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Abstract 

Coagulation and fibrinolysis are essential processes that ensure a rapid, localized 

response to vascular damage and subsequent removal once the damage is repaired. These 

two processes are extensively regulated by various feedback mechanisms and inhibitors. 

In blood, clotting appears to be an all or none event. Such a phenomenon is governed by 

thresholding behaviour. Thresholding occurs when a precursor generates a response that 

can either feedback or be inhibited. Prothrombin activation under conditions in which 

both of these mechanisms are present was determined to experience thresholding. 

Thrombin generation initiated by factor Xa in the presence of factor V and antithrombin 

was fit to a model of prothrombin activation. This model showed that factor Va 

generation before complete factor Xa inhibition is essential for thrombin generation. 

Upon factor Va formation, factor Xa becomes highly protected from inhibition, and as a 

result activates prothrombin more efficiently. These data provided mechanistic detail into 

the thresholding behavior of coagulation. 

Thrombin activatable fibrinolysis inhibitor (TAFIa) suppresses fibrinolysis by 

removing carboxyl-terminal lysine residues exposed by plasmin (Pn) on fibrin. These 

cleavages result in reduced plasminogen (Pg) activation and increased Pn inhibition by 

antiplasmin (AP). The effects of TAFIa on tissue type Pg activator (tPA) inhibition by Pg 

activator inhibitor type 1 (PAI-1) on fibrin were quantified. High molecular weight fibrin 

degradation products (HMW-FDPs), a surrogate for Pn-modified fibrin, decreased the 

rate constant for tPA inhibition 3-fold. In the presence of Pg, HMW-FDPs decreased the 

inhibition rate constant 30-fold. TAFIa treatment of the HMW-FDPs removed the 

protection associated with Pg, but not HMW-FDPs. TAFIa also abolished the protection 
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of Pn from AP associated with Pn-modified fibrin in clots formed with Glu-Pg, but did 

not do so in clots formed with Lys-Pg. These data showed that once Lys-Pg and Lys-Pn 

are generated, the ability of TAFIa to prolong lysis is greatly reduced. These data 

identified new mechanisms in which TAFIa can attenuate fibrinolysis. 



 

iv 

Acknowledgements 

There are many individuals who deserve recognition for their role in the completion 

of this thesis. Foremost is my late supervisor, Dr. Michael Nesheim, whose skill and 

passion for rigorous quantitative investigation has shaped and guided me throughout my 

research. I will miss his kind and patient nature. I also thank my fellow lab members, 

both past and present, for providing an excellent working environment. I am grateful to 

my parents, Blake and Arlene, for their unwavering love and support as I pursue my 

goals. Finally, I thank my wife, Jennifer, for listening to me talk about my work with 

laughter, empathy, and patience. 



 

v 

Table of Contents 

Abstract ............................................................................................................................... ii 

Acknowledgements ............................................................................................................ iv 

Table of Contents .................................................................................................................v 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

List of Abbreviations ...........................................................................................................x 

Chapter 1: General Introduction ..........................................................................................1 

Chapter 2: Thresholding in Prothrombin Activation .........................................................12 

 Introduction ..................................................................................................................13 

 Experimental Procedures .............................................................................................14 

 Results ..........................................................................................................................20 

 Discussion ....................................................................................................................32 

Chapter 3: The Effects of TAFIa on the Abilities of High Molecular Weight Fibrin 

Degradation Products and Plasminogen to Protect tPA from Inhibition by PAI-1 ...........36 

 Introduction ..................................................................................................................37 

 Experimental Procedures .............................................................................................38 

 Results ..........................................................................................................................51 

 Discussion ....................................................................................................................65 

Chapter 4: The Effects of TAFIa on tPA Mediated Lys-Plasminogen Activation and on 

Lys-Plasmin Inhibition by Antiplasmin .............................................................................69 

 Introduction ..................................................................................................................70 

 Experimental Procedures .............................................................................................72 



 

vi 

 Results ..........................................................................................................................80 

 Discussion ....................................................................................................................93 

Chapter 5: General Discussion...........................................................................................99 

References ........................................................................................................................106 

 



 

vii 

List of Tables 

Table 2-1. The parameter vales obtained from the fit of the thrombin and factor Va time 

course data to the model. .................................................................................................. 24 

Table 3-1. The kinetic parameters for tPA and tc-tPA mediated S2765 hydrolysis in the 

absence and presence of HMW-FDPs. ............................................................................. 56 

Table 4-1. The apparent kcat, Km, and kcat/Km of tPA mediated 5IAF-Glu-Pg cleavage on 

untreated and TAFIa treated HMW-FDPs. ....................................................................... 84 

Table 4-2. The apparent kcat, Km, and kcat/Km of tPA mediated 5IAF-Lys-Pg cleavage on 

untreated and TAFIa treated HMW-FDPs. ....................................................................... 85 

Table 4-3. The kinetic parameters of tPA mediated 5IAF-Glu- and 5IAF-Lys-Pg cleavage 

on untreated and TAFIa treated HMW-FDPs. .................................................................. 87 



 

viii 

List of Figures 

Figure 1-1. The coagulation cascade. ................................................................................. 2 

Figure 1-2. Fibrin formation and degradation. .................................................................... 5 

Figure 1-3. An overview of Pg activation and its regulation. ............................................. 6 

Figure 1-4. A diagram of thresholding. .............................................................................. 9 

Figure 2-1. The raw data for Z-GGR-AMC hydrolysis by thrombin ............................... 17 

Figure 2-2. The model used to measure prothrombin activation by prothrombinase. ...... 19 

Figure 2-3. The thrombin time course and dose response curve for prothrombin activation 

by prothrombinase. ........................................................................................................... 22 

Figure 2-4. The thrombin and factor Va time courses. ..................................................... 23 

Figure 2-5. The effect of aPC on the thrombin time courses and thrombin potential. ..... 26 

Figure 2-6. The effect of heparin on the thrombin time courses and thrombin potential. 27 

Figure 2-7. The effect of enoxaparin on the thrombin time courses and thrombin 

potential............................................................................................................................. 28 

Figure 2-8. The effect of fondaparinux on the thrombin time courses and thrombin 

potential............................................................................................................................. 29 

Figure 2-9. The dose response curves for prothrombin activation initiated by factor IXa.

........................................................................................................................................... 30 

Figure 2-10. The thrombin time course and dose response curve for prothrombin 

activation initiated by factor VIIa. .................................................................................... 31 

Figure 2-11. The simulated thrombin, factor Va, and free factor Xa time courses. ......... 34 

Figure 3-1. The endpoint model used to measure tPA inhibition by PAI-1. .................... 43 

Figure 3-2. The endpoint model used to measure tPA inhibition in the presence of Pg. . 47 

Figure 3-3. tPA and tc-tPA titrations with PAI-1. ............................................................ 52 



 

ix 

Figure 3-4. kcat/KS values vary with the HMW-FDP concentration for tPA but not tc-tPA.

........................................................................................................................................... 55 

Figure 3-5. HMW-FDP treatment with TAFIa does not alter their ability to protect tPA 

from inhibition by PAI-1. ................................................................................................. 58 

Figure 3-6. Vn does not appreciably alter the rate of tPA inhibition by PAI-1. ............... 61 

Figure 3-7. tPA protection from PAI-1 by 5IAF-Pg in the presence of HMW-FDPs. ..... 63 

Figure 3-8. TAFIa treatment of the HMW-FDPs removes the protection provided by 

5IAF-Pg............................................................................................................................. 64 

Figure 4-1. The steady state template model for Pg activation. ........................................ 76 

Figure 4-2. 5IAF-Glu- and 5IAF-Lys-Pg binding to untreated and TAFIa treated HMW-

FDPs. ................................................................................................................................. 81 

Figure 4-3. 5IAF-Glu- and 5IAF-Lys-Pg cleavage on untreated HMW-FDPs and TAFIa 

treated HMW-FDPs by tPA. ............................................................................................. 83 

Figure 4-4. Absorbance and fluorescence time course profiles of clots in the presence of 

Glu- or Lys-Pg at increasing TAFIa concentrations. ........................................................ 88 

Figure 4-5. The effects of TAFIa on clot lysis times in the presence of Glu-Pg or Lys-Pg.

........................................................................................................................................... 89 

Figure 4-6. The [Pn]f, rform, [AP], and kI(app) for clots formed in the presence of Glu-Pg. 91 

Figure 4-7. The [Pn]f, rform, [AP], and kI(app) for clots formed in the presence of Lys-Pg. 92 

Figure 4-8. A summary of the effects of TAFIa on clot lysis. .......................................... 97 

Figure 5-1. The dominant reactions during clot formation. ............................................ 100 

Figure 5-2. The dominant reactions between clot formation and clot lysis. ................... 101 

Figure 5-3. The dominant reactions preceding and during early clot lysis. .................... 102 



 

x 

List of Abbreviations 

5IAF-Pg 5-iodoacetamidofluorescein labeled Pg mutant (S741C) 
AP α2-antiplasmin 
aPC activated protein C 
AT antithrombin 
DAPA dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide, a thrombin inhibitor 
DSPAα1 Desmodus rotundus salivary plasminogen activator α1 
FDPs fibrin degradation products 
Fg fibrinogen 
Fn fibrin 
Fn’ Pn modified fibrin 
Fn’’ TAFIa modified fibrin 
Glu-Pg Pg variant that has Glu1 as the first residue 
Glu-Pn Pn variant that has Glu1 as the first residue 
HBS HEPES buffered saline (20 mM HEPES, 150 mM NaCl, pH 7.4) 
HBSB HBS, 0.1 mg/mL bovine serum albumin, pH 7.4 
HBST HBS, 0.01% Tween 80, pH 7.4 
HMW-FDPs high molecular weight FDPs 
I inhibitor 
II prothrombin 
IIa thrombin 
IIa-AT thrombin-antithrombin complex 
k second order rate constant 
kcat catalytic rate constant 
Km Michaelis constant 
kcat/Km, c catalytic efficiency 
Kd dissociation constant 
kI(app) apparent second order rate constant for inhibition 
KS Km for the enzyme catalyzed hydrolysis of a chromogenic substrate 
KP Kd for Pg binding to HMW-FDPs 
KA Kd for tPA binding to HMW-FDPs 
KPA binding constant for tPA binding to the HMW-FDP:Pg complex 
KAP binding constant for Pg binding to HMW-FDP:activator complex 
Lys-Pg Pg variant that has Lys78 as the first residue 
Lys-Pn Pn variant that has Lys78 as the first residue 
P precursor 
PAI-1 Pg activator inhibitor type 1 
PC protein C 
PCPS 75% phosphatidyl choline 25% phosphatidyl serine phospholipid vesicles 
Pg plasminogen 
Pn plasmin 
PPAck Phe-Pro-Arg chloromethylketone 
PTCI potato tuber carboxypeptidase inhibitor, a TAFIa inhibitor 
R response 
S stimulus 
S2251 H-D-Val-Leu-Lys-p-nitroaniline, a chromogenic substrate for Pn 



 

xi 

S2765 Z-D-Arg-Gly-Arg- p-nitroaniline, a chromogenic substrate for tPA 
sc-tPA single chain tPA 
TAFI thrombin activatable fibrinolysis inhibitor 
TAFIa activated TAFI 
tc-tPA two chain tPA 
TF tissue factor 
TFPI TF pathway inhibitor 
tPA tissue type plasminogen activator 
Vai inactivated factor Va 
Vn vitronectin 
vWF von Willebrand factor 
Xa-AT factor Xa-antithrombin complex 
Z-GGR-AMC Z-Gly-Gly-Arg-aminomethylcoumarin, a fluorogenic thrombin substrate 



 

1 

Chapter 1 

General Introduction 

Maintaining fluidity is essential for blood to carry nutrients and oxygen to and 

remove metabolic waste from cells throughout the body. Haemostasis is the process 

where a rapid and highly localized response, termed coagulation, occludes damage in the 

vasculature to prevent blood loss. In response to a vascular injury, the enzyme thrombin 

is ultimately generated to cleave fibrinogen (Fg), which spontaneously polymerizes to 

form a fibrin clot. Once formed, the clot serves as a barrier while cellular repair 

progresses. When no longer of use, fibrin is degraded by plasmin (Pn), the terminal 

enzyme in a process known as fibrinolysis. The released soluble fibrin degradation 

products are eventually consumed by the immune system. In short, coagulation and 

fibrinolysis allow the body to prevent blood loss while maintaining adequate blood flow 

elsewhere. 

Upon vascular injury, circulating platelets adhere to the exposed subendothelial tissue 

via collagen and von Willebrand factor (vWF) to their respective membrane receptors on 

platelets. Platelet binding to collagen initiates platelet activation, which results in their 

aggregation. The aggregated platelets serve as the plug that stops initial blood loss. 

Concurrently, the activated platelet membrane supports the coagulations cascade, which 

initiates fibrin formation though a series of zymogen to enzyme conversions, thereby 

stabilizing the platelet plug and forming a mature clot. The membrane requirement for the 

coagulation cascade ensures that clotting is localized to the damaged area. 

Coagulation (Fig. 1-1) (reviewed in (1)) is triggered by tissue factor (TF), a 

membrane protein present in the subendothelium. Upon exposure, TF binds circulating 



 

2 

 

 

Figure 1-1. The coagulation cascade. Coagulation is initiated by TF exposure to the blood. TF binds 
circulating factor VIIa, and this complex activates factor X. Factor Xa cleaves prothrombin (II), forming 
thrombin (IIa), which makes feedback cleavages on factors V, VIII, and XI. Factor XIa activates factor IX. 
Factor IXa binds factor VIIIa, and this complex further activates prothrombin to thrombin, the terminal 
enzyme in the coagulation cascade. These reactions occur on a negatively charged phospholipid surface in 
the presence of calcium. 
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factor VIIa, forming what is termed the extrinsic tenase complex. This complex, in 

addition to activating more factor VII, cleaves factor X to generate factor Xa. Factor Xa 

in turn cleaves prothrombin to form thrombin. This initial thrombin generated is 

sufficient to initiate clotting, but amplification is necessary to overcome anticoagulant 

mechanisms. Thrombin does so by cleaving the procofactors factors V (2) and VIII (3), 

and the zymogen factor XI (4) to their active forms, factors Va, VIIIa, and XIa. Thus, 

thrombin feedback initiates a second series of zymogen to enzyme reactions termed the 

intrinsic pathway. This pathway begins with Factor XIa cleavage of factor IX to factor 

IXa. Factor IXa binds factor VIIIa, forming the intrinsic tenase complex. This complex 

also cleaves factor X to factor Xa. Factor Xa binds factor Va to form the prothrombinase 

complex. The catalytic efficiency for prothrombin cleavage by this complex is 

approximately 300,000-fold higher than cleavage by factor Xa alone (5). The feedback 

cleavages by the initial thrombin generated results in a burst of thrombin formed by 

prothrombinase mediated prothrombin activation. This large increase in the thrombin 

concentration serves to down regulate coagulation. 

After the fibrin network has been sufficiently constructed at the site of injury, further 

clotting ceases, avoiding unnecessary blockage to the blood vessel. When the growing 

fibrin clot reaches the endothelium, thrombin binds to the membrane protein 

thrombomodulin. This protein switches the activity of thrombin from a procoagulant to 

an anticoagulant and an antifibrinolytic (6,7,8). The thrombin-thrombomodulin complex 

activates protein C (PC) to its activated form (aPC). aPC inactivates coagulation factors 

Va and VIIIa by proteolytic cleavage, thereby inactivating them (9,10,11). These 

cleavages eliminate the positive feedback loops, attenuating further thrombin generation. 
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Coagulation is also down regulated by the serine protease inhibitor antithrombin 

(AT), which selectively inhibits thrombin and factors Xa and IXa (12). By itself, AT is a 

poor inhibitor; however, when bound to sulfated glycosaminoglycans, the rate of AT 

inhibition increases by over 1000-fold (13). Lastly, tissue factor pathway inhibitor (TFPI) 

is a Kunitz-type inhibitor that binds and inhibits the factor VIIa-TF complex in a factor 

Xa dependent manner (14). 

Fg is a symmetrical dimer made up of two Aα chains, two Bβ chains, and two γ 

chains (15). Its overall shape resembles a dumbbell (16): a central globular E domain is 

connected to two D domains by coiled coil helices(17,18,19,20). Thrombin cleaves 

fibrinopeptide A, causing Fg monomers to spontaneously polymerize to form double 

stranded protofibrils (21). In polymerized fibrin, D domains in adjacent Fg monomers 

non-covalently interact with the E domain of a third monomer on the opposing strand 

(Fig. 1-2). Fibrinopeptide B cleavage causes the protofibrils to associate forming the 

fibrin network. Fibrin is further strengthened by the transglutaminase factor XIIIa which 

creates an isopeptide bond between two γ chains in neighbouring D domains (22,23,24). 

Once formed, fibrin serves as a cofactor in its own degradation by acting as a scaffold 

or template for plasminogen (Pg) activation to Pn by tissue type Pg activator (tPA) (Fig. 

1-3). tPA is the main physiological Pg activator in fibrinolysis because the reaction is 

critically dependent on fibrin as a cofactor. In the absence of fibrin, Pg activation by tPA 

occurs slowly; in the presence of fibrin, Glu- and Lys-Pg activation are enhanced 413- 

and 1881-fold respectively (25). tPA is secreted by endothelial cells as a single chain 

polypeptide (26), but can be cleaved by Pn forming two chain tPA (tc-tPA). This 

cleavage is not the typical zymogen to enzyme conversion seen in coagulation and 
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Figure 1-2. Fibrin formation and degradation. (Adapted from Walker and Nesheim (31))  Fg is a soluble 
monomer consisting of two Aα, two Bβ, and two γ chains. A central E domain is connected by coiled coil 
helices to two D domains. Thrombin cleavage of fibrinopeptides A and B on Fg results in its spontaneous 
polymerization. Adjacent D domains non-covalently interact with the E domain on the opposing strand of 
the protofibril. Factor XIIIa stabilizes fibrin by catalyzing the formation of an isopeptide bond between 
adjacent γ chains. Once formed, Pn cleaves each of the α, β, and γ chains to release soluble FDPs, thereby 
lysing the clot. Depending on the cleavage site, FDPs of various sizes are released. The smallest FDP is 
approximately 260 kDa and consists of two D domains and an E domain. The largest FDP observed 
experimentally is approximately 10 million Da which would contain approximately 40 intact fibrin 
monomers. 
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tPA Glu-PnGlu-Pg

Lys-Pg Lys-Pn
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TAFIa
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+++
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Pn Pn

AP Pn-AP
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Pn-AP

PAI-1

tPA-PAI-1

PAI-1
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Figure 1-3. An overview of Pg activation and its regulation. Fibrin acts as a cofactor for its own 
degradation. Once formed, intact fibrin (Fn) supports Pg activation to Pn by tPA. Before lysing the clot, Pn 
cleavage at individual Fn chains generates carboxyl-terminal lysine and arginine residues. The result is Pn 
modified fibrin (Fn’), which has a 3-fold greater cofactor activity than Fn. TAFIa, a carboxypeptidase, can 
remove these residues, generating TAFIa modified fibrin (Fn’’). This form of fibrin has a decreased 
cofactor activity. Pn also removes the N-terminal 77 amino acids from Glu-Pg, generating Lys-Pg, a better 
substrate for tPA mediated activation. TAFIa removes the positive feedback loop associated with Pn 
modification of fibrin and Glu-Pg. Fibrinolysis is also down regulated by the inhibitors PAI-1 and AP, 
which inhibit tPA and Pn respectively. 
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fibrinolysis. Single chain tPA (sc-tPA) and tc-tPA have almost identical fibrinolytic 

properties (27). However, tc-tPA is inhibited faster than sc-tPA by its physiological 

inhibitor plasminogen activator inhibitor type 1 (PAI-1) (28,29,30). 

