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Preface

Early in my career, I recognized that the methodology in carbohydrate
structural analysis lagged well behind the methodologies in the protein and
nucleic acid areas, and our early work was in the development of approaches for
unraveling the structures of bacterial polysaccharides. Two types of
monosaccharides that complicated structural studies of polysaccharides were the
uronic acids and the amino sugars. Thus, I entered the field of heparin
chemistry, and later biochemistry and cell biology, because heparin represented
the ultimate challenge. If it had not been for our interest in the general problem
of analysis of carbohydrate structures, we would have looked elsewhere,
because, sad-to-recall, “mucopolysaccharides” seemed to me at the time to be
rather uninteresting, The ficld was small and was populated with several centers
of research, but was relatively quiet—a good area in which a young professor
might seek tenure. Things have changed! Thanks to the persistence of the early
workers,! there are many more centers of activity in this field now, among them
the offspring of the early centers, and the grandchildren of these centers, all of
whom earned their union cards during their initial research experience in the
laboratories of their mentors. In addition, many, like myself, entered through the
back door, without the proper prior training. Heparin, and more importantly
heparan sulfate, are now a part of the center stage of research in biology. Almost
weekly, a new biologist joins the field, probably reluctantly, as I did. The
learning curve in this field is quite foreboding, and the literature is spread
widely in the areas of chemistry, biochemistry, cell biology, and physiology.
Clinical researchers represent perhaps half of all workers in the field. The
neophyte, who by fortune (or misfortune) enters the heparinoid area, may
quickly scan the literature and be tempted to turn back. However, the rewards
that await the newcomers, as well as those who have been trying to fit the pieces
of heparinoid structure and biology together for many years, promise to be great,
because there is much virgin territory here. This book seeks to counter the
temptation of newcomers to turn back, and indeed to lure them into the field.
The emphasis here is on heparin and heparan sulfate and the proteins to which
they bind. It also seeks to describe these carbohydrate/protein interactions in the
context of their physiological settings. The array of heparin-binding proteins is
broad and the author cannot pretend to be an expert in the many fields of
biology where heparin-binding proteins play prominent roles. Thus, the
presentations in these areas are derived primarily from the published literature,
without any of the insight that comes from personal involvement. Hopefully,

1 Excellent reviews of the history of heparin and heparan sulfate have been presented by
Rodén {1] and by Marcum [2].

Xiti



xiv Preface

those who work in these areas will forgive the shortcomings that result from an
outsider’s view and, in fact, will offer suggestions for improving the
discussions.

The chapters that follow are not intended to be comprehensive reviews of
the status of these fields, although that aspect must be present in order to place
the biological roles of heparan sulfate into proper perspectives. Several of the
fields addressed here—especially hemostasis, growth factors, and lipoprotein
metabolism—are moving so rapidly that they will certainly have advanced
between the completion of this book and its publication. However, the concepts
of heparan sulfate roles in cells and tissues have now clearly emerged, and they
may be more enduring,

The premise of this book is that the learning curve can be eased, and the
book is intended to smooth the path for the newcomer. Thus, the book is
intended as a teaching monograph rather than a summary of all that is known.
The now vast, and sometimes confusing, literature in this infant field of heparan
sulfate cell biology cannot be totally encompassed in a single monograph, but
the reader can be pointed to its locations and introduced to its themes. While the
book is not intended primarily for those that are already converted, the latter
may also find some value here.

During the course of this writing, several chapters were critiqued by
Professors Ana Jonas and Bob Rosenberg. I offer my special thanks for their
comments and encouragement. I would also like to express my thanks to Dr.
Barbara Mulloy for many helpful comments on the three-dimensional structures
of heparinoids.

H. Edward Conrad



Conventions,

Abbreviations, and

Terminology
Conventions
Upstream/Downstream Positions The terms “upstream” and “downstream”

Covalent/Non-covalent Complexes

P1-PY'

are used to designate the relative positions
of units in a polymer. In a polysaccharide
the term, “upstream” will mean “on the
nonreducing terminal side of the reference
point.” In the case of proteins, it will mean
“on the C-terminal side of the reference
point.” The term “downstream” will mean
“on the reducing terminal side of the
reference point” in a carbohydrate polymer
or “on the N-terminal side of the reference
point” in a protein. See Figure 2.1.

For the description of various complexes
between heparinoids and proteins, or
between two proteins, the system that is
adopted throughout this treatise is that
noncovalent complexes will be designated
by a slash between the two components of a
complex (e.g,  heparin/antithrombin),
whereas covalent complexes will be
designated by a dash between the two
components of the complex (e.g., thrombin-
antithrombin).

The amino acids forming the peptde bond at
the site of protease cleavage are designated
P1-PI' with the surrounding region
designated ..P3-P2-P1-P1'-P2'-P3'.., etc.
The sequence shown proceeds from the N-
to the C-terminal.
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Abbreviations and Terminology

(le*

(leR

a;MRAP

Aglycon

AMan
AManR
Amphiglycan
APC

ApoA, apoB, apoC, apoE
AT
ATII

B-VLDL

Betaglycan

bFGF

CD44E

CE

activated  o,-macroglobulin,  generally
containing an entrapped protease

o-macroglobulin receptor, same as LRP or
LRP/o;MR

o-macroglobulin receptor-associated
protein

substituent attached to a monosaccharide at
its downstream end

2,5-anhydro-D-mannose

aldehyde-reduced 2,5-anhydro-D-mannose
a heparan sulfate proteoglycan core protein
activated protein C (same as Ca)
apolipoproteins found in lipoproteins
antithrombin (same as antithrombin III)
antithrombin III (same as antithrombin)

B-migrating VLDL, a mixture of abnormal
cholesterol ester- and apoE-rich remnant-
like particles that accumulate in animals fed
diets high in saturated fat and cholesterol or
in the plasma of patients with type III (apoE-
defective) hyperlipoproteinemia. B-VLDL is
used as a lipoprotein ligand in studies on the
receptor role of LRP/a;MR.

a heparan sulfate proteoglycan core protein,
also referred to as B-glycan or Petaglycan

basic fibroblast growth factor
activated protein C (same as APC)

a heparan sulfate proteoglycan core protein,
also called Hermes antigen, Pgp-1, ECMR
I11, or epican

cholesterol esters
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Chondroitin sulfate

Cs
CuZn-SOD
Deaminative cleavage

Dermatan sulfate

Downstream

DS
E. coli K5 polysaccharide

EPI
Epican
fab.-ms.
FGF

FGFR
GAG

GalNAc

a glycosaminoglycan composed of repeating
{BGIcA-1-3-fGalNAc] disaccharides
joined by 154 linkages.

chondroitin sulfate
copper-zinc superoxide dismutase

cleavage of glycosidic linkages of
hexosamines with nitrous acid; the amino
group is converted to Ny and the pyranose
ring is contracted to a 2,5-anhydrosugar; see
Figure 3.2

a glycosaminoglycan composed of repeating
[HexA(either BGicA or aldoA)-1-3-
BGalNAc] disaccharides joined by 1-4
linkages

on the reducing terminal side of the
reference point or, in the case of proteins, on
the C-terminal side of the reference point

dermatan sulfate

a polysaccharide composed of repeating
[BGIcA — aGlcNAc] disaccharide units in
which all of the monosaccharides are

connected by 14 linkages

extrinsic pathway inhibitor (same as LACI
and TFPI)

a heparan sulfate proteoglycan core protein,
also called CD44E, Hermes antigen, Pgp-1,
or ECMR 111

fast atom bombardment-mass spectrometry
fibroblast growth factor

fibroblast growth factor receptor
glycosaminoglycan

D-galactose

D-galactosamine
N-acetyl-D-galactosamine



Glc

GlcA
GlcA-2-SO,
GlcN
GlcNAc
GIcNR

GIcNS
GIcNSO;-3,6-di-SO,4
GIcNSO;-3-50,
GIcNSO;-6-50,

Glycosaminoglycan

Glypican

GPI anchor

HA-heparin

HClI
HDL

Heparinoid

Heparitin sulfate

HexA

HPLC

Heparin-Binding Proteins

D-glucose

D-glucuronic acid
D-glucuronic acid-2-sulfate
D-glucosamine
N-acetyl-D-glucosamine

D-glucosamine, substituted on the amino
group with an R group that may be either a
sulfate or an acyl (usually acetyl) group

N-sulfo-D-glucosamine
N-sulfo-D-glucosamine-3,6-disulfate
N-sulfo-D-glucosamine-3-sulfate
N-sulfo-D-glucosamine-6-sulfate

a polysaccharide composed of repeating
uronic acid—hexosamine disaccharide units

a heparan sulfate proteoglycan core protein
that has a GPI anchor at its C-terminal end

a glycosylphosphatidylinositol unit attached
to the C-terminal amino acid of some
proteins

high activity heparin; the fraction of heparin
that binds to antithrombin affinity columns

heparin cofactor 1I
high density lipoprotein

a generic term that includes heparin, heparan
sulfate, and various fragments or derivatives
of these structures

carly name for heparan sulfate; still appears
in the literature, especially in the naming of
heparin lyases

hexuronic acid (i.e., GIcA, IdoA, GalA, etc.;
UA is also used)

hepatic lipase

high pressure liquid chromatography
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Hydrazinolysis

IDL
Ido

IdoA-2-S0O,
KS
LACI

LA-heparin

LDL
LPL

LRP/a;MR

Lyase

Mn-SOD
NLS

PAGE
PAI
PAI-I
PAPS
Perlecan

reaction of GlcNAc- or GalNAc-containing
structures with hydrazine to remove the

acetyl groups and form the corresponding
GlcN- or GalN-containing structures

intermediate density lipoprotein
L-idose

L-iduronic acid

L-iduronic acid-2-sulfate
keratan sulfate

lipoprotein-associated coagulation inhibitor
(same as EPI or TFPI)

low activity heparin; the fraction of heparin
that does not bind to antithrombin affinity
columns

low density lipoprotein

lipoprotein lipase

low density lipoprotein receptor-related
protein (same as a;MR or LRP/a;MR)

low density lipoprotein receptor-related
protein (same as ;MR or LRP)

in the context used here, an enzyme that
cleaves GIcNR—HexA linkages by a
B-climination reaction, converting the
nonreducing terminal HexA to a A%°-HexA

manganese superoxide dismutase
nuclear localization sequence (same as NTS)

nuclear translocation sequence (same as
NLS)

polyacrylamide gel electrophoresis
plasminogen activator inhibitor
plasminogen activator inhibitor-1
3'-phosphoadenosine-5'-phosphosulfate

a heparan sulfate proteoglycan core protein



PI-PLC

PL
Ring contraction reaction

Ryudocan
Scu-PA

Serglycin

SOD

Syndecans 1, 2, 3, and 4
TFPI

t-PA

UA

UDP
UDPGIcA
UDPGIcNAc

UDPHexNAc
u-PA
Upstream

Heparin-Binding Proteins
phosphatidylinositol-specific phospholipase
C

pancreatic lipase

a side reaction in the deaminative cleavage
of amino sugar glycosides, in which the
pyranose ring of the amino sugar is
converted to an aldehydopentose (furanose
ring) without cleavage of the glycosidic
bond, see Figure 3.4

a heparan sulfate proteoglycan core protein

single chain urokinase-type plasminogen
activator

a heparin proteoglycan core protein
superoxide dismutase
heparan sulfate proteoglycan core proteins

tissue factor pathway inhibitor (same as
LACI or EPI)

tissue plasminogen activator

uronic acid (HexA is also used)
uridine-5'-diphosphate

uridine diphosphate-D-glucuronic acid
uridine diphosphate-N-acetyl-D-
glucosamine

uridine diphosphate-N-acetyl-D-hexosamine
urokinase (a plasminogen activator)

on the nonreducing terminal side of the
reference point or, in the case of proteins, on
the N-terminal side of the reference point



Chapter 1. Heparin vs Heparan Sulfate

1. BACKGROUND

II. HEPARINOIDS DEFINED

HI. THE UBIQUITY OF HEPARINOIDS IN ANIMAL CELLS
IV. HEPARIN-BINDING PROTEINS

V. HEPARIN BINDING TO ANTITHROMBIN: THE PROTOTYPE FOR HEPARIN-
BINDING PROTEINS

V1. THEME

L BACKGROUND

Heparin is a highly sulfated polysaccharide that is used clinically as an
anticoagulant. It is obtainable as a relatively inexpensive reagent that has been
available for use in a variety of research programs. Many heparin-binding
proteins have been identified. The heparin-binding property has been used in the
purification of these proteins by heparin affinity chromatography and has
suggested further experiments that may define the effects of added heparin on
the activities of the protein in question. Heparin also has a number of interesting
effects on the growth and biological activities of cells in culture. It is fairly
common for cell biologists to find that heparin, sometimes in combination with
exogenous growth factors, has unique effects on the activities of cells. Although
such results often represent quite interesting observations, their physiological
significance, if any, is difficult to deduce. Scientists whose work leads them into
the heparin field in this manner are usually faced with a rather stecp leamning
curve if they seck to understand these heparin/protein or heparin/cell
interactions. It is this difficult hurdle that this book addresses.

IL HEPARINOIDS DEFINED

Heparin is found exclusively in mast cells {3] and is isolated for clinical
uses from highly vascularized tissues, namely, hog mucosa and beef lung. It is a
polydisperse mixture of structurally similar polymers made up of repeating units
of disaccharides containing a uronic acid residue—either D-glucuronic acid or
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L-iduronic acid—and D-glucosamine, which is either N-sulfated or
N-acetylated. The disaccharides may be further O-sulfated at C6 and/or C3 of
the D-glucosamine and at C2 of the uronic acid residue. Heparin is an
intracellular product found in the secretory granules of mast cells in
complexation with basic proteases. It is released from mast cells only when the
cells degranulate in response to some external signal. Thus, despite of the potent
anticoagulant activity of exogenous heparin, it is doubtful that endogenous
heparin plays a physiological role in the inhibition of blood coagulation. If this
is true, and if heparin occurrence is confined to a single cell type, then it is
reasonable to ask whether there is any physiological significance to the heparin-
binding properties of the many other heparin-binding proteins produced by quite
diverse cell types and found in a variety of tissues. Perhaps heparin binding by
proteins is simply a coincidental, nonphysiological interaction.

Before accepting such a conclusion, note should be taken of a second
sulfated polysaccharide, heparan sulfate (originally called "heparitin sulfate™),
which occurs in most animal cells. Heparan sulfate is structurally similar to
heparin, It is less highly sulfated than heparin but contains all of the structural
motifs found in heparin. Although there are a number of reasons for
distinguishing heparan sulfate from heparin,! it is often convenient, because of
the structural similarities between these two polymers, to refer to them together
as "heparinoids.” Heparan sulfate has recently become available as a reagent,
but it is more expensive than heparin. There are only a few reports of studies of
the binding of heparan sulfate to heparin-binding proteins or the effects of
exogenous heparan sulfate on the activities of cells. Heparan sulfates from
different tissues may have significant differences in structure, and presumably
biological activity, so that failure to obtain any interesting biological activities
with heparan sulfate from a single source may not be reflective of the potential
activities of heparan sulfates from other sources. Heparan sulfate occurs as a
proteoglycan on the surface of most animal cells, i.e., in contrast to heparin, it is
normally secreted from cells. As a major component of the extracellular matrix,
it is well positioned to play a prominent role in the physiology of the cell. For
example, heparan sulfate on the surface of vascular endothelial cells plays a role
in the prevention of the clotting of blood even though, compared to heparin, it
has very low anticoagulant activity. However, there are only a few other cases in
which a physiological role for heparan sulfate been defined.

Tgee Chapter 2 for a more extensive discussion of the differences between heparin and heparan
sulfate.
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HL THE UBIQUITY OF HEPARINOIDS IN ANIMAL CELLS

Nader and Dietrich have summarized their extensive studies on the broad
occurrence of heparin and heparan sulfate in vertebrate and invertebrate species
[3]. They have developed a rigorous set of criteria that are used to distinguish
heparin from heparan sulfate, and, using these criteria, demonstrate that heparin
occurs in many vertebrate and invertebrate species and that heparan sulfate is in
fact ubiquitous in animal species. Heparinoids are found in mollusks, annelids,
and arthropods, including arachnids, crustaceans, and insects, and in organisms
as ancient as coelenterates [4]. The significant conclusions from the very
extensive work by this laboratory are that these heparinoids, especially heparan
sulfate, are found in virtually every animal species that has been examined,
suggesting that these polymers play a significant role in the physiology of
animal tissues [5-7]. In fact, it has been reported that congenital deficiency in
heparan sulfate results in severe clinical problems, and eventually death [8].

IV. HEPARIN-BINDING PROTEINS

More than 100 heparin-binding proteins have been identified, and this
number is increasing. Many of these are listed in the Appendix. These proteins
fall into quite diverse groups, including the proteins of the circulatory system
involved in coagulation and fibrinolysis, many growth factors, several proteins
of the extracellular matrix, a number of proteins involved in lipid metabolism,
and others that are not easily included in any such group. Some of these proteins
have been extensively characterized, but in only a few cases have both the
amino acid and the monosaccharide sequences that mediate the interaction
between a heparin-binding protein and heparin been defined.

As we shall see, there are amino acid sequence motifs that suggest that a
heparinoid sequence will bind to a protein. These generally are represented by
the presentation of certain distributions of basic amino acids, especially lysines
and arginines, along a relatively short amino acid sequence in a protein.
Undoubtedly, there are many proteins that contain such sequences and therefore
will bind to heparin or heparan sulfate, even though, in vivo, they never
encounter heparins or heparan sulfates. When such proteins are recovered from
cell or tissue extracts, they will be found to bind to heparin, even though their
binding has no physiological significance. As we have noted, the fact that mast
cell heparin binds to antithrombin and markedly alters its activity does not
necessarily signify that these two macromolecules come into contact in vivo.
However, since heparan sulfate is found on the surface of virtually all types of
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animal cells, any protein that occurs extracellularly will have the opportunity to
interact with heparan sulfate, and if these extracellular proteins can find access
to cells that present heparan sulfate on their surfaces, it seems very probable that
there will be an interaction between the heparan sulfate and the heparin-binding
proteins. Whether such interactions influence the activities of the protein or the
cell is a question that must be asked for each interaction. Nevertheless, it is clear
that (a) the extracellular occurrence of a heparin-binding protein and (b) the
demonstration that the protein does, in fact, interact with the heparan sulfate
species that are found on the surfaces of cells suggests that the particular
protein-heparan sulfate interaction is of some physiological significance (it is of
interest to note that our list of heparin-binding proteins contains very few
proteins that are not secreted). As a corollary, it would seem that proteins that
are not secreted to the cell surface or the extracellular matrix have much less
chance to participate in physiologically significant interactions with heparin or
heparan sulfate, and a finding that these proteins bind to heparin may, at first
glance, appear to be gratuitous. Once again, however, note must be taken of the
fact that cell surface heparan sulfate proteoglycan is rapidly internalized by all
cells and is largely catabolized in the lysosomes, and so, depending on the
trafficking of the internalized heparan sulfate, there may be opportunities for an
intracellular protein to undergo physiologically significant interactions with the
heparan sulfate. The most obvious examples of proteins that are normally not
secreted but that still interact with heparan sulfate are the enzymes involved in
the biosynthesis and catabolism of heparinoids that are found in the Golgi and in
the lysosomes, respectively. There are other examples as well, including, of
course, the proteases that bind to heparin in the mast cells.

V. HEPARINBINDING TO ANTITHROMBIN: THE PROTOTYPE FOR
HEPARIN-BINDING PROTEINS

Although we will retum to a detailed discussion of the
heparin/antithrombin interaction in Chapter 7, there will be a number of earlier
occasions to refer to this, the best characterized example of a heparin-binding
protein. Through the efforts of Lindahl and associates, and Rosenberg and
associates, and Choay and associates, the structure of a pentasaccharide
segment, isolated from fragmented heparin by affinity chromatography on
heparin-Sepharose, has been established as:

GlcNAc-6-SO4—GlcA—GIcNSO;-3,6-di-SO,—1doA-2-S0,—»G1eNSO;3-6-50,

This sequence occurs in only about one-third of the chains in a commercial
heparin; i.e,, it is a rare sequence. Its most distinguishing feature is the unusual
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3-0-S0; on the internal glucosamine residue, which is absolutely essential for
binding to antithrombin.

VL THEME

The purpose of this treatise is severalfold.

e The structural bases for heparin-protein interactions will be described. This
will involve a discussion of the structures of heparinoids and the amino acid
sequences that will bind heparinoids.

e A summary of the widely dispersed literature on a number of prototypic
heparin-binding proteins will be presented. The discussion will be confined
to proteins from heparinoid-producing species, namely the eukaryotes.

e An attempt will be made to address the biological significance of the
heparin-binding capacity of each protein and to place the heparinoid-protein
interactions into a true physiological perspective.

e A major premise throughout is that it is heparan sulfate and not heparin that
is the major physiological player in the interactions of heparin-binding
proteins with heparinoids. Indeed, as noted above, heparan sulfate has
already been established as the biologically significant heparinoid that
controls blood coagulation by its interactions with antithrombin.

e An attempt will be made to define the kind of information that must be
obtained in order to determine the physiological role of the proteins and to
present experimental approaches for obtaining such information.

There is voluminous literature in the heparinoid field. The presentation
here will restrict itself to those aspects of the literature that pertain to the theme
described. For a comprehensive view of the field, the reader will be referred to
reviews and to the primary literature.
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L  THE COMPOSITION OF HEPARINOIDS

Although many details remain to be worked out, the basic structural
features of heparinoids have been established. In contrast to other biopolymers,
for which research on structures and biosynthetic pathways developed as
separate disciplines, an understanding of heparinoid structures has evolved as a
result of the integration of data covering (a) structural analyses, (b) pathways of
heparinoid biosynthesis, and (c) the specificities of the enzymes involved in the
biosynthesis. Thus, the present discussion of structure will be directed toward an
understanding of the sequences that are found in heparin and heparan sulfate and
how these structures are formed and modified in vivo. Extensive reviews on the
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structures of heparinoids [9-15] and the biosynthetic pathways by which they are
formed [16-20] can be consulted for additional details.

Heparins and heparan sulfates are mixtures of polydisperse, structurally
similar, linear chains that cannot be separated into pure compounds. The present
discussion will treat heparin and heparan sulfate together (i.e., all heparinoids).
We will describe first the disaccharide building blocks and the sequences in
which these disaccharides are found in heparins and heparan sulfates, and then
the differences between heparin and heparan sulfate. With this as background,
we will ask how the cumrent information about biosynthesis of heparinoids
contributes to what we may expect to find in primary heparinoid structures. We
will address the sizes and shapes of these polymers, and finally, since
heparinoids occur as proteoglycans, we will describe the current state of
knowledge of the core proteins to which heparinoids are attached. Heparinoids
are polymers of at least 18 different disaccharides, which represent their
monomeric units. These are shown in Table 2.1. The disaccharides are made up
of a hexuronic acid (HexA) residue and a D-glucosamine (GIcN) residue which
are linked to each other and to the other disaccharides by 1—>4 linkages. The
uronic acid may be either B-D-glucuronic acid (GIcA) or a-L-iduronic acid
(IdoA). Both of these uronic acids occur in heparinoids as underivatized
monosaccharides or as 2-O-sulfated residues. Thus, each disaccharide monomer
has one of four possible structures in the uronic acid position (GlcA, GIcA-2-
SO, IdoA, or IdoA-2-SOy).

Table 2.1. Heparin and Heparan Sulfate Disaccharides '

GlcA — GIcNAc IdoA — GlcNAc

GlcA — GIcNAc-6-SO, IdoA — GlcNAc-6-SO,

GlcA — GIcNSO, IdoA — GIcNSO4

GicA - GIcNSO;-6-80, IdoA — GIctNSO4-6-SO,

GlcA — GIcNSO;-3-S0, IdoA — GIcNS0,5-3-SO,

GlcA — GIcNSO;-3,6-di-SO, IdoA — GIcNSO;-3,6-di-SO,
GlcA-2-SO, = GlcNAc IdoA-2-SO, — GiIcNAc
[GlcA-2-SO, - GlcNAc-6-SO,} IdoA-2-SO, = GIcNACc-6-SO,
GlcA-2-SO, - GIcNSO, IdoA-2-SO, — GIcNSO,
GlcA-2-SO - GIcNSO4-6-SO, IdoA-2-SO, — GIcNSO;-6-SO4
[GlcA-2-SO, - GIcNSOs-3-80,] [IdoA-2-SO4 —» GIcNSO;-3-SO,]
[GlcA-2-8O, - GIcNSO;-3,6-di-SO,] [IdoA-2-SO4 = GIcNSO;-3,6-di-SO4]

! Disaccharides in brackets have not yet been observed in heparinoids.
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The a-D-glucosamine residue may be either N-sulfated (GIcNSOs) or N-
acetylated (GIcNAc).! The GIcNSO; residues also may be O-sulfated at C3, at
C6, at both C3 and C6, or they may not be O-sulfated at all. The GIcNAc
residues may be O-sulfated at C6 or may be unsulfated, but GIcNAc residues
that are sulfated at C3, or at both C3 and C6, have not been reported. Thus, each
disaccharide monomer has one of six possible structures in the glucosamine
position (GIcNSO;, GIcNSO3-6-S0,4, GIcNSO;3-3-SO,;, GIcNSO;-3,6-di-SO,,
GIcNAc, or GIcNAc-6-S0,).

Since uronic acid and glucosamine residues occur in alternating positions
in heparinoids, the disaccharide monomers of heparinoids may be viewed either
as uronic acid—glucosamine units or as glucosamine—uronic acid units. In the
present discussion we will consider the HexA—>GIcN disaccharides as the
monomers of heparinoids, and later will discuss the sequences in which these
disaccharides occur in heparinoids.

Since there are four possible uronic acid residues and six possible
glucosamine residues in the heparinoid monomers, the potential number of
different [uronic acid—glucosamine] disaccharides is 24 (Table 2.1). If these 24
disaccharides were combined into all possible tetrasaccharide sequences, the
number of tetrasaccharides would be 576 (24%). And if these combinations were
carried one step further, there would be 13,824 possible hexasaccharides (24°).
An average heparin chain contains 15-20 disaccharides; thus, the potential for
structural diversity in heparinoids is enormous. For heparinoid scientists who
seek to identify these structures, Nature has been kind. Five of the 24 potential
disaccharides have not (yet) been found in heparinoids; thus, for the moment at
least, the actual number of disaccharides found in heparinoids is only 19
(mercifully, this reduces the number of possible tetrasaccharides to 324, and the
number of hexasaccharides to 5832!).

In discussing the sequences in which these disaccharides occur in
heparinoids, a few words about the representation of these sequences are in
order. Just as linear sequences of the monomeric units in proteins and nucleic
acids are customarily drawn with the N-terminal amino acid or the 5' nucleotide
on the left and the C-terminal amino acid or the 3' nucleotide on the right,
respectively, linear sequences of carbohydrate monomers are customarily drawn
with the nonreducing terminal monosaccharide on the left and the reducing
terminal monosaccharide on the right. This convention will be followed here.
Also, for ease of describing the positions of one disaccharide, or group of
disaccharides, in a sequence with respect to some reference disaccharide in the
same chain, the nomenclature used in describing nucleic acid structures will be

1 The N-sulfate group on all GIcNSO, residues is very labile under acidic conditions and
may be hydrolyzed readily. However, there is now evidence that some N-unsulfated
GlcN residues occur naturally in heparan sulfates [21).
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upstream reference
disaccharides disaccharide
d {

nonreducing - GlcA—>GlcNAc— GicA—->GlkeNAc— GlcA—-> GlcNAc—~»>

reducing
terminal
terminal
1) t
reference downstream
disaccharide disaccharides

Figure 2.1. Structural Nomenclature

adopted, as shown in Figure 2.1. When two or more disaccharides are linked
together, those disaccharides attached to the nonreducing end of the reference
disaccharide(s) will be referred to as being upstream from the reference point,
whereas those attached to the reducing end of the reference disaccharide(s) will
be referred to as being downstream. For example, as illustrated in the sequence
of three disaccharides in Figure 2.1, the middle and nonreducing terminal
disaccharides will be considered upstream from the reducing terminal
disaccharide, and the middle and reducing terminal disaccharides will be
considered downstream from the nonreducing terminal disaccharide.2 Arrows
between monosaccharide residues will originate from the C1 of an upstream
monosaccharide and point toward an attachment site at C4 of the downstream
monosaccharide; i.e., the arrows will always point in the downstream direction.

L HEPARIN AND HEPARAN SULFATE STRUCTURES

A. Disaccharides of Heparinoids

The literature contains a number of reports of the disaccharide
compositions of heparins and heparan sulfates [see, for example, references 22,

2It|smucheasxa'tosay "upstream" than to say "attached to the nonreducing terminal,”
or to say "downstream" than to say "attached to the reducing terminal.”
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23, 24]. Table 2.2 shows typical disaccharide compositions that are obtained
when heparinoids are cleaved to disaccharides by treatment with nitrous acid.
The analytical procedures used for these analyses are described in Chapter 3.
Here the yield of disaccharides is close to 100%, but the methods used for these
analyses do not give the percentage of each disaccharide that was N-sulfated in
the original polymer or the percentage that was N-acetylated. The results are
expressed as moles of each disaccharide per 100 moles of IdoA-2-SO,—AMan-
6-SO,. The latter is the most abundant disaccharide in heparins, but it is much
lower in heparan sulfates. Data show that the disaccharide units of heparinoids
are GlcA—»AMan, IdoA—»AMan, GlcA—>AMan-6-SO,, IdoA-2-SO,~>AMan,
and IdoA-2-SO,—>AMan-6-SO,. In heparins, the most prominent disaccharide is
IdoA-2-SO,—»AMan-6-SO,, whereas GIlcA—AMan and IdoA—>AMan are
relatively minor components. In heparan sulfates, however, the unsulfated and
monosulfated disaccharides are major components, whereas the IdoA-2-SO,—
AMan-6-S0O; is relatively low. Several minor disaccharide units are also found
in heparinoids. These include GlcA—AMan-3,6-diSO,, which is derived in part
from the pentasaccharide segment that binds to antithrombin, and GlcA-2-SO,—
AMan and GlcA-2-SO,—~AMan-6-SO,. The yields of the latter are always low
and are not given in Table 2.2, It is of particular interest that none of the
heparan sulfates reported here contain detectable amounts of GlcA—AMan-3,6-
diSO,, although this disaccharide is found in vascular endothelial cell heparan
sulfate (Chapter 7).

Heparinoids can be compared by disaccharide content, but it is also
helpful to note significant differences among heparinoids in terms of the ratios
of total IdoA to total GIcA. These ratios are high for beef lung heparin and lower
for hog mucosa and beef mucosa heparins. A comparison of the heparins with
the heparan sulfates shows clear distinctions in the IdoA/GIcA ratios, which are
much lower for heparan sulfates. In addition, there are 3-4-fold differences in
these ratios for heparan sulfates from different sources.

B.  Higher Oligosaccharides of Heparinoids

Table 2.3 lists the sequences of the tetra- and higher oligosaccharides that
have been reported in heparinoids. Oligosaccharides are listed in order of size.
Within each size class, the oligosaccharides formed by nitrous acid cleavage are
listed first, followed by those formed by heparin lyase I cleavage (sce Chapter
3). Also, within each group, the oligosaccharides are listed in the order of
increasing numbers of sulfate groups per oligosaccharide.
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Table 2.2. Disaccharide Composition of Heparinoids !

IdoA/
Heparinoid Ti Sour Disaccharide
epax;mon issue ce ccl GlcA
1 2 3 4 5 6 7
GlcA—> IdoA—> GlcA—> IdoA— GlcA-»AMan- IdoA-2-SO, IdoA-2-SO—
AMan AMan AMan-6- AMan-6- 3,6-SO4 —>AMan  AMan-6-8O,
SO, SO,
moles disaccharide per 100 moles IdoA-2-SO,—AMan-6-SO,
Heparin  Beef  Upjohn 5 0 72 4.1 39 10.3 100 10.5
lung
Heparin  Beef SPL 5 0.6 6.7 5.5 42 9.0 100 10.8
lung
Heparin Hog SPL 18.5 113 5.7 216 100 55
mucosa
Heparin Hog Ming Han 18.6 13.0 74 14.6 100 49
mucosa
Heparin Beef  Opocrin 25.8 6.7 5.1 70.7 100 5.7
mucosa
Heparin Beef  Syntex 22.1 11.2 6.6 42.7 100 5.4
mucosa
Heparan Pancreas Opocrin 949 93 101 426 0 212 100 0.5
sulfate
Heparan  Spleen Opocrin 1224 2316 106 776 0 197 100 20
sulfate
Heparan  Beef  Sigma 300 406 113 638 0 60 100 1.5

sulfate  Kidney

! Data from {23]. Samples were analyzed by nitrous acid cleavage to disaccharides after de-N-acetylation by hydrazinolysis (Chapter 3).
Anhydromannose residues in the disaccharides were derived from GIcNSO; or GIcNAc residues in the heparinoids. All samples were
analyzed by Dr. Patrick N. Shaklee, Scientific Protein Laboratories (SPL).
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Table 2.3. Higher Oligosaccharides Identified in Heparinoids

No. Reference SO/s Oligosacchnrlde
TRISACCHARIDES
1 [27] 1 IdoA—>GIcNAc-6-SO4—>GlcA
2 [27) 1 IdoA-2-SO4—>GlcNAc—>GIcA
TETRASACCHARIDES

3 [28, 29] 0 GlcA->GIcNAc—>GlcA—>AMan
4 [28) 0 IdoA—>GlcNAc—»>GlcA—>AMan
5 [28,29] 1 GlcA—>GleNAc-6-SO—GlcA—>AMan

6 (27-29] 1 IdoA—>G1cN Ac6-SO4—>GlcA—AMan

7 [27] 1 IdoA—>GIcNAc—>GlcA—>AMan-6-SO4
8 [27,28] 1 IdoA-2-80,—GIcNAc—>GlcA—AMan
9 [29] 2 GlcA->GIlcNAc—doA-2-SO4—>AMan-6-SO,

10 [29] 2 GlcA—>GIcNAc-6-SO4—GlcA—>AMan-6-SO;

11 [28, 29] 2 IdoA—>GIcNAc-6-SO4 -+GlcA—>AMan-6-SO,

12 28] 2 1doA—>GIcNAc-6-SO4—>GlcA~>»AMan-3-SO,

13 [27, 28) 2 1doA-2-80,—+GlcNAc—»>GlcA—>AMan-6-SO,

14 [27] 2 IdoA-2-8O4—>GIlcNAc-6-SO,—GlcA—>AMan

15 [28] 3 IdoA—>GlcN Ac-6-SO—>GlcA—AMan-3,6-di-SO,
16 (28] 3 IdoA-2-SO,—GleN Ac-6-SO—GlcA—>AMan-6-SO,
17 [30] 3 AY.UA—-GIcNAc-6-80,5>Glc A—-GleNSO3-6-S0,
18 [31] 3 AY-UA 5GleNAc-6-80,—GlcA—->GIcNS0;-3-80,
19 {30] 3 A*.UA-2-804GlcN Ac—GlcA—>GlcNSO;-6-S04
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No. Reference SO/s Oligosaccharide
20 [30] 3 A*Y-UA-2-80,-GIcNAc —5]doA —>GIcNSO0;-6-SO4
21 (32 4 AY.UA->GIcNS0;-6-S0,—->GlcA—>GIcNS0,-6-50,
22 {30] 4 A**-UA>GIcNAc-6-S0,-»GlcA—>GIeNSO;-3,6-di-SO,
23 321 4 A**-UA-2-80,->GIcNAc-6-80,—>GlcA—>GIcNS0;-6-SO,
24 [30, 32] 4 A*3-UA-2-S04—GIcNSO;—»1doA-2-S0,—>GIcNSO;
25 [32] 4 A**-UA-2-50,-GIcNSO;-6-S0,—1doA—>GIcN Ac-6-S0,
26 [30, 32] 4 A*?-UA-2-80,->GIcNSO;»>GlcA—>GIcNS0;-6-SO4
27 31} 5 A*?-UA —-GIcNSO;-6-S0,-5GlcA—>GIcNS0;-3,6-diS O,
28 [32) s A**-UA-2-8S0,—GIcNSO;—51doA-2-S0,—>GIcNS0;-6-S0;4
29 [32] s A**-UA-2-80,—GicNS0;-6-50,>GIcA-2-S0,—»GIcNSO;
30 [30,32,33) 5 A**-UA-2-80,-GIcNSO;-6-SO, > GlcA~>»GIcNSO0;-6-SO;4
31 30 5 A**.UA-2-80,—>GIcNS0;-6-SO, - 1doA-»GIcNS0;5-6-SO,4
32 [30, 32, 33) 5 A**-UA-2-S04>GIcNS0;-6-SO,—>1d0A-2-S04—>GIcNSO;s
33 [32] 6 A*.UA-2-SO4—>GIcNS0;-6-S04->GlcA-2-80,—GlcNS03-6-SO,
34 [30, 32, 33} 6 A*-UA-2-80,—GIeNSO03-6-80,—1d0A-2-S04—»>GIcNSO;-6-80,
35 [34) 6 A**.UA-2-80,—GIcNSO;-6-SO4 3 GlcA—>GIcNS0;-3,6-di-SO4
HEXASACCHARIDES
36 [35] 8 IdoA—GIcNS0;-6-804—GlcA—>GIcNS0;-3,6-diSO— 1doA-2-S0,—GIcNS03-6-S0,4
37 [30, 36] 6 A*?-UA-2-804—GlcNSO;-6-S0,->1doA—>GlecN Ac-6-804—Glc A—GIcNSQ;3-6-80,
38 [36] 6 A**-UA-2-80,—>GlcNS0;-6-S0,51doA—>GIcN Ac-6-80;, > Glc A->GlcNS03-3-80,
39 37 7 A*’-UA-2-80,5>GlcN Ac-6-S0,—GlcA—>GIcNSO;-3,6-diS04,—1do A—->GlcNSO;-6-S0,
40 (36] 7 A*.UA-2-804-GlcNS0;-6-S0,»Glc A GIeNS03-6-S0,— Glc A—> GIcNS 03-6-SO,4
41 (30, 36] 7 A**.UA-2-80,->GlcNSO;-6-S0, - 1do A—>GleN Ac-6-S0,—>Glc A—>GIcNSO;3-3,6-di-SO4
42 {36] 7 AY-UA-2-S0,5>GIcNSO;-6-S0,—>1d0A-2-S0, > GleN Ac-6-80,—5GlcA—>GIcNS0;-6-S0,
43 {33 7 A*.UA-2-80,—GIcNS0;-6-S04—1d0A-2-S0,—»GIcNS0;-6-S0,~»IdoA »GleN Ac-6-SO;
44 [33] 8 A*-UA-2-8S0,->GlIcNSQ;-6-S0,—>1d0A-2-S0,—GIcNSO;3-6-80,1doA-2-S0,—>GIcNSO;
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45
46

47
48
49
50
51
52
53

54

55

56

57

{33]
(30, 33]

(38]
33]
[38, 39]
[40]
[41]
371
{301

{37]

{351

£33]

33]

o

12

14

14

15

A*-UA-2-8S0,—GIcNSQ;-6-S0,—»1d0A-2-804 - GIcNS0;3-6-80, 5 Glc A GIcNS0;6-S0,
AY.UA-2-SO4—>GIcNSQ;3-6-50,—1d0A-2-S0, > GIcNSO3-6-S04—1d0A-2-SO,—GIcNS0;-6-SO,

OCTASACCHARIDES
IdoA-2-SO4~>GlcNS0;3-6-SO4—>1doA -»GlcN Ac-6-SO,—»>GlcA—>GIcNSO;-3,6-diSO4 - IdoA-2-SO4—> AMan-6-SO;
1doA—>GlcNSO3-6-804~—»GlcA—>GIcNSO;-3,6-diSO4—1d0A-2-SO,—»GIcNS0;-6-SO,—1doA-2-S0,—> AMan

IdoA->GIcN Ac-6-SO—Glc A—>GIcNSO;-3,6-diSO4—>1do A-2-804—+GIcNSO;-6-S0, - 1doA-2-SO,— AMan-6-SO;4
A*-UA-2-80,>GIcNSO; > IdoA—+GleN Ac-6-SO,»>Glc A—>GlcNSO;-3-S0,—»1doA-2-80,—»GIcNSO,

AY-UA -GleNAc-6-S04—>GicA—+GIcNS0;-3,6-diSO,— Ido A-2-S04—> GleNS0;3-6-S04— IdoA-2-80,—>GIcNS 03-6-SO,4
AY-UA-2-80,—5GIcNSO;-6-80,31d0A »GleNAc-6-SO4—»>Glc A—>GIcNSO3-3,6-diSO4—>1doA-2-S04 > GlcNS03-6-SO,4
AY-UA-2-804—>GleNSO;-6-80,1d0 A-2-80,—GIcNS0;5-6-SO,— 1d0A-2-SO4 5> GIcNSO3-6-SO4— IdoA-2-SO, > GIcNSO;-6-SO4

DECASACCHARIDES

A*?.UA-2-80,->GIcNSO03-6-S0, 5 1doA—>GIcN Ac-6-80,—GlcA »GleNSO;-3,6-diSO4—1d0A-2-SO,—»GIcNS03-6-SO,—>
IdoA-2-8SO4—>GlIcNSO;-6-SO4

IdoA-2-804,-»GIcNSO;-6-S0,—>1do A—>GIcNSO;3-6-SO4 > GlcA 5 GlcNSO;-3,6-diSO4—1doA-2-SO, 5 GleNSO;5-6-SO4—>
IdoA-2-80,—>GlcNSO;-6-SO4

A*-UA-2-80,>GlcNS0;-6-80,51d0A-2-S0, >GIcNSO;3-6-50,—1d0A-2-80, > GIcNS03-6-S O, GlcA—> GIeNSO;3-6 -S04 —
1doA-2-SO4—>GIcNSO03-6-SO,

A**-UA-2-804—GlcNS0;-6-804 5 1d0A-2-S04 5> GIeNSQ;3-6-504—>1d0 A-2-S04 > GIcNS03-6-S0,—1d0A-2-SO4—
GIcNSO;3-6-80,4—1doA-2-804—>GleNSO3-6-SO,
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Note that the largest structures that have been characterized are
decasaccharides. The relative amounts of each of these oligosaccharide
sequences are difficult to quantify; thus, no comparisons of the amounts of these
oligosaccharides from different heparinoids have been reported. A number of
these oligosaccharides contain the relatively rare 3-O-sulfated GIcN residues,
some of which are derived from the antithrombin-binding pentasaccharide
(numbers 12, 15, 18, 22, 27, 35, 36, 38, 39, 41, 47-52, 54, and 55). Two of the
oligosaccharides, 29 and 33, contain the equally rare 2-O-sulfated GIcA
residues. Examination of the structures of oligosaccharides 29 and 33 show that
these GlcA-2-SO, residues occur in highly sulfated sequences of the heparin.

As will be described below, the specificities of the enzymes that
synthesize heparinoids suggest that immediately downstream from every
GlcNACc there must be a GIcA residue. This, in fact, is found to be the case in all
of the GlcNAc-containing oligosaccharides except 9 and 20, where the
unexpected IdoA residues are underlined. Whether the report of these
GlcNAc—IdoA sequences indicates broader specificities of the enzymes or an
incorrect assignment of these structures is uncertain.

C. Differences in Heparan Sulfates from Different Sources

Only a few heparinoids from unusual sources have been characterized in
detail, but some of these are of particular interest. For example, Hovingh and
Linker [25] have described a “heparan sulfate” isolated from lobsters that has
GlcA—>GIcNSO;-6-SO, as the major repeating unit and a very low content of
1doA-2-SO, residues. Also, Pejler ef al. [26] have characterized clam heparins
with M; 22,500 chains containing up to three antithrombin-binding sites per
chain. This study showed that 25-30% of the total disaccharide units are present
in GIcNSO;—»>GlcA—>GlcNSO;-3-S0,4 and GIcNSO;—+>GlcA—>GlcNSO;-3,6-di-
SO, sequences, the content of which increases in chains selected for their
affinity for antithrombin. An unusual sequence, GIcNSO;—»>1doA—>GIcNSO;-
3,6-di-SO, was found in the clam heparins and represented 3-4% of the
hepan'noidf Further information on the variability of heparinoid structures comes
from the extensive studies of Nader and Dietrich and their collaborators, who
have identified and partially characterized heparins and heparan sulfates from a
variety of animal species [3].
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D. The Difference between Heparin and Heparan Sulfate
1. Intreduction

Heparin and heparan sulfate have many common structural features. We
have scen that heparins have higher IdoA/GIcA ratios than found in heparan
sulfates and contain higher percentages of the more highly sulfated disaccharide
species. However, the distinction between these two polymers is much more
complex than this simple difference. Several criteria have been proposed to
distinguish heparin from heparan sulfate. Lane and Lindahl [42] suggest that the
term “heparin” be restricted to a heparinoid in which more than 80% of the
GIcN residues are N-sulfated and the number of O-sulfates is greater than the
number of N-sulfates; all other related heparinoids would be referred to as
heparan sulfate. Gallagher and Walker [43] have stated that all heparan sulfates
have about 50% of their GIcN residues N-sulfated and have ratios of O-sulfates
to N- sulfates of 1 or less. According to Nader and Dietrich [3] heparins and
heparan sulfates are distinguished by a combination of their physical and
biological properties. Thus, all heparins are precipitated from tissue extracts by
2 M potassium acetate, pH 5.7, at 4°C; they show mobilities in agarose gels
similar to those of commercial heparins; they have an average molecular weight
of 10,700 to 68,000; they form multiple bands on isoelectric focusing in
polyacrylamide gels [44]; the molar ratios of GlcN/HexA/SQ, are compatible
with those of commercial heparins; and they are digested by heparin lyase I
(Chapter 3). Heparan sulfates, however, are soluble in 2 M potassium acetate; do
not form multiple bands on isoelectrofocusing; have SOs/hexosamine ratios of
0.8—1.8; and are minimally degraded by heparin lyase I (cleavage of <5% of
the linkages between disaccharides). According to these workers, heparins are
composed largely of IdoA-2-SO,—>GIlcNSO;-6-SO, and GlcA—>GIcNSO;-6-
SO,, whereas heparan sulfates contain only a few percent of the IdoA-2-SO,—
GIcNSO;-6-SO, disaccharide, but contain a much more complex mixture of less
highly sulfated disaccharides than heparin.

Since the distinctions between heparin and heparan sulfate are important
for all that follows, and since these distinctions are based on a rather complex
experimental background, this background is described here.

2. Heparin

Heparin appeared first on the scene. It has been known from the beginning
[1, 2, 45] primarily for its anticoagulant activity, and it is used extensively in the
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clinical setting as an anticoagulant drug. Apparently, it is found only in mast
cells and is isolated from tissues rich in these cells. The usual sources from
which heparins are prepared (hog mucosa, beef lung) contain heparinoid chains,
which have a range of anticoagulant activities; they also contain other
glycosaminoglycans. In the manufacture of heparin, the goal is to extract the
heparinoids from these mast cell-rich tissues and to remove proteins and
fractionate the polysaccharides to obtain the heparinoid fraction that has the
highest anticoagulant activity (150-180 IU/mg3) consistent with reasonable
recoveries, while minimizing the amounts of other glycosaminoglycans. The
heparinoids with the highest anticoagulant activities are recovered in the
fractions that are most highly sulfated, but fractions with lower anticoagulant
activities are also obtained and are sct aside as “heparin by-products.” The
products with high anticoagulant activities are called “heparins.” As we have
seen, heparins have high IdoA/GIcA ratios, contain >2 SO, groups/disaccharide,
and contain 7-9 times as many GIcNSO; residues as GIcNAc residues. Some of
their structural features are indicated by the disaccharide contents and by the
oligosaccharide fragments that have been prepared from them. The rules that
control the relative amounts of the disaccharide components of these polymers
and their positions in heparin sequences are derived from the
biosynthesis/enzyme specificity studies described in Section III and are still
“seen through a glass darkly.” The GIcNAc residues in heparins occur in
isolated disaccharides, positioned between GIcNSO;-containing disaccharides.
3-O-Sulfated GIcN residues are critical for anticoagulant activity. Thus, heparin
is enriched in these disaccharide units and in the pentasaccharide sequences that
contain them (Chapter 7).

3.  Heparin by-products

The lower anticoagulant activity fractions obtained in the manufacture of
heparin are referred to as "heparin by-products” and, in the early literature, were
called “heparin monosuifate” {46], and later "heparitin sulfate” [47]. These by-
products contain heparinoids that are less highly sulfated and that have lower
IdoA/GIcA ratios than heparin; they also contain chondroitin sulfate and
dermatan sulfate, which can be removed from the heparinoid fraction. More
detailed studies of the structures of the heparinoids in these heparin by-products
have demonstrated that they are composed of blocks of relatively unsulfated

3 U, international units, defined by the USP assay for anticoagulant activity, the values
used here are arbitrarily chosen to suggest a range of values observed for commercial
heparins.
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disaccharide units, containing mostly GlcA and GIcNAc, interspersed with
blocks of sulfated disaccharides [9, 29, 48-50].

Of further interest with regard to the structures of these heparin by-
products, several groups have found that fractionation of these mixtures gives an
extremely broad array of structures, ranging from fractions that have low
IdoA/GIcA ratios and very high GIcNAc/GIcNSO; ratios to fractions that have
high IdoA/GIcA ratios and low GIcNAc/ GIcNSO; ratios [47, 50-53]. As shown
in Table 2.4, this range represents a continuum of structures and anticoagulant
activities [53].

4. Heparan sulfate

Heparitin sulfate was eventually given the name “heparan sulfate.” From
the previous discussion, it would seem that “heparan sulfate” must contain a
continuum of structures ranging from fractions with low IdoA/GIcA ratios, low
SO, content, and low anticoagulant activity to fractions with high IdoA /GIcA
ratios, high SO, content, and high anticoagulant activity. And any reasonable
scientist might ask, “where does heparan sulfate stop and heparin begin?”

As this field has evolved, it has become clear that proteoglycans
containing heparin-like chains with relatively low sulfate and iduronic acid
(heparan sulfate proteoglycans) are produced and secreted by a// animal cells,
and that the heparinoid chains from these proteoglycans are structurally similar
to the heparin by-products obtained from tissues rich in mast cells. These non-
mast cell heparan sulfate proteoglycans are believed to be distinct from heparin
by-products. Structures of the heparan sulfate isolated from tissues that do not
contain mast cells have been examined in some detail. They have relatively low
IdoA /GIcA ratios, approximately equal amounts of GIcNSO; and GIcNAc, and
approximately 1 SO./disaccharide unit, significantly below the SO, content of a
clinical heparin. The structural features of the heparinoid chains from heparan
sulfate proteoglycans vary significantly, depending on the cells that synthesize
them [54] (see also Table 2.2). However, using structural approaches similar to
those used earlier in characterizing heparin by-products, heparan sulfates
isolated from tissues [55-57], or recovered from cell cultures [43, 50, 54, 58-61]
all exhibit the types of block structures that have been found in heparin by-
products, with variations in the relative lengths of the sulfated and the unsulfated
blocks [54].

Most of the discussions about the distinctions between heparin and
heparan sulfate ignore two facts: (a) “heparin” is not the total heparinoid pool
obtained from mast cell-rich tissues, but is only that fraction of the heparinoids
from these tissue extracts that has the highest anticoagulant activity, and (b)
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Table 2.4.Continuum of Structures in Heparin By-Products !

Fraction Disaccharides AC  Ratio
Act.?
1 2 3 4 5 6 Col. 6/
Col. 5
ldoA—» GleA  GleA»  ldoA—>  IdoA2-  1doA-2-S0,~
AM _ 9AM  AM-6S0, AM6-S0, _SO,AM _ AM$-S0,

mmoles/mol AMan

LAH-1 5 78 72 35 127 425 19 33
LAH-2 3 79 7a! 30 104 587 45 5.6
LAH-3 10 69 65 26 94 571 60 6.1
LAHA4 12 68 65 37 93 578 56 6.2
LAH-5 8 60 88 56 88 773 75 88
LAH-6 10 79 79 58 65 711 85 10.9
LAH-7 2 86 94 129 80 868 104 10.9
LAH-8 13 83 70 62 44 669 96 15.2
LAH-9 6 89 93 80 70 918 130 13.1
LAH-10 8 99 79 68 51 918 125 18.0

! Data from reference [53). A heparin by-product, LAH (low activity heparin, 76 i.u./mg), was separated by anion-
exchange chromatography to obtain fractions with increasing degrees of sulfation, from fraction 1 to fraction 10. All
fractions were analyzed for the disaccharides released by low pH nitrous acid (samples were not de-N-acetylated
prior to nitrous acid cleavage); therefore, disaccharides were not obtained from regions composed of blocks of
GlcNAc-containing disaccharides, and yields of total disaccharides increased as the percentage of N-sulfated GIcN
increased with increasing total sulfation—see Chapter 3). AM, anhydromannose. See Table 2.1 for other
abbreviations.

% Anticoagulant activity: units/mg
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“heparan sulfate” generally is the fofal heparinoid pool that is extracted from
tissues that contain few, if any, mast cells. Thus, “heparin” is a fractionated
product whereas “heparan sulfate” is not. The fact that heparan sulfates contain
a range of structures is only beginning to emerge. For example, the fractionation
of heparan sulfate from bovine liver has yielded three fractions with
SO./disaccharide ratios of 0.8, 1.2, and 2.1 {62]. The most highly sulfated of
these fractions fits many of the criteria generally used to describe a heparin.
Similar studies on heparan sulfates from other tissues may show that there is a
continuum of structures in most heparan sulfates that mimic those of the heparin
by-products shown in Table 2.4. If this turns out to be the case, then our ability
to distinguish heparin and heparan sulfate on structural grounds will once again
be called into question. Thus, although it is common to describe the high
anticoagulant fraction obtained in the manufacture of commercial heparin as
being identical to the product produced by mast cells, in fact, the lower activity
heparin by-products are also recovered from tissues rich in mast cells. One does
not know whether the “heparin by-products” are derived solely (or even
partially) from mast cells or from the non-mast cells in the tissues taken for
heparin extraction* However, there is no question that mast cell-rich tissues
yield such a continbum of structures that it is impossible to draw a line that
would place heparin on one side and heparan sulfate on the other. Thus, the
*heparin” that occurs in mast cells per se may contain significant levels of low
anticoagulant "heparin by-products”.3 Since the apparent role of the heparinoids
in mast cells does not appear to depend on their anticoagulant activity,
heparinoids with low anticoagulant activity may serve the physiological needs of
mast cells just as well as the high anticoagulant activity heparinoids.

Another facet of heparin biology that is critical to this discussion is that
heparin chains, during their biosynthesis, are attached to a unique core protein,
serglycin, that is found only in mast cells and in other hematopoietic cells as
well (Section VLB.1., p. 55). This proteoglycan form of heparin, referred to as
“macromolecular heparin” [63-65], is not secreted by mast cells; instead, the
heparin chains are cleaved from the core protein within the cells by an
endoglucuronidase and stored in complexes with basic proteases within the

4 One feature of the heparin by-products that is distinct from most heparan sulfates is that
even those heparin by-products with low IdoA/ GlcA ratios have quite significant
anticoagulant activities. Perhaps this is a signal that these heparin by-products are
actually derived from mast cells.

5 Mastocytoma cell microsomal fractions synthesize a typical heparin in vitro, but there
is also a significant portion of the final product that is less highly matured than the
portion that has the heparin-like properties. However, this observation does not really
indicate what mast cells produce in vivo. The mechanisms that regulate heparinoid
synthesis in whole cells are lost in broken cell preparations.
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secretory granules in the cells [66]. In contrast, the heparan sulfate
proteoglycans are clearly distinguished from macromolecular heparins by virtue
of their distinctive core proteins (Section VI, p. 52) and by the fact that intact
heparan sulfate proteoglycans are secreted continuously by most animal cells
(Chapter 5).

In fact, what has happened is that our concept of heparan sulfate has
changed. Originally, heparan sulfate (heparin monosulfate or heparitin sulfate)
referred to those structures found in heparin by-products. Now, almost by
unwritten consent, heparan sulfate has become a term that refers to the heparan
sulfate chains in heparan sulfate proteoglycans obtained from tissues that do not
contain mast cells and that appear on the surfaces of cells. Thus, in the future,
we may all come to a consensus that it is the metabolism and the physiological
roles of heparin and heparan sulfate that are their most distinguishing features.
In fact, Kjellén and Lindahl [13] have suggested that the term “heparin” be
reserved for those glycosaminoglycans that are synthesized by mast cells and
attached to serglycin, and that all other structurally related glycosaminoglycans
should be named “heparan sulfate.”

OL BIOSYNTHESIS OF HEPARINOIDS: WHAT IT TEACHES ABOUT
STRUCTURES

A. The Biosynthetic Pathway

The present understanding of the extremely complex pathway of heparin
biosynthesis is due almost exclusively to the work of Lindahl and co-workers in
Uppsala and to collaborators in other laboratories, primarily those of Rodén and
Feingold. Detailed descriptions of the synthesis of heparinoids have been given
in several reviews [18-20]. The reader is referred to these reviews and to the
primary literature for a more comprehensive description of heparin biosynthesis.
The present discussion will be confined to those aspects of heparinoid
metabolism that control the structural complexities of the heparinoids that occur
in Nature. Unfortunately, there are many gaps in our knowledge of both the
structure and the biosynthesis of heparinoids, and this ignorance makes a
complex topic even more difficult.

Connective tissue mast cells synthesize heparin. Most of the studies on the
biosynthesis of heparinoids have been carried out by incubating microsomal
preparations from mastocytoma cells with radiolabeled metabolic precursors of
heparin, namely the sugar donors, UDPGIcA and UDPGIcNAc, and the sulfate
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donor, 3'-phosphoadenosine-5'-phosphosulfate (PAPS). Such cell extracts
catalyze the synthesis of a typical heparin when all of the precursors are
present.® In order to segregate the pre-sulfation steps from the post-sulfation
steps in the reaction sequence, incubations have been carried out with the
monosaccharide donors but without PAPS, thus precluding any sulfation. In
such incubations, a polymeric heparin precursor that lacks sulfate substituents
accumulates. When 3'phosphoadenosine-5'-phosphosulfate is added, the
precursor is converted to a heparin-like product.

An outline of the major steps in heparinoid biosynthesis is shown in
Figure 2.2. Heparinoids are synthesized as polysaccharide chains attached to a
serine residue on a core protein via a BGlcA-1,3—»>pGal-1,3—>pGal-1,4—>pXyl-1
—Ser linkage region [67-69]. The core proteins of heparin and of heparan
sulfates from different sources serve as acceptors, or primers, for the
polysaccharide synthesis. If core protein synthesis is blocked or the linkage
region cannot be synthesized (as, for example, in mutants lacking the glycosyl
transferases for attaching the linkage region monosaccharides [70]), the
heparinoid chains cannot be synthesized [16]. The main polysaccharide chains,
which are added to the linkage region and which will become the protein-
binding portions of these heparinoid structures, are initially simple polymers of
repeating PGlcA-1,4-aGIcNAc disaccharide units [see references in 71, 72]
which are joined by 1,4 linkages to each other and to the linkage region GIcA.
Interestingly, the enzyme that attaches the first GIcNAc to the linkage region is a
different transferase from the one that is involved in the elongation of the main
chain [73, 74]. The initial polymer structures become much more complex as a
result of a series of "maturation reactions" that take place after formation of the
(GlcA — GlIcNAc), polymer. The first maturation step, ie., the de-N-
acetylation of some of the GIcNAc residues (Figure 2.2, reaction 1), is followed
by N-sulfation of these residues (reaction 2) [72, 75-81]. Subsequent reactions
occur in sequence and involve C5 epimerization of some of the D-glucuronic

6 The actual products contain a heparin-like product as a portion of the final mixture of
products (perhaps 50-60% of the total product).
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[GicA—>GlcNAc],, ->GicA—>Gal->Gal->Xyl—>Core Protein

(linkage region)
(1) de-N-acetylation
(2) N-sulfation
[GicA—>GIcNSO; (3,6-4iSOJ)]
[GlcA—>GkNSO,],
(6) 2-O-sulfation
(3) Epimerization (8) 6-O-sulfation (10) 3-O-sulfation

v

[GIlcA(2-80)—>GIcNSO;] [IdoA—>GIcNSOs], [GlcA—>GIcNSO; (6-S04)],,
\(7) 6-O-sulfation 4 2-O-sulfati0\(” FOllation
[GIlcA(2-80.)—>GIcNSO; (6-SOJ)], v [IdoA—>GlcNSO; (6-S0J)],

[IdeA(2-SO.)—>GlcNSOs)
i (5) 6-O-sulfation

[IdoA(2-S0.)}>GlcNSOs (6-S0),,

Figure 2.2. Outline of the pathway of biosynthesis of heparin.
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acid residues to form L-iduronic acid residues 7 (reaction 3) [77, 82-89], O-
sulfation of some of the uronic acid residues at C2 (reactions 4 and 6) 8 [77, 84,
90, 91], O-sulfation of some of the GIcNAc and GICNSO; residues at C6
(reactions 5, 7, 8, and 9) [92], and finally O-sulfation of a few of the GIcNSO;
and GIcNSQ;-6-SO; residues at C3 (reaction 10) [89, 90, 93-95]. This process
yields proteoglycans with M,;=750,000-1,000,000, containing heparin chains
with M;= ~ 60,000-100,000 [65, 96]. An additional step in the "biosynthesis" (of
heparin in mast cells at least) is the cleavage of the glycosaminoglycan chains at
some of the GlcA residues by an endo-B-glucuronidase to yield shortened chains
(average molecular weight ~ 12 kDa), most of which are no longer attached to
the core protein [63-65, 97, 98]. Several aspects of this pathway are important
for an understanding of how the complexities of the final structures are
controlled.

