG activity. These enzymes often are spe-
cific for certain sequences in the GAG chain (Desai
et al., 1993b), and as such, they are interesting as
models to study specific interactions between
GAGs and proteins. The substrate specificities of
GAG degrading enzymes often have formed the
basis for interpretation of composition and struc-
ture of GAG chains (Nader et al., 1987; Oeben et
al., 1987; Linhardt et al., 1988b; Stuhlsatz et al.,
1989; Habuchi et al., 1992).

Lately, the GAG degrading enzymes them-
selves also have shown a potential for pharma-
ceutical and diagnostic applications; experiments
have been conducted with injection of chondro-
itinase to relieve intraocular pressure (Sawaguchi
et al, 1992) and with heparinase to inhibit
neovascularization (Sasisekharan et al., 1994). A
clinical heparin assay based on quantitative enzy-
matic degradation has been approved by the FDA
(Baugh et al., 1992; Tejidor et al., 1993). Also,
heparinase I has been immobilized in a bioreactor
for heparin neutralization after extracorporeal
therapies (Langer et al., 1982). In vivo, degrada-
tion of GAG chains by hydrolases is intricately
connected to cell mobility in metastasis, inflam-
mation and angiogenesis (Nakajima et al., 1988;
Ishai-Michaeli et al., 1990).

Interestingly, genetic defects in GAG meta-
bolic enzymes result in viable offspring with se-
vere clinical manifestations (mucopolysaccharid-
osis) (Sjggren et al., 1987; Hopwood, 1989), while
to the best of our knowledge there are no deficien-
cies in GAG anabolic enzymes that are not lethal
at the embryonic state (Hart, 1992; Varki, 1993).
These observations suggest that GAGs typically
are involved in multicell processes and are of
fundamental importance in development. They
also suggest the use of GAG-degrading enzymes,
expressed or injected in a tissue, for investigating
the effect of eliminating a given GAG without
knocking out the gene encoding an enzyme nec-
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essary for its synthesis (Varki, 1993). Using this
approach, it was demonstrated that heparinase
injection randomized the left-right axial orienta-
tion (Yost, 1992) and prevented mesoderm for-
mation (Itoh and Sokol, 1994) in Xenopus em-
bryos.

This paper reviews the recent literature on
enzymatic depolymerization of mammalian
GAGs. This group of polysaccharides includes:
heparin, heparan sulfate, chondroitin sulfates,
dermatan sulfate, keratan sulfate, and hyaluronic
acid. Enzymatic degradation of GAGs is exam-
ined at two levels:

s Observations of the effect of enzymes on their
substrates (optimal conditions, substrate speci-
ficity, product profile, and effect of inhibitors)
provide empirical rules for how the enzymes
work.

s Detailed molecular models for enzyme-sub-
strate interaction provide the basis for under-
standing mechanisms of catalysis, and eventu-
ally can lead to rational approaches to modify
the function of the enzymes or designing in-
hibitors.

These two levels of understanding serve as a
theme for this review. The substrates and their
structures are presented and analyzed in the con-
text of specific binding to proteins. Then, the
literature on GAG degrading enzymes is ana-
lyzed, and general rules for enzyme specificity
are presented. Finally, this information is com-
bined to conceptualize the structure-function re-
lationship of GAG depolymerization. Through-
out the review, physical and chemical mechanisms
that control the degradation are emphasized.

Il. SUBSTRATES

Enzyme-substrate interaction is a three di-
mensional event involving the interactions of bind-
ing and catalytic domains of the enzyme. To fully
appreciate the nature and specificity of enzyme
function, it is necessary to understand the struc-
ture of both the substrate and the enzyme.

GAGs serve four types of functions in the
body: as barriers to diffusion across basement

membranes, as sources of mechanical repulsive
forces for lubrication and cushioning in joints, as
anticoagulant coatings of blood vessels, and fi-
nally as reservoirs for specific binding to pro-
teins, presumably to regulate or stabilize their
activity (Gospodarowicz and Cheng, 1986;
Rosengart et al., 1988; Saksela et al., 1988;
Sommer and Rifkin, 1989). The tissue localiza-
tion of the various GAGs has been reviewed else-
where (Fransson, 1985; Nieduszynski, 1985;
Poole, 1986; Nader and Dietrich, 1989; Kjellen
and Lindahl, 1991).

A. Common Features of GAGs

GAGs are polymers of repeated disaccharide
units consisting of an uronic acid (U) and a
hexosamine (H)*. Biosynthesis of all GAGs, ex-
cept hyaluronic acid, is initiated from a core pro-
tein. GAGs are O-linked to serine through a link-
age sequence at its reducing end: [GAG]-
GlcUA-B1,3-Gal-$1,4-Gal-B1,4-Xyl-B1,0-Ser
(Poole, 1986), however, for keratan sulfate alter-
native linkage regions are possible (Section II.D).
Core proteins containing several GAG side chains,
from similar or different families, are called
proteoglycans (PG). GAGs are synthesized as
homopolymers which may subsequently be modi-
fied by N-deacetylation and N-sulfation, eventu-
ally followed by C5-epimerization of glucuronic
acid (GlcUA) to iduronic acid (IdoUA), and
O-sulfation (Balduini et al., 1989; Evered and
Whelan, 1989; Hascall and Midura, 1989; Lindahl
et al., 1989). Table 1 provides an overview of the
chemical structure and possible modifications for
each of the four families of GAGs. GAGs are
among the most negatively charged biopolymers,
due to uronic acids in the backbone and the often
extensive sulfation.

The chemical composition of GAGs from
various tissues varies highly. The individual chains
in a GAG preparation have different molecular
weights and compositions. GAG chains from the
same tissue, which are linked to different core
proteins may have differences. These differences

The degree of polymerization, n, is the number of
monosaccharide units.
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among the individual chains in a GAG prepara-
tion are termed ‘macroheterogeneity’.

Within a single GAG chain, there can be
significant ‘microheterogeneity’ or compositional
differences among residues. Specially modified
disaccharides can be segregated into regions which
constitute functional sites in the chain. The modi-
fication is controlled by biosynthetic enzymes
(Balduini et al., 1989; Hascall and Midura, 1989;
Lindahl et al., 1989), but it has not yet been
clarified how clustering of certain modified resi-
dues is controlled.

The structure of GAG polymers can be de-
scribed at several levels, somewhat analogous to
protein structure. The primary GAG structure is
defined by the overall composition of particular
preparations, as well as the sequence of special
functional sites, while the secondary structure is
the spatial appearance of a chain, (e.g., repeated
helical winding). One could define a tertiary struc-
ture of GAGs to describe the tendency of chains
to fold on themselves, however, such folding of
GAGs has not been described in the literature.
Similarly, a quaternary level of GAG structure
could be the association of chains into oligomers;
although these can be demonstrated experimen-
tally, their physiological significance is still un-
clear and, for the purposes of this review, higher
order interactions among GAG chains or between
GAGs and proteins will be broadly classified as
intermolecular associations.

It is becoming clear that specificity in inter-
molecular associations is correlated to the pri-
mary sequence of residues in the chain. It is not
known, however, what role the secondary struc-
ture of the GAG chain plays in these interactions.
For free GAG chains in solution, the degree of
flexibility and secondary structure formation is an
area of research.

B. Heparin and Heparan Sulfate

Heparin and heparan sulfate are composed of
a glucosamine linked 1,4 at both reducing and
non-reducing ends to an uronic acid (Table 1).
They are modified by O- and N-sulfation in addi-
tion to isomerization of the uronic acid and are the
structurally most diverse glycosaminoglycans.

The macroheterogeneity of heparin and
heparan sulfate is highly dependent on the core
protein (Poole, 1986). Heparin is found primarily
in mast cells and is synthesized with a molecular
weight of 50 to 100 kDa (100 to 200 disaccharide
residues) (Lindahl et al., 1989). However, during
its life cycle the molecular weight is often de-
creased to an average of 13 kDa (Linhardt et al.,
1992b). Heparan sulfate proteoglycans (HSPG)
are believed to be present on the cell surface of all
human cells. On fibroblast and hepatocyte cell
surfaces core proteins have 4 to 6 chains of 14 to
20 kDa each, while in basement membranes as
many as 12 heparan sulfate chains varying from
25 to 70 kDa are attached to each protein anchor
(Gallagher et al., 1986; Poole, 1986).

1. Primary Structure

The primary structure of heparins and heparan
sulfates comprises both an overall chemical com-
position as well as specific sequences of residues.

Various criteria for definition of heparin and
heparan sulfate have been debated in the literature
(Comper, 1981; Hopwood, 1989). In the present
paper, heparin and heparan sulfates will be con-
sidered a family of molecules with a continuous
range of compositions and properties. The term
heparin represents molecules from that family
with more than 0.8 N-sulfates and 1.5 to 2
O-sulfates per disaccharide residue, while heparan
sulfate has one to two sulfates per disaccharide
and a significant degree of N-acetylation of
glucosamines (more than 10%).

The overall content of uronic acids was ini-
tially determined by carbazole assay (Bitter and
Muir, 1962) or by modification with carbodiimide
followed by [*H]borohydride reduction (Taylor et
al., 1973), but these were subject to several sources
of error (Comper, 1981). Instead, the composition
has been determined by chemical and enzymatic
degradation, followed by identification and
quantitation of the products. Chemical with ni-
trous acid, which is specific for degradation N-
sulfated or free amino groups in the hexosamine,
may cause reduced yield due to ring-contraction
of uronic acid residues or B-elimination of the
glucuronic acid (Guo and Conrad, 1989). Enzy-
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matic degradation with heparin and heparan sul-
fate lyases mask the isomer of uronic acid in a
cleaved bond because of an unsaturated (A4,5)
bond formed by the enzyme. Compositions of
heparins and heparan sulfates using these chemi-
cal and enzymatic degradation methods are given
in Table 2.

To validate a compositional analysis it is
important to account for the full mass of the sub-
strate and thus, close the mass balance. This often
has presented a problem in GAG analysis, and
unfortunately few authors include the degree of
recovery with their results. For enzymatic degra-
dation, the identified products in some cases can
account for up to 90% of the starting material
(Linhardt et al., 1992a), whereas the identified
products and byproducts recovered from nitrous
acid degradation of heparan sulfate (Guo and
Conrad, 1989) may constitute only 50% by mass
of the starting material (Ernst, unpublished obser-
vations). Furthermore, when %S labeling is used
to quantitate degradation products of heparan
sulfate (Marcum and Rosenberg, 1989b; Kojima
et al., 1992), non-sulfated disaccharide degrada-
tion products are not detected, and the overall
composition reported will be biased toward high
degrees of sulfation.

As shown in Table 2, the heparin preparations
are relatively constant in their composition with
85 to 95% N-, 6-O- and 2-O-sulfation, and 90%
iduronic acid content (Linhardt et al., 1988b; Casu,
1989). Only sea animal heparins have a lower
degree of sulfation and a higher glucuronic acid
content (Pejler et al.,, 1987b). Heparan sulfate
chains from mammals are more diverse and espe-
cially the degree of O-sulfation varies from 0.04
to around 1.4 per disaccharide residue. Also, the
iduronic acid content varies from 25 to 80% of the
uronic acids (Comper, 1981; Gallagher and
Walker, 1985; Nader et al., 1987; Guo and Conrad,
1989; Marcum and Rosenberg, 1989b; Habuchi
et al., 1992; Kojima et al., 1992).

The sequence of modified disaccharides within
the chain is an important element of the primary
structure of heparins and heparan sulfates. It has
become apparent that some GAGs have a high
information content embedded in this sequence.
Vegradative lyases that are specific for certain
patterns of sulfation and isomerization (Section
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I11.A) are used to cleave susceptible residues spe-
cifically, thus elucidating the chain sequence.

An overall organization of the heparan sul-
fate chain sequence is found for human fibro-
blasts and other animal cells (Gallagher et al.,
1986; Nader et al., 1987; de Agostini et al., 1990;
Gallagher et al., 1992a). The sequence of residues
has been mapped by isolating degradation prod-
ucts containing the linkage to the core protein.
The 45 kDa heparan sulfate from human skin
fibroblasts, is divided in “NS” regions of 2 to 9
disaccharides (1 to 4 kDa) with heavy sulfation
and a mixture of IdoUA and GIcUA, and “NAc”
regions of 20 to 25 disaccharides (9-11 kDa) with
light sulfation and no IdoUA (Lindblom et al.,
1991; Turnbull and Gallagher, 1991b; Turnbull
and Gallagher, 1991a; Gallagher et al., 1992b;
Gallagher et al., 1992a). The core protein is linked
to an NAc region, and the first linkage susceptible
to heparinase I (containing L) is found either in
the first NS region 16 disaccharides from the
linkage, or in the second NS region around resi-
due number 35 (Figure 1). Similar clustering of
certain functional groups has been found for
dermatan sulfate and keratan sulfate (Sections
I1.C and I1.D).

Two functional sequences in the chain have
been discovered that involve specific modifica-
tion patterns:

For heparin, the anticoagulant activity of the
molecule is directly correlated to the presence of
a region that binds to antithrombin III (AT III).
This region is a pentasaccharide (Hygaces-G-
Hys 6s)35-I25-Hns 65) (Lindahl et al., 1984; Atha et
al.,, 1985; Linhardt et al., 1988b; Marcum and
Rosenberg, 1989a; Loganathan et al., 1990;
Yamada et al., 1993), but it needs to be present in
a molecule of at least 12 to 16 saccharides to
have full anticoagulant activity (Marcum and
Rosenberg, 1989a). There is room for slight varia-
tions in the sequence; the first hexosamine can be
either N-sulfated or N-acetylated, or the second
hexosamine can be without 6-sulfation and still
have anticoagulant activity (Lindahl et al., 1984;
Athaetal., 1985; Yamada et al., 1993). Commer-
cial heparin chains contain about 4 to 7% by
weight of the pentasaccharide, corresponding to
an average of one domain per 2 to 3 heparin
chains (14 kDa) (Linhardt et al., 1988b; Yamada
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M .

Heparan sulfate
Dermatan sulfate
Keratan sulfate
disulfated
Mi . ization:

Heparin -AT III
Heparan sulfate - bFGF

Dermatan sulfate - HC II

HNy,65- G - HNs,6X,35 - 125 - HNS, 68

I2s - HNAc,4s - 125 - HNAc4s - 128 - HNAc4s

A protein

monosulfated nonsulfated

U-HNs-U-Hns-Is

FIGURE 1. Organization of the primary structure of GAGs. Heparan sulfate and dermatan sulfate contain regions
with iduronic acid and high degree of sulfation (“NS” or “I") and regions with gluéuronic acid and lower degree of
sulfation (“NAc” or “G"). In keratan sulfate, a few residues closest to the core protein are non-sulfated followed by
a region of monosulfated disaccharides and a region of disulfated disaccharides. Heparin, heparan sulfate and
dermatan sufate contain sequences with specific affinity for AT lll, bFGF, and HCII, respectively (X = This site is
either sulfated or unsubstituted. Y = This site is either sulfated, acetylated, or unsubstituted).

et al., 1993). One third of the heparin molecules
have high anticoagulant potential, and most of
these contain one such pentasaccharide (Lane and
Lindahl, 1989), hence the AT III binding
pentasaccharides seem to be evenly distributed.
Recently, it has been shown that heparan sulfate
also has anticoagulant activity; however, the ac-
tivity varies considerably with the source of
heparan sulfate. Subfractions with high content of
the disaccharide G-Hyg s, 35 are active (Pejler et
al., 1987a; Marcum and Rosenberg, 1989b; Kojima
et al., 1992), indicating that the binding sequence
is specific and similar to that of heparin.

Also, bFGF binds specifically to a subset of
heparin and heparan sulfate molecules (Habuchi
et al., 1992; Turnbull et al., 1992; Guimond et al.,
1993; Isihara et al., 1993; Maccarana et al., 1993;
Tyrrell et al., 1993). The minimal sequence re-
quired for binding to bFGF is a pentasaccharide
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(U-Hys-U-Hys-1,5). Additional 2-0-sulfation of
uronic acids in the pentasaccharide does not af-
fect binding (Maccarana et al., 1993), while
6-O-sulfation of hexosamines may (Habuchi et
al., 1992; Turnbull et al., 1992) or may not
(Maccarana et al., 1993) impair bFGF binding.
Cell-surface HSPG serves as a necessary co-re-
ceptor for bFGF binding to bFGF-receptor and
stimulation of intracellular signaling (Rapraeger,
1993). Although penta and hexasaccharides can
support bFGF binding and competitive inhibition
of bFGF mediated cell proliferation, deca or
dodecasaccharides are necessary to support mito-
genic activity of bFGF to cells without HSPG
receptors (Guimond et al., 1993; Isihara et al.,
1993). Furthermore, these additional residues must
be 6-O-sulfated and 2-O-sulfated to promote re-
ceptor signaling by bFGF (Guimond et al., 1993).
These studies suggest that heparan sulfate from
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HSPG receptors contains a pentasaccharide site
with I, at the reducing end, which is responsible
for interaction with bFGF, and an adjacent site of
4 to 6 saccharides with L, and H,g responsible for
modulating the mitogenic signal. This modula-
tion has been proposed to be mediated either di-
rectly by binding to the high affinity receptor
(Kan et al., 1993), or indirectly by induction of
structural changes in bFGF (Prestrelski et al., 1992)
or dimerization of both a/b FGF (Omitz et al.,
1992; Mascarelli et al., 1993) that allow FGF to
activate the high-affinity receptor kinase.

