INFORMATION TO USERS

This manuscript has been reproduced from the microfiim master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleedthrough, substandard margins, and improper alignment
can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript and

there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections with small overiaps.

Photographs included in the orginal manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA

®

800-521-0600






THE INTERACTIONS

BETWEEN HUMAN ANTITHROMBIN AND HEPARIN

By

IRIS YE WU CHEN, M.B.

A Thesis
Submitted to the School of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree

DOCTOR OF PHILOSOPHY
SCIENCE

McMaster University

®Copyright by Iris Ye Wu Chen, 1997



DOCTOR OF PHILOSOPHY (1997) McMaster University
(Science) Hamilton, Ontario

TITLE: THE INTERACTIONS BETWEEN HUMAN
ANTITHROMBIN AND HEPARIN

AUTHER: Iris Ye Wu Chen, M.B. (Beijing Medical University)
SUPERVISOR: Dr. Morris A. Blajchman

NUMBER OF PAGES: xxi, 203



ABSTRACT

Antithrombin is a plasma serine proteinase inhibitor functioning
physiologically as an anticoagulant. It inactivates thrombin and FXa by forming
a 1:1 covalent complex between its P1 Arg and the catalytic serine of the
proteinase. Antithrombin is a relatively inefficient inhibitor until it is activated
by two specific glycosaminoglycans, heparin and heparan sulphate with the unique
pentasaccharide sequence required for high affinity binding to antithrombin.
Activation of antithrombin by the pentasaccharide and full-length heparin induces
major conformational changes in the antithrombin molecule.

The pentasaccharide binding site of antithrombin has been mapped to
the D-helix, the A-helix, and the N-terminus of the molecule. Arg47 is located
where the base of the A-helix is in close proximity to the amino end of the D-
helix. To characterize the role of Argd47 in antithrombin binding to and its
activation by the pentasaccharide, antithrombin moieties with substitutions at
Arg47 were created and expressed in transfected COS-1 cells. Our data suggest
that a positively charged amino acid at position 47 is essential for heparin and the
pentasaccharide to bind to AT with high affinity and the pentasaccharide- and
heparin-accelerated inactivation of FXa. In addition, an Arg is preferred to Lys
for activation by the pentasaccharide with respect to FXa inhibition.

Antithrombin interacts with target proteinases primarily through its P1-
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P1’ residues together with flanking binding subsites in the reactive centre loop.
Heparin activates antithrombin through inducing a major conformational change
in antithrombin which optimizes the presentation of the reactive centre loop to
the target proteinases. While the pentasaccharide is sufficient for enhancing the
rate of FXa inhibition, it has little effect on thrombin inactivation. Full-length
heparin, on the other hand, enhances the rates of antithrombin inhibition of both
FXa and thrombin. As demonstrated by the coincident 40% increase in
endogenous Trp fluorescence with plasma antithrombin, the pentasaccharide and
full-length heparin were reported to induce similar conformational changes in AT.
The large rate enhancement of thrombin inhibition by full-length heparin was thus
attributed solely to the ability of longer chains to accommodate AT and thrombin
simultaneously. Based on the fact that substrate recognition of thrombin and FXa
is different, it was hypothesized that the pentasaccharide and full-length heparin
induce different reactive centre loop conformations. A Pro397Trp antithrombin
moiety thus was generated in transfected CHO cells. We report here, for the first
time, that the pentasaccharide and full-length heparin induce different
conformational changes in the reactive centre loop. It thus appears that the
pentasaccharide-induced reactive centre loop conformation represents a near
optimal substrate to FXa, whereas the heparin-induced RCL conformation is

apparently required for near optimal interaction with thrombin.
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1. INTRODUCTION

Hemostasis is a host defense mechanism called into play after a
vascular injury to maintain the integrity of the circulatory system, while repair
efforts by the body are undertaken. Blood coagulation plays an essential role in
hemostatic plug formation through the generation of thrombin. Excessive and
untimely activation of coagulation, however, can result in intravascular clot or
thrombus formation, with potentially life-threatening consequences. Fortunately,
under physiological conditions natural anticoagulants are capable of limiting
coagulation to preserve the fluidity of circulating blood. The most abundant of
these is a plasma glycoprotein, namely antithrombin (AT). For mainly historical
reasons, AT has also been known as AT-III. The physiological importance of AT
in the maintenance of the haemostatic balance has been shown by the well-
established link between inherited AT deficiency and the increased risk of venous

thromboembolism in affected individuals.

1.1. Historical Background
Based on the observation that thrombin activity is gradually lost when
added to defibrinated plasma or serum, Morawitz (1905) first introduced the term
AT to describe the ability of plasma or serum to neutralize thrombin. With the

isolation of heparin and the discovery of its potent anticoagulant properties
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2
(McLean, 1916), Brinkhous et al. (1939) demonstrated that heparin was effective

as an anticoagulant only in the presence of an yet unidentified plasma component
which they referred to as heparin cofactor. Historically, up to 6 AT activities
have been described (Seegers et al., 1954; Loeliger and Hers, 1957; Niewiarowski
and Kowalski, 1958). Among these AT activities, only AT-II and AT-III turned
out to be specific under physiological conditions. While AT-II represented the
previously described heparin cofactor activity, AT-III became the term used for
the progressive AT activity initially described by Morawitz. Subsequently, these
two activities were found to reside in one and the same molecular species
(Monkhouse, 1955; Waugh and Fitzgerald, 1956; Egeberg, 1965; Abildgaard, 1967;
1968; Rosenberg and Damus, 1973). Thus extensive investigations 'left AT-III as
the only plasma constituent with AT activity under physiological conditions among
those Roman numeral designated ATs. The term AT-III, however, continued to
be used till recently when it was renamed AT by the Nomenclature Committee
of the International Society of Thrombosis and Hemostasis. Unless otherwise

indicated, AT will be used for the human species throughout this thesis.

12. Biochemistry of AT
1.2.1. Physicochemical Properties and Primary Structure of AT
AT is a single chain plasma glycoprotein with a molecular weight of 58

kDa and isoelectric point ranging from 4.9 to 53 (Nordenman et al, 1977).
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Plasma-derived AT comprises 432 amino acid residues (Bock et al, 1982;
Prochownik et al., 1983a; Chandra et al., 1883). Its six Cys residues are all linked
in disulphide bonds located between residues 8 and 128, 21 and 95, and 247 and
430, respectively (Peterson et al,, 1979). Two forms of AT, termed «-AT and &-
AT, have been isolated from plasma (Peterson and Blackburn, 1985). As a result
of full glycosylation at its four Asn-X-Ser/Thr consensus sequences, the
predominant o-AT possesses four identical N-linked biantennary complex
carbohydrate side-chains (Peterson et al, 1979; Franzen et al, 1980; Mizuochi et
al,, 1980). These are coupled to Asn residues 96, 135, 155, and 192, respectively.
The ®-AT, which constitutes approximately 10% of the total circulating plasma
AT, differs structurally from o-AT only in that Asn 135 is not glycosylated
(Brennan et al, 1987). This incomplete glycosylation appears to be associated
with a reduced efficiency of incorporating a carbohydrate chain at the consensus
sequence Asn-X-Ser of residues 135-137 as compared to the Asn-X-Thr sequences
constituting the other three glycosylation sites (Picard et al, 1995). The
carbohydrate side-chains thus comprise approximately 9-15% of the total

molecular mass of AT (Miller-Andersson et al., 1974; Kurachi et al., 1976a).

122. Biosynthesis, Distribution, and in vivo Clearance of AT
As is found with many plasma proteins, AT levels are remarkably

reduced in individuals with liver disorders (Lechner et al, 1977; Ratnoff, 1982).



4
Thus, it has been inferred that liver is likely to be the major site of biosynthesis

of AT. The perfused rat liver accordingly was shown to be able to synthesize and
secrete AT (Koj et al., 1978; Owens and Miller, 1980). Subsequently, the presence
of AT in rat hepatocytes was demonstrated (Watada et al, 1981; Leon et al,
1982;) and localization of AT in the Golgi apparatus of hepatocytes was reported
(Girot et al., 1983). In addition, cultured rat hepatocytes were shown to actively
synthesize AT (Leon et al, 1983). A human hepatoma cell-line, Hep G2, was also
shown to be capable of synthesizing biologically active AT (Fair and Bahnak,
1984). Moreover, AT biosynthesis occurs also in the kidney and endothelial cells
(Lee, et al., 1979; Chan and Chan, 1979; 1981).

AT is present normally in human plasma at a concentration of 150 to
200 mg/L, equivalent to 2 to 3 uM (Marciniak and Gora-Maslak, 1983). When
the metabolism of AT was studied in the rabbit and the human, radioiodinated
AT was found to distribute among three physiological pools (Carlson et al, 1984
1985). In human, the fractions of the total-body AT in the plasma, noncirculating
vascular-associated, and extravascular pools were calculated to be 0.393 + 0.015,
0.109 + 0.016, and 0.496 + 0.0014, respectively (Carlson et al, 1985).