Before completely digesting the fibrin clot, Pn modifies the fibrin surface, exposing 

carboxyl-terminal lysine and arginine residues. tPA and Pg bind these lysine residues, 

resulting in an up regulation of Pg activation by tPA; Pn modified fibrin has a 3-fold 

higher cofactor activity for Pg activation than intact fibrin (32). Physically, this 

enhancement is accomplished by increasing the affinity of Pg for fibrin, which is largely 

seen kinetically as a reduction in the Km for tPA mediated Pg activation on fibrin. In 

addition to modifying fibrin, Pn also cleaves native Pg, termed Glu-Pg, forming the 

truncated Lys-Pg (33,34). Lys-Pg is a roughly 20 fold better substrate on fibrin than Glu-

Pg (25). This marked difference is mostly due to the different conformations each 

molecule adopts. Glu-Pg exists in a tight spiral structure (35). This closed conformation 

hinders both activation (36) and fibrin binding (37,38,39). When bound to fibrin Glu-Pg 

adopts an open conformation (36). Lys-Pg exists in an open conformation, which more 

readily binds fibrin as it does not have to overcome any conformational constraints (39). 

Pn action on fibrin and Glu-Pg represent positive feedback loops that rapidly amplify Pn 

generation to quickly remove the fibrin clot. To prevent lysis immediately after clotting, 

mechanisms exist to maintain the fibrin clot while the injury is repaired. 

In addition to activating PC, the thrombin thrombomodulin complex also activates the 

procarboxypeptidase thrombin activatable fibrinolysis inhibitor (TAFI, also known as 

procarboxypeptidase U (40), plasma procarboxypeptidase B (41), and carboxypeptidase 

R (42)) (43). Thrombin-thrombomodulin is the primary TAFI activator in vivo, but 
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thrombin and plasmin have also been shown to activate TAFI. Thrombin-

thrombomodulin accelerates TAFI activation by 1250-fold over thrombin alone and 150-

fold over Pn. 

TAFIa removes the carboxyl terminal lysine and arginine residues exposed by Pn on 

fibrin, thereby attenuating fibrinolysis (44). This TAFIa modified fibrin compared to Pn 

modified fibrin is approximately 90-fold less effective as a cofactor for tPA mediated 

Glu-Pg activation (32) and has a decreased ability (12-fold) to protect Pn from α2-

antiplasmin (AP) inhibition (45). The net result of TAFIa modification of fibrin is to 

eliminate the positive feedback mechanism for Pg activation and to suppress Pn levels 

within the fibrin clot. 

TAFIa has no known inhibitors in plasma. Its inactivation is regulated by the 

enzyme’s instability; TAFIa has a half-life of eight or 15 min at 37°C, depending on the 

isoform (46). Once TAFIa decays and its effects abolished, fibrinolysis proceeds to 

dissolve the fibrin clot. After clot dissolution, fibrinolysis is stopped by rapid tPA and Pn 

inhibition by PAI-1 and AP respectively. 

Blood clotting stimulated by TF initially generates approximately 25 nM thrombin 

followed by an abrupt increase to approximately 850 nM. This large burst of thrombin 

occurs nearly independently of the initiating TF concentration (47). These observations 

are reminiscent of a process called thresholding (Fig. 1-4). Thresholding occurs when a 

precursor, in the presence of a transient stimulus, generates a response that can either 

feedback or be inhibited. Below a threshold concentration, if the stimulus is removed, the 

response will decay to zero because inhibition kinetics dominate feedback kinetics. 

Above the threshold concentration, the response will continue to increase even in the 
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Figure 1-4. A diagram of thresholding. In the presence of a transient stimulus (S), a precursor (P) 
generates a response (R), which can either feedback or be inhibited (R-I). The threshold level of the 
response depends on the relative kinetics of feedback and inhibition. 
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absence of the stimulus because feedback kinetics now dominate inhibition kinetics. 

In general, the current studies are directed at investigating the mechanisms that 

regulate coagulation and fibrinolysis. Because coagulation is regulated by feedback and 

inhibition, a system of purified proteins was used to test the hypothesis that prothrombin 

activation experiences thresholding. The data showed that prothrombin activation, in the 

presence of feedback (factor V and/or factor VIII) and inhibition (AT) reactions, 

exhibited thresholding behaviour when initiated by factors Xa, IXa, and factor VIIa-TF. 

Fitting the prothrombin activation data stimulated by factor Xa in the presence of factor 

V and AT revealed that factor V activation is critical for thrombin generation. Without 

factor Va, factor Xa is rapidly inhibited. In the presence of factor Va, factor Xa is 

protected from inhibition due to its incorporation into prothrombinase. 

As described previously, TAFIa attenuates fibrinolysis by removing carboxyl-

terminal lysine residues from Pn-modified fibrin. This action removes Pg binding sites on 

fibrin (48) and as a result increases Glu-Pn inhibition by AP (45) and decreases Pg 

activation (32). Because tPA also binds fibrin, HMW-FDPs, a surrogate for Pn modified 

fibrin, were used to test the hypothesis that TAFIa also increases tPA inhibition by PAI-1. 

The data showed that TAFIa did not remove the protection associated with HMW-FDPs. 

However, an additional protective effect was observed upon addition of Pg, which TAFIa 

was able to abolish. These data identified an additional mechanism in which TAFIa 

attenuates fibrinolysis by increasing tPA inhibition by PAI-1 through Pg binding site 

removal. 

Previous work showed that TAFI could prolong lysis in clots formed from purified 

components in the presence of Glu-Pg, but not Lys-Pg (49). Thus, Pg activation on 
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HMW-FDPs and Pn inhibition within a clot over time were studied to test whether 

fibrinolysis, under some conditions, could escape TAFIa mediated prolongation. The data 

showed that TAFIa still prolongs lysis in clots formed with Lys-Pg, but only by a 

reduction in Lys-Pg activation. Lys-Pn inhibition was unaffected. Overall, these studies 

provided increased mechanistic detail into both the thresholding phenomenon that 

governs coagulation and the consequences of TAFIa action on fibrin. 
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Chapter 2 

Thresholding in Prothrombin Activation 

A system of purified components was used to test if prothrombin activation 

experiences thresholding under conditions where feedback and inhibition are present. 

Reactions containing prothrombin, factor V, AT, PCPS vesicles, CaCl2, and Z-Gly-Gly-

Arg-AMC, a fluorogenic thrombin substrate, were started with varying concentrations of 

factor Xa. The thrombin potential for each resulting thrombin time course was calculated. 

The dose response curve for these reactions resembled a sigmoid: low factor Xa 

concentrations, no thrombin was generated, but as the factor Xa concentration increased, 

the thrombin potential rose to a plateau. 0.75 pM factor Xa was required to observe 

thrombin generation. Factor Va activity was also monitored over time in these reactions. 

Where thrombin was observed, factor Va activity immediately preceded thrombin 

generation. Adding aPC, heparin, enoxaparin, or fondaparinux each increased the 

threshold dose of factor Xa to 10, 50, 150, 200 pM respectively. When factors VIII and X 

were added to the system, 3 pM factor IXa was needed to observe thrombin generation in 

the absence of TFPI and 5 pM in its presence. When factor IX and tissue factor were 

added to the system, 0.005 pM factor VIIa was required to observe thrombin generation. 

A model of prothrombin activation by factor Xa in the presence of factor V and AT was 

fit to the thrombin time course data. The fit revealed that thresholding depends on factor 

V activation before complete factor Xa inhibition, allowing factor Xa to become 

incorporated into prothrombinase where it is protected from inhibition by AT. 
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Introduction 

The coagulation cascade serves to stop excessive blood loss in the event of vascular 

injury. Upon exposure to blood, TF initiates a series of interconnected zymogen to 

enzyme conversions that ultimately generate thrombin from its precursor prothrombin 

(reviewed in (1)). Coagulation is up regulated by thrombin mediated feedback cleavages 

of factors V, VIII, and XI and down regulated by AT mediated inhibition of thrombin and 

factors Xa and IXa, and TFPI mediated inhibition of factor VIIa-TF. These processes 

serve to amplify thrombin generation at the injury site and to rapidly quell thrombin 

generation once the clot is fully formed as well as deter any non-specific thrombin 

generation elsewhere in the vasculature. 

Studies in whole blood show that clotting exhibits an initiation phase followed by a 

propagation phase (47). During the initiation phase, thrombin reaches a concentration of 

approximately 25 nM. The initiation phase ends with clot formation. The propagation 

phase begins shortly thereafter, and the thrombin concentration rapidly increases to 

approximately 850 nM, then decreases. This abrupt transition from the initiation phase to 

the propagation phase is reminiscent of a process known as thresholding 

(50,51,52,53,54), which is typical of systems that contain positive feedback and 

inhibition. 

Thresholding can occur when a precursor, in the presence of a transient stimulus, 

gives rise to a response, which either can feedback or be inhibited. Below the threshold 

level of response, the response will decay once the stimulus is removed because 

inhibition kinetics dominate feedback kinetics. Above the threshold level, the opposite 

occurs: feedback kinetics dominate inhibition kinetics. In this case, the response will 
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continue to increase even in the absence of continued stimulation, until either the 

precursor is exhausted or the kinetics of feedback and inhibition come into balance. 

In terms of the coagulation cascade, prothrombin, the precursor, is cleaved by 

prothrombinase to generate thrombin, the response, which either can perform feedback 

cleavages, or be inhibited by AT. Previous work by van’t Veer and Mann (55) has shown 

that thrombin generation is very sensitive to the initiating factor VIIa-TF concentration in 

a purified system, further suggesting the existence of thresholding. 

Because prothrombin activation is regulated by both feedback and inhibition, 

thrombin generation was measured in various systems to examine if prothrombin 

activation experiences thresholding. In this study, thresholding was observed when 

reactions containing prothrombin, factor V, AT, phospholipid vesicles, and calcium 

initiated with factor Xa. Adding aPC, or the AT accelerators, heparin, enoxaparin, or 

fondaparinux increased the threshold dose of factor Xa needed to observe thrombin 

generation. The thrombin time course data was fit to a model of prothrombin activation 

initiated by factor Xa in the presence of factor V and AT. The model revealed that factor 

V activation plays a critical role in thresholding. Lastly, thresholding was observed in 

prothrombin activation initiated by factors IXa and VIIa in the presence of factors V and 

VIII. 

 

Experimental Procedures 

Materials – All coagulation proteins were a kind gift from Dr. Ken Mann (University 

of Vermont (Cholchester, VT). Z-Gly-Gly-Arg-aminomethylcoumarin (Z-GGR-AMC) 

was purchased from Bachem (Bubendorf, Switzerland). The thrombin inhibitor 
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Dansylarginine-N-(3-ethyl-1,5-pentanediyl)amide (DAPA) was prepared as previously 

described (56). Phospholipid vesicles (75% phosphatidyl choline, 25% phosphatidyl 

serine (PCPS)) were prepared as previously described (57). 

Thrombin Generation – To measure thrombin generation by prothrombinase, 

reactions containing 140 nM prothrombin, 280 nM AT, 5 nM factor V, 2 μM PCPS, 5 

mM CaCl2, and 400 μM Z-GGR-AMC in 20 mM HEPES, 150 mM NaCl, 0.01% Tween 

80, pH 7.4 (HBST) were started with various concentrations of factor Xa in a microtitre 

plate. The microtitre plate was blocked overnight in 20 mM HEPES, 150 mM NaCl, 1% 

Tween 80, pH 7.4 to prevent non-specific binding to the plastic. Due to the low amount 

used, factor Xa was serially diluted to its working concentration in 20 mM HEPES, 150 

mM NaCl, 1 mg/mL bovine serum albumin, pH 7.4 (HBSB) to prevent non-specific 

binding to the tubes. Thrombin generation was measured by monitoring Z-GGR-AMC 

cleavage in a Gemini XS fluorescence plate reader (Molecular Devices, Sunnyvale CA). 

The excitation wavelength was 390 nm, the emission wavelength was 460 nm, and the 

emission cutoff filter was 455 nm. This experiment was also performed after substituting 

factor Va for factor V. Additional reactions were also monitored in the presence of 

varying concentrations of aPC, unfractionated heparin, enoxaparin, and fondaparinux. 

To investigate the extrinsic branch of coagulation, reactions containing 140 nM 

prothrombin, 17 nM factor X, 280 nM AT, 2 nM factor V, 0.12 nM factor VIII, 2 μM 

PCPS, 5 mM CaCl2, and 400 μM Z-GGR-AMC in HBST were started with various 

concentrations of factor IXa in HBSB. Reactions were also performed in the presence of 

0.25 nM tissue factor pathway inhibitor. Reactions were also performed after replacing 

factor V with factor Va. To combine both the intrinsic and extrinsic branches of 
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coagulation, reactions containing 140 nM prothrombin, 17 nM factor X, 9 nM factor IX, 

5 pM TF, 280 nM AT, 0.25 nM TFPI, 2 nM factor V, 0.12 nM factor VIII, 2 μM PCPS, 5 

mM CaCl2, and 400 μM Z-GGR-AMC in HBST were started with varying concentrations 

of factor VIIa in HBSB. 

Factor Va Activity Assay – Factor Va activity was measured by its ability to stimulate 

prothrombin activation. A standard curve was constructed by adding factor Va at known 

concentrations to a mixture containing 1.4 μM prothrombin, 20 μM PCPS, 3 μM DAPA, 

and 5 mM CaCl2 in HBST. The reactions were started with 5 nM factor Xa and 

monitored by fluorescence. The excitation wavelength was 280 nm, the emission 

wavelength was 545 nm, and the emission cutoff filter was 530 nm. Initial rates of 

prothrombin activation were calculated and plotted against the factor Va concentration. 

The data was fit by linear regression and the resulting equation was used to determine the 

factor Va concentration. To measure the factor Va concentrations in thresholding 

reactions, aliquots were diluted in a solution of 10 nM DAPA, followed by the addition 

of 1.4 μM prothrombin, 20 μM PCPS, 3 μM DAPA, and 5 mM CaCl2. The reactions 

were stared with 5nM factor Xa and monitored by fluorescence. The initial rate was 

determined and used to calculate the factor Va concentration using the standard curve. 

Data Analysis – The raw fluorescence data was smoothed by fitting with TableCurve 

(Fig. 2-1). To obtain the rate of Z-GGR-AMC hydrolysis, a five point running slope was 

calculated using Microsoft Excel. Each slope was converted to a thrombin concentration 

using the Michaelis-Menten equation and the kcat and Km for thrombin mediated Z-GGR-

AMC hydrolysis, generating a thrombin time course. Next, the thrombin potential (the 

area under the thrombin concentration time course) was calculated by approximating the 
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Figure 2-1. The raw data for Z-GGR-AMC hydrolysis by thrombin. (Right panel) Reactions containing 
140 nM prothrombin, 2 nM factor V, 280 nM AT, 2 µM PCPS vesicles, 5 mM CaCl2, and 400 µM Z-GGR-
AMC were started with 0, 0.25, 0.5, 1, 1.5, 2, 3, and 4 pM (bottom to top) factor Xa. Substrate cleavage 
was monitored by fluorescence. The raw data was smoothed with a curve fitting program (left panel), 
which was used to calculate the thrombin potential at each factor Xa concentration. 
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area between each point as a trapezoid, followed by summing each area. The thrombin 

potential was plotted against the concentration of stimulus (the enzyme used to start the 

reaction) to generate a dose response curve. 

The thrombin time course data generated from the reactions started with factor Xa 

were fit to a model of prothrombin activation by prothrombinase using Berkley Madonna 

(Fig. 2-2). In this model, prothrombin is cleaved by prothrombinase to form thrombin, 

which either can feedback to cleave factor V to factor Va or be inhibited by AT. 

Likewise, factor Xa also can cleave factor V or be inhibited by AT. Thrombin and factor 

Xa cleavage of Z-GGR-AMC and subsequent product inhibition was also incorporated. 

The rate equations, respectively, for prothrombin (II), thrombin (IIa), factor V, factor Va, 

factor Xa, thrombin-AT (IIa-AT), factor Xa-AT (Xa-AT), AT, and inactivated factor Va 

(Vai) in the model are shown in Equations 2-1 to 2-8. 
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Figure 2-2. The model used to measure prothrombin activation by prothrombinase. In this model, 
prothrombin (II) can bind both factors Va and Xa to form the prothrombinase complex, which cleaves 
prothrombin to form thrombin (IIa). Prothrombin can also be cleaved by factor Xa. Both thrombin and 
factor Xa can either activate factor V to factor Va, cleave the fluorogenic substrate Z-GGR-AMC (S), or 
they can be inhibited by AT. 
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Xa]][[AT]AT-[Xa
8k

dt
d

=  (Eq. 2-7) 

Xa]][[ATIIa]][[AT][AT
86 kk

dt
d

−−=  (Eq. 2-8) 

In Equations 2-1 to 2-9, the free factor Va, factor Xa, thrombin, factor V, and AT 

concentrations are expressed in Equations 2-9 to 2-12. 
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 (Eq. 2-12) 

The thrombin concentrations over time were calculated by numerical integration by 

Berkeley Madonna. The parameter values were optimized by Berkeley Madonna using 

the simplex procedure. Fits to the data were generated by nonlinear least squares 

regression according to the simplex method (58). 

 

Results 

Reactions containing prothrombin, factor V, AT, PCPS vesicles, and CaCl2 were 

started with various concentrations of factor Xa to observe if thrombin was generated 
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(Fig. 2-3). In the reactions that generated thrombin, thrombin, after a lag, rose to a peak, 

then decreased. The area under each thrombin time course was calculated to determine 

the thrombin potential. The thrombin potential was plotted against the factor Xa 

concentration to generate a dose response curve. The dose response curve resembled a 

sigmoid: at low factor Xa concentrations, the thrombin potential was minimal; at 

approximately 0.75 pM factor Xa the dose response curve rose approximately linearly, 

and then plateaued at approximately 3 pM factor Xa. Similar experiments were 

performed with factor Va instead of factor V. In this experiment, thrombin was observed 

at all factor Xa concentrations. The dose response curve did not display a region with 

minimal thrombin potential. 