The rare 2-sulfated glucuronic acid has been
shown to be concentrated in the nuclear pool of
heparan sulfate in hepatocytes. Heparan sulfate is
transported to the nucleus by a non-lysosomal
pathway. Because most of the internalized heparan
sulfate is metabolized in the lysosomes, the pres-
ence of G is a likely nuclear localization signal
(Fedarko and Conrad, 1986; Isihara et al., 1986;
Isihara et al., 1987; Gallagher et al., 1992b).

Literature on the primary structure of heparin
and heparan sulfate has shown that these are highly
variable in their overall composition, and that the
distinction between heparin and heparan sulfate is
somewhat arbitrary (Comper, 1981; Hopwood,
1989). Specific sequences of modified disaccha-
rides were found to be involved in AT III and
bFGF binding as well as in cellular localization
(Lindahl et al., 1984; Isihara et al., 1986;
Maccarana et al., 1993). Similarly, sequences of
heparan sulfate specific for binding to lipoprotein
lipase (Parthasarathy et al., 1994) and hepatocyte
growth factor (Lyon et al., 1994) are beginning to
emerge.

2. Secondary Structure

The secondary structure of heparin and
heparan sulfate determines how the functional
groups of specific sequences are oriented, and
provide a basis for understanding how they inter-
act with the binding sites of AT III and bFGF as
well as with the active sites of the GAG degrading
enzymes. Early studies of helix formation in crys-
talline fibers, reviewed by Rees et al. (1982), and
Nieduszynski (1985) led to possible structures of
heparin and heparan sulfate in solid state and in

solution. Recently, two-dimensional NMR and
molecular modeling have focused on the confor-
mational flexibility of iduronic acid monomer
residues (Ferro et al., 1990; Mulloy et al., 1993).

X-ray fiber diffraction analysis of heparin has
indicated that it can attain two different 2, helices
(twofold symmetry with 1 turn per unit cell) with a
rise of 0.82 to 0.84 and 0.87 nm/disaccharide re-
spectively, depending on humidity (Atkins
and Nieduszynski, 1976; Rees et al., 1982;
Nieduszynski, 1985). The sodium salt of heparan
sulfate is found in an extended 2, helix with axial
rise of 0.93 nm/disaccharide, while the calcium
salt yields a diffraction pattern with a rise of
0.84 nm/disaccharide, similar to that of heparin
(Rees et al., 1982; Nieduszynski, 1985). From
model-building of the heparan sulfate extended
helix, hydrogen bonding between the acetamido
oxygen of an N-acetylated hexosamine and the
C3 hydroxyl group of the glucuronic acid on the
reducing side appears very likely. In models of
both helices, hydrogen bonding between the ring
oxygen of uronic acid and the C3 hydroxyl of
hexosamine seem to stabilize the helix (Figure 2)
(Rees et al., 1982). Sulfation at the C3 hydroxyl,
which has been observed in the AT III binding
sequence, would interfere with this hydrogen bond,
and we suggest this may contribute to the specific
binding properties of the AT III binding sequence.

Often, simulations of protein-heparin interac-
tions in solution (Section I1.G) are based on mod-
eling heparin as a homopolymer (Is-Hyg¢s)m 10
the helix form found from diffraction. It is most
likely, however, that heparin and heparan sulfates
in solution are dynamic entities that populate the
various thermodynamically allowed conforma-
tions, and that the results of fiber diffraction only
can serve to indicate possible conformations for
dissolved chains. To refine the modeling of hep-
arin, especially its specific sequences, it is impor-
tant to establish how variations in the disaccha-
rides contribute to the stability of a secondary
structure.

For glucuronic acid, like glucose, the *C,
pyranose pucker conformation is highly favored
over the 'C, pucker (Stoddart, 1971; French and
Brady, 1990). However, when glucuronic acid
has been epimerized to iduronic acid during hep-
arin biosynthesis, the carboxylate group will be
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Heparin

Chondroitin 6-sulfate

Chondroitin 4-sulfate (DMSQO)

CH,0S0; oH

. HO OO0 ay
coo ~HO
o\ o © 0
o o)
OH N-H = s0=C-O"
OH e wea s O=C
CH;
Hyaluronic acid (DMSO) CH
CH,OH OH mr ’
0, " o
-~ -
oo "
HO 0
O'w m HO
o o)

N-H W s O=C-Q”

o=¢
¢h,

CH.OH

FIGURE 2. Hydrogen bonds ( s sm me ) between adjacent residues in GAG helices. See text for details.

axial for the *C, pucker, and the two conformers
are almost equienergetic. Usually, rotation around
the glycosidic dihedrals (¢ = H1-C1-04-C4 and
y = C1-04-C4-H4 for a 1-4 glycosidic bond) is
considered the only possible conformational flex-
ibility of polysaccharides (French and Brady,
1990), but in the case of IdoUA, variation in sugar
puckers (i.e., rotation around the endocyclic bonds)
must also be taken into account. In the crystal
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models, the 'C, (chair)* conformer was used for
IdoUA, but energy minimization of an IdoUA
monosaccharide showed that ?T, (twist boat) and
4C, were equienergetic with 'C, within 0.8 kcal/
mol (Ragazzi et al., 1986). The relative popula-
tions of these conformers were estimated by cal-
culating NMR vicinal coupling constants (J val-

¥ Nomenclature of sugar pucker conformations is from
Haasnoot (1992).
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ues) for each, and comparing them to the experi-
mental values obtained for various solutions of
oligosaccharides that were assumed to represent a
weighted average of the contributions from these
three iduronic acid conformers (Casu et al., 1988;
Ferro et al., 1990) (Table 3). There is a remark-
able difference between the conformation of in-
ternal and terminal iduronic acids, the latter being
shifted toward “C, conformation. Also, neighbor-
ing sulfates were important for iduronic acid con-
formation: 3-O sulfation of the hexosamine to the
non-reducing side, which is typical for the AT III
binding site, shifts the population towards the 2T,
form, N-sulfation on the reducing side in a tet-
ramer causes increased 'C, population, and fi-
nally, 6-sulfation on the reducing side of the
iduronic acid has no influence on the conforma-
tion (Ferro et al., 1990). As of yet, no force field
calculations have been published that attempts to
model the effects of neighboring residues.

These results show that the primary sequence
of heparin and heparan sulfate may determine the
conformation of the iduronic acid residues. The
conformation is, in turn, essential for how the
charged functional groups are oriented with re-
spect to the helical axis of oligosaccharides
(Ragazzi et al.,, 1990; Mulloy et al., 1993;
Venkataraman et al., 1994). For these reasons, it
is necessary to address the issue of monosaccha-
ride conformation when attempting to model pro-
tein-heparin interactions.

3. Intermolecular Associations

In addition to the secondary structure of each
chain heparan sulfate the self-association is im-

TABLE 3

portant for its function. Certain fractions of heparan
sulfate chains self-associate with K, values around
220 puM at NaCl concentrations above 0.15 M
(Fransson, 1985; Nieduszynski, 1985; Gallagher
et al., 1986; Scott, 1992). Aggregating heparan
sulfates appear to specifically associate with
heparan sulfates of the same charge density, which
may be a means of cell-cell recognition (Fransson
et al., 1981). Thus, specificity in GAG-GAG rec-
ognition may be analogous to the sequence speci-
ficity that has been demonstrated for protein-GAG
interactions.

In summary, the primary structure of heparin
and heparan sulfate contain information that de-
termines the specificity of the interaction of these
molecules with proteins and with other GAGs.

C. Chondroitin. and Dermatan Sulfates

Chondroitin and dermatan sulfates arise from
the same homogeneous precursor, chondroitin,
with the repeated disaccharide unit:

- Galy,, — (B1,4) — GlcUA (B1,3) -

Subsequent modification may involve CS-epimeri-
zation of glucuronic acid to iduronic acid, and/or
O-sulfation at C2 of uronic acids and C4 or C6 of
galactosamine (Table 1), resulting in a complex
primary structure from which dermatan and chon-
droitin sulfate are derived, much like for heparin
and heparan sulfate (Conrad, 1989).

Dermatan sulfate contains iduronic acid to a
varying degree (Table 4), whereas all the uronic
acids of chondroitin sulfate are glucuronic acid
(Conrad, 1989). Dermatan sulfate occurs predomi-
nantly in small proteoglycans with 2 to § side

Population of the Three Conformers for Iduronic Acid in Various Sequence

Environments (Ferro et al., 1990)

Sequence Typical for 1ca 21, 4c,
«o = HNS-IX-HNS - ... Heparin 55-60% 35-40% 0
.. - HNS 38-IS-HNS - ... AT Il binding sequence 30-35% 65-70% 0
= HNAc-HNAG - - HS 47% 53% 0
Ig-HNS - ... Nonreducing terminus 80-95% 0 5-22%
I-HNS/NAe - .- Nonreducing terminus 19-45% 14-26% 29-67%
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chains of 15 to 55 kDa; chondroitin sulfate is
found more often in large aggregating proteo-
glycans with 20 to 100 GAG chains of 15 to
70 kDa (Poole, 1986).

1. Primary Structure

The overall composition of chondroitin and
dermatan sulfates have been determined for tissue
extracts and for purified proteoglycans (Table 4).
Dermatan sulfates are predominantly 4-sulfated,
and the iduronic acid content varies from 7 to
93%. Some of the reported low values of iduronic
acid content (Poole, 1986) are based on overall
susceptibility to enzymes or periodate oxidation,
without identifying the products and therefore
may be biased. Among the chondroitin sulfates,
copolymers with both 4-0O- and 6-O-sulfation in
the same chain are common (Rees et al., 1982),
and individual residues that are sulfated at both 4
and 6 position also have been found (Linhardt
etal., 1991).

In dermatan sulfate and chondroitin sulfate,
two levels of organization of the sequence of
residues have been observed (Figure 1). Cluster-
ing of residues in dermatan sulfate was evidenced
by a new mapping technique, using !*I-labeling
of serine from the linkage region, which indicated
that the GIcUA residues are concentrated around
positions 1-3, 8-9 and 25 from the linkage region
at the reducing end (Fransson et al., 1990). Also,
the 6-0 sulfation of chondroitin sulfate seems to
be clustered near one or both termina of the chain,
depending on the tissue source of chondroitin
sulfate (Cheng et al., 1992).

Specific functional sequences are present, as
indicated by the finding that, among hexa-
saccharides, only those containing 2-sulfation have
heparin cofactor IT (HC II) activity (Maimone and
Tollefsen, 1990). Hexasaccharides containing
three 2-sulfated iduronic acids are the most active
and constitute 2% of all hexasaccharides, far more
than would be expected if this uncommon residue
was randomly distributed (Maimone and Tollefsen,
1990; Tollefsen, 1992). Thus, a relatively rare
residue has an important physiological function.
This is analogous to the function of 3-sulfation of
glucosamine in the AT III binding site of heparin.

Thrombomodulin, a cell surface proteoglycan
which alters thrombin activity and is a cofactor
for activation of protein C, has one chondroitin
sulfate side chain, which is characterized by a
terminal tetrasulfated trisaccharide sequence
(Hyacas.6s-G-Hyacasss) (Bourin et al., 1990;
Bourin and Lindahl, 1993). The chondroitin sul-
fate chain is necessary, but not sufficient for full
inhibition of thrombin; however, the role of the
unusual trisaccharide at the non-reducing end has
not yet been determined.

2. Secondary Structure

There is a pronounced difference between
dermatan sulfate and chondroitin sulfate with re-
spect to secondary structures. Derrhatan sulfate
seems to have a flexible conformation in solution,
(Caso et al., 1988; Venkatareman et al., 1994), on
the other hand chondroitin sulfate forms defined
secondary structures.

In solid state, however, helices of various
periodicities have been shown by diffraction pat-
terns of both dermatan and chondroitin sulfate
(Table 5). Fibers of chondroitin 4-sulfate attain a
twofold helix when crystallized with Ca? and a
three-fold helix with Na* (Cael et al., 1978; Mitra
et al., 1983). Similarly, the helix of chondroitin
6-sulfate is dependent on the counterion, while
all three helices of dermatan sulfate have been
obtained with Nat+ (Millane et al., 1983;
Nieduszynski, 1985). These solid state structures
are stabilized by hydrogen bonding and chelation
of calcium ions. The most frequently observed
hydrogen bond is formed by the ring oxygen of
galactosamine to the 3-hydroxyl of glucuronic
acid, as shown in Figure 2 (Rees et al., 1982). The
helix of chondroitin 4-sulfate may be stabilized
by chelating calcium ions between the carboxyl
and 4-sulfate groups of adjacent residues (Cael
et al., 1978; Nieduszynski, 1985).

As in the case of heparin and heparan sulfate,
there is some controversy over the ring conforma-
tion of IdoUA in solid dermatan sulfate. From X-
ray diffraction, the high helical pitch indicates
that *C, dominates (Mitra et al., 1983; Winter et
al., 1986). However, molecular modeling of the
homopolymer (-I-Hyac4s-), With iduronic acid
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TABLE 5

Helical Structures of GAGs (Arnott et al., 1974, Atkins and Nieduszynski,
1976; Cael et al., 1978; Rees et al., 1982; Millane et al., 1983; Mitra et al.,
1983; Scott et al., 1983; Nieduszynski, 1985; Kvam et al., 1992)

GAG Helix symmetry
Heparin 2,
(Na*)
HS 2,
Dermatan sulfate 2,
3,
8,
Chondroitin 4-sulfate 2,
3
Chondroitin 6-sulfate 2,
3,
8,
Keratan sulfate 2,
Hyalurenic acid 24
3,
45

4, Double helix

attaining *C,, !C,, and *T, forms (Figure 3) showed
that there is no energetic advantage of the “C,
state and that all three conformers must be taken
into account (Ferro et al., 1989). Also, solid state
13C NMR showed a conformation similar to 'C,,
contradictory to the diffraction data (Winteret al.,
1986).

o1

o1

Rise per disaccharide in nm (counterion)

0.82-0.84 (Na* or Ca*), 0.87

0.93 (Na*), 0.84 (Ca%)
0.94-0.97 (Na*)

0.95 (Na*)

0.92-0.93 (Na*)

0.98 (Ca*)
0.94-0.96 (Na*)

0.93 (low pH)
0.95-0.96 (Ca?)
0.98 (Na*)

0.95 (Na*)

0.98 (or iow pH Na*)
0.94-0.95 (Ca?¥)
0.84, 0.93-0.97 (Na*)
0.82 (and low pH K*)

To resolve this problem, Venkataraman et al.
(1994) have included other uronic acid conform-
ers to screen for dermatan sulfate geometries which
are compatible with both diffraction and NMR
data. Their results indicate that the °T, twist boat
conformer fulfills these criteria, and that its non-
bonded energy is close to the 4C, and ?T, con-

4C1

FIGURE 3. The four main conformers of a-L-iduronic acid, 'C,, *C,, 2T, and °T,.
For simplicity, only carbon and oxygen atoms are shown.
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formers. Furthermore, there is an extraordinary
geometric similarity between GlcUA (*C,) and
IdoUA (?T), both at the monomer level and at the
polymer level (the similarity was evaluated from
the orientation of charged side groups relative to
the sugar plane and the twofold helix, respec-
tively). This indicates that if IdoUA (*T,) was an
important conformer in dermatan sulfate, there
would be very little difference in the morphology
of dermatan sulfate and chondroitin 4-sulfate.
Since these molecules have very distinct proper-
ties, for instance with respect to HCII binding and
self-aggregation, ?T, is not a likely conformer.
Venkataraman et al. (1994) propose that it is es-
sential to include several monomer conformers in
the search for molecular models of GAG poly-
mers, and do the energy minimization at the poly-
mer level instead of at the disaccharide level.

In solution, both chondroitin 4-sulfate and
chondroitin 6-sulfate were resistant to periodate
oxidation, indicating that some structure must
persist (Scott, 1992). NMR studies and computer
simulations have shown that they are both in the
2, helix form (Scott et al., 1983; Ferro et al., 1989;
Scott, 1992; Scott et al., 1992), and that a dim-
ethyl sulfoxide solution of chondroitin 4-sulfate
was stabilized by three hydrogen bonds per disac-
charide (Scott et al., 1983) (Figure 2).

3. Intermolecular Associations

The defined secondary structure of chondroitin
sulfate in solution has made it possible to qualita-
tively explain its self-association properties. Chon-
droitin 6-sulfate, but not chondroitin 4-sulfate,
can form aggregates of two or more chains which
was demonstrated by rotary SEM, showing net-
work formation in a salt-free aqueous solution
(Scott et al., 1992). Molecular models showed
that the twofold helix of chondroitin 6-sulfate
locates the charges near the periphery and creates
stretches of hydrophobicity, which can interact
with similar hydrophobic patches on other chains.
For chondroitin 4-sulfate, the sulfates are cen-
tered closer to the helical axis, diminishing this
amphipathicity and ability to self-aggregate (Scott
et al., 1992). These observations suggest that ag-
gregation of GAGs may be controlled by the lo-
cation of sulfate groups.

