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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 
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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
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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 down-

regulating 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 urinary-

type 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. 

http://en.wikipedia.org/wiki/Blood
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 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 EGF-

like 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 (9-

12). 

 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). 
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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/threonine-
rich 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 C-

terminus, 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 1-

3). 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. 
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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. 
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 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 (36-

amino 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 
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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 B-

chain, 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 α-

thrombin 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  

http://en.wikipedia.org/wiki/Liver
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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 (EGR-
CMK) 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 NH2-

terminals 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 42-

amino 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  



 

 

18 

 

 
 

 

 

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 down-

regulating 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 membrane-

bound 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-1-

phosphate 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 

http://en.wikipedia.org/wiki/Latin_Americans
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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). 

 

 

 

http://en.wikipedia.org/wiki/Domain_(biology)
http://en.wikipedia.org/w/index.php?title=Growth_factor_domain&action=edit&redlink=1
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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 (Glu-

Plg). 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 N-

terminus, 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 up-

regulated. 

 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 3-

fold 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 half-

staggered 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 post-
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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 SDS-

PAGE, 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). N-

glycosylation 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 thrombin-

TM 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 TM-

EGF 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 1-

14) 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 three-

component 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 down-

regulated 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 anti-

fibrinolytic 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 anti-

fibrinolytic 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 guanidinoethyl-

mercaptosuccinic acid (GEMSA) and the arginine analogue 2-mercaptomethyl-3-

guanidinoethyl-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 carboxyl-

terminal 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 

http://en.wikipedia.org/wiki/Mast_cell
http://en.wikipedia.org/wiki/Histamine
http://en.wikipedia.org/wiki/TNF-%CE%B1
http://en.wikipedia.org/wiki/Chemotaxis#Chemotactic_ligands
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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 down-

regulates 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 long-
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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 
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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 (11,222-

224). 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 Gla-

domain, 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 Sigma-
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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 ultra-

centrifugal 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). 



 

 

61 

 

 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 
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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 pre-
incubated 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. 
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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) S-
2366 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 
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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 thrombin-

TM 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 thrombin-

activable 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%. TAFI-

deficient plasma (TDP) was prepared from a normal human plasma pool as described 

previously (141). Anisolylazoformylarginine (AAFR), a synthetic carboxypeptidase-

directed 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), epsilon-

aminocaproic acid (ɛACA) and dimethyl sulfoxide (DMSO) were purchased from Sigma-

Aldrich (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 



 

 

80 

 

mutation at position 43 (TAFI-K43A); 3) Lys to Ala mutation at position 44 (TAFI-

K44A); 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. TAFI-
K42A; 3. TAFI-K43A; 4. TAFI-K44A; 5. TAFI-K42/43A; 6. TAFI-K42/44A; 7. TAFI-
K43/44A; 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. 
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 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: 

)K/]I([1 I

0

+
=

vv
                                                                       (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 wild-

type 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): 

0
1/2

max LT
[TAFI]K
[TAFI]LTLT +

+
⋅

=
                                                                                  (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 wild-
type 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. 
 
 

  TAFI kcat Km2 kcat / Km2 

Relative 

kcat / Km2 

Relative 
Binding 
Energy 

 s-1 µM µM-1s-1 -- -- 

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 2lnRTG mK−=°∆ , 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 TM-

EGF 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 TAFI-

R377A, respectively) to determine whether these residues remote from the activation 

peptide influence TAFI activation by the thrombin-TM complex. Each derivative was
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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. 



 

 

95 

 

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 Thrombin 

TAFI kcat / Km2 p-value        Catalytic Efficiency p-value 

 µM-1 s-1         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 (Ac-
DLIVTTTQVH-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 TAFI-

K42/43/44A 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 half-
maximum effect on attenuation of clot lysis. The data listed here represent the mean ± 
S.D. of the estimates of four independent experiments.  
 
 

Mutation TAFI LTmax LT0 K1/2 
K1/2avg 

(Relative to 
WT) 

  Min Min nM nM 

None WT 61.0 ± 5.2 18.4 ± 0.8 --- 1.7 ± 0.2 (1) 

Single 

K42A 62.7 ± 4.9 18.3 ± 0.7 5.2 ± 0.6 

4.9 ± 0.2 (2.9) 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 

Double 

K42/43A 59.7 ± 3.7 18.1 ± 0.3 5.9 ± 1.8 

6.6 ± 0.4 (4.0) 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 

Triple K42/43/44A 64.6 ± 4.7 15.1 ± 0.2 --- 25.4 ± 2.4 
(15.3) 

 Mean 60.8 ± 0.7 17.3 ± 0.3   
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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 TAFI-

K42/43/44A 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 positively-

charged 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). 



 

 

107 

 

 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 well-

characterized 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). 



 

 

108 

 

 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 thrombin-

TM 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. 
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