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Heparin - Protein Interactions

Ishan Capila and Robert J. Linhardt*

Heparin, a sulfated polysaccharide be-
longing to the family of glycosamino-
glycans, has numerous important bio-
logical activities, associated with its
interaction with diverse proteins. Hep-
arin is widely used as an anticoagulant
drug based on its ability to accelerate
the rate at which antithrombin inhibits
serine proteases in the blood coagula-
tion cascade. Heparin and the structur-
ally related heparan sulfate are com-
plex linear polymers comprised of a
mixture of chains of different length,
having variable sequences. Heparan
sulfate is ubiquitously distributed on
the surfaces of animal cells and in the
extracellular matrix. It also mediates

various physiologic and pathophysio-
logic processes. Difficulties in evaluat-
ing the role of heparin and heparan
sulfate in vivo may be partly ascribed
to ignorance of the detailed structure
and sequence of these polysaccharides.
In addition, the understanding of car-
bohydrate —protein interactions has
lagged behind that of the more thor-
oughly studied protein—protein and
protein —nucleic acid interactions. The
recent extensive studies on the struc-
tural, kinetic, and thermodynamic as-
pects of the protein binding of heparin
and heparan sulfate have led to an
improved understanding of heparin-—
protein interactions. A high degree of

specificity could be identified in many
of these interactions. An understand-
ing of these interactions at the molec-
ular level is of fundamental importance
in the design of new highly specific
therapeutic agents. This review focuses
on aspects of heparin structure and
conformation, which are important for
its interactions with proteins. It also
describes the interaction of heparin
and heparan sulfate with selected fam-
ilies of heparin-binding proteins.

Keywords: carbohydrates - coagula-
tion - heparin - medicinal chemistry -
molecular recognition
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1. Introduction
1.1. Historical Perspective on Heparin

Heparin, an anticoagulant drug, is widely recognized to be a
biologically important and chemically unique polysaccharide.
Heparin was discovered in 1916 by Jay McLean, a second-year
medical student, working under the direction of physiologist
William Howell at Johns Hopkins University.! An under-
standing of heparin’s structure developed gradually. In 1928
Howell correctly identified one of the sugars in heparin to be a
uronic acid,? and in 1935-1936 Jorpes and Bergstrom found
glucosamine to be the second sugar component in heparin.P!
Jorpes and later Charles established that heparin contained a
high level of covalently linked sulfate making it one of the
strongest acids in nature.”l Subsequent studies also identified
the 1 —4-linkage between C-1 of glucosamine and C-4 of the
uronic acid and the location of the O-sulfo groups.l'! The
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uronic acid was confirmed to be L-iduronic acid by Perlin
et al. in 1968 using NMR spectroscopy.®! Thus, heparin finally
emerged as a sulfated, linear polysaccharide with a repeating
disaccharide unit containing iduronic acid and glucosamine.

By 1935, enough heparin of satisfactory purity had been
prepared by Jorpes in Sweden, in collaboration with Charles
and Scott in Canada, to allow clinical testing. The effective-
ness of heparin treatment in the prevention of postoperative
thrombosis was quickly established through the work of
Crafoord and Best,[” and this medical practice continues to
this day. However, using heparin also leads to undesirable side
effects, such as bleeding complications or heparin-induced
thrombocytopenia (HIT). These complications, an improved
understanding of the coagulation cascade, and the fractiona-
tion of heparin led to the development of low-molecular-
weight (LMW) heparin fractions with better defined chemical
and biological properties.”! These agents have more predict-
able pharmacological actions, sustained activity, improved
bioavailability and a better therapeutic index (EDsy/LDs).
Thus, at the beginning of the new millennium, LMW heparins
have displaced heparin as the major clinical anticoagulant.®]

In 1973, Rosenberg and Damus suggested that heparin
binds to antithrombin, causing a conformational change
within antithrombin IIT (AT III) leading to a greatly accel-

1433-7851/02/4103-0391 $ 17.50+.50/0 391
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erated reaction with thrombin and the formation of an
inactive complex of the two proteins.’! Affinity fractionation
helped in the identification of the minimal sequence in
heparin required for binding AT IILIY The interaction of
heparin with antithrombin was the first reported case of a
specific heparin—protein interaction of physiological signifi-
cance. Over the past two decades a growing number of
biological activities have been discovered to be regulated by
the interaction of heparin and heparan sulfate with heparin-
binding proteins.'!l These interactions play important roles in
the normal physiological as well as pathological processes.

The connection of our laboratory to this field started with
studies on the purification of the heparin lyases from a soil
bacterium, Flavobacterium heparinum, and the characteriza-
tion of their substrate specificity.'> ¥ To study the action of
these enzymes we needed to develop new methods for the
isolation, purification and structural characterization of
heparin- and heparan-sulfate-derived oligosaccharides.["¥
The preparation of these structurally defined pure oligosac-
charides represented a breakthrough in understanding hep-
arin’s interaction with proteins and in determining the precise
structural requirements within heparin essential for each
interaction.

2. Heparin
2.1. Structure of Heparin and Heparan Sulfate
Heparin is a linear polymer consisting of repeating units of

1 —4-linked pyranosyluronic acid and 2-amino-2-deoxyglu-
copyranose (glucosamine) residues.'’] The uronic acid resi-

(]

dues typically consist of 90 % L-idopyranosyluronic acid (L-
iduronic acid) and 10% D-glucopyranosyluronic acid (b-
glucuronic acid). Heparin has the highest negative charge
density of any known biological macromolecule. This is the
result of its high content of negatively charged sulfo and
carboxyl groups.l Indeed, the average heparin disaccharide
contains 2.7 sulfo groups. The most common structure
occurring in heparin is the trisulfated disaccharide
(Scheme 1). However, a number of structural variations of
this disaccharide exist, leading to the microheterogeneity of
heparin. The amino group of the glucosamine residue may be
substituted with an acetyl or sulfo group or unsubstituted. The
3- and 6-positions of the glucosamine residues can either be
substituted with an O-sulfo group or unsubstitued. The uronic
acid, which can either be L-iduronic or D-glucuronic acid, may
also contain a 2-O-sulfo group. Glycosaminoglycan heparin
has a molecular weight range of 5—-40 kDa, with an average
molecular weight of about 15 kDa and an average negative
charge of approximately —75. The molecular weight distri-
bution (M, /M,) of heparin corresponds to its polydispersity.
This structural variability makes heparin an extremely
challenging molecule to characterize.

The structural complexity of heparin can be considered at
several levels. At the proteoglycan (PG) level, different
numbers of polysaccharide (or glycosaminoglycan) chains
(possibly having different saccharide sequences) can be
attached to the various serine residues present in heparin’s
core protein. During their biosynthesis, heparin chains are

In this review, the common prefixes sulfo and carboxyl are used instead of
sulfonato and carboxylato as recommended by the TUPAC publication
Nomenclature of Carbohydrates.
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proteoglycans.

Robert J. Linhardt received his BSc degree in Chemistry from
Marquette University (1975) and his PhD degree from Johns
Hopkins University in Organic Chemistry (1979). His interest
in heparin lyases began during his postdoctoral studies at the
Massachusetts Institute of Technology in the Department of
Chemical Engineering under Professor Robert Langer. It was
there, while working on a bioreactor to remove heparin from
the blood, that he first purified the heparin lyase enzymes. He
continued this work on heparin when he joined the faculty of
the University of Iowa in 1982 with a focus on heparin
structure and heparin’s biological activities mediated through
its interaction with proteins. He is currently the F. Wendell
Miller Distinguished Professor of Chemistry, Medicinal
Chemistry and Chemical and Biochemical Engineering at
the University of lowa. He has been honored with the Horace S. Isbell Award in Carbohydrate Chemistry from the
American Chemical Society and the AACP Volwiler Research Achievement Award for Pharmaceutical Research.

Ishan Capila received his BSc degree in Chemistry from St. Stephen’s College, New Delhi, India (1994), and his MSc degree
in Biotechnology from the Indian Institute of Technology (IIT), Bombay, India (1996), where he worked with Professor
Umesh Desai on modeling the interaction of heparin with antithrombin I11. He received his PhD degree in Medicinal and
Natural Products Chemistry from the University of lowa (2001). There he worked in Professor Linhardt’s research group
studying the glycosaminoglycan structure and its interaction with proteins and enzymes. Ishan Capila has recently joined
Professor Merton Bernfield’s laboratory at Harvard Medical School to work on the biology of heparan sulfate

~
P

R. J. Linhardt

I. Capila

/

392

Angew. Chem. Int. Ed. 2002, 41, 390-412



Heparin

REVIEWS

CH0SO3™  CO CH,0X

Erse ey

0303 NH803 NHY

major sequence variable sequence

heparin
COO~ CH,OH COO~ CHgOX
e ) e )
NHAC

major sequence variable sequence

heparan sulfate

Scheme 1. Major and minor disaccharide repeating units in heparin and
heparan sulfate (X=H or SO;~, Y= Ac, SO;-, or H).

attached to a unique core protein, serglycin, found only in
mast cells and some hematopoietic cells. Tissue proteases act
on this core protein to release peptidoglycan heparin, a small
peptide to which a single long polysaccharide chain (100 kDa)
is attached. This peptidoglycan is short-lived as it is immedi-
ately processed by a f-endoglucuronidase to a number of
smaller (ca. 15kDa) polysaccharide chains called glycos-
aminglycan (GAG) heparin.l'l/ Most of the chemical and
physical properties of heparin are related to GAG structure or
sequence, conformation, chain flexibility, molecular weight,
and charge density.

Heparan sulfate is structurally related to heparin but is
much less substituted with sulfo groups than heparin and
has a more varied structure (or sequence). Like heparin,
heparan sulfate is a repeating
linear copolymer of a uronic f

—

acid 1—4-linked to glucos- /
amine (Scheme 1).[') While \_Jh
v__la _-F-l\

D-glucuronic acid predomi-
nates in heparan sulfate, it é\ ~
- 1

can contain  substantial
amounts of L-iduronic acid.
Heparan sulfates generally
contain only about one sulfo
group per disaccharide, but
individual heparan sulfates
may have higher contents
of this group. Heparan sul-
fate chains also often contain
domains of extended sequen-
ces having low or high sul-
fation.'”l” - While heparan
sulfate contains all of the
structural variations found
in heparin (and vice versa),
the frequency of occurrence
of the minor sequence var-
iants is greater than in hep-

T ooge

atoms (cyan).
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arin, making heparan sulfate’s structure and sequence much
more complex. Heparan sulfate chains are also polydisperse,
but are generally longer than heparin chains, having average
molecular weight of about 30kDa ranging from 5 to
50 kDa.['8!

Heparan sulfate is biosynthesized, as a proteoglycan,
through the same pathway as heparin, however, unlike
heparin, the heparan sulfate GAG chain remains connected
to its core protein. Heparan sulfate is ubiquitously distributed
on cell surfaces and is also a common component of the
extracellular matrix.l'’? ¥ Two types of core proteins, the
syndecans (an integral membrane protein) and the glypicans
(a GPI-anchored protein), commonly carry heparan sulfate
GAG chains and correspond to the two major families of
heparan sulfate proteoglycans (heparan sulfate PGs).[!20
The heparan sulfate chains on these heparan sulfate PGs
bind a variety of proteins and mediate various physiologically
important processes including, blood coagulation, cell adhe-
sion, lipid metabolism, and growth factor regulation.?!]
Although structurally similar, heparin and heparan sulfate
GAGs can often be structurally distinguished through their
different sensitivity towards a family of GAG-degrading,
microbial enzymes, the heparin lyases.””l In the following
sections, most of the properties that we discuss with respect to
heparin are also applicable, except where specified, to
heparan sulfate.

2.2. Conformation of Heparin

Heparin is a linear, unbranched, highly sulfated polysac-
charide that exists primarily as a helical structure (Fig-
ure 1).3 Unlike proteins, heparin is not known to display or
fold into any particular tertiary structure. The specificity of its
interactions with a diverse range of biologically important

Figure 1. Helical conformation of a heparin dodecasaccharide sequence having the major disaccharide repeating
structure shown in Scheme 1 with sulfur atoms (yellow), oxygen atoms (red), nitrogen atoms (blue) and hydrogen
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proteins suggests that it displays its sulfo and carboxyl groups
in defined patterns and orientations to promote specific
protein interactions.?*! The conformational flexibility of the
L-iduronic acid residue within heparin is believed to be
responsible for the wide range of specific protein interactions
exhibited by this family of GAGs.?!

Analysis of the conformation of individual sugars within
heparin indicates that the D-glucosamine and D-glucuronic
acid residues assume the preferred *C; conformation (Scheme
2A).l The conformation of the flexible L-iduronic acid
(IdoA) residue varies, depending on the substitution pattern

0S03~

24, 1y,

Scheme 2. Conformational flexibility of residues in heparin and heparan
sulfate. A) The predominant *C; form of glucosamine. B) *C,, 'C,, and 25,
conformers of IdoA. C)2H, and 'H, forms of the A*uronic acid at the
nonreducing end. RE and NRE correspond to the reducing and the
nonreducing end of a saccharide sequence, respectively.

of this residue and on its relative position in the chain. When
the IdoA residue is at the reducing end of an oligosaccharide,
NMR data suggest three possible conformers, the *C, and 'C,
chair and the 2S,, skew boat (Scheme 2B).”” When the IdoA
residue is internal, only two conformations, the 'C, chair and
the 25, skew boat are accessible.?! For the 2-O-sulfo-a-L-
idopyranosyluronate (IdoAp2S) residue also these same two
conformations are accessible, and solution NMR studies on a
heparin-derived hexasaccharide show that the internal
IdoAp2S residues exist in equilibrium between the chair

394

and skew boat forms.?”) The 2S, form appears to be slightly
favored in terms of conformational stability, as it tends to
minimize the unfavorable 1,3 diaxial nonbonded interactions
that are expected in the 'C, form, where four of the
substituents are axially oriented and only the carboxyl group
is equatorial.®” However, the energy barrier to the 'C, form is
not high, and so it is possible for the iduronate ring to change
between the 25, and !C, forms so that in the protein-bound
state it can make favorable electrostatic interactions with
basic amino acids on the protein.

Indeed, while the spatial orientation of the 2-O-sulfo
group in the IdoAp2S residues is altered during 'C,-2S,
intercoversion, no significant conformational change in the
backbone of the polysaccharide chain takes place.?’l The
crystal structure analysis of FGF-2 bound to a heparin
hexasaccharide revealed that one internal IdoAp2S residue
makes contact with the protein and resides in a 'C, con-
formation while the other makes contact in the S, conforma-
tion.? Thus, while the iduronate rings are flexible and in
equilibrium between the 2S5, and 'C, conformation in
the unbound state, they can be locked into either conforma-
tion when bound to a protein. The prevalence for
one iduronate conformer is influenced by the substitution
pattern of the D-glucosamine residue bound to its non-
reducing end. For example, when the IdoAp2S residue
has a N-acetylglucosamine (D-GlcNpAc) substituted at its
4-position, it resides almost exclusively in the 'C, chair
conformer.??

Despite the conformational flexibility of the L-iduronate
residues, heparin saccharides show relatively conserved
angles ¢ and vy in glycosidic linkages. NMR studies on a
series of modified heparins with systematically altered
substitution patterns indicate that all derivatives, regardless
of sulfation pattern, exhibit similar glycosidic bond confor-
mations.*l The helical parameters for heparin oligosacchar-
ides bound to fibroblast growth factors have been determined
by X-ray crystallography, and these values are compara-
ble.[lﬁl, 34]

Homogenous, structurally defined heparin and heparan
sulfate oligosaccharides are commonly enzymatically pre-
pared from these GAGs using heparin lyases.'¥! These
enzymes break down heparin into oligosaccharides that
contain a nonreducing terminal 4-deoxy-a-L-threo-2-sulfo-
hex-4-enopyranosyluronic acid (4*uronic acid, AUAp2S)
residue.? Understanding the conformation of these residues
is important when using these oligosaccharides to study
heparin—protein interactions and also to understand the
unusual reactivity of these A*uronates.’>3! Based on the
conformation about the 4,5-double bond, the AUAp2S
residue can exist in either the ?H, or 'H, forms (Scheme 2C),
and the equilibrium between these two conformers
is controlled by their substitution pattern.’? 3! Crystallo-
graphic data also show that these two forms coexist within the
same unit cell, suggesting that they are nearly equal in
energy.”’l However, the solution structures of heparin-derived
oligosaccharides determined by NMR spectroscopy suggest
that the terminal AUAp2S residue is predominantly repre-
sented by the 'H, form with minor contribution from the 2H,
form.% 30

Angew. Chem. Int. Ed. 2002, 41, 390-412
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2.3. Biosynthesis of Heparin

The biosynthesis of heparin and heparan sulfate and the
regulatory mechanisms resulting in the placement of different
saccharide sequences in their structures are only partly
understood (Scheme 3). Studies on heparin biosynthesis were
carried out in a mastocytoma cell culture system with
radiolabeled metabolic precursors of heparin.*> 41 The core
protein, serglycin, contains a high number of serine and
glycine repeats and is primarily synthesized in the rough
endoplasmic reticulum.