Dermatan sulfate fractions with alternating
IdoUA and GIcUA residues can self-associate
under physiological conditions and in the absence
of divalent cations (Fransson and Céster, 1979).
The affinity for immobilized dermatan sulfate with
75% IdoUA is highest for dermatan sulfate with
50% iduronic acid content, but also chondroitin
4-sulfate binds to the immobilized dermatan sul-
fate (Fransson, 1985; Nieduszynski, 1985). Thus,
chondroitin 4-sulfate cannot self-aggregate, but it
does associate to dermatan sulfate.

The differences in modifications among chon-
droitin and dermatan sulfate determine which solid
state structures are attainable and whether self-
aggregation is possible. Both chelation of cations
and hydrogen bonding seem to be intricately in-
volved in determining solid state structure and
extent of self-aggregation. This suggests that
modification patterns contain biological informa-
tion, especially for dermatan sulfate; the residues
are sequestered in a non-random way along the
chain, and clusters of the rare residue I, deter-
mine the HC II binding properties of the chain.

D. Keratan Sulfate

The basic repeating residue of keratan sulfate
is

Gleya, — (B1,3) — Gal (B1,4)

It is the only GAG which does not contain uronic
acid, preventing eliminative cleavage of keratan
suifate (Section III.A). Almost all glucosamine
and some galactose units are 6-sulfated, except
for keratan sulfate from erythrocyte surfaces,
which has only a few sulfates (Stuhlsatz et al.,
1989).

Two types of keratan sulfate are defined by
their different linkage regions (Figure 4). Both
are branched, which is different from linkage re-
gions of other GAGs (Fransson, 1985; Poole, 1986;
Kjellen and Lindahl, 1991).

The molecular weight is typically around 2 to
20 kDa (Fransson, 1985). Porcine type I keratan
sulfate ranges from 10 to 26 kDa (Oeben et al.,
1987), and type II keratan sulfate is around 5 kDa
(Fransson, 1985). The molecular weight profile
of keratan sulfate is distorted toward the short
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Type I: (Corneal)

- [Gal-GIcNAc],- Man —— Filc

— Man - GlcNAc- GlcNAc- N - asn- protein

(stop)-NeuNAc-Gal-GlcNAc-Man —

Type II: (Skeletal)

- Gal- GIcNAc —
— GalNAc- O- ser/thr - protein

(stop)- NeuNAc-Gal —

FIGURE 4. Two types of keratan sulfate are defined by their linkage regions.

chains, suggesting that some mechanism exists length of disulfated fragments increased with the
to control chain length either by stopping chain initial length of keratan sulfate. Similar results
elongation or by enzymatic cleavage at a spe- were obtained for degradation of bovine type II
cific length (Stuhlsatz et al., 1981; Oeben et al., keratan sulfate (Stuhlsatz et al., 1989). It was
1987). The disulfated stretch at the non-reducing concluded that the chain must contain a few non-
end may be such a determinant for chain length sulfated residues after the linkage region, fol-
(Oeben et al., 1987). An oligosaccharide, with lowed by a monosulfated region of about 10 to 12
sialic acid as nonreducing terminus, isolated disaccharides, and a disulfated region of 7 to 34
from femor head cartilage, also could serve as disaccharides (Figure 1). These results imply that
a chain terminating signal (Nieduszynski et al., the enzymes that generate sulfation of keratan
1990). sulfate are specific for different sections of the
chain.
In bovine nasal and tracheal cartilage, there is
1. Primary Structure only one fucose per keratan sulfate chain (Thornton
et al., 1989), most likely located in the linkage
The overall primary structure of keratan sul- region or at the nonreducing terminus. In femoral
fate was elucidated by enzymatic analysis. head cartilage, however, the fucose content is
Keratanase from Pseudomonas sp. (Section proportional to the length of chain fragments.
II1.B.2), which only cleaves linkages with non- NMR studies indicate that fucose must be linked
sulfated galactose, was used for degradation of (1,3) to Glcy,, of the repeat unit (Nieduszynski et
porcine type I keratan sulfate (Oeben et al., 1987). al., 1990). The functional importance of fucose
The products were short fragments with 0 to 1 and the coordination of sulfate and fucose modi-
sulfate per disaccharide, and longer fragments fications, however, have not yet been investi-
with close to 2 sulfates per disaccharide. The gated.
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2. Secondary Structure

X-ray diffraction data for comneal keratan
sulfate were in agreement with a 2, helical con-
formation with a disaccharide rise of 0.95 nm
(Amott et al., 1974; Rees et al., 1982) (Table 5).
The diffraction pattern showed that the residues
were perturbed slightly with respect to the posi-
tions in a crystal lattice which may reflect differ-
ences in the degree of sulfation along the polymer
(Amott et al., 1974; Nieduszynski, 1985). This
twofold helix is similar to the structures of chon-
droitin sulfate and hyaluronic acid at low pH,
when their uronic acids are protonated.

In aqueous solution, NMR studies demon-
strated that disulfated keratan sulfate forms a
twofold helical structure (Hounsell et al., 1986;
Hounsell, 1989). Also, molecular dynamics of
keratan sulfate and chondroitin sulfates in water
indicated twofold symmetry and suggested that
the 6-sulfate of galactose in keratan sulfate was
analogous to the glucuronic acid of chondroitin
sulfate; thus, the distribution and orientation of
charges on these two GAGs are similar (Scott,
1992).

3. Intermolecular Associations

Keratan sulfate is self-aggregating. Prelimi-
nary results from gel chromatography and mo-
lecular dynamics indicate that monosulfated
keratan sulfate is more likely to aggregate than
disulfated keratan sulfate (Scott, 1992).

In summary, keratan sulfate has less variation
in its primary structure than heparan sulfates and
chondroitin sulfates. The chain is segregated in a
monosulfated and a disulfated region, but so far
no specific patterns with a higher information
content have been observed. The branched link-
age region and the presence of sialic acid and
fucose are characteristics of keratan sulfate found
in the saccharide chains of many glycoproteins,
but not among the other GAGs. In polysaccha-
rides, sialic acid and fucose often lead to highly
specific protein binding (Varki, 1993); however,
keratan sulfate has not, to our knowledge, been
found to bind specifically to any protein (Greiling
and Scott, 1989). Thus, keratan sulfate contains
functional groups with the potential to form spe-

cific binding sites for proteins, and we predict that
proteins that bind specifically to keratan sulfate
exist, but have not yet been discovered.

E. Hyaluronic Acid

Hyaluronic acid is not sulfated and is homo-
geneous in its primary structure. The monosac-
charides are the same as in unmodified heparin;
however, the glycosidic linkages are similar to
those of chondroitin sulfate. The main structural
unit is:

Gleya, — (B1,4) — GIcUA — (B1,3)

Hyaluronic acid is considerably larger than
the other GAGs, with chain lengths from 500 to
several thousand disaccharides (molecular weight
100 to 1000 kDa) (Fransson, 1985).

Hyaluronic acid has not been observed co-
valently bound to proteins, so there is no core
protein precursor to serve as a starting point for
biosynthesis. As opposed to chondroitin sulfate,
hyaluronic acid synthesis is not affected by drugs
that inhibit protein synthesis (puromycin) or ionic
transport across Golgi membranes (monensin)
Evered and Whelan, 1989. These results suggest
adifferent, and as yet unknown, biosynthetic path-
way (Prehm, 1983 and 1984; Fransson, 1985).

1. Secondary Structure

Hyaluronate, which lacks the bulky sulfate-
substitutions of other GAGs, shows considerable
structural variability and can crystallize in several
different helical forms (Table 5). Counterion, pH,
and humidity determine the symmetry and disac-
charide rise for a given diffraction experiment.
These observations, can be rationalized at least
partially, in terms of hydrogen bonding and ionic
interactions. Molecular modeling indicates that in
vacuo, helices of all three symmetries can form,
but in water, only the twofold helices appear stable
(Scott et al., 1991). This is consistent with an
observed shift from fourfold to twofold symmetry
when sodium salts of hyaluronate are hydrated
(Guss et al., 1975). NMR studies, focusing at the
protons involved in hydrogen-bonding, show that
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in dimethyl sulfoxide solution the structure has
four hydrogen bonds (Figure 2), but in aqueous
solution the hydrogen bonding is much weaker
(Heatley and Scott, 1988; Kvam et al., 1992).
When calcium is present it can bind between the
carboxylate groups of adjacent chains in the 3,
form (Rees et al., 1982).

In solution, hyaluronate appears as a polymer
with “stiff” sections, as demonstrated by resis-
tance to periodate oxidation and hydrodynamic
properties such as onset of non-Newtonian solu-
tion behavior at low concentration, indicating
expanded chains (Morris et al., 1980; Rees et al.,
1982; Heatley and Scott, 1988; Scott et al., 1991;
Kvam et al., 1992). Ca? and pH have a profound
effect on physical properties of hyaluronate
(Gabriel and Carr, 1989). At Ca?* concentrations
below 3 mM (physiologic conditions ~5 mM), the
solution is viscous, almost a gel, while at higher
concentrations it becomes much thinner. Titration
studies show that 5 mM Ca? or pH below 3 in-
duces a more structured state of hyaluronic acid,
possibly due to protonation of the carboxyl group
(Gabriel and Carr, 1989).

2. Intermolecular Associations

Heatley and Scott discovered that the struc-
ture in aqueous solution contains a hydrophobic
stretch of 8 carbon atoms on one side of the helix
(Heatley and Scott, 1988), and this amphipathicity
of the twofold helix may provide a hydrophobic
driving force for enhancing self-association of
hyaluronate (Scott, 1992). Interchain association
of hyaluronic acid into a double helix has been
demonstrated by X-ray diffraction at acidic pH in
the presence of potassium and other counterions,
but not with sodium (Sheehan et al., 1977). In this
structure, the partially protonated carboxylic ac-
ids are in the center of the double helix, possibly
chelated by the counterion.

Large aggregates of hyaluronic acid with
proteoglycans of keratan sulfate and chondroitin
sulfate are found in cartilage (Poole, 1986).
The proteoglycans of these aggregates are very
tightly, but noncovalently, bound to hyaluronate
of at least nine saccharides length (K, = 20-30
nM) (Nieduszynski, 1985). High salt concen-
trations (>0.15 M NaCl) reduce the effective
charge-repulsion between the polymers and
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enhance hyaluronic acid aggregation (Scott et
al., 1991).

Thus, hyaluronic acid is the only GAG that
has no sequence variability; however, the second-
ary structures are very diverse. The environment
appears to have a pronounced effect on hyalu-
ronic acid structure.

F. Structural Features of GAGs

The glycosaminoglycans as a class have simi-
lar backbone residues, which distinguish them
from other polysaccharides. Modification of these
backbone residues can vary considerably, even
among GAGs belonging to the same family. The
backbone is modified after polymerization
(Lindahl, 1989), which could lead to at least some
randomness in the sequence compared with the
template biosynthesis of DNA or proteins. How-
ever, in this review we propose that the primary
sequence of modified residues in GAGs has two
levels of organization.

On a macroscopic level, it has been demon-
strated that heparan sulfate and dermatan sulfate
are segmented into-alternating blocks of specific
sulfation patterns (Figure 1). Also keratan sulfate
is segregated, but in a manner where the degree of
sulfation increases in two steps as one moves
away from the core protein. It is not yet clear
whether these increases occur from one residue to
the next, or if there is a gradient of sulfation in a
transition region between the blocks.

On a microscopic level, at least four different
GAG sequences have been associated with spe-
cific binding functions. The AT III binding
pentasaccharide of heparin, the bFGF binding
pentasaccharide of heparan sulfate, the 2-sulfated
glucosamine of heparan sulfate which direct
nuclear localization, and the HCII binding
hexasaccharide of dermatan sulfate (Figure 1) all
contain information in their primary sequence that
directs their biological function (Lindahl et al.,
1984; Isihara et al., 1986; Maimone and Tollefsen,
1990; Maccarana et al., 1993).

These two levels of organization are of ut-
most importance in controlling the physical form
of GAGs and regulating the specific interactions
between two GAGs and between a GAG and a
protein. Additionally, the physical form is depen-
dent on the ionic environment, which shields the
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repulsive ionic forces between the charged chains.
Secondary structure of GAGs in solid state is
often highly dependent on the counterions present
in the fibers or crystals (Cael et al., 1978; Rees et
al., 1982; Millane et al., 1983) (Table 5). Calcium
and high ionic strengths facilitate secondary struc-
ture formation in fiber diffraction experiments.
Stabilization of the helices seems to be dominated
by hydrogen bonds between functional groups
from adjacent residues (Rees et al., 1982) sug-
gesting that the helix-forming potential is deter-
mined by the primary structure. The primary struc-
ture also can determine whether dimeric or higher
aggregates of GAGs can form. Only heparan sul-
fate and dermatan sulfate with the right degree of
glucuronic acid epimerization can self-associate;
and helices of chondroitin 6-sulfate show
amphipathicity, allowing self-association, as op-
posed to chondroitin 4-sulfate, which has little or
no amphipathicity (Nieduszynski, 1985; Gallagher
et al., 1986; Scott, 1992).

In solution, heparin, heparan sulfate, and
dermatan sulfate appear to be very flexible mol-
ecules, while chondroitin sulfates and hyaluronate,
which do not contain IdoUA, appear to have a
certain “stiffening of the chain’ and form hydro-
gen bonds between adjacent residues in aqueous
solutions (Morris et al., 1980; Rees et al., 1982;
Scott et al., 1983; Scott, 1992; Scott et al., 1992).
The sugar ring of the IdoUA residue can attain at
least three different puckers, which under physi-
ological conditions are energetically very close
(Ragazzi et al., 1986; Ragazzi et al., 1990;
Venkataraman et al., 1994). Interconversion
among these states may generate conformational
flexibility in the chains which facilitates interac-
tion with proteins (Rees et al., 1985; Casu et al,,
1986). We propose that specific interactions with
binding proteins and enzymes are governed by
the local formation of secondary structure of the
GAG chain, which in turn is determined by the
disaccharide sequence modifications.

G. GAG-Protein Interactions

A wide variety of ECM-, intracellular, and
plasma proteins bind to GAGs (Cardin and
Weintraub, 1989; Jackson et al., 1991). Binding
often has been found to be specific for heparin or
heparin oligosaccharides, even in comparison to

binding to oversulfated GAGs of the same charge
density as heparin (Ogamo et al., 1985; Lee and
Lander, 1991; Lortat-Jacob and Grimaud, 1992;
Coltrini et al., 1993). Additionally, protein se-
quence domains enriched in basic amino acids are
often required for binding (Cardin et al., 1991;
Jackson et al., 1991). Protein crystal structures
have demonstrated that these protein sequence
domains, in the case of AT III and bFGF, are
brought close enough by folding to form a single
binding domain on the protein surface (Eriksson
et al., 1991; Zhang et al., 1991; Zhu et al., 1991;
Mourey et al., 1993; Zhu et al., 1993; Schreuder
et al.,, 1994). The protein structure enables mo-
lecular modeling of the binding interactions, which
has qualitatively highlighted amino acids of the
protein and functional groups of the oligosaccha-
ride that are in close contact and are the main
contributors to the binding energy (Grootenhuis
and van Boeckel, 1991; Grootenhuis et al., 1994;
Thompson et al., 1994).

In view of the close contacts between func-
tional groups proposed for protein-GAG com-
plexes, the local secondary structure of the GAG
chain must be geometrically complementary to
the binding pocket of the protein. One can imag-
ine the solution state of the GAG chain as being
a dynamic equilibrium among many energetically
close geometries. When binding to a protein, like
FGF or AT III, the chain attains the geometry that
allows the most favorable binding interactions
with the more conformationally rigid protein.
Ornitz and Waksman co-crystallized bFGF with a
heparin-derived trisaccharide (I-Hy,.-G) and
found that the growth factor dimerized with four
trisaccharides bound per dimer (Omitz et al,,
1995). The glucosamine sugar pucker was differ-
ent in the different binding sites (Waksman, per-
sonal communication); this is strong support for
the hypothesis that heparin is flexible in solution,
and adapts to a conformation that complements
the binding pocket of a protein on binding. We
propose that this paradigm is the key to under-
standing the specificity in GAG-protein interac-
tions.

H. GAGSs in the Extracellular Matrix

GAGs are ubiquitous, soluble components of
the extracellular matrix. The physical form of
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GAGs and the specific interactions between GAGs
and other ECM components are often directed by
the sequence of disaccharide residues.