The factor Va activity was measured over time to ascertain where factor V activation 

was occurring relative to thrombin generation (Fig. 2-4). At each factor Xa concentration 

that produced thrombin, factor V activation immediately preceded thrombin generation. 

No factor Va activity was observed in reactions that did not generate thrombin. The 

thrombin and factor Va time courses were fit to a model of prothrombin activation by 

prothrombinase. The data fit the model well and the parameters, with the exception of 

factor Xa activation of factor V, were close to published experimentally determined 

values (Table 2-1). The best fit values for the activation of factor V by factor Xa were 

consistent with studies on the competition between thrombin and factor Xa for factor V 

(59). The fit suggests that thrombin is the primary activator of factor V, which is 

corroborated elsewhere (59). 

To perturb this reaction system, aPC, heparin, enoxaparin, and fondaparinux were 

added separately to observe the change in the factor Xa concentration needed to generate 
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Figure 2-3. The thrombin time course and dose response curve for prothrombin activation by 
prothrombinase. (Left panel) Reactions containing 140 nM prothrombin, 2 nM factor V, 280 nM AT, 2 
µM PCPS vesicles, 5 mM CaCl2, and 400 µM Z-GGR-AMC were started with 0, 0.25, 0.5, 1, 1.5, 2, 3, and 
4 pM (bottom to top) factor Xa. Substrate cleavage was monitored by fluorescence. The slope at each time 
point was used to calculate the thrombin concentration over time. The thrombin potential (right panel, black 
data) was determined for each thrombin time course. The thrombin potential was also calculated for 
thrombin time courses in which factor Va was used in place of factor V (right panel, red data). 
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Figure 2-4. The thrombin and factor Va time courses. Reactions containing 140 nM prothrombin, 2 nM 
factor V, 280 nM AT, 2 µM PCPS vesicles, 5 mM CaCl2, and 400 µM Z-GGR-AMC were started with 0, 
0.25, 0.5, 1, 1.5, 2, 3, and 4 pM factor Xa. Substrate cleavage was monitored by fluorescence. The slope at 
each time point was used to calculate the thrombin concentration over time (black data). In addition, 
samples were withdrawn at 2, 20, 30, 40, 50, 60, 70, 80, 90, and 100 min and assayed for factor Va activity 
(red data). The solid lines are fits of the data to a model of prothrombin activation using Berkeley 
Madonna. 



 

24 

 

Table 2-1. The parameter values obtained from the fit of the thrombin and factor Va time course 
data to the model. 
 

Reaction Parameter Literature Fit 

Xa●II→IIa 

kcat1 (s-1) 0.0023 0.0155 

Km1 (nM) 300 58.1 

kcat1/Km1 (µM-1s-1) 0.0077 0.199 

Xa●Va●II→IIa 

kcat2 (s-1) 63.5 42.2 

Km2 (nM) 1000 210 

kcat1/Km2 (µM-1s-1) 63.5 201 

IIa●V→Va 

kcat3 (s-1) 0.23 0.0070 

Km3 (nM) 71.7 20.2 

kcat1/Km3 (µM-1s-1) 3.21 0.345 

Xa●V→Va 

kcat4 (s-1) 0.043 1.59 × 10-9 

Km4 (nM) 10.4 2089 

kcat1/Km4 (µM-1s-1) 4.13 7.60 × 10-10 

IIa + AT→IIa-AT k6 (M-1s-1) 6.8 × 103 2.2 × 103 

Xa + AT→Xa-AT k8 (M-1s-1) 8.3 × 103 1.3 × 103 

Xa●Va KdXaVa (nM) 1 0.80 

II●Va KdVaP (nM) 1000 219 
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thrombin. As the aPC concentration increased, the factor Xa concentration required to 

generate thrombin also increased from 0.75 pM to approximately 10 pM at 5 nM aPC 

(Fig. 2-5). Increasing the heparin concentration to 2 mg/mL increased the factor Xa 

concentration needed to generate thrombin from 0.75 pM to approximately 50 pM (Fig. 

2-6). Likewise, increasing the enoxaparin (Fig. 2-7) and fondaparinux (Fig. 2-8) 

concentrations to 100 nM increased the factor Xa concentration needed to generate 

thrombin from 0.5 pM to approximately 150 and 200 pM respectively. 

Experiments were performed with additional stimuli. First, factor IXa was used to 

initiate thrombin generation in reactions containing prothrombin, factor X, factor V, 

factor VIII, and AT (Fig. 2-9). The factor IXa concentration required to observe thrombin 

generation was approximately 3 pM. No thrombin was generated at any factor IXa 

concentration (up to 1 nM) in the absence of factor VIII (data not shown). When the 

factor Xa inhibitor TFPI was added, the factor IXa concentration required to observe 

thrombin generation increased to approximately 5 pM. As before, this experiment was 

repeated with factor Va used in place of factor V. Thrombin generation was observed at 

all non-zero factor IXa concentrations. 

Next, factor VIIa was used to initiate thrombin generation in the presence of 

prothrombin, factor X, factor IX, factor V, factor VIII, AT, TFPI, and tissue factor (Fig 2-

10). The factor VIIa concentration required to generate thrombin was approximately 

0.005 pM. 
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Figure 2-5. The effect of aPC on the thrombin time courses and thrombin potential. (A) Reactions 
containing 140 nM prothrombin, 2 nM factor V, 280 nM AT, 0-5 nM aPC (starting from top left panel 
heading across, ends at bottom right panel), 2 µM PCPS vesicles, 5 mM CaCl2, and 400 µM Z-GGR-AMC 
were started with various factor Xa concentrations. Substrate cleavage was monitored by fluorescence. The 
slope at each time point was used to calculate the thrombin concentration over time. (B) The thrombin 
potential was determined for each thrombin time course. 
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Figure 2-6. The effect of heparin on the thrombin time courses and thrombin potential. (A) Reactions 
containing 140 nM prothrombin, 2 nM factor V, 280 nM AT, 0-2 µg/mL heparin, 2 µM PCPS vesicles, 5 
mM CaCl2, and 400 µM Z-GGR-AMC were started with various factor Xa concentrations. Substrate 
cleavage was monitored by fluorescence. The slope at each time point was used to calculate the thrombin 
concentration over time. (B) The thrombin potential was determined for each thrombin time course. 
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Figure 2-7. The effect of enoxaparin on the thrombin time courses and thrombin potential. (A) 
Reactions containing 140 nM prothrombin, 2 nM factor V, 280 nM AT, 0-100 nM enoxaparin, 2 µM PCPS 
vesicles, 5 mM CaCl2, and 400 µM Z-GGR-AMC were started with various factor Xa concentrations. 
Substrate cleavage was monitored by fluorescence. The slope at each time point was used to calculate the 
thrombin concentration over time. (B) The thrombin potential was determined for each thrombin time 
course. 
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Figure 2-8. The effect of fondaparinux on the thrombin time courses and thrombin potential. (A) 
Reactions containing 140 nM prothrombin, 2 nM factor V, 280 nM AT, 0-100 nM fondaparinux, 2 µM 
PCPS vesicles, 5 mM CaCl2, and 400 µM Z-GGR-AMC were started with various factor Xa 
concentrations. Substrate cleavage was monitored by fluorescence. The slope at each time point was used 
to calculate the thrombin concentration over time. (B) The thrombin potential was determined for each 
thrombin time course. 
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Figure 2-9. The dose response curves for prothrombin activation initiated by factor IXa. Reactions 
containing 140 nM prothrombin, 17 nM factor Xa, 2 nM factor V, 0.12nM factor VIII, 280 nM AT, 2 µM 
PCPS vesicles, 5 mM CaCl2, and 400 µM Z-GGR-AMC were started with various concentrations of factor 
IXa. Substrate cleavage was monitored by fluorescence. The slope at each time point was used to calculate 
the thrombin concentration over time. The thrombin potential was determined for each thrombin time 
course. The thrombin potential was also calculated for thrombin time courses which included TFPI (open 
circles) as well as reactions in which factor Va was used in place of factor V. 
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Figure 2-10. The thrombin time course and dose response curve for prothrombin activation initiated 
by factor VIIa. (Left panel) Reactions containing 140 nM prothrombin, 17 nM factor X, 9 nM factor IX, 2 
nM factor V, 0.12 nM factor VIII, 280 nM AT, 0.25 nM TFPI, 2 µM PCPS vesicles, 5 mM CaCl2, and 400 
µM Z-GGR-AMC were started with 0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 pM (bottom to top) factor 
VIIa. Substrate cleavage was monitored by fluorescence. The slope at each time point was used to calculate 
the thrombin concentration over time. The thrombin potential (right panel) was determined for each 
thrombin time course. 
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Discussion 

A series of systems composed of purified coagulation proteins were used to asses if 

thresholding occurred in prothrombin activation initiated by various stimuli. In this study, 

thresholding occurred when the dose-response curves resembled a sigmoid: at low 

stimulus concentrations, no thrombin generation was observed; as the stimulus 

concentration increased, the thrombin potential rose to a plateau. When factor Xa was the 

stimulus in the presence of factor V, approximately 0.75 pM Xa was needed to observe 

thrombin generation. The threshold was abolished when factor Va replaced factor V. 

When aPC, heparin, enoxaparin, or fondaparinux were included, the factor Xa 

concentration required to observe thrombin generation increased to approximately 10, 50, 

150, and 200 pM respectively at the highest concentration used. When factor IXa was the 

stimulus in the presence of factors V and VIII, approximately 3 pM factor IXa was 

needed to observe thrombin generation. When TFPI was added, approximately 5 pM 

factor IXa was needed. When factor VIIa was the stimulus in the presence of factors V 

and VIII, approximately 0.005 pM factor VIIa was required to observe thrombin 

generation. 

The increase in the concentration of stimulus required to observe thrombin generation 

between factor Xa and factor IXa was surprising given that an additional feedback loop 

(factor VIII) was present. This result suggests that the contact pathway may be less potent 

at stimulating thrombin generation. The factor VIII feedback loop does seem necessary, 

however, as no thrombin was generated in its absence. The stimulus concentration 

decreased markedly when factor VIIa was used to initiate prothrombin activation in the 
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presence of tissue factor. This result shows that very little factor VIIa-TF is needed to 

initiate thrombin generation. 

The increase in the factor Xa concentration required to observe thrombin generation 

when aPC, heparin, enoxaparin, or fondaparinux were added is consistent with 

thresholding theory. When either feedback kinetics or inhibition kinetics are changed, a 

corresponding change in the threshold response concentration is expected. Collectively, 

aPC, heparin, enoxaparin, and fondaparinux can be considered modulators of 

thresholding. aPC affects feedback kinetics by cleaving factor Va. Heparin, enoxaparin, 

and fondaparinux, increase inhibition kinetics as each acts as a cofactor for AT, and 

increases the rates of thrombin and factor Xa inhibition. By dampening feedback or 

increasing inhibition, a larger dose of factor Xa becomes necessary to stimulate thrombin 

generation. 

A model of prothrombin activation was constructed to fit the thrombin and factor Va 

time course data where factor Xa is the stimulus in Berkeley Madonna. Fig. 2-11 shows 

the simulated thrombin, factor Va, and free factor Xa time courses generated by the fit to 

the data. This figure helps to illustrate the potential thresholding mechanism. In this 

system, there appears to be a competition between factor Xa inhibition by AT and factor 

V activation by thrombin. Contrasting the smallest and largest factor Xa concentrations in 

Fig. 2-11, the reaction started with 0.5 pM factor Xa shows that the factor Xa has almost 

completely decayed before any factor Va is generated. The reaction started with 4 pM 

factor Xa shows that considerable factor Xa is still present when factor V is activated. In 

fact, the incorporation of factor Xa into prothrombinase is shown by the large decrease in 

the free factor Xa concentration as factor Va is generated. In essence, low factor Xa 
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Figure 2-11. The simulated thrombin, factor Va, and free factor Xa time courses. The simulated 
thrombin (black), factor Va (red), and free factor Xa (blue) generated by Berkeley Madonna were plotted 
for each factor Xa concentration in which thrombin was observed. 
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concentrations do not generate thrombin because the factor Xa cannot become 

incorporated into prothrombinase it is inhibited or too little prothrombinase is formed to 

overcome inhibition by AT. Conversely, high factor Xa concentrations generate thrombin 

because factor Va is generated before considerable factor Xa is inhibited, which allows 

prothrombinase to form, where factor Xa is protected from inhibition by AT (60). 
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Chapter 3 

The Effects of TAFIa on the Abilities of High Molecular Weight Fibrin Degradation 

Products and Plasminogen to Protect tPA from Inhibition by PAI-1 

The effects of soluble, high molecular weight fibrin degradation products (HMW-

FDPs), Pg, vitronectin (Vn) and TAFIa on the apparent second order rate constant (kI(app)) 

for tPA inhibition by PAI-1 were measured with a previously devised endpoint assay. 

Both tPA (90% single chain) and tc-tPA were used. When tPA and tc-tPA were titrated 

with PAI-1, residual chromogenic activity and the PAI-1 concentration were linear with 

tc-tPA, but not tPA. The non-linearity with tPA implies that tc-tPA is 7.2-fold more 

active than sc-tPA toward both PAI-1 and the substrate. HMW-FDPs increased the 

kcat/Km value of S2765 with tPA, but not tc-tPA. HMW-FDPs decreased kI(app) from 2.77 

× 106 M-1s-1 to 0.72 × 106 M-1s-1 with tPA, and from 6.97 × 106 M-1s-1 to 0.56 × 106 M-1s-1 

with tc-tPA. Thus, HMW-FDPs partially protect both tPA and tc-tPA from inhibition. 

TAFIa did not alter these effects. Vn also did not influence inhibition with or without 

HMW-FDPs. The inclusion of a fluorescently labeled recombinant Pg mutant which does 

not produce active Pn further lowered kI(app) to 0.076 × 106 M-1s-1 with tPA and 0.15 × 106 

M-1s-1 with tc-tPA. Thus, Pg offers further protection. The combination of HMW-FDP 

and Pg decreased kI(app) by 97 (tPA) and 98 (tc-tPA) percent. The added protection 

afforded by Pg was completely eliminated by TAFIa. Thus, TAFIa can down regulate the 

fibrinolytic cascade by eliminating the protective effect of Pg, thereby enhancing the 

inhibition of tPA. 
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Introduction 

The coagulation and fibrinolytic cascades are highly regulated to balance the 

deposition and removal of fibrin throughout the vasculature. At the site of vascular 

injury, an insoluble fibrin clot forms to stop excessive blood loss. Fibrin plays an 

essential role in the fibrinolytic cascade, serving as a cofactor for Pg activation to Pn by 

tPA. Before degrading the clot, Pn modifies fibrin by exposing carboxyl-terminal lysine 

(and arginine) residues to which tPA and Pg bind, thereby up regulating Pg activation 

(44). This Pn modified fibrin surface increases tPA mediated Pg activation by 3-fold over 

intact fibrin (32). Ultimately, Pn digests fibrin into soluble fibrin degradation products 

(FDPs). In addition, fibrin further regulates its own degradation by slowing the rate of Pn 

and tPA inhibition by their respective physiological inhibitors antiplasmin (AP) and 

plasminogen activator inhibitor type 1 (PAI-1) (61,45,62). 

TAFI, also known as plasma procarboxypeptidase B (41) and procarboxypeptidase U 

(40)) is converted to the carboxypeptidase B-like enzyme, TAFIa, primarily by thrombin-

thrombomodulin (43) as well as thrombin or Pn (49,63). TAFIa, a basic 

carboxypeptidase, removes the exposed lysine and arginine residues from Pn modified 

fibrin, thus down regulating fibrinolysis (44). TAFIa effectively eliminates the positive 

feedback loop for Pn formation by reducing the cofactor activity of fibrin (32). 

Because of its insolubility, performing kinetic experiments on intact fibrin is difficult. 

As a result, others have used immobilized fibrin or soluble fibrin substitutes when 

studying tPA inhibition by PAI-1 (64,28). Here, high molecular weight fibrin degradation 

products (HMW-FDPs) were used as a model for Pn-modified fibrin. These degradation 

products are soluble, well characterized, and can stimulate tPA mediated Pg activation as 
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efficiently as or more so than intact fibrin (31,32). Furthermore, they contain carboxyl-

terminal lysine and arginine residues which are susceptible to removal by TAFIa, much 

like a fibrin clot partially digested by Pn. 

A previous study from this laboratory showed that HMW-FDPs protect Pn from AP 

and TAFIa markedly reduces the effect (61). Since tPA also binds fibrin (65,66,38,67), a 

similar protective phenomenon may occur with tPA and PAI-1. In addition, Pg might be 

expected to alter the kinetics of inhibition by interacting with tPA on fibrin. Therefore, 

the current studies were carried out using a previously described endpoint assay (61,60) 

to quantify the effects of Pn modified fibrin and Pg on the inhibition of tPA by PAI-1 and 

to determine the extent to which those effects are altered by TAFIa. 

 

Experimental Procedures 

Materials – Baby hamster kidney cells and the pNUT expression vector were a kind 

gift from Dr. Ross MacGillivray (University of British Columbia, Vancouver, British 

Columbia, Canada). The TAFI isoform with threonine residues at amino acid positions 

147 and 325 (TAFI-TT) was purified as previously described (68). Recombinant 

Pg(S741C) was labeled with 5-iodoacetamidofluorescein to produce the Pg derivative, 

5IAF-Pg (69). Recombinant human tPA (Activase) was purchased from the hospital 

pharmacy at Kingston General Hospital (Kingston, Ontario, Canada). SDS-PAGE and 

subsequent densitometry determined it consisted of about 90% single chain tPA (sc-tPA) 

and 10 % two chain tPA (tc-tPA). The term tPA used hereafter in this manuscript refers 

to this material. tc-tPA was made from tPA with plasmin as previously described (44). 

Human thrombin was prepared from plasma derived prothrombin as previously described 



 

39 

(70,31). The soluble thrombomodulin derivative Solulin was a kind gift from Dr. Oliver 

Kops (Paion, GmbH, Berlin, Germany). DSPAα1 was a kind gift from Dr. Peter 

Bringmann (Schering, AG, Berlin, Germany). The vitronectin (Vn) was prepared as 

previously described (71,72). Hirudin, D-Val-Phe-Lys chloromethylketone, D-Phe-Pro-

Arg chloromethylketone (PPAck), potato tuber carboxypeptidase inhibitor (PTCI), and 

PAI-1 were purchased from Calbiochem (Hornby, Ontario, Canada). The chromogenic 

substrate S2765 was purchased from Chromogenix (West Chester OH). 