The biosynthesis of the GAG chain predominantly takes
place in the Golgi apparatus. The first step in the pathway
involves the attachment of a tetrasaccharide fragment to a
serine residue in the core protein.*! The sequence of
this linkage-region tetrasaccharide is [-GlcAp(1—3)-f-
Galp(1 —3)--Galp(1 —4)--Xylp-1 —Ser. There are four
glycosyltransferases responsible for the synthesis of the
linkage region.®! The glucuronyltransferase that attaches
the terminal glucuronic acid (GlcAp)* and the galactosyl-
transferase that attaches the second galactose (Galp) resi-
due®! have been cloned and characterized. Onto this neutral
sugar linkage region the first GIcNpAc residue or N-
acetylgalactosamine (GalNpAc, in the biosynthesis of chon-
droitin sulfates) is added. This addition decides whether the
chain will either be a glucosaminoglycan (heparin and
heparan sulfate) or a galactosaminoglycan (chondroitin
sulfate/dermatan sulfate). It has been suggested that peptide
sequence motifs close to the linkage-region substituted serine
residues act as a signal for the addition of a GlcNpAc residue,
thus initiating heparin/heparan sulfate formation; and an a-
GlcNpAc transferase believed to catalyze this reaction has
been identified.[*)

After the first residue has been added, alternating transfer
of GlcAp and GlcNpAc residues from their corresponding
UDP-sugar nucleotides to the nonreducing termini of growing
chains forms the rest of the GAG chain. It is believed that one
enzyme, formed by a hetero-oligomeric complex of two

proteins (EXT1 and EXT?2), has both GlcAp transferase and
GlcNpAc transferase activity.[*’! Approximately 300 sugar
residues are added to the linear polysaccharide chain before
its synthesis terminates.*’l As the chain elongates it also
undergoes other modification reactions.[*! Modification of the
polymer is initiated by N-deacetylation and N-sulfation of the
GlcNpAc residues by an N-deacetylase/N-sulfotransferase
enzyme. Subsequent steps occur sequentially and either on or
adjacent to the N-sulfoglucosamine(GlcNpS)-containing res-
idue. A C-5 epimerase then catalyzes transformation of some
of the D-glucuronic acid residues to L-iduronic acid resi-
dues.*! This is followed by O-sulfation of the iduronic acid
residues at the C-2 position by an iduronosyl 2-O-sulfotrans-
ferase. It has been shown that the IdoAp in an
IdoAp —GlcNpS disaccharide can be sulfated by this enzyme
provided the GlcNpS residue does not contain an O-sulfo
group at the C-6 position.’”! Studies have also shown that a
very active glucuronosyl 2-O-sulfotransferase, in mouse
mastocytoma microsomal fractions, is responsible for the
O-sulfation of GlcAp residues at the C-2 position.[>' There is
also evidence suggesting that the glucuronosyl 2-O-sulfo-
transferase is the same enzyme as the iduronosyl 2-O-
sulfotransferase.’?) The 2-O-sulfation of the uronic acid is
followed by the action of glucosamine 6-O-sulfotransferase,
which transfers an O-sulfo group to the C-6 position of
GlcNpAc and GIecNpS.F

Finally a 3-O-sulfotransferase acts upon the polymer and
modifies certain GlcNpS6S residues.[*! The 3-O-sulfation is
required for the anticoagulant activity of heparin, and the
pentasaccharide sequence formed by the 3-O-sulfotransferase
is the minimum structure required for binding antithrombin
III. The 3-O-sulfotransferase has been cloned and purified
and like for many of the other biosynthetic enzymes, there are
multiple isoforms having different specificities.’) All the
sulfotransferase reactions described above require 3’-phos-
phoadenosine-5'-phosphosulfate (PAPS) as a sulfate donor.

The apparently random and incomplete nature of the initial
N-deacetylation is primarily responsible for the introduction
of structural heterogeneity in-
to the polymer at an early

NHz™ NH3~ NHz™ ) — : :
) - - - _ stage of biosynthesis. The spe-
protein linkage chain tissue  ———) p-endo- _  —_ cificity of this enzyme after its
synthesis ) synthesis ﬁigg%%;‘:i’;rf‘ proteases ———>  glucuronidase — — initial modification is also re-
) sponsible for the block struc-

Cor, €O, Lo, peptidoglycan GAG heparin P .
heparin tures seen in heparan sulfate,
where there are highly sulfat-
ron oo N-deacetylase/ CH0H OO ed sequences separated by se-
1 0 o .

o - Q N-sulfotransferase & - quences of nonsulfated disac-
4 0 < charides.*>>1 The overall

NHAC OH NHSOg OH -
structural variability of the
/ hexuronyl-C5-epimerase hepa.rln/heparan sulfate. poly-
mer is the result of the incom-
CH0805™ O-sulfotransferases gHeoH o plete nature of modifications

NHSO3™

0,
Coo-
A

& )N

0S80y

& &N

NHSO5~

00~
OH

OH

Scheme 3. Biosynthetic pathway to heparin/heparan sulfate proteoglycans and their degradation to peptidogly-
cans and glycosaminoglycans. Protein synthesis takes place in the endoplasmic reticulum, linkage synthesis, chain
elongation, and modification take place in the golgi, and proteolysis and glucuronidase digestion take place in the

granules or lysosomes.
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by the biosynthetic enzymes
and it is still not clearly under-
stood what additional factors
serve as the regulating ele-
ments for these enzymes in
the biosynthetic pathway.
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2.4. Medical Importance of Heparin

Heparin and LMW heparins are the most commonly used
clinical anticoagulants. Heparin is administered intravenously
(LMW heparin can be administered either intravenously or
subcutaneously, improving its scope of therapeutic applica-
tions) during most extracorporeal procedures (where blood is
removed from the body and passed through a device) such as
kidney dialysis and membrane oxygenation, used in heart
bypass procedures.’) The use of these devices, requiring
heparinization, can often lead to hemorrhagic complications.
Systemic heparinization is also used in the treatment of deep
vein thrombosis and in a variety of other surgical proce-
dures.’”) Heparin-induced thrombocytopenia (HIT), a com-
plex process which results in loss of platelets, is currently
recognized to be one of the most catastrophic complications
of heparin treatment.Ps!

3. Interaction of Heparin with Proteins

With the discovery of increasing numbers of heparin-
binding proteins there was a need to characterize the

Table 1. Characteristics of selected heparin-binding proteins.

molecular properties, within the proteins and heparin, re-
sponsible for specific recognition (Table 1). The first study to
look at the general structural requirements for GAG - protein
interactions was conducted by Cardin and Weintraub in
1989.01 They compared the heparin-binding domains of four
proteins, apolipoprotein B, apolipoprotein E, vitronectin, and
platelet factor 4. This study demonstrated that, in addition to
sequence similarity, these domains also had defined motifs
and were classified into two consensus sequences, XBBXBX
and XBBBXXBX (B is a basic and X a hydropathic (neutral
and hydrophobic) amino acid residue). These consensus
sequences were also shown to occur in other proteins known
to bind heparin. Molecular modeling studies performed on
these consensus sequences showed that their presence in
certain secondary structural conformations resulted in the
oriented display of the basic residues facilitating their
interaction with the negatively charged sulfo groups on
heparin. Their results suggested that if the XBBXBX
sequence were in a f-strand conformation, the basic amino
acids would be aligned on one face of the -strand while the
hydropathic amino acids would point back into the protein
core. Similarly, if the XBBBXXBX sequence were folded into

Heparin-binding protein Physiological/Pathological role

Characteristics of heparin binding

Ky Oligosaccharide size Sequence featuresl¥) Function Ref.
proteases/esterases
AT 1111 coagulation cascade serpin ca.20nmM  S5-mer GIcNS6S3S enhances [83, 104]
SLPI inhibits elastase and cathepsin G ca. 6 nMm 12-mer to 14-mer IS enhances [76]
Cl1 INH inhibits C1 esterase ca.100nm - HS enhances [87]
VCP protects host cell from complement nMm - unclear [114, 115]
growth factors
FGF-1i2 cell proliferation, differentiation, nMm 4-mer to 6-mer IdoA2S-GIcNS6S activates signal [34, 93]
morphogenesis, and angiogenesis transduction
FGF-2[b] (same as FGF-1) nM 4-mer to 6-mer 1doA2S-GIecNS (same as FGF-1) [31, 88]
chemokines
PF-4[t] inflammation and wound healing nMm 12-mer HS/LS/HS inactivates [136, 137]
heparin
IL-8 pro-inflammatory cytokine ca. 6 um 18-mer to 20-mer HS/LS/HS promotes [139]
SDF-1al) pro-inflammatory mediator ca.20nmM  12-mer to 14-mer HS localizes [142, 143]
lipid-binding proteins
Annexin IT receptor for TPA and plasminogen, ca.30nM  4-mer to S-mer HS unclear [151]
CMYV and tenascin C
Annexin Vi anticoagulant activity; influenza and ca.20nM  8-mer HS assembles [85, 157]
hepatitis B viral entry
ApoEl! lipid transport; AD risk factor ca. 100 nm  8-mer HS localizes [166]
pathogen proteins
HIV-1 gp120 viral entry 0.3 pm 10-mer HS inhibits [173, 175]
CypA viral localization and entry - - - inhibits [177]
Tat transactivating factor, primes cells for ca.70nmM  6-mer HS antagonizes [181]
HIV infection
HSV gB and gC viral entry into cell - - - inhibits [184, 186]
HSV gD viral entry and fusion - - GIcNH,3S inhibits [70]
Dengue virus envelope  viral localization ca.15nm  10-mer HS inhibits [187]
protein
Malaria CS protein sporozoite attachment to hepatocytes ca.40nm  10-mer HS inhibits [193-195]
adhesion proteins
selectins adhesion, inflammation, and metastasis ~ um >4-mer HS with GIcNH, blocks [205, 206]
vitronectin cell adhesion and migration nMm - - removes [200, 201]
fibronectin adhesion and traction UM 8-mer to 14-mer HS with GIcNS reorganizes [241]
HB-GAMD! neurite outgrowth in development ca.10nMm  16-mer to 18-mer HS mediates [86, 211]
AP in amyloid plaque UM 4-mer HS assembles [152, 216]

[a] X-ray cocrystal structure of the oligosaccharide — protein complex available. [b] Solution structure of the oligosaccharide — protein complex available (NMR).
[c] Molecular modeling docking studies of the oligosaccharide — protein complex available. [d] HS: high sulfation, IS: intermediate sulfation, LS: low sulfation.
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an a-helix, then the basic amino acids would be displayed on
one side of the helix (Figure 2) with the hydropathic residues
pointing back into the protein core. Using this model, Sobel
and coworkers proposed a third consensus sequence,
XBBBXXBBBXXBBX, in a heparin-binding protein, the

A

Figure 2. Cardin and Weintraub motifs on an a-helix display basic residues
R and K on one face. A) Helical wheel diagram of apolipoprotein E
(residues 161 —177). B) Helical model of a XBBBXXBX motif built using
the software package SYBYL version 6.3.

von Willebrand factor.! These motifs serve as initial
sequence probes to determine whether a protein can possibly
bind heparin. However, with the discovery of more heparin-
binding proteins, it was observed that the motif hypothesis did
not always hold. Basic residues that are distant in sequence
could be closer in the folded state. Thus, spatial orientation of
basic residues, rather than sequence proximity, is an important
factor in determining heparin binding ability. Margalit and
coworkers also used molecular modeling to examine linearly
contiguous heparin-binding sites that were shown by others to
interact with heparin. In established heparin-binding sites,
with known secondary structure, they observed that a distance
of approximately 20 A between basic amino acids is important
for interaction, irrespective of whether the heparin-binding
site exists as an a-helix or a S-strand.[®] As most of the basic
residues were aligned on opposite sides of the secondary
structural element, the authors proposed that heparin coils
around its binding domain to interact with these positively
charged residues. They also suggested that this coiling can
induce conformational changes in the heparin-binding pro-
tein.

Heparin-binding sites are commonly observed on the
external surface of proteins and correspond to shallow
pockets of positive charge. Thus, the topology of the
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heparin-binding site is also an important factor in heparin-
binding consensus sequences. Structural analysis of the
heparin-binding sites in acidic fibroblast growth factor
(FGF-1), basic FGF (FGF-2), and transforming growth factor
B-1 (TGF -1) implicated a TXXBXXTBXXXTBB motif
(Figure 3), where T defines a turn, B a basic arginine or lysine
residue (or occasionally a hydrogen-bonding glutamine) and

FGF-1 iz FGF-2

FGF-1; '“GSCKRGPRTHYGOQK
FGF-2: " GOYKLGSKTGPGOK ™
Motif :  TXXBXXTBXXXTEB

Figure 3. Turn-rich heparin-binding motifs in the FGF protein family. The
peptide backbone is a bold line, and only the side chains of the basic
residues are displayed.

X a hydropathic residue.[®?) The importance of the shape of
this binding site in the FGF family was further demonstrated
by affinity studies with synthetic linear and cyclic peptides
based on a sequence analogous to the heparin-binding site in
FGFE.[%! The cyclic peptide, designed to resemble the structure
of the heparin-binding site in FGF, bound more tightly to
heparan sulfate than the acyclic peptide of the same sequence
or a cyclic peptide containing a D-proline turn. Not all
heparin-binding proteins contain linearly contiguous heparin-
binding sites. Basic amino acids that are distant in sequence
can be brought spatially close through the folding of the
protein. This is observed for antithrombin III, where both a
linearly contiguous heparin-binding domain and sequence-
remote basic amino acids are appropriately positioned to bind
heparin.[®4

Studies performed in our laboratory looked at the common
amino acids in heparin-binding domains in proteins and the
importance of spacing of basic amino acids in heparin binding.
Using peptide libraries we assessed the affinity of randomly
synthesized heptamers for both heparin and heparan sulfate.
Peptides enriched in arginine and lysine, but not histidine,
bound with greatest affinity. Peptides with high affinity for
heparin and heparan sulfate were also enriched in other polar
amino acids including serine.®] Tt was also observed that
known heparin-binding domains contain amino acids (aspar-
agine and glutamine) capable of hydrogen bonding. The
relative strengths of heparin binding by basic amino acid
residues was compared and arginine was shown to bind
2.5 times more tightly than lysine. The tight interaction
observed for arginine appears to result from strong hydrogen
bonding between the guanidinio group of arginine and a sulfo
group in heparin.[%!
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The effect of the pattern and spacing of the basic amino
acids in heparin-binding sites was also studied using a series of
synthetic peptides.’””] The relative binding affinities of two
peptide series, -RRG,,RR- and -RRRG,,R- (R is arginine and
G glycine) was examined. Heparin interacted most tightly
with peptides containing a complementary binding site of high
positive charge density while less sulfated heparan sulfate
interacted most tightly with a complementary site on a
peptide that had more widely spaced basic residues. Thus, the
results of this study are entirely consistent with our under-
standing of heparin and heparan sulfate structures.

3.1. Protein-Binding Motifs within Heparin and
Heparan Sulfate

Specific recognition between heparin and proteins also
requires defined sequences within the heparin chain. Heparin
and heparan sulfate predominantly exhibit linear helical
secondary structures with sulfo and carboxyl groups displayed
at defined intervals and in defined orientations along the
polysaccharide backbone. A heparin-binding domain on a
protein would, therefore, require a minimum number of
saccharide residues within the heparin chain to appropriately
display these charged groups to facilitate a tight and specific
interaction.