First, the de-N-acetylation reaction (reaction 1) occurs randomly at some of the
GIcNAc residues along the repeating disaccharide chain [75, 99]. When the
incubation is carried out in the absence of PAPS wuntil maximal conversion has
occurred, ~50% of the GIcNAc residues in the polymer are de-N-acetylated °.
Thus, in the very first maturation step, a mixture of polymer chains is formed (as
measured by the sequence of GlcA—>»GIicNAc and GlcA—>GIcN disaccharide
units upstream from the linkage region). When PAPS, the SO, donor, is present
(or added), all of the GIcN residues are converted to GIcNSO; residues (reaction
2) [75, 99].

Second, following the initial de-N-acetylation/N-sulfation reactions (the
“first pass”), the subsequent steps, including additional de-N-acetylation/N-
sulfation reactions, occur on, or adjacent to, the GICNSO;-containing
disaccharide units, and these reactions continue in either the upstream or the
downstream direction, or both, until no further de-N-acetylation/N-sulfation
occurs.10 Thus, the GIcNSOs-containing disaccharides serve as foci for further
de-N-acetylation/N-sulfation, epimerization, and O-sulfation [86, 100]. The

7 Asaresultof a quirk of carbohydrate nomenclature, the D-GlcA to L-IdoA conversion,
which results from enzymatic epimerization at C5 of the GlcA, results in a change in the
description of the anomeric configuration from - (for the GlcA) to a- (for the IdoA)
even though there is no change in the actual configuration at C1. This is because it is the
CS5 configuration that serves as a reference point of naming the anomeric configuration.
8 2.0-Sulfation occurs primarily on the IdoA units (reaction 4); a very small proportion
of the GlcA residues become 2-O-sulfated (reaction 6).

1t may be that a lower percentage of the GlcNAc residues are deacetylated in vivo in
heparin biosynthesis. In heparan sulfate biosynthesis, it is clear that only a few of the
GlcNAc's are de-N-acetylated in the first pass.

10 The mechanisms that control the degree of de-N-acetylation/N-sulfation are
unknown.
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Figure 2.3. Structural changes during biosynthetic maturation of heparinoids.

result is that the most highly sulfated disaccharide units in each chain occur in
blocks that contain the original GIcNSO;'s, while the unsulfated disaccharide
units occur in blocks between the sulfated blocks. As illustrated in Figure 2.3,
the relative lengths of the unsulfated blocks and the highly sulfated blocks
depend on the extent of further de-N-acetylation/N-sulfation upstream and/or
downstream from each of the original GIcNSO; residues. In heparin
biosynthesis the reactions occur to such an extent that only single GlcNAc-
containing disaccharides remain in the unsulfated "blocks." In heparan sulfate,
the unsulfated blocks contain multiple GicA—>GlcNAc disaccharide units.

Third, the maturation reactions occur at some but not all of the potential
disaccharide precursor units, i.e., maturation is incomplete. This is due, in part,
to the substrate specificities of the maturation enzymes (below), but probably in
larger part to the poorly understood mechanisms that regulate the maturation
reactions. In other words, the specificities of the maturation enzymes would
permit much more extensive maturation than actually occurs. Thus, the final
polymer is composed of a mixture of chains that contain varying amounts of
each of the disaccharide units (Table 2.2), with blocks of highly sulfated
disaccharide units separated by intervening blocks of unsulfated disaccharides.

Fourth, since most of the sulfation occurs following the conversion of
GlcA to IdoA [82, 86], the most highly sulfated heparinoid chains also have the
highest IdoA/GIcA ratios.

Fifth, most of the studies on the biosynthesis of heparinoids have been
carried out with extracts of mouse mastocytoma cells, cells that presumably
synthesize only heparin in vivo. However, there are reasons to believe that the
basic features of the pathway for heparin and heparan sulfate synthesis are
identical. For example, everything that is known about the structures of heparan
sulfates is consistent with our understanding of heparin synthesis based on the
mastocytoma cell work. Also, Riesenfeld er a/ [101] have shown that
microsomal extracts from rat hepatoma cells, which produce a typical heparan
sulfate in whole cell cultures, produce a product that is very similar to that
obtained with the mast cell microsomes. The final product made by the
hepatoma cell extracts is a typical, highly sulfated heparin-like product,
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significantly different from the heparan sulfate produced by the whole cells.
Apparently, the degree of maturation is somehow regulated in whole cells, and
these regulatory mechanisms are lost in cell extracts.

B.  Substrate Specificities of the Heparinoid Biosynthetic Enzymes
1. Introduction

The specificities of the enzymes involved in the biosynthesis of heparin
chains limit the number of possible combinations of disaccharides. At least 13
enzyme activities are required for synthesis of the carbohydrate portions of
heparinoid proteoglycans.!! Since we are interested only in the structures that
mediate the binding of heparin to heparin-binding proteins, namely the
structures of the main heparinoid chains and, more specifically, the structures
formed by the maturation enzymes that act after the formation of the [GlcA—
GlcNAc], polymer, we will consider here the maturation enzymes only. These
are all membrane-bound (Golgi) enzymes whose combined activities have been
studied by incubation of mouse mastocytoma microsomal fractions with the
glycosyl donors (UDPGIcA and UDPGIcNAC) in the absence or presence of the
sulfate donor, and whose individual activities have been studied with detergent-
treated mouse mastocytoma microsomal fractions or with purified or cloned
enzymes.

For the specificity studies, oligosaccharide substrates of known structure
have been prepared by fragmentation of heparin or the E. coli K5 polysaccharide
[72, 102]. The latter is a polymer of repeating P-GicA 1,4-a-GlcNAc
disaccharide units, identical to the initial [B-GlcA—a-GIcNAc], product
formed in heparin biosynthesis (but lacking a linkage region and a core protein).
Procedures used for the preparation and characterization of oligosaccharide
substrates will be described in Chapter 3. For now, let it be said that a valid test
for substrate specificity, as it operates in vivo, may require tri-, tetra-, penta-, or
higher heparinoid oligosaccharide acceptors and that the isolation and structural
characterization of the desired acceptor substrates is extremely difficult (in some

11 por synthesis of the linkage region, xylosyl transferase, galactosyl transferases I and
11, and glucuronosyl transferase [, for the synthesis of the initial polymer, glucuronosyl
transferase II and N-acetylglucosamine transferase; and for the maturation steps, the de-
N-acetylase, the N-sulfotransferase, the uronic acid epimerase, the uronic acid 2-
O-sulfotransferases, the GlcN 6- O-sulfotransferase(s), and the GIcN 3-
O-sulfotransferase(s).
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cases bordering on the impossible!). As a consequence, only a limited nuinber of
substrates have been tested. In the present discussion, we can consider only
those results of the specificity studies with the more readily available substrates
that have been reported in the literature. This discussion then leads to
suggestions of how these specificities control the final structures of heparinoids.

2.  The de-N-acetylase/N-sulfotransferase

The de-N-acetylase initiates the maturation process by removing acetyl
groups from GlcNAc residues at random sites along the [GlcA—GIcNAc],
chain, before any N- or O-sulfation takes place. The enzyme can recognize any
GlcNAc in the [GIcA—>GlcNAc],, polymer. Interestingly, when microsomal
preparations are incubated with UDPGIcA and UDPGIcNAc in the absence of
PAPS (to preclude the sulfation steps), the de-N-acetylated product that
accumulates contains approximately equal numbers or GIcNAc and GIcN
residues [75, 99]. This suggests that the positively charged GlcN residues
located close to otherwise susceptible GICNAc residues prevent further de-N-
acetylation, a possibility that has not yet been tested with oligosaccharide
substrates. Although few, if any, N-unsubstituted glucosamine residues are
found in heparin, there is now good evidence that a few N-unsubstituted GIcN
residues occur in heparan sulfates [103]. Thus, in most cases the
N-sulfotransferase can transfer SO, from PAPS to the GIcN residues that are
formed by the de-N-acetylase. Of course, if PAPS is not available, some N-
unsubstituted GlcN residues may accumulate.

It has been found that both the deacetylase and the N-sulfotransferase
activities reside in a single protein [80, 81, 104-106], suggesting that these steps
occur in concert in vivo. In fact, it may be appropriate to think of the de-
N-acetylation and the N-sulfation as though they were a single reaction in
vivo.12 Following the initial round of de-N-acetylation/N-sulfation (“first pass”),
the de-N-acetylase catalyzes further de-N-acetylation of some of the remaining
GlcNAc residues, which is followed by N-sulfation of the resulting GIcN
residues. Thus, GIcNAc residues that were not converted in the first pass
become substrates for further N-sulfation [77]. These subsequent de-N-
acetylation/N-sulfation reactions may be considered as a part of the “further
maturation.” With synthetic substrates, it has been shown that a GIcNAc residue
can be deacetylated by the enzyme when there is a GIcNSO; on either the

12 Perhaps the reason the N-unsubstituted GlcN residues are found in heparan sulfates is
that the heparan sulfate-producing cells cannot produce enough PAPS to complete the N-
sulfation reaction (see Section [ILD., p. 34)
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immediate upstream or the immediate downstream disaccharide, and that such
adjacent GIcNSO; residues markedly increase the rate of deacetylation of the
GlIcNAc residues [72, 77]. Thus, the GlcNAc-containing disaccharides around
the initial GIcNSOQ; residues become preferred substrates for the further de-N-
sulfation/N-acetylation. What is not clear is whether the enzyme can act if both
adjacent disaccharides contain GICNSO;'s, i, can GIcNAc residues in
GIcNSO;>GIcA—>GIcNAc—->GlcA—>GIcNSO; sequences be converted by the
enzyme? The fact that isolated GIcNAc residues persist in heparins suggests the
possibility that GIcNSOs-containing disaccharides on both sides of a GlcA—
GIcNAc disaccharide may preclude the final de-N-acetylation, but such
substrates have not been tested. Several forms of this enzyme have been cloned
[107-110}, and it is as yet uncertain whether the different forms exhibit different
substrate specificities [reviewed in reference 20}.

3. The C2 epimerase

The C2 epimerase catalyzes the interconversion of unsulfated B-D-
glucuronic and a-L-iduronic acid residues.” The enzyme has been purified from
bovine liver [111]. In isolation, this reaction is reversible [83-85, 87, 111] and
reaches an equilibration with a ratio of GlcA/IdoA of approximately 4:1 (as
expected from the relative thermodynamic stabilities of the GlcA and the IdoA
rings). The reaction is pulled in the direction of IdoA by the 2-O-
sulfotransferase that converts IdoA to IdoA-2-SO; and (presumably) in the
direction of the GlcA by the 2-O-sulfotransferase that converts GicA to GlcA-2-
SO,. 2-O-Sulfation of iduronic acid prevents further action of the epimerase.!3
There is an absolute requirement for N-sulfation before the epimerase can act;
i.e., the epimerase will not attack the [GlcA—>GIcNAc];, polymer [82, 85]. The
enzyme will use

GIcNSO;—-HexA - GIcNSO;

sequences as substrates. Also, the enzyme acts on substrates with an upstream
GIcNSO; and a downstream GIcNAc, but does not attack the opposite sequence
[89], i.e., the enzyme acts on

GIeNSO;—>GlcA—>GIcNAc,
but not on
GlcNAc—GlcA—->GIcNSOs.

13 Although it is likely that sulfation of the GlcA blocks action of the epimerase, GlcA-2-
O-sulfate-containing substrates have not been available to test with the epimerase.
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Thus,
GIcNSO;—»IdoA—>GIcNAc
sequences can occur in heparinoids, but
GlcNAc—IdoA—>GIcNSO,

sequences cannot be formed In effect, the upstream GIcNAc blocks the
epimerization of its immediate downstream GIcA. We have already noted that,
with only two exceptions, the GlcNAc-containing tetrasaccharides that have
been identified to date (Table 2.3) contain a GlcA downstream from the
GlcNACc, as predicted by these enzyme specificity studies. This suggests that the
GIcNAc—IdoA sequences in Table 2.3 may be incorrectly identified.

4.  The idurenosyl-2-O-sulfotransferase

The iduronosyl-2-O-sulfotransferase catalyzes the O-sulfation of some of
the IdoA residues that are formed by the epimerase. It has been shown that the
IdoA in an IdoA—>GIcNSO; disaccharide can be sulfated by the enzyme [92].
Such disaccharide acceptors must occur in a sequence with an upstream
GIcNSO; (e.g., GIcNSO;—»>IdoA—GIcNSOs ), since, as described above, the
epimerase cannot form GIcNAc—>IdoA—>GIcNSO; sequences. The 2-
O-sulfotransferase does not act on the IdoA—>GIlcNSO;-6-SO, units; apparently
the 6-O-sulfation at the downstream GIcNSO; blocks the action of the 2-
O-sulfotransferase [92]. The enzyme has been purified to homogeneity from
mouse mastocytoma cell extracts [112] and from Chinese hamster cell culture
medium [113]). The mastocytoma enzyme apparently has both 2-O-
sulfotransferase and 6-O-sulfotransferase activity, whereas the CHO cell
enzyme has only the 2-O-sulfotransferase activity.

5.  The glucuronoesyl 2-O-sulfotransferase

Heparinoids contain small amounts of O-sulfated glucuronosyl residues in
GlcA-2-SO,—~>GIcNSO; and GlcA-2-S0O4~>GIcNSO;-6-SO, disaccharide units,
which appear to be located in the highly sulfated regions of these polymers
(Table 2.3) [32]. Kusche and Lindahl [91] have shown that the pentasaccharide

GIcNSO;-+GlcA—->GIcNSO;»>GlcA—>GIcNSO;

serves as a sulfate acceptor for the glucuronosyl-O-sulfotransferase and that
there is a very active glucuronosyl 2-O-sulfotransferase in mouse mastocytoma
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microsomal fractions. Note that this substrate is the initial maturation product,
formed by the de-N-acetylase/N-sulfotransferase. Since GlcA-2-SO, residues
can occur either upstream or downstream from a GlcNSO;-6-SO;4 residue (Table
2.3, structures 29 and 33), it would appear that the 2-O-sulfation of GIcA
residues does not prevent 6-O-sulfation on adjacent GIcN residues.
Alternatively, the 2-O-sulfation may occur after the adjacent GIcNSO;-6-S0,
residues are formed. We will return to this point later.

The demonstration that a mutant CHO cell line that lacks IdoA 2-O-
sulfotransferase fails to form GlcA-2-SO, residues as well suggests that the
glucuronosyl 2-O-sulfotransferase is the same enzyme as the IdoA 2-O-
sulfotransferase [114].

6. The GlcN-6-O-sulfotransferase

The GlcN 6-O-sulfotransferase will sulfate GIcNAc residues in
heparinoids, provided there is a GIcNSO; residuc on either the upstream or the
downstream disaccharide [92]. It will also sulfate a GIcNSO; residue with an
upstream IdoA or GIcA (i.e., any GIcNSOs), but GlcNAc residues in the
[GIcNAc—GlcA], block sequences in heparan sulfates cannot be sulfated. It is
of particular interest that both the GIcNAc and the GIcNSO; residues that are
found at the boundaries between the sulfated blocks and the unsulfated blocks
can be sulfated by the enzyme, even though GIcNAc residues within the blocks
cannot. The enzyme has been purified to apparent homogeneity from mouse
mastocytoma cell extracts [112] and from Chinese hamster cell culture medium
[115]. The mastocytoma enzyme apparently has both 2-O-sulfotransferase and
6-O-sulfotransferase activity, whereas the CHO cell enzyme has only the 6-O-
sulfotransferase activity

7.  The 3-O-sulfotransferase

A late reaction in the biosynthetic pathway is the 3-O-sulfation of the
GIcNSO; residue that yields the GicA->GIcNSOs (3,6-diSO,) disaccharide unit
shown in the upper right-hand corner of Figure 2.2 [89, 90, 93-95, 116]. The
enzyme that catalyzes this reaction requires the specific and rare pentasaccharide
sequence below as an acceptor:

4
GIcNR-6-SO4—>GlcA—5GleNSO3-6-SO,—1doA-2-SO, = GIcNSO3-6-SO,,
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where R is either acetyl or sulfate, and the { indicates the site of 3-O-sulfation.
The GIcNSO; residue that becomes sulfated does not necessarily have to be 6-
O-sulfated (see structures 12, 18, 38, and 50 in Table 2.3), but the corresponding
acceptor without this 6-O-sulfate has not been tested as a substrate for the 3-O-
sulfotransferase. These 3-O-sulfated GIcN residues occur primarily in
heparinoid sequences that are rich in IdoA and sulfate. The 3-O-sulfation is
required for the anticoagulant activity of heparinoids, and the pentasaccharide
sequence formed by the 3-O-sulfotransferase is the minimum structure required
for tight binding to antithrombin (Chapter 7). Thus, the GIcNSO; -3-O-
sulfotransferase that catalyzes this late step in heparinoid polymer maturation
converts the nonanticoagulant polymer into an anticoagulant. The enzyme has
recently been highly purified from LTA cells and it has been suggested that
there may be multiple species of the 3-O-sulfotransferase with different
specificities [117].

C. Implications of Biosynthesis Results for Heparinoid Structures

The structural features of heparinoids that are suggested by the available
information on the biosynthesis pathway and the specificity of the maturation
enzymes are summarized as follows:

e The random nature of the initial de-N-acetylation reaction would be

expected to introduce structural heterogeneity at an early stage of the
biosynthesis. This, in fact, happens.

e Because the de-N-acetylation reactions that take place after the first pass
occur much more rapidly at GlcNAc residues adjacent to GICNSOs-
containing disaccharides, and because epimerization can occur only at
uronic acid residues adjacent to GICNSO; residues, the initial GIcNSO;
residues represent the foci for further maturation reactions. These are the
specificities that apparently give rise to block structures in heparan sulfate
in which there are sequences of sulfated disaccharides separated by
sequences of nonsulfated disaccharides.

o The epimerase can use ¢ither

GIcNSO;3-5GlcA—>GIcNSO;
or

GlcNSO3;—+GlcA—>GIcNAc
sequences as substrates, but cannot act on

GIctNAc—>GlcA—+>GIcNSO,
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sequences. Therefore,
GlcNAc—IdoA—>GIcNSO;

sequences cannot occur in heparinoids. This conclusion is consistent with
most of the studies of the GlcNAc-containing sequences in heparin, which
show that all GicNAc residues have a downstream GICA.

Both the
IdoA—>GIcNSO;-6-S0,
and the
IdoA-2-SO,—>GIcNSO;
disaccharides that occur in heparinoids are formed from the same
precursor disaccharide, namely
IdoA—>GIcNSO:s.

If the 6-O-sulfation of this precursor occurs first, the 2-O-sulfotransferase
cannot act, and

IdoA—>GlcNSO;-6-80,

becomes an end product disaccharide in the biosynthesis. If the 2-O-
sulfation occurs first, the 6-O-sulfotransferase can act; if it does,

IdoA-2-SO,—GlIcNSO;-6-SO4

may become an end-product disaccharide structure in the biosynthesis. If,
however, some regulatory mechanism prevents the 6-O-sulfation
following the 2-O-sulfation of the IdoA,

IdoA-2-SO,4—>GIcNSO;

may become an end product. This disaccharide occurs in significant
amounts in heparinoids (see Tables 2.2, and 2.3).
The specificity of the GIcN-6-O-sulfotransferase requires that, in order to
become 6-O-sulfated, GicNAc residues must occur adjacent to GIcNSO;-
containing disaccharides. This explains why GIcNAc residues within
extended [GlcA—>GIcNAc],, blocks of heparinoids are not sulfated.

The maturation enzymes acting in concert fail to convert the initial

[GlcA->GIcNAc],

sequences into the fully matured products that are suggested by their known
specificities. Instead, incomplete maturation is obtained.
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Many of the remaining problems in the understanding of heparin
biosynthesis have been outlined by Kjellén and Lindahl [13].

D. Branching Pathways Lead to Structural Diversity

Figure 2.4 shows a hypothetical reaction sequence that would be expected when
all of the known enzyme specificities are taken into account and all of the
enzymes catalyze complete transformation of all of their potential disaccharide
substrates. The initial reactant (I) is the product of the polymerization of the
GIcA and the GIcNAc from their respective UDP sugar donors. For the
subsequent reactions in Figure 2.4, two assumptions are made: (a) 2-O-sulfation
takes place prior to 6-O-sulfation, thus allowing the O-sulfation of both the IdoA
residues and the GIcNSO; residues, and (b) the de-N-acetylation/N-sulfation
reactions cannot occur at isolated GlcNAc-containing disaccharides when these
are flanked by GIcNSOs-containing disaccharides (the latter assumption is
predicated on the fact that heparins always contain a number of isolated
GlcNAc-containing disaccharides). The enzyme specificities are invoked for the
epimerase and the 6-Osulfotransferase, i.e., GIcA cannot be epimerized in the
following sequence,

GIcNAc — GlcA - GIcNSO;,

and GIcNAc residues can be sulfated if they are adjacent to a GIcNSOs-
containing disaccharide. If de-N-acetylation/N-sulfation is initiated at several
points along the chain (at the center and the two extreme disaccharide units in
our example, yielding structure 1), the first four reactions generate a sequence
containing several GIcNAc residues that are flanked by GlcNSO;-containing
disaccharides and that have GIcA residues in their immediate downstream
positions. As a consequence of such a reaction sequence, product V contains a
number of

GleNAc-6-SO,—GlcA—->GIeNSO;-6-S0,—»1doA-2-SO—GIeNS0;3-6-S0,

sequences. These represent the pentasaccharide acceptor sequence required for
the 3-O-sulfotransferase reaction. Thus, the final reaction in the sequence,
reaction 5, generates antithrombin-binding sites, e.g., D-E-F-G-H and P-Q-R-S-
T (in Figure 2.4, the latter sequence does not extend to the S and T residues), at
several positions in the chain. Clearly, such a reaction sequence, which is fully
compatible with all of the enzyme specificitics, does not generate a typical
heparin. It makes a product that would have a much greater anticoagulant
activity than typically found in heparin. Furthermore, product VI, the final
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product, contains only 3 of the 19 disaccharide building blocks that are actually
found in heparinoids. What is the cause of the much greater complexity than
predicted by these reasonable assumptions? There are several possibilities.

First, as noted earlier, the GlcA 2-O-sulfotransferase acts on the sequence

GIcNSO;->GlcA—>GIeNSO3;»>GlcA—>GIcNSO;s,

which occurs prominently in intermediate II of Figure 2.4. Such a sequence is a
substrate for both the epimerase (reaction 2) and the GlcA 2-O-sulfotransferase
(Figure 2.2, reaction 6). It is likely that the GicA 2-O-sulfotransferase competes
with the epimerase for these disaccharide substrates. However, the epimerase
competes so effectively that the amount of GlcA-2-SO, that is formed is very
small, exactly as is found in a typical heparin. Furthermore, if the GlcA 2-O-
sulfotransferase captures some of intermediate II, then a small amount of an
additional minor disaccharide,

GlcA-2-SO,—GlIcNSO;-6-SO,,

can be formed also (Figure 2.2, reaction 7). Thus, the diversion of a small
amount of intermediate I by the GicA 2-O-sulfotransferase would account for
the synthesis of two more of the disaccharides found in heparin.

A second reason for the higher complexity of heparinoid sequences is that
the IdoA—>GIcNSO;

units in intermediate III are potential substrates for both the IdoA 2-
O-sulfotransferase and the 6-O-sulfotransferase. Thus, a competition between
these enzymes for the disaccharide acceptors may occur. As was noted, if the 2-
O-sulfotransferase acts on the acceptor disaccharide first, generating

IdoA-2-S0O,—>GIcNSO,,

then this disaccharide can serve as an acceptor for the 6-O-sulfotransferase. If,
however, the 6-O-sulfotransferase acts on the acceptor disaccharide first,
generating

IdoA—>GIcNSO;3-6-SO,,

then this disaccharide cannot serve as an acceptor for the 2-O-sulfotransferase.
The latter reaction sequence is shown in Figure 2.5 where product IV
accumulates. Product IV contains three disaccharide units that are not found in
the final product in Figure 2.4, but does not yield a typical heparinoid. Product
IV is not an effective substrate for the 3-O-sulfotransferase. Consequently, an
anticoagulantly active heparin could not be formed. The actual presence in
heparinoids of these additional disaccharides resulting from the competition
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—» GlcA-GIcNAc - GlcA-GlcNAc — GicA-GleNAc — GlcA-GIcNAc -

—GlcA-GIkNSO; - GlcA-GIcNA¢ - GlcA-GIcNSO; = GlcA-GIcNSO; —»

— IdoA-GlcNSO; —» IdoA-GleNAc - GlcA-GleNSO; — IdoA-GIcNSO; —»

- IdoA-GIcNSO; - 1doA-GIcNAc — GlcA-GIcNSO; — I1doA-GIcNSO; —»

2-0-S0O, 2-0-80, 2-0-8S0O,
6-0-S0, 6-0-SO, 6-0-SO,4 6-0-SO4
— IdoA-GIcNSO; —» IdoA-GlcNAc — GlcA-GIcNSO; —» 1doA-GlcNSO; —
2-0-SO, 2-0-S0,4 2-0-S04
6-0-80, 6-0-80, 6-0-80, 6-0-8O,4
— 1doA-GIcNSO; - 1doA-GlcNAc — GlcA-GIeNSO; — 1doA-GlcNSO; —
2-0-804 2-0-S0O4 3-0-8O4  2-0-80,
A B (o) D E F G H

Figure 2.4. Sequential synthesis of heparin: 2-O-sulfation precedes 6-O-
GIcNSOs-containing  disaccharides occur on both sides of the GicNAc.
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GlcA-GIlcNAc - GlcA-GIcNAc - GicA-GIcNAc - GlcA-GlcNAc —» GicA-GlcNAc —» 1
$
(1) N-Sulfation
4
GlcA-GIcNSO; —» GlcA-GIcNSO; - GlcA-GIcNSO; — GlcA-GIcNAc - GIcA-GIcNSO; —» 1T
4
(2) Epimerization
{
IdoA-GIcNSO; = IdoA-GIcNSO;— IdoA-GIcNSO; - 1doA-GlcNAc — GicA-GIcNSO; —» HI
{
(3) 2-O-Suifation
{
1doA-GIcNSO; - IdoA-GIcNSO;— IdoA-GleNSO; —-1doA-GlcNAc — GlcA-GIcNSO; —» v
2-0-80, 2~0£SO¢ 2-0-S0, 2-0-80,
fit) 6-O-Sulfation
6-0-SO4 6-0-S0, 6-0-SO4 6-0-SO4 6-0-SO,
IdoA-GIcNSO; = 1doA-GIcNSOs;— IdoA-GIcNSO; 5 1doA-GlcNAc ~» GlcA-GIcNSO; —» v
2-0-80O, 2-?'-804 2-0-S0, 2-0-804
(5) 3-O-Sulfation
3
6-0-80, 6-0-SO, 6-0-SO, 6-0-SO, 6-0-SO,
IdoA-GIcNSO; - 1doA-GlcNSO;— IdoA-GIcNSO; —1doA-GleNAc — GlcA-GIcNSO; - A% |
2-0-80, 2-0-8S0, 2-0-S0, 2-0-S04 3-0-S0,
I J K L M N O P Q R

sulfation. It is assumed here that no further de-N-acetylation occurs if
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— GlcA-GlcNAc — GlcA-GIcNAc - GicA-GlcNAc — GIcA-GlcNAc —»

— GlcA-GIcNSO; —» GicA-GIcNAc -» GlcA-GIcNSO; = GlcA-GIeNSO; >

— IdoA-GIcNSO; » IdoA-GIcNAc¢ —» GIcA-GIcNSQO; - 1doA-GIcNSO; -

6-0-SO, 6-0-S0, 6-0-SO4 6-0-SO4
- IdoA-GicNSO; - IdoA-GlcNAc — GlcA-GIcNSO; —» 1doA-GIcNSO; —

Figure 2.5. Sequential synthesis of heparin: 6-O-sulfation prevents 2-O-sulfation.
disaccharides occur on both sides of the GlcNAc. NR = no reaction.
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GlcA-GlcNAc - GlcA-GlcNAc - GicA-GleNAc — GlcA-GIcNAc — GlcA-GleNAc —»
¥
(1) N-Sulfation
$
GlcA-GIcNSO;3 — GIcA-GIcNSO; = GlcA-GIeNSO; —» GleA-GleNAc — GlcA-GleNSO; —
{
(2) Epimerization
3
IdoA-GIcNSO; = I1doA-GIcNSO;— IdoA-GIeNSO; -1doA-GlcNAc — GlcA-GIcNSO; —»
{4
(3) 6-O-Sulfation
i
6-0-SO, 6-0-SO, 6-0-SO, 6-0-SO, 6-0-SO,
1d0A-GIcNSO; = IdoA-GIcNSO;— IdoA-GIcNSO; - 1doA-GlcNAc - GlcA-GIcNSO; —»
{
(4) 2-O-Sulfation
3
NO REACTION

11

m

v

It is assumed that no further de-N-acetylation occurs if GlcNSO;-containing
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between enzymes at the branch points, plus the disaccharides in the final
products of Figures 2.4 and 2.5, is consistent with the idea that there is a true
competition between the GlcA-2-O-sulfotransferase and the epimerase and
between the 2-O- and 6-O-sulfotransferases. In the latter case, the high levels of

IdoA-2-SO, - GIcNSO;-6-80,

that are found in heparins (Table 2.4) suggests that the 2-O-sulfotransferase
must fare quite well in this competition.

E.  Progressive Maturation Steps in the Biosynthesis of Heparinoids

There is clearly a required order in which the maturation enzymes must
act, e.g., the epimerase cannot act on the [GlcA—>GlcNAc],, sequences and the
6-O-sulfotransferase cannot act on GlcNAc residues unless they occur next to a
GIcNSOs-containing disaccharide. Thus, there is an ordered reaction sequence.
What is less clear is whether the whole maturing heparinoid chain must be
completely converted by one maturation enzyme before the next can act, as
depicted in Figures 2.4 and 2.5. In this context, the two cases above in which a
single disaccharide unit, or sequence of disaccharides, can serve as a substrate
for two different maturation enzymes illustrates how such competition can affect
the nature of the disaccharides formed and the complexities of the sequences in
which they occur in the final product. However, they still do not account for the
actual structural complexity of heparinoids. Figures 2.6 and 2.7 show modified
schemes for the maturation of the initial [GlcA—GIcNAc];,, polymer. In both
cases, the starting material is depicted as the product of the first pass of the de-
N-acetylation/N-sulfation reaction that yields a chain with widely spaced
GIcNSO; residues—in this case, one in the middle of the chain and one each at
the two extremes. Figure 2.6 shows a stepwise progression of subsequent de-N-
acetylation/N-sulfation reactions that would occur when the epimerase is not
present. This sequence starts in the middle and progresses in both the upstream
and the downstream directions. For the sake of simplicity, progressive steps
from the two extreme GIcNSO;-containing disaccharides toward the middle are
not shown, although such progressions would be consistent with the proposed
biosynthetic scheme. Again it is assumed that the de-N-acetylase cannot act on a
GlcNAc between two GIcNSOs-containing disaccharides. As a result, the
progression stops when a single isolated GlcA—GlcNAc disaccharide remains.

Figure 2.7 shows the same type of progressive synthesis that would occur
when the epimerase is also present. This series of reactions begins with the same
partially N-sulfated “first pass” product found in Figure 2.6. This intermediate is
then subjected to alternating, stepwise epimerase and deacetylase/N-
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sulfotransferase reactions, invoking once again the specificity of the epimerase
as the reaction sequence progresses. Interestingly, this reaction sequence
suggests that the deacetylase may act on

IdoA—>GlIcNAc,

but this substrate has not been tested.

Although not shown in Figure 2.7, it is obvious that all of the O-
sulfotransferases would participate in such a progressive maturation reaction
sequence as their specific sulfate acceptor di- or oligosaccharide structures are
generated by the reactions shown. Furthermore, the competition of the pairs of
enzymes that act on the

GlcA—>GIcNSO;
and the
IdoA—>GIcNSO;

disaccharides (Section IIL.D., p. 34) can also contribute to the generation of
complex structures.

F. Unsulfated Blocks as Intermediates in Heparin Biosynthesis

The progressive reaction sequences shown in Figures 2.6 and 2.7 yield
intermediates that contain blocks of GlcA—>GicNAc disaccharides and blocks
that are rich in IdoA and GIcNSO;. Addition of the O-sulfotransferase reactions
to these sequences would show the appearance of IdoA-2-SO, and GIcNSO;-6-
SO, as well as 3-O-sulfated GIcN residues in the blocks that are rich in IdoA
and GicNSO;. Thus, the progressive reaction sequences would generate heparan
sulfate-like products as intermediates in the heparin biosynthesis. Furthermore,
any regulatory mechanism that would arrest the de-N-acetylase/N-
sulfotransferase reaction early would yield a heparan sulfate-like product. One
simple mechanism that might control the progression would be a limitation of
the amount of 3'-phosphoadenosine-5'-phosphosulfate, the sulfate donor,
perhaps by regulation of its synthesis or its transport into the Golgi where these
reactions take place. A shortage of PAPS would prevent the N-sulfation but
would not stop the conversion of GIcNAc residues to N-unsubstituted GIcNs. It
would also limit the amount of O-sulfation in the regions rich in IdoA and
GIcNSO;. This is precisely what is found in heparan sulfate; namely, blocks of
GilcA—>GIcNAc, reduced sulfation in the IdoA-rich blocks, and some N-
unsubstituted GlcN residues at the junctions between the blocks.,
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¢« UPSTREAM PROGRESSION

— GlcA-GleNSO; - GlcA-GleNAc - GlcA-GlcNAc - GlcA-GlcNAc —»
i
¥
4
— GlcA-GIeNSO; - GlcA-GIcNAc = GicA-GIcNAc — GlcA-GIcNSO; —»
3
{
{
— GIcA-GIcNSO; = GIcA-GlcNAc ~ GlcA-GIeNSO; - GlcA-GicNSO; —»
{
$NR.(not tested)
{
—» GlcA-GIcNSO; - GlcA-GicNAc - GIcA-GleNSO; = GlcA-GIeNSO; —»

Figure 2.6. Proposed progression of de-N-acetylation/N-sulfation during heparinoid bio
residues in I are formed in the "first pass" of de-N-sulfation/N-acetylation (not shown).
lustrative purposes, the progressions here proceed only from the central GIcNSO,;
GIcNSO;-containing disaccharides occur on both sides of the GIcNAc. NR = no reaction
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STARTING DOWNSTREAM PROGRESSION ———
POINT
¥
GlcA-GicNSO; - GlcA-GicNAc — GIcA-GIcNAc — GlcA-GleNAc — GlcA-GIcNSO; —» I
3
(1) N-Sulfation 4
3
GlcA-GIcNSO; — GlcA-GlcNSO;s - GIcA-GlcNAc —» GlcA-GIeNAc - GlcA-GIeNSO; > It
y
(2) N-Sulfation {
4
GIcA-GIcNSO; = GlcA-GIeNSO; = GlcA-GIcNSO; —» GlcA-GlcNAc - GIcA-GIcNSO; —» 1T
4
(3) N-Sulfation INR.(not tested)
4

GlcA-GIcNSO; = GlcA-GIcNSO; - GlcA-GIeNSO; —» GIcA-GlcNAc = GlcA-GIcNSO; - 11T

synthesis (without epimerase action). It is assumed that the central and end GIcNSO,
Although progression can occur in both directions from each GIcNSO; residue, for il
formed in the first pass. It is also assumed that no further de-N-acetylation occurs if
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$
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$
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4
— GIcA-GIcNSO; -»GlcA-GlcNAc - GlcA-GlcNAc — GlcA-GIcNSO; —»
{
{
{
- GlcA-GIcNSO; = GIcA-GlcNAc — GlcA-GIcNSO; = GIcA-GIcNSO; -
{ 4
INR {
{ {
- GlcA-GIcNSO; — GleA-GlcNAc — GlcA-GIcNSO; — IdoA-GIecNSO; —
i
{NR (not tested)
1

= GlcA-GIcNSO; = GlcA-GIcNAc = GIcA-GIcNSO; - IdoA-GIcNSO; —»

Figure 2.7. Proposed progression of de-N-acetylation/sulfation reactions
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STARTING DOWNSTREAM PROGRESSION —»——
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¥
GlcA-GIcNSO; - GleA-GlcNAc — GlcA-GIeNAc —» GicA-GleNAc —» GlcA-GIeNSO; » 1
INR 3
(1) Epimerization $

INR 4
GIcA-GIcNSO; = IdoA-GIcNAc —> GlcA-GlcNAc — GlcA-GlcNAc = GIcA-GIcNSO; » IV
3
(2) N-Sulfation d(not tested)
J

GlcA-GIcNSO; — 1doA-GIcNSO; —» GlcA-GlcNAc — GIcA-GIcNAc = GIcA-GIeNSO; - V
{ {

(3) Epimerization {
{ $
IdoA-GIcNSO3 — IdoA-GIcNSO; = IdoA-GIcNAc — GlcA-GleNAc = GIcA-GIeNSO; - VI
{
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{
IdoA-GIcNSO; - IdoA-GIcNSO; — IdoA-GIcNSO; — GlcA-GleNAc — GicA-GIcNSO; - VII
{
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{
1doA-GIcNSO; - IdoA-GIcNSO;— IdoA-GIcNSO; —1doA-GlcNAc — GIcA-GIeNSO; —  VIHI
4
(6) N-Sulfation {NR (not tested)
{

IdoA-GIcNSO; —> IdoA-GIcNSO3—» I1doA-GIcNSO; —1doA-GleNAc - GlcA-GIcNSO; - VIH

during heparinoid biosynthesis—with epimerase action. NR = no reaction.
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The one observation that must be reconciled with the concept of heparan
sulfate-like structures among the heparin biosynthesis intermediates is the
finding that, in the first pass of de-N-acetylation/N-sulfation in microsomal
preparations, approximately 50% of the GIcNAC’s are converted to GIcNSOs’s.
Analyses of these initial biosynthetic products show that most of the GlcA—
GIcNSO; disaccharides are adjacent to each other or separated by only one or
two GlcA—>GlcNAc disaccharide units 14 [99], leaving very short blocks of
unsulfated disaccharides. While it is easy to imagine that further de-N-
acetylation/N-sulfation reactions can reduce the number of GIcNAc-containing
disaccharides to the level of 10-15% of the total GlcN residues that are found in
heparin, the fact that some GIcNAc residues remain between two GICNSO;-
containing disaccharides while others in the same structural environment
become N-sulfated leads to two suggestions. The first, which we have already
mentioned, is that the deacetylase cannot act on a GlcNAc residue that is flanked
by GIcNSOs-containing disaccharides. The second is that, in vivo, in contrast to
the in vitro results, only 10-15% of the GlcNAc’s become N-sulfated in the first
pass.The progressive biosynthesis pathway in Figure 2.7, with the additional
provisions for the O-sulfation and for the branches in the pathway described
above, (a) would be consistent with the biosynthesis studies, (b) would
ultimately yield a product having all of the properties of heparin, and (c) would
account for unsulfated block structures as intermediates in heparin biosynthesis.
Such blocks of unsulfated disaccharides are found in heparin by-products, and
Cifonelli and Dorfman [47] suggested long ago that these heparin by-products
are intermediates in heparin biosynthesis. Additional support for the idea that
block structures are (or can be) intermediates in heparin biosynthesis comes
from the observations of Jacobsson and Lindahl [92] that exogenous heparan
sulfate can serve as a substrate for de-N-acetylation/N-sulfation in mousc
mastocytoma extracts. The possibility of unsulfated block structures in the
biosynthesis of heparin also adds weight to the suggestion that the pathways of
heparin and heparan sulfate synthesis are essentially the same. As mentioned in
Section IILA., p. 22, that microsomal extracts from mastocytoma cells, which
make a typical heparin, and from hepatoma cells, which make typical heparan
sulfate, both yield similar heparin-like products when incubated with UDPGIcA,
UDPGIcINAc, and PAPS in vitro. Here, the regulatory mechanisms that operate
in intact hepatoma cells are lost in vitro. The suggestion earlier that the
availability of PAPS could serve as a simple regulatory mechanism in whole
cells would explain these results, as PAPS is provided in excess in microsomal
incubations, but may be less available in intact cells.

14 There are, however, significant amounts of the products from the microsomal
syntheses that do show at least 4-5 GlcNAc- containing disaccharides in blocks.
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There are other explanations for the incomplete maturation of some of the
disaccharide units in heparinoids. These include the possibility that the
maturation enzymes are compartmentalized in the Golgi and that the passage of
the maturing heparinoid chain through some of these compartments occurs so
rapidly that some of the maturation reactions are simply incomplete. It is also
possible that such compartments in the Golgi, if they exist, present localized
environments (pH, metal ion concentrations, etc.) that regulate the specificities
of the maturation enzymes.

IV. THESIZE AND VARIABILITY OF HEPARINOIDS

We have already mentioned that the biosynthesis of heparin yields
macromolecular heparin, a proteoglycan composed of the serglycin core protein
and multiple chains of heparin, having a molecular weight of 750,000-
1,000,000. The heparin chains have molecular weights of ~60,000-100,000 [96].
As the “biosynthesis” continues, the heparin chains of the glycosaminoglycan

are cleaved by an endo-B-glucuronidase to yield shortened chains with average
molecular weights of ~12,000 [63-65, 97, 98]. However, a typical heparin
displays molecular weights ranging from ~5000 to ~25,000; ie., the
heparinoids, like all polysaccharides, are polydisperse.

Given the polydispersity and range of structures in all heparinoid
preparations, it is interesting to consider what constitutes a “pure heparin” or a
“pure heparan sulfate”. All that one can say is that a pure heparinoid is a
preparation that contains only oligosaccharides or polysaccharides composed
solely of the disaccharide units that we have described. Such a
glycosaminoglycan preparation would be free of protein and other
glycosaminoglycans, most notably dermatan sulfate and chondroitin sulfate. It
may be noted that even heparin preparations that are pure by these criteria can
be separated into several well-resolved fractions by electrophoresis on cellulose
acetate strips or agarose gels in barium acetate buffers. Typically such a
treatment yields two peaks, referred to as the “fast-moving” and the “slow-
moving” components. In fact, under some electrophoretic conditions, it is
possible to resolve intermediate components [118]. This phenomenon appears to
be related to the molecular weight species and the degree of sulfation of the
components of the heparin mixtures. The higher the average molecular weight
and the degree of sulfation, the higher the percentage of slow-moving
component [119, 120]. It has been suggested that the slow-moving fractions
complex more strongly to the Ba* ions of the electrophoresis buffer [121].
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V. THESHAPE OF HEPARINOIDS

A, Introduction

The discussion to this point has dealt with the linear sequences that are
found in heparinoids. An understanding of the binding of heparinoids to proteins
ultimately must address the interactions of three-dimensional heparinoid
structures with three-dimensional proteins. In this area, the tertiary structures
and the flexibilities are understood much more clearly for proteins than for
heparinoids. The knowledge of heparinoid shapes and dynamics is based largely
on NMR and X-ray diffraction studies and is described in several reviews [11,
12, 122-126]. In general terms, the X-ray diffraction analyses of ordered fibers
in heparin films have shown that the crystalline portions of these heparin films
form twofold helices with a disaccharide axial periodicity of 0.82 to 0.87 nm.,
depending on the humidity and the salt form, whereas heparan sulfate has a
disaccharide axial periodicity of 0.93 [127-130]. Models based on these results
suggest that the helix is stabilized by H-bonding between the ring oxygen of the
uronic acid and C3 hydroxyl of the adjacent GlcN [130]. More recent NMR data
yield structures that are consistent with those found in the crystallography
studies [131, 132]. Thus, it is generally true that these are quite linear structures,
and the question now becomes, how much flexibility is there in these chains?
Two factors control flexibility: (a) the shapes taken by the individual
monosaccharides; i.e., the ring conformations, and (b) the bending that can
occur at each glycosidic linkage. We will discuss these separately. The
influences of the overall flexibility of heparinoid chains on heparinoid-protein
interactions will be discussed in Chapter 6.

B. Ring Conformations

The monosaccharides of heparinoids are pyranose ring structures that take
chair (C) or skew boat (S) conformations. Other ring conformations are possible,
but have not been reported for heparinoid monosaccharide residues. A scheme
for designating the ring conformations of monosaccharides has been discussed
by Stoddart [133]. According to this system, the ring carbons are numbered 1 to
5, as usual, and the ring oxygen is designated by O. A reference plane is then
chosen that contains four of these atoms and that has the lowest numbered ring
carbon displaced from this plane. The ring conformation is then described by
indicating whether the ring is a chair, C, or a skew boat, S (sometimes
designated as a twist boat, T). Then those atoms that lie above the reference
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Figure 2.8. Ring conformations of heparin monosaccharides.

plane are indicated as a superscript to the left of the C or S, and those atoms that
lie below the reference plane are indicated as a subscript to the right of the C or
S; e.g., 'C4indicates a chair form in which carbons 2, 3, and 5, and the ring
oxygen form the plane, and carbons 1 and 4 lie above and below the plane,
respectively. The ring conformations for the monosaccharides found in
heparinoids are illustrated in Figure 2.8.

Based on X-ray crystallography and NMR studies (see Chapter 3), it has
been shown that the GlcN and the Gled residues of heparinoids form rather rigid
and stable *C, rings. All of the nonhydrogen ring substituents of the GIcN and
the GIcA residues are positioned equatorially except for the anomeric OH of the
GIcN, which is a-linked. When the monosaccharides are linked in oligo- or
polysaccharides, the ring conformations of these monosaccharides do not seem
to be altered by the immediately adjacent residues linked to C4 (upstream) or C1
(downstream).

The IdoA residues equilibrate between the 'C, and the %S, conformations,
which are essentially equi-energetic {see 133, 134]. The equilibrium between the
'Cs and the %S, conformations is extremely rapid—up to 10%sec—under
physiological conditions [124], indicating that the energy barrier between these
two forms is relatively low. Calculations based on NMR vicinal coupling
constants have shown that the “C; conformation of IdoA is of similar potential
energy to the 'C, and %S, conformations [124, 135], suggesting that the “C; ring
form may also participate in the equilibrium. In fact, there is evidence for
participation of the “C; form of IdoA when it occurs at the nonreducing terminal
of heparin di- and oligosaccharides [136, 137], and presumably when the IdoA
is free in solution (not reported). However, for IdoA residues in internal
positions of heparinoid chains, the “C, conformation does not occur and the
IdoA residues equilibrate between the 'C, and the S, conformations.!S The
positioning of the nonhydrogen ring substituents in IdoA depends on the ring

15 However, the likelihood that IdoA may take the “C, conformation when heparinoids
are bound to proteins seems high.
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conformation. Thus, when IdoA is in the 'C, conformation, the bulky carboxyl
group is equatorial, whereas all other substituents, including the anomeric OH,
which is a-linked, are in axial positions. For the S, conformation, the
nonhydrogen ring substituents exhibit minimal steric interactions, and
substituents at C4 might be expected to cause little distortion of the ring
conformation (Figure 2.9). The ICie 2S5 equilibrium of IdoA lies toward the
'C, conformation (60:40) when it occurs as in internal residue in a heparinoid
chain, but the equilibrium shifts toward the S, conformation (40:60) when the
IdoA is a nonreducing terminal residue [138]. Furthermore, the sulfation
patterns of neighboring residues may affect the conformational equilibrium
[132, 139).

C. Rotations about the Glycosidic Linkages

A major consideration in the three-dimensional structures assumed by
carbohydrate polymers is the rotation that can occur about the two bonds that
form the glycosidic linkage in heparinoids, the C1-O and the O-C4 bonds. For
most polysaccharides, the rotations about these bonds are the only possible
conformationally adaptable aspects of the structure [140]. For heparinoids,
rotations about these bonds also represent flexible portions of the polymer, but
in the case of IdoA-containing sequences, variation in ring conformations also
must be taken into account. These rotations are expressed by the dihedral angles,
¢ and y, where ¢ = H;—C1—0,—C4 and y = C1—0,—C4—H, . Calculations
of the degrees of rotation of the ¢ and y angles for each value of the other are
expressed as contour plots, such as those shown in Figure 2.9 [132]. The
contour lines in such plots connect ¢,y coordinates of equal potential energies
and the outer contour depicts the limit of ¢,y rotations that are possible before
steric interactions block further rotation. The column of plots on the left of
Figure 2.9, labeled column 1, is for heparinoids in which the GIcN residues are
N-sulfated, whereas the column on the right, labeled column 2, represents
heparinoids in which the GIcN residues are N-acetylated.1® The labels between
the two columns distinguish the A-I, or GicN—IdoA, linkages [(a) and (b)], and
the I-A, or IdoA—>GIcN, linkages [(c) and (d)]. As also noted by the labels
between the columns, the (a) and (c) plots represent the IdoA-containing
disaccharides in which the IdoA residues are in the 'C, conformations, whereas
the (b) and (d) plots represent the IdoA-containing disaccharides in which the

16 A5 we have discussed, the GicNAc—IdoA linkage does not appear in heparinoids
because of the specificity of the epimerase that converts GlcA to IdoA, but the results are
shown here to illustrate several points.
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Figure 2.9. Contour plots showing permissible rotations about glycosidic
bonds. See text for further discussion. Reprinted from [132], with

permission.

IdoA residues are in the *S, conformations. From a study of these diagrams,
several things are clear:

e There is little difference in the degree of rotation possible when GIcNAc-
and GIcNSQ;-containing disaccharides are compared.
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o There is a higher degree of rotation about the IdoA—GicN bonds than about
the GlcN—>IdoA bonds, where rotation is quite limited.

o In all cases, there are differences in the Possible degrees of rotation as a
result of switching the IdoA ring from the 'C, to the *S, conformation.

e  Since the 'C, and S, conformers are in equilibrium in IdoA-rich segments
of heparin and heparan sulfate, the IdoA—>GIcN bonds can rotate over the
entire range of ¢,y angles depicted in both the 'C, and the %S, contour plot

Although not shown, it has been observed that the possible degrees of
rotation that can occur at GlcA-containing disaccharides, where the GIcA is in
the “Cy conformation, are, in fact, greater than those shown here for the IdoA-
containing disaccharides.!”

We might take note of several things depicted in these plots. First, the
allowed rotations about a glycosidic linkage are much more limited than the
rotations that can occur at peptide linkages, i.e., the heparinoid chains are quite
linear, with limited bending possible. Although the degree of bending of the
chain is not easily deduced from these diagrams, it has been estimated by
Mulloy that, in order to bend 180° and go back in the opposite direction, a
heparinoid sequence must be more than 20 disaccharides long, i.e., the bend at
each glycosidic bond is less than 4-5°!" Since greater degrees of rotational
freedom are observed for the GlcA-containing disaccharides than for the IdoA-
containing disaccharides, fewer GlcA-containing disaccharides may be required
for a similar 180° bend.

VL PROTEOGLYCAN FORMS OF HEPARINOIDS

A.  Introduction

Although heparin and heparan sulfate are synthesized as proteoglycans,
they occur in cells and tissues as both proteoglycans and free heparinoid chains.
This is a result of their normal metabolism after the biosynthesis of the
proteoglycans is completed (Chapter 5). The heparan sulfate proteoglycans may
be associated with the cell membranes via transmembrane core proteins or
glycosyl phosphatidylinositol-anchored core proteins. They may be shed from
the cell surface into the extracellular matrix or internalized by the cell and
metabolized further. The proteoglycan nature of the heparinoids has been

17 personal communication from Dr. Barbara Mulloy.
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described in a number of reviews which may be consulted for more detailed
discussions of the proteoglycan structures and for reference to the extensive
primary literature [10, 13, 14, 141-148]. The proteoglycan structures will be
reviewed here briefly, and the metabolism of heparan sulfate proteoglycans will
be discussed in Chapter 5.

Both heparin and heparan sulfate, as well as other glycosaminoglycans
(chondroitin sulfate and dermatan sulfate), are attached to core proteins through
a BGIcA-1,3-pGal-1,3-BGal-1,4-BXyl-1->Ser linkage region that couples the
repeating disaccharide portions of the glycosaminoglycans to their core proteins
[59, 61, 68]. Fransson ef al. [149] have reported that the linkage region may be
phosphorylated on the C2 of the xylose residue in the linkage region of bovine
lung heparan sulfate proteoglycan. The glycosaminoglycan chains are attached
to the GlcA residue of the linkage region through the first downstream amino
sugar of their respective repeating disaccharide sequences denoted by the “¥” in
the following types of structures:

for heparinoids,

$
(HexA—GIcNAc),—»GlcA— aGlcNAc—»GlcA—»>Gal->Gal->Xyl»Ser ,

and for chondroitin sulfate and dermatan sulfate,

{
(HexA—»>GalNAc)n-»GlcA->BGalNAc—>GlcA—+>Gal>Gal-> Xyl > Ser.

The amino acid recognition sites for attachment of glycosaminoglycans to
core proteins are Ser-Gly sequences. Although it is not totally clear how the
chain attachment of the different glycosaminoglycan types is controlled, there
are distinct groups of core proteins that act as acceptors for heparins, for heparan
sulfates, for chondroitin sulfates, or for dermatan sulfates,!® A recent review
describes both chondroitin sulfate/dermatan sulfate- and heparinoid-containing
proteoglycans [148]. Our discussion here will be limited to the well-
characterized heparinoid-bearing core proteins. Some light has been shed on the
question of specific sequences that control chondroitin sulfate and heparinoid
addition to the core protein by the recent work of Esko et al. [150, 151], who
have shown that the Ser-Gly acceptor sequences for heparinoid chains occur in

18 4 appears that a single set of enzymes synthesizes the linkage region for both
heparinoids and chondroitin sulfates/dermatan sulfates, and that the unique biosynthetic
step that leads to the synthesis of the heparinoid vs the chondroitin sulfate/dermatan
sulfate groups is the addition of the first amino sugar, shown by the arrows (see Chapter
5).
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clusters, whereas chondroitin sulfate and dermatan sulfate acceptor sequences
tend to be isolated. Both are flanked by acidic amino acid residues and an
adjacent tryptophan,

Although there is a relatively small number of types of core proteins that
carry heparan sulfate, these are found in a large variety of cells, and expression
of the individual core proteins may be highly specific for different cell types and
stages of development (Chapter 5). Thus, the control of the amount of heparan
sulfate proteoglycan on cell surfaces is subject to regulatory mechanisms that
control the expression of the core proteins. It has been suggested that the
structure of these core proteins is the principal determinant of the functional
characteristics of a proteoglycan [152], but a growing body of evidence seems to
support the conclusion that the carbohydrate portion of the proteoglycans
mediates most of the proteoglycan functions on cell surfaces [see, for example,
153]. Interestingly, although expression of the core proteins in cells is necessary
in order to form cell surface heparan sulfate proteoglycans, the fine structures of
the glycosaminoglycans that are attached to a given core protein, and thus their
abilities to bind proteins, appear to be controlled by the heparan sulfate chain
maturation reactions that take place in the individual cells and not by the
structures of the core proteins [see for example, 154, 155-157].

Heparinoid core proteins are developmentally regulated [144, 158-167].
They vary in their molecular weight from ~13,000 to ~400,000. The number of
heparinoid chains attached to a core protein may vary from 2-3 to 12 (or
higher—see serglycin in Section IV.B.1., below), with molecular weights of the
heparinoid chains ranging from ~15,000 to ~100,000 [13, 70, 142, 168]. In
addition to the glycosaminoglycan chains, the core proteins usually have N-
and/or O-linked oligosaccharides attached to arginine and secrine residues,
respectively, as a result of their processing via the secretory pathways of cells
[13, 169, 170]. Finally, the various proteoglycans and their core proteins have
been given names that describe some physical, chemical, or biological (or
philosophical!) property of the structure in question. However, these names are
often used in the literature interchangeably to indicate both the proteoglycan and
the core protein. Since the heparan sulfate chains on a given core protein have
structures that depend on the biosynthetic machinery of the cell and since it is
the core protein that distinguishes one type of heparan sulfate proteoglycan from
another, we will try to avoid confusion in the present discussion by using these
names to refer only to the core proteins.
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B. CoreProteins
1.  Serglycin

Mast cells and other hematopoietic cells (basophils, natural killer cells,
cytotoxic T lymphocytes, eosinophils, macrophages, and platelets) contain a
unique core protein called serglycin [171-174]. All of these cells store a family
of proteoglycans in complexes with various basic proteases in their secretory
granules. In connective tissue mast cells, serglycin carries heparin; in natural
killer cells it carries chondroitin sulfate; and in mucosal mast cells it carries a
mixture of chondroitin sulfate E and heparin {175, 176]. Serglycin was
originally identified as a core protein that contained predominantly Ser and Gly
residues [65, 177, 178]. Core proteins from various rodent and human cells [179,
180] and from rat yolk sac tumor cells [181] have been described. The core
proteins have been cloned and characterized in detail [180-184] and the
mechanisms regulating gene expression have been studied [185, 186]. The core
is synthesized as a precursor protein of 16.7-18.6 kDa that has an extensive
sequence of consecutive Ser-Gly repeats. Glycosaminoglycan chains are
attached to up to two-thirds of these serines. The unique Ser-Gly repeat structure
and the high degree of glycosaminoglycan substitution render these
proteoglycans resistant to proteases.

2.  The syndecan family

a. Introduction

The syndecans are a family of transmembrane core proteins [144, 187,
188]. The core proteins are small, cysteine-free type 1 glycoproteins that have an
extracellular domain to which the glycosaminoglycans are attached, a
transmembrane domain, and a relatively short (<35 amino acids) cytoplasmic
domain (Figure 2.10). There is a high degree of sequence identity in the
transmembrane and cytoplasmic domains, leading to the grouping of the
syndecans into a family of four. David [146] refers to the family as “syndecan-
like intercalated proteoglycans” (SLIPS). The extracellular domains are highly
divergent; the main conserved features are the glycosaminoglycan attachment
sites and a putative proteolytic cleavage site (dipeptide sequence containing
basic amino acids) near the transmembrane domain. In the cytoplasmic domains,
there is a strict conservation of four tyrosines, one at the junction of the
membrane-spanning domain and the cytoplasmic domain that may be a signal
for internalization [189]. One of the internal tyrosines fits a consensus sequence
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Figure 2.10. Domain structures of syndecans. The positions and amino acid sequences
at the glycosaminoglycan attachment sites are shown. Reprinted from [144], with
permission from the Annual Review of Cell Biology, © 1992, by Annual Reviews Inc.

for phosphorylation. An ancestral gene of the syndecans has been cloned from
Drosophila {190].

b. Syndecan-1

Syndecan-1 is the original member of the syndecan family and is usually
referred to simply as syndecan. It has been cloned from mouse and human
mammary epithelial cells [191, 192], rat microvascular endothelia [193], rat
vascular smooth muscle cells [165}, and hamster kidney cells [194]. It is
expressed in rat liver cells, including hepatocytes and Kupffer cells, but at only
low levels in Ito and endothelial cells [195]. Syndecan-1 has a common
dipeptide of basic amino acids at a site close to the membrane which is a
putative protease<cleavage site. The ectodomain has five potential
glycosaminoglycan attachment sites (see Figure 2.10). Syndecan-1 forms a
hybrid proteoglycan containing both heparan sulfate and chondroitin sulfate
[196]. The ratio of heparan sulfate to chondroitin sulfate varies among tissues,
and heparan sulfate and chondroitin sulfate chains are attached at specific
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glycosylation sites [197). Syndecan-1 polarizes to the basolateral surface of cells
and colocalizes at basal cell surfaces with F-actin. Thus, syndecan-1 appears to
link the extracellular matrix to the cytoskeleton and could be involved in the
transduction of external signals (from growth factors, for example) through the
plasma membrane to the cytoplasm. Syndecan-1 is the major proteoglycan
product in epithelial cells but is hardly detectable in mesenchymal cells. The
gene structure of the mouse syndecan-1 gene has been described [198, 199].