Human Fibrinogen Purification – Human Fg was purified from fresh, frozen, citrated 

plasma as previously described (31) with one modification. A 1.2% (final concentration) 

polyethylene glycol 8000 cut following the second 2M β-alanine precipitation was used 

instead of a 2% cut. Purified Fg was dialyzed into HBS (20 mM HEPES, 150 mM NaCl, 

pH 7.4), aliquoted, snap frozen in liquid nitrogen, and stored at -80°C until used. 

HMW-FDP Preparation and Isolation – HMW-FDPs were prepared by partially 

lysing a purified fibrin clot by methods similar to those described previously (73). A 6 

mL fibrin clot was formed by adding 5 nM thrombin to 7.5 mg/mL Fg, 2 mM CaCl2, and 

40 nM Pn in HBS at room temperature. Clotting and subsequent lysis were monitored by 

absorbance at 800 nm in Lambda 25 spectrophotometer (PerkinElmer Life Sciences, 

Montreal, Quebec, Canada). When the signal decreased to 25% of its maximum, the 

reaction was stopped by addition of 5 μM PPAck and 5 μM D-Val-Phe-Lys 

chloromethylketone to inhibit the thrombin and Pn, respectively. After vortexing briefly, 

the NaCl concentration was increased to 0.5 M by addition of solid NaCl. The mixture 

was then centrifuged at 5000 g for 10 min at 4°C. The supernatant was passed over a 30 

mL Sephacryl S-1000 gel filtration column (1.8 × 30 cm) at 4°C by fast protein liquid 
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chromatography in 20 mM HEPES, 0.5 M NaCl, pH 7.4 at 0.3 mL/min. Protein 

containing fractions were identified and quantified by absorbance at 280 and 320 nm 

(Rayleigh scatter correction). Each 1 mL fraction was assayed for its ability to stimulate 

DSPAα1 mediated 5IAF-Pg cleavage. 50 μg/μL of each fraction was incubated with 200 

nM 5IAF-Pg in HBS, and the reaction was started with 20 nM DSPAα1 (100 μL total 

volume). The opaque 96-well Microfluor plate was blocked overnight with HBS, 1% 

Tween 80 before use to minimize non-specific binding to the plastic. The reaction was 

monitored by fluorescence in a Spectramax Gemini XS fluorescence plate reader 

(Molecular Devices, Sunnyvale CA) using a 490 nm excitation wavelength, a 535 nm 

emission wavelength, and a 530 nm cutoff filter. Fractions that had a specific activity 

(initial rate divided by absorbance at 280 nm corrected for scatter) greater than 0.01 s-1 

were pooled. Aliquots were snap frozen in liquid nitrogen and stored at -80°C until used. 

These HMW-FDPs range in molecular weight from 0.5 × 106 g/mol to 5 × 106 g/mol and 

their weight averaged molecular weight is 2 × 106 g/mol. 

TAFIa Treated HMW-FDP Production – TAFI (1 μM final concentration) was 

activated with 25 nM thrombin, 100 nM Solulin, 2 mM CaCl2 in HBS, 0.01% Tween 80 

(HBST) for 20 min at 25ºC. The thrombin was then inhibited with 200 nM (final 

concentration) hirudin. The mixture was placed on ice to minimize spontaneous thermal 

inactivation of TAFIa (74). The HMW-FDPs then were treated with TAFIa to remove the 

carboxyl-terminal lysine and arginine residues. TAFIa (10 nM final concentration) was 

incubated with 1 μM (final concentration) HMW-FDPs for 20 min at 25ºC. Following 

incubation, the TAFIa was inhibited with 200 nM PTCI. Aliquots were snap frozen in 

liquid nitrogen and stored at -80°C until used. 
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PAI-1 Activity Assay – Because PAI-1 spontaneously converts from an active to a 

latent conformation, PAI-1 was titrated with tc-tPA to determine its active concentration. 

tc-tPA was used because the single chain preparation, which was contaminated with 10% 

tc-tPA, did not yield the expected linear relationship between added PAI-1 and residual 

tPA activity (vida infra). Thus, tc-tPA (5 nM, final concentration) was incubated with 0-

10 nM (final concentration) PAI-1 in HBST for 30 min at 25ºC. The residual tPA activity 

was measured by adding 400 μM (final concentration) S2765, a chromogenic substrate 

specific for tPA. The initial rate of S2765 hydrolysis was plotted versus the PAI-1 

concentration. The PAI-1 concentration capable of inhibiting 5 nM tc-tPA was 

determined by linear regression of the non-zero data points in SigmaPlot (Systat Software 

Inc., Point Richmond CA) and calculating the x-intercept. The PAI-1 concentration was 

then corrected for its activity, which was typically 90-95%. The PAI-1 concentration 

reported in all further assays is the active concentration. 

In order to rationalize the nonlinear titration data with tPA, the experiments were 

simulated. The tPA preparation was assumed to consist of a mixture of one and two chain 

versions of the enzyme. Each was inhibited by PAI-1 in the first stage of the experiment 

according to Equations 3-1 and 3-2, where k1 and k2 are second order rate constants. 

]1-PAI][tPA-sc[]tPA-sc[
1k

dt
d

−=  (Eq. 3-1) 

]1-PAI][tPA-tc[]tPA-tc[
2k

dt
d

−=  (Eq. 3-2) 

In the second stage of the experiment, the rate of chromogenic substrate hydrolysis is 

given by Equation 3-3, where [S]o is the initial substrate (S2765) concentration and c1 

and c2 are the kcat/Km ratios for sc-tPA and tc-tPA, respectively. 
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]S][tPA-tc[]S][tPA-sc[rate o2o1 cc +=  (Eq. 3-3) 

In the simulations, the first stage ran until either PAI-1 or tPA, which ever was limiting, 

was exhausted. The experiments were simulated using Berkeley Madonna (Berkley CA) 

and best fits were obtained by adjusting the values of k1, k2, c1 and c2. 

End Point Method for Monitoring tPA Inhibition by PAI-1 – A previously devised 

end point assay (60,61) was used to study tPA inhibition by PAI-1 in the presence of 

HMW-FDPs. When tPA and a chromogenic substrate are mixed in the absence of PAI-1, 

the reaction, monitored by absorbance, goes to completion due to depletion of the 

substrate. If, however, PAI-1 is present in excess over tPA, the reaction stops before 

complete substrate hydrolysis due to tPA inactivation. The reaction scheme is shown in 

Fig. 3-1, where A is the activator (tPA or tc-tPA), S is the substrate (S2765), I is the 

inhibitor (PAI-1), A-I is the covalent tPA-PAI-1 complex, KS is the Km for the interaction 

between tPA and S2765, kcat is the rate constant for S2765 hydrolysis by tPA, and kI(app) 

is the apparent second order rate constant for tPA inhibition by PAI-1. 

The rate of S2765 hydrolysis by tPA is described in terms of the free tPA 

concentration and the substrate concentration by Equation 3-4. 

S

cat

K
k

dt
d ]S][A[]S[

−=  (Eq. 3-4) 

The rate of tPA inhibition by PAI-1 is given in Equation 3-5, where [I]o is the total 

concentration of PAI-1. 

]A])[IA[]I([]I-A[
o)( −−= appIk

dt
d  (Eq. 3-5) 

After solving for [A] in Equation 3-5 and substituting the result in Equation 3-4, Equation 

3-6 is obtained. 
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A + S A·S A + pNA
KS kcat

+
I

A-I

kI(app)

 

Figure 3-1. The endpoint model used to measure tPA inhibition by PAI-1. In this model, tPA (A) can 
bind and subsequently cleave the substrate (S), with respective Michaelis (KS) and catalytic (kcat) constants. 
tPA also can be irreversibly inhibited by PAI-1 (I) with the apparent second order inhibition rate constant 
kI(app). The reaction with the substrate is measured by absorbance and the endpoint is used to determine 
kI(app). 
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]I-A[]I[
]I-A[

]S[
]S[

o
)( −

−=
dk

k
Kd

appI
cat

S  (Eq. 3-6) 

Integrating both sides of Equation 3-6 results in Equation 3-7, where [S]o is the initial 

concentration of the substrate. 
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)(

o ]I[
]I-A[]I[ln

]S[
]S[ln appI

cat

S k
k
K  (Eq. 3-7) 

Provided [I]o is greater than [A]o, the reaction will stop before complete substrate 

hydrolysis due to total tPA inactivation. At the end of the reaction, therefore, the final A-I 

complex concentration is equal to the input concentration of tPA, [A]o. The substrate 

concentration, [S]f, is the stable value at the end of the reaction. The apparent second 

order rate constant for inhibition of tPA by PAI-1, kI(app), can be calculated from [S]f, the 

initial concentrations of tPA ([A]o) and PAI-1 ([I]o), and the kcat and KS (i.e. Km) values 

for S2765 hydrolysis, as indicated by Equation 3-8. 

S

cat

f
appI K

kk


















−

=

o

o

o

)(

]S[
]S[

ln

]I[
]A[1ln

 (Eq. 3-8) 

In the end point assay, [S]o is determined by measuring the change in absorbance at the 

end of a reaction in the absence of PAI-1; [S]f is determined by the difference in 

absorbance at the ends of the reactions carried out in the presence and absence of PAI-1. 

kcat and KS Determination – As shown in Equation 3-5, kcat and KS for substrate 

hydrolysis must be known in order to calculate kI(app). To determine these values, 0-800 

μM (final concentration) S2765 was hydrolyzed with 5 nM (final concentration) tPA or 

tc-tPA in the presence of 0-100 nM (final concentration) HMW-FDPs in HBST at 25°C. 

The reactions were monitored by absorbance at 405 nm in a Spectramax Plus absorbance 
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plate reader. The initial rates of S2765 hydrolysis, determined using the Spectramax 

software, SoftMax Pro, were converted to moles of product formed per second per mole 

of enzyme and plotted versus initial S2765 concentration. The kcat and KS values at each 

HMW-FDP concentration were determined by non-linear regression of the data to the 

Michaelis-Menten equation in SigmaPlot. The kcat/KS ratios with tPA displayed a HMW-

FDP dependent non-linear increase. The kcat/KS ratios were plotted versus the HMW-FDP 

concentration and the data were fit to the equation kcat/Ks = (kcat/Ks)o + (kcat/Ks)max[HMW-

FDPs]/(K + [HMW-FDPs]) using SigmaPlot. The kcat/KS ratios predicted by the fit were 

used to calculate kI(app) (Equation 3-8) at each HMW-FDP concentration. The best fit 

values for (kcat/Ks)o, (kcat/Ks)max, and K were 0.013 µM-1s-1, 0.029 µM-1s-1, and 68.2 nM 

respectively. No HMW-FDP dependent systematic changes in the ratios were found with 

tc-tPA; thus, the kcat/KS ratios obtained at the various concentrations of HMW-FDPs were 

averaged and this average value was used for calculating kI(app) values at all HMW-FDP 

concentrations. 

Measuring the Effect of Vitronectin on kI(app) – The end point assay was used to 

calculate the value of kI(app) as a function of Vn in the absence and presence of 100 nM 

HMW-FDPs. Vn (0-500 nM) was incubated with 400 μM S2765, with or without 10 nM 

PAI-1 in HBST. The reactions were initiated by addition of 5 nM (final concentration) 

tPA or tc-tPA and monitored in a Spectramax Plus absorbance plate reader at 405 nm. 

The endpoints of the reactions were used to calculate kI(app) values with Equation 3-8. 

Measuring the Effect of Untreated and TAFIa Treated HMW-FDPs on kI(app) – The 

end point assay was used to calculate the value of kI(app) as a function of the HMW-FDP 

concentration. Untreated or TAFIa treated HMW-FDPs (0-100 nM) were incubated with 
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400 μM S2765, with or without 200nM Vn, and 10 nM PAI-1 in HBST. The reactions 

were initiated by addition of 5 nM (final concentration) tPA or tc-tPA and monitored in a 

Spectramax Plus absorbance plate reader at 405 nm. The endpoints of the reactions were 

used to calculate kI(app) values with Equation 3-8. 

End Point Method for Monitoring tPA Inhibition by PAI-1 in the Presence of 5IAF-

Pg – The end point method was used with 5IAF-Pg rather than S2765 as the substrate to 

quantify the effect of Pg on tPA or tc-tPA inhibition by PAI-1. Cleavage of 5IAF-Pg by 

tPA (or tc-tPA) results in a 50 percent decrease in fluorescence (25), which provides a 

means of measuring the rate and extent of the reaction. Because HMW-FDPs are a 

cofactor in the reaction, the analysis to determine the apparent rate constant for inhibition 

is somewhat more complex than is the case with S2765. The scheme for Pg activation 

(25) is shown in Fig. 3-2, where P is 5IAF-Pg, F is the HMW-FDPs, A is the activator 

(tPA or tc-tPA), KA and KP are the dissociation constants for tPA and 5IAF-Pg binding to 

HMW-FDPs, and KPA and KAP are the dissociation constants for tPA and 5IAF-Pg 

binding to the respective binary complexes. The rate of total Pg cleavage is given by 

Equation 3-9 where [P]o is the total Pg concentration and [F] and [A] are the free HMW-

FDP and free tPA concentrations, respectively. In this equation the relationship [P] = 

[P]o/(1+[F]/KP) has been used. This latter relationship does not include terms with A in 

them because the activator concentration was negligible relative to the F and P 

concentrations. 









+

−=

P
APA

cat

K
KK

k
dt

d
]F[1

]P][A][F[]P[ oo  (Eq. 3-9) 
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A + P + F Pn

F·A

F·P

F·A·P

I
+

A-I

KA KAP

KP KPA

kcat

kI(app)

 

Figure 3-2. The endpoint model used to measure tPA inhibition in the presence of Pg. In this model, 
fluorescent 5-IAF-Pg (P) and tPA (A) each bind to the HMW-FDPs (F) forming their respective binary 
complexes (FP and FA), with binding constants KP and KA. tPA or Pg binds to these binary complexes with 
binding constants KPA and KAP to form the ternary complex (FAP). Once FAP is formed, A cleaves P, 
which causes a decrease in fluorescence. PAI-1 irreversibly inhibits A in solution or bound to F. The 
reaction progress is measured by fluorescence and the apparent second order inhibition rate constant (kI(app)) 
is determined from the reaction endpoint. 
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The rate of tPA consumption by PAI-1 is given by Equation 3-10, which is identical to 

Equation 3-5. However, implicit in Equation 10 is the assumption that tPA inhibition 

from the binary or ternary complex is negligible compared to inhibition of free tPA. 

]A])[IA[]I([]IA[
o)( -k

dt
-d

appI −=  (Eq. 3-10) 

Because [A] is a common factor in Equations 3-9 and 3-10, Equation 3-10 can be solved 

for [A] and the result inserted into Equation 3-9, producing Equation 3-11. 

])IA[]I([
]IA[

]F[1

]F[
]P[
]P[

o)(o

o

-k
-d

K
KK

kd

appI

P
APA

cat

−




























+

−=  (Eq. 3-11) 

After integration on both sides in Equation 3-11, an expression for kI(app) is obtained, 

shown in Equation 3-12. This result is identical to that of Equation 8 for S2765, except 

that the kcat/Ks ratio of Equation 3-8 is replaced by the HMW-FDP concentration 

dependent term included in the first set of parentheses in Equation 3-12. 
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ln

]F[
]F[

fPAAPA

cat
appI

-

KKK
k

k  (Eq. 3-12) 

In the experiments, [P]o and [P]f are determined in the same fashion as [S]o and [S]f in 

the procedure with the chromogenic substrate. The parameters kcat, KA, KAP, and KPA were 

determined from the initial rate data in the absence of PAI-1. The analysis to determine 

these values is as follows: the total enzyme concentration, [A]o, is given by Equation 3-

13. 
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++=

APAA KKK
]P][F[]F[1]A[]A[ o  (Eq. 3-13) 

Similarly, the total HMW-FDP concentration, [F]o, is given by Equation 3-14 (Equation 

3-14 lacks terms with A in them because the activator concentration is negligible 

compared to the F and P concentrations). 









+=

PK
]P[1]F[]F[ o  (Eq. 3-14) 

Solving for [A] and [F] in equations 3-13 and 3-14 and substituting the results into the 

equation d[P]/dt = [F][A][P]/KAKAP yields Equation 3-15, which expresses the rate of 

5IAF-Pg cleavage in terms of [A]o, [F]o, and [P], the free 5IAF-Pg concentration. 

]P)[]F[()]F[(
]P[]F[]P[

]A[
1

oo

o

o +++
−=

PAAAP

cat

KKK
k

dt
d  (Eq. 3-15) 

The initial rate data were fit by nonlinear regression to equation 3-15 to obtain best fit 

values of kcat, KAP, KA and KPA. Typical values of these parameters were 0.043 ± .002 sec-

1, 4.0 ± 2.9 nM, 840 ± 690 nM, and 95 ± 12 nM respectively. The term [P] on the right 

hand side of Equation 3-15, which is the free concentration of P, was calculated using 

Equation 3-16. 






 −++−++−= oo

2
oooo2

1
o ]F[]P[4)]F[]P[(]F[]P[]P[]P[ PP KK (Eq. 3-16) 

The free HMW-FDP concentration, [F], of Equation 3-12 was calculated similarly, 

according to Equation 3-17. 






 −++−++−= oo

2
oooo2

1
o ]F[]P[4)]F[]P[(]F[]P[]F[]F[ PP KK  (Eq. 3-17) 

Equations 3-16 and 3-17 do not have terms with A in them because the activator 

concentration is negligible compared to the F and P concentrations. 
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The calculation of free F and P by equations 3-16 and 3-17 for use in Equations 3-12 

and 3-15, respectively, requires the value of KP, the dissociation constant for the 

interaction between F and P. This value was determined experimentally by monitoring 

the fluorescence of 5IAF-Pg when HMW-FDPs were added in systematically varied 

concentrations. The fluorescence was measured with an LS50B Luminescence 

Spectrometer (PerkinElmer Life Sciences). HMW-FDPs (0-500 nM), containing 100 nM 

5IAF-Pg to eliminate dilution effects, were added in a stepwise manner to 100 nM 5IAF-

Pg in HBST. The 5IAF was excited at 490 nm with a 2.5 nm slit width and emission was 

detected at 535 nm with a 5.0 nm slit width and a 515 nm emission cutoff filter. The 

resultant fluorescence data were fit to Equation 3-18 by non-linear regression, with Iblank, 

r and KP as best fit parameters. 






 −++−++−+= oo

2
oooo

oo
]F[]P[4)]F[]P[(]F[]P[

]P[2
1)1( PPblank KKrI

I
I

 (Eq. 3-18) 

In Equation 3-18, I/Io is the measured fractional fluorescence and r is the ratio of the 

fluorescence coefficients for 5IAF-Pg in the bound and free states. Iblank is the fractional 

fluorescence change at 0 nM HMW-FDPs as determined by the fit to the data. The 

theoretical value of this parameter is 1.0. It was included as a fit value to check that the 

expected theoretical value was returned by the regression analysis. Within about 2 

percent, this was the case. The values of r and KP found were 0.82 ± 0.01 and 127 ± 32 

nM respectively. 

