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Abstract: 

 

Thrombin-activatable fibrinolysis inhibitor (TAFI), also called procarboxypeptidase U 

(proCPU), is a plasma zymogen that can be activated by thrombin, the thrombin-thrombomodulin 

complex, or plasmin.  The activated form of TAFI (TAFIa, CPU) removes C-terminal lysine 

residues of plasmin-modified fibrin (FN’) that mediate positive feedback in plasminogen (Pg) 

activation, thereby attenuating fibrinolysis.  The plasma concentration of TAFI is ~75nM.  Since 

the half-maximal effect of TAFIa occurs at 1nM, only about 1.3% of TAFI needs to be activated 

to exert an effect on clot lysis. 

The first objective of this work was to design a novel assay that can measure functional 

TAFIa levels in plasma.  We have successfully developed a reliable TAFIa assay that is sensitive 

to TAFIa concentrations as low as 12pM.  This assay is not confounded by endogenous levels of 

Pg or by a naturally occurring polymorphism at position 325 that affects the half-life of TAFIa. 

The second objective was to measure TAFI activation in vivo in primates in response to 

thrombin generation, E. coli-induced sepsis, or post-surgical stress.  It was found that 

chimpanzees generated substantial amounts of TAFIa in a transient manner which had a half-life 

of ~8 to 10 minutes in response to thrombin generation.  Baboons generated very high levels of 

TAFIa transiently in response to sublethal or lethal doses of E. coli.  Interestingly, baboons 

generated less TAFIa when infused with thrombin followed by the blocking of endothelial protein 

C receptor (EPCR) than when the baboons were infused with only thrombin.  Human patients that 

underwent hip replacement surgery showed sustained, elevated levels of TAFIa for up to 42 days 

after surgery.  

The third objective was to determine the kinetics of TAFIa-catalyzed release of bound 

plasminogen from soluble fibrin degradation products.  The kinetics conformed to the Michaelis-

Menten equation, which allowed the determination of Km, kcat and Vmax values for varying 
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concentrations of TAFIa.  In addition, the enzymatic activity of TAFIa appeared to saturate, 

probably because at a high concentration of TAFIa, the kinetics of plasminogen release were rate 

limiting. 
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Chapter 1: Introduction 

 



The coagulation and fibrinolytic cascades 

 

In a healthy individual, the coagulation and fibrinolytic cascades are tightly regulated to 

ensure a proper balance between fibrin (FN) deposition and removal (Figure 1).  This protects the 

vascular system from significant blood loss at a site of injury while its fluidity is ensured 

elsewhere (1).  When the two cascades are not properly balanced, the individual may bleed 

excessively or thrombose. 

Upon vascular injury, the initiation phase occurs, where the extrinsic pathway is triggered 

(Figure 2).  Tissue factor (TF) is released, which can then associate with factor VIIa (fVIIa) to 

form the fVIIa-TF complex (2,3).  The fVIIa-TF complex along with a negatively charged 

phospholipid surface and Ca2+ are referred to as the extrinsic factor Xase, which activates factor 

X (fX) to form factor Xa (fXa).  Factor Xa can interact with its cofactor, activated factor V (fVa) 

in the presence of a phospholipid surface, such as phosphatydylcholine/phosphatydylserine 

vesicles (PCPS) or activated platelets and Ca2+, to form the prothrombinase complex, which 

activates prothrombin (II) to form thrombin (IIa), the terminal serine protease in the coagulation 

cascade.  Cofactor fVa increases the Xa mediated IIa generation rate by 105-fold (4).  Thrombin 

converts fibrinogen to an insoluble fibrin mesh.  The initiation phase is immediately followed by 

the propagation phase which triggers the intrinsic pathway.  The pico- to nanomolar levels of IIa 

generated by the extrinsic pathway partially activate platelets and factor XI (fXIa), and cleave 

procofactors factor V and factor VIII, resulting in active cofactors fVa and fVIIIa, respectively 

