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Coagulation cofactor factor Va (FVa) is an essential component of the
prothrombinase complex, and is both produced and inactivated by proteociytic
events. The cofactor is a heterodimer noncovalently associated by divalent
cations with unknown contact sites. The mechanism of inactivation by the
fibrinolytic effector plasmin (Pn) and the Ca** binding site in the FVa heavy chain
(FVaH) was studied. Following Pn inactivation of aPL-bound FVa, a total of 16
fragments were observed. Of these, the 50(L1766), 48(1766), 43(Q1828),
40(Q1828) kDa fragments spanning the C-terminal C1/C2 domains, and 30(L94)
kDa fragment, but not the similar 30(M110) kDa fragment, positioned within the
N-terminal A1 domain remained associated with anionic phosphilipid (aPL).
These data identify the molecular composition of the Pn-cleaved FVa which
remains bound to membrane in the presence of Ca** as largely A1-C1/C2. A
speculative model that describes the process of inactivation of FVa by Pn was
produced. Chelation by EDTA dissociated the 30(L94) kDa fragment, which then
associated with intact FVaL in the presence of Ca®*, indicating that the Leu94-
Lys109 region of the A1 domain plays a critical role in the FVal and FVaH Ca?"-
dependent association. To identify the residues involved in the Ca*-binding,
conserved amino acids in a recombinant FV (AFV) were replaced with Ala. The
following thrombin generating activities were observed: AFV (100%), E96A
(19%), D111A (30%), D102A (40%), T104A (65%), E108A (70%), D112A (75%),
Y100A (84%), D79A (93%), and E119A (100%). D111A resulted in spontaneous

dissociation of FVaH and FValL. Conversely, E96A or D102A had no apparent

i



effect on Ca®'-dependent subunit interactions, but greatly enhanced chelator-

induced dissociation.

in addition to the FVa project, a novel human protein (p135) with two
synaptotagmin-like C2-domains (sC2) suggestive of Ca**-dependent
phospholipid binding is described. After cloning, sequencing, expression and
monoclonal antibody production a preliminary characterization of p135 was
conducted. Strong expression of p135 mRNA was observed in some leukemia
and adenocarcinoma cell lines. Northern and Western analysis on sixteen non-
pathological human tissues suggested a role of p135 in the immune system.
The results indicated that the recombinant protein mediate Ca®*-dependent
interactions with phosphatidylserine but not with phosphatidyicholine. Thus,
p135 is the first member of the important sC2-family of proteins that appears to

be preferentially expressed by blood cells.
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Phospholipids play a central role in many important cellular and
physiological processes. The research described in this thesis is centered on
two phospholipid-binding proteins. The first is factor Va (FVa), a blood clotting
cofactor whose function is closely regulated by its Ca®*-independent interaction
with anionic phospholipid (aPL) on the surface of cells (1,2,3). The cofactor is
both activated and inactivated by plamin (Pn) (4,5). Recently, a new regulatory
mechanism has been suggested in our laboratory demonstrating that following
Pn inactivation of coagulation FVa, a cofactor complex composed of FVa
fragments is generated capable of activating fibrinolysis, the process of clot
dissolution, by enhancing Pn generation (6-8). The second protein is a novel
protein | discovered that is preferentially expressed by blood cells, named p135
because of its predicted molecular weight. Sequence analysis of the p135
complementary DNA predicted that the protein contains two synaptotagmin-like
C2 domains (sC2-domains). sC2 domains, present in a growing number of
proteins, have been implicated in the Ca?*-dependent and Ca?*-independent
binding of these proteins to phospholipid. While both proteins, FVa and p135,
contain homology structures called CZ2-domains, this nomenclature is
unfortunately misieading because they are completely different. In this thesis the
different C2 domains will be distinguished as C2 for coagulation-type domains
and sC2 for synaptotagmin-type domains. The only similarity that FVa and p135

may have is that both C2 and sC2 are known to bind phospholipids.

xvi



To familiarize the reader with the organization of the thesis, the
Introduction (chapter 1) starts with a review of blood coagulation. This is
followed by a summary of our current understanding of the prothrombinase
complex components, and domain assembly, function and regulation with
emphasis on FVa. Mechanisms of fibrinolysis, the role Pn plays in regulating
fibrinolysis and prothrombinase function, and thrombolytic therapies are
described later in the chapter. Chapter 2 describes my research to understand
the process of inhibition of FVa by Pn and the fragment composition of the aPL-
bound fibrinolytic cofactor. Chapter 3 expands on results from chapter 2 and
describes the identification of three residues in the FVa heavy chain (FVaH) that
are likely involved in the Ca?"-based contact between the two domains of FVa. A
summary of the role of the sC2-domain in protein/phospholipid interaction with
emphasis on the role the sC2-domain plays in cellular processes is discussed in
the introduction of chapter 4. The remaining part of the chapter describes the

identification, localization, and a partial function of the novel p135 protein.

xvii



CHAPTER 1



1.1 Haemostasis

The blood haemostatic system has evolved to maintain the integrity of the
vascular system. It simultaneously maintains the biood in a fluid state throughout
the vasculature and prevents blood leakage by providing solid plugs where
vascular injury occurs (9). Mechanical, chemical, or bioclogical damage can
initiate vascular disruption to the endothelial cells that line the vessel wall
Haemostatic response fo this damage elicits blood coagulation. This event is
then followed by fibrinolysis and tissue repair. Balance and cooperation between
these two systems maintains proper blood flow in the body (10,11), and ensures
that solid plug formation occurs only where vascular damage requires clot
formation. These systems are continuously being activated and inactivated
without noticeable physiological conseqguence. In most cases, the response to
vascular damage is desirable resulting in the arrest of hemorrhage (coagulation),
but in some cases clot formation is undesirable, resulting in an occlusion in the
blood vessel supplying oxygen and nutrients to an organ (thrombosis). Hence,
the processes of leak-preventing haemostasis and life-threatening thrombosis
must be perceived as being separate. The normal haemostatic response to
vascular damage depends on closely linked interactions between the blood

vessel wall, platelets, and blood coagulation factors (9,10).