AT generally has a half life in the circulation of over 24 hr. It was
reported to be 1.75 days in rabbits (Chandra et al., 1976), 2.14 1 0.09 days in male
dogs and 1.97 + 0.05 days in female dogs (Kobayashi and Takeda, 1977), and 2.83

+ 0.26 days in humans (Collen et al, 1977). Once complexed with thrombin and
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other serine proteinases, the proteinase-bound AT, however, is cleared more
rapidly from the circulation than the native moiety. This has been demonstrated
in humans and in animals including mice and dogs, where the half life of
thrombin-AT complex was found to be a few min (Shifman and Pizzo, 1982; Fuchs
et al, 1982; Leonard et al, 1983). The in vivo clearance of proteinase-AT
complexes appears to occur on hepatocytes via a receptor—medfated process
(Shifman and Pizzo, 1982; Fuchs et al., 1984a). In this process, binding of the
complexes to the receptor is followed by their internalization and subsequent
degradation. The determinants for the binding of proteinase-AT complexes to
their putative receptor and their subsequent rapid removal from the circulation
are associated with the whole complex, rather than just the AT moiety or the
proteinase with which AT is complexed (Shifman and Pizzo, 1982; Jordan et al,
1989; Mast et al,, 1991). This has been suggested by the observation that neither
the proteinase, the native AT, nor the cleaved but uncomplexed AT could
compete for removal of the complex. This implies that, upon complex formation,
a new determinant appears on the AT molecule, and that it is this new

determinant that is recognized by the putative receptor.

1.3. Serpins and Insight into AT Structure and Function

13.1. The Serpin Superfamily of Proteins

Having noted a similarity of protein sequences among ovalbumin, ;-
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proteinase inhibitor (,-PI), and AT, Hunt and Dayhoff (1980) proposed that

these three should be grouped in the same protein superfamily. Carrell and
Travis (1985) named the superfamily SERPIN, an acronym for serine proteinase
inhibitor, to describe the serine proteinase inhibitory properties of its most
members. Today there are over 100 proteins in this superfamily widely
distributed in nature. The best characterised members are the proteinase
inhibitors of human plasma. These serpins generally participate in regulation of
such crucial physiological processes as coagulation, fibrinolysis, inflammation, and
the immune response, with consequent pathology associated with their deficiency
states (Carrell and Travis, 1985).

Each inhibitory serpin has a reactive centre which can act as a
pseudosubstrate for its cognate proteinase. The proteinase-sensitive scissile bond
is denoted P1-P1’ (Schechter and Berger, 1967). Residues N-terminal to the
reactive centre scissile bond are designated successively P2, P3, etc.,, and C-
terminal residues P2’, P3’, etc.. Based on the fact that the region P10 to P2’ could
be readily cleaved by nontarget proteinases (Kress and Catanese, 1981), it was
proposed that the reactive centre and the analogous region of the non-inhibitory
serpins lies within an exposed sequence, "the reactive centre loop" (RCL). When
the crystallographic structural information became available, it became evident
that the RCL is mobile in terms of its relationship with the main body of the

serpin molecule (Carrell et al, 1991; Carrell and Evans, 1992). Sequence
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alignment of the serpins has shown some very interesting features in the RCL

region. Whereas the reactive centre and flanking sequences, namely P8-P5’, is
highly variable, the "hinge region" from P15 to P9, where the RCL turns and joins
the A R-sheet as strand 5, is strongly conserved consisting of amino acids with
short chains in all the inhibitory members of the family. The high. variability of
the reactive centre and flanking sequences presumably reflects the wide
differences in target proteinase specificity. The conservation of the hinge region
suggests a common structure-function relationship for this region. Actually, the
hinge region is very important for the functioning of the mechanistically crucial
loop-insertion process essential for formation of the serpin-proteinase complex.
Accordingly, mutations in this region of the inhibitory serpins result in a loss of
inhibitory activity. Major modifications are seen in this region in the non-

inhibitory members of the family (Carrell and Evans, 1992; Gettins et al., 1996).

1.3.2. Characteristic Properties of Serpins

Unlike most proteins the conformation of which is a
thermodynamically-determined global energy minimum (Anfinsen et al, 1973),
native serpins fold in a kinetically-determined local energy minimum (Creighton,
1992; Baker and Agard, 1994). This kinetically-trapped metastable state appears
to be linked to the need for subsequent conformational change upon serpin-

proteinase interaction. In fact, inhibitory serpins undergo a major conformational
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change as an essential part of their mechanism of inhibition (Engh et al, 1990;

Schulze et al, 1990; Skriver et al., 1991; Carrell et al, 1991; Bjork et al, 1993).
For most serpins, cleavage at the P1-P1’ peptide bond transforms them from a
metastable state to a more thermostable form (Carrell and Owen 1985;
Pemberton et al, 1988). Thus, the general differences in folding state are
manifested by the large energy difference between the native and cleaved forms
of inhibitors (Fish et al, 1979). Accordingly, the cleaved form of serpins is
incapable of acting as inhibitors. Serpin-proteinase complexes, in almost all cases,
are effectively irreversibly formed. Only cleaved form of serpins can be recovered
from the complexes, as expected from slow continuation of the serbin-proteinasc
interaction where the serpins continue to function as a substrate (Longstaff and
Gaffney, 1991; Hermans et al, 1995). The molecular basis of this apparent
irreversibility is the covalent nature of serpin-proteinase complexes, implied by
their sodium dodecyl sulphate (SDS)-stable behaviour. Formation of such
covalent complexes involves the P1 residue of the serpin and the catalytic serine
of the proteinase. This covalent interaction contributes considerable binding

energy to serpin-proteinase interaction and is essential for stable complex

formation (Olsen, et al, 1995a).

1.3.3. Three Dimensional Structure of Serpins

Three-dimensional X-ray crystallographic structural information is now
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available for many serpins in either native or cleaved forms or both. The most
striking feature is the almost invariant structure of the core domain. It is
composed of three R-sheets (designated A, B, C) and nine a-helices (designated
A through @) packing around those three sheets. B-sheet A, the dominant
structural feature of the molecule, is composed of five strands of polypeptide; 2-
sheet B, six strands; R-sheet C, three strands. There are also remarkable
differences in the core domains of various serpin structures, but they are all
associated to the RCL conformation and its interaction with #-sheets A and C.
The structure of each serpin will be briefly discussed below, highlighting the
characteristic flexibility of RCL in the intact form and the changes of RCL
conformation upon cleavage at or close to the P1-P1’ peptide bond.

Ovalbumin is a non-inhibitory serpin whose function is unknown. In
the structure of cleaved form of ovalbumin, plakalbumin, the peptide loop
analogous to the reactive centre of the inhibitory serpins is solvent exposed and
protrudes from the main body of the molecule (Wright et al, 1990). The distance
between the terminal residues, P7 and P1’, at the proteinase cleavage site,
suggests little change in their positions upon cleavage. The RCL of cleaved a,-Pl,
however, is fully inserted into f-sheet A as an additional strand (Fig. 1.1.a)
(Lobermann et al, 1984). As a result of this extensive loop insertion, the native
covalently linked P1-P1’ residues are now located at opposite poles of the

molecule, approximately 70 A apart. An analogous insertion of the RCL into &-
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Fig. 1.1. Schematic pictures of serpins illustrating different conformations of
serpin sequence equivalent to the RCL and strand s1C (light blue). The reactive
centre is shown by the position of the P1 residue, and the proximal hinge of the
loop, by residues P10-P14. The changes in tertiary structure involve the opening
and closing of sheet A, due to the shift of a small fragment of the protein (pink)
in relation to the rest of the structure (yellow). Panel (a) shows cleaved «,-PI;
(b), intact ovalbumin; and (c), intact AT, showing important heparin-binding
residues (green). In the crystal structure, the RCL interacts with sheet C of
another intact AT molecule, and which has a conformation similar to (d), latent
PAI-1. Reprinted with permission from Stein and Carrell, 1995.
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sheet is also seen in the structures of other cleaved inhibitory serpins, including
o, -antichymotrypsin («,-ACT) (Baumann et al., 1991), equine leukocyte elastase
inhibitor (Baumann et al.,, 1992), and bovine AT (Delarue et al,, 1990; Mourey et
al., 1990; 1993), as a consequence of proteolytic cleavage at or closc. to the P1-PY’
peptide bond. Such insertion results in a large increase in the thermodynamic
stability of the cleaved molecules in all these cases (Bruch et al, 1988; Gettins
and Harten, 1988).

Plasminogen activator inhibitor-I (PAI-I) spontaneously folds into a
stable inactive state (Hekman and Loskutoff, 1985; Katagiri et al, 1988). This
state is termed "latent" because inhibitory activity can be restored through
denaturation and renaturation. Latent PAI-I possesses a distinct type of loop-
inserted structure (Fig. 1.1.d) (Mottonen et al,, 1992). Its RCL is fully inserted
into R-sheet A in a manner analogous to that of the cleaved RCL of a,-Pl, -
ACT, equine leukocyte elastase inhibitor, and bovine AT. Since the RCL of

latent PAI-I remains intact, its P1 residue is translated over 70 A, from one end

of the molecule to the other. To permit such full incorporation, strand s1C,
composed of residues P3’-P10°, has been abstracted from B-sheet C; its exposed
extended conformation makes it long enough to connect the distal end of the
inserted RCL to the "top" of the molecule (using the orientation of Fig. 1.1),
ready to enter 8-sheet B. Extraction of s1C thus provide a return route for the

now distal P1 residue back to the top of the molecule, as would be required by
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transformation of PAI-I from its latent form to active form.