(5,6).  Factor VIIIa is an important component of the intrinsic factor Xase complex, which 

consists of the serine protease factor IXa (fIXa), a phospholipid surface and Ca2+.  The intrinsic 

factor Xase shares a common pathway with the extrinsic factor Xase in forming prothrombinase, 

ultimately leading to thrombin generation.  The intrinsic pathway generates a large burst of IIa 

relative to that of the extrinsic pathway since the intrinsic factor Xase activates fX 50- to 100-fold  
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Figure 1. The balance between the formation and degradation of fibrin.  The terminal 
protease of the coagulation cascade, thrombin (IIa) converts fibrinogen (Fg) into an insoluble 
fibrin clot. The clot can then be lysed by the terminal protease of the fibrinolytic cascade, plasmin 
(Pn) to generate fibrin degradation products (FDPs).  The thrombin-thrombomodulin complex can 
form activated protein C (APC) and activated TAFI (TAFIa), which down-regulate the 
coagulation and the fibrinolytic cascade, respectively. Because TAFI is activated by the terminal 
protease of the coagulation cascade, IIa, and can attenuate fibrinolysis, it provides a molecular 
link between the two cascades. 
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faster than the extrinsic factor Xase (7,8).  Blood from individuals with deficiencies in factor VIII 

have a condition called hemophilia A.  They can form a clot via the extrinsic pathway but are 

unable to sustain a clot, a phenomenon known as “premature lysis”. This may be due to the 

inability of hemopheliac plasma to generate enough IIa in the propagation phase to activate 

sufficient levels of TAFIa to attenuate clot lysis, which consequently leads to excessive bleeding.  

As mentioned earlier, the terminal serine protease of the coagulation cascade, thrombin, cleaves 

Fg to form an insoluble fibrin clot.  Fibrinogen is a 340kDa plasma protein consisting of three 

pairs of disulfide bonded chains, α−, β−, and γ−chains (9).  It contains 3 globular domains, 

consisting of a central E domain flanked by two D domains which are connected by coiled-coil α-

helical regions of approximately 111 amino acids (10).  Each half molecule of Fg contains a pair 

of disulfide rings, which link chains α to β, β to γ, and γ to α (10).  In all, there are 29 disulfide 

bonds with no free sulfhydryl groups (10).  Fragment E contains 11 disulfide bonds (11).  The 

structure that comprises two-thirds of the C-terminal of the α-chain is denoted as αC (12,13).  

Thrombin initiates the formation of a blood clot by cleaving fibrinopeptide A (FPA) and 

fibrinopeptide B (FPB), short segments in the N-termini of the α- and β-chain, respectively, 

unmasking polymerization sites in the E domain.  These polymerization “knobs” on the E domain 

of one fibrin molecule allow non-covalent interaction with two neighbouring D domains of 

fibrin(ogen) in a half-staggered manner to produce double-stranded protofibrils, where within 

each strand, fibrin monomers are arranged end to end as shown in Figure 3.  Protofibrils then 

aggregate laterally to make thicker fibers to form a three-dimensional network of fibrin clot.  It 

was shown previously that FPA (16 residues) is cleaved from Fg much faster than FPB (14 

residues) (14).  The removal of FPA triggers the formation of protofibrils, whereas the removal of 

FPB promotes lateral aggregation (15-20).  The structure of a fibrin clot is further stabilized by 

IIa which activates factor XIII (fXIII).  Activated fXIII (fXIIIa) forms covalent isopeptide bonds 

between neighbouring D regions on γ-chains within a strand of a protofibril (21,22). 
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Figure 2. The coagulation cascade.  Upon vascular injury, the extrinsic pathway is triggered, 
and prothrombin (II) can be activated by prothrombinase to form small amounts of thrombin (IIa) 
in the initiation phase.  This is sufficient to convert fibrinogen into an insoluble fibrin clot.  This 
is also sufficient to initiate the intrinsic pathway, whereby IIa activates factor XI, ultimately 
leading to the formation of a large burst of IIa within the clot.  This large burst of IIa generation is 
sufficient to activate TAFI to suppress plasminogen activation, thereby attenuating the 
solubilisation of fibrin to fibrin degradation products (FDPs) 
(http://web.indstate.edu/thcme/mwking/blood-coagulation.html). 
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Figure 3.  The conversion of fibrinogen to fibrin. The terminal protease of the coagulation 
cascade, thrombin (IIa) cleaves fibrinopeptide A (FPA) and fibrinopeptide B (FPB) from α- and 
β-chains of fibrinogen (Fg), respectively.  This exposes polymerization sites in the E domain of 
Fg which then allows noncovalent interactions to occur between the E and D domains of 
neighbouring molecules, thereby forming double-stranded protofibrils.  These protofibrils can 
associate laterally and form an insoluble fibrin clot.  The clot is stabilized by covalent cross-
linkages between adjacent D domains in the γ-chain by the action of factor XIIIa.  C-terminal 
arginine residue of FPB can also be removed by TAFIa (Nesheim, M. (2003) Chest 124, 33S-
39S). 
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Several proteins exist to regulate the coagulation cascade.  As soon as the fVIIa-TF 