Measuring the Effect of 5IAF-Pg on kI(app) – The endpoint assay measuring cleavage 

of 5IAF-Pg by fluorescence was used to calculate the value of kI(app) as a function of 

5IAF-Pg at various HMW-FDP concentrations. 5IAF-Pg (0-100 nM) was incubated with 
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25 and 50 nM HMW-FDPs and 10 nM PAI-1 or 75 and 100 nM HMW-FDPs and 15 nM 

PAI-1 in HBST. In each case, the Vn concentration used was 200 nM. The reactions were 

started by addition of 5 nM (final concentration) tPA or tc-tPA and monitored in a 

Spectramax Gemini XS fluorescence plate reader with a 490 nm excitation wavelength, a 

535 nm emission wavelength, and a 530 nm emission cutoff filter. The kI(app) values were 

calculated using Equation 3-12. Because the HMW-FDPs lose their cofactor activity 

upon TAFIa treatment and can no longer support Pg activation (11), the endpoint method 

utilizing the chromogenic substrate S2765 was used to measure the effect of 5IAF-Pg on 

kI(app) with TAFIa treated HMW-FDPs. 5IAF-Pg (100 nM) was incubated with 0-100 nM 

TAFIa treated HMW-FDPs, 10 nM PAI-1, 200nM Vn, and 400 μM S2765 in HBST. The 

reactions were started by addition of 5 nM (final concentration) tPA or tc-tPA and 

monitored in a Spectramax Plus absorbance plate reader at 405 nm. The endpoints of the 

reactions were used to calculate kI(app) values with Equation 3-8. 

 

Results 

PAI-1 Preferentially Inhibits tc-tPA compared to tPA – Due to its spontaneous 

latency transition, the active PAI-1 concentration was determined by its titration with 

tPA. Rather than the expected linear decrease in residual tPA activity with increasing 

PAI-1 concentrations, a non-linear decrease was observed (Fig. 3-3, and Fig. 3-3 inset). 

In contrast, the expected linear relationship was obtained after treating the tPA with 

plasmin to quantitatively convert the tPA to tc-tPA. These observations can be explained 

if the tPA preparation is contaminated with tc-tPA and the latter is more active towards 

both the substrate and the inhibitor. The non-linearity with the contaminated single chain 
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Figure 3-3. tPA and tc-tPA titrations with PAI-1. The residual tPA (closed circles, and inset) and tc-tPA 
(open circles) activities were measured using S2765 following inhibition by PAI-1. The term tPA refers to 
a sc-tPA preparation that was contaminated with 10% tc-tPA. The tc-tPA activity from 0-5 nM was fit 
using linear regression as described. The lines in the figure were determined by simulating the experiment 
assuming that the tPA preparation was contaminated by 10 percent with tc-tPA and that the latter is 7.2-
fold more active than sc-tPA toward both the substrate S2765 and PAI-1. 
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preparation occurs because early in the titration the more active component (tc-tPA) is 

selectively removed by the inhibitor. SDS-PAGE and densitometry showed that 10% of 

the tPA in the single chain preparation was in the two chain form (data not shown). Both 

the linear data with tc-tPA and nonlinear data with the tPA preparation containing 10% 

tc-tPA were simulated very accurately with the provision that tc-tPA is 7.2-fold more 

active towards both S2765 and PAI-1. The accuracy of the simulation is evidenced by the 

fact that the lines in Fig. 3-3 are the best fit lines obtained by the simulation. 

The Effects of HMW-FDPs on the Kinetics of S2765 Cleavage by tPA and tc-tPA. The 

concentrations of S2765 were systematically varied in both the absence and presence of 

HMW-FDPs at several fixed concentrations (Fig. 3-4A and Fig. 3-4B). The initial rates 

were generally lower with the tPA (Fig. 3-4A) as compared to those obtained with tc-tPA 

(Fig. 3-4B). In addition, the kinetics were enhanced by HMW-FDPs with tPA, but not 

with tc-tPA (Fig. 3-4C). The kcat and Ks values found in these experiments are listed in 

Table 3-1. The kcat/KS ratios were used to calculate apparent second order rate constants 

(kI(app))for tPA and tc-tPA inhibition by PAI-1 in the endpoint method. 

HMW-FDPs Protect tPA from Inhibition by PAI-1 and TAFIa Does Not Affect 

Protection – The absorbance data in Fig. 3-5A, which reflect the time courses of S2765 

hydrolysis, show that as the HMW-FDP concentration increases, the absorbance at the 

endpoint also increases. In effect, tPA activity is maintained for a longer period of time in 

the presence of HMW-FDPs because they protect tPA from inhibition by PAI-1. The 

substrate levels at the end of the reactions, along with the kcat/Ks ratios for S2765 

hydrolysis by tPA (or tc-tPA), allowed for calculation of kI(app) for the inhibition of tPA 

(Fig. 3-5B) and tc-tPA (Fig. 3-5C) in the absence or presence of HMW-FDPs. In both 
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Figure 3-4. kcat/KS values vary with the HMW-FDP concentration for tPA but not tc-tPA. Initial rates 
of S2765 hydrolysis with tPA (A) and tc-tPA (B) were determined at 0.0 (closed circles), 5.0 (open 
circles), 10.0 (closed triangles), 25.0 (open triangles), 50 (closed squares) and 100 (open squares) nM 
HMW-FDPs. The kcat and KS values determined from the initial rates of S2765 hydrolysis are listed in 
Table 1. The kcat/KS ratios (C) for tPA (closed circles) were fit to the equation kcat/Ks = (kcat/Ks)o + 
(kcat/Ks)max[HMW-FDPs]/(K + [HMW-FDPs]). The kcat/KS ratio for tc-tPA (open circles) did not appear to 
vary systematically with the concentration of HMW-FDPs. Therefore, the values were averaged and the 
average value was used to calculate kI(app) values. 
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Table 3-1. The kinetic parameters for tPA and tc-tPA mediated S2765 hydrolysis in the absence and 
presence of HMW-FDPs. 
 

[HMW-FDPs] 

(nM) 

tPA  tc-tPA 

kcat (s-1) KS (µM) kcat/KS (μM-1s-1)  kcat (s-1) KS (µM) kcat/KS (μM-1s-1) 

0 6.69 517 0.013  16.2 214 0.076 

5 8.46 599 0.014  15.4 192 0.080 

10 8.79 520 0.017  15.6 196 0.079 

25 10.25 502 0.020  15.0 185 0.081 

50 11.03 436 0.025  15.5 202 0.077 

100 11.88 394 0.030  15.4 197 0.078 

 



 

57 

Time (min)

0 20 40 60 80 100 120

A
40

5

0.000

0.005

0.010

0.015

0.020

0.025

0.030 A

[HMW-FDPs] (nM)

0 20 40 60 80 100 120

k I(a
pp

) (
×1

06  M
-1

s-1
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0 B

 



 

58 

[HMW-FDPs] (nM)

0 20 40 60 80 100 120

k I(a
pp

) (
×1

06  M
-1

s-1
)

0

1

2

3

4

5

6

7

8 C

 

Figure 3-5. HMW-FDP treatment with TAFIa does not alter their ability to protect tPA from 
inhibition by PAI-1. The time courses of absorbance due to S2765 hydrolysis are shown in panel A for the 
reactions performed with tPA at various HMW-FDP concentrations. From bottom to top, the HMW-FDP 
concentrations were 0.0, 5.0, 7.5, 10.0, 25.0, 50.0 and 100 nM, respectively. Both unmodified HMW-FDPs 
(closed circles) and TAFIa treated HMW-FDPs (open circles) in the presence of PAI-1 (10 nM), Vn (200 
nM), and S2765 (400 μM) were added to either tPA (B) or tc-tPA (C) and kI(app) values were calculated 
from the endpoints according to Equation 8 as described. 
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cases, the HMW-FDPs either were or were not treated with TAFIa. The HMW-FDP 

concentration dependences of figures 3-5B and 3-5C each conformed to a rectangular 

hyperbola, which is typical of a binding interaction. A likely explanation for these 

concentration dependences is that the HMW-FDPs bind tPA or tc-tPA and interfere with 

enzyme inhibition by PAI-1. Thus, the data were subjected to nonlinear regression to the 

equation Δk = Δkmax[HMW-FDP]/(K1/2 + [HMW-FDP]), where Δk = kI(app, initial) – kI(app), 

Δkmax is the maximum change in Δk that occurs at saturation with respect to the HMW-

FDP concentration, and K1/2 is concentration of HMW-FDPs at which the effect is half-

maximal. The apparent rate constant at saturating HMW-FDPs is calculated by the 

equation kI(app, final) = kI(app, initial) – Δkmax. The plausibility of this approach is supported by 

the good fits of the data to the equation, as evidenced by the fact that the lines in figures 

3-5B and 3-5C are regression lines. With tPA and unmodified HMW-FDPs, best fit 

values of kI(app, initial), kI(app, final), and K1/2 were 2.77 × 106 M-1s-1, 0.72 × 106 M-1s-1 and 4.0 

nM, respectively. With TAFIa modified HMW-FDPs the corresponding values were 1.81 

× 106 M-1s-1, 0.31 × 106 M-1s-1 and 6.3 nM, respectively. When tc-tPA was the activator, 

the values with unmodified HMW-FDPs, were 6.97 × 106 M-1s-1, 0.56 × 106 M-1s-1 and 

32.4 nM, respectively. With tc-tPA and TAFIa modified HMW-FDPs the corresponding 

values were 7.26 × 106 M-1s-1, 0.36 × 106 M-1s-1 and 41.3 nM, respectively. These data 

show that TAFIa modification of HMW-FDPs has very little if any effect on the 

protection of either tPA or tc-tPA. On average with tPA, HMW-FDPs at saturation 

reduced kI(app) 4.9-fold; with tc-tPA the value was 16.3-fold.The kI(app, initial) values for tc-

tPA are on average 3.1-fold greater those of tPA. This difference is smaller than the 7.2-

fold difference between sc- and tc-tPA inferred from the data in Fig. 3, due, most likely, 



 

60 

to the 10 percent contamination of tPA by tc-tPA. The kI(app, final) values were similar with 

tPA and tc-tPA, and with and without TAFIa modification. The K1/2 values with tc-tPA 

were on average 7.2-fold greater than with tPA. Thus, PAI-1 would more effectively 

compete with HMW-FDPs for tc-tPA binding compared to tPA binding. The kI(app) values 

for tPA and tc-tPA inhibition by PAI-1 in the absence of HMW-FDPs are consistent with 

previously measured values (29,75,76,30). 

Vn Has Little Effect on tPA Inhibition by PAI-1 – Previous work has indicated that Vn 

mediates the interaction between PAI-1 and fibrin in vivo (77). Endpoint assays were 

carried out to determine if Vn has any effect on tPA inhibition by PAI-1. In both the 

absence and presence of HMW-FDPs, little systematic variation of kI(app) was observed 

from 0-500 nM Vn (Fig. 3-6). In the absence of HMW-FDPs, the average kI(app) was 2.00 

× 106 M-1s-1. In the presence of 100 nM HMW-FDPs, the average kI(app) was 0.59 × 106 

M-1s-1. The data obtained in the absence of HMW-FDPs are consistent with previously 

published data indicating that Vn does not alter substantially the rate at which PAI-1 

inhibits tPA (78). As the present data indicate, this result also holds for inhibition of tPA 

in the presence of HMW-FDPs. 

5IAF-Pg Further Protects tPA from PAI-1 Inhibition, an Effect That Is Eliminated by 

TAFIa– Because Pg binds fibrin through its kringle domains and is a substrate for tPA, it 

is plausible that Pg plays some role in retarding the rate of tPA inhibition. By using 

5IAF-Pg instead of S2765 as the substrate, the end point assays revealed that 5IAF-Pg 

reduced kI(app) for tPA or tc-tPA inhibition by PAI-1 beyond the reduction achieved with 

HMW-FDPs alone. With tPA, 5IAF-Pg decreased kI(app) maximally by 3.6, 4.9, 8.5, and 

8.7 fold (relative to the kI(app) with HMW-FDPs alone) at 25, 50, 75, and 100 nM HMW- 
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Figure 3-6. Vn does not appreciably alter the rate of tPA inhibition by PAI-1. Endpoint assays were 
performed with Vn at the indicated concentrations in the presence of tPA (5 nM), PAI-1 (10 nM), and 
S2765 (400 μM) at 0 nM (closed circles) and 100 nM (open circles) HMW-FDPs. k(app) values were 
calculated from the end points as described. 
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FDPs, respectively (Fig. 3-7A). With tc-tPA, 5IAF-Pg decreased kI(app) 6.5, 10.9, 9.4, and 

8.2 fold over the same HMW-FDP concentrations (Fig. 3-7B). As indicated in the 

analysis of the data of Fig. 3-5B, HMW-FDPs in the absence of 5IAF-Pg lowered the 

kI(app) from an average of 2.3 × 106 M-1s-1 to 0.72 × 106 M-1s-1. The data in Fig. 3-7A 

shows that 5IAF-Pg further lowered kI(app) to 0.076 × 106 M-1s-1. This latter value is 30-

fold lower the kI(app) in the absence of both 5IAF-Pg and HMW-FDPs. Although both 

components together do not totally abolish inhibition, they reduce the rate constant for 

inhibition by 97 percent, which is substantial. With tc-tPA, HMW-FDP lowered the kI(app) 

from an average of 7.1 × 106 M-1s-1 to 0.56 × 106 M-1s-1 ; 5IAF-Pg lowered kI(app) further 

to 0.15 × 106 M-1s-1. Thus, 5IAF-Pg and HMW-FDPs together reduced the rate constant 

for tc-tPA inhibition by 98 percent. 5IAF-Pg was very potent in adding to the protection 

of tPA: at higher HMW-FDP concentrations, maximal additional protection occurred at a 

5IAF-Pg concentration as low as 10 nM (Fig. 3-7A). 

The HMW-FDPs were treated with TAFIa to remove the carboxyl-terminal lysine 

and arginine residues, and thus compromise Pg binding. The degree of protection of tPA 

with TAFIa modified HMW-FDPs in the presence of 100 nM 5IAF-Pg was compared to 

the extent of protection by untreated HMW-FDPs in the absence of 5IAF-Pg. The extents 

of protection by untreated HMW-FDPs in the absence of 5IAF-Pg were very similar to 

those obtained with TAFIa-treated HMW-FDPs in the presence of 5IAF-Pg (Fig. 3-8). 

Similar to the data in Fig. 5B, TAFIa did not alter the protection of tPA by HMW-FDPs, 

but the additional protective increment afforded by 5IAF-Pg was completely eliminated. 
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Figure 3-7. tPA protection from PAI-1 by 5IAF-Pg in the presence of HMW-FDPs. HMW-FDPs at 25 
nM (closed circles), 50 nM (open circles), 75 nM (closed triangles), and 100 nM (open triangles) each 
with Vn (200 nM) and 5IAF-Pg were added to 5 nM tPA (A) or tc-tPA (B). The PAI-1 concentration was 
15 nM for assays at 75 and 100 nM HMW-FDPs with tPA; otherwise, experiments were performed with 
10nM PAI-1. kI(app) values were calculated from the end points as described. 
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Figure 3-8. TAFIa treatment of the HMW-FDPs removes the protection provided by 5IAF-Pg. 
Unmodified HMW-FDPs (closed circles) and TAFIa treated HMW-FDPs containing 100 nM 5IAF-Pg 
(open circles) were added to tPA (5 nM) in the presence of PAI-1 (10 nM), Vn (200 nM), and S2765 
(400μM). kI(app) values were calculated from the endpoints as described. 
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Discussion 

These studies show that tc-tPA is 7.2-fold more active than sc-tPA with both the 

substrate S2765 and the inhibitor PAI-1. This phenomenon accounts for the nonlinear 

relationship between residual activity and the PAI-1 concentration when PAI-1 is used to 

titrate the tPA preparation comprising 90 percent sc-tPA and 10 percent tc-tPA. In 

addition, the kcat/Km ratio for hydrolysis of S2765 by tPA, but not tc-tPA, is enhanced by 

HMW-FDPs. The apparent second order rate constant (kI(app)) for tc-tPA inhibition by 

PAI-1 was found to be greater than for tPA inhibition, and both were reduced by HMW-

FDPs in a concentration dependent manner, indicating that HMW-FDPs partially protect 

tPA (and tc-tPA) from inhibition by PAI-1. This effect was not altered by treating the 

HMW-FDPs with TAFIa. Although Vn tightly binds and stabilizes PAI-1, it has little, if 

any, effect on the kinetics of tPA inhibition (and tc-tPA) by PAI-1. Pg was shown to 

provide additional protection to tPA (and tc-tPA) over HMW-FDPs alone. The 

combination of Pg and HMW-FDPs reduced kI(app) by nearly two orders of magnitude. 

This additional protection by Pg was eliminated by treating the HMW-FDPs with TAFIa. 

Others also have shown that fibrin protects tPA from inhibition by PAI-1. 

Chmielewska et al. (28) showed that fibrin formed from fibrinogen and Batroxobin, and 

solubilized in 3.5 M urea, enhanced that rate of chromogenic substrate hydrolysis by sc-

tPA in the presence of PAI-1. With tc-tPA the effect was not observed. The authors 

concluded that fibrin does not alter the intrinsic kinetics of sc-tPA inhibition, but binding 

to fibrin might remove free sc-tPA from solution and thereby protect it from inhibition. 

Masson et al. (64) used a system that included immobilized fibrin and found that sc-tPA 

bound to fibrin was highly protected from inhibition. Edelberg et al. (79), in contrast, 
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showed that fibrinogen enhances the inhibition of tc-tPA by a factor of 4. The current 

studies are specifically designed to examine the effects of Pn modified fibrin on the 

kinetics of tPA and tc-tPA inhibition by PAI-1. Thus, the results are not directly 

comparable to those of others who used intact, solubilized fibrin, immobilized fibrin or 

fibrinogen in their studies. In addition, these studies included examination and 

quantification of the effects of TAFIa and Pg on the inhibition kinetics, features of the 

reaction not studied before. TAFIa abolishing the Pg mediated protection of tPA from 

inhibition by PAI-1 illustrates an additional mechanism whereby TAFIa down regulates 

fibrinolysis that has not been illustrated to date. TAFIa action on Pn modified fibrin not 

only down regulates Pg activation and up regulates Pn inhibition by AP, but also up 

regulates tPA inhibition. 