The first example of a defined protein-binding motif within
heparin was the discovery of a discrete pentasaccharide
sequence required for binding antithrombin IILI"% This pen-
tasaccharide sequence is rare, occurring in only about one-
third of the chains in heparin. Its most distinguishing feature is
the unusual 3-O-sulfo group on an internal GIcNpS6S residue
(Scheme 4), which is absolutely essential for its high affinity to

~O,C
-0350" 0 OH
\
NREO GO2 -05SHN ¢ o
HO™" NHAc O o 0380
HO o o 0480

HO 0803~

Scheme 4. Structure of the AT-I1I-binding pentasaccharide sequence in heparin.

antithrombin IIL.%¥ The 3-O-sulfation reaction is the final
step in heparin and heparan sulfate biosynthesis and there are
multiple 3-O-sulfotransferase isoforms having different sub-
strate specificities. The treatment of a biochip-immobilized
heparan sulfate, that has a low affinity for AT III, with one of
these isoforms affords a structurally modified high affinity
chain.l®! A heparan sulfate modified at specific glucosamine
residues by a second of these 3-O-sulfotransferase isoforms
offers sites for the binding of the viral envelope glycoprotein
of herpes simplex virus type 1 (HSV-1).%1 This binding is
postulated to be important in the initiation of HSV-1 entry
into cells. The 3-O-sulfo group in heparan sulfate is also
believed to be important for the specific interaction with
fibroblast growth factor 7 (FGF-7)."] Another study suggests
that the antithrombin-binding motif within heparan sulfate is
required for the formation of a functional complex with the
FGF receptor kinase ectodomain.
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The proteins of the FGF family are probably the most
extensively studied heparin-binding proteins. X-ray crystal-
lography data on FGF-184 and FGF-2BY complexes with
heparin oligosaccharides have been useful in defining the
precise groups within heparin that are important for these
biologically significant interactions. Both structural and
experimental data suggest that the 6-O-sulfo groups within
heparin, while not directly important in the binding of FGF-2
to heparin,™ are apparently required for the mitogenic
activity of FGF-2." In contrast, the interaction of FGF-1 with
heparin is directly mediated through contacts with the 6-O-
sulfo groups on heparin. These differences suggest a specific-
ity of interaction for various members of the same family of
growth factors.”™ While the interaction between proteins and
heparin is primarily ionic and based on the presence and
appropriate positioning of sulfo and carboxyl groups, this may
not always be the case. For example, it has been observed that
in the interaction between secretory leukocyte protease
inhibitor (SLPI) and heparin, undersulfated heparin oligo-
saccharide sequences are required for specific high affinity
interaction, suggesting the importance of hydrogen-bonding
interactions through the hydroxyl groups present in hepa-
rin.[7l

3.2. Types of Interactions

Clearly the most prominent type of interaction between
heparin and a protein is ionic. Clusters of positively charged
basic amino acids on proteins form ion pairs with spatially
defined negatively charged sulfo or carboxyl groups on the
heparin chain. However, in some cases there is a significant
contribution to the binding by nonionic interactions such as
hydrogen bonding. Isothermal titration calo-
rimetry (ITC) studies of the interaction of
brain natriuretic peptide (BNP) with heparin
revealed that only a small portion of the free
(¢} energy of this interaction resulted from ionic
contributions. The major contribution was
from hydrogen bonding between the polar
amino acids on BNP and heparin.[””l Hydro-
phobic forces may also play a minor role in
heparin - protein interactions. Based on NMR data, Bae and
coworkers suggested the importance of a tyrosine residue in a
synthetic antithrombin III peptide in an apparently specific,
hydrophobic interaction with the N-acetyl group in the AT-
III-binding pentasaccharide sequence in porcine mucosal
heparin.’!

3.3. Kinetics, Thermodynamics, and Measurement of
Heparin - Protein Interactions

Heparin resembles DNA as both are highly charged linear
polymers that behave as polyelectrolytes. The high repulsive
energy of multiple negatively charged groups in these poly-
electrolytes promotes cation (i.e., Na*) binding to minimize
these forces.” The binding of Na* ions by a polyelectrolyte is
entropically unfavorable. When a polyelectrolyte such as
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heparin binds a protein, the positively charged amino acid
residues on the protein interact at anionic sites resulting in the
entropically favorable release of Na* ions. Thus, much of the
free energy of interaction of heparin with proteins is derived
from the entropically favorable release of Na* ions, and this is
called the “polyelectrolyte effect”.®] The free energy of
interaction, which is related to the observed dissociation
constant (K,), has contributions from the polyelectrolyte
effect, hydrogen bonding, and hydrophobic interactions.!]
Specifically, K, is related to both ionic and nonionic contri-
butions according to Equation (1) where Kjg,onionc 1S the
dissociation constant in the absence of the polyelectrolyte
effect, m is the number of Na' ions released on heparin—
protein binding, and f'is a small fraction of anionic charge on
the polyelectrolyte that is not charge-neutralized by Na™ ions.
Binding measurements at a salt concentration of 1m reflect
the nonpolyelectrolyte contribution to the binding since
lg Ky =18 K4 nonionic- At physiologic salt concentrations the
polyelectrolyte effect plays a significant role on heparin
binding to proteins.[*

IgKy = 1g Kqnonionic +m(1 —f)1g[Na*] 1)

The kinetics of interaction for heparin binding to antith-
rombin III have been extensively studied.’?] Since AT III
undergoes a conformational change on binding heparin,®
and this process can be monitored by a change in AT III
fluorescence, it represents a good system to study by stopped-
flow fluorimetry. For most other heparin-binding proteins,
where there is no such observable change following the
binding event, it is very difficult to study the kinetics of the
interaction. However, the development of surface plasmon
resonance (SPR), which allows binding events to be measured
in real time, has made it possible to study the kinetics of
heparin —protein interactions.®>*7!

Various methods are utilized in studying the binding affinity
of heparin with proteins. In affinity chromatography, the most
commonly used technique, heparin or the heparin-binding
protein is immobilized on a solid matrix and its binding
partner is applied to the column. The binding partner is then
released with salt and the amount required for elution is a
quantitative measure of the ionic component of the binding
affinity. This approach fails to measure the hydrophobic and
hydrogen-bonding contributions to binding. Affinity chroma-
tography is difficult to use in studying interactions dependent
on divalent cations!®! and requires the immobilization of one
of the binding partners. ITC provides information on the
thermodynamics of heparin—protein interactions (Fig-
ure 4).5%1 In this technique, one of the interacting species is
placed in solution in a thermostatted cell and the other species
is injected into this cell. The heat released on binding
following each injection is measured, affording a sigmoidal
titration curve. By fitting this curve, values for the enthalpy
(AH), the association constant (K,), and the binding stoichi-
ometry (n) are obtained. ITC typically requires milligram
amounts of each interacting species, is useful only in measur-
ing association constants in the range 10* to 108, and involves
relatively high concentrations of interacting species often
leading to precipitation.
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Figure 4. Data obtained from an ITC experiment with heparin and BNP.
A) Raw data showing the heat released on binding in Ws™! (Qr ') with
each injection. B) Fitted heats of interaction, giving a sigmoidal binding
curve. The heat released (Q) is plotted against the number of injections ().

NMR spectroscopy can afford extremely valuable informa-
tion about heparin-protein interactions.” NMR analysis
provides primarily structural and conformational data that are
useful in identifying the precise contact points between
interacting molecules. While NMR experiments give a
relatively detailed picture of the interaction between heparin
and protein, the insensitivity of this method requires milli-
gram quantities of interacting species at high concentrations,
raising solubility problems and making it difficult to accu-
rately determine the association constant (K,).

Fluorescence spectroscopy is a very sensitive method that
can provide a wealth of information about heparin - protein
interactions on very small amounts of sample. Conforma-
tional changes in the protein, which often occur on heparin
binding, can be measured through changes in the environment
of intrinsic fluorophores such as tyrosine and tryptophan.[”®!
The association constant can be obtained by monitoring the
change in fluorescence as one interacting species is titrated
into a solution of the other. This technique is limited to
protein —heparin binding that results in a change in fluores-
cence. Fluorescence resonance energy transfer (FRET)
between an intrinsic fluorophore in the protein and an
extrinsic fluorophore in heparin (fluorescently labeled hep-
arin) can afford both K, and information on the distance
between the two fluorophores of up to 80 A1 One concern
associated with this approach is that derivatizing heparin (or
particularly a small oligosaccharide) with an extrinsic fluo-
rophore can perturb both its conformation and its interaction
with the protein.

Surface plasmon resonance (SPR) is a powerful technique
for studying interactions. Here one of the interacting species is
immobilized on the surface of a chip and the binding partner is
flowed over this chip. The resulting interaction changes the
refractive index of the chip, which is measured as a change in
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the intensity and angle of light reflected from the chip’s
surface. The magnitude of this change is directly proportional
to the mass of the binding partner being bound, affording a
real-time measurement of association and dissociation rates
from which the dissociation constant can be calculated
(Figure 5).5> %1 Signals are easily obtained from sub-micro-
gram quantities of material. While this technique can provide
important information on binding kinetics, it suffers from
potential experimental artifacts that arise from ligand immo-
bilization.

Modeling of heparin initially required the derivation of
potential energy functions, using ab initio calculations, of the
N- and O-sulfo groups attached to 2-, 3-, and 6-positions of the
pyranosyl units.””l The development of efficient modeling
protocols for understanding the steric and spatial consider-
ations of oligosaccharides is also important in studying
heparin-protein interactions.’® The NMR structure of a
heparin dodecasaccharide (Figure 1) and the high-resolu-
tion X-ray crystallographic structures of heparin oligosac-
charidesP®"-*¥ provided an important starting point for model-

ing heparin-protein interactions. Docking
studies with heparin oligosaccharides and their

800+ association phase dissociation phase protein-binding partners can afford additional

N structural information on the interaction.

700 However, such studies present a challenge

600 because of the weak surface complementarity,
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Figure 5. SPR sensorgram data obtained for the interaction of the apoE4 N-terminal domain
with heparin. Solutions with varying concentrations (0.11-2.30 um) of the apoE4 domain were
flowed over heparin immobilized on a chip. The change in surface response (R) over time (f) is

plotted. RU =response unit.

Other techniques that can be used to study heparin-pro-
tein interactions include affinity coelectrophoresis (ACE),!
two-dimensional affinity resolution electrophoresis (2-
DARE),P! equilibrium dialysis,® competitive binding tech-
niques,”? analytical centrifugation,® and circular dichro-
ism." X-ray crystallography of heparin oligosaccharides in
complexes with proteins provides high-resolution structural
information,?- 3! but requires large quantitities of homoge-
neous interacting species.

3.4. Modeling Studies on Heparin — Protein Interactions

Molecular modeling can provide useful information on
molecular interactions but its predictive power still needs to
be substantiated. The value of modeling is that intricate
dynamic details of molecular level events can be visualized
with a relatively small investment of time and cost. One of the
problems of molecular mechanics and dynamics is the limited
availability of reliable potential energy functions, particularily
for molecules containing functionality such as N- and O-sulfo
groups. Modeling protocols and reliable potential energy
functions for studying proteins and DNA are well established
and many empirical forcefields such as AMBER, CHARMm,
MM2, and TRIPOS are widely used.
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and compared to crystallographic data avail-
able for these proteins in complexes with their
oligosaccharide binding partners. A global
search for likely binding sites was initially
performed using sulfated monosaccharides
and disaccharides, followed by a local docking
of a hexasaccharide. After correctly predicting
the binding site for the test molecules, these protocols were
used to predict the heparin-binding site on interleukin-8 (IL-
8), a chemokine with a central role in immune response.l!
This strategy significantly reduces the required computational
time compared to a global docking of the hexasaccharide.

4. Regulation of Proteases and Esterases

The interaction of heparin with antithrombin III is the first
well-studied example of a heparin—protein interaction.
Heparin is believed to function as an anticoagulant primarily
through its interaction with AT III by enhancing AT-III-
mediated inhibition of blood coagulation factors, including
thrombin and factor Xa. These coagulation factors are serine
proteases with trypsin-like specificity for arginyl linkages.
AT III is a member of the serpin (serine protease irhibitor)
superfamily of proteins that includes more than 40 proteins.[!
The serpins react with serine proteases to form inactive
complexes, which are then cleared from the circulation. All
the coagulation factors (with the exception of factor VIIa) are
inhibited by AT III, forming a covalent 1:1 complex with these
enzymes. The inactivation of these proteases by AT III is
greatly accelerated by the binding of heparin. Heparin binds
to AT III and thrombin in a ternary complex, increasing the
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bimolecular rate constant for the inhibition of thrombin by a
factor of 2000.1 The interaction of heparin with AT III and
serine proteases proceeds through several stages. Initial
heparin binding to ATIII is a low-affinity interaction
mediated by a well-defined unique pentasaccharide sequence
within heparin. This binding causes a conformational
change® in the structure of AT III, which promotes addi-
tional interactions between AT III and heparin, resulting in a
stronger binding. The conformational change also leads to the
expulsion of a loop with a protease-reactive site in AT III that
facilitates the reaction of the target protease with AT III
yielding a cleaved and conformationally altered AT III
covalently bound to the active site of the serine protease as
an acyl—enzyme intermediate. As a result of the cleavage, the
affinity of AT for heparin is markedly diminished,'®]
causing heparin to dissociate in an unaltered form, free to
catalyze further reactions between AT III and its target serine
proteases. The acyl-enzyme intermediate then dissociates
very slowly (#,,~5days) to yield the unaltered serine
protease and the cleaved antithrombin, which is no longer
an active serpin and has lost its heparin binding affinity.['*!]

Heparin chains at least 16 saccharides in length are required
to accelerate the reaction of antithrombin with thrombin,
even though only the pentasaccharide sequence is necessary
to bind AT IIL['? In contrast, heparin chains as small as the
AT-11I-binding pentasaccharide are able to accelerate the
inactivation of the other target coagulation enzymes, such as
Factor Xa.['l Heparin binding to AT III induces a conforma-
tional change, resulting in a 40% enhancement of AT III
fluorescence, thus facilitating kinetic studies that rely on
stopped-flow fluorimetry.[®3 The X-ray crystal structure of an
AT-IIT - pentasaccharide complex was used to identify resi-
dues in AT IIl involved in this interaction as well as important
functional groups within the pentasaccharide (Figure 6).0104
The residues important in the interaction have been altered
through site-directed mutagenesis and stopped-flow kinetic
studies were carried out to assess the relative contributions of
these residues to binding.'® The role of individual saccharide
residues of the heparin pentasaccharide in the allosteric
activation of AT III has also been determined by studying the
effect of truncating pentasaccharide residues, at either its
reducing or nonreducing end, on oligosaccharide binding and
the induction of a conformational change in AT IIL['%l These
studies established that the three saccharide residues on the
nonreducing end of the pentasaccharide sequence are capable
of fully activating AT III. While the reducing-end residues are
not essential for this activation, they stabilize the activated
conformation. Detailed characterization of the determinants
involved in this physiologically relevant interaction is impor-
tant, as it would enable the development of more specific
heparin analogues that might retain anticoagulant activity
without the undesirable side effects observed with heparin.

Heparin is principally located in the granules of tissue mast
cells that are closely associated with the immune response.
Thus, the ability of heparin to regulate the major activities of
the complement cascade is an area of active interest.'’”’l The
complement system consists of about 20 plasma proteins that
interact in two related sets of reactions: the antibody-
dependent classical pathway and the antibody-independent
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Figure 6. Structure of a synthetic AT-III-binding pentasaccharide in its
complex with antithrombin III. The protein is shown as a green ribbon and
the pentasaccharide as a space-filling model with sulfur atoms in yellow and
oxygen atoms in red.

alternative pathway. Both pathways consist of the sequential
activation of a series of serine esterases, much like in the
blood coagulation pathway. Studies indicate the importance
of O-sulfo groups in heparin and a minimum oligosaccharide
size for complement regulation.'”! The classical pathway is
initiated when complement protein C1 esterase, also called
the recognition unit, specifically binds to a cell surface
antigen—antibody aggregate. Cl esterase is regulated by a
natural inhibitor present in serum, called C1 esterase inhibitor
(C1INH).'I Heparin and other glycosaminoglycans augment
the activity of CIINH on C1 components in vitro.'' The
ability of heparin and heparan sulfate to bind C1INH and
enhance its inhibitory activity has been studied using surface
plasmon resonance and in vitro assays.’”! Heparin immobi-
lized on a biosensor chip interacted with CI1INH (K ~
100 nm), while no binding between heparan sulfate and
C1INH was observed. In vitro assays indicated that heparin,
and to a slightly greater extent LMW heparin, augmented the
activity of C1INH on cell-bound C1 and the order of the
reaction suggested the involvement of a ternary complex in
which cell-bound Cl1 interacts with both heparin and C1INH.
Heparin is also believed to directly bind to and inhibit C1
activity. There is evidence to suggest that C1 recognizes the
fraction of heparin with high antithrombin III affinity.['!!]
Heparin also has a profound effect on the complement
cascade through its interaction with a number of other
complement proteins.!'%]

Chemically modified, N-acetylated heparin inhibits cobra
venom factor activation of the complement cascade in
vivo.l'"?l Vaccinia virus complement control protein (VCP) is
secreted from virally infected cells and is believed to protect
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the host cell from complement attack prior to the release of
viral progeny.l'"® VCP inhibits both pathways of complement
activation by binding the third and fourth complement
components. VCP, a heparin-binding protein, may bind
heparan sulfate PGs on the surface of human endothelial
cells."™ A recent crystal structure analysis of VCP revealed a
putative heparin-binding site at its C-terminus and experi-
ments indicate that VCP can bind heparin and control
complement activation simultaneously.!'"”!