¢.  Syndecan-2

Syndecan-2, originally called fibroglycan because of its presence in
fibroblastic cells, is expressed at high levels in lung and skin fibroblasts and in
some cell lines of mesodermal and neuroectodermal origin, but is virtually
absent in most epithelial cell lines. It has been cloned from human fetal lung
fibroblasts [200] and rat liver [201]. It has four potential heparan sulfate
attachment sites.

d. Syndecan-3

Syndecan-3 has been cloned from chick limb buds [166] and from a
neonatal rat Schwann cell line (NV-syndecan) [202]. It has three to five potential
glycosaminoglycan attachment sites. It is mainly associated with nervous tissue
and developing mesenchyme [202].

e. Syndecan4

Syndecan-4 includes two members: amphiglycan and ryudocan. An
additional member of this group has been cloned from chick embryos [203].
Syndecan-4 is the most widely expressed member of the syndecan family [see,
for example, 204]). Amphiglycan is a core protein cloned from human lung
fibroblasts [205], named amphiglycan from the Greek words amphy, “around,”
and “both sides” and amphoo, “both,” referring to its transmembrane structure
and its presence in both epithelial and fibroblastic cells. The protein contains
198 amino acids with four potential heparan sulfate attachment sites and all of
the structural features of the syndecans (above).

Ryudocan is a core protein cloned from rat and human vascular
endothelial cells [193, 206, 207]). The rat ryudocan has three potential
glycosaminoglycan attachment sites; the human core protein has four. The
mRNA for ryudocan is found in lung, liver, skeletal muscle, and kidney. It is
widely expressed in humans.
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3.  The glypican family

Glypicans are glycosylphosphatidylinositol (GPI)-anchored core proteins.
GPl-anchored proteins occur widely in eukaryotic cells {208, 209]. GPI-anchors
consist of a common core oligosaccharide,

Protein-CONH—ethanolamine-PO -6—»Man-1»2aMan-1—6-aMan-1-—-54aGlcN-1—
myo-inositol-1-PO,-diacylglycerol,

that joins, through an amide linkage, the C-terminal amino acid of the core
protein to the phosphatidylinositol which is embedded in the outer leaflet of the
cell membrane. Species-specific carbohydrate (galactose or galactosamine-
containing oligosaccharides) or ethanolamine-PO, side chains may be attached
to these common core structures. The inositol-PO, is linked to a lipid moiety
containing glycerol with attached fatty acyl or fatty alkyl ether chains, or a
sphingosine derivative. An additional fatty acid may sometimes be found in
ester linkage to the C2 or C3 hydroxyl groups of the inositol ring. A unique
feature of all anchors is the N-unsubstituted GIcN residue. Thus, the GPI
anchors can be cleaved with nitrous acid (Chapter 3). Another common way to
recognize GPI-anchored proteins is by their release from cell surfaces by
treatment with phosphatidylinositol-specific phospholipase C, which cleaves the
GPI anchor between the phosphate and the diacylglycerol of the
phosphatidylinositol. This releases the core protein with the anchor linked to the
C-terminal amino acid and terminated by an inositol phosphate. Alternatively,
one may release the protein with phospholipase D, which cleaves between the
inositol and the phosphate, leaving the anchor with an unphosphorylated inositol
attached to the protein,!° The GPI anchor localizes the proteins in the lipid
bilayer of the membrane through the embedded lipoidal structure attached to the
inositol.

Glypican from human lung fibroblasts is a cysteine-rich protein of 558
amino acids with a Ser-Gly repeat near its C-terminal and one additional
glycosylation site near the N-terminal. The C-terminal structure is similar to that
of other GPI-anchored proteins. Most of the glycosaminoglycan is concentrated
next to the plasma membrane. Glypican is expressed in many different cell
lines—both of fibroblastic and of epithelial origin. It is highly conserved, with
90% sequence identity in rat, mouse, and human. GPI-anchored heparan sulfate
proteoglycans have been cloned from human lung fibroblasts (the original

19 The phospholipase C may be prevented from action by some of the structural features
of some of the GPI-anchors (e.g., the fatty acylation of the inositol moiety), [see 210,
211-213]. Phospholipase D, however, will cleave GPI anchors that contain fatty acylated
inositol residues [discussed in 214].
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glypican [215, 216], brain (cerebroglycan) [100, 162, 163, 217, 218], rat brain
[219, 220], mouse kidney and brain (K-glypican) [163], rat intestine (OCI-5)
(158, 221], hepatoma cells [222], ovarian granulosa cells [223], human
hepatocellular carcinoma cells [224], and osteogenic cells [225], suggesting that
glypican is a core protein for a new family of heparan sulfate proteoglycans.
This family is referred to by David [146] as “glypican-related integral
membrane heparan sulfate proteoglycans” (GRIPS).

4. Perlecan

Perlecan, so-named because of its “beads-on-a-string” appearance in the
electron microscope [226], is the core protein of basement membrane heparan
sulfate proteoglycans. The proteoglycan produced by the Engelbreth Holm
Swarm tumor is readily available and has stood as a prototype for basement
heparan suifate proteoglycans [see 227]. However, it is also found in cartilage
matrix; i.e., it is not restricted to basement membranes [228]. It has been cloned
by several laboratories [226, 229-231], and the structure of the human gene has
been described [232]. The core protein has a molecular weight of 396,000-
467,000, depending on the source, with three potential sites for heparan sulfate
attachment, and with a domain structure that includes regions of homologies
with the LDL receptor, the laminin A chain, immunoglobulin-like repeats, and
epidermal growth factor. The proteoglycan appears to span the whole thickness
of the basement membrane. When the mouse perlecan is expressed in CHO
cells, both heparan sulfate and chondroitin sulfate/dermatan sulfate become
attached to the protein {233]. The recent literature has been reviewed by lozzo
and colleagues [148, 234, 235].

5. CD#E

A recent membrane protein to be identified as a potential HSPG core
protein is a member of the CD44 family of transmembrane glycoproteins, which
includes Hermes antigen, Pgp-1, and ECMR IIl. These proteins exhibit
exceptional heterogeneity that occurs as a result of alternative splicing and
variable glycosylation. CD44 exists as a number of variants, most of which
occur without attached glycosaminoglycan. One form, CD44E (epidermal), has
been identified in keratinocytes [236, 237] and given the name “epican”
(epidermal intercellular proteoglycan). Consequently, CD44 has been referred to
as a “part-time” or “amateur” core protein [13, 146].
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6. Betaglycan

Betaglycan (B-glycan, Betaglycan) is another “part-time” core protein for

heparan sulfate proteoglycans. It may carry heparan sulfate or chondroitin
sulfate chains or no glycosaminoglycan at all. It contains two cysteine-rich

regions and has no tyrosines in cytoplasmic domain. It is the type III receptor for
TGFB [100, 238-240].

7. Others

Agrin [241] and testican [242] have also been identified as core proteins
for heparan sulfate.
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L INTRODUCTION

Heparinoids, by their very nature, can be obtained only as mixtures of
closely related polymers. Such mixtures are polydisperse. Commercial heparins

exhibit molecular weight ranging from 7000-35,000, whereas heparan sulfate
chains may show a similar broad range of molecular weights that are generally

two- to three-fold higher than those of heparins [see, for example, 243]). In
addition to their molecular weight ranges, the chains in all heparinoid

preparations show a range of structural properties. For example, these mixtures

may contain polymer chains that exhibit significant differences in their

IdoA/GIcA ratios and degrees of sulfation, expressed as the SO4/disaccharide
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ratio.! The SOy/disaccharide ratio is easily calculated from the disaccharide
composition of the heparinoid, obtained by methods described below. The
average ratios are usually <1 for heparan sulfates and >2 for heparins, but each
heparinoid preparation contains a range of structures that that may have quite
different SO4/disaccharide ratios. Although heparinoids may be fractionated
according to size, further separated according to their SO4/disaccharide ratios,
and finally selected by affinity chromatography on matrices containing
covalently bound heparin-binding proteins, the final subfractions obtained are
still mixtures. One cannot sequence a polymer that is not pure, and so cannot
obtain disaccharide sequences for polymeric heparinoids, even though the
methodology currently available could be adapted to sequencing a pure
heparinoid. Thus, the only useful structural data that can be obtained for
polymeric heparinoids are the relative amounts of mono-, di-, or higher
oligosaccharides that are recovered when oligomeric or polymeric heparinoids
are fragmented by specific cleavage procedures. Even the fragments obtained by
cleaving heparinoids are complex mixtures and must be extensively purified
prior to characterization. Methods for separation of mono- and disaccharides are
available, but the fractionation of larger fragments is a difficult task, even for
tetrasaccharides [244]. The larger the oligosaccharide fragments, the more
difficult the separation (remember that there are 324 possible tetrasaccharides
and 5832 possible hexasaccharides and that these structures have closely related,
overlapping physical properties—see Chapter 2).

Some structural features of heparinoids are so well established that they
are assumed to be present in all heparinoid fragments. These include (a) the
structures of the glycosidic linkages, (b) the pyranose ring structures of all of the
monosaccharide residues, and (c) the repeating uronic acid-glucosamine
disaccharide nature of the polymers. Furthermore, heparinoid fragments formed
by nitrous acid cleavage always have anhydromannose residues at their reducing
terminals, whereas fragments formed by heparin lyase cleavage always have A
“5.HexA residues at their nonreducing terminals. The determination of the
further aspects of the structures of heparinoids has required the development of
heparinoid-specific methodology to supplement both the more classical
methodology and the physical methodology that has been applied to other
carbohydrate polymers. This chapter describes the approaches that have been
used to bring us to our present state of knowledge of heparinoid structures and
that will serve as the bases for the further structure studies that must be
performed in examination of structure-activity relationships.

1 The SO/COOH ratio is also used to express degrees of sulfation. Since each
disaccharide contains one COOH group, each COOH represents a single disaccharide
unit.
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IL ACID HYDROLYSIS AND MONOSACCHARIDE ANALYSIS

Typically, one determines the monosaccharide composition of a
polysaccharide by hydrolysis to yield mixtures of monosaccharides and then
separation of the monosaccharides by chromatography and quantification of
each separated component. The monosaccharides formed by hydrolysis of
heparinoids are GIcN, GlcA, and IdoA. The total uronic acid content is equal to
the total GIcN. There may also be trace amounts of Gal and Xyl from linkage
region sequences that remain in the purified heparinoid. If other
monosaccharides are present, these represent contaminants from other
polysaccharides (e.g., GalN from chondroitin SO, and dermatan SO4) or
glycoproteins (including the typical monosaccharides of N- and O-linked
oligosaccharides and GPI anchors). When a pure heparinoid is analyzed for its
monosaccharide composition, the only useful information that can be obtained is
the relative amount of GlcA and IdoA. This information can also be obtained
from the disaccharide analysis methods described below. Thus, if a thorough
characterization of a heparinoid is undertaken, analysis of the monosaccharide
composition is redundant. However, some interesting features of the heparinoid
structures and chemistry emerge from a discussion of methods for
monosaccharide analysis.

Classical colorimetric methods have been used for analysis of the
monosaccharide content of heparinoids. Generally, such assays use concentrated
H,SO;, in the presence of phenolic reagents to obtain hydrolysis of the polymer
and color formation in the same reaction mixtures. GIcN can be assayed using
the Elson-Morgan method [245] or by the indole method, which measures
anhydromannose formed by treatment of amino sugars with nitrous acid [246].
Uronic acids can be measured by carbazole and orcinol assays [247]. Standard
curves that relate color yield to the amount of each monosaccharide are required
for these assays, but, in most carbohydrate reactions, different monosaccharides
give different molar color yields. For example, although GlcA and IdoA can
both be measured using the carbazole assay, they give different color yields
[discussed in 248]. Consequently, the use of a GlcA standard curve for
measuring color yield per uronic acid does not give an accurate measure of the
amount of uronic acid present when there are significant levels of IdoA in the
sample being analyzed.2 These colorimetric methods are useful only for
obtaining some general sense of monosaccharide composition and for following
carbohydrate elution profiles during chromatographic separations. It is a
sufficient critique of these methods to note that all published analyses of

2 Jduronic acid is not readily available to use in preparing a standard curve (but see
footnote 3).
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heparinoids using these colorimetric assays have failed to yield 1:1 ratios of
uronic acids to glucosamine. Therefore, results of the uronic acid or the GIcN
analyses by these procedures are inaccurate (or our concept of heparinoid
structure is in need of revision!).

A more accurate way to obtain the monosaccharide composition of a
polysaccharide is to convert the polymer to monosaccharides and to analyze the
mixture of monosaccharides for the individual components. Polysaccharides that
are made up of neutral sugars are converted completely to monosaccharides by
hydrolysis in 1 N mineral acid at 100 °C for 4-6 hr. Under these hydrolysis
conditions, the N- and O-sulfate and the N-acetyl substituents of heparinoids are
all released as free SO, and acetate, respectively, but the glycosidic linkages of
both the uronic acids and amino sugars found in heparinoids are quite resistant
to acid and are incompletely hydrolyzed.

The typical pathway for acid hydrolysis for GIcNAc residues in
heparinoids is shown in Figure 3.1. As long as the acetyl substituents remain
attached to the amino groups of GIcN, the glycosides are hydrolyzed rapidly
(reaction a). However, the substituents attached to the amino groups are also
released under the hydrolysis conditions, thus converting the GlcNAc residues
in the polymer to N-
unsubstituted GlcN
residues (reactions b and

Ha OH HpOH
¢). For GIcN residues that fost (&l
arc N-sulfated, the N- @
sulfate groups are 1 BH ROH g WH
extremely labile, and are G
completely rgleased in _‘3{ H*,fastlig) (i)/l".' Yast (k)
only a few minutes under HOA< HOAc
the above hydrolysis OH 20H
conditions,  but the sow ks o
N-acetyl  groups are AN PTIN
released over a 2- to 3-hr ) ROH 1
period. The glycosidic « 0 T
bonds of the resulting priteg .
GlcN residues are g .ROH N
extremely resistant to acid CH20H OH
(reaction d), apparently @ o B,
because the positively HO 0
charged amino group X p.

prevents the protonation
of the glycosidic oxygen,
a necessary step in the
acid hydrolysis of

Figure 3.1. Hydrolysis of GIcNAc glycosides.
Reprinted from [249] with permission, © 1970 by
the American Chemical Society.,
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glycosides. In fact, a-linked GIcN glycosides are more resistant to acid than p-
linked GIcN glycosides [249]. Table 3.1 shows the rate constants for acid
hydrolysis of the N-acetyl group and compares the rates of acid hydrolysis of
amino sugar glycosides, before and after the loss of N-acetyl groups, with
hydrolysis rates for other glycosides. As can be seen, the GicN glycosides are
very resistant to acid. For practical purposes, on¢ can consider that it is
impossible to obtain complete hydrolysis of the GIcN glycosides in heparinoids
after the substituents are lost from the amino groups. An alternate way to cleave
the glycosidic bonds of GIcN rapidly and (almost) completely is by an
elimination reaction with nitrous acid (reactions e¢ and f). In this reaction the
glucosamine residue is converted to a 2,5-anhydro-D-mannose residue (AMan).
Free GIcN also reacts with nitrous acid and is converted to AMan. The nitrous
acid cleavage of GIcN bonds is described in more detail in Section IILB.1., p.
69.

Uronic acid glycosides present an additional problem in the acid
hydrolysis. It has been known for many years that the glycosidic bonds of
D-glucuronic  acid
and D-galacturonic

acid are hydrolyzed Table 3.1. Rate Constants for Acid Hydrolysis
very slowly. of Amino Sugar and Uronic Acid Glycosides'
Indeed, the
glycosidic bonds of Reaction Rate Ref.
the  D-glucuronic constant
acid residues in (k x 10° sec™)

AMINO SUGARS

heparinoids exhibit

oMeGIcNAc - aMeGIcN + HOAc 1.44 [249]
the same extreme gy cionac 5 BMeGIoN + HOAC .2 [249)
acid resistance  gMeGIcNAc -» MeOH + GIcNAc 1.85 [249]
noted for GicA in aMeGlcN - MeOH + GikN 0.0021 [249]
other BMeGIcNAc — MeOH + GkNAc 29.9 [249]
hari BMeGIcN - MeOH + GIcN 0.0043 [249]
pogsacc AR des GlcNAc - GIcN + HOAc 2.10 [249]
[253]. After L Gienso, - GleN + S0, - [249]
iduronic acid was URONIC ACIDS
found to be a major BGlcA-1,4-AMang = GlcA + AMang 0.15 [250]
13- 0.11 [250]
o nent of aGlcA-1,3-Man  — GlcA + AMang
mpone ds d aldoA-1,4-AMang - 1doA + AMang 2.14 [251]
heparinoi (an aGlcA-1,3-Fuc - GlcA + Fucose 0.04 [252]
dermatan SO,), it NEUTRAL SUGARS
was assumed that BGl-1,4-GlcA — Gl +GlcA 0.5 [252]
the tycosidic BGle-1,4Gle - 2Glc 1.3 2521
bonds of tfu); uronic aGle-13-Glc - 2Gle 2.85 [251]
acid were also very ' Hydrolysis conditions: 0.5 M H,SO,, 100 °C
acid resistant. ? Too rapid relative to glycoside bond hydrolysis to measure

Surprisingly,

3 Too rapid to measure
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however, L-iduronic acid glycosides are no more resistant to acid cleavage than
neutral sugars, as shown in Table 3.1, and are completely hydrolyzed under the
above conditions.

The events that occur when heparinoids are hydrolyzed in 1 N acid at 100
°C for 4- to 6-hr are dictated by the above observations. The sequence of events,
shown in Figure 3.1, is as follows:

¢ The N-sulfate groups, when they are present, are lost almost immediately.
Since 80-90% of the GlcN residues in heparins are N-sulfated, most of the
GIcN glycosides in the heparins become resistant to further hydrolysis very
early.

¢ The GlcNAc residues lose their acetyl groups over 2- to 3-hr, and then their
glycosides become acid resistant. Prior to the loss of the N-acetyl groups,
the GIcNAc glycosidic bonds continue to be hydrolyzed at a rate similar to
that of the IdoA glycosidic bonds.

e  Virtually all of the IdoA bonds are hydrolyzed over a 4- to 6-hr period of
hydrolysis, but most of the GIcA and the GlcN bonds remain intact [250].

After hydrolysis for 4- to 6-h, there is some frec GIcN present, but most of
the GIcN is present in GIcN—>HexA combinations, which occur as GIicN—>GIcA
and GIcN—IdoA disaccharides or as higher oligosaccharides composed
primarily of GlcN—>GlcA disaccharide units (since most of the GlIcA—»>GIcN
disaccharides occur in blocks; see Chapter 2). If the hydrolysis mixture is now
treated with nitrous acid (pH 4, see Section IILB., p. 69), all of the free GIcN is
converted to free AMan and all of the remaining GlcN bonds are cleaved. The
GlcN—IdoA disaccharides yield equal amounts of anhydromannose and IdoA,
whereas the GIcN->GlcA-containing oligosaccharides yield primarily GicA—
AMan disaccharides. Thus, the hydrolysis/nitrous acid reaction sequence yields
a mixture containing most of the IdoA as free iduronic acid,? free AMan, a small
amount of free GIcA, and the GlcA->»AMan disaccharide, which contains most
of the GIcA.

The individual components in the final depolymerization mixture can be
analyzed in a variety of ways. In one approach, the mixture is reduced with
NaB’H, to convert the free or combined anhydromannose to [*H]anhydro-
mannitol and the other products to their respective *H-labeled glycitols (reaction
g, Figure 3.1). All of the *H-labeled products now have the same molar specific
radioactivity. The mixtures are then separated by high performance liquid
chromatography or paper chromatography and the amount of each labeled

3 Since heparin is relatively inexpensive and contains a high proportion of L-IdoA, the
hydrolysis/nitrous acid cleavage sequence offers a way to release large amounts of the
otherwise unavailable L-IdoA to use as a standard. Methods for separating it from the
mixture are available [250].
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component is quantified by scintillation counting [250]. The *H cpm in each
peak are summed and the relative amounts of each monosaccharide component
are calculated as shown in Table 3.2.

This protocol, in contrast to the colorimetric assays for uronic acids and
GIcN, yields total uronic acid and total glucosamine in equimolar amounts.
Identical results for the analytical procedure described here are obtained whether
the acid hydrolysis is carried out for 4, 6, or 8 hr before adding the nitrous acid
reagent [250]. This is a reflection of the fact that all N- and O-sulfate groups and
all N-acetyl groups have been completely removed after 4 hr of hydrolysis.
From the 4th to the 8th hr, there is some further hydrolysis, which reduces the
yields of disaccharides and increases the yield of monosaccharides in the assay
mixture, but this does not change the final analytical results. Following acid
hydrolysis and nitrous acid cleavage of unlabeled glycosaminoglycans, it would
be equally feasible to convert the products to chromophoric derivatives and to
analyze these by gas chromatography or high performance liquid
chromatography (see Section IILE.1., p. 96). Such analytical schemes would
avoid the use of radioisotopes.

The above hydrolysis/deamination reaction sequence gives complete

Table 3.2. Calculation of Equivalents of Each
Monosaccharide from cpm 2

Amount of is Sum of
monosaccharide: equal to: total *°H cpm in:
GlcAg = GicAg + BGlcA 154 AMang

IdoAg

IdoAg + aldoA 154 AMang

AMang = AManR + -BGIcA 154 AMang+
a-IdoA 154 AMang

! The amounts of monosaccharides in any heparinoid can be calculated by
measuring the number of *H cpm in the monosaccharides and disaccharides
formed on acid hydrolysis. The relative yields of each monosaccharide can be
calculated from the *H cpm alone. For the molar amounts of each
monosaccharide, the specific radioactivity of the NaB’H, used to reduce the
hydrolysate must be used to convert cpm into moles.

2 The subscript "R" indicates the aldehyde-reduced form of each mono- or
disaccharide.
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cleavage of the IdoA and GIcN glycosidic bonds, but only partial cleavage of the
GlcA bonds. An alternate approach to monosaccharide analysis that results in
complete conversion of heparinoids to monosaccharides involves first
converting the polymeric heparinoid to its carboxyl-reduced derivative. This can
be accomplished easily and stoichiometrically by reacting the heparinoid with a
water-soluble carbodiimide to esterify all of the uronic carboxyl groups. The
esterified uronic acids can then be reduced to their corresponding neutral
monosaccharide residues by reaction with NaBH, [253]. This reaction sequence
can be carried out in aqueous solution without depolymerization of the
heparinoid (see Chapter 4). In the carboxyl reduction reaction, the IdoA and
GlcA residues are converted to idose and glucose residues, respectively. The
glycosidic linkages of these neutral monosaccharide residues are much more
labile to acid than their corresponding uronic acids and are completely
hydrolyzed by the typical hydrolysis conditions described earlier. Thus, in a 4-hr
hydrolysis period, all of the glycosidic bonds of the idose and glucose residues
are cleaved, and treatment with nitrous acid then cleaves all remaining GIcN
glycosides, to yield a mixture containing only anhydromannose, glucose, and
idose. Interestingly, approximately 90% of the idose is recovered, not as the
normal reducing sugar, but as its 1,6-anhydro derivative, L-idosan [253, 254].
The mixture of monosaccharides can now be analyzed by a variety of
procedures. The detection method chosen for such an analysis must be one that
does not rely on the free reducing group of the monosaccharides, since idosan is
a nonreducing sugar.

HL CLEAVAGE OF HEPARIN WITH RETENTION OF SULFATE
SUBSTITUENTS

A Introduction

Since each disaccharide type that occurs in heparinoids is uniquely
distinguished by its uronic acid component and its sulfation pattern, most of the
methodologies that have been developed for analysis of heparinoids are
designed to preserve these structural elements. Only two cleavage methods meet
this criterion: (a) cleavage of heparinoids with nitrous acid and (b) cleavage of
heparinoids with microbial lyases. Both nitrous acid and the enzymes cause
climination reactions that cleave bonds between an upstream GlcN residue and a
downstream HexA residue and yield an upstream fragment that has the GIcN, or
a modified form of GIcN, at its reducing terminal, and a downstream fragment
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that has the HexA, or a modified form of the HexA, at its nonreducing terminal.
Both cleavage methods yield fragments that contain one of the terminal residues
in an altered form of the original monosaccharide. However, in both approaches,
it is possible to identify these altered residues with one of the original
monosaccharide structures.

B.  Cleavage with Nitrous Acid
1.  The cleavage reaction

Nitrous acid was used in heparin structure studies by some of the earliest
workers in the field [255, 256]. Glycosidic bonds of N-unsubstituted GIcNs are
cleaved when treated with nitrous acid (Figure 3.1, reaction €). This reaction
occurs rapidly at room temperature and at pH's above 4, but the rate of the
reaction falls off sharply at pH's below 4 [248]. If the amino group of the GIcN
is acetylated, as found in most amino sugar-containing carbohydrates, it is not
cleaved by nitrous acid under any conditions.

Glycosidic bonds of N-sulfated GIcN residues react with nitrous acid at pH
1.5 and room temperature, causing a similar deamination reaction that cleaves
heparinoids between each N-sulfated GIcN and its downstream uronic acid
residue. This reaction, illustrated in Figure 3.2. occurs at maximal rates at pH
1.5 and below, but very slowly at pH's above 3-3.5 [248]. Since heparinoids are
the only structures found in Nature that have N-sulfated amino groups, the pH
1.5 nitrous acid reaction cleaves heparinoids but does not cleave proteins,
nucleic  acids,* or closely related carbohydrates (e.g., other
glycosaminoglycans). Each cleavage occurs by an attack of nitrous acid on the
GIcNSO; residue that results in the loss of the N-SO; as free SO,> and the
amino group as nitrogen gas > (deaminative cleavage). The GIcNSO; residues at
the site of cleavage are converted to 2,5-anhydro-D-mannose reducing terminal
residues in the upstream fragments. The structure of the uronic acid at the site of
cleavage is not altered. This is not an hydrolysis reaction, as it is often
mistakenly described in the literature. Nitrous acid is consumed in the reaction
(in contrast, H' is a catalyst in an hydrolysis reaction). Therefore the extent of
bond cleavage can be controlled by limiting the levels of nitrous acid. The
reaction occurs rapidly at room temperature and almost stoichiometrically (but

4 Nitrous acid reacts with NH, groups of proteins and nucleic acids, but these reactions
do not result in polymer cleavage.

3 For the nitrogen gas that is formed, one of the nitrogens is derived from the GlcN and
the other from the nitrous acid.
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Figure 3.2. Nitrous acid cleavage of glycosides of GIcNSO;.

see Section I1ILB.3., p. 72). Figure 3.2 also shows that the GIcNAc residues do
not react with nitrous acid. When heparin is treated with nitrous acid at pH 1.5,

the products are primarily disaccharides, with smaller yields of tetrasaccharides.
This is due to the fact that (a) 80-90% of the glucosamine residues in heparin are
GIcNSOQ; residues and are susceptible to nitrous acid, and (b) the nitrous acid-
resistant GIcNAc residues occur in disaccharides that have GIcNSO;-containing
disaccharides at their immediate upstream and downstream positions. Thus, after
nitrous acid treatment, these GICNAC's are recovered in tetrasaccharides. For
heparan sulfate, only 40-60% of the glucosamines are N-sulfated. Because these
GIcNSOs's occur in blocks, treatment with nitrous acid at pH 1.5 converts
heparan sulfate to a mixture containing smaller yields of disaccharides, identical
in kind, but not in proportion, to those obtained from heparin (see Chapter 2)
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and larger yields of higher oligosaccharides that contain the blocks of unsulfated
GlcNAc-containing disaccharides.

2. Hydrazinolysis

Because the glycosidic bonds of the GIcNAc residues are not cleaved by
nitrous acid, one does not obtain complete conversion of the heparinoids to
disaccharides by cleavage with nitrous acid at pH 1.5. However, N-acetylated
amino sugars can be de-N-acetylated with hydrazine (Figure 3.3, reaction 1) to
convert the GlcNAc residues in these polymers to GlcN residues [23, 257).7 The
glycosidic bonds of the resulting N-unsubstituted amino sugars can then be
cleaved at room temperature with nitrous acid at pH 4 (Figure 3.3, reaction 2).
The N-sulfate groups in heparin and heparan sulfate are stable under the
hydrazinolysis conditions {23, 257], and the glycosidic bonds of the GIcNSO;
residues are not cleaved by nitrous acid at pH 4. Thus, following de-N-
acetylation by hydrazinolysis, all heparinoids can be converted completely to
their constituent disaccharides by treatment with nitrous acid at pH 4 and then at
pH 1.5. Alternatively, both cleavages will occur at pH 3, albeit at somewhat
slower rates [23]. The resulting disaccharides contain a nonreducing terminal
uronic acid and a reducing terminal 2,5-anhydro-D-mannose residue. For
quantitative analysis of the disaccharide mixture, the AMan residues can be
reduced stoichiometrically with NaB’H, to [*H]anhydro-D-mannitols, thus
labeling the disaccharides so that they can be assayed qualitatively and/or
quantitatively (see Figure 3.2, reaction 2). Note that the same procedure may be
used to analyze metabolically labeled glycosaminoglycans (with the use of
unlabeled NaBH.,).

It should be noted also that all other glycosaminoglycans (chondroitin
sulfate, dermatan sulfate, keratan sulfate, hyaluronic acid) contain N-acetylated
amino sugars at every second residue. When such glycosaminoglycans are
present as contaminants in the heparinoid sample, they will be completely de-
N-acetylated by hydrazinolysis and will then be converted quantitatively to
disaccharides by nitrous acid at pH 4. There are several implications of this fact.
First, all fragments /arger than disaccharides must be derived from heparinoids
(assuming that only glycosaminoglycans were present in the original sample).

6 These oligosaccharides contain small amounts of SO,, presumably at their reducing and
nonreducing terminal disaccharides. Unfortunately, the reducing terminal and
nonreducing terminal disaccharide units have not been characterized. Their identification
would represent one step toward the characterization of the structures at the junctions
between the highly sulfated and the unsulfated blocks (Chapter 2).

7 See Chapter 4 for a more extensive discussion of the hydrazinolysis reaction.
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Figure 3.3. Nitrous acid cleavage of glycosidic bonds at de-N-acetylated GlcNAc
residues.

Second, in the analysis of the heparinoid disaccharide fractions formed by such
cleavages, one must be alert to the possibility that some disaccharides may be
obtained from these contaminating glycosaminoglycans; these disaccharides can
be distinguished from heparinoid-derived disaccharides by their
chromatographic behaviors [258]. Finally, if the sample contains significant
amounts of glycoproteins, both the O-linked and the N-linked oligosaccharides
attached to the protein(s) may yield fragments as a result of cleavage at their
GIcNAc or GalNAc residues (hydrazinolysis/nitrous acid treatment may also
modify the structures of sialic acids).

3. Ring contraction

The nitrous acid reaction is virtually stoichiometric for p-linked amino
sugars [249]. Consequently, nitrous acid treatment of de-N-acetylated
glycosaminoglycans that contain B-linked amino sugars (chondroitin SO,
dermatan SO,, hyaluronic acid, and keratan SO,) gives stoichiometric yields of
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disaccharides. However, a side reaction, the "ring contraction reaction,” occurs
to the extent of 10-15% for a-linked amino sugars, such as those found in
heparin and heparan sulfate [248, 249]. This occurs for both N-unsubstituted and
N-sulfated GicN residues. This reaction is shown in Figure 3.4 for a segment of
a heparinoid in which all of the GicN residues are N-sulfated. The abnormal ring
contraction side-reaction (reaction 3) converts the GIcN to a pentose with an
exocyclic aldehyde group but does not cleave the glycosidic bond. The ring
contraction reaction proceeds through the same initial steps as the normal
clwvage reaction, with deamination of the N-sulfate groups which yields free
SO.> and nitrogen gas and forms a carbonium ion at C2 (reaction 1). In the
normal bond cleavage reaction, the electron migration to the carbonium ion is
from the Cl-ring oxygen bond (reaction 2), but in the ring contraction reaction,
the electrons of the C3-C4 bond migrate to the carbonium ion (reaction 3). The
former migration leads to bond cleavage whereas the latter converts the GIcN
residue to an aldehydopentose without bond cleavage. The result is that 10-15%

CH0S0y coo' CH,0804 CHOSOy
o o 0 0 o Q
coo (2o 0)
OH NHSO3' OH NHSO3' 080y NHSOy
1. HONO
Ny, SO,%

CH,080; CHLOSOy

@ﬁ@@ @@

nng contraction tetrasaccharide

a Nae‘H

Pt i g

Figure 3.4. Ring contraction in the nitrous acid reaction. See text for description.
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of the GIcNSO;-containing disaccharides are converted into “"ring contraction
tetrasaccharides” instead of the expected disaccharides. Thus, when heparinoids
are treated with nitrous acid, both ring contraction tetrasaccharides and the bona
fide tetrasaccharides (those that contain internal GIcNAc residues—see Figure
3.2) are formed. If the mixture of deamination products is reduced with NaB’H,
and separated by HPLC using both a UV detector (set at 195 nm, for detection
of N-acetyl groups) and a radioactivity detector, only the bona fide
tetrasaccharides are observed in the UV, but both the bona fide and the ring
contraction tetrasaccharides are observed by the radioactivity detector. In fact,
the ring contraction tetrasaccharides incorporate two gram atoms of *H per mole
(reaction 4), while the bona fide tetrasaccharides incorporate only one (Figure
3.2, reaction 2). To complicate matters further, prior to NaB*H, reduction, both
the anhydromannose and the aldehydopentose can undergo isomerization under
mildly alkaline conditions, so that these tetrasaccharides may form mixtures of
four isomers.

In addition to their failure to absorb in the UV, the ring contraction
tetrasaccharides can be distinguished from the GlcNAc—containing disaccharides
by their marked acid lability (reaction 5). They are completely converted to their
two disaccharide components by mild acid hydrolysis (pH 2, 80°C, 120 min)
[244]. Under such hydrolysis conditions, neither the glycosidic bonds nor the
sulfate ester bonds of bona fide di- and tetrasaccharides show measurable
hydrolysis. Mild acid hydrolysis of each NaBH,-reduced ring contraction
tetrasaccharide yields one normal nitrous acid disaccharide (with an [’H]AMang
reducing terminal) and the new ring contracted disaccharide that is *H labeled in
its exocyclic hydroxymethyl group.

No method for controlling the extent of the ring contraction reaction has
been found. Thus, heparin and heparan sulfate yield significant amounts of the
ring contraction tetrasaccharides [28]. However, there seems to be little
structural selectivity for the ring contraction, as the ring contraction
tetrasaccharides contain disaccharide units in the same proportions as found in
the original glycosaminoglycan. Thus, even for heparin and heparan sulfate, the
normal disaccharides formed during nitrous acid cieavage are obtained in the
same proportions that are present in the original glycosaminoglycan.
Consequently, when yiclds are expressed in percentage of total disaccharides
recovered, the presence of ring contraction tetrasaccharides does not interfere
with the quantitation; the yields of di- and monosaccharides are truly
representative of their proportions in the starting glycosaminoglycan. Some of
these heparin ring contraction tetrasaccharides have been identified and their
high performance liquid chromatography migration has been recorded [28, 244].
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4, HPLC profiling of nitrous acid cleavage products

The mixture of *H-labeled oligosaccharides formed by cleavage of
heparinoids with nitrous acid, either with or without prior hydrazinolysis, can be
resolved by high performance liquid chromatography on either a strong anion
exchange (SAX) column [28, 259] or a reversed phase ion pairing column [23,
117, 260]. The highest resolution is obtained with the latter column system, for
which the effluent peaks can be monitored with a radioactivity flow detector
coupled to a computer for data analysis. When heparin is cleaved without
hydrazinolysis, a mixture of di- and tetrasaccharides is obtained. Under
optimized conditions, the disaccharides and tetrasaccharides can be resolved in a
single analysis, as illustrated in Figure 3.5, which shows three panels of a single
elution profile, each with a progressively higher amplification of the data. At the
bottom is a reagent blank elution profile at the highest amplification, which
shows that the sample peaks observed at the highest amplification level in the
heparin fragment profiles are indeed derived from heparin. Figure 3.5 illustrates
the relative amounts of the disaccharides, all of which are observed at the lowest
amplification level, and the tetrasaccharides, which are observed only at the
intermediate and highest amplification levels. Many of the tetrasaccharides have
been structurally characterized and are included in the structures given in Table
2.3 in Chapter 2. These results illustrate the complexity of the mixture of
tetrasaccharide sequences that contain the GIcNAc residues, as well as their
relatively small contribution to the total heparin structure.

C. Cleavage with Heparin Lyases
1. Introduction

Enzymatic degradation has been used extensively in the characterization
of heparinoids. Although the literature in this area spans many years and is quite
complex, the wide spread use and the easy availability of the bacterial lyases for
heparinoid characterization make an understanding of the activities of these
enzymes essential for appreciating the applications and limitations of these
structural tools.

Heparinoids are converted to small oligosaccharides by treatment with
lyases that cleave heparinoids between glucosamine residues and their
downstream uronic acids, as illustrated in Figure 3.6. The upstream fragment
formed by the cleavage is an oligosaccharide that contains the glucosamine at
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Figure 3.5. HPLC analysis of oligosaccharides formed by pH
1.5 nitrous acid cleavage of heparin. Abbreviations are: ISMS,
IdoA-2-SO,~ AMang-6-SO,, ISM, IdoA-2-SO,—~ AMang;
GMS, GlcA—> AMang-6-SOy, IMS, IdoA—> AMang-6-SOy;
GMS,; GlcA—> AMang-3,6-(SO4),; 3, t4, t5, etc. are
tetrasaccharides identified in [28]. Unpublished work of Y.
Guo.

the site of cleavage as its reducing terminal. The downstream fragment has a A
*3_uronic acid at its nonreducing terminal. All N- and O-sulfates are retained in

the products. As shown in the bracketed reactions in Figure 3.6, the lyase-
catalyzed reaction may be considered as a deprotonation at the C5 position of
the uronic acid converting C5 to a carbanion. The pair of electrons from the
carbanion then migrate to form the A** double bond and to break the glycosidic
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.

bond with the elimination of the upstream GIcN residue. Several general reviews
of the actions of these enzymes have appeared [261-263].

The lyases that have been most extensively studied are the enzymes
purified from Flavobacterium heparinum. This organism was originally isolated
from soil by enrichment for growth on heparin as a sole carbon source {264].
These enzymes are induced by heparin and heparin degradation products, and by
heparan sulfate, N-acetylglucosamine, and maltose. F. heparinum produces
three heparin-cleaving lyases, heparin lyases 1, II, and III [265], which, in
combination, convert heparinoids to disaccharides. Since the polymer cleavage
reactions are B-elimination reactions, the enzymes are referred to as lyases rather
than hydrolases. In addition to the lyases, F. heparinum produces a
glycuronidase, which converts the disaccharides to monosaccharides, and
several sulfatases, which cleave the sulfate groups from the mono- or
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disaccharides, which are then further catabolized [266-270]. Heparin lyase I
from F. heparinum has been cloned and expressed in E. coli, and its mechanism
of action has been studied [271-274]. Lyases II and III have also been cloned
and expressed [275].

2. Nomenclature of lyases

Unfortunately, the nomenclature of these enzymes has evolved slowly and
is not uniform. Thus, one must be aware that several different names are used
for each of the enzymes.

The names are based on the relative rates and extents of cleavage of
heparin and heparan sulfate, as shown in Table 3.3, compiled by Linhardt [262].
Here, the relative rates of cleavage of heparin by lyase I are normalized to 100
with hog mucosa heparin as a substrate, whereas the rates of cleavage of heparan
sulfate by lyases II and III are normalized to 100 with bovine kidney heparan
sulfate as a substrate. Table 3.3 also presents an estimate of the fraction of the
total disaccharide linkages in the substrates that are cleaved by exhaustive
treatment with each enzyme. The results show that lyase 1 is very effective on
heparin, cleaving the polymer rapidly at 58% (hog mucosa) or 76% (beef lung
heparin) of the total linkages between disaccharides, but is very much less active
on heparan sulfate. Lyase III shows just the opposite type of specificity for the
hog mucosa heparin and bovine kidney heparan sulfate. Heparan sulfate is
cleaved rapidly and almost completely, whereas heparin is minimally cleaved.
Finally, for lyase II, the relative rates of cleavage for heparin and heparan sulfate
are similar.

To avoid some of the confusion concerning the enzyme nomenclature, it is
important to remember that an early name for heparan sulfate was heparitin
sulfate (Chapter 2). Thus, enzymes that cleave heparan sulfate have been
referred to as “heparitinases,” whereas enzymes that cleave heparin have been
referred to as “heparinases.” Since all of the heparin lyases cleave both heparins
and heparan sulfates, they all have been referred to both as heparinases and as
heparitinases. The names given to these enzymes were numbered in order of
decreasing effectiveness on their substrates. Thus, when the enzymes are named
as heparinases, lyases I, II, and III were named heparinases [, II, and III,
respectively. However, when the enzymes were named as heparitinases, the
names heparitinase I, I, and III were given to lyases III, I, and I, respectively.
Thus, two sets of names were coined for these three enzymes. Later, in order to
avoid the implication that these enzymes are hydrolases, the enzymes were
given the systematic names of lyases. Unfortunately, we now have three sets of
names for these enzymes, plus several other names that are also sometimes used.



3. Determination of Heparinoid Structures 79

Table 3.3. Activities of Heparin Lyases on Heparin
and Heparan Sulfate 2

Substrate Enzyme
Lyase I Lyase II Lyase III

Heparin

Relative rate 100 58 <1

% of bonds cleaved 58 (76) 8s 6
Heparan sulfate

Relative rate 13 100 100

% of bonds cleaved 19 39 94
! Data from [262]

2 Data represent the relative rates of cleavage and the degree of cleavage
for each of the heparin lyases. The heparin is hog mucosa heparin. The
lyase I rate for heparan sulfate is compared to the rate for the heparin,
which is taken as 100. The heparan sulfate is bovine kidney heparan
sulfate. The lyase II and III rates for heparin are compared to the rate for
the heparan sulfate, which is taken as 100.

* Value in () is that obtained for beef lung heparin.

The three lyases have been purified to apparent homogeneity [276]. They are
available through Sigma Chemical Co., St. Louis, Missouri., USA, Seikagaku
Fine Chemicals, Tokyo, Japan, and Grampian Enzymes, Aberdeenshire,
Scotland. The names that are used are:

¢ heparin lyase I (EC 4.2.2.7) was the first of these enzymes to be widely
available and is the most extensively studied and utilized. It is commonly
called heparinase (offered under this name by Seikagaku), but is also called
heparinase 1 (Sigma) and heparitinase III. This enzyme is an endolytic
enzyme with M; = 42.50 kDa [271].

o heparin lyase II (no EC number) is also called heparinase II (Sigma) or
heparitinase II (Seikagaku). This enzyme, M, = 84.5 kDa, is apparently an
endolytic enzyme, but its action pattern has not been studied in detail [275].

e heparin lyase III (EC 4.2.2.8) is also called heparinase III (Sigma),
heparitinase, heparitinase I (Seikagaku), and heparan sulfate lyase. This
enzyme, M; = 73.1 kDa, is apparently an endolytic enzyme, but it action
pattern has not been studied in detail [275].
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3.  Assay of lyases

Each lyase-catalyzed cleavage generates a A*’-HexA residue at the
nonreducing terminal of the downstream fragment, which can be monitored by
its UV absorbency. Molar extinction coefficients at 233 nm of all of the A*>-
HexA's are similar, ranging from 5063 to 5657 cm*/mmole [277, 278)]. The A
Az, the most convenient and most generally used assay for these enzymes,
does not require identification of the oligosaccharide fragments, since each
cleavage generates a A*’-HexA. The rate of formation of the individual
oligosaccharides can also be obtained by following the AA,s; of each A*-
oligosaccharide after separation from the mixture by high performance liquid
chromatography, paper chromatography, or paper electrophoresis. The
disaccharides could also be detected following radiolabeling of the disaccharides
by reduction with NaB*H, to incorporate 1 g atom of *H per mole of
disaccharide (see Section IV.D., p. 103). The label recovered in the separated
disaccharides can be used for qualitative and quantitative assays of each
separated disaccharide.

4,  Specificity of lyases

a.  Intreduction

Several problems are encountered in the determination of the substrate
specificities of these enzymes. First, in contrast to the chemical reactions with
nitrous acid, for which cleavage depends only on the substituents on the amino
group of the glucosamine residues, the heparin lyases exhibit specificities that
are very dependent on the positions of the N- and O-sulfates. Furthermore,
polymeric heparinoids contain multiple sites of cleavage for each lyase. Thus,
determination of the specific structures that are attacked by each enzyme
requires the isolation of oligosaccharides with desired structures. Ideally, one
would like to be able to measure the kinetics of cleavage of individual bonds in
heparin oligosaccharides and to show how the upstream and downstream
disaccharide structures, as well as the sizes of the substrates, affect the rates. We
have already discussed the difficulties in the isolation of pure heparinoid
oligosaccharides (Chapter 2). It is an impossible task, given our limited abilities
to obtain pure oligosaccharides from heparin, to determine how the rates of
cleavage of specific glycosidic linkages are affected by (a) all of the desired
structural permutations and (b) molecular size.
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A second problem is that the formation of the A**-double bond during the
cleavage destroys the C5 asymmetry of the uronic acid that distinguishes GicA
from IdoA; i.e., GlcA and IdoA yield the same unsaturated uronic acid in the
products (see Figure 3.6). Thus, the structure of the original uronic acid residue
at the site of cleavage cannot be deduced from the structure of the product, but
must be determined from a complete knowledge of the structures of the
substrates and the specificities of the lyases. As shown later, the A**-HexA's
formed by any of the three lyases may be derived from either GicA or IdoA
residues.

It has become clear that the disaccharide structures on both sides of the
cleavage site are important in assigning the lyase specificities. Most attempts to
define the specificities of these enzymes have been based on the structures of the
products formed when polymeric heparin or heparan sulfate is totally
depolymerized with one of these enzymes. Such studies have given general
insights into the specificities of the enzymes, but have not provided the full
structural features of the disaccharide units at the cleavage sites. One of the
definitive studies on the specificities of the lyases has been reported by Linhardt
and associates [279], who have prepared a number of pure oligosaccharide
substrates from partial lyase I digests of heparin. The structures of the
oligosaccharides were determined and the substrates were tested with all three
lyases. Table 3.4 gives the structures of all of the oligosaccharides tested in
these specificity studies for lyase I (Table 3.5), lyase II (Table 3.6), and lyase III
(Table 3.7). Table 3.4 also includes the structures of all of the cleavage products
that are formed by the lyases in these studies, as well as some of the structures
that are described in the oligosaccharide mapping studies (Section III.C.6., p.
91). Each oligosaccharide is denoted by a number. These oligosaccharides have
been described in a number of publications. However, the numbering systems
used to identify them differs from one publication to another. In the substrate
specificity description here, the numbers that are used in Table 3.4 to identify
each oligosaccharide will be used for the same structures throughout the
discussion of Tables 3.5, 3.6, 3.7, and 3.9 and in Figures 3.7 and 3.8. In Tables
3.5, 3.6, and 3.7, the substrates are presented in the order of decreasing rates of
cleavage; thus, the orders of the structures, and their numbers, are not the same
in each table

8 Since these oligosaccharides have been given different numbers in different
publications, it is difficult to follow these structures through these several papers. Also, it
should be noted that, in the identification of oligosaccharide 2 in the initial work {280}, it
was observed that there was one GIcNSO; and one GIcNSO;-6-SO, in the
tetrasaccharide, but the positions of these two residues were mis-assigned. The correct
structure was reported in 1992 {281}, but all papers from this lab between 1986 and 1992
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In these tables, the products formed from each of the pure substrates are
given beneath each substrate. All substrates were assayed at a concentration of
10 pg/50 pl, equivalent to 167 uM for a typical tetrasaccharide with a molecular
weight of 1200. Although the K, values are not known for these substrates, it is
likely that the substrate concentrations represent saturating levels. Due to the
problems in obtaining large amounts of substrates, it has not been possible to
measure the actual kinetics of cleavage of the substrates. Instead, the products,
and any remaining substrate, were determined after a 24 h incubation period.
Activities are given in terms of the products formed. Also, the fraction of each

Table 3.4. Oligosaccharides Used in the Study of Specificities
of Heparin Lyases

AY-UA-2-80, - GIcNSO3-6-S0,

A*Y-UA-2-80, - GIcNSO;3-6-SO4 — IdoA-2-SO; — GIcNSO;

A**-UA-2-80, - GIcNS0;-6-S0, = GlcA - GIcNS0;-6-SO4

A¥-UA-2-804 - GIcNSO;-6-SO, = 1doA-2-80, - GIcNSO;6-SO4

A*Y-UA-2-80, - GIcNSO4-6-504 — IdoA — GIcNAc-6-SO4 ->GIcA —»
GIcNSO0;-3,6-di-SO4

6. A*.UA - GIcNAc

7. A**-UA - GIcNSO;

8

9

Y oh W N =

. A%-UA - GIcNAc-6-SO,
. A*-UA-2-S0, = GIcNSO;4
10. A*-UA > GIcNS0;-6-SO,
11. A**.UA - GIcNS0s-3,6-di-S0)
12. A**-UA-2-80, - GIcNSO;-6-S0, - IdoA -» GlcNAc-6-SO; )
13. A".UA-2-804 - GIcNSO;-6-S0, — IdoA-2-804 - GIcNSO;3-6-80, —»
IdoA-2-80, - GIcNS03-6-8O,
14. A**.UA-2-80, - GIcNSO;6-SO, - [doA-2-804 - GIcNSO4-6-50, >
IdoA-2-80, - GIcNSO;-6-804 —» IdoA-2-SO4 —> GIcNSO5-6-SO,
15. A**-UA-2-80, - GIcNS0;-6-S0, - IdoA - GlcNAc-6-SO4 »GlcA — GIcNSO3-6-50,
16. A*3-UA-2-80, - GIcNSO;4 -3 1doA-2-50, —»GIcNSO;4
17. A%-UA-2-804 —» GIcNSO36-804 —» IdoA — GIcNSO4-6-SO,
18. A¥-UA-2-80; —» GIcNSO; = GlcA —» GIcNSO;-6-S0,
19. A**-UA 5 GIcNAc-6-S0, - GIcA — GIcNSO;5-6-S0,
20. A**.UA - GicNAc-6-SO, - GIcA - GIcNS0,-3,6-di-SO;

Structures from reference [279).

contained the incorrect structure. The corrected structure is used in all references to this
tetrasaccharide in this book.
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substrate converted to the products in the 24 hr incubation is given in
parentheses in these Tables.

Another definitive study, by Yamada et al. [32], has provided additional
information concerning the specificities of these enzymes, especially with regard
to the cleavages that occur at GlcA-2-SO; residues. These data are presented in
Table 3.8, where the substrates are designated using the same Roman numerals
used by the authors of this study. All of the substrates that were tested in these
latter studies were tetrasaccharides; thus, the cleavage products are simply the
two component disaccharides.” No statements concerning the degrees of
cleavages of these substrates are given. The results of both studies will be
discussed together below. Notably, in neither study were sequences containing
multiple GlcA—->GIcNAc disaccharides tested as substrates.Specificity of
heparin lyase I

At the outset, note should be taken that all of the oligosaccharide
substrates and products listed in Tables 3.4 and 3.8 were formed by the cleavage
of heparin with heparin lyase I. Thus, the structures at both the reducing
terminals and the nonreducing terminals of these oligosaccharides give
information concerning the specificity of heparin lyase I. We will examine these
structures first, and then turn to a discussion of the further cleavage of these
oligosaccharides by lyases I, II, and IIL

We will examine first the reducing terminal disaccharide units of these
substrates. With a single exception (compound VII in Table 3.8), the
glucosamine residues are N-sulfated. Note also that, with only a few exceptions,
all of these GIcN residues are 6-O-sulfated. Oligosaccharide 5 has a GIcNSO;-
3,6-di-SO, residue at its reducing terminal, indicating that heparin lyase I can
cleave within an apparent antithrombin-binding site (see Chapter 7).

Examination of the nonreducing terminal disaccharide units of
oligosaccharide substrates shows that, with only a few exceptions, the A*’-HexA
is 2-O-sulfated. Also, the GIcN residue of the nonreducing terminal disaccharide
is both N- and O-sulfated, except for several products. Thus, lyase I cleavage
takes place within highly sulfated regions of heparinoids.

Turning now to the tests of the further cleavage of these substrates by
lyase I (Table 3.5), it is clear that heparin lyase I exhibits the same exacting
specificity that is implied by the residues at the end groups of its products. It
gives facile cleavage of the

GIcNSO;-6-S0,—1doA-2-S0,
linkages in

9 Six of the substrates listed in Table 3.8 are different from any of those tested in Tables
3.5-3.7. Substrates IV, VI, VII, VIII, and X in Table 3.8 are the same as substrates 18, 16,
12, 3, and 2, respectively, in Table 3.4.
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Table 3.5. Substrate Specificity of Heparin Lyase I -2

Cleaved Substrates:
¥
4. AY-UA-2-8S0, -» GIcNSO;3-6-80, —» IdoA-2-S0, - GIcNSO;-6-SO,
Products: 1 + 1 (100)
$ {
13. A*-UA-2-80, - GIcNS0;-6-80 —» 1d0A-2-80, — GlcNSO36-SO, — [doA-2-SO4 —
GkNSO;-6-S0,
Products: 1 + 1+ 1 (100)
{ {
14. A*-UA-2-S0, - GIcNSO;-6-80, —» IdoA-2-S0, — GIcNSO;-6-SO4 — Id0A-2-SO4 —
$
GicNSO;-6-804 - 1d0A-2-80, - GIcNSO;-6-80,
Products: 1 + 1 +1 +1(100)
{
15. A*-UA-2-SO, —+ GIcNS0;-6-804 — IdoA —» GIcNAc-6-SO4 »GIcA — GIcNS0;-6-SO,
Products: 1 + 19 (80)
¥
16. A**-UA-2-80, - GIcNSO; — 1doA-2-8O, -GIcNSO;
Products: 9+9 (30)
i
17. A*-UA-2-80, - GIcNSO0;-6-SO, — IdoA — GIcNS0;-6-SO,
Products: 1 +10 (20)
I
2. AY-UA-2-SO, > GIcNSO;-6-S0, —» 1doA-2-S0, - GIcNSO;
Products: 1+9 (20)

Uncleaved Substrates:

3. A%-UA-2-80, > GIcNSO;-6-SO, - GlcA — GIcNSO;-6-SO,

5. AY.UA-2-SO,4 > GIcNSO;-6-SO, —» IdoA — GIcNAc-6-SO4 »GlicA -
GlIcNSO0;-3,6-di-S0,

18. A*-UA-2-80, - GIcNSO; - GlcA - GIcNS0;-6-804

! Data taken from (279].

? Numbers of the substrates and products are listed in Table 3.4. Arrows indicate the positions of
cleavage. The products formed from each of the substrates are given beneath each substrate. All
substrates were assayed at a concentration of 10 ug/ 50 ul (not at the same molar concentrations).
The products, and any remaining substrate, were determined after a 24-hr incubation period.
Activities are given in terms of the products formed and the fraction of each substrate converted to
the products (in parentheses) in the 24-hr incubation. The substrates are presented in the order of
decreasing rates of cleavage.
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Table 3.6. Substrate Specificity of Heparin Lyase I '+

Cleaved Substrates:
i
2. AY.UA-2-80, -» GIcNS03-6-80, = 1doA-2-S0, — GIcNSO;
Products: 1 + 9 (100)
¥
3. A%.UA-2-S0, - GIcNS03-6-S0, —> GlcA —» GIcNSO;-6-80,
Products: 1+ 10 (100)
{
4. AYUA-2-80, - GIcNSO;-6-SO, —» Id0A-2-SO, —» GIcNSO;3-6-S0,
Products: 1 + 1 (100)
{ {
13. A¥-UA-2-80, - GIcNSO;-6-80, — 1doA-2-SO, -> GIcNSQ;-6-S0, -
IdoA-2-SO, — GIcNSO;-6-SO,
Products: 1 + 1+ 1 (100)
3
16. A%.UA-2-80, - GIcNSO; — IdoA-2-80, »GIcNSO;
Products: 9 + 9 (100)
¥
17. A-UA-2-80, ~» GIcNS03-6-S0, = IdoA —» GIcNSO;-6-50;
Products: 1 + 10 (100)
{
18. A%-UA-2-S0, > GIcNSO; = GicA - GIcNS0;-6-50,
Products: 9 + 10 (95)
$ i
15. A*.UA-2-SO4 - GIcNSO;-6-SO, —» 1doA = GIcNAc6-S0; »GlcA — GlcNSO3-6-S04
Products: 1 + 8 + 10 (90)
s
53 A*-UA-2-804 - GIcNSO;-6-80, - IdoA —> GIcNAc-6-SO4 -GIcA —> GIcNS0;-3,6-di-SO4
Products: 1 + 20 (80)

! Data taken from [279].

2 The numbers of the substrates and products are listed in Table 3.4. The products formed from each
of the pure substrates are given beneath each substrate. All substrates were assayed at a
concentration of 10 pg/ 50 pl (not at the same molar concentrations). The products, and any
remaining substrate, were determined afier a 24-hr incubation period. Activities are given in terms of
the products formed and the fraction of each substrate converted to the products (in parentheses) in
the 24-hr incubation. The substrates are presented in the order of decreasing rates of cleavage.

3 According to an earlier report, oligosaccharide § is cleaved by lyase II at both internal uronic acid
units [282].
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Table 3.7. Substrate Specificity of Heparin Lyase I '+

Cleaved Substrates:
i

18. A*-UA-2-SO, = GIcNSO; — GicA —» GIcNS0;-6-S04

Products: 9 + 10 (100)

i {

15. A*-UA-2-80, - GIcNS0;-6-80, - IdoA = GIcNAc-6-S04 5GlcA —> GIcNSO3-6-SO4

Products: 1 + 8 + 10 (75)

i

17. A¥-UA-2-SO, - GIcNS0;3-6-SO4 — IdoA — GIcNSO;-6-SO;

Products: 1 + 10 (70)

4

3. A%.UA-2-80, - GlcNSO3-6-SO, - GlcA —» GIcNSO;-6-SO;

Products: 1 + 10 (50)
Uncleaved Substrates: 3
2. AY.UA-2-80, - GIcNSO;6-SO; — [doA-2-S04 —» GIcNSO;
4. AY.UA-2-80, - GIcNSO;-6-SO, — [doA-2-SO4 > GIcNSO;-6-80,
53, A**.UA2-S0, > GIcNSO;-6-S0, - IdoA - GIcNAc-6-S0; »GlcA — GIcNSO;-3,6-di-SO,
A**-UA-2-80, - GIcNSO;-6-80, - 1d0A-2-SO, —» GIcNSO;3-6-50,4 —> 1doA-2-S0, —»

GIcNSO0,-6-SO,

16. A*’-UA-2-80; - GIcNSO; — IdoA-2-80, 5GIcNSO;

! Data taken from [279].

% The numbers of the substrates and products are listed in Table 3.4. The products formed from each
of the pure substrates are given beneath each substrate. All substrates were assayed at a
concentration of 10 pg/50 ul (not at the same molar concentrations). The products, and any
remaining substrate, were determined after a 24-hr incubation period. Activities are given in terms of
the products formed and the fraction of each substrate converted to the products (in parentheses) in
the 24-hr incubation. The substrates are presented in the order of decreasing rates of cleavage.