1.2 Endothelium

Endothelial cells play a physiological role in modulating vascular
permeability and in maintaining blood fluidity (12). The vascular system is
composed of a single layer of highly negatively-charged endothelial cells that
under ordinary circumstances are primarily anticoagulant in nature (8). The
coagulation effector thrombin (Flla), and a variety of other stimuli, induced by
tissue trauma, stimulate endothelial cell synthesis of prostaglandin 12 (PGI2),
which has an anti-aggregatory effect towards platelets (9, 13, 14). Furthermore,
endothelial cells have various defenses against coagulation that each bind and
modify the action of Flla (12, 15, 16). Vascular heparan sulfate, a
glycosaminoglycan present on the surface of the endothelial cells, binds and
activates the plasma-derived antithrombin 1ll (AT Ill), which then inactivates Flla
(17,18). Thrombomodulin (TM), also present on the surface of endothelial cells,
binds and inactivates Flla leading to loss of some coagulant effects.
Furthermore, Flia/TM complex enhances protein C (PC) activation, a plasma-
derived protein, which in turn inactivates FVa and therefore inhibits Flla

generation.

Resting endothelial cells are also profibrinolytic in nature, and are capable
of secreting plasminogen (Pgn) activators such as tissue plasminogen activator
(tPA) and urokinase. These proteolytically stimulate Pgn activation and lead to
fibrin clot dissolution (19,20). Thus, loss of the anticoagulant endothelial barrier

is an initiating step in coagulation (12).



Underlying the endothelial cells are connective tissue and muscle-like
cells not in contact with blood proteins (21). This subendothelial matrix provides
procoagulant activity in the form of tissue factor (TF), following the disruption of
the endothelium, which in turn provides the activator required fo initiate the blood
coagulation pathway leading to Flia formation (22). Simultaneously, the vascular
matrix connective tissue components stimulate the adherence and aggregation of

blood platelets. (9).

1.3 Platelets

Platelets contribute to the initiation and propagation of haemostatic
response to tissue damage. The reactions involved include: adhesion of
platelets to the damaged vessel, spreading of the adherent platelets on the
exposed subendothelial surface, secretion from platelet's granules, aggregation
of platelets, and acceleration of coagulation, resulting in the formation of a fibrin
network that stabilizes the otherwise fragile platelet plug (12, 23). Platelet
activation leads to the expression of aPL which provide an anchoring surface for
the assembly of coagulation complexes that result in Flla generation and

ultimately fibrin, at the site of vascular damage.

The subendothelial connective tissue is a complex array of matrix
proteins, including von Willebrand Factor (VWWF), and collagen (12,24).
Circulating platelets display on their surface passive- and activation-dependent

receptors, capable of interacting with agonists such as extracellular matrix



proteins and plasma proteins (9). Receptor-mediated interactions lead to a
series of intracellular events. One of the most important events in this series is
the interaction of the vWF multimers with glycoprotein Ib-IX compiex on platelets.
This interaction is associated with platelet adhesion to the damaged site
(12,9,25-29). Platelet activation leads to the secretion of effectors, which lead to
platelet accumulation, neutralization of heparin (30), and secretion of FV-Va (31)
and fibrinogen (32-34). Activated platelets also secrete or absorb from the
plasma FV/FVa which then serve as a binding sites for enzyme-cofactor
complexes in the presence of Ca?*, thus localizing Fila formation and fibrin
strand generation to the site of injury. Fibrin strands, in turn, stabilize the initial

weak platelet plug (35).

2.1 Blood Coagulation

In 1964, Davie and Ratnoff (36) and MacFarlane (37), proposed the
waterfall or cascade model for the interaction of clotting factors (Figure 1.1).
Each step in the sequence of events was described as an amplification where
each clotting factor is an inactive precursor that can be activated by the
functional factor immediately preceding it. The literature supports the conclusion
that all the steps involved in Flia generation involve a series of reactions
consisting of a vitamin-K dependent serine protease and a cofactor protein that
assemble on a membrane surface to express catalylic activity (10, 38, 39, 40).
The product of the enzymatic activity of the complex provides the catalysis

required for assembly and activity of the following enzyme complex in the



Figure 1.1 The coagulation cascade.

A stable fibrin clot is generated from sequential amplification reactions involving
zymogens, cofactors, Ca® and aPL. Factor Va acts as a cofactor for FXa in the

activation of Fil to Flla in the presence of Ca®* and aPL.
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cascade (10). This process ultimately leads to the conversion of prothrombin

(Fii) to Flia and clot formation (41).

All the components necessary for the initiation of the cascade are found
circulating in the plasma except for TF, the triggering mechanism, which, under
normal conditions, is confined to the inner leaflet of endothelial cells (12,37).
Likewise, under normal circumstances, aPL is confined to the inner leaflet of the
plasma membrane. A stimulus, as a result of tissue injury, presents TF and aPL
to circulating coagulation factors which results in the initiation of the coagulation

cascade (41,42).

Under normal physiological conditions, TF distribution is confined to the
interior of the endothelial cells and the subendothelium (10,41), and upon injury
and vessel wall rupture, it becomes exposed to the coagulation zymogens
present in the circulating plasma (40,41). Three vitamin K-dependent complexes
are required for subsequent normal clot formation. The first is the extrinsic
tenase (factor Viia and the membrane bound cofactor TF in the presence of
Ca®*) which assembles when TF encounters circulating factor Vila. This complex
then activates a fraction of the circulating zymogens factor IX (FIX) and factor X
(FX) to their active forms, factor Xa (FXa) and factor IXa (FiXa) respectively
(38,41,43,44,45). Factor Xa produced either directly activates factor V to factor
Va, or indirectly activates it by limited Flia generation (1,3,46,47,48,48). The

second complex is the intrinsic tenase complex (FiXa and factor Vilia (FViiia),



and Ca®*). This complex, in turn, produces additional FXa. The third complex,
the prothrombinase complex (free FXa and FVa, and Ca?") converts Fll to Flla.
The importance of the extrinsic, and intrinsic tenase is demonstrated by the
observation that deficiencies in FVII, FVIIl, FIX, and FV are invariably associated
with hemorrhagic fendencies (41). Recently, a revised model of blood
coagulation was postulated in which there is no distinction between extrinsic and
intrinsic pathways (50-52) because of intricate feedback communication and very

different roles in initiating and propagating the pathway.

