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Abstract
Once activated, protein C (PC) and thrombin-activable fibrinolysis inhibitor
(TAFI) initiate anticoagulant and anti-fibrinolytic pathways, respectively. PC and TAFI
are activated by the thrombin-thrombomodulin (TM) complex. Endothelial PC receptor
(EPCR), which binds PC, enhances the activation of PC, but not TAFI. We investigated
PC and TAFI activation on cultured human endothelial cells (HUVEC) in the absence or
presence of an antibody against EPCR. In the absence of antibody, PC is the favoured
substrate of the thrombin-TM complex. In contrast, in the presence of antibody, PC
activation is reduced to a level similar to that of TAFI, suggesting that EPCR acts as a
molecular switch that influences substrate preference. PC does not compete with TAFI
for activation and vice versa, raising the possibility that the two proteins interact with
distinct populations of thrombin-TM complexes on endothelial cell surface.
Based on our previous work, the TM-dependence of TAFI activation by thrombin
is mediated through exosite interactions involving a positively-charged patch surrounding
Lys 42, Lys 43, and Lys 44 on TAFI. Using TAFI variants with one, two or three of these
Lys residues replaced with Ala, we determined that each individual Lys residue
contributes equally to overall TAFI activation by thrombin-TM and that they act in a
cooperative fashion to promote activation. This cooperative interaction is evident in lysis
assays where threshold-like behaviour is evident; thus, the anti-fibrinolytic effect of
TAFIa is only attenuated when its generation falls below this threshold.
Capitalizing on this Lys-dependent interaction of TAFI with thrombin-TM, we
synthesized 10-amino acid peptide analogs of this region. Analogs with one, two or three
Lys residues progressively attenuated TAFI activation by thrombin-TM. This was a
ii

specific effect because (a) the peptide analogs had no effect on PC activation, (b) the
inhibitory effect was lost if the three Lys residues were replaced with Thr, and (c) epsilon
amino-caproic acid, a Lys analog, had no effect. These studies not only suggest that
lysine residues at 42/43/44 comprise an exosite that mediates the interaction of TAFI, but
not PC, with thrombin-TM, but also identify novel reagents that have potential
antithrombotic activity by modulating TAFI activation.
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Chapter 1
General Introduction
1.1 Overview of Coagulation and Fibrinolysis
The body's hemostasis system requires careful regulation in order to function
effectively and efficiently to stop blood loss upon vascular damage, and to restore blood
flow once the damage is repaired. These processes involve the interaction of many
enzymes, substrates, and co-factors to maintain a balance between clot formation
(coagulation) and clot dissolution (fibrinolysis) (Figure 1-1). Inappropriately up-regulated
coagulation results in a thrombotic tendency while augmented fibrinolysis results in a
bleeding tendency.
Upon vascular injury, the coagulation cascade is initiated, which results in the
formation of thrombin from its precursor, prothrombin (1). Thrombin is the central
procoagulant enzyme that cleaves soluble fibrinogen (Fgn) to form fibrin monomers,
which subsequently polymerize to form an insoluble fibrin clot at sites of injury (2). The
removal of the fibrin clot is initiated by the activation of the fibrinolytic cascade that
ultimately results in conversion of plasminogen (Plg) to plasmin (Pln), which then
degrades fibrin into soluble fibrin degradation products (FDPs) (Figure 1-1).
Thrombomodulin (TM) is a central regulator in the balance between coagulation
and fibrinolysis. TM is an endothelial cell surface receptor that binds thrombin to form
the thrombin-TM complex. Once bound to TM, the specificity of thrombin changes from
procoagulant reactions to anticoagulant and anti-fibrinolytic reactions through the
1

Figure 1-1 The balance between coagulation and fibrinolysis.
Coagulation is initiated by the activation of prothrombin (II) to thrombin (IIa), while
fibrinolysis is initiated by the activation of plasminogen (Plg) to plasmin (Pln). A central
protein in this balance is the endothelial membrane protein thrombomodulin (TM). TM
binds to thrombin and switches the substrate specificity of thrombin from procoagulant to
anticoagulant and/or antifibrinolytic. The thrombin-TM complex mediates the
anticoagulant and antifibrinolytic effects through the activation of two zymogens, protein
C (PC) and thrombin activable fibrinolysis inhibitor (TAFI), respectively. The activated
protein C (APC) down-regulates thrombin generation and ultimately down-regulates
fibrin formation. On the other hand, the activated TAFI (TAFIa) down-regulates Pln
formation and ultimately attenuates fibrinolysis (3).
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activation of protein C and thrombin-activable fibrinolysis inhibitor (TAFI), respectively
(4). Activation of protein C generates activated protein C (aPC), the main downregulating mechanism of coagulation, while activation of TAFI generates TAFIa, the
main inhibitor of clot degradation (5). Therefore, many systems are involved in
maintaining this delicate balance.

1.2 The Vessel Wall
Normal vascular endothelium forms a lining between circulating blood and the
rest of the vessel wall. It provides a protective barrier that separates blood cells and
plasma proteins from highly reactive elements in the deeper layers of the vessel wall.
Under physiological conditions, the endothelium maintains an antithrombotic
environment by expressing substances that inhibit coagulation (TM, endothelial protein
C receptor [EPCR] and heparan sulfate), promote fibrinolysis (tissue-type and urinarytype plasminogen activator [t-PA and u-PA]), and suppress platelet activation
(prostacyclin [PGI2] and nitric oxide[NO]).

1.2.1 Thrombomodulin
TM is an important contributor to the antithrombotic properties of the
endothelium. TM was discovered by Esmon and Owen (6) while searching for an
endothelial cofactor for thrombin-mediated activation of protein C. Later, it was found
that TM links coagulation, fibrinolysis, and inflammation.

3

TM is a transmembrane glycoprotein expressed on the endothelial cells lining all
blood vessels, arteries, veins, capillaries, as well as lymphatics (7). After removal of an
18 amino acid signal peptide, the mature single-chain protein is 557 amino acid residues
in length and consists of 10 structural elements as shown in Figure 1-2. The N-terminal
domain (residues 1 through 226) comprises two major segments: (A) residues 1 through
155, which are homologous to the family of C-type lectins and include two potential sites
for N-linked glycosylation, and (B) residues 156 through 226, which make up a
hydrophobic region. This N-terminal domain lacks anticoagulant function, but has been
shown to dampen endothelial cell inflammatory responses by limiting endothelial cell
activation and promoting leukocyte adhesion (8).
Following the N-terminal domain are six tandem epidermal growth factor (EGF)like domains (residues 227 through 462). A small interdomain peptide links EGF 5 and
EGF 6 and forms an extended stalk in the extracellular part of the molecule. Each EGFlike domain contains the prototypical disulfide bonding pattern that is necessary for
protein-protein interactions. The function of the first two EGF-like domains is unknown,
but domains 3 through 6 are critical for activation of protein C and TAFI by thrombin (912).
Following the EGF-like domains is a serine/threonine-rich domain (residues 463
through 497), containing four potential O-linked glycosylation sites, which support the
attachment of the glycosaminoglycan. This region also contains two sites for potential
addition of chondroitin sulfate. It has been shown that in the presence of chondroitin
sulfate, the affinity of TM for thrombin is heightened by more than 10-fold (13) and this
moiety modulates the Ca2+ dependence of protein C activation (13,14).
4

Figure 1-2 Domain structure of TM.
The amino-terminal part of TM, which is directed toward the circulating blood, consists
of a C-type lectin-like domain (residues 1-226), followed by six tandem EGF-like
domains joined by small interdomain peptides. Other regions include a serine/threoninerich domain (residues 463-497), a transmembrane domain (residues 498-521), and a
carboxyl-terminal intracellular domain (residues 522-557) (15).
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Next is the transmembrane domain (residues 498 through 521), which is a
hydrophobic region that is highly conserved across species (16,17). Finally, at the Cterminus, TM is anchored intracellularly by a short cytoplasmic tail (residues 522 through
557).

1.2.2 Endothelial Protein C Receptor (EPCR)
EPCR is a cell-specific type 1 transmembrane protein that anchors both protein C
and aPC on the endothelial cell surface (18,19). EPCR appears to function by presenting
protein C to the thrombin-TM complex, thereby augmenting its activation, primarily by
decreasing the apparent Km (7,20). In adults, EPCR is localized primarily on endothelial
cells of relatively large blood vessels, and it is expressed at very low levels on capillaries
(21). However, during embryogenesis EPCR is expressed at high levels on trophoblast
giant cells (22). The mature single-chain protein is 238 amino acid residues in length and
contains two domains in the extracellular region that are homologous to the α1 and α2
domains of the CD1/MHC class 1 family of molecules (23). A soluble form of EPCR has
been identified in human plasma, which is almost identical in size to full length EPCR
and retains affinity for protein C and aPC (24).

1.3 Coagulation
Normally, coagulation is suppressed by the antithrombotic properties of the
endothelium and by circulating inhibitors (for review see (1)). Damage to the blood
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vessel wall exposes prothrombotic subendothelial elements to the bloodstream (Figure 13). Adhesion of platelets to exposed collagen and von Willebrand factor induces platelet
activation and aggregation. Exposed tissue factor (TF) binds factor (F) VII thereby
forming the extrinsic tenase complex. This complex initiates coagulation by generating
small amounts of thrombin. The small amounts of thrombin then promotes further
activation and aggregation of circulating platelets at the site of injury and induces the
formation of a platelet plug. In addition, this thrombin amplifies the clotting process by
activating the intrinsic pathway, and thus exponentially propagating the clotting process.
These two pathways converge at the common pathway, or formation of the
prothrombinase complex, which all work to generate more thrombin and ultimately forms
the insoluble fibrin clot.

1.3.1 The Extrinsic and Intrinsic Pathways of Coagulation
The extrinsic pathway is activated by vascular injury-induced exposure of
components that are “extrinsic” to the blood stream. The crucial such component is TF,
an intrinsic membrane receptor for FVIIa (25). TF is expressed constitutively on most
subendothelial cells, such as fibroblasts and smooth muscle cells. Once exposed, TF
binds FVIIa in the presence of a negatively charged phospholipid surface and calcium
ions to form extrinsic tenase (Figure 1-3). This complex activates the zymogen FX to
FXa, the enzyme component of the prothrombinase complex. The small amount of
thrombin and FXa that is generated through the extrinsic pathway proceeds to amplify the
clotting process by activation of the intrinsic pathway.
7

Figure 1-3 The coagulation cascade.
The extrinsic and intrinsic pathways are involved in the activation of prothrombin to
thrombin, which ultimately results in the formation of an insoluble fibrin clot. The
extrinsic pathway is initiated by exposure of tissue factor (TF) which together with Factor
VIIa, forms the extrinsic tenase. This complex activates factor X to factor Xa, which
incorporates into the prothrombinase complex to generate a small amount of thrombin.
Thrombin feeds back to amplify its own generation by activating factors V, VIII and XI.
Activation of factor XI initiates the intrinsic pathway. This process ultimately generates
large amounts of thrombin that propagate fibrin clot formation.

8

The intrinsic pathway is activated by thrombin and FXa generated through the
extrinsic pathway, which together act to activate FXI (26), FVIII (27), and FV (28). Once
FXI is activated to FXIa, it then activates FIX to FIXa, which is the enzyme component
of the intrinsic tenase complex. FIXa, along with its cofactor FVIIIa on a phospholipid
surface in the presence of calcium ions, forms intrinsic tenase (Figure 1-3). This complex
further activates FX to FXa.

1.3.2 The Common Pathway
The extrinsic and intrinsic pathways converge at the “common pathway”, which
mainly involves the formation of the prothrombinase complex. The prothrombinase
complex is comprised of FXa, either from the extrinsic or the intrinsic pathway, as the
enzyme, cofactor FVa, and an anionic phospholipid surface (e.g., activated platelet
surface) in the presence of calcium ions. The prothrombinase complex then activates
prothrombin to thrombin, the central enzyme in coagulation (29). Although the extrinsic
and intrinsic pathways both generate thrombin, it is the upstream intrinsic pathway that
results in the initiation of the propagation phase of thrombin generation and the
accumulation of large amounts of thrombin through positive feedback reactions.
Thrombin converts soluble Fgn into Fn monomers, which then polymerize to
form an insoluble fibrin clot at the site of injury. Thrombin also activates FXIII to FXIIIa,
a transglutaminase which stabilizes the fibrin clot matrix by forming covalent bonds that
cross-link the fibrin polymers (30). In addition, thrombin activates circulating platelets to
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promote cellular accumulation at the site of injury (1). Through these functions, thrombin
plays an important role in promoting coagulation.

1.3.3 Prothrombin and Thrombin
Prothrombin is a vitamin K-dependent single chain polypeptide synthesized in the
liver. It has a molecular mass of 72 kDa and circulates in plasma at 1-2 µM (31,32).
Prothrombin consists of four major domains (Figure 1-4): an N-terminal Gla domain (36amino acid), which includes 10 glutamic acid residues that must be γ-carboxylated in
order for prothrombin to be fully functional (33); two kringle domains, which are
involved in binding to the prothrombinase complex; and a protease domain, which is
homologous to the chymotrypsin/trypsin family (34). The Gla domain and the first
kringle domain make up fragment-1 of prothrombin, the second kringle domain is
referred to as fragment-2 and the protease domain, prior to activation, is referred to as
prethrombin-2 (Figure 1-4).
Activation of prothrombin involves cleavage at Arg 271 and Arg 320 by FXa
(35). It has been shown that the order of bond cleavage is changed by FVa (36). Thus,
two pathways of prothrombin activation exist. In the absence of FVa, cleavage at Arg 271
occurs first, resulting in the intermediates fragment 1.2 and prethrombin-2. Subsequent
cleavage of the prethrombin-2 domain at Arg 320 results in the formation of thrombin,
which is made up of an A- and B-chain, linked by a disulfide bond. In the presence of
FVa, cleavage at Arg 320 occurs first, resulting in the formation of the intermediate
meizothrombin, which is made up of fragment 1.2 and the A-and B-chain linked by a
10

Figure 1-4 Domain structure of prothrombin.
Prothrombin consists of 4 major domains. At the N-terminus there is a negatively charged
γ-carboxyglutamic acid (GLA) domain, which mediates prothrombin binding to the
phospholipid surface via an interaction with calcium. Following the GLA domain are two
kringle domains, which mediate protein-protein interactions. Next is the inactive protease
domain, which contains the residues that will make up the catalytic triad upon activation
(H, D, S). The GLA domain and the first kringle domain make up fragment-1 of
prothrombin. The second kringle domain is referred to as fragment-2 and the inactive
protease domain is referred to as prethrombin-2. In the process of prothrombin activation,
cleavage of prethrombin-2 at Arg 320 results in the formation of the A-chain and B-chain
of thrombin, which are held together by the disulfide bridge illustrated.
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disulfide bond. Subsequent cleavage at Arg 271 results in the formation of fragment 1.2
and thrombin. Therefore, the two major differences observed during prothrombin
activation by either fully assembled prothrombinase complex or FXa alone are that the
rate of prothrombin activation is 300,000-fold higher with prothrombinase, and there is a
switch in the intermediate pathway to generate thrombin (29).
Interestingly, even though Arg 271 or Arg 320 can initially be cleaved during
prothrombin activation, conformational change at the protease domain is only
accompanied by the cleavage at Arg 320, which results in the formation of the catalytic
triad (37). Thus, only meizothrombin and thrombin possess proteolytic activity, whereas
prethrombin-2 is inert.
Thrombin is a 37 kDa protein that consists of a 6 kDa A-chain and a 31 kDa Bchain, held together by a disulfide bond. Bode et al. (38) solved the crystal structure of
human alpha-thrombin and showed that its catalytic triad (His 43, Asp 99, and Ser 205) is
located within a canyon-like cleft flanked by two major insertion loops that sterically
restrict access to the active site. There are two patches of positively charged residues
located on opposite sides of the active site termed exosite-I and exosite-II, and it is
primarily these two regions that recognize and interact with the majority of substrates of
thrombin (38). Exosite-I interacts primarily with electronegative domains of other
macromolecules such as Fgn, TM, protease activated receptors (PARs), heparin cofactor
II and hirudin, while exosite-II interacts electrostatically with various anionic molecules
such as heparin and the glycosaminoglycan moiety of TM (39).
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1.3.4 The Thrombin-TM Complex
As mentioned earlier, TM binds thrombin via both exosites and localizes it to the
endothelial cell surface as the thrombin-TM complex. TM serves as a molecular switch
for thrombin function as this interaction changes the substrate specificity of thrombin
from a procoagulant enzyme to both an anticoagulant and an anti-fibrinolytic enzyme.
Furthermore, TM bound thrombin is unable to activate platelets (9). The structural basis
of the thrombin-TM complex has been revealed by x-ray crystallography of human αthrombin bound to TM EGF-like domains 4, 5, and 6 (9). According to this model, TM
EGF-like domains 5 and 6 are thrombin-binding sites (Figure 1-5). TM EGF-like domain
5 and part of domain 6 bind to a cluster of lysine and arginine residues of anion-binding
exosite-I of thrombin. This prevents binding between thrombin and its procoagulant
substrates, thereby redirecting the activity of this serine protease, i.e., TM switches its
substrate specificity almost entirely to protein C and TAFI (40) (Figure 1-1).
Although thrombin binds exclusively to the TM EGF-like domains 5 and 6, this is
not sufficient to activate either protein C or TAFI. The primary structure of TM required
for efficient protein C activation includes EGF-like domains 4 to 6 (41-43), while for
TAFI activation, it requires EGF-like domains 3 to 6 (10,11).

1.3.5 Fibrinogen and Fibrin
Fgn is the target protein of the coagulation cascade. It is a 340 kDa soluble plasma
protein. Fgn is synthesized in the liver and circulated in plasma at about 2.6 mg/mL. Fgn
is a dimer and consists of three pairs of disulfide-bonded polypeptide chains, designated
13

Figure 1-5 Crystal structure of the thrombin/TM-EGF456 complex.
Shown is the ribbon model of the complex between human α-thrombin and TM EGF-like
domains 4, 5 and 6. The irreversible inhibitor L-Glu-Gly-Arg chloromethyl ketone (EGRCMK) mimics the acidic P3 residue of the protein C activation peptide and is shown as a
space-filling model with atoms colour-coded. The two patches of positively-charged
residues located on opposite sides of the active site of thrombin are termed anion-binding
exosites I and II (9).
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α, β, and γ (Figure 1-6) (44). Each Fgn molecule is comprised of two globular D domains
at opposite ends of the molecule connected to a central, smaller, globular E domain by a
coiled-coil helix region (44). Intact Fgn or fibrin monomer has a D-E-D structure. The D
and E domains in each half of the molecule are delineated by a pair of disulfide rings,
which link chains α to β, β to γ, and γ to α (45).
Thrombin converts Fgn to Fn by cleaving specific Arg-Gly bonds at the NH2terminals of the α and β chains. This results in the release of fibrinopeptides (FP) A and
FPB, respectively (46). Release of FPA and FPB exposes polymerization sites in the E
domain that associate non-covalently with sites on the D domains of neighboring
molecules, thereby producing double-stranded protofibrils. Protofibrils consist of two
linear polymers formed in a half-staggered arrangement. The protofibrils further associate
laterally to form fibers, which themselves may associate to form fiber bundles.
Collectively, the protofibrils, fibers, and fiber bundles, variously branched, comprise the
fibrin clot. FXIII is also activated by thrombin to FXIIIa and it stabilizes the fibrin clot by
catalyzing isopeptide bond formation between the γ chains in the D domains of adjacent
fibrin monomers, resulting in a cross-linked fibrin clot (46).

1.3.6 Regulation of Coagulation
A fine balance is needed between coagulation and fibrinolysis (Figure 1-1). If the
balance shifts toward coagulation, thrombotic events such as a heart attack or stroke may
occur. Thus, a delicate regulation of blood coagulation has been achieved by several
mechanisms, including hemodilution, the rate of blood flow, proteolytic feedback by
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Figure 1-6 The structure of fibrinogen (Fgn).
The arrangement of the six chains in the Fgn molecule is shown above. The 3 pairs of
disulfide bonds linking the α, β, and γ chains are shown as solid lines. The intra-chain
disulfide bonds are shown as small boxes under each chain. Fibrinopeptides A and B are
shown as black boxes on the α and β chains, respectively. The 6 black arrows identify the
Pln cleavage sites that give rise to the globular D (shaded) and E (centre) domains.
Vertical solid lines represent Pln cleavage sites. The names, structures, and molecular
weights of the fragments derived by Pln cleavage are shown in the lower part. The
depiction of the Fgn molecule shows the E domain (small circle) flanked on either side
by a D domain (large circle) separated by the three-chain α-helical regions (straight
lines), which contain the Pln-sensitive sites. The removal of the αC region (curved lines
protruding from the D domain) by Pln results in the formation of fragment X, and
subsequent cleavage on one side of the molecule results in fragments Y and D. Further
cleavage of fragment Y produces a second fragment D and fragment E (44).
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thrombin, inhibition by plasma proteins and endothelial cell-localized activation of an
inhibitory enzyme (protein C), and fibrinolysis. The protein C anticoagulant pathway has
been extensively studied and shown to be very important in regulating anticoagulation
and inflammation.

1.3.7 The Structure and Activation of Protein C
Protein C is a vitamin K-dependent glycoprotein that circulates in plasma at a
concentration of about 60 nM (47). It is synthesized in the liver as a single-chain
precursor molecule of 461 amino acids (48). Prior to secretion into the circulation, a 42amino acid pre-prosequence is removed and the molecule undergoes internal proteolytic
cleavage. Circulating protein C consists of a 419-amino acid two-chain protein that is
made up of a light chain (21 kDa) and a heavy chain (41 kDa), connected by a disulfide
bond (48). The light chain of protein C contains an amino-terminal Gla domain and a
hydrophobic region connecting the Gla domain to two EGF-like domains, while the
heavy chain contains a protease domain with homology to trypsin (Figure 1-7). Although
the majority of protein C circulates in plasma as a two-chain zymogen, approximately
10% circulates in a single chain form (49).
Activation of the zymogen occurs when thrombin cleaves away the activation
peptide from the N-terminus of the heavy chain, resulting in aPC consisting of a light
chain (21 kDa) and a reduced heavy chain (35 kDa) (48). The activation of protein C by
thrombin is promoted by TM by several orders of magnitude (50). It has been shown that
TM accelerates protein C activation in solution and on membrane surfaces by increasing
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Figure 1-7 Domain structure of protein C.
The mature heterodimer of protein C has a light chain and a heavy chain. The light chain
contains one Gla domain (residues 43-88), a helical aromatic peptide (residues 88-96),
and two EGF-like domains (residues 97-132 and 136-176). The heavy chain contains a
trypsin-like serine protease domain (residues 212-450) (51).
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the kcat from approximately 0.016 s-1 to 4.16 s-1, and decreasing the Km from
approximately 60 µM to 6 µM (52). Therefore the thrombin-TM complex is thought to be
the physiologically relevant activator of protein C. Although thrombin binds exclusively
to the TM EGF-like domains 5 and 6, these domains of TM are insufficient for cofactor
activity. EGF-like domain 4 of TM, along with the six-residue interdomain peptide that
connects EGF-like domains 3 and 4 have been demonstrated to be necessary for efficient
protein C activation (41-43). Through alanine-scanning mutagenesis, residues Asp 349,
Glu 357, Tyr 358, and Phe 376 of TM were shown to be critical for expressing protein C
activation cofactor activity (41).
Early mutagenesis studies identified unfavorable charge interactions between Glu
192 and Glu 39 of thrombin with Asp residues at the P3 and P’3 positions near the
protein C activation site (53,54). Glu 192 of serine proteases is an important determinant
of substrate specificity, while Glu 39 of serine proteases neighbors positions P’2 to P’4 of
the substrate. It was suggested that these unfavorable charge interactions are largely
overcome by the presence of TM by altering the active site of thrombin and re-orientating
Glu 192 and Glu 39. A recent crystal structure of the complex between thrombin and
EGF-like domains 4 through 6 of TM, however, suggests that there is no significant
change in the conformation of the active site of thrombin when it binds TM (9). Instead,
it has been suggested that TM functions by providing exosite-like contacts for substrates
that direct them into an optimal orientation for cleavage by thrombin. In addition,
extensive Ala scanning mutagenesis of thrombin revealed that distinct regions of
thrombin are required for efficient protein C or TAFI activation (55). Together, these
findings support the concept that structural rearrangement rather than conformational
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change is responsible for the shift in thrombin specificity that occurs when it binds to
TM.
Another important cofactor in protein C activation is EPCR. It is the cell surface
receptor for protein C and has been shown to augment protein C activation (20). EPCR
binds protein C and aPC on the cell surface with similar affinities (Kd of ~30nM) (50).
Protein C binds directly to EPCR through its Gla domain. By presenting protein C to the
thrombin-TM complex for activation, EPCR increases the rate of protein C activation by
approximately 20-fold in vivo compared with protein C alone (56), primarily by
decreasing the Km (7,20).
Other activators of protein C have also been described. Pln has been reported to
activate and degrade protein C (57). Meizothrombin can also interact with TM to
efficiently activate protein C (58). In addition, platelet factor 4, a platelet α-granule
protein, has been shown to be a soluble cofactor for TM-dependent protein C activation
that enhances the rate of protein C activation in vivo and in vitro more than 10-fold at low
protein C concentration (59,60). The cofactor activity of platelet factor 4 is almost
completely lost if the Gla domain of protein C is removed (61).
Most serine proteases have a short half-life in blood of less than 1 min. However,
aPC has a relatively long circulating half-life of approximately 15 min before it is
inactivated by α1-antitrypsin, protein C inhibitor or α2-macroglobulin (62-68). In contrast,
the zymogen protein C has a half-life in blood of approximately 10 h (69,70). Therefore,
the anticoagulant activity of aPC is highly regulated in the circulation and various
inhibitory mechanisms are in place to ensure that it is only present where and when it is
needed.
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1.3.8 The Protein C pathway
aPC has two major functions, anticoagulation and cytoprotection, depending on
whether it is on its own or is bound as the EPCR:aPC complex. Once aPC dissociates
from EPCR, it binds to protein S on the surface of platelets where it functions as an
anticoagulant by proteolytically inactivating FVa (71) and FVIIIa (72), thereby downregulating thrombin generation and preventing blood clot extension (Figure 1-8). FVa,
the cofactor in prothrombinase, is responsible for enhancing thrombin generation by five
orders of magnitude (73). aPC inactivates FVa by cleavages at Arg 506, Arg 306, and
Arg 679. Cleavage at Arg 506 and Arg 679 results in a 10-fold decrease in the affinity of
FVa for FXa as well as diminished interaction with prothrombin, while subsequent
cleavage at Arg 306 completely eliminates its interaction with FXa (74,75). FVIIIa,
analogous to FVa, is a cofactor for factor IXa-mediated FX activation (76). aPC
inactivates FVIIIa by cleavages at Arg 336 or Arg 562; either cleavage is sufficient to
disable FVIIIa function (77). In addition, FV has been reported to interact with aPC and
protein S and participates in the inactivation of FVIIIa (78,79). Therefore, inactivation of
FVa and FVIIIa by aPC attenuates thrombin generation.
Protein S is an important cofactor for the anticoagulant effects of aPC. Like
protein C, protein S is a vitamin K-dependent glycoprotein and circulates in plasma in
two forms: free (approximately 30%) and bound to the complement regulatory protein
C4B-binding protein (80). Only free protein S can bind to aPC to form the membranebound complex that cleaves FVa and FVIIIa (81). However, recent studies showed that
protein S also has an aPC-independent activity in vitro by directly inhibiting both
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Figure 1-8 Regulation of blood coagulation by the protein C pathway.
Factor VIIa (VIIa) binds to tissue factor (TF) to activate factor X (X), thereby generating
factor Xa (Xa). Factor Xa then binds to factor Va (Va). This complex converts
prothrombin (Pro) to thrombin (T). Thrombin binds TM to form the thrombin-TM
complex that activates protein C (PC) to activated protein C (APC). This process is
enhanced when protein C is bound to the endothelial cell protein C receptor (EPCR).
APC bound to EPCR cleaves substrates other than factor Va. APC dissociates from
EPCR and can then interact with protein S (S) to inactivate factor Va. The second row
shows inactivation of the factor IXa (IXa)-factor VIIIa (VIIIa) complex by APC. In this
case, factor V participates with APC and protein S in the inactivation of factor VIIIa (82).
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prothrombinase and tenase activity. In an aPC-independent fashion, protein S exerts
anticoagulant activity by serving as a cofactor for tissue factor pathway inhibitor (TFPI)
and stimulates the inhibition of FXa by TFPI in the presence of calcium ions and
phospholipids (83-85).
aPC retains its ability to bind EPCR, and the aPC-EPCR complex cleaves PAR-1
and elicits important cytoprotective functions by preventing apoptosis, increasing
endothelial barrier function, and suppressing inflammation (86). In other words, aPC
targets FVa and FVIIIa to exert its anticoagulant functions, and it targets PAR-1 to exert
its cytoprotective activities. Although aPC and thrombin cleave the same bond, PAR-1
activation by aPC triggers distinct cellular signaling pathways from those elicited by
thrombin cleavage of PAR-1 (87).
The anti-inflammatory effects of protein C were observed in newborns with
severe protein C deficiency. Following the administration of protein C, the inflammatory
thrombotic lesions that developed in these newborns rapidly resolved. This suggested that
protein C attenuated inflammatory responses in addition to decreasing thrombotic events
(88), mainly through inhibiting the release of inflammatory-response mediators on
endothelial cells by reducing cytokine production in inflamed endothelium in culture (89)
and animal models of sepsis (90,91). In addition, aPC down-regulates the expression of
vascular adhesion molecules on endothelial cells, thereby reducing leukocyte adhesion
and infiltration into tissues, and limiting damage to underlying tissue (92). aPC also
inhibits the release of inflammatory-response mediators by leukocytes, which reduces
cytokine production by these cells, thereby attenuating the initiation of systemic
inflammatory responses (93-95).
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The exact mechanisms behind the antiapoptotic properties of aPC are still unclear.
However, studies have shown that aPC down-regulates proapoptotic p53 and Bax protein
and maintains protective antiapoptotic Bcl-2 protein levels, thereby improving the
Bax/Bcl-2 ratio (96). In addition, aPC inhibits the activation of initiator caspase-8 and
effector caspase-3 (97,98).
Endothelial barrier breakdown is a key factor in the pathogenesis of inflammation.
aPC protects endothelial barrier function by inducing EPCR-dependent PAR-1 activation,
which in turn stimulates sphingosine kinase-1 activation and up-regulates sphingosine-1phosphate formation to promote increased endothelial barrier stabilization (99,100).