HMW-FDPs are made from intact fibrin lysed with Pn, then gel filtered to isolate the 

large degradation products. These FDPs, while small enough to be soluble, retain the 

structural and functional features of fibrin. As a result, HMW-FDPs are an excellent 

surrogate for Pn modified fibrin. The carboxyl-terminal lysine residues created by Pn 

account for the increased affinity of Pg for the HMW-FDPs (127 nM compared to 30 µM 

for intact fibrin). The high affinity of Pg for the tPA-HMW-FDP complex (4 nM) 

suggests an exosite (or tPA active site) mediated interaction between tPA and Pg when in 

the ternary complex. 

Previous studies showed that Vn binds PAI-1 with a nanomolar affinity (80). Because 

the plasma Vn concentration is 100 fold greater than the plasma PAI-1 concentration, 

PAI-1 likely circulates in complex with Vn. As reported here (Fig. 3-6) and by others 

(78), Vn does not affect the rate of tPA inhibition by PAI-1. However, Vn does stabilize 
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the PAI-1, increasing its half-life by 2-3 fold (81). Evidently, the role of Vn is not to alter 

inhibition kinetics, but to stabilize PAI-1 and to localize it to fibrin (77,82). Because PAI-

1 would be exposed to Vn in its physiologic milieu (plasma), Vn was included in these 

studies, even though it was shown not to appreciably alter the inhibition kinetics. 

The mechanism underlying the protection of tPA from inhibition by PAI-1 was not 

disclosed by these studies, but the concentration dependences of both HMW-FDPs and 

Pg suggest that competition between these molecules and PAI-1 for binding to tPA at 

either the active site (Pg) or an exosite (HMW-FDPs) is involved. tPA binds intact fibrin 

by both its fibronectin finger-like domain and its kringle 2 domain (38). Neither of these 

modes would be expected to be sensitive to TAFIa, since intact fibrin does not have 

carboxyl-terminal lysine residues. Because TAFIa treatment of the HMW-FDPs did not 

influence their tPA protection, an interaction between tPA and HMW-FDPs that does not 

involve carboxyl-terminal lysine residues must be involved. In contrast, the extra 

protection afforded by Pg was eliminated by TAFIa; thus, an interaction between Pg and 

HMW-FDPs (and tPA) mediated by the carboxyl-terminal lysines must be involved. 

Because the protection provided by Pg was quite potent, Pg is most likely selectively 

binding with high affinity to the binary tPA-HMW-FDP complex. Without carboxyl-

terminal lysine residues, Pg is no longer able to bind the HMW-FDPs and therefore no 

longer compete with PAI-1 for the active site of tPA. 

The increased kinetics of tc-tPA inhibition compared to sc-tPA as observed here and 

by others (29,28,30) may have significance with respect to the regulation of fibrinolysis. 

tPA is atypical among the serine protease family of enzymes in that it is not activated by 

limited proteolysis. In fact, sc-tPA and tc-tPA are functionally indistinguishable in the 



 

68 

fibrin-dependent activation of Pg (83,27,44). Thus, the Pn-catalyzed feedback conversion 

of sc-tPA to tc-tPA has no obvious relevance to Pg activation. Since this cleavage, 

however, makes tc-tPA more reactive with PAI-1 than sc-tPA, it may comprise a 

negative feedback loop that promotes the down regulation of fibrinolytic cascade in the 

presence of PAI-1. 
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Chapter 4 

The Effects of TAFIa on tPA Mediated Lys-Plasminogen Activation and on Lys-

Plasmin Inhibition by Antiplasmin 

Previous studies have shown that TAFI prolongs the lysis time of clots formed from 

purified components. However, when Glu-Pg was replaced with Lys-Pg, no prolongation 

was observed. This result hinted that the fibrinolytic cascade might contain a mechanism 

to circumvent TAFIa mediated prolongation. To investigate this possible mechanism, the 

effects of TAFIa on Lys-Pg activation by tPA and Lys-Pn inhibition by AP quantified. Pg 

activation was inferred by cleavage of a fluorescently labeled recombinant Pg mutant 

(5IAF-Pg) which does not produce active Pn. HMW-FDPs were used as a soluble fibrin 

surrogate for Pn modified fibrin. After treating the HMW-FDPs with TAFIa, the catalytic 

efficiencies (kcat/Km) of 5IAF-Glu-Pg and 5IAF-Lys-Pg cleavage decreased by 417-fold 

and 55-fold, respectively. The apparent second order rate constant (kI(app)) for Pn 

inhibition by AP during clot formation and lysis also was measured. TAFIa abolished the 

protection associated with Pn modified fibrin in clots formed with Glu-Pg, but did not do 

so in clots formed with Lys-Pg. TAFIa, however, still prolonged the lysis of clots formed 

with Lys-Pg due to decreased Lys-Pg activation. The data indicate that TAFIa would be 

an absolute inhibitor of fibrinolysis in the absence of the Glu to Lys transformation, but 

only a partial inhibitor in its presence. Thus, the Glu- to Lys-Pg/Pn conversion may 

constitute a mechanism that allows uninhibited clot lysis. 
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Introduction 

The coagulation and fibrinolytic cascades are regulated to properly balance both 

fibrin deposition and removal at a site of vascular injury. Unregulated or improperly 

regulated coagulation and fibrinolysis can result in myocardial infarctions and ischemic 

strokes if the balance is tipped towards coagulation; bleeding disorders and hemorrhage 

can occur if the balance is tipped towards fibrinolysis. At a damaged site in the 

vasculature, thrombin generation by the coagulation cascade results in the formation of 

an insoluble fibrin clot to stop persistent blood loss. Once formed, fibrin, a cofactor for its 

own degradation, acts as a template for Pg activation to Pn by tPA (25). Before lysing the 

clot into soluble FDPs, Pn modifies fibrin by exposing carboxyl-terminal lysine (and 

arginine) residues (44). This modification results in a 3-fold increase in tPA mediated Pg 

activation over intact fibrin (32). Fibrin also slows the rate of Pn and tPA inhibition by 

antiplasmin (AP) and plasminogen activator inhibitor type I (PAI-1), respectively 

(61,45,62). Furthermore, Pn can cleave the N-terminal 77 amino acids from native Pg 

(Glu-Pg) to form Lys-Pg, which is an 18-fold better substrate for activation by tPA on 

fibrin (25). These mechanisms collectively constitute positive feedback loops for Pn 

generation. 

TAFIa, a basic carboxypeptidase formed primarily by thrombin-thrombomodulin 

cleavage at Arg92 on TAFI (43) (also known as procarboxypeptidase U (40) and plasma 

procarboxypeptidase B (41)), removes the carboxyl-terminal lysines (and arginines) 

exposed by Pn action on fibrin (44), thereby down regulating fibrinolysis by removing 

positive feedback in Pn formation (32). TAFIa reduces the ability of fibrin to stimulate 

Glu-Pg activation and to protect Glu-Pn from inhibition by AP (45). The effects of TAFIa 
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on Lys-Pg activation or Lys-Pn inhibition have not been quantified. Both TAFI and 

TAFIa have been shown to prolong lysis in plasma and purified systems (49,84). 

However, no TAFI dependent prolongation in lysis was observed in clots formed from 

purified components with Lys-Pg, in contrast to the results observed in clots formed with 

Glu-Pg. These observations suggest that fibrinolysis can under some conditions escape 

TAFIa mediated prolongation. 

Because both Pn and TAFIa can modify fibrin and thus generate a milieu of intact 

fibrin, Pn modified fibrin, and TAFIa modified fibrin, high molecular weight FDPs 

(HMW-FDPs) were used as a surrogate to quantitate tPA mediated Glu- and Lys-Pg 

activation on the latter two forms of fibrin. Much like Pn modified fibrin, HMW-FDPs 

contain carboxyl-terminal lysines which can be removed by TAFIa, generating a cofactor 

similar to TAFIa modified fibrin. While TAFIa treatment of the HMW-FDPs decreased 

both Glu- and Lys-Pg activation, the reduction in Glu-Pg activation was much greater. In 

addition, a system of purified components was used to quantify the rate of Pn inhibition 

by AP over the course of clotting and subsequent lysis. Previous work showed that 

TAFIa could abrogate Pn protection from AP inhibition offered by Pn modified fibrin 

(45,61). In those studies, the Pn was generated from Glu-Pg. Whether the Pn was Glu-Pn, 

Lys-Pn, or a mixture of both was not known. Therefore, in the present work, Lys-Pn 

inhibition by AP was quantitatively studied within an intact fibrin clot in real time. 

TAFIa, while prolonging lysis in the presence of Lys-Pg, did not appreciably affect the 

apparent second order rate constant (kI(app)) for Lys-Pn inhibition by AP. In other words, 

TAFIa did not attenuate the protection of Lys-Pn, in contrast to its effects on Pn made 

from Glu-Pg. 



 

72 

Experimental Procedures 

Materials – Baby hamster kidney cells and the pNUT expression vector were a kind 

gift from Dr. Ross MacGillivray (University of British Columbia, Vancouver, British 

Columbia, Canada). The recombinant TAFI isoform with threonine residues at amino 

acid positions 147 and 325 was purified as previously described (68). Recombinant 

Pg(S741C), as described by Horrevoets et al. (69), was labeled with 5-

iodoacetamidofluorescein to produce 5IAF-Pg. This Pg derivative, when cleaved by Pg 

activators, generates catalytically inactive 5IAF-Pn. Recombinant human tPA (Activase) 

was purchased from the hospital pharmacy at Kingston General Hospital (Kingston, 

Ontario, Canada). The two chain version (tc-tPA) was made as previously described (44). 

Human thrombin was prepared from plasma derived prothrombin as previously described 

(70,31). The soluble thrombomodulin derivative Solulin was a kind gift from Dr. Oliver 

Kops (Paion, GmbH, Berlin, Germany). Desmodus rotundus salivary plasminogen 

activator α1 (DSPAα1) was a kind gift from Dr. Peter Bringmann (Schering, AG, Berlin, 

Germany). Hirudin, D-Val-Phe-Lys chloromethylketone, and D-Phe-Pro-Arg 

chloromethylketone (PPAck) were purchased from Calbiochem (Hornby, Ontario, 

Canada). 

Human Fg Purification – Human Fg was purified from fresh, frozen, citrated plasma 

as previously described (31) with one modification. A 1.2% (final concentration) 

polyethylene glycol 8000 cut following the second 2M β-alanine precipitation was used 

instead of a 2% cut. Purified Fg was dialyzed into HBS (20 mM HEPES, 150 mM NaCl, 

pH 7.4), aliquoted, snap frozen in liquid nitrogen, and stored at -80°C. 

HMW-FDP Isolation – HMW-FDPs were isolated from the lysate of a purified fibrin 
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clot by methods similar to those described previously (73). A 6 mL fibrin clot was 

formed by adding 5 nM thrombin to 7.5 mg/mL Fg, 2 mM CaCl2, and 40 nM Pn in HBS. 

Clotting and subsequent lysis were monitored at 22°C by absorbance at 800 nm in 

Lambda 25 spectrophotometer (PerkinElmer Life Sciences, Montreal, Quebec, Canada). 

When the signal decreased to 25% of its maximum, the reaction was stopped by adding 5 

μM PPAck and 5 μM D-Val-Phe-Lys chloromethylketone to inhibit the thrombin and Pn, 

respectively. After vortexing briefly, the NaCl concentration was increased to 0.5 M by 

adding solid NaCl. The mixture was then centrifuged at 5000 g for 10 min at 4°C. The 

supernatant was passed over a 30 mL Sephacryl S-1000 gel filtration column (1.8 × 30 

cm) at 4°C by fast protein liquid chromatography in 20 mM HEPES, 0.5 M NaCl, pH 7.4 

at 0.3 mL/min. Protein containing fractions were identified by absorbance at 280 nm. 

Each 1 mL fraction was assayed for its ability to stimulate DSPAα1 mediated 5IAF-Pg 

cleavage. Each fraction was diluted to 50 μg/mL and the sample was incubated with 200 

nM 5IAF-Pg in HBS. The reaction then was started with 20 nM DSPAα1 (100 μL total 

volume). The opaque 96-well Microfluor plate (Dynex Technologies, Chantilly, VA) was 

blocked overnight with HBS, 1% Tween 80 before use to minimize non-specific binding 

to the plastic. The reaction was monitored by fluorescence in a Spectramax Gemini XS 

fluorescence plate reader (Molecular Devices, Sunnyvale, CA) using a 490 nm excitation 

wavelength, a 535 nm emission wavelength, and a 530 nm emission cutoff filter. 

Fractions that had a specific activity (initial rate (s-1) divided by absorbance at 280 nm 

corrected for scatter) greater than 0.01 s-1 were pooled. Aliquots were snap frozen in 

liquid nitrogen and stored at -80°C. 

TAFIa Treated HMW-FDP Production – TAFI (1 μM final concentration) was 
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activated with 25 nM thrombin, 100 nM Solulin, 2 mM CaCl2 in HBS, 0.01% Tween 80 

(HBST) for 20 min at 25ºC. The thrombin was then inhibited with 200 nM (final 

concentration) hirudin. The mixture was placed on ice to minimize spontaneous 

inactivation of TAFIa (74). 

The HMW-FDPs then were treated with TAFIa to remove the carboxyl-terminal 

lysine and arginine residues. TAFIa (10 nM final concentration) was incubated with 1 

μM (final concentration) HMW-FDPs for 20 min at 25ºC. Following incubation, the 

TAFIa was inhibited with 200 nM potato tuber carboxypeptidase inhibitor (PTCI). Again, 

aliquots were snap frozen in liquid nitrogen and stored at -80°C. 

5IAF-Pg Binding to HMW-FDPs – To quantify the affinity of 5IAF-Pg for HMW-

FDPs, the change in fluorescein fluorescence upon binding was monitored in an LS50B 

spectrofluorimeter (Perkin Elmer Life Sciences). Fluorescein was excited at 490 nm with 

a 2.5 nm slit width and emission was detected at 535 nm with a 10 nm slit width and a 

510 nm emission cutoff filter. Untreated or TAFIa treated HMW-FDPs were titrated 

stepwise into 100 nM 5IAF-Glu-Pg or 5IAF-Lys-Pg until the fluorescence change 

saturated. Ligand solutions were supplemented with 100 nM 5IAF-Pg to avoid dilution 

effects. All titrations were performed in HBST. The fractional fluorescence change from 

each titration was analyzed by non-linear regression of the data to Equation 4-1. 
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 (Eq. 4-1) 

In this equation, I/Io is the measured fractional fluorescence change, r is the ratio of the 

fluorescence coefficients for 5IAF-Pg in the bound and free states, [P]o and [F]o are the 

total Pg and HMW-FDP concentrations, respectively, and KP is the dissociation constant 
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of Pg for the HMW-FDPs. Iblank , which should in principle evaluate to 1.0 was retained 

as a fit parameter in the regression analysis. In each case, its value was within 2 percent 

of the expected value. 

Measuring the Rate of 5IAF-Pg Cleavage – 5IAF-Pg cleavage was monitored by 

fluorescein fluorescence in a Spectramax Gemini XS fluorescence plate reader 

(Molecular Devices, Sunnyvale, CA). Fluorescein was excited at 490 nm and emission 

was detected at 535 nm with a 530 nm emission cutoff filter. The opaque 96-well 

Microfluor plate was blocked overnight with HBS, 1% Tween 80 before use to minimize 

non-specific binding to the plastic. 5IAF-Glu-Pg or 5IAF-Lys-Pg (25-300 nM) was 

incubated with 10-300 nM untreated or TAFIa treated HMW-FDPs in HBST. 5IAF-Glu-

Pg cleavage with untreated and TAFIa treated HMW-FDPs was started with 5 nM and 50 

nM (final concentration) tPA, respectively. 5IAF-Lys-Pg cleavage with untreated and 

TAFIa treated HMW-FDPs was started with 1 nM and 20 nM (final concentration) tPA, 

respectively. The initial rates of fluorescence decrease were determined by linear 

regression of the first 10-15 % of the data. These rates were converted to rates of 5IAF-

Pg cleavage per [A]o using Equation 4-2 (25). 









∆
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d  (Eq. 4-2) 

In Equation 4-2, d[P]/dt is the rate of 5IAF-Pg cleavage per [A]o, dI/dt is the rate of 

fluorescence decrease, [P]o is the total 5IAF-Pg concentration, ΔI is the total fluorescence 

decrease upon complete 5IAF-Pg cleavage, and [A]o is the total activator (tPA) 

concentration. 

The initial rate data were modeled according to the steady-state template model for 

Pg activation first described by Horrevoets et al. (25), shown in Fig. 4-1. The rate 
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Figure 4-1. The steady state template model for Pg activation. In this model, tPA (A) and Pg (P) can 
each bind to the HMW-FDPs (F) forming their respective binary complexes (FA and FP), with association 
rate constants k1 and k3 and dissociation rate constants k-1 and k-3. Pg or tPA can bind to these binary 
complexes with association rate constants k2 and k4 and dissociation rate constants k-2 and k-4 to form the 
ternary complex (FAP). Once formed, tPA cleaves Pg to form Pn with a rate constant k5. 
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equation for this model is shown in Equation 4-3. 

f
A

m

fcat

K
K

K

K
k

]P[
]F[

]F[

]P[
]F[

]F[

]A[

o

o

o

o

o +







+
+









+

=
ν  (Eq. 4-3) 

In Equation 4-3, the parameters kcat, Km, and K, defined explicitly in Horrevoets et al. 

(25), are related to the individual association, dissociation, and catalytic rate constants in 

the template model (Fig. 4-1). Numerically, kcat is the rate at saturating Pg and HMW-

FDPs, Km is the free Pg concentration at saturating HMW-FDPs when the rate is half 

maximal, and K is the HMW-FDP concentration at saturating Pg when the rate is half 

kcat. KA is the dissociation constant for the binding of the activator to the HMW-FDPs and 

[F]o is the concentration of HMW-FDPs. [P]f, the free Pg concentration, was calculated 

using Equation 4-4. 
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Equation 4-3 is identical in form to the Michaelis-Menten equation, shown in equation 4-

5, where kcat(app) and Km(app) are the apparent kcat and Km given by Equations 4-6 and 4-7, 

respectively. 
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Thus, the apparent catalytic efficiency, kcat(app)/Km(app), is given by Equation 4-8. 
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First, the rates of 5IAF-Pg cleavage at each HMW-FDP concentration were fit by 

nonlinear regression to the Michaelis-Menten equation (Equation 4-5) to obtain kcat(app) 

and Km(app) and thus, the kcat(app)/Km(app) ratio. kcat(app)/Km(app) ratios were then plotted 

against [HMW-FDPs] and fit by nonlinear regression to Equation 4-8 to determine 

kcat/Km and KA. The value for KA was then inserted into Equation 4-3 to which all data 

were fit globally to obtain values for kcat, Km, and K. 