3 According to an earlier report, substrate 5 was cleaved by heparin lyase III {283).
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Table 3.8. Heparin Lyase Specificities

Lyase I Substrates

X1 A*Y-UA-2-80,~GIcNSO;1doA-2-S0,—»GIcNS0;-6-80,4

XNl  AY-UA-2-804-GIcNSO;3-6-504~»GlcA-2-SO~>GIcNSO;-6-S0,
XIT  A%-UA-2-80,-GIcNSO;3-6-S0,—1d0A-2-S0,—>GIcNS04-6-SO4
Lyase II Substrates

Il AY.UA>GIcNS0;3-6-S0,5GlcA—>GIcNSO;-6-S0,

v AY-UA-2-80,->GIcNSO;—»>GlcA—>GIcNSO;-6-50,

A AY-UA-2-S0,>GleNAc-6-S0,—>GlcA—3GIcNS0;-6-804

Vi AY-UA-2-80,~GIcNSO;—1doA-2-S0,—>GIcNSO;

VII A%-UA-2-80,-GlIcNSO;-6-SO—1doA—>GIcN Ac-6-SO,

VIII  AY-UA-2-S0,—GlIcNS0;-6-S0,—>GlcA—+GIcNS0;-6-SO,

X AY-UA-2-80,5GIcNS0;3-6-804—>GlcA-2-SO4—>GIcNSO;3

X AY-UA-2-80,>GIcNS0;-6-80,—1doA-2-SO4—>GIcNSO;

X1 A*S-UA-2-804—>GleNSO3—1doA-2-80,—>GIcNS0;-6-804

XII  AY-UA-2-80,—GIcNSO;-6-804—GlcA-2-SO—>GIcNSO;-6-8S0,
X AY-UA-2-S0,->GIcNSO;-6-80,—1d0A-2-804~>GIcNSO;-6-504
Lyase II1 Substrates

I AY-UA—>GIcNS03-6-S0,—GlcA—>GIcNSO;3-6-50,

v A*Y-UA-2-80,>GIcNSO;—»GlcA—>GIcNSO;3-6-50,

\' AY-UA-2-80,-GlcN Ac-6-SO4—->GlcA—>GlcNSO;3-6-804

VII A*-UA-2-80,—3GlcNSO;6-SO4—1doA—GlcN Ac-6-SO

VII  A*-UA-2-80,—GIcNSO;-6-SO,—Glc A3 GIcNS0,-6-50,

Not cleaved by Lyase I

i AY-UA->GIcNSO;-6-SO4~>GlcA—>GIcNS03-6-80,

v AY-UA-2-80,-»GlcNSO; 5> GlcA—»GIcNS0;3-6-S0,

v AY.UA-2-80,»GIcNAc-6-50,~»GlcA—>GleNSO;3-6-S04

VI A*-UA-2-80,>GIcNSO;3-»1doA-2-80,—GIcNSO;

VII  A*-UA-2-80,5GlcNS0;-6-S0,—1doA—>GIcN Ac-6-SO,

VII  A*-UA-2-80,5GlcNSO;-6-SO4~»GlcA—5GlcNS0;-6-S04

X AYUA-2-80,5GIcNS0;3-6-804~>Glc A-2-S0,—>GIcNSOs

X AY-UA-2-80,-GIcNSO;5-6-80,~1doA-2-80,>GIcNSO;
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Table 3.8. Heparin Lyase Specificities, continued.
Net cleaved by Lyase III

AY-UA-2-S0,5GIcNSO;—»IdoA-2-SO,—+GIcN SO,
AY-UA-2-80,>GIcNS0;-6-S0,-»Glc A-2-80,->GIcNSO;
AY-UA-2-80,-5GIcNS0;-6-80,—1d0A-2-S0,~>GIcNSO;3
A*Y-UA-2-80,—GlcNSO; > 1doA-2-80,5GIcNS03-6-50,
AY.UA-2-80,->GIcNSO;-6-50,5GlcA-2-SO,—»GIcNSO;-6-SO,
A*-UA-2-80,5GIcNSO;-6-S0,—»1doA-2-80,—GIcNS0;-6-50,

Data from [32]. Substrate numbers are taken from this reference. All susceptible substrates are
cleaved between the internal glucosamine and uronic acid residues.

TEREE

IdoA-2-SO4—>GIcNSO;-6-S0,—~>1doA-2-SO,—>GIcNSO;-6-SO,4

sequences (substrates 4, 13, and 14). When SO, substituents in this
tetrasaccharide sequence are removed from residues on either the upstream side
(substrate 16) or the downstream sides (substrates 2, 15, 16, and 17) of the
cleavage site, the extent of cleavage is markedly reduced.

For many years, it has been reported that lyase I could cleave heparinoids
only at IdoA residues. However, heparinoids contain small amounts of GlcA-2-
SO, residues (which occur in highly sulfated regions—Chapter 2), and
oligosaccharides containing these residues were not available for study.
Recently, however, such substrates were tested, and it was found that lyase [
cleaves at GlcA-2-SO, residues, provided they are linked to a downstream
GIeNSO;-6-SO; residue (compound XII in Table 3.8). However, when they are
linked to a downstream GIcNSO; residue (compound IX), they are not cleaved
by lyase I.

To summarize, the results obtained both from examining the terminal
residues of the substrates formed by lyase I cleavage and from determining the
cleavage sites of purified substrates show that the enzyme prefers the most
highly sulfated regions of the heparinoid chain, but can still cleave, albeit at a
reduced rate, when one or more sulfates are removed from either residue at the
cleavage site. However, lyase I does not distinguish between GlcA and IdoA
residues at the site of cleavage.

b.  Specificity of heparin lyase I
Heparin lyase II is the least discriminating of the three lyases. As shown in
Table 3.6, it cleaves all of the substrates tested and will cleave at either IdoA

(substrates 2, 4, 5, and 13-17) or GIcA (substrates 3 and 18) residues with little
regard to the degree of sulfation around the site of cleavage. It should be noted
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that, because lyase II does not distinguish between GlcA and IdoA, lyase II
converts substrates 3 and 17 to the same product disaccharides. Interestingly,
lyase I did not cleave at the GIcA upstream from the GIcNSOs-3,6-di-SO; in
the antithrombin-binding region (substrate 5 was cleaved only at the IdoA
residue and yielded product 20 which was not further cleaved). However, it
apparently would cleave at other positions in the antithrombin-binding region,
thus destroying anticoagulant activity. Heparin lyase II would be the best
enzyme to use in sequencing higher oligosaccharides, since it cleaves at most of
the linkages in heparinoids, even though cleavage at some linkages may occur at
somewhat reduced rates. The resuits in Table 3.8 are consistent with those in
Table 3.6; i.e., lyase II cleaved all of the tetrasaccharides tested, including both
substrates that have GlcA-2-SO, at the cleavage sites.

An interesting question remains: “what can heparin lyase II not cleave?”
The only answer to date is the unique region from the antithrombin-binding
sequence found in substrate 5 and product 20, but even this linkage may be
cleaved slowly (see footnote 3, Table 3.6). Lyase I and III will not cleave at this
site either. Consequently, a mixture of all three heparin lyases apparently would
yield oligosaccharide 20 as a tetrasaccharide that could not be converted to
disaccharides. Also, lyase II might be useful for generating GlcNSO;-3,6-di-
SO,-containing sequences that are found outside of the antithrombin-binding
sequences. As noted earlier, none of these substrates included the unsulfated
blocks from heparan sulfate, so the action of lyases II and III on GlcNAc—GlcA
bonds is not shown here.
¢ Specificity of heparin lyase ITI

As shown in Table 3.7, heparin lyase III can cleave only at unsulfated
HexA residues (substrates 3, 15, 17, and 18), especially if there are relatively
few SO, groups on the adjacent residues. Cleavages occur at either GicA
(substrates 3 and 18) or IdoA (substrates 15 and 17) residues.!® The GIcN
downstream from the uronic acid at the cleavage site may be either N-acetylated
(substrate 15) or N-sulfated (substrates 3, 17, and 18). Substrates 5 and 15
contain GIcNAc-6-SO,—GIcA sequences, and only substrate 15 is cleaved at
this site. Unfortunately, none of the other substrates contain any GIcNAc
residues, even though it is clear from many other studies that GIcNAc—HexA
linkages are primary cleavage sites for lyase III. Addition of a SO, to C6 of the
upstream GIcN markedly reduces the rate (compare substrates 3 and 18). Like
lyase II, lyase III cleaves substrates 3 and 17, converting them to the same
products, so that one cannot deduce the structure of the uronic acid at the site of
cleavage from the structures of the products or the specificity of the enzyme,

10 The finding that lyase III attacks at IdoA is a surprising discovery that is counter to all
prior dogma concerning the specificity of this enzyme.
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It is especially interesting to compare substrate 15 (cleaved) with substrate
5 (not cleaved), where the only structural difference is in the extra 3-0-SO4 on
the reducing terminal GIcNSQs-3,6-di-SO, of substrate 5. Although substrate 15
is cleaved at two sites by lyase III, the addition of the 3-O-sulfate in substrate 5
appears to prevent both cleavages. Since this would be the only potential lyase
I cleavage site within the antithrombin binding sequence, these results suggest
that lyase III, in contrast to lyases I and II, cannot cleave within the ATIII-
binding region of heparin. Thus, to make a low molecular weight heparin that
retains maximum anticoagulant activity, lyase IIl may be the enzyme of choice.

The lyase III results in Table 3.8 are consistent with those in Table 3.7,
i.e., lyase III requires an unsulfated HexA at the site of cleavage, but can cleave
at either GIcA or IdoA. Again, the GIcNAc—>HexA linkage was not present in
any of these substrates.

5.  Kinetic parameters

The need for milligram amounts of structurally defined oligosaccharide
substrates has permitted only limited studies of the kinetic properties of the
heparin lyases [see, for example, 283]. However, some comments on the
significance of K, and V., values for heparin and heparan sulfate are in order.
As we have seen, these polymers exhibit quite marked polydispersity. Thus, the
molecular weight values used to calculate concentrations of these polymers are
average molecular weights, and it is not clear whether chains of different lengths
are cleaved at the same rates. Also, each heparinoid chain contains multiple
segments that are susceptible to each enzyme, in effect increasing the "substrate
concentration” over that calculated using the concentrations and the average
molecular weights. Even though there may be multiple enzyme-binding sites on
each heparinoid chain, steric problems may preclude enzyme binding at all
potential cleavage sites. Finally, for other polymer-metabolizing enzymes, for
which the literature contains more extensive kinetic studies, there is often a
marked rise in K., and/or fall in V,,,, as the size of the substrates become shorter
[284]. All of these factors complicate the interpretation of the K, and Vi,
values for these polymeric substrates.
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6.  Oligosaccharide mapping of heparin lyase digestion products

a. Intreduction

One might anticipate that the information above would allow one to
predict with reasonable accuracy the products that are obtained when
heparinoids are treated exhaustively with each of the lyases. However, the
complexities of both the heparinoid structures and the lyase specificities are
such that the products that are formed when these heparinoids are converted to
their limit digests with any single lyase are not obvious. This is reflected in the
profiles of digestion products of these enzymes that have been used to map the
structural differences among heparinoids, in much the same manner that proteins
are characterized by peptide mapping. Three procedures have been used to
profile oligosaccharides—high pressure liquid chromatography, polyacrylamide
gel electrophoresis, and capillary zone electrophoresis [282, 285-289].

In the high pressure liquid chromatography procedure, purified lyases are
used to prepare limit digests of heparin and heparan sulfate and the products are
separated on strong anion exchange (SAX) columns using a NaCl gradient. In
the gel electrophoresis procedure, the digestion products are separated by
electrophoresis on isocratic or gradient gels. Typical high performance liquid
chromatography profiles are presented in Figure 3.7. These show that the major
products from the actions of each lyase on heparin or heparan sulfate are
relatively few in number and are well resolved by the high performance liquid
chromatography method. However, it is possible that some of these digests
contain large fragments that do not emerge from the column. In fact,
polyacrylamide gel electrophoresis profiles of the same digests, shown in Figure
3.8, appear to give more complex profiles, consistent with the suggestion that
the HPLC profiles depict only the low molecular weight lyase fragments.
Obviously, this methodology can be used to compare the action patterns of
lyases from different sources against heparinoid substrates !! [282]. The SAX
high performance liquid chromatography profiles are particularly interesting,
They demonstrate that the profiles are different for each enzyme and that
heparin and heparan sulfate profiles for each of the enzymes are quite distinct.
Many of the peaks in these profiles are not identified. Nevertheless, the HPLC
profiles are quite simple, but the simplicity of the profiles may belie the fact that

1 In examining the profiles from the earlier work, one must keep in mind that some of
these studies may have been done with lyase preparations that contained mixtures of
these enzymes. In addition to the three lyases that attack heparinoids, Flavobacterium
heparinum also produces other lyases that attack other glycosaminoglycans that may
contaminate some of the heparinoid fractions, to yield products that are not derived from
heparinoids.
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Figure 3.7. HPLC profiles of heparin lyase digests. Oligosaccharide products, numbered
according to Table 3.4, are formed by (A) lyase I acting on heparin, (B) lyase I acting on
heparan sulfate, (C) lyase III acting on heparan sulfate, (D) lyase IIl acting on heparin,
(E) lyase I acting on heparin, and (F) lyase II acting on heparan sulfate. See Table 3.4 for
peak identifications. Reprinted from [282] with permission, © 1990 by the American
Chemical Society.

the minor, and perhaps more interesting, oligosaccharides formed by these
enzymes are seen as background, or “noise,” in these profiles. Amplification of

the elution profiles might show a more complex pattern. This point is illustrated
in the high performance liquid chromatography profiles of the nitrous acid
cleavage products (Figure 3.5). In fact, a similar complexity of minor
components can be secen when the lyase I high performance liquid
chromatography profiles are amplified [37, 281, 286]. Furthermore, the gradient
PAGE profiles in Figure 3.8 are clearly more complex than the corresponding
HPLC profiles (e.g., compare the profile of the products formed by digestion of
heparin with lyase I in panel A of Figure 3.7 with lane 6 of Figure 3.8, which
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shows the same digest). The major
peaks, as well as some of the minor
products, in the profiles in Figure 3.7
have been identified in several reports
[278, 280, 283, 290-293]. The structures
indicated by the numbered peaks in
Figure 3.7 are listed in Table 3.4.
Capillary zone electrophoresis may
give higher resolution of heparinoid
oligosaccharides than either the high
performance liquid chromatography or
the PAGE methods [285-288]. To date,
however, the resolution of mixtures of
standard di- and oligosaccharides is
considerably better than obtained with
lyase digests of heparinoids.
b. Lyase I cleavage products

The primary oligosaccharides that
are found in limit heparin lyase I digests
of heparin in Figure 3.7 (panel A) are
oligosaccharides 1-5 and 9, with the
major peak being the A*’-HexA-2-SO,
—»GIcNSO,-6-SO,  disaccharide. The
profile also shows several smaller peaks
that are not identified. We have already
noted that oligosaccharides 2 and 4 can
be cleaved further by lyase I Their
accumulation is probably due to their
low concentrations in these digests,
which may be below the K, values for
these products. Kinetic studies of the
progress of the lyase I digestion show
that these five oligosaccharides all
accumulate at identical rates during the
incubation [283]. Linhardt et al. [278]
have compared the amounts of the five
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Figure 3.8. Gel electrophoresis profiles
of heparin lyase digests. Lanes 1-5
show heparan sulfate products of
digestion with (1) lyase I (Sigma), (2)
lyase I, (3) lyase III, (4) lyase III, (5)
both lyase I and lyase Ill. Lanes 6-10
show heparin products of digestion
with (6) lyase 1, (7) lyase II, (8) lyase
I, (9) lyase III, (10) both lyase I and
lyase III. Reprinted from [282] with
permission, © 1990 by the American
Chemical Society.

major structures in lyase I limit digests of 20 different heparins, including
antithrombin-affinity fractionated heparins. The results are compiled in Table
3.9, where values are given in percentages of the total products formed in the
digests. All samples yielded all of the five major products, and, as expected, the
most prominent product of lyase I digestion, in all cases, is the disaccharide
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formed from the common IdoA-2-SO;—GIcNSO3-6-SO, disaccharide.
However, the yields of this disaccharide, and of the other oligosaccharides,
showed quite marked variations among the different heparins.

The profiles for lyase I digestion of heparan sulfate (panel B, Figure 3.7,
and lane 1, Figure 3.8) are clearly different from those for heparin, and contain
many unidentified peaks. This might be anticipated from the limited cleavage of
heparan sulfate by heparin lyase I (Table 3.3).
¢. Lyase II and lyase HI cleavage products

Figures 3.7 and 3.8 show that lyase II yields very complex profiles from
both heparin and heparan sulfate. Once again, the two substrates give quite
different oligosaccharide profiles. Although both heparin and heparan sulfate
give multiple peaks in their profiles, only oligosaccharides 1 and 9 are identified
in the heparin profile, whereas only oligosaccharides 6 and 7 are identified in the
heparan sulfate profile. Lyase II yields the most complex profile. Most of the
peaks have not yet been identified. Interestingly, combinations of lyases I and III
do not yield the same profile as lyase II.

Lyase III yields tiny amounts of oligosaccharides 1, 4, and 9 from heparin
(panel D of Figure 3.7). In fact, Figure 3.8 (lanes 8 and 9) shows that lyase III
converts heparin to quite large, slow-migrating fragments. Heparan sulfate
yields very small amounts of the late emerging peaks (more heavily sulfated
disaccharides and tetrasaccharides); the only large peaks are disaccharides 6 and
7, and one unidentified peak in the same region (panel C).

One thing that is clear from these profiles is that they show a large number
of unidentified peaks. Clearly, there is a great deal more work required to obtain
a full understanding of the action of these enzymes.

Table 3.9. Percentages of Oligosaccharides in

7. Heparin lyase Heparin Lyase [ Limit Digests of Different Heparins '
summary
Oligosaccharide % of Total Disaccharides
Heparin lyase I and, ; 3§ ) 37
to a lesser extent, lyases II 3 8-15
and III have been used 4 10 -28
extensively in the 5 8-10

examination of the

structural  features  of ! Data from [278]. See Table 3.4 for oligosaccharide
heparinoids. Their identification,
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substrate specificities have been appreciated in general terms for many years,
but their more recent testing with substrates of known structures has both refined
our understanding of their specificity and confounded some of our prior
conceptions. Lyase I clearly exhibits the most exacting specificity, recognizing
only the most highly sulfated disaccharide units at the site of cleavage. Contrary
to earlier indications, lyase I cleaves at both IdoA and GlcA residues. The
percent of total uronic bonds cleaved is approximately equal to the percentages
of 1doA-2-SO,—>GIcNSQ;-6-SO, disaccharides, but the yield of A**-HexA-2-
SO,—~>GIcNSO;-6-SO, falls far short of this total. Under typical incubation
conditions, some of the major tetrasaccharides that are present in “limit digests”
are, in fact, substrates for the enzyme.

Lyase II has the least exacting specificity. It recognizes both GlcA and
IdoA, and can cleave at disaccharides that have varying degrees of sulfation.
Given this apparent lack of specificity, it remains a curious observation that,
although lyase II cleaves at 85% of the uronic acid residues in heparin, it cleaves
at only 39% of the uronic acid bonds in heparan sulfate. This suggests that it
may not cleave within the unsulfated sequences of heparan sulfate. This could
be tested using the E. coli KS polysaccharide as substrate.

Lyase III cleaves at both GlcA and IdoA bonds, and favors the unsuifated
disaccharides at its cleavage sites. However, it can cleave bonds in which the
GIcN at the site of cleavage is both N- and O-sulfated, but it appears not to
cleave bonds in which the uronic acid is O-sulfated. The fact that 94% of the
uronic acid bonds are cleaved in heparan sulfate is consistent with the low
content of IdoA-2-SO, in these polymers.

Despite considerable progress in the understanding of these enzyme
activities, much uncertainty remains about the heparin lyase specificities.
Nevertheless, the lyases are useful (a) for comparison of different heparinoids by
the mapping procedures described, (b) for comparison of the action patterns of
enzymes from different sources, (c) for the characterization of heparin and
heparan sulfate structures, and (d) for preparing fragments of heparinoids that
are not easily obtained by other cleavage methods.

D.  Other Cleavage Methods

There are a number of emerging technologies for cleaving heparinoids that
offer some potential for specific cleavages that cannot be achieved with nitrous
acid or the lyases. For example, some of the true heparin hydrolases (endo-f3-
glucuronidases) have been purified, but their substrates specificities have
received limited attention. These are the enzymes that cleave the heparinoids
during their cellular metabolism (discussed in Chapter 5), and their products are
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apparently quite large fragments. There appear to be a variety of such enzymes
that exhibit differences in specificity, but very little structural work has been
carried on their specificities and their products.

There are also some further chemical methods for cleavage of heparinoids
that have not been exploited. These approaches are discussed in Chapter 4.

E.  Analysis of Cleavage Products
1.  Quantification methods

Quantitative analysis of the individual cleavage products formed by
chemical or enzyme cleavage requires a detection procedure for measuring the
separated components. When lyases are used to cleave heparinoids, the lyase-
derived oligosaccharides can be assayed by the 233-nm absorbency of their
unsaturated uronic acid residues. Thus, passage of lyase digestion products
through an HPLC column coupled to a UV detector has been used to isolate and
identify separated components [278, 294]. The extinction coefficients are similar
for all cleavage products, so that molar amounts of di-, tetra-, hexasaccharides,
etc. can be calculated from the UV absorbency of each scparated component.
The nitrous acid cleavage products have no such absorbency and so must be
detected by derivatization of their reducing terminal anhydromannose residues.
Although it would be possible to couple various chromophores to the aldehyde
group of the anhydromannose, the only approach that has been developed
extensively takes advantage of the incorporation of *H into each product by
NaB’H; reduction of the anhydromannoses reducing terminals to
[*H]anhydromannitols. This reaction is stoichiometric, yielding products that all
have the same molar specific radioactivity, equal to one-fourth of the molar
specific activity of the NaB’H, used for the reduction. Passage of NaB’H,
reduced mixtures through an HPLC column coupled to a radioactivity flow
detector can be used to measure separated components. The number of *H cpm
found in any scparated di-, tetra-, hexasaccharide, etc. can be used to calculate
the molar amount of the individual components. Note that the reducing terminal
GIcN residues of the oligosaccharides formed by lyase cleavage can also be
reduced with NaB>H, so that radioactivity could be used for the detection of
these products also. A variety of other reagents that react stoichiometrically with
the reducing terminal could also be used in the detection and quantitation of
these products.!2 For example, the oligosaccharides could be derivatized with

12 Under alkaline conditions, 2,5-anhydromannose equilibrates with 2,5-anhydroglucose,
thus converting a single compound into a mixture of two compounds. Consequently, any
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reagents such as phenylhydrazine, 2-aminopyridine [295], 2-aminopyridine-
biotin conjugates [296], 2-cyanoacetamide [297-299], diaminobenzoic acid
[300], carboxybenzoyl-quinolinecarboxaldehyde [301], 2-aminoacridone [288],
or others, all of which could be used to quantify each purified oligosaccharide.
Such methods will be viable, provided these reagents yield derivatives that can
be formed stoichiometrically and measured with high sensitivity. However, after
the derivatization and molar response aspects of analysis are worked out for any
of these chromophoric reagents, it would be necessary to develop suitable high
resolution HPLC methods that would give good separation of each disaccharide.
To date, only one system for separation of such derivatized oligosaccharides has
been reported [288].

2.  Separation methods

A number of high performance liquid chromatography procedures have
been developed to separate and quantify the di- and oligosaccharides formed by
deaminative cleavage of the heparinoids with nitrous acid. These include
chromatography on strong anion exchange columns {28, 259], weak anion
exchange columns [258], and reverse phase ion pairing columns [260].
Altemnatively, some of the disaccharides can be separated by paper
chromatography [259, 302, 303], paper electrophoresis [302, 303], thin layer
chromatography [304], or capillary zone electrophoresis [279, 285-288]. For the
lyase products, UV assays have been used for detecting oligosaccharides eluted
from SAX HPLC columns with a 0-1 M linear sodium chloride gradient [278,
294] or from a sulfonated styrene-divinylbenzene copolymer column [289]. In
all of these approaches, the elution positions of the di- or tetrasaccharide peaks
are used to identify previously characterized oligosaccharides, and the *H cpm
or total UV absorbency recovered in each peak is used to obtain ratios of
disaccharides or quantitative measures of the amounts of each disaccharide
present in the glycosaminoglycan. Heparinoids metabolically labeled with
PHlglucosamine or **SO,” (Chapter 5) yield disaccharides with the
corresponding labels, and these disaccharides from both types of cleavage can
also be detected and quantified following their reduction with NaBH,.

new method for converting oligosaccharides with reducing terminal anhydromannose
residues to chromophoric derivatives should avoid alkaline conditions.
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IV. DETERMINATION OF OLIGOSACCHARIDE STRUCTURES

A. Introduction

Although it is not possible to sequence the mixture of structurally varied
chains typically found in heparinoids, it is relatively easy to determine the
sequence of a tetra- or hexasaccharide that is obtained in a pure form.
Furthermore, the general procedures useful for sequencing these smaller
oligosaccharides should be applicable to higher oligosaccharides, provided such
oligomers can be obtained in pure form. In fact, the isolation of such pure
fragments is a bigger challenge than the sequencing! The chemical or enzymatic
sequencing procedures are based on the two cleavage methods described above.
It will be convenient to discuss sequencing of oligosaccharides formed by each
cleavage method separately, and then to consider the problems and prospects for
using these two methods together. The sequencing principles, illustrated with a
few examples, can be readily extended to additional cases. Physical methods for
determining sequences of heparinoid oligosaccharides are also discussed. Most
notably, NMR has emerged as a prominent method for oligosaccharide
sequencing.

B.  Oligosaccharides Formed by Nitrous Acid Cleavage
1. Determination of reducing terminal and total disaccharide content

The principles that are described here would apply equally well to the
analysis of oligosaccharides derivatized by NaB’H, reduction or with one of the
chromophoric reagents suggested earlier. As noted, the only systematic
approach that has been developed for separation and quantification of nitrous
acid-generated heparin fragments involves NaB>H, reduction and analysis of the
labeled products. This approach was described by Bienkowski and Conrad [28]
and is illustrated by the example in Figure 3.9.

A pure NaB’H,-reduced oligosaccharide contains an *H label in its
reducing terminal anhydromannitol. The labeled oligosaccharide will have a
molar specific radioactivity that is one-fourth that of the NaB’H, used for its
reduction. When this radiolabeling approach is used in the sequencing of an
oligosaccharide, it is desirable to use the same batch of NaB’H, for all
reductions so that all of the labeled products will have the same specific activity.



3. Determination of Heparinoid Structures 99

CH 0S80y CH,0S0y
o)
QQO e
NHSOy CH,0H

1. Hydrazinolysis (HNNH,)

cu,oso, cn,oso5 CHZ080y’
lo} lo}
coo ooc
OH ° OH
HO
OH Nuso3 CPH,0H

2.HONO, pH 4+pH1 5

cn,oso, CH,oso, CH 080y
le) (o]
coo
OH ou OH
HO
OH C*H,0H

3. NaB“H

CH,0S05 coo CH,0S0y CH,0S0y

H

&
o
ﬁ_
a

3H,0H ] C?Ha0H

Figure 3.9. Determination of reducing terminals of oligosaccharides.

Conversion of the labeled oligosaccharide to disaccharides by nitrous acid
treatment (preceded by hydrazinolysis if necessary, as in the present example)
will yield a mixture in which the reducing terminal fragment is the only labeled
product. By direct HPLC analysis of an aliquot of the cleavage mixture, this
product can be identified. When a second aliquot of the same mixture of
disaccharides is re-reduced with the same labeled NaB’H, and analyzed, it will
yield the reducing terminal fragment plus additional fragments in the
oligosaccharide, each with a reducing terminal PHJAMang . Since there is a
reasonable possibility that one of the disaccharides detected in the second
analysis will be identical to the reducing terminal disaccharide, one may have to
determine how much *H in addition to that from the first analysis is present in
the second analysis. The ratio of total cpm in the disaccharides measured in the
second analysis (i.c., including the reducing terminal disaccharide) to the cpm in
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the reducing terminal disaccharide alone will yield the total disaccharides per
oligosaccharide.

If the oligosaccharide in question is a tetrasaccharide, then the procedure
just described will yield its sequence. Also, if the oligosaccharide is a
hexasaccharide or higher oligosaccharide, the sequence will be obvious if all of
the disaccharides are identical. However, if the internal and nonreducing
terminal disaccharides are different, additional work will be necessary to
determine the order in which the latter disaccharides occur. Several approaches
might be considered.

2. Determination of the sequence of disaccharides in an oligosaccharide

a2 The case in which the oligosaccharide contains one or more N-acetylated
GlcN residues

If the oligosaccharide contains GIcNAc residues, as in our example in
Figure 3.9, then direct nitrous acid cleavage without prior N-deacetylation will
yield a disaccharide and a tetrasaccharide. If the *H-labeled product of the
nitrous acid cleavage of the *H-labeled oligosaccharide is a disaccharide, as
shown for our example in Figure 3.10, then the new product that appears on re-
reduction with NaB’H, is a tetrasaccharide. The latter can be identified by its
high performance liquid chromatography retention time.

Suppose that our example had the GicNAc-containing disaccharide in the
middle of the hexasaccharide instead of at the nonreducing terminal. In this case,
the tetrasaccharide fragment formed by nitrous acid cleavage will be *H-labeled
without re-reduction, giving immediate sequence information. The
tetrasaccharide will, in all likelihood be among those that have already been
characterized (Table 2.3), so that it can be identified by its high performance
liquid chromatography retention time.

b.  The case in which the oligosaccharide contains only N-sulfated GlcN

residues

If the oligosaccharide contains only N-sulfated GIcN residues, then it will
be cleaved completely to disaccharides without prior N-deacetylation. If a single
type of disaccharide is formed, then the sequence is obvious [see, for example,
305]. If the nonreducing terminal of an oligosaccharide formed by nitrous acid
treatment is a nonsulfated uronic acid, then it could be removed by treatment
with B-glucuronidase.!3 The resulting uronidase-treated oligosaccharide could

13 Some commercial B-glucuronidase preparations also contain a-iduronidase. Such
samples are particularly useful in identification of the nonreducing terminals, since they
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Figure 3.10. Sequencing a heparinoid oligosaccharide.

then be cleaved with nitrous acid to yield the mixture of disaccharides found in
the original analysis with the nonreducing terminal GIcN (with any of the
original O-sulfate groups still attached) in place of the original nonreducing
terminal disaccharide. Such an analysis shows (a) that the nonreducing terminal

uronic acid in the original oligosaccharide was not sulfated, (b) the identity of
the nonreducing terminal disaccharide unit, and (c) for a hexasaccharide, the
sequence of disaccharides. When there are two or more different internal
disaccharides (octa- or higher oligosaccharides), additional work would be
required, after determining the reducing terminal and nonreducing terminals as
above. The more classical approach would be to obtain a partial cleavage of the
labeled oligosaccharide and to isolate the reducing terminal and other
oligosaccharide fragments for separate sequencing. Such fragments may be
recognizable by their co-elution with previously identified oligosaccharides, or
they may be isolated and sequenced individually in order to deduce the
disaccharide units that are joined together in the original oligosaccharide, and
the sequence in which they are joined. However, the need for these more
extensive sequencing requirements has not arisen very often in the heparin field.

remove either GIcA or IdoA from the nonreducing terminals of oligosaccharides,
provided these residues are not sulfated.
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As the need arises to sequence longer oligosaccharides, the principles described
here may be applied. Also, these relatively straightforward approaches could be
adapted for solid phase sequencing.

C.  Oligosaccharides Formed by Lyase Cleavage
1. Determination of reducing terminal and total disaccharide content

In principle, the same approach can be used for sequencing lyase cleavage
products as described for nitrous acid cleavage products; i.e., the terminal
disaccharide could be determined and the total disaccharide composition could
be established after complete cleavage of the oligosaccharide to disaccharides
that can be recognized by comparison of their high performance liquid
chromatography retention times with those of standards. Using only the lyases in
such a sequencing protocol offers some advantages over the nitrous acid
approaches, but has some disadvantages as well. Among the advantages are the
facts that (a) in most cases total cleavage to disaccharides can be obtained using
a mixture of all three lyases, (b) selective cleavage may be obtained using
individual lyases, and (c) a number of lyase products have been characterized
for use as standards. A major disadvantage is that all three lyases cleave at both
GIcA and IdoA residues to give nonreducing terminal A**-HexA’s, the origin of
which will be uncertain. Thus, one must obtain additional information on the
uronic acid composition in the original oligosaccharide and its position in the
sequence.

2. Determination of the sequence of disaccharides in an oligosaccharide

If the oligosaccharide is generated by heparin lyase cleavage, and
therefore has a nonreducing terminal A**-uronic acid, the A**-uronic acid could
be removed by treatment with a glycuronidase [269] or with mercuric salts [306]
to yield a product with a nonreducing terminal GIcN residue. Cleavage of this
product with enzymes or nitrous acid would yield the nonreducing terminal as
the monosaccharide in place of an equivalent amount of one of the previously
detected disaccharides.
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D. Use of Both Cleavage Methods Together in Structural Analysis

In the determination of the sequence of any unknown oligosaccharide
obtained from a heparinoid, it is desirable to avail oneself of all methodologies
that are accessible. Thus, there may be instances in which nitrous acid cleavage
offers advantages over lyase cleavages (for nitrous acid, the sites of cleavage are
known, and the uronic acid residues are not altered as a result of the cleavage)
and other instances in which lyase cleavage offers advantages (lyases offer some
specificity in their sites of cleavage, will cleave without prior de-N-acetylation
of GIcNAc residues, and will generate nonreducing terminal residues that are
easy to recognize and quantify). For example, cleavage of heparinoid polymers
or oligomers by nitrous acid yields a unique reducing terminal structure (AMan),
whereas the cleavage with one of the lyases yields a unique nonreducing
terminal structure (the A*-uronic acid). Thus, it scems that it should be possible
to combine the two cleavage methods to obtain sequence data. Linhardt and co-
workers have included a combination of protocols in an integrated approach for
determining the structures of oligosaccharides formed by lyase I cleavage of
heparin [280]. These combined methodologies include carbazole assays to
determine the number of uronic acid equivalents, SO, analysis to determine the
number of SO, groups per disaccharide, fast atom bombardment mass
spectrometry for measurement of molecular weight, nitrous acid cleavage to
determine the number and positions of N-sulfated GlcN residues, an indole color
reaction to detect the presence of anhydromannose following nitrous acid
cleavage, 10,™ oxidation to determine whether 1,2-glycol groups (as found in
unsulfated uronic acid residues) are present in the oligosaccharides, and 'H-
NMR and ’C-NMR spectrometry to detect and quantify the amounts of specific
monosaccharide residues and to determine their sequences.

One such combination of approaches that might be considered in
determination of the structure of an oligosaccharide isolated from a mixture of
lyase cleavage products would be to label the reducing terminal residue—a
GIcN residue which may or may not be sulfated—by NaBH, reduction. This
approach would result in an oligosaccharide with both nonreducing terminals
and reducing terminals that are clearly identified by the A**-HexA and the
[*H]glucosaminitol residues, respectively, thus facilitating the sequencing work.
Alternatively, one might choose to cleave an oligosaccharide generated by
nitrous acid cleavage with one of the lyases, thus facilitating the sequencing by
releasing the nonreducing terminal as the only fragment that had no A**-HexA
residue. In considering such combinations of approaches, several cautions must
be observed.

A first concemn arises if one seeks to use lyases to cleave oligosaccharides
formed by nitrous acid cleavage. It is not known which of the lyases, if any, will
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cleave structures that have the anhydromannose (or [*H]anhydromannitol) in
place of the expected GIcN residue at the reducing terminal. However, if the
lyases work on these structures, they would convert internal uronic acid residues
to A**-HexA derivatives and the nonreducing terminal disaccharide to a HexA
—GlcN derivative, i.c., a product lacking the A* bond. Second, A**-HexA'’s are
alkali labile and may be altered during NaB*H, reduction. Thus, mild conditions
must be used for the reduction of A**-HexA-containing oligosaccharides [307].
Third, successful reduction of such oligosaccharides generates oligosaccharides
that have [*H]glucosaminitol residues at their reducing terminals instead of the
anhydromannitol residues present after the reduction of nitrous acid-generated
oligosaccharides. In contrast to anhydromannitol residues, which do not react
with nitrous acid, glucosaminitol residues (cither free or bound to an
oligosaccharide at the reducing terminal) are converted by nitrous acid to
mixtures of products, including glucose. Therefore, the reducing terminal
structure cannot be (or, at least, has not been) identified after cleavage with
nitrous acid.

An interesting possibility that has not been used would involve direct
treatment of a lyase-generated oligosaccharide with nitrous acid without prior
NaB’H, reduction. This would cleave the oligosaccharide and convert both
reducing terminal N-sulfated GICN residues and internal N-sulfated GlcN
residues to AMan residues (the anomalous nitrous acid reaction referred to
above occurs only afier the GIcN is reduced to glucosaminitol). Nitrous acid
will convert the nonreducing terminal disaccharide to a A*’-HexA—>AMan
disaccharide and the internal disaccharide(s) to HexA—>AMan sequences (all
with the original O-sulfate groups attached). After reduction of this mixture with
NaB’H,, all of the internal and reducing terminal disaccharides can be identified
by high performance liquid chromatography as typical nitrous acid-generated
disaccharides. The nonreducing terminal A**-HexA—>AMang, with the original
sulfate groups still attached, would be a new structure and would have to be
characterized. However, if all such derivatives of the A**-HexA—>AMang were
known, they could easily be identified by high performance liquid
chromatography or capillary zone electrophoresis.

V. DETERMINATION OF MOLECULAR WEIGHT

A variety of procedures have been used for determination of the molecular
weights of heparin and its fragments, including end group analysis [308-311],
viscosity [310], and gel permeation chromatography [312-316].



3. Determination of Heparinoid Structures 105

The most common procedure used currently is the size exclusion column
chromatography approach. The resulting data can be used to determine the
weight-, number-, and peak-average molecular weights, as well as the
polydispersities of the heparinoids [313]. The elution profiles here have been
monitored by the ultraviolet absorbency of the N-acetyl groups of the GIcNAc
residues or by refractive index [314, 315]. Column supports used have included
Sephadex 100 [317], Ultragel AcA44 [310, 318} and TSK G3000SW or TSK
G2000SW [319]. In order to use the resulting column elution profiles to
calculate the molecular weight of the heparinoid, it is necessary to calibrate the
column using an appropriate heparin molecular weight standard whose
molecular weight has been determined by an independent means. Since all
means for determining the molecular weight of any heparin standard have some
shortcomings, obtaining a truly valid molecular weight standard is difficult. One
solution to this problem, described by Nielsen [320], is to use a heparin sample
that has been partially digested with heparin lyase I as the standard for column
calibration [314, 315]. Such a sample gives a series of partially resolved
oligosaccharide peaks, each of which differs in size from its neighbors by one
disaccharide unit (Figure 3.11). When the column effluent is monitored by a
differential refractive index detector, an elution profile showing peak sizes
proportional to the mass of heparinoid is obtained. However, when the effluent
is monitored by an ultraviolet flow detector set at 235 nm to observe the
ponreducing terminal A**-uronic acid residues, the elution profile shows peak
sizes proportional to the number of molecules of oligosaccharide in each peak
(since each lyase-generated oligosaccharide contains one nonreducing terminal
A*%-uronic acid). Thus, by chromatographing a standard di-, tetra-, or
hexasaccharide on the column, one can identify the corresponding
oligosaccharide size in the profile of the mixture of lyase I products and can
obtain a ratio of the refractive index response to the 235-nm absorbency. This
allows the identification of the size of each successive peak by counting the
number of disaccharides added for each successive peak eluting before the stan-
dard(s) and by calculating the ratio of the total mass in each peak to the number
of reducing terminals using the refractive index and UV responses.!4 The
degrees of polymerization and the elution positions can then be used to generate
a standard curve (log MW vs elution volume) that can be extrapolated to cover
the range of elution positions found for heparins and low molecular weight
heparins. The degree of polymerization of the heparinoid in question can be
multiplied by the average molecular weight of a disaccharide unit (~600) to get a
reasonable approximation of the molecular weight of the heparinoid.
Altemnatively, if the disaccharide composition of the heparinoid is determined

14 Generally, each size class elutes as a single unresolved peak containing all components
of the same degree of polymerization.
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Figure 3.11. Determination of molecular weight of heparinoids. Figure from
Dr. Barbara Mulloy, with permission.

separately, the actual average molecular weight of a disaccharide can be
calculated more accurately.

The most obvious way to determine the molecular weight by end group
analysis is to measure the number of total monosaccharides per reducing
terminal residue (or nonreducing terminal residue). Reducing terminals can be
labeled by NaB’H, reduction or by coupling the reducing terminal to a
chromophoric group [308, 309, 311]. The nonreducing terminal is more difficult
to derivatize, but oligosaccharides formed by heparin lyase cleavage contain a
A**-uronic acid residue at the nonreducing terminal that can be measured. Desai
and Linhardt [311] have described a >°C NMR procedure for determining the
ratio of the number of internal monosaccharides to the number of reducing
terminal disaccharides. Here, the ratio of the total anomeric carbons to the
reducing terminal anomeric carbons gives the number of total monosaccharides
per reducing terminal monosaccharide. In this approach, the quantification of the
anomeric carbons used to calculate the degree of polymerization required time
averaging of the anomeric carbon signals over periods up to 48 hr. In addition, a
total disaccharide compositional analysis of the heparinoids was carried out in
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order to obtain average disaccharide molecular weights that were necessary to
convert disaccharides/reducing terminal to number average molecular weights.
Although this is a unique approach to determine molecular weights by end group
analysis, it has some obvious drawbacks, including the time required for each
analysis. Furthermore, a number average molecular weight gives no idea of the
degree of polydispersity of the heparinoid preparation. Finally, since 300,000
scans were required for time averaging for a molecular weight of 10,000, then to
obtain good spectral data for a heparan sulfate with a molecular weight of 30-
40,000 would require a marked extension of this time and would probably result
in poor quantification of the anomeric signals.

A laser light scattering method has been applied to heparins and low
molecular weight heparins [316]. This approach, referred to as high performance
size exclusion chromatography-multiangle laser light scattering (HPSEC-
MALLS), takes advantage of the focusing of three laser beams from different
angles on the effluent of a gel filtration column. Precise molecular weights are
obtained for each segment of the elution profile. This method, which has been
applied to a range of different heparinoids, offers several advantages over
previous methods:

o Compared to relative methods of molecular weight determination which
rely on external standards, the HPSEC-MALLS technique is absolute. 1t
derives the weight average molecular weight directly from scattered light
intensity as a function of angle (as formulated by light scattering theory).
No molecular weight standards are required for column standardization.

e The HPSEC-MALLS technique is insensitive to fluctuations in flow rate
and the concomitant error in elution volume, an affliction of methods
relying on precise column calibration.

e The presence of high molecular weight aggregates at vanishingly low
concentrations in a polymer solution is readily detected by light scattering, a
phenomenon that goes unnoticed by other modes of detection.

¢ The HPSEC-MALLS technique enables one to see how a molecule behaves
in solution.

e Using the HPSEC-MALLS approach, one does not have to make
assumptions about a molecule’s conformation in solution to estimate its
molecular weight and size.
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VL PHYSICALMETHODS IN HEPARINOID STRUCTURAL STUDIES

A. Introduction

In parallel with the chemical approaches described above, a number of
physical methods for analysis of heparinoid structures have been developed,
including '"H-NMR and *C-NMR spectroscopies, mass spectrometry, and X-ray
spectroscopy. For characterization of the primary structures of heparinoids and
heparin fragments, the NMR and mass spectrometry methodologies have been
of greatest value. NMR and X-ray spectroscopy have also yielded a great deal of
information on the three-dimensional structures of these polymers. Excellent
reviews of the physical methods that are used in the characterization of
heparinoids are available [12, 123-126] and these approaches will be
summarized only briefly here.

B. X-ray Crystallography

X-ray crystallographic studies of heparinoids have yielded basic
information concerning the three-dimensional structure of heparin in the solid
state. The pioneering studies of Atkins, ef al. [128, 321, 322] on heparin films
demonstrated that heparin forms crystalline regions of the most common
sequences of heparin, namely, the repeating IdoA-2-SO,—>GIcNSO;-6-SO;4
disaccharides. These sequences form a two-fold screw axis with four residues
per turn and a disaccharide repeat period of 8.4 A. However, the resolution
obtained by these methods is not high enough for accurate deduction of ring
conformations [reviewed in 124],

C. NMR

X-ray diffraction studies do not give information concerning the solution
conformations of heparinoids and molecular dynamics of these polymers. Such
information has been derived largely from NMR studies. The applications of
these methodologies in the study of heparinoids were initiated by Perlin [323,
324] and extended by Perlin, Casu and others [11, 12, 125, 132, 138, 325-330].
The use of NMR in the characterization of heparinoids developed in step with
the increasing strength of the magnets that improved the resolution of the signals
[52] and with the development of two-dimensional methods [331, 332}. NMR is
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emerging as the method of choice for determination of heparin oligosaccharide
structures.

Two nuclei, 'H and'®C, have been of value in the study of heparinoid
structures. Individual 'H and '*C resonances have been identified by measuring
the chemical shifts and coupling constants of model compounds—either
fragments of heparin, chemically modified heparins, or synthetic structures [34,
290, 293, 330}, and by two-dimensional NMR methods [331].

Figures 3.12 and 3.13 show typical '"H-NMR [12, 32] and '*C-NMR [94]
spectra, respectively, of heparin with the assignments of peaks to protons or
carbons in heparin. Figure 3.12 shows the proton NMR spectra of two
tetrasaccharides isolated after cleaving heparin with lyase I, with the individual
protons labeled. The top structure contains GicA-2-0-SO, as the internal HexA
unit, whereas the bottom structure contains IdoA-2-0-SO,. These residues are
readily distinguished on the basis of the chemical shifts of their anomeric
protons, as well as those of their C2 protons. Also, both structures contain the
nonreducing terminal A**-uronic acids, which are readily recognized by the
downfield resonances of their C4 protons.

The "*C-NMR peaks of unfractionated heparin (UH) and of antithrombin-
binding (HA) and antithrombin-nonbinding (LA) fractions of the heparin,
prepared by heparin affinity chromatography, are shown in Figure 3.13. Peaks
are identified for the critical carbons in heparinoids [35, 333}. These include as
major peaks the C2 of GIctNSO;-6-SO, + GIcNSOs, the C6 of GIcNSO3-6-SO4,
and the Cl1 of IdoA-2-SO,. Peaks are also assigned for C2 of GIcNAc +
GIcNAc-6-SO,, for C6 of GIcNSOs, and for C1 of IdoA and GlcA. Most
notably, a minor peak for C2 of GIcNSQ;-3-SO, + GIcNSOs-3,6-di-SO,, which
are derived from the antithrombin-binding region, is also assigned for the
unfractionated heparin, and this peak is enriched in the HA-heparin but depleted
in the LA-heparin. Integration of these peaks allows quantitative analysis of the
composition of the heparinoids that agrees quite well with the analyses that are
obtained by high performance liquid chromatography of nitrous acid-cleaved
products [94]. The chemical shifts, spin-spin coupling constants, and spin-spin
splitting data from NMR spectra of heparinoids yield several types of structural
information, including monosaccharide identities, monosaccharide compositions
(above), monosaccharide sequences, and ring conformations. Various workers
have used both *C-NMR and one- and two-dimensional 'H-NMR for analysis
of compositions, anomeric configurations, and sequences of heparin-derived
oligosaccharides [34, 279-281, 291, 331, 333-337]. The two-dimensional NMR
approaches allow the assignment of interacting protons on adjacent carbons in a
monosaccharide or adjacent monosaccharides in an oligosaccharide, which are
critical for NMR sequencing of such oligosaccharides. Evidence concerning ring
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Figure 3.12. "H-NMR of heparinoids. Reprinted from [32], with permission.
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Figure 3.13. 3C-NMR spectra of heparinoids. Reprinted from [94], with permission.
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conformations also has been derived from 'H-"H coupling constants, which are
related to the H-C-C-H torsional angles[11, 12, 124, 132, 138, 293, 325-328,
338]. A discussion of the conformations of heparinoids deduced from NMR
studies is presented in Chapter 2.

D. Mass Spectrometry

Mass spectrometry offers a highly sensitive methodology that can be used
to determine molecular weights of compounds and more detailed structural
information using only microgram amounts of material. However, mass
spectrometric methods that give complete structural information for heparinoids
have yet to be developed. Because polymeric heparinoids, in contrast to other
macromolecules, are mixtures of structurally varied, polydisperse chains,
attempts to obtain structural information on polymers have not been successful
[339, 340]. Even with heparin fragments, the high levels of sulfate and carboxyl
groups give these molecules several negative charge sites, making observation
of a singly charged molecular ion and structurally significant fragment ions
difficult. However, progress has been made with pure heparinoid
oligosaccharides. Early analyses of heparin oligosaccharides by 2**Cf plasma
desorption mass spectrometry [339] using tridodecylmethylammonium chloride
(TDMAC) as the surfactant gave molecular ions in which the TDMA+ ion
displaced all of the alkali metal counterions of the sulfate and carboxyl groups.
This blocked the negative sites by ion pairing so that an intact molecular ion
could be observed. The best results were obtained for negative ion spectra in
which fragmentation patterns resulted from losses of TDMA+ groups and sulfite
ions from the GICNSO3 residues, as well as losses of reducing terminal and
nonreducing terminal monosaccharides.

A similar study on synthetic heparin oligosaccharides (Na* salts) was
carried out by fast atom bombardment mass spectrometry (fa.b.-m.s.) using
1-thioglycerol as the matrix [341]. The fragmentation patterns in the positive ion
extraction mode showed the replacement of sodium ions by protons, and the loss
of NaSO, with proton replacement, but no significant glycosidic bond
fragmentation. Thus, the primary structural information obtained was the
number of sulfate groups and the nature of the counterions. In the negative ion
extraction mode, similar results were obtained, but the O-sulfate groups were
much more stable.

A more recent study of lyase I-generated heparin oligosaccharides using
negative ion f.a.b.-m.s. with triethanolamine as the matrix gave both molecular
ions and more extensive fragmentations [342]. Here, loss of NaSO; was again
observed in the fragment ions, but, in addition, glycosidic bond cleavage gave
structurally significant fragments. In this study, the mass spectra of a
disaccharide, two tetrasaccharides, and one hexasaccharide were rationalized in
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terms of their previously determined structures!’. In addition, the structure of a
hexasaccharide that had not been previously reported was deduced from its mass
spectrum, and the deduced structure was confirmed by chemical, enzymatic, and
NMR studies. This methodology was applied in subsequent work on an
oligosaccharide from the antithrombin-binding sequence [281]. Similar
approaches have been reported for determination of the molecular weights of
size-fractionated oligosaccharides [315]. The use of mass spectrometry in
structural analysis of heparin oligosaccharides is being used more frequently in
conjunction with NMR and other methodologies [see, for example, 31, 343].

Dell et al. [344] have described a unique approach for mass spectrometry
of heparinoids in which the problems associated with the sulfate groups are
climinated. Here, the heparinoid is permethylated to block all of the free
hydroxyl groups; the methylated product is desulfated, exposing a new set of
free hydroxyl groups where the sulfate groups had been; and these hydroxyl
groups are derivatized by peracetylation. The product is then subjected to
analysis by mass spectrometry.

VIL USE OF ANTIBODIES

A number of antibodies directed against heparan sulfate proteoglycan core
proteins have been reported [345-347). There have also been several reports of
antibodies directed against epitopes in the polysaccharides themselves. The first
monoclonal antibody against intact heparin was reported by Straus et al. [348].
The MAb recognized heparin but not heparan sulfate or other
glycosaminoglycans. Furthermore, when the heparin was modified by de-N-
sulfation, de-N, O-sulfation, or carboxyl reduction, the antibody reactivity was
lost. However, although full antibody reactivity required a decasaccharide or
larger oligosaccharide, the actual epitope was not further characterized.

Shibata et al [349, 350}. reported autoantibodies from tight skin mice and
from patients with antiphospholipid antibody syndrome that were directed
against heparan sulfate.

A novel monoclonal antibody that recognizes regions in heparinoids that
contain N-unsubstituted GlcNs has been useful in demonstrating the presence of
GIcN residues in heparan sulfate [21, 351]. Similarly, a monoclonal antibody
directed against the E. coli K5 polysaccharide was found to recognize only N-
acetylated domains of heparan sulfates [352].

15 The structure of one of these tetrasaccharides was incorrectly assigned in prior work
from this lab, and was not corrected until after this work was reported (see Footnote 8).
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Finally, Pejler et al. [353] have described monoclonal antibodies that are
directed against the reducing terminal sequences of fragments formed by
cleavage of heparinoids with nitrous acid which require anhydromannose or its
reduced form (anhydromannitol) as a part of the epitope.
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L  MODIFICATION OF POLYMERIC HEPARINOIDS

A.  Introduction

Although best known for its anticoagulant activity, heparin exhibits a
number of other biological activities. Even its effects on blood coagulation are
mediated or modulated through more than a dozen proteins (Chapter 8). These
biological effects may be observed with isolated heparin-binding proteins, in
cultured cells, or in whole animals that receive heparin or its derivatives by
intravenous or subcutancous administration. If we assume that each of these
biological activities depends on the interaction of a limited oligosaccharide
segment in the heparin sample (e.g., a hexasaccharide) with a heparin-binding
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protein, and if we recall that there are up to 5800 possible hexasaccharides in
heparin, then we can begin to see the problem in identifying specific heparin
sequences that mediate the activities in question. The difficulty in describing
structure-activity relationships for heparin and heparin-binding proteins is
compounded almost beyond comprehension when one considers the effects of
heparin on a multicomponent system such as the hemostasis system, which
involves many heparin-binding proteins in the blood and on the surface of the
endothelial cells, each of which may recognize a different hexasaccharide
sequence. Isolation of the hexasaccharide sequence responsible for the
biological activity is the best way to establish the structure-activity relationships,
but is difficult. An alternative approach is to prepare several structurally
modified heparinoids and to determine the effects of these structural changes on
the biological activity. Modification of heparinoids may result in loss of some
biological activities but retention of others. Also, the testing of modified
heparinoids for their binding to various heparin-binding proteins may reveal
some of the structural features that are involved in the binding.

As the structural features of heparinoids have emerged, we also have come
to understand the selective chemical reactivities of the functional groups in
heparinoids. In addition to the sulfate groups, most of which can be removed
without otherwise altering the polymer structures, the amino groups and their
substituents, the carboxyl groups, and the ring structures of the monosaccharides
may be altered stoichiometrically by specific chemical treatments. Both classical
methodologies and methodologies that are unique to the glycosaminoglycans
have been used to prepare modified heparinoids. Such procedures have been
useful in obtaining heparinoids with altered biological properties.

There are additional reasons for preparing structurally modified
heparinoids. One reason is that these modification procedures can be used in the
further characterization of the fine structures of heparinoids. A second, more
subtle reason is that some of these procedures offer new ways for selective
cleavage of heparinoids. As will be discussed in Chapter 6, the isolation of
heparinoid fragments that will bind specifically to a heparin-binding protein
requires a method for cleaving the heparinoid polymer that does not cleave in
the middle the specific oligosaccharide segments that are required for protein
binding. Thus, the ability to cleave the polymeric heparinoid at a variety of sites
is useful in identification of these specific sequences. Consequently, after
outlining the structural modification procedures, we will discuss how some of
these procedures may facilitate the isolation of heparinoid fragments for analysis
of heparinoid fine structure and for use in studies of heparin-binding proteins.
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B. Periodate Oxidation

Periodate oxidation, illustrated in Figure 4.1, is truly a classical reaction in
carbohydrate chemistry. Periodate cleaves carbon-carbon bonds when each of
the adjacent carbons is substituted with an hydroxyl or an amino group. Since all
of the monosaccharide residues in heparinoids are linked at C4, the only
candidate sites for periodate attack are the C2-C3 bonds. With only a few
exceptions, all of the C2 amino groups of the GIcN residues in heparinoids are
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Figure 4.1. Periodate oxidation of heparin. The periodate-oxidized
heparinoid is reduced with borohydride and cleaved at the oxidized
residues with dilute acid.
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either acetylated or sulfated (Chapter 2). Consequently, the GIcN residues are
resistant to periodate. Furthermore, many of the GIcA and IdoA residues are
sulfated at C2 and they, too, are resistant to periodate. Thus, the C2-C3 bonds of
the unsulfated GicA and IdoA residues are the only potential sites of periodate
attack.

Figure 4.1 illustrates the periodate susceptibility of a segment of heparin
that is involved in the specific binding of heparin to antithrombin [sce 354, and
references therein]. This oligosaccharide segment contains an internal GIcA that
is unsulfated. Thus, periodate cleaves the C2-C3 bond of this residue and, in
doing so, destroys the anticoagulant activity of heparin [355]. Of course, the
periodate treatment also results in the destruction of all other unsulfated uronic
acid residues in the polymer, including those in all of the GlcA—>GIcNR and
IdoA—>GIcNR disaccharides. Interestingly, IdoA is oxidized much more rapidly
than GlcA. In addition, the GlcA itself is oxidized more rapidly in the GlcA—>
GIcNAc-3,6-di-SO4 combination than in the GlcA—>GIcNSO;-3,6-di-SO;4
combination; i.e., the substitutions on the adjacent GIcN residues affect the rates
of oxidation of the uronic acids [354].

Since the periodate oxidation reaction is commonly run under slightly
acidic conditions (pH~4, 0-4°C), the 1,2-glycols of the unsulfated uronic acids
are cleaved, but polymer remains intact, i.e., the molecular weight of periodate-
oxidized heparin is essentially the same as that of the original heparin. The
aldehyde groups formed by periodate oxidation have several undesirable
features from the standpoint of the possible use of these products clinically,
including the fact that they are quite reactive and can easily complex with other
compounds, especially through Shiff base formation between the aldehydes and
free amino groups of proteins and other structures. However, this reactivity can
be eliminated by reducing the aldehydes to secondary alcohols with NaBH,, as
shown in reaction 2 of Figure 4.1. We will discuss the cleavage of the aldehyde-
reduced product (reaction 3) in Section I.B., p. 129.

C. De-N-Acetylation and De-N-Sulfation

The N-acetyl groups can be removed from the GIcNAc residues in
heparinoids with little, if any, further modification of the polymer, as shown in
Figure 4.2. This is achicved by heating heparin with a solution of
hydrazine/hydrazine sulfate at 95-100 °C for 4 to 6 hr [257, 258]. Neither the N-
nor the O-sulfates are lost during this reaction.
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Figure 4.2. De-N-acetylation and re-N-acylation of a heparin
segment.

A side reaction that occurs much more slowly than the de-N-acetylation
results in the conversion of a few of the carboxyl groups of the uronic acid
residues to hydrazides, as shown in Figure 4.3. Originally, the hydrazinolysis
reaction was studied in anhydrous hydrazine [257], but it was found later that
the rate of de-N-acetylation is increased and the rate of hydrazide formation is
decreased by increasing the water content of the hydrazinolysis reaction mixture
to 30% [23]. Interestingly, under both aqueous and nonaqueous reaction
conditions, the rates of hydrazide formation are different for different
disaccharide units in the polymer [23, 257]. When the uronic acid hydrazides are
formed, they can be restored to their original uronic acid structures by treatment
of the deacetylated product with I,, HIO;, or nitrous acid [257]. Iyt may be noted
that the hydrazinolysis reaction is one of the steps in total disaccharide analysis
of heparinoids using nitrous acid to cleave the polymers to disaccharides (see
Chapter 3).

The formation of uronic acid hydrazides, even when minimized under
aqueous reaction conditions, cannot be totally eliminated. Consequently, an
undesirable side reaction, namely, the cleavage of the polymer between the
uronic acid hydrazide and its upstream GIcN residue, occurs to a limited extent.
This is shown in reaction 2 of Figure 4.3. This is a f-elimination reaction that is

1 Of course, the nitrous acid will also cleave the polymer.
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Figure 4.3. Hydrazide formation as a side reaction of the hydrazinolysis
reaction. [COR = (C=O)NHNH;"].

initiated at C5 of the derivatized uronic acid residues. The reaction is formally
identical to that catalyzed by the bacterial lyases (Chapter 3). This results in a
small amount of depolymerization of the heparinoid that cannot be avoided
during the de-N-acetylation.

Like the N-acetyl groups, the N-sulfate groups of heparin can be removed
selectively, in this case by solvolysis. Solvolysis is usually run by heating the
pyridinium salt of heparin in dimethyl sulfoxide containing a small amount of
water [356]. When this reaction is run at 50°C for short times, N-sulfate groups
are removed but none of the other structural features of heparinoids are
modified.

Thus, both the N-acetyl groups and the N-sulfate groups of heparinoids
can be removed separately and selectively.

D. Modifications of N-Unsubstituted Heparinoids

Both the de-N-acetylated and the de-N-sulfated GIcN residues are
susceptible to a variety of further conversions. Furthermore, since the N-acetyl
and the N-sulfate groups can be removed separately and selectively, these
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further reactions can be used to modify either the original GIcNAc or the
original GIcNSO; residues in heparinoids.

The most obvious reaction of an N-unsubstituted polymer is the re-
acylation of the amino group with acetyl or other acyl groups, as shown in
reaction 2, Figure 4.2. This offers the possibility of obtaining labeled
heparinoids with little further modification of the polymer by acetylating with
’H] or [**Clacetic anhydride [357]. Alternatively, the amino groups can be
sulfated, with or without labeled reagent, by treatment with the sulfur trioxide-
tricthylamine complex [358, 359]. Further conversions of the N-unsubstituted
polymers are described below.

E.  2-0-Desulfation

Although N-sulfate groups are extremely labile to acid, they are resistant
to alkaline conditions. The O-sulfates, however, can be removed with
considerable selectivity under certain alkaline conditions. This allows alkaline
de-O-sulfation under conditions that leave the N-sulfates completely intact. Two
procedures have been used to remove 2-O-sulfate groups [360-364]. These are
illustrated in Figure 4.4. In the first (Figure 4a), heparin is dissolved in 0.05-1.0
M NaOH (pH 12.5-12.8) and the solution is frozen and lyophilized. This
treatment results in loss of 2-O-sulfate groups without any loss of 6-O-sulfates.
All of the following reactions occur stoichiometrically:

IdoA-2-S0,-GIcNSO3-6-SO4 — IdoA-GIcN-6-SO,
IdoA-2-SO4-GIcNSO; — 1doA-GIcNSO;
GlcA-2-50,-GIcNSO3-6-SO, — GIcA-GIcNSO3-6-S04
GlcA-2-S04-GIctNSO; — GlcA-GIcNSO;.