1. Physical Form of GAGs in ECM

In the extracellular matrix, the aggregation of
GAGs often involve interaction between GAGs
and proteins and between two GAGs from differ-
ent classes (Hardingham and Fosang, 1992). In
cartilage, the proteoglycans of chondroitin sulfate
and keratan sulfate aggregate with hyaluronic acids
through their core proteins. X-ray fiber diffrac-
tion studies of this aggregate indicate that GAGs
from different proteoglycans interact, possibly via
divalent cations (Rees et al., 1982). Another ex-
ample of these protein-GAG interactions for ag-
gregate formation is from the corneal stroma,
where the core proteins of dermatan sulfate PG
bind to collagen fibers. The space between fibers
corresponds to the length of a typical dermatan
sulfate chain, and this distance is conserved in
more than 30 animal species (Scott, 1992). It was
speculated that dermatan sulfate self-association
controls the distance between collagen fibers, thus
enabling the crucial transparency of the cornea
(Scott, 1992).

Most often, the GAG depolymerizing enzymes
are investigated with solutions of purified sub-
strate; this is a very different environment from
the complex extracellular matrix (Evered and
Whelan, 1986; Hay, 1991; Hardingham and
Fosang, 1992; Zern and Reid, 1993). Thus, it
must be kept in mind that the GAG depolymeriz-
ing enzymes probably have evolved to cleave
GAGs in their natural state, and that studies of
soluble substrates may provide only part of the
key to understand the enzymatic mechanism.

2. Specific Interactions of GAGs with
Transient Components of ECM

In addition to binding of AT III, FGF, HC II,
and other molecules already mentioned, GAGs
also appear to be involved in such diverse pro-
cesses as sequestering of superoxide dismutase
(Sandstrom et al., 1992), covalent crosslinking of
the blood protein pre-a-inhibitor (Enghild et al.,
1991), L-selectin binding (Nelson et al., 1993;
Norgard-Sumnicht et al., 1993; Norgard-Sumnicht
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and Varki, 1995), and as microbial and viral at-
tachment sites (Shieh et al., 1992; Ascencio et al.,
1993; Isaacs, 1994). This impressive list of spe-
cialized functions emphasizes the importance of
structural diversity of GAGs.

In summary, GAGs are found in the extracel-
lular matrix either bound to structural proteins
like collagen, laminin and fibronectin, aggregated
with other proteoglycans, or as part of integral
membrane proteoglycans (Hardingham and
Fosang, 1992) (Figure 5). The functions of GAGs
range from providing structure and hydration to
the matrix to modulating ECM processes specifi-
cally. Although certain GAGs have been observed
to localize to the nucleus of hepatocytes (Fedarko
and Conrad, 1986), GAGs typically interact with
transient components of the matrix, either at the
cell surface, in solution or sequestered in the
matrix. For example, bFGF-induced endothelial
cell proliferation requires trimolecular interactions
between bFGF, FGF-receptor and heparan-sul-
fate (Kiefer et al., 1991; Klagsbrun and Baird,
1991; Yayon et al., 1991; Jaye et al., 1992). This
interaction activates tyrosine kinase activity of
the intracellular domain of the FGF receptor, which
in turn leads to secondary messenger activation.
Recent studies have added an extra dimension to
this cell-surface event by indicating that heparan
sulfate mediates dimerization, either of bFGF, of
FGF-receptor or of both which may be a neces-
sary part of signal transduction (Omitz et al.,
1992; Mascarelli et al., 1993; Pantoliano et al.,
1994; Springer et al., 1994; Ormnitz et al., 1995).

In this section we have reviewed the literature
on GAG structure and shown that the primary
structure of the glycosaminoglycan is important,
both for the physical form and for the specific
interaction of GAGs with extracellular matrix
components. We have proposed that specific in-
teractions of GAGs with proteins can be concep-
tualized as the ‘freezing out’ of a given geometry
of the oligosaccharide on binding from a flexible
solution state that involves dynamic equilibrium
among several geometries.

ll. ENZYMES

In vivo, GAGs are degraded by hydrolases
(EC3.2.1.-), such as heparin hydrolase, keratanase,
hyaluronic acid hydrolase and various exogly-
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GAG

4 Transient Components (Growth factors, Cytokines)

~~s GAG
Proteoglycan
ssmsmmun  Core Protein

>—O Cell Surface Receptor, with intracellular domain

oamonee  Structural Component (Collagen, Fibronectin, Laminin)

sooooooe DNA
\_ g Y,

FIGURE 5. Localization and function of GAGs in the extracellular matrix. GAGs
are found bound to structural components of ECM (1), aggregated in large
proteoglycan complexes (2), or at cell surfaces as integral membrane
proteoglycans (3). Their functions include binding to transient components of the
matrix either sequestered in the matrix (4.1), as soluble complexes (4.2), or at
cell surfaces as co-receptors for cell-stimulating signals (4.3), possibly involving
dimerization of growth factor and/or receptor (4.4), and also internalization and
localization to the nucleus (5)

cosidases (Hopwood, 1989; Kresse, 1989; Roden heparinases, chondroitinases and hyaluronidases
et al., 1989). There also are three categories of (Linhardt et al., 1986). These lyases have been
GAG degrading lyases mainly of bacterial origin: purified and utilized for analytical and industrial
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applications; as a consequence, they are more thor-
oughly characterized than the corresponding hy-
drolases. They belong to a class of polysaccharide
lyases (EC 4.2.2.-) that also includes alginases,
several pectinases, and xanthan lyase. These en-
zymes resemble the GAG lyases in some respects,
and for this reason they are included in this review.

This section focuses on the properties and
mechanisms of the enzymes that depolymerize
glycosaminoglycans. The sources, fermentation
and purification of GAG lyases (Linhardt et al.,
1986) and hydrolases (Evered and Whelan, 1989;
Greiling and Scott, 1989; Lane and Lindahl, 1989)
are reviewed elsewhere.

The chemistry of eliminative cleavage by
lyases and hydrolytic cleavage by hydrolases is
illustrated in Figure 6. The difference is that in the
eliminative mechanism the C5 hydrogen of uronic
acid is abstracted, forming an unsaturated C4-C5
bond, whereas in the hydrolytic mechanism a
proton is donated to the glycosidic bond, breaking
the glycosidic oxygen and creating an OS5 oxonium

™8
Ho o¢ M
oL |
o 1
[
!
I
|
' Oxygen-aglycone
bond breakage
COOH
o
OH
ELIMINATIVE CLEAVAGE

ion followed by water addition, which neutralizes
the oxonium ion and saturates all carbons (Linhardt
et al., 1986). The lyases can only cleave linkages
on the non-reducing side of uronic acids, as the
carboxylic group of uronic acid participates in the
reaction. The hydrolases, on the other hand, can
be specific for either of the two bonds in the
repeating disaccharides.

Specialized techniques have been employed
to study the properties of GAG degrading en-
zymes. A simple measurement of product forma-
tion is based on the 232 nm absorbance of the
A4,5 unsaturated bond of GAG cleavage by lyases
(Linker and Hovingh, 1972). The details of ki-
netic mechanism is studied by evaluation of the
product profile from various substrates by gel-
electrophoresis, HPLC and capillary zone elec-
trophoresis (CZE), and by identification of the
various products by two-dimensional NMR; this
has allowed very accurate characterization of sub-
strate specificity and reaction kinetics (Rice and
Linhardt, 1989; Linhardt et al., 1990).

R

COOH

0
He

Glycosyl-oxygen
bond breakage

T
B
]

P

HYDROLYTIC CLEAVAGE

FIGURE 6. Eliminative and hydrolytic cleavage of GAGs. Modified with permission

(Linhardt et al., 1986).
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A. Lyases

The GAG degrading lyases are divided in
three categories according to their primary sub-
strate: heparinases, chondroitinases and hyalu-
ronidases. Within each category there is a further
subdivision of the enzymes based on details of
their specificities.

1. Heparinases

Six enzymes that cleave heparin or heparan
sulfate have been isolated from four different
bacteria: Flavobacterium heparinum, Bacillus sp.,
Bacteroides heparinolyticus, and an unclassified
soil bacterium. At least twenty-nine other bacte-
ria express heparinase activity as determined by a
qualitative plate assay (Salyers et al., 1977; Steyn
et al., 1992); however, these enzymes have not
been isolated or characterized. The enzymes have
been classified as heparinase | acting primarily on
heparin, heparinase II acting on both heparin and
heparan sulfate, and heparinase III, which acts
exclusively on heparan sulfate (McLean et al,,
1985). The main properties of the six known
heparinases are summarized in Table 6.

Most heparinase-producing bacteria were
found in soil. The biological advantage for soil
bacteria of expressing heparinase and other acidic
polysaccharide lyases is unknown, although it is
likely that bacteria with these enzymes can de-
grade glycosaminoglycans from carcasses. Hep-
arin, heparan sulfate, or fragments thereof induce
heparinase production in several strains, and ex-
pression in F. heparinum can also be derepressed
by sulfur deprivation (Cerbelaud et al., 1986).

The heparinases have been purified to
single (although in the case of enzymes from
F. heparinum broad) bands on Coomassie stained
SDS-PAGE (Yang et al., 1985; Nakamura et al.,
1988; Béhmer et al., 1990; Bellamy and
Horikoshi, 1992; Lohse and Linhardt, 1992).
Monoclonal antibodies toward heparinase I had
equally high affinity for heparinase I and II, but
10 to 100 fold lower affinity for heparinase III
(Gu et al., 1993a). Antibody assays and South-
ern blotting showed no cross reactivity between
heparinases from different bacteria (Bellamy and

Horikoshi, 1992; Sasisekharan et al., 1993).
These results indicate that there is a low degree
of sequence and structural homology among the
heparinases.

Isoelectric focusing showed that Bacillus sp.
heparinase (pI = 6.6) has an overall negative charge
at its optimal pH of 7.5, while all three
F. heparinum heparinases (pI = 8.5-10.1) are posi-
tively charged at their pH optima of 7-7.5. For
enzymes that degrade a polyanionic substrate, this
appears to be an important difference that may
imply different mechanisms for heparinases from
Bacillus sp. and from F. heparinum.

Only the gene for heparinase I from
F. heparinum has been cloned and sequenced
(Sasisekharan et al., 1993), and the recombinant
gene product purified to homogeneity (Ernst et
al., 1995). For the other heparinases, the amino
acid composition was determined by acid hy-
drolysis (Yang et al., 1985; Bellamy, 1990;
Bohmer et al., 1990; Lohse and Linhardt, 1992).
Although the Bacillus sp. heparinase has a low pl,
it contains around 12% basic amino acids, which
is similar to heparinase II, II1, and heparnase from
the unclassified strain, which all have much higher
pl. The key to this difference probably lies in the
contents of acidic amino acids. Unfortunately,
asparagine and glutamine are deamidized by acid
treatment during amino acid analysis, thus, dis-
guising the original content of aspartic acid and
glutamic acid.

a. Reaction Conditions

For heparinase I, I1, and III from F. heparinum
the optimal temperature for exhaustive degrada-
tion assays (~10 to 100 h) is 5 to 10°C less than
for short degradation assays (10 to 30 min) (Lohse
and Linhardt, 1992). Similarly, the temperature
optimum for Bacillus sp. heparinase is 50°C, but
90% of the activity is lost after 3 h at 45°C
(Bellamy and Horikoshi, 1992). For short assays,
sodium phosphate buffer has been reported to
give higher activity than sulfonate-based buffers
(MOPS, TES, and HEPES), but the latter seem to
increase stability of heparinase I, II, and III (Lohse
and Linhardt, 1992). It appears, in general that the
optimal conditions for heparinases are different
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for experiments running over several hours or
days compared with short assays. Lower tem-
perature, sulfonate buffers, and possibly higher
ionic strength may increase stability during long
assays, but this question remains controversial.

b. Kinetic Constants

The specific activities of the different puri-
fied enzymes are similar at 50 to 200 IU/mg.
Only heparinase II from F. heparinum and
heparinase I from Bacillus sp. seem to have
lower specific activities. For heparinase I from
F. heparinum, Yang et al. report a V. of 197
IU/mg for substrate concentrations up to 5.5 mg/
ml, but 68 IU/mg for 24 mg substrate/ml (Yang
et al., 1985), suggesting that substrate inhibi-
tion may be significant (Bailey and Ollis, 1986).
The large variation in K, for heparinase I may
reflect the difficulties in fitting standard Michae-
lis-Menten kinetics to degradation of complex
polymeric substrates. The oligosaccharide prod-
ucts of initial degradation will themselves be
substrates for further degradation, thus increas-
ing the molar concentration of substrate. Also,
the K., determinations were based on different
ranges of heparin concentrations; this may have
biased the reports.

Calcium at 1 to 5 mM is a necessary activator
for heparinase I (Linker and Hovingh, 1972;
Sasisekharan, 1991), while heparinase II is inhib-
ited by 10 mM calcium (Bellamy, 1990; Lohse
and Linhardt, 1992). In some studies, little or no
activation of heparinase I by calcium was ob-
served (Dietrich et al., 1973; Linhardt et al., 1986;
Lohse and Linhardt, 1992), but in these experi-
ments, trace contaminations from hydroxylapa-
tite columns or chelated substrates may have pro-
vided the necessary Ca?* for activity. In separate
circular dichroism (CD), NMR and equilibrium
dialysis experiments, it was found that calcium
binds to heparin, thereby changing its structure
(Rees et al., 1982; Hunter et al., 1988). In light of
that observation, the different effect of calcium
on activity of heparinases is very interesting. It
is possible that heparinase I is specific for a dif-
ferent, calcium dependent, structure than
heparinase II.
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c. Substrate Specificities of Heparin Lyases

The substrate specificity of heparin lyases
has been defined as a disaccharide containing a
cleavable linkage. Heparinase I cleaves the link-
ages Hys ¢x-Iss, heparinase II the linkages Hyy ¢x-
G/1,, and heparinase III the linkages Hy, -I and
Hyy ¢x-G, in which Y is sulfated or acetylated and
X is sulfated or unsubstituted. The experimental
background for these conclusions is reviewed in
the following.

i. Heparinase | from F. heparinum
(E.C. 4.2.2.7)

This is mainly active toward heparin, although
heparan sulfate also is degraded. The products of
complete degradation of heparin have been quan-
titated by Linhardt and coworkers after separation
by strong anion exchange (SAX) HPL.C (Table 7)
(Rice and Linhardt, 1989; Linhardt et al., 1990;
Nader et al., 1990; Linhardt et al., 1992; Linhardt
et al., 1992a). The identification of oligosaccha-
ride products is initially done by various one- and
two-dimensional NMR techniques. There is a dis-
crepancy between the results of Linhardt and co-
workers (Rice and Linhardt, 1989; Loganathan et
al., 1990; Ampofo et al., 1991; Linhardt et al.,
1992; Linhardt et al., 1992a) who find that the
main hexasaccharide (8) contains one N-acety-
lated and one 3-sulfated glucosamine, and those
of Gettins and Horne (1992) who find two
hexasaccharides: U,g-Hyg gs-Ios-Hys 65 -G — Hys s
and Ujs-Hys gs-Ios-Hys gs -Ios-Hns 65 The molecu-
lar weight distribution of the products in the study
by Gettins and Horne suggests that their reaction
was incomplete, and that the hexasaccharide frac-
tion therefore is dominated by intermediate prod-
ucts with composition similar to undegraded he-
parin.

The “typical” tetrasaccharides (4 and 6), with
composition corresponding to the most frequent
linkages in heparin, are present among the degra-
dation products, demonstrating that heparinase
activity is dependent on the size of the substrate.
When these tetrasaccharides are used as substrates,
they are cleaved several orders of magnitude more
slowly than polymeric heparin (Rice and Linhardt,
1989; Linhardt et al., 1990). It has not been inves-
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TABLE 7
Products from Heparinase | Degradation of Porcine Heparin
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Peak number Structure Mole %
1 AU,g-Hyg 25
2 AU-Hys gs 0.5
3 AU,g-Hyg 65 71.0
3a AU,g-Hyg las-His 0.8
3b AU,g-Hyg-G-Hys s 0.6
4 AU, s-Hyslos"Hus 65 3.1
4a AUgs-Hys 6s1-Hns 65 0.5
5 AU,g-Hyg s5-G-Hys es 6.9
6 Auzs‘Hns,ss"zs'HNs,as 3.2
6a AU,s-Hns gsI-Hnac,es"G-Hys es 0.8
7 AU~ Hys gs-G-Hus es 3s 0.6
8 AU,s-Hys s-1-Hyac,6s-G-Hus 65,35 2.2

Note: The products are numbered in order of elution on SAX-HPLC
(Linhardt at al., 1992b). The main di- , tetra- , and hexasaccharides
are bolded. The mole % is calculated as the absorbance of the
fraction divided by the total absorbance. 90.2% (w/w) of heparin
substrate was recovered as products

tigated whether the hexa- and octasaccharides are
equally susceptible as heparin, or if they are
cleaved at some intermediate rate. Tetra-
saccharides with glucuronic acid could not be
cleaved, even at high enzyme concentrations,
demonstrating that iduronic acid is an absolute
requirement for catalytic activity. Hexosamine
without 6-sulfation appears at the reducing end of
degradation products 1 and 3a (Table 7) and must
therefore be cleavable, while linkages with N-
acetylation are much less susceptible (Yang et al.,
1985; Desai et al., 1993a). It is possible, that the
N-acetylated residues of the hexasaccharides in-
hibit cleavage both at the reducing side and at the
second bond on the non-reducing side. This could
explain why N-acetylated residues are not found
in tetrasaccharides. In summary, heparinase I is
specific for linkages of the type Hygsex-Ips, in
hexa- and larger oligosaccharides (Table 8).

ii. Heparinase 1l from F. heparinum
Heparinase II, also known as heparitinase II,
is active on both heparin and heparan sulfate, with
the heparan sulfate activity being approximately
twice as high as the heparin activity (Linhardt et
al., 1990; Nader et al., 1990; Lohse and Linhardt,
1992). The distribution of products for heparinase

I1 degradation of heparin is not as well character-
ized as for heparinase I. It reflects the composi-
tion of the substrate: heparin yields predominantly
a trisulfated disaccharide (3), while heparan sul-
fate is degraded to mono- and disulfated disac-
charides (Table 9). In addition, there are a large
variety of different disaccharides present in de-
tectable amounts. Heparin that has been chemi-
cally modified by either 2-O or 6-O desulfation,
or N-acetylation is still a good substrate for
heparinase II (Moffat et al., 1991a; Desai et al.,
1993a). These findings reflect a broad substrate
specificity of heparinase II.