Because the rates of 5IAF-Glu-Pg cleavage on TAFIa treated HMW-FDPs did not 

show saturation and were essentially linear in the [P]f concentration, the Km(app) was 

assumed to be much larger than [P]f. Under this assumption, Equation 4-5 simplifies to 

Equation 4-9, which was used to obtain kcat(app)/Km(app). 

f
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ν  (Eq. 4-9) 

Determination of the Free Pn Concentration, the Residual AP Concentration, the 

Rate of Pn Formation, and the Apparent Second Order Rate Constant for Pn Inhibition 

by AP in Real Time During Clot Lysis – The free Pn concentration, the residual AP 

concentration, the rate of Pn formation, and the apparent rate constant (kI(app)) for Pn 

inhibition by AP were determined as previously described (45). Briefly, identical clots 

(120 μL) were formed by adding 5 nM thrombin to 4 μM Fg, 500 nM Glu- or Lys-Pg, 

500 nM 5IAF-Glu- or 5IAF-Lys-Pg, 500 nM AP, 0-0.5 nM TAFIa, 5 mM CaCl2, 400 μM 

S2251, and 2 nM tPA. In these experiments, hirudin was not added to inhibit the 

thrombin after the TAFI was activated as described above under TAFIa Treated HMW-

FDP Production. One set of clots were formed in a clear 96-well plate and were 



 

79 

monitored by absorbance at 405 and 650 nm simultaneously in a Spectramax Plus plate 

reader (Molecular Devices, Sunnyvale, CA). Absorbance at 405 nm detected clotting, 

subsequent lysis, and S2251 hydrolysis, while absorbance at 650 nm detected clotting and 

lysis only. Typically, the absorbance at 405 nm after clotting but before detectable S2251 

hydrolysis was 3.1 times greater than the absorbance at 650 nm. The adjusted absorbance 

at 650 nm (3.1 × A650) was subtracted from the absorbance at 405 nm. With the 

absorbance due to clotting and lysis removed, the resulting data were due to S2251 

hydrolysis only and used to calculate [Pn]f using Equation 4-10 (45). 

]Pn[
]2251S[

]2251S[1]Pn[
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 (Eq. 4-10) 

In Equation 4-10, KS is the Km for S2251 hydrolysis (102.5 μM) and [Pn] is the total Pn 

concentration. [Pn] was determined using a standard curve in which clots were formed 

with known amounts of Pn in the absence of AP as previously described (45). 

The other set of clots were formed in an opaque 96-well plate and were placed in a 

Spectramax Gemini XS fluorescence plate reader. The fluorescein moiety of 5IAF-Pg 

was excited at 490 nm and emission was detected at 535 nm with a 530 nm emission 

cutoff filter. The rate of Pn formation, rform, was calculated using Equation 4-2 except that 

the rate of fluorescence decay was not divided by the enzyme concentration, which 

yielded a rate in nM/s rather than s-1. The residual AP concentration, [AP], was calculated 

using Equation 4-11. 
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In this equation, [AP]o is the total AP concentration, I is the measured fluorescence at any 

time, Io and If are the initial and final fluorescence values, respectively. Over short time 
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intervals (1-2 minutes), a steady-state Pn concentration was assumed. Under this 

assumption, the rate of Pn formation (rform) equals the rate of Pn inhibition (rinh) 

(Equation 4-12). 

0]Pn[
inhform =−= rr

dt
d  (Eq. 4-12) 

Because rinh = kI(app)[Pn]f[AP], Equation 4-12 can be expressed as Equation 4-13. 

0]AP[]Pn[]Pn[
)(form =−= fappIkr

dt
d  (Eq. 4-13) 

Rearranging Equation 4-13 gives an expression for kI(app), shown in Equation 4-14, which 

was used to calculate kI(app). 
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)( =  (Eq. 4-14) 

 

Results 

5IAF-Pg Binding to HMW-FDPs – 5IAF-Pg displays a change in fluorescence upon 

binding to HMW-FDPs. This property was exploited to measure the affinity of 5IAF-

Glu-Pg and 5IAF-Lys-Pg for untreated and TAFIa treated HMW-FDPs (Fig. 4-2). 5IAF-

Glu-Pg and 5IAF-Lys-Pg binding to HMW-FDPs displayed 12% and 28% decreases in 

fluorescence, respectively. 5IAF-Glu-Pg binding to TAFIa treated HMW-FDPs displayed 

a 6% increase and 5IAF-Lys-Pg binding showed a 3% decrease. The fluorescence 

changes as a function of HMW-FDP concentration were fit by nonlinear regression to 

Equation 1. 5IAF-Glu-Pg bound to untreated and TAFIa treated HMW-FDPs with KP 

values of 127 and 645 nM, respectively; 5IAF-Lys-Pg bound to the same HMW-FDPs 

with KP values of 1.35 and 23.3 nM, respectively. 
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Figure 4-2. 5IAF-Glu- and 5IAF-Lys-Pg binding to untreated and TAFIa treated HMW-FDPs. The 
fractional fluorescence changes upon 5IAF-Glu-Pg binding to HMW-FDPs (A) and TAFIa treated HMW-
FDPs (B) and 5IAF-Lys-Pg binding to HMW-FDPs (C) and TAFIa treated HMW-FDPs (D) are shown. In 
each case, the dissociation constant, KP, was determined by nonlinear regression of the data to Equation 4-
1. 
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TAFIa Treatment of HMW-FDPs Decreases the Rate of 5IAF-Glu-Pg and 5IAF-Lys-

Pg Cleavage – Both untreated and TAFIa treated HMW-FDPs were used as models for 

Pn and TAFIa-modified Fn to investigate tPA mediated Glu- and Lys-Pg activation. A Pg 

(Glu or Lys) mutant that does not produce active Pn and to which a fluorescent probe had 

been attached (5IAF-Pg) was used to measure Pg activation in the absence of any 

plasmin-catalyzed feedback reactions, namely cleavage of Glu-Pg and/or HMW-FDPs. 

As expected, the initial rates of 5IAF-Glu- and 5IAF-Lys-Pg cleavage increased with 

both the 5IAF-Pg and the HMW-FDP concentrations (Fig. 4-3). The increase in rate was 

nonlinear with respect to the 5IAF-Glu-Pg concentration on HMW-FDPs, but 

approximately linear on TAFIa treated HMW-FDPs; the increase in rate was non-linear 

with respect to the 5IAF-Lys-Pg concentration on both untreated and TAFIa treated 

HMW-FDPs. The initial rates of 5IAF-Glu- and 5IAF-Lys-Pg cleavage at each HMW-

FDP concentration were fit by nonlinear regression to the Michaelis-Menten equation in 

terms of free Pg (Eq. 4-5). The parameters kcat(app), Km(app), and kcat(app)/Km(app) derived 

from the fit are displayed in Tables 4-1 and 4-2. tPA mediated 5IAF-Glu- and 5IAF-Lys-

Pg cleavage exhibits Michaelis-Menten kinetics at any HMW-FDP concentration when 

the 5IAF-Pg concentration is expressed as its free form. The kcat(app) and kcat(app)/Km(app) 

both increased with increasing HMW-FDPs, observations that are consistent with a 

template mechanism. The Km(app) for 5IAF-Glu-Pg and 5IAF-Lys-Pg cleavage decreased 

2-3 fold with increasing concentrations of untreated HMW-FDPs; the Km(app) for 5IAF-

Lys-Pg cleavage decreased approximately 10 fold with increasing concentrations of 

TAFIa treated HMW-FDPs. These decreases are consistent with KA > K. The parameters 

kcat(app) and Km(app) could not be determined for 5IAF-Glu-Pg cleavage on TAFIa treated 



 

83 

[5IAF-Glu-Pg] (nM)

0 50 100 150 200 250 300 350

In
iti

al
 R

at
e 

(s
-1

)

0.00

0.01

0.02

0.03

0.04

0.05

[5IAF-Lys-Pg] (nM)

0 50 100 150 200 250 300 350

In
iti

al
 R

at
e 

(s
-1

)

0.00

0.01

0.02

0.03

0.04

0.05

[5IAF-Lys-Pg] (nM)

0 50 100 150 200 250 300 350

In
iti

al
 R

at
e 

(s
-1

)

0.00

0.01

0.02

0.03

0.04

0.05

[5IAF-Glu-Pg] (nM)

0 50 100 150 200 250 300 350

In
iti

al
 R

at
e 

(s
-1

)

0.00

0.01

0.02

0.03

0.04

0.05
A B

DC

[5IAF-Glu-Pg] (nM)
0 50 100 150 200 250 300 350

In
iti

al
 R

at
e 

(s
-1

)

0.000

0.001

0.002

0.003

0.004

0.005

 

Figure 4-3. 5IAF-Glu- and 5IAF-Lys-Pg cleavage on untreated HMW-FDPs and TAFIa treated 
HMW-FDPs by tPA. The initial rates of 5IAF-Glu-Pg cleavage on HMW-FDPs (A) and TAFIa treated 
HMW-FDPs (B) and 5IAF-Lys-Pg cleavage on HMW-FDPs (C) and TAFIa treated HMW-FDPs (D) are 
shown. The HMW-FDP concentrations were 10 nM (closed circles), 25 nM (open circles), 50 nM (closed 
triangles), 75 nM (open triangles), 100 nM (closed squares), 150 nM (open squares), 200 nM (closed 
diamonds), and 300 nM (open diamonds). The solid lines represent the fits of the data to the steady state 
template model (Equation 3) by nonlinear regression. 
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Table 4-1. The apparent kcat, Km, and kcat/Km of tPA mediated 5IAF-Glu-Pg cleavage on untreated and 
TAFIa treated HMW-FDPs. The rate of 5IAF-Glu-Pg cleavage at each HMW-FDP concentration was fit 
to the Michaelis-Menten equation in terms of free Pg (Eq. 4-5) by nonlinear regression to determine the 
kcat(app) and the Km(app), shown ± S.E.M as given by the regression algorithm. These parameters could not be 
determined for 5IAF-Glu-Pg cleavage on TAFIa treated HMW-FDPs. Thus, the kcat(app)/Km(app) was 
determined by nonlinear regression to the Michaelis-Menten equation assuming Km>>[P] (Eq. 4-9). ND 
indicates not determined. 

 

[HMW-FDPs] 

(nM) 

Untreated HMW-FDPs  TAFIa Treated HMW-FDPs 

kcat(app) (s-1) Km(app) (nM) 
kcat(app)/Km(app) 

(μM-1s-1) 
 kcat(app) (s-1) 

Km(app) 

(nM) 

kcat(app)/Km(app) 

(μM-1s-1) 

25 0.009 ± 0.001 24.4 ± 8.9 0.38  ND ND 0.0053 

50 0.012 ± 0.001 15.3 ± 3.9 0.78  ND ND 0.0087 

75 0.020 ± 0.001 31.7 ± 3.3 0.62  ND ND 0.0116 

100 0.024 ± 0.001 26.2 ± 3.2 1.25  ND ND 0.0139 

150 0.029 ± 0.001 19.3 ± 3.6 1.50  ND ND 0.0163 

200 0.028 ± 0.001 9.7 ± 9.1 2.86  ND ND 0.0166 

300 0.031 ± 0.001 11.2 ± 1.4 2.75  ND ND 0.0197 
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Table 4-2. The apparent kcat, Km, and kcat/Km of tPA mediated 5IAF-Lys-Pg cleavage on untreated and 
TAFIa treated HMW-FDPs. The rate of 5IAF-Lys-Pg cleavage at each HMW-FDP concentration was fit 
to the Michaelis-Menten equation in terms of free Pg (Eq. 4-5) by nonlinear regression to determine the 
kcat(app) and the Km(app), shown ± S.E.M as given by the regression algorithm. ND indicates not determined. 

 
[HMW-

FDPs] 

(nM) 

Untreated HMW-FDPs  TAFIa Treated HMW-FDPs 

kcat(app) (s-1) Km(app) (nM) 
kcat(app)/Km(app) 

(μM-1s-1) 
 kcat(app) (s-1) 

Km(app) 

(nM) 

kcat(app)/Km(app) 

(μM-1s-1) 

25 0.019 ± 0.001 0.415 ± 0.297 47  0.003 ± 0.000 80.1 ± 19.1 0.03 

50 0.028 ± 0.001 0.300 ± 0.135 95  0.004 ± 0.000 43.8 ± 10.4 0.09 

75 0.039 ± 0.001 0.377 ± 0.098 103  0.006 ± 0.000 42.7 ± 8.6 0.14 

100 0.043 ± 0.001 0.362 ± 0.095 117  0.008 ± 0.001 32.5 ± 6.1 0.25 

150 0.042 ± 0.001 0.163 ± 0.032 259  0.010 ± 0.000 17.3 ± 1.7 0.56 

200 ND ND ND  0.015 ± 0.001 12.3 ± 2.1 1.23 

300 ND ND ND  0.015 ± 0.001 7.6 ± 1.0 1.97 
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HMW-FDPs because these reactions did not show saturation with respect to the 5IAF-

Glu-Pg concentration. The ratio kcat(app)/Km(app), however, did show saturation with respect 

to the HMW-FDP concentration. 

Since nonlinear regression of the data at all 5IAF-Pg (Glu- or Lys-Pg) and HMW-

FDP (untreated or TAFIa treated) concentrations could not fit all four parameters (kcat, 

Km, K, and KA) simultaneously, nonlinear regression was used to determine KA from the 

kcat(app)/Km(app) values at increasing HMW-FDP concentrations, as indicated in 

Experimental Procedures. By inputting a single value for KA into the global analysis, the 

other three parameters (kcat, Km, and K) could be determined (Table 4-3). The solid lines 

shown in Fig. 4-3 are the fits to the data determined by this regression analysis. The 

analysis showed that TAFIa decreases the rates of both 5IAF-Glu- and 5IAF-Lys-Pg 

cleavage, mostly a result of an increase in the Km. TAFIa decreased the kcat/Km for 5IAF-

Glu-Pg cleavage by 417-fold and the kcat/Km for 5IAF-Lys-Pg cleavage by 55-fold. These 

latter values show that TAFIa suppresses 5IAF-Glu-Pg cleavage 7.6 times more than 

5IAF-Lys Pg cleavage. 

TAFIa Attenuates Glu-Pn Protection From Inhibition By AP But Does Not Attenuate 

Lys-Pn Protection – Separate but identical clots formed by adding thrombin to Fg, Glu- 

or Lys-Pg, 5IAF-Glu- or 5IAF-Lys-Pg, AP, S2251, tPA, and TAFIa were monitored by 

absorbance (Fig. 4-4A and B) and fluorescence (Fig. 4-4C and D) to determine [Pn]f, 

rform, [AP], and kI(app) over time. TAFIa prolonged the lysis of clots containing Glu-Pg 

and Lys-Pg in a dose dependent manner (Fig. 4-5). The highest TAFIa concentration (500 

pM) increased the lysis time by 123 min in the presence of Glu-Pg and by 75 min in the 

presence of Lys-Pg. 
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Table 4-3. The kinetic parameters of tPA mediated 5IAF-Glu- and 5IAF-Lys-Pg cleavage on 
untreated and TAFIa treated HMW-FDPs. The rates of 5IAF-Glu- and 5IAF-Lys-Pg cleavage were fit 
to the steady state template model (Eq. 4-3) with a set KA, determined as described under Experimental 
Procedures. Values are presented as ± S.E.M. ND indicates not determined. 

 

Constant 

5IAF-Glu-Pg  5IAF-Lys-Pg 

Untreated TAFIa Treated  Untreated TAFIa Treated 

HMW-FDPs HMW-FDPs  HMW-FDPs HMW-FDPs 

kcat (s-1) 0.0428 ± 0.0022 ND  0.0595 ± 0.0048 0.0298 ± 0.0063 

KA (nM) 843 ± 687 90.9 ± 8.2  67.3 ± 40.6 406 ± 70 

KP (nM) 127 ± 32 645 ± 160  1.352 ± 0.547 23.3 ± 42.4 

K (nM) 95.4 ± 12.1 91 ± 145  48.5 ± 9.9 312 ± 312 

Km (nM) 4.04 ± 2.88 ND  0.031 ± 0.011 8.51 ± 4.56 

kcat/Km (μM-1s-1) 10.6 0.0254  192 3.5 
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Figure 4-4. Absorbance and fluorescence time course profiles of clots in the presence of Glu- or Lys-
Pg at increasing TAFIa concentrations. Clots containing either Glu- (A) or Lys-Pg (B) were monitored 
by absorbance at 405 (top solid lines in A and B) and 650 nm (bottom solid lines in A and B). Absorbance at 
405 nm measured S2251 hydrolysis and turbidity and absorbance at 650 nm measured turbidity only. From 
left to right, the TAFIa concentrations were 0, 100, 200, 300, 400, and 500 pM. Identical clots containing 
either Glu- (C) or Lys-Pg (D) were monitored by fluorescence to measure 5IAF-Glu- and 5IAF-Lys-Pg 
cleavage. The smoothed fluorescence profile for 0 (solid line) and 500 pM (dashed line) TAFIa are shown. 
The absorbance data was used to calculate [Pn]f, and the fluorescence data was used to calculate rform and 
[AP]. 
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Figure 4-5. The effects of TAFIa on clot lysis times in the presence of Glu-Pg or Lys-Pg. Clots formed 
from purified components containing either Glu- (closed circles) or Lys-Pg (open circles) were monitored 
by absorbance at 650 nm. The lysis time was taken as the time for the turbidity to reach 50% of its 
maximum. 
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Fig. 4-6 displays the [Pn]f, rform, [AP], and kI(app) over time in clots formed with Glu-

Pg. As panel A shows, Pn levels, following a lag phase, transiently plateaued, rose to 

peaks during lysis, and then subsided after the clot had dissolved. Both the Pn level in the 

plateau and the timing of the Pn peak were dependent on the TAFIa concentration. The 

plateau Pn level varied from 0.9 nM in the absence of TAFIa to 0.15 nM at 500 pM 

TAFIa. At each TAFIa concentration, Pn reached a maximum at 50% lysis; in other 

words, the peak in the Pn concentration coincided with the lysis time (data not shown). 

Previous experiments determined that the kI(app) for Pn inhibition by AP in solution is 

9.6 × 106 M-1s-1 (45). In the absence of TAFIa, the value of kI(app) dropped to 1.9 × 106 M-

1s-1 immediately after clot formation. It then rapidly decreased further to 0.2 × 106 M-1s-1, 

eventually reaching a minimum of 0.1 × 106 M-1s-1. Thus, intact fibrin protects Pn from 

inhibition by about 5-fold, and Pn modification of fibrin protects an additional 10-fold 

over intact fibrin. In total, Pn modified fibrin protects Pn from inhibition by 50-fold, 

which is consistent with previously published data (45). In the presence of TAFIa, kI(app) 

was 1.6 × 106 M-1s-1 immediately after clot formation, but the subsequent further drop in 

kI(app) seen in the absence of TAFIa was considerably delayed. Furthermore, the interval 

over which, kI(app) remained at about 1.6 × 106 M-1s-1 was dependent on the TAFIa 

concentration in that the interval increased with increasing concentrations of TAFIa. 