Under the reaction conditions, the methyl glycoside of GIcNSO;-3-50,, a model
compound, does not lose its O-sulfate group, suggesting that the important 3-O-
sulfate group from the antithrombin-binding sequence of heparin remains after
the lyophilization process [365]. However, it has been demonstrated more
recently by disaccharide analysis that the product obtained when polymeric
heparin is lyophilized under these alkaline conditions no longer contains GIcA
—>GIcNSO;-3,6-di-SO4 units, indicating that the 3-O-sulfate is removed in the
reaction [366, 367].2 The product of this reaction shows a markedly reduced
anticoagulant activity, as expected from the loss of critical 2-O-and 3- O-sulfate
substituents in the antithrombin-binding pentasaccharide (Chapter 7).

2 1t is clear that the 6-O-sulfates are not removed in the reaction.
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A second type of alkaline desulfation reaction (Figure 4b) involves
refluxing heparin in 0.1 M Na,CO; for periods up to 30 hr [360-364]. This
reaction also results in stoichiometric loss of 2-O-sulfate groups, but the original
IdoA-2-SO, unit is converted to an L-galacturonic acid residue! Thus, the IdoA-
2-SO,-containing disaccharides are converted to the corresponding disaccharides
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Figure 4.4. 2-O-desulfation of heparinoids.
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that contain L-galacturonic acid in place of the IdoA-2-SO,. Because the GlcA-
2-S0, residues are found in such minor amounts in heparinoids (Chapter 2), the
effect of the reaction with Na,CO; on these residues has not been demonstrated.
Presumably, however, these residues would be converted to L-altruronic acid
residues. The mechanism of this inversion of configuration at C2 and C3 of the
IdoA has been discussed [360-364].

Obviously, these reactions result in the formation of heparinoid derivatives
that may offer further possibilities for polymer modification or for testing for
biological activity. The lyophilization process is particularly attractive because
the product disaccharides that are formed are disaccharide units that are
normally present in heparinoids. Thus, the desulfation merely alters the relative
amounts of the normal disaccharides without introducing unnatural units into the
heparinoid product, as occurs in the Na,COs-catalyzed reaction.

F.  6-O-Desulfation

The solvolytic procedure that is used for de-N-sulfation of heparin can
also be applied in 6-O-desulfation [368, 369]. When heparin is heated in
dimethyl sulfoxide:water (19:1) at 90°C, the relative rates of desulfation are N-
S0; >> 6-0-S0, > 2-0-S0,. Thus, 6-O-desulfation occurs more rapidly than 2-
O-sulfation, so that most of the 6-O-sulfates can be removed while a high
percentage of the 2-O-sulfates remain. An alternate method for 6-O-desulfation
has been described in which the pyridinium salt of the heparinoid is heated with
N-methyl-trimethylsilyl-trifluoroacetamide in pyridine [370, 371). Following the
reaction, the GIcN residues can be re-N-sulfated (below) [358, 359].

G. Carboxyl Reduction

The carboxyl groups of heparinoids can be reduced stoichiometrically,
without depolymerization or alteration of any of the other structural features of
the polymer [253, 372]. The reaction, illustrated in Figure 4.5, is carried out in
aqueous media by activating the carboxyl groups of the polymer with a water
soluble carbodiimide at pH ~4.75. The activated carboxyl groups can then be
reduced completely by adding an excess of NaBH, (or, if a labeled product is
desired, NaBH,). The products of carboxyl reductions of heparinoids contain L-
idose and D-glucose residues in place of the original L-iduronic acid and D-
glucuronic acid residues, respectively. A complicating aspect of the reaction for
the reduction of the activated carboxyls is that the carbodiimide adduct attached
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Figure 4.5. Carboxyl reduction of heparinoids. EDC = 1-ethyl-3-
(dimethylaminopropyl) carbodiimide.

to the carboxyl is labile under alkaline conditions, which must be used for the
NaBH, reduction [373], whereas the NaBH, is labile under the acidic conditions
used in the activation phase of the reaction sequence. However, the reduction
cannot be carried out with NaCNBH3;, which can be used under acid conditions,

since the CNBHj' is not a strong enough nucleophile for the reduction. Thus, to
complete the reduction without loss of the activated intermediate, a large excess
of the NaBH, is added directly to the pH 4.75 activation reaction mixture. The
destruction of the BH, at this acid pH results in voluminous evolution of H; gas,
but, as the BH,  is destroyed, the borate that is formed raises the pH to a level
where the NaBH, is now stabilized but still is present in such a large excess that
the reduction reaction proceeds much more rapidly than the loss of the
carbodiimide adduct. Note that use of NaB>H, for the reduction would require
much too much labeled reagent if a large portion of the reagent were used
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simply to raise the pH to neutrality; thus, it is preferable to raise the pH of the
activation reaction mixture to neutrality before adding NaBH,.3

Carboxyl-reduced heparinoids can be analyzed for their disaccharide
content by the nitrous acid cleavage (with or without hydrazinolysis) and HPLC
methods described in Chapter 3 for unmodified heparinoids. Since each
disaccharide unit in these carboxyl-reduced polymers has lost one negative
charge, the disaccharides emerge earlier in the elution profiles than the
unmodified heparinoid disaccharides (se¢ Figure 3.5).

Carboxyl-reduced heparinoids exhibit much greater acid lability of the
glycosidic bonds of glucose and idose than the corresponding uronic acid
glycosides in the starting materials (Chapter 3). Thus, the glucose residues are
hydrolyzed with the ease of the glucose glycosides of amylose and glycogen.
There are no analogous polymers in Nature that contain large amounts of L-
idose in glycosidic linkages. However, as noted in Chapter 3, IdoA glycosidic
bonds in heparin exhibit an acid lability similar to neutral hexose glycosides
(c.g., D-glucose), and, in fact, limited studies have suggested that the L-idose
residues in carboxyl-reduced heparins are much more acid labile than their D-
glucose counterparts [374].

H.  Carboxyl Derivatization

The use of water-soluble carbodiimides to activate carboxyl groups of
GlcA and IdoA residues in heparin suggests that the activation can be used for
other modifications at the uronic acid carboxyl groups. After all, BH, is a much
weaker nucleophile than other nucleophiles that might be used to react with the
activated carboxyl groups. In fact, the water-soluble carbodiimide activation of
carboxyl groups was first described by Hoare and Koshland [375] for
derivatizing carboxylate amino acid side chains of proteins. In these studies, the
activated carboxyl groups were reacted with glycine methyl ester to convert
them to amides of glycine methyl ester. It has been reported that glycine methyl
ester also serves as a nucleophile for converting heparin carboxyl groups to
amides via the carbodiimide-activated intermediate [376]. In addition, Shaklee
et al. {367, 377] have shown that aminomethylsulfonate ("HsNCH,SO5) can be
used as a nucleophile to convert the carboxyl groups of heparinoids to the
corresponding amidomethylsulfonated heparinoids, derivatives that contain
modified uronic acid residues but retain negative charges on the sulfonate
groups of the adducts. This approach offers the potential to use a broad range of

3 In both cases it is necessary to carry out the reduction in a well-ventilated hood.
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nucleophilic agents to convert the carbodiimide-activated carboxyl groups of
heparinoids to a variety of other derivatives.

L  Epimerization

As described earlier, when the uronic acid carboxyl groups of heparinoids
are derivatized with hydrazine or carbodiimides, the C5 proton adjacent to the
carboxyl derivative is labilized, and the bond between the uronic acid and its
upstream GIcN residue may be cleaved under basic conditions by a p-
elimination reaction (see reaction 3 in Figure 4.3). However, when a uronic acid
residue at the nonreducing terminal of a heparin oligomer or polymer becomes
so derivatized, there is no upstream bond to be cleaved. In this situation, the
uronic acid may be epimerized at C5, thus converting an oligosaccharide
containing either a GIcA or an IdoA nonreducing terminal residue to an
equilibrium mixture of oligosaccharides containing both GlcA and IdoA at the
nonreducing terminal. The epimerization has been particularly useful in
converting disaccharides such as the relatively abundant IdoA-2-SO,—AMang-
6-SO, or IdoA-2-SO,~»AMang to mixtures containing large amounts of the
relatively rare GlcA-2-SO,—~>AMang-6-SO; or GlcA-2-SO,—~»>AMang [258,
378].

It has been reported that C5 epimerization of uronic acids occurs when
alginates, as well as heparin and chondroitin sulfates, are treated with CO, under
supercritical conditions [379, 380]. Some depolymerization of alginate takes
place under the reaction conditions. Although no results with heparin have been
reported, this type of transformation would yield polymers in which only GIcA
and IdoA, the naturally occurring uronic acids, would appear in the products,
although their relative proportions would be altered.

J.  Sulfate Migration

When the pyridinium salt of heparin is heated at 90° C, N-sulfate groups
migrate from GIcNSQ; to the C3 positions of either the original GIcNSO;-6-50,
residue (i.c., the GIcNSO;-6-SO, would be converted to a GIcN-3,6-diSO,
residue) or to the upstream (presumably) IdoA-2-SO, (yielding IdoA-2,3-diSOy)
[381]. Thus, for example, the sequence

IdoA-2-SO4—>GIcNSO5-6-S0O4~>1doA-2-SO4
would be converted to a mixture of
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IdoA-2,3-diSO4—~>GlcN-6-SO,—~1doA-2-SO,
and
IdoA-2-S04—GlcN-3,6-diSO,—IdoA-2-SO,

This transformation, when followed by re-N-sulfation, results in increased
anticoagulant activity. Further study of this interesting reaction has not been
reported.

K Oversulfation

The heparinoids, as well as other polysaccharides that can be used as
heparin mimics, can be oversulfated by treatment with the sulfur trioxide-
trimethylamine compiex at 50 °C for 24 hr [382] or by treating the
tributylammonium salt of the heparinoid with anhydrous dimethylformamide
and the pyridine sulfur trioxide complex {383, 384].4 These reactions add
sulfate groups randomly to free hydroxyl groups in these polysaccharides.

I. MODIFIED HEPARINOIDS IN STRUCTURAL AND BIOLOGICAL
STUDIES

A. Imtroduction

In spite of our general knowledge of the structures of heparinoids, there
remain many aspects of the fine structure that we do not understand.
Furthermore, with the exceptions of antithrombin, the fibroblast growth factors,
lipoprotein lipase, extracellular superoxide dismutase, and hepatocyte growth
factor, we know almost nothing about the heparinoid structures that regulate the
activities of heparin-binding proteins. The procedures outlined above, together
with those described in Chapter 3, are useful in addressing these areas of
incomplete understanding. However, some of these procedures have not yet
been widely applied.

As has been suggested in several of the previous discussions, most of the
products of the modification reactions may be tested for their structural features

4 Note that heparinoids in various hydrophobic salt forms, such as the tributylamine salt,
can be dissolved in nonaqueous solvents.
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or their biological activities, or they may become starting materials for further
modification. For example, carboxyl-reduced heparinoids can be used as starting
materials for further modifications, including periodate oxidation, de-
N-acetylation, desulfation, etc. In addition, heparin may be cleaved to
oligosaccharides, and the heparin fragments may be used to prepare periodate-
oxidized, de-N-acetylated, or desulfated products. Most of the reactions
described here and in Chapter 3 give stoichiometric conversions with high yields
of the desired products. Thus, a variety of well-characterized modification
reactions can be used to prepare unique heparinoid structures. In addition, the
degrees of conversion in these reactions may be controlled, thus permitting the
preparation of a range of partially modified heparinoids. The extents of
conversion can be controlled by limiting the reaction time, by modifying the
reaction conditions, or by limiting the amounts of reactants that are consumed in
the reaction. For example, nitrous acid is consumed during deaminative
cleavage, and carbodiimide is consumed during the carboxyl reduction reaction;
thus, partial cleavage with nitrous acid or partial carboxyl reduction can be
obtained by limiting the amounts of the respective reagents added to the reaction
mixtures. Furthermore, when the procedures that are used to modify
glycosaminoglycans are run under conditions that limit the extent of conversion,
it is usually found that the targeted groups of different monosaccharides in these
polymers react at significantly different rates. Such rate differences may be
inherent in the differences of the monosaccharide structures themselves. For
example, D-GIcA and L-IdoA have carboxyl groups that extend from C5 of their
respective pyranose rings in different orientations, and it is reasonable to expect
that these two uronic acids in heparinoids would exhibit different reactivities
when they are treated with the water-soluble carbodiimide. Alternatively, rate
differences may be affected by differences in the substituents on the same
monosaccharide ring or on adjacent residues. For example, it has been
established that the de-N-acetylation of GalNAc-4-SO, and GalNAc-6-SO, in
chondroitin SO, occurs at quite different rates [258], that uronic acid hydrazide
formation rates are different for GlcA- and IdoA-containing disaccharides and
their variously sulfated forms [257), that carboxyl activation with carbodiimide
proceeds much more rapidly for the GlcA—GIcNSQs-3-SO, disaccharide unit
than for all of the other disaccharide units in heparin,5 and that the rates of
periodate oxidation of GlcA and IdoA residues in heparinoids depend on the
structures of the surrounding residues. Thus, any of the reactions just described
might be used for complete or partial modifications of heparinoids at specific
types of residues in the polymers.-When partial modifications are carried out,
one may find that these reactions exhibit some selectivity for different residues.

5 Personal communication from Dr. P. N. Shaklee.
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Although the creation of a modified structure that has lost one or a few of
the activities of the original heparinoid may give some information about the
structural features of the heparinoid that are required for the activities, more
detailed information may be obtained with specific heparinoid fragments. Many
of the structural modifications that have been described may be useful in the
preparation of unique segments of the polymeric heparinoid. We will now turn
our attention to the applications of these reactions in the preparation of unique
structures and the deduction of heparinoid fine structure. We will also discuss
the ways in which these reactions can be used to prepare a variety of heparinoid
fragments. Despite their apparent usefulness, many of the approaches have not
yet been widely exploited.

B.  Periodate-Oxidized Heparinoids

Periodate oxidation of heparinoids yields polyaldehyde structures that can
be derivatized by most of the typical reactions of aldehydes, allowing the
preparation of a variety of modified heparinoids. In addition, the polyaldehydes
are subject to P-climinative cleavage at room temperature under mildly basic
conditions, as shown in Figure 4.6. When the polyaldehydes are reduced to the
corresponding polyalcohols, reaction 2 in Figure 4.1, the products now become
resistant to base but quite labile to dilute acid, again introducing the possibility
of cleavage to smaller fragments. Thus, periodate oxidation followed by (a)
alkali treatment, or (b) NaBH, reduction and acid treatment, yields low
molecular weight heparinoid fragments. Since periodate destroys the
antithrombin-binding sequence, these fragment heparinoids have very little
anticoagulant activity. However, they may retain other activities.

The cleavage of periodate-oxidized heparinoids yields a mixture of
fragments whose molecular weight distributions are a reflection of the
distribution of unsulfated uronic acids in the heparinoid. Since the abundance of
these residues in heparins is approximately one in 8-10 disaccharides (see Table
2.2), onc would expect this reaction sequence to reduce the average molecular
weight to one-cighth to one-tenth of the original molecular weight if the
unsulfated uronic acids are evenly distributed. However, if these residues are
clustered, then a higher molecular weight oligosaccharide profile would be
obtained. Furthermore, the fragments that are recovered after such a treatment
would be sequences of contiguous disaccharides, all of which contain 2-
O-sulfated uronic acids.

The cleavage of heparan sulfates in this manner also gives fragments that
reflect the distance between unsulfated HexAs and that contain contiguous
disaccharides with 2-O-sulfated HexAs. For heparan sulfates, cleavage will



130 Heparin-Binding Proteins

CH 080y Co0 CH 0805

@O@%@@
ﬂ@ﬂ@@@

2. NaOH

CH 0804 CH,0S0y

a8 g@@

o5 de gl P

Figure 4.6. Alkaline cleavage of periodate-oxidized heparin.

occur at every disaccharide unit in the unsulfated blocks and at any unsulfated

HexA that may occur within the sulfated blocks. Since the overall size of the

blocks containing only GICNSO; residues can be obtained by the de-N-
acetylation/nitrous acid cleavage procedure (Section I1.C., below), a comparison
of the size of the overall GIcNSO;-containing blocks with the size of the blocks
obtained after the periodate oxidation/cleavage reaction will give an indication
of the presence of unsulfated uronic acids within the sulfated blocks in the
polymer. Currently, we have only limited information on the amounts of
unsulfated uronic acids in the sulfated blocks of heparan sulfates from various

SOurces.
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C. Modifications of N-Unsubstituted Heparinoids

Both the de-N-acetylated and the de-N-sulfated GIcN residues are
susceptible to a variety of further conversions, including N-sulfation,
N-acylation, nitrous acid cleavage, and periodate oxidation. Furthermore, since
the N-acetyl and the N-sulfate groups can be removed separately and
sclectively, these further reactions can be used to modify either the original
GIcNAc or the original GIcNSOs residues in heparinoids. For preparation of
polymeric forms or unique fragments for testing of biological activities or fine
structure, it is convenient to consider de-N-acetylated forms first and then to
discuss the de-N-sulfated forms. Thus, the following modifications of de-
N-acetylated heparinoids may be useful.

o The exposed amino groups may be substituted with a variety of acyl groups,
including, of course, acetate, or they may be fully sulfated.

e  After removal of the N-acetyl groups from GlcNAc residues, the C2-C3
bonds of the resulting GlcN residues can be cleaved by periodate. Of
course, the unsulfated uronic acid residues are also oxidized. As described
earlier, the oxidized polymers can now be cleaved at all oxidized positions
by alkaline f-elimination of the polyaldehyde or by mild acid hydrolysis of
the borohydride-reduced polyaldehyde.

o The heparinoid may be cleaved with nitrous acid at pH 4 (Chapter 3).6 The
size range of the resulting fragments will reflect the sizes of the sequences
between GIcNAc residues [see, for example, reference 385 for an
illustration of this approach]. Furthermore, all of the GlcN residues in the
fragments will be N-sulfated, allowing the isolation, characterization, and
biological testing (for the first time) of the fully N-sulfated segments of
these polymers. For de-N-acetylated heparin, for example, a uniform size
distribution of the fragments would indicate that the GIcNAc residues are
randomly distributed; thus, a polymer with 10% of its GIcN residues as
GlIcNAc would yield fragments with average molecular weights of one-
tenth that of the starting heparinoid. For heparan sulfate, all of the GlcN
residues in the unsulfated blocks would be de-N-acetylated by
hydrazinolysis and would be converted to disaccharides by treatment with
nitrous acid at pH 4, whereas the highly sulfated blocks would remain
intact.

61fa polymer that has been de-N-acetylated by hydrazinolysis is to be cleaved with
nitrous acid, it is not necessary to first destroy the uronic acid hydrazides formed in the
hydrazinolysis step because the hydrazides are converted back to the original uronic acids
by nitrous acid (at either pH 4 or pH 1.5)
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Turning now to the de-N-suifated heparinoids, the following modifications
may be considered.
o The exposed amino groups may be substituted with a variety of acyl groups,
as in the case of the de-N-acetylated heparinoids.

e After removal of the sulfate substituents, the C2-C3 bonds of the resulting
GlcN residues may be oxidized by periodate, destroying the ring structures
of the deblocked GlcN residues in addition to those of the unsulfated uronic
acids. Again, the oxidized polymers can now be cleaved at all the oxidized
positions by alkaline B-climination of the polyaldehyde or mild acid
hydrolysis of the borohydride-reduced polyaldehyde. This would rclease the
isolated GIcNAc residues in heparins in mono-, di-, or trisaccharide forms,
depending on whether the neighboring HexA residues were 2-O-sulfated
(i.e., resistant to periodate).

e The GIcN residues may be cleaved with nitrous acid at pH 4. However, this
offers no advantage for cleavage at the N-sulfated GIcN residues, since
these can be cleaved with nitrous acid at pH 1.5 without prior removal of
the N-sulfate groups. The size of such fragments reflects the sizes of the
sequences between GIcNSO; residues. For heparan sulfate, such cleavages
provide fragments containing only the unsulfated segments.

D. De-O-Sulfation

Alkaline lyophilization 2-O-desulfation as well as 6-O-desulfation
reactions result in the formation of heparinoid derivatives that are particularly
attractive because the products contain disaccharide units that are normally
present in heparinoids. Thus, desulfation merely alters the relative amounts of
the normal disaccharides without introducing un-natural units into the
heparinoid product. The 2-O-desulfation is sclective for the 2-O-sulfates (and
the 3-O-sulfates on GIcN residues), whereas the 6-O-desulfation reaction
removes 2-O-sulfates at a rate that is much slower than that of the 6-
O-desulfation reaction. The resulting derivatives may offer possibilities for
further polymer modification, including periodate oxidation, which, after 2-
O-desulfation, will now cleave at the C2-C3 bonds of al/l of the uronic acid
residues in the polymer, thus offering the possibility of cleavage of the polymer
completely to its GIcN monosaccharide constituents.
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E.  Carboxyl Group Modification

As previously noted, the glycosidic bonds of glucose and idose residues in
carboxyl-reduced heparinoids are more acid labile than their corresponding
uronic acids. Although it is not known whether the L-idose glycosidic bonds in
carboxyl-reduced heparins are more acid labile than their D-glucose
counterparts, it is clear that the presence of a sulfate at C2 of a hexose renders
the glycosidic bond much more acid labile than the corresponding unsulfated
hexose [386]. In fact, it has been shown that the idose-2-SO, glycosidic bond in
carboxyl-reduced heparin is extremely acid labile, thus offering the possibility
for selective hydrolysis of these polymers at the idose-2-SO, bonds [374].

Any modification of a uronic acid carboxyl group that renders the C5
proton adjacent to the derivatized carboxyl more acidic will offer the
opportunity for a base-catalyzed elimination reaction to cleave the polymer at
the glycosidic bond of the GIcN residue immediately upstream from the
derivatized uronic acid residue. This base-catalyzed reaction is formally
identical to the cleavages catalyzed by the bacterial heparinases (Chapter 3). We
noted earlier that a side reaction in the deacetylation of GIcNAc residues by
hydrazinolysis yielded uronic acid hydrazides and that heparinoids substituted in
this manner were subject to a P-eliminative cleavage at these uronic acid
hydrazides (Figure 4.3). Thus, heparinoids can be cleaved at these positions by
hydrazinolysis; i.e., this approach would yield a low molecular weight heparin.
The degree and site of cleavage would depend on the rate of hydrazide
Jormation, which clearly is significantly higher under the anhydrous
hydrazinolysis conditions than when water is present, and which differs for
different uronic acids depending on its location in the polymer.7 To our
knowledge, this approach for cleaving heparinoids or other uronic acid-
containing polysaccharides has not been exploited.

The derivatization of the carboxyl groups in heparinoids with
aminomethylsulfonate has already been described (Section LH., p. 125). These
amide forms of the uronic acids markedly facilitate the P-eliminative cleavage
of the glycosidic bond linked to C4 of the uronic acid’> Since the
aminomethylsulfonate derivatization of heparinoids can be carried out
stoichiometrically, it would be possible to cleave such polymers completely to
disaccharides in alkaline solution. Also, it would be possible to control the
degree of depolymerization by limiting the extent of the derivatization. These
approaches have not been developed.

7 For example, the ty, for hydrazide formation under the anhydrous conditions is 147 min
for GlcA — AMang and 894 min for IdoA—»AMang, [257].
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F. Epimerization

The potential for C5 epimerization of the uronic acid residues of
heparinoids with CO, under supercritical conditions has not been exploited in
the preparation of heparinoid derivatives. However, there are some interesting
possibilities. For example, if one were able to convert the E. coli K5
polysaccharide into a polymer that contains similar numbers of GIcA and IdoA
residues, one could obtain an interesting heparinoid analog that might be subject
to further modification using the enzymes of heparin metabolism [sce, for
example, 384, 387].

G.  Low Molecular Weight Heparins
1.  Biological activities

The most exploited of the modified heparins are the partially
depolymerized heparins. The reason for this is that high molecular weight and
low molecular weight heparins exhibit differences in anticoagulant activities and
biological half-lives. This will be described in greater detail in Chapter 7. For
now, we may simply state that high molecular weight heparin catalyzes the
antithrombin-mediated inhibition of both thrombin and Factor Xa, whereas low
molecular weight heparin catalyzes the antithrombin-mediated inhibition of
Factor Xa but shows a reduced activity with thrombin. The clinical advantages
of low vs high MW heparins are discussed elsewhere. The now wide spread
clinical availability of low molecular weight heparins prepared by a variety of
means has led to the comparison of unfractionated heparins with these low
molecular weight heparins for biological activities other than the anticoagulant
activity.

2, Methods of cleavage

The potential for use of low molecular weight heparins as pharmaceuticals
has led to the development of unique low molecular weight heparins that are
prepared in different manners so that each preparation can be protected by a
unique patent. Because the biological activities of various low molecular weight
heparins seem to depend more on their molecular weight ranges than on the
methods used to cleave the heparin, a variety of methods have been used for
their preparation. Of course, the cleavage method must not destroy the
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antithrombin II-binding sequence or introduce toxic side effects if the products
are to be used an anticoagulants. However, for preparation of nonanticoagulant
heparins, other cleavage procedures are acceptable. The most highly refined and
exploited cleavage methods are partial nitrous acid cleavage and heparin lyase
cleavage, but a number of other methods have been used.

One such method that has been used exclusively for the gencration of low
molecular weight heparin is the cleavage of heparin with hydrogen peroxide in
the presence of Cu®* ions [120, 388]. This procedure is not used for any other
structural modification and presumably yields structurally unmodified low
molecular weight heparins. However, some modifications must occur because
the lowest molecular weight products of this procedure are poorly cleaved by
heparin lyases [120].

The following are cleavage procedures that can be used to prepare low
molecular weight heparins. Some of these would destroy anticoagulant activity.

e Partial cleavage with nitrous acid at pH 1.5.

e Partial or complete periodate oxidation, followed by direct cleavage in
dilute alkali, or by mild acid (after the polyaldehyde is reduced to the
polyalcohol).

e Partial or complete de-N-acetylation, followed by treatment with nitrous
acid at pH 4.

o  Partial de-N-sulfation, followed by treatment with nitrous acid at pH 4.

e  Partial activation of carboxyl groups with (a) carbodiimides, (b) hydrazine,
(c) aminomethylsulfonate, or (d) other reagents, followed by treatment with
dilute alkali.

e Size fractionation of unfractionated heparin to obtain the low molecular
weight range of the total material.

IL SYNTHESIS OF OLIGOSACCHARIDES

The chemical synthesis of simple disaccharides presents a number of
problems. These include (a) establishing the order (from nonreducing terminal
to reducing terminal) of the monosaccharide residues, (b) forming the proper
anomeric configuration at C1 (a- vs B-) of each residue, and (c) forming the
linkage between the anomeric carbon and the desired carbon (C4, in the case of
heparinoids) on the downstream monosaccharide. These problems, which are
imposing enough, are markedly compounded by the problems of obtaining a
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reasonable source of IdoA and getting the N- and O-sulfate groups into the
appropriate positions. And, as the size of the desired product is increased, the
effort is compounded further. Finally, although the products of such syntheses
are hydrophilic, the reactions leading to the products are carried out in
nonaqueous media. Clearly, the synthesis of a structure as basic to heparin
chemistry as the antithrombin-binding pentasaccharide is a multistep process in
which the yields of the final product are extremely low. Nevertheless, such work
has been carried out with remarkable success in several laboratories, and the
studies of the resulting products have been of enormous value in characterizing
the interactions of heparin with antithrombin and other proteins.

A description of the synthetic strategies used in the preparation of heparin
fragments is beyond the scope of this book. However, the approaches used and
the results of these synthetic approaches have been reviewed {328, 389-392].
The 1989 review by Petitou is particularly valuable in laying out the strategics
used for the synthesis of heparin fragments and the difficulties encountered.
Also, some of the more recent work on the synthesis and activities of a variety
of antithrombin-binding pentasaccharide structures is shown in Chapter 7.
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primarily on the finding that microsomal preparations from heparin-synthesizing
mastocytoma cells and heparan sulfate-synthesizing hepatocytes produce similar
heparin-like products under identical incubation conditions [101]. These results
also indicate that the cellular controls that regulate the degree of maturation of
the heparinoids in whole cells are lost in cell extracts, since the hepatocyte
microsomal extracts produce a heparin-like product that is much more highly
matured than the heparan sulfate produced by intact cells. The pathway of
biosynthesis of heparinoids has been deduced largely through experimentation
with cell extracts. This chapter integrates these cell extract results with studies
that have been carried out using cultured cells and isolated cellular organelles. It
details the methodologies that are most commonly used in such studies;
describes the metabolic flow of the heparinoids during their synthesis, secretion,
and further metabolism; and identifies areas for further studies.

Heparan sulfate proteoglycans are synthesized, secreted, endocytosed, and
catabolized rapidly. Despite this dynamic processing, heparinoids are
concentrated in characteristic sites in the cell. Heparan sulfate generally occurs
as a proteoglycan that is concentrated on the surface of most animal cells,
whereas heparin is found as free glycosaminoglycan chains in secretory granules
of connective tissue mast cells and related hematopoietic cells. The cellular
pathways leading to the dispositions of these heparinoids involve (a) the
synthesis, in the rough endoplasmic reticulum, of the necessary core protein
which serves as the heparinoid acceptor, (b) entrance of the core protein into the
secretory pathway where the GlcA->Gal->Gal—»>Xyl linkage region is added at
Ser-Gly sites on the core protein, (c) polymerization of GlcA and GIcNAc to
form the initial polymeric form of the heparinoid, (d) maturation of these initial
polymers by the reactions that generate the final, highly sulfated
glycosaminoglycan chains (Chapter 2), and (e) the trafficking of the products to
their final destinations. The trafficking steps take different routes for heparin and
heparan sulfate proteoglycans. In the case of the heparin proteoglycan, the
heparin chains attached to the serglycin core protein in the mast cells are cleaved
by an endo-f-glucuronidase to give free heparin chains which form complexes
with basic proteases and peptidases; these complexes are packaged in secretory
granules. In the case of the heparan sulfate proteoglycan, the intact proteoglycan
is secreted from the cell to take up residence on the cell surface. From their
respective sites of concentration, both the heparan sulfate proteoglycan and the
heparin chains undergo further metabolism. When mast cells degranulate, the
heparin/proteasc complexes are released with the secretory granules and
dissociate to release the enzymes. The fate of the heparin from these granules
has not been described, but it is probably taken up by cells and catabolized to its
monosaccharide and sulfate components that are then recycled in metabolism or
excreted (Section V.A., p. 169). The cell surface heparan sulfate proteoglycan,
however, is either shed [as a result of (a) proteolytic cleavage of the core protein
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or (b) phospholipase cleavage of the GPI anchor] and/or endocytosed and
delivered cither to the lysosomes for catabolism or to other intracellular targets
(Section IILI, p. 160). In this chapter, we will first outline the methodology
used to study proteoglycan metabolism in cell cultures and will then describe the
nature of heparinoid metabolism in cells.

I. METHODS FOR STUDYING PROTEOGLYCAN METABOLISM

A.  Metabolic Labeling

1. Introduction

As a rule, the cellular metabolism of heparinoid proteoglycans is studied
in cell cultures. Generally, radiolabeled precursors for the heparinoid or the core
protein are added to the culture medium,and the appearance of the labeled
product inside the cell and on the cell surface is measured. In the case of heparan
sulfate, the labeled products are synthesized, secreted, and then either shed into
the medium or endocytosed and catabolized. In fact, these processes result in a
steady state level of heparan sulfate proteoglycan on the cell surface. In order to
account for all of the product that is being processed by the cells, it is necessary
to measure the proteoglycans and the free heparan sulfate chains in (a) the
culture medium pool, (b) the cell surface pool, and (c) the intracellular pool. For
cultures of attached cells, the culture medium pool is readily obtained, since the
medium can be removed while the cells are still attached to the culture dish. The
cell surface pool is released from washed cells by treatment with low levels of
isotonic trypsin. In some cases, this can be done without releasing the cells from
the dish, but usually a suspension of cells is obtained which yields the cell
surface pool in the supernatant after the cells are pelleted by centrifugation.
Finally, the material that can be extracted from the pelleted cells is the
intracellular pool. It may be noted that any proteoglycan form of the heparan
sulfate that is present on the surface of the cells is converted to free
glycosaminoglycan chains (with short peptides attached) by the trypsin
treatment, thus yielding a product that does not reflect the true nature of the
proteoglycan on the cell surface. However, the intracellular pool can be
protected from the trypsin by washing the trypsin away and by adding trypsin
inhibitors before breaking the cells. The extraction of heparan sulfate
proteoglycan from the lysed cells without trypsin treatment yields the total cell
surface plus intracellular pool (the “cell-associated pool”). After characterization
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of the intracellular pool from the trypsin-treated cells and the total cell-
associated pool, one can subtract the amount of material in the intracellular pool
from the total cell-associated pool to obtain a reasonable characterization of the
actual nature of the cell surface fraction (proteoglycan, free heparan sulfate
chains, etc.). Further approaches for characterization of these fractions will be
described below.

Depending on the domains of the proteoglycan that one wishes to study,
onc may use labeled precursors for the core protein (e.g., cysteine, methionine,
or leucine), for the glycosaminoglycan chains (glucosamine, sulfate, galactose,
xylose, acetate), or for the N- or O-linked oligosaccharides or GPI anchor that
may be attached to the core protein (glucosamine, mannose). Since the labeling
of proteins in such studies is such a common procedure, this will not be
discussed further here.

2. Labeled glucosamine

D-Glucose normally is a precursor of the amino sugars that are
incorporated into glycosaminoglycans. As shown in Figure 5.1, the branch point
in glycolysis leading to the amino sugars occurs at the level of D-fructose-6-PO,,
which is aminated by glutamine and acetylated by acetyl CoA to yield N-acetyl-
D-glucosamine-6-PO,. The latter is ultimately converted to UDPGIcNAc, which
equilibrates with UDPGalNAc. When exogenous D-glucosamine is supplied to
cultured cells, it enters the cells and is phosphorylated to join the endogenous
pathway at GIcN-6-PO,. In a pathway not shown in Figure 5.1, exogenous
glucosamine also is incorporated into CMP-sialic acid, which is the donor for
the sialic acid that appears in N- and O-linked oligosaccharides and in
glycolipids. Thus, when [*H]glucosamine is supplied to cells (one may also use
) glucosamine, but it is more expensive), the label ends up in all products
that contain GIcNAc, GalNAc, sialic acid, or their derivatives, but in no other
products. The labeled products include the heparinoids, the chondroitin
sulfate/dermatan sulfate group of glycosaminoglycans, hyaluronic acid, keratan
sulfate, many glycolipids, GPI anchors, and the N- and O-linked
oligosaccharides that are attached to the core proteins and other glycoproteins.

For cultured cells, the specific radioactivities of the UDPHexNAc pools
are controlled by the proportions of the glucose and the [*H]glucosamine that
enter the UDPHexNAc pools. These proportions depend, in turn, on the relative
concentrations of the glucose and GIcN in the growth medium, which are
constantly changing during a labeling experiment. This is illustrated in Figure
5.2 from a study of the incorporation of labeled glucosamine into chondroitin
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Figure 5.1. Uptake and metabolism of glucosamine and sulfate by cells.
Reprinted from [393], with permission.
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sulfate by chick embryo chondrocytes {393]. When fresh culture medium is
added to a culture of cells (time 0), the glucose concentration of the medium is
high, and cells incorporate some of this glucose into glycogen and metabolize
the rest to support cell growth. As the glucose concentration drops, the cells
begin to draw on their glycogen stores and, depending on the cell density, may
reduce both the glucose in the culture and the glycogen to quite low levels
before the medium is changed again. While the glucose and glycogen levels are
relatively high, labeled GIcN disappears from the culture quite slowly, but as
these levels drop, the [H]GIcN is consumed more rapidly. The specific
radioactivity of the UDPHexNAc pool is relatively low while glucose and
glycogen are high, but increases continuously as these levels drop, approaching
that of the [PH]GIcN that is supplied in the medium when glucose and
glucosamine are fully depleted. Thus, one cannot obtain a linear rate of
incorporation of /abel into glycosaminoglycans if the labeling period is extended
over more than a few hr.

Usually the concentration of the labeled GIcN supplied in a labeling
experiment is very low and is chosen on the basis of the number of uC; of high
specific activity [’H]GIcN that are required for the degree of labeling desired
(frequently related to the cost/uC;). Thus, for optimum incorporation of label
into glycosaminoglycans, the glucose concentration in the culture medium at the
beginning of a labeling experiment should be no greater than 1 g/liter and the
labeling period should be limited to a few hr. It is important to remember that
the glucose will be consumed at a rate that depends on the number of cells in the
culture dish. Consequently, the rate of increase of the specific activity of the
UDPHexNAc pool will be higher in high density cultures than in low density
cultures. Shortly after the glucose disappears, the labeled GIcN also is totally
consumed, and the incorporation of label ceases. Proteoglycan synthesis also
ceases, since the glucose is the ultimate source of carbon and energy for
proteoglycan biosynthesis. From this description, it can be appreciated that it is
important to choose the labeling times and the culture medium composition to
maximize the amount of label incorporated, and to maintain (as nearly as
possible) a linear rate of incorporation of label (which occurs while the glucose
concentration in the medium is still relatively high (e.g., 0.5 to 1 g/liter). When
[3H]glucosamine is used as a labeled precursor for heparinoids, every
disaccharide unit in the main polymer chain will become labeled.

3. [*S]Sulfate

Use of *SO,> as a metabolic precursor for heparinoid synthesis in
cultured cells offers several advantages over labeled GIcN, but also has some
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disadvantages. If the cell type that is being studied does not express the
metabolic pathways leading from sulfur-containing amino acids to inorganic
sulfate (e.g., chondrocytes, [394]), the specific activity (in cpm/pmole of SO;) of
the sulfate substituents in the glycosaminoglycans synthesized by the cells will
be identical to that of the **SO,” supplied in the culture medium. Thus, if one
isolates a labeled heparinoid from such cells and converts it by treatment with
heparin lyase(s) or nitrous acid to fragments that can be separated and identified,
one can use the number of cpm in the fragment to calculate the actual number of
moles of the fragment. Since both the unlabeled SO, in the culture medium and
the **SO,* enter the cell in constant proportion on the sulfate transporter and are
converted directly to 3'-phosphoadenosine-5'-phosphosulfate, the donor of the
35S0, for the heparinoid chains, the specific radioactivity of the incorporated
3580, does not change during the labeling period. Note, however, that when the
glucose in the culture is exhausted (again, at a rate that depends on the number
of cells in the culture), **SO,* incorporation ceases, not because the *SO,” in
the culture medium is used up, but because the carbon source required to
synthesize the heparinoid chains is no longer available [393]. As discussed
below, when **SO, incorporation ceases, the ¥*SO,-labeled heparinoids rapidly
disappear as they are endocytosed and catabolized. One disavantage of using
3380, as a labeling agent is that it only labels sulfated disaccharides; thus, for
heparan sulfate, the large blocks of unsulfated disaccharides do not become
labeled, and any change in the relative proportions of sulfated and unsulfated
blocks might be (incorrectly) interpreted as changes in total heparan sulfate
synthesized.

Many animal cell types are able to convert the sulfur atoms of cysteine and
methionine into inorganic sulfate, which can be incorporated into heparinoids.
As illustrated in Figure 5.3, there are several routes by which cysteine is
catabolized, but only the route leading to B-sulfinylpyruvate appears to lead to
the generation of sulfite [395]. A number of cell types contain sulfite oxidase.
Thus, administration of sulfite to cells leads to its conversion to sulfate, which is
incorporated into glycosaminoglycans [396].

The ability of animal cells to utilize cysteine and methionine as a source of
sulfate for glycosaminoglycan synthesis was not generally recognized in the
proteoglycan field until the report by Esko et al. [397] that certain CHO cell
mutants that had lost the capacity to transport SO, into the cells were still able
to synthesize sulfated glycosaminoglycans. These mutants incorporate very little
380, from the culture medium into glycosaminoglycans, but the heparinoids
produced by the mutant when [*H]GIcN is used as the precursor show the same
degree of sulfation that is observed in wild type cells. Also, addition of
[**S]cysteine to the culture medium results in the formation of [*>SO,Jheparan
sulfate. The sulfur of methionine is also converted to SO4* but not as efficiently.
Further examination of a variety of cell types has shown that the capacity of
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Figure 5.3. Catabolism of cysteine.

cells to convert cysteine to SO, varics considerably [394, 396, 398-402]. In
CHO cells, increasing the level of cysteine in the culture medium reduces the
amount of **SO* incorporated into glycosaminoglycans. Thus, in these cells the
two sources of >>SQ, seem to generate a single pool of 3'-phosphoadenosine-5"-
phosphosulfate. However, in hepatoma cells, an increase in the concentration of

unlabeled cysteine in the culture medium has no effect on the amount of label
from *SO4” incorporated into heparinoids; likewise, an increase in the amount
of unlabeled SO,* in the culture medium has no effect on the amount of label
from [*°S]cysteine incorporated into heparinoids.! If both labeled precursors are
supplied at the same time, the amount of **SO, in the heparinoid products is
additive. Apparently the cysteine metabolism in hepatoma cells is more complex
than in CHO cells. In fact, multiple pathways for cysteine catabolism have been
reported in hepatocytes [395]. It should be obvious, by analogy with the
discussion of glucose and glucosamine incorporation into heparinoids, that in
cells that can convert cysteine into SO,”, the specific radioactivity of *SO, in

! Unpublished work of Y.-C. Guo and H. E. Conrad
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heparinoids formed from **SO,” as the lone labeled precursor will not be equal
to that of the SO, supplied in the culture medium (and may increase as cysteine
is consumed). A study of mutants in the Cys—SO,> pathway when the cells are
incubated with **SO,> might be informative, since these would yield **SO,
substituents in the heparinoids with a specific activity equal to that of the *SO,*
supplied in the medium.

In addition to using mutants that cannot transport SO,Z into the cells, tests
of the contribution of exogenous SO,> can be studied in wild-type cells using
various stilbene derivatives that are inhibitors of sulfate transport [see, for
example, 403].

4.  Other precursors (galactose, xylose, acetate, mannose)

Although radiolabeled galactose, xylose, mannose, or acetate precursors of
glycosaminoglycans can be used for special labeling purposes, they are of much
less value that the precursors described above. Xylose and galactose arc
incorporated into the linkage region. Labeled galactose also is incorporated into
the uronic acid units of heparinoids, although not very efficiently. [2-
*H]Mannose may be used to label the mannose and fucose residues that appear
in N- and O-linked oligosaccharides or in GPI anchors. Mannose is
phosphorylated, and mannose-6-PO, is converted to GDP-mannose and GDP-
fucose to label these residues, but it is also converted to fructose-6-POy, and can
thus enter the glycolytic pathway and potentially label a great variety of
metabolites. Therefore, it is customary to use [’H]mannose labeled at C2 as the
precursor of complex carbohydrates, because any mannose-6-PO, that flows into
glycolysis will lose the *H as it is converted to fructose-6-PO,. Although it will
become incorporated into the N-acetyl groups of GIcNAc residues, acetate is
such a non-specific precursor that it is of little value in the study of
glycosaminoglycan metabolism.

B.  Extraction of Proteoglycans

As a rule, the conditions requried for solubilization of proteoglycans and
free heparan sulfate chains depend on the type of experiment being performed.
Generally work on the metabolism of heparan sulfate proteoglycan is carried out
using cultured cells. Such cells usually contain the desired products in several
pools. For convenience, one can distinguish experimentally the pool of
proteoglycans in the culture medium (which clearly are already solubilized), the
pool of proteoglycan associated with the surface of washed cells, and the
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heparan sulfate present inside the cells. The culture medium pool and the
intracellular pool are readily soluble in water and can be treated as any other
solubilized cell products. The cell surface pool, however, is usually anchored (a)
by a core protein that spans the plasma membrane or (b) by a GPI anchor that is
intercalated into the outer leaflet of the membrane. The latter pools are extracted
from cells with buffers containing dilute detergents {404, 405]. The
transmembrane syndecan proteoglycans are all quantitatively extracted in cold
neutral buffers that contain Triton X-100 or other detergents and can easily be
separated from other proteins and from nonhydrophobic proteoglycans by ion
exchange chromatography and intercalation in liposomes. It is more difficult to
separate them from each other as they have similar overall size, charge densities,
and affinities for a variety of ligands [146, 406].

Epithelial GPI anchored proteins are associated with complexes that are
insoluble in cold solutions of nonionic detergents such as Triton X-100, but are
extracted in these buffers at 37 °C. Efficient extractions of glypican may also be
obtained in cold solutions of octyl glucoside, a nonionic detergent with a
structure that resembles that of a glycolipid and that therefore may solubilize the
lipid patches more efficiently than other detergents [146]. Another method for
extraction of GPI anchored proteins involves the use of 4’-amino-benzamido-
taurocholic acid for selective extraction [407).

C.  Separation and Analysis of Proteoglycans

In addition to the proteoglycans, all glycoproteins become labeled when
[PH]glucosamine is supplied to cells. *SO, labels a more restricted group of
polymers, but can supply **SO, to tyrosine residues in some proteins, to
sulfatides, or to N-linked oligosaccharides of certain glycoprotein hormones
[408]. Consequently, to distinguish the labeled heparinoids from other labeled
polymeric products, one must either isolate the heparan sulfate proteoglycans or
apply unique heparinoid chemistry (nitrous acid) or enzymology (heparin
lyases) to characterize the heparinoid component in the mixture of labeled
products (Chapter 3). Because of the high negative charge associated with the
glycosaminoglycan chains, these proteoglycans are easily separated from most
other labeled products by anion exchange chromatography [see, for example,
225, 404]. Glycoproteins, which elute from DEAE-cellulose columns in low
salt, are completely separated from the proteoglycans, which elute with high
salt. However, the different types of proteoglycans may be difficult to separate
by anion exchange chromatography, even with quite shallow gradients. Thus,
additional approaches may be required. For example, the chondroitin
sulfate/dermatan sulfate group of glycosaminoglycans may be removed by
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digestion with chondroitinases. Alternatively, specific proteoglycans can be
selectively precipitated with antibodies directed against their core proteins
(Chapter 3).

To determine whether an isolated heparinoid is in a proteoglycan form or a
free heparan sulfate chain, advantage may be taken of the fact that serine-linked
glycosaminoglycans are readily released from their core proteins by an alkali-
catalyzed P-elimination reaction (below). N-linked oligosaccharides remain
attached to the core protein when the reaction is run at room temperature, but
any O-linked oligosaccharides that are present on the core protein will be
released along with the glycosaminoglycan chains. This reaction will result in a
marked reduction in the molecular weight of a proteoglycan, but will have no
effect on the molecular weight of a free glycosaminoglycan chain. The
procedure also can be used for the isolation of the free glycosaminoglycan
chains, the O-linked oligosaccharides, and the core protein (still substituted with
any N-linked oligosaccharides that were present originaily).

Complete release of the O-linked glycosaminoglycans, as well as any
O-linked oligosaccharides, can be obtained in 24 hr at room temperature without
the removal of N-linked oligosaccharides [409, 410]. At higher temperatures
(35-50°C) the rate of the reaction is increased, but there is loss of some sulfate
residues, some cleavage of N-linked oligosaccharides [411], and some cleavage
of the polypeptide chain. Under milder conditions, the serine residues to which
the O-linked carbohydrates are linked are converted to dehydroalanine residues
which may be reduced to alanines with PdCl; [410], but the core protein is not
cleaved. Thus, the molecular weight of both the core protein and the released
glycosaminoglycan chains can be estimated by gel electrophoresis or gel
filtration [404, 412]. NaBH, is included in the reaction mixture to convert the
newly formed xylosyl reducing terminals to xylitols, thus preventing alkaline
peeling from the reducing terminal of the chain. If desired, NaB*H, can be used
in the reaction to label the reducing terminal xylose of the glycosaminoglycan
chains (as well as the reducing terminal residues of the O-linked
oligosaccharides). It is advisable to free the proteoglycan from oxyanions such
as phosphate prior to reaction, since these will catalytically destroy borohydride
[413]. If NaB?H, is used in the reaction to label the reducing terminal xylitol, the
ratio of total disaccharides in the glycosaminoglycan chains to [*H]xylitol can be
used to estimate the average size of the glycosaminoglycan chains. In addition,
the linkage region can be recovered from an *H-labeled glycosaminoglycan
chain by trimming away the main chain with lyases or nitrous acid (Chapter 3),
leaving the labeled linkage region plus any uncleaved disaccharides.
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HL METABOLISM OF HEPARAN SULFATE PROTEOGLYCANS

A,  Core Protein Synthesis

As described in Chapter 2, a number of proteins have been identified as
specific core proteins, or carriers, of heparin or heparan sulfate chains. These
core proteins must be synthesized by the cell in order for heparinoid synthesis to
proceed; i.e., the core proteins serve as primers for heparinoid synthesis, and, in
their absence, the heparinoid chains cannot be formed. Thus, the regulation of
the expression of genes for these core proteins represents a first stage in
controlling the amount of heparinoids synthesized by cells (Section IV.B., p.
162). One might expect that the structures of the heparinoid chains added to
different core proteins would vary. However, the limited information that is
available indicates that the structures of the heparinoid chains are not influenced
by the core protein(s). Instead, these structures apparently are controlled by the
unique cellular regulation of the synthesis of the heparinoid chains in each cell
type. For example, Shworek ef al. [155] have shown that all three
glycosaminoglycan attachment sites on ryudocan (syndecan-4) receive
chondroitin sulfate and heparan sulfate in equal proportion and that the
structures of the glycosaminoglycan chains at each site are essentially identical.
A number of other reports also indicate that the heparan sulfate structures are
cell type-specific and not core protein-specific [154, 156, 157, 206, 414, 415].
Thus, the observation that syndecan 3 from neonatal rat brain carries unique
heparan sulfate chains that bind basic fibroblast growth factor, but not other
heparin-binding proteins [416], may reflect the fact that these cells synthesize
one major core protein and that the control mechanisms in these cells for
heparan sulfate chain synthesis yield a product that has selective bFGF binding
capacity; i.e., there is probably no selectivity of syndecan proteoglycans for
basic fibroblast growth factor. All indications show that if the same cells
produced several types of heparinoid core proteins, all would carry heparan
sulfate structures with identical selectivities for bFGF.

Core protein synthesis is cell type-specific and is developmentally
regulated [144, 158-167). Since the amount of core protein that is synthesized
limits the amount of heparan sulfate that can be formed, it is clear that the steady
state levels of heparan sulfate proteoglycans that appear on the surface of
different cell types may vary significantly. However, as documented in Section
VLB, p. 173, many cell types express several core proteins, so that the
quantification of the amount of heparan sulfate on any single core protein that a
cell produces may not represent the total heparan sulfate produced by the cell.
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Although it is clear that the expression of the several heparan sulfate core
proteins is highly regulated in development, a clear picture of how gene
expression of the core proteins is controlled is still emerging. For example,
c¢DNAs for serglycin have been obtained from rat [179, 417], mouse [179, 182,
185], and human [180, 183, 418-421], but the entire gene structure has been
reported only for human serglycin. Also, the entire genes have been described
for mouse syndecan [198, 199], and human perlecan [232]. The serglycin gene
[186] has a 5’-flanking region that contains cis-acting elements as well as
elements that interact with trans-acting factors [185]. It has also been shown that
several multipotent hematopoietic cell precursors can be induced to differentiate
and modulate the expression of serglycin by treatment with  12-O-
tetradecanoylphorbol-13-acetate [422]. However, the mechanisms that control
the normal physiological regulation of serglycin expression have not yet been
established.

The mouse syndecan gene [198, 199] has five exons that code for the
signal sequence, the N-terminal glycosaminoglycan attachment region, the main
part of the extracellular domain, the protease-susceptible site, and the
transmembrane and cytoplosmic domains, respectively. The 5’-flanking region
contains TATA and CAAT boxes and other potential binding sites for Spl (GC
box), NF-kB, MyoD (E box), and Antennapedia. The structure of the promoter
region suggests that the control of syndecan-1 expression is both constitutive
and developmentally regulated.

The gene for human perlecan [232] is quite complex, with 94 exons and a
5’-flanking region that lacks TATA or CAAT boxes but contains several GC
boxes with binding sites for transcription factors SP1 and ETF. The gene
contains multiple transcription initiation sites distributed over 80 base pairs of
genomic DNA.

B. Eary Glycosylation

Although different signal sequences may play specific roles in the
targeting of secreted proteins [423), all core proteins have signal sequences that
target these proteins to the lumen of the rough endoplasmic reticulum where
they are further modified. The core proteins lose their signal sequences and
become N-glycosylated at their glycosylation recognition peptide sequences
(Asn- X-Ser or Asn-X-Thr). For the glypicans, the initial transcripts contain two
signal peptides: the one at the N-terminal that directs the polypeptide into the
lumen of the rough endoplasmic reticulum and a C-terminal peptide that directs
the addition of a preformed GPI anchor (see Chapter 2) to the C-terminal amino
acid of the matured core protein.



150

Pathways  for  the
synthesis and addition of the
GPI anchors, shown in Figure
5.4, have been reviewed [424-
430]. The anchor is
synthesized by the stepwise
addition of monosaccharides
to phosphatidylinositol. The
initial step, the addition of
GlcNAc from UDPGIcNAC, is
followed by de-N-acetylation
of the GIcNAc residue to yield
a unique N-unsubstituted
GIcN that is retained in the
final structure. The inositol is
fatty acylated and the mannose
residues are added from
dolichol-P-mannose, a step
that presumably occurs in the
lumen of the rough
endoplasmic reticulum [430].
The final step in the synthesis
of the preformed anchor is the
transfer of ethanolamine
phosphate from
phosphatidylethanolamine to

the nonreducing terminal
mannose, forming a
phosphodiester linkage.

Further modifications of this
common structure occur in
some anchors and may include
the addition of side chain
monosaccharides or
ethanolamine phosphates,
fatty acylation of inositol ring
hydroxyl groups, and
transacylation of the glycerol
moiety of the phosphatidyl
inositol unit. Within minutes
of completion of the synthesis
of the core protein, the
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Figure 5.4. Pathway for synthesis of GPI anchors.

Reprinted from [426], with permission.
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preformed anchor is attached to the protein by a putative transamidation reaction
in which a specific C-terminal peptide sequence is displaced from the protein as
the ethanolamine phosphate moiety of the anchor takes its place. The peptide
signal for GPI anchor attachment has been described {431-435]. It is made up of
a hydrophobic amino acid sequence at the C-terminal end of the protein and a
processing site containing two to three small amino acids (Ser, Ala, Gly, Asp,
Asn, or Cys) positioned 10-12 residues upstream from the hydrophobic domain.
The C-terminal hydrophobic domain temporarily anchors the completed protein
to the membrane of the endoplasmic reticulum, and the transamidase cleaves at
the small amino acid sequence and attaches the GPI anchor on the luminal side
of the endoplasmic reticulum.

C. Addition of the Heparinoid Chains
1. Site of synthesis

The pathway for heparinoid chain biosynthesis has been described in
Chapter 2. Briefly, the initial stage of biosynthesis of both the heparinoids and
the chondroitin sulfate/dermatan sulfate group is the addition of the linkage
region to the Ser—Gly sequences on the acceptor core proteins. This is followed
by the addition of the repeating disaccharide GlcA—GIcNAc to form the [GIcA
—GlcNAc],, chain. Finally, maturation reactions take place. These include de-
N-acetylation/N-sulfation of some of the GIcNAc residues, epimerization of
GIcA to IdoA, 2-O-sulfation of both GicA and IdoA residues, 6-O-sulfation of
the GIcNAc or GIcNSO; residues, and 3-O-sulfation of some of the GIcNSOs
residues. All of these reactions occur in the endoplasmic reticulum or the Golgi
prior to secretion from the cell. Also, during this process, both N- and O-linked
oligosaccharides may be added to the core proteins, provided the appropriate
peptide acceptor sequences are present. The structures of the N- and O-linked
oligosaccharides attached to the core proteins have received little attention, but
their biosynthesis presumably follows the well-established pathways. It should
be noted, however, that virtually all of the radiolabeled precursors that are used
to study heparinoid proteoglycan metabolism may be incorporated into these
non-glycosaminoglycan constituents of these proteoglycans.
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2. Heparinoid chain synthesis

The initial step in addition of the heparinoid chains is the formation of the
linkage region. To attach the GlcA—»>Gal->Gal->Xyl linkage region, separate
enzymes are required for each of these monosaccharides. Esko ef al. [436] have
shown that CHO cells mutants lacking the xylosyl transferase and the galactosyl
transferase I do not synthesize either heparan sulfate or chondroitin suifate. This
indicates that the same enzymes are used for the synthesis of the linkage regions
of both heparan sulfate and chondroitin sulfate. The galactosyl transferase II and
the GlcA transferase I, an enzyme that is distinct from the one that participates
in the synthesis of the main [GlcA—>GIcNAc],, chain of the heparinoids, are also
used for both heparan sulfate and chondroitin sulfate/dermatan sulfate synthesis.
Thus, as described in Chapter 2, the pathways of heparan sulfate and chondroitin
sulfate synthesis are identical up to the branch point that occurs at the addition
of the first HexNAc residue. The mechanisms that control the reactions at this
branch point are not well understood, but it has been shown that, in heparan
sulfate synthesis, the GIcCNAc transferase that adds the first GIcNAc to the
linkage region is a different enzyme from the GIcNAc transferase that
participates in the main chain elongation [73, 74]. Also, it appears that the Ser-
Gly acceptor sequences for heparan sulfate chain addition (a) occur in clusters
and (b) are flanked by acidic amino acid residues and an adjacent tryptophan
[150, 151]. The xylosylation reaction has been localized to the late endoplasmic
reticulum and the cis-Golgi [437, 438], whereas the addition of the rest of the
linkage region occurs in the Golgi [437-439].

The synthesis of the repeating disaccharide chains of the heparinoids takes
place in the Golgi. At least two of the enzymes in heparinoid biosynthesis are
single proteins that catalyze concerted reactions. The enzyme that synthesizes
the [GIcA—>GIcNAc],, polymer is apparently a single protein that has both
glucuronosyl transferase and N-acetylglucosaminyl transferase activities [81,
440]. The second protein that catalyzes two reactions is the enzyme that carries
out the de-N-acetylation/N-sulfation reactions [104, 105, 441). This enzyme has
been cloned from two sources and, for both proteins, the two activities can be
demonstrated in a single protein [107-109, 442]. However, whereas the apparent
catalytic domains of the two enzymes show high sequence similarity, the N-
terminal domains are different. It has been suggested that there may be multiple
forms of this enzyme with different activities [20, 117]. A third case in which a
single protein may catalyze multiple activities has been suggested for the 2-O-
sulfotransferase and the 6-O-sulfotransferase from mastocytoma cells [112].
However, these activities are clearly found in separate enzymes in CHO cells
[113, 115]. Finally, it has been reported that a CHO cell mutant that lacks 2-O-
sulfotransferase produces heparan sulfate chains lacking both IdoA-2-SO, and
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GlcA-2-SO, residues. This suggests that a single enzyme may catalyze sulfation
of both uronic acid residues [114].

A further indication of the localization of the various maturation reactions
along the passageway through the secretory apparatus is the time required for
labeled core protein and the **SO,-labeled products to reach the cell surface
following the addition of the respective labeled precursors. The amount of
heparan sulfate proteoglycan on the cell surface can be measured by the release
of labeled heparan sulfate from intact cells with isotonic trypsin. The transit time
for labeled core protein is 3040 min after a labeled amino acid precursor is
supplied, indicating the total processing time for proteoglycan synthesis. In
contrast, **SO,-labeled proteoglycan appears on the cell surface almost
immediately after the addition of **SO4* to the culture medium [404, 443, 444],
indicating that the sulfation reactions occur in the frans-Golgi, just prior to
secretion of the completed proteoglycan to the cell surface.

The donors of the monosaccharides (UDPGIcA and UDPGIcNAc) and the
sulfate (3'-phosphoadenosine-5'-phosphosulfate) for heparinoid synthesis are all
synthesized in the cytoplasm of the cell and must be transported into the lumen
of the endoplasmic reticulum or the Golgi. Membrane transport systems have
been described for 3'-phosphoadenosine-5'-phosphosulfate [445-447] and the
UDP sugars [445, 448]. This work has been reviewed [449].