5. Interaction of Heparin with Extracellular
Signaling Molecules

5.1. Interaction of Heparin with Growth Factors

Fibroblast growth factors (FGFs) are members of a large
family of proteins that are involved in developmental and
physiological processes including cell proliferation, differ-
entiation, morphogenesis, and angiogenesis (currently 21
members).['') FGFs are heparin-binding proteins that have
a high affinity for cell surface heparan sulfate proteoglycans.
With the possible exception of antithrombin III, no heparin-
binding proteins have been more thoroughly studied. Verte-
brate FGFs have an internal core region of 28 highly
conserved and six invariant amino acids and range in
molecular weight from 17 to 34 kDa.[''"]

Acidic fibroblast growth factor (FGF-1) and basic fibro-
blast growth factor (FGF-2) were the first members of the
family to be discovered, and the thermodynamics and kinetics
of their interaction with heparin have been extensively
studied.®®® %3l High-resolution X-ray crystallographic data on
these proteins in complexes with heparin oligosaccharides
have been published.P: 31 These growth factors exert their
biological effects by binding to different, specific cell surface
receptors called fibroblast growth factor receptors (FGFR-1 -
FGFR-4). The FGFRs are transmembrane tyrosine Kkinase
receptors expressed as multiple splice variants with different
affinities for the different FGFs.””l The FGFRs are also
heparin-binding proteins,[''®! thus, the three compounds FGF,
FGFR, and heparan sulfate must interact simultaneously to
initiate signal transduction.'') FGF-stimulated signal trans-
duction is similar to other receptor-mediated pathways in that
it involves the dimerization of the FGFRs. Cell membrane
heparan sulfate binds multiple FGF molecules promoting
FGFR dimerization and signal transduction. High-resolution
X-ray crystal structures of complexes of FGF, FGFR, and a
heparin oligosaccharide provide an insight into the stoichi-
ometry and structural aspects of this physiologically relevant
interaction (Figure 7).0120 121]

The first study reports the crystal structure of a dimeric
ternary complex of FGF-2, FGFR-1, and a heparin decasac-
charide (2:2:2) at a resolution of 3 A.[120 In each FGF - FGFR
1:1 complex, heparin makes numerous contacts with both
FGF-2 and FGFR-1 stabilizing FGF-FGFR binding. Hep-
arin also makes contacts with the FGFR-1 of the adjacent
FGF-FGFR complex, thus seeming to promote FGFR
dimerization. The heparin binding mode in this structure is
not in accordance with previous findings on the minimal
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Figure 7. Structures of the recently solved FGF-FGFR —heparin com-
plexes. The FGFR is shown as a gold and the FGF as a green ribbon. The
heparin oligosaccharides are shown as space-filling models with sulfur
(yellow), oxygen (red) and nitrogen atoms (blue).

heparin chain length sufficient to promote dimerization,!'??!
requiring additional biochemical studies to support these
observations. Based on biochemical and crystallographic data,
a model can be built in which heparin interacts through its
nonreducing end with both FGF-2 and FGFR-1 resulting in
the formation of a stable 1:1:1 complex of FGF, FGFR, and
heparin. This complex can combine with another 1:1:1
complex through direct FGFR-FGFR contacts, secondary
interactions between FGF-2 in one ternary complex and
FGFR-1 in the adjacent ternary complex, and indirect
heparin-mediated FGFR -FGFR contacts.

The second study reports the crystal structure of a 2:2:1
complex of FGF-1, FGFR-2, and a heparin decasaccharide at
a resolution of 2.8 A.[12! In this case the complex is assembled
around a central heparin molecule that links two FGF-1
ligands into a dimer, similar to a previously proposed
model.BY There are significant differences in these models
with respect to the relative orientation of FGF-1 and heparin.
The 2:1 FGF-1-heparin complex acts as a bridge between the
two FGFR-2 molecules. The asymmetric heparin chain in this
structure contacts only one receptor molecule. The role of
heparan sulfate in this type of receptor dimerization also
appears critical, as there are very few protein—protein
contacts between the two halves of the pentameric complex.

While both these studies provide important information on
the organization of these complexes, there are significant
differences in the two structures possibly indicating that
different members of the FGF family of ligands and their
respective receptors may interact differently with heparan
sulfate chains. These differences could result from differences
in the distribution and structure of heparan sulfate PGs and
FGF receptors on cell surfaces in different tissues.

The vascular endothelial growth factor (VEGF) is an
angiogenic factor consisting of four alternatively spliced
forms, three of which interact with heparin.'”l The hepato-
cyte growth factor (HGF) binds heparan sulfate to act as a
tumor suppressor, morphogen, and angiogenic factor.!'?
Heparin can also modulate the biological activity of the
transforming growth factor-41 (TGF-f1). This factor plays an
important role in cell migration and proliferation, extracel-
lular matrix synthesis, and is also involved in immune
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processes.l'?! Other heparin-binding growth factors include
the platelet derived growth factor (PDGF) and the heparin-
binding epidermal growth factor (HB-EGF).l'?%l In summary,
heparan sulfate PGs localize growth factors at the cell surface
or in the extracellular matrix and promote their biological
activities.

5.2. Interaction of Heparin with Chemokines

Chemokines are a group of small, cytokinelike proteins
with a variety of biological functions including selective
recruitment and activation of cells during inflammation.!'?”!
Chemokines also stimulate leukocyte degranulation and
promote angiogenesis or angiostasis.'?*l The first member of
the chemokine family to be discovered was the platelet
factor 4 (PF-4, now called CXC chemokine ligand4 or
CXCL4). Chemokines were not recognized as chemotactic
molecules until the characterization of interleukin 8 (IL-8,
now called CXCL8).I"*l The more than 40 currently identified
chemokines can be classified according to the distribution of
cysteine residues near the NH,-terminus into four major
families: CXC, CC, C, and CX;C.'* The interaction of
chemokines with specific cell populations is mediated by
G-protein-coupled receptors having seven transmembrane
domains. Chemokine receptors are also believed to play an
important role in breast cancer metastasis!'*!l and in the entry
of HIV-1 into cells.'*? Chemokines can also bind heparin and
cell surface GAGs at the vascular endothelium or in the
extracellular matrix. This interaction has been suggested to
play a role in the formation of haptotactic gradients on the
surface of endothelial cells™® and to enhance the local
concentration of chemokines in the vicinity of G-protein-
coupled receptors.!'*4

PF-4 is released from platelets and is believed to have a
number of properties associated with inflammation and
wound healing that are thought to be due to its ability to
neutralize the activities of heparin and heparan sulfate
proteoglycans. When therapeutically administered heparin
binds to PF-4, it can lead to a dangerous immunologically
induced loss of platelets causing a condition called heparin-
induced thrombocytopenia (HIT). PF-4 exists mainly as a
tetramer under physiological conditions and binds to heparin
and heparan sulfate with a very high affinity in a 1:1 ratio.['*]
NMR studies on the interaction of a heparin dodecasacchar-
ide chain with PF-4 suggest that residues in the Arg20-
Arg?22 loop are involved in heparin binding.[*% These studies
also indicate that, for certain PF-4:heparin ratios, the heparin
chain induces PF-4 to undergo a conformational transition to
a partially folded, molten-globule state. The ratio at which this
conformational transition occurs is the same ratio at which
HIT antibody binding is observed, suggesting that the HIT
antibody recognizes a less folded, lower aggregate state of the
protein (Figure 8). Another study that looked at the inter-
action of heparan sulfate with PF-4 identified a large heparan
sulfate oligosaccharide that was involved in binding the PF-4
tetramer.l’”] The authors of this study propose that this
oligosaccharide chain is capable of wrapping around the PF-4
molecule, contacting the positively charged residues involved

Angew. Chem. Int. Ed. 2002, 41, 390-412

P,
% HIT
A Ab
A8 »
7
Nﬁ'{‘ heparin— PF-4
E o+ complex
QC& {partially folded
v state)
.
o
heparin
dodecasaccharide PF-4 tetramer

Figure 8. Scheme showing the events leading to HIT. The side chains of the
residues involved in heparin binding (Arg20 and Arg22) are shown as
space-filling models in the ribbon structure of the PF-4 tetramer.

in the interaction on all four monomers. The 2-O-sulfo-
iduronate residues in this oligosaccharide were identified to
be important for binding to PF-4. Basic residues in the circular
array of charges found on the surface of PF-4 are conserved
within the family of CXC type chemokines, including IL-8.1'3]
Studies on the interaction of IL-8 with heparan sulfate suggest
that a chain length of about 20 saccharide residues is essential
for binding with a binding mode in which the heparan sulfate
chain binds in a horseshoe fashion to the dimeric protein.['*]

The stromal cell derived factor-la (SDF-1a) is another
member of the CXC chemokine family. It is a pro-inflamma-
tory mediator, a potent chemo-attractant for a variety of cells,
like monocytes and T-cells, and also a potent inhibitor of the
cellular entry of HIV.'I Studies have shown that heparan
sulfate is involved in the binding and localizing of SDF-1a to
the cell surface.'*!] Site-directed mutation studies on SDF-1a
have identified several residues in the protein important for
this interaction.') Molecular docking studies suggest that a
heparin dodecasaccharide or tetradecasaccharide is required
for binding to SDF-1a."*] These large binding sites in PF-4,
IL-8, and SDF-1a may be the result of chemokine oligome-
rization. A heparin-binding consensus motif of the type
BBXB is also identified as being important for the interaction.
This motif is also implicated as the principle site for heparin
binding in a chemokine from the CC family called RANTES
(regulated on secretion, normal T-cell expressed and secret-
ed).l'l Other members in this family include monocyte
chemoattractant protein-1 (MCP-1) and macrophage inflam-
matory peptides-1 (MIP-1). Studies have shown that all these
chemokines also bind to heparin although with varying
affinity and specificity.l'*] Due to the low circulating concen-
trations of these chemokines, heparan sulfate PGs may play
an important role in sequestering these molecules on the cell
surface, thus increasing their effective concentration in the
vicinity of their low-affinity receptor sites.'*) Data also
suggest that cell surface heparan sulfate PGs play a different
role than free glycosaminoglycans. Soluble glycosaminogly-
cans can complex with chemokines in solution and prevent
their binding to the receptor, inhibiting downstream receptor-
mediated cell responses.['4’]

The recently identified C chemokine family and the CX,;C
family including lymphotactin and fractalkine('¥] appear to
bind heparin, but the in vivo role of this interaction is not well
understood. Thus, heparin —chemokine binding appears to be
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involved in the regulation of a number of different important
physiological processes.

6. Interaction of Heparin with Lipid- or
Membrane-Binding Proteins

The interaction of heparin with proteins such as antithrom-
bin III and the fibroblast growth factors has been very well
studied and characterized in terms of both structural and
functional aspects. While there is extensive literature on the
interaction of heparin with various families of proteins, less is
known about heparin interaction with lipid- or membrane-
binding proteins.

Annexins are a family of homologous proteins (currently
with 32 members) that are widely distributed and are
ubiquitous in eukaryotes.['*] A distinctive feature of annexins
is their calcium-dependent binding to the surface of phos-
pholipid membranes. Annexins have been implicated in a
wide range of functions in eukaryotes, including roles in cell
signaling, membrane trafficking, blood coagulation, and
inflammation.'¥] Although annexins are found primarily
within cells and lack signal sequences, many extracellular
events are now proposed to be annexin-mediated.'™! Cal-
cium-dependent glycosaminoglycan binding to annexins has
been reported and characterized in several in vitro stud-
ies.®> 15U ' While there are currently over 100 proteins that bind
heparin,l'! few of these interactions are calcium-dependent:
certain annexins, the serum amyloid P component (SAP)!>2
and P- and L-selectins.'’3] A qualitative study that examined
the glycosaminoglycan-binding properties of annexins IV, V,
and VI revealed different binding specificities for these
molecules.!>

The extracellular function of annexin V has been exten-
sively studied: it has a role in the entry of and in the infection
by influenza and hepatitis B viruses.'> Annexin V also
exhibits potent in vitro anticoagulant activity through a
proposed mechanism in which it coats placental endothelial
cells to form a protective anti-thrombotic shield.['*! Kinetic
and thermodynamic studies of annexin V demonstrate that its
calcium-dependent interaction with heparin and heparan
sulfate involves an oligosaccharide sequence of 6 -8 saccha-
ride residues.®) Molecular modeling suggests three possible
domains within annexin V that could be involved in heparin
binding, one on the lipid-binding surface of annexin V and the
other two on the exposed surface. A crystal structure analysis
of annexin V with bound heparin-derived tetrasaccharides at
a resolution of 1.9 Al gave the first structural information
on the essential role of calcium ions in a heparin-protein
interaction (Figure 9). The contact between heparin residues
and calcium is indirect and involves shared hydrogen bonds
with water molecules near the calcium coordination sites. The
calcium dependence of the annexin-heparin interaction
arises primarily through inducing the requisite conformation
for heparin binding. The structure is characterized by distinct
heparin-binding sites situated on opposite surfaces of the
protein. Residues important for the interaction can be
identified in the crystal structure, in previous modeling
studies and from biochemical studies on site-directed mutants.
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Figure 9. In an annexin V complex two heparin tetrasaccharides are bound
on opposite faces of the annexin V molecule. Annexin V is shown as an
aqua line and ribbon structure, calcium atoms in gold, and the heparin
tetrasaccharides with oxygen (red), sulfur (green), and nitrogen atoms
(blue).

Based on all of these data, a model is proposed by which cell
surface heparan sulfate PG wraps around the annexin V
molecule making contact with all three of its heparin-binding
domains (Figure 10A). The annexin V molecule is then
delivered and assembled into an antithrombotic array on
the cell surface phospholipid membrane.

Apolipoprotein E (apoE) is an important lipid transport
protein in human plasma and brain. Biochemical, cell bio-
logical, and epidemiological studies have suggested that apoE
is a major genetic risk factor in a number of diseases.["*8] The
human APOEF gene has three common alleles (€2, €3, and ¢4).
The three isoforms differ at amino acids 112 and 158 and vary
in their metabolic properties and association with disease.
ApoE4 (Arg112, Arg158) is associated with a higher risk of
heart disease'] and is a major genetic risk factor for
Alzheimer’s disease.l'"] ApoE also binds low-density lipo-
protein (LDL) receptors and plays a central role in plasma
lipoprotein metabolism and cholesterol transport.'!! In the
liver, apoE mediates the binding of lipoprotein remnant to the
complex of heparan sulfate PG with the LDL receptor-related
protein, facilitating lipoprotein uptake.[¢?

Both the N- and C-terminal domains contain a putative
heparin-binding site.l'> %4 The high-affinity heparin-binding
site of the N-terminal domain overlaps with the LDL
receptor-binding region; the heparin-binding site of the
C-terminal domain is only available for interaction in the
lipid-free state.'®*! A third heparin-binding site has been
proposed for the segment of protein that connects the
N-terminal and C-terminal domains.l'] The role of apoE
and heparan sulfate PG in the brain has been examined with
cultured neurons; the results suggest that the effects of
Alzheimer’s disease are mediated by the interaction of apoE
with the heparan sulfate PG-LDL receptor-related protein
complex.['®?l Based on this model, apoE initially interacts with
the heparan sulfate PG on the cell surface and is then
transferred to the LDL receptor-related protein receptor for
internalization. Thus, interaction with heparan sulfate repre-
sents the initial recognition step that localizes the apoE to the
cell surface. The interaction of heparin with apoE isoforms
has been studied using SPR,'®! and a recent study that
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Figure 10. Model for the binding of heparin to lipid-binding proteins by
wrapping around. A) Annexin V. B) Apolipoprotein E.

characterized both the energetics and kinetics of the binding
of heparin with the N-terminal domain of apoE4 identified an
octasaccharide sequence as the minimum binding site within
heparin.['! Analysis of these binding data suggests that a
heparan sulfate chain wraps around an apoE contacting all
three heparin-binding sites (Figure 10B). This model is
similar to that proposed for heparin binding to the other
lipid-binding protein annexin V (Figure 10A).

7. Heparan Sulfate as a Receptor for Pathogens

The initial binding of a virus to a target cell often represents
a critical step in pathogenesis.'”] Binding may result from a
receptor-like interaction between a viral coat protein mole-
cule and the glycosaminoglycan chain of a proteoglycan
expressed on the surface of the target cells. Heparan sulfate
GAGs are found on the external surface of most mammalian
tissues,'” 1% therefore, it is not surprising that viruses make use
of these molecules as receptors to bind to and gain entry into
target cells.
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The interaction of the human immunodeficiency virus type-
1 (HIV-1) coat proteins with heparin and heparan sulfate has
been the subject of many studies because of the potential of
these sulfated polysaccharides in the therapy and prevention
of HIV-1 infection.l' The physiological target cells for HIV-1
infection, CD4" T-cells, monocytes/macrophages, and some
populations of dendritic cells, all express a cellular receptor
molecule CD4.'I HIV-1 binds to a loop of 20 amino acids in
the first domain of CD4 by interacting with the viral surface
glycoprotein, gp120.1'7"I This interaction is believed to induce
a conformational change in HIV glycoproteins resulting in the
exposure of co-receptor binding sites on gp120.l71 The
interaction of gp120 and perhaps gp41 with CD4 and the co-
receptor molecules ultimately results in the fusion of virus and
cell membranes.['7?]