1.3.9 The Role of Protein C in Disease
Loss-of-function mutations in the protein C gene lead to reduced aPC activity,
which results in impairment of the ability to control coagulation through inactivation of
FVa and FVIIIa, and and an increased risk of venous thromboembolism. More than 300
mutations in the protein C gene have been reported (101); 75% of these are single base
changes resulting in nonsense or missense mutations (101). Heterozygous protein C
deficiency is associated with a mildly increased risk of venous thrombosis. Its incidence
in the general population ranges from 1 in 200 to 500, and there are no apparent racial or
ethnic predilections (102). In contrast, homozygous or compound heterozygous protein C
deficiencies are more serious conditions that can be associated with life-threatening
thrombosis that often starts immediately after birth and presents as purpura fulminans,
disseminated intravascular coagulation (DIC) and/or venous thromboembolism
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(103,104). The incidence of severe protein C deficiency is approximately 1 in 20,000
(105).
aPC resistance occurs when aPC is unable to function properly. The most
common mutation leading to aPC resistance is FV Leiden, which has the aPC cleavage
site residue Arg 506 substituted with Gln (106). The R506Q mutation causes the loss of
this aPC cleavage site and thereby prevents FVa from being efficiently inactivated
(107,108). In addition, the cofactor activity of FV for aPC-mediated inactivation of
FVIIIa is lost in FV Leiden (109). This genetic abnormality is found in approximately 3
to 5% of Caucasians, but is less common in Latin Americans and African-Americans and
is rare in people of Asian descent. Studies also have shown that FV Leiden is the most
common genetic risk factor in patients with venous thrombosis (110).

1.3.10 Other Anticoagulant Pathways
Aside from the aPC-mediated anticoagulant pathway, other naturally occurring
anticoagulant mechanisms exist; these include the heparin-antithrombin system and TFPI.
Antithrombin is a serpin (SERine Protease INhibitor) that primarily inhibits thrombin,
FXa, and FIXa by forming a stable equimolar complex (111). The inhibition rates are
accelerated by glycosaminoglycans such as heparin and heparan sulfate, which induce
conformational changes that enhance the serpin’s reactivity with these serine proteases
(111). TFPI is synthesized by endothelial cells and consisting of three Kunitz domains
(112). The first Kunitz domain binds to and inhibits FVIIa bound to TF, while the second
Kunitz domain binds and inhibits FXa. The activation of FX by the TF-FVIIa complex is
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thereby rapidly down-regulated (113). In the presence of TFPI, the major pathway for the
propagation of coagulation is via intrinsic tenase.
In addition to TFPI and antithrombin, α2-macroglobulin, the largest major
nonimmunoglobulin protein in plasma, serves as a secondary or backup inhibitor for
many proteinases. It inhibits coagulation by inactivating thrombin, and down regulates
fibrinolysis by inactivating Pln and kallikrein. Because enzymes trapped in the cage
structure of this inhibitor exhibit some activity, α2-macroglobulin-enzyme complex may
serve as a repository of enzymatic activity that is protected from active-site directed
inhibitors (114,115).

1.4 Fibrinolysis
Fibrinolysis is the ultimate mechanism that counteracts the consequences of the
coagulation process. Once a clot has been formed, the fibrinolytic system is activated to
dissolve the clot in a controlled manner. Like the coagulation system, the fibrinolytic
system is a network of reactions in which zymogens are proteolytically cleaved to form
active enzymes, which, in the presence of cofactors on cell surface, convert Plg to Pln,
which then solubilizes the fibrin clot.

1.4.1 t-PA and u-PA Structure and Function
There are two activators in the fibrinolytic system; t-PA and u-PA. t-PA is a
plasma serine protease that mediates Pln generation and subsequent fibrin clot lysis by
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specifically activating clot-bound Plg (116). t-PA consists of a finger domain, a growth
factor domain, two kringle domains, and the protease domain (117). t-PA is secreted as a
single-chain glycoprotein primarily by endothelial cells after stimulation by thrombin, but
it is readily converted to a two-chain form by Pln (116). A distinguishing feature of t-PA
is its high binding affinity for fibrin, which is mediated both by the finger domain and the
kringle 2 domain (118). In the fibrinolytic cascade, fibrin is not only the substrate for Pln,
but also participates in up-regulating its own degradation by serving as a template onto
which both t-PA and Plg bind. Therefore, fibrin, t-PA and Plg form a ternary complex
that enhances the catalytic efficiency of Plg activation by t-PA by 3 orders of magnitude
compared with that by t-PA alone (119,120).
A second Plg activator, u-PA, also called urokinase, activates Plg directly. u-PA is
synthesized by endothelial cells and is a trypsin-like serine protease that consists of three
domains: a growth factor domain, a kringle domain, and a serine protease domain (121).
Upon endothelial perturbation, prourokinase binds to urokinase plasminogen activator
receptor (uPAR). Prourokinase can autoactivate, a process enhanced by binding to uPAR
(122). In contrast to t-PA, u-PA does not possess a finger or a fibrin-binding second
kringle domain. This renders uPA incapable of binding to fibrin (121). Consequently, the
catalytic efficiency of Plg activation by u-PA in the presence of fibrin is similar to that in
its absence (121).
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1.4.2 Plasminogen and Plasmin
Plg is a 92 kDa single-chain glycoprotein, which is synthesized in the liver and
circulates in plasma at a concentration of about 2 µM (123). The mature protein consists
of 791 amino acid residues, cross-linked with 24 disulfide bridges. Sixteen of the
disulfide bridges give rise to 5 kringle domains, which are conserved triple loop
structures. Kringle domains 1 and 4 contain lysine-binding sites, which can mediate the
binding to fibrin (124,125), while kringle domain 5 has been shown to be essential for
efficient Plg activation by t-PA (126).
Native Plg in human plasma has a glutamic acid residue at its N-terminus (GluPlg). In the absence of Pln inhibitors, t-PA or u-PA converts Glu-Plg to Glu-Pln by a
single cleavage at the Arg 561-Val 562 peptide bond. With the generation of trace
amounts of Glu-Pln, the N-terminus 1-77 residues of Glu-Plg are cleaved resulting in the
conversion of Glu-Plg to Lys-Plg, a truncated form that has a lysine residue at its Nterminus, and Glu-Pln to Lys-Pln (Figure 1-9). Upon conversion to Lys-Plg, the molecule
undergoes a conformational change (127) and Lys-Plg binds fibrin with higher affinity
than Glu-Plg (128). In addition, Lys-Plg is approximately 20-fold better than Glu-Plg as a
substrate for t-PA-catalyzed formation of Pln (129). Thus, the conversion of Glu-Plg
(Pln) to Lys-Plg (Pln) is another mechanism by which the fibrinolytic cascade is upregulated.
As shown in Figure 1-10, fibrin (Fn) is the cofactor for t-PA-catalyzed Plg
activation, and increases the rate of activation by 1000-fold compared with t-PA alone
(130). This large increase in the catalytic efficiency of Plg activation reflects a
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Figure 1-9 Activation of plasminogen by t-PA.
Glu-plasminogen (Glu-Plg) or Lys-Plg is activated to Glu-plasmin (Glu-Pln) or Lys-Pln,
respectively, by t-PA. Plasmin (Pln), converts Glu-Plg to Lys-Plg, as well as Glu-Pln to
Lys-Pln by removing the first 77 residues from the N-terminus. Fibrinogen (Fgn), fibrin
(Fn), Pln-modified fibrin (Fn’), and TAFIa-modified fibrin (Fn”) have different co-factor
activities, indicated by the plus signs. Higher numbers of plus signs indicates greater
cofactor activity toward tPA-mediated Plg activation (119).
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Figure 1-10 Cofactor activities of fibrin variants on t-PA mediated plasminogen
activation.
Plasminogen (Plg) is activated to the serine protease plasmin (Pln) by t-PA. This reaction
is enhanced by 1000-fold with fibrin (Fn) as a cofactor. Fn is then cleaved by Pln to form
Pln-modified Fn (Fn’). Fn’ has cofactor activity that increases the rate of t-PA mediated
Plg activation by 3000-fold. TAFIa converts Fn’ to Fn” by removing C-terminal lysine
residues. This reduces the cofactor activity of Fn by 100-fold compared with Fn’.
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combination of (A) Fn providing a template onto which the t-PA and Plg interaction takes
place, and (B) Fn promoting the interaction between t-PA and Glu-Plg (131,132). The
initial cleavage of Fn by Pln leads to the formation of Pln-modified Fn (Fn’), which
possesses newly exposed C-terminal lysine residues that provide more binding sites for
Plg and t-PA. The exposure of these new lysine residues on Fn’ results in an additional 3fold enhancement of Plg activation by t-PA compared with Fn as the cofactor (130).
TAFIa exerts its anti-fibrinolytic activity by removing the newly exposed lysine
and arginine residues on Fn’, thereby creating TAFIa-modified fibrin (Fn”), which has
lower cofactor activity for Plg activation. This will be discussed further in section 1.4.11.

1.4.3 Fibrin Degradation
The target of the fibrinolytic cascade is degradation of Fn clots. As mentioned
previously, Fn acts as a cofactor for its own degradation by acting as a template onto
which Plg and t-PA bind to form a ternary activation complex. The newly generated Pln,
the central enzyme responsible for fibrin clot breakdown, is then able to bind and degrade
Fn. This process is illustrated in Figure 1-11.
Each strand, composed of two bilateral layers (labeled (a) and (b)) in a halfstaggered arrangement, is cleaved by Pln at specific sites as indicated by the numbered
dashed lines. Because each layer is composed of α, β, and γ chains, the minimum number
of individual cleavages required to completely sever a protofibril strand is six. Depending
on the location of these cleavages, FDPs of various sizes are generated and released.
While the sizes of various FDPs largely vary, the smallest fragment is generated when
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Figure 1-11 Fibrin degradation.
Upon conversion of Fgn to fibrin monomers by thrombin, the monomers spontaneously
polymerize, yielding a double-stranded protofibril. The monomers within each of the two
strands (“a” and “b”) are arranged end-to-end. Factor XIIIa catalyzes isopeptide bond
formation between the γ-chains in the D domains of adjacent monomers within a strand,
resulting in a cross-linked fibrin clot. Pln then catalyzes the degradation of fibrin clot
(dashed lines). This event involves at least two sets of cleavages to form FDPs. The
possible cleavage sites are indicated by numbered, dashed lines. The resultant FDPs can
have various nomenclatures and molecular weights depending on the cleavage sites (44).
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cleavages are made at Pln sites 1 and 2 (44), thus generating the 260 kDa fragment
designated “DD/E”, or commonly referred to as the “d-dimer”, which is a biomarker used
as an indicator of various thrombotic/fibrinolytic events (133). Repeated cleavages by Pln
and release of FDPs eventually lead to complete solubilization of the entire Fn clot.

1.4.4 Discovery and Characterization of Thrombin-activable Fibrinolysis Inhibitor
(TAFI)
TAFI was discovered approximately two decades ago by several laboratories
independently, thus obtaining different names that persist even today. In 1989, Hendriks
et al. (134) detected an unstable basic carboxypeptidase activity in human serum and
named this enzyme carboxypeptidase U (CPU, where “U” stands for unstable). Around
the same time, Campbell et al. (135) reported the identification of an enzyme with
arginine carboxypeptidase activity and named it carboxypeptidase R (CPR, where “R”
stands for arginine). In 1991, Eaton et al. (136) discovered a Plg-binding protein in
plasma which has a similar amino acid sequence to pancreatic carboxypeptidase B, so
they named it plasma procarboxypeptidase B (plasma proCPB, where “B” stands for
basic). In 1995, Bajzar et al. (4) reported the discovery of a carboxypeptidase zymogen
that once activated by thrombin, could attenuate fibrinolysis, which they named TAFI.
Eaton et al. (1991) originally determined the amino acid sequence of TAFI, which
is shown in Figure 1-12. TAFI consists of a 22-amino acid signal peptide, a 92-amino
acid activation peptide, and a 309-amino acid catalytic domain (136). TAFI is
predominantly synthesized in the liver as a prepro-enzyme. Removal of the signal peptide
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Figure 1-12 Amino acid sequence of TAFI.
The cleavage site of the signal peptide is indicated by the arrow, whereas the cleavage
site of the activation peptide is indicated by the underlined arrow. The triple lysine
residues which are unique to TAFI are shown in bold. Numbering starts with the first
residue of the pro-enzyme TAFI after the 22-amino acid pre-peptide. Cleavage of TAFI
at Arg 92 by thrombin or Pln results in the formation of a 309-amino acid mature enzyme
TAFIa and a 92-amino acid activation peptide (136).
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results in a 401-residue pro-enzyme TAFI, which is then secreted into the circulation as a
single-chain glycoprotein (5). Sequence analysis revealed that TAFI is homologous to
pancreatic procarboxypeptidase A and B (proCPA and proCPB, respectively). When
activated by trypsin, TAFIa hydrolyzes CPB substrates, but not CPA substrates, and
TAFIa is inhibited by an inhibitor that is specific for CPB (136). However, one distinct
characteristic of TAFI is that it has three lysine residues at position 42 through 44 on its
activation peptide, which are not found on proCPA and proCPB. These lysine residues
are conserved in human, rat, and murine TAFI, as well as in the predicted sequence of
canine TAFI (XM_846061.3). Bovine TAFI, however, only has a single lysine residue at
position 42.
TAFI, proCPA and proCPB all have a preformed active site, which is covered by
the N-terminal activation peptide to prevent the access of substrate molecules (137-139).
This shielding is complete for proCPB because its active site is stabilized by a salt bridge
between the activation peptide residue Asp 41 and active site residue Arg 145, and this
interaction accounts for the complete loss of intrinsic enzymatic activity of the zymogen
(137). In contrast, the residue homologous to Asp 41 is absent in proCPA, which may
explain the intrinsic activity of the zymogen (140). In TAFI, the corresponding residue is
Val, which is most likely unable to form the stabilizing salt bridge (137), thereby
accounting for the small, but observable TAFI zymogen activity (2% of TAFIa) towards
small substrate peptide, such as anisolylazoformylarginine (AAFR) (141). TAFI is not
active, however, toward macromolecular substrates such as Fn or Pln-modified Fn (142).
Previous Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)
analyses covering more than 90% of the TAFI amino acid sequence revealed that its post35

translational modifications were limited to N-linked glycans and disulfides (143). TAFI
has four N-linked glycosylation sites located in the activation peptide: Asn 22, Asn 51,
Asn 63, and Asn 86 (143). The attached glycans account for 48% and 20% of the
molecular mass of the activation peptide and the prosegment, respectively. These
glycosylation sites endow TAFI with an apparent molecular mass of 60 kDa on SDSPAGE, which differs from the predicted peptide mass of 46 kDa based on its 401-amino
acid sequence length (4,136,144). TAFI also has a potential glycosylation site in the
catalytic domain (Asn 219), which is also found in an unglycosylated variant (143). Nglycosylation is important for proper protein folding and for enhancing solubility to
prevent protein aggregation (145,146). In TAFI, the glycans are mainly associated with
the activation peptide. After activation, TAFIa loses 80% of the attached glycans,
generating a large shift in isoelectric point (pI) from approximately 5 to 8, and a
significant reduction in solubility (143).
Although TAFI is predominantly synthesized in the liver, it has also been
identified in platelets (147,148). Platelet-derived TAFI is stored within α-granules of
resting platelets and is released upon platelet activation. Although it only represents 0.1%
of total blood TAFI, localized release of platelet-derived TAFI at the site of platelet-rich
thrombus may contribute to the regulation of fibrinolysis (147). Platelet-derived TAFI
appeared to have similar characteristics (e.g. activation kinetics by thrombin-TM, thermal
stability) to plasma-derived TAFI. However, the glycosylation pattern differs, suggesting
that platelet-derived TAFI may be synthesized by megakaryocytes (148).
The TAFI concentration in the circulation ranges from 75 to 275 nM (149,150).
Possible reasons for this discrepancy may be due to the naturally occurring isoforms of
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TAFI with a single mutation at residue 325. The presence of either Thr or Ile in this
position (TAFI-Thr 325 or TAFI-Ile 325, respectively) can result in different reactivity in
some of the commercially available ELISAs (151). Another possible reason is that some
single-nucleotide polymorphisms (SNPs) contribute to this variation via modulation of
TAFI gene expression through an effect on mRNA stability (152,153).

1.4.5 Activation of TAFI
Proteolytic cleavage at Arg 92 releases the activation peptide (20 kDa) and gives
rise to TAFIa (36 kDa) (4,136,154). TAFI can be activated by the thrombin-TM complex
(155), thrombin alone (4,136), Pln (4,156), or trypsin (136). Although high levels of
thrombin generated after clotting via the factor XI-dependent pathway can activate
sufficient amounts of TAFI to suppress fibrinolysis (10), thrombin by itself is a relatively
weak activator because this process is very inefficient (Km of 2.14 ± 0.59 µM; kcat of
0.0021 ± 0.0004 s-1) (155). When thrombin binds to TM and forms the thrombin-TM
complex, however, the catalytic efficiency of TAFI activation increases by 1250-fold,
which is almost exclusively through an increase in kcat (Km: 1.01 ± 0.09 µM; kcat: 1.24 ±
0.06 s-1). Thus, the thrombin-TM complex is thought to be the physiologically relevant
activator of TAFI (155).
TAFI exhibits TM-dependence in its activation by thrombin that is very similar to
protein C (155). In the TAFI sequence, the P3 and P’3 residues are polar Ser 90 and
uncharged Ala 95, and the closest charged residue is Asp 87 at P6. Mutagenesis studies
of TAFI in the P6 to P’3 region have been conducted (141). The results suggested that the
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TM-dependence of TAFI activation is not determined by residues occupying the P6 to
P’3 region of TAFI, which is 5 residues before and 3 residues after Arg 92; the activation
site of TAFI (141).
Furthermore, like protein C, EGF-like domains 5 and 6 of TM that primarily bind
thrombin are also insufficient to fully express the cofactor activity of TM toward TAFI
activation by thrombin. The primary structure of TM required for efficient TAFI
activation, however, differs from that of protein C activation. Along with EGF-like
domain 4, TAFI activation also requires the additional residues of the C-loop of EGF-like
domain 3, which is 13 residues near the N-terminus of EGF-like domain 4 (10,11).
Alanine-scanning mutagenesis studies show that a negatively-charged surface patch of
the C-loop of EGF-like domain 3 comprised of key residues Val 340, Asp 341 and Glu
343 are critical for TAFI activation, but not for protein C activation (Figure 1-13) (10).
Therefore, despite the similarity in the kinetics of activation of TAFI and protein C,
different structural elements of TM are essential for their activation.
In contrast to stimulating protein C activation, platelet factor 4 has been shown to
inhibit TAFI activation by the thrombin-TM complex and this inhibitory effect can be
blocked by a heparin derivative, which lacks detectable anticoagulant activity (157). This
study suggests that platelet factor 4 modulates the substrate specificity of the thrombinTM complex by selectively augmenting protein C activation while suppressing TAFI
activation (157).
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Figure 1-13 Relative cofactor activities of alanine mutants of TM on TAFI and
protein C activation.
Alanine mutations of residues in the C-loop of TM EGF-like domain 3 causes 50-90%
loss of TM cofactor activity for TAFI activation, which is represented by solid bars. The
same mutations, however, have less or no impact on protein C activation, which is
represented by hatched bars. Therefore, different structural elements of TM are essential
for TAFI or protein C activation (10).
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1.4.6 A Model of thrombin/TM/TAFI interaction
To further understand the structural basis for the activity of the thrombin-TM
complex in TAFI activation, a structure model of the TAFI/thrombin/TM EGF-like
domains 4-5-6 complex was generated (158). The homology model of TAFI was initially
built based on the high resolution structure of human proCPB (structure ID PDB1KWM,
1.6 Å) using the sequence homology between them. This model was confirmed by the
recently solved crystal structures of human and bovine TAFI (159,160). The complex that
includes TAFI, the catalytic domain of thrombin, and the EGF-like domains 4 through 6
of TM (TM-EGF 456) was built based on two related known structural complexes:
bovine proCPA with chymotrypsinogen C (161), and thrombin with TM-EGF 456 (9).
First, the TAFI model was superimposed with the proCPA structure based on backbone
atoms and zinc metal binding residues. Second, the catalytic triad of thrombin was
superimposed with the catalytic triad of chymotrypsinogen C. The orientation of TMEGF 456 remains the same as in the original complex (9).
Based on this model, we identified three positively charged surface patches on
TAFI that are important for its TM-dependent activation: 1) Lys 42, Lys 43 and Lys 44
on the activation peptide domain, 2) Lys 133, Lys 211, Lys 212 and Arg 220 on the
catalytic domain, and 3) Lys 240 and Arg 275 also on the catalytic domain (158). Most
notably, when the three consecutive lysine residues in the activation peptide (Figure 114) were mutated to alanine (K42/43/44A), an 8-fold decrease in the catalytic efficiency
of TAFI activation by the thrombin-TM complex was observed, a finding that suggests
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Figure 1-14 Crystal structure of TAFI.
The activation peptide domain of TAFI is shown in green. The Lys42, Lys 43, and Lys
44 residues are positioned at the tip of a loop directed toward the surface of TAFI. The
catalytic domain of TAFI is shown in red. Arg 92 is the activation cleavage site of TAFI.
(This structure (PDB 3D66) was originally solved and published by Marx et al. (160).)
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that these residues may provide exosite interactions with the negatively-charged surface
patch of the C-loop of EGF-like domain 3 of TM.