In intact ovalbumin, the peptide loop which forms the analogue to the
RCL of the inhibitory serpins takes a a-helical conformation protruding from the
main body of the molecule on two peptide stalks (Fig. 1.1.b) (Stein et al., 1990).
This is formed by a 19-residue segment extending from P15 to P5’, with each stalk
of about four residues and the P1-P1’ exposed on the final turn of the three-turn
helix.

In the intact and active inhibitory serpins such as «,-ACT, «,-PI, and
human AT, the RCL adopts three distinct patterns of structure. The RCL, from
P10 to P3’, of a variant of a,-ACT, constitutes a well defined but distorted helix
that occupies a position similar to that of the a-helical RCL of ovalbumin (Wei
et al, 1994). Two structures have been determined for «,-PI in the uncleaved and
uncomplexed state. Based on incomplete low resolution data from a preliminary
study, the RCL of «,-PI takes a distorted helical conformation (Song et al, 1995).
In the structure of a mutant of «,-PI (PheS1Leu), the RCL adopts a stable
canonical-like conformation at its reactive centre P3’-P3, with extension as a f3-
pleated strand conformation from P3 to P8 (Elliott et al, 1996). The canonical
conformation of the loop is stabilized by salt bridging of PS5 Glu to a well defined
pocket of 3 Lys and 1 Arg residues at the pole of the molecule bcnéath the s3A-
s4C junction. The precision of docking of the reactive site with the active site of

chymotrypsin, superimposably with that of a canonical inhibitor, strengthens the
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conclusion that this novel conformation of RCL represents the loop in the optimal
inhibitory conformation (Elliott et al., 1996).

For AT, two independent structure determinations have been carried
out; both happen to consist of a dimer of one active and one inactive molecule
of AT. In one structure both AT molecules are intact (Carrell et al, 1994). The
inactive molecule adopts a structure analogous to that of latent PAI-I, with a
totally inserted loop and a conformationally extended s1C (Fig. 1.1.d). The RCL
of the active AT molecule is in a novel partial insertion conformation (Fig. 1.1.c).
Part of the intact active loop, involving residues up to P14, is inserted into R-sheet
A, while residues P7-P3 of the same loop concomitantly interacts with 2-sheet C
of the inactive molecule, essentially replacing the missing strand s1C of that
molecule. In the other structure, one AT molecule is intact and the state of the
other molecule is uncertain due to the absence of electron density corresponding
to residues P4’-P11’ (Schreuder et al, 1994). Given the fact that these residues
belong to strand s1C, strand s1C is either intact but disordered or it may have
been excised by multiple proteolytic cuts. Full loop insertion into 2-sheet A is
suggested for this cleaved or latent molecule by the clear visibility of electron
density for residues P1-P3’ beyond the end of 8-sheet A. An equivalent novel
partially loop-inserted conformation is seen for the RCL of the intact molecule,
with residues P8-P2 again binding to the other molecule and replacing its strand

s1C. Interestingly, the important P1 Arg393 residue of the active AT, in both
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structures, points in towards the body of the molecule rather than being exposed
on the surface, thereby rendering it ineffective for inhibitory function. In one
structure, this inward position is due to a salt bridge with Glu237 of the other
molecule (Schreuder er al, 1994). In the other structure, the P1 Arg393 is
positioned between Glu255 in the same molecule and Glu237 of the other
molecule (Carrell et al, 1994). It was thus postulated that an intramolecular salt
bridge between Arg393 and Glu255 is formed in the monomer and that activation
of AT involves the exteriorization of the P1 Arg393 through disruption of this salt
bridge. |

From the discussion above, it becomes very clear that the RCL of most
serpins is capable of undergoing major structural transformations. These can vary
from the exposed helical loop in ovalbumin, to the fully inserted loop, as a &-
strand in the A sheet, in the latent forms of PAI-1 and inactive AT. In between
these two extremes are three structures of the active forms of the inhibitory
serpins. In o-ACT the RCL is a distorted helix, in AT the RCL is partially
inserted into the A-sheet with an obscured P1 reactive centre, and in «;-PI the

RCL adopts a canonical "perfect-fit' conformation that precisely matches the

active site of the serine proteinase.

1.3.4. Mechanism of Action of Serpins as Suicide Inhibitors

The inhibitory serpins inactivate their cognate serine proteinases via
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the formation of a 1:1 stoichiometric covalent complex apparently through their
P1 residue and the catalytic serine of the cognate proteinases. The P1 residue of
the serpin appears to confer primary proteinase specificity. The importance of the
P1 residue in determining proteinase specificity is clearly manifested by the
observation that amino acid substitutions at this position of many serpins,
including AT (Howarth et al, 1985; Erdjument et al, 1987; 1989; Owen et al,
1988; 1991; Lane et al., 1989; Okajiman et al.,, 1995), heparin cofactor II (HC-II)
(Derechin et al.,, 1990), a,-PI (Owen et al,, 1983; Jallet et al., 1986; Schapira et
al., 1986; Scott et al., 1986; Travis et al., 1986; Patston et al.,, 1990; Wachtfogel et
al., 1994), @,-ACT (Rubin et al, 1990; 1994; Schechter et al, 1993), PAI-I (York
et al., 1991; Sherman et al,, 1992), Cl-inhibitor (Aulak et al., 1988; Eldering et al,
1992), and protein C inhibitor (PCI) (Phillips et al, 1994), can result in loss of
inhibitory properties or a change in inhibitory specificity. The most significant is
a o,-PI variant, namely a,-PI Pittsburgh. Replacement of the P1 Met with Arg in
a,-PI gave rise to a serpin with potent anti-thrombin activity but little antielastase
ability (Owen et al., 1983; Schapira et al., 1986; Scott et al., 1986; Wachtfogel et
al, 1994). The P1 residue, however, is not the sole determinant of inhibitory
specificity (Johnson and Travis, 1979; Griffith et al., 1985; Ragg and Preibisch,
1988). Accordingly, amino acid substitutions in the RCL beyond the P1 residue
change the proteinase specificity (Theunissen et al, 1993; Hopkins et al, 1995;

Olson et al., 1995b; Djie et al, 1996). It is worth mentioning that changing the P1’
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Ser of AT dramatically affected the inhibition of thrombin, while having a

relatively minor effect on the inhibition of FXa (Theunissen et al., 1993). As a
result, a FXa-specific AT moiety was generated.

Broad ranges of outcome for a serpin-proteinase encounter have been
observed. In each individual case, serpins acts as either an inhibitor or a
substrate or both. Additionally, complete or partial switch from inhibitor to
substrate has been observed (Skriver et al, 1991; Hood et al.,, 1994). A branched
pathway, suicide inhibition mechanism has thus been proposed (Olson, 1985;
Rubin et al., 1990; Patston et al.,, 1991; 1994). According to this mechanism, the
initial Michaelis complex (EI) and the subsequent intermediate EI' are common
to both substrate and inhibitory pathways; occurring at the branch point, the
intermediate EI' can be subverted from the cleavage pathway and became
kinetically trapped as a stable covalent complex (E'I") (Jornvall et al., 1979; Jesty,
1979; Longas and Finlay, 1980; Lawrence et al, 1995). The outcome of a serpin-
proteinase interaction, thereby, is determined by the relative values of the
substrate and inhibitory branch rate constants. It has been proposed also that the
inhibitory branch rate constant may depend on the ease of insertion of the N-
terminal end of the RCL into R-sheet A. Thus if loop insertion is rabid, the loop-
insertion-dependent inhibitory pathway predominates the normal substrate

reaction, and vice versa for slow insertion (Hopkins et al, 1993; Gettins et al,

1996).
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Several lines of evidence support the proposal that insertion of the N-
terminal end of the RCL into R-sheet A is a prerequisite for operation of the
inhibitory pathway. As shown for AT (Bjork, et al, 1992a; 1992b) and «,-PI
(Schulze et al,, 1990; 1992), formation of a binary complex with tetradecapeptide
corresponding to the respective RCL P14-P1 sequences converted an otherwise
inhibitory serpin exclusively into a substrate. Spectroscopic and stability studies
of the resultant complexes revealed that the peptide presumably occupied the
strand 4 position of the expanded R-sheet A, which is present in cleaved, loop-
inserted inhibitory serpins. This clearly demonstrated the need for loop insertion
as a requirement for inhibition by serpins. Moreover, an epitope, absent from the
native serpin, was shown immunologically to be present on cleaved and
proteinase-complexed serpins for both C1 inhibitor (De Agostini et al., 1988) and
AT (Bjork, et al, 1993). The AT-RCL peptide complex also c.ontained this
neopeptide, suggesting that in each case expansion of 3-sheet A has occurred with
associated structural changes. Additional evidence in support of loop insertion
as an integral part of the inhibitory mechanism came from the following
observation using a PAI-I P9Cys variant fluorescently labelled with
nitrobenzofuran (NBD). Conversion of this PAI-I variant to either latent or
cleaved forms with concomitant loop insertion into 8-sheet A resulted in the same
large enhancement of NBD fluorescence as occurred upon the formation of stable

complex with trypsin (Shore et al,, 1995). Finally, the partial or complete absence
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of inhibitory properties for certain RCL variants can be most readily explained

by the deleterious effect that particular side chains might have on the rate of loop
insertion, and thus on the rate constant of the inhibitory branch (Gettins et al,
1996).