2.1.1 Fibrin Formation

The formation of fibrin represents a second phase in the plug formation,
the first being primary platelet aggregation. Thrombin has numerous substrates
(9,12,41). In the coagulation reactions, Flla participates in the feedback
activation of FV, FVII, FXI, FVIl. Thrombin substrates also include platelets,
factor XHl (FXIl), and protein C (PC) (40). The major substrate of Flla is
fibrinogen, which after initial hydrolysis forms fibrin monomers that undergo

spontaneous polymerization to form the fibrin clot (53-56).

2.1.2 The prothrombinase complex

The important task of converting FIl to Flla is mediated by an enzyme
complex consisting of the serine protease FXa, the cofactor FVa, negatively
charged phospholipid membrane surfaces, and Ca®". This macromolecular

complex is termed the prothrombinase complex since it Fil is the only known



substrate (Figure 1.2). Activated platelets, monocytes and endothelial cells
present at the site of vascular injury expose aPL on their membrane surface
providing a site of assembly for prothrombinase in the presence of Ca®* (57).
Although FXa can activate Fl directly in the absence of FVa, aPL, and Ca**, the
rate of activation is very slow and does not achieve the immediate physiologic
response required to arrest blood loss. However, with prothrombinase, the rate
of Fll activation is about 300,000 times higher than by FXa alone (58). Thus

prothrombinase assembly is essential for health.

2.1.3 Factor X/Xa structure and function

Factor X circulates as an inactive zymogen in plasma at a concentration of
0.17 pM with Mr = 59 kDa, being composed of a heavy chain (Mr = 42
kDa) and a light chain (Mr = 16.5 kDa) covalently associated through a disulfide
bond (59). Proteolysis at Arg194 in the heavy chain, catalyzed by the intrinsic
tenase (FVilla and FiXa), or by the exirinsic tenase (FVila and TF), produces the
active enzyme FXa (Mr = 48 kDa) by the release of a fragment of Mr = 12 kDa.
The resulting FXa is composed of a heavy chain (Mr = 30 kDa) and a light chain

(Mr = 18 kDa) covalently associated by a disulfide bond (9, 60).

Factor Xa plays a key role in the coagulation cascade, linking the extrinsic
and intrinsic pathways by catalyzing the conversion of Fll to Fila on vascular cell
surfaces (10,60). Once generated, FXa forms the Ca®- and phospholipid-

dependent prothrombinase complex with its cofactor FVa on activated platelets,



Figure 1.2 The components of prothrombinase and plasminogenase.

The prothrombinase complex constituents FVa, FXa, Fli Ca®*, and aPL generate
Flla which converts fibrinogen to fibrin in the process of coaguiation. During
fibrinolysis, the plasminogenase complex composed of Plasminogen, tPA, a

cofaclor, and aPL, generate Pn which solubilizes the fibrin clot.
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monocytes, or endothelial cells (61,62). Furthermore, FXa has been shown fo
mediate a variety of other biologic effects mostly through its binding with the
membrane recepior the effector cell protease receptor-1 (EPR-1) (63,64,65).
These effects include initiation of mitogenesis in endothelial and smooth muscle
cells, stimulation of lymphocyte proliferation, and induction of acute inflammatory

responses in vivo (66).

2.1.4 Prothrombin/thrombin structure and function

Prothrombin is synthesized as a pre-propeptide, and prior to secretion into
the blood, Fll is post-translationally modified. Once secreted, Fli circulates in the
plasma as an inactive zymogen at a concentration of 1.4 uM with Mr = 71.6 kDa

(68). Activation of Fil occurs by FXa or by the prothrombinase complex (45).

Alpha-thrombin, the principal product of Fll activation following tissue
injury, is a serine protease heterodimer with Mr = 36.7 kDa, composed of a 6 kDa
A chain and a 31 kDa B chain (70-73). Thrombin plays a role through its
feedback modulation of haemostasis. This is achieved by its high affinity
interaction with a variety of macromolecules. In the presence of thrombomodulin
(TM), Flla can have an anticoagulatory function through the activation of PC,
which ultimately switches off the cascade reactions and thereby Flla production

(54,74-76).
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2.1.5 Anionic phospholipid

in a resting cell, lipid asymmetry where negatively charged phospholipids
(aPL, e.g. phosphatidyl serine (PS), and phosphatidyl inositol (Pl)) are largely
located in the inner membrane, is regulated by the cellular enzymes that include
the enzyme translocase (12). Translocase, first described in red blood cells and
later in platelets and endothelial cells, shuttles PS rapidly to the inner leaflet of
the membrane on the inside of the cell. In contrast, neutral phospholipids such
as phosphatidylcholine (PC) are moved very slowly (37). Activation of platelets,
monocytes, and endothelial cells present at the site of injury expose aPL to
circulating blood proteins localizing procoagulant (and anticoagulant) complexes
to the site of vascular injury where Flla generation is required. In the case of
prothrombinase, aPL provide sites of association for the cofactor FVa and FXa in
the presence of Ca?* (54). This is essential to direct coagulation components to
the site of vascular injury, and alsc to enhance the catalytic efficiency of the

enzyme as well.

The activity of FlI, FVII, FIX, FX, and PC is dependent upon vitamin K,
which is responsible for a post-ribosomal carboxyiation of a number of N-terminal
glutamic acid residues on each of these molecules generating the gamma-
carboxyglutamic acid (Gla) residues (45,67). The carboxylation facilitates the
binding of Ca* to the Gla domain required to interact with aPL. In the absence of
vitamin K, no carboxylation of Glu occurs, Ca®* is not bound and these factors do

not assemble and form complexes on membranes (3,10). Without the

12



concentration and orientation of these reacting coagulation factors the rate of

conversion of substrate is minimal.

At the C-terminus is the serine protease domain, which is largely
homologous to that of trypsin and chymotrypsin, with insertions that alter the
macromolecular substrate specificity of each enzyme. Between the N- and C-
terminal domains is a region that contains either epidermal growth factor (EGF)
domains in FVII, FIX, FX, and protein C, or Kringle domains in Fli (77) , which have
poorly understood functions, but are involved in correctly orienting the protease

domain relative to the cell membrane

Without Ca®*, the Gla domain is disordered because of the random
positioning of the N-terminal amino acid residues. Cailcium ions bind the Gla
domain in an almost linear arrangement, and one or more ions interchelate
between the double carboxylate groups of the Gla residues. This arrangement
leads to a restrained conformational transition (67,78,79) and the correct
orientation of the N-terminus (80) allowing for binding to aPL. Additional Ca®" ions
could also become sandwiched between the Gla domain and the phospholipid

surfaces to bridge their overall negative charge (42).