1.4.7 The Kinetic Model of TAFI Activation
Previous work in our laboratory has provided seven models of kinetics for threecomponent systems (enzyme, substrate and cofactor) (36). The kinetic model for TAFI
activation by the thrombin-TM complex has been described, as shown in Figure 1-15.
According to this model, the formation of the ternary complex of thrombin/TAFI/TM can
proceed via two parallel paths: the enzyme, thrombin (IIa), can interact with either the
substrate, TAFI, or the cofactor, TM, to form the binary complexes. The resulting binary
complexes can interact further with the third component to form the ternary
thrombin/TM/TAFI complex. Once the ternary complex is formed, TAFI is efficiently
activated to TAFIa such that the activation rate is three orders of magnitude greater than
with thrombin alone.
As shown in Figure 1-15, the Michaelis constant Km1 represents the affinity of the
binding between thrombin and TAFI, and Km2 represents the affinity of the binding
between thrombin-TM complex and TAFI. The dissociation constant Kd1 represents the
affinity of the binding between thrombin and TM, and Kd2 represents the affinity of the
binding between thrombin-TAFI complex and TM. kcat is the turnover number for the
formation of TAFIa. Therefore, kcat over Km2 is the catalytic efficiency for the reaction of
TAFI activation by the IIa-TM complex.
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Figure 1-15 Kinetic model of TAFI activation.
The enzyme, thrombin (IIa), can interact with either the substrate, TAFI, or the cofactor,
TM, to form binary complexes. The resulting binary complexes can interact further with
the third component to form the ternary thrombin/TM/TAFI complex; which then
converts TAFI to TAFIa. Km1 represents the affinity of the binding between IIa and
TAFI. Km2 represents the affinity of the binding between the IIa-TM complex and TAFI.
Kd1 represents the affinity of the binding between IIa and TM. Kd2 represents the affinity
of the binding between IIa-TAFI complex and TM. kcat is the turnover number for
formation of TAFIa (158).
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1.4.8 Instability of TAFIa
Most of the enzymes involved in coagulation and fibrinolysis can be downregulated by protease inhibitors. To date, however, no physiological inhibitor for TAFIa
has been identified. Instead, it has an intrinsic temperature-dependent instability, with a
half-life of approximately 8 minutes at 37 ºC, 45 minutes at 30 ºC, and 2 hours at 20 ºC;
TAFIa is indefinitely stable at 0 ºC (162,163). Therefore, the spontaneous thermal
instability of TAFIa plays a role in the regulation of its plasma level, and its antifibrinolytic activity in vivo (163). It has been shown that TAFIa generated from the Ile
variant, TAFI-Ile 325, has a half-life that is extended from 8 to 15 minutes at 37 ºC and
has ~60% greater anti-fibrinolytic activity than TAFIa from the TAFI-Thr 325 variant
(162). In addition, mutagenesis studies by others have shown that inactivation of TAFIa
is the result of its conformational instability (164), which is in agreement with previous
findings that the decay of TAFIa activity was associated with a substantial decrease in the
intrinsic fluorescence of TAFIa (144). Moreover, a region of TAFIa comprising amino
acids 302-330 has been shown to be important in its intrinsic instability, and TAFI
variants with altered thermal stabilities show corresponding alterations in their antifibrinolytic activity (i.e,. longer half-life confers a greater effect) (163-165). A quintuple
TAFI variant, TAFI-S305C-T325I-T329I-H333Y-H335Q, harboring the naturally
occurring Ile isoform at position 325 and four other stabilizing mutations has been
generated (166). Once activated, this variant has a 180-fold longer half-life and greatly
increased anti-fibrinolytic potential (166). These findings suggest that an expanded
region (amino acid 297-335) of TAFIa might be important for its intrinsic instability.
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A recent crystal structure of TAFI (160) shows that the difficulties behind
obtaining TAFI structure were due to a combination of glycosylation in the prosegment
and the intrinsic instability of TAFIa (137,159,167). Using the crystal structure, Marx et
al. demonstrated that the thermal instability of TAFIa is directly related to the dynamic
flap region (amino acids 296-350) that comprises residues of the active site wall of TAFI.
In TAFI, this dynamic flap is stabilized by interactions with the activation peptide
through Val 35, Leu 39, and Tyr 341. Upon activation, however, the activation peptide is
released, which subsequently disrupts these stabilizing interactions and increases the
mobility of the dynamic flap. This eventually leads to conformational changes that
disrupt the catalytic site and expose Arg 302, which is cleaved by thrombin or plasmin to
yield inactivated TAFIa (25 kDa and 11 kDa fragments) (160,163). These data are
consistent with the results of the study by Anand et al. (159) who demonstrated that the
region of bovine TAFI encompassing residues 305 through 335 possesses increased
flexibility. In addition, Sanglas et al. (168) reported the structure of human TAFIa in its
stabilized complex with the tick carboxypeptidase inhibitor (TCI) and identified a hotspot
segment (amino acids 306-336) involved in conformational destabilization. These data
suggest that activation of TAFI results in destabilization of the molecular structure, and
that the resulting thermal instability is the main regulatory mechanism of TAFIa
bioavailability.
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1.4.9 Inhibiting TAFIa
As TAFI is a key protein in the fibrinolytic system, inhibition of TAFIa is a
potential therapeutic strategy to enhance endogenous fibrinolysis and prevent thrombosis.
Like all other metallocarboxypeptidases, TAFIa is sensitive to inhibition by chelating
agents such as EDTA and o-phenanthroline because of the presence of Zn2+ in its active
site (169). In addition, reducing agents (e.g. 2-mercaptoethanol or dithiothreitol) and
small synthetic inhibitors of metallocarboxypeptidases, such as guanidinoethylmercaptosuccinic acid (GEMSA) and the arginine analogue 2-mercaptomethyl-3guanidinoethyl-thiopropanoic acid (MERGETPA), have also been reported to inhibit
TAFIa (134,136,170). However, a major drawback of these inhibitors is lack of
specificity because they also inhibit other carboxypeptidases in plasma, such as
carboxypeptidase N (CPN).
Besides TAFIa inhibitors, the formation of TAFIa can be also inhibited by
impairing the activation of TAFI. Several monoclonal antibodies and nanobodies that
hamper TAFI activation have been generated (171-173). However, these have not yet
been tested in humans.

1.4.10 Other carboxypeptidases in plasma
TAFIa belongs to the family of metallocarboxypeptidases which utilize a zinc ion
at their active site to polarize and stabilize their substrates (174). Besides TAFIa, another
metallocarboxypeptidase

in

human

plasma

is

CPN

(also

called

arginine

carboxypeptidase) (175). CPN is synthesized in the liver and is secreted into circulation
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in its active form. It is constitutively active because it lacks an activation peptide. CPN
circulates as a 280 kDa tetramer, consisting of two 50 kDa catalytic subunits and two
non-catalytic 83 kDa subunits (175). CPN was shown to cleave C-terminal arginine or
lysine residues of kinins (176), anaphylatoxins (177), fibrinopeptides (178), and other
peptides. Unlike TAFIa, however, CPN does not possess any anti-fibrinolytic properties.
Moreover, TAFIa is generated in response to coagulation whereas CPN is constitutively
active in plasma at a concentration of 100 nM (176). Because of such high levels of
active CPN in circulation, quantifying TAFIa level in plasma by synthetic substrates such
as AAFR is challenging. However, Kim et al. (179,180) developed a TAFIa specific
assay that is able to quantify TAFIa levels in plasma with sensitivity in the low pM range.

1.4.11 Role of TAFI in Fibrinolysis
TAFIa is a carboxypeptidase B-like enzyme that catalyzes removal of basic
(arginine or lysine) residues from the carboxyl termini of selected peptides or proteins.
This property confers TAFIa its ability to suppress fibrinolysis by down-regulating Plg
activation by t-PA. Thus, TAFIa plays an important role in regulation of the fibrinolytic
cascade (Figure 1-1).
As discussed in section 1.4.2 and shown in Figure 1-10, Pln-modified fibrin (Fn’)
enhances t-PA-mediated activation of Plg by providing its newly exposed carboxylterminal lysine residues as extra binding sites for Plg and t-PA. TAFI, then removes these
lysine residues on Fn’ to form the TAFIa-modified fibrin (Fn’’) (130). The removal of
these lysine residues results in a 100-fold decrease in Plg activation compared with the
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cofactor activity of Fn’ (130). Consequently, the formation of Fn’’ leads to the apparent
attenuation in clot lysis, which is thought to be the primary function of TAFIa in
hemostasis. Through this mechanism, TAFIa functions as an antifibrinolytic agent in
vivo. In addition, by removing these newly exposed carboxyl-terminal lysine residues on
Fn’, TAFIa effectively removes the protective effect that Fn’ provided for Pln from
inhibition by α2-antiplasmin (α2-AP) (181). Fn’ modification by TAFIa also attenuates
the Pln-catalyzed conversion of Glu-Plg to Lys-Plg (182), thereby down-regulating the
positive feedback in Plg activation. Furthermore, TAFIa is a potent antifibrinolytic
enzyme, which significantly prolongs clot lysis time in vitro. It has been shown that the
half-maximal effect of TAFIa on fibrinolysis occurs at 1 nM (155). Therefore, only about
1.3% of the TAFI zymogen needs to be activated to exert a significant effect on clot lysis.
Studies have reported that the antifibrinolytic function of TAFIa is regulated by a
threshold-dependent mechanism, suggesting that as long as the TAFIa concentration is at
or above a certain threshold level, fibrinolysis is attenuated. Conversely, when the TAFIa
concentration drops below the threshold level, the level of exposed C-terminal lysine
residues on Fn’ increases, which is able to enhance Pln formation and consequently
accelerating fibrinolysis (183,184). The critical threshold level of TAFIa was shown to be
dictated by the Pln concentration, with higher Pln levels increasing the threshold level of
TAFIa and vice versa. The Pln concentration, in turn, is dependent on the t-PA and α2-AP
concentrations. Also, since attenuation of clot lysis is observed with only 1.3% of total
TAFI protein activated, sustained low level of TAFIa generation above the threshold has
been suggested to provide a more effective regulation of fibrinolysis than a high but short
burst of TAFI activation (183,184).
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1.4.12 Other Functions of TAFIa
TAFIa has also been implicated in the suppression of inflammation through
cleavage of the C-terminal arginine residues of bradykinin, anaphylatoxins C3a and C5a,
and thrombin-cleaved osteopontin (135,185-188), a function originally attributed to CPN
(189,190). Through these reactions, TAFIa may be involved in regulating wound healing
and blood pressure. Even though TAFIa and CPN are both carboxypeptidases, TAFIa
removes the C-terminal arginine residues from the C5a octapeptide more efficiently than
CPN, whereas CPN is more efficient toward C3a octapeptide (186). Therefore, these two
enzymes appear to exert specific roles in vivo.
C5a is a potent complement-derived anaphylatoxin that is generated at the site of
infection and induces local inflammation (191,192). C5a can trigger mast cell
degranulation, with resultant release of the pro-inflammatory molecules histamine and
tumor necrosis factor (TNF)-α (193). C5a is also an effective chemoattractant, which
initiates the accumulation of complement and phagocytic cells at sites of infection (194).
Moreover, C5a plays a key role in increasing adherence of neutrophils and monocytes to
the vessel wall (191). Therefore, its inactivation by TAFIa raises the possibility that
TAFIa has intrinsic anti-inflammatory functions.
Osteopontin is a multifunctional phosphoprotein that exists both as a component
of the extracellular matrix and as a soluble cytokine (195). Osteopontin regulates the
immune system at many different levels. It serves as a chemotactic molecule to promote
the migration of inflammatory cells to the wound site and acts as an adhesive protein to
retain cells at that site (196). Osteopontin also functions as a pro-inflammatory cytokine
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and can modulate the immune response by enhancing expression of Th1 cytokines and
matrix degrading enzymes (197). Thrombin cleavage of osteopontin significantly
increases the adhesion, spreading, and migration of a variety of cells (198). However,
these effects were abolished by TAFIa. Studies also show that, in addition to C5a, TAFIa
was more efficient than CPN at cleaving osteopontin (187). Therefore, TAFIa downregulates the pro-inflammatory properties of osteopontin. Taken together, these studies
suggest that TAFIa has broad substrate specificity and that its functions may not be
limited to inhibition of fibrinolysis.

1.4.13 The Implication of TAFI in Disease
Because of its capacity to down-regulate fibrinolysis, inhibition of TAFI
activation or TAFIa activity may be considered a potential strategy for prevention and
treatment of thrombotic disease. A large population-based, case-control study suggested
that elevated plasma TAFI levels were a moderate risk factor for venous thrombosis
(199,200). Other studies suggested that elevated TAFI levels were also a moderate risk
factor for coronary artery disease and ischemic stroke (201,202). However, the
relationship between TAFI levels and arterial thrombosis is somewhat conflicting. Two
studies reported that high plasma TAFI levels are associated with a lower risk of
myocardial infarction, suggesting that elevated TAFI levels may be protective against
myocardial infarction (203,204). In addition, a more recent study reported that low TAFI
activity levels are associated with an increased risk of a first myocardial infarction in men
(205). There are several potential explanations for the discrepant results: the various
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isoforms of TAFI can have different reactivity in the ELISAs that were used to measure
TAFI in these studies; this could lead to an underestimation of the level of the more
potent naturally occurring TAFI-Ile 325 isoform (151). In addition, different methods
were used to quantify TAFIa activity and TAFI antigen levels, including different
calibrators and reference samples (150,206). Therefore, the lack of standardization of the
TAFI assays may explain the discordant findings.
Although individuals with TAFI deficiency have yet to be described, the
phenotype is likely to be moderate because TAFI knockout mice do not exhibit an
abnormal phenotype (e.g. survival, development and fertility are normal) (207-209).
Moreover, TAFI knockout mice did not show any significant differences from wild-type
mice even in arterial and venous injury models. In one study, TAFI deficiency neither
influenced occlusion time in arterial or venous injury models, nor improved survival rate
in thrombin-induced thromboembolism and endotoxin-induced DIC (208). In another
study, enhanced fibrinolysis was observed in a pulmonary clot lysis model in mice with
TAFI deficiency combined with heterozygous deficiency in Plg (209). However, a
different study showed that TAFI-deficient mice had reduced thrombus formation in the
ferric chloride-induced vena cava thrombosis model (210), while another study showed
reduced Fn deposition in the lung in a batroxobin-induced pulmonary embolism model,
suggesting there is enhanced endogenous fibrinolysis (211). Since the majority of the
animal models did not show a significant role of TAFI in regulating fibrinolysis in vivo,
an alternative explanation was proposed that Pln-cleaved CPN substitutes for TAFIa in
these models. In addition, since Pln-cleaved CPN markedly enhances anti-fibrinolytic
activity, it is possible that (patho)physiological proteolysis of CPN may generate a long51

term anti-fibrinolytic enzyme in vivo (212). Therefore, the role of TAFI in physiological
or pathophysiological fibrinolysis remains to be clarified.

1.4.14 Other Regulators of Fibrinolysis
Once Pln is formed, it has the potential to have a profound anticoagulant effect by
not only digesting fibrin, but also Fgn (213) and other coagulation factors, which may
cause bleeding. Thus, rapid Pln regulation is important. Within the circulation, rapid
inhibition of free Pln occurs via α2-AP, a serpin that is also referred to as Pln inhibitor.
The primary fast-acting inhibitor of Pln (214), α2-AP is single-chain glycoprotein with a
molecular mass of 70 kDa, which circulates in plasma at a concentration of
approximately 1 µM (215). The primary inhibitor of t-PA and u-PA is plasminogen
activator inhibitor-1 (PAI-1), which is a 50 kDa serpin (216). PAI-1 in plasma is secreted
by endothelial cells in an active form (216). PAI-1 is also found in platelets where it is
mostly in a latent form (217). There are five different PAIs (PAI-1; PAI-2 (218); PAI-3,
also called the activated protein C inhibitor (APCI) (65); protease nexin-1 (219); and
neuroserpin (220)). However, PAI-1 is the most abundant and efficient regulator of t-PA
or u-PA.

1.5 Study Objectives and Hypotheses
Objective #1: Prior biochemical data suggested that the TM-dependence of TAFI
activation by thrombin is mediated through exosite interactions. Our previous work
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demonstrated that the positively-charged surface patch on TAFI comprising Lys 42, Lys
43, and Lys 44 is important in the TM-dependent activation of TAFI. We hypothesized
that the kinetics of TAFI activation by the thrombin-TM complex are sensitive to
individual mutations of Lys 42, Lys 43, or Lys 44 in the activation peptide, and that the
effect of the individual mutations would be additive. Further, we speculated that if this is
true, peptide analogs of the TAFI activation peptide sequence spanning Lys 42, Lys 43,
and Lys 44 that contain one, two, or three of these Lys residues could be used to
modulate TAFI activation.
Specific aims:
1. To construct combinations of Ala mutations of TAFI and compare their
activation kinetics.
2. To construct Glu mutations of TAFI to induce charge reversal and determine
their activation kinetics.
3. To construct Ala mutations of Lys and Arg residues of TAFI far removed from
the TM EGF-like domain 3 interaction site to determine the specific role of the Lys
residues in the activation peptide.
4. To measure TAFI activation in the presence of TAFI activation peptide analogs
containing one, two, or three of the Lys residues.
5. To determine the functional consequence of activation peptide Lys residue
mutation on TAFI activation using a clot lysis assay.

Objective #2: Although TM-dependent activation of TAFI and protein C on
cultured endothelial cells has been demonstrated (221), comprehensive kinetic analysis of
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their activation by cellular TM has not been done. Especially needed are studies to
investigate whether protein C and TAFI influence the activation of one another by the
thrombin-TM complex and determination of how the promotion of protein C activation
by EPCR may influence these processes on the endothelial cell surface. Thus, we
hypothesized that TAFI and protein C would compete with each other for activation by
the thrombin-TM complex on endothelial cell surface. In addition, we speculate that on
the endothelial cell surface, the thrombin-TM complex specifically recognizes protein C
or TAFI, regardless of EPCR presence.
Specific aims:
1. To determine the kinetics of TAFI and protein C activation on the surface of
cultured human endothelial cells.
2. To infer the roles of cellular TM and EPCR in TAFI and protein C activation
by thrombin by monitoring activation in the absence or presence of monoclonal
antibodies directed against TM and/or EPCR.
3. To determine the extent to which protein C and TAFI compete with each other
for activation by the thrombin-TM complex on the surface of cultured human endothelial
cells.
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Chapter 2
Activation of Protein C and Thrombin Activable Fibrinolysis Inhibitor
on Cultured Human Endothelial Cells

2.1 Summary
Background: When bound to thrombomodulin (TM), thrombin is a potent
activator of protein C (PC) and thrombin activable fibrinolysis inhibitor (TAFI). By
binding PC and presenting it to the thrombin-TM complex, endothelial cell protein C
receptor (EPCR) enhances PC activation. It is unknown whether PC and TAFI compete
for the thrombin-TM complex on endothelial cells.
Objective: To compare PC and TAFI activation on the surface of cultured human
endothelial cells (HUVEC) in the absence or presence of JRK 1535 and/or CTM 1009,
inhibitory antibodies directed against EPCR and TM, respectively, and to determine
whether PC and TAFI compete with each other for activation.
Methods: PC and TAFI activation on HUVEC were compared, and the effect of
PC on TAFI activation and TAFI on PC activation was determined in the absence or
presence of JRK 1535 and/or CTM 1009.
Results: In the absence of antibodies, PC activation was 5-fold faster than TAFI.
Blocking EPCR with JRK 1535 resulted in a 52-fold decrease in PC activation, whereas
TAFI activation was unaffected. Blocking TM with CTM 1009 inhibited both TAFI and

55

PC activation. Neither TAFI nor PC competed with each other in the absence or presence
of JRK 1535.
Conclusions: PC and TAFI are concurrently activated in a TM-dependent manner
and do not compete for the thrombin-TM complex, raising the possibility that they
interact with distinct activation complexes. EPCR may serve as a switch that renders PC
the favored substrate over TAFI.

2.2 Introduction
Hemostasis, the arrest of bleeding at sites of vascular injury, depends on a
dynamic balance between clot formation and degradation. Thrombin is at the nexus of
this balance. A potent procoagulant, thrombin activates platelets, converts fibrinogen to
fibrin and promotes its own generation. Once bound to thrombomodulin (TM) on the
endothelial cell surface, however, the substrate specificity of thrombin is redirected from
procoagulant to anticoagulant and anti-fibrinolytic reactions through the activation of
protein C (PC) and thrombin activable fibrinolysis inhibitor (TAFI), respectively.
Therefore, TM serves as a molecular switch that modulates thrombin activity.
TM is a 557-amino acid transmembrane glycoprotein located on the luminal side
of the endothelium. A modular protein, TM consists of five distinct domains; a lectin-like
domain, a domain consisting of six tandem epidermal growth factor (EGF)-like repeats, a
Ser/Thr-rich domain, a transmembrane domain, and a short cytoplasmic tail (11,222224). Thrombin binds to the fifth and sixth EGF-like region of TM where it is stabilized
by binding to a chondroitin sulfate moiety. The high affinity interaction of thrombin with
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TM is mediated by exosite I. With its substrate-binding domain engaged, TM-bound
thrombin no longer interacts with fibrinogen, factor (F) V, FVIII, or thrombin receptors
on platelets. Once bound to TM, however, the catalytic efficiency of thrombin-mediated
activation of PC and TAFI is increased over 1,000-fold (50,225). Therefore, the
thrombin-TM complex is a potent activator of both PC and TAFI.
To facilitate activation, PC and TAFI bind to distinct TM domains. Thus, PC
activation requires the fourth EGF region of TM and involves Asp 349, Glu 357, Tyr 358,
and Phe 376 (41). Although TAFI activation also requires the fourth EGF region,
additional residues in the c-loop near the carboxyl terminus of the third EGF region are
needed; key among these are Val 340, Asp 341, and Glu 343 (10). Therefore, the
thrombin-TM complex appears to possess distinct exosites that bind either PC or TAFI.
The activation of PC by the thrombin-TM complex is enhanced about 20-fold by
endothelial protein C receptor (EPCR) (18,19), which binds PC with high affinity and
presents it to the thrombin-TM complex for activation. PC binds to EPCR via its Gladomain, thereby eliminating the need for an anionic membrane surface. In contrast to PC,
TAFI lacks a receptor on the endothelial cell surface. Whereas TM is expressed at
comparable levels throughout the vasculature (7), EPCR expression is greater on large
vessels than on smaller ones. Consequently, the level of EPCR expression may influence
the extent of PC activation by the thrombin-TM complex relative to that of TAFI.
Activated protein C (aPC) and activated TAFI (TAFIa) attenuate coagulation and
fibrinolysis, respectively. To down regulate coagulation, aPC, together with protein S,
inactivates factor (F)VIIIa and FVa, key cofactors in FXa and thrombin generation,
respectively (71,72). TAFIa, a carboxypeptidase B-like enzyme, attenuates fibrinolysis
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by releasing carboxyl-terminal Lys and Arg residues from degrading fibrin, thereby down
regulating plasminogen activation (5). Therefore, by directed activation of PC and TAFI,
the thrombin-TM complex modulates the balance between coagulation and fibrinolysis.
PC and TAFI circulate at a concentration of about 100 nM, and their kinetics of
activation by the thrombin-TM complex are similar (10,54,155). Although TM-dependent
activation of PC and TAFI on cultured human endothelial cells (HUVEC) has been
independently demonstrated (221) and kinetic studies have been performed in solution
(3,10,11), simultaneous evaluation of the kinetics of PC and TAFI activation on HUVEC
has not been done. Furthermore, it is unknown whether the zymogens compete for
activation by the thrombin-TM complex. To address these questions, we quantified
thrombin-catalyzed activation of PC and TAFI on HUVEC and used specific blocking
antibodies to determine the role of TM and/or EPCR on these reactions. In addition, we
examined the effect of PC on TAFI activation and vice versa in the absence or presence
of these antibodies.

2.3 Experimental Procedures
Materials — HUVEC and microvascular endothelial cell growth medium-2
(EGM-2 MV Bullet Kit) were purchased from Lonza (Walkersville, MD). Human PC,
aPC and alpha-thrombin were from Enzyme Research Laboratories (South Bend, IN).
Hirudin was purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Hank’s balanced
salt solution (HBSS), 0.5% trypsin-EDTA, and no phenol red were purchased from Life
Technologies (Grand Island, NY). Gelatin from bovine skin was purchased from Sigma58

Aldrich

(St.

Louis,

MO).

The

synthetic

carboxypeptidase

substrate,

anisolylazoformylarginine (AAFR), was purchased from Bachem Biosciences Inc. (King
of Prussia, PA) and S-2366 was obtained from DiaPharma (West Chester, OH).
Recombinant soluble TM (Solulin) was a generous gift from Dr. Oliver Kops (Paion
GmbH, Berlin, Germany). CNBr-activated Sepharose 4B was purchased from Amersham
Biosciences (Uppsala, Sweden). Methotrexate was from Mayne Pharma Inc. (Montreal,
QC), A 1:1 mixture of Dulbecco’s modified Eagle’s medium and F-12 nutrient mixture
(DMEM/F-12), Opti-MEM, newborn calf serum, and penicillin/streptomycin/fungizone
mixture (PSF) were purchased from Life Technologies (Grand Island, NY). The murine
anti-human TAFI monoclonal antibody, mAb16, was prepared as described previously
(149). Murine monoclonal antibodies against human EPCR (JRK 1535) and human TM
(CTM 1009) were generously provided by Dr. Charles Esmon (Oklahoma Medical
Research Foundation, OK).
Purification of recombinant TAFI proteins — There are two isoforms of TAFI,
which are distinguished by the amino acid at position 325; the predominant isoform
contains Thr, while the variant contains Ile (162,226). The only known difference
between the two isoforms is their thermal instability and, therefore, their half-life (162);
the Thr and Ile variants have half-lives of 8 and 15 min, respectively, at 37°C, and 77 and
147 min, respectively, at 25°C. After confirming that the kinetics of activation and
hydrolysis of AAFR were the same with both TAFI variants (not shown), the Ile variant
was used and experiments were performed at 25°C to capitalize on the enhanced stability.
TAFI was expressed and isolated as described previously (158). Briefly, baby
hamster kidney cells containing the Ile variant TAFI cDNA in a pNUT expression vector
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(144) were grown using ZnCl2 as a promoter. Conditioned medium was collected and
after passage through a 0.22 μm filter, was loaded onto a 3.0 mL TAFI mAb16–
Sepharose 4B column pre-equilibrated with HBS at 4°C. After washing, 0.2 M glycine
(pH 3.0) was applied and 1 mL fractions were collected into tubes containing 1 mL of 1
M Tris-HCl (pH 8.0). TAFI-containing fractions were identified by spectrophotometry at
280 and 320 nm (Є1%, 280 = 26.4; Mr = 48,442) (4). Peak TAFI-containing fractions were
pooled, dialyzed against HBS, and concentrated 10-fold using an Amicon ultracentrifugal filter (Millipore Corporation, Billerica, MA). Concentrated material was then
passed through a 0.22 μm filter, and stored in aliquots at -80°C.
Culture of HUVEC — HUVEC in EGM-2-MV were cultured in 5% CO2 at 37°C
in 2% gelatin-coated T-75 flasks or in the wells of 24-well plates (BD Falcon, Bedford,
Massachusetts). Cells were used on passages 2 through 4 when they were 80% to 90%
confluent. Immediately before use, cells were rinsed with HBSS containing 3 mM CaCl2,
0.6 mM MgCl2, and 0.5% human serum albumin.
TM expression on the HUVEC surface was estimated by measuring TAFI
activation by thrombin and comparing this with an activity standard generated with
Solulin as a TM surrogate. With this method, we detected the equivalent of 1.7 x 104 TM
molecules/cell (not shown); a value in agreement with a previous report of 4.5 x 103 TM
molecules/cell (227). Because TM expression can be down regulated by inflammatory
mediators and thrombin can induce TM and EPCR shedding from the cell surface, we
confirmed that TM and EPCR activity remained stable when HUVEC were incubated
with 10 nM thrombin for over 2 hours at 25°C (not shown).
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TAFI activation on HUVEC — To determine the kinetics of activation, HUVEC
were cultured in 24-well plates. To the wells were added TAFI (0 to 2 µM) and 10 nM
thrombin. After incubation at 25°C for 30 min, samples of supernatant were removed,
and transferred to wells of a 96-well plate containing 100 nM hirudin and 120 μM AAFR
to achieve a final volume of 200 μL. Reactions were monitored at 349 nm in a
SpectraMax Plus Plate Reader (Molecular Devices, Sunnyvale, CA) and initial rates of
AAFR hydrolysis were determined from the slopes of plots of absorbance versus time. To
examine the effect of TM and/or EPCR on the reactions, HUVEC were pre-incubated
with 500 nM JRK 1535 and/or 500 nM CTM 1009 for 45 min at 37°C. After washing,
1.5 µM TAFI was added to the reaction and its activation was quantified as described
above. To quantify TAFIa, standard curves were generated with known concentrations of
TAFIa or TAFI using 120 μM AAFR in the presence of 100 nM hirudin as described
previously (158). Once TAFIa levels were quantified, the rates of TAFI activation (mole
TAFIa formed per second per mole thrombin (s-1)) were calculated and plotted versus the
initial TAFI concentration.
PC activation on HUVEC — A similar protocol was used to quantify PC
activation; HUVEC were incubated with PC (0 to 1.2 μM) and 10 nM thrombin for 30
min at 25°C. Samples of supernatant were then transferred to wells of a 96-well plate
containing 100 nM hirudin and 1 mM S-2366 to achieve a final volume of 200 μL.
Reactions were monitored at 405 nm in a SpectraMax Plus plate reader and initial rates of
S-2366 hydrolysis were determined from the slopes of plots of absorbance versus time.
For some experiments cells were pre-incubated with 500 nM JRK 1535 and/or 500 nM
CTM 1009 for 45 min at 37°C. After washing, the cells were incubated with 1 μM PC
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and 10 nM thrombin for 30 min at 25°C and aPC activity was determined as described
above. To quantify aPC, known amounts of aPC (0-100 nM) were incubated with 1 mM
S-2366 and 100 nM hirudin to generate an aPC standard curve. The rates of PC activation
(mole aPC formed per second per mole thrombin (s-1)) were calculated and plotted versus
the initial PC concentration.
Simultaneous activation of TAFI and PC on HUVEC — To determine whether
TAFI affects the activation kinetics of PC and vice versa, the rates of TAFIa and aPC
generation were measured simultaneously. To examine the contribution of EPCR, studies
were repeated after the cells had been pre-incubated with 500 nM JRK 1535 or an
equivalent volume of buffer.
To determine whether PC competes with TAFI for activation, HUVEC were
incubated with 0-2 µM TAFI in the absence or presence of 1 µM PC and reactions were
initiated by addition of 10 nM thrombin. Conversely, to determine whether TAFI
competes with PC for activation, HUVEC were incubated with 0-1.2 µM PC in the
absence or presence of 2 µM TAFI prior to thrombin addition. After 30 min incubation at
25°C, half of each of the supernatants was transferred to wells of a 96-well plate
containing 100 nM hirudin and 120 μM AAFR to quantify TAFIa activity, while the
remainders were transferred to wells containing 100 nM hirudin and 1 mM S-2366 to
quantify aPC activity. The rates of TAFIa and aPC generation were then calculated and
plotted versus either of the initial TAFI or PC concentration.
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2.4 Results
TAFI activation on HUVEC — The plot of TAFIa generation versus the initial
TAFI concentration was linear, suggesting that the Km of this reaction is very high
(Figure 2-1 A). Based on the slope of this plot, the catalytic efficiency was estimated at
1.3±0.2 x 106 M-1s-1. Similar results were obtained in the presence of JRK 1535,
suggesting that EPCR does not contribute to this reaction (Figure 2-1 B). In contrast,
CTM 1009, without or with JRK 1535, reduced TAFI activation to levels comparable to
those observed in the absence of thrombin or cells; findings consistent with the concept
that TAFI activation is TM-dependent.
Protein C activation on HUVEC — PC activation by thrombin was quantified in
the absence or presence of JRK 1535. In the absence of JRK 1535, the catalytic
efficiency was estimated at 5.9±0.7 x 106 M-1s-1. Catalytic efficiency was significantly
reduced 53-fold (p<0.01) to 1.1±0.1 x 105 M-1s-1 in the presence of JRK 1535, thereby
highlighting the contribution of EPCR to PC activation (Figure 2-2 A). Consistent with
previous reports (7,20), the major determinant of the enhancement of PC activation by
EPCR was a significant decrease in the Km value, which was determined to be 142.5 nM.
The effect of the EPCR and TM-directed antibodies on thrombin-mediated
activation of 1 μM PC was investigated. Blocking EPCR with JRK 1535 resulted in a
7.4-fold decrease (p<0.01) in PC activation, while blocking TM with CTM 1009 reduced
the rate by 26.3-fold; (p<0.01) a rate no different from that measured in the presence of
both antibodies, or in the absence of HUVEC, suggesting that this low level of activation
was induced by thrombin alone (Figure 2-2 B). This concept is supported by the
63