The mechanism of stable proteinase-serpin complex formation is not
completely understood. Kinetics studies have suggested that the formation of the
stable proteinase-serpin complex involves at least two steps: the association of E
and I in a Michaelis complex (EI), followed by its conversion to a stable covalent
complex E'T" (Olson and Shore, 1982; Stone et al,, 1987; Bruch and Bieth, 1989;
Longstaff and Gaffney, 1991; Faller et al, 1993; Morgenstern et al, 1994; Stone
and Hermans, 1995). The presence of an intermediate EI' between EI and E'T’
is also indicated, again by kinetic evidence (O’Malley et al, 1997). The same
study also demonstrates that the partitioning step between inhibitor and substrate
pathways precedes P1-P1’ cleavage. For the inhibitory pathway, although it is
agreed generally that a covalent intermediate is formed, the nature of this
intermediate is still under debate. Results from a number of studies suggest that
the stable intermediate complex is an acyl form (Fish and Bjork, 1979; Jesty, 1979;
Jornvall et al,, 1979; Longas and Finlay, 1980; Bjork et al., 1982; Lawrence et al,

1995). However, NMR studies suggest that it may take the form of a tetrahedral

intermediate (Matheson et al., 1991).
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14. Activation of AT by Heparin

Blood coagulation proceeds through a series of reactions in which the
plasma zymogens of the serine proteinases, also called clotting factors, are
sequentially activated by limited proteolysis culminating in the generation of
thrombin; thrombin, in turn, cleaves fibrinogen to produce the filamentous fibrin
of the established clot (Fig. 1.2). AT has been identified as the primary inhibitor
of the activated clotting factors thrombin (Abilgaard, 1969; Rosenberg and
Damus, 1973; Vogel et al., 1979; Jesty, 1986) and factor Xa (FXa) (Kurachi etal,
1976b; Biggs er al., 1970; Fuchs and Pizzo, 1983; Gitel er al,, 1984). To a lesser
extent, AT also inhibits FVIIa associated with tissue factor (Rao et al, 1993),
FIXa (Rosenberg et al, 1975; Kurachi et al, 1976b; Fuchs et al, 1984b), FXla
(Damus et al., 1973; Scott and Colman, 1989), FXIla (Stead et al., 1976; Pixley et
al,, 1974), kallikrein (Lahiri et al, 1974), plasmin (Highsmith and Rosenberg,
1974), urokinase (Clemmensen, 1978), and trypsin (Danielsson and Bjork, 1982).
The inhibition of serine proteinases by AT alone under physiologic conditions is
relatively slow, but greatly accelerated in the presence of the polysulphated
glycosaminoglycans, heparin and heparan sulphate. Actually, AT attains its full
anti-proteinase activity only upon binding to these specific glycosaminoglycans
(Jordan et al., 1979; Olson and Shore, 1981). In addition, four other serpins are
relatively inefficient inhibitors until they are activated by a specific

glycosaminoglycan including heparin. The activation occurs as a result of the
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Fig. 1.2. Coagulation cascade and fibrin formation (Taken from Davie et al,
1991). The initiation of the coagulation cascade occurs following vascular injury
and the exposure of tissue factor to the circulating blood. This triggers the
extrinsic pathway (right side), shown in heavy arrows. The intrinsic pathway (left
side) can be triggered when thrombin is generated, leading to the activation of
factor XI. The two pathways converge by the formation of factor Xa. The
activated clotting factors (except thrombin) are designated by lowercase a, ie.,

IXa, Xa, XIa, etc. PL refers to phospholipid. The phospholipid bound to tissue
factor apoprotein is not shown.
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binding of the glycosaminoglycan to the inhibitor and is manifested by the up to

several thousand-fold enhancement in the rate at which these inhibitors inactivate
their proteinases. These heparin activatable serpins, namely HC-II, protease
nexin I (PN-I), PAI-I, and PCI, act mainly to regulate proteinases participating in

blood coagulation and fibrinolysis.

1.4.1. Heparin and its AT-binding Pentasaccharide

Heparin is a potent anticoagulant and antithrombotic agent widely used
for the prophylaxis and treatment of thromboembolism. Like most
glycosaminoglycans, heparin is an alternating copolymer of a uronic acid and an
amino sugar (Elson and Morgan, 1933), with its structure commonly represented
by its prevalent disaccharide sequences. The major uronic acid of heparin is L-
iduronic acid, and the major amino sugar is N-sulphated D-glucosamine (Jorpes
et al, 1950; Perlin et al, 1968; Perlin and Sanderson, 1970). The molecular
structure of the major disaccharide sequences of heparin is a-1,4-linked L-iduronic
acid 2-sulphate —D-glucosamine N, 6-disulphate (Perlin et al, 1971).

Heparin is synthesized by mast cells as a proteoglycan. In this heparin
precursor variable numbers of the repeating disaccharide chains of 60-100 kDa
are linked by the trisaccharide galacosylgalactosylxylose to a core protein of
unknown size via the hydroxyl group of its serine residues (Lindahl and Roden

1964; 1965; Lindahl, 1966; Robinson et al., 1978). Five monosaccharide "building
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blocks" have been identified as components of the heparin molecule. These are
D-glucosamine (Jorpes and Bergstrom, 1936), D-glucuronic acid (Wolfrom and
Rice, 1946), L-iduronic acid (Cifonelli and Dorfman, 1962), D-galactose (Lindahl
and Roden, 1964; 1965), and D-xylose (Lindahl and Roden, 1964; 1965). Three
kinds of substituents are found on the sugar residues of heparin, namely acetyl
(Jorpes, 1935), sulphate (Jorpes et al, 1950), and phosphate groups (Rosenfeld
and Danishefsky, 1988). Although heparin chains have a common backbone of
alternating  N-sulphated glucosamine and uronic acid units, there are
heterogeneities in their fine structure (Casu, 1985). These variations arise from
differences in the nature of the uronic acid, i.e., glucuronic or iduronic, the degree
of sulphation and positions of sulphate ester groups, and the occurrence of small
amounts of N-acetylglucosamine and unsubstituted glucosamine. In addition, a
dispersion of molecule size has been found in commercial heparins, with the
heparin chains present in these preparations generally having molecular weights
in the range of 5 to 30 kDa, ie. with approximately 15-100 monosaccharide
residues per chain (Lindahl et al., 1965). This structural heterogeneity of heparin
gives rise to differences in its affinity for AT (Bjork and Lindahl, 1982;
Niedyszynski, 1989). Approximately one-third of the heparin molecules present
in commercial preparations binds to AT with high affinity, and these high affinity
molecules account for approximately 90% of the anticoagulant activity of the

preparations (Lam et al, 1976; Hook et al, 1976; Andersson et al, 1976). A
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search for the specific structural features responsible for the anticoagulant activity

led to the discovery that a unique pentasaccharide sequence (Fig. 1.3) constitutes
the specific AT-binding region of high affinity heparin molecules (Lindahl et al,
1980; Casu et al., 1881; Thunberg et al,, 1982; Choay et al., 1983; Atha et al, 1984,
1985). This pentasaccharide, not found in low affinity heparin preparations,
contributes more than 90% of the free energy associated with the binding of
heparin to AT (Lindahl et al., 1984; Atha et al.,, 1985; Olson et al,, 1992). Most
high affinity heparin molecules contain only one such specific sequence distributed
randomly in their chains, although molecules with longer chains may contain two,
resulting in higher anticoagulant activity (Danielsson and Bjork, 1981; Jordan et
al, 1982; Nesheim et al., 1986). This pentasaccharide has been synthesized and
shown to bind to AT with high affinity comparable to full-length heparin (Choay
et al., 1983; Sinay et al., 1984; Olson et al, 1992). Structural analysis of this
heparin pentasaccharide shows that the 3-O-sulphate group of glucosamine at
position three is critical for the AT-heparin binding (Lindahl et al, 1980). In
addition, both N-sulphate groups of the glucosamine residues at positions three
and five, as well as the 6-O-sulphate of the first glucosamine residue, are required
for high affinity binding (Riesenfeld et al, 1981; Atha et al, 1984). Actually, AT
is unique among the heparin activatable serpins in that a sequence-specific

pentasaccharide is required for its activation.



24

Fig. 1.3. Structure of a heparin octasaccharide sequence that displays most of the
substituted monosaccharide components identified to date (Taken from Roden,

1989). The pentasaccharide sequence within brackets represents the AT-binding
region.






1.42. The Putative Pentasaccharide and Heparin Binding Sites of AT

The structural specificity of the AT-binding heparin pentasaccharide
implies a well-defined binding site on AT. Our understanding of the
pentasaccharide and heparin binding sites of AT has come from structural and
functional analysis of both naturally-occurring low heparin affinity AT variants
and chemically modified AT associated with reduced heparin binding. Relevant
information has also been derived from studies involving site-directed
mutagenesis, 'H NMR, molecular modelling, as well as computer sequence
alignments of the heparin activatable serpins. Table 1.1 summarizes amino acid
residues that have been associated with binding to heparin. |

Since the binding of heparin pentasaccharide to AT is critically
dependent on the position of the sulphate groups, it would take place
predominately by the bonding of the negatively charged sulphates to the positively
charged side chains of certain amino acid residues. The pentasaccharide binding
site of AT thus should compose of complementary basic residues. A comparison
of the homologous sequence alignments of three heparin-binding serpins, namely
AT, HC-II, and PN-I, with 30 other members of the family showed the unique
conservation of a set of basic residues (Carrell et al, 1987). When these
conserved residues were projected on a space-filling model of «,-PI, they formed
a band of positive charge stretching from the base of the A-helix and across the

underside of the D-helix, giving a convincing depiction of the pentasaccharide
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Table 1.1. Amino acid residues of AT that have been associated with binding to
heparin. The indicated residues have been implicated from data about naturally
occurring mutants; from studies involving chemical modification, mutagenesis, 'H
NMR, molecular modelling; or from combinations of such studies.