The main tetra- and hexasaccharide products
of heparinase I degradation were subjected to
heparinase II treatment (Linhardt et al., 1990),
and it was found that linkages with glucuronic
acid and linkages with iduronic acid are equally
good substrates. It is remarkable that this eliminase
is capable of cleaving both of the isomeric uronic
acids even though the epimerized C5 hydrogen is
being abstracted in the reaction. This is unusual
for enzymatic reactions which are normally ste-
reospecific due to the defined structure of the
enzyme catalytic site. It is an interesting question
if heparinase II has one active site specific for
iduronic acid residues and one for glucuronic acids,
or if they are somehow accommodated into one
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TABLE 8
Specificities of GAG Degrading Enzymes

Cleavable linkage® Minimum Length Mode of action
Lyases
Heparinase | .Hysex - (01,4) - bs.... n==6 Mixed
Heparinase || o Hyyex - (01,4) - Ugy.o.. Endolytic
Heparinase Il wo.Hyyex - (21,4) - G.... Endolytic
and e Hyae ~(2t1,4) - L...
Chondroitinase ABC Hyacaxex - (B1.4) - Uyt Exolytic
Chondroitinase AC wo:Huacaxex - (B1.4) - G...c Endolytic (F. hep),
mixed (A. aur)
Chondroitinase B o Hnacaxex - (B1.4) - bx.... n==56
Chondroitinase C «.Hyaces - (B1.4) - G....
Hyaluronidase «.Huae - (B1.4) - G....
Hydrolases
Platelet heparanase woday = Hyyex -G - (B; 4) - Hyy exax-- n=28 Endolytic
Tumor heparanase weelpg = Hyacex -G - ([3; ) - Hyacox- n=12 Endolytic
Keratanase | «.Hyacex-Gal - (B% 4) - Hyacexe--°
Keratanase || .Hyaces - ([3% ,3) - Galgx-Hyacss:
Hyaluronidase | wo.Hyae - (B1,4) - G....
Hyaluronidase Il .G - (B1,3) - Hyace-
B-glucuronidase G - (B1,4)/(B1,3) - Huves or ag- n=2 Exolytic
o-L-iduronidase I - (a1,4)/(a1,3) - Hyyaxex: n=2 Exolytic
B-galactosidase Gal - (B1,4)/(B1,3) - Hyacex---- Exolytic
o-N-acetylglucosaminidase Hyae (01,4) - Gyx.... n=2 Exolytic
B-N-acetylhexosaminidase Hyae (B1,4)/(B1,3) - Gy.... Exolytic
2 Y = acetylated or sulfated, X = suifated or unsubstituted.
® Chondroitinase ABC requires at least one sulfate on the galactosamine.
¢ Itis unknown if chondroitinase AC cleaves double sulfated linkages.
d

Keratanase | requires at least one 6-sulfate on the glucosamines.

TABLE 9
Products from Degradation of Heparin and HS with Heparinase 1l and Hi
Enzyme Heparinase Il Heparinase il
Substrate Heparin Heparan suifate HS
Main products Uss-Huses U-Hyaer U-Hyac
Uzs.ins U-Hys, U-Hys
U-Hys es U-Hys gs: oligosaccharides
. U'HNAc.ss
Minor products U-Hyaces Uss.Hnacss U-HNAc,6S
Uzs-Hus s Uzs.hns Uss.rinac
Ref. Linhardt et al., 1990; Ampofo et al., 1991; Silva et al., 1976; Linhardt et al.,
Moffat et al., 1991 1990; Nader et al.,

1990; Ampofo et al., 1991
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site. In summary, the susceptible linkages are
Hyy ¢x-U,x» where the uronic acid can be IdoUA
or GlcUA, the X group can be sulfated or
unsubstituted, and Y can be either sulfated or
acetylated but not free (Table 8).

ili. Heparinase lll from F. heparinum
(E.C. 4.2.2.8)

Heparinase I1I, is also known as heparitinase
I and is active only toward heparan sulfate. Nei-
ther SAX-HPLC chromatograms (Linhardt et al.,
1990), CZE electropherograms (Ampofo et al,,
1991), nor gradient PAGE (Desai et al., 1993a)
show any reaction products when heparin is incu-
bated with heparinase III. The degradation prod-
ucts from heparinase III degradation of heparan
sulfate (Table 9) are poorly sulfated (O to 1 sul-
fate/disaccharide). In a SAX-HPLC chromatogram
recorded by Linhardt’s group there are at least 8
minor peaks following the main products (Linhardt
et al., 1990). They are probably oligosaccharides
from the N-sulfated regions of heparan sulfate
(Figure 1).

Incubation of heparinase III with oligosac-
charides from enzymatic and chemical degrada-
tion of heparin and heparan sulfate showed that it
is inactive towards linkages containing iduronic
acid with or without 2-O-sulfation, but cleaved
tetrasaccharides with glucuronic acid (Silverberg
et al., 1985; Rice and Linhardt, 1989; Linhardt et
al., 1990) It is more active toward larger oligosac-
charides than toward smaller. It is active toward
oligosaccharides with N,6-disulfated or N-acety-
lated hexosamines (Rice and Linhardt, 1989;
Linhardt et al., 1990), indicating that N-sulfation
and 6-O-sulfation does not inhibit cleavage. This
is confirmed by the existence of 6-O-sulfated and
N-sulfated products after cleavage of polymeric
heparan sulfate (Table 9).

Recently, it was reported that heparin, which
had been O- and N-desulfated and N-acetylated,
could be cleaved by heparinase III producing a
non-sulfated disaccharide corresponding to 67%
of the mass of starting material (Desai et al,,
1993a). This implies that unsulfated linkages with
iduronic acid can be cleaved. The results, how-
ever, are contrary to previous results using
N-acetylated heparin, which was not cleaved to
any significant extent by heparinase III (Nader et
al., 1990).

These results show that the linkages Hy,.-I
and Hyy ¢x-G can be degraded, when Y is either
acetylated or sulfated, and when X is either sul-
fated or unsubstituted (Table 8). Shorter oligosac-
charides are less susceptible. It remains to be
determined if exhaustive cleavage leaves any tetra
or hexasaccharides, with linkages that would be
cleavable if presented in longer oligosaccharides,
like in the case of heparinase I.

iv. Effect of 3-O-Sulfation

Until recently, the analysis of substrate speci-
ficity has been based on modifications of the two
monosaccharides flanking a given linkage. It was
found, however, that three tetrasaccharides, de-
rived from the AT III binding region, are resistant
to cleavage with heparinase I, I, and III (Rice and
Linhardt, 1989; Moffat et al,, 1991b; Yamada
etal.,, 1993). NMR studies showed the generic
formula to be AU-Hy, ¢x-G-Hys ¢x 35, Where X is
either sulfated or unsubstituted (Yamada et al.,
1993). Thus, it is not only the two residues flank-
ing a bond that determines its susceptibility to
cleavage. When an uronic acid has a 3-sulfated
hexosamine on the reducing side, the bond on the
non-reducing side of that uronic acid is resistant
to cleavage. This implies that the mechanism
generating specificity at the molecular level in-
volves interaction of at least three monosaccha-
rides with the enzyme.

v. Heparinases from other Sources

The products of heparin degradation with
heparinases from Bacteroides heparinolyticus
(Nakamura et al., 1988), Bacillus sp. (Bellamy,
1990) and from an unclassified bacterium (BGhmer
et al., 1990) are consistent with those found for
degradation with heparinase I from F. heparinum.
However, heparinase from Bacteroides heparino-
Iyticus has high relative activity on heparan sul-
fate (Nakamura et al., 1988), indicating that this
enzyme, like heparinase II from F. heparinum,
may cleave residues with glucuronic acid as well
as residues with iduronic acid.

2. Chondroitinases

~ The nomenclature for the chondroitinases
originated when chondroitin 4-sulfate was called
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chondroitin A, dermatan sulfate was called chon-
droitin B, and chondroitin 6-sulfate was called
chondroitin C. Hence, chondroitinase AC, for
instance, cleaves chondroitin 4-sulfate and 6-sul-
fate but not dermatan sulfate.

Chondroitinase enzymes have been isolated
and characterized from bacteria of the genera
Arthrobacter, Flavobacterium, Aeromonas, Ba-
cillus, Bacteroides, Proteus and an unclassified
strain — possibly Aurebacterium. Chondroitinase
activity furthermore has been detected in several
other microorganisms (Salyers et al., 1977;
Linhardt et al., 1986). Chondroitinase is produced
in soil and intestinal bacteria; acidic polysaccha-
rides are released to the intestinal lumen along
with epithelial cells and provide intestinal bacte-
ria with an exclusive nutrient source. Most of the
strains must be induced by chondroitin sulfate or
dermatan sulfate in the medium (2 to 5 mg/l), and
at least two, Bacillus sp. and F. heparinum, can
grow on chondroitin sulfate as the only carbon
source (Linhardt et al., 1986). Characteristics of
the most well studied chondroitinases are summa-
rized in Tables 10, 11, and 12.

F. heparinum produces four different
chondroitinases. Separation on a Sephacryl gel
revealed the relative sizes: ABC lyase> AC lyase>
C lyase > B lyase (Michelacci et al., 1987). The
molecular weight of chondroitinase AC is claimed
to be 70 to 75,000 (Hiyama and Okada, 1976), but
a precise determination has not been published.

The chondroitinases from Aurebacterium
sp., P. vulgaris, Bacillus sp. and B. thetaiota-
micron have all been purified to single bands
on native or denaturing gel electrophoresis (Linn
et al., 1983; Sato et al., 1986; Takegawa et al.,
1991). Under reducing (SDS) conditions the
band from P. vulgaris ABC lyase separated into
two subunits of 32 and 86 kDa (Sato et al.,
1986). Two chondroitin lyases from B. theta-
iotamicron had similar molecular weight, but
there was no similarities between the tryptic
digests of the two enzymes, indicating that they
are not simply isomers of the same gene prod-
uct (Linn et al., 1983).

Chondroitinase AC from A. aurescens was
purified on a gel column, and then crystallized. It
is the only chondroitinase, for which amino acid
composition has been determined (Takegawa et
al., 1991). Compared with the average composi-
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tion of proteins (Creighton, 1993), it showed a
normal level of arginine, and half-normal content
of lysine, which is reflected in its low pI (5.5).
This is surprising since acommon motif for GAG-
binding proteins, including heparinase I, is a high
density of basic residues in the active regions
(Section II1.G).

a. Reaction Conditions

The optimal temperature of chondroitinase
ABC from Bacillus sp. in a 10-min assay is as
high as, 75°C, and only 20% activity is lost after
3 h (Bellamy, 1990). A. aurescens chondroitinase
AC also has a high optimal temperature of 50°C
(Hiyama and Okada, 1975b), while chondroitinase
B and C from F. heparinum are very heat sensi-
tive with a optimal reaction temperature around
20°C for a 4 h assay (Michelacci and Dietrich,
1976). The pH optima also varies from 5.5 for
Bacillus sp. chondroitinase to around 8 for the
F. heparinum chondroitinases. For chondroitinase
ABC from P. vulgaris, the pH optima for degra-
dation of the unsulfated chondroitin and
hyaluronate were lower (6.2 and 6.8) than the
optima for chondroitin and dermatan sulfate deg-
radation (around 8) (Yamagata et al., 1968). Thus,
optimal conditions tend to vary from cold and
basic for chondroitinase B, C, and ABC from
F. heparinum to hot and acidic for chondroitinases
from A. aurescens and Bacillus sp.

b. Kinetic Constants

The specific activity of purified chondro-
itinases ranges mostly from 10 to 100 IU/mg.
From B. thetaiotamicron, however, a purity of
433 IU/mg was obtained, while the chondroitinase
ABC from F. heparinum had an activity of only
1.5 IU/mg (Michelacci et al., 1987) and therefore,
could not be isolated properly when the
F. heparinum chondroitinases were first charac-
terized (Yamagata et al., 1968).

The K, values were most often determined
by reciprocal plots of initial rate versus substrate
concentration expressed as mole disaccharide/
liter. The K, values for chondroitinases from
P. vulgaris, B. thetaiotamicron, A. aurescens ,and
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TABLE 10

Properties of Chondroitinase ABC from Various Sources

Flavobacterium Bacteroides

Source Proteus vulgaris heparinum Bacillus sp. thetaiotamicron
Human colon

Fish gut Soil Soil Gram-negative

Characteristics

Gram-negative
cell associated

Gram-negative
cell associated

Gram-negative
secreted

inducible inducible constitutive
Molecular properties
Molecular weight 118,000 >70,000 53,000
pi
Activity
T optimum (°C) 37°C 30 °C 75-80 °C
pH optimum 7.9-8.32 5.5-6
Specific activity (1U/mg) 4.2', 382, 1173 1.5 242
382
1178
Turnover (s'')2 8.3-230 21
K., (uM disaccharide) 28
Relative initial rate
Chondroitin 4-sulfate 100% 100% 100%
Chondroitin 6-sulfate 100%32 100% 90%
60%*
Dermatan sulfate 40%? 100% 15%
34%*
Chondroitin 20%32
Hyaluronate 2%?2 0% 60%
60%*
Additives
Inhibitors Zn?+, Ca? (10 mM), Fe¥, Zn?*,Cu?*, Cu*,
Heparin POF (10 mM) Ag*, Pb?* (1 mM)
Fe3¢' Mn2¢-
Compounds with Ba?+, Co? Ca?, Mg#*, Ba?,
no effect Mn?, B-ME, DTT,
IAA, EDTA,
L-cysteine
Activators Mg?*, Mn2+
Commercially available +
Ref.b 1-5 2and 6 7

cell associated
inducible
Type /Type Il

104,000/108,000
8.0/7.9
Assays were at 37 °C

7.2/7.6
37/433

65/765
90-160 (I and Il)

100% (1), 100% (I1)
130% (1), 80% (I)

13% (1), 16% (Il

200% (), 90% (Il

10% (1), 30% (II)
Heparin

lso = 70-700 uM
disaccharide

8-10

* These values have been calculated from data in the original reference. The turnover number is calculated for
enzymes that have been purified to homogeneity.
b TSato et al., 1986, 2Yamagata et al., 1968, *Kitamikado and Lee, 1975, “Thurston et al., 1975, Nakada and Wolfe,
1961, ®Michelacci et al., 1987, "Bellamy, 1990, 8Guthrie et al., 1985, *Hwa and Salyers, 1992, '°Linn et al., 1983.

F. heparinum (chondroitinase AC) were all be-
tween 0.03 and 0.3 mM disaccharide (Thurston
et al., 1975; Hiyama and Okada, 1977; Linn et
al., 1983). Chondroitinase C from F. heparinum
had a much higher K, (20 mM); data for
chondroitinase ABC could not be fitted to a
straight line, suggesting that some mechanism

not following Michaelis-Menten kinetics was
involved (Michelacci and Dietrich, 1976;
Michelacci et al., 1987). Both of these enzymes
were investigated using substrate concentrations
above 0.5 mM, while the other lyases were sub-
jected to substrate concentrations down to at least
an order of magnitude less.
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TABLE 12

Properties of Chondroitinase-B and C from Various Sources

Chondroitinase B

Chondroitinase C

Source Flavobacterium heparinum Flavobacterium heparinum

Soil
Gram-negative
cell associated
Characteristics inducible

Molecular properties

Soil
Gram-negative
cell associated

constitutive

Molecular weight <70,000 <70,000, but larger than B iyase
Activity
T optimum (°C) 20°C 20°C
pH optimum 8 7-9
| optimum <10 mM NaCl <10 mM NaCl
Specific activity (IU/mg) 1.33, 9.17
K (LM disaccharides) 2000
Relative initial rate
Chondroitin 4-sulfate 4% 4-20%*
Chondroitin 8-sulfate 0% 100%
Dermatan sulfate 100% 0%
Chondroitin
Hyaluronate 0% 60—132%
Additives
Inhibitors Fe®+, Ba?*, Co? Fe?+, Co?*, phosphate.
Product inhibition by U-Hgg
(K, = 500 mM)
Compounds with no effect Ca? Ca?*
Commercially available +
Ret.? 1-3 2and 4

These values have been calculated from data in the original reference.
b IMichelacci and Dietrich, 1975; 2Michelacci et al., 1987; 3Yamagata et al., 1968; *Michelacci and

Dietrich, 1976.