3. Regulation of heparinoid structure

Both the structural features and the amounts of heparinoids produced by
different cell types can vary considerably. It has also been shown that, in a given
cell type, the structures of heparan sulfate chains synthesized by cultured cells
are different in different metabolic pools [404, 450, 451] and may change when
growing cells reach confluence [412). Although the mechanisms that control
these changes are not understood, several controls on heparan sulfate structure
can be demonstrated in whole cells. As originally shown in studies with cell-free
systems, the degree of maturation of the [GlcA—>GIcNAc],, chains depends on
the extent of the initial de-N-acetylation/N-sulfation reactions, which might be
controlled by SO4* availability (Chapter 2). Mutations in the N-sulfotransferase
in CHO cells result not only in the reduction of the percentages of the
glucosamine residues that are N-sulfated, but also in reduced levels of IdoA and
O-sulfate groups in the final products [452, 453]. It has been shown that the
transport of UDP-galactose into the Golgi exerts a limitation in the rate at which
Gal becomes available in the Golgi for glycosaminoglycan linkage region and
main chain (keratan sulfate) biosynthesis [448].
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It has also been demonstrated in cell extracts that the chain length of the
heparinoid chains can be regulated. Lidholt ef al. {454, 455] have found that the
heparinoid chains formed when 3'-phosphoadenosine-5'-phosphosulfate is
present at the beginning of the reaction are longer than those formed when
PAPS is omitted. Thus, the chain length of the polymer may also be controlled
by early (N-sulfation) reactions. This also raises the possibility that the rate of
transport of PAPS into the Golgi might play a role in the control of heparan
sulfate structure.

Finally, apparent mechanisms for control of the structures of the
heparinoids have been deduced from studies of biosynthetic enzyme
specificities. Regulation may result from the fact that certain sequences in the
maturing heparinoid chains are substrates for more than one of the maturation
enzymes, such that the ultimate structures of these sequences may depend on the
effectiveness of the two enzymes in their competition for a given substrate
sequence. Such competitions have been described in Chapter 2. The examples
cited are (a) the GicA 2-O-sulfotransferase and the GIcA epimerase, both of
which can act on the polymer chain immediately after the de-
N-acetylation/N-sulfation reaction, and (b) the IdoA 2-O-sulfotransferase and
the GIcNAc (GIcNSOs;) 6-O-sulfotransferase that can act on the product that is
present immediately after the GICA residues are epimerized to IdoA residues. In
effect, the conversion by one of these pairs of competing enzymes determines
the ultimate structure of the affected disaccharide units. Thus, the structure of
the final heparinoid product may depend on the amounts, the kinetic properties,
and/or the regulation of each competing enzyme.

D. Trafficking to the Cell Surface

Afier proteoglycan synthesis has been completed in the Golgi apparatus,
the products migrate to the cellular sites where they are normally concentrated.
Thus, heparan sulfate proteoglycans are secreted to the cell surface where they
can interact with a variety of heparinoid-binding proteins, whereas heparin
chains are cleaved from their proteoglycans in mast cells and packaged in
secretory granules in complexes with basic proteases and peptidascs. Heparan
sulfate proteoglycans with transmembrane core proteins can interact both with
extracellular heparin-binding proteins and with intracellular components that
bind to the cytoplasmic domain of the core protein. Proteoglycans with
transmembrane core proteins may be spread over the total cell surface in
stratified epithelia and in isolated epithelial and fibroblastic cells, but are found
only on the basolateral surfaces of polarized simple cuboidal epithelia {144].
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GPI-anchored heparan sulfate proteoglycans are anchored in the outer
leaflet of the cell membrane bilayer and can interact only with extracellular
proteins. GPI anchored proteins are targeted to the apical surface of a variety of
epithelia, perhaps because they are sorted together with glycosphingolipids,
which are also delivered to the apical surface [456-458]. However, although
apical sorting of GPI anchored proteins seems to be the general rule, the GPI
anchored proteins in a rat thyroid cell line are sorted to the basolateral surface
[459]. Furthermore, one GPI anchored protein is symmetrically distributed in
these cells. Thus, generalization may be premature. In fact, it has been shown
that the apical sorting of glypican is lost as the degree of substitution of the core
protein with heparan sulfate chains is increased [460]. Prevention of chain
sulfation in glypican that is fully substituted with heparan sulfate chains does not
restore apical sorting.

In addition to the membrane-anchored proteoglycans, there are
membrane-associated proteoglycans or free heparan sulfate chains. Most often
these have been recognized as proteoglycans that are displaced from the cell
surface by heparin, suggesting that such structures are attached to cell surface
“heparin-binding proteins” and that exogenous heparin competes with the
heparan sulfate chains of the displaceable proteoglycans for the heparin-binding
proteins [404, 461]. However, other agents have also been found to displace cell
surface heparan sulfate proteoglycan, the most notable being a variety of inositol
phosphate derivatives [222, 462]. In some cases, heparin and phytic acid
(inositol hexaphosphate) have been found equally effective in replacing cell
surface heparan sulfate proteoglycan, but in others the phytic acid and other
inositol phosphate derivatives have been found to be more effective {222].

E. Metabolic Turnover: Shedding and/or Endocytosis

Perhaps the most unique aspect of heparan sulfate proteoglycan
metabolism is the fate of these proteoglycans after they reach the cell surface.
Kraemer was the first to study heparan sulfate metabolism in cultured cells [463-
468]. This work demonstrated (a) that cultured cells produce heparan sulfate; (b)
that the heparan sulfate is found in the culture medium, on the cell surface, and
in the intracellular pools; and (c) that a portion of the cell surface pool can be
displaced from the cells by heparin. It also demonstrated the block structure of
the heparan sulfate chains (Chapter 2) and suggested that all animal cells
produce heparan sulfate proteoglycans. Finally, these studies showed that the
cell surface heparan sulfate proteoglycan participates in a dynamic metabolism
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that is cell cycle dependent.2 Kraemer’s work set the stage for more recent
studies that have confirmed that although heparan sulfate proteoglycan is
concentrated on the cell surface, this cell surface material represents a transient
and dynamic pool of proteoglycan.

When cells are labeled continuously over a 15- to 20-hr period, the amount
of cell surface heparan sulfate proteoglycan reaches a steady state {404, 430,
469]. When the labeling precursor is removed from the culture medium of these
cells, the cell surface pool disappears with a half-life of 3-8 hr [216, 404, 405,
444, 461, 469-475). This is a remarkable rate of turnover when one considers
that the doubling time for most cells in culture is at least 20-24 hr; thus, the
turnover of cell surface heparan sulfate proteoglycan proceeds through three to
five half-lives during a single cell cycle! The fate of the proteoglycan varies
with the cell type and the type of core protein. Available data show that the
metabolic flow of cell surface heparan sulfate proteoglycan takes different
routes in different cells. In all cases, some of the material is shed
(desquamated! >) into the culture medium, but a significant fraction is
internalized by the cells and transported to the lysosomes, where it is
catabolized, or to other cellular compartments.

The trafficking of the heparan sulfate proteoglycans may depend on the
type of core protein in these structures, although proteoglycans with the same
type of core protein may be processed differently in different cell types. These
differences have been reviewed [146, 476]. The proteoglycans may be shed
from the cell surface, perhaps by proteolytic cleavage of the core protein, by
phospholipase cleavage of the GPI anchors, by endogenous heparanase cleavage
[477], or by the loss of proteoglycans from intracellular pools that occurs at
mitosis (Section IILH., p. 160). Alternatively, they may be internalized, either
via coated pits or by nonclathrincoated membrane invaginations. Interestingly,
full accounting for the total cell surface heparan sulfate proteoglycan often
shows that the amount of material that is shed into the culture medium may be
much less than the total amount of proteoglycan present on the surface of the
cells at the beginning of a chase period, suggesting that the pericellular matrix
pool of proteoglycan is, in large part, internalized. The possibility remains that
some of the material that is internalized by the cells is partially degraded inside
the cell and is then released into the culture medium, albeit by unknown
mechanisms [474, 475, 478].

2 The title of Kraemer’s 1972 paper, “Cellcycle dependent desquamation of heparan
sulfate from the cell surface” is one of the classic titles in heparinoid literature, and one
that sent many workers in the field scrambling for their dictionaries!
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F. Prelysosomal Processing of Internalized Proteoglycan

The portion of the heparan sulfate proteoglycan that is internalized is
partially processed before it reaches the lysosomes. For example, whereas the
cell surface heparan sulfate is present as a proteoglycan, the internalized
material is so rapidly processed to free heparan sulfate chains that very little of
the proteoglycan form can be detected in the intracellular pool [470, 479]. The
extra-lysosomal conversion of the internalized proteoglycan may result from
protease cleavage of the core protein and/or endo-p-glucuronidase cleavage of
the heparan sulfate chain [404, 480]. Endo-B-glucuronidases have been
characterized in several laboratories [64, 97, 98, 471, 478, 481-491], but the
cellular localization of these enzymes has not been firmly established. However,
there is clear evidence that these are not lysosomal enzymes [469]. Bame {492]
has presented evidence that there are multiple species of heparinases in CHO
cells.

The processing of internalized proteoglycan is a multistep pathway
[reviewed in 476} and proceeds by different routes for GPI anchored
proteoglycans and transmembrane proteoglycans in rat ovarian granulosa cells
[223]. In the latter cells, all of the GPI anchored proteoglycan is internalized by
the cells, whereas, in human lung fibroblasts, most of the GPI anchored
proteoglycan is shed into the culture medium [215]. For the internalized heparan
sulfate proteoglycan, the pre-lysosomal metabolism, in which the heparan
sulfate chains are progressively converted to smaller oligosaccharides, may
occur over periods ranging from a few minutes up to 3 hr. [484, 488].
Ultimately, most of the internalized heparan sulfate chains enter the lysosomes,
where they are converted to monosaccharides and free sulfate (below).

G. Lysosomal Catabolism

Fragments formed by the prelysosomal endogluronidase(s) enter the
lysosomes where they are converted to GlcNAc, GIcA, IdoA, and free SO, by
the concerted action of nine lysosomal exo-enzymes. The pathway for
catabolism of heparinoids has been established largely by the work-of Hopwood
and colleagues who have presented comprehensive reviews on the subject [493,
494). The pathway is shown in Figure 5.5.

The heparinoid chains that result from the cleavage by endo-f-
glucuronidase(s) (step 1 in Figure 5.5) have reducing terminal GlcA residues
and nonreducing terminal GIcN residues. The latter may be N-acetylated, N-
sulfated, and/or O-sulfated. These oligosaccharides are degraded by the stepwise
action of a series of exo-enzymes acting from the nonreducing end of the
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oligosaccharide. A general feature of this sequence is that, as each nonreducing
terminal residue is exposed, there is an initial removal of any O- and/or
N-sulfate groups to produce nonsulfated nonreducing terminal monosaccharides
that are then removed by glycosidases. The lysosomal enzymes that are involved
in the catabolism of heparinoids include those that hydrolyze the N-SO; that is

STEP
.. 4)GIcALB1~ 41GICNS3SES (a1~ 4)1d0A25( a1+ 4)GICNSES (a1~ 4)GIcA2S(B1+ 4)GIcNS(ai ... [ :
| endo-B-ghucuronidase {piatelet enzyme ) [1]
... 4)GicA GIcNS356Sial~ 4)1doA2S (at~4)GICNSES (at+ 4)GicA2S(81+ 4)GIeNS(al ...
| qlucosamine 3- suiphate suiphotase [2]
GICNSES(al—~4) KoA2S(al~ 4)GIcNSES(at—+ 4)GIcA2S{ B~ 4)GIcNS(at ...
| suiphamate sulphohydrolase [3]
GIcNHES(at - 4)IdoA2S(al— 4)GICNSES (al-=4 1GIcA2S( 8~ 4)GicNS (al...
M:-CM4 acetyl-CoA:a-glucosominide N-ocetyitransferase (4]
CoA

GicNACES(al—~ 4)1doA2S (al—4)GICNSES( al— 4)GIcA2S( B~ 4)GicNS(al ..
} gucosamine 6-sulphate sulphatase {s]
GIcNAc{al—~ 4) IdoAZS(al-+ 4)GIcNSES{al—41GIcA2S( B—~4)GIcNS( af ...

| a-N-acetyiglucosaminidase (€]
IdoA2S{at-~ 4 JGINSES{ at— 4)GIcA2S(B1~ 4)GIcNS(al ...
| iduronate 2~sulphate sulphatase M
IdoA (a1~ 4)GICNSES(al— 4 1GIcA2S( 81— 4)GIcNS(al ...
| a-L-iduronidase (8}

GIcNSES(al~ 4)GKA2S(B1+4)GIcNS{ al .

suiphamate sulphohydroiase

ocetylCoA:a-glucosaminide N-ocetyltransferase | [9-t2)
glucosamine 6 -sulphate sulphatase
a-N-ocetylglucosominidase |
GIcA2S( B1+4)GicNS(al ...
glucuronate 2-suiphate sulphatase | [13]
GleA B1-4)GkNSlal...
B-D-glucuronidase | [14]
GicNS{al ...

Figure 5.5. Catabolism of heparinoids. Reprinted from Nature [reference 493], with permission.
© 1989, Macmillan Magizines Ltd.
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present in GICNSO,, the five different types of ester SO, (GIcNAc-6-SO, ,
GIcNSO;-6-S04, GIcNX-3-SO,, IdoA-2-SO,, and GlcA-2-SO,), and the three
types of glycosidic bonds (B-GIcA, a-IdoA, and a-GIcNAc). In intact cells,
lysosomal catabolism and, to some extent, endosomal catabolism, are blocked
by NH,CI or chloroquine (Section IV.F., p. 166).

In addition to the sulfatases and glycosidases required to degrade these
oligosaccharides, there is a particularly interesting acetyl-CoA:a-glucosamine-
N-acetyltransferase that plays a role in the conversion of N-sulfated glucosamine
residues to hexosaminidase-susceptible substrates. As shown in step 3 of Figure
5.5, the N-sulfate is first removed by a sulfamidase, leaving an N-unsubstituted
GIcN residue. Such a residue is not a substrate for the hexosaminidase, which
recognizes only GIcNAc (or GalNAc) residues. To deal with this problem, there
is a membrane-bound N-acetyltransferase that catalyzes the transfer of acetyl
groups from acetyl-CoA to the free amino group, thus generating a viable
substrate for the hexosaminidase [494, 495). This represents a rare example in
which acetyl-CoA is a critical participant in a catabolic pathway.

The enzymes in this pathway have been purified. Many of them have been
cloned, and their substrate specificities and kinetic properties have been reported
[summarized in 493, 494]. A particularly interesting property of these catabolic
enzymes is that the substrates for each of the enzymes appear to be inhibitors for
the other enzymes in the pathway. Perhaps this results from the fact that there
are only subtle structural differences between successive intermediates in the
pathway so that the substrate binding sites of the catabolic enzymes show
limited discrimination between substrates and products. However, it is difficult
to understand how these inhibitory actions may be of physiological significance.
Hopwood has proposed a model for heparan sulfate catabolism in which the
entire catabolic process is represented as a highly organized system of
membrane-bound enzymes, a suggestion based on the fact that these enzymes
tend to copurify. One might speculate that such a complex could limit the
accessibility of enzymes in the pathway to the heparinoid fragments that may
inhibit their activities.

Except for GIcN 3-O-sulfate sulfatase and the GlcA 2-O-sulfate sulfatase,
a genetic deficiency in humans of any one of these enzyme activities interrupts
the progression of steps in Figure 5.5 and leads to the accumulation of heparan
sulfate fragments, often with dire physical and mental consequences. These
genetic defects are referred to collectively as mucopolysaccharidoses.
Interestingly, several of the heparinoid-degrading enzymes act on other
glycosaminoglycan substrates as well. For example, iduronate 2-O-sulfate
sulfatase acts on both heparin and dermatan sulfate, and its deficiency (Hunter's
syndrome) results in the accumulation of oligosaccharides from both
glycosaminoglycans. Similarly, GIcN 6-O-sulfate sulfatase cleaves sulfates from
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a-linked GlcN-6-SO, residues on heparan sulfate and B-linked GIcNAc-6-SO;
residues on keratan sulfate.

The monomeric products of the catabolic pathway are transported out of
the lysosomes by specific transport systems for the IdoA, GlcA, GIcNAc, and
SO [496-501].

H  Cel Cyde Aspects of Heparan Sulfate Metabolism

Certain aspects of heparan sulfate proteoglycan metabolism are cell cycle
dependent. Kraemer and Tobey [466] first showed that there is a pre-mitotic loss
of heparan sulfate proteoglycan from cells. This observation has been repeated
and extended by the demonstration that, just prior to mitosis, there is an abrupt
loss of heparan sulfate and heparan sulfate proteoglycan from all cell surface
and intracellular pools {502, 503]. These results may be related to those of
Preston et al. [S04] who found a four-fold lower rate of glycosaminoglycan
synthesis at mitosis than during interphase and suggested that the mitotic
depression af glycosaminoglycan synthesis resulted from the generalized
cessation of membrane vesicle transport during mitosis {505-507]. It has also
been shown that smooth muscle cells synthesize and sccrete sulfated
proteoglycans in the Gl and G2 phases of the cell cycle but that the
incorporation of **SO,” stops at the beginning of the S phase and during mitosis
[508]. Finally, it has been demonstrated that exogenous heparan sulfate
proteoglycan is taken up by a hepatoma cell line and blocks cell division late in
the G1 phase of the cell cycle [502, 503]. Exogenous heparin also blocks the cell
cycle of smooth muscle cells in late G1 [509] (Section V.A., p. 169).

L  Nuclear Heparan Sulfate

A particularly interesting example of intracellular processing and
trafficking is the flow of a portion of the pericellular matrix heparan sulfate
proteoglycan into and back out of the nuclei of hepatoma cells [222, 412, 451,
469, 503]. In these cells heparan sulfate proteoglycan is secreted into the
pericellular matrix and is then endocytosed and cleaved to free chains, a portion
of which are transported to the nuclei via a path that docs not pass through the
lysosomes. In the continuous presence of *>SO,*, the nuclear pool reaches a
steady state level, but labeled heparan sulfate can be chased out of the nuclei by
incubating the cells in media containing unlabeled SO,*. The amount of heparan
sulfate associated with the nuclei increases three-fold as growing cells become
confluent, and the level of nuclear heparan sulfate shows an inverse correlation
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with the rate of cell division. Furthermore, when heparan sulfate proteoglycan
from confluent cells is added exogenously to growing cells, cell division is
inhibited as the heparan sulifate is taken up and becomes associated with the
nucleus. The heparan sulfate proteoglycan from log-phase cells is taken up less
effectively and has no effect on cell division. Again, the rate of cell division
decreases with increasing levels of nuclear heparan sulfate.

There is a significant precedence for the appearance of
glycosaminoglycans in the nuclei of mammalian cells [510-516]. Furthermore,
there are many suggestions in the literature that heparan suifate plays a role in
the regulation of cell growth [492, 517-541]. However, fluorescein-labeled
heparin is taken up by rat vascular smooth muscle cells and appears around—but
not in—the nucleus [542].

IV. PERTURBATION OF HEPARINOID METABOLISM

A. Introduction

There are a number of inhibitors of proteoglycan metabolism, some which
are relatively specific for glycosaminoglycans and others which may alter both
proteoglycan metabolism and other cellular pathways. For example, inhibitors of
protein synthesis prevent all protein synthesis, including that of the core
proteins. When core protein synthesis is blocked, the acceptors for heparinoid
chain synthesis are not available and heparinoid synthesis is also prevented.
Somewhat more specific inhibitors are those that prevent GPI anchor synthesis.
Such inhibitors specifically block the synthesis of a// GPI anchored proteins,
including the glypicans. Interference with specific reactions, such as the
sulfation reactions, is quite specific for all of the sulfated glycosaminoglycans
(heparan sulfate, chondroitin sulfate, dermatan sulfate, keratan sulfate), but will
also prevent sulfation of tyrosines in proteins [543] or certain N-linked
oligosaccharides [408]. Finally, one might inhibit the catabolism of heparan
sulfate as well as other catabolites that enter the lysosomes using
lysosomotrophic agents, or inhibitors of specific catabolic enzymes, provided
such inhibitors can be delivered to the lysosomes in whole cells. The inhibitors
that are useful for altering heparan sulfate metabolism in whole cells are
described here.
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B. Beta-Xylosides

p-Nitrophenyl-B-xyloside and 4-methyl-umbelliferyl-p-xyloside have been
used for a number of years as artificial acceptors for the synthesis of
glycosaminoglycans that are formed on a typical GlcA—+»Gal—>Gal->Xyl—>Ser
linkage region. As has been noted, these glycosaminoglycans include heparin
and heparan sulfate, as well as chondroitin sulfate and dermatan sulfate.
Addition of one of these artificial acceptors to the culture medium at
concentrations up to 1 mM results in the artificial “priming” of the biosynthesis
of the linkage region and the subsequent addition of the glycosaminoglycan
chains that are attached to the linkage region. The resulting products are high
molecular weight chains that have the original B-xylosides at their reducing
terminals. For efficient usage of the B-xylosides in intact cells, the aglycon must
be sufficiently hydrophobic to allow the B-xyloside to diffuse across the plasma
membrane and the Golgi membranes to get to the site of action of the enzymes
that carry out the synthesis of the linkage region and the glycosaminoglycan
chains. These artificial acceptors will compete with the xylosyl—core protein
for the enzymes that add the monosaccharides of the linkage region and the
glycosaminoglycan chain. The extent of diversion of the glycosaminoglycan
chains from the core proteins depends on the concentration of the xyloside
added to the culture medium. The xylosides will also prime glycosaminoglycan
synthesis when protein synthesis is inhibited or in mutants that lack the xylosyl
transferase. Even when no inhibitor of protein synthesis is present, high
concentrations of p-nitrophenyl-B-D-xyloside may intercept the entire
glycosaminoglycan chain biosynthetic machinery. This has been observed in
chondrocytes, which produce primarily chondroitin sulfate proteoglycan. The
xylosyl-core protein is still produced in the presence of the B-xyloside and is
secreted to the pericellular matrix without attached chondroitin sulfate chains
[544].

1t is clear that the addition of one or two of the linkage region galactose
residues to the B-xyloside will render these -xylosides membrane-impermeable.
Nevertheless, the products built on B-xylosides (which themselves are
membrane impermeable) progress, by unknown mechanisms, through the Golgi
stack with full access to all of the biosynthetic enzymes. Furthermore, the
glycosaminoglycan chains are not retained in the plasma membrane when they
reach the cell surface. They are secreted exclusively into the culture medium.
Another interesting observation is that the biosynthetic maturation of the
glycosaminoglycan chains is significantly altered in the presence of B-xylosides,
yielding glycosaminoglycan structures having demonstrable differences from
the structures produced in the absence of the B-xyloside [545, 546].



5. The Cellular Metabolism of Heparan Sulfate 163
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Figure 5.6. Effect of B-xyloside concentration on
glycosaminoglycan synthesis. 2-Naphthol-B-D-
xyloside (A) or 3-estradiol-B-D-xyloside (B) was
administered to CHO cells deficient in xylosyl
transferase at the concentrations indicated, and the
amounts of chondroitin sulfate (open circles),
heparan sulfate (closed circles) and total
glycosaminoglycan (closed squares) were measured
after a 4- to S-hr incubation. See text for further
explanation. Reprinted from [546] with permission.

cis/trans-decahydro-2-

napthol-, 2-naphthol-, 3-

estradiol-, 6-ethoxy-2-naphthol-2-(2-naphthoxy)-1-ethyl-, 6-butoxy-2-naphthol-,
4~(2-naphthoxyl)-1-butyl-, 6-hydroxyquinoline-, 5-hydroxyindole-,4-n-
butylphenyl-, 9-phenanthrol-, 6-hydroxyindole-, 4-phenylphenol-) have been
coupled in B-linkage to xylose and each has been tested for its ability to prime
the synthesis of both heparan sulfate and chondroitin sulfate in CHO cells. As
shown in Figure 5.6, increasing the concentrations of xylosides gives marked
increases in the synthesis of total glycosaminoglycans (closed squares), but the
relative proportions of chondroitin sulfate (open circles) and heparan sulfate
(closed circles) change as the concentration of the B-xyloside is increased, with
chondroitin sulfate production peaking at relatively low B-xyloside
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concentrations and heparan sulfate synthesis peaking at higher concentrations. It
is important to note that xylosides are consumed during glycosaminoglycan
synthesis in cultured cells. Therefore, after the initial B-xyloside concentration is
optimized for heparan sulfate priming, the B-xyloside concentration will drop
throughout the incubation period, and the level of the P-xyloside in the medium
may shift from one that is optimum for heparan sulfate synthesis toward one that
is optimum for chondroitin sulfate synthesis. Consequently, for maximal
priming of heparan sulfate synthesis, timing is very important.

Similar priming profiles are observed for the other B-xylosides, but the
concentrations of B-xylosides that give peak productions of chondroitin sulfate
and heparan sulfate vary with the different B-xylosides. Also, for a given P-
xyloside, the optimum priming concentrations vary with the cell type. As a
general rule, the maximum rates of synthesis of glycosaminoglycan chains in the
presence of B-xylosides are far greater than the rates of synthesis in the absence
of the p-xyloside, indicating that the rate of core protein synthesis is normally
the rate-limiting step in proteoglycan synthesis, ie., the capacity of cells to
synthesize glycosaminoglycan chains is much greater than that required to fully
glycosylate the core proteins that are normally produced by the cells. Thus, the
mechanisms that control the synthesis of core proteins regulate the amount of
heparan sulfate produced by the cells.

Priming of glycosaminoglycan chain synthesis is quite specific for f-
xylosides. B-Glycosides of other pentoses do not prime. Furthermore, f-
xylosides with various hydroxyl group substitutions on the xylose residue do not
prime well [549]. Attempts to intercept heparinoid chain synthesis by artificial
acceptors containing monosaccharides other than xylose have not been
particularly successful, although some priming has been obtained with B-
galactosides [480]. Analogous approaches have been taken in the synthesis of
O-linked oligosaccharides, which can be primed with N-acetyl-o-D-
galactosaminides [550], and in the synthesis of N-linked oligosaccharides,
which can be primed with hydrophobic peptides containing the Asn-X-Ser/Thr
recognition sequence [551].

C. Chlorate and Selenate

The interactions between heparinoids and heparin-binding proteins are
generally dependent on the distribution of the sulfate substituents along the
heparinoid chains. Thus, if cells are prevented from producing a fully sulfated
heparan sulfate, heparin-binding proteins cannot bind to their surfaces. Chlorate
and seclenate are agents that inhibit sulfation but do not seem to have other
effects on the synthesis of glycosaminoglycans or other sulfated polymers [552-
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557]. Concentrations of chlorate as high as 30 mM have been used with no
apparent harm to the cells. Chlorate behaves as a sulfate analog that replaces
sulfate in the synthesis of 3'-phosphoadenosine-5'-phosphosulfate to yield 3'-
phosphoadenosine-5'-phosphochlorate, which either is itself unstable or yields
heparinoids with unstable chlorate groups that are spontaneously hydrolyzed
[553].3 Heparinoid chains are still synthesized in the presence of these specific
sulfation inhibitors, but they are markedly reduced in sulfate substituents.*
Consequently, these inhibitors are excellent agents for determining whether cell
surface heparan sulfate proteoglycans participate in the responses of cells to
growth factors and other agents on cells. For example, it is known that cell
surface heparan sulfate proteoglycan must interact with basic fibroblast growth
factor in order for the growth factor to bind to its receptor [559-561]. In the
presence of chlorate, unsulfated heparan proteoglycan is found on cell surfaces,
and basic fibroblast growth factor cannot bind or exert its effects on cells
(Chapter 9). Some caveats with respect to the use of chlorate are noted in
Chapters 9 and 11.

D. Inhibitors of GPI Anchor Synthesis

Failure to attach GPI anchors to proteins that are normally processed with
these C-terminal structures results in an alteration in their metabolism, due in
some cases to the retention of the proteins within the endoplasmic reticulum
and/or Golgi apparatus, and eventual catabolism. Such proteins do not appear on
the cell surface [reviewed in 539]. Failure to attach the GPI anchor occurs
naturally in paroxysmal nocturnal hemoglobinuria patients [562, and references
therein]. A number of mutants in the biosynthesis of GPI anchors are known
[426, 563, 564], but the heparan sulfate metabolism of such mutants has not
been studied. There are also inhibitors that can be added to cells to block GPI
anchor synthesis and thus prevent cell surface expression of such proteins,
including glypicans. These include mannosamine [214, 565-567], 2-fluoro-2-
deoxy-D-glucose [568, 569], and phenylmethylsulfonyl fluoride [570, 571].
Such inhibitors lack specificity, as they interfere with synthesis of O- and
N-linked oligosaccharides as well, and they block the normal metabolism of a//
GPI anchored proteins. However, if the toxic effects of these inhibitors are not
severe in short-term experiments, such inhibitors would allow the selective
inhibition of glypican migration to the surface of cells that produce both

3 This would be analogous to the arsenate/phosphate competition in the synthesis of ATP.

4 Interestingly, the heparan sulfate chains of heparan sulfate proteoglycan have been
shown to increase in length when sulfation is inhibited by chlorate [S58].
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glypican and proteoglycans with transmembrane core proteins. Such
experiments have not been reported. It has been shown that 2-fluoro-2-deoxy-D-
glucose is incorporated by chondrocytes into keratan sulfate in place of D-
galactose and into chondroitin sulfate. In chondroitin sulfate synthesis, the 2-
fluoro analog of D-glucuronic acid is found as the UDP-activated derivative and
is incorporated into chondroitin sulfate in place of GlcA [572]. If this occurs in
other cell types or for other glycosaminoglycans, then one might find that cells
will synthesize a modified heparan sulfate containing fluorodeoxy-D-glucuronic
acid in place of GlcA. Such studies have not been reported.

E. Transition State Analogs

Glucuronic acid is utilized in metabolism as a building block for
chondroitin sulfate/dermatan sulfate and the heparinoids, and also in
detoxification reactions in which aromatic substrates are “glucuronosylated” and
excreted. In the catabolic hydrolysis of GIcA-containing metabolites, a
glucuronopyranose residue passes through a half-chair intermediate during
glycoside bond hydrolysis. A classical inhibitor of these cleavage reactions is
saccharolactone, a transition state analog for the half-chair form of GlcA, which
binds tightly to the glucuronidase and inhibits the reaction. In biosynthetic
reactions, glucuronic acid is transferred from UDPGIcA to the appropriate
acceptors. Transition state analogs for UDPGIcA have been obtained {573).
These have been found to work quite well as inhibitors of the glucuronosyl
transferases involved in detoxification, but have not been studied as inhibitors of
glycosaminoglycan biosynthesis.

F. Inhibition of Catabolism

Endosomes and lysosomes are acidified, membrane-enclosed
compartments in cells that contain enzymes that have acidic pH optima. Thus, it
has been possible to prevent, or slow, the action of these enzymes by adding
agents, such as NH,Cl, chloroquine, or tilorone which enter these organelles and
raise the pH above the optima for most of the enzymes [404, 469, 470, 574].
Also, lysosomal catabolism can be specifically prevented by lowering cell
incubation temperatures. It is well established that endosomes cannot fuse with
lysosomes at temperatures below 20 °C [575]. This blocks heparan sulfate
catabolism [469]. One additional agent that inhibits heparan sulfate proteoglycan
catabolism is leupeptin, which blocks core protein cleavage immediately
following endocytosis [576].
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G. Mutants in Proteoglycan Synthesis

As in other fields of biology, the use of mutants to study heparan sulfate
proteoglycan metabolism and biological activities has been extremely useful
{70, 577]. This approach has been explored by Esko and co-workers who
mutagenized CHO cells and selected, by a replicate plating technique, mutants
showing a diminished ability to produce *>SO,-labeled colonies [578, 579]. Wild
type CHO cells produce both chondroitin sulfate and heparan sulfate
proteoglycans. Table 5.1 lists a variety of mutants in proteoglycan metabolism
that have been characterized. These include several mutants that lack the
glycosyl transferases required to synthesize the linkage region [436, 580], and a
mutant that is unable to transport SO, across the plasma membrane [397], as
well as mutants in the heparinoid chain polymerization reactions [440], in the
N-sulfotransferase {79, 452, 453], and in 2-O-sulfotransferase [114]. Mutants
lacking the xylosyl and galactosyl transferases required for linkage region
synthesis produce neither chondroitin sulfate nor heparan sulfate, demonstrating
that the same enzymes are utilized to synthesize the linkage regions of both
glycosaminoglycans. In the presence of P-xylosides the xylosyl transferase
mutant can synthesize both chondroitin sulfate and heparan sulfate. The mutant
that lacks the SO, transport system [581] has been discussed in Section I.A.3.,
p. 142. This mutant cannot utilize SO,> from the culture medium for synthesis
of heparan sulfate proteoglycan but can convert cysteine to SO,* for use in the
sulfation reactions. The N-sulfotransferase mutants in both CHO cells | from
references 70, 79, 452, 453} and COS cells [582] produce heparan sulfate
proteoglycans with reduced sulfation. Interestingly, the mutant that lacks
N-acetylglucosaminyl transferase also lacks the glucuronosyl transferase. Since
the mutation is a point mutation, it appears that the polymerization of GlcA and
GlcNAc to form the initial [GlcA—>GIcNAc],, chain is catalyzed by a single
enzyme. Also, these mutants continue to produce chondroitin sulfate, indicating
that a separate set of activities are required for chondroitin sulfate
polymerization. In a similar manner, it has been found that the enzyme that
catalyzes the N-sulfation of GIcN residues also carries the de-N-acetylase
activity. The mutant that lacks the 2-O-sulfotransferase produces a heparan
sulfate that lacks both IdoA-2-SO, and GlcA-2-SQ,, suggesting that both uronic
acid residues are 2-O-sulfated by the same enzyme [114]. Rosenberg and co-
workers have described a particularly interesting group of mouse LTA cell
mutants that produce normal levels of an altered heparan sulfate with markedly
lowered ability to bind to antithrombin III [583]. Finally, a now-classic series of
Thy-1 mutants include those with defects in GPI anchor synthesis [reviewed in
426], but these have not been examined for their effects on proteoglycan
metabolism.



168

Heparin-Binding Proteins

Table 5.1. Mutants in Glycosaminoglycan Biosynthesis

Cell  Mutant Defective Phenotype References
Type Activity
CHO pgsA xylosyl transferase proteoglycan- [436, 580]
deficient
CHO pgsB galactosyl transferase proteoglycan- [436, 580]
deficient
CHO pgsC sulfate transport normal proteoglycans [ from reference
70, 397, 581}
CHO pgsD glucuronosyl/N- heparan sulfate- [ from reference
acetyl- deficient 70, 440]
glucosaminyl
transferases
CHO pgsE-206 N-sulfotransferase undersulfated heparan [ from reference
sulfate 70,79, 452, 453]
COS N-sulfotransferase undersulfated heparan [582]
sulfate
CHO 1diD UDPGIcNAc 4- chondroitin sulfate- [from reference
epimerase deficient 70}
CHO pgsF--17 2-O-sulfotransferase  undersulfated heparan (114]
sulfate
LTA V17 Unknown regulatory  reduced antithrombin- [385])
protein binding

Such mutants have been useful for confirming the pathways of heparinoid
biosynthesis, for establishing the points of branching in chondroitin sulfate and
heparinoid biosynthesis, for detecting regulatory genes that determine the
structures of the glycosaminoglycan chains, for isolating genes corresponding to
the mutations, and for deducing the physiological roles of the heparinoids. Some
of these uses of mutants are discussed in more detail elsewhere, but several
examples of the value of such mutants are cited here.

Mutants that cannot produce heparan sulfate proteoglycan fail to bind to
cell adhesion molecules such as type V collagen [584] and fibronectin [585].
They also fail to bind ligands such as basic fibroblast growth factor [114, 194,
559, 586] or thrombospondin [538]. They do not bind certain viruses, such as
Herpes simplex virus or HIV [587-589]. Perhaps the most interesting result is
that CHO cells require heparan sulfate proteoglycan to grow as tumors in
athymic mice; those mutants that cannot produce heparan sulfate proteoglycan
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cannot produce tumors, a result not found in mutants lacking chondroitin sulfate
proteoglycan alone [590].

V. METABOLEM OF EXOGENOUS HEPARINOIDS
A. Metabolism in Cell Culture

Although exogenous heparin has a broad range of effects on a variety of
cell types, the metabolism of exogenous heparin by different cells has received
limited attention. Vascular smooth muscle cells from the rat aorta [542, 591]
bind [*H]heparin at 4 °C in a saturable manner with a K4 of 10° M. These cells
have approximately 100,000 binding sites per cell. When heparin-saturated cells
are warmed to 37°C, 80% of the bound heparin is shed into the culture medium
and the remainder is internalized by the cells in a biphasic manner. Fifty % of
the internalized heparin is taken up with a ti, of 15-20 min, whereas the
remainder is internalized with a ti;, of 1-2 days. Fluorescein-labeled heparin is
also internalized by these cells and concentrated in the perinuclear region. The
internalized heparin is catabolized, but details of the site, kinetics, or extent of
catabolism have not been described. In our discussion of heparin metabolism in
mast cells, it was noted that heparin may be released from heparin/protease
complexes after degranulation of the cells. This released heparin would be
expected to follow a similar endocytosis/catabolism route (by some as yet
unidentified cells in the mast cell environment). Thus, metabolism of
endogenous heparin is probably a true physiological event, at least for some cell
types.
Heparin inhibits the growth of vascular smooth muscle cells. A
comparison of heparin-sensitive and heparin-resistant cells has shown that both
cell types bind and internalize heparin and degrade it in lysosomes [592, 593].
However, during the incubation with heparin the sensitive cells show an
increased binding and internalization of heparin, whereas the resistant cells
exhibit reduced binding,
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B. Metabolism in Vivo
1. Introduction

Study of the in vivo metabolism of heparinoids is more difficult than the
study of metabolism in cell cultures for several reasons. First, one may use
isotopically labeled heparinoids in some animals but not in humans and, even
when such experiments are done in animals, the amount of labeled material
required is quite large. Second, without labeled heparinoids, it is difficult to
measure actual amounts and structures of the metabolized heparinoids.
Consequently, most studies have been limited to the examination of the
anticoagulant activity in the circulation following the administration of
exogenous heparins or low molecular weight heparins to animals or humans.
Such studies are driven by the fact that these heparinoids are used clinically as
drugs which, in appropriate doscs, are effective anticoagulants. However, when
heparins are given in excess, serious bleeding occurs. Thus, a primary emphasis
in studies of the levels of heparin and its metabolism in vivo has been on the
changes in anticoagulant activity at intervals following heparin administration.
Reviews of this literature, which is quite extensive, may be consulted for further
reference to the primary literature [594-597]. As pointed out in these reviews,
observing changes in the anticoagulant activity in the circulation following
administration of exogenous heparin is not the same as following the actual
metabolic changes in amounts and structures of heparins as catabolism proceeds.
Chapters 7 and 8 show that the anticoagulant activity depends on a variety of
factors, including the molecular weight of the heparin and the effects of heparin
on antithrombin and other heparin-binding proteins in the vasculature.

2.  Pharmacokinetics

The anticoagulant activity of heparin in the circulation has been studied
following intravenous, subcutaneous, intramuscular, intraperitoneal, and oral
administration. In clinical practice, heparins are given either intravenously or
subcutaneously. These drugs can be given as a bolus or by continous infusion.
As might be anticipated, uptake, drug effect, and metabolism are very dependent
on the mode of delivery.

Intravenous heparin becomes immediately available. When given as a
bolus, its anticoagulant activity appears rapidly and then is lost rapidly by two
metabolic routes. First, it is taken up by the endothelium and catabolized [598].
Second, it is excreted by the kidneys [599, 600]. The endothelial uptake of
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heparin occurs most rapidly, but is saturable. Thus, low doses of heparin saturate
the endothelium whereas higher doses first saturate the endothelium and then
must be catabolized and excreted via the slower process that takes place in the
kidneys. As a consequence, the half-life of heparin in the circulation depends on
the dose of heparin administered and ranges from 30 min at a dose of 25
units’kg to 150 min with a dose of 400 units’kg Furthermore, the higher
molecular weight portions of the heparin are cleared most rapidly by the
endothelium. In any event, the disappearance of a bolus dose of heparin is rapid.
Consequently, when immediate and continuous anticoagulant effects are
required, intravenous heparin is given by continuous infusion. Low molecular
weight heparin may also be used. One of the main advantages of low molecular
weight heparin over unfractionated heparin is that it does not bind to the
endothelial cells or to some of the other heparin-binding proteins in the
circulation. Consequently, it exhibits a half-life of approximately two- to four-
fold longer than heparin [for example, see 601].

When heparins are given subcutaneously, the anticoagulant activity in the
blood rises much more slowly, appearing only after 1-2 hr, then peaks and falls.
Because the bioavailability is reduced, higher bolus doses can be given
intermittantly, and these have an extended anticoagulant effect.

3. Oral administration of heparinoids

Although there have been no heparin products that have been developed
for oral administration, there have been a number of literature reports of oral
uptake of heparin [602-609]. In fact, it has been reported that orally
administered heparin exhibits a dose-dependent antithrombotic activity [609]. In
a particularly interesting report, Larsen et al. [610] showed that when a single
dose of [*>SO,]heparin or [*H]heparin is administered orally to rats, a series of
labeled heparin oligosaccharides are observed in the blood for at least 12 hr.
Oligosaccharides with anti-Xa activity (Chapter 8) are observed early and are
degraded to smaller fractions, including disaccharides, which are excreted in the
urine. Thus, heparin is progressively broken down to smaller and smaller
fragments before excretion. The catabolism of internalized heparin takes place
in the liver and kidney, and in the vascular endothelium [611]. Interestingly,
when heparin fragments formed by bacterial heparin lyase treatment (Chapter 3)
are injected intravenously, the fragments are excreted unchanged; i.e., they are
resistant to the catabolic effects that are observed for the hydrolytic fragments
that are formed from oral heparin [612]. This is consistent with the known
pathways for catabolism of heparin oligosaccharides in which the fragments are
degraded sequentially from the nonreducing terminal (Section I.G., p. 157). The
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heparin lyase products have a nonreducing terminal A**-uronic acid that is not
recognized by enzymes in animal tissues.

VL DYNAMIC ASPECTS OF HSPG METABOLISM—A KEY TO ITS
FUNCTION?

A, Introduction

For many years, scientists interested in the biology of carbohydrates in
general, and glycosaminoglycans in particular, have wrestled with the question,
“What is the physiological role of these structures?” The answers have
continued to be elusive, but the speculations have improved. We do not have to
answer these questions for the entire carbohydrate community here, but we
should try to deal with this question as it pertains to the heparinoids. Qur
knowledge of the structure and metabolism of these polymers, as incomplete as
it is, offers both suggestions for their physiological role and experimental
approaches for testing these hypotheses. For example, the ubiquity of the
heparinoids, especially the heparan sulfate proteoglycans, in the animal kingdom
compel us to believe that these structures are critical for the well-being of the
animal organism. We are struck by the enormous cellular machinery devoted to
the biosynthesis of the heparinoids, the complex trafficking of these structures to
the cell surface, and the fact that they have no sooner taken their place of the cell
surface than they are internalized and catabolized. Surely, the dedication of such
extensive cellular machinery to heparan sulfate proteoglycan metabolism must
indicate the essentiality of the heparinoids. However, we are restrained by
results that have shown that mutations in the enzymes of heparan sulfate
proteoglycan metabolism, or specific perturbations in heparan sulfate
metabolism, result in little change in the well-being of cells in culture (see
Section IV.G., p. 167). Perhaps we should be considering tissues and whole
organisms in order to get a true picture of the role of heparan sulfate
proteoglycan. Indeed, Murch ef al. [8] have shown that genetic deficiency in
heparan sulfate synthesis can be lethal. In any event, we must collect our
hypotheses concerning the role of the heparinoids so that we can test them. As
detailed earlier, the most unusual aspects of the heparan sulfate proteoglycans
that may give some clue to their role are (a) the multiplicity of core proteins and
(b) their dynamic metabolism. These features of heparan sulfate proteoglycans
are a starting point for the formation of our hypotheses.
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B.  Variation in Core Protein Expression

A complicating factor in describing heparan sulfate proteoglycan
metabolism is the observation that a given cell line may produce several
different core proteins. Although our present knowledge is limited, production
of multiple species of heparan sulfate proteoglycans by cells appears to be quite
common. Certainly this possibility must be asssessed in the examination of any
cell line that has not been previously described. A few of the best studied
examples will suffice to illustrate this point.

¢ Human fibroblasts express four different heparan sulfate proteoglycans (in
addition to two different chondroitin sulfate proteoglycans) [200, 406].

e A mouse mammary ecpithelial cell line produces two core proteins:
syndecan and a 38-kDa core protein that has not yet been characterized
[191].

e A rat osteosarcoma cell line produces two heparan sulfate proteoglycans,
one that has a GPI anchor and another that has a transmembrane core
protein [225].

o Similar results have been found in ovarian granulosa cells [613] and
vascular endothelial cells [193].

s Rat aortic vascular smooth cells synthesize both syndecan-1 (syndecan) and
syndecan-2 (fibroglycan), the relative proportions of which are altered by
various growth factors [614].

In addition to the expression of multiple species of heparan sulfate
proteoglycans, it is clear that proteoglycan expression is developmentally
regulated {144, 158-167].

What little we know at present suggests that the heparan sulfate
glycosaminoglycan structure is not controlled by the core protein [157, 206];
i.e., presumably a given cell type will attach the same mixture of heparan sulfate
chains to one core protein that it will attach to all other acceptor core proteins
that the cell produces. This needs to be examined more carefully to be sure that
the conclusion holds for a variety of cells. However, once the proteoglycans
reach the cell surface, there may be some influence of the core proteins on the
further metabolism of the heparan sulfate proteoglycan.
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C. Dynamics of the Cell Surface Pool of HSPG

The cell surface heparan sulfate proteoglycan is a dynamic pool that turns
over constantly, with half-lives in various cell lines that range from one-third to
one-eighth of the time required for the cell cycle. The structures of the heparan
sulfate chains of these proteoglycans are readily altered in response to a wide
range of agents added to cultured cells (Section VI.D., below). Thus, it has
become apparent that the structures of the heparan sulfate chains presented on
the surfaces of cells can change extremely rapidly. In those cells whose
metabolism has been examined in detail, it appears that there is a steady state
level of heparan sulfate proteoglycan in the pericellular matrix that can be
observed when cells are incubated continuously with labeled precursors. This
steady state occurs when the rate of heparan sulfate proteoglycan loss from the
cell surface by endocytosis and/or shedding is equal to its rate of replacement.
The mechanisms that control the rate of synthesis and secretion of the heparan
sulfate proteoglycan are better understood than those that control its
disappearance. Determining the fate of the extracellular proteoglycan is
complicated by the fact that there are multiple core proteins in different cells and
that these core proteins appear to exert some control over the trafficking of the
extracellular heparan sulfate proteoglycan. A proteoglycan arriving at the cell
surface may undergo further metabolism before it is released from the surface
and/or internalized by the cell. Such metabolism might include the proteolytic
cleavage of the core protein or the cleavage of the GPI anchor by
phospholipases C or D or the internalization of transmembrane core proteins in
response to a signal from the cytoplasmic domains of the core protein.
Furthermore, it appears that the metabolic flow of cell surface heparan sulfate
proteoglycan shows significant differences from one cell type to another. These
are complex issues that will require more study.

D. Dynamic Changesin HSPG Structures

The fact that there is a steady state level of heparan sulfate proteoglycan
on the cell surface does not mean that there is a constant range of structures of
the heparan sulfate chains in this pool. Changes in the structures of the heparan
sulfate chains in response to changes in the physiological environment of the
cells may be a critical aspect of the behavior of heparan sulfate proteoglycan in
the fulfillment of its normal physiological role. Because of the rapid turnover of
cell surface proteoglycan, a rapid change in the structures of the heparan sulfate
chains could take place in response to various extracellular signals that are
transmitted to the sites of heparan sulfate proteoglycan synthesis. Furthermore,
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the protective effects of heparan sulfate-bound proteins might play some role in
control of the structures of heparan sulfate oligosaccharides after they are
internalized (discussed below). Not much attention has been devoted to the
structural characterization of the heparan sulfate chains under diverse culture
conditions, but there are reports showing that these structures undergo changes
under a variety of conditions. These changes are observed as differences in the
oligosaccharide composition of the heparan sulfates. At the outset, it may be
noted that the compositions of heparan sulfate from the culture medium, the cell
surface, the intracellular, and the nuclear pools in a rat hepatoma cell line are
clearly different [404, 412]. Furthermore, the amount of heparan sulfate as well
as its composition in these pools changes when growing cells reach confluence
[412]. Similar resuits have been reported for human neuroblastoma cells [615}.
In fact, the suggestion from these results is that as the relative amounts of
heparan sulfate in the various cellular pools are altered, the structures of the
heparan sulfate chains are also altered, but this suggestion will require further
study. In any event, it is clear that the amounts of heparan sulfate in different
cellular pools can be perturbed by a variety of agents, including B-xylosides,
glucose levels, catechin, TGF-B, inositol, 12-O-tetradecanoylphorbol-13-acetate,
sodium butyrate, dibutyryl cAMP, insulin, retinoic acid, estradiol, basic FGF,
and hydrocortisone [451, 545, 546, 616-619].

How are these structures controlled? During their biosynthesis, a mixture
of heparan sulfate chains is added to core proteins in the secretory organelles.
The structural features of the heparan sulfate chains that are necessary for
binding to proteins are controlled by a group of maturation enzymes in the Golgi
apparatus. The simplest and most obvious kinds of controls that may be exerted
during the biosynthesis of heparan sulfate are those resulting from varying the
relative levels of the maturation enzymes and the metabolic precursors. We have
noted in Chapter 2 that there are branches in the biosynthetic pathway in which
pairs of maturation enzymes may compete for the same heparinoid sequences,
and that the final structures that are produced may depend on the relative
proportions of such sequences that take one branch of the pathway or the other.
In a similar manner, the regulation of enzyme activity can play a role in
directing the synthesis down one branch of a pathway rather than another. We
do not know anything about the mechanisms that control these various reactions
in vivo. Aspects as simple as the availability of 3'-phosphoadenosine-5'-
phosphosulfate or the UDP sugars, the amounts of metal ions, or the pH of the
Golgi lumen may play some role. There may also be effects of starvation on
heparan sulfate structure like those that have been reported for N-linked
oligosaccharides [620, 621]. The concentration of glucose in the culture medium
has, in fact, been found to alter heparan sulfate proteoglycan metabolism in a
hepatoma cell line [451). Also, the maturing heparinoid chains may exert some
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feedback regulation of enzyme activity, but if this occurs, the experimental
dissection of such mechanisms is almost too complex to contemplate!

It has been suggested that the control of heparan sulfate structures does not
end with its biosynthesis. These derive from the finding that different structures
are found in the culture medium, cell surface, and intracellular pools. The
heparan sulfate in all of these pools is derived from the cell surface pool of
heparan sulfate proteoglycan.’ Thus, one might conclude that the metabolism of
the heparan sulfate proteoglycan affer it is secreted from the cells results in
fractionation of the heparan sulfate chains! One way in which these structures
might be controlled after the secretion of the heparan sulfate proteoglycan is
suggested in Section VLE., below.

E. Intracellular Trafficking Dynamics
1. Introduction

The number of examples in which the intracellular trafficking of
endocytosed heparan sulfate chains has been characterized is too small to allow
us to generalize, but this aspect of metabolism may turn out to be the most
variable, yet the most important, feature of heparinoid metabolism. The results
that are available suggest a scenario in which one or more heparin-binding
proteins are bound to specific sequences in the heparan sulfate chains on the cell
surface and internalized in these complexes with the heparan sulfate chains. The
complexes are attacked by proteolytic enzymes and endo-f-glucuronidases that
remove the core protein, leaving enzyme-resistant complexes composed of the
heparan sulfate fragments and heparin-binding proteins (or protein fragments).
These complexes are targeted to various cellular destinations. They may be
transported to the lysosomes for catabolism or directly recycled to the plasma
membrane. They may be targeted to the Golgi and reprocessed (which may

5 Note should be taken of the fact that the intracellular pool size of the newly synthesized
heparan sulfate chains is quite small compared to that of the chains that have re-entered
the cells by endocytosis. Also, the transit time of newly synthesized heparan sulfate
proteoglycan in the secretory pathway is short compared to the residence time of
endocytosed heparan sulfate. Therefore, the labeled heparan sulfate in the intracellular
pool is composed primarily of heparan sulfate chains that have been endocytosed by the
cells, especially when its presence is measured by **SO-incorporation, which occurs just
prior to heparan sulfate proteoglycan secretion.
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involve some alteration of the heparan sulfate chain structure) and re-secreted.®
They may be transported to the nucleus (e.g., in bFGF/heparan sulfate
complexes, see Chapter 9) where the complex dissociates and one or both
members of such complexes exert regulatory controls. The actual targeting of
the cell surface proteoglycan may be controlled initially by a specific interaction
between the core protein and a receptor (which, for the transmembrane core
proteins, could be on the cytoplasmic side of the plasma membrane). However,
the core protein is rapidly removed from these chains immediately after
internalization. Therefore, neither the core protein nor its receptor would be
expected to have any further influence on the routing of the heparan sulfate
chains. Consequently, further routing would have to depend on the structural
features of each particular heparin-binding protein (which might carry a
targeting sequence or present a heparan sulfate-induced conformation that is
necessary for the targeting) or the ligand receptor. This process is complex
enough even if a single heparin-binding protein is internalized, but the
competition of multiple heparin-binding proteins for the available cell surface
proteoglycans and the simultaneous internalization of several such complexes,
could increase the complexity considerably.

Although there is a great deal of speculation in these few sentences, there
is also a significant body of evidence to support these concepts, some of which
are reiterated below and expanded in other chapters.

2. Protection of protein-heparin complexes from enzymes

In heparinoid/protein complexes, the protein is protected from proteases
and the heparinoid is protected from heparincleaving enzymes. For example,
there have been reports showing that basic fibroblast growth factor, when
complexed with heparin, is protected from the action of trypsin and other
proteases [622]. Similarly, when heparin is complexed with antithrombin, the
segment of heparin that contains the specific antithrombin-binding sequence is
specifically protected from heparin lyase I [623]. In fact, this was one of the
methods that was used to isolate the antithrombin-binding heparin
oligosaccharide. Thus, when one considers the large number of heparin-binding
proteins that are found in the extracellular environment of cells, the
opportunities for the formation of complexes between cell surface heparan
sulfate and proteins, each of which may recognize a different sequence in the

6 Although the appearance of free heparan sulfate chains in the culture medium pool of
cultured cells is usually attributed to direct shedding from the cell surface, re-secretion
could be an alternative mechanism for the release of these free chains from the cell.
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heparan sulfate, are many. Consequently, there is the possibility that each of
these proteins protects a specific heparinoid sequence during the pre-lysosomal
metabolism of the internalized heparan sulfate. Alternatively, some heparin-
binding proteins may recognize similar heparinoid sequences, and these proteins
may compete for binding to these sequences.

3. Heparan sulfate can also bind to heparin-binding proteins

A number of examples show that many of the heparin-binding proteins can
recognize sequences in both heparin and heparan sulfate. In each case, the
heparin-binding ability of these proteins was recognized first, but heparan
sulfate also was found to contain the necessary sequences for binding to the
same proteins. Examples include basic fibroblast growth factor [624-628],
antithrombin [629-632], thrombospondin [633], and lipoprotein lipase [634,
635]. There are other examples, and it may be anticipated that more will appear
when such comparisons are made.

4. The degree of interaction depends on amount of heparan sulfate on the
cell surface and on the amount of heparinoid-binding protein in
surroundings

Variables in the binding of various proteins in the extracellular millieu to
cell surface heparan sulfate sequences are the amount and structure of heparan
sulfate on the surface of the cell and the number and amounts of heparin-binding
proteins that can come into contact with the cell. Since cells usually have a
greater capacity to synthesize heparan sulfate chains than is required to
substitute the core protein(s) that the cell produces (Section IV.B., p. 162), the
amount of heparan sulfate on the cell surface is controlled by the expression of
the core proteins. In addition, in cell culture, the total amount of the heparan
sulfate proteoglycan exposed to the culture medium depends on the number of
cells in the culture, a number that is increases during the time course of many
experiments. Of course, we know almost nothing about how the structures of the
heparan sulfate chains are controlled. In cell culture, where secrum is almost
always a component of the culture medium, there is limited control over the
number and amounts of heparin-binding proteins surrounding the cells, and we
do not know what heparan sulfate structures are required for binding to most of
the heparin-binding proteins. However, it is likely that there are usually
sufficient amounts of heparin-binding proteins in the serum to occupy a
significant proportion of the cell surface heparan sulfate proteoglycan.
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5. Are heparan sulfate/protein complexes internalized as such?

There is a body of literature that indicates that heparin-binding proteins are
internalized as heparan sulfate/protein complexes. A number of examples are
cited elsewhere, but a short list includes thrombospondin [633]}, basic fibroblast
growth factor [636], and lipoprotein lipase [634, 635].

6.  Heparan sulfate oligosaccharides and heparin-binding proteins persist in
the intracellular pool

The discussion of processing of internalized heparan sulfate proteoglycan
in Section IILE., p. 155, describes the findings that the heparan sulfate chains
spend up to 3 hr in pre-lysosomal compartments. Furthermore, it has been
shown that internalized basic fibroblast growth factor is not degraded until
approximately 2 hr after internalization by endothelial cells, apparently because
it is complexed with heparan sulfate [637]. The compartments in which the
heparan sulfate and heparin-binding proteins reside prior to their delivery to the
lysosomes have not been well characterized. However, it is easy to see how
protection of specific segments of the heparan sulfate chains from enzymatic
breakdown by such complexations might result in the appearance of a subset of
heparan sulfate chains in the intracellular pool that has a composition that is
different from that of the heparan sulfate chains on the cell surface.

7.  The role of core protein

Limited data available suggest that, steric constraints aside, the
interactions of heparin-binding protein with heparinoids on the surface of any
given cell type would be the same regardless of the core protein that carries the
chain. Thus, for heparin-binding proteins that normally interact with mast cell
heparin or with cell surface heparan sulfate, the amounts but not the fpes of
core proteins that are synthesized by a given cell type control the extent of
interaction between the heparin-binding protein and the cell.” A corollary to this
statement is that cells may control their interactions with heparin-binding
proteins by the types of heparinoid chain structures that they synthesize, no
matter which of the core proteins are present to prime heparinoid synthesis.

7 This has not been tested directly, but the present information suggests that this is true.
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The internalized heparan sulfate proteoglycan appears within minutes as
free heparan sulfate chains, recognized as such by the fact that the molecular
weights of **SO,-labeled heparan sulfate chains are not reduced when treated
with alkaline borohydride, a reaction that releases glycosaminoglycan chains
from their core proteins (Section I1.C., p. 146). It follows then that the role of the
core protein in the processing of heparan sulfate chains must be complete
immediately after the endocytosis event. Thus, the metabolic role of the core
protein may be to recognize receptors for endocytosis or to serve as a site of
cleavage by cell surface proteases or phospholipases (for the glypicans).
Consequently, the core protein’s main role during the endocytosis might to
direct the heparan sulfate chains into unique sets of endosomes. Also, a role for
the core proteins in proteoglycan trafficking through the secretory pathway
cannot be ruled out.

8. Basic fibroblast growth factor and heparan sulfate are found in the
nucleus

Basic fibroblast growth factor [638-640], fibroblast growth factor receptor
[641, 642], and heparan sulfate [469] have been reported in the nuclei of cells.
Furthermore, it is clear that heparan sulfate and FGF enter the cell together with
an FGF receptor in a ternary (or quaternary) complex (Chapter 9). However, the
trafficking of the heparan sulfate and basic fibroblast growth factor together,
with or without the FGF receptor, has not been examined. Similarly, the
trafficking of other heparin-binding proteins with heparan sulfate has received
little attention,

9. Summary

We have just enough knowledge to appreciate that a number of facts
support each of the proposed events in heparan sulfate trafficking following its
endocytosis, but not enough knowledge to be sure that these facts fit together in
the manner suggested. One reason for the gaps in our knowledge is that those
who study proteoglycan metabolism usually do not study heparin-binding
proteins, and those who study heparin-binding proteins do not study the
metabolism of proteoglycans. Furthermore, only a handful of scientists in either

8 It is possible that the internalized heparan sulfate and cleaved core protein remain in a
vesicle which also contains the receptor itself. Such a vesicle may retain the targeting
sequences of the receptor or the core protein.
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group (or in any group, for that matter!) study heparan sulfate structures.
Nonetheless, heparan sulfate proteoglycans are uniquely poised on the cell
surface to interact with heparin-binding proteins, and everything we know about
the metabolic flow of endocytosed proteoglycans is in accord with the
suggestion that both the protein and the heparan sulfate in protein/heparan
sulfate complexes are trafficked together. A corollary to this suggestion is that
both heparan sulfate chains and heparin-binding proteins are present in the same
pre-lysosomal compartments, and an attempt to understand the metabolism of
either the heparan sulfate chains or the heparin-binding proteins must take into
account both components of such complexes. The problem is further
complicated by the possibility that several heparin-binding proteins may be
internalized at the same time, perhaps on different segments of the same heparan
sulfate chain (or even competing for the same segments). With these
complexities in mind, one can see that any attempt to understand the control of
the metabolic flow of the heparan sulfate chains would be greatly facilitated (a)
if cells that produce a single core protein were chosen, (b) if the number of
heparin-binding proteins in each study were limited to one or two, and (c) if the
trafficking and catabolism of both heparan sulfate and a single heparin-binding
protein were followed together.
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L  ASPECTS OF HEPARINOID/PROTEIN INTERACTIONS

A. Introduction

We have discussed the structures of heparin and heparan sulfate, and have
alluded to their complexes with heparin-binding proteins. We turn now to a
discussion of the interactions of these structures with the heparin-binding
proteins. Both heparins and proteins are large molecules. The interactions
between a protein and heparin or heparan sulfate take place over rather restricted
domains on the surfaces of the two interacting polymers. In the discourse below,
the nature of these interactions and the experimental approaches that are used to
address them are described.