complex activates fIX and fX, tissue factor pathway inhibitor (TFPI) inactivates the complex as 

well as fXa (23,24).  Also, when IIa binds to TM which is constitutively expressed throughout the 

vasculature (25), the IIa-TM complex activates protein C to form activated protein C (APC).  

This enzyme acts as an anti-coagulant by cleaving and inactivating fV/fVa and fVIII/fVIIIa.  

Antithrombin, a thrombin inhibitor, is present in plasma at a concentration of 5μM and 

inactivates thrombin at a relatively slow rate.  However, heparin, a glycosaminoglycan that can be 

found in porcine intestine (26), increases the inactivation of thrombin by catalyzing the reaction 

between thrombin and antithrombin (27-29).  Antithrombin can also inhibit other proteases 

involved in the coagulation cascade, including factors Xa, IXa, XIa, and XIIa, as well as plasmin.  

Hirudin is a naturally occurring peptide in the salivary glands of Hirudo medicinalis, and is the 

most potent natural direct inhibitor of thrombin (30). 

 Once a mature fibrin clot is formed, fibrin itself acts as a cofactor in its own degradation 

(31-33).  An overview of the fibrinolytic cascade can be seen in Figure 4.  In order to understand 

this figure, proteins involved in this regulatory pathway will be first discussed. 

Plasminogen (Pg) is a single polypeptide chain glycoprotein with 791 amino acids.  This 

inactive zymogen is synthesized in the liver and is present in blood plasma at a concentration of 

~2.4μM (34).  Plasminogen can be cleaved by tissue-type plasminogen activator (t-PA) at Arg-

560 to form the terminal serine protease of fibrinolysis, plasmin (Pn), a two-chain protein that is 

held together by 2 disulfide bridges (35).  Native structure of Pg, Glu-Pg, has a glutamic acid at 

the N-terminus with a molecular weight of 88kDa (36) and can be cleaved by plasmin at Lys-77 

to generate Lys-Pg, which has a molecular weight of 83kDa (36).  Lys-Pg is a 20-fold better 

substrate for t-PA than the native Pg (37,38), thus providing a positive feedback in the activation 

of Pg.  There are several other activators of Pg.  Urokinase (u-PA) is a trypsin-like serine protease 

which can activate Pg directly.  It is not involved in normal clotting processes but can be used in 
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thrombolytic therapy, as can streptokinase, a non-enzyme protein from streptococci bacteria 

which indirectly activates Pg (39).  A plasminogen activator isolated from the saliva of vampire 

bats (Desmodus rotundus) (DSPAα1), has over 72% amino acid sequence identity to t-PA (40) 

and is considered more fibrin specific than t-PA since DSPAα1 lacks the K2-domain (a lysine-

binding kringle) which prevents it from binding to either (DD)E (the smallest fibrin degradation 

product) or Fg (41).   

As mentioned previously, active Pn digests fibrin (FN), generating plasmin-modified 

fibrin (FN’) that contains newly exposed C-terminal lysine and arginine residues (Figure 4).  FN’ 

has 3-fold greater cofactor activity in t-PA-mediated Pg activation compared to that of FN (42).  

In addition, FN’ is a cofactor for the plasmin-catalyzed conversion of Glu-Pg to Lys-Pg and Glu-

Pn to Lys-Pn (43,44).  Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) can further 

modify FN’ by removing these C-terminal lysine residues to generate FN’’, which has 1 percent 

of the cofactor activity of FN in t-PA-mediated Pg activation (42). 