Heparin exerts its anti-HIV-1 activity by binding to the V3
loop, a major epitope of gp120.l'*I The V3 loop is not involved
in the initial gp120 - CD4 binding, but has an essential role to
play in subsequent steps leading to membrane fusion.l7
Studies with chemically modified heparin molecules show
that O-sulfation, particularly 6-O-sulfation, and N-substitu-
tion (acetylation or sulfation) are essential for this interac-
tion.'””) Another study shows that cell lines lacking the CD4
receptor are still infected by HIV-1 due to an interaction
between gp120 and cell surface heparan sulfate. This indicates
that CD4 dependence for HIV-1 attachment to target cells is
highly cell line specific and in some cases heparan sulfate may
act as the cell surface receptor for HIV-1. There is also
evidence that there might be a step prior to the gp120- CD4
interaction involving cell surface heparan sulfate chains and
cyclophilin A (CypA), which would represent the initial step
of HIV-1 localization and attachment to the cell surface.['””]
CypA is an abundant cytosolic protein ubiquitously expressed
in eukaryotic cells and is packaged into nascent HIV-1
particles at the time of viral assembly.['”® CypA is exposed
on the viral membrane and also has a domain of basic residues
similar to known heparin-binding motifs.

Heparin and heparan sulfate are also important in another
aspect of HIV-1 infection. One of the proteins essential for
HIV-1 replication is the Tat protein, which can be released
from cells and has autocrine and paracrine (local signaling)
activities."””! The Tat protein has the ability to enter cells and
is believed to play a role in priming cells for infection. Tat is a
heparin-binding protein which also interacts with heparan
sulfate proteoglycans on the cell surface and in the extrac-
ellular matrix.'® The minimum-sized heparin fragment
involved in Tat binding is a hexasaccharide, although the
binding affinity increases with increasing oligosaccharide size,
with about 18 saccharide residues required to match heparin’s
affinity.'!! Thus, heparin represents a “multi-target” com-
pound capable of affecting different aspects of HIV infection.

The herpes simplex virus (HSV) causes many disease states
including mucosal lesions and encephalitis. These diverse
clinical manifestations reflect the capacity of the virus to
infect both epithelial and neuronal cells. HSV also uses
heparan sulfate PG to target!'®? and infect cells.'*?] The entry
of HSV into mammalian cells is a multi-step process begin-
ning with an attachment step in which viral coat glycoproteins
¢C and gB interact with heparan sulfate chains on cell surface
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proteoglycans.' HSV types 1 and 2 differ in their interaction
with heparan sulfate, which may influence viral tropism.!'s]
These observed differences are the result of different require-
ments of gC and gB in HSV-1 and HSV-2 for binding heparin/
heparan sulfate.'! The second step in the entry of HSV
requires the interaction of glycoprotein gD with a specific
sequence within the heparan sulfate chains that have been
modified by 3-O-sulfation of specific glucosamine residues. This
interaction leads to the initiation of HSV-1 entry into the cell."!

Dengue virus, a mosquito-borne flavivirus, responsible for
yellow fever is also believed to target cells by the interaction
of an envelope protein with a highly sulfated heparan sulfate
(in the liver), which could give an explanation for the tropism
of the virus.'¥”l Two putative heparin-binding motifs at the
C-terminus of the dengue envelope protein sequence have
also been identified (Figure 11). Heparin and a number of

heparin
decasaccharide

domain ||

dengue virus envelope protein

Figure 11. Homology model of the dengue virus envelope protein with a
structurally modeled heparin decasaccharide. The envelope protein is
shown in green with the side chains of the basic amino acids (188 and 284 —
310) shown in blue. These residues form an extended positively charged
domain that is externally exposed. The space-filling model of a heparin
decasaccharide having a major disaccharide repeating sequence
(Scheme 1) is shown with sulfur (yellow), oxygen (red) and nitrogen atoms
(blue).

smaller analogs are being investigated as potential pharma-
ceutical agents to prevented dengue virus infection.!s? 188l
Other viruses, such as the respiratory syncytial virus,'®! the
cytomegalovirus,?! the adeno-associated virus,'”l and the
foot-and-mouth disease virus,['? all employ heparan sulfate
chains of cell surface proteoglycans in their initial step of
infection.

Heparin and heparan sulfate are also believed to play an
important role in the virulence of other pathogens. The
circumsporozoite (CS) protein is a sporozoite cell surface
protein of Plasmodium falciparum, the parasite causing
malaria. The CS protein interacts with the highly sulfated
heparan sulfate, present on the surface of liver cells,'*)] to
promote sporozoite attachment and subsequent invasion of
the hepatocytes.'* 1] This interaction is inhibited by heparin
in a dose-dependent manner.”) The CS protein has been
cloned and purified and identified as a heparin-binding
protein.l'””] The uptake of malaria sporozoites by hepatocytes
may take place by the same mechanism involved in the
apolipoprotein-E-mediated clearance of lipoprotein remnants
from the blood by the liver.'”®! A decasaccharide, which
shares the sequence of an heparin octasaccharide identified as
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the minimum-size oligosaccharide required for binding
apoE,l'%! corresponds to the minimum sequence size for the
CS-protein-binding domain.['!

Binding heparin is an efficient strategy utilized by microbial
pathogens to recruit a diverse array of mammalian heparin-
binding proteins to their surfaces, thus bypassing the need to
synthesize individual receptors for each of these proteins.['™]
Indeed, the human pathogen Neisseria gonorrhoeae binds
vitronectin, an extracellular matrix protein, without the
involvement of a specific vitronectin receptor on its cell
surface.?™! In this case it is believed that vitronectin binding is
indirect and mediated through a heparan sulfate chain that
forms stable molecular bridges between the bacterial surface
adhesin OpaA and vitronectin, both heparin-binding pro-
teins.20

8. Interaction of Heparin with Adhesion Proteins

The interaction of heparin and heparan sulfate with
adhesion proteins has implications in various physiological
and pathological processes including inflammation, nerve
tissue growth, tumor cell invasion, and plaque formation in
the brain.

The selectins (L-, E-, and P-selectin) are a family of
transmembrane glycoproteins found on endothelium, plate-
lets, and leukocytes.?’2 They are responsible for mediating the
initial adhesive events directing the homing of lymphocytes
into lymphoid organs and the interaction of leukocytes with
the endothelium in inflammation and reperfusion injury
states.?! Selectin interactions may also be involved in the
metastasis of certain epithelial cancers.?™ Although the
putative ligand on the endothelium responsible for the
interaction of leukocytes with selectins is the carbohydrate
antigen sialyl Lewis X (SLe*), heparan sulfate has also been
shown to play a role in this interaction.['>32%] Heparan sulfate
interacts with L- and P-selectin, but not E-selectin.!'**20% The
interaction of heparin with L-selectin is calcium-dependent
and requires micromolar levels of free calcium. L-selectin
binds oligosaccharides that contain highly modified, heavily
sulfated, iduronate rich regions and endothelial tissue-derived
heparan sulfate chains that are enriched in free amino
groups.?” The P-selectin-binding heparan sulfates include
chains with less highly modified domains.?*! Heparin tetra-
saccharides specifically block the interactions of L- and
P-selectins with SLe*-containing ligands demonstrating anti-
inflammatory activity in vivo, and also prevent colon cancer
cell adhesion to L- and P-selectin.?!

The heparin-binding growth-associated molecule (HB-
GAM), or pleiotrophin, is another protein associated with
the extracellular matrix. HB-GAM is believed to play a role in
enhancing neurite outgrowth by providing extracellular tracts
to guide neurites in the developing brain.?®! A heparan
sulfate PG, syndecan-3, binds with high affinity to HB-GAM
and may be a receptor for HB-GAM. This binding mediates
neurite outgrowth promoting signals from growing neu-
rites.?® Soluble heparin and heparan sulfate GAGs are
inhibitory towards neurite outgrowth, and the presence of
2-O-sulfo groups is required for inhibitory effects. A heparin
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decasaccharide was required for the inhibition of HB-GAM-
induced neurite outgrowth, and maximum activity was
observed for an octadecasaccharide.?'”) ITC and SPR were
used to study the thermodynamics and kinetics of the
heparin—HB-GAM interaction.[®! ITC studies demonstrated
a stoichiometry of interaction corresponding to a heparin
binding site for HB-GAM of 12-16 saccharide residues.
Affinity chromatography on HB-GAM-Sepharose showed
that oligosaccharides with more than 18 saccharide residues
gave the strongest interactions. CD and NMR spectroscopy
revealed that HB-GAM undergoes a conformational change
upon binding to heparin and that the binding occurs primarily
through the f-sheet domains of HB-GAM.P"l A search of
sequence databases shows that the -sheet domains of HB-
GAM are homologous to the thrombospondin type I repeat
(TSR). The TSR sequence motif occurs in a wide variety of
proteins (including malaria CS protein) that mediate cell-to-
extracellular matrix and cell-to-cell interactions, in which the
TSR domain mediates specific cell surface binding.

Heparin and heparan sulfate are also believed to be
involved in the formation of amyloid deposits in Alzheimer’s
disease and are found in associated senile plaques and
neurofibrillary tangles.?!?l The amyloid P (AP) component is
a glycoprotein found in the circulation, in basement mem-
branes, and in connective tissue and is also a universal
constituent of the abnormal tissue deposits in amyloidosis,
including Alzheimer’s disease.?'*1 AP has been shown to bind
to heparin, heparan sulfate, and dermatan sulfate in a
calcium-dependent manner."2J. AP also exhibits a calcium-
independent binding of lower affinity to heparan sulfate and
dermatan sulfate, and this binding is enhanced under con-
ditions of slightly lowered pH, possibly due to the protonation
of histidine residues in AP.2'¥) Two heparin-binding fragments
have been identified in the proteolytic digests of AP?' The
fragment sequences do not correspond to any previously
reported heparin-binding sequences and unlike AP these
peptides did not require calcium for binding activity. The
binding of the peptide that exhibited the highest affinity for
heparin was characterized by affinity capillary electrophore-
sis.?®l This binding was found to be highly specific for heparin
and heparin oligosaccharides down to tetramers and appeared
stronger at a slightly alkaline pH. No binding could be
demonstrated with heparan sulfate, chondroitin sulfate, and
desulfated heparin. While the precise role of heparin and
heparan sulfate in Alzheimer’s disease pathology is still
unknown, there is a possibility that heparin or heparin
oligosaccharides may be useful agents in slowing or reversing
the formation of Alzheimer’s?'”) and prion-based plaques in
the brain.?'¥!

9. Heparin-Degrading Enzymes

Two types of enzymes act on heparin and heparan sulfate,
the prokaryotic polysaccharide lyases (acting through an
eliminative mechanism)B! and the eukaryotic glucuronyl
hydrolases (acting through a hydrolytic mechanism). Heparin
lyases eliminatively depolymerize heparin affording unsatu-
rated oligosaccharide products (Scheme 5). Three major
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Scheme 5. Proposed mechanism for the eliminative depolymerization of
glycosaminoglycans. B represents a basic moiety, X =H or SO;".

polysaccharide lyases (heparin lyases I, II, and III), isolated
from Flavobacterium heparinum, are capable of cleaving
linkages present in heparin and heparan sulfate.'”) The
substrate specificity of each of these enzymes has been well
studied using heparin-derived oligosaccharides and chemi-
cally modified heparins (Scheme 6 A).[]

A
heparin lyase I, Il heparin lyase I, Il
CH,0Y GH0Y 00"
o 0 0 o}
oz k OH OH
| o 0 o)
NHSO5~ 0SO5~ NHR OH
B
heparanase
CH,0Y 00~ ﬂ CH,OY 00~
o) O, o) o)
L OH OH o) OH H
| ° OH | -
NHR NHR 0SO3

Scheme 6. Substrate specificity of A) heparin lyases I, II, and III, B) mam-
malian heparanase (Y, Z=H or SO;~, R=Ac or SO;").

Alignment of the primary sequences of these enzymes
revealed little sequence homology at both the DNA and the
amino acid levels.?!”] There are three basic clusters in heparin
lyase II that resemble heparin-binding consensus sequences.
These share homology with a basic cluster in the heparin-
binding site of heparin lyase I and two basic clusters in
heparin lyase III. There are two putative “EF-hand” calcium-
coordinating motifs in heparin lyasesI and III and none
in heparin lyase Il consistent with the observation
that calcium enhances the enzymatic activity of heparin
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lyases I and III but inhibits enzymatic activity of heparin
lyase IL.[2]

The genes encoding the three heparin lyases in Flavobac-
terium heparinum have been cloned and expressed in Escher-
ichia coli.”?* 1 Studies on the enzymology of heparin lyase I
have identified a cysteine and a histidine residue as part of the
catalytic domain???l and shown that three lysine residues are
involved in heparin binding close to the catalytic site.??!
Heparin lyase II has the broadest substrate specificity of the
three heparin lyases. It is known to have two distinct active
sites, one believed to act on heparin and the other on heparan
sulfate.’? One cysteine and three histidine residues have
been identified as crucial for heparin lyase II activity.?>]
Heparin lyase III, exhibiting a strong specificity for heparan
sulfate, is unique in that it contains no cysteine residues(?2 220
but instead two histidine residues crucial for its activity on
heparan sulfate.?’]

These enzymes are essential in the preparation of defined
oligosaccharides from heparin and heparan sulfate required
for the structural characterization of heparin and heparan
sulfate.l' They are also important clinically and have been
used in the monitoring of heparin levels in the blood,??® the
neutralization of heparin in the blood and the production of
LMW heparins for use in humans.® 2l Recent studies show
that heparin lyase I and II are capable of cleaving the AT-III-
binding site within heparin leaving only a partial site which
lacks some of the functional attributes of heparin with an
intact AT-III-binding site.”®l Heparin lyase I and III are also
potent inhibitors of neovascularization, which is associated
with the regulation of tissue development, wound healing, and
tumor metastasis.*!] A novel type of heparin lyase recently
purified from Bacteroides stercoris HJ-15, isolated from human
intestine,”? may be important in understanding how to
improve the oral bioavailability of pharmaceutical heparin.[?*!

Human heparanase, which is an endo-f-p-glucuronidase
capable of cleaving heparan sulfate, has been purified, cloned,
and characterized.”* Heparanase is a hydrolase, distinct from
the flavobacterium heparin lyases, and has been implicated in
inflammation as well as in tumor angiogenesis and metastasis,
making it an important target for the development of
inhibitors.?*! Heparanase is known to cleave heparan sulfate
into characteristic large-molecular-weight fragments.?** Stud-
ies on the substrate specificity of this enzyme suggest the
importance of 2-O-sulfo groups on uronic acids (Scheme
6B).?"1 The optimal pH for the heparanase activity is 4.2,
implying that it might be localized in the lysosomes.l?]

10. New Clinical Applications of Heparin

The interaction of heparin with various proteins that play
important roles in the regulation of normal physiological
processes as well as disease states has lead to an interest in
using heparin in roles outside its normal application as an
anticoagulant/antithrombotic agent. Randomized trials to
study the effectiveness of LMW heparin as compared to
unfractionated heparin in treating venous thromboembolism
in cancer patients led to a surprising observation: treatment
with heparin may affect survival of patients with malignan-
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cy.?¥l Cancer patients who had been treated with LMW
heparin for their thrombosis showed a slightly improved
three-month survival rate as compared to cancer patients
receiving unfractionated heparin. Heparin can potentially
exert its activity at various stages in cancer progression and
malignancy-related processes. It can affect cell proliferation,
interfere with the adherence of cancer cells to the vascular
endothelium, regulate the immune system and have both
inhibitory and stimulatory effects on angiogenesis.**” There is
recent evidence that heparin treatment reduces tumor meta-
stasis in mice by inhibiting P-selectin-mediated interactions of
platelets with mucin ligands on carcinoma cell surfaces.?*"
Numerous proteins of physiologic and pathophysiologic
importance interact with heparin and heparan sulfate. This
offers a large number of potential therapeutic applications for
heparin. The major limitation in utilizing heparin in new ways
is that its high potency as an anticoagulant becomes a side
effect that can lead to hemorrhagic complications. The
introduction of LMW heparins and the preparation of heparin
oligosaccharides and synthetic analogs devoid of anticoagu-
lant activity may open up a wide variety of new therapeutic
applications in the treatment of cancer, viral and bacterial
infections, Alzheimer’s disease, and transplant rejection.

11. Summary and Outlook

Over the last few decades heparin and heparan sulfate have
been shown to interact with a number of biologically
important proteins, thereby playing an essential role in the
regulation of various physiological processes (Figure 12). Our
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Figure 12. Involvement of heparin and heparan sulfate in important
physiological processes.

understanding of these interactions at the molecular level is
important for the design of highly specific therapeutic agents.
In addition, an understanding of the specificity of heparin and
heparan sulfate will be necessary to understand normal
physiologic and pathophysiologic processes. These processes
are particularly important wherever cell—cell interaction
plays an important role, such as in developmental biology,
cancer, wound healing, infectious diseases, inflammatory
processes, and neurite outgrowth.