Figure 2-1 TAFI activation by thrombin on HUVEC.
A) TAFI (0-2 µM) was incubated with HUVEC in a 24-well plate in the presence of 10 nM
thrombin for 30 min at 25°C. B) HUVEC were pre-incubated for 45 min at 37°C in the presence
or absence of the antibodies. Once the cells were washed, TAFI (1.5 μM) was added to the
HUVEC and incubated for 30 min at 25°C in the presence of 10 nM thrombin. All incubations,
with the exception of the last column labeled “No HUVECs”, were performed on cells. The
condition are: “No TAFI”, only contains thrombin; “EPCR Blocked” was preincubated with JRK
1535; “TM Blocked” was preincubated with CTM 1009; “EPCR+TM Blocked” was preincubated
with both antibodies; “No Thrombin” only contains TAFI; “No HUVECs” contains both TAFI
and thrombin. At the end of the 30 min incubation, the supernatant samples were transferred into
a 96-well plate containing AAFR to quantify TAFIa levels. Where applicable, the rates of TAFIa
formation were then calculated and plotted with respect to the initial TAFI concentration. The
error bars represent standard deviation from at least 3 independent experiments.
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Figure 2-2 Protein C activation by thrombin on HUVEC.
A) Protein C (0-1200 nM) was incubated with HUVEC (normal or preincubated with JRK 1535)
in a 24-well plate in the presence of 10 nM thrombin for 30 min at 25°C. B) HUVEC were preincubated with various conditions as outlined in Figure 2-1. Once the cells were washed, protein
C (1 µM) was added to the HUVEC and incubated for 30 min at 25°C in the presence of 10 nM
thrombin. The conditions were the same as those described in Figure 2-1. At the end of the 30
min incubation, the supernatant samples were transferred into a 96-well plate containing S-2366
to quantify aPC levels. Where applicable, the rates of aPC formation were then calculated and
plotted with respect to the initial PC concentration. The error bars represent standard deviation
from at least 3 independent experiments.
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observation that with the omission of thrombin, the activation rate decreased by an
additional 3-fold. Together, our data indicate that TM and EPCR on the endothelial cell
surface are both important for efficient PC activation.
Simultaneous activation of TAFI and PC — To determine if TAFI and PC
compete for the thrombin-TM complex on HUVEC, we investigated the impact of one on
the activation of the other. First, we examined the effect of the addition of 1 µM PC on
the activation of 0-2 µM TAFI on HUVEC. Studies were done in the absence or presence
of JRK 1535 to examine the role of EPCR. Without or with JRK 1535, TAFI activation
rates are directly proportional to the initial TAFI concentration, and are unaffected by PC
(Figure 2-3 A). Likewise, the addition of 0-2 µM TAFI had no impact on the activation
of 1 µM PC (Figure 2-3 B). We then varied the PC concentration from 0-1.2 µM and
used 2 µM TAFI as the competitor. This range of PC concentrations was chosen based on
the Km value for its activation of 142.5 nM, which was determined previously (Figure 2-2
A). Without or with JRK 1535, 2 µM TAFI had no significant effect on PC activation
(Figure 2-4 A). Without JRK 1535, the estimated Km values for PC activation in the
absence or presence of TAFI were 133.7±16.8 and 139.6±21.6 nM, respectively. When
TAFIa levels were measured from the same experiment, TAFIa generation was
unaffected by increasing concentrations of PC (Figure 2-4 B). Taken together, these data
suggest that PC and TAFI activation are independent processes, and that the two
substrates do not compete for the thrombin-TM complex on the endothelial cell surface
even when added in concentrations that exceed the physiologic range.

66

Figure 2-3 Rates of (A) TAFIa and (B) aPC generation on HUVEC with PC as the
competitor.
TAFI (0 to 2 µM), in the presence or absence of protein C (1 µM), was incubated with HUVEC
(normal or pre-treated with JRK 1535), and the reactions were initiated by the addition of 10 nM
thrombin. The reaction proceeded for 30 min at 25°C, and the supernatant samples were
transferred to a 96-well plate that contained either (A) AAFR to measure TAFIa levels, or (B) S2366 to measure aPC levels. The rates of TAFIa or aPC generation were then calculated and
plotted with respect to the initial zymogen concentration. The error bars represent standard error
from at least 5 independent experiments.
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Figure 2-4 Rates of (A) aPC and (B) TAFIa generation on HUVEC with TAFI as the
competitor.
Protein C (0 to 1200 nM), in the presence or absence of TAFI (2 µM), was incubated with
HUVEC (normal or pre-treated with JRK 1535), and the reactions were initiated by the addition
of 10 nM thrombin. The rates of aPC and TAFIa generation were measured and calculated as
described in Figure 2-3. The Km values for PC activation were estimated by non-linear regression
to be 139.6 nM and 133.7 nM in the presence or absence of TAFI, respectively. The error bars
represent standard error from at least 3 independent experiments.
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2.5 Discussion
The thrombin-TM complex on the endothelial cell surface contributes to
hemostasis by initiating anticoagulant and anti-fibrinolytic pathways through the
activation of PC and TAFI, respectively (155,228,229). In this study, we show that (a) PC
and TAFI activation on HUVEC are independent processes; findings that are not only
consistent with the concept that the two substrates interact with the activation complex
via distinct exosites, but also raise the possibility that PC and TAFI are activated by
unique thrombin-TM complexes, and (b) by enhancing PC activation, but not TAFI
activation, EPCR shifts the specificity of the thrombin-TM complex from TAFI to PC.
Together, these findings suggest that co-localization of TM and EPCR on the endothelial
cell surface and the 7- to 10-fold greater expression of EPCR relative to TM are
important for efficient PC activation (227,230). Like endothelial cells lining larger
arteries or veins (7,21), there is co-localization of EPCR and TM on the surface of
HUVEC. Therefore, HUVEC provide a suitable cell-based model for investigating the
relative activation of PC and TAFI by the thrombin-TM complex.
Although the thrombin-TM complex is the activator of PC and TAFI, our data
suggest that with physiological concentrations of PC and TAFI (both ~100 nM), their
activation is slow. Even with 10-fold higher concentrations of PC and TAFI, the rates of
activation are not saturable when EPCR is blocked. Together, these observations suggest
that in the absence of EPCR (a) the thrombin-TM complex is limiting; as evidenced by
the linear relationship between activation rates and initial concentration of TAFI or PC,
and (b) the Km values for PC and TAFI activation are high; a finding consistent with
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previous reports that the plasma concentrations of PC and TAFI are 10- to 50-fold lower
than their respective Km values (54,149,155,231).
EPCR promotes aPC generation by increasing the concentration of PC at the
endothelial surface in juxtaposition to the thrombin-TM complex, thereby explaining why
the rate of PC activation is 5-fold faster than that of TAFI. Although TAFI lacks a cell
surface receptor, its release from platelets activated at sites of vascular injury may
increase local TAFI concentrations. When EPCR is blocked, TAFI is activated 12-fold
faster than PC. Therefore, TAFI is likely to be the preferred substrate in small vessels that
lack EPCR, or in larger vessels subjected to conditions that induce the shedding of EPCR
from the endothelial cell surface. Therefore, our data suggest that the level of EPCR
expression on the endothelial cell surface governs the substrate recognition specificity of
the thrombin-TM complex.
PC activation by the thrombin-TM complex appears to be biphasic; with PC
concentrations up to 200 nM, the rate of activation is saturable with respect to PC
concentration (Figure 2-2 A, inset), whereas with higher concentrations, the initial rate of
PC activation increases linearly with increasing PC concentrations. At concentrations up
to 200 nM, non-linear regression analysis suggests that the catalytic efficiency of PC
activation by the thrombin-TM complex is 1.2±0.3 x 107 M-1s-1, and the Km value is
47.9±3.7 nM. With higher PC concentrations, the slopes of the linear portion of the plots
are similar to the slopes of the rate versus PC concentration plot determined with EPCR
blockade. In contrast, the rate of TAFI activation is unaffected by EPCR blockade. These
data suggests that (a) when bound to EPCR, PC is in a more favorable orientation for
activation by the thrombin-TM complex, (b) with EPCR saturation, the kinetics of PC
70

activation resemble those observed when EPCR is blocked, (c) the enhancement in PC
activation provided by EPCR is limited by the release of aPC, which has similar affinity
for EPCR as PC (50), and is necessary to enable EPCR to bind additional PC, and (d)
EPCR does not bind TM on the cell surface (230). The concept that there are two
populations of thrombin-TM activation complexes is consistent with the work of Xu et al.
(230) who demonstrated that when PC was activated by thrombin on phospholipid
vesicles reconstituted with EPCR and TM, there were two populations of activation
complexes formed with distinct Km values; one with a Km value of 20±15 nM, indicative
of the PC-EPCR complex, and the other with a Km value of 3.2±1.7 µM, indicative of
EPCR-independent PC activation. Furthermore, although the rate of PC activation was
dependent on the EPCR concentration, it was not saturable with respect to EPCR
concentration, even when the ratio of EPCR relative to TM reached 14. These findings
are consistent with ours and suggest that the thrombin-TM complex activates PC even in
the absence of EPCR.
Our study answers a long-standing question regarding how PC influences TAFI
activation on the endothelial cell surface and vice versa. When studied in solution,
Kokame et al. (11) reported that PC and TAFI act as competitive inhibitors for the
thrombin-TM complex. However, these studies were done with soluble TM in place of
cells and the TM concentration that was used was about 40-fold higher than that found on
the endothelial cell surface. When HUVEC are used as the source of TM, the two
substrates do not compete, which raises the possibility that distinct thrombin-TM
complexes activate PC and TAFI, at least on endothelial cells. It is possible that when
anchored to the cell surface, thrombin-TM complexes are stabilized in conformations that
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favor the binding of PC or TAFI because each substrate binds to distinct residues on TM.
The abundance of EPCR in larger vessels may help to ensure that PC activation exceeds
that of TAFI, thereby promoting an antithrombotic microenvironment in the vessels most
prone to thrombotic occlusion.
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Chapter 3
Lysine Residues 42, 43 and 44 within the Activation Peptide of
Thrombin Activable Fibrinolysis Inhibitor Contribute to its Activation
by the Thrombin-Thrombomodulin Complex in a Cooperative Fashion

3.1 Abstract
The thrombin-thrombomodulin (TM) complex activates thrombin-activable
fibrinolysis inhibitor (TAFI) more efficiently than thrombin alone. Previously, the TM
dependence of TAFI activation was shown to involve three Lys residues (K42, K43 and
K44) in its activation peptide. To determine the individual roles of these Lys residues, we
compared the kinetics of wild-type TAFI activation by the thrombin-TM complex with
those of mutants with the Lys residues replaced with Ala residues. Replacement of one,
two, or three Lys residues decreased the catalytic efficiency of TAFI activation by the
thrombin-TM complex by 58%, 68%, and 79%, respectively, and increased the TAFI
concentrations required for half-maximal prolongation of clot lysis times by 3-, 4,- and
15-fold, respectively. These findings suggest that the three Lys residues contribute to the
TAFI-TM interaction in a progressive fashion. Supporting this concept, a 10-amino acid
analog of the activation peptide attenuated wild-type TAFI activation by the thrombinTM complex; the activation rates in the presence of peptide analogs with one, two or
three Lys residues were 47%, 32%, and 19% of that determined with the control peptide.
Release of the activation peptide was the rate-limiting step in TAFI activation by the
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thrombin-TM complex. Therefore, the triple Lys cluster within the activation peptide of
TAFI serves as an exosite for binding the thrombin-TM complex, to which each Lys
residue contributes equally. Consequently, analogs of this domain may provide a novel
method for enhancing fibrinolysis.

3.2 Introduction
A delicate balance between coagulation and fibrinolysis is required to maintain
normal blood flow within the vasculature. Upon vascular injury, the coagulation system
is activated and thrombin is generated. Thrombin converts soluble fibrinogen to fibrin
monomers, which then polymerize to form an insoluble clot. In response to the sustained
presence of fibrin, tissue plasminogen activator (t-PA) is released from endothelial cells.
t-PA initiates the fibrinolytic system by converting plasminogen to plasmin, which then
solubilizes fibrin and restores blood flow. Therefore, maintenance of blood flow requires
a dynamic balance between fibrin formation and degradation.
Thrombomodulin (TM) is a key regulator of the balance between coagulation and
fibrinolysis. Found on the endothelial cell surface (223,224,232), TM serves as a receptor
for thrombin and functions as a molecular switch by changing the specificity of thrombin
from a potent procoagulant enzyme to one with anticoagulant and anti-fibrinolytic
activities. The thrombin-TM complex mediates these anticoagulant and anti-fibrinolytic
effects via the activation of two distinct zymogens, protein C (PC) and thrombinactivable fibrinolysis inhibitor (TAFI), respectively (4,233).
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TAFI, also known as procarboxypeptidase U (proCPU) (170), plasma
procarboxypeptidase B (154) or procarboxypeptidase R (135), is a 60 kDa glycoprotein
that circulates in plasma at a concentration of ~75 nM (5). It consists of a 22-amino acid
signal peptide, a 92-amino acid activation peptide, and a 309-amino acid catalytic domain
(136). TAFI is converted to TAFIa, its active form, by a single proteolytic cleavage at
Arg 92 (4,136,154). TAFIa is a carboxypeptidase B-like enzyme, which catalyzes the
release of Lys and Arg residues from the carboxyl-termini of selected peptides or proteins
(4,136). As fibrin undergoes degradation by plasmin, new carboxyl-terminal Lys residues
are exposed. By serving as binding sites for additional plasminogen and t-PA, exposure
of these Lys residues enhances the catalytic efficiency of plasminogen activation by
several orders of magnitude, thereby promoting fibrin degradation (4,130). TAFIa exerts
its anti-fibrinolytic effect by removing these carboxyl-terminal Lys residues, thereby
attenuating the capacity of partially degraded fibrin to enhance its own degradation. The
anti-fibrinolytic potency of TAFIa is highlighted by the fact that its half-maximal effect is
exerted at a concentration of 1 nM (155). Thus, even with less than 2% zymogen
activation, TAFIa has the potential to influence the rate of fibrin degradation.
Like PC, TAFI is only slowly activated by thrombin. In contrast, when thrombin
binds TM to form the thrombin-TM complex, the catalytic efficiency of TAFI activation
increases over 1,000-fold; an effect that almost exclusively reflects an increase in the kcat.
As such, the thrombin-TM complex is thought to be the physiologically relevant activator
of both TAFI and PC. The interaction between thrombin-TM and TAFI, however, is
distinct from that with PC. Both reactions require the fourth, fifth and six epidermal
growth factor (EGF)-like domains of TM; the latter two of which contain a thrombin
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binding site (9). In addition, TAFI activation requires a 13-amino acid residue sequence
within the carboxyl-terminal loop of the third EGF-like domain (10,11). Within this loop,
a negatively-charged surface patch composed of Val 340, Asp 341, and Glu 343 is critical
for TAFI activation (10). More recently, we identified a putative complementary
positively-charged surface patch on the activation peptide of TAFI composed of three
consecutive Lys residues at positions 42, 43, and 44 (158). Thus, when the three Lys
residues were mutated to Ala, the catalytic efficiency of TAFI activation by the complex
was reduced by 8-fold. Several lines of evidence highlight the importance of this region.
First, like human TAFI, consecutive Lys residues are also found within the activation
peptide domain of mouse and rat TAFI (Figure 3-1) and in the predicted sequence of
canine TAFI (XM_846061.3); an observation that indicates conservation of these Lys
residues across species. Second, this consecutive Lys-containing segment appears to be
unique to TAFI because it is absent in homologous proteins, such as carboxypeptidase A
and B, some of which have only a single Lys or Arg residue at position 41 (Figure 3-1).
Finally, we have shown that mutation of residues in other positively-charged surface
patches within the catalytic domain of TAFI has little effect on the catalytic efficiency of
TAFI activation (158). Therefore, these findings suggest that Lys residues at position 42,
43 and 44 within the activation peptide of TAFI are key components of an exosite that
mediates the interaction of TAFI with the thrombin-TM complex, thereby promoting
TAFI activation.
The relative contribution of the individual Lys residues within the activation
peptide to the interaction of TAFI with the thrombin-TM complex is unknown. We
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Figure 3-1 Comparison of the sequence of the 92-residue activation peptide of
human TAFI with those of TAFI and procarboxypeptidase A and B from various
species.
The sequences of the peptides were obtained from PubMed. The accession numbers are:
Human TAFI (TAFI-H; AAH07057.1), Rat TAFI (TAFI-R; NP_446069.1), Mouse TAFI
(TAFI-M; AAF62385.1), Bovine TAFI (TAFI-B; NP_001039462.1), Human proCPA
(PCPA-H; AAA74425.1), Human proCPB (PCPB-H; CAA12163.1), Rat proCPB
(PCPB-R; NP_036665.1), Bovine proCPA (PCPA-B; NP_777175.1), Porcine
proCPA(PCPA-P; 1PCA_A), and Porcine proCPB (PCPB-P; 1NSA_A). The sequences
were aligned using Jalview 2.8.0b1. The highlighted grey box indicates the unique Lys
residues at positions 42, 43, and 44, in the human TAFI activation peptide and the
corresponding residues from other species.
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reasoned that if each residue contributes in a progressive manner, we could use this
information to design analogs of the activation peptide capable of attenuating TAFI
activation in a modulated fashion. Alternatively, if only one Lys residue is responsible, its
identification would provide new insights into the interaction of this region with the
thrombin-TM complex. To determine the individual roles of these highly conserved Lys
residues, we (a) expressed TAFI mutants with one, two or three of the Lys residues in the
activation peptide domain replaced with Ala or Glu residues, (b) compared the kinetics of
activation of these mutants by thrombin in the presence or absence of TM with those of
wild-type TAFI, and (c) examined the effects of peptide analogs containing one, two or
three of these consecutive Lys residues on TAFI activation. Our results not only confirm
that the three Lys residues in the activation peptide are important for efficient TAFI
activation, but also show that these residues contribute to this activity in a cooperative
fashion. Furthermore, we demonstrate how this information can be used to design
inhibitory peptides that progressively attenuate TAFI activation.

3.3 Experimental Procedures
Materials — Peptides corresponding to residues 38 through 47 of TAFI
containing Lys or Thr at positions 42 through 44 were synthesized by Biomatik
(Wilmington, DE), and their purity as assessed by HPLC analysis was over 98%. TAFIdeficient plasma (TDP) was prepared from a normal human plasma pool as described
previously (141). Anisolylazoformylarginine (AAFR), a synthetic carboxypeptidasedirected substrate, was purchased from Bachem Biosciences Inc. (King of Prussia, PA),
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whereas D-Phe-Pro-Arg chloromethyl ketone (FPR-ck) was purchased from Calbiochem
(San Diego, CA). CNBr-activated Sepharose 4B was from Amersham Biosciences
(Uppsala, Sweden). Radioimmunoassay grade bovine serum albumin (BSA), epsilonaminocaproic acid (ɛACA) and dimethyl sulfoxide (DMSO) were purchased from SigmaAldrich (St. Louis, MO). LipofectAMINE 2000 reagent was purchased from Life
Technologies (Grand Island, NY), QuikChange II XL site-directed mutagenesis kit was
obtained from Agilent Technologies (Santa Clara, CA), and plasmid DNA preparation
kits were purchased from QIAGEN Inc. (Mississauga, ON). Baby hamster kidney (BHK)
cells and pNUT, a mammalian expression vector, were kindly provided by Dr. Ross
MacGillivray (University of British Columbia). Methotrexate was from Mayne Pharma
Inc., Montreal, QC. A 1:1 mixture of Dulbecco’s modified Eagle’s medium and F-12
nutrients

(DMEM/F-12),

Opti-MEM,

newborn

calf

serum,

and

penicillin/streptomycin/fungizone mixture were purchased from Life Technologies.
Thrombin was prepared from human plasma-derived prothrombin, as described
previously (44). Recombinant soluble thrombomodulin (Solulin) was a generous gift
from Dr. Oliver Kops (Paion GmbH, Berlin, Germany). The mouse-anti-human TAFI
monoclonal antibodies, mAb16 and MA-T12D11, were prepared as described previously
(149,151). The VisuLize TAFI antigen kit was purchased from Affinity Biologicals
(Ancaster, ON).
Construction of TAFI mutant plasmids — Mutations were introduced into the
mammalian expression plasmid pNUT vector coding for wild-type TAFI cDNA using the
QuikChange II XL site-directed mutagenesis kit. A pair of primers was used to construct
each of the 9 mutants: 1) Lys to Ala mutation at position 42 (TAFI-K42A); 2) Lys to Ala
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mutation at position 43 (TAFI-K43A); 3) Lys to Ala mutation at position 44 (TAFIK44A); 4) Lys to Glu mutation at position 42 (TAFI-K42E); 5) Lys to Glu mutation at
position 43 (TAFI-K43E); 6) Lys to Glu mutation at position 44 (TAFI-K44E); 7)
consecutive Lys to Ala mutations at positions 42 and 43 (TAFI-K42/43A); 8) consecutive
Lys to Ala mutations at positions 43 and 44 (TAFI-K43/44A), and 9) Lys to Ala
mutations at positions 42 and 44 (TAFI-K42/44A). The double mutants were constructed
in a two-step fashion; after introduction of the first mutation, the new construct was used
as the template for the second mutation. To determine whether basic residues distant from
Lys 42, Lys 43 and Lys 44 influence TAFI activation, Lys 327 and Arg 377 in the
catalytic domain were also subjected to Ala mutation (160). The plasmid for each mutant
was characterized by DNA sequencing. Numbers used to designate mutants were based
on human TAFI amino acid sequence (136).
Transfection, expression and purification of TAFI mutants — BHK cells were
transfected, and mutants were expressed and purified as described previously (158,234)
with minor modifications. Briefly, BHK cells were transfected with TAFI-pNUT
plasmids using the LipofectAMINE 2000 reagent kit. Stable cell lines were selected
using high concentrations of methotrexate. Surviving colonies were screened for protein
production using a TAFI immunoassay. Colonies expressing high concentrations of TAFI
were selected for large scale protein expression.
After coupling MA-T12D11, a monoclonal antibody directed against TAFI, to
Sepharose 4B, recombinant TAFI proteins were isolated by affinity chromatography as
previously described (173,235). Protein-containing fractions, identified by absorbance at
280 nm, were pooled, dialyzed against 0.02M HEPES, 0.15 M NaCl, pH 7.4 (HBS),
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concentrated using Amicon ultra centrifugal filters (Millipore Corporation, Billerica,
MA) and passed through a 0.22 μm filter. The concentration of purified TAFI proteins
was determined by spectrophotometry (Є1%, 280 = 26.4; Mr = 48,442) (4), and their
integrity was assessed by subjecting them to SDS-PAGE analysis. Wild-type and mutant
forms of TAFI migrated with single bands at the expected Mr (Figure 3-2). Purified
proteins were snap frozen in aliquots, and stored at -80°C.
Kinetics of activation of TAFI mutants by thrombin in the absence or presence of
TM — TAFI activation by thrombin in the absence or presence of TM was quantified as
described previously (158). Briefly, assays were conducted in wells of 96-well plates that
were washed with HBS containing 1% Tween 80 and thoroughly rinsed with deionized
distilled water prior to use. To the wells was added a 40 μL mixture containing (a) 0 to 2
μM wild-type TAFI or Ala TAFI variants, or 0 to 8 μM Glu TAFI variants, (b) TM in
concentrations ranging from 0 to 50 nM, and (c) 0.5 nM thrombin and 5 mM CaCl2
diluted in HBS containing 0.01% Tween 80. After 10 min incubation at 25°C, reactions
were terminated by addition of FPR-ck to 1 μM, and AAFR was then added to 120 μM to
achieve a final volume of 200 μL. Reactions were monitored at 349 nm in a SpectraMax
Plus Plate Reader (Molecular Devices, Sunnyvale, CA), and initial rates of AAFR
hydrolysis were determined from the slopes of plots of absorbance versus time.
To quantify TAFIa, standard curves with TAFIa and TAFI were generated for
each variant using 120 μM AAFR in the presence of 1 µM FPR-ck as described
previously (158). As expected, TAFI exhibited little activity toward AAFR. Once TAFIa
levels were quantified, activation rates were expressed as v and plotted versus initial
TAFI concentrations. The complete data set for the range of TM concentrations for each
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Figure 3-2 SDS-PAGE analysis of wild-type (WT) TAFI and TAFI variants.
Purified proteins (2 µg) were resolved on 5-15% polyacrylamide gradient gel under
reducing conditions in the presence of SDS. Protein bands were visualized with
Coomassie Blue. The lanes are: M. Molecular weight markers; 1. TAFI-WT; 2. TAFIK42A; 3. TAFI-K43A; 4. TAFI-K44A; 5. TAFI-K42/43A; 6. TAFI-K42/44A; 7. TAFIK43/44A; 8. TAFI-K42/43/44A; 9. TAFI-K42E; 10. TAFI-K43E, and 11. TAFI-K44E.
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form of TAFI was then fitted globally to the kinetic model of TAFI activation (Eq. 1) by
non-linear regression using the NONLIN module of SYSTAT (SPSS Inc., Chicago, IL)
as described previously (158), where [TM] is the concentration of TM, Km2 represents the
affinity of TAFI for the thrombin-TM complex, KD represents the affinity of thrombin for
TM, and Km1 represents the affinity of thrombin for TAFI.