Fig. 4-7 displays the [Pn]f, rform, [AP], and kI(app) over time in clots formed with Lys-

Pg instead of Glu-Pg. In these experiments, Pn levels quickly reached a plateau, and the 

lag seen with Glu-Pg did not occur with Lys-Pg. The plateau Pn level was again 

dependent on the TAFIa concentration, ranging from 1.1 nM in the absence of TAFIa to 

0.6 nM at 500 pM TAFIa. Interestingly, the difference between the Glu- and Lys-Pg 
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Figure 4-6. The [Pn]f, rform, [AP], and kI(app) for clots formed in the presence of Glu-Pg. The absorbance 
and fluorescence data displayed in Figs. 4A and C were used to calculate [Pn]f (A), rform (B), [AP] (C), and 
kI(app) (D). The TAFIa concentrations shown are 0 pM (closed circles), 100 pM (open circles), 200 pM 
(closed triangles), 300 pM (open triangles), 400 pM (closed squares), and 500 pM (open squares). 
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Figure 4-7. The [Pn]f, rform, [AP], and kI(app) for clots formed in the presence of Lys-Pg. The absorbance 
and fluorescence data displayed in Figs. 4B and D were used to calculate [Pn]f (A), rform (B), [AP] (C), and 
kI(app) (D). The TAFIa concentrations shown are 0 pM (closed circles), 100 pM (open circles), 200 pM 
(closed triangles), 300 pM (open triangles), 400 pM (closed squares), and 500 pM (open squares). 
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plateau Pn concentrations increased with the TAFIa concentration. Again, Pn peaks were 

observed, but the maximum Pn concentrations did not coincide with the lysis times. 

Instead, the maximum Pn concentration occurred, on average, 10 min before the lysis 

time (data not shown). kI(app), in the absence of TAFIa, rapidly decreases to 0.1 × 106 M-

1s-1, similar to Glu-Pg. kI(app) reached a minimum for each TAFIa concentration at 

approximately the same time. A modest increase in kI(app) was observed as the TAFIa 

concentration increased, rising from 0.1 × 106 M-1s-1 in the absence of TAFIa to 0.3 × 106 

M-1s-1 at 500 pM TAFIa. This difference indicates only a very modest loss in protection 

of Lys-Pn by fibrin in the presence of TAFIa, in contrast to the large loss observed with 

Glu-Pn. 

 

Discussion 

Glu- and Lys-Pg Activation on Fibrin – HMW-FDPs and intact fibrin were used to 

study the effects of TAFIa on both Lys-Pg activation and Lys-Pn inhibition by AP. 

Plasmin modification of intact fibrin (as reflected by the activity HMW-FDPs) enhances 

the catalytic efficiency of both Glu-and Lys-Pg activation to similar relative extents (74.6 

and 71.5-fold, respectively). TAFIa treatment decreases the cofactor activity of HMW-

FDPs for both Glu- and Lys-Pg activation, but much more so for Glu-Pg. The kcat/Km 

values (relative to Glu-Pg activation on intact fibrin) on intact fibrin, HMW-FDPs, and 

TAFIa treated HMW-FDPs are 1.0 (25), 74.6, 0.18 for 5IAF-Glu-Pg cleavage, and 18.9 

(25), 1352, and 24.6 for 5IAF-Lys-Pg cleavage. 

The cofactor activity of TAFIa treated HMW-FDPs is only 0.18 relative to intact 

fibrin when Glu-Pg is the substrate. In contrast, when the Lys-Pg is substrate the 
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corresponding relative cofactor activities are 18.9 and 24.6. Thus, with Glu-Pg TAFIa 

ultimately reduces the cofactor activity of fibrin about 5.6-fold, but with Lys-Pg the 

cofactor activity of intact fibrin is retained after exposure to TAFIa. Much of the 

difference between Glu- and Lys-Pg activation is likely due to the difference in the 

affinity of both Glu- and Lys-Pg for the HMW-FDPs after TAFIa treatment. With both 

Glu- and Lys-Pg, TAFIa treatment increases the Km, which results in a depressed 

activation rate. However, the change is less pronounced for Lys-Pg than Glu-Pg. As a 

result, considerable Lys-Pg activation occurs even on TAFIa treated HMW-FDPs. 

Because TAFIa treated HMW-FDPs are a much better cofactor for Lys-Pg activation 

than Glu-Pg activation, it raises the possibility of two separate sites for Pg binding on 

HMW-FDPs, and in turn fibrin. Previous experiments by Nesheim et al. (38) showed that 

intact fibrin binds Lys-Pg but not Glu-Pg. One of the sites is certainly one of the 

carboxyl-terminal lysines exposed by Pn. The other site for Lys-Pg, however, remains 

uncertain, although an internal lysine remains the most likely candidate, as Pg binding is 

mediated through the kringle domains. Presumably, Lys-Pg can bind both sites with 

similar affinities, but Glu-Pg only weakly interacts with the internal lysine site. 

The Effects of TAFIa on Glu- and Lys-Pn Protection from AP by Fibrin – In the 

presence of Glu-Pg, TAFIa virtually abolishes the protective properties associated with 

Pn modified fibrin and as a consequence the free Pn within the clot is suppressed (Fig. 4-

6). However, when Lys-Pg is used in place of Glu-Pg, TAFIa has little effect on Pn 

inhibition (and therefore protection) or on the level of free Pn (Fig. 4-7). Thus, Lys-Pn is 

protected 16-fold better in the presence of TAFIa than Glu-Pn. The exact mechanism for 

Pn protection of fibrin remains unclear. Is Pn protection dependent on an exosite or on its 
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active site? Previous experiments on the Pn-AP reaction mechanism provide some 

insight. Pn inhibition by AP proceeds via a two-step mechanism: a fast, reversible, non-

covalent interaction between two regions of Pn and AP followed by a slow, irreversible, 

covalent step (85,86). The dissociation constant reported for the reversible step ranges 

from 0.2-2 nM (87). This step consists of an interaction between both the active site and 

the kringle domains of Pn with complementary regions on AP (88). Individually, these 

interactions are relatively weak (~1 µM), but together the interaction is very tight (87). 

Lysine analogues, such as εACA slow Pn inhibition by AP (87). Thus, Pn protection is 

likely mediated by lysines on fibrin interfering with the interaction between AP and the 

kringle domains on Pn. Because Glu-Pn binds TAFIa modified fibrin more weakly than 

Lys-Pn, it is more susceptible to inactivation by AP in the presence of fibrin. 

The Effects of TAFIa on Lysis Time With Glu- and Lys Pg – In previous work, Bajzar 

et al. (43), who added the zymogen TAFI to their clot lysis experiments, saw no 

prolongation with Lys-Pg. In the present work, when the enzyme TAFIa was added to 

clot lysis experiments, prolongation was observed with Glu and Lys-Pg. A plausible 

explanation for this apparent difference is that in the experiments of Bajzar et al. (43), the 

TAFIa was generated in situ over time, whereas in the current experiments it was 

available from the start. Because Lys-Pg is a 19-fold better substrate on fibrin than Glu-

Pg, lysis times with Lys-Pg are shorter than those with Lys-Pg and, therefore, enough Pn 

to lyse the clot was likely generated before enough TAFIa accumulated to prolong lysis. 

In the present experiments, the decrease in the cofactor activity of fibrin and consequent 

depression of Lys-Pg activation was enough to prolong lysis, despite little, if any, TAFIa 

mediated attenuation of Lys-Pn inhibition by AP. If thrombomodulin had been included 
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in the experiments of Bajzar et al. (43), they would likely have seen prolongation as 

TAFI activation would have occurred at a much faster rate. 

Summary Description of the Time Courses of Lysis, kI(app), and Free Pn During 

Fibrinolysis in the Absence and Presence of TAFIa. In order to visualize the relationship 

between lysis, kI(app), and [Pn]f, selected data from Figs. 4-4, 4-6, and 4-7 are displayed in 

Fig. 4-8. With Glu-Pg, in the absence of TAFIa (Fig. 4-8A), kI(app) decreases to 1.9 × 106 

M-1s-1 shortly after clotting; at the same time, [Pn]f begins to slowly increase. Once Pn 

modifies fibrin, as seen by a decrease in turbidity, [Pn]f rises to a transient plateau and 

kI(app) concurrently decreases, highlighting the increase in protection associated with Pn 

modified fibrin. During the plateau in [Pn]f, positive feedback then can occur and Pn 

likely begins generating Lys-Pg/Pn, which results in a sharp increase in [Pn]f and 

subsequently clot lysis. Once the clot dissolves, Pn protection from AP and Pg activation 

decrease, causing [Pn]f to subside. 

With Glu-Pg, in the presence of TAFIa (Fig. 4-8B), TAFIa noticeably prolongs the 

generation of Pn modified fibrin, which results in a low [Pn]f due to a relatively elevated 

kI(app). Once the TAFIa decays, Pn modified fibrin is generated, kI(app) decreases, and [Pn]f 

rapidly increases, eventually lysing the clot. The Pn made in the presence of TAFIa is 

most likely Glu-Pn because TAFIa suppresses the cofactor activity of Pn-modified fibrin 

in the conversion of Glu-Pg to Lys-Pg and therefore prevents the formation of Lys-Pg 

and (presumably) Lys-Pn (44). The Pn peak that appears during lysis is likely about half 

Glu-Pn and half Lys-Pg (34). 

When Glu-Pg is replaced with Lys-Pg (Figs. 4-8C and D), the Pn modified fibrin is 

made shortly after clotting in both the presence and absence of TAFIa. Lys-Pn is 
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Figure 4-8. A summary of the effects of TAFIa on clot lysis. The clot lysis profile (solid line), [Pn]f 
(closed circles), and kI(app) (open circles) over time are shown for the clots formed in the presence of Glu-Pg 
with no TAFIa (A) and with 500 pM TAFIa (B) or Lys-Pg with no TAFIa (C) and with 500 pM TAFIa (D). 
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similarly protected in both cases as indicated by similar kI(app) values. Thus, the decrease 

in [Pn]f, is caused primarily by a decreased Lys-Pg activation rate, which accounts for the 

increase in the clot lysis time in the presence of TAFIa. 

The observations suggest a subtle difference in mechanism in prolongation of lysis by 

TAFIa with Glu- and Lys-Pg. With Glu-Pg prolongation of lysis occurs because TAFIa 

both down regulates plasminogen activation and abolishes the protection of plasmin from 

AP associated with plasmin modified fibrin. Both effects lead to a reduced level of free 

plasmin. With Lys-Pg, prolongation occurs because TAFIa down regulates plasminogen 

activation only; TAFIa does not abolish the protection of Pn from AP. 

The Glu-to Lys-Pg/Pn conversion potentially serves as a switch to lyse the clot. In 

plasma, approximately 0.1% of TAFI is activated within 20 minutes after clot formation 

(89). TAFIa shuts down lysis by suppressing Glu-Pg activation, Glu- to Lys-Pg 

conversion, and increasing the rate of Glu-Pn inhibition. Upon TAFIa decay, Pn levels 

rise, reaching a steady state, due to an increase in its activation rate and a decrease in its 

inhibition rate. The Glu- to Lys- conversion begins generating the positive feedback for 

Pn generation by increasing the rate of Pn formation. Once Lys-Pn forms, the clot lyses. 

The question that remains, however, is what potential function or role does Lys-Pn have 

considering Glu- and Lys-Pn are equally protected in the absence of TAFIa? Others have 

shown that Pn is capable of activating TAFI (63). If TAFIa is generated at any point 

during lysis in the presence of Glu-Pn, lysis would likely cease because Glu-Pn would be 

rapidly inhibited. In the presence of Lys-Pn, any TAFIa generated would have little to no 

effect on inhibition and therefore lysis. In other words, there is no currently known 

mechanism to stop lysis in the presence of Lys-Pn. 
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Chapter 5 

General Discussion 

Clot formation and removal are complex processes involving numerous multi-

component enzyme complexes. The current studies were undertaken to further 

characterize the mechanisms involved in clotting and fibrinolysis. In chapter 2, the data 

showed that a sufficient stimulus is required to generate the burst of thrombin shortly 

after clotting, which is consistent with previously published data (90,55,47). Factor V 

activation is critical to thrombin generation. Factor Va binds factor Xa, forming the 

prothrombinase complex, and protects factor Xa from rapid inhibition (Fig 5-1). The 

burst of thrombin results in attenuation of both coagulation and fibrinolysis. Thrombin 

binds thrombomodulin, forming a complex which turns thrombin from a procoagulant to 

and anticoagulant and an antifibrinolytic. Thrombin-thrombomodulin activates both PC 

and TAFI. aPC cleaves the factors Va and VIIIa, inactivating these cofactors and 

attenuating thrombin generation. TAFIa removes the carboxyl-terminal lysine (and 

arginine) residues from Pn modification of fibrin. This action attenuates fibrinolysis by 

three mechanisms. Lysine cleavage removes Pg binding sites on fibrin (48), thereby 

reducing both Pg activation by tPA and fibrin degradation by Pn. In turn, reduced Pn 

binding renders the enzyme more susceptible to inhibition by AP (61). In Chapter 3, the 

data showed that removal of the lysine binding sites for Pg also increased the second 

order inhibition rate constant for tPA inhibition by PAI-1. In short, TAFIa attenuates 

fibrinolysis by causing the inhibition kinetics to dominate activation and feedback 

kinetics (Fig 5-2). Once TAFIa decays and can no longer effectively remove carboxyl-

terminal lysine residues, activation and feedback kinetics dominate inhibition kinetics
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Figure 5-1. The dominant reactions during clot formation. A sufficient concentration of the stimulus is 
required to generate thrombin. Factor Va formation is essential for factor Xa incorporation into 
prothrombinase, which is critical for the large burst of thrombin seen shortly after clotting.
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Figure 5-2. The dominant reactions between clot formation and clot lysis. The thrombin burst shortly 
after clotting activates TAFI to TAFIa. TAFIa removes lysine residues from Pn modified fibrin, thereby 
down regulating fibrinolysis. In the presence of TAFIa, Pn and tPA inhibition dominate, reducing free Pn 
concentration such that fibrinolysis does not occur. 
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Figure 5-3. The dominant reactions preceding and during early clot lysis. Once TAFIa decays, Pg 
activation and Pn feedback dominate inhibition, which results in increased Pn levels sufficient to lyse the 
clot. 
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(Fig 5-3). This change causes an increase in the Pn concentration sufficient to ultimately 

lyse the clot. 

TAFIa plays a critical role in maintaining a stable clot before Pn-mediated 

degradation. The studies described in chapter 3 showed that TAFIa suppresses 

fibrinolysis by increasing the rate at which PAI-1 inhibits tPA on fibrin. Upon carboxyl-

terminal lysine removal on fibrin by TAFIa, Pg binding to fibrin is reduced, thereby 

preventing significant tPA-Fn-Pg ternary complex formation. Without the significant 

protection provided by Pg, tPA is susceptible to inhibition by PAI-1. This study also 

showed a potential role for tc-tPA. Although, tc-tPA has similar enzymatic activity 

toward Pg as sc-tPA, it has a 2-3 fold higher rate constant for inhibition by PAI-1. This 

unique feature constitutes a negative feedback loop for Pg activation. Pn, in addition to 

cleaving fibrin, also cleaves sc-tPA to tc-tPA. Once formed, Pn can converts sc-tPA to its 

two chain form, increasing the rate of tPA inhibition by PAI-1, and thereby shutting 

down Pg activation. 

The studies in chapter 4 studied a potential mechanism where lysis could escape 

TAFIa mediated prolongation. In addition to modifying fibrin and tPA, Pn can also 

cleave Glu-Pg, forming Lys-Pg. Once Lys-Pg is formed, TAFIa has a substantially 

reduced effect on lysis. Although TAFIa is able to reduce the rate of Lys-Pg activation on 

fibrin, it does not affect Lys-Pn inhibition. If enough Lys-Pn is generated to lyse the clot, 

then TAFIa will not have any effect. This study raises an important question as to 

whether TAFIa is a true inhibitor of lysis, or merely attenuates lysis. In other words, if 

TAFIa were to be chronically generated such that it would be constitutively present 

within a clot (i.e. in a steady-state concentration), would TAFIa inhibit lysis indefinitely? 
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The system used to monitor the free Pn concentration within a clot over time could be 

used to quantify this question. 

The studies conducted in chapters 3 and 4 involve the ternary tPA-Fn-Pg complex. 

When this complex was first characterized quantitatively (25), the authours had to make 

some assumptions about the various rate constants that governed the process. Is fibrin 

binding by tPA or is the lifetime of the ternary complex more important when looking at 

the mechanism of Pg activation? These data could be obtained by surface plasmon 

resonance, which could provide all the associated rate constants of the steady-state 

template mechanism of Pg activation. 

The studies in chapter 2 provided insight into the mechanism of thrombin generation. 

Because coagulation is regulated by inhibitors and feedback, the phenomenon known as 

thresholding was shown to exist for thrombin generation initiated by multiple stimuli. 

One other result of thresholding is known as priming. In this scenario, a dose of a 

stimulus is provided such that the response does not appear. However, a second, identical 

dose may produce a response depending on how much the first dose has decayed. Future 

experiments can be performed in which a reaction is started with a dose of stimulus 

which does not produce detectable thrombin, followed by a second identical dose of 

stimulus as a function of time after the first dose. These experiments would determine if 

thrombin generation can experience priming. 

None of the experiments in chapter 4 were performed in the presence of Fg. Including 

Fg in the thresholding studies would show if thresholding also occurs over the initiation 

phase of coagulation, or just in the propagation phase. These experiments could test if the 

feedback reactions play a role in the small amount of thrombin generated shortly before 
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clotting occurs. The data in chapter 2 shows that these feedback reactions play a 

significant role in generating the large burst of thrombin associated with the propagation 

phase of clotting, but their role in the initiation phase is unclear. 

As chapters 3 and 4 showed, fibrinolysis, like coagulation, is also regulated by 

feedback and inhibition. Therefore, fibrinolysis may also experience thresholding. Using 

the purified clot system used to measure free Pn levels within a clot (chapter 4), 

experiment similar to those performed in chapter 4 could be performed to test this 

hypothesis. In these experiments, reactions would contain Pg, the precursor, AP and PAI-

1, the inhibitors, in the presence of Fg. The reactions would be started with thrombin (to 

form the clot) and varying concentrations of tPA, the stimulus. If thresholding occurs, no 

free Pn would be observed at low tPA concentrations, but would be generated at high tPA 

concentrations. 

Overall, the studies described here provide new mechanistic insights into coagulation 

and fibrinolysis. The quantitative approach taken in these studies has certainly raised 

more questions that can hopefully be answered in the future. 
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