Of the ABC chondroitinases, only the one
from F. heparinum is fully active against dermatan
sulfate. The other three have dermatan sulfate
activities (initial reaction rate) ranging from 13 to
40% of their chondroitin 4-sulfate activity.
Dermatan sulfate from pig skin and intestine con-
tain around 20% glucuronic acid (Maimone and
Tollefsen, 1990; Linhardt et al., 1991); thus, it is
possible that these chondroitinases are specific
for glucuronic acid and show lower initial rates
with dermatan sulfate as substrate due to the lower
glucuronic acid content of dermatan sulfate.

None of the chondroitinases showed any ac-
tivity toward heparin or heparan sulfate, which
are entirely 1,4 linked. This indicates, that the 1,3
linkage of chondroitin sulfate is a very strong
determinant for enzymatic activity, even though

it is the 1,4 bond of chondroitin sulfates that is
cleaved by chondroitinase.

The relative activities with the unsulfated
substrates, chondroitin and hyaluronic acid as
substrates, vary considerably. It is higher for ABC
chondroitinases with low dermatan sulfate activ-
ity, and for the AC chondroitinases, than for the
ABC chondroitinases with high dermatan sulfate
activity, and for chondroitinase B. The chondro-
itinase ABC from B. thetaiotamicron has high
activity against the unsulfated chondroitin, but
the K, for this substrate is one order of magnitude
higher than K for chondroitin sulfate, indicating
that the lack of sulfates in chondroitin makes it a
poorer substrate (Linn et al., 1983). These obser-
vations indicate that the chondroitinases in addi-
tion to degrading chondroitin sulfates are active,
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either against the unsulfated substrates or against
dermatan sulfate, but not against both.

Four of the chondroitinases (AC from
A. aurescens and F. heparinum and ABC from
B. thetaiotamicron and P. vulgaris) were inhib-
ited by other GAGs such as heparin and dermatan
sulfate (Nakada and Wolfe, 1961; Linn et al,
1983). It is striking that the dissociation constants
for the inhibitors (K;) are the same, or even 1 to
3 orders of magnitude smaller than K. Thus, the
inhibitors bind but they cannot be cleaved, sug-
gesting that the enzyme specificity is determined
by the mechanism of cleavage rather than by the
mechanism of binding. It is possible that the strong
inhibitor binding is a non-specific polyelectrolyte
phenomena due to the higher charge density of
heparin. Two observations emphasize that the
highly negatively charged heparin inhibits by bind-
ing to the enzyme: heparin binds with highest
affinity to the B. thetaiotamicron chondroitinase,
which has a rather high pl of 8. It does not have
any inhibitory effect on A. aurescens chon-
droitinase AC lyase, which has the lowest pl of
5.5 and consequently an overall negative charge
at reaction conditions (Hiyama and Okada, 1977).

Chondroitinase AC from Aurebacterium was
inhibited by the sulfhydryl reactants PCMB, IAA
and NEM, but enhanced by B-mercaptoethanol
and dithiothreitol (Takegawa et al., 1991). This
suggests that a reduced cysteine is important for
the conformation of active site or for the mecha-
nism of cleavage.

c. Substrate Specificities for F. heparinum
Chondroitinases

i. Chondroitinase ABC

Chondroitinase ABC causes the weight aver-
age molecular weight of the substrate to decrease
slowly, and no oligosaccharide intermediates were
produced when radio labeled products were moni-
tored by gel electrophoresis. Chemical modifica-
tion of the substrate termini indicated, that this
enzyme acts exclusively on the reducing end of
the GAG (Michelacci et al., 1987). These find-
ings indicate an exolytic activity. The chondro-
itinase ABC could not be modeled by Michaelis-
Menten kinetics since it is inhibited by its product
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(U-Hyacus) at 2.3 mM and possibly also by excess
substrate (Michelacci et al., 1987).

ii. Chondroitinase AC

On the other hand, chondroitinase AC pro-
duces an intermediary hexasaccharide, as well as
a tetrasaccharide that from paper chromatogra-
phy analysis seems to reach a steady level from 1
to 4 h into the reaction (Michelacci et al., 1987)
and then possibly become degraded later
(Michelacci and Dietrich, 1975). The structure of
this tetrasaccharide has not been resolved. The
molecular weight of the substrate drops signifi-
cantly at the onset of reaction. This product for-
mation indicates a predominately endolytic mode
of action.

iii. Chondroitinase B

Chondroitinase B degradation of dermatan
sulfate from various sources was analyzed with
ion exchange HPLC and yielded as main prod-
ucts: U-H,g, U-H g 65, Uss-Hes and U,g-H,g (Murata
and Yokoyama, 1987; Linhardtet al., 1991). These
disaccharides accounted for 50 to 65% of the 232-
nm absorbance while the remaining 35 to 50%
absorbance most likely originated from unidenti-
fied oligosaccharides (Linhardt et al., 1991). How-
ever, degradation of oversulfated dermatan sul-
fate isomers additionally yielded the trisulfated
disaccharide, Ujs-H g5 (Murata and Yokoyama,
1987). Thus, assuming there was no contaminat-
ing enzyme activities, chondroitinase B can cleave
bonds that contain 2-sulfate, 6-sulfate or both in
addition to the normal 4-sulfate found in most
dermatan sulfate linkages.

Degradation of pig skin dermatan sulfate for
24 h with chondroitinase B yielded 36 weight %
disaccharide U-H,;, 23% tetrasaccharides, 20%
hexasaccharides and 31% of an oligosaccharide, as
determined by paper chromatography (Michelacci
and Dietrich, 1975). The tetra- and hexasaccharides
could be further degraded by 2.5 times higher con-
centrations of B lyase, but they were resistant to
chondroitinase AC. The oligosaccharide, on the
other hand, was degradable by chondroitinase AC
but completely resistant to further chondroitinase
B degradation. The oligosaccharide was monodis-
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perse with molecular weight of 3000 and it had the
same average degree of sulfation and N-acetyla-
tion as the other products and the substrate
(Michelacci and Dietrich, 1975). It is surprising
that dermatan sulfate is resistant to chondroitinase
AC but that the dermatan sulfate-derived oligosac-
charide (31% by weight) could be degraded by
this enzyme. This suggests that the local sequence
of residues is not the primary determinant for
susceptibility to chondroitinase, and that other
factors, including distant residues of the chain,
are more important in this case. Perhaps the over-
all conformation of the isolated oligosaccharide is
different from its conformation as part of a
dermatan sulfate chain. Thus, the conformation of
substrate may be a discriminating factor for its
chondroitinase AC susceptibility.

iv. Chondroitinase C

Finally, chondroitinase C had a low but de-
tectable activity against chondroitin 4-sulfate in
addition to its primary activity against chondroitin
6-sulfate. Paper chromatography of the chondroitin
6-sulfate degradation products showed, a large
spot corresponding to the 6-sulfated disaccharide,
and some oligosaccharides left (presumably con-
taining 4-sulfated residues). The products from
chondroitin 4-sulfate degradation were small
amounts of 6-sulfated disaccharide and large
amounts of oligosaccharides. In both cases no 4-
sulfated disaccharides could be detected. This
confirms, that the enzyme is indeed specific for 6-
sulfated linkages, and that the crossreactivity with
chondroitin 4-sulfate is due to the presence of
copolymers of chondroitin 4-sulfate and chon-
droitin 6-sulfate residues (Michelacci and Dietrich,
1976).

d. Substrate Specificity for P. vulgaris
Chondroitinase ABC

There are contradictory results in the litera-
ture regarding the action pattern of chondroitinase
ABC from P. vulgaris. Using size-exclusion
chromatography, Yamagata et al. found that the
disaccharide peak rose immediately (within 10
min), and that little or no oligosaccharide inter-

mediates were formed from digestion of chon-
droitin 4-sulfate (Yamagata et al., 1968), whereas
Sanderson et al. observed equal amounts of di-,
tetra-, and hexa-saccharides after 1 to 3 h and
pure disaccharide after 31 h in a similar experi-
ment (Sanderson et al., 1989). Jandik et al. found
that the change of viscosity during the course of
reaction showed a predominately endolytic
mechanism with chondroitin 6-sulfate or
dermatan sulfate as substrates and an exolytic
mechanism with chondroitin 4-sulfate (Jandik et
al., 1994). Thus, it is unclear if the enzymatic
action pattern is exolytic or endolytic.

The final degradation products of dermatan
sulfate from bovine and porcine intestines were
determined by SAX-HPLC (Linhardtetal., 1991).
The major disaccharide was U-H,5 (~60 mol %)
but also U-Hgs, U,s-Hys, Uyg-Hgg, U-Hyg,6¢ and
U,s-H were formed (~20 mol %). This indicates a
rather broad specificity in terms of sulfation as
well as type of uronic acid.

e. Substrate Specificity for A. aurescens
Chondroitinase ‘AC

Hiyama and Okada published a series of pa-
pers clarifying the mechanisms of action of
AC chondroitinases from A. aurescens and
F. heparinum (Hiyama and Okada, 1975b; Hiyama
and Okada, 1975a; Hiyama and Okada, 1976;
Hiyama and Okada, 1977). They found that
A. aurescens chondroitinase AC cleaves more link-
ages and produces disaccharides from the start of
the reaction, compared with F. heparinum
chondroitinase AC, which does not produce dis-
accharides until late in the reaction (Hiyama and
Okada, 1976). Recently, these results were sup-
ported by GPC and gradient PAGE analysis which
showed that chondroitinase AC from A. aurescens
does not produce any oligosaccharides of inter-
mediary length during the course of reaction
(Jandik et al., 1994). Also, the viscosity of the
substrate solution drops faster when chondroitin
4-sulfate or chondroitin 6-sulfate is degraded with
A. aurescens chondroitinase AC than when they
are degraded with F. heparinum chondroitinase
AC (Jandik et al., 1994). These results indicate
that A. aurescens chondroitinase acts predomi-
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nately exolytically, while F. heparinum chon-
droitinase acts randomly endolytically.

Dermatan sulfate can be degraded to a very
low extent by chondroitinase AC. The products
account for approximately 7% of the disaccharide
linkages in dermatan sulfate, reflecting the con-
tent of glucuronic acid, and indicating this en-
zyme cleaves only linkages with glucuronic acid
(Linhardt et al., 1991; Gu et al., 1993b). There has
been no identification of the disaccharide prod-
ucts from degradation of chondroitin sulfates, the
main substrates of chondroitinase AC, indicating
that the substrate was not contaminated in these
studies.

In general, the chondroitinases show strong
preference for linkages containing either glucu-
ronic acid or iduronic acid. The activity against
dermatan sulfate on one hand and the unsulfated
chondroitin and hyaluronic acid on the other
seem to be mutually exclusive. This suggests
that two different catalytic mechanisms are uti-
lized. In one case chondroitinase interacts pre-
dominately with the sulfate groups, thus
crossreacting with dermatan sulfate that has simi-
lar sulfation as chondroitin 4-sulfate. The other
involves interaction between enzyme and the
uronic acid, leading to crossreaction with the
unsulfated polysaccharides but not with dermatan
sulfate. Several chondroitinases are inhibited by
heparin and dermatan sulfate, and the inhibitory
constants are surprisingly low compared with
K, for the substrate, which means that the en-
zyme has a high affinity for the inhibitor. Thus,
chondroitinases show high specificity with re-
spect to catalysis but low specificity with re-
spect to binding.

3. Hyaluronidases

Hyaluronidase has been isolated from bacte-
rial as well as animal sources and its activity has
been detected in a streptococcus bacteriophage.
The bacterial sources include: Propionibacterium,
Peptostreptococcus, Staphylococcus, Streptococ-
cus, and Streptomyces genera (Linhardt et al.,
1986). Hyaluronidase also can be purified from
the venom of the honey bee Apis mellifera
(Kemeney et al., 1984). The properties of these
enzymes are summarized in Table 13.
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The enzyme activity is generally not a strong
function of pH, they show a broad, slightly acidic
optimum (Vesterberg, 1968; Tam and Chan, 1985;
Hamai et al.,, 1989). The S. dysgalactiae and
Peptostreptococcus sp. derived hyaluronidases
have turnover numbers (mole products/mol en-
zyme/second) that are orders of magnitude higher
than any other polysaccharide lyase described in
this review. These two observations suggest some
fundamental difference in the mechanism of cleav-
age.

The Peptostreptococcus sp. hyaluronidase has
low activity toward chondroitin 4-sulfate and
chondroitin 6-sulfate and it was completely inac-
tive toward dermatan sulfate and heparin (Tam
and Chan, 1985). The K, value based on disac-
charides is 0.3 mM for hyaluronic acid, but higher
(3 to 6 mM) for the chondroitin sulfates (Tam and
Chan, 1985). Hyaluronic acid is completely de-
graded to disaccharides after 24 h, as determined
by gel chromatography. This is different from the
testicular hyaluronate hydrolase, which produces
multiple intermediates and leaves tetra- and
hexasaccharides after 24 h degradation (Yamagata
et al., 1968; Tam and Chan, 1985).

Two isomeric forms of the hyaluronidase from
Staphylococcus aureus were found by isoelectric
focusing, one at pI 7.4 (A) the other at 7.9 (B).
During cultivation, and after storage, form A could
be converted to B, indicating they are the same
gene product modified differently (Vesterberg,
1968). This hyaluronidase was inhibited by 10
mM iodoacetic acid (IAA), but not influenced by
cysteine, NEM, or EDTA. The inhibition by IAA
indicates cysteine residues are involved in the
mechanism. It is surprising that EDTA, which
chelates calcium strongly, does not affect the re-
action because the structure of hyaluronic acid is
highly influenced by calcium (Section IILE).

Greiling and co-workers studied hyaluronidase
from a Streptococcus Group A bacterium and
found that photo oxidation eliminated enzymatic
activity and destroyed all histidine residues as
well as some lysine and methionine (Greiling et
al., 1975). Incubation with histidine-specific re-
agents (TLCK and TPCK) reduced activity to
50%. The authors suggested a model in which a
histidine residue acts as a general acid-base cata-
lyst, thereby extracting a proton from the uronic
acid, and eliminating the glycosidic bond.
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B. Hydrolases

The natural metabolism of GAGs in animals
is carried out by hydrolases. Generally the GAGs
are degraded in a two step procedure (Hopwood,
1989; Kresse, 1989; Roden et al., 1989) (Table 14).
First, the proteoglycans are internalized in
endosomes where an initial depolymerization of
the GAG chains takes place. This step is mainly
endolytic and yields oligosaccharides. Further
degradation is carried out after fusion with lyso-
somes, a more acidic compartment of the cell,
where desulfation and exolytic depolymeriza-
tion to monosaccharides take place. The sulfa-
tase enzymes have been reviewed by Hopwood
(Hopwood, 1989) and are not included here. In
addition to the animal sources, a number of plants
and microorganisms also produce GAG hydro-
lases.

Unlike the unsaturated products of elimina-
tive cleavage, the degradation products from hy-
drolysis of GAGs do not absorb UV light and
radioactive labels and chemical assays for uronic
acid must be used to quantitate the products. This
introduces ambiguity in the definition of activity
units that are often impossible to correlate to moles
of cleaved bonds.

1. Heparin Hydrolases

Endo-B-p-glucuronidases called heparanases
have been found in platelets, T- and B-lympho-
cytes, macrophages, malignant tumor cells, fibro-
blasts and rodent ovarian cells (Nakajima et al.,
1984; Savion et al., 1987; Rosenberg, 1989;
Godder et al., 1991; Laskov et al., 1991; Matzner
et al., 1992; Bame, 1993). Heparanases that are
either constitutively expressed and secreted from
tumor cells or stored intracellularly in circulating
cells from which they can be released on stimula-
tion have been studied most extensively
(Vlodavsky et al., 1992). The presumed function
is to degrade the extracellular matrix to facilitate
extravasation from capillaries or tumor growth
expansion. These heparanases are generally more
active towards heparan sulfate than toward hep-
arin. They cleave the (f1,4) linkage at the non-
reducing side of glucosamine residues. Both plate-
let and tumor (melanoma)-derived heparanases
are specific for linkages with glucuronic acid
(Oosta et al., 1982; Nakajima et al., 1984;
Nakajima et al., 1986), but they have subtle dif-
ferences in specificity and product profile.