Received: April 23, 2001 [A469]

Angew. Chem. Int. Ed. 2002, 41, 390-412



Heparin

REVIEWS

(1
(2]
(3]
(4]
(51
(6]

(71

[8

=

]
(10]

(1]

(12]
(13]

[14]

[15]

(16]
(7]

(18]

(19]

(20]

(21]

(22]

(23]
(24]

(2]
(26]

(27]

(28]

(29]
(30]

(31]

a) R. J. Linhardt, Chem. Ind. 1991, 2, 45-50; b) L. Roden in ref. [16],
pp. 1-24.

H. W. Howell, Bull. Johns Hopkins Hosp. 1928, 42, 199.

E. Jorpes, S. Bergstrom, Z. Physiol. Chem. 1936, 244, 253 —256.

A. F. Charles, A. R. Todd, Biochem. J. 1940, 34, 112-118.

A. S. Perlin, M. Mazurek, L. B. Jaques, L. W. Kavanaugh, Carbohydr.
Res. 1968, 7, 369 —379.

a) L. Roden, D. S. Feingold, Trends Biochem. Sci. 1985, 10, 407 —409;
b) C. H. Best, Circulation 1959, 19, 79.

a) J. Choay, J. C. Lormeau, M. Petitou, P. Sinay, J. Fareed, Ann. N. Y.
Acad. Sci. 1981, 370, 644 -649; b) R. Pixley, I. Danishefsky, Thromb.
Res. 1982, 26, 129-133; c¢) M. Hook, 1. Bjork, J. Hopwood, U.
Lindahl, FEBS Lett. 1976, 66, 90—-93.

a) R. J. Linhardt, N. S. Gunay, Semin. Thromb. Hemostasis 1999, 25,
5-16;b) J. Fareed, D. A. Hoppensteadt, R. L. Bick, Semin. Thromb.
Hemostasis 2000, 26, 5-21.

R. D. Rosenberg, P. S. Damus, J. Biol. Chem. 1973, 248, 6490 - 6505.
a) U. Lindahl, G. Biackstrom, M. Ho6k, L. Thunberg, L.-A. Fransson,
A. Linker, Proc. Natl. Acad. Sci. USA 1979, 76,3198 -3202; b) R. D.
Rosenberg, L. Lam, Proc. Natl. Acad. Sci. USA 1979, 76,1218 -1222.
a) R.J. Linhardt, T. Toida in Carbohydrates in Drug Design (Eds.:
Z.J. Witczak, K. A. Nieforth), Marcel Dekker, New York, 1997,
pp. 277-341; b) H. E. Conrad, Heparin-Binding Proteins, Academic
Press, San Diego, 1998, p. 3.

D. L. Lohse, R. J. Linhardt, J. Biol. Chem. 1992, 267, 24347 -24355.
a) U.R. Desai, H. M. Wang, R.J. Linhardt, Biochemistry 1993, 32,
8140-8145; b) U.R. Desai, H. M. Wang, R.J. Linhardt, Arch.
Biochem. Biophys. 1993, 306, 461 —468.

a) A. Pervin, C. Gallo, K. Jandik, X.-J. Han, R.J. Linhardt,
Glycobiology 1995, 5, 83-95; b) R. E. Hileman, T. Toida, A.E.
Smith, R. J. Linhardt, Glycobiology 1997, 7, 231 -239.

a) B. Casu, Adv. Carbohydr. Chem. Biochem. 1985, 43, 51-134;
b) W.D. Comper, Heparin and Related Polysaccharides, Vol. 7,
Gordan and Breach, 1981.

Heparin: Chemical and Biological Properties, Clinical Applications
(Eds.: D. A. Lane, U. Lindahl), CRC, Boca Raton, 1989.

J. T. Gallagher, J. E. Turnbull, M. Lyon, Adv. Exp. Med. Biol. 1992,
313,49-57.

C. C. Griffin, R. J. Linhardt, C. L. VanGorp, T. Toida, R. E. Hileman,
R.L. Schubert, S.E. Brown, Carbohydr. Res. 1995, 276, 183-—
197.

M. Bernfield, R. Kokeyesi, M. Kato, M. T. Hinkes, J. Spring, R. L.
Gallo, E. J. Lose, Annu. Rev. Cell Biol. 1992, 8, 365 —393.

a) U. Lindahl, K. Lindholt, D. Spillmann, L. Kjellén, Thromb. Res.
1994, 75, 1-32; b) R. D. Rosenberg, N. W. Schworak, J. Liu, J.J.
Schwartz, L. Zhang, J. Clin. Invest. 1997, 99, 2062 —2070.

M. Bernfield, M. Goétte, P. W. Park, O. Reizes, M. L. Fitzgerald, J.
Lincecum, M. Zako, Annu. Rev. Biochem. 1999, 68, 729-771.

R.J. Linhardt in Current Protocols in Molecular Biology, Analysis of
Glycoconjugates (Ed.: A. Varki), Wiley Interscience, 1994, 17.13.17 -
17.13.32.

B. Mulloy, M. J. Forster, C. Jones, D. B. Davies, Biochem. J. 1993, 293,
849 —858.

B. Mulloy, R. J. Linhardt, Curr. Struct. Biol. 2001, 11, 623 -628.

B. Casu, Haemostasis 1990, 20, 62 -73.

a) U. R. Desai, H. M. Wang, T. R. Kelly, R. J. Linhardt, Carbohydr.
Res. 1993, 241,249 -259; b) G. Torri, B. Casu, G. Gatti, M. Petitou, J.
Choay, J.-C. Jacquinet, P. Sinay, Biochem. Biophys. Res. Commun.
1985, 128, 134 -140.

P.N. Sanderson, T. N. Huckerby, I. A. Nieduszynski, Biochem. J.
1987, 243, 175-181.

a) D. R. Ferro, A. Provasoli, M. Ragazzi, G. Torri, B. Casu, J.-C.
Jacquinet, P. Sinay, M. Petitou, J. Choay, J. Am. Chem. Soc. 1986, 108,
6773-6778; b) C. A. van Boeckel, S. F. van Aelst, G. N. Wagenaars,
J.-R. Mellema, H. Paulsen, T. Peters, A. Pollex, V. Sinnwell, Recl.
Trav. Chim. Pays-Bas 1987, 106, 19-29.

D. Mikhailov, R. J. Linhardt, K. H. Mayo, Biochem. J. 1997, 328, 51—
61.

D. Mikhailov, K. H. Mayo, 1. R. Vlahov, T. Toida, A. Pervin, R.J.
Linhardt, Biochem. J. 1996, 318, 93 -102.

S. Faham, R. E. Hileman, J. R. Fromm, R.J. Linhardt, D. C. Rees,
Science 1996, 271, 1116 -1120.

Angew. Chem. Int. Ed. 2002, 41, 390-412

(32]

33]
(34]
(35]
(36]
(37)

(38]

(39]
(40]
[41]
(42]
(43]

[44]

[45]

[46]

(47]

48
[49

(50]
[51]

(52]
(53]

(54]

(55]
[56]
[57)
58]
[59]
(60]
[61]
(62]
(63]

[64]

C. A. van Boeckel, H. Lucas, S. F. van Aelst, M. W. P. van den Nieu-
wenhof, G. N. Wagenaars, J.-R. Mellema, Recl. Trav. Chim. Pays-Bas
1987, 106, 581 -591.

B. Mulloy, M. J. Forster, C. Jones, A. F. Drake, E. A. Johnson, D. B.
Davies, Carbohydr. Res. 1994, 255, 1-26.

A.D. DiGabriele, I. Lax, D.1. Chen, C. M. Svahn, M. Jaye, J.
Schlessinger, W. A. Hendrickson, Nature 1998, 393, 812-817.

R.J. Linhardt, P. M. Galliher, C. L. Cooney, Appl. Biochem. Biotech.
1986, 12, 135-176.

H. G. Bazin, R.J. Kerns, R. J. Linhardt, Tetrahedron Lett. 1997, 38,
923-926.

H. G. Bazin, I. Capila, R.J. Linhardt, Carbohydr. Res. 1998, 309,
135-144.

M. Ragazzi, D. R. Ferro, A. Provasoli, P. Pumilia, A. Cassinara, G.
Torri, M. Guerrini, B. Casu, H. B. Nader, C. P. Dietrich, J. Carbohydr.
Chem. 1993, 12, 523 -535.

S. E. B. Gould, R. O. Gould, D. A. Rees, A. W. Wight, J. Chem. Soc.
Perkin Trans. 2 1975, 392 —-399.

U. Lindahl, D. S. Feingold, L. Roden, Trends Biochem. Sci. 1986, 11,
221-225.

U. Lindahl, L. Kjellen, The Biology of the Extracellular Matrix:
Proteoglycans, Academic Press, New York, 1987.

M. Salmivirta, K. Lindholt, U. Lindahl, FASEB J. 1996, 10, 1270 -
1279.

K. Sugahara, H. Kitagawa, Curr. Opin. Struct. Biol. 2000, 10, 518 -
527.

a) H. Kitagawa, Y. Tone, J. Tamura, K. W. Neumann, T. Ogawa, S.
Oka, T. Kawasaki, K. Sugahara, J. Biol. Chem. 1998, 273, 6615 - 6618;
b) Y. Tone, H. Kitagawa, S. Oka, T. Kawasaki, K. Sugahara, FEBS
Lett. 1999, 459, 415 -420.

a) T. Okajima, K. Yoshida, T. Kondo, K. Furukawa, J. Biol. Chem.
1999, 274,22915-22918; b) R. Almeida, S. B. Levery, U. Mandel, H.
Kresse, T. Schwientek, E. P. Bennett, H. Clausen, J. Biol. Chem. 1999,
274,26165-26171.

a) L. Zhang, G. David, J. D. Esko, J. Biol. Chem. 1995, 270, 27127 -
27135;b) T. A. Fritz, M. M. Gabb, G. Wei, J. D. Esko, J. Biol. Chem.
1994, 269, 28809 —28814.

C. McCormick, G. Duncan, K. T. Goutsos, F. Tufaro, Proc. Natl.
Acad. Sci. USA 2000, 97, 668 —673.

K. Lindholt, U. Lindahl, Biochem. J. 1992, 287, 21 -29.

U. Lindahl, G. Béackstrom, A. Malmstrom, L.-A. Fransson, Biochem.
Biophys. Res. Commun. 1972, 46, 985 -991.

1. Jacobsson, U. Lindahl, J. Biol. Chem. 1980, 255, 5094 —5100.

M. Kusche, G. Torri, B. Casu, U. Lindahl, J. Biol. Chem. 1990, 265,
15403 -15409.

X. Bai, J. D. Esko, J. Biol. Chem. 1996, 271, 17711 -17717.

R. D. Rosenberg, N. W. Shworak, J. Liu, J. J. Schwartz, L. Zhang, J.
Clin. Invest. 1997, 100, S67—-S75.

a) J. Liu, N. W. Shworak, L. M. Fritze, J. M. Edelberg, R. D. Rosen-
berg, J. Biol. Chem. 1996, 271, 27072-27082; b) N. W. Shworak,
J. Liu, L. M. Petros, L. Zhang, M. Kobayashi, N. G. Copeland,
N. A. Jenkins, R. D. Rosenberg, J. Biol. Chem. 1999, 274, 5170—
5184.

J. T. Gallagher, J. E. Turnbull, M. Lyon, Int. J. Biochem. 1992, 24,
553 -560.

R. Langer, R. J. Linhardt, S. Hoffberg, A. K. Larsen, C. L. Cooney,
D. Tapper, M. Klein, Science 1982, 217, 261 —263.

M. D. Freedman, J. Clin. Pharmacol. 1992, 32, 584 —596.

a) D. E. Wallis, B. E. Lewis, H. Messmore, W. H. Wehrmacher, Clin.
Appl. Thromb./Hemostasis 1998, 4, 160—163; b) J. M. Walenga, R. L.
Bick, Med. Clin. North Am. 1998, 82, 635—648.

A. D. Cardin, H. J. R. Weintraub, Arteriosclerosis 1989, 9, 21 -32.
M. Sobel, D. F. Soler, J. C. Kermode, R. B. Harris, J. Biol. Chem.
1992, 267, 8857 — 8862.

H. Margalit, N. Fischer, S. A. Ben-Sasson, J. Biol. Chem. 1993, 268,
19228.

R. E. Hileman, J. R. Fromm, J. M. Weiler, R. J. Linhardt, BioEssays
1998, 20, 156 -167.

J.R. Fromm, R.E. Hileman, J. M. Weiler, R.J. Linhardt, Arch.
Biochem. Biophys. 1997, 346, 252 -262.

J. A. Huntington, S. T. Olson, B. Fan, P. G. W. Gettins, Biochemistry
1996, 35, 8495 —8503.

409



REVIEWS R.J. Linhardt and I. Capila
[65] E.E.O. Caldwell, V. D. Nadkarni, J. R. Fromm, R. J. Linhardt, J. M. [98] W. Bitomsky, R. C. Wade, J. Am. Chem. Soc. 1999, 121, 3004 -3013.
Weiler, Int. J. Biochem. Cell Biol. 1996, 28, 203 -216. [99] a) H. Rubin, Nat. Med. 1996, 2, 632-633; b) E.J. Goldsmith, J.

(66]
(67]

(68]

(691

[70]

(7]

[72]

(73]

[74]

[75]

[70]

(771
(78]
(791
(80]
(81]
(82]
(83]
(84]
(8]
(86]

(87]

(88]

(89]

(90]
(o1

(92]
(93]
(94]
[95]

[96]
(971

410

J.R. Fromm, R. E. Hileman, E. E. O. Caldwell, J. M. Weiler, R. J.
Linhardt, Arch. Biochem. Biophys. 1995, 323, 279 - 287.

J.R. Fromm, R. E. Hileman, E. E. O. Caldwell, J. M. Weiler, R. J.
Linhardt, Arch. Biochem. Biophys. 1997, 343, 92-100.

a) U. Lindahl, G. Bickstrom, L. Thunberg, 1. G. Leder, Proc. Natl.
Acad. Sci. USA 1980, 77, 6551 —6555; b) M. Petitou, J. C. Lormeau, J.
Choay, Eur. J. Biochem. 1988, 176, 637 - 640.

M. J. Hernaiz, J. Liu, R. D. Rosenberg, R.J. Linhardt, Biochem.
Biophys. Res. Commun. 2000, 276, 292 —287.

D. Shukla, J. Liu, P. Blaiklock, N. W. Shworak, X. Bai, J. D. Esko,
G. H. Cohen, R.J. Eisenberg, R. D. Rosenberg, P. G. Spear, Cell
1999, 99, 13-22.

S. Ye, Y. Luo, W. Lu, R. B. Jones, K. A. Mohamedali, R. J. Linhardt,
I. Capila, T. Toida, M. Kan, H. Pelletier, W.L. McKeehan,
Biochemistry 2001, 40, 14429 -14439.

W. L. McKeehan, X. Wu, M. Kan, J. Biol. Chem. 1999, 274, 21511 -
21514.

a) A. Walker, J. E. Turnbull, J. T. Gallagher, J. Biol. Chem. 1994, 269,
931-935; b) M. Ishihara, R. Takano, T. Kanda, K. Hayashi, S. Hara,
H. Kikuchi, K. Yoshida, J. Biochem. 1995, 118, 1255-1260.

H.M. Wang, T. Toida, Y.S. Kim, I. Capila, R. E. Hileman, M.
Bernfield, R.J. Linhardt, Biochem. Biophys. Res. Commun. 1997,
235,369-373.

S. Faham, R. J. Linhardt, D. C. Rees, Curr. Opin. Struct. Biol. 1998, 8,
578 -586.

M. A. Fath, X. Wu, R. E. Hileman, R. J. Linhardt, W. M. Abraham,
M. A. Kashem, R. M. Nelson, C. Wright, J. Biol. Chem. 1998, 273,
13563 -13569.

R. E. Hileman, R. N. Jennings, R. J. Linhardt, Biochemistry 1998, 37,
15231-15237.

J. Bae, U. R. Desai, A. Pervin, E. E. O. Caldwell, J. M. Weiler, R. J.
Linhardt, Biochem. J. 1994, 301, 121-129.

a) G. S. Manning, Biopolymers 1972, 11,937 -949; b) W. Sicinska, W.
Adams, L. Lerner, Carbohydr. Res. 1993, 242, 29-51.

a) T. M. Record, T. M. Lohman, P. J. de Haseth, Mol. Biol. 1976, 107,
145-158; b) T. M. Lohman, D. P. Mascotti, Methods Enzymol. 1992,
212,400-424.

a) S. T. Olson, H. R. Halvorson, 1. Bjork, J. Biol. Chem. 1991, 266,
6342-6352; b) B. Faller, Y. Mely, D. Gerard, J. G. Bieth, Biochem-
istry 1992, 31, 8285-8290.