2.1.6 FACTOR ViVa
Factor V (Figure 1.3) was first discovered from work on a patient with a

bleeding disorder that could not be explained by known coagulation factor
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Figure 1.3 Activation of FV.

The human coagulation FV (A) is activated by proteolysis initially and partially by
FXa and then by Flla at multiple sites which result in the removal of the B
domain. The end product is a heterodimer of FVaH and FVal chains
noncovalently associated in the presence of divalent metal ions (B). FVaH is two
A domains (A1 and A2) with internal homologies, and FVal is one A domain (A3)
and two C domains (C1 and C2) with internal homologies. The arrows on top
and on bottom in A represent activation cleavages by Flla and FXa respectively.
The arrows in B represent the activated protein C (APC) cleavage sites known {o

inactivate FVa.
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deficiencies. Paul Owren in 1943 (81), discovered that the disease was due to a
deficiency in a factor whose activity must enhance the rate of Flla generation
(49). In replacement assays, this activity was generated upon ftreatment of
normal plasma with Flla (82,83). Owren named the new component factor V.
Seegers (84) later discovered that the missing FV is a plasma protein essential in
the conversion of Fli to Flla. Hanahan and Papahadjopoulos (85) in 1965, and
Cole and coworkers (86) in 1965 showed that Fll activation is a product of two
proteins, FXa and FVa, which require phospholipid and Ca?* ions (10, 12,87).
Now we know that at the site of vascular injury FV is activated by proteolysis,

mainly by Flla, to yield FVa (Figure 1.3) (10).

2.1.6.1 Domain Structure

The domain structure of FV was elucidated following the isolation of the
6672 base pair complementary DNA (88-90). The human factor V gene is 80 kb
in length and has been mapped to chromosome 1q21-25. Factor V is a large
single-chain procofactor glycoprotein (2196 amino acids plus a 28 amino acid
leader sequence) of Mr=330 kDa. The domain structure is composed of three
homologous A-domains and two homologous C-domains, and a unique B-
domain arranged in the order NH»-A1-A2-B-A3-C1-C2-CO.H (Figure 1.3) (89-

91).

The locations of the disulphide bridges in FVa have been determined. In

total, the light chain has eight cysteines: ftwo in the A3 domain and three in each C
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domain. The heavy chain contains 10 cysieine residues: four in the A1, and six in
the A2 domain (92,935). Each A domain contains a 26 residue loop. The A1 and
A2 domains, each contain 81 amino acid residue loops (Figure 1.3). The B domain
is heavily glycosylated (nearly 50 % carbohydrate by weight) containing 25 of the
37 total Asn-linked glycosylation sites, and one cysteine residue not involved in a
disulphide bridge (83). The B domain has no apparent involvement in the cofactor
activity of FV (94), but has been shown to serve as a substrate for FXllia (95,96),

and has been implicated in anticoagulation (94,97).

2.1.6.2 Macromolecular structure

To date structural studies of FV/FVa by X-ray crystallography have been
hindered mostly due to its instability, low abundance in plasma and
heterogeneous glycosylation (48). Early gel filtration (98,99) and sedimentation
equilibrium studies (100,101) indicated that FV has an asymmetric, rod-like
structure. Somewhat more recent studies, based on scanning electron
microscopy images of human and bovine FV, indicated a globular three-
dimensional model of FV structure (102-105). These studies determined that FV
is a multi-domain protein, with irregular structure. The protein was found to be
composed of three peripheral and one larger central domain of approximately 80
x 70 angstrom each. The three peripheral domains are linked via a thin spacer to
the larger domain of approximately 165 x 138 angstrom. Stoylova et al. in 1994

(106), extended previous work and demonstrated that FVa covers an area of
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about fifty (50) phospholipid molecules. While a crystal-based structure of
FVa has not been solved, two crystal structures of FVa C2 domain has been
reported (106a). The C2 domain exhibits a B-barrel motif of eight antiparallel
strands arranged in two B-sheets of five and three strands packed together. This
creates a scaffold of three protruding loops. The two crystal structures adopt
markedly different conformation at one of these loops. The upper part of the
barrel structure contains several salt bridges and the lower part contains basic

residues.

The X-ray structure of ceruloplasmin (CP), a plasma copper-binding
protein, has been reported (107). The A-type domains of FV and FVIIl share
sequence homology with CP. This enabled a theoretical model for the A
domains of FV/FVa (residues 1-656, and 1546-1883) to be constructed (108). In
this study, a Ca®" binding pocket was proposed at the A1-A3 interface possibly
involving residues E96, D102, E108, D111, and D112. Pellequer et al. (2000)
constructed a complete molecular model of the three homologous A-domains
and the two homologous C-domains of FVa bound to anionic phospholipids and
APC. This was achieved using the X-ray crystal structure derived from
ceruloplasmin as a homologous template (109). This model suggested that the
subunits of FVa interact exclusively through an elaborate interface between the
A-domains of FVa. The model predicts that approximately each half of an A-
domain consists of a plastocyanin-like homology repeat, which individually

facilitates FVa intersubunit contacts with a cognate A-domain. In this way, the A1

17



N-terminus and A2 C-terminus would link FVaH to the C- and N-terminus of
FVal-A3, respectively. This study however excluded the absolute requirement

for the N-terminal 93 residues of A1 and the N-terminal 216 residues of A3.