v=

kcat ⋅ [TM] ⋅ [TAFI]
 K ⋅K

K m 2 ⋅ ( K D + [TM]) + [TAFI] ⋅  D m 2 + [TM] 
 K m1


(Eq. 1)

Best fit values for kcat, Km2, Km1 and KD along with their asymptotic standard error
were determined. The value of KD for the mutants was assumed to be the same as that for
wild-type TAFI because all reactions have this interaction in common. The analyses were
applied to two to four independent experiments with each TAFI mutant and wild-type
TAFI.
When experiments were performed in the absence of TM, higher thrombin
concentrations were needed to activate TAFI. Briefly, TAFI mutants (in concentrations
ranging from 0 to 2 μM) were incubated with 50 nM thrombin and 5 mM CaCl2 for 30
min at 25°C in HBS containing 0.01% Tween 80. TAFIa generation rates were
determined as outlined above. Because the plots of v versus [TAFI] were linear, the
slopes, were used as an estimate of catalytic efficiency and were obtained by linear
regression analysis (SigmaPlot version 11).
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Effect of peptide analogs of the TAFI activation peptide on TAFI activation — A
10-amino acid peptide analog of the TAFI activation peptide that included Lys 42, Lys 43
and Lys 44 was synthesized (Ac-DLIVKKKQVH-NH2), as were 10-amino acid peptides
with one, two or three of the Lys residues replaced with Thr (Ac-DLIVTKKQVH-NH2,
Ac-DLIVKTTQVH-NH2, and Ac-DLIVTTTQVH-NH2, respectively). The capacity of
these peptides to inhibit TAFI activation by thrombin in the absence or presence of TM
was then determined. Briefly, the peptides, in concentrations ranging from 0 to 2 mM,
were pre-incubated with 50 nM thrombin alone, or with 0.5 nM thrombin plus 25 nM TM
for 10 min at 25°C in HBS containing 0.01% Tween80 and 5 mM CaCl2. These mixtures
were then added to wells of a 96-well plate containing either 1 µM wild-type TAFI or
TAFI-K42/43/44A and incubated at 25°C for 30 or 10 min depending on whether TM
was absent or present, respectively. Reactions were then terminated by adding a solution
containing 1 µM FPR-ck and 120 µM AAFR and TAFIa generation was quantified as
described above. The calculated TAFIa generation rates were divided by the rates
observed in absence of inhibitors and plotted versus the inhibitor peptide concentration.
The data were then analyzed by using non-linear regression (SYSTAT, version 10) to
estimate the peptide concentration required for half maximal inhibition of TAFI
activation (KI) as shown in Equation 2:

v=

v0
1 + ([ I ] / K I )

(Eq. 2)

where v is the rate of TAFI activation, v0 is the rate of TAFI activation without
inhibitory peptides, and [I] is the peptide concentration.
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As a control, we examined the effect of ɛACA, a Lys analog, on TAFI activation
by the thrombin-TM complex to confirm the specificity of the peptides. TAFI activation
was quantified using SDS-PAGE analysis because TAFIa hydrolysis of AAFR is
influenced by ɛACA. Briefly, 1 μM TAFI was incubated at 25°C with 25 nM thrombin
and 100 nM TM in HBS containing 0.01% Tween 80 and 5 mM CaCl2 in the absence or
presence of 2 mM ɛACA. Aliquots were collected at intervals and after stopping the
reaction by addition of FPR-ck to 1 μM, the samples were subjected to SDS-PAGE
analysis and the extent of TAFI activation was quantified by densitometry.
Clot lysis assays — To compare anti-fibrinolytic activity, TAFI mutants and wildtype TAFI were activated in situ in clots formed from TDP. Briefly, the TAFI mutants or
wild-type TAFI, in concentrations ranging from 0 to 100 nM, were incubated at 37ºC
with a 1:3 dilution of TDP. After addition of a mixture containing 5 nM thrombin, 10 nM
TM, and 1 nM tPA in HBS containing 0.01% Tween 80 and 10 mM CaCl2 to a final
volume of 100 µL, absorbance was monitored at 405 nm using a SpectraMax Plus Plate
Reader. Clot lysis times were taken as the midpoint between maximum absorbance after
clot formation and minimum absorbance after clot lysis as determined by the instrument
software. To quantify the anti-fibrinolytic potential, clot lysis times were plotted versus
initial TAFI concentrations and the data were then fit to Equation 3 using non-linear
regression (SYSTAT):

LT =

LTmax ⋅ [TAFI]
+ LT0
K1/2 + [TAFI]

(Eq. 3)
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where LT is the lysis time, LTmax is the maximum lysis time observed in the
presence of TAFIa, K1/2 is the TAFI concentration required to achieve half-maximum
attenuation of clot lysis, and LT0 is the clot lysis time in the absence of TAFI.
Statistical analysis – Data are presented as mean ± standard deviation. Results
were compared using paired Student t-tests (SPSS Inc.) and p values ˂ 0.05 were
considered statistically significant.

3.4 Results
Contribution of Lys residues in the activation peptide to TAFI activation — To
examine the role of the individual Lys residues within the triple Lys segment in the
activation peptide, mutant forms of TAFI with one, two or three Lys residues changed to
Ala in all possible combinations were activated with thrombin in the presence of TM.
Activation rates were analyzed according to the enzyme central, parallel assembly kinetic
model (158) by globally fitting the data to Equation 1 using non-linear regression (Figure
3-3) and best-fit values for the kinetic parameters, kcat, Km2, and KD were determined. As
shown in Table 3-1, the kcat values with the mutants ranged from 1.87±0.25 s-1 (K43/44A)
to 5.99±3.56 s-1 (K42/43/44A) compared with 1.20±0.27 s-1 for wild-type TAFI, while
the Km2 values with the mutants ranged from 2.30±0.98 µM (K43A) to 15.21±6.87 µM
(K42/43/44A) compared with 0.69±0.19 µM for wild-type TAFI. The catalytic efficiency
(kcat / Km2) values ranged from 0.38±0.11 µM-1s-1 (K42/43/44A) to 0.87±0.22 µM-1s-1
(K43A); all of which are significantly lower (p<0.05) than the catalytic efficiency value
for wild-type TAFI of 1.80±0.51 µM-1s-1. The increase in kcat for these TAFI mutants
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Figure 3-3 Kinetics of activation of wild-type TAFI and TAFI variants by the
thrombin-TM complex.
(A) Wild-type TAFI (WT), (B) TAFI-K42A, (C) TAFI-K43A, (D) TAFI-K44A, (E)
TAFI-K42/43A, (F) TAFI-K42/44A, (G) TAFI-K43/44A, or (H) TAFI-K42/43/44A, at
concentrations ranging from 0 to 2 μM, was incubated with 0.5 nM thrombin and TM at
concentrations of 1.56 nM (●), 3.13 nM (○), 6.25 nM (▼), 12.5 nM (∆), 25 nM (■), or 50
nM (□). The initial rates of TAFI activation (mole TAFIa formed per second per mole
thrombin) were calculated, and the complete data set was fit globally to the kinetic model
of TAFI activation (lines).
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Table 3-1 Kinetic parameters for activation of wild-type TAFI and TAFI variants
by the thrombin-TM complex.
The kcat, Km2, and KD values were determined by non-linear regression analysis of the
data presented in Figure 3-3 to the rate equation derived from the kinetics model of TAFI
activation (Eq. 1). The rate constant values listed are the mean ± S.D. of 2 to 4
independent experiments. The catalytic efficiency (kcat / Km2) and the relative binding
energy values for all of the mutants are significantly (p<0.05) lower than that of wildtype TAFI (WT). Binding energy was calculated by the equation
as
described previously (158). The affinity of thrombin for TM (KD) was globally
determined to be 24.2±4.4 nM.

kcat

Km2

kcat / Km2

kcat / Km2

Relative
Binding
Energy

s-1

µM

µM-1s-1

--

--

Relative
TAFI

WT

1.20 ± 0.27

0.69 ± 0.19

1.80 ± 0.51

1

1

K42A

2.00 ± 1.42

3.26 ± 2.53

0.64 ± 0.06

0.36

0.89

K43A

2.11 ± 1.36

2.30 ± 0.98

0.87 ± 0.22

0.48

0.91

K44A

2.56 ± 0.21

3.50 ± 0.39

0.74 ± 0.14

0.41

0.89

K42/43A

4.23 ± 1.09

7.08 ± 2.72

0.61 ± 0.08

0.34

0.84

K42/44A

2.08 ± 0.62

3.54 ± 0.08

0.59 ± 0.16

0.33

0.88

K43/44A

1.87 ± 0.25

3.61 ± 0.06

0.52 ± 0.08

0.29

0.88

K42/43/44A

5.99 ± 3.56

15.21±6.87

0.38 ± 0.11

0.21

0.78
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compared with wild-type TAFI suggests that release of the activation peptide by the
thrombin-TM complex is the rate-limiting step. The Km2 values were interpreted as
reflecting the binding of the TAFI mutants to the thrombin-TM complex. The binding
energy, which is defined by ∆G° = − RT ln K m 2 , reflects the binding affinity of the
interaction of the TAFI variants with the thrombin-TM complex (Table 3-1). Each of the
three Lys residues contributed to the overall binding affinity; mutation of a single Lys
residue resulted in a 9 to 11% decrease in binding energy, mutation of two Lys residues
resulted in a 12 to 16% decrease, and mutation of all three Lys residues decreased
binding energy by 22%. The progressive decrease in binding energy with successive
mutation of one, two and three Lys residues is consistent with a reduction in TAFI
affinity for the thrombin-TM complex and suggests that each Lys residue contributes
equally to this interaction. Compared with wild-type TAFI, the catalytic efficiency
decreased, on average, by 58, 68, or 79% with mutation of one, two, or three Lys
residues, respectively. Therefore, these findings support the concept that the three Lys
residues contribute in a progressive fashion to the catalytic efficiency of TAFI activation
by the thrombin-TM complex with each Lys residue making a similar contribution.
Furthermore, the activation data suggest a cooperative role of the Lys residues in
activation, as evidenced by a large initial decrease in catalytic efficiency upon removing
any one Lys residue.
When experiments were repeated in the absence of TM, plots of TAFI activation
rates versus initial TAFI concentrations were linear (Figure 3-4). Consequently, the slope
of each plot was used as a measure of the catalytic efficiency (Table 3-2). There were no
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Figure 3-4 Kinetics of activation of wild-type (WT) TAFI and TAFI variants by
thrombin in the absence of TM.
TAFI-WT (●), TAFI-K42A (○), TAFI-K43A (▼), TAFI-K44A (∆), TAFI-K42/43A (■),
TAFI-K42/44A (□), TAFI-K43/44A (♦), or TAFI-K42/43/44A (◇), at concentrations
ranging from 0 to 2 μM, was incubated with 50 nM thrombin. The initial rate of TAFI
activation was calculated and plotted versus the initial TAFI concentration. The slopes,
determined by linear regression, were taken as the catalytic efficiency.
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Table 3-2 Catalytic efficiency of activation of wild-type TAFI and TAFI variants by
thrombin in the absence of TM.
Wild-type TAFI and the TAFI mutants were activated by thrombin in the absence of TM
and the catalytic efficiencies were determined from the linear portion of the rate versus
TAFI concentration plots. The data shown reflect the mean ± S.D. of the estimates of at
least four independent experiments.

TAFI

Catalytic Efficiency

p-value

µM-1s-1 (x10-4)
WT

4.06 ± 0.92

-

K42A

3.17 ± 0.26

0.10

K43A

3.16 ± 0.32

0.10

K44A

3.10 ± 0.30

0.08

K42/43A

4.08 ± 0.23

0.96

K42/44A

3.05 ± 0.67

0.10

K43/44A

2.97 ± 0.35

0.08

K42/43/44A

2.72 ± 0.37

0.03
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significant differences among the TAFI variants and wild-type TAFI except with
K42/43/44A; a finding consistent with our previous report that these Lys residues play
little part in the TM-independent activation of TAFI (158).
Effect of substituting Lys residues with Glu residues on TAFI activation — To
further examine the contribution of the positively-charged region in the activation peptide
to TAFI activation, Lys residues at positions 42 through 44 were individually substituted
with Glu (K42E, K43E or K44E) and the TAFI variants were then activated with
thrombin in the presence or absence of TM and the kinetic parameters of activation were
determined. In contrast to the results obtained with the single Ala variants, rates for the
Glu variants did not approach a plateau in the presence of TM, even with TAFI
concentrations up to 8 µM (Figure 3-5, A to C), and the catalytic efficiencies for all of the
Glu variants were significantly lower than that with wild-type TAFI (Table 3-3). In the
absence of TM, however, none of the Glu variants showed a significant difference in
catalytic efficiency compared with wild-type TAFI (Figure 3-5 D). Therefore, the effect
of charge reversal of individual Lys residues in positions 42 through 44 on TAFI
activation is similar to that of replacing all three Lys residues with Ala; a finding that
supports the contention that the exosite-mediated interaction between TAFI and the
thrombin-TM complex is charge-dependent.
Effect of substitution of Lys and Arg residues on TAFI far removed from the TMEGF domain 3 interaction site — Two residues on the surface of the TAFI catalytic
domain, K327 and R377, were also subjected to Ala mutation (TAFI-K327A and TAFIR377A, respectively) to determine whether these residues remote from the activation
peptide influence TAFI activation by the thrombin-TM complex. Each derivative was
93

Figure 3-5 Kinetics of activation of charge-reversal TAFI variants by thrombin in
the presence or absence of TM.
(A) TAFI-K42E, (B) TAFI-K43E, or (C) TAFI-K44E, at concentrations ranging from 0
to 8 μM, was incubated with 0.5 nM thrombin in the presence of TM at 1.56 nM (●), 3.13
nM (○), 6.25 nM (▼), 12.5 nM (△), 25 nM (■), or 50 nM (□). The initial rates of TAFI
activation were calculated, and the complete data set was fit globally to Eq. 1 (lines). (D)
TAFI-WT (●), TAFI-K42E (○), TAFI-K43E (▼), or TAFI-K44E (△), at concentrations
ranging from 0 to 2 μM, was incubated with 50 nM thrombin in the absence of TM. The
initial rate of TAFI activation was calculated. The slopes were taken as the catalytic
efficiency of TAFI activation.
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Table 3-3 Catalytic efficiency of activation of wild-type TAFI and charge-reversal
TAFI variants by thrombin in the presence or absence of TM.
Wild-type (WT) TAFI and Lys to Glu mutants were activated by thrombin in the
presence of TM and the kinetic parameters of TAFI activation were determined and used
to calculate catalytic efficiency (kcat / Km2). In the absence of TM, slopes of v versus TAFI
concentration plots were used as estimates of catalytic efficiency. The rate constant
values represent the mean ± S.D. of at least three independent experiments. The affinity
of thrombin for TM (KD) was globally determined to be 24.2±4.4 nM.

Thrombin-TM
TAFI

kcat / Km2

Thrombin

p-value

µM-1 s-1

Catalytic Efficiency

p-value

µM-1 s-1 (x10-4)

WT

1.80 ± 0.51

-

4.06 ± 0.92

-

K42E

0.31 ± 0.04

0.0004

3.68 ± 0.24

0.44

K43E

0.46 ± 0.14

0.0001

4.50 ± 0.97

0.52

K44E

0.57 ± 0.18

0.0003

3.10 ± 0.25

0.29
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activated by thrombin in the presence or absence of TM and the kinetic parameters of
activation were determined. Under all conditions, neither the kcat nor the Km values
displayed statistically significant differences compared with those for wild-type TAFI
(not shown). Therefore, in contrast to Lys residues at positions 42 to 44 within the
activation peptide, the charged residues investigated here within the catalytic domain of
TAFI do not influence its activation by the thrombin-TM complex.
Effect of TAFI activation peptide analogs on TAFI activation by the thrombin-TM
complex — We next examined the effect of a peptide analog corresponding to residues 38
through 47 of TAFI on the activation of wild-type TAFI and TAFI-K42/43/44A to
determine whether it would inhibit activation by competing with TAFI for binding to the
thrombin-TM complex. Additionally, the inhibitory effects of peptide analogs with one,
two or three of the Lys residues replaced with Thr residues were also investigated to
explore the role of the individual Lys residues. Peptides that retained at least one Lys
residue attenuated the rate of wild-type TAFI activation in a concentration-dependent
manner, whereas the triple Thr peptide did not (Figure 3-6 A). The KI values for peptides
containing one, two or three Lys residues were 1881±97, 1121±93, and 647±87 µM,
respectively; values significantly different from each other (p<0.05). At 2000 µM, the
peptides containing one, two or three Lys residues reduced the rate of TAFI activation by
53%, 68%, and 81%, respectively; values significantly different from each other
(p<0.05). Likewise, at equimolar concentrations, ɛACA also failed to affect the rate of
TAFI activation by the thrombin-TM complex (not shown), suggesting that the inhibitory
effect of the Lys-containing peptides reflects more than just a Lys-dependent interaction
with the activating complex. In addition, titration of the peptide containing three Lys
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Figure 3-6 Inhibitory effect of peptide analogs of the TAFI activation peptide on
TAFI activation by thrombin in the presence or absence of TM.
(A) Increasing concentration of the triple Lys peptide (Ac-DLIVKKKQVH-NH2, open
circles), the double Lys peptide (Ac-DLIVTKKQVH-NH2, closed triangles), the single
Lys peptide (Ac-DLIVKTTQVH-NH2, open triangles), or the control peptide (AcDLIVTTTQVH-NH2, closed circles) were pre-incubated with 0.5 nM thrombin and 25
nM TM for 10 min at 25°C. Mixtures were then added to 1 μM wild-type TAFI. (B)
Reactions were repeated with the control or triple Lys peptide using TAFI-K42/43/44A in
place of wild-type TAFI. (C) Increasing concentrations of the triple Lys or control
peptide was pre-incubated with 50 nM thrombin in the absence of TM for 10 min at 25°C
prior to addition to 1 μM wild-type TAFI. In all cases, reactions were stopped by addition
of FPR-ck and initial rates of TAFI activation were determined by monitoring the
hydrolysis of AAFR. Rates measured in the presence of peptides were normalized
relative to that determined in their absence, and plotted versus peptide concentration.
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residues across the same concentration range had no effect on PC activation (not shown),
suggesting that this peptide sequence specifically targets TAFI activation.
Studies were then repeated using TAFI-K42/43/44A in place of wild-type TAFI
(Figure 3-6 B). In the absence of peptide, the rate of activation of 1 μM TAFIK42/43/44A was 49% of that of wild-type TAFI, consistent with our previous finding
(158). Whereas the triple Thr peptide had no effect, addition of the triple Lys peptide to
2000 µM produced only a 14% further reduction in the relative rate.
The activation of wild-type TAFI was then quantified in the absence of TM
(Figure 3-6 C). Like the findings with the triple Ala mutant of TAFI (Figure 3-6 B), the
triple Lys peptide produced only a 21% reduction in the rate of activation of wild-type
TAFI by thrombin, whereas the control peptide had no effect. Taken together, these data
suggest that each of the three Lys residues in the activation peptide contributes to TM
cofactor activity when TAFI is activated by thrombin-TM complex.
Anti-fibrinolytic Activity of TAFI Mutants — The functional activity of wild-type
and Ala mutant TAFIa were assessed in a clot lysis assay. Plots of lysis times versus
initial TAFI concentrations were fit to Equation 3 (Figure 3-7). With wild-type TAFI,
half-maximal attenuation of clot lysis (K1/2) was achieved with a concentration of 1.7±0.2
nM (Table 3-4). In contrast, K1/2 values for the TAFI mutants were significantly
(p<0.005) higher; ranging from 2.5-fold (K43A) to 15.3-fold higher (K42/43/44A).
Interestingly, however, there were no statistical differences in LTmax values; a finding that
suggests that the anti-fibrinolytic potential of the TAFIa variants was unchanged.
Therefore, the decreased anti-fibrinolytic potential of the TAFI mutants is more likely to
reflect impaired activation than altered activity.
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Figure 3-7 Anti-fibrinolytic activity of wild-type (WT) TAFI and TAFI variants.
TAFI-WT (●), TAFI-K42A (○), TAFI-K43A (▼), TAFI-K44A ( ), TAFI-K42/43A
(■), TAFI-K42/44A (□), TAFI-K43/44A (♦), or TAFI-K42/43/44A (◊) at the indicated
concentrations was incubated in a 1 in 3 dilution of TDP. After adding 5 nM thrombin, 10
nM TM, 10 mM CaCl2, and 1 nM tPA, absorbance at 405 nm was monitored at 37 ºC and
the time to half-maximal decrease in absorbance (lysis time) was determined using
instrument software and plotted versus the initial TAFI concentration. The lines were fit
using non-linear regression.
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Table 3-4 Anti-fibrinolytic effect of wild-type and TAFI variants determined using a
clot lysis assay.
LTmax is the maximum lysis time in the presence of TAFIa, LT0 is the lysis time in the
absence of TAFI, and K1/2 is the TAFI concentration required to achieve the halfmaximum effect on attenuation of clot lysis. The data listed here represent the mean ±
S.D. of the estimates of four independent experiments.

K1/2avg
Mutation

None

Single

Double

Triple

TAFI

LTmax

LT0

K1/2

(Relative to
WT)

Min

Min

nM

nM

WT

61.0 ± 5.2

18.4 ± 0.8

---

1.7 ± 0.2 (1)

K42A

62.7 ± 4.9

18.3 ± 0.7

5.2 ± 0.6

K43A

59.5 ± 2.7

19.1 ± 0.6

4.2 ± 0.1

K44A

58.9 ± 3.5

17.2 ± 0.9

5.2 ± 1.1

K42/43A

59.7 ± 3.7

18.1 ± 0.3

5.9 ± 1.8

K42/44A

59.8 ± 2.5

16.0 ± 0.2

7.3 ± 1.0

K43/44A

60.0 ± 1.2

16.5 ± 1.3

6.6 ± 0.9

K42/43/44A

64.6 ± 4.7

15.1 ± 0.2

---

Mean

60.8 ± 0.7

17.3 ± 0.3
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4.9 ± 0.2 (2.9)

6.6 ± 0.4 (4.0)

25.4 ± 2.4
(15.3)

3.5 Discussion
Previously, we showed that the three Lys residues within the activation peptide of
TAFI comprise an exosite that promotes activation by mediating interaction with the
thrombin-TM complex (158). In this study, we investigated the contribution of each of
these Lys residues to this exosite activity. We show that substitution of one, two or three
of the Lys residues with Ala residues progressively (a) decreases the catalytic efficiency
of TAFI activation by the thrombin-TM complex by 58%, 68%, and 79%, respectively
(Table 3-1), and (b) reduces the binding energy of the interaction with the thrombin-TM
complex by about 8% per residue. These changes likely reflect step-wise disruption of the
positively-charged exosite that mediates the interaction of TAFI with the thrombin-TM
complex and suggest that the three Lys residues make equivalent individual contribution
to the exosite with cooperativity observed when all three Lys residues are present. The
results with the peptide analogs support this concept. Whereas the triple Lys peptide
inhibits TAFI activation by the thrombin-TM complex by 81%, the inhibitory effect is
progressively attenuated with replacement of one, two or three of the Lys residues with
Thr. However, highly conserved sequences flanking Lys 42, 43, 44 may also contribute
to the interaction of the peptide with the thrombin-TM complex because TAFIK42/43/44A can still be activated, albeit at a reduced rate. These inhibitory effects
suggest that peptide or small molecule analogs of this portion of the TAFI activation
peptide can be used to modulate TAFI activation.
The capacity of TAFI to attenuate clot lysis was progressively lost with mutation
of one, two, or three Lys residues. In contrast to the activation data where mutation of the
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first Lys residue had the most impact on TAFI activation, the greatest effect on clot lysis
was observed with mutation of all three Lys residues. These data are consistent with a
threshold phenomenon, whereby a critical concentration of TAFIa is needed to attenuate
fibrinolysis (183,236). Thus, we speculate that the anti-fibrinolytic activity of TAFIa is
maintained until TAFI activation is impaired to an extent sufficient to decrease TAFIa
generation below this threshold value.
To explore the charge dependence of the potential exosite-mediated interaction
between the activation peptide of TAFI and the thrombin-TM complex, each positivelycharged Lys residue was replaced with a negatively-charged Glu residue and activation of
these TAFI variants by the thrombin-TM complex was compared with that of wild-type
TAFI. The catalytic efficiency values for activation of the single Glu mutants were ~75%
lower than that of wild-type TAFI. Thus, even single charge reversal impaired activation
to a similar extent as that observed with the triple Ala mutant. Reactions with the Glu
mutants were not saturable, even with TAFI concentrations up to 8 µM. These findings
suggest that disruption of key electrostatic interactions between Lys residues of the
activation peptide and the thrombin-TM complex markedly attenuates TAFI activation,
thereby highlighting the importance of this interaction. In support of this concept, the
peptide analog of the activation peptide that includes the three Lys residues attenuates
TAFI activation by the thrombin-TM complex, whereas the control triple Thr peptide
does not. These data support the hypothesis that the positively-charged triple Lys patch
on the activation peptide interacts with the negatively-charged patch on EGF domain 3 of
TM, and that this interaction is crucial for the cofactor activity of TM in TAFI activation
by thrombin.
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The loss of the three Lys residues also appears to attenuate TAFI activation by
thrombin in the absence of TM, albeit to a lesser extent than that observed in its presence
(Table 3-1). Nonetheless, the decrease is statistically significant, consistent with our
previous finding (158). Furthermore, the peptide analog decreased activation rates by
thrombin in a dose-dependent fashion, although it was less potent in this reaction than it
was when TAFI was activated by the thrombin-TM complex. These data suggest that the
Lys residues may also influence TAFI activation by thrombin in the absence of TM.
Because TAFI activation by thrombin is at least 3 orders of magnitude slower than that
by the thrombin-TM complex, this finding is unlikely to be physiologically relevant.
Two lines of evidence suggest that the reduction in TAFI activation rates and the
resultant decrease in the capacity of TAFIa to prolong clot lysis times are the result of
changes in the activation peptide sequence and not in the protease domain. First, upon
complete activation, the Ala mutant TAFIa variants exhibited functional half-lives similar
to that of wild type TAFIa, consistent with retention of the intrinsic thermal instability
that is characteristic of TAFIa (data not shown). Second, all of the Ala mutants displayed
similar maximal lysis times (Table 3-4), suggesting that TAFI activation, and not TAFIa
activity toward fibrin, is the limiting factor for all TAFI variants. Furthermore, our results
demonstrate that the three Lys residues contribute in a cooperative fashion to TAFI
activation by the thrombin-TM complex and, to a lesser extent, by thrombin, while at
least one of the Lys residues in positions 42 through 44 is needed to generate sufficient
amounts of TAFIa to efficiently attenuate fibrinolysis. Finally, the observation that
peptide analogs of the activation peptide domain attenuate TAFI activation in a
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modulated fashion identifies this region as a target for agents that have the potential to
enhance fibrinolysis; a concept that deserves further investigation.
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Chapter 4
General Discussion