D. P. Mascotti, T. M. Lohman, Biochemistry 1995, 34, 2908 -2915.

S. T. Olson, K. R. Srinivasan, I. Bjork, J. D. Shore, J. Biol. Chem.
1981, 256, 11073 -11079.

G. B. Villanueva, 1. Danishefsky, Biochem. Biophys. Res. Commun.
1977, 74, 803 - 809.

I. Capila, V. A. VanderNoot, T.R. Mealy, B. A. Seaton, R.J.
Linhardt, FEBS Lett. 1999, 446, 327 —330.

M. Fath, V. A. VanderNoot, I. Kilpeldinen, T. Kinnunen, H. Rauvala,
R. J. Linhardt, FEBS Lett. 1999, 454, 105-108.

E. E. O. Caldwell, A. M. Andreason, M. A. Blietz, J. N. Serrahn,
V. A. VanderNoot, Y. Park, G. Yu, R. J. Linhardt, J. M. Weiler, Arch.
Biochem. Biophys. 1999, 361, 215-222.

a) L. D. Thompson, M. W. Pantoliano, B. A. Springer, Biochemistry
1994, 33, 3831 -3840; b) E. Freire, O. L. Mayorga, M. Straume, Anal.
Chem. 1990, 62, 950A —959A.

K. G. Rice, P. Wu, L. Brand, Y. C. Lee, Biochemistry 1991, 30, 6646 —
6655.

M. Lee, A. D. Lander, Proc. Natl. Acad. Sci. USA 1991, 88, 2768 -2772.
R. E. Edens, J. R. Fromm, S. J. Fromm, R. J. Linhardt, J. M. Weiler,
Biochemistry 1995, 34, 2400 -2407.

J. Dawes, Anal. Biochem. 1988, 174, 177 -186.

H. Mach, D. B. Volkin, C.J. Burke, C. R. Middaugh, R. J. Linhardt,
J.R. Fromm, D. Loganathan, L. Mattsson, Biochemistry 1993, 32,
5480 —5489.

D. L. Evans, C.J. Marshall, P. B. Christey, R. W. Carrell, Biochem-
istry 1992, 31, 12629 -12642.

C. J. M. Huige, C. Altona, J. Comput. Chem. 1995, 16, 56-79.

T. Kozar, C.-W. von der Lieth, Glycoconjugate J. 1997, 14, 925-933.
R. Tyler-Cross, M. Sobel, L.E. McAdory, R.B. Harris, Arch.
Biochem. Biophys. 1996, 334, 206 —-213.

[100]

[101]

[102]

[103]
[104]

[105]

[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]

[114]

[115]
[116]

[117]
[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Mottonen, Structure 1994, 2, 241 -244.

a) L.-O. Andersson, L. Engman, E. Henningsson, J. Immunol.
Methods 1977, 14, 271 -281; b) A.-S. Carlstrom, K. Liedén, I. Bjork,
Thromb. Res. 1977, 11, 785.

a) W. W. Fish, A. Danielson, K. Nordling, S. H. Miller, C. F. Lam, I.
Bjork, Biochemistry 1985, 24, 1510-1517; b) 1. Bjork, A. Danielson
in Proteinase Inhibitors (Eds.: A.J. Barrett, G. Salvesen), Elsevier,
Amsterdam, 1986, p. 489.

M. Petitou, P. Duchaussoy, P.-A. Driguez, G. Jaurand, J.-P. Hérault,
J.-C. Lormeau, C. A. A. van Boeckel, J.-M. Herbert, Angew. Chem.
1998, 110, 3186-3191; Angew. Chem. Int. Ed. 1998, 37, 3009 -3014.
J. Choay, M. Petitou, J. C. Lormeau, P. Sinay, B. Casu, G. Gatti,
Biochem. Biophys. Res. Commun. 1983, 116, 492—499.

L. Jin, J. P. Abrahams, R. Skinner, M. Petitou, R. N. Pike, R. W.
Carrell, Proc. Natl. Acad. Sci. USA 1997, 94, 14683 - 14 688.

a) U. Desai, R. Swanson, S. C. Bock, 1. Bjork, S. T. Olson, J. Biol.
Chem. 2000, 275, 18976-18984; b) B. Fan, I. V. Turko, P. G. W.
Gettins, Biochemistry 1994, 33, 14156-14161; c) V. Arocas, S. C.
Bock, S. T. Olson, 1. Bjork, Biochemistry 1999, 38, 10196-10204.
U. Desai, M. Petitou, 1. Bjork, S. T. Olson, J. Biol. Chem. 1998, 273,
7478 -7487.

J.M. Weiler, R.E. Edens, R.J. Linhardt, D.P. Kapelanski, J.
Immunol. 1992, 148, 3210-3215.

R. E. Edens, J. M. Weiler, R. J. Linhardt, Complement Profiles 1993,
1, 96-120.

O. D. Ratnoff, I. H. Lepow, J. Exp. Med. 1957, 106, 327 -343.

a) R. Rent, R. Myhrman, B. A. Fiedel, H. Gewurz, Clin. Exp.
Immunol. 1976,23,264;b) K. Nagaki, S. Inai, Int. Arch. Allergy Appl.
Immunol. 1976, 50, 172 -180.

G. C. Calabrese, M. M. Recondo, M. E. Fernandez de Recondo, E. F.
Recondo, Cell Mol. Biol. 1997, 43, 237-242.

R. E. Edens, R. J. Linhardt, C. S. Bell, J. M. Weiler, Immunophar-
macology 1994, 27, 145-153.

S. T. Isaacs, G. J. Kotwal, B. Moss, Proc. Natl. Acad. Sci. USA 1992,
89, 628.

D. Reynolds, K. Keeling, R. Molestina, R. Srisatajluk, J. H. Butter-
field, W. Ehringer, D. E. Justus, G. J. Kotwal in Advances in Animal
Virology (Papers presented at the 2nd ICGEB-UCI Virology
Symposium, New Delhi, November 1998; Eds.: S. Jameel, L.
Villarreal), Science Publishers, Enfield, 2000, pp. 337 —-342.

K. H. M. Murthy, S. A. Smith, V. K. Ganesh, K. W. Judge, N. Mullin,
P. N. Barlow, C. M. Ogata, G. J. Kotwal, Cell 2001, 104, 301 -311.

T. Nishimura, Y. Nakatake, M. Konishi, N. Itoh, Biochim. Biophys.
Acta 2000, 1492, 203 -206.

D. M. Ornitz, BioEssays 2000, 22, 108—112.

M. Kan, F. Wang, J. Xu, J. W. Crabb, J. Hou, W. L. McKeehan,
Science 1993, 259, 1918 -1921.

M. Fannon, K. E. Forsten, M. A. Nugent, Biochemistry 2000, 39,
1434 —1445.

J. Schlessinger, A. N. Plotnikov, O. A. Ibrahimi, A. V. Eliseenkova,
B. K. Yeh, A. Yayon, R. J. Linhardt, M. Mohammadi, Mol. Cell 2000,
6, 743 -750.

L. Pellegrini, D. F. Burke, F. von Delft, B. Mulloy, T. L. Blundell,
Nature 2000, 407, 1029-1034.

a) D. M. Ornitz, A. B. Herr, M. Nilsson, J. Westman, C. M. Svahn, G.
Waksman, Science 1995, 268, 432—436; b) E.-Y. Zhou, M. Kan, R. T.
Owens, W. L. McKeehan, J. A. Thompson, R. J. Linhardt, M. Hook,
Eur. J. Cell Biol. 1997, 73, 71 -80.

H. Gitay-Goren, S. Soker, I. Vladovsky, G. Neufeld, J. Biol. Chem.
1992, 267, 6093 - 6098.

a) F. Bussolino, M. F. DiRenzo, M. Ziche, E. Bocchietto, M. Olivero,
L. Naldini, G. Guadino, L. Tamagnone, A. Coffer, P. M. Comoglio, J.
Cell Biol. 1992, 119, 629-641; b) D. Naka, T. Ishii, T. Shimomura, T.
Hishida, H. Hara, Exp. Cell Res. 1993, 209, 317 -324.

a) M. A. Palladino, R. E. Morris, H. F. Starnes, A. D. Levinson, Ann.
N. Y. Acad. Sci. 1990, 593, 181-187; b) T. A. McCaffrey, D.J.
Falcone, B. Du, J. Cell Physiol. 1992, 152, 430 —440.

a) S. A. Thompson, S. Higashiyama, K. Wood, N. S. Pollitt, D. Damm,
G. McEnroe, B. Garrick, N. Ashton, K. Lau, N. Hancock, M.
Klagsbrun, J. A. Abraham, J. Biol. Chem. 1994, 269, 2541-2549;

Angew. Chem. Int. Ed. 2002, 41, 390-412



Heparin

REVIEWS

[127]

[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136]

[137]
[138]

[141]

[142]

[143]

[144]

[145]

[146]
[147]

[148]
[149]

[150]

[151]

[152]
[153]

b) E. Feyzi, F. Lustig, G. Fager, D. Spillman, U. Lindahl, M.
Salmivirta, J. Biol. Chem. 1997, 272, 5518 —5524.

a) A.D. Luster, N. Engl. J. Med. 1998, 338, 436-445; b) T. N. C.
Wells, C. A. Power, A. E. I. Proudfoot, Trends Pharmacol. Sci. 1998,
19, 376 -380.

J. A. Belperio, M. P. Keane, D. A. Arenberg, C. L. Addison, J. E.
Ehlert, M. D. Burdick, R. M. Strieter, J. Leukocyte Biol. 2000, 68, 1—
8.

T. Yoshimura, K. Matsushima, S. Tanaka, E. A. Robinson, E.
Appella, J.J. Oppenheim, E.J. Leonard, Proc. Natl. Acad. Sci.
USA 1987, 84, 9233 -9237.

D. Rossi, A. Zlotnik, Annu. Rev. Immunol. 2000, 18, 217 -242.

A. Miiller, B. Homey, H. Soto, N. Ge, D. Catron, M. E. Buchanan, T.
McClanahan, E. Murphy, W. Yuan, S. M. Wagner, J. L. Barrera, A.
Mohar, E. Verastegui, A. Zlotnik, Nature 2001, 410, 50— 56.

Y. Huang, W. A. Paxton, S. M. Wolinsky, A. U. Neumann, L. Zhang,
T. He, S. Kang, D. Ceradini, Z. Jin, K. Yazdanbakhsh, K. Kunstman,
D. Erickson, E. Dragon, N. R. Landau, J. Phair, D. Ho, R. A. Koup,
Nat. Med. 1996, 2, 1240.

a) D.P. Witt, A.D. Lander, Curr. Biol. 1994, 4, 394-400; b)J.
Middleton, S. Neil, J. Wintle, J. Clark-Lewis, H. Moore, C. Lam, M.
Auer, E. Hub, A. Rot, Cell 1997, 91, 385-395.

A.J. Hoogewer, G. S. V. Kuschert, A. E. I. Proudfoot, F. Borlat, I.
Clark-Lewis, C. A. Power, T.N. C. Wells, Biochemistry 1997, 36,
13570-13578.

a) K. Ibel, G. A. Poland, J. P. Baldwin, D. S. Pepper, M. Luscombe,
J. J. Holbrooke, Biochim. Biophys. Acta 1986, 870, 58—63; b) S. E.
Marshall, M. Luscombe, D.S. Pepper, J.J. Holbrooke, Biochim.
Biophys. Acta 1984, 797, 34.

D. Mikhailov, H. C. Young, R.J. Linhardt, K. H. Mayo, J. Biol.
Chem. 1999, 274, 25317 -25329.

S. E. Stringer, J. T. Gallagher, J. Biol. Chem. 1997,272,20508 -20514.
a) J. A. Stuckey, R. St. Charles, B. F. P. Edwards, Proteins Struct.
Funct. Genet. 1992, 14,277-287; b) L. M. C. Hill, M. U. Ehrengrub-
er, I. Clarke-Lewis, M. Baggiolini, A. Rot, Proc. Natl. Acad. Sci. USA
1993, 90, 7158 -7162.

D. Spillmann, D. Witt, U. Lindahl, J. Biol. Chem. 1998, 273, 15487 —
15493.

a) C. C. Bleul, R. C. Fuhlbrigge, J. M. Casasnovas, A. Aiuti, T. A.
Springer, J. Exp. Med. 1996, 184, 1101-1109; b) E. Oberlin, A.
Amara, F. Bachelerie, C. Bessia, J. L. Virelizier, F. Arenzana-
Seisdedos, O. Schwartz, J. M. Heard, I. Clarke-Lewis, D. F. Legler,
M. Loetscher, M. Baggiolini, B. Moser, Nature 1996, 382, 833 -835.
E. Mbemba, J. C. Gluckman, L. Gattegno, Glycobiology 2000, 10,
21-29.

A. Amara, O. Lorthioir, A. Valenzuela, A. Magerus, M. Thelen, M.
Montes, J. L. Virelizier, M. Delepierre, F. Baleux, H. Lortat-Jacob, F.
Arenzana-Seisdedos, J. Biol. Chem. 1999, 274, 23916-23925.

R. Sadir, F. Baleux, A. Grosdidier, A. Imberty, H. Lortat-Jacob, J.
Biol. Chem. 2001, 276, 8288 —8296.

A.E. L. Proudfoot, S. Fritchley, F. Borlat, J. P. Shaw, F. Vibois, C.
Zwahlen, A. Trkola, P. R. Clapham, T. N. C. Wells, J. Biol. Chem.
2001, 276, 10620 -10626.

G. S. V. Kuschert, F. Coulin, C. A. Power, A. E. I. Proudfoot, R. E.
Hubbard, A.J. Hoogewerf, T. N. C. Wells, Biochemistry 1999, 38,
12959-12968.

S. Ali, A. C. V. Palmer, B. Banerjee, S. J. Fritchley, J. A. Kirby, J. Biol.
Chem. 2000, 275, 11721 -11727.

D. M. Hoover, L. S. Mizoue, T. M. Handel, J. Lubkowski, J. Biol.
Chem. 2000, 275, 23187 -23193.

J. Benz, A. Hofmann, Biol. Chem. 1997, 378, 177 -184.

a) B. A. Seaton, J. R. Dedman, Biometals 1998, 11, 399-404; b) V.
Gerke, S. E. Moss, Biochim. Biophys. Acta 1997, 1357, 129 -154.

a) T. J. Yeatman, T. V. Updyke, M. A. Kaetzel, J. R. Dedman, G. L.
Nicolson, Clin. Exp. Metastasis 1993, 11, 37-44; b) K. Kimata, T.
Shinomura, S. Asano, K. Ito, M. Ujita, M. Zako, Glycoconjugate J.
1995, 12, 481.

G. Kassam, A. Manro, C. E. Braat, P. Louie, S. L. Fitzpatrick, D. M.
Waisman, J. Biol. Chem. 1997, 272, 15093 -15100.

H. Hamazaki, J. Biol. Chem. 1987, 262, 1456 —1460.

K. E. Norgard-Sumnicht, N. M. Varki, A. Varki, Science 1993, 261,
480-483.

Angew. Chem. Int. Ed. 2002, 41, 390-412

[154]

[155]

[156]
[157]

[158]
[159]

[160]

[161
[162
[163]

—

[164]

[165]
[166

[167]

[168]

[169
[170]

[171]

[172]

[173]

[174]
[175

[176
[177

[178]

[179]

[180]

[181]

R. Ishitsuka, K. Kojima, H. Utsumi, H. Ogawa, I. Matsumoto, J. Biol.
Chem. 1998, 273, 9935 -9941.

a) R. T. Huang, B. Lichtenberg, O. Rick, FEBS Lett. 1996, 392, 59—
62; b)S. DeMeyer, Z.J. Gong, W. Suwandhi, J. van Pelt, A.
Soumillon, S. H. Yap, J. Viral Hepatitis 1997, 4, 145-153.

J.H. Rand, X. X. Wu, H. A. Andree, C.J. Lockwood, S. Guller, J.
Scher, P. C. Harpel, New Engl. J. Med. 1997, 337, 154-160.

I. Capila, M. J. Herndiz, Y. D. Mo, T. R. Mealy, B. Campos, J. R.
Dedman, R. J. Linhardt, B. A. Seaton, Structure 2001, 9, 57 -64.

K. H. Weisgraber, R. W. Mahley, FASEB J. 1996, 10, 1485-1494.

a) J. Davignon, J. S. Cohn, L. Mabile, L. Bernier, Clin. Chim. Acta
1999, 286,115-143;b) G. Luc, J.-M. Bard, D. Arveiler, A. Evans, J.-P.
Cambou, A. Bingham, P. Amouyel, P. Schaffer, J.-B. Ruidavets, F.
Cambien, J.-C. Fruchart, P. Ducimetiere, Arterioscler. Thromb. 1994,
14,1412 -1419.

a) W. J. Strittmatter, A. M. Saunders, D. Schmechel, M. Pericak-
Vance, J. Enghild, G. S. Salvesen, A. D. Roses, Proc. Natl. Acad. Sci.
USA 1993, 90, 1977-1981; b) E. H. Corder, A. M. Saunders, N. J.
Risch, W.J. Strittmatter, D. E. Schmechel, P. C. Gaskell, Jr., J. B.
Rimmler, P. A. Locke, P. M. Conneally, K. E. Schmader, G. W. Small,
A. D. Roses, J. L. Haines, M. A. Pericak-Vance, Nat. Genet. 1994, 7,
180-184.