2.1.6.3 Activation of FV

Proteolytic activation of FV plays a central role in regulating coagulation.
Factor V circulates in the plasma with little or no activity (10,12,58). At the site of
vascular injury, FV is activated through a series of cleavages predominantly by
Flla (110) leading to conformational changes in the molecule (111). The sites of
Flla cleavages have been determined and are located at Arg 709, Arg 1018 and
Arg 1545, which excise the B-domain to vield FVa (1,101,110,112,113). The
cleaved product is a heterodimer comprised of an N-terminal-derived heavy
chain (FVaH; A1/A2 domains; Mr = 104 kDa, residues 1-708), and a C-terminal-
derived light chain (FVaL; A3/C1/C2 domains; Mr = 74/71 kDa; amino acids
1546-2196) held tighily together in the presence of Ca?" by unknown contact
sites (110,112,114-116). The proteolytic sites in human FV are consistent with

those for bovine FV although the order of cleavage seems to differ (49,117).

The heavy and light chains are combined in a non-covalent but divalent
metal ion-dependent manner to form FVa (115). The metal ion contact sites
remain unknown. Factor V is initially activated although at a much slower rate
than that of Flla by the serine protease FXa (111) in an aPL and Ca**-dependent

manner following cleavage at Arg 709 and Arg 1018 and consequently through a

18



feed back mechanism with Flla (54,118,119). In addition to Flla and FXa, other
proteases such as the fibrinolytic enzyme Pn cleave FV and generates a transient
activated species (4,5). Similarly, Cathepsin G (120), elastase (121), calpain (122),
Ca?*-dependent proteinase (123), platelet proteases (124) and homocystein-treated
endothelial cells (125) activate factor V by cleaving the protein at various sites
generating proteolysed species with different cofactor activity, and unknown

physiological significance.

2.1.6.4 Subunit association.

FVaH and FVaL are noncovalently associated by a Ca®* ion (Kd = 6 X 10°
M) (Figure 1.2). Neither FVaH nor FVal independently bind Ca®* (115),
suggesting the Ca**-binding pocket is conformational or formed by both FVaH
and FValL. Although significant evidence has been obtained for the participation of
discrete regions of FVa in the various binding interactions within prothrombinase,
both chains of the cofactor are required for biological activity (110,112). The two
chains of the cofactor can be dissociated and separated in the presence of
chelating agents such as EDTA (110,112,114). The dissociation of the chains
results in a reversible loss of cofactor activity, which can be regained by
reassociating the isolated subunits in the presence of Ca**, or other specific
divalent metal ions (112,115,126,127). Krishnaswamy et al. (1988) studied FVa
subunit reassociation kinetics using fluorescence energy transfer techniques with
FVal modified with 6-acryloyl-2-dimethyaminonaphthalene and FVaH modified with

fluorescence 5-maleimide in the presence of 2 mM Ca®" ions or Mn®* ions
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(115,128). These experiments have demonstrated that the rate constant of
association for Ca2* is second order of 1.58 X 10° M min™, three-fold less than
that with Mn®*. Furthermore, activity measurements of the Ca*- or Mn®"-
reassociated cofactor were indistinguishable. These studies demonstrated that
the subunits reassociate tightly and reversibly with a Kd = 5.9 X 10° M, and

stoichiometry of 1:1.

2.1.6.5 Association with metal ions

To date the site(s) of interaction of metal ions in the heavy and light chains
and the physical nature of these interactions remain a complete mystery. Atomic
absorption and emission spectroscopy studies with bovine or human FV
demonstrated the presence of a single bound copper ion (type I} per mol of protein
(129). This copper ion is likely located at the A1-A3 interface in FV (128a).
Furthermore, equilibrium binding studies on bovine FV showed the existence of a
single extremely high affinity (kd < 10 nM) and two lower affinity (kd 60 pM) ca®
binding sites (126). In contrast, FVa was found to contain a single Ca® ion
binding site with a kd = 24 yM and several sites of lower affinity (127). Calcium
ions are implicated in the expression of biological activity by FV and are required to
stabilise the interaction between FVaH and FVal. (130). Following the addition of a
chelating agent such as EDTA, the two subunits slowly dissociated and the
cofactor activity is abolished. Upon the addition of divalent metal ions such as
Ca®*, Mn%, Cd%, Co®, and Sr**, but not Mg® or Ba®*, the two subunits

reassociate and the activity is restored (112).
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Earlier studies using monoclonal antibodies have demonstrated that
conformational changes occur following chelation with EDTA, generating one
mAb-detectable new epitope (111,131). However spectral studies of FVa in the
presence or absence of divalent metal ions, looking for changes in its intrinsic

fluorescence, do not seem to support conformational changes in FVa (83).

2.1.6.6 Association with anionic phospholipid

Since clot formation is localized to the site of injury, prothrombinase
components (Figure 1.2), including FV/IFVa, bind to cells associated with
damaged vascular tissue. Due to the inherently difficult nature of analytical
binding studies on living cells, defined phospholipid preparations, such as lipid
extracts and phospholipid vesicles composed of PS and PC at different ratios,
have been utilized to study the bases of the membrane binding of FVa. The
majority of these studies demonstrate that FV/FVa interaction is specific for aPL
and is mediated through FVal and is Ca®'- independent (44,132-138). Chelation
with EDTA was found to dissociate FVaH, while FVal remained bound to
phospholipid vesicles (115). Using fluorescently labeled FVa and PCPS vesicles
(75/25 %), the dissociation constant was found to be ~2.5 nM (132).
Furthermore, these studies also reported that FVa binding site is composed of a
defined number of properly oriented PS molecules, with each site having the
same affinity for FVa. In addition to phospholipid vesicles, prothrombinase
assembly was also studied on platelets (31,124,138,140). As with phospholipid

vesicles, the binding of FV/FVa to platelets was saturable and reversible
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(139,140) with a comparable Kd in the nanomolar range (128). Furthermore,
studies with platelets as the phospholipid anchor also demonstrated that FVa
binding is mediated by the light chain. Studies using antibodies to human FV
have implicated the N-terminal region of the C2 domain in aPL binding
(134,135,137,138), while experiments using natural bovine FVa fragments have
implicated the A3 (132-134) and the A3/C2 domains (134). lonic and
hydrophobic forces have are suggested to both mediate the interaction between
the protein and the membrane surface (136). Using alanine-scanning
mutagenesis, Kim et al. (2000) investigated the function of individual amino acids
within residues 2037 - 2196 of the C2 domain (137). Charged residues were
changed to alanine in clusters of 1-3 mutations per construct. They found that
the charged residues K2101, K2103, K2104, K2157, K2159, K2161and K2178 of
the C2 domain seem to be involved in the phospholipid interactions. Overall, it
seems likely that binding of FVa to membrane occurs in two stages; initially there
is a diffusion rate-limited FVa-membrane interaction mediated through the C2
domain, and this is foliowed by a hydrophobic contribution through the A3

domain (49).