Amino acid Natural Chemical Mutagenesis IHNMR Molecular
residue mutants modification studies studies modelling
ILe? X
Arg4 x
Prodl X
Argd? X X
Trp49 X X
Leu99 X
Lys107 X
Lys114 X X
Serl16 X
His120 X
Lys125 X X
Argl29 X X
Argl32 X
Lys133 X
Lys136 X
Lys139 X
Argld5 X
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binding site on the D-helix and at the commencement of the A-helix. This site
was so formed that the pentasaccharide could be modelled to bond with basic
residues within this site (Grootenhuis and Van Boeckel, 1991). Moreover, the
amino terminus of AT was tentatively positioned in relationship to the proposed
core pentasaccharide binding site, based on the structures of cleaved bovine and
intact human AT (Carrell et al, 1994). The amino terminus formed a curve
around the core pentasaccharide binding site on the body of the molecule, moving
between the D- and E-helices, then turning to form a R-strand, hydrogen bonded
to the peptide loop joining the D- and C-helices.

Satisfying though it is, this model requires supporting evidence to
identify it specifically as the pentasaccharide binding site, i.e. the high affinity
binding site for heparin on AT. The most convincing evidence in support of this
putative high affinity binding site for heparin comes from the identification of AT
variants with low heparin affinity and associated with inherited thrombotic
disease. Of the 11 known variants with low affinity for heparin, five result from
replacement of Arg residues: namely Arg24Cys (Borg et al, 1990), Argd7Cys
(Koide et al, 1984; Duchange et al, 1986; 1987, Brunel et al., 1987; Mohlo-
Sabatier et al., 1989; Perry and Carrell, 1989; Owen et al., 1989; Olds et al., 1990;
Ueyama et al., 1990; Roussel et al., 1991), Argd7Ser (Borg et al., 1988), Argd7His
(Owen et al, 1987, Perry and Carrell, 1989; Caso et al, 1990; Wolf et al., 1990;

Vidaud et al, 1991), and Argl29Gin (Gandrille et al, 1990; Najjam et al, 1994).
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The other mutations all predictably cause structural perturbations of the site. For

example, Pro41Leu (Chang and Tran, 1986; Daly er al, 1989; Mohlo-Sabatier et
al,, 1989; Perry and Carrell, 1989; deRoux et al., 1990) affects a critical turn in the
amino terminal extension, while the substitution of Asn7 (Brennan et al., 1988)
creates a new glycosylation site that would block access of heparin to the binding
site in the region of Lys125 and Argl29. The other four mutations, namely
Leu99Phe (Olds et al, 1992), Leu99Val (Chowdhury et al, 1995), Ser1l6Pro
(Okajima et al.,, 1993), and GIn118Pro (Chowdhury et al, 1995), cause readily-
modelled perturbations of the tight packing involved in the turn of the amino
terminus at the C-helix and its 8-sheet bonding to the CD loop. The observed
increased heparin affinity associated with the 8-AT lacking N-glycosylation at
Asn135 (Peterson and Blackburn, 1985; Brennan et al, 1987) also supports the
location of the high affinity binding site for heparin on AT.

Studies involving specific chemical modifications and recombinant
engineering of AT also contributed to the identification of the residues within the
high affinity heparin binding site as well. Chemical modification of four Lys
residues in AT, i.e. Lys107, Lys114, Lys125, and Lys136 (Liu and Chang, 1987,
Peterson et al., 1987; Chang, 1989), demonstrated the involvement of all four in
high affinity binding of heparin to AT. Similarly, selective modification of Arg
residues indicated that Argl29 and Argld5 were constituents of the high affinity

binding site for heparin on AT (Sun and Chang, 1990). AT derivatives chemically
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modified at Trp residues also displayed impaired heparin affinity (Bjork and

Nordling, 1979; Blackburn and Sibley, 1980; Villanueva et al., 1980; Karp et al,
1984). The loss of high affinity for heparin upon Trp-specific modification was
attributed to the selective modification of Trp49 (Blackburn er al, 1984).
However, another group of investigators argued that the impaired heparin binding
of such chemically modified AT may be a result of change or stabilization of
certain conformation of AT other than related to selective modification of the
Trp49 residue (Scully et al, 1991; Shah er al, 1990). A recombinant AT variant
with a Lys substitution for Trp49 was thus generated (Gettins et al, 1992). This
Trp49Lys variant displayed reduced affinity for the pentasaccharide, indicating
that Trp49 probably contacts the pentasaccharide through hydrophobic
interactions and contributes to the binding of the pentasaccharide to AT. Using
recombinant approaches, Lys125 was shown to play an important role in the high
affinity binding of heparin to AT (Fan, et al., 1994a; Kridal et al, 1996), as well
as two residues outside the putative pentasaccharide binding site, Lysl114 and
Lys139 (Kridel et al, 1996). However, the locations of Argl32 and Lys133 were
shown to be peripheral to the core pentasaccharide binding site (Meagher et al,
1996). In addition to the above, 'H NMR studies combined with recombinant
approaches revealed that His120 might play an important role in AT binding to
heparin, more likely through maintaining the correct conformation of the heparin

binding site (Fan et al, 1994b). In contrast, neither Hisl nor His65 appeared to
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be involved in heparin binding although they might be in proximity to the core

heparin binding site and consequently sensitive to the binding of heparin.

Early studies aimed at defining the high affinity heparin binding site
also involved dissection of AT. A proteolytic fragment of AT comprising residues
104-251 was first demonstrated to be able to bind to heparin (Rosenfeld and
Danishefsky, 1986). Similarly, AT114-156 was shown to be sufficient to bind
heparin (Smith and Knauer, 1987). We characterized three recombinant AT
fragments and one AT variant for heparin binding capacity (Wu et al, 1992; 1993;
1994). Expression in E. coli conferred heparin binding properties on the bacterial
protein if residues 90-160 or 22-160 were present, but not when only residues 22-
60 were included. The fusion protein containing AT22-160 had higher affinity to
heparin than that obtained with AT90-160. The truncated form of AT lacking
residues 41-49 also displayed reduced heparin binding. In addition, polyclonal
antibodies were raised against a synthetic peptide corresponding to the sequence
of residues 124-145 (Smith et al, 1990). These antibodies were found to be able
to block the specific binding of heparin to AT and to mimic partially the action
of heparin on AT. Further analysis of the region composed of residues 123-139
revealed that it had a strong potential for formation of an amphipathic helix with
highly positively charged residues on one face and hydrophobic residues on the
other (Smith et al, 1990). Accordingly, the spacial arrangement of the positively

charged residues in this region was shown to be essential for binding to heparin
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(Lellouch and Lansbury, 1992). Moreover, AT121-134 was suggested to constitute

the high affinity heparin binding site (Tyler-Cross et al, 1994). It was found that
loss of any single cationic residue in the peptide AT121-134 had a deleterious
effect on heparin binding (Tyler-Cross et al., 1996).

The resolution of the structure of a dimeric form of intact AT to 2.6
A (Skinner et al, 1997) and the determination of the structures of the
pentasaccharide-AT complex to 2.9 A (Jin et al, 1997) have enabled the binding
site for the pentasaccharide to be further mapped. In the active molecule of the
AT dimer, the side-chains of the key pentasaccharide binding residues Arga7,
Lys114, Lys125, and Argl29 are externally oriented towards the binding site and
readily available to form ionic interactions with the sulphate groups of the
pentasaccharide (Skinner et al, 1997). In the pentasaccharide-AT complex, the
pentasaccharide forms well-defined bonds to Arg47 and Argl29 but less well
defined to Lys125 although the pentasaccharide overlies this residue (Jin er al,
1997). Thus the role of the D-helix region and surrounding N-terminus, in
particular Argd7, Argl29, Lys114, and Lys125, as the binding site for the
pentasaccharide has been established.

Although the high affinity binding site for heparin on AT has been
mapped to the N-terminal residues centred on the D-helix region, variants with
substitutions at the C-terminal portion of AT have been shown to have altered

heparin affinity. Substitutions in or near s1C and s4B region, including residues
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402-429, result in molecular instability (Lane et al, 1993a) and a substantially

decreased affinity for both heparin (Lane et al, 1993; Watton et al., 1993) and the
pentasaccharide (Mille et al, 1994); P1 mutations increased heparin affinity
(Bauer et al., 1983; Lane et al, 1987, Wolf et al, 1987; Erdjument et al., 1988;
1989; Owen et al, 1991). The molecular mechanisms accountable for such
changes in heparin affinity are unknown, but a structural link between the C-
terminal and those N-terminal residues has been well established (Gettins et al,

1993a; Dawes et al., 1994; Skinner et al., 1997).