R. W. Mahley, Science 1988, 240, 622 —630.

R. W. Mahley, Z.-S. Ji, J. Lipid Res. 1999, 40, 1-16.

A. D. Cardin, N. Hirose, D. T. Blankenship, R. L. Jackson, J. A. K.
Harmony, Biochem. Biophys. Res. Commun. 1986, 134, 783 -789.
K. H. Weisgraber, S. C. Rall, Jr., R. W. Mahley, R. W. Milne, Y. L.
Marcel, J. T. Sparrow, J. Biol. Chem. 1986, 261, 2068 —2076.

V. V. Shuvaeyv, 1. Laffont, G. Siest, FEBS Lett. 1999, 459, 353 -357.
J. Dong, C. A. Peters-Libeu, K. H. Weisgraber, B. W. Segelke, B.
Rupp, I. Capila, M.J. Herndiz, L. A. LeBrun, R.J. Linhardt,
Biochemistry 2001, 40, 2826 —2834.

K. L. Tyler, B. N. Fields in Fields Virology (Eds.: B. N. Fields, D. M.
Knipe, P.M. Howley), Lippincott—Raven, Philadelphia, 1996,
pp- 173-217.

a) C. C. Rider, Glycoconjugate J. 1997, 14, 639-642; b) D. S. New-
burg, R. J. Linhardt, S. A. Ampofo, R. H. Yolken, J. Nutr. 1995, 125,
419-424.

Q. J. Sattentau, R. A. Weiss, Cell 1988, 52, 631 -632.

R. A. Sweet, A. Truneh, W. A. Hendrickson, Curr. Opin. Biotechnol.
1991, 2, 622 -633.

a) A. Trkola, T. Dragic, J. Arthos, J. M. Binley, W. C. Olson, G.P.
Allaway, C. Cheng-Mayer, J. Robinson, P.J. Maddon, J. P. Moore,
Nature 1996, 384, 184—187; b) L. Wu, N. P. Gerard, R. Wyatt, H.
Choe, C. Parolin, N. Ruffing, A. Borsetti, A. A. Cardoso, E.
Desjardin, W. Newman, C. Gerard, J. Sodroski, Nature 1996, 384,
179-183.

J. P. Moore, B. A. Jameson, R. A. Weiss, Q. J. Sattentau in The HIV —
Cell Fusion Reaction (Ed.: J. Bentz), CRC, Boca Raton, 1993,
pp- 233-291.

a) H. A. Harrop, D. R. Coombe, C. C. Rider, AIDS 1994, 8, 183;
b) L. N. Callahan, M. Phelan, M. Mallinson, M. A. Norcross, J. Virol.
1991, 65, 1543; c) D. Batinic, F. A. Robey, J. Biol. Chem. 1992, 267,
6664 —6671.

P. L. Nara, R. R. Garrity, J. Goudsmit, FASEB J. 1991, 5, 2437 - 2455.
C. C. Rider, D. R. Coombe, H. A. Harrop, E. F. Hounsell, C. Bauer,
J. Feeney, B. Mulloy, N. Mahmood, A. Hay, C. R. Parish, Biochem-
istry 1994, 33, 6974 — 6980.

I. Mondor, S. Ugolini, Q. J. Sattentau, J. Virol. 1998, 72, 3623 —3634.
A. C.S. Saphire, M. D. Bobardt, P. A. Gallay, EMBO J. 1999, 18,
6771-6785.

a) E. K. Franke, H. E. H. Yuan, J. Luban, Nature 1994, 372,359 -362;
b) M. Thali, A. Bukovsky, E. Kondo, B. Rosenwirth, C. T. Walsh, J.
Sodroski, H. G. Géttlinger, Nature 1994, 372, 363 —365.

B. Ensoli, L. Buonaguro, G. Barillari, V. Fiorelli, R. Gendelman,
R. A. Morgan, P. Wingfield, R. C. Gallo, J. Virol. 1993, 67, 277 -287.
a) M. Rusnati, D. Coltrini, P. Oreste, G. Zoppetti, A. Albini, D.
Noonan, F. d’Adda di Fagagna, M. Giacca, M. Presta, J. Biol. Chem.
1997, 272, 11313-11320; b) H. C. Chang, F. Samaniego, B. C. Nair,
L. Buonaguro, B. Ensoli, AIDS 1997, 11, 1421 -1431.

M. Rusnati, G. Tulipano, D. Spillman, E. Tanghetti, P. Oreste, G.
Zoppetti, M. Giacca, M. Presta, J. Biol. Chem. 1999, 274,28 198 -28205.

411



REVIEWS

[182]
[183]

[195]

[196]
[197]
[198]
[199]
[200]
[201]
[202]
[203]

[204]

[205]
[206]
[207]

[208]

[209]
[210]

[211]

[212]

412

R.J. Linhardt and I. Capila

D. WuDunn, P. G. Spear, J. Virol. 1989, 263, 52—-58.

a) B. C. Herold, R. J. Visalli, N. Susmarski, C. R. Brandt, P. G. Spear,
J. Gen. Virol. 1994, 75, 1211-1222; b) B. C. Herold, S. I. Gerber, T.
Polonsky, B. J. Belval, P. N. Shaklee, K. Holme, Virology 1995, 206,
1108-1116.

P. G. Spear, M. T. Shieh, B. C. Herold, D. WuDunn, T. I. Koshy, Adv.
Exp. Med. Biol. 1992, 313, 341 —353.

a) E. Trybala, J. A. Liljeqvist, B. Svennerholm, T. Bergstrom, J. Virol.
2000, 74,9106 -9114; b) B. C. Herold, S. I. Gerber, B. J. Belval, A. M.
Siston, N. Shulman, J. Virol. 1996, 70, 3461 —3469.

R. K. Williams, S. E. Straus, J. Virol. 1997, 71, 1375-1380.

Y. Chen, T. Maguire, R. E. Hileman, J. R. Fromm, J. D. Esko, R.J.
Linhardt, R. M. Marks, Nat. Med. 1997, 3, 866 —871.

R. M. Marks, H. Lu, R. Sundaresan, T. Toida, A. Suzuki, T. Imanari,
M. J. Herndiz, R.J. Linhardt, J. Med. Chem. 2001, 44, 2178 -2187.
T. Krusat, H. J. Streckert, Arch. Virol. 1997, 142, 1247 -1254.

T. Compton, D. M. Nowlin, N. R. Cooper, Virology 1993, 193, 834 —841.
C. Summerford, R. J. Samulski, J. Virol. 1998, 72, 1438 —1445.

T. Jackson, F. M. Ellard, R. A. Ghazaleh, S. M. Brookes, W. E.
Blakemore, A. H. Corteyn, D. I. Stuart, J. W. I. Newman, A. M. Q.
King, J. Virol. 1996, 70, 5282.

M. Lyon, J. A. Deakin, J. T. Gallagher, J. Biol. Chem. 1994, 269,
11208 -11215.

a) C. Cerami, U. Frevert, P. Sinnis, B. Takacs, P. Clavijo, M. J. Santos,
V. Nussenzweig, Cell 1992, 70,1021 -1033; b) U. Frevert, P. Sinnis, C.
Cerami, W. Shreffler, B. Takacs, V. Nussenzweig, J. Exp. Med. 1993,
177,1287-1298.

D. Rathore, T. F. McCutchan, D. N. Garboczi, M. J. Hernaiz, L. A.
LeBrun, S. C. Lang, R. J. Linhardt, Biochemistry 2001, 40, 11518 —
11524.

S. J. Pancake, G. D. Holt, S. Mellouk, S. L. Hoffman, J. Cell Biol.
1992, 717, 1351 -1357.

D. Rathore, T. F. McCutchan, Mol. Biochem. Parasitol. 2000, 108,
253-256.

P. Sinnis, T. E. Willnow, M. R. Briones, J. Herz, V. Nussenzweig, J.
Exp. Med. 1996, 184, 945—954.

T. D. Duensing, J. S. Wing, J. P. M. van Putten, Infect. Immun. 1999,
67, 4463.

T. D. Duensing, J. P. M. van Putten, Biochem. J. 1998, 334, 133 -139.
a) T. Chen, R. J. Belland, J. Wilson, J. Swanson, J. Exp. Med. 1995,
182, 511; b) J. P. M. van Putten, T. D. Duensing, R. L. Cole, Mol.
Microbiol. 1998, 29, 369.

R. P. McEver, Curr. Opin. Immunol. 1994, 6, 75— 84.

a) A. Varki, Proc. Natl. Acad. Sci. USA 1994, 91,7390-7397;b) T. F.
Tedder, D. A. Steeber, A. Chen, P. Engel, FASEB J. 1995, 9, 866 —873.
a) T. Matsusako, H. Muramatsu, T. Shirahama, T. Muramatsu, Y.
Ohi, Biochem. Biophys. Res. Commun. 1991, 181, 1218-1222; b) A.
Aruffo, M. T. Dietsch, H. Wan, K. E. Hellstrom, I. Hellstrém, Proc.
Natl. Acad. Sci. USA 1992, 89, 2292.

R. M. Nelson, O. Cecconi, W. G. Roberts, A. Aruffo, R. J. Linhardt,
M. P. Bevilacqua, Blood 1993, 82, 3253 -3258.

A. Koenig, K. E. Norgard-Sumnicht, R. J. Linhardt, A. Varki, J. Clin.
Invest. 1998, 101, 877 —889.

K. E. Norgard-Sumnicht, A. Varki, J. Biol. Chem. 1995, 270, 12012 —
12024.

a) H. Rauvala, EMBO J. 1989, 8, 2933 -2941; b) M. D. Kuo, Y. Oda,
J.S. Huang, S.S. Huang, J. Biol. Chem. 1990, 265, 18749-18752;
¢) E. Raulo, I. Julkunen, J. Merenmies, R. Pihlaskari, H. Rauvala, J.
Biol. Chem. 1992, 267, 11408 -11416.

E. Raulo, M. A. Chernousov, D.J. Carey, R. Nolo, H. Rauvala, J.
Biol. Chem. 1994, 269, 12999 — 13 004.

T. Kinnunen, E. Raulo, R. Nolo, M. Maccarana, U. Lindahl, H.
Rauvala, J. Biol. Chem. 1996, 271, 2243 —2248.

I. Kilpeldinen, M. Kaksonen, T. Kinnunen, E. Raulo, H. Avikainen,
M. Fath, H. Rauvala, R. J. Linhardt, J. Biol. Chem. 2000, 275, 13564 —
13570.

a) L. Buee, W. Ding, A. Delacourte, H. Fillit, Brain Res. 1993, 601,
154-163; b) A. D. Snow, J. Willmer, R. Kisilevsky, Lab. Invest. 1987,
56, 120-123.

[213]

[214]
[215]

[216]
[217

[218]
[219]

[220]

[221]
[222]

[223]
[224]

[225]

[226]
[227]
[228]
[229]

[230]

[231]
[232]
[233

[234]
[235]

[236]

[237]

[238]

[239]
[240]

[241]

a) F. Coria, E. Castaiio, F. Prelli, M. Larrondo-Lillo, S. van Duinen,
M. L. Shelanski, B. Frangione, Lab. Invest. 1988, 58, 454-457;
b) R.N. Kalaria, P.G. Galloway, G. Perry, Neuropathol. Appl.
Neurobiol. 1991, 17,189 -201.

B. Danielsen, I. J. Sorensen, M. Nybo, E. H. Nielsen, B. Kaplan, S. E.
Svehag, Biochim. Biophys. Acta 1997, 1339, 73-78.

N. H. H. Heegaard, P. M. H. Heegaard, P. Roepstorff, F. A. Robey,
Eur. J. Biochem. 1996, 239, 850 —856.

N. H. H. Heegaard, Electrophoresis 1998, 19, 442 —447.

R. Kisilevsky, L.J. Lemieux, P. E. Fraser, X. Kong, P. G. Hultin,
W. A. Szarek, Nat. Med. 1995, 1, 143 -148.

K. C. Chadha, A. L. Kazim, R. Parthassarathy, E. Sulkowski, T. B.
Tomasi, BioChromatography 1997, 2, 211 -223.

R. Godavarti, R. Sasisekharan, Biochem. Biophys. Res. Commun.
1996, 229, 770.

a) R. Sasisekharan, M. Bulmer, K. W. Moremen, C. L. Cooney, R.
Langer, Proc. Natl. Acad. Sci. USA 1993, 90, 3660-3664; b) S. E.
Ernst, G. Venkataraman, S. Winkler, R. Godavarti, R. Langer, C. L.
Cooney, R. Sasisekharan, Biochem. J. 1996, 315, 589 —597.

R. Godavarti, M. Davis, G. Venkataraman, C. L. Cooney, R. Langer,
R. Sasisekharan, Biochem. Biophys. Res. Commun. 1996, 225, 751 -758.
R. Godavarti, C. L. Cooney, R. Langer, R. Sasisekharan, Biochem-
istry 1996, 35, 6846 —6852.

R. Godavarti, R. Sasisekharan, J. Biol. Chem. 1998, 273, 248 —255.
A.J. Rhomberg, Z. Shriver, K. Biemann, R. Sasisekharan, Proc. Natl.
Acad. Sci. USA 1998, 95, 12232 -12237.

a) Z. Shriver, Y. Hu, R. Sasisekharan, J. Biol. Chem. 1998, 273,
10160-10167; b) Z. Shriver, Y. Hu, K. Pojasek, R. Sasisekharan, J.
Biol. Chem. 1998, 273, 22904 -22912.

H. Su, F. Blain, R. A. Musil, J. J. Zimmerman, K. Gu, D. C. Bennett,
Appl. Environ. Microbiol. 1996, 62, 2723 —-2734.

K. Pojasek, Z. Shriver, Y. Hu, R. Sasisekharan, Biochemistry 2000,
39, 4012-4019.

L. Tejidor, D. Oman, J. Zimmerman, A. Russo, M. Rose, L.
Borzhemskaya, H. Pelzer, Thromb. Haemostasis 1993, 69, 866.

R. S. Langer, R. J. Linhardt, C. L. Cooney, G. Fitzgerald, A. Grant,
Heparinase Derived Anticoagulants, US Pat. 4396762, 1983.

a) Z. Shriver, M. Sundaraman, G. Venkataraman, J. Fareed, R.J.
Linhardt, K. Biemann, R. Sasisekharan, Proc. Natl. Acad. Sci. USA
2000, 97, 10365-10370; b) G. Yu, L. A. LeBrun, N. S. Gunay, D.
Hoppensteadt, J. Walenga, J. Fareed, R. J. Linhardt, Thromb. Res.
2000, 100, 549 —556.

R. Sasisekharan, M. A. Moses, M. A. Nugent, C. L. Cooney, R.
Langer, Proc. Natl. Acad. Sci. USA 1994, 91, 1524 -1528.

B.T. Kim, W.S. Kim, Y.S. Kim, R.J. Linhardt, D. H. Kim, J.
Biochem. (Tokyo) 2000, 128, 323 —328.

H. Engelberg, Clin. Appl. Thromb./Hemostasis 1995, 1, 283 —285.
M. Toyoshima, M. Nakajima, J. Biol. Chem. 1999, 274,24 153 -24160.
a) M. Nakajima, T. Irimura, G. L. Nicolson, Cancer Lett. 1986, 31,
277-283; b) C. Freeman, C. R. Parish, Biochem. J. 1997, 325, 229 -
237; c) L. A. Dempsey, G. J. Brunn, J. L. Platt, Trends Biochem. Sci.
2000, 25, 349-351.

M. Nakajima, T. Irimura, D. DiFerrante, N. DiFerrante, G.L.
Nicolson, Science 1983, 220, 661.

a) X. Bai, K. J. Bame, H. Habuchi, K. Kimata, J. D. Esko, J. Biol.
Chem. 1997, 272,23172-23179; b) D. S. Pikas, J.-P. Li, L. Vlodavsky,
U. Lindahl, J. Biol. Chem. 1998, 273, 18770-18777.

a) N. R. Bijsterveld, R. J. K. Hettiarachchi, R. Peters, M. H. Prins, M.
Levi, H. R. Biiller, Thromb. Haemostasis 1999, 82, 139 — 147, Supple-
ment 2; b) R. J. Hettiarachchi, S. M. Smorenburg, J. Ginsberg, M.
Levine, M. H. Prins, H. R. Biiller, Thromb. Haemostasis 1999, 82,
947-952.

S. M. Smorenburg, C.J. F. van Noorden, Pharmacol. Rev. 2001, 53,
93-105.

L. Borsig, R. Wong, J. Feramisco, D. R. Nadeau, N. M. Varki, A.
Varki, Proc. Natl. Acad. Sci. USA 2001, 98, 3352 -3357.

J. Calaycay, H. Pande, T. Lee, L. Borsi, A. Siri, J. E. Shively, L. Zardi,
J. Biol. Chem. 1985, 260, 12136 -12141.

Angew. Chem. Int. Ed. 2002, 41, 390-412