2.1.6.7 Forms

Following activation of the human plasma FV, the light chain is released
from the C-terminal region of the pro-cofactor, and appears on SDS-PAGE as a
doublet with Mr = 74 (FVa1) and 71 (FVa2) kDa of approximately a 40:60 ratio

(141-144). Using chimeric recombinants of FV, it was suggested that the FVa1 and
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FVva2 likely differ in the degree of Asn-linked glycosylation in the carboxy-terminus
C2 domain, at Asn 2181 (143,144). FVa2 has a much higher affinity for aPL
membranes than FVa1 (143). This difference is functionally important, mainly in
the presence of limiting conditions of membrane and FXa, with considerably more
FVa1 being required to assemble a membrane bound FXa-FVa complex than FVa2
(142). Under several conditions, FVa1 and FVa2 have similar procoagulant activity

(143), whereas they considerably differ in their sensitivity for APC (142).

2.1.6.8 Contribution to FXa activity

Factor Xa interacts with FVa and aPL in the presence of Ca®" to form the
prothrombinase complex (145,146). In this complex, the two proteins FVa and
FXa associate very tightly with a kd ~ 1 nM. In the absence of phospholipid, the
kd for the FVa-FXa interaction is weak of kd ~ 0.8 uM and is dependent on Ca®
(147-149). Interaction of the two proteins forms 1:1 complex and involves

residues 263-274 of FXa heavy chain and both chains of Fva (150,151).

FVa has known effects on FXa resulting in accelerated Flla production.
Phospholipid-bound FVa increases the affinity of the enzyme to membrane.
Without FVa, the duration of retention of FXa on membrane is short-lived with a Kd
of approximately 0.1 uM. As a resuit of FVa retention of FXa to membrane the Ky,
for Fll activation is decreased by two orders of magnitude, while the Kcx of the
enzymatic reaction is increased by 3 orders of magnitude (49). The combined

effects enhance the FXa mediated activation of Fll to Fila by 5-orders of
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magnitude (58). It is not clear yet whether this enhancement in Kex is a result of
alteration of FXa active site, the substrate Fli, or alteration in both FXa and Fli

manifested by FVa binding (49).

2.1.6.9 FVa inactivation by activated protein C

The regulation of prothrombinase is, in part, achieved by inactivation of
FVa by the PC pathway (152-154). The well-studied anticoagulant, activated
protein C (APC), is a serine protease derived from the vitamin K-dependent
zymogen PC by cleavage in the heavy chain at Arg 12 (38,44). The surface of
the endothelium constitutes the main site for PC activation. The cleavage is
catalysed by a complex between Flla and the endothelial cell surface
glycoprotein, thrombomodulin (TM) (154). APC catalyses the proteolytic
inactivation of two critical blood clotting cofactors, FVa (155) and FVlila (156)
thereby limiting further Flla formation (157-161). Of importance to the curmrent
work, APC inactivates membrane-bound FVa (155) by cleaving FVa in a sequential
fashion at Arg 306, Arg 506 and Arg 679 (164,165) to produce an inactive FVa

species.

2.1.6.10 FVa inactivation by plasmin

While the biological role of APC in FVa inactivation is well established, the
effect of Pn on FVa inactivation and the specific cleavage sites in FVa remain to be
determined. Both FV (5) and FVa (4, 168) have been shown to be susceptible to

Pn proteolysis which is specific to the carboxyl-terminus side of lysine and Arg
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residues (166,167). FV is sequentially activated then inactivated by Pn resulting in
the systemic decrease in the levels of the procofactor (5). The inactivation of FVa
by Pn is a complex profeolytic process that is not yet fully understood. It has been
shown that plasmin is a potent inactivator of FVa due to proteolysis of both the
heavy and the light chain (5,168). One of the main goals of the current project was
to determine the Pn cleavage sites in human FVa and the molecular structure (and
to a lesser extent function) of the derived product for reasons that will be discussed
later in the chapter. While not part of this thesis, Pn further influences coagulation
by inactivating FVII (169), FVIII (170), FIX (171,172), FX/Xa (173), FXIl (174).
Plasmin function is controlled either directly by fast acting inhibitors such as o2-

antiplasmin or indirectly by inhibition of plasminogen activators (175).

3.1 Clot lysis

While coagulation generates insoluble fibrin to seal vascular leaks,
fibrinolysis solubilizes the clot to restore normal blood flow. Intricate
communication mechanisms between these pathways and regulatory
mechanisms in each of the pathways exist to insure regulated initiation and to
avoid the possibility of thrombosis or haemorrhage. Fibrinolysis, like coagulation,
is a normal haemostatic response to vascular injury, and is the last mechanism
that limits clot formation and vessel repair. This process resembles the
coagulation cascade in that it involves the zymogen activation, feedback

activation and inhibition, and inhibition by specific inhibitors (12,50,54).
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3.1.1 Activation of the fibrinolytic system

The physiological activators of plasminogen are the serine proteases
tissue plasminogen activator (-PA) and single chain urokinase-type plasminogen
activator (scu-PA, or u-PA) (50,176,177). The tPA-mediated pathway is primarily
involved in fibrin haemostasis, and the uPA-mediated pathway is primarily involved
in processes such as cell migration and tissue remodelling. Consequently, the
terminology “fibrinolytic system” has been replaced by “plasminogen system” (12).
After vascular repair and during fibrinolysis, the plasminogenase complex,
composed of Pg, tPA and a tPA cofactor, generates Pn from its inactive zymogen
form plasminogen, yielding two chains which remain covalently associated by a
disulfide bond (176-179). Plasmin, a trypsin-like protease, is the sole enzyme
responsible for dissolving fibrin. It has a wider range of substrate recognition

than Flla, and may proteolyse a number of proteins relevant to hemostasis (57).