Since the discovery of TAFI about 25 years ago, numerous studies have
characterized its structure and function (ref 1 through 11). Despite these studies,
however, the exact mechanism of how TAFI is activated by the thrombin-TM complex is
incompletely understood. Our studies investigated the activation kinetics of TAFI, either
on endothelial cells as a model of blood vasculature or in purified systems.
TAFIa, like most enzymes, has specific substrates; fibrin and plasmin-modified
fibrin are the target substrates for exerting its anti-fibrinolytic properties. TAFIa has no
inhibitors and its intrinsic thermal instability (162-164) is the only known mechanism of
TAFIa down-regulation in vivo. Accordingly, the circulating levels of TAFIa in normal
individuals are about 12 pM (179), whereas the level of zymogen TAFI is about 100 nM
(149,150). Therefore, the majority of TAFI circulates as a zymogen.
Carboxypeptidase N (CPN) circulates in plasma in its active form at a
concentration of around 100 nM (176). Remarkably, despite its high circulating levels,
and the fact that like TAFIa, CPN is a carboxypeptidase, CPN has little to no effect on
fibrin or plasmin-modified fibrin, and thus exerts little to no anti-fibrinolytic activity.
Therefore, TAFIa is the only enzyme that is highly specific for attenuating fibrinolysis.
Consequently, TAFIa remains a target of interest as a way to treat various cardiovascular
diseases; a correlation that has been demonstrated in numerous studies (46,237-239).
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In Chapter 2, we investigated the activation of TAFI on cultured HUVEC as a
surrogate for the blood vessel wall. In addition, because protein C is also a wellcharacterized substrate for the thrombin-TM complex, we investigated how TAFI and
protein C activation affect each other’s activation on endothelial cells. By measuring
simultaneous activation of protein C and TAFI on HUVEC, we demonstrated that
although both reactions are TM-dependent, TAFI and protein C did not compete with
each other for activation under our experimental conditions. These findings suggest that
under physiological conditions, TAFI and protein C activation occur simultaneously in a
mutually exclusive manner and we speculate that this occurs because activation is
mediated by distinct thrombin-TM complexes that are specific for TAFI or protein C.
EPCR significantly enhanced protein C activation. By binding protein C through
its Gla-domain and presenting it to the thrombin-TM complex for activation, EPCR
ensures that the activation of protein C predominates over that of TAFI, even in the
absence of exposure of negatively charged phospholipids. Consequently, the presence of
EPCR ensures that the vasculature remains in an anticoagulant state in order to maintain
blood fluidity. Studies have demonstrated that a 23-bp insertion in the EPCR gene results
in EPCR expression failure on cells, which leads to an increased risk of thrombosis in
patients with this genetic defect (240,241). In addition, deletion of the EPCR gene in
mice leads to early embryonic lethality with placental thrombosis (22,242). Furthermore,
when the interaction of protein C/aPC with EPCR is blocked, baboons are more sensitive
to the effects of E. coli as evidenced by an increased procoagulant response, greater
vascular injury, higher levels of cytokines and more leukocyte extravasation (243).
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Adding to this complexity is that EPCR expression levels vary depending on the
location and size of a blood vessel; more EPCR is expressed on large vessels than on
small ones (244). This would suggest that protein C activation is more important in the
large vessels relative to the smaller vessels. Physiologically, the surface area of
endothelium increases significantly when blood flows from large vessels to the
microcirculation (245). Thus, the effective concentration of TM on the endothelial cell
surface per volume of blood increases as the vessel diameter decreases (assuming a
constant number of TM molecules per cell). The effective TM concentration on the large
vessels, which is about 1 to 5 nM, would be 100-fold lower than that on the
microcirculation; about 100 to 500 nM (21). Also, it has been shown that the high
effective concentration of TM in the microcirculation ensures rapid activation of TAFI,
which is important for inactivating vasoactive agents such as C5a and C3a (246). These
observations, along with our data, suggest that the presence of EPCR switches the
substrate specificity of the thrombin-TM complex to favor protein C, and that the role of
EPCR for promoting aPC generation is to ensure an antithrombotic state in the large
vessels, which is where most thrombotic events occur.
To further probe the function of EPCR, we used an EPCR-directed antibody that
blocks its cofactor activity for protein C activation by the thrombin-TM complex but did
not alter TAFI activation (Figure 2-3 and Figure 2-4). These observations are reflective of
a previous report showing that EPCR does not bind to TM on cell surface (230), thus the
presence of the antibody should not affect thrombin-TM activity toward protein C or
TAFI. In addition, the presence of the anti-EPCR antibody did not accelerate TAFI
activation. This observation provides additional support for the notion that there are two
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forms of thrombin-TM complex that specifically recognize either protein C or TAFI as
their substrate. Since HUVEC expresses an excess of EPCR relative to TM (227,230), the
apparent preference of protein C on HUVEC is not surprising.
While the use of the monoclonal anti-EPCR antibody was useful in deciphering
the role of EPCR during protein C or TAFI activation, it is not without limitations. The
apparent existence of two forms of the thrombin-TM complex may be an artifact due to
the physical presence of EPCR that limits TAFI from engaging its necessary binding site
on TM. Even though EPCR does not directly bind TM, it is likely that only EPCR in
close proximity to the thrombin-TM complex is able to effectively bind and present
protein C for activation. These EPCR molecules could potentially block TAFI from
recognizing TM through steric hindrance, which can be perceived as a form of thrombinTM that is only specific for protein C. The use of an antibody that binds EPCR would not
dislodge EPCR from the thrombin-TM complex, but rather might produce even more
steric hindrance. One way to determine whether two forms of thrombin-TM exist on
HUVEC would be to use a cell line that only expresses TM. If there are two forms of
thrombin-TM, the presence of one should not affect the activation of the other.
Previously, based on the structure of TAFI bound to the thrombin-TM complex,
we hypothesized that Lys42, Lys 43, and Lys44 in the activation peptide of TAFI may be
important for the interaction of TAFI with the Val 340, Asp 341, and Glu 343 residues of
EGF-like domain 3 of TM (158). We demonstrated that when the three lysine residues
were replaced with alanine, TAFI activation by the thrombin-TM complex was decreased
by 80%. In the studies described in Chapter 3, we set out to determine the individual
contribution of these lysine residues to TAFI activation and to attenuation of clot lysis.
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Furthermore, we developed peptide analogs that mimic the primary structure spanning
these three lysine residues because we hypothesized that they would inhibit TAFI
activation by competing with it for binding to the thrombin-TM complex.
Each lysine residue had an equal and independent effect on TAFI activation but
the three acted in a cooperative fashion to promote TAFI activation and to attenuate clot
lysis. Consistent with a previous study, however, replacement of all three lysine residues
with alanine residues only decreased TAFI activation by 80%, suggesting that other
epitopes contribute to the interaction of TAFI with the thrombin-TM complex.
Aside from the highly conserved lysine residues, the hydrophobic residues
adjacent to the triple lysines also appear to be conserved (Figure 3-1), suggesting that
these residues may also be involved in the interaction of TAFI with the thrombin-TM
complex. The possibility that additional residues mediate TAFI interaction with the
thrombin-TM was raised in a recent report by Plug et al. (247). They showed that Arg 12
of TAFI, which is conserved in human, rat, mouse, and bovine TAFI, is located directly
adjacent to Lys 42, Lys 43, and Lys 44 in the tertiary structure (160). Based on these
findings, it is possible that these four positively charged amino acid residues may form an
exosite for TM (247). Plug et al. (247) noted, however, that the amino acid sequence of
TAFI around Arg 12 (Pro11-Arg12-Thr13-Ser14-Arg15) has similarities to the thrombin
consensus recognition sequence (P2-Pro, P1-Arg, P1’-Ser/Ala/Gly/Thr, P2’-not acidic,
and P3’-Arg) that is highly conserved in mammals (248). Thus, there is also a possibility
that TAFI is “pre-activated” by thrombin by a single cleavage after Arg 12, which may be
the main factor accelerating its activation by the thrombin-TM complex (247). Therefore,
these observations suggest that further investigation is needed to determine whether
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concomitant mutation of the three lysine residues and Arg 12 may completely inhibit
TAFI activation by the thrombin-TM complex.
To further test the functional consequence of disrupting the interaction between
TAFI and the thrombin-TM complex via the triple lysine residues of TAFI, peptide
analogs were generated that contained no, one, two or three lysine residues. We were able
to modulate TAFI activation in a systematic manner, which appeared to be dependent on
the number of lysine residues in the inhibitory peptide; something that has never been
demonstrated before. Even more interesting was the observation that this interaction was
not strictly dependent on lysine residues because the addition of a free lysine analog had
no effect, consistent with the notion that the residues adjacent to Lys 42 through 44 may
also be involved. Above all, these peptides only affect TAFI activation and have no effect
on protein C activation, which suggests that there are distinct exosites on TM that are
essential for binding protein C or TAFI. This notion, along with the findings from the
previous mutagenesis studies (10,41,42,55), suggests that the EGF-like domain 3 of TM
is the exosite for TAFI interaction and the EGF-like domain 4 is the exosite for protein C
interaction.
In addition, these inhibitory peptides represent a novel method to modulate
fibrinolysis by specifically targeting TAFI activation, similar to the use of monoclonal
antibodies and nanobodies to hamper TAFI activation (171-173), rather than inhibiting
TAFIa activity (134,136,169,170,249-254), which in turn modulates TAFI activation and
enhances fibrinolysis in vivo. Furthermore, when the effect of reduced TAFI activation
on clot lysis time was investigated, a threshold-like behavior was observed; there was a
significantly large loss of the ability of TAFIa to attenuate fibrinolysis between having
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one lysine and no lysine at positions 42 through 44 in the activation peptide, despite their
activation kinetics not showing a similar change. This demonstrates the possibility that
maintaining a certain level of inhibitor to reduce TAFI activation levels, which would
then prevent accumulation of TAFIa above threshold levels and would result in faster clot
degradation, a novel pathway for achieving efficient clot degradation and removal.
Taken together, our findings support the proposed model for the formation of
ternary thrombin-TM-TAFI complex (Figure 4-1), whereby the EGF-like domains 5 and
6 of TM bind to thrombin exosite-I, and orient EGF-like domain 3 of TM adjacent to the
upper rim of the thrombin active-site cleft. The highly acidic C-loop of EGF-like domain
3 interacts with the triple lysine cluster of the activation peptide of TAFI, thereby
stabilizing and presenting its scissile peptide bond Arg 92-Ala 93 to the thrombin active
site residues with an optimal conformation for cleavage. Such detailed characterization of
TAFI activation mechanism is crucial for understanding its implication in attenuating
fibrinolysis and subsequently developing reagents to modulate this process. As we have
demonstrated the specific nature of protein C or TAFI recognition by the thrombin-TM
complex, it then becomes possible to design and create inhibitory reagents that
specifically target protein C or TAFI activation.

Future Studies
While our current data have shown the involvement and importance of Lys 42,
Lys 43, and Lys 44 in TAFI activation by the thrombin-TM complex, replacement of
these lysine residues with an inert residue did not completely inhibit its activation and
only lowered the activation kinetics by ~80%. Given the results reported by Plug et al.,
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Figure 4-1 Structure model of the TAFI-IIa-TM-EGF456 complex.
This complex was built based on the structure of bovine proCPA in complex with
chymotrypsinogen C (161) and the structure of IIa (secondary structures shown in green)
in complex with TM-EGF 456 (red) (9). The TAFI model (yellow) and the catalytic triad
of IIa were superimposed on proCPA and the catalytic triad of chymotrypsinogen C
complex, respectively. TM-EGF 456 structure retains its original orientation with respect
to IIa (9). The TAFI unique Lys 42, 43, and 44 residues are indicated. The predicted
position of TM-EGF 3 domain is indicated with the arrow (158).
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we aim to generate a variant of TAFI that contains alanine substitutions in all four
residues – Arg 12 and Lys 42 through 44. We hypothesize that this variant of TAFI will
display significantly lower activation kinetics than the triple Ala variant investigated
here, thereby eliminating or attenuating the residual 20% of activation. We also question
the involvement of the highly conserved hydrophobic region in the activation peptide that
is adjacent to the Lys 42 through 44 region.
We have designed peptide analogs of the TAFI domain that mediates its
interaction with the thrombin-TM activation complex. Using a 10 amino acid template,
we have shown that such peptides inhibit TAFI activation by up to 80%. For future
studies, it will be interesting to test the effects of antibodies or nanobodies that target the
same region of TAFI, as well as the combination of the antibodies/nanobodies with the
peptides investigated here. With such reagents, we can further determine the optimal
method for the inhibition of TAFI activation; we will also testify that these agents only
inhibit TAFI activation and do not influence PC activation.
In addition, it would be interesting to investigate the effect of these TAFI
activation inhibitors in mouse models of thrombosis. Results in wild-type mice can be
compared with those in TAFI-deficient mice to determine whether the observed effects
are TAFI specific. If our hypotheses are confirmed, TAFI inhibition may represent a
novel method to safely improve outcome of patients with heart attacks and strokes,
thereby reducing death and disability.

114

Reference List

1. Jenny, N. S. and Mann, K. G. (1998) Coagulation Cascade: An Overview. In
Loscalzo, J. and Schafer, A. I., editors. Thrombosis and Hemmorrhage, Williams
& Wilkins,
2. Blomback, B. (1996) Fibrinogen and Fibrin - Proteins With Complex Roles in
Hemostasis and Thrombosis. Thromb.Res. 83, 1-75
3. Nesheim, M., Wang, W., Boffa, M., Nagashima, M., Morser, J., and Bajzar, L.
(1997) Thrombin, Thrombomodulin and TAFI in the Molecular Link Between
Coagulation and Fibrinolysis. Thromb.Haemost. 78, 386-391
4. Bajzar, L., Manuel, R., and Nesheim, M. E. (1995) Purification and
Characterization of TAFI, a Thrombin Activatable Fibrinolysis Inhibitor.
J.Biol.Chem. 270, 14477-14484
5. Nesheim, M. E. (1999) TAFI. Fibrinolysis and Proteolysis 13, 72-77
6. Owen, W. G. and Esmon, C. T. (1981) Functional Properties of an Endothelial
Cell Cofactor for Thrombin Catalyzed Activation of Protein C. J.Biol.Chem. 256,
5532-5535
7. Fukudome, K., Ye, X., Tsuneyoshi, N., Tokunaga, O., Sugawara, K., Mizokami,
H., and Kimoto, M. (1998) Activation mechanism of anticoagulant protein C in
large blood vessels involving the endothelial cell protein C receptor. J.Exp.Med.
187, 1029-1035
8. Conway, E. M., Van de Wouwer, M., Pollefeyt, S., Jurk, K., Van, A. H., De, V.
A., Weitz, J. I., Weiler, H., Hellings, P. W., Schaeffer, P., Herbert, J. M., Collen,
D., and Theilmeier, G. (2002) The lectin-like domain of thrombomodulin confers
protection from neutrophil-mediated tissue damage by suppressing adhesion
molecule expression via nuclear factor kappaB and mitogen-activated protein
kinase pathways. J.Exp.Med. 196, 565-577
9. Fuentes-Prior, P., Iwanaga, Y., Huber, R., Pagila, R., Rumennik, G., Seto, M.,
Morser, J., Light, D. R., and Bode, W. (2000) Structural basis for the
anticoagulant activity of the thrombin-thrombomodulin complex. Nature 404,
518-525
10. Wang, W., Nagashima, M., Schneider, M., Morser, J., and Nesheim, M. (2000)
Elements of the primary structure of thrombomodulin required for efficient
thrombin-activable fibrinolysis inhibitor activation. Journal of Biological
Chemistry 275, 22942-22947
115

11. Kokame, K., Zheng, X., and Sadler, J. E. (1998) Activation of Thrombin activable
Fibrinolysis Inhibitor Requires Epidermal Growth Factor-like Domain 3 of
Thrombomodulin and Is Inhibited Competitively by Protein C. J.Biol.Chem. 273,
12135-12139
12. Suzuki, K., Hayashi, T., Nishioka, J., Kosaka, Y., Zushi, M., Honda, G., and
Yamamoto, S. (1989) A Domain Composed of Epidermal Growth Factor-like
Structures of Human Thrombomodulin Is Essential for Thrombin Binding and For
Protein C Activation. J.Biol.Chem. 264, 4872-4876
13. Ye, J., Rezaie, A. R., and Esmon, C. T. (1994) Glycosaminoglycan Contributions
to Both Protein C Activation and Thrombin Inhibition Involve a Common
Arginine-rich Site in Thrombin That Includes Residues Arginine 93, 97, and 101.
J.Biol.Chem. 269, 17965-17970
14. He, X., Ye, J., Esmon, C. T., and Rezaie, A. R. (1997) Influence of Ariginines 93,
97, and 101 of Thrombin to Its Functional Specificity. Biochemistry 36, 89698979
15. Bouma, B. N., Marx, P. F., Mosnier, L. O., and Meijers, J. C. M. (2001)
Thrombin-activatable fibrinolysis inhibitor (TAFI, plasma procarboxypeptidase
B, procarboxypeptidase R, procarboxypeptidase U). Thromb.Res. 101, 329-354
16. Dittman, W. A., Kumada, T., Sadler, J. E., and Majerus, P. W. (1988) The
Structure and Function of Mouse Thrombomodulin. Phorbol Myristate Acetate
Stimulates Degradation and Synthesis of Thrombomodulin Without Affecting
mRNA Levels in Hemangioma Cells. J.Biol.Chem. 263, 15815-15822
17. Jackman, R. W., Beeler, D. L., Van De Water, L., and Rosenberg, R. D. (1986)
Characterization of a Thrombomodulin cDNA Reveals Structural Similarity to the
Low Density Lipoprotein Receptor. Proc.Natl.Acad.Sci.USA 83, 8834-8838
18. Fukudome, K. and Esmon, C. T. (1994) Identification, Cloning, and Regulation of
a Novel Endothelial Cell Protein C/Activated Protein C Receptor. J.Biol.Chem.
269, 26486-26491
19. Fukudome, K. and Esmon, C. T. (1995) Molecular Cloning and Expression of
Murine and Bovine Endothelial Cell Protein C / Activated Protein C Receptor
(EPCR). The Structural and Functional Conservation in Human, Bovine, and
Murine EPCR. J.Biol.Chem. 270, 5571-5577
20. Stearns-Kurosawa, D. J., Kurosawa, S., Mollica, J. S., Ferrell, G. L., and Esmon,
C. T. (1996) The endothelial cell protein C receptor augments protein C activation
by the thrombin-thrombomodulin complex. Proc.Natl.Acad.Sci.U.S.A 93, 1021210216
116

21. Laszik, Z., Mitro, A., Taylor, F. B., Jr., Ferrell, G., and Esmon, C. T. (1997)
Human protein C receptor is present primarily on endothelium of large blood
vessels: implications for the control of the protein C pathway. Circulation 96,
3633-3640
22. Crawley, J. T., Gu, J. M., Ferrell, G., and Esmon, C. T. (2002) Distribution of
endothelial cell protein C/activated protein C receptor (EPCR) during mouse
embryo development. Thromb.Haemost. 88, 259-266
23. Aruffo, A. and Seed, B. (1989) Expression of cDNA clones encoding the
thymocyte antigens CD1a, b, c demonstrates a hierarchy of exclusion in
fibroblasts. J.Immunol. 143, 1723-1730
24. Kurosawa, S., Stearns-Kurosawa, D. J., Hidari, N., and Esmon, C. T. (1997)
Identification of Functional Endothelial Protein C Receptor in Human Plasma.
J.Clin.Invest. 100, 411-418
25. Rao, L. V. M., Williams, T., and Rapaport, S. I. (1996) Studies of the Activation
of Factor VII Bound to Tissue Factor. Blood 87, 3738-3748
26. Gailani, D. and Broze, G. J. (1991) Factor XI Activation in a Revised Model of
Blood Coagulation. Science 253, 909-912
27. Thompson, A. R. (2003) Structure and function of the factor VIII gene and
protein. Semin.Thromb.Hemost. 29, 11-22
28. Mann, K. G. and Kalafatis, M. (2003) Factor V: a combination of Dr Jekyll and
Mr Hyde. Blood 101, 20-30
29. Nesheim, M. E., Taswell, J. B., and Mann, K. G. (1979) The Contribution of
Bovine Factor V and Factor Va to the Activity of Prothrombinase. J.Biol.Chem.
254, 10952-10962
30. Weisel, J. W., Francis, C. W., Nagaswami, C., and Marder, V. J. (1993)
Determination of the Topology of Factor XIIIa-induced Fibrin Gamma-chain
Cross-links by Electron Microscopy of Ligated Fragments. J.Biol.Chem. 268,
26618-26624
31. McDuffie, F. C., Giffin, C., Niedringhaus, R., Mann, K. G., Owen, C. A., Jr.,
Bowie, E. J., Peterson, J., Clark, G., and Hunder, G. G. (1979) Prothrombin,
thrombin and prothrombin fragments in plasma of normal individuals and of
patients with laboratory evidence of disseminated intravascular coagulation.
Thromb.Res. 16, 759-773
32. Magnusson, S., Petersen, T. E., Sottrup-Jensen, L., and Claeys, H. (1975)
Complete Primary Structure of Prothrombin: Isolation, Structure and Reactivity
117

of Ten Carboxylated Glutamic Acid Residues and Regulation of Prothrombin
Activation by Thrombin. In Reich, E., Rifkin, D. B., and Shaw, E., editors.
Proteases and Biological Control, Cold Spring Harbor Laboratory, Cold Spring
Harbor
33. Nelsestuen, G. L. and Zytkovicz, T. H. (1974) The Mode of Action of Vitamin K
Identification of gamma- Carboxyglutamic Acid as Component of Prothrombin.
J.Biol.Chem. 249, 6347-6350
34. MacGillivray, R. T. A. and Davie, E. W. (1984) Characterization of Bovine
Prothrombin mRNA and Its Translation Product. Biochemistry 23, 1626-1634
35. Bajaj, S. P., Butkowski, R. J., and Mann, K. G. (1975) Prothrombin Fragments
Calcium Binding and Activation Kinetics. J.Biol.Chem. 2150, 2156
36. Boskovic, D. S., Giles, A. R., and Nesheim, M. E. (1990) Studies of the Role of
Factor Va in the Factor Xa-Catalyzed Activation of Prothrombin, Fragment 1.2Prethrombin-2 and Dansyl-L-Glutamyl-Glycyl-L-Arginine-Meizothrombin in the
Absence of Phospholipid. J.Biol.Chem. 265, 10497-10505
37. Weber, L. D., Tulinsky, A., Johnson, J. D., and El-Bayoumi, M. A. (1979)
Expression of Functionality of alpha- Chymotrypsin. The Structure of a
Fluorescent Probe - alpha- Chymotrypsin Complex and the Nature of Its pH
Dependence. Biochemistry 18, 1297-1303
38. Bode, W., Turk, D., and Karshikov, A. (1992) The refined 1.9 A X-ray crystal
structure of D-Phe-Pro-Arg chloromethylketone-inhibited human a-thrombin:
Structure analysis, overall structure, electrostatic properties, detailed active site
geometry, and structure-function relationships. Protein Sci. 1, 426-471
39. Ng, N. M., Quinsey, N. S., Matthews, A. Y., Kaiserman, D., Wijeyewickrema, L.
C., Bird, P. I., Thompson, P. E., and Pike, R. N. (2009) The effects of exosite
occupancy on the substrate specificity of thrombin. Arch.Biochem.Biophys. 489,
48-54
40. Adams, T. E. and Huntington, J. A. (2006) Thrombin-cofactor interactions:
structural insights into regulatory mechanisms. Arterioscler.Thromb.Vasc.Biol.
26, 1738-1745
41. Nagashima, M., Lundh, E., Leonard, J. C., Morser, J., and Parkinson, J. F. (1993)
Alanine-scanning Mutagenesis of the Epidermal Growth Factor-like Domains of
Human Thrombomodulin Identifies Critical Residues for Its Cofactor Activity.
J.Biol.Chem. 268, 2888-2892

118

42. Wang, W., Nagashima, M., Morser, J., and Nesheim, M. (1998) Comparison of
the Structures of Thrombomodulin Required for the Activation of Protein C and
TAFI. Fibrinolysis and Proteolysis 12, 11-11
43. Parkinson, J. F., Nagashima, M., Kuhn, I., Leonard, J., and Morser, J. (1992)
Structure-function Studies of the Epidermal Growth Factor Domains of Human
Thrombomodulin. Biochem.Biophys.Res.Commun. 185, 567-576
44. Walker, J. B. and Nesheim, M. E. (1999) The Molecular Weights, Mass
Distribution, Chain Composition, and Structure of Soluble Fibrin Degradation
Products Released from a Fibrin Clot Perfused with Plasmin. J.Biol.Chem. 274,
5201-5212
45. Zhang, J. Z. and Redman, C. M. (1994) Role of Interchain Disulfide Bonds on the
Assembly and Secretion of Human Fibrinogen. J.Biol.Chem. 269, 652-658
46. Nesheim, M. (2003) Thrombin and fibrinolysis. Chest 124, 33S-39S
47. Griffin, J. H., Mosher, D. F., Zimmerman, T. S., and Kleiss, A. J. (1982) Protein
C, an antithrombotic protein, is reduced in hospitalized patients with intravascular
coagulation. Blood 60, 261-264
48. Foster, D. C., Yoshitake, S., and Davie, E. W. (1985) The Nucleotide Sequence of
the Gene for Human Protein C. Proc.Natl.Acad.Sci.USA 82, 4673-4677
49. Miletich, J. P. and Broze, G. J. Jr. (1990) Beta Protein C Is Not Glycosylated at
Asparagine 329. The Rate of Translation may Influence the Frequency of Usage
at Asparagine-X-Cysteine Sites. J.Biol.Chem. 265, 11397-11404
50. Esmon, C. T. and Owen, W. G. (1981) Identification of an Endothelial cell
Cofactor for Thrombin-Catalyzed Activation of Protein C.
Proc.Natl.Acad.Sci.USA 78, 2249-2252
51. D'Ursi, P., Marino, F., Caprera, A., Milanesi, L., Faioni, E. M., and Rovida, E.
(2007) ProCMD: a database and 3D web resource for protein C mutants.
BMC.Bioinformatics. 8 Suppl 1, S11
52. Esmon, N. L., DeBault, L. E., and Esmon, C. T. (1983) Proteolytic formation and
properties of gamma-carboxyglutamic acid-domainless protein C. J.Biol.Chem.
258, 5548-5553
53. Le Bonniec, B. F. and Esmon, C. T. (1991) Glu-192 -> Gln Substitution in
Thrombin Mimics the Catalytic Switch Induced by Thrombomodulin.
Proc.Natl.Acad.Sci.USA 88, 7371-7375