Platelet heparanase is a single chain molecule
with molecular weight of 134 kDa and a broad pH

Depolymerizing Enzymes of Animal Metabolism of GAGs

TABLE 14

Degradation step Enzyme

Initial Heparanase
Hyaluronidase

Endo-galactosidase?
Subsequent B-glucuronidase
o-L-iduronidase

B-galactosidase

Substrates

Heparin, HS
Hyaluronic acid,
chondroitin sulfate,
dermatan sulfate
Keratan sulfate
HS, chondroitin suifate
Heparin,
dermatan sulfate
Keratan sulfate

B-N-acetylhexosaminidase  Hyaluronate,

keratan suifate,
chondroitin sulfate,
dermatan suifate

o-N-acetylglucosaminidase  Heparin, HS

2 Presumably, an endo-galactosidase initially depolymerizes keratan sul-
fate, but its general importance in animals has not been definitively

proven.
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optimum for activity of 5.5 to 7.5 (Oosta et al.,
1982; Rosenberg, 1989). The degradation of both
heparan sulfate and heparin yields hexasaccharides
and larger oligosaccharides as final products
(Wasteson and Westermark, 1976; Wasteson et
al., 1977). Inspection of the degradation products
indicated that only linkages with glucuronic acid
are cleaved (Oosta et al., 1982). There does not
seem to be any restrictions on the residues to the
non-reducing end of the cleaved linkage. It can be
either N-acetylated, N-sulfated, or 2-sulfated on
IdoUA (Table 8). Thunberg and co-workers incu-
bated platelet heparanase with an AT III binding
octasaccharide and found that even this small
saccharide can be cleaved, and that 3-sulfation of
a glucosamine on the reducing side of a bond does
not impair its susceptibility (Thunberg et al., 1982).

Tumor heparanase was investigated using
melanoma cell extracts from mice and humans
(Nakajima et al., 1984; Nakajima et al., 1986).
There was no activity toward keratan sulfate,
hyaluronic acid, or chondroitin 4-sulfate and only
10 to 20% of chondroitin 6-sulfate and heparin
was mobilized from the original spot in a gel
chromatogram. The pH optimum was slightly more
acidic than for the platelet heparanase, but this
could be an effect from the residual cell extract.
Heparin was a potent inhibitor of the activity of
heparanase toward heparan sulfate.

The melanoma derived heparanase has in-
creased activity toward an N-acetylated heparin,
and reduced activity toward an O-desulfated
heparan sulfate (Nakajima et al., 1986). A
mastocytoma-derived heparanase requires
O-sulfation to be fully active, probably at the
2-position of iduronic acid (Thunberg et al., 1982).
These enzymes cannot degrade an octasaccharide
derived from the AT III binding region, and they
do not destroy the anticoagulant activity of hep-
arin (Thunberg et al., 1982). This indicates that
3-O-sulfation of glucosamine inhibits reaction.
For heparanases from mouse and human melano-
mas, the degradation products are quite large, and
the profiles are identical. Intermediary products
of 10 to 20 kDa were reduced to 5 to 6 kDa after
6 h incubation (Nakajima et al., 1984; Nakajima
et al., 1986). This degradation pattern also was
found for heparanase from rat ovarian cells
(Hopwood, 1989; Yanagishita, 1989).

Thus, the platelet heparanase has broad speci-
ficity and leaves small oligosaccharides, while
the tumor heparanases are specific for linkages
with N-acetylation and 2-sulfation of adjacent
iduronic acids, and their products are larger oli-
gosaccharides (Table 8). This may reflect the dif-
ference between the cellular origin of these en-
zymes: platelets and other circulatory cells release
heparanase in response to certain stimuli, while
tumor heparanases are constitutively secreted in
pathological situations.

2. Keratanases

Inasmuch as keratan sulfate does not have
any uronic acid, the eliminase reaction is not pos-
sible, and hydrolases are the only enzymes depo-
lymerizing this GAG. The keratanases can cleave
either at the 1,3 linkage at the reducing side of
the hexosamine, like the lyases, or at the 1,4
linkage at the non-reducing side of the hexosamine
(Table 8).

An endo-f-p-galactosidase that can depoly-
merize keratan sulfate has been detected in the
kidney, but it has not been established if this
enzyme has a general metabolic function (Kresse,
1989). Three types of microbial keratanases have
been purified (Table 15). Bacteroides fragilis and
Flavobacterium keratolyticus produce the enzyme
constitutively, while Escherichia freundii,
Pseudomonas sp. and an unclassified bacterium
must be induced by keratan sulfate. A review by
Nakazawa et al. (Nakazawa et al., 1989) incorpo-
rates many non-published observations on the
properties of these enzymes.

a. Endo-B-galactosidase and Keratanase |

(B1-4)

The endo-B-galactosidase and keratanase I
both cleave B-1,4 linkages, but differ in their
specificity for sulfation pattern. Endo--galactosi-

dase from three different bacterial sources seem .

to have identical pH optimum and specificity, as
indicated in Table 15 (Scudder et al., 1986;
Nakazawa et al., 1989).

On degradation of bovine keratan sulfate with
keratanase I or endo-f-galactosidase, gel-chro-
matography showed that 75 to 80% of the galac-
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TABLE 15

Bacterial Keratanases and their Substrate Specificities

Endo-B-galactosidase

Source E. freundii,

F. keratolyticus,
Commercially available
pH optimum 5.8
Specificity HNM'GX-GaI:THZY,BX

Keratanase | Keratanase i
Pseudomonas sp. Unclassified bacterium
+
7.4

HNAc.ax'Gal'HNAc.ss HNAc.ss‘Galax'HNAc.es

or
HNAc,ss'Ga|+HNAc,sx

Note: X is unsubstituted or sulfated; Y is unsubstituted or N-acetylated.

tose residues were found in smaller oligosaccha-
rides (n <10) (Kresse, 1989; Nakazawa et al.,
1989). The main degradation products were a
monosulfated disaccharide (Hg-Gal), and a
trisulfated tetrasaccharide (Hg-Galgs-Hgs-Gal)
identified by negative ion FAB mass spectros-
copy. Shark keratan sulfate, which has a higher
degree of sulfation, was less susceptible but the
degradation increased when this keratan sulfate
was desulfated chemically (Nakazawa et al., 1989).
These observations indicate that sulfation of ga-
lactose impairs the cleavage with both of these
enzymes.

Keratanase I reached optimal activity when the
degree of sulfation was around one per disaccha-
ride. Endo-B-galactosidase, on the other hand, be-
came even more active when the substrate was
desulfated to less than one sulfate per disaccharide
and produced an unsulfated disaccharide from the
desulfated keratan sulfate (Nakazawa et al., 1989).
Furthermore, fractions of the oligosaccharides from
keratanase 1 degradation could be degraded by
endo-B-galactosidase. This yielded two different
disaccharides: Hgs-Gal and H-Gal. Thus, the dif-
ference between the two enzymes is that keratanase
I requires sulfation of one of the glucosamine resi-
dues adjacent to the galactose of the cleaved link-
age. From these studies, however, it cannot be
inferred whether it is the glucosamine on the re-
ducing side or the one on the non-reducing side
which must be sulfated, or if it can be either.

Endo-B-galactosidase has a broad specificity.
Unlike keratanase I, it also degrades various
glycosphingolipids with linkages like Glcy, -Gal-
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Glc, and the unsulfated Gal-Glcy,. linkages of
erythroglycan (Nakagawa et al., 1980). However,
a linkage becomes resistant to cleavage by isomer-
ization of the glucosamine to galactosamine on
the non-reducing side. Thus, the sequence Galy -
Gal-Glcy,, is resistant to cleavage.

b. Keratanase Il

Keratanase II cleaves B1,3 linkages on the
non-reducing side of both 6-sulfated and non-
sulfated galactose residues. The highly sulfated
shark cartilage keratan sulfate could be degraded
by this enzyme to di- and tetrasaccharides com-
prising 80% of the galactose residues from the
original substrate (Nakazawa et al.,, 1989). Bo-
vine corneal keratan sulfate yielded two distinct
disaccharides, one monosulfated at the glu-
cosamine residue and one disulfated (Nakazawa
et al., 1989).

3. Hyaluronic Acid Hydrolases

Two classes of hyaluronic acid hydrolases
have been isolated. Type 1, also called testicular
hyaluronidase (EC 3.2.1.35), cleave on the non-
reducing and type II, leech hyaluronidase (EC
3.2.1.36), on the reducing side of glucuronic acid
(Table 8). The testicular hyaluronidase also is
active towards chondroitin and dermatan sulfates,
and it has a transglycosylation activity that can
transfer a disaccharide residue between two oli-
gomers (Roden et al., 1989).
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Both enzymes yield a series of oligosaccha-
rides from 1 to 23 disaccharide units (Fransson,
1985; Fransson et al., 1990) after short reaction
times of 2 min. Testicular hyaluronidase forms
many oligosaccharide intermediates and no dis-
accharides early in the reaction. The end product
after exhaustive degradation is a mixture oligosac-
charides with tetra- and hexasaccharides being
the main products (Yamagata et al., 1968; Tam
and Chan, 1985). This indicates a random endolytic
activity with low affinity for small oligosaccha-
rides.

Studies with radiolabeled oligosaccharides
revealed that the catalytic site of testicular hyalu-
ronidase binds a decasaccharide and cleaves be-
tween residue 4 and 5 from the non-reducing end
(Highsmith et al., 1975; Matheson and McCleary,
1985). Also, when the hexasaccharide (GIcUA-
GlcNAc), was treated with testicular hyalu-
ronidase, the products included tetra and
octasaccharides but no disaccharides (Highsmith
et al., 1975). This suggests that transglycosidase
activity can affect the product profile significantly.

4. Exo-glycosidases

The exo-glycosidases act on the non-reduc-
ing end of the oligosaccharide substrate. Five
enzymes belong to this category: B-glucuronidase
(EC 3.2.1.31), o-L-iduronidase (EC 3.2.1.76),
B-galactosidase (EC 3.2.1.23), B-N-acetylhexo-
saminidase (EC 3.2.1.52), and o-N-acetyl-
glucosaminidase (EC 3.2.1.50). Their pH optima
ranges from 4 to 6, reflecting that they are adapted
to work in an acidic intracellular environment
(Kresse and Glossl, 1987; Hopwood, 1989). The
specificities of the exo-glycosidases are illustrated
in Table 8.

The two uronidases are specific for the
anomeric conformation of the link they cleave
(cor B), and it is remarkable that they do not
discriminate between a 1,4 link as in heparan
sulfate or a 1,3 link as in dermatan sulfate. These
are the only two enzymes described in this re-
view, which can cleave members of both the he-
parin/heparan sulfate and chondroitin/dermatan
sulfate families of GAGs. Also the strict exolytic
activity and specificity for de-sulfated terminal
residues at the non-reducing end distinguish them

from other GAG depolymerizing enzymes. It is
likely that conformational freedom of the termi-
nal residue makes it possible for both 1,4 linked
and 1,3 linked uronic acids to fit in the active site
of the enzyme. More restricted structures of the
internal uronic acids may prevent endo-lyases and
endo-hydrolases from crossreacting with both
heparin-like and chondroitin sulfate-like polysac-
charides.

C. Main Characteristics of GAG-
Depolymerizing Enzymes

The literature on GAG depolymerizing en-
zymes has focused on the specificity of enzy-
matic activity on heterogeneous substrates in ad-
dition to characterization of molecular properties
and optimal reaction conditions.

There has been much interest in the electro-
static properties of lyases because the GAG sub-
strates have a very high negative charge density.
Heparinases usually have plI around 9, but
heparinase I from Bacillus sp. and chondroitinase
AC from A. aurescens have low pl around 6. This
demonstrates that the overall charge of the en-
zyme not necessarily has to complement the charge
of the substrate. For heparinase I the high plI often
is explained by the high lysine content of 11%
(Lohse and Linhardt, 1992). However, heparinase
IT and III have the same lysine and arginine con-
tent as Bacillus sp. heparinase and yet 3 units
higher pI. Thus, one most be cautious in interpret-
ing results of chemical amino acid analysis, which
does not provide the content of negatively charged
amino acids. This information can only be ob-
tained from gene sequencing.

The reaction kinetics can be complicated. Even
though the data can be fitted to a straight line in
a Lineweaver-Burk plot of a narrow concentra-
tion range, the kinetics may change considerably
with larger changes in substrate concentration,
reflected in the large discrepancies in K, found
for heparinase I (Yang et al.,, 1985; Rice and
Linhardt, 1989; Lohse and Linhardt, 1992). The
kinetics of hyaluronidases differ in two aspects
from the general picture. They are not as sensitive
to pH changes as other lyases and although most
lyases have turnover numbers around 15 to 200 s~
', two hyaluronidases have values several orders
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of magnitude higher (Tam and Chan, 1985; Hamai
et al., 1989).

The mechanisms of catalysis have mainly been
elucidated through product analysis. Separation
techniques for analysis have evolved from paper
chromatography, gel chromatography, and gel-
electrophoresis to HPL.C and CZE. Similarly, the
methods of identifying the various peaks have
evolved from chemical analyses that had poor
recovery for sulfated GAGs, to 1D-NMR of dis-
accharides and 2D-NMR of di-, tetra-, and
hexasaccharides (Linhardt et al., 1992b). Recently,
mass spectroscopy has shown promise for identi-
fication of higher oligosaccharides (Juhasz and
Biemann, 1994).

Only heparinase I from F. heparinum has been
studied by all of these techniques. Around ten
peaks in the degradation spectrum have been iden-
tified and quantified, revealing hitherto unknown
degradation products (Linhardt et al., 1992a).
Products from cleavage of heparan sulfates with
heparinase II and IIl have been separated by
SAX-HPLC, and the disaccharide products char-
acterized (Desai et al., 1993b). However, the
amount and composition of intermediate and final
oligosaccharides have not been elucidated. The
information on heparinases from other strains is
sparse, but the large difference in pl between
F. heparinum and Bacillus sp. heparinases sug-
gests that also the mechanism may be different.

There seem to be two classes of chondro-
itinases, with two different catalytic mechanisms,
interacting predominately with either the sulfate
groups, or the uronic acid. Catalysis is specific,
such that bonds with different sulfate groups or
uronic acids are not cleaved, but binding seems to
be less specific because inhibitors that are not
cleaved themselves bind with high affinity (Linn
et al., 1983).

The substrate specificity of the enzymes has
generally been based on the modification patterns
on the two monosaccharides closest to a particu-
lar linkage. The susceptible linkages are summa-
rized in Table 8. Specificity is primarily deter-
mined by the sugars and linkages of the repeating
unit, while there are some cases where specific
sulfation pattern is governing. Recently, however,
it was realized that the sulfation pattern of resi-
dues further away from a linkage also could be
determinants for its susceptibility (Yamada et al.,
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1993). It was shown that when an uronic acid has
a 3-sulfated glucosamine on the reducing side, the
bond on the non-reducing side of that uronic acid
is resistant to cleavage by heparinase I, II, and III.
This implies that the mechanism generating speci-
ficity at the molecular level involves interaction
of at least three monosaccharides with the en-
zyme.

Heparinase Il and chondroitinase ABC are
remarkable enzymes since they cleave linkages
with iduronic acid as well as linkages with its
isomer, glucuronic acid. Also, B-glucuronidase
and o-L-iduronidase can cleave both 1,4 and 1,3
linkages between the hexosamine and the uronic
acid. It would be interesting to elucidate the mo-
lecular design of these enzymes, which cleave
such diverse substrates, whereas all other GAG
degrading enzymes are specific for one uronic
acid and one type of linkage.

D. Enzyme-Substrate Interactions

The discussion in the previous sections sug-
gest modeling the enzyme-substrate interaction in
binding and catalysis to elucidate the mechanism
of GAG degradation. The first studies of such
interaction at a molecular level between a GAG
and its degradative enzyme were made possible
by cloning and sequencing heparinase I from
F. heparinum (Sasisekharan et al., 1993).

1. Molecular Model for Heparin-
Heparinase Binding and Catalysis

Cloning and expression of heparinase I has
led to improved understanding of the mechanisms
of heparinase binding and activity. The heparinase
I gene from F. heparinum was cloned and se-
quenced, and the protein product expressed and
purified from E. coli (Sasisekharan et al., 1993;
Emnst et al., 1995). The region of amino acids 196
to 213 contains two sequential consensus se-
quences for heparin binding (Sasisekharan, 1991).
Cardin and Weintraub originally suggested the
two consensus sequences for heparin binding:
X-B-B-X-B-X and X-B-B-B-X-X-B-X, where X
is any hydrophilic amino acid and B is a basic
amino acid (Cardin and Weintraub, 1989). From
cyanogen bromide and tryptic digests of heparinase
I, peptides were isolated that bound specifically
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to heparin and not to chondroitin sulfate. These
peptides were sequenced and found to include
amino acids 196 to 221, consistent with the con-
sensus sequence hypothesis (Sasisekharan et al.,
1995a). A peptide (HBP1) identical to the con-
sensus sequences (196-213) was synthesized
(Sasisekharan et al., 1995a), and shown to bind to
heparin dodecasaccharides.