3. 2 Components of fibrinolysis
3.2.1 Plasminogen

The human Pgn protein is organized into several structural domains,
composed of a pre-activation domain, five sequential homologous kringle domains
numbered K1 to K5, and the serine proteinase domain (180-183). The kringle
domains are loop structures of about 80 residues each held together by triple
disulphide bonds (182). They contain the high-affinity lysine binding sites crucial for
localizing the molecule to fibrinogen, fibrin, and other receptors found on cells.

Four of these loops bind lysine residues (183).
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Plasminogen is secreted from the liver and upon activation it is converted
to Pn by cleavage at a single Arg 561 — Val 562 peptide bond. The N-terminal
residue of Pgn is a glutamic acid, and following cleavage of its activation peptide,
comprising the seventy-six N-terminal residues, by Pn, a slightly smaller
plasminogen with a lysine N-terminal residue is generated. These two molecules
are termed Glu-plasminogen and Lys-plasminogen respectively, where the latter

binds lysine groups with higher affinity (183,184-188).

3.2.2 Tissue-type plasminogen activator

After vascular repair and during clot dissolution, tPA, tPA cofactor (usually
fibrin), Ca** and aPL, generate Pn by cleavage of Pgn. Tissue plasminogen
activator, a highly specific protéase, is one of two known physiological proteases
that catalyzes the conversion of Pgn to Pn (180, 181,188). Tissue plasminogen
activator is synthesized by the vascular endothelium and released into the
circulation as a single chain molecule (Mr = 72 kDa) when fibrin clots are formed.
The primary sequence contains a finger domain (47 residues), an epidermal growth
factor domain, two kringle domains (K1 and K2) with high homology to the five
kringles of Pgn, and a serine protease domain that contains the catalytic triad (190-

193).

Plasminogen binds to fibrin primarily via specific structures called the “lysine-

binding site”. Thus one way of regulating fibrinolysis is at the level of Pgn activation
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localised at the fibrin surface. The kringle structures contain the lysine-binding
sites, which display affinity for C-terminal lysines (186,187). Once Pn is
generated on the plug surface, it degrades fibrin and leads to clot dissolution, or
fibrinolysis. Although different kinetic constants for the activation of plasminogen
by t-PA have been reported, most studies agree that fibrin stimulates
plasminogen activation by t-PA by at least two orders of magnitude (194). During
fibrin clot lysis, binding of t-PA increases by generation of additional new Pn-

generated carboxyl-terminus lysines (186,187).

Tissue plasminogen activator is inactive on iis own, but requires
conformational changes for full proteolytic activity, brought about by binding to
fibrin exposed at the site of injury (195,196). The activity of tPA is greatly
enhanced by fibrin, and the assembly of tPA and Pgn on a fibrin surface is of
utmost importance for the generation of Pn. It is generally accepted that binding
of both Pgn and tPA to fibrin leads to the alignment of the substrate and its
enzyme on the fibrin matrix, resulting in efficient formation of Pn (194). In the
absence of fibrin, the enzyme has weak affinity for Pgn (Km = 65 x 10° M), but a

much higher affinity in the presence of fibrin (Km between 0.15 and 1.5 x 107° M).

3.2.3 Urokinase-type plasminogen activator
While not part of the current thesis, the reader should be aware that a
second physiological Pgn activator exists. The single chain urokinase-type

plasminogen activator (UPA) is composed of an epidermal growth factor domain, a
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kringle domain, and a protease domain containing the catalytic triad. Cleavage of
uPA at Lys 158 by Pn converts the molecule into a two-chain uPA (ic-uPA) enzyme
(Mr = 33 kDa) (196-201). The single-chain uPA exhibits low intrinsic catalytic
activity (202,203), and hence does not contribute to the initiation of fibrinolysis.
However, sc-uPA can enter the clot through binding of Glu-plasminogen to fibrin.
Similarly, by a separate mechanism, sc-UPA enters the clot by binding to a uPA

receptor on monocytes (204).

3.2.4 Tissue plasminogen activator cofactors

Apart from Pgn and fibrin, tPA interacts with a number of other cofactors,
including: annnexin Il (205,208); a-enolase (207); a novel 45 kDa endothelial
protein (208,209), osteonectin (210); and complement component C7 (211). Of
these annexin ll, osteonectin and complement C7 have been shown to
accelerate tPA-mediated activation of Pg (210,211,212). Of these, only fibrin is

known to localise tPA activity to the site of fibrin formation.

3.3 Plasmin function

Plasmin has a wide range of substrate recognition, hydrolysing both
arginine and lysine peptide bonds in target proteins. The primary recognized
function of Pn is to degrade fibrin polymers in an orderly, stepwise fashion giving
rise to solubilized products that consist primarily of the D and E domains of the
fibrinogen molecule (9,183,186). Another important role of Pn is cleavage of its

precursor, Pgn, from a C-terminal Glu to Lys form, rendering it more susceptible fo
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activation by tPA or uPA (12). In addition to its role in haemostasis, Pn plays
physiological role in tissue remodeling which involves the activation of matrix
metalloproteases that, in turn, degrade the exiracellular matrix (213,214). Thus

like thrombin, plasmin is pleiotropic.

4.1 Thrombolytic/fibrinolytic therapy

Myocardial infarction and ischemic stroke are the first and third causes of
death and disability in Western societies (50,215-217). Thus vascular disease is
by far the leading cause of mortality. Thrombolytic therapy is a emerging as a
very important treatment for such diseases, consisting of the pharmacological

dissolution of the blood clots by activating the plasminogenase system (12,175).

A maijor advance in treatment of thrombotic disorders was the discovery of
tPA (218,219). Tissue plasminogen activator administration (usually sc-tPA or
alteplase) reduces the extent of tissue damage by restoring the flow of blood fo
occluded areas of the blood vessel where lysine residues are presented on the
fibrin surface. However, systemic generation of Pn and hemorrhage are usually
associated with such treatments. To reduce this risk, a most intensive program
of site-directed replacement and deletion strategies in sc-tPA have been
undertaken with the aim of generating a “super tPA” by enhancing clot specificity
and fibrin binding affinity. While considerable progress has been made, overall
these strategies seem not to be ideal suggesting that new strategies need to be

considered (183,220).
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The presently available non-recombinant thrombolytic agents,
streptokinase and urokinase, are also associated with serious, sometimes life-
threatening side effects due to the “systemic lytic state” characterized by
fibrinogen degradation and o2-antiplasmin depletion in circulating blood
(221,222). These thrombolytic drugs have no specific affinity for fibrin, thus
activate circulating and fibrin-bound Pgn relatively equally. Consequently,
solution-phase Pn is neutralized very rapidly by o2-antiplasmin and residual Pn is
lost for thrombolysis, proteolyzing coagulation proteins including FV/FVa and

FX/FXa causing serious hemorrhage.