It is easy to observe that a protein will bind to a heparinoid. It is much
more difficult to characterize the molecular contacts at the binding domains of
the protein and the heparinoid. In fact, the molecular interfaces between
heparinoids and their binding proteins have been described for only a few such
interactions [15, 643]. We will discuss these cases in more detail in later
chapters, but it may be useful here to summarize the results for several of the
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most-studied cases so that the nature of the binding between protein and
heparinoid may be appreciated in the later discussion.

B. Antithrombin

Antithrombin is a serine protease inhibitor that inactivates several
members of the blood coagulation cascade, the most important of which are
thrombin and factor Xa. Antithrombin is not an effective inhibitor of these
proteases unless it first binds to a heparinoid; i.c., the heparinoid *“activates”
antithrombin. The smallest heparin-derived oligosaccharide that will activate
antithrombin is a pentasaccharide with a unique structure (Chapter 7). This
pentasaccharide apparently binds, largely via electrostatic bonding, between two
a-helices, both of which are enriched in arginine and lysine residues. Some of
the anionic groups on the pentasaccharide bind to one of the two a-helices,
while other anionic groups bind to the second. As a result of the binding,
antithrombin undergoes a change in conformation that converts it to a suicide
substrate for thrombin or factor Xa.

The pentasaccharide/antithrombin complex is very reactive with its factor
Xa target, but is not reactive with its other target, thrombin. In order for
antithrombin to inactivate thrombin, a longer segment of heparin is required.
This segment must contain the same pentasaccharide sequence, but must extend
beyond the surface of the antithrombin so that it can bind to thrombin as well.
Thus, the heparin serves two roles in the antithrombin inactivation of thrombin:
(a) it activates the antithrombin by binding a pentasaccharide portion of its
sequence to the heparin-binding site on antithrombin, and (b) it presents a
surface that can bind both the antithrombin and the thrombin side by side. As
implied, thrombin is also a heparin-binding protein.

There are a number of heparin-binding proteins whose activities are
activated by heparin binding. However, as for the thrombin/antithrombin
reaction, the activity of many of these requires a heparinoid sequence long
enough to bind both the heparin-activated protein and a second protein.

C. Fibroblast Growth Factors

The fibroblast growth factors (FGFs) represent additional examples in
which heparinoids play a template role in the activation of heparin-binding
proteins. The FGFs are a family of heparin-binding growth factors that modulate
cellular activities on binding to cell surfaces. Although several different cellular
responses to FGFs may occur, the most prominent is mitogenesis. For
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stimulation of mitogenesis, FGFs must bind simultaneously to heparan sulfate
proteoglycan and a fibroblast growth factor receptor on the surface of the cell, or
to two molecules of FGF. Thus, as in the antithrombin case, the heparinoid
serves as a template that brings two heparin-binding proteins together on the cell
surface.

Both the FGFs and the receptor proteins have clusters of basic amino acid
side chains on the protein surfaces that participate in the heparinoid binding. In
contrast to the pentasaccharide binding site on antithrombin, which is made of
two a-helices in apposition to each other, the heparin-binding regions of FGF
appear to be made up of B-strands and B-bends. Thus, heparin-binding domains
are not restricted to specific types of secondary structures.

The heparin sequences that bind to FGFs have been partially
characterized. Hexasaccharide and octasaccharides bind well to FGFs alone, but
decasaccharides or dodecasaccharides are required for binding to both FGFs and
their receptors and for eliciting the mitogenic responses. The FGF-binding
heparinoids need not be so highly sulfated as the antithrombin-binding
pentasaccharide. One thing that is clear from the studies of the FGFs and a
number of other heparin-binding proteins is that the antithrombin-binding
pentasaccharide shows no specific binding to the FGFs or to other proteins. It is
also clear that not all members of the mixture of heparan sulfate chains from any
given tissue bind to all FGFs. Thus, the idea that specific, although not
necessarily unique, heparinoid sequences are required to mediate the activities
of individual heparin-binding proteins is emerging.

IL HEPARINOIDS AND PROTEINS: PARTNERS IN BINDING

A. Introduction

Heparinoids are ubiquitous in multicellular organisms [3]. Heparin and
heparan sulfate are unique among the glycosaminoglycans in their ability to bind
to a large number of different (primarily extracellular) proteins. Although the
current list of heparin-binding proteins numbers more than 100 (Appendix), the
list is growing rapidly. Of course, 100 proteins represent a small fraction of the
total proteins in eukaryotic cells, and it is possible that the ability to bind heparin
is simply a gratuitous property of these proteins. However, the binding of
heparinoids by many of these proteins results in a modification of the protein’s
activities or metabolism, suggesting that heparinoids have evolved and persisted
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through all levels of animal phylogeny for some common purpose. In one sense,
the heparin-binding proteins represent a “family” of proteins that bind to heparin
and heparan sulfate. The members of this family are not related by the sequence
similarities that are found in a typical family of proteins; they do not even seem
to show a very high degree of similarity in the domains that bind to the
heparinoids, although this conclusion may be premature in this young field.

What distinguishes a protein that binds to heparinoids from one that does
not? The structural features of the heparinoids suggest that the peptide
sequences in proteins that bind to heparinoids must be rich in basic amino acids,
and indeed this generally turns out to be the case. As will be discussed in greater
detail below, these proteins have surface domains enriched in clusters of basic
amino acids, especially arginines and lysines, that bind to heparinoids in large
part through multiple contacts with the negatively charged sulfate and carboxyl
groups (which are fully ionized under physiological conditions [124, 644]) of
the heparinoids. The fact that heparin-binding proteins have domains rich in
basic amino acids is not necessarily reflected in the isoelectric point of these
proteins. For example, acidic fibroblast growth factor (Chapter 9) and
extracellular superoxide dismutase (Chapter 10) have pI’s in the range of 4.5 to
6, but both bind tightly to heparin.

Heparinoids are generally restricted to animal cells. Some bacteria
produce polysaccharides that have the same, or similar, monosaccharide
sequences, but lack the sulfate substituents (Chapter 2). Most of the heparin-
binding proteins in our list also are derived from animal cells, although it is clear
that some viruses and bacteria produce heparin-binding proteins and use them to
gain entry into animal cells, taking advantage of the fact that these host cells are
coated with heparan sulfate proteoglycans. Heparinoids have not been identified
in plants. In addition to the heparinoids, most animal cells produce other sulfated
polysaccharides—most notably chondroitin sulfate, dermatan sulfate, and
keratan sulfate, all of which occur in proteoglycan forms. However, these
polymers show relatively little tendency to bind to proteins and influence their
activities.

We will now examine the structural features, first of the heparinoids, and
then of the proteins, that influence the binding affinities of these two partners.

B.  The Heparinoid Partner in Binding
1.  The structural features of heparinoids that result in protein binding

As described in Chapter 2, the heparinoids exhibit quite linear, helical
tertiary structures—not the type of structure that one might anticipate would
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show remarkable ability to bind to proteins. Linear three-dimensional structures
are also observed for the other glycosaminoglycans found in animal tissues [123,
645}, and these fulfill our expectations that they bind poorly to proteins. Why
then do heparinoids bind to proteins while other glycosaminoglycans do not?

The most obvious explanation is that the biosynthesis of IdoA-containing
polymers, in contrast to the other glycosaminoglycans, leads to structures that
are highly sulfated. Thus these polymers can present multiple, closely arrayed,
charged sulfate and carboxyl groups for polyvalent association with positively
charged domains on the surface of proteins. But superimposed on this basic
structural feature is the ability of the IdoA rings to undergo rapid conformation
changes that allow the heparinoids to present a variety of arrangements of these
charged groups, adding further versatility for the binding of these polymers to
proteins. This is illustrated in Figure 6.1, which shows two solution
conformations of a heparin dodecasaccharide. In the left structure all of the IdoA
residues are in the 'C, conformation; in the right structure all of the IdoA
residues are in the %S, conformation. Both sequences run from the nonreducing
terminal at the bottom to the reducing terminal at the top. The sulfates on the C2
of the GIcN, the C2 of the IdoA, and the C6 of GIcN are labeled A2, 12, and A6,
respectively, and the carboxyl groups are denoted by asterisks. It can be seen (a)
that the N-sulfate, the 2-O sulfate, the 6-O-sulfate, and the carboxyl substituents
on each successive GIcNSO;-6-SO,—1doA-2-SO,—>GIcNSO;-6-SO,—~>1doA-2-
80, sequence form clusters, first on one side of the helix and then on the other;
and (b) that the shift from the ' C, conformer to the %S, conformer of IdoA results
in quite significant changes in the relative positions of the sulfates and carboxyls
in such clusters. Thus, when heparinoids interact with proteins that have surface
domains that are rich in arginine and lysine, the protein may induce changes in
the ring conformations of the IdoA residues that allow the array of anionic
groups on the heparinoid to become juxtaposed to the array of cationic charges
on protein. In such protein/heparinoid complexes, some of the IdoA residues
may take the 'C, conformation whereas other IdoA residues may be in the S,
conformation; i.e., the distribution of arginine and lysine residues on the surface
of the protein may control the ring conformations. Furthermore, it seems quite
possible that, under the influence of a protein, some IdoA residues may take a
“C, conformation, even though this equi-energetic ring form does not normally
occur in internal positions of heparin in free solution (see Chapter 2).
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Figure 6.1. Solution conformations of heparin. Reprinted from
[132], with permission.

Superimposed on the flexibility that results from changes in the IdoA ring
conformation are the rotations about the glycosidic linkages, even though the
extent of these rotations is rather limited (Chapter 2). Together, the multiplicity
of negatively charged sulfate and carboxyl substituents, the facile changes in
ring conformation that allow re-positioning of these anionic groups, and the
rotations at the glycosidic linkages seem to account for the remarkable
ability of heparinoids to fit themselves to proteins. According to this concept,
GlcA-containing glycosaminoglycans (and indeed GlcA-containing segments of
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heparinoids), despite glycosidic bond flexibilities that are comparable to that of
IdoA-containing glycosaminoglycans, do not bind to proteins because (a) their
biosynthetic pathways do not lead to such highly sulfated sequences, and (b) the
GIcA residues are locked in the “C; conformation. However, GlcA residues may
make unique contributions to protein binding, both by supplying some rigidity to
parts of the protein-binding heparinoid sequences and by offering an orientation
of their carboxyl groups that is different from that of the IdoA carboxyl group.

Several aspects of the three-dimensional structures of heparinoids as they
interact with proteins must be considered. First, heparin itself has long stretches
of highly sulfated IdoA-containing disaccharides, whereas heparan sulfate has a
block structure in which highly sulfated blocks contain variable (but generally
small) numbers of contiguous IdoA-containing disaccharides. Thus, it would
appear that, over its entire length, heparin would exhibit the maximal ability to
undergo an induced conformational adaptation as this polymer interacts with
proteins and that heparan sulfate would have the same capacity, but over the
shorter IdoA-containing segments of the polymer [132, 329]. Interestingly, when
heparan sulfate serves as a template for binding two proteins together, as in both
the thrombin/antithrombin and the FGF/FGF receptor cases, it is possible that
there may be intervening unsulfated oligosaccharide blocks between the sulfated
blocks that bind to each of the proteins.

Further experimental data are necessary to address several questions: (a)
what are the three-dimensional structures of the heparinoid chains when they are
bound to proteins? and (b) what effect does the covalent attachment of one, or
several, heparinoid chains to their core proteins have on the interactions of
heparanoid chains with proteins? These two circumstances are difficult to study
and have received very little attention.

2.  Other aspects of heparinoids that must be considered in
heparinoid/protein interactions.

Because of its common use as an anticoagulant, heparin is readily
available and inexpensive. Some structurally modified heparins can also be
obtained readily (Chapter 4). Consequently, most of the studies of heparin-
binding proteins have utilized heparin and its derivatives. However, the
occurrence of activating oligosaccharide sequences in heparinoid polymers that
modulate the activities of heparin-binding proteins must be examined in light of
several points that we have addressed earlier: (a) it is the heparan sulfate chains
of the heparan sulfate proteoglycans that mediate most of the biological
activities of the heparinoids, (b) heparan sulfate structures produced by different
tissues are distinct mixtures of structures (thus, one cannot extrapolate results
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obtained with heparan sulfate from one cell type to all other cell types), and (c)
heparin and heparan sulfate chains may contain similar disaccharide sequences
for short stretches (e.g., tetra- or hexasaccharides), but the arrays of unique
structures in each of these polymers diverge as the sequences become longer. It
is important to understand that many of the disaccharide sequences found in
heparan sulfate are not found in heparin; similarly, many of the disaccharides
sequences found in heparin are not found in heparan sulfate. For example, a
common sequence in Aeparin may be represented by the following:

[IdoA-2-SO4 — GIcNSO3-6-S04],,

where n may be as high as 4-6 (perhaps higher). Such a highly sulfated sequence
presumably would become rare in most heparan sulfates as n is increased above
2 or 3. Thus, if this type of sequence were required for the biological activity of
a particular protein, we might get a biological response with heparin that would
be achieved rarely with heparan sulfates. In addition, the response of cells to this
particular protein would be greatest in a tissue that produced a more highly
sulfated heparan sulfate than found in most others.
Conversely, a sequence such as

[GlcA—>GlcNAc),—»>GlcA > GlcNAc-6-SO,—~1doA-2-S0,—GIcNSO;3-6-S0O,

might be quite common in a heparan sulfate but would be rare in heparin. Thus,
if such a sequence were required for biological activity, it is possible that
heparin would not elicit an activity that would be readily observed with most
heparan sulfates. Since virtually all studies of heparin-binding proteins have
used heparins, it is even possible that some heparan sulfate-binding proteins
have not yet been discovered. Unfortunately, structurally modified heparins,
such as those described in Chapter 4, are not true mimics of heparan sulfate
structures.

There is a related point. As stated earlier, heparinoids are conformationally
adaptable in regions that are enriched in IdoA residues, but are much less
adaptable in regions enriched in GlcA residues. Consequently, the limited length
of IdoA-containing sequences in heparan sulfates reduces the ability of these
polymers to bind to proteins; i.e., in contrast to heparins that are
conformationally adaptable throughout their full length, the heparan sulfates
exhibit the capacity to become fitted to a protein in the IdoA-rich regions, but
are less adaptable in the GlcA-rich regions. Thus, the induced conformational fit
that can occur in the IdoA-rich regions depends on just how long these regions
are.

For some proteins, a range of heparin oligosaccharides with significantly
different structural motifs may bind with similar affinities. In such cases, it is
possible to identify a structurally modified heparin oligosaccharide that contains
the minimum structural features required for binding (requirement of GIcA,
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IdoA, GIcA, GIcNSOs, or GIcNAc in certain positions; required positions of
sulfates; etc.). However, beyond the requirements in the minimum structure, it
may be possible to interchange GlcA and IdoA in some positions or to add
further sulfates without altering the binding significantly. Thus, the heparinoid
sequences that bind to proteins may be described in terms of either their minimal
or their acceptable structural features required for binding to a protein. One
reason that heparin binds to so many proteins may be that it contains sequences
that represent acceptable heparinoid structures that will bind to these proteins;
i.e, the extra sulfates or IdoA residues, which may contribute little to binding,
do not prevent binding. Of course, the most important question here is whether
the acceptable structural features are present in a heparan sulfate produced by a
tissue that may respond to the heparin-binding protein.

In contrast to the proteins, in which the heparin-binding domains may be
made up of groups of amino acid residues that are not contiguous in the primary
sequence of the polypeptide, the sequences in heparinoids that bind to proteins
seem to be single oligosaccharide segments within the heparinoid chain. This is
undoubtedly a result of the fact that heparinoids do not fold back on themselves
as readily as polypeptides. However, it is clear that a single heparinoid chain
may contain multiple binding sites that can accommodate the heparin-binding
protein. Thus, a single heparinoid chain may bind several molecules of the same
protein, provided these heparinoid binding sequences are located at a sufficient
distance from each other so that steric interference does not block protein
binding. Such interactions result in protein oligomerization induced by the
polysaccharide. Similarly, one heparinoid chain may bind two different proteins
side by side, as we have described earlier for the thrombin/antithrombin and the
fibroblast growth factor/fibroblast growth factor receptor cases. Furthermore,
several such pairs of proteins may bind to a single heparinoid chain, provided
the chain is long enough. Again, this binding utilizes linear, contiguous
oligosaccharide sequences for the two proteins.

As a general rule, the minimal size of a heparinoid sequence that is
required for binding to a monomeric protein falls in the range of hexa- to
octasaccharides. However, when the biological activity that is mediated by the
heparinoid requires that the heparinoid bind to two proteins, the minimal length
of heparinoid required for such a template role is longer. It may be as small as a
decasaccharide or a dodecasaccharide, although somewhat longer segments may
be required for maximal activity. An 18-mer is required for the antithrombin-
mediated inactivation of thrombin. Although the number of proteins for which
the structures of these oligosaccharides have been studied is small, it is generally
found that both IdoA residues and sulfate substituents are required for binding
and activity.

It now clear that there are no consensus sequences in the heparinoid chains
that are utilized for binding to all heparin-binding proteins. One manifestation of
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this fact is that when heparin is fractionated by affinity chromatography on
several different immobilized proteins, different fractions of the total heparin are
obtained. For example, affinity fractionation of heparin on immobilized
antithrombin gives one fraction of heparin that binds to antithrombin and one
that does not. The former has anticoagulant activity; the latter does not.
However, affinity chromatography of heparin on every other heparin-binding
protein that has been tested to date gives bound and unbound fractions, both of
which have very similar anticoagulant activities.

Finally, it must be emphasized that binding of heparinoids to proteins in
vivo occurs in the presence of physiological levels of salts and metal ions.
Consequently, these conditions must be mimicked as closely as possible in in
vitro studies in order to establish the potential physiological significance of the
binding. For example, tissue plasminogen activator binds heparin in vitro at low
salt concentrations, but when the salt is raised to physiological levels, the
binding is lost. Thus, early proposals that attributed physiological significance to
the binding of heparinoids to tissue plasminogen activator had to be revised
(Chapter 8).

C.  The Protein Partner in Binding
1. Consensus primary amino acid sequences for heparin binding

At the outset, the discussion of the peptide sequences that bind to
heparinoids will consider only the primary structures of these peptides, a level of
understanding that is, at the same time, our most comfortable view, and yet only
a partial view. When limited information was available on the sequences in
proteins that bound to heparin, it seemed that the sites of heparinoid binding
could be reasonably described by primary sequences of appropriately spaced
amino acids. Unfortunately, this concept is an oversimplification.

In a paper that has been widely cited, Cardin and Weintraub [646]
examined peptide stretches that are enriched in basic amino acids in a large
number of heparin-binding proteins and suggested that the following represent
two general types of “consensus sequences” for heparin binding:

XBBXBX
XBBBXXBX

In these sequences, B is a basic amino acid and X is any hydropathic amino
acid. These sequences represented the most common positions of the basic
amino acids in peptides that were found in proteins that bind to heparin. The
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identification of these sequences was based on the experimental demonstration
that heparin-binding peptides conforming to these structures had been reported
in vitronectin, platelet factor 4, apolipoprotein B (apoB), and apolipoprotein E
(apoE). Although heparin-binding peptides in other heparin-binding proteins
were not available at the time, a search for similar sequences in a broad range of
proteins that had been reported to bind heparin led to the conclusion that these
proteins all contained sequences that would fit one or both of the consensus
sequences.

A comparison of the consensus sequences in the variety of heparin-
binding proteins that were examined led to several generalizations:

e Since these are consensus sequences, not every residue that occurs in a “B”
position is necessarily a basic amino acid and not every residue that occurs
in an “X” position is necessarily a non-basic amino acid.

e Arginine and lysine are the most abundant basic amino acids in these
sequences; histidine occurs infrequently. Acidic amino acids are not
present.

o Helical projections of these sequences place the basic amino acid residues
in clusters on one side of the helix.

e Proteins that show high degrees of overall homology with these heparin-
binding proteins, but that do not bind to heparin, lack basic amino acids in
some or all of the “B” positions in the corresponding sequences.

Peptides that contain these consensus sequences, on binding to heparin,
may undergo changes in secondary structure. Some increase in helical structure,
some increase in P-structure, and some exhibit very little change in
conformation. Some heparin-binding proteins contain more than one consensus
sequence. Two or more of these may participate in heparin binding. These
sequences are not necessarily contiguous in the primary structure since they may
be brought into proximity by the protein folding. Also, such pairs of sequences
that may be involved in cooperative binding to heparinoids may not have the
same types of secondary structure.

Although the Cardin and Weintraub treatment has been extremely useful
in identifying heparin-binding peptides in proteins, several limitations should be
noted.

o  Although a large number of heparin-binding proteins were described in the
Cardin and Weintraub paper, heparin binding peptides had been identified
for only four of these. Thus, the actual database used for the generalization
was small.

¢ There were no considerations of the structures of the heparinoids, especially
with regard to the distances between sulfate and carboxyl substituents that
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would be expected to interact with the arginine and lysine side chains. It
takes two partners for the binding, and only one partner was addressed in
this treatment. One should note, however, that (a) the amount of
information that was available before 1989 was quite small compared with
the amount available today, and (b) the analysis would have been much
more complex if the heparinoid partner had been considered as well.

¢ The peptides that were chosen on the basis of these consensus sequences as
the most likely heparin-binding domains for some of the proteins
(thrombospondin, antithrombin, heparin cofactor II, protein C inhibitor)
have turned out to be the actual heparin-binding domains, but for other
proteins (the FGFs) the chosen peptides are now known not to participate in
heparin binding; i.c., the generalizations led to some incorrect peptides
assignments.

¢ Despite the known high sequence similarity of FGF-1 and FGF-2, both in
primary and tertiary structure, the analysis led to the selection of different
heparin-binding peptides from nonhomologous regions of the two proteins,
neither of which is now recognized as a prominent part of the heparin-
binding domain of these proteins.

o It is difficult to match some of the heparin-binding peptides from proteins
characterized since the 1989 analysis to either of the two consensus
sequences

Although Cardin and Weintraub describe the heparin-binding consensus
peptides with the usual N- to C-terminal directionality, there is no discussion of
the directionality of the heparin segment that binds (nonreducing terminal to
reducing terminal, or vice versa). It would be particularly important to determine
whether distances between positive charges in the peptides can be fit to the
distances between negatively charged sulfates and carboxyl groups in the
heparinoid. In fact, some workers have concluded that the role of clusters of
basic amino acids in heparin binding is more subtle than this treatment suggests
[647].

2.  Secondary and tertiary structures for heparin binding

Cardin and Weintraub proposed that the consensus heparin-binding
sequences might occur in either helices or B-strands. In fact, this prediction
appears to be true. The heparin-binding peptides in antithrombin are o-helices,
whereas the heparin-binding peptides in the FGFs are p-strands. It has also been
demonstrated that when heparin-binding peptides bind to heparin, they may
undergo a change in their secondary structures [648, 649].
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Cardin and Weintraub also suggested that two (or more) regions in a
protein may be brought together by the folding to form a cleft for heparinoid
binding. This has been amply demonstrated in several cases. Despite this, it
remains an interesting fact that when a cleft containing two heparin binding
elements is formed by protein folding, one of the elements seems to contain
most of the basic amino acid residues involved in heparin binding. It is unclear
whether there is any a priori reason why this should be so. Perhaps linear amino
acid sequences are best adapted to binding to linear heparinoid sequences.

A second approach for deduction of the protein structures that bind to
heparinoids has been reported by Margalit ef al. [650] who took advantage of
the fact that 18 heparin-binding sequences had been identified 4 years after the
Cardin and Weintraub report. These workers modeled all of these sequences
according to their known or proposed secondary structures—in some cases o.-
helices and in others B-strands—and noted that all of these peptides contained
two basic amino acids that were about 24 A apart. Furthermore, any other basic
amino acids in these sequences were generally on one side of the secondary
structure, opposite the side that is enriched in hydrophobic amino acids. They
proposed that such structures may represent a common motif for heparin-
binding peptides. This motif is simpler than the Cardin/Weintraub consensus
sequence approach since there are only two basic amino acids required, and the
only provision is that they be ~24 A apart. There are, however, some problems
with this conclusion.

The number of amino acids in these peptides that are terminated by the
two basic amino acids at the ends of the motif depends on the type of sccondary
structure: in the B-strands the peptide sequences are 8-mers; in the a-helices,
they are 14-mers. In the analysis, one of the heparin-binding peptides from FGF-
2 fits the motif, but the other, which is the most critical one for binding (Chapter
9), does not. Furthermore, four of the other peptides listed by Margolit ef al. as
heparin-binding peptides do not fit the motif no matter which secondary
structure they take.

The primary sequence in antithrombin that contains most of the heparin
contact amino acid residues shows a great deal of B-structure in the isolated
peptide and is induced to form a higher percentage of B-structure when it binds
to heparin [648, 649]. However, this same peptide appears to be an a-helical
structure in the intact protein (Chapter 7).

Once again, very little direct attention has been given to the distribution of
charges in the heparinoid partner that would bind to this common structural
motif.
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3.  Conclusions

In the identification of the heparin-binding regions of a protein whose
sequence is known, it is useful, as a first step, to examine the sequence for the
presence of the consensus sequences described by Cardin and Weintraub.
However, when such a sequence is present, it is not necessarily implicated as a
portion of the heparin-binding domain of the protein, nor does the absence of
such a sequence ensure that the protein will not bind to heparin; further
experimentation is necessary. One problem with consensus sequences in
proteins is that they imply some uniformity of structure in the heparinoids that
bind to these proteins. Present data suggest that this is not the case. It is
interesting to compare the attempts to find consensus sequences for heparinoid
binding with the much more extensive attempts to find consensus peptides for
nucleic acid binding. Nucleic acids are more ordered structures than heparinoids,
and, while there are several motifs for protein sequences that bind to nucleic
acids, the location of these motifs within a polypeptide sequence does not assure
that such sequences will bind to nucleic acids {651, 652]. If there are no
consensus peptide sequences for nucleic acid binding, perhaps we should not
place too much emphasis on the proposed consensus sequences for heparinoid
binding.

To summarize, it is premature to try to predict which peptide sequences of
a heparin binding protein participate in heparin-binding based on either primary
or secondary structural considerations. It is much easier to do this after the
crystal structure is known. Unfortunately, in this young field there are only a
few heparin-binding proteins for which crystal structures are available.

IIL THE BINDING OF METAL IONS BY HEPARINOIDS

Heparin and heparan sulfate bind strongly to divalent metal ions. Thus, the
question arises, “do physiological concentrations of ions such as Ca®*, Zn*,
Mg®> Mn®" or other metal ions affect protein-heparinoid interactions? One
question is whether metal ion binding alters the ring conformations or overall
conformations of these polymers and whether such alterations have some effect
on binding to proteins. However, most of the studies of the binding of heparin,
heparan sulfate, or heparinoid fragments to proteins and heparin-binding
peptides have not addressed this question.

The binding of metal ions to heparinoids has been studied by a number of
workers [reviewed in 124). These studies have included a variety of mono- and
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divalent ions, as well as a number of cationic dyes and synthetic polycationic
peptides and protamine. Metal binding has been measured by infrared
spectroscopy [653], NMR [654, 655], potentiometric titration [656, 657],
circular dichroism [654], and polarography [658). However, all of these studies
have been confined to heparin and most have used metal ion concentrations that
are not at physiological levels. From the standpoint of our main considerations
here, it would be rather easy to determine the effects of increasing
concentrations of pertinent metal ions (within the physiological ranges) on
heparinoid/protein interactions, but such studies have not been done [see,
however, reference 659].

Iv. METHODOLOGY

A.  Introduction

The chapters that describe the individual heparin-binding proteins cite
many examples of the methodology that is unique to this arca of study.
However, it may be useful here simply to outline some of the more salient
aspects of the measurement of binding and the identification of the domains of
proteins and heparinoids that are directly involved in protein/heparinoid
interactions.

B. Measurement of Binding and Biological Activities

The strength of binding of a heparinoid to a protein is expressed in terms
of the dissociation constant, Ky, a ratio of the product of the molar
concentrations of the two partners in binding to the molar concentration of the
associated complex at equilibrium. For heparin-binding proteins, the K4’s are
always dependent on the concentration of NaCl, with higher salt concentrations
raising the Ky’s. Under physiological salt conditions, a K4 value of 107-10° M
represents strong binding, whercas a K, value of 10-10° M represents weak
binding. In heparinoid studies, the Ky must be interpreted carefully. When Ky
measurements are made in the laboratory, the protein is usually pure but the
heparinoid is not. The impurity of the heparinoid may be reflected in its range of
molecular weights, in its range of structures, or, more commonly, both. In the
case of molecular weight polydispersity, it is possible that lower molecular
weight species may bind with affinities that are different from those of the
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higher molecular weight species. In the case of structural variability, one can
anticipate that only a fraction of the components of mixtures of heparinoids—
even those of a uniform molecular weight class—will bind to a protein.
Furthermore, several molecules of some proteins will bind to a single heparinoid
chain. These aspects of heparinoid structure complicate the calculation of the
molecular weight of the heparinoid that actually binds to the protein. Usually, an
average molecular weight is chosen to obtain the molar concentration for use in
the K4 calculation, in which case the results may not be very meaningful.

The binding of pure heparin pentasaccharide to antithrombin (Chapter 7)
represents a case in which both pure protein and pure heparinoid have been used
[391]. In this case a valid K4 value can be obtained. However, when peptide
fragments of antithrombin, or any other heparin-binding protein, are used to
measure Ky values, these values must be interpreted carefully. In the
antithrombin case, two problems appear. First, the antithrombin-binding site for
the pentasaccharide is formed by two helices which form a cleft into which the
pentasaccharide fits. One of these segments contains most of the basic amino
acids that participate in the pentasaccharide binding. Synthetic peptides, or
cleaved fragments of the protein that contain this domain, also bind the
pentasaccharide. However, the full binding affinity of the protein cannot be
represented by only one of the two peptides that are involved in pentasaccharide
binding to antithrombin. Furthermore, in the antithrombin case, the synthetic
peptide takes a B-strand conformation rather than the helical form found in the
protein.

Binding affinities can be measured in several ways. Perhaps the best way
is by isothermal titration calorimetry [660-663]. Alternatively, relative affinities
of different heparinoids for a given protein are easily measured by observing the
NaCl concentration required to displace the heparinoid from a protein affinity
matrix (or to displace the protein from a heparin affinity matrix). It has been
demonstrated that the NaCl concentrations are directly proportional to the Ky
values [662]. When NaCl concentrations above 1 M are required for elution,
strong binding is indicated, whereas elution at concentrations below 0.3-0.4 M
reflects relatively weak binding.

In another approach, one can measure the concentration of heparinoid
required to displace either the protein or a standard heparinoid (either of which
may be labeled) from a protein/heparinoid complex [627].

Finally, for some proteins, the binding of heparin causes a change in
conformation that can be measured as a change in UV absorbency or in the
fluorescence or CD spectrum. Thus, observing such changes as a function of
heparinoid concentration can yield Ky values. Biological assays can also be
used. For example, the concentration of the heparinoid necessary to obtain a
change in binding of the protein to a cell surface can be measured.
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An alternative approach for measuring the selectivity and affinity of
heparinoid binding to proteins has been described by Lee and Lander [664]. In
this procedure, referred to as affinity co-clectrophoresis, mixtures of agarose
containing decreasing concentrations of the binding protein are prepared and
allowed to gel in side-by-side lanes in the electrophoresis apparatus. Then a
fixed concentration of an '*’I-labeled heparin is electrophoresed through each
lane. Following eclectrophoresis, the position of the heparin is detected by
autoradiography. Since the rate of electrophoretic migration of proteins under
the conditions used is much lower than the rate of heparin migration, the
migration of the heparin through the lanes is retarded by the binding protein in
the lane, with the degree of retardation being dependent on the concentration of
the protein in the gel and the affinity of the protein for the heparin. At the
highest protein concentrations, heparin migration is completely retarded; at the
lowest concentrations, heparin migration is unretarded; and at intermediate
concentrations of the protein, intermediate rates are observed. Those
components of the heparin mixture that do not bind to the protein are not
retarded at any protein concentration. This method, which has been applied to
antithrombin, basic FGF, acidic FGF, fibronectin, nerve growth factor, and
serum albumin, permits the calculation of the K, for heparin binding as well as
the separation of small amounts of those species of the heparin that bind to the
protein from those that do not bind.

Several practices found in the literature on heparin-binding proteins are
not advisable. Expression of heparinoid concentrations in terms of international
units of heparin is not useful. With the exceptions of a few of the proteins of the
coagulation cascade (Chapter 8), the anticoagulant activity of heparin is not
related to binding or biological activities of heparin-binding proteins.
Furthermore, anticoagulant activities vary for different preparations of heparin,
so that the weight of heparin or the number of moles of heparin used cannot be
calculated from the number of units. A second problem is that the displacement
of a protein from a protein/heparinoid complex by the addition of basic proteins
or peptides does not necessarily imply that there is specific binding of the
displacing peptide to the heparinoid. For example, protamine is used clinically
to neutralize the anticoagulant activity of heparin, but it does not bind
specifically to the antithrombin-binding pentasaccharide.
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C. The Identification of Heparinoids that Bind to Proteins
1.  Cleavage of heparinoids

The structural variability of heparinoids makes it impossible to identify the
protein-binding domains of the heparinoid without converting the polymeric
heparinoid to oligosaccharides. For example, when it became clear that heparin
could be separated into antithrombin-binding and antithrombin-nonbinding
fractions by affinity chromatography on immobilized antithrombin, it appeared
that it would be easy to identify the antithrombin-binding heparin sequence by
measuring the disaccharide compositions of the two heparin fractions. However,
the differences were so obscured by the “sameness” of heparin structural
elements that had nothing to do with antithrombin binding that it was impossible
to get much new information from analyses of the polymeric forms. Even if
significant structural differences between the binding and nonbinding fractions
were obvious, it would not have been possible to determine the disaccharide
sequences of the two polymeric fractions (see Chapter 3). When heparin was
first fragmented and then subjected to affinity chromatography on antithrombin
columns, the hexa- and octasaccharide fractions that bound to the column
contained the unique sequences, which could then be isolated and characterized.

The identification of oligosaccharides that bind to proteins requires that
fragments as small as hexa- or octasaccharides be obtained. The limited
experience to date suggests that the fragmentation of heparinoids yields such a
complex mixture of oligosaccharides that the desired fragment will be only a
small proportion of the total mixture of fragments. Therefore, it is desirable to
maximize the yield of the binding fragments. Heparinoids can be cleaved by
nitrous acid, heparin lyases, or other methods described in Chapters 3 and 4.
Since different cleavage methods cleave at different sites, some methods may
cleave the heparinoid at sites in the middle of the desired sequence. Thus, when
the nature of the binding sequence is not known, it is desirable to do an initial
experiment to determine which cleavage method gives the maximum yield of
the desired fragments.

2. Fractionation of heparinoid oligosaccharides

All of the cleavage methods for fragmenting heparinoids yield mixtures
containing thousands of oligosaccharide species that vary in both size and
structure (Chapter 2). It might seem that it would be easy to isolate the desired
heparinoid fragments by affinity chromatography on the immobilized protein.
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However, affinity matrices usually have quite small capacities, and there are
often multiple structural variants of oligosaccharides in this mixture that have
different degrees of affinity for the protein. Therefore, initial fractionation
procedures that can accommodate relatively large amounts of material and that
can eliminate most of the background oligosaccharides are appropriate. The
most common approaches include fractionation according to size (gel filtration)
and charge (chromatography on DEAE-cellulose or other ion exchangers).

Procedures that have relatively low sample capacity but high resolution
include high pressure liquid chromatography on anion exchange or ion pairing
columns, as well as zone electrophoresis (Chapter 3). These low capacity
methods can be used in conjunction with affinity chromatography to yield
highly purified oligosaccharides. We have pointed out elsewhere that the
complexitics of the mixtures of oligosaccharides increase rapidly with
increasing sizes of the oligosaccharide mixtures.

D. The Identification of Heparin-Binding Domains of Proteins

The methodology for preparing peptide fragments of proteins is much
more generally appreciated than the heparinoid methodology outlined above.
The proteins themselves can be highly purified by affinity chromatography on
heparin affinity columns [665], and their fragments or desired synthetic peptides
can be purified in the same manner.

As a first step in the identification of the peptide sequence that is
responsible for heparin binding, the protein can be cleaved and the resulting
peptide mixture can be fractionated by chromatography on heparin affinity
matrices. Obviously enzymes that cleave at basic amino acid residues should be
avoided so that cleavages do not occur in the middle of potential heparin-
binding domains. Interestingly, fragmentation of a pure heparin-binding protein
with proteolytic enzymes or agents such as CNBr yields a mixture of peptides
that is much less complex than the oligosaccharide mixtures obtained when
heparinoids are cleaved.

Tight-binding peptides can be eluted from heparin affinity matrices with
salt and sequenced in an attempt to identify amino acids that participate in the
binding. If these peptides are involved in heparin binding, they should block the
formation of protein/heparin complexes, as should antibodies directed against
them. However, as noted earlier, the fact that a peptide blocks formation of the
protein/heparin complex formation does not necessarily imply that the peptide is
specific for the binding. Thus, the final implication of such peptides in
heparinoid binding requires a demonstration that the peptides give specific
inhibition of binding.
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There are other approaches that have been used with varying degrees of
success. For example, in heparin/protein complexes, derivatization of amino
acid side chains in the heparin-binding domain often effectively blocks heparin
binding. The best way to assess the importance of individual amino acids in
heparin binding is by single replacement of amino acids in the potential heparin-
binding domains by site-directed mutagenesis. Many examples of this approach
are cited in later chapters.
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1  THE HEPARINANTITHROMBIN INTERACTION

A.  The Serpin Family

Antithrombin is a member of the serpin superfamily of proteins that
includes more than 40 proteins [666-670]. With only a few exceptions, the
members of the serpin superfamily are serine protease inhibitors.! Each serine
protease inhibitor plays a role in inhibiting excessive action of its specific target
protease(s). The serpins combine with proteases to form inactive complexes,
which are then cleared from the circulation. The serpins are, in fact, suicide
substrates for their target proteases; they interact with the active sites on the
proteases and are cleaved. The bonds that are cleaved are referred to as the
active centers, or reactive centers (or sites), of the serpins, and these active
centers, plus the surrounding amino acid sequences, determine the specificities

1 The proteins in this family that have no protease inhibitory function include thyroxine-
binding globulin, cortisol-binding globulin, ovalbumin, angiotensinogen, and maspin
[671]. There are, in addition, a group of uterine proteins that are members of the serpin
family that inhibit aspartate proteases rather than serine proteases [672].

203
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of the serpin-protease interactions.! The amino acid pair that forms the peptide
bond at the site of cleavage is designated P1-P1', with the surrounding region
designated ...P3-P2-P1-P1'-P2'-P3'.. , etc. [673]. On cleavage by the protease
target, P1 becomes a new C-terminal amino acid for the sequence ...P3-P2-P1,
and P1' becomes a new N-terminal amino acid for the sequence P1'-P2'-P3'... .
The cleaved serpins remain in inactive complexes with their proteases. In some
cases, these complexes break down slowly but, in others, they are not readily
dissociated, even in detergent, urea, or guanidine. These complexes are
apparently stable acyl enzyme intermediates [668, 669]. Although most serpins
will combine rapidly and directly with their target proteases, several of them,
including antithrombin, heparin cofactor II, protease nexin I, and protein C
inhibitor, are poor inhibitors, but become quite excellent inhibitors when they
are complexed with heparin. The heparin causes a conformation change in the
serpin that facilitates the protease/serpin binding and/or exposes the active
center of the serpin to the protease. The present discussion will deal primarily
with antithrombin, for which the target proteases are thrombin and factor Xa,
and perhaps factors XIa, IXa, and XIla [674-678].

Since the role of a serpin is to prevent the harmful action of its target
protease, it must inactivate the protease rapidly enough under physiological
conditions to fulfill this function. In the laboratory, individual serpins may
inhibit several different serine proteases, some of which are not physiological
targets for the serpin. This is because the rates of reaction with susceptible
proteases may not be fast enough with some proteases to be of physiological
significance. For example, in the laboratory, antithrombin is an inhibitor of
trypsin and plasmin [679], in addition to the proteases cited above, but the
reaction of trypsin and plasmin with antithrombin is too slow in vivo to be of
physiological importance. In fact, although antithrombin inhibits trypsin, this
inhibition is not stimulated by heparin. Travis and Salvesen [680] have offered
criteria for distinguishing the physiologically important targets of protease
inhibitors from those that are merely incidental laboratory serpin targets. The
primary criterion is the rate at which the inactivation occurs, expressed as the
half-time of association of proteases with their protease inhibitors under
physiological conditions (i.c., at the physiological concentrations of the
reactants). According to these criteria, a ti, must be less than 100 msec for

effective control of the protease activity. The validity of this criterion is
confirmed for most of the serpins by the findings that genetic defects in the
serpins reflect the failure to regulate the target protease(s) identified by this
standard. Interestingly, when this criterion is applied, none of the coagulation
factors that are inactivated by antithrombin would be physiological targets for
antithrombin in the absence of heparin. When heparin is present, the rates of
inactivation are increased 1000-fold or more, thus raising the rates to ones that
meet the criterion. However, Travis and Salvesen suggest that even in the
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presence of heparin, the only protease that reacts rapidly enough to qualify as a
target protease for antithrombin is thrombin. The other antithrombin-susceptible
serine proteases in the coagulation cascade, including factor Xa, still do not
qualify! Nevertheless, in vivo results show clearly that factor Xa is a target for
antithrombin,

B. Antithrombin Inhibits Blood Coagulation

As detailed by Rosenberg [681] and by Bjork and Lindahl [682], it was
recognized even before the discovery of heparin that thrombin slowly loses its
activity when added to plasma or serum, and it was thought that serum contained
a specific “anti-thrombin” that inactivated thrombin. After the discovery of
heparin by McLean [45] and the demonstration of its potent anticoagulant
activity, it was found that heparin anticoagulant activity required an accessory
protein in the blood which was called “heparin cofactor” [683]. Ultimately it
was found that the anti-thrombin of serum and the heparin cofactor were the
same protein, which has come to be known as “antithrombin IIL,” or simply
“antithrombin.”> Most workers consider that the target proteases for
antithrombin are the serine proteases of the coagulation cascade, namely
thrombin and factors IXa, Xa, Xla, and XIIa. Thus, antithrombin is an inhibitor
of blood coagulation? Its essential role in the control of hemostasis is most
clearly established by the propensity for thrombosis in patients with genetic
defects that reduce antithrombin activity [684-686]. Since its early isolation and
characterization [675, 687], routine methods have been developed for the
isolation of antithrombin [688]; the pure protein has been characterized in detail
[675, 689-691]; and its human gene has been cloned [692, 693].

C. Reactions of Heparin with Antithrombin and its Target Proteases
1.  The reaction sequence

The reaction of heparin with antithrombin and proteases proceeds through
several stages, which are illustrated in Figure 7.1. Initially, heparin binds to
antithrombin (reaction 1), causing a conformation change. This change allows
further interactions between antithrombin and the bound heparin which result in

2 In the literature both “anthrombin” and “antithrombin III” are used to refer to the same
protein. Bjdrk and Lindahl [682] suggest that only the former name be used.

3 For a description of the blood coagulation system, see Chapter 8.
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. L
H+ AT > H/AT™ H/AT* . H/AT* T H/AT**-T 4 AT**-T > AT**+ T

Reaction 1 2 3 4 5 6

Figure 7.1. The reaction steps in the heparin-induced inactivation of thrombin by
antithrombin. H = heparin; AT = antithrombin; T = thrombin; AT* = antithrombin that
has undergone a conformation change as a result of heparin binding, AT** =
antithrombin that has been cleaved at its active center, with its two fragments still joined
by a disulfide bond. Noncovalent interactions are indicated by a slash (/), whereas
covalently linked species are indicated by a hyphen (-).

stronger binding (reaction 2). The heparin/antithrombin complex then reacts
with a target protease, in this case thrombin, forming a ternary complex
(reaction 3). In this complex the protease cleaves the antithrombin at its active
center near the C-terminal (reaction 4), yielding a new complex that contains the
cleaved, and conformationally altered, antithrombin covalently bound to the
active site of the protease (an acyl enzyme intermediate).* The C-terminal
peptide that is cleaved from the antithrombin remains covalently bound to the
larger fragment of the antithrombin via a disulfide bond. As a result of the
antithrombin cleavage, the antithrombin affinity for the bound heparin is
markedly diminished [694, 695] and so the heparin dissociates from the complex
in an unaltered form (reaction 5), free to catalyze further reactions between
antithrombin and its target proteases; i.e., heparin is a catalyst in these reactions.
The remaining acyl enzyme complex dissociates very slowly (reaction 6) to
yield the unaltered protease and the cleaved antithrombin, which no longer has
either serpin activity or heparin-binding ability [696, 697]. In the laboratory, the
covalently linked complex between the cleaved antithrombin and the thrombin is
stable in 1% sodium dodecyl sulfate or guanidinium chloride at pH 7.5 and 37
°C [675, 697-701], but undergoes a slow dissociation with a ty, of 5.7 days (k =
1.4 x 10° sec") [702, 703), a rate that increases markedly at pH’s above 8.5 or
in the presence of nucleophiles [698, 700, 703-705], i.e., under nonphysiological
conditions. The individual steps in this reaction sequence are now described in
greater detail.

2.  The reaction of heparin with antithrombin

4 For the indication of various complexes between heparin and proteins, or between two
proteins, the system that is adopted throughout this treatise is that non-covalent
complexes will be designated by a slash between the two components of a complex (e.g.,
heparin/antithrombin), whereas covalent complexes will be designated by a dash between
the two components of the complex (e.g., thrombin-antithrombin).
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The reaction of heparin with antithrombin in the absence of target
proteases (reactions 1 and 2 in Figure 7.1) represents the first stage of the overall
process of the heparin-mediated serpin reaction. This bimolecular reaction has
been studied using pure antithrombin and unfractionated heparin or heparin
fractions that have been obtained by affinity chromatography of heparin on
immobilized antithrombin [706-708]. Unfractionated heparin has an
anticoagulant activity of 150-180 units/mg, whereas the heparin that binds to
antithrombin with high affinity (HA-heparin) has elevated anticoagulant activity
(3-400 units/mg) and the unbound heparin (LA-heparin) has a very low
anticoagulant activity (20 units/mg). Both the binding constants for association
of heparin and antithrombin and the rates of complex formation have been
measured. These studies have taken advantage of changes in the spectral
properties of antithrombin that occur when it binds heparin. The initial
observation of the spectral change by Villanueva and Danishefsky [709]
demonstrated that the binding of heparin causes an altered UV absorbency of
antithrombin, signaling a conformation change induced by the heparin [709].
This change is also observed as an increase in fluorescence emission and a
change in the near-UV circular dichroism [703, 709-713]. These spectral
changes are elicited by both HA-heparin and L A-heparin, but only the changes
induced by HA-heparin, which are much larger, correlate with the critical
conformation change that accompanies the appearance of the serpin activity of
antithrombin [714]. Heparin and the antithrombin-binding pentasaccharide
prepared from heparin (Section 1.G., p. 221) give similar changes [715]. Thus,
the heparin-induced change in conformation of antithrombin appears to be the
primary effect of heparin in the activation of the serpin activity [716-718].

Table 7.1 shows a comparison of the dissociation constants for
antithrombin with HA-heparin and LA-heparin. These results show that the K4
for binding of HA-heparin to antithrombin is two to three orders of magnitude
lower than that for LA-heparin, and that low molecular weight fractions show

Table 7.1. Binding of Heparins to Antithrombin

Antithrombin Molecular Kqs(M) Reference
plus... weight
HA-heparin 11,000 0.5x10° [719]
HA-heparin 15,000 1.25x10°  [703,714, 720]
HA-heparin 6,000 1x107 [721]
HA-heparin 2x10°8 [720-722]
Unfractionated 5.74x10°% [723]
heparin
LA-heparin 15,000 02x10" [714,719]

LA-heparin 6,000 1x10* [721]
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somewhat diminished affinity for antithrombin. The dissociation constant
depends on the ionic strength (u) and the pH [724, 725]. The K4 is 100-fold
higher at p = 0.5 than at physiological u, and increases 25-fold as the pH is
increased from 5.5 to 8.5. These observations suggest that the binding of heparin
to antithrombin is due primarily to electrostatic interactions, a conclusion that is
confirmed by other studies.

The spectral changes that occur when heparin binds to antithrombin are
attributed largely to an alteration in the environment of a buried tryptophan,
[711, 726]. These have been used to measure the kinetics of heparin binding.
[711, 718, 722, 726-728]. The results demonstrate that the reaction of
antithrombin with heparin and pentasaccharide occurs in two stages, one in
which the heparin is bound relatively weakly (K4 = 4.3 x 10° M), causing the
conformation change, and a second rapid stage (k = 10.4 sec’') in which the
heparin binding becomes much stronger (K4 = 6 x 10° M) [729]. The
conformation change has been calculated to increase the affinity for heparin by
>300-fold.

3.  The reaction of the heparin/antithrombin complex with target proteases

When heparins or heparin fragments that have been fractionated according
to molecular size are tested for their ability to induce the inhibition of factor Xa
by antithrombin, neutralization of the protease activity is achieved with heparin
segments containing as few as five monosaccharide units, i.e, with the
pentasaccharide fragment of heparin that is described in detail in Section 1.G.3.,
p. 222, Thus, antithrombin is “activated” by the pentasaccharide. When the same
tests are carried out with thrombin, it is found that heparin segments having less
that 18 monosaccharide units fail to give effective thrombin neutralization [317,
715, 730-734]. The explanation for this difference is that although the activation
of antithrombin by a short heparin segment (pentasaccharide) is sufficient to
render the pentasaccharide/antithrombin complex reactive with its target
proteases, the neutralization of thrombin requires that the heparin segment be of
sufficient length to bind to both antithrombin and thrombin, i.e., they must be
brought together side by side on the heparin template in order to react, an effect
referred to as “approximation.” Thrombin alone reacts poorly with the activated
antithrombin unless it can sit down beside antithrombin on an extended heparin
template. factor Xa, however, exhibits no such requirement for this
approximation. The approximation effect is also observed for factors IXa and
Xla [317, 681, 682, 735], even though the latter are probably not significant in
vivo targets for antithrombin. The approximation effects have been discussed in
the literature [714, 736, 737].



7. Antithrombin, the Prototypic Heparin-Binding Protein 209
4. The interaction of heparin with thrombin

In the approximation reaction, heparin must bind directly to thrombin.
Studies of this binding have indicated that there is little specificity in the heparin
sequence required for thrombin recognition [738)]. All heparin fractions bind to
thrombin [736, 739-744]. For example, HA-heparin and LA-heparin bind to
thrombin with the same affinity. Furthermore, chromatography of heparin on a
thrombin affinity matrix gives some fractionation [738], but does not give
fractions with significant differences in binding to thrombin. Thrombin binds to
heparin primarily through nonspecific electrostatic association with any three
contiguous disaccharides of the heparin chain [722, 745). The heparin binds to
anion exosite II on thrombin (Section LF., p. 219) that is distant from its active
site [746]. On binding, there is no spectral change in the thrombin {747]. The K4
for this interaction has been reported as 1.7 x 10° M [748] and 1 x 10° M [749].

At optimum concentrations of HA-heparin, the rate of the reaction of
thrombin with antithrombin is increased 2000-fold by the heparin [721].
However, at higher heparin concentrations, different heparin molecules can bind
separately to antithrombin and thrombin, thus preventing the binding of both
thrombin and antithrombin to the same heparin chain. Thus, heparin
concentrations greater than needed to maximize the reaction rate result in a
decrease in the rate of inactivation of thrombin by antithrombin [40, 711, 714,
721, 724, 726, 750-754].

D.  The Structure of Antithrombin
1. Primary structure and cleavage site of antithrombin

Antithrombin is present in human serum at a concentration of
approximately 2.5 uM (125-200 pg/mi) [691, 755, 756]. It is a single-chain
protein with a molecular weight of 54,000-68,000, depending on the degree of
carbohydrate substitution [675, 682, 689]. Human antithrombin has been
sequenced and cloned {692, 757, 758). After removal of a 32 amino acid signal
sequence, the secreted protein contains 432 amino acids and has disulfide bonds
at Cys 8-Cys 128, Cys 21-Cys 95, and Cys 247-Cys 430 [704]. Antithrombin
contains ~10% carbohydrate, with N-linked oligosaccharide attachment sites at
Asn 96, Asn 135, Asn 155, and Asn 192. The degree of N-glycosylation at these
positions varies; for instance, there are two human isoforms that differ in
glycosylation at Asn 135 [759, 760]. The glycosylation patterns of antithrombin
have significant effects on the affinity of the protein for heparin [759-763].
When antithrombin is bound to heparin, it is cleaved specifically at Arg 393-Ser
394 (P1-P1") by thrombin and by the other serine proteases of the coagulation
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cascade [682, 764, 765], forming stable covalent acyl enzyme complexes in
which the cleaved 39 amino acid C-terminal peptide remains covalently attached
to the complex by the Cys 247-Cys 430 disulfide bond [682, 766, 767]. Variants
that have amino acid substitutions at Arg 393 do not neutralize the target
proteases, but do retain their heparin-binding properties [768].

2.  The three-dimensional structure of antithrombin

Although the primary sequence of human antithrombin has been known
for some time, the crystal structure has only recently become available [767,
769-771]. In the early considerations of the three-dimensional structure of
antithrombin, the high degree of homology among members of the serpin family
[690, 716, 772] led to strong arguments that the crystal structure of o,-protease
inhibitor, which serves as an archetype of all serpins,® is an appropriate mimic
of the three-dimensional structures of other serpins, including antithrombin
[773-775]. Because of the strong sequence similarities among members of the
serpin family, the projection of the amino acid sequence of antithrombin onto
the crystal structure of o, -protease inhibitor yields a three-dimensional structure
of antithrombin that is consistent with an extensive body of literature (Figure
7.2). The same type of projection has been made for the other heparin-activated
serpins, including heparin cofactor II, protease nexin I, and protein C inhibitor
[776-778] (see Chapter 8). Furthermore, as X-ray crystallographic structures of
other members of the serpin family, including o,-antichymotrypsin [779],
leukocyte elastase inhibitor [780], the latent form of plasminogen activator
inhibitor [781], and the cleaved [782] and uncleaved forms of ovalbumin [783],
became available, a picture consistent with that of the three-dimensional
structure of o-protease inhibitor has emerged for all serpins. As discussed
below, the actual crystal structure of antithrombin is completely consistent with
these earlier deductions.

o, -Protease inhibitor that has been cleaved at its active center crystallizes
in three different forms, the three-dimensional structures of which are very
similar. These crystal structures have been solved and used for the modeling of
other serpin structures [774, 778, 781, 784, 785]. Eighty percent of the amino
acids in o, -protease inhibitor are in cight well-defined helices (A-H) and three
large B-sheets (A-C). Figure 7.2 shows the corresponding structural features of
antithrombin. When the primary sequences of antithrombin and other serpins are

5 Although the a,-protease inhibitor is an an inhibitor of trypsin and is often referred to
as ay-antitrypsin, its physiological target is leukocyte elastase, which, in contrast to
trypsin, meets the reaction rate criteria of Travis and Salvesen for a physiologically
significant target protease. «;-Protease inhibitor is not one of the heparin-activated
serpins.
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Figure 7.2. The three-dimensional structure of antithrombin, with emphasis on the binding
sites for the heparin pentasaccharide. Reprinted from [767], with permission.

aligned with that of a,-protease inhibitor, 28% of the residues are identical, and
a much higher percentage of the residues are similar. The most highly conserved
amino acid residues are found in the regions of secondary structure. Insertions of
1, 2, or 3 amino acid residues occur in the random coil regions of the chains that
connect the secondary structures. Thus, such insertions do not affect the tertiary
structure. Considerable variations are observed in the lengths of the N- and C-
terminals of members of the serpin family. Since both the N- and C- terminals
project into the solution, such extensions do not perturb the tertiary structures.
Among the serpins, the shortest analogs begin with residue 23 of the a,-protease
inhibitor and end with residue 391, which are the first and last buried residues in
the globular structure. Antithrombin has a relatively unstructured N-terminal
extension of 45 residues that is linked to the C and D helices by disulfide bonds.
Although o -protease inhibitor contains no disulfide bonds, antithrombin has
Cys 247—->Cys 430 in a conserved area, and, if o,;-protease inhibitor contained
Cys residues in these positions, this bond could be formed without significant
perturbation of the tertiary structure. The glycosylation sites are on the surface
[786]. Consequently, the N- linked oligosaccharides project into solution.
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3. The active center of antithrombin

A Jarge body of evidence describes the structural features of the active
centers of serpins and the changes in serpin structure that take place when the
P1-PI' bonds are cleaved to form the stable serpin-protease complexes [666,
668-670, 787, 788]. The active center of «,-protease inhibitor is found at Met
358-Ser 359. In antithrombin, the homologously aligned amino acids are Arg
393-Ser 394, which is the active center of antithrombin. In a pathological variant
of a,-protease inhibitor in a child with a bleeding disorder, Met 358 is replaced
by Arg, a change that converts o,-protease inhibitor into an inhibitor of
thrombin [774]. This observation, which demonstrates the apparent positional
identity of the active centers of o,-protease inhibitor and antithrombin, is one of
many indications of the homologies among members of the serpin family.

Until recently, the only crystal structures that were available were those of
the cleaved o,-protease inhibitor and uncleaved ovalbumin (a member of the
serpin family that does serve as a protease inhibitor). These structures plus other
data led to some general conclusions about the active centers of serpins. These
centers are found in a loop that extends from the main body of the serpin and
that connects strands of f-sheets A and C, shown at the tops of the structures in
Figure 7.3. Thus, the active centers of serpins extend from the main structures of
these proteins and have mobilities that allow them to become seated in the active
sites of their target proteases. The helical portion of the loop at the top of the
putative active center loop of ovalbumin restricts the mobility of the loop—
probably preventing ovalbumin from acting as a serpin . Interestingly, when the
peptides bound at the active centers of a,-protease inhibitor and other serpins
are cleaved by their target proteases, the amino acid residues that had formed the
P1-P1' bond move to opposite ends of the cleaved structure, approximately 70 A
apart. This is illustrated for a,-protease inhibitor in Figure 7.3. The cleaved a;-
protease inhibitor structure shows the newly formed N-terminal amino acid (Ser
359, P1') at the top of the structure and the newly formed C-terminal (Met 358,
P1) at the bottom. In addition to the large distance between the residues of the
cleaved bond, the reactive site loop that originally appeared to protrude from the
main body of the serpin has now become a new strand of B-shect A (the strand
terminating in P1). Thus, the cleavage is accompanied by a significant change in
conformation that converts the serpins from “stressed” to “relaxed” forms,
consistent with the observation that they become much less temperature
sensitive on cleavage. It is proposed that the insertion of the cleaved loop into
the A sheet results in the stabilization of the serpin-protease complex [668, 788-

6 Although ovalbumin is a member of the serpin superfamily, it 1s not cleaved by any
target protease. Thus, its crystal structure yields an approximation of the structure of
uncleaved serpins.
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Latent PAI-1

Figure 7.3. Structures of cleaved a-, protease inhibitor (a;-PI) and
uncleaved ovalbumin, latent plasminogen activator inhibitor-1 (PAI-1), and
antithrombin. Reprinted from [666], with permission.

792] [but see 793]. In the orientation shown in Figure 7.3, the protease cleavage
in the reactive center loop occurs at the top of the serpin molecule and the active
site serine of the protease remains covalently linked to the new C-terminal,
which ends up at the bottom of the serpin. Thus, as the cleaved loop slides into
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the A sheet, the two covalently linked proteins must undergo a marked change in
orientation with respect to each other. In the case of antithrombin, cleavage at
the active center results in loss of the capacity to bind heparin, presumably due
to this conformation change.

Strong support for this model in the antithrombin case comes from the
recent description of the structure of crystals of uncleaved, cleaved, and latent
forms of antithrombin [767, 769-771). The actual crystal structure of the
uncleaved antithrombin depicted in Figure 7.3 generally conforms to that
deduced from the projection of the antithrombin sequence onto o;-protease
inhibitor. In the cleaved antithrombin the new C-terminal peptide becomes fully
inserted into PB-sheet A. This gives the same separation of P1 and P1' as
observed for o-protease inhibitor. The inserted {3-strand also results in the loss
of the functional heparin-binding site.