1.43. Binding of Heparin to AT and Activation of AT by Heparin

Heparin accelerates the reaction of AT with its cognate proteinases up
to several thousand-fold (Bjork et al., 1989; Olson and Bjork, 1991a). The binding
of heparin to AT is essential for this accelerating effect (Rosenberg and Damus,
1973; Rosenberg, 1977; Jordan et al, 1980). High affinity heparin binds to AT
with a dissociation constant (K,) measured as 10-20 nM at physiological pH and
ionic strength (Nordenman et al, 1978; Jordan et al., 1979; Olson et al, 1981;
1992). Ionic interactions are involved as well as non-ionic interactions, as
suggested by the observed ionic-strength dependence of this binding (Nordenman
et al,, 1978; Jordan et al, 1979; Nordenman and Bjork, 1981; Olson et al., 1981;
Olson and Bjork, 1991b). The heparin pentasaccharide binds to AT with only a

3- to 4-fold reduced affinity, implying that it accounts for more than 95% of the
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binding energy associated with heparin-AT interaction (Atha et al., 1985; Olson

et al, 1992). Based on the ionic-strength dependence of the binding of the
pentasaccharide to AT, 4 to 5 ionic interactions were suggested to be involved
(Olson et al, 1992). Moreover, one additional ionic interaction outside the
pentasaccharide site was suggested to account for the slightly higher affinity of
full-length heparin (Olson et al.,, 1992).

Binding of heparin to AT causes structural perturbations in AT. These
changes are substantial perturbation of the 'H NMR spectrum (Gettins, 1987;
Gettins and Wooten, 1987; Horne and Gettins, 1992), a red-shift in the near UV
spectrum (Nordenman and Bjork, 1978), large increases in elipticity in the near
UV circular dichroism (Nordenman and Bjork, 1978), and a 40% enhancement
of the endogenous Trp fluorescence (Einarsson and Andersson, 1977; Villanueva
and Danishefsky, 1977; Nordenman et al, 1978; Jordan et al, 1979). The
fluorescence enhancement appears to originate from buried Trp residues, rather
than from a perturbation of surface residues, suggesting that a major
conformational change in the AT molecule is induced by its interaction with
heparin (Olson and Shore, 1981). Such heparin-induced conformational changes
have also been implicated in studies showing that the binding of heparin to AT
leads to an increased reactivity of Lys236 to chemical modifying agents (Chang,
1989), appearance of a new cleavage site on the RCL for a snake-venom

proteinase (Kress and Catanese, 1981), and a decreased accessibility of the A-
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sheet to forming binary complexes with homologue-loop peptides (Bjork et al,

1992b). Kinetic studies have confirmed that heparin binding induces a
conformational change in AT rather than perturbing a pre-existing equilibrium
between the two conformational states of AT (Olson et al, 1981). The
pentasaccharide has been suggested to induce changes in the AT conformation
similar to those elicited by full-length heparin (Olson et al, 1992). Thus, AT
conformational changes induced by full-length heparin derive predominantly from
the interactions between the pentasaccharide and AT. This conclusion is,
however, challenged by a study using a Trp49Lys variant (Gettins et al, 1992).
There are four Trp residues in AT, i.e. Trp49, Trpl89, Trp21S5, and Trp307, and
they are located at A-helix, F-helix, strand s3A, and H-helix, respectively. The
observed enhancement of endogenous Trp fluorescence reflects the sum of the
perturbation of one or a number of these Trp residues. This enhancement thus
may not detect the difference between the pentasaccharide- and the full-length
heparin-induced structural rearrangements since it may exist in such a way that
the sum of the perturbation of the involved Trp residues are not changed. In
another word, local structures, specially the RCL, can be rearranged differently
by the pentasaccharide and full-length heparin; thus not necessarily altering the
overall fluorescence enhancement. In a study to probe the functional role of
Trp49, a Trp49Lys AT variant was analyzed for both its spectroscopic properties

and its heparin cofactor activity. Despite the apparent contribution of Trp49 to
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the favourable binding energy of the pentasaccharide, the replacement of Trp49

by a Lys residue did not appear to have adverse effects on the structure or
heparin induced activation of AT towards FXa. In contrast, the pentasaccharide
induced only a 24% enhancement of AT fluorescence, while high affinity heparin
induced an enhancement of 40%. It appears that somehow the pentasaccharide
and full-length heparin cause different perturbations of Trp49 since the sum of
the perturbations of the other three Trp residues are different in this variant.
Small differences in circular dichroism changes also have been observed when
comparing the effect of the pentasaccharide with that of longer heparin species;
and the differences could reflect an additional conformational change in AT
induced by the larger heparin moiety (Stone et al, 1982). Alternatively, such
spectroscopic  differences were interpreted as evidence for an additional
electrostatic interaction by the larger molecule (Lindahl et al, 1984; Olson et al.,
1992). This later explanation, however, does not necessarily rule out the
possibility of an additional conformational change in AT when interacting with
longer chain heparin.

Early studies examining the refolding properties of AT following
denaturation suggested that binding of heparin to AT is a two-sfep process in
which a primary binding is followed by a secondary conformational rearrangement
(Villanueva and Allen, 1983). Kinetic studies revealed that an initial rapidly

equilibrating step with a K, of 4.3+1.3x10° M precedes the conformational change
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step and that the highly favourable conformational change then results in a
greater than 300-fold increase in the affinity of heparin to AT and therefore tight
binding (Olson et al.,, 1981; 1992). This two-step binding mechanism was further
suggested by spectrofluorimetry experiments which showed that the initial weak
binding pushes AT into a high affinity conformation which in turn results in a
tight binding with the pentasaccharide (Petitou et al, 1997). The major function
of the conformational change has thus been postulated to increase the affinity of
the pentasaccharide for AT. In addition, the initial change in AT conformation
has been suggested to result in an increased reactivity of AT towards its cognate
proteinases and therefore to be responsible for activating AT to become a better
inhibitor (Rosenberg and Damus, 1973). The observed increase in proteolytic
vulnerability of the loop (Kress and Catanese, 1981) and the inaccessibility of the
A-sheet to peptide insertion (Bjork et al, 1992a; 1992b) both support the concept
of a mobile RCL conformationally linked to the heparin binding site. Direct
evidence for the transmission of a conformational change from the heparin
binding site to the reactive centre of AT has been provided (Gettins et al., 1993a;
Dawes et al., 1994). A comparison of the structure of AT with that of other
serpins showed two differences surrounding the putative heparin binding site.
These were a shift of the D-helix relative to the A-helix and a change in the
conformation of the peptide loop connecting the carboxyl terminus of D-helix to

strand s2A (Carrell et al, 1994). On the basis of modelling studies, Van Boeckel
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and colleagues (1994) have proposed that heparin induces ordered helical

structure in this hD-s2A connecting loop, with consequent movement of strand
s2A and expulsion of the RCL from the sheet. The RCL would therefore change
from its partially inserted form to the fully exposed conformation seen in the
other intact inhibitory serpin structures, thereby making it a better target for FXa
binding. Evidence for RCL preinsertion with expulsion upon heparin binding has
been provided recently (Huntington et al, 1996). Such expulsion frees the RCL

from a constrained form to take up an optimal inhibitory conformation, as seen

in «,-PI (Carrell et al., 1997).

1.4.4. Mechanism of Heparin Acceleration of Proteinase Inactivation by AT
The observation of the conformational change in AT upon heparin
binding has ied to the hypothesis, first proposed by Rosenberg and Damus (1973),
that this conformational change is responsible for activating AT to become a
better inhibitor of its cognate proteinases by making it more reactive toward the
proteinases. This conformational activation is thought to cause the reactive bond
of AT to be more accessible or complementary to the active site of the
proteinases. According to this hypothesis the heparin pentasaccharide should
produce the same rate enhancing effect on proteinase-AT reactions as a full-
length heparin, given the assumption that they induce highly similar, if not

identical, conformational changes in AT. This is challenged, however, by the
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observation of the chain length dependence of heparin’s accelerating effect
(Laurent et al., 1978; Andersson et al., 1979; Danielsson and Bjork, 1981). The
rate of reaction between AT and FXa, FVIIa, FXlIIa, or kallikrein is accelerated
by various heparin moieties, regardless of their size, whereas the rate
enhancement activity for the inhibition of thrombin, FIXa, or FXIa is chain length
dependent (Thunberg et al, 1979; Jordan et al., 1980; Holmer et al, 1980; 1981;
Qosta et al., 1981; Choay et al., 1983; Lane et al,, 1984; Ellis et al., 1986; Olson,
1988; Olson and Choay, 1989; Lormeau et al., 1996). While the pentasaccharide
is as effective as larger heparin species for FXa inhibition, it has little effect on
thrombin inactivation by AT (Holmer et al., 1981; Choay et al., 1983; Olson et al,
1992). Thus heparin chains just large enough to bind AT and to induce the
conformational change are sufficient to account for most of the rate enhancing
effect of heparin on FXa inactivation. For heparin to promote thrombin
inhibition by AT, additional saccharide residues appear to be required to induce
additional conformational changes in AT, or to accommodate both the AT and
the thrombin or both. Actually, significant accelerating activity of AT is not
observed until the chain length is 18 saccharide long (Lane et al, 1984;
Danielsson et al., 1986; Bray et al, 1989), the smallest polysaccharide chain able
to bind AT and thrombin simultaneously (Olson et al, 1988). A second
mechanism was thus postulated to explain the unusual chain length dependence

of the heparin’s rate enhancement of thrombin inactivation by AT (Holmer et al,
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1979). According to this mechanism, the larger heparin chain required to
accelerate thrombin inhibition by AT is necessary to accommodate both the
inhibitor and the proteinase on the same polysaccharide chain (Olson and Bjork,
1991). The molecular bridging by heparin of the ternary complex between
heparin, thrombin, and AT make a contribution to the rate enhancing effect of
heparin on thrombin inactivation by AT. The consequence of this bridging has
been thought to limit their interaction to a single plane along the heparin chain
such that thrombin approaches the AT in the correct orientation for formation of
the complex between the two.