Among the recombinant thrombolytic agents are: a riPA deletion mutant,
consisting of the kringle 2 and protease domain of tPA (retaplase); a rPA
deletion mutant, consisting of the protease domain and both kringle 1 and kringle
2 of tPA (lanoteplase); and a rPA mutant with amino acid substitutions
(223,224). Similarly recombinant sc-uPA (pro-uPA and prourokinase), and
recombinant staphylokinase and derivatives have been produced for the purpose

of improving upon available therapies (225-228).

The growing need for a better thrombolytic agent has been the driving
force behind turning to other plasminogen activators, or molecules, with higher
specific activity and different mechanisms of fibrin selectivity. Such molecules
include the tPA from saliva of the vampire bat (bat PA) (229,230), and Flia-

specific antibodies (231). The later strategy entails the engineering of bifunctional
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molecules that contain both a highly specific antigen binding site that
concentrates the molecule at the desired target (the clot) and an effector site that

will initiate thrombolysis.

Overall, thrombolytics have been developed exclusively on active
enzymes. The most common side-effect is systemic fibrinolysis, since their
activity is not exclusively localized to the site of clot formation where aPL are
present. Hence, the long term goal of the current research work is to generate a
clot-specific FVa-based cofactor, rather than a functional enzyme such as tPA,

that will accelerate and localize the activity of {PA.

5.1 Communication between coagulation and fibrinolysis

Coagulation and fibrinolysis are separately regulated by a number of
specific mechanisms. Both activation and inhibition of each cascade regulate
and maintain a proper balance between fibrin formation at the site of vascular

injury and subsequently its dissolution.

Recently a new molecular feedback mechanism between coagulation and
fibrinolysis involving a plasma zymogen protein designated TAF! (thrombin-
activatable fibrinolysis inhibitor) has been described. Upon activation by Flla/TM
complex, TAFI functions as an inhibitor of fibrinolysis (232,233). Alternatively,
APC inactivation of TAFI results in enhanced fibrinolysis (233). TAFI, in vivo,

may function as a molecular communicator in a “cross talk” between the
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coagulation and the fibrinolytic cascades, such that expression of activity in
coagulation down regulates the activity in fibrinolysis. Two other molecular
communication mechanisms exist, involving fibrin and Flla as the molecular
communicators. In the first mechanism, clot formation generates a tPA cofactor
(fibrin) which up-regulates fibrinolysis by Pgn localization and acceleration of Pn
generation (195,196). Similarly, in the second mechanism, Flia generation by
the coagulation cascade induces tPA secretion by the vascular endothelium

which leads to up-regulation of fibrinolysis (234-236).

6.1 Discovery of a new function for FVa

Earlier work from our laboratory has shown that prothrombinase
components, namely FX (237), FXa (238,239), and FVa (239), when treated with
Pn, accelerate tPA activity by as much as 60-fold with Lys-plasminogen and >
150-fold with Glu-plasminogen. Unique among the known tPA cofactors, this
activity was highly dependent on Ca® and aPL. Since molecular feedback
mechanisms between coagulation and fibrinolysis maintain blood haemostasis,
the observations suggest that during fibrinolysis, and at the vascular damage site
where aPL is exposed, Pn-cleaved FVa derivatives enhance Pgn conversion to
Pn and may accelerate clot dissolution. While experiments to follow clot
dissolution have not yet been conducted, this suggests a novel mechanism
linking coagulation and fibrinolysis that involves Pn-cleaved coagulation FVa
species present in the clot. Data also suggest that the FVa-derived tPA cofactor

contains the FVa aPL-binding domain, which would localize tPA acceleration and
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Pn generation to aPL trapped within a clot or other activated vascular cell
surface. This characteristic may allow for the development of novel and unique

strategies for thrombolytic therapy.

7.1 Thesis objectives

Section 1: The main hypothesis was that Pn and FVa are participants in a
new regulatory mechanism to achieve haemostasis. Following Pn inactivation of
coagulation components, a cofactor complex of FVa fragments is generated.
Some of these fragments then bind and recruit plasminogen to the site of
vascular injury and accelerate Pn generation and fibrinolysis. To address this
hypothesis, the original objectives were:
(a) Identify the Pn-cleaved FVa fragments remaining associated in the presence

of Ca’".

(b) Identify the aPL-binding fragments of Pn-cleaved FVal..
(c) Quantify the new FVa-derived cofactor activity.
(d) Generate a recombinant FVa plasminogen cofactor capable of accelerating

fibrinolysis in vitro.

However, since interesting structural information was obtained from
section (a) implicating a region of 16 amino acids in FVaH in the Ca*'-dependent
subunit interaction, the project was redirected somewhat to address the
hypothesis that Leu94-Lys109 is involved in FVaH-L interactions. Objectives (c)

and (d), were consequently given a lower priority compared to:
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(e) Generate recombinant FV proteins with various mutations in the newly
identified functional region 96-111.

) Determine the cofactor activity of these recombinants in prothrombinase.

(g) Identify the effect of Ca?" and EDTA on the recombinant proteins following

Fila activation.

Section 2: P135 was originally discovered by serendipity during the
amplification of the interleukin 11 (IL-11) message from a human
erythroleukemia cell line (HEL). Analysis of the unexpected amplicon revealed
that the cDNA sequence was novel and had some homology to the sC2-
domains. Since we have a general interest in aPL-binding proteins, the
following project was undertaken in order to identify the function of p135 and
understand the role the p135-sC2-domains play in aPL binding. Hence, the
main focus was to identify cells that express the p135 protein and localize the
protein in some of these cells. The gquestion of whether C2-domains are
functionally active in p135 was also addressed. The objectives were:

(a)  Clone and sequence the mRNA for the P135 gene.

(b) Evaluate the P135 mRNA and protein expression in human tissues and
in cancer cell lines.

(c) Localize P135 in 