119

54. Le Bonniec, B. F., MacGillivray, R. T. A., and Esmon, C. T. (1991) Thrombin
Glu-39 Restricts the P'3 Specificity to Nonacidic Residues. J.Biol.Chem. 266,
13796-13803
55. Hall, S. W., Nagashima, M., Zhao, L., Morser, J., and Leung, L. L. K. (1999)
Thrombin Interacts with Thrombomodulin, Protein C, and Thrombin-activatable
Fibrinolysis Inhibitor via Specific and Distinct Domains. J.Biol.Chem. 274,
25510-25516
56. Taylor, F. B., Jr., Peer, G. T., Lockhart, M. S., Ferrell, G., and Esmon, C. T.
(2001) Endothelial cell protein C receptor plays an important role in protein C
activation in vivo. Blood 97, 1685-1688
57. Varadi, K., Philapitsch, A., Santa, T., and Schwarz, H. P. (1994) Activation and
inactivation of human protein C by plasmin. Thromb.Haemost. 71, 615-621
58. Cote, H. C. F., Bajzar, L., Stevens, W. K., Samis, J., Morser, J., MacGillivray, R.
T. A., and Nesheim, M. E. (1997) Functional Characterization of Recombinant
Human Meizothrombin and Meizothrombin(desF1). J.Biol.Chem. 272, 6194-6200
59. Slungaard, A., Fernandez, J. A., Griffin, J. H., Key, N. S., Long, J. R., Piegors, D.
J., and Lentz, S. R. (2003) Platelet factor 4 enhances generation of activated
protein C in vitro and in vivo. Blood 102, 146-151
60. Dudek, A. Z., Pennell, C. A., Decker, T. D., Young, T. A., Key, N. S., and
Slungaard, A. (1997) Platelet Factor 4 binds to Glycanated Forms of
Thrombomodulin and to Protein C. A Potential Mechanism for Enhancing
Generation of Activated Protein C. J.Biol.Chem. 272, 31785-31792
61. Slungaard, A. and Key, N. S. (1994) Platelet Factor 4 Stimulates
Thrombomodulin Protein C Activating Cofactor Activity. A Structure Function
Analysis. J.Biol.Chem. 269, 25549-25556
62. Scully, M. F., Toh, C. H., Hoogendoorn, H., Manuel, R. P., Nesheim, M. E.,
Solymoss, S., and Giles, A. R. (1993) Activation of Protein C and Its Distribution
Between Its Inhibitors, Protein C Inhibitor, Alpha 1 Antitrypsin and alpha 2
Macroglobulin, in Patients with Disseminated Intravascular Coagulation.
Thromb.Haemost. 69, 448-453
63. Heeb, M. J., Espana, F., and Griffin, J. H. (1989) Inhibition and Complexation of
Activated Protein C by Two Major Inhibitors in Plasma. Blood 73, 446-454
64. Espana, F., Gruber, A., Heeb, M. J., Hanson, S. R., Harker, L. A., and Griffin, J.
H. (1991) In Vivo and In Vitro Complexes of Activated Protein C With Two
Inhibitors in Baboons. Blood 77, 1754-1760
120

65. Heeb, M. J., Espana, F., Geiger, M., Collen, D., Stump, D. C., and Griffin, J. H.
(1987) Immunological Identity of Heparin-Dependent Plasma and Urinary Protein
C Inhibitor and Plasminogen Activator Inhibitor-3. J.Biol.Chem. 262, 1581315816
66. Heeb, M. J. and Griffin, J. H. (1988) Physiologic Inhibition of Human Activated
Protein C by alpha 1 Antitrypsin. J.Biol.Chem. 263, 11613-11616
67. Lindhout, T., Blezer, R., Schoen, P., Nordfang, O., Reutelingsperger, C., and
Hemker, C. (1992) Activation of Factor X and Its Regulation by Tissue Factor
Pathway Inhibitor in Small-Diameter Capillaries Lined With Human Endothelial
Cells. Blood 79, 2909-2916
68. Okajima, K., Koga, S., Kaji, M., Inoue, M., Nakagaki, T., Funatsu, A., Okabe, H.,
Takatsuki, K., and Aoki, N. (1990) Effect of Protein C and Activated Protein C on
Coagulation and Fibrinolysis in Normal Human Subjects. Thromb.Haemost. 63,
48-53
69. D'Angelo, S. V., Comp, P. C., Esmon, C. T., and D'Angelo, A. (1986)
Relationship Between Protein C Antigen and Anticoagulant Activity During Oral
Anticoagulation and in Selected Disease States. J.Clin.Invest. 77, 416-425
70. Dreyfus, M., Masterson, M., David, M., Rivard, G. E., Muller, F. M., Kreuz, W.,
Beeg, T., Minford, A., Allgrove, J., Cohen, J. D., Christoph, J., Bergmann, F.,
Mitchell, V. E., Haworth, C., Nelson, K., and Schwarz, H. P. (1995) Replacement
Therapy with a Monoclonal Antibody Purified Protein C Concentrate in
Newborns with Severe Congenital Protein C Deficiency. Semin.Thromb.Hemost.
21, 371-381
71. Egan, J. O., Kalafatis, M., and Mann, K. G. (1997) The effect of Arg306-->Ala
and Arg506-->Gln substitutions in the inactivation of recombinant human factor
Va by activated protein C and protein S. Protein Sci. 6, 2016-2027
72. Regan, L. M., Lamphear, B. J., Huggins, C. F., Walker, F. J., and Fay, P. J. (1994)
Factor IXa Protects Factor VIIIa from Activated Protein C. Factor IXa Inhibits
Activated Protein C-catalyzed Cleavage of Factor VIIIa AT ARG 562.
J.Biol.Chem. 269, 9445-9452
73. Brufatto, N. and Nesheim, M. E. (2003) Analysis of the kinetics of prothrombin
activation and evidence that two equilibrating forms of prothrombinase are
involved in the process. J.Biol.Chem. 278, 6755-6764
74. Mann, K. G., Hockin, M. F., Begin, K. J., and Kalafatis, M. (1997) Activated
Protein C Cleavage of Factor Va Leads to Dissociation of the A2 Domain.
J.Biol.Chem. 272, 20678-20683
121

75. Kalafatis, M., Rand, M. D., and Mann, K. G. (1994) The Mechanism of
Inactivation of Human Factor V and Human Factor Va by Activated Protein C.
J.Biol.Chem. 269, 31869-31880
76. Eaton, D., Rodriguez, H., and Vehar, G. A. (1986) Proteolytic Processing of
Human Factor VIII. Correlation of Specific Cleavages by Thrombin, Factor Xa,
and Activated Protein C with Activation and Inactivation of Factor VIII
Coagulant Activity. Biochemistry 25, 505-512
77. Amano, K., Michnick, D. A., Moussalli, M., and Kaufman, R. J. (1998) Mutation
at either Arg 336 or Arg 562 in Factor VIII Is Insufficient for Complete
Resistance to Activated Protein C (APC) - mediated Inactivation: Implications for
the APC Resistance Test. Thromb Haemost 79, 557-563
78. Shen, L. and Dahlback, B. (1994) Factor V and Protein S as Synergistic Cofactors
to Activated Protein C in Degradataion of Factor VIIIa. J.Biol.Chem. 269, 1873518738
79. Varadi, K., Rosing, J., Tans, G., Pabinger, I., Keil, B., and Schwarz, H. P. (1996)
Factor V Enhances the Cofactor Function of Protein S in the APC Mediated
Inactivation of Factor VIII: Influence of the Factor V R506Q Mutation.
Thromb.Haemost. 76, 208-214
80. Taylor, F. B. Jr., Dahlback, B., Chang, A. C. K., Lockhart, M. S., Hatanaka, K.,
Peer, G., and Esmon, C. T. (1995) Role of Free Protein S and C4b Binding
Protein In Regulating the Coagulant Response to Escherichia coli. Blood 86,
2642-2652
81. Suleiman, L., Negrier, C., and Boukerche, H. (2013) Protein S: A multifunctional
anticoagulant vitamin K-dependent protein at the crossroads of coagulation,
inflammation, angiogenesis, and cancer. Crit Rev.Oncol.Hematol. 88, 637-654
82. Esmon, C. T. (2003) The protein C pathway. Chest 124, 26S-32S
83. Sere, K. M., Rosing, J., and Hackeng, T. M. (2004) Inhibition of thrombin
generation by protein S at low procoagulant stimuli: implications for maintenance
of the hemostatic balance. Blood 104, 3624-3630
84. Hackeng, T. M., Sere, K. M., Tans, G., and Rosing, J. (2006) Protein S stimulates
inhibition of the tissue factor pathway by tissue factor pathway inhibitor.
Proc.Natl.Acad.Sci.U.S.A 103, 3106-3111
85. Ndonwi, M. and Broze, G., Jr. (2008) Protein S enhances the tissue factor
pathway inhibitor inhibition of factor Xa but not its inhibition of factor VIIatissue factor. J.Thromb.Haemost. 6, 1044-1046
122

86. Mosnier, L. O., Zlokovic, B. V., and Griffin, J. H. (2007) The cytoprotective
protein C pathway. Blood 109, 3161-3172
87. Riewald, M. and Ruf, W. (2005) Protease-activated receptor-1 signaling by
activated protein C in cytokine-perturbed endothelial cells is distinct from
thrombin signaling. J.Biol.Chem. 280, 19808-19814
88. Esmon, C. T. and Schwarz, H. P. (1995) An Update on Clinical and Basic Aspects
of the Protein C Anticoagulant Pathway. TCM 5, 141-148
89. Franscini, N., Bachli, E. B., Blau, N., Leikauf, M. S., Schaffner, A., and
Schoedon, G. (2004) Gene expression profiling of inflamed human endothelial
cells and influence of activated protein C. Circulation 110, 2903-2909
90. Mizutani, A., Okajima, K., Uchiba, M., and Noguchi, T. (2000) Activated protein
C reduces ischemia/reperfusion-induced renal injury in rats by inhibiting
leukocyte activation. Blood 95, 3781-3787
91. Murakami, K., Okajima, K., Uchiba, M., Johno, M., Nakagaki, T., Okabe, H., and
Takatsuki, K. (1997) Activated protein C prevents LPS-induced pulmonary
vascular injury by inhibiting cytokine production. Am.J.Physiol 272, L197-L202
92. Murakami, K., Okajima, K., Uchiba, M., Johno, M., Nakagaki, T., Okabe, H., and
Takatsuki, K. (1996) Activated Protein C Attenuates Endotoxin-Induced
Pulmonary Vascuarl Injury by Inhibiting Activated Leukocytes in Rats. Blood 87,
642-647
93. Brueckmann, M., Hoffmann, U., De, R. L., Weiler, H. M., Liebe, V., Lang, S.,
Kaden, J. J., Borggrefe, M., Haase, K. K., and Huhle, G. (2004) Activated protein
C inhibits the release of macrophage inflammatory protein-1-alpha from THP-1
cells and from human monocytes. Cytokine 26, 106-113
94. White, B., Schmidt, M., Murphy, C., Livingstone, W., O'Toole, D., Lawler, M.,
O'Neill, L., Kelleher, D., Schwarz, H. P., and Smith, O. P. (2000) Activated
protein C inhibits lipopolysaccharide-induced nuclear translocation of nuclear
factor kappaB (NF-kappaB) and tumour necrosis factor alpha (TNF-alpha)
production in the THP-1 monocytic cell line. Br.J.Haematol. 110, 130-134
95. Yuksel, M., Okajima, K., Uchiba, M., Horiuchi, S., and Okabe, H. (2002)
Activated protein C inhibits lipopolysaccharide-induced tumor necrosis factoralpha production by inhibiting activation of both nuclear factor-kappa B and
activator protein-1 in human monocytes. Thromb.Haemost. 88, 267-273
96. Cheng, T., Liu, D., Griffin, J. H., Fernandez, J. A., Castellino, F., Rosen, E. D.,
Fukudome, K., and Zlokovic, B. V. (2003) Activated protein C blocks p53123

mediated apoptosis in ischemic human brain endothelium and is neuroprotective.
Nat.Med. 9, 338-342
97. Mosnier, L. O. and Griffin, J. H. (2003) Inhibition of staurosporine-induced
apoptosis of endothelial cells by activated protein C requires protease-activated
receptor-1 and endothelial cell protein C receptor. Biochem.J. 373, 65-70
98. Liu, D., Cheng, T., Guo, H., Fernandez, J. A., Griffin, J. H., Song, X., and
Zlokovic, B. V. (2004) Tissue plasminogen activator neurovascular toxicity is
controlled by activated protein C. Nat.Med. 10, 1379-1383
99. Feistritzer, C. and Riewald, M. (2005) Endothelial barrier protection by activated
protein C through PAR1-dependent sphingosine 1-phosphate receptor-1
crossactivation. Blood 105, 3178-3184
100. Finigan, J. H., Dudek, S. M., Singleton, P. A., Chiang, E. T., Jacobson, J. R.,
Camp, S. M., Ye, S. Q., and Garcia, J. G. (2005) Activated protein C mediates
novel lung endothelial barrier enhancement: role of sphingosine 1-phosphate
receptor transactivation. J.Biol.Chem. 280, 17286-17293
101. Reitsma, P. H. (1996) Protein C deficiency: summary of the 1995 database
update. Nucleic Acids Res. 24, 157-159
102. Goldenberg, N. A. and Manco-Johnson, M. J. (2008) Protein C deficiency.
Haemophilia. 14, 1214-1221
103. Branson, H. E., Katz, J., Marble, R., and Griffin, J. H. (1983) Inherited protein C
deficiency and coumarin-responsive chronic relapsing purpura fulminans in a
newborn infant. Lancet 2, 1165-1168
104. Cooper, P. C., Hill, M., and Maclean, R. M. (2012) The phenotypic and genetic
assessment of protein C deficiency. Int.J.Lab Hematol. 34, 336-346
105. Dahlback, B. (1995) The protein C anticoagulant system: inherited defects as
basis for venous thrombosis. Thromb.Res. 77, 1-43
106. Bertina, R. M., Koeleman, B. P. C., Koster, T., Rosendaal, F. R., Dirven, R. J., De
Ronde, H., van der Velden, P. A., and Reitsma, P. H. (1994) Mutation in Blood
Coagulation Factor V Associated With Resistance to Activated Protein C. Nature
369, 64-67
107. Segers, K., Dahlback, B., and Nicolaes, G. A. (2007) Coagulation factor V and
thrombophilia: background and mechanisms. Thromb.Haemost. 98, 530-542
108. Nicolaes, G. A. and Dahlback, B. (2002) Factor V and thrombotic disease:
description of a janus-faced protein. Arterioscler.Thromb.Vasc.Biol. 22, 530-538
124

109. Dahlback, B. (1999) Activated protein C resistance and thrombosis: molecular
mechanisms of hypercoagulable state due to FVR506Q mutation.
Semin.Thromb.Hemost. 25, 273-289
110. Dahlback, B. (1997) Resistance to activated protein C as risk factor for
thrombosis: molecular mechanisms, laboratory investigation, and clinical
management. Semin.Hematol. 34, 217-234
111. Gettins, P. G. (2002) Serpin structure, mechanism, and function. Chem.Rev. 102,
4751-4804
112. Broze, G. J., Warren, L. A., Novotny, W. F., Higuchi, D. A., Girard, J. J., and
Miletich, J. P. (1988) The Lipoprotein-Associated Coagulation Inhibitor That
Inhibits the Factor VII-Tissue Factor Complex Also Inhibits Factor Xa: Insight
Into Its Possible Mechanism of Action. Blood 71, 335-343
113. Roa, L. V. M. and Rapaport, S. I. (1987) Studies of a Mechanism Inhibiting the
Initiation of the Extrinsic Pathway of Coagulation. Blood 69, 645-651
114. Sottrup-Jensen, L. (1989) Alpha-Macroglobulins: Structure, Shape, and
Mechanism of Proteinase Complex Formation. J.Biol.Chem. 264, 11539-11542
115. Sottrup-Jensen, L., Sand, O., Kristensen, L., and Fey, G. H. (1989) The alphaMacroglobulin Bait Region. Sequence Diversity and Localization of Cleavage
Sites For Proteinases in Five Mammalian alpha-Macroglobulins. J.Biol.Chem.
264, 15781-15789
116. Collen, D. (1999) The Plasminogen (Fibrinolytic) System. Thromb.Haemost. 82,
259-270
117. Lamba, D., Bauer, M., Huber, R., Fischer, S., Rudolph, R., Kohnert, U., and
Bode, W. (1996) The 2.3 A Crystal Structure of the Catalytic Domain of
Recombinant Two-chain Human Tissue type Plasminogen Activator. J.Mol.Biol.
258, 117-135
118. Renatus, M., Bode, W., Huber, R., Sturzebecher, J., Prasa, D., Fischer, S.,
Kohnert, U., and Stubbs, M. T. (1997) Structural mapping of the active site
specificity determinants of human tissue-type plasminogen activator. Implications
for the design of low molecular weight substrates and inhibitors. J.Biol.Chem.
272, 21713-21719
119. Fredenburgh, J. C. and Nesheim, M. E. (1992) Lys-Plasminogen Is a Significant
Intermediate in the Activation of Glu-Plasminogen During Fibrinolysis in Vitro.
J.Biol.Chem. 267, 26150-26156

125

120. Horrevoets, A. J. G., Pannekoek, H., and Nesheim, M. E. (1997) A Steady-State
Template Model That Describes the Kinetics of Fibrin-stimulated Glu1- and
Lys78- Plasminogen Activation by Native Tissue type Plasminogen Activator and
Variants That Lack Either the Finger or Kringle 2 Domain. J.Biol.Chem. 272,
2183-2191
121. Lijnen, H. R., De, C. F., and Collen, D. (1994) Characterization of the binding of
urokinase-type plasminogen activator (u-PA) to plasminogen, to plasminogenactivator inhibitor-1 and to the u-PA receptor. Eur.J.Biochem. 224, 567-574
122. Higazi, A. A. R., Cohen, R. L., Henkin, J., Kniss, D., Schwartz, B. S., and Cines,
D. B. (1995) Enhancement of the Enzymatic Activity of Single Chain Urokinase
Plasminogen Activator by Soluble Urokinase Receptor. J.Biol.Chem. 270, 1737517380
123. Castellino, F. J. and Powell, J. R. (1981) Human Plasminogen. Methods Enzymol.
80, 365-379
124. Hochschwender, S. M. and Laursen, R. A. (1981) The Lysine Binding Sites of
Human Plasminogen Evidence For A Critical Tryptophan In the Binding Site of
Kringle 4. J.Biol.Chem. 256, 11172-11176
125. Morris, J. P. and Castellino, F. J. (1983) The Role of the Lysine Binding Sites of
Human Plasmin in the Hydrolysis of Human Fibrinogen. Biochim.Biophys.Acta
744, 99-104
126. Kim, P. Y., Tieu, L. D., Stafford, A. R., Fredenburgh, J. C., and Weitz, J. I.
(2012) A high affinity interaction of plasminogen with fibrin is not essential for
efficient activation by tissue-type plasminogen activator. J.Biol.Chem. 287, 46524661
127. Mangel, W. F., Lin, B., and Ramakrishnan, V. (1990) Characterization of an
Extremely Large, Ligand-Induced Conformational Change in Plasminogen.
Science 248, 69-73
128. Marder, V. J. and Francis, C. W. (1983) Plasmin Degradation of Cross-Linked
Fibrin. Ann.N.Y.Acad.Sci. 408, 397-406
129. Irigoyen, J. P., Muñoz-Cánoves, P., Montero, L., Koziczak, M., and Nagamine, Y.
(1999) The plasminogen activator system: biology and regulation. Cell.Mol.Life
Sci. 56, 104-132
130. Wang, W., Boffa, M. B., Bajzar, L., Walker, J. B., and Nesheim, M. E. (1998) A
Study of the Mechanism of Inhibition of Fibrinolysis by Activated Thrombinactivable Fibrinolysis Inhibitor. J.Biol.Chem. 273, 27176-27181
126

131. Norrman, B., Wallen, P., and Ranby, M. (1985) Fibrinolysis mediated by tissue
plasminogen activator. Disclosure of a kinetic transition. Eur.J.Biochem. 149,
193-200
132. Suenson, E. and Thorsen, S. (1981) Secondary-Site Binding of Glu-plasmin, Lysplasmin and Miniplasmin to Fibrin. Biochem.J. 197, 619-628
133. Devine, D. V., Kinney, T. R., Thomas, P. F., Rosse, W. F., and Greenberg, C. S.
(1986) Fragment D-dimer levels: an objective marker of vaso-occlusive crisis and
other complications of sickle cell disease. Blood 68, 317-319
134. Hendriks, D., Scharpe, S., van Sande, M., and Lommaert, M. P. (1989)
Characterization of a Carboxypeptidase in Human Serum Distinct from
Carboxypeptidase N. J.Clin.Chem.Clin.Biochem. 27, 277-285
135. Campbell, W. and Okada, H. (1989) An Arginine Specific Carboxypeptidase
Generated in Blood During Coagulation or Inflammation Which is Unrelated to
Carboxypeptidase N or Its Subunits. Biochem.Biophys.Res.Commun. 162, 933939
136. Eaton, D. L., Malloy, B. E., Tsai, S. P., Henzel, W., and Drayna, D. (1991)
Isolation, Molecular Cloning, and Partial Characterization of a Novel
Carboxypeptidase B from Human Plasma. J.Biol.Chem. 266, 21833-21838
137. Pereira, P. J. B., Segura-Martín, S., Oliva, B., Ferrer-Orta, C., Avilés, F. X., Coll,
M., Gomis-Rüth, F. X., and Vendrell, J. (2002) Human procarboxypeptidase B:
Three-dimensional structure and implications for thrombin-activatable fibrinolysis
inhibitor (TAFI). J.Mol.Biol. 321, 537-547
138. Garcia-Castellanos, R., Bonet-Figueredo, R., Pallares, I., Ventura, S., Aviles, F.
X., Vendrell, J., and Gomis-Rutha, F. X. (2005) Detailed molecular comparison
between the inhibition mode of A/B-type carboxypeptidases in the zymogen state
and by the endogenous inhibitor latexin. Cell Mol.Life Sci. 62, 1996-2014
139. Garcia-Saez, I., Reverter, D., Vendrell, J., Aviles, Francesc, X., and Coll, M.
(1997) The Three-dimensional Structure of Human Procarboxypeptidase A2.
Deciphering the Basis of the Inhibition, Activation and Intrinsic Activity of the
Zymogen. EMBO.J. 16, 6906-6913
140. Valnickova, Z., Thogersen, I. B., Potempa, J., and Enghild, J. J. (2007) Thrombinactivable fibrinolysis inhibitor (TAFI) zymogen is an active carboxypeptidase.
J.Biol.Chem. 282, 3066-3076
141. Schneider, M., Nagashima, M., Knappe, S., Zhao, L., Morser, J., and Nesheim,
M. (2002) Amino acid residues in the P6-P'3 region of thrombin-activable
127

fibrinolysis inhibitor (TAFI) do not determine the thrombomodulin dependence of
TAFI activation. Journal of Biological Chemistry 277, 9944-9951
142. Foley, J. H., Kim, P. Y., and Nesheim, M. E. (2008) TAFI zymogen does not play
a significant role in the attenuation of fibrinolysis. J.Biol.Chem. 283, 8863-8867
143. Valnickova, Z., Christensen, T., Skottrup, P., Thogersen, I. B., Hojrup, P., and
Enghild, J. J. (2006) Post-translational modifications of human thrombinactivatable fibrinolysis inhibitor (TAFI): evidence for a large shift in the
isoelectric point and reduced solubility upon activation. Biochemistry 45, 15251535
144. Boffa, M. B., Wang, W., Bajzar, L., and Nesheim, M. E. (1998) Plasma and
Recombinant Thrombin-activable Fibrinolysis Inhibitor (TAFI) and Activated
TAFI Compared with Respect to Glycosylation, Thrombin/thrombomodulindependent Activation, Thermal Stability, and Enzymatic Properties. J.Biol.Chem.
273, 2127-2135
145. Helenius, A. (1994) How N-linked oligosaccharides affect glycoprotein folding in
the endoplasmic reticulum. Mol.Biol.Cell 5, 253-265
146. Mitra, N., Sinha, S., Ramya, T. N., and Surolia, A. (2006) N-linked
oligosaccharides as outfitters for glycoprotein folding, form and function. Trends
Biochem.Sci. 31, 156-163
147. Schadinger, S. L., Lin, J. H., Garand, M., and Boffa, M. B. (2010) Secretion and
antifibrinolytic function of thrombin-activatable fibrinolysis inhibitor from human
platelets. J.Thromb.Haemost. 8, 2523-2529
148. Mosnier, L. O., Buijtenhuijs, P., Marx, P. F., Meijers, J. C., and Bouma, B. N.
(2003) Identification of thrombin activatable fibrinolysis inhibitor (TAFI) in
human platelets. Blood 101, 4844-4846
149. Bajzar, L., Nesheim, M. E., and Tracy, P. B. (1996) The Profibrinolytic Effect of
Activated Protein C in Clots Formed From Plasma is TAFI-dependent. Blood 88,
2093-2100
150. Mosnier, L. O., von dem Borne, P. A. Kr., Meijers, J. C. M., and Bouma, B. N.
(1998) Plasma TAFI Levels Influence the Clot Lysis Time in Healthy Individuals
In the Presence of an Intact Intrinsic Pathway of Coagulation. Thromb.Haemost.
80, 829-839
151. Gils, A., Alessi, M. C., Brouwers, E., Peeters, M., Marx, P., Leurs, J., Bouma, B.,
Hendriks, D., Juhan-Vague, I., and Declerck, P. J. (2003) Development of a
genotype 325-specific proCPU/TAFI ELISA. Arterioscler.Thromb.Vasc.Biol. 23,
1122-1127
128