The essential role of heparin-thrombin interaction for the heparin
accelerated thrombin inactivation by AT is supported by several lines of evidence.
The accelerating effect of heparin can be abolished by the selective modification
of Lys or Arg residues within the thrombin molecule, without affecting the
bimolecular thrombin-AT interaction (Pomeranz and Owen, 1978; Machovich et
al, 1978). Heparin accelerated thrombin-AT reaction is saturable with respect
to both AT and thrombin, a kinetic pattern linked to a two-substrate enzyme-
catalysed reaction (Griffith, 1982; Hoylaerts et al,, 1984; Evington et al, 1986).
The observed reaction rates over a wide heparin concentration range can be
described mathematically using equations which fit the ternary complex model
(Hoylaerts et al, 1984). Moreover, the accelerating effect of heparin on

thrombin-AT reaction diminishes at high heparin concentrations, an observation
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suggesting that thrombin and AT bound to separate heparin chains at high

heparin concentrations (Jordan et al, 1979; 1980; Oosta et al, 1981; Griffith,
1982; Nesheim, 1983; Peterson and Jorgensen, 1983; Hoylaerts et al., 1984; Olson,
1988). Active-site-blocked thrombin reduces the accelerating effect of heparin,
apparently by competing with the active thrombin for the binding to heparin in
a ternary thrombin-heparin-AT complex (Griffith, 1982; Pletcher and Nelsestuen,
1983; Hoylaerts et al, 1984; Olson, 1988). Kinetic studies have been reported
which support the concept that thrombin binds to AT-bound heparin and then
diffuses along the polysaccharide chain to meet the AT (Richer and Eigen, 1974;
Winter et al., 1981; Hoylaerts et al., 1984). Thrombin appears to bind to heparin
mainly through ionic interactions with an affinity lower than that of AT
(Nordenman and Bjork, 1978; 1980). No specific saccharide sequence in heparin
has yet been identified to account for this binding. In addition, binding of
thrombin to the binary AT-heparin complex has been shown to be much tighter
than to either AT or heparin alone (Olson and Shore, 1982; Olson and Bjork,
1991b). These observations are consistent with the concept that thrombin binds
both AT and heparin in the ternary complex. Two synthetic peptides
corresponding to AT404-412 and AT420-429 have been demonstrated to interact
directly with thrombin and to increase the amidolytic activity of thrombin
(Nishioka and Suzuki, 1992). These latter results suggests that the C-terminal

region of AT interacts with thrombin to facilitate the interaction- between the
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catalytic Ser and the P1 Arg. Modelling of serpin-proteinase complexes also

suggests that the C-terminus AT interacts with the proteinase with a changed
conformation (Whisstock et al, 1996). In addition, the rate-enhancing effect of
heparin has been shown to be mediated through promoting the initial encounter
between thrombin and AT, rather than affecting the rate of conversion of the
intermediate complex to the stable thrombin-AT complex (Olson and Shore, 1982;
Olson and Bjork, 1991b).

In summary, the accelerating effect of heparin on FXa inhibition by AT
has been proposed to come mainly from the conformational activation of AT upon
binding of the pentasaccharide. The major contribution to the rate enhancing
effect of heparin on thrombin inactivation by AT, on the other hand, appears to
result from the bridging by heparin of the ternary complex with thrombin and AT.
The molecular basis for this difference has not been elucidated. In addition,
heparin acceleration of the proteinase-AT reactions is catalytic rather than
stoichiometric (Bjork and Nordenman, 1976). The catalytic feature results from
an approximately 1000-fold decrease in the affinity of heparin for AT upon stable
proteinase-AT complex formation (Jordan et al, 1979; Carlstrom et al., 1977). A
similar decrease in heparin affinity occurs when the RCL of AT is cleaved (Bjork
and Fish, 1982), or AT is exposed to mild denaturation (Fish et al, 1985), or a
complex between AT and its RCL peptide is formed (Bjork et al, 1992). What

is common to all these low affinity forms of AT is that their RCLs are inserted
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into B-sheet A, implying that loop insertion disrupts the high affinity interaction

between the pentasaccharide and AT. This disrupture has actually been
demonstrated in the latent form of AT (Skinner, et al,, 1997). As a result of the
loop insertion, the side-chains of the key pentasaccharide binding residues Arg47,
Lys125, and Argl29 are hydrogen bonded to other regions of the molecule and

the side-chain of Lys114 points away from the pentasaccharide binding site (Fig.

1.6.b).

1.4.5. Roles of AT as a Regulator of in vivo Coagulation

Although AT attains its full anti-proteinase activity upon binding to
heparin, therapeutically used heparin is not the natural activator of AT. Its
nearest equivalent in the circulation is heparan sulphate, the side-chains of some
endothelial glycoproteins that line the capillaries and sinusoids of the circulation.
The structural distinctions between heparin and heparan sulphate are subtle.
They are both composed of the same types of monosaccharide units joined by the
same types of glycosidic linkages. Heparan sulphate contains the pentasaccharide
sequence (Choay et al.,, 1983; Lindah! et al., 1984; Marcum et al., 1984). Heparan
sulphate is thus able to bind to AT; and to locate AT to the microvasculature that
is most vulnerable to thrombosis. There is experimental evidence to suggest that
heparan sulphate, synthesized by endothelial cells and expressed on the luminal

surface of the endothelial cells, accelerates the rate of thrombin inhibition by AT
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in vivo (Marcum et al., 1983; 1984; 1986a; 1986b; Marcum and Rosenberg, 1984,

1985; Bauer and Rosenberg, 1991). A small fraction of plasma AT appears to be
normally bound to a specific population of heparan sulphate proteoglycans on
endothelial cells (Bauer and Rosenberg, 1991), apparently permitting a fraction
of AT to be selectively activated at blood surface interfaces where proteinases of
the coagulation cascade are commonly generated. It appears that AT is so
critically placed that it may effectively neutralize those procoagulant proteinases
at the sites of their generation. The physiological importance of localization of
AT by heparan sulphate has been suggested by the clinical findings that
individuals with inherited AT deficiency who have in their circulation only
dysfunctional forms of AT deficient in heparin binding appear to have an
increased risk for thrombolic disease (Hirsh et al, 1989). Furthermore, the
catalytic nature of the activation of AT by this specific set of heparan sulphate
proteoglycans ensures the release of newly formed proteinase-AT complexes into
the circulation for catabolic removal and continual regeneration of the

nonthrombogenic properties of the endothelium.

1.5. Molecular Genetics of AT

1.5.1. AT Gene structure

The coding region of AT ¢DNA consists of an open reading frame

(ORF) of 1392 nucleotides of which the first 96 encode the 32 amino acid signal
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peptide and the next 1296 comprise codons for the 432 amino acid residues of the
mature protein (Bock et al, 1982; Prochownik et al, 1983a; Stackhouse et al,
1983). The gene for AT maps to the long arm of chromosome 1 at 1q23-25
(Lovrien et al, 1978; Winter et al., 1982; Kao et al, 1984; Bock et al, 1985). It
occurs in a single copy on the haploid genome and is organized into seven exons
and six introns (Prowchownik er al, 1983a; Jagd et al, 1985; Bock et al., 1988).
The gene spans 13477 base pairs (bp) from the transcriptional initiation site to the
last nucleotide of the poly A tail and the nucleotide sequence of the gene has
been completed (Olds et al, 1993). Several sequence variations, i.e.
polymorphisms, at the AT gene locus have been described (Prochownik et al,
1983b; Bock and Levitan, 1983; Daly et al, 1990; Daly and Perry, 1990; Lane et
al, 1991; 1993b). Two of them are Pstl restriction fragment length polymorphisms
(RFLP), and both Pstl RFLPs are very useful in the diagnosis and the mapping

of kindreds with AT deficiency (Prochownik et al, 1983b; Bock er al., 1985; Le
Paslier et al., 1985).

1.5.2. Inherited AT Deficiency

Inherited AT deficiency is a heterogeneous group of disorders that
manifests clinically with an increased risk of venous thromboembolic events in the
affected individual. The prevalence of inherited AT deficiency in individuals with

thromboembolic events has been estimated to be approximately 5% (Thaler and



45
Lechner, 1981; Pabinger et al, 1992). In the general population, inherited AT

deficiency has been estimated to affect from 1 in 2000 to 1 in 5000 individuals
(Abilgaard, 1981; Thaler and Lechner, 1981; Winter et al, 1982). It has been
reported recently, however, that the incidence of AT deficiency may be higher
than previously estimated. The prevalence of AT deficiency in normal individuals
has been estimated, in a Scottish study of healthy blood donors, tb be 1 in 250
(Tait et al, 1994). In a similar Canadian study, it has been estimated to be
approximately 1in 500 (Wells et al., 1994).