Interestingly, the active center loop of the uncleaved antithrombin, which
lacks the short helical structure seen in the ovalbumin loop, still protrudes from
the sheet structure of the antithrombin in the manner suggested by the
ovalbumin structure, but a small segment of the loop is inserted into the p-sheet
A (Figure 7.3). The loop is quite flexible and can be displaced in several ways.
For example, the binding of heparin apparently expels this loop to the render it
susceptible to thrombin and factor Xa [see 794 and references therein]. In
addition, under mild denaturing conditions, uncleaved antithrombin is converted
into a latent form in which the loop is fully inserted into the sheet, vielding an
inactive, or latent, form of antithrombin [795]. Such a latent form of a serpin, in
which the active center loop is fully inserted into the B-sheet, was originally
described for plasminogen activator inhibitor-1 (the dark B-strand in latent PAI-
1 in Figure 7.3.) [781] and, more recently, for o,-protease inhibitor [796]. We
will discuss these serpins in greater detail in Chapter 8.

E. Sequencesin Antithrombin that Bind to Heparin
1. Introduction

The deduction of the structural features involved in heparin/protein
interactions requires structural characterization of both the heparin and the
protein. Furthermore, since the interactions between two polymers take place
over limited, and relatively small, regions of the total structures, it is necessary
to determine which regions of each polymer are involved in the interaction. The
binding of heparin to antithrombin is the most extensively studied of all the
heparin/protein interactions and represents the prototype for other
heparin/protein complexes. Because the experiments that have led to an
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understanding of the heparin/antithrombin interaction serve as a model for
similar studies with other heparin-binding proteins, they are discussed in some
detail here.

The heparin segment that binds to antithrombin was characterized
relatively early, and only more recently has there been some agreement in the
literature on which peptide regions of antithrombin recognize heparin. The
available information supports the view of the binding of heparin to
antithrombin that is illustrated in the two panels of Figure 7.4 [from 774, 797].
Here, both the specific heparin pentasaccharide sequence and the antithrombin
polypeptide sequences that participate in the interaction are illustrated, and the
docking of the pentasaccharide between two peptide segments of the
antithrombin is shown. The interactions between the heparin pentasaccharide
and the protein are electrostatic and involve (a) the negatively charged sulfate
and carboxyl groups of the pentasaccharide and (b) specific positively charged
Lys and Arg side chains on the protein. Notably, two peptide segments that are
brought together by the folding of the antithrombin chain appear to interact with
the charged groups on opposing faces of the pentasaccharide. The experimental
results leading to these conclusions are outlined below.

2, Two primary peptide sequences are involved in binding of heparin by
antithrombin

a. Introduction

The identification of the amino acid sequences of antithrombin that are
involved in the specific binding of heparin has evolved slowly. Present data now
seem to focus on two peptide sequences that are well removed from each other
in the primary sequence: one within the A124-R145 sequence, and the other
within the P41-W49 sequence [57, 713, 718, 798-811]. These two segments are
held in proximity for heparin binding by the Cys 8-Cys 128 disulfide bond,
selective reduction of which results in loss of heparin-binding and anti-factor Xa
activity [812]. Other residues in antithrombin also seem to participate in heparin
binding (below).

b. The A124-R145 sequence

The A124-R145 sequence, found in the D helix of antithrombin, is rich in
basic amino acids, including lysines 125, 133, 136, and 139 and arginines 129,
132, and 145, as shown:

AKLNCRLYRKANKSSKLVSANR
125 130 135 140 145
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Figure 7.4.The binding of the heparin pentasaccharide to antithrombin. In the top
structure, the stick figure structure and the shaded cylinder represent the heparin
pentasaccharide described below. Reproduced from references [774] (top) and [797)
(bottom).with permission. © 1989 and 1991, respt., American Chemical Society.
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In fact, this sequence contains the highest positive charge density in
antithrombin. This peptide occurs in an a-helical structure {696, 800, 813]. The
implication of this sequence in heparin binding has been based largely on the
characterization of hereditary defects in antithrombin that result in loss of
heparin binding and on indirect probes of the structure [see 643]. Chemical
modifications have implicated Lys 125 [801, 814, 815], as well as Arg 129 and
Arg 145 [804] in the binding of heparin. Furthermore, Chang [801] has shown
that heparin specifically protects Lys 125 and Lys 136, as well as Lys 107, from
labeling with 4-N,N-dimethylazobenzene-4’-isothiocyano-2’-sulfonic  acid,
while facilitating the derivatization of Lys 236, apparently a manifestation of the
conformation change. This sequence has also been implicated by the isolation of
heparin-binding antithrombin fragments containing these amino acids. For
example, cleavage of antithrombin with cyanogen bromide [802] or
Staphylococcus aureus V8 protease [816] yields heparin-binding peptides 104-
251 and 114-156, respectively. Furthermore, replacements of single basic amino
acids in this sequence with Ala result in markedly reduced heparin binding
[663], and antibodies directed against peptide 124-145 block heparin binding to
antithrombin [803]. Finally, hereditary mutations in this region also affect
heparin binding. As one example, an abnormal antithrombin with a mutation of
Arg 129 to GIn fails to bind heparin [804].

Both the crystal structure studies on antithrombin and the projection of the
antithrombin sequence on the o, -protease inhibitor crystal structure show that
the 124-145 peptide forms an o-helix. However, two groups have now reported
on the structural features and heparin-binding properties of synthetic peptides
containing this sequence and have demonstrated that the isolated peptide, in
solution, forms primarily a f-strand rather than an a-helix [648, 649]. These
synthetic peptides bind heparin and compete with antithrombin for heparin
binding, but it is not yet clear whether the peptides recognize the antithrombin-
binding pentasaccharide specifically, although they do block heparin binding to
antithrombin (but see Section 4.D., Chapter 6). These results raise the possibility
that the binding of heparin may induce a conformation change in the D helix.
However, this suggestion is not compatible with studies on the docking of the
heparin pentasaccharide to antithrombin, which implicate the a-helical structure
in heparin binding (see Section 1. H., p. 230). Thus, it appears that the 124-145
peptide does not occur as a B-strand in intact antithrombin and that the a-helical
structure is stabilized, perhaps via hydrophobic interactions {817]. This problem
highlights a point made in Chapter 6, namely that the information gained from
the study of heparin-binding peptides may be very useful, but must be examined
together with the three-dimensional structure of the same sequence in the intact
protein.
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¢.  The P41-W49 sequence

The P41-W49 sequence, part of which is found in the A helix of
antithrombin, appears to be essential for heparin binding [806, 811]. It contains
Arg 46 and Arg 47 as the only basic residues.

PEATNRRVW
4] 45 49

Pro 41 [805], Arg 47 [806], and Trp 49 {57, 713, 807, 808] have been identified
as critical residues in the binding of heparin to antithrombin. Hereditary
mutations in this region that affect heparin binding include Pro 41—Leu, Arg
47-5Cys, Arg 47->His, and Arg 47— Ser [805, 806, 809-811]. It appears that
Arg 46 and Arg 47 play direct roles in heparin binding, while the nearby
residues play critical roles in the positioning of the arginines.

d.  Other sequences

The apparent involvement of amino acid sequences 41-49 and 124-145 in
heparin binding is supported by many reports, but other sequences in
antithrombin have also been implicated. For example, it has been shown that
hereditary mutations such as Ile 7—>Asn, Met 20—>Thr, and Arg 24-Cys, or
substitutions in C-terminal residues 402-407 decrease heparin binding [682].
Also, lysines 107 and 114, which lie close to the 124-145 sequence, and Leu 99
have been implicated in heparin binding [801, 814]. Indeed, mutations of Arg
393—His or —»Pro at the active center of antithrombin have been shown to
affect heparin binding [818, 819]. Other peptide regions have also been
suggested for heparin binding, e.g., 286-297 [820], lysines 26, 29, 62, 234, and
241 [681], and 290-300,” NMR studies confirm that Lys 125 is important for
heparin binding, but give no evidence for a role of Lys 290, Lys 294, or Lys 297
[821].

Finally, the glycosylation patterns of antithrombin have significant effects
on the affinity of the protein for heparin [759-763]. Changes in glycosylation of
antithrombin may have either positive or negative effects on heparin binding.
For example, an antithrombin variant in which there is no glycosylation at Asn
135 has an enhanced affinity for heparin [760]. Conversely, a variant that
contains an additional carbohydrate site because of conversion of Ile 7 to an Asn
has diminished affinity for heparin [786].

e.  Location of the heparin-binding sites in antithrombin

At this point, it is reasonable to ask where the critical heparin-binding 124-
145 and 41-49 amino acid sequences are found in the three-dimensional
structure of antithrombin? Gratifyingly, these residues form a band of positively
charged arginines and lysines from the base of the A helix across the underside
of the adjacent D helix (Figure 7.4). This band of basic amino acids

75.D. Esko, personal communication.
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accommodates the critical heparin pentasaccharide sequence that is involved in
the binding (Section LH., p. 230). The critical role of Arg 24, implied by the
studies outlined above, suggests that the N-terminal extension of antithrombin,
depicted by the dark strand in Figure 7.2, is folded to accommodate the end of
the pentasaccharide as it binds to the A and D helices. Before discussing the
docking of heparin to antithrombin, we must describe in more detail both the
heparin binding site on the surface of thrombin and the heparin sequence that
binds to antithrombin.

F.  Sequences in Thrombin that Bind to Heparin

As noted in Section 1.C.3., p. 208, the heparin-mediated neutralization of
thrombin by antithrombin requires that heparin bind to both antithrombin and
thrombin. Thus, thrombin must have a heparin-binding site.

The structure and activities of thrombin have been described in several
reviews [681, 812, 822-824]. Thrombin is synthesized in the liver as a zymogen,
prothrombin, which is glycosylated at three sites and y-carboxylated at a number
of Glu sites in its N-terminal region. Human prothrombin has a 36 amino acid
signal propeptide. It is secreted as a 72 kDa protein with 579 amino acids,
having the active serine protease domain in the C-terminal portion of the chain
[sec 825 and references therein]). The conversion of prothrombin to active
thrombin by factor Xa involves cleavage at Arg 271-Thr 272 and Arg 320-lle
321 to yield a-thrombin containing two chains that are joined by a disulfide
bond. The cDNA sequences for a-thrombins from a number of species have
been characterized [826, 827]. Human thrombin originally has 49 amino acids in
the A chain and 259 amino acids in the B chain [828]. X-ray crystallographic
structures have been reported for a number of derivatives of thrombin, including
the human PPACK-thrombin (D-Phe-Pro-Arg chlioromethylketone-thrombin), an
active site inhibited form [829]. Also, many surface residues have been mapped
by site-directed mutagenesis [830, 831]. Several important surface features of
the ellipsoid-shaped protein (approximately 45 x 45 x 50 A) are illustrated in
Figure 7.5, which shows the typical serine protease active site catalytic triad as a
closed triangle in the center (equivalent to His 57, Asp 102, and Ser 195 in
chymotrypsin).® The directionalities in this illustration are designated “north,”

8 The residues in Figure 7.5 are numbered according to the equivalent numbers in
chymotrypsinogen; i.e., the active site His, Asp, and Ser residues in prothrombin and
chymotrypsinogen are aligned so that the corresponding residues in chymotrypsinogen
(His 57, Asp 102, and Ser 195) and prothrombin (His 363, Asp 419, and Ser 525) are
matched. Then the amino acids in the prothrombin sequence are numbered with the
chymotrypsin numbers, with appropriate allowances for inserted sequences in the
prothrombin [see 823).
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Figure 7.5. The surface structure of thrombin. The regions of the protein
are designated as follows: w | catalytic triad; A, aryl binding site; F,
fibninogen recognition exosite (exosite I), G, glycosylation site; S1-S6,
P1-P6 binding sites, S1'-S4', P1'-P4' binding sites; H, heparin binding site
(exosite IT); C, chemotactic site, R, RGD sequence. Reprinted from
Thrombsis Research, reference [823], © 1993, with kind permission from
Elsevier Science, Ltd, The Boulevard, Langford Lane, Kidlington OX5
1GB, UK.

“south,” “east,” and “west” as an aid in the description of the different binding
regions of the enzyme [823]. The substrate binding site is formed by a crevice
that runs from “west” to “cast” all the way across the surface of the protein, with
the active site Asp, His, and Ser residues in the middie of the crevice. The
crevice is indicated by substrate recognition sites, designated by S1, S2, etc.
(binding sites for P1, P2, etc.) and S1', §2', etc. (binding sites for P1', P2, etc.).
It is in this crevice that the active center loop of antithrombin must bind [832,
833].

Two regions on the surface of thrombin constitute patches of positively
charged amino acids; these are designated “anion exosite I’ and “anion exosite
I1.” Anion exosite I, indicated by F on the “east” side of the surface, has been
identified as the recognition site for fibrinogen, thrombomodulin, and heparin
cofactor 11, whereas anion exosite II, H, on the “northwest” surface, has been
identified as the heparin-binding site [see 823}, based on chemical modification
and mutation data [746, 834-836]. Anion exosite II is made up of a number of
basic amino acids, all in the B chain, including arginines 93, 97, 101, 126, 165,
173, 175, and 233, and lysines 169, 235, 236, and 240. As described below, all
of these appear to be positioned so that they can bind to heparin. Many of these
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residues are found in segments Arg 165-Arg 175 and the helical sequence, His
230-Ile 242,

RPVCKDSTRIR
165 170 175

HVFRLKKWIQKVI
230 235 240

These peptides (a) appear on opposite sides of a groove that is 10-12 A wide and
20-25 A long, and (b) could accommodate a highly-charged heparin
hexasaccharide as required for the heparin/antithrombin-mediated neutralization
of thrombin [824]. This heparin binding site is blocked in prothrombin.
Therefore, prothrombin cannot bind heparin [834, 837] and does not respond to
heparin-activated antithrombin.

G. The Sequence in Heparin that Binds to Antithrombin
1. Introduction

The availability of pure antithrombin in the mid-70’s permitted its use in
the affinity fractionation of commercial heparin [706-708]. This early work
demonstrated that only one-third of commercial hog mucosa heparin displays
high affinity for antithrombin. Ultimately it was found that the antithrombin-
binding heparin contains a well-defined pentasaccharide that binds specifically
to antithrombin and induces its serpin activity. However, the initial work was
complicated by the fact that in a polymer containing an average of 20-30
disaccharide units, the 2/ disaccharide sequence (i.c., the pentasaccharide) that
bound to antithrombin was difficult to recognize by comparing the overall
compositions of the antithrombin-binding (HA-heparin) and nonbinding (LA-
heparin) heparin fractions. Consequently, it was necessary to isolate much
shorter fragments of the antithrombin-binding heparin in order to deduce the
structure.

2. Assays

The isolation of any structure with a unique biological activity requires
one or more bioassays that reflect the desired activity. Although the induction of
the antithrombin activity requires only a short (pentasaccharide) segment of
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heparin, the pentasaccharide-activated antithrombin inactivates factor Xa but not
thrombin (see Section 1.C.3., p. 208). This was recognized (but not well
understood) early in the work on the identification of the active scgment of
heparin. Thus, the heparin-mediated inactivation of factor Xa was used as an
assay for the identification of the shortest specific segment of heparin that is
required to activate antithrombin. A second assay for antithrombin activation
was based on the spectral changes in antithrombin that result when heparin, or
an active heparin fragment, binds to the protein (Section 1.C.2., p. 206). The
spectroscopic assay measures only the heparin-antithrombin interaction; it may
not necessarily reflect the specific binding that is required for the biological
activity or the formation of a heparinoid/antithrombin complex capable of
neutralization of the protease. Thus, the spectroscopic assay represents a simple
measure of a two-component reaction rather than the three-component reaction
measured in the factor Xa neutralization assay, but the latter reflects the true
biological activity assay. Both assays were used to identify the specific heparin
sequence that forms the active heparin/antithrombin complex.

3. The minimal heparinoid sequence for antithrombin activation

Identification of the minimal sequence in heparin required for binding to
antithrombin was carried out concurrently in several laboratories [90, 317, 326,
623, 674, 675, 677, 838-847]. This work involved the isolation of short
fragments formed by the partial cleavage of heparin with nitrous acid or heparin
lyase I, as well as chemical synthesis of pentasaccharide analogs [35, 325, 848-
852]. Because this work has been summarized elsewhere [391, 681, 682, 684,
797, 853], the details will not be repeated here. These studies relied on affinity
chromatography of heparin fragments on immobilized antithrombin and assay of
the separated oligosaccharides by the procedures referred to above. The results
have shown that the smallest oligosaccharide that binds with high affinity to
antithrombin is the pentasaccharide illustrated in Figure 7.6. Following the
designations used by Grootenhuis and van Boeckel [797], removal of each group
marked with a double exclamation mark (!!) leads to a loss of more than 95% of
the anti-Xa activity, whereas removal of each group marked with a single
exclamation mark (1) leads to a loss of about 75% of the activity [846, 847, 854].
Thus, these groups are critical for antithrombin binding, and their role in binding
must be reconciled with the positions of the antithrombin basic amino acid side
chains that form the counterions for the electrostatic-binding interactions.

Several features of the pentasaccharide structure deserve comment:

¢ The numbering of the monosaccharide units in the pentasaccharide is a relic
of earlier work in which a hexasaccharide was believed to be the smallest
oligosaccharide that bound to antithrombin. The residues in the
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Figure 7.6. Structure-activity relationships of heparin pentasaccharide analogs. Reprinted
with permission from {797]. Copyright 1991, American Chemical Society.

hexasaccharide were designated unit 1 (nonreducing terminal) to unit 6
(reducing terminal). With the demonstration that the non-reducing terminal
residue (unit 1) could be removed from the hexasaccharide without
significant reduction in binding to antithrombin, the pentasaccharide
structure became the smallest antithrombin-binding oligosaccharide, but the
numbering of the monosaccharide units that was used for the
hexasaccharide was retained.

e The pentasaccharide contains a unique 3-O-sulfated GICNSO; at unit 4 that
is a minor monosaccharide component of heparin (see Tables 2.2 and 2.3)9
The discovery of the 3-O-sulfate group was a result of serendipity. In
research directed toward developing a simple assay for the enzyme that
removes the N-sulfate groups from heparin, Leder discovered that human
urine contained a sulfatase that would remove the sulfatc group from
GIcNSO;-3-SO,4 [855]. At that time, no naturally occurring 3-O-sulfated
groups were known in heparin or in any other natural product. However,
when this enzyme was tested on heparin fragments, it was discovered that it
would release free sulfate from these fragments, provided the GIcN residue
containing the 3-O-sulfate was N-sulfated [855], suggesting for the first
time that heparin contained 3-O-sulfate groups. This was confirmed by
chemical [623] and NMR studies [840, 843, 844)].

e The pentasaccharide contains one rigid GlcA residue at unit 3 [138, 325,
326). Apparently this rigid ring structure between the upstream GIcN
residue that carries a critical 6-O-sulfate (unit 2) and the downstream
GIcNSO; that carries the critical 3-O-sulfate group (unit 4) is required for

9 Although it was originally believed that the 3-O-sulfate group was found only in the
antithrombin- binding pentasaccharide, it is now cear that it also occurs in other parts of
heparin chains (48, 62, 115, 119, 185).
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antithrombin binding [327, 856]. Also, the specific orientation of its
carboxyl group may be important.

The pentasaccharide with an N-acetylated GIcN in unit 2 is the most
commonly isolated form. However, the N-acetyl group can be removed and
replaced with an N-sulfate group without any marked alteration in the
binding and activity of the oligosaccharide [735]. The frequent occurrence
of GIcNAc at unit 2 may be related to the necessity for the GlcA residue in
position 3, since, when GIcNAc lies just upstream from a GIcA residue, the
epimerase that interconverts GicA and IdoA cannot act on the GlcA (see
discussion of the biosynthesis of heparin in Chapter 2). Thus, a GlcNAc
residue in the antithrombin-binding pentasaccharide may simply optimize
the biosynthetic chances of retaining the critical GlcA residue at unit 3. This
argument has been advanced by Lindahl et a/. [90], who have also taken
note that the procedure for obtaining antithrombin-binding heparin
fragments (cleavage of heparin with nitrous acid) can cleave at many of the
GIcNSO; residues that may have been present in unit 2 of the antithrombin-
binding pentasaccharides in the heparin. In fact, Lindahl and co-workers
have demonstrated that there are N-sulfated GIcN residues present in the
antithrombin-binding oligosaccharides that are obtained by affinity
chromatography of heparin fragments [90].

Although the pentasaccharide sequence occurs in only one-third of the
chains in hog mucosa heparin, it is now recognized that the amounts of this
sequence in various heparins and heparan sulfates are quite variable [26, 57,
206, 632, 753, 857-860].

Effects of structural modifications of the pentasaccharide on it activity

The identification of the natural pentasaccharide as a sequence that is part

of some heparin chains and the development of the chemical synthetic
procedures for synthesis of such structures [733, 797, 861] set the scene for
further studies of the structure-activity relationships of various derivatives of the
pentasaccharide. Figure 7.7 shows the activities of a variety of chemically
synthesized variants of the pentasaccharide [391]. The K, values for
pentasaccharide binding to antithrombin and the activity in the factor Xa assays
are shown. Several points are of note.

All of these structures contain the same monosaccharide units in the same
sequence that is found in the natural pentasaccharide. With the exception of
pentasaccharide 1, all are methyl glycosides. The activities of
pentasaccharides 1 and 2, which differ only in the a-methyl glycoside
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Figure 7.7. Biological properties of synthetic pentasaccharides. Activities shown
are the anti-Xa activity of the pentasaccharide and the K for the dissociation of the

pentasaccharides from antithrombin. Reprinted from {391}, with permission.

substitution at the reducing terminal of pentasaccharide 2, are identical,

indicating that the methyl glycoside has no effect on the activity.
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e Pentasaccharide 4 is the most commonly occurring sequence found in
antithrombin-binding heparin fragments, whereas pentasaccharide 2 is the
same structure in which the N-acetyl group on unit 2 is replaced by an
N-sulfate group. Both of these structures are quite active in both assays,
with pentasaccharide 2 being somewhat more active than pentasaccharide 4.

e Pentasaccharides 2 and 3 are identical except that unit 4 in pentasaccharide
3 lacks the 3-O-sulfate. The removal of the 3-O-sulfate gives total loss of
activity.

e Pentasaccharides 5 and 6 represent an improvement on Nature. In both of
these structures, an additional 3-O-sulfate group is added to the reducing
terminal residue (unit 6). Comparison of structure 5 with the natural
structure (pentasaccharide 2) shows a doubling of anti-Xa activity and a 10-
fold lowering of the K4 The increased activity is due to the interaction of
the extra 3-O-sulfate with Arg 46 on the “northern side” of the
pentasaccharide (below).

*  Pentasaccharide 6 is identical to pentasaccharide 5, but with a replacement
of the N-sulfate group on the reducing terminal residue with an O-sulfate
group. The activities of 5 and 6 are essentially identical.

Not shown in Figure 7.7 is another interesting result of the synthetic work
in which an additional 3-O-sulfate group is added to unit 2. This reduces the
activity by 60%. This substitution appears to cause steric hindrance of the
binding, ascribed to the electrostatic repulsion of this 3 O-sulfate by the Asp 278
[7971.

5.  The structure surrounding the antithrombin-binding pentasaccharide

Although it was originally believed that the 3-O-sulfate group was found only in
the antithrombin-binding pentasaccharide, it is now clear that it also occurs in
other parts of heparin chains [94, 117, 354, 862, 863]. As described in Chapter
2, a number of heparin fragments that contain 3-O-sulfated GIcN residues have
been characterized. These are abstracted from Table 2.3 and presented in Table
7.2 so that we can see the variations in the monosaccharide sequences that occur
around the 3-O-sulfated GlcN residues and try to identify sequences that contain
3-O-sulfated GIcN residues but show no antithrombin-binding capacity. The
oligosaccharides in Table 7.2 are fragments formed by cleaving heparin with
nitrous acid or heparin lyase I, and a few are purified directly from the lower
molecular weight side fractions of heparin. As isolated, the nitrous acid products
have reducing terminal AMan residues derived from N-sulfated GIcN residues
in the polymer, and these are depicted as the original GIcN residues in bold at
the reducing terminals. The heparin lyase products have A**-uronic acids at their



7. Antithrombin, the Prototypic Heparin-Binding Protein 227

nonreducing terminals, and these are depicted as the original IdoA residues in
bold (it is assumed that these were all derived from IdoA rather than GIcA
residues). The oligosaccharides for which neither the reducing terminal nor the
nonreducing terminal is shown in bold are those that were isolated directly from
the lower molecular weight fraction of heparin. When examined in this fashion,
there are several cases in which nitrous acid cleavage and lyase cleavage yieid
the same fraction. For example, oligosaccharides 15 and 22 are the same, as are
oligosaccharides 49 and 51 and oligosaccharides 12 and 18.

The monosaccharide units are numbered as in Figure 7.6, and the critical
structural features for antithrombin-binding from Figure 7.6 are indicated in the
top row of the table. As shown, some of the GIcN residues are both 3-O-sulfated
and 6-O-sulfated, whereas others are only 3-O-sulfated. The latter have been
grouped at the bottom of the table. The activities of these structures have been
measured in anti-Xa assays, or simply by their tight binding to antithrombin. A
number of the oligosaccharides have not been tested for either activity. A
compilation similar to Table 7.2 has been presented by Toida et al. [863].

Units 2, 3, 4, 5, and 6 represent the antithrombin-binding pentasaccharide.
Several points are of particular interest:

o  Unit 2 always contains the critical 6-O-sulfate, but the GIcN residues may
be either N-acetylated or N-sulfated.

e Unit 3 is invariably a GIcA residue. Presumably a GlcA residue in this
position is essential for 3-O-sulfation of the downstream GIcN.

¢ Unit 4 always has both of the critical substituents for antithrombin binding,
namely the N-sulfate and the 3-O-sulfate. In most cases this GIcN residue is
also 6-O-sulfated, but there are several examples in which the 6-O-sulfate is
missing.

¢  Unit 5 is always an IdoA residue and, in only one case (oligosaccharide 39)
does the IdoA lack the essential 2-O-sulfate. As expected, the latter
oligosaccharide is almost inactive.

¢ In unit 6 the GIcN residue is always N-suifated, and in only one case
(oligosaccharide 50) is the critical 6-O-sulfate missing.

Interestingly, the two oligosaccharides, 39 and 50, that lack structural
features that are necessary for productive antithrombin binding are both of
sufficient length to contain all five of the residues of the antithrombin-binding
pentasaccharide. Oligosaccharide 39 shows only minimal activity, and, although
no activity measurements were made on oligosaccharide 50, it also is
presumably inactive. Thus, these two oligosaccharides represent sequences that
contain 3-O-sulfated GIcN residues but lie outside of the antithrombin-binding
regions. Three of the four oligosaccharides that lack the nonessential 6-O-sulfate
on unit 4 do not extend to units 5 and 6. It is interesting to consider whether the
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Table 7.2. Sequence of Oligosaccharides Surrounding the

No.' Ref. Activity *
2 1 1 2 3
CRITICAL 6-0-80, COoO
SUBSTITUENTS®
15 [28] NA IdoA GlcNAc-6-8SO,  GlcA
22 30} NA IdoA GlcNAc-6-SO, GlcA
27 [31] NA 1doA GIcNSO0;-6-SO4  GlcA
35 [34) <lu IdoA -2-SO, GIcNS0;-6-80, GlcA
36 351 B IdoA GIcNSO0;-6-SO4 GlcA
41  [30, 36] 68u  IdoA -2.SO, GICNSO3;-6-SO,  IdoA GlcNAc-6-8S0, GlcA
39 [37,863] 8u IdoA -2-SO, GlcNAc-6-8O4 GlcA
47 [38) B IdoA-2-80, GIcNSO;-6-SO,  IdoA GlcNAc-6-SO4  GlcA
49 [38,39] B IdoA GlcNAc-6-SO,  GicA
51 [41] 240u, B IdoA GlcNAc-6-SO;  GlcA
48 [35) B IdoA GIcNS0;-6-SO, GlcA
52 [37,863] NA  IdoA -2-80, GIcNSO;-6-SO4  IdoA GlcNAc-6-8SO,  GlcA
54 [37,863) 180u [doA -2-8O, GIcNSO3-6-SO4  IdoA GIcNAc-6-SO4  GlcA
55 [351 B IdoA-2-SO, GIcNSO;-6-SO,  IdoA GIcNSO;-6-80, GlcA
12 [281 NA IdoA GlcNAc-6-SO;  GlcA
18 [31] NA IdoA GlcNAc-6-80, GlcA
38 (36] NA IdoA -2-8O, GIcNSO;-6-SO,  IdoA GIcNAc-6-SO,  GlcA
50 [40] NA  IdoA -2-80, GicNSO; IdoA GlcNAc-6-SO,  GlcA

" The oligosaccharides are given the same numbers that are found in Table 2.3. These
oligosaccharides were obtained as heparin fragments formed by cleavage of heparin with either
nitrous acid or heparin lyase I. Consequently, the nitrous acid products had anhydromannose
residues on the reducing terminal, whereas the lyase I products had a A4,5 uronic acid residues on
the nonreducing terminals. In order to observe the original sequences, the anhydromannose residues
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3-O-Sulfated Glucosamine Residues in Heparin

Unit

4
NSO;, 3-0-S0,

GIcNSO3-3,6-di-SO,
GIcNSO;-3,6-di-SO,
GlIcNSO;-3,6-diSO,
GlecNSO;-3,6-di-SO,
GIcNSO;-3,6-diSO4
GIcNSO;-3,6-di-SO4
GlcNSO;-3,6-diSO,
GIcNSO;-3,6-diSO,
GIcNSO0;-3,6-diSO,
GIcNSO;-3,6-diSO4
GIcNSO;-3,6-diSO4
GIcNSO;-3,6-diSO,
GlcNSO;-3,6-diSO,4
GlcNSO;-3,6-diSO,
GlcNSO;-3-S0,
GIcNSO;-3-804
GlcNSO;-3-804
GIcNSO;-3-SO4

5
(80.0)
2-0-50,

IdoA-2-SO,

IdoA

IdoA-2-80,
IdoA-2-SO,
1doA-2-SO,
IdoA-2-SO,
IdoA-2-SO,
IdoA-2-SO,
IdoA-2-SO,

IdoA-2-SO,

6

NSO,
6-0-S0,

GIcNSO03-6-8S04

GlcNSO4-6-SO,
GlcNSO;-6-SO,
GlcNSO;-6-SO,
GIcNSO;3-6-SO,
GlcNSO;-6-SO,4
GIcNSO;-6-SO,4
GlcNSO;-6-S0O4
GlcNSO;-6-SO4

GicNSOs

1doA-2-SO4
IdoA-2-SO4
IdoA-2-SO4

IdoA-2-8SO4
IdoA-2-SO,

GlCN 803-6-804
GIcNSO;-6-S0O4
GlcN SO;

GIcNSO;5-6-SO4
GIcNSO;3-6-SO4

are converted to GIcNSO3 residues, and the A*® uronic acid residues are converted
to iduronic acid residues. Where these substitutions have been made, the terminals are
indicated in bold type.

Activity was assayed by several procedures by the different authors. Anti-xray
assays are indicated by the number of units(u). Binding to antithrombin is indicated by B.

NA = not assayed..
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lack of 6-O-sufates on units 4 and 6 might be biosynthetically coupled. If so,
oligosaccharides 12, 18, and 38 may also be derived from non-antithrombin-
binding regions of heparin.

H. The Antithrombin/Heparin Interaction

Grootenhuis and van Boeckel {797] have described the docking of the heparin
pentasaccharide to antithrombin. For this study, the antithrombin was modeled
on the structure of o, -protease inhibitor as described in Section 1.D.2., p. 210, to
obtain a three-dimensional structure of antithrombin in which the two heparin-
binding peptide sequences form a pocket with the Pro 41-Trp 49 sequence of
helix A opposite the Ala 125-Arg 145 sequence on helix D (Figure 7.4). The
pentasaccharide used for the docking study is the most active and tight-binding
species described to date, namely structure 5 in Figure 7.7, in which an
additional 3-O-sulfate is added to wunit 5 of the naturally occurring
pentasaccharide. Based on conformation studies [138, 325, 326], the
pentasaccharide is projected as a three-dimensional structure with six of the
critical negatively charged groups on one side (referred to as the “south side™) of
the molecule and three of the critical negatively charged groups on the other (the
“north side”). The location of the essential groups of the pentasaccharide on
opposite sides of the structure (“south” and “north”) is completely consistent
with both the positions of the charged groups and the directionality of the
heparin chain in the three-dimensional solution conformation of heparin
proposed by Mulloy et al. [132] (Figure 6.1). Furthermore, this depiction of the
structure suggests that it would interact through two different faces of
antithrombin. Thus, the two negatively charged faces of the pentasaccharide can
be juxtaposed with the two positively charged amino acid sequences of the
antithrombin to maximize the complementarity between the lysines and
arginines on the protein and the carboxyl and sulfate groups on the
pentasaccharide. This is accomplished by pairing the six negative charges of the
“south side” of the pentasaccharide with Lys 125, Arg 129, Arg 132, Lys 133,
and Lys 136 of the D helix, and the three negative charges of the “north side” of
the pentasaccharide with Arg 46 and Arg 47 of the A helix (Figure 7.4). The
authors suggest that the initial step in the binding is the interaction between the
“south side” and the D helix, which is then followed by the conformation change
that permits the interaction between the “north side” and the A helix,!1?

10 Carlson et al. [864] proposed earlier that heparin binds initially to antithrombin at a
position near the Trp 49, giving the conformation change, and that further binding occurs
in the Lys- rich peptide from residues 124 to 145.
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Several additional features of the docking results are noted.

e The presence of two separate binding sites is in agreement with kinetic
studies revealing that binding of heparin to antithrombin is a two-step
process [726]. The exact location of the aminosulfate residue at unit 6 in the
field of the dipole of helix A not only enhances the interaction of the
pentasaccharide with antithrombin [854, 865], but also suggests the
participation of the A helix in the transmission of the conformational
change in the heparin-binding site toward the active center of antithrombin.

¢ The enhancement of the pentasaccharide activity by the addition of the extra
3-O-sulfate at C3 of residue 6 [327, 328] is due to the formation of an
additional salt bridge between this 3-O-sulfate and Arg 47.

e Lys 275, which is initially distant from the pentasaccharide docking site,
moves toward the 6-O-sulfate group of unit 2 so that this interaction can
contribute to the binding. In fact, it has been shown that when the 6-O-
sulfate is replaced with a hydroxyl group, about 30% of the activity of the
pentasaccharide is lost [797].

e Lys 136, known to be involved in binding [801], moves to the essential 6-
O-sulfate of unit 2.

e Carrell et al. [767] suggest further that the N-terminal extension of
antithrombin, particularly Arg 24, plays a role in the pentasaccharide
binding (see Figure 7.2).

L  Structure of the Heparin/Antithrombin/Thrombin Complex
1.  The antithrombin/thrombin interaction

Since the crystal structures of antithrombin and thrombin are now
established and the critical interacting sites of antithrombin (the reactive center)
and thrombin (the active site) are known, it is possible to dock these two
proteins to obtain an approximation of their alignment as they react. Schreuder
et al. [769] have developed a model for the docking of these two proteins. In this
model, in the presence of heparin the active center loop of the antithrombin
projects from the A and C p-sheets and binds to the active site of the thrombin.
In this alignment, the heparin-binding regions of antithrombin and thrombin are
juxtaposed so that the heparin sequences containing at least 18 monosaccharides
can bind to the two proteins, serving as a template to facilitate their interaction.
The only structure that remains to be approximated is that of the antithrombin-
thrombin complex that is formed affer thrombin cleaves the active center of the
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antithrombin, This structure presumably involves the antithrombin portion of the
complex with the active center loop inserted into B-sheet A and with the
carboxyl group of the newly formed C-terminal arginine carboxyl group in ester
linkage to the thrombin active site serine.

2, Orientation of heparin in the heparin/antithrombin complex

On the surface of the antithrombin molecule shown in Figure 7.4, the
bound heparin pentasaccharide extends from the bottom of the A helix to the top
of the D helix. The active center of the antithrombin, where cleavage by
thrombin or factor Xa will occur, is shown by the arrow at the top of the figure.
In the docking studies, the orientation of the pentasaccharide that maximizes the
complementarity of the contact sites on the protein and the pentasaccharide
results in the placement of the downstream (reducing terminal) end of the
pentasaccharide opposite the A helix while the upstream (nonreducing terminal)
end binds to the D helix and projects to the left of the active center loop of the
antithrombin.!! With longer heparin chains, in which the pentasaccharide
sequence is extended on both ends, the heparin sequences downstream from the
pentasaccharide project into the solution off the A helix, whereas the sequences
upstream from the pentasaccharide lie across the rest of the surface of the
antithrombin. These upstream disaccharide units may interact with some of the
other antithrombin amino acids that have been implicated in heparin binding. If
they are extended further, they also bind to thrombin anion exosite I1I.

Octadecasaccharides (18-mers) that have been tested for their thrombin-
neutralizing capacity are mixtures of heparin fragments in which the specific
pentasaccharide occurs at different positions in each chain, but the active
components of these mixtures presumably have the pentasaccharide at one end,
with an extension of 13 additional upstream monosaccharides that includes, and
terminates with, the hexasaccharide sequence that binds to the thrombin. Thus,
when thrombin interacts with antithrombin in the presence of a mixture of 18-
mer heparin fragments, those heparin fragments that bind these two proteins
together must have the antithrombin-binding pentasaccharide on the downstream
end and the thrombin-binding hexasaccharide on the upstream end, with 7
additional monosaccharides in between (giving the necessary 18
monosaccharides required to activate the thrombin-antithrombin reaction).

11 As described in Chapter 2, it is customary to draw oligosaccaride structures with the
nonreducing terminal (upstream) end on the left and the reducing terminal (downstream)
end on the right. In Figure 7.2, the docked pentasaccharide sequence is shown in the
opposite orientation.
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IL THEROLE OF ANTITHROMBIN INVIVO

A.  Introduction

This elegant picture of the mechanism of the heparin-mediated
antithrombin neutralization of thrombin and factor Xa is derived from the work
of many researchers over a period extending back to the 70’s and earlier. We
must now ask whether this mechanism is a true representation of the events that
actually occur in vivo. A close examination of the in vivo control of blood
coagulation raises many questions. The initial problem is that heparin is not
found in circulation [684] 12 and therefore does not participate in hemostasis.
Consequently, the heparin-mediated mechanisms that we have described may be
operative only when heparin is administered clinically. However, it is clear that
antithrombin does play a role in hemostasis, even when heparin is not
administered, as genetic defects in antithrombin predispose patients to
thrombosis [reviewed in 684, 685, 686]. Thus, there are two distinct
circumstances in which the role of antithrombin may be considered: (a) that in
which exogenous heparin is used clinically as an anticoagulant/antithrombotic,
and (b) that in which antithrombin participates in endogenous mechanisms that
regulate hemostasis. We will address these aspects below, but first we must
resolve the dilemma of how antithrombin can exert its activity in vivo in the
absence of heparin.

B.  The Activation of Antithrombin by Heparan Sulfate Proteoglycan

To this point, we have shown that antithrombin, in the absence of heparin,
reacts with thrombin at a rate that is insufficient to block clotting in vivo but that
this rate does become physiologically relevant when heparin is present.
However, heparin occurs only in mast cells [867, 868), which are found beneath
the endothelium, and there is some question as to whether heparin from mast
cells ever gets into the blood '? [684]. How can antithrombin exert its biological
activity in the absence of heparin? This question has been addressed by
Rosenberg and Marcum and their collaborators in a series of reports that have
shown that the endothelial lining of blood vessels contains a cell surface heparan
sulfate proteoglycan that has sufficient antithrombin-activating activity to
accommodate the requirement for thrombin and Xa neutralizing activity in the
vascular system [629, 630, 859, 869-871]. These studies, which have been
reviewed in detail [684), have shown that mast cell-free endothelial cell

12 However, see reference [866].
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preparations, as well as cloned endothelial cells from a variety of species [206],
produce heparan sulfate proteoglycans that have the capacity to bind to
antithrombin affinity matrices and to inactivate thrombin and factor Xa in the
presence of antithrombin. Of the total heparan sulfate proteoglycan derived from
these various sources, only 0.3 to 10% adheres to antithrombin affinity matrices;
i.e., the antithrombin-binding heparan sulfate proteoglycan represents only a
small fraction of the total endothelial cell heparan sulfate. The antithrombin-
binding portion contains all of the 3-O-sulfated glucosamine units of the heparan
sulfate and has antithrombin activities ranging from 11 to 37 USP units/mg.
Furthermore, perfusion of rat and mouse hind limbs with thrombin plus
antithrombin gives 10- to 16-fold stimulation of the amount of the antithrombin-
thrombin complex formed compared to nonperfused controls. This activity is
completely abolished by prior perfusion of the hind limbs with purified heparin
lyase. Perfusion with buffer alone fails to wash any heparinoids into the effluent,
indicating that the heparan sulfate proteoglycan is tightly bound to the
endothelium. The same levels of activity are found in normal and mast cell-
deficient mice, indicating that mast cell heparin is not involved in these
responses. These results lead to the following conclusions with respect to the in
vivo activity of antithrombin.

e It is the endothelial cell heparan sulfate proteoglycan that activates
antithrombin in vivo, not heparin. Sufficient activity is present in the
vasculature to accommodate the total need for activated antithrombin in
hemostasis.

e Antithrombin in the circulation becomes bound to the active species of
heparan sulfate proteoglycan on the endothelial cell surface and is thus
continuously available in an activated state to inhibit circulating thrombin
or factor Xa.

¢  Only a subset of the endothelial cell heparan sulfate proteoglycan, generally
representing less than 10% of the total, contains all of the antithrombin-
activating activity. The large reservoir of the endothelial cell surface
heparan sulfate proteoglycan that cannot bind antithrombin remains
available for the binding of other heparin-binding proteins in the
vasculature; i.e., antithrombin binding leaves most of the endothelial cell
surface heparan sulfate proteoglycan exposed for other possible interactions
(see Chapters 8-11).

¢ Although the endothelium can recruit only a small fraction of the circulating
antithrombin (<1 %), this amount is sufficient to control thrombosis. Thus,
there remains a large reservoir of antithrombin in the circulation to replace
the antithrombin that is consumed in the neutralization of thrombin and
factor Xa.
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¢ Since the heparinoids that activate antithrombin serve as catalysts in the
neutralization of thrombin and factor Xa, the endothelial cell heparan
sulfate proteoglycan can act repeatedly in the interactions of antithrombin
with its target proteases. Furthermore, as noted in Chapter 5, the cell surface
heparan sulfate proteoglycan pool is in a constant state of metabolic
renewal. Thus, any endothelial cell surface heparan sulfate protcoglycan
that might be lost from the surfaces of these cells would be rapidly replaced
by newly secreted heparinoid. It is also possible that the endothelial cells
may respond to certain regulatory mechanisms to produce different levels of
anticoagulantly active heparan sulfate proteoglycan.

To summarize the events that take place on the surface of endothelial cells
in vivo, we may note that a small fraction of the antithrombin in the vasculature
is bound to endothelial cell surface heparan sulfate proteoglycan in an activated
state. Circulating thrombin and factor Xa bind to the activated antithrombin and
cleave the antithrombin at its active center, forming a covalent protease-
antithrombin complex. On cleavage, the antithrombin loses its affinity for the
heparan sulfate proteoglycan and so the protease-antithrombin complex
dissociates from the endothelial cell heparan sulfate and is catabolized (Chapter
8). The endothelial cell heparan sulfate proteoglycan may then bind to and
activate more of the antithrombin from the circulating reservoir for further
protease neutralization reactions.

As has been discussed, factor Xa neutralization by antithrombin requires
only the specific antithrombin-binding pentasaccharide. Such sequences are
clearly present in endothelial cell heparan sulfate. However, thrombin
neutralization by antithrombin requires that the heparan sulfate contains the
specific antithrombin-binding pentasaccharide and at least 13 additional
monosaccharide residues placed upstream from the pentasaccharide and
terminated at the upstream end (the position of thrombin binding) by a sulfated
hexasaccharide sequence. Such structural features are common in highly
sulfated heparins, but the endothelial cell heparan sulfate, the true inducer of
antithrombin activity in vivo, may contain very limited amounts of these longer
oligosaccharide sequences. In heparan sulfate the necessary antithrombin-
binding pentasaccharide units clearly are present, and highly sulfated thrombin-
binding hexasaccharides may also be present. However, our knowledge of the
structures of heparan sulfate (Chapter 2) would suggest that these two structural
features would occur to a very limited extent in a single block of sulfated
disaccharides; i.c., the blocks of sulfated disaccharides in heparan sulfates are
usually not as long as the required 18-mer. The possibility exists that heparan
sulfate may have the pentasaccharide segment in one sulfated block and the
thrombin-binding hexasaccharide segment in another, and that these two
segments would be separated by a block of unsulfated disaccharides. Such
structures have not yet been demonstrated in endothelial cell heparan sulfate,
and one might expect that such structures would be much less common than the
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pentasaccharide alone. Such logic would suggest that the endothelial cell
heparan sulfate would be more effective in the neutralization of factor Xa than
in the neutralization of thrombin. In fact, heparan sulfate isolated from human
aorta has been shown to be four-fold more effective in the antithrombin-
mediated inhibition of factor Xa than in the inhibition of thrombin [872]. This is
discussed in greater detail in Chapter 8.

IHL ANTITHROMBIN AND THROMBIN AS PROTOTYPES FOR HEPARIN-
BINDING PROTEINS

Although antithrombin is clearly the prototype by which other heparin-
binding proteins may be judged, we have discussed two heparin-binding proteins
in this chapter—antithrombin and thrombin. It is of some value to compare what
we have learned about the similarities and differences in the interactions of these
two proteins with heparin and heparan sulfate. The sequence that binds to
antithrombin is clearly a very explicit structure that can tolerate only minor
structural alterations without loss of its activity and that occurs rarely in most
heparins. We know less about the hexasaccharide sequence that binds to
thrombin, but it is a highly sulfated sequence and is a much more common
structure in heparins. Clearly, the specific anticoagulant action of heparin is
expressed in large part through the heparin/antithrombin complexation which
leads to the inactivation of both thrombin and factor Xa. The direct binding of
heparin to thrombin may also inhibit the activity of thrombin, albeit without
permanent inactivation of the protease. The in vivo inactivation of thrombin and
factor Xa clearly is mediated by the specific antithrombin-binding
pentasaccharide in endothelial cell heparan sulfate proteoglycan and not by
direct and reversible inhibition of thrombin by heparan sulfate. As we examine
other heparin-binding proteins, we may consider antithrombin as the prototype
for specific heparin- or heparan sulfate-mediated effects. The thrombin model of
nonspecific heparin- and heparan sulfate-mediated modulation of protein activity
may also be found and may be just as common, or perhaps an even more
common, mode of heparan sulfate modulation of protein activities in vivo.

Studies on the heparin interactions with antithrombin and thrombin are
instructive in another way. They demonstrate that a wide range of
methodologies have been required to characterize the
antithrombin/heparin/thrombin interactions. Physical techniques have included
(@) NMR characterization of protein and oligosaccharide structures, (b) X-ray
crystallography for determining the three-dimensional structure of the heparin-
binding proteins, (¢) calorimetry and circular dichroism for observing the
interactions between proteins or peptides and heparin oligosaccharides, and (d)
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molecular modeling to deduce the three-dimensional structure of antithrombin
and the docking of heparin pentasaccharide to antithrombin. Chemical
approaches have been extremely useful in the synthesis of both peptides and
oligosaccharides. A variety of biochemical approaches have contributed to our
understanding of the mechanism of the heparin anticoagulant activity, including
(a) cloning of the cDNAs for the proteins so that amino acid sequences could be
deduced and site-directed mutagenesis could be used to identify critical amino
acids for heparin binding, (b) biological assays to measure heparin and heparin
oligosaccharide activities in vitro, (¢) affinity chromatography for the isolation
of specific antithrombin-binding heparin oligosaccharides and specific heparin-
binding peptides, and (d) measurement of binding and kinetic constants to
observe the interactions between heparin and antithrombin or peptides. Finally,
whole animal experiments have been of value in determining the biological
activity of endothelial cell heparan sulfate in vive and the effects of genetic
defects in antithrombin on normal hemostatic mechanisms. The time period over
which the understanding of the heparin/antithrombin interaction has grown to its
present stage has been more than 35 years, and during this time important new
technologies have emerged. Contributions have come from many labs. All of the
approaches that have been useful in the heparin/antithrombin studies point the
way for studies of other heparin-binding proteins.

We will return to the question of the activity of antithrombin in vivo.
However, a further description of the role of antithrombin in hemostatic
metabolism requires that we first consider, in Chapter 8, the reactions that take
place in coagulation and fibrinolysis. There is an additional motive for
embarking on a discussion of the hemostatic pathways, namely, that these
pathways involve a large number of heparin-binding proteins.
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L  HEMOSTASIS

A. Introduction

The hemostatic mechanisms that regulate blood clotting result in a delicate
balance between clot formation (coagulation) and clot dissolution (fibrinolysis
or thrombolysis). Clots (thrombi) are formed rapidly in the initial stage of repair
of injuries to the vasculature. The extent of thrombus formation and growth is
under exacting control, and, as secondary tissue repair mechanisms come into
play, clots are dissolved. The balance between coagulation and fibrinolysis is
critical; if the clotting stage is not controlled, then excessive clot formation will
yield lesions that restrict blood flow (thrombosis). However, if coagulation is
inhibited, as when exogenous heparin is administered, excessive bleeding
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occurs. Furthermore, there are physiological conditions which may predispose to
excessive clotting or to excessive bleeding, and clinical intervention is often
necessary to “assist” the hemostatic mechanisms in achieving the appropriate
balance between coagulation and fibrinolysis. Coagulation and fibrinolysis are
complex processes that have been discussed in detail in excellent monographs
by Halkier [873] and Sherry [874]. The Halkier book is a source of information
on the cloning, structures, and biochemistry of the components of the
coagulation and fibrinolysis systems, as well as the details of their interactions
and the regulation of these interactions. Similar information is presented in the
Sherry monograph, but the emphasis here is more heavily weighted toward the
biological and clinical aspects of hemostasis and the conditions under which the
balances between coagulation and fibrinolysis are maintained or perturbed. In
addition, there are excellent reviews that the reader may consult [681, 718, 875-
879]. As the description of hemostasis unfolds below, a surprising number of
heparin-binding proteins emerge as critical players in hemostasis. Our
immediate purpose here is restricted to an examination of the effects of
heparinoids on the activities of antithrombin and the other heparin-binding
proteins that play a part in hemostasis. Consequently, only a brief review of
these hemostatic mechanisms is presented here, so that the roles of antithrombin
and the other heparin-binding proteins in these processes can be placed in
perspective. The review literature cited above may be consulted for details and
for references to the primary literature. Following the description of the
hemostatic mechanisms, each of the heparin-binding proteins will be described
in greater detail.

B.  Coagulation

The events that lead from a triggering signal for clotting to the final
formation of a highly cross-linked fibrin clot are shown in Figure 8.1. The
initiating event in blood coagulation leads to a succession of reactions in which
a series of proenzymes (factors IX, VII, X, XI, XII, XIII, prekallikrein, and
prothrombin) are converted into active serine proteases. The activated forms of
the enzymes and cofactors are designated by the letter “a” following the Roman
numeral. Each activated protease, in turn, converts its successor proenzyme into
an active protease. This results in a cascade of conversions, with each activated
enzyme amplifying the signal from the prior protease in the cascade. The
cascade leads eventually to the conversion of prothrombin (factor II) to
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Extrinsic Pathway
Intringic Pathway facker Xa Vascular Injury

Figure 8.1. Coagulation pathways. Reprinted from [880] with permission, © 1991,
American Chemical Society.

thrombin ! (factor Ifa), which initiates clot formation by converting fibrinogen
to fibrin. The fibrin is then cross-linked by factor XIIIa, a transglutaminase, to
give a very strong fibrin clot.

Classically, two coagulation pathways have been distinguished. The
extrinsic pathway is initiated by tissue factor (TF, also called tissue

1 Thrombin, heparin cofactor II (HCII), von Willebrand factor (VWF), plasminogen
activator inhibitor-1 (PAI-1), vitronectin, activated protein C inhibitor, tissue factor
pathway inhibitor (TFPI), platelet factor 4, histidine-rich glycoprotein, fibrin, and
thrombospondin are heparin-binding proteins. Tissue plasminogen activator (t-PA) and
urokinase (u-PA) are also heparin-binding proteins, but only under nonphysiological
conditions.



242 Heparin-Binding Proteins

thromboplastin), a membrane-anchored glycoprotein that is located in
extravascular tissues, but not on the endothelium or in the circulation. Tissue
factor comes into contact with blood only when vascular injury occurs. Tissue
factor forms a complex with factor VIIa in which the capacity of factor Vlla to
convert factor X to factor Xa is stimulated ~1000-fold. Factor Xa, in turn,
converts prothrombin to thrombin. In contrast to the extrinsic pathway, which is
initiated by contact of blood with extravascular tissue factor, the intrinsic
pathway represents a more extensive cascade which involves only proteins
circulating in the plasma, and, in fact, utilizes several of the coagulation
proteases that are part of the extrinsic pathway. The two pathways become one
at the point where factor X is converted to factor Xa. The intrinsic pathway
sustains the coagulation system in vivo. The current concept is that the extrinsic
pathway is the initiator of clot formation, which is “turned on” by tissue factor
and “turned off” by tissue factor pathway inhibitor (TFPI - see Section ILK., p.
281); i.e., the triggering event is a transient one and its effect is sustained by the
subsequent events in the coagulation pathway. Following the triggering event
and the initial formation of thrombin, the intrinsic pathway amplifies the signal
from the extrinsic pathway and controls the growth and maintenance of thrombi,
whether formed as a result of vascular injury or the abuse of the endothelium
that occurs during the aging process [880, 881].

Two of the factors in the coagulation pathways, factor VIIla and factor Va,
are nonenzymatic proteins which serve as cofactors for factor IXa (which
catalyzes X—>Xa) and factor Xa (which catalyzes prothrombin—thrombin),
respectively. Although factors VIiIa and Va are not proteases, they are required
for the activities of their respective proteases. Both exist in pro-forms and must
be activated by proteolysis for maximal activity, as shown in Figure 8.1.
Interestingly, factors VIII and V, the pro forms, only attain maximal cofactor
activities after they are activated by thrombin [see, for example, 882].
Consequently, small amounts of thrombin formed in the early phases of the
coagulation cascades can give remarkable feedback activation of thrombin
production as a result of thrombin’s role in the production of factors VIIla and
Va. Thus, it is clear that the original concept of separate linear cascades of
coagulation factors must now accommodate the fact that the active enzyme end-
product of the pathways, thrombin, in fact can stimulate its own production by
catalyzing the activation of some of the proenzymes and cofactors that lead to its
own production [880]. In this manner, the extrinsic and intrinsic pathways act
cooperatively. As we shall see, thrombin can also turn off its own production.
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C. Fibrinolysis (Thrombolysis)

Fibrinolysis, as the name implies, is the dissolution of clots that results
from extensive enzymatic cleavage of the cross-linked fibrin in clots. The
reactions in fibrinolysis are shown in Figure 8.2. The enzyme that is directly
involved in proteolysis of fibrin is plasmin, which circulates in the blood as a
zymogen, plasminogen. Plasmin is a very potent and nonspecific enzyme that is
capable of cleaving a variety of proteins in the circulation. However,
plasminogen has a strong affinity for both fibrinogen and fibrin, and so becomes
tightly bound to fibrinogen and remains bound to the fibrin that is formed by the
action of thrombin on fibrinogen. This complexation to fibrinogen, and then
fibrin, focuses the activity of plasmin at the site of the fibrin clot. However,
plasminogen is inactive in its proenzyme form. It is converted to plasmin by two
plasminogen activators circulating in the plasma. One of these, tissue
plasminogen activator (t-PA),' like plasminogen, has a strong affinity for
fibrinogen and fibrin and so binds to fibrinogen and remains bound to the fibrin
that is formed. The activity of t-PA on plasminogen is markedly stimulated

PAI +———— Urokinase
Two-chain ————
7 t-PA PAI
PAI
t-PA » PAl _*
complex Urokinase » PAI

1-PA « PAl complex
complex

Plasmin.

MX

Fibfin ————— Fibrin fragments

Plasmin ¢« a-P1
complex

Figure 8.2. Fibrinolysis pathways. Reprinted from [873], with permission.
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when fibrinogen is converted to fibrin. Thus, on the surface of the fibrin, t-PA
converts the plasminogen to plasmin, thus initiating clot dissolution. In fact, the
t-PA activation of plasminogen is dependent on the binding of t-PA to fibrin;
apparently the fibrin provides an activating template on which t-PA and
plasminogen can come into contact. Interestingly, once some of the plasminogen
is activated by t-PA, the resulting plasmin can convert the single chain form of
t-PA to a two<chain form, which has increased activity for the plasminogen —
plasmin conversion. This appears to be a feedback amplification for the clot
dissolution similar in kind to the feedback activation of the coagulation pathway
by thrombin.

The second plasminogen activator, urokinase (u-PA),' circulates in the
blood as a proenzyme, pro-urokinase, which is often referred to as “scu-PA”
(single chain urokinase-type plasminogen activator). Pro-urokinase has little, if
any, activity, but the single chain protein is converted to its active two-chain
form (tcu-PA) by plasmin. However, neither pro-urokinase nor urokinase has
any special affinity for fibrin; thus, urokinase becomes associated with plasmin
on the fibrin clot only if it interacts with fibrin-bound plasmin as the pro-
urokinase is activated. Although u-PA can be utilized clinically in the
dissolution of clots, this may not be its primary role in vivo (see Section IL.G., p.
267).

A potential problem in fibrinolysis results from the activity of lipoprotein
(a) [Lp(a)], which circulates in the plasma at a concentration that ranges from
levels below detection limits up to ~3 mg/ml. The effects of Lp(a) on
fibrinolysis have been reviewed by Edelberg and Pizzo [883, 884]. Lp(a) is a
low density lipoprotein that comtains a lipid core, apoprotein B, and
apoprotein(a). Apoprotein(a) is found in six isoforms, all of which exhibit strong
homology with plasminogen. These homologies in apoprotein (a) are expressed
in the ability of Lp(a) to bind to fibrinogen and fibrin at the same site where
plasminogen binds. In this manner, Lp(a) competes with plasminogen for
binding sites on the fibrinogen and fibrin. Since Lp(a) has no protease activity, it
cannot convert plasminogen to plasmin. However, Lp(a), when it displaces
plasminogen from fibrinogen, prevents plasminogen activation and thereby
inhibits fibrinolysis. Individuals with elevated levels of Lp(a) (>3 mg/ml)
exhibit strong tendencies to develop atherosclerotic lesions, apparently as a
result of the inhibition of fibrin clot dissolution.
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D. Regulatory Mechanisms in Hemostasis
1.  Localization of hemostatic mechanisms to the sites of vascular injury

The most notable mechanisms that minimize the spread of the thrombus
from the site of vascular injury to the rest of the endothelium are the
mechanisms that limit coagulation and fibrinolysis to specific cell surfaces.
Although almost all of the coagulation proteins circulate in the plasma, they are
recruited to negatively charged surfaces of cells where the coagulation reactions
take place. Coagulation can occur on the surfaces of platelets, endothelial cells,
or peripheral white cells. Restriction of clotting to injured vascular sites is due to
a combination of the pro-coagulation properties of blood platelets and the
anticoagulant properties of other cell surfaces. An injury to the vasculature
results in exposure of the subendothelial layer of smooth muscle cells which
triggers the binding of platelets to the injury site and the initiation of the clotting
response. This is illustrated in Figure 8.3. Under the rapid blood flow conditions
found in the arterial circulation, a circulating protein, von Willebrand’s factor
(vWF),l assists in platelet adhesion by binding to the subendothelial layer of the
vessels. On binding, vWF gains the capacity to bind tightly to blood platelets via
the platelet surface glycoprotein Ib (Figure 8.3, injured vessel). Platelets thus
become tethered by vWF to sites of arterial injury to initiate the formation of a
loose “platelet plug” (1° hemostatic plug). The binding of platelets to VWF
results in platelet activation, one result of which is the exposure of the platelet
cell surface integrin receptor complex, GP-IIb/IIla, which promptly binds
fibrinogen, as well as fibronectin,' thrombospondin (TSP-1),' and/or vWF.
These proteins cross-link the agglutinated platelets and recruit additional
platelets from the circulation, resulting in the formation of a platelet aggregate
and yielding a much tighter platelet plug (2° hemostatic plug), the formation of
which represents the initial step in the repair of the injury to the vascular wall.
Under conditions of low blood flow in the venous circulation, platelet adhesion
is mediated by receptors of the integrin family and extracellular matrix proteins,
including fibronectin, collagen, and laminin [885). As the platelet aggregate is
formed, the platelets are activated both by vWF and by thrombin that is formed
early in the cascade, and platelet receptors for factors V, VIII, IX, and X are
exposed. S