152. Frere, C., Tregouet, D. A., Morange, P. E., Saut, N., Kouassi, D., Juhan-Vague, I.,
Tiret, L., and Alessi, M. C. (2006) Fine mapping of quantitative trait nucleotides
underlying thrombin-activatable fibrinolysis inhibitor antigen levels by a
transethnic study. Blood 108, 1562-1568
153. Boffa, M. B., Maret, D., Hamill, J. D., Bastajian, N., Crainich, P., Jenny, N. S.,
Tang, Z., Macy, E. M., Tracy, R. P., Franco, R. F., Nesheim, M. E., and
Koschinsky, M. L. (2008) Effect of single nucleotide polymorphisms on
expression of the gene encoding thrombin-activatable fibrinolysis inhibitor: a
functional analysis. Blood 111, 183-189
154. Tan, A. K. and Eaton, D. L. (1995) Activation and Characterization of
Procarboxypeptidase B from Human Plasma. Biochemistry 34, 5811-5816
155. Bajzar, L., Morser, J., and Nesheim, M. (1996) TAFI, or Plasma
Procarboxypeptidase B, Couples the Coagulation and Fibrinolytic Cascades
Through the Thrombin-Thrombomodulin Complex. J.Biol.Chem. 271, 1660316608
156. Mao, S. S., Cooper, C. M., Wood, T., Shafer, J. A., and Gardell, S. J. (1999)
Characterization of Plasmin-mediated Activation of Plasma Procarboxypeptidase
B. Modulation by Glycosaminoglycans. J.Biol.Chem. 274, 35046-35052
157. Mosnier, L. O. (2011) Platelet factor 4 inhibits thrombomodulin-dependent
activation of thrombin-activatable fibrinolysis inhibitor (TAFI) by thrombin.
J.Biol.Chem. 286, 502-510
158. Wu, C., Kim, P. Y., Manuel, R., Seto, M., Whitlow, M., Nagashima, M., Morser,
J., Gils, A., Declerck, P., and Nesheim, M. E. (2008) The roles of selected
arginine and lysine residues of TAFI (proCPU) in its activation to TAFIa by the
thrombin-thrombomodulin complex. J.Biol.Chem. 284, 7059-7067
159. Anand, K., Pallares, I., Valnickova, Z., Christensen, T., Vendrell, J., Wendt, K.
U., Schreuder, H. A., Enghild, J. J., and Aviles, F. X. (2008) The crystal structure
of TAFI provides the structural basis for its intrinsic activity and the short halflife of TAFIa. J.Biol.Chem. 283, 29416-29423
160. Marx, P. F., Brondijk, T. H., Plug, T., Romijn, R. A., Hemrika, W., Meijers, J. C.,
and Huizinga, E. G. (2008) Crystal structures of TAFI elucidate the inactivation
mechanism of activated TAFI: a novel mechanism for enzyme autoregulation.
Blood 112, 2803-2809
161. Gomis-Ruth, F. X., Gomez, M., Bode, W., Huber, R., and Aviles, F. X. (1995)
The Three Dimensional Structure of the Native Ternary Complex of Bovine
Pancreatic Procarboxypeptidase A with Proproteinase E and Chymotrypsinogen
C. EMBO J. 14, 4387-4394
129

162. Schneider, M., Boffa, M., Stewart, R., Rahman, M., Koschinsky, M., and
Nesheim, M. (2002) Two naturally occurring variants of TAFI (Thr-325 and Il325) differ substantially with respect to thermal stability and antifibrinolytic
activity of the enzyme. J.Biol.Chem. 277, 1021-1030
163. Boffa, M. B., Bell, R., Stevens, W. K., and Nesheim, M. E. (2000) Roles of
Thermal Instability and Proteolytic Cleavage in Regulation of Activated
Thrombin Activable Fibrinolysis Inhibitor. J.Biol.Chem. 275, 12868-12878
164. Marx, P. F., Hackeng, T. M., Dawson, P. E., Griffin, J. H., Meijers, J. C., and
Bouma, B. N. (2000) Inactivation of active thrombin-activable fibrinolysis
inhibitor takes place by a process that involves conformational instability rather
than proteolytic cleavage. Journal of Biological Chemistry 275, 12410-12415
165. Ceresa, E., Van de Borne, K., Peeters, M., Lijnen, H. R., Declerck, P. J., and Gils,
A. (2006) Generation of a stable activated thrombin activable fibrinolysis
inhibitor variant. J.Biol.Chem. 281, 15878-15883
166. Ceresa, E., Peeters, M., Declerck, P. J., and Gils, A. (2007) Announcing a TAFIa
mutant with a 180-fold increased half-life and concomitantly a strongly increased
antifibrinolytic potential. J.Thromb.Haemost. 5, 418-420
167. Buelens, K., Hillmayer, K., Compernolle, G., Declerck, P. J., and Gils, A. (2008)
Biochemical importance of glycosylation in thrombin activatable fibrinolysis
inhibitor. Circ.Res. 102, 295-301
168. Sanglas, L., Arolas, J. L., Valnickova, Z., Aviles, F. X., Enghild, J. J., and GomisRuth, F. X. (2010) Insights into the molecular inactivation mechanism of human
activated thrombin-activatable fibrinolysis inhibitor. J.Thromb.Haemost. 8, 10561065
169. Willemse, J. L., Heylen, E., Nesheim, M. E., and Hendriks, D. F. (2009)
Carboxypeptidase U (TAFIa): a new drug target for fibrinolytic therapy?
J.Thromb.Haemost. 7, 1962-1971
170. Wang, W., Hendriks, D. F., and Scharpe, S. S. (1994) Carboxypeptidase U, a
Plasma Carboxypeptidase with High Affinity for Plasminogen. J.Biol.Chem. 269,
15937-15944
171. Mishra, N., Vercauteren, E., Develter, J., Bammens, R., Declerck, P. J., and Gils,
A. (2011) Identification and characterisation of monoclonal antibodies that impair
the activation of human thrombin activatable fibrinolysis inhibitor through
different mechanisms. Thromb.Haemost. 106, 90-101

130

172. Vercauteren, E., Emmerechts, J., Peeters, M., Hoylaerts, M. F., Declerck, P. J.,
and Gils, A. (2011) Evaluation of the profibrinolytic properties of an anti-TAFI
monoclonal antibody in a mouse thromboembolism model. Blood 117, 4615-4622
173. Gils, A., Ceresa, E., Macovei, A. M., Marx, P. F., Peeters, M., Compernolle, G.,
and Declerck, P. J. (2005) Modulation of TAFI function through different
pathways--implications for the development of TAFI inhibitors.
J.Thromb.Haemost. 3, 2745-2753
174. Wei, S., Segura, S., Vendrell, J., Aviles, F. X., Lanoue, E., Day, R., Feng, Y., and
Fricker, L. D. (2002) Identification and characterization of three members of the
human metallocarboxypeptidase gene family. J.Biol.Chem. 277, 14954-14964
175. Levin, Y., Skidgel, R. A., and Erdos, E. G. (1982) Isolation and Characterization
of the Subunits of Human Plasma Carboxypeptidase N (Kininase I).
Proc.Natl.Acad.Sci.USA 79, 4618-4622
176. Erdos, E. G. and Sloane, E. M. (1962) An Enzyme in Human Blood Plasma that
Inactivates Bradykinin and Kallidins. Biochem.Pharmacol. 11, 585-592
177. Bokisch, V. A. and Muller-Eberhard, H. J. (1970) Anaphylatoxin inactivator of
human plasma: its isolation and characterization as a carboxypeptidase.
J.Clin.Invest 49, 2427-2436
178. Erdos, E. G. (1979) Enzyme inhibitors of the kallikrein and renin systems:
introduction. Fed.Proc. 38, 2751-2752
179. Kim, P. Y., Foley, J., Hsu, G., Kim, P. Y., and Nesheim, M. E. (2008) An assay
for measuring functional activated thrombin-activatable fibrinolysis inhibitor in
plasma. Anal.Biochem. 372, 32-40
180. Kim, P. Y., Kim, P. Y., Taylor, F. B., Jr., and Nesheim, M. E. (2012) Thrombinactivatable fibrinolysis inhibitor is activated in vivo in a baboon model of
Escherichia coli induced sepsis. J.Thromb.Thrombolysis. 33, 412-415
181. Schneider, M. and Nesheim, M. (2004) A Study of the Protection of Plasmin from
Antiplasmin Inhibition within an Intact Fibrin Clot during the Course of Clot
Lysis. J.Biol.Chem. 279, 13333-13339
182. Hoylaerts, M., Rijken, D. C., Lijnen, H. R., and Collen, D. (1982) Kinetics of the
Activation of Plasminogen by Human Tissue Plasminogen Activator Role of
Fibrin. J.Biol.Chem. 257, 2912-2919
183. Leurs, J., Nerme, V., Sim, Y., and Hendriks, D. (2004) Carboxypeptidase U
(TAFIa) prevents lysis from proceeding into the propagation phase through a
threshold-dependent mechanism. J.Thromb.Haemost. 2, 416-423
131

184. Walker, J. B. and Bajzar, L. (2004) The intrinsic threshold of the fibrinolytic
system is modulated by basic carboxypeptidases, but the magnitude of the
antifibrinolytic effect of activated thrombin-activable fibrinolysis inhibitor is
masked by its instability. J.Biol.Chem. 279, 27896-27904
185. Shinohara, T., Sakurada, C., Suzuki, T., Takeuchi, O., Campbell, W., Ikeda, S.,
Okada, N., and Okada, H. (1994) Pro-Carboxypeptidase R Cleaves Bradykinin
following Activation. Int.Arch.Allergy Immunol. 103, 400-404
186. Campbell, W. D., Lazoura, E., Okada, N., and Okada, H. (2002) Inactivation of
C3a and C5a octapeptides by carboxypeptidase R and carboxypeptidase N.
Microbiology and Immunology 46, 131-134
187. Myles, T., Nishimura, T., Yun, T. H., Nagashima, M., Morser, J., Patterson, A. J.,
Pearl, R. G., and Leung, L. L. (2003) Thrombin activatable fibrinolysis inhibitor,
a potential regulator of vascular inflammation. J.Biol.Chem. 278, 51059-51067
188. Nishimura, T., Myles, T., Piliposky, A. M., Kao, P. N., Berry, G. J., and Leung,
L. L. (2007) Thrombin-activatable procarboxypeptidase B regulates activated
complement C5a in vivo. Blood 109, 1992-1997
189. Skidgel, R. A. (1988) Basic Carboxypeptidases: Regulators of Peptide Hormone
Activity. Trends Pharmacol.Sci. 9, 299-304
190. Tan, F., Jackman, H., Skidgel, R. A., Zsigmond, E. K., and Erdos, E. G. (1989)
Protamine inhibits plasma carboxypeptidase N, the inactivator of anaphylatoxins
and kinins. Anesthesiology 70, 267-275
191. Mollnes, T. E., Brekke, O. L., Fung, M., Fure, H., Christiansen, D., Bergseth, G.,
Videm, V., Lappegard, K. T., Kohl, J., and Lambris, J. D. (2002) Essential role of
the C5a receptor in E coli-induced oxidative burst and phagocytosis revealed by a
novel lepirudin-based human whole blood model of inflammation. Blood 100,
1869-1877
192. Scheid, C. R., Webster, R. O., Henson, P. M., and Findlay, S. R. (1983) Direct
effect of complement factor C5a on the contractile state of isolated smooth muscle
cells. J.Immunol. 130, 1997-1999
193. Kikuchi, Y. and Kaplan, A. P. (2002) A role for C5a in augmenting IgGdependent histamine release from basophils in chronic urticaria. J.Allergy
Clin.Immunol. 109, 114-118
194. Guo, R. F. and Ward, P. A. (2005) Role of C5a in inflammatory responses.
Annu.Rev.Immunol. 23, 821-852

132

195. Chen, J., Singh, K., Mukherjee, B. B., and Sodek, J. (1993) Developmental
expression of osteopontin (OPN) mRNA in rat tissues: evidence for a role for
OPN in bone formation and resorption. Matrix 13, 113-123
196. Weber, G. F., Zawaideh, S., Hikita, S., Kumar, V. A., Cantor, H., and Ashkar, S.
(2002) Phosphorylation-dependent interaction of osteopontin with its receptors
regulates macrophage migration and activation. J.Leukoc.Biol. 72, 752-761
197. Bruemmer, D., Collins, A. R., Noh, G., Wang, W., Territo, M., Arias-Magallona,
S., Fishbein, M. C., Blaschke, F., Kintscher, U., Graf, K., Law, R. E., and Hsueh,
W. A. (2003) Angiotensin II-accelerated atherosclerosis and aneurysm formation
is attenuated in osteopontin-deficient mice. J.Clin.Invest 112, 1318-1331
198. Senger, D. R., Perruzzi, C. A., Papadopoulos-Sergiou, A., and Van De Water, L.
(1994) Adhesive properties of osteopontin: regulation by a naturally occurring
thrombin-cleavage in close proximity to the GRGDS cell-binding domain.
Mol.Biol.Cell 5, 565-574
199. van Tilburg, N. H., Rosendaal, F. R., and Bertina, R. M. (2000) Thrombin
activatable fibrinolysis inhibitor and the risk for deep vein thrombosis. Blood 95,
2855-2859
200. Libourel, E. J., Bank, I., Meinardi, J. R., Volkers, C. P., Hamulyak, K.,
Middeldorp, S., Koopman, M. M., van Pampus, E. C., Prins, M. H., Buller, H. R.,
and van der Meer, J. (2002) Co-segregation of thrombophilic disorders in factor V
Leiden carriers; the contributions of factor VIII, factor XI, thrombin activatable
fibrinolysis inhibitor and lipoprotein(a) to the absolute risk of venous
thromboembolism. Haematologica 87, 1068-1073
201. Silveira, A., Schatteman, K., Goossens, F., Moor, E., Scharpé, S., Strömqvist, M.,
Hendriks, D., and Hamsten, A. (2000) Plasma procarboxypeptidase U in men with
symptomatic coronary artery disease. Thromb.Haemost. 84, 364-368
202. Santamaria, A., Oliver, A., Borrell, M., Mateo, J., Belvis, R., Marti-Fabregas, J.,
Ortin, R., Tirado, I., Souto, J. C., and Fontcuberta, J. (2003) Risk of ischemic
stroke associated with functional thrombin-activatable fibrinolysis inhibitor
plasma levels. Stroke 34, 2387-2391
203. Juhan-Vague, I., Morange, P. E., Aubert, H., Henry, M., Aillaud, M. F., Alessi,
M. C., Samnegard, A., Hawe, E., Yudkin, J., Margaglione, M., Di Minno, G.,
Hamsten, A., and Humphries, S. E. (2002) Plasma thrombin-activatable
fibrinolysis inhibitor antigen concentration and genotype in relation to myocardial
infarction in the north and south of Europe. Arterioscler.Thromb.Vasc.Biol. 22,
867-873

133

204. Juhan-Vague, I. and Morange, P. E. (2003) Very high TAFI antigen levels are
associated with a lower risk of hard coronary events: the PRIME Study.
J.Thromb.Haemost. 1, 2243-2244
205. Meltzer, M. E., Doggen, C. J., de Groot, P. G., Meijers, J. C., Rosendaal, F. R.,
and Lisman, T. (2009) Low thrombin activatable fibrinolysis inhibitor activity
levels are associated with an increased risk of a first myocardial infarction in men.
Haematologica 94, 811-818
206. Juhan-Vague, I., Renucci, J. F., Grimaux, M., Morange, P. E., Gouvernet, J.,
Gourmelin, Y., and Alessi, M. C. (2000) Thrombin-activatable fibrinolysis
inhibitor antigen levels and cardiovascular risk factors. Arteriosclerosis,
Thrombosis, and Vascular Biology 20, 2156-2161
207. Te Velde, E. A., Wagenaar, G. T., Reijerkerk, A., Roose-Girma, M., Borel, R., I,
Voest, E. E., Bouma, B. N., Gebbink, M. F., and Meijers, J. C. (2003) Impaired
healing of cutaneous wounds and colonic anastomoses in mice lacking thrombinactivatable fibrinolysis inhibitor. J.Thromb.Haemost. 1, 2087-2096
208. Nagashima, M., Yin, Z. F., Zhao, L., White, K., Zhu, Y. H., Lasky, N., HalksMiller, M., Broze, G. J., Jr., Fay, W. P., and Morser, J. (2002) Thrombinactivatable fibrinolysis inhibitor (TAFI) deficiency is compatible with murine life.
Journal of Clinical Investigation 109, 101-110
209. Swaisgood, C. M., Schmitt, D., Eaton, D., and Plow, E. F. (2002) In vivo
regulation of plasminogen function by plasma carboxypeptidase B. Journal of
Clinical Investigation 110, 1275-1282
210. Wang, X., Smith, P. L., Hsu, M. Y., Tamasi, J. A., Bird, E., and Schumacher, W.
A. (2007) Deficiency in thrombin-activatable fibrinolysis inhibitor (TAFI)
protected mice from ferric chloride-induced vena cava thrombosis.
J.Thromb.Thrombolysis. 23, 41-49
211. Mao, S. S., Holahan, M. A., Bailey, C., Wu, G., Colussi, D., Carroll, S. S., and
Cook, J. J. (2005) Demonstration of enhanced endogenous fibrinolysis in
thrombin activatable fibrinolysis inhibitor-deficient mice. Blood
Coagul.Fibrinolysis 16, 407-415
212. Walker, J. B., Binette, T. M., Mackova, M., Lambkin, G. R., Mitchell, L., and
Bajzar, L. (2008) Proteolytic cleavage of carboxypeptidase N markedly increases
its antifibrinolytic activity. J.Thromb.Haemost. 6, 848-855
213. Ferguson, E. W., Fretto, L. J., and McKee, P. A. (1975) A Re-examination of the
Cleavage of Fibrinogen and Fibrin by Plasmin. J.Biol.Chem. 250, 7210-7218

134

214. Collen, D. and Wiman, B. (1978) Fast-acting plasmin inhibitor in human plasma.
Blood 51, 563-569
215. Sakata, Y. and Aoki, N. (1980) Cross-linking of alpha 2-plasmin inhibitor to
fibrin by fibrin-stabilizing factor. J.Clin.Invest 65, 290-297
216. Loskutoff, D. J., van Mourik, J. A., Erickson, L. A., and Lawrence, D. (1983)
Detection of an unusually stable fibrinolytic inhibitor produced by bovine
endothelial cells. Proc.Natl.Acad.Sci.USA 80, 2956-2960
217. Loskutoff, D. J., Sawdey, M., and Mimuro, J. (1989) Type 1 plasminogen
activator inhibitor. Prog.Hemost.Thromb. 9, 87-115
218. Lecander, I. and Astedt, B. (1987) Specific Plasminogen Activator Inhibitor of
Placental Type PAI 2 Occurring in Amniotic Fluid and Cord Blood.
J.Lab.Clin.Med. 110, 602-605
219. Scott, R. W., Bergman, B. L., Bajpai, A., Hersh, R. T., Rodriguez, H., Jones, B.
N., Barreda, C., Watts, S., and Baker, J. B. (1985) Protease Nexin. Properties and
a Modified Purification Procedure. J.Biol.Chem. 260, 7029-7034
220. Osterwalder, T., Contartese, J., Stoeckli, E. T., Kuhn, T. B., and Sonderegger, P.
(1996) Neuroserpin, an axonally secreted serine protease inhibitor. EMBO J. 15,
2944-2953
221. Bajzar, L., Nesheim, M. E., Morser, J., and Tracy, P. B. (1998) Both Cellular and
Soluble Forms of Thrombomodulin Inhibit Fibrinolysis by Potentiating the
Activation of Thrombin-activable Fibrinolysis Inhibitor. J.Biol.Chem. 273, 27922798
222. Esmon, N. L., Owen, W. G., and Esmon, C. T. (1982) Isolation of a Membranebound Cofactor for Thrombin-catalyzed Activation of Protein C. J.Biol.Chem.
257, 859-864
223. Esmon, C. T., Johnson, A. E., and Esmon, N. L. (1991) Initiation of the Protein C
Pathway. Ann.N.Y.Acad.Sci. 614, 30-43
224. Sadler, J. E., Lentz, S. R., Sheehan, J. P., Tsiang, M., and Wu, Q. (1993) Structure
Function Relationships of the Thrombin Thrombomodulin Interaction.
Haemostasis 23, 183-193
225. Cregg, J. M., Vedvick, T. S., and Raschke, W. C. (1993) Recent Advances in the
Expression of Foreign Genes in Pichia pastoris. BT 11, 905-910
226. Brouwers, G. J., Vos, H. L., Leebeek, F. W. G., Bulk, S., Schneider, M., Boffa,
M., Koschinsky, M., van Tilburg, N. H., Nesheim, M. E., Bertina, R. M., and
135

García, E. B. G. (2001) A novel, possibly functional, single nucleotide
polymorphism in the coding region of the thrombin-activatable fibrinolysis
inhibitor (TAFI) gene is also associated with TAFI levels. Blood 98, 1992-1993
227. Woodley-Cook, J., Shin, L. Y., Swystun, L., Caruso, S., Beaudin, S., and Liaw, P.
C. (2006) Effects of the chemotherapeutic agent doxorubicin on the protein C
anticoagulant pathway. Mol.Cancer Ther. 5, 3303-3311
228. Hofsteenge, J., Taguchi, H., and Stone, S. R. (1986) Effect of thrombomodulin on
the kinetics of the interaction of thrombin with substrates and inhibitors.
Biochem.J. 237, 243-251
229. Parkinson, J. F., Garcia, J. G., and Bang, N. U. (1990) Decreased thrombin
affinity of cell-surface thrombomodulin following treatment of cultured
endothelial cells with beta-D-xyloside. Biochem.Biophys.Res.Commun. 169, 177183
230. Xu, J., Esmon, N. L., and Esmon, C. T. (1999) Reconstitution of the human
endothelial cell protein C receptor with thrombomodulin in phosphatidylcholine
vesicles enhances protein C activation. J.Biol.Chem. 274, 6704-6710
231. Griffin, J. H. (1984) Clinical Studies of Protein C. Semin.Thromb.Hemost. 10,
162-166
232. Lentz, S. R., Chen, Y., and Sadler, J. E. (1993) Sequences Required for
Thrombomodulin Cofactor Activity within the Fourth Epidermal Growth Factorlike Domain of Human Thrombomodulin. J.Biol.Chem. 268, 15312-15317
233. Esmon, C. T., Esmon, N. L., and Harris, K. W. (1982) Complex Formation
Between Thrombin and Thrombomodulin Inhibits both Thrombin Catalyzed
Fibrin Formation and Factor V Activation. J.Biol.Chem. 257, 7944-7947
234. Wu, C., Wu, F., Pan, J., Morser, J., and Wu, Q. (2003) Furin-mediated processing
of Pro-C-type natriuretic peptide. J.Biol.Chem. 278, 25847-25852
235. Ceresa, E., Brouwers, E., Peeters, M., Jern, C., Declerck, P. J., and Gils, A. (2006)
Development of ELISAs measuring the extent of TAFI activation.
Arterioscler.Thromb.Vasc.Biol. 26, 423-428
236. Leurs, J., Wissing, B. M., Nerme, V., Schatteman, K., Bjorquist, P., and Hendriks,
D. (2003) Different mechanisms contribute to the biphasic pattern of
carboxypeptidase U (TAFIa) generation during in vitro clot lysis in human
plasma. Thromb.Haemost. 89, 264-271
237. Klement, P., Liao, P., and Bajzar, L. (1999) A novel approach to arterial
thrombolysis. Blood 94, 2735-2743
136

238. Willemse, J. L. and Hendriks, D. F. (2007) A role for procarboxypepidase U
(TAFI) in thrombosis. Front Biosci. 12, 1973-1987
239. Bunnage, M. E. and Owen, D. R. (2008) TAFIa inhibitors in the treatment of
thrombosis. Curr.Opin.Drug Discov.Devel. 11, 480-486
240. Biguzzi, E., Gu, J. M., Merati, G., Esmon, N. L., and Esmon, C. T. (2002) Point
mutations in the endothelial protein C receptor (EPCR) promoter.
Thromb.Haemost. 87, 1085-1086
241. Biguzzi, E., Merati, G., Liaw, P. C., Bucciarelli, P., Oganesyan, N., Qu, D., Gu, J.
M., Fetiveau, R., Esmon, C. T., Mannucci, P. M., and Faioni, E. M. (2001) A
23bp insertion in the endothelial protein C receptor (EPCR) gene impairs EPCR
function. Thromb.Haemost. 86, 945-948
242. Gu, J. M., Crawley, J. T., Ferrell, G., Zhang, F., Li, W., Esmon, N. L., and
Esmon, C. T. (2002) Disruption of the endothelial cell protein C receptor gene in
mice causes placental thrombosis and early embryonic lethality. J.Biol.Chem.
277, 43335-43343
243. Taylor, F. B., Jr., Stearns-Kurosawa, D. J., Kurosawa, S., Ferrell, G., Chang, A.
C., Laszik, Z., Kosanke, S., Peer, G., and Esmon, C. T. (2000) The endothelial
cell protein C receptor aids in host defense against Escherichia coli sepsis. Blood
95, 1680-1686
244. Ye, X., Fukudome, K., Tsuneyoshi, N., Satoh, T., Tokunaga, O., Sugawara, K.,
Mizokami, H., and Kimoto, M. (1999) The endothelial cell protein C receptor
(EPCR) functions as a primary receptor for protein C activation on endothelial
cells in arteries, veins, and capillaries. Biochem.Biophys.Res.Commun. 259, 671677
245. Busch, C., Cancilla, P. A., DeBault, L. E., Goldsmith, J. C., and Owen, W. G.
(1982) Use of endothelium cultured on microcarriers as a model for the
microcirculation. Lab Invest 47, 498-504
246. Esmon, C. T. (2004) Crosstalk between inflammation and thrombosis. Maturitas
47, 305-314
247. Plug, T., Kramer, G., and Meijers, J. C. (2014) A role for arginine-12 in
thrombin-thrombomodulin-mediated activation of thrombin-activatable
fibrinolysis inhibitor. J.Thromb.Haemost. 12, 1717-1725
248. Gallwitz, M., Enoksson, M., Thorpe, M., and Hellman, L. (2012) The extended
cleavage specificity of human thrombin. PLoS.One. 7, e31756

137

249. Lazoura, E., Campbell, W., Yamaguchi, Y., Kato, K., Okada, N., and Okada, H.
(2002) Rational structure-based design of a novel carboxypeptidase R inhibitor.
Chem.Biol. 9, 1129-1139
250. Polla, M. O., Tottie, L., Norden, C., Linschoten, M., Musil, D., TrumppKallmeyer, S., Aukrust, I. R., Ringom, R., Holm, K. H., Neset, S. M., Sandberg,
M., Thurmond, J., Yu, P., Hategan, G., and Anderson, H. (2004) Design and
synthesis of potent, orally active, inhibitors of carboxypeptidase U (TAFIa).
Bioorg.Med Chem. 12, 1151-1175
251. Bunnage, M. E., Blagg, J., Steele, J., Owen, D. R., Allerton, C., McElroy, A. B.,
Miller, D., Ringer, T., Butcher, K., Beaumont, K., Evans, K., Gray, A. J.,
Holland, S. J., Feeder, N., Moore, R. S., and Brown, D. G. (2007) Discovery of
potent & selective inhibitors of activated thrombin-activatable fibrinolysis
inhibitor for the treatment of thrombosis. J.Med.Chem. 50, 6095-6103
252. Wang, Y. X., Zhao, L., Nagashima, M., Vincelette, J., Sukovich, D., Li, W.,
Subramanyam, B., Yuan, S., Emayan, K., Islam, I., Hrvatin, P., Bryant, J., Light,
D. R., Vergona, R., Morser, J., and Buckman, B. O. (2007) A novel inhibitor of
activated thrombin-activatable fibrinolysis inhibitor (TAFIa) - part I:
pharmacological characterization. Thromb.Haemost. 97, 45-53
253. Wang, Y. X., da, C., V, Vincelette, J., Zhao, L., Nagashima, M., Kawai, K., Yuan,
S., Emayan, K., Islam, I., Hosoya, J., Sullivan, M. E., Dole, W. P., Morser, J.,
Buckman, B. O., and Vergona, R. (2007) A novel inhibitor of activated thrombin
activatable fibrinolysis inhibitor (TAFIa) - part II: enhancement of both
exogenous and endogenous fibrinolysis in animal models of thrombosis.
Thromb.Haemost. 97, 54-61
254. Muto, Y., Suzuki, K., Iida, H., Sakakibara, S., Kato, E., Itoh, F., Kakui, N., and
Ishii, H. (2009) EF6265, a novel inhibitor of activated thrombin-activatable
fibrinolysis inhibitor, protects against sepsis-induced organ dysfunction in rats.
Crit Care Med. 37, 1744-1749

138