AT deficiency is inherited in an autosomal-dominant fashion and may
be placed into two classes (Manson et al., 1989; Lane et al,, 1991; Blajchman et
al, 1992; Lane et al, 1993; Perry, 1994). Type I the classical deficiency is
characterized by a parallel reduction in AT antigenic and functional levels to
approximately 50% of that observed in normal individuals, due to the absence of
an AT translation product from one of the two autosomal AT alleles. This group
of disorders is caused by a wide variety of heterogeneous molecular defects.
These defects arise either through a complete or partial deletion of the gene or
as a consequence of small insertion or point substitution mutations within the
gene that prevent transcription, translation, secretion, or circulation of AT (Bock
and Prochownik, 1987). In type II deficiency normal or near normal immunologic
levels of AT are associated with decreased functional activity as a result of the

presence of a nonfunctional variant in the circulation (Nagy and Lasonczy, 1979).
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This type of deficiency is marked by the presence of a nonfunctional mutant AT

molecule in the circulation. Such mutations can affect either the reactive centre

region or the heparin binding site, or have pleiotropic effects.

1.53. Expression of Recombinant AT

The availability of AT cDNA clones has allowed the expression of
recombinant AT from a variety of sources, including reticulocyte lysate cell-free
systems (Austin et al., 1990; Sheffield er al.,, 1992; Wu et al, 1992), bacteria (Bock
et al, 1982), yeast (Broker et al., 1987), slime mold (Dingermann et al, 1991),
insect cells (Gillespie et al, 1991; Kridel et al., 1996), and cultured mammalian
cells (Stephens et al, 1987, Wasley et al, 1987; Zettimeisal et al, 1989). In
contrast to the bacteria and the cell-free systems which produce a nonglycosylated
form of AT, all the other cells give rise to glycosylated products. Expression in
cell culture systems of mammalian origin represents a more "natural® way of
producing AT, although all expression systems are by definition artificial. The
glycosylation in mammalian cell expressed protein shows a close sﬁnilarity with
that of the plasma AT, including incomplete glycosylation at Asnl135 (Bjork et al,
1992c; Fan et al., 1993). Transient expression of AT in transformed African green
monkey kidney (COS) cells has been shown to be a convenient tool when small
amounts of recombinant AT present in the background proteins can be used to

carry out the assay to answer the question asked in a particular study (Stephens
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et al., 1987; 1988). Expression of AT in permanently transfected Chinese hamster

ovary (CHO) cell lines yields high levels of AT (Stephens et al., 1987; 1988). This
allows a thorough physicochemical and kinetic assessment of the recombinant AT.
It has been shown that the CHO-derived AT and plasma-derived AT did not
differ significantly either in structure when analyzed by circular dichroism,
ultraviolet absorbance, or fluorescence spectroscopy, nor in function in terms of
heparin binding or the kinetics of thrombin inhibition. Permanent expression of
AT in baby hamster kidney cells has also become a good way to characterize AT

variants (Gettins et al, 1992; Fan et al, 1994a; Meagher et al, 1996).

1.6. Objectives of the Current Study

AT is the most important physiological inhibitor of thrombin. AT
thereby plays an essential role in the regulation of haemostasis. Such a role is
clearly indicated by the predisposition to thromboembolism of individuals with AT
deficiency. AT is also the major plasma cofactor of heparin. Heparin exerts its
therapeutic effect primarily through its ability to increase substantially the rate
of inactivation by AT of the procoagulant serine proteinases. Binding of heparin
to AT is thus believed to be a prerequisite for this effect. Understanding the
interaction between heparin and AT and its consequences, therefore, is a
fundamental and important step towards elucidating the molecular mechanism of

the rate enhancing effect of heparin. The latter in turn could lead to the
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development of recombinant plasma-free products that could represent
improvement in such therapeutic agents. Hopefully, this and related information
will allow the identification of those individuals who are entering a clinically
relevant prethrombotic state and to intervene with appropriate therapy before the
onset of overt disease.

In this study, two hypotheses were proposed to explore the molecular
details of pentasaccharide-AT and heparin-AT interactions. Hypothesis 1: Argd7
participates in the ionic interaction with heparin pentasaccharide, and therefore
its positive charge is required for the binding of the pentasaccharide to AT and
for the subsequent activation of AT by the pentasaccharide. Hypothesis 2: the
pentasaccharide and full-length heparin, upon binding to AT, caﬁse structural
perturbations in AT that are transmitted to the RCL; and these two different
heparin species induce different RCL conformations in AT, resulting in different
inhibitory activities. To investigate these hypotheses, two specific objectives were
set out. Objective 1: to test the consequences of alterations to Arg47 on the
binding of the pentasaccharide to AT and the activation of AT by the
pentasaccharide.  Objective 2: to demonstrate the transmission of structural
perturbations to the RCL of AT upon pentasaccharide and heparin binding and
to differentiate the pentasaccharide- and heparin-induced conformations of the

RCL of AT using an AT variant with a Pro397Trp substitution.



2. MATERIALS AND METHODS
2.1. Materials
Involved materials including those mentioned in the methods sections
were all listed here. The location of the source of the companies was only

presented when it was referred to at the first time.

2.1.1. General Chemicals and Reagents

Dimethyl sulphoxide (DMSO), di-sodium hydrogen orthophosphate
(Na,HPO,), -ethylenediaminetetraacetic ~acid (EDTA), phenylmethylsulfonyl
fluoride (PMSF), polyethylene glycol (PEG) 8000, propan-2-ol, sédium acetate
(NaOAc), sodium dihydrogen orthophosphate (NaH,PO,H,0), and urea were
purchased from BDH Chemicals (Toronto, ON). Acrylamide, bromophenol blue,
Coomassie brilliant blue R-250, glycine, N,N’-methylene-bis-acrylamide (BIS),
N,N,N’,N’-tetramethylethylenediamine hydrochloride @ (TEMED),
tris(hydroxymethyl)aminomethane (Tris) were supplied by Bio-Rad Laboratories
(Mississauga, ON). Electrophoresis grade agarose, ammonijum persulphate (APS),
dithiothreitol (DTT), SDS, &-D-isopropyl-thiogalactopyranoside (IPTG), and 5-
bromo-4-choloro-3-indolyl-8-D-galactoside  (X-gal) were Gibco Bethesda Research
Laboratories (Gibco BRL) products from Life Technologies (Burlington, ON).

Ethidium bromide (EtBr), 5-bromo-4-chloro-3-indolyl phosphate (BCIP), nitro
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blue tetrazolium (NBT), and the phosphatase substrate, p-Nitrophenyl phosphate

(PNPP), disodium, hexahydrate (Sigma 104® phosphatase substrate), were
obtained from Sigma Chemical Company (St. Louis, MO). All other chemicals

and regents were of the highest purity commercially available.

2.12. Media and Regents for Cell Cultures

Dulbecco’s modified eagle medium-low glucose without L-Gln, L-Met,
or L-Cys (D-MEM-GIn'Met'Cys’), qualified and heat-inactivated fetal bovine
serum (FBS), geneticin® selective antibiotic (G-418 sulphate), L-Gin-200 mM
(100X), the lipofectin® reagent, penicillin-streptomycin, and trypsin-EDTA (1X)
(0.05% trypsin, 0.53 mM EDTA.4Na) were Gibco BRL products. Minimum
essential medium a-medium (o-MEM), D-MEM, and sterile phosphate-buffered

saline (PBS) were supplied from McMaster University (Hamilton, ON).

2.1.3. Radiochemicals

[¥S] deoxyadenosine 5’-(a-thio) triphosphate (dATP) was purchased
from DuPont Canada (Mississauga, ON) through Mandel Scientific (Guelph, ON).
For metabolic radiolabelling of the cultured COS-1 cells, the in vitro L-(*S) cell

labelling mix containing 70% L-[*S] Met and 30% L-[**S] Cys was obtained from

Amersham Canada (Oakville, ON).



51
2.1.4. Enzymes

Restriction endonucleases and all other enzymes including lysozyme,
RNase, T4 DNA kinase, and T4 DNA ligase were either from Pharmacia (Baie

d’Urfe”, QC) or Gibco BRL products. The enzymes were stored and used in

accordance with the manufacturers’ instructions.

2.1.5. Oligodeoxyribonucleotides
The oligodeoxyribonucleotides designed as primers for both site-
directed mutagenesis and DNA sequencing (listed in Table 2.1) were synthesized

at the Institute for Molecular Biology and Biotechnology, McMaster University.

2.1.6. AT cDNA and Plasmid Vectors

A cDNA encoding the mature AT, cloned into the polycloing site of
plasmid pGEM3Zf(+) between the restriction endonuclease sites EcoRI and Hind
111, was a generous gift from Dr. R.C. Austin (McMaster University). This cDNA
comprised of an ORF of Hisl to Lys432 of the mature AT led by an initial Met
codon. Most DNA manipulation was carried out with this cDNA within the
plasmid pGEM3Zf(+) backbone, designed as pGEMB3Zf(+)-AT, . In
particular, this recombinant plasmid was used as a template for both in vitro site-
directed mutagenesis and DNA sequencing. In order to create various AT

expressing constructs, another AT ¢cDNA whose ORF included the native 96
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nucleotide secretory signal sequence was also employed in this study. This AT

c¢DNA was cloned between the EcoRI and HindIII sites of the plasmid vector
pGEMB3Zf(+). This recombinant plasmid was designated as pGEM3Z{(+)-AT 5,
" and kindly provided by Dr. R.C. Austin also.

The 