Sulfhydryl derivatization with p-chloro-
mercuribenzoate (PCMB) and iodoacetic acid
(IAA) impaired the activity of the enzyme but not
the heparin-binding properties (Sasisekharan et
al., 1995a; Sasisekharan et al., 1995b). Thus, at
least one cysteine residue is essential for the cata-
lytic activity. Subsequent tryptic digestion revealed
that the derivatized peptide contained amino ac-
ids 133 to 167 and that cys 135 therefore is part
of a catalytic site (Sasisekharan, 1991). It was
further confirmed that the catalytic site is charge
dependent, since the neutral reagents N-ethyl-
maleimide (NEM) and iodoacetamide were not
inhibitory (Sasisekharan et al., 1995b). Substi-
tuting cysteine 135 with alanine completely abol-
ished activity, while some activity was retained
after substitution with serine, confirming the
intricate involvement of this residue in the cata-
lytic site as a possible nucleophile (Sasisekharan
et al., 1995b). Eliminative cleavage is believed
to involve proton abstraction from CS5 of iduronic
acid (Linhardt et al., 1986). The thiol group of
cysteine normally has a pKa of 8.35 (Fersht,
1985), indicating that it will be fully protonated
at the pH optimum for heparinase I of 7. It is
possible, however, that a positively charged en-
vironment from nearby lysines or arginines will
tend to keep the thiol group negatively charged
(i.e., lowering its pKa) so that it can act as a base
for proton abstraction. This theory is supported
by kinetic studies which showed a comparable
rate constant for inactivation of cysteine 135 by
IAA at pH 6.5 and 8.5, indicating that the effec-
tive pKa of cysteine 135 is around or below 6.5
(Sasisekharan et al., 1995b). Further, a heparinase
I mutant with alanine replacing histidine 203 from
the heparin binding region was inactive, indicat-
ing that this residue is close to the scissile bond
during catalysis (Sasisekharan et al., 1995a).

These experiments have shown that heparinase
I has a binding site homologous to those of sev-
eral mammalian heparin binding proteins, and a

catalytically active cysteine 135. These two func-
tional sites in the primary sequence appear to be
brought in close proximity in the folded protein,
such that the basic heparin binding region pro-
vides a positive microenvironment for the cata-
lytically active cysteine 135, in addition to comple-
menting the charge of the substrate.

2. Three-Dimensional Structure of
Pectate Lyase

The structures of GAG degrading enzymes
have not been solved. Recently, however, the crys-
tal structure of the pelC pectate lyase from
E. chrysanthemi expressed in E. coli was solved
(Yoder et al., 1993a). The structure revealed a
novel super secondary motif, a “B-helix,” which
is a coil of 22 residues per turn, and 0.22 A rise
per residue (Cohen, 1993; Yoder et al., 1993b)
(Figure 7). In this structure, the flanks of the
spiral can interact as parallel B-strands through
hydrogen bonds. The interior of the spiral is occu-
pied by side chains, among which a series of
asparagines in six consecutive turns form a lad-
der. Calcium is necessary for pectate lyase activ-
ity and the crystal structure provides a possible
binding site for calcium at the exterior of the helix
(Yoder et al., 1993a; Yoder et al., 1993b). This
site is in a groove on the surface which can ac-
commodate a dodecagalacturonate, as suggested
by computer docking of enzyme and substrate.
The immediate surroundings of the calcium site,
consisting of the charged groups asp-170, lys-172
and arg-218, are strongly conserved in a series of
pectate lyases (Hinton et al., 1989) making it a
very likely candidate for a catalytic site.

This is the first structure of a polysaccharide
lyase; the structures of pectate lyase E from
E. chrysanthemi (Yoder et al., 1993b) and pectate
lyase from Bacillus subtilis (Pickersgill et al.,
1994) were subsequently solved and found to be
similar to the B-helix structure of pectate lyase C.
It is inviting to speculate that this B-helix motif
may be shared by other GAG lyases, thus serving
as a model for these. However, the sequence ho-
mology between pectate lyase and heparinase I is
too low for direct homology modeling. The in-
volvement of calcium in the putative catalytic
site suggests that this cation plays a cructal role
not only for the secondary structure of pectate
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FIGURE 7. Ribbon diagram of the three-dimensional
structure of pectate lyase C from E. chrysanthemi. The
putative catalytic site with a calcium binding site is indi-
cated with an arrow. Reprinted with permission from Yoder
et al., 1993a, Science, 260: 1503-07. Copyright 1993
American Association for the Advancement of Science.

(Rees et al., 1982), but also for interactions with
the pectate lyase. Various GAG lyases are de-
pendent on calcium, but it is generally not known
if this is due to substrate effects or if calcium is
also involved in the interaction between GAGs
and their lyases. In the case of heparinase I from
F. heparinum, the presence of homologous cal-
cium binding domain (residue 206 to 213) as
part of the heparin binding region suggests a
temary interaction between enzyme, substrate
and calcium (Sasisekharan et al., 1995a). It is
interesting to note that while heparinase II, which
has the broadest substrate specificity of the
heparinases from F. heparinum, is inhibited by
calcium, the relatively more specific haparinases
I and III have been reported to be activated by
calcium. It is possible that calcium is an impor-
tant determinant of specificity of the heparinases
from F. heparinum.
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E. Mechanism Behind Product Profile

Functional domains of GAG degrading en-
zymes include binding domains and catalytically
active sites. These sites interact with multiple
residues of the GAG and lead to cleavage of a
glycosidic bond.

1. Kinetic Model for Heparin
Degradation

Heparinases specifically recognize certain
linkages in heparin (Section III.A.1). This can
have an implication for the kinetics of degrada-
tion of polymeric heparin; do heparinases de-
grade cleavable linkages with equal probability or
is there a propensity to initiate heparin degrada-
tion at certain points?
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From the detailed data on product distribu-
tion presented in Table 7, a new understanding of
the mechanism of cleavage with heparinase I has
emerged. Previously, it was believed that
heparinase acted endolytically rather than
exolytically and that selection among the cleav-
able linkages was random (Linhardt et al., 1982;
Linhardt et al., 1985). When it was realized that
tetrasaccharides 4 and 6 consist of cleavable link-
ages “trapped” in a short oligosaccharide, the ra-
tio of these tetrasaccharides to the final disaccha-
rides could be used to refute this random endolytic
model (Cohen and Linhardt, 1990). Also, disac-
charide 3 is formed from the very beginning of
the reaction, indicating a mechanism that is at
least partially exolytic (Rice and Linhardt, 1989).
Cohen and Linhardt proposed a rule-based model
that was in better agreement with the data (Cohen
and Linhardt, 1990). Cleavage takes place either
at the nonreducing end of a chain or at the reduc-
ing end of one of the main products resistant to
heparinase I (disaccharide 1, tetrasaccharide §
and hexasaccharide 8). In the model, the probabil-
ity of cleavage at each of these sites was propor-
tional to their occurrence. This proposed mecha-
nism suggests a processive sequence of action
where the enzyme recognizes ‘hot spots’ (i.e., the
reducing end of non-cleavable linkages) and ini-
tiates degradation, cleaving the same chain sev-
eral times in the direction of the reducing end
before it releases and finds a new ‘hot spot’. In a
separate study, Linhardt found that oligomeric
intermediates (hexa- to decamers) each contained
exactly one resistant residue (Linhardt et al,,
1988a); this observation further supports the
model. One inconsistency was found by observ-
ing the weight average molecular weight during
the course of reaction; this decreased more slowly
than predicted by the model when the reaction
was from 0 to 20% completed (Cohen and
Linhardt, 1990).

2. Product Profiles During Reaction

The evolution of the product profile with time
is a valuable source of information on the enzy-
matic mechanism. Unfortunately, only a few of
these kinetic profiles have been published for the
GAG lyases and hydrolases (Figure 8) (Michelacci

etal., 1987; Rice and Linhardt, 1989). The imme-
diate rise in disaccharide products from the initia-
tion of reaction for both heparinase I and
chondroitinase ABC suggest an exolytic action.
For heparinase 1, however, the result is ambigu-
ous, since the viscosity of the solution drops im-
mediately after onset of reaction, indicating that
the chain length is quickly reduced by endo-cleav-
age (Jandik et al., 1994). The slight S-shape of the
disaccharide profile from chondroitinase AC from
F. heparinum and the significant amount of
tetrasaccharides produced indicate a predomi-
nantly endolytic activity, supported by the identi-
fication of various longer oligosaccharides gener-
ated during the reaction (Jandik et al., 1994).

The ambiguity in the interpretation of
heparinases exo- or endolytic activity also can be
found among the alginate and pectate lyases.
Detailed product profile kinetics have been pub-
lished for these enzymes (Preston and Rice, 1991;
Preston et al., 1991; Preston et al., 1992). Because
the repeating unit in alginate and pectate is a
monosaccharide, the degradation products can
have both even and uneven number of monosac-
charides. Three types of profiles are reproduced
in Figure 9:

In profile type I, many oligosaccharides are
formed, some are degraded late in the reaction,
and di- and trimer products have S-shaped pro-
files (Figure 9a). This seems to be an endolytic
cleavage pattern.

The type II profile shows an early formation
of trimers and short oligomers but only very brief
appearance of longer oligomers. The penta- and
hexamers are later degraded thereby causing a
delayed formation of dimers (Figure 9b). This
indicates a mixed type of endolytic/exolytic cleav-
age, in which intermediate size oligomers are rap-
idly degraded to trimers.

Finally, the profile type III shows an immedi-
ate steep rise in the smallest fragment (dimer),
small amounts of shorter oligomers formed, and
no larger oligomers detectable (Figure 9c). This
seems to be a sort of exolytic mechanism, how-
ever, it is surprising that tetra- and pentamers but
not trimers are present in the product profile.
Thus, it is likely that the mechanism is more
complicated than merely exocleavage producing
small oligomers. Transglycosylation is one pos-
sible mechanism for generating a product profile
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FIGURE 8. Product profiles for heparinase and chondroitinases. Data replotted with permission

(Rice and Linhardt, 1989; Michelacci et al., 1987).

in which a certain oligomer appears to be missing. Some polysaccharide lyases have a dual
In this respect it is interesting to note that for mechanism of action. They can both cut
testicular hyaluronidase, transglycosylation activ- endolytically to rapidly reduce the viscosity and
ity could transform hexamers to tetramers and produce higher oligomers. They also can cut

octamers (Highsmith et al., 1975).
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exolytically in these newly formed oligomers such
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FIGURE 9. Product profiles for pectate and alginate lyases. The numbers indi-
cate the number of monosaccharide residues in the product. Moles of product was
determined by UV spectroscopy. A: Product profile type 1. B: Product profile type
Ii. C: Product profile type ll. See text for discussion of product profiles.

that the small dimeric/trimeric products are gen-
erated early in the reaction.

A simple model, presented in Figure 10, can
explain why oligomers of certain intermediate
sizes are specifically cleaved exolytically. Con-

sider a putative active site with affinity for n
residues; each having an intrinsic binding energy,
as defined by Jencks (Jencks, 1981), of AG, (free
energy/residue). This intrinsic binding energy
corresponds to the increase in binding energy
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FIGURE 10. Model to explain the mixed endo/exolytic activity which has been
observed for GAG lyases as well as for alginate and pectate lyases.

between an oligosaccharide with X-1 residues
and one with X residues. For an unmodified GAG
such as hyaluronic acid, there is only one value of
the binding energy for each subsite. For the modi-
fied GAGs such as heparan sulfate, there will be
a different binding energy for each combination
of subsite and modified disaccharide residue.
Assume there is a stereochemical constraint such
that the contribution of an extra residue (position
‘0’ or ‘n+1’") is positive, counteracting binding.
Thus, an oligomer of n residues fits exactly, while
longer oligosaccharides will bind less tightly. This
mechanism will favor cleavage of an oligomer
with n residues instead of the endolytic cleavage
of an oligosaccharide with more than n residues.
Depending on the position of the scission site, the
values of AG; for the individual binding sites and
the values of AG, and AG,,,, this model can po-
tentially explain the different product profiles
illustrated in Figures 8 and 9. The assignment of
binding energies must be done by fitting the model
to experimental results.

This approach of assigning binding energies
to each site has been applied to starch-degrading
enzymes (Allen, 1980); a-amylase from Bacillus
amyloliquefaciens acts endolytically with prefer-
ence for the reducing end of amylose. A computer
simulation of the product profile showed that a
binding pocket, which could accommodate ten
saccharide residues with positive AG assigned to
site number ten was in good agreement with the
experimental data (Torgerson et al., 1979;
MacGregor and MacGregor, 1985).

Another model to explain the mixed endo/
exolytic cleavage was proposed for porcine pan-
creatic a-amylase: by measuring relative amounts
of degradation products from a defined substrate,
it was established that each substrate molecule is
attacked multiple times by the enzyme during one
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encounter. Partial enzyme-substrate binding al-
lows one of the oligosaccharide products of the
first attack, to “slide” along the binding site and
bind in position for a new attack (Robyt and
French, 1970; Ward and Moo-Young, 1989). For
cleavage of GAGs by lyases, it is possible that the
different stereochemistry of the carboxyl group in
an unsaturated uronic acid formed by lyase cleav-
age will enhance the binding affinity to the non-
reducing end, thus favoring repeated exolytic
cleavage of the same chain.

To fully understand these enzymatic mecha-
nisms, one needs to investigate the molecular
interactions between the enzyme and the sub-
strates that lead to favorable binding energies and
that bring the catalytically active groups in close
contact to the relevant bond. Because some GAGs
are heterogeneous polymers, it is important to
consider the effect of variations in primary and
secondary structure within a chain for binding to
and cleavage by enzymes.

IV. SUMMARY

Biopolymer degrading enzymes can be di-
vided in two classes: those that degrade homopoly-
meric saccharides such as cellulose, starch or
chitin, and those that are highly site-specific and
degrade heterogeneous, template-synthesized
polymers such as proteins and nucleic acids. The
GAG depolymerizing enzymes include character-
istics of both of these classes. The substrate is
heterogeneous, and the enzymes recognize spe-
cific residues as is the case for proteases and
endonucleases. On the other hand, the substrates
are not synthesized from a template; thus, the
primary sequence shows higher variability than
for a protein or a nucleic acid.
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This sequence variability is one of the major
problems of GAG and proteoglycan biochemis-
try. It has hampered many attempts to sequence
GAG:s or even to determine the average composi-
tion. On the contrary, the enzymes that degrade
GAG can be studied by all the validated protein
techniques of biochemistry and molecular biol-
ogy. This offers a window of established tech-
niques through which the biochemistry of GAGs
and its physiological implications may be inves-
tigated.

Four different approaches to elucidate en-
zyme-GAG interactions have been fruitful re-
cently. Thorough characterization of products
formed by enzymatic cleavage, cloning, sequenc-
ing and recombinant expression of heparinase I,
detailed studies of the structure of the substrate,
and finally, crystallographic analysis of the struc-
ture of a polysaccharide lyase.

First, extensive biochemical characterization
by Linhardt and co-workers of the products of
heparinase degradation have established rules for
the susceptibility to cleavage of linkages in hep-
arin and heparan sulfate (Linhardt et al., 1992a;
Desai et al., 1993a; Desai et al., 1993b).

Second, cloning, sequencing and expression
of the heparinase I gene by Sasisekharan allowed
determination of a heparin binding site and a
catalytically active cysteine (Sasisekharan et al.,
1993, 1995a, and 1995b). Continuing along the
path of molecular biology is a promising path for
proposing, validating and modifying sites of in-
teraction between the enzyme and substrate.

Third, Ragazzi, Casu, and co-workers com-
bined molecular mechanics and two dimensional
NMR to study iduronic acid conformers in GAGs
(Ragazzi et al., 1986 and 1990). These studies
indicated that iduronic acid can attain an equilib-
rium between the !C,, *C, and 2T, conformers.
This wobbling gives the chain structural flexibil-
ity and since the population of these states ap-
pears to be dependent on the neighboring residues
in the chain, it may also generate specificity in the
chain structure. For dermatan sulfate the °T, con-
former also may be important (Venkataraman et
al., 1994).

Fourth, the recently published crystal struc-
tures of pectate lyases (Yoder et al., 1993a and
1993b) may serve as guideline and maybe even a
template for solving the three dimensional struc-

ture of other lyases. Building a spatial model of
the enzyme is a crucial step in simulating and
understanding the interactions with the substrate.

These recent advances have increased the
knowledge of GAG depolymerization consider-
ably and continuation of this work will enable a
more complete understanding of the structural
and dynamic features that govern the activity of
these enzymes. Thus far, specificities of the en-
zymes have been defined on the basis of the two
saccharides flanking a linkage. It has, however,
been shown that the activity of heparinase II and
III and keratanase I and II is also dependent on a
third saccharide to the reducing and non-reducing
side respectively (Yamada et al., 1993, Nakazawa
et al., 1989), and that the reaction rate is much
lower for cleavage of tetrasaccharides than for
cleavage of full length GAG chains (Rice and
Linhardt, 1989). Often polysaccharide degrading
enzymes like lysozyme and glucoamylases bind
four to nine saccharide residues in the catalytic
cleft (Kirby, 1987; Belshaw and Williamson, 1993;
Sierks et al., 1993). By analogy, it is likely that
more saccharides are involved in binding than the
two that usually have been used to define speci-
ficity of GAG depolymerizing enzymes. This re-
view has summarized recent advances in the study
of molecular mechanisms of enzyme-substrate
interactions, which are closing the gap between
empirical rules of substrate specificity and present
knowledge of structure-function relationships for
enzymatic degradation of GAGs.
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