There are several serine protease inhibitors (SERPINs) in plasma that regulate 

fibrinolysis.  The first is plasminogen activator inhibitor, type I (PAI-1), which, as its name 

suggests, inhibits t-PA.  Another inhibitor is the potent serine protease inhibitor, α2-antiplasmin 

(α2-AP), which targets both Glu-Pn and Lys-Pn.  Once Pn is formed, Pn is quickly inhibited by 

α2-AP, a 67kDa protein, which forms a tight, irreversible complex with Pn (45).  When a 

plasmin-modified fibrin clot is present, the rate of inhibition of Pn by α2-AP is 100-fold lower 

than without FN’ (45). 

Thrombin-activatable fibrinolysis inhibitor (TAFI) provides a linkage between the 

coagulation and fibrinolytic cascades.  Activated TAFI (TAFIa) cleaves C-terminal lysine and 

arginine residues of FN’ to form FN”.  FN’’ has decreased cofactor activity compared to that of 

FN’, thus diminishing positive feedback in t-PA mediated Pg activation.  The fibrinolytic cascade  
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Figure 4. The fibrinolytic cascade.  Plasminogen (Gpg, Lpg) is activated to the serine protease 
plasmin (Gpn, Lpn) by tissue-type plasminogen activator (t-PA).  Plasmin can then digest an 
insoluble fibrin clot to expose newly exposed C-terminal lysine and arginine residues on fibrin 
(FN’), which has a 3-fold greater cofactor activity in t-PA mediated plasminogen activation 
compared to that of intact fibrin (FN).  C-terminal lysine residues can then be cleaved by TAFIa, 
forming FN’’, which has 1 percent of the cofactor activity of FN in t-PA mediated plasminogen 
activation.  Two irreversible inhibitors of fibrinolysis are also shown here: PAI-1 and α2-AP, 
which inhibit t-PA and plasmin, respectively. 
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terminates when FN’ and FN” are further digested to form soluble fibrin degradation products 

(FDPs). 

 

Thrombin Activatable Fibrinolysis Inhibitor (TAFI) 

TAFI was discovered by several laboratories around the same time, thus obtaining several 

different names.  Hendriks et al. (46,47) detected a carboxypeptidase B-like activity in human 

serum.  They found that this enzyme was thermally unstable, so they named it carboxypeptidase 

U (CPU, where “U” stands for unstable).  Campbell and Okada observed an increase of arginine 

carboxypeptidase activity induced during coagulation.  They named this enzyme 

carboxypeptidase R (CPR, where “R” stands for arginine) (48). Eaton et al. discovered the TAFI 

zymogen when trying to identify additional plasma proteins that interact with Pg utilizing Pg-

Sepharose affinity chromatography (49).  The authors named the zymogen plasma 

procarboxypeptidase B (pro-pCPB), where “B” stands for basic, because the active enzyme had 

similar activity as pancreatic CPB.  Upon studying the mechanism of activated protein C (APC) 

and its profibrinolytic effect, Bajzar et al. (50) purified the same protein as the authors previously 

mentioned and found that it can be activated by thrombin and can attenuate fibrinolysis; thus, 

they named the protein thrombin-activatable fibrinolysis inhibitor (TAFI). 

TAFI is a 56kDa single-chain metallocarboxypeptidase that is synthesized in the liver and 

circulates as a zymogen in human plasma at a concentration of ~75nM (50).  Since the half-

maximal effect of TAFIa occurs at 1nM (51), only about 1.3% of the TAFI zymogen needs to be 

activated to have a significant effect on fibrinolysis.  TAFI contains a zinc ion in the preformed 

active catalytic unit that has a substrate-binding site (49).  This preformed catalytic site is covered 

by an activation peptide, which can be removed by cleavage at Arg-92 by thrombin (IIa) (49,50), 

the thrombin-thrombomodulin complex (IIa-TM) (51), or plasmin (Pn) (52), thus activating 
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TAFI.  Activation of TAFI by IIa alone is an inefficient process (Km 0.5 - 2.1μM; kcat 0.0021s-1) 

(51,53,54).  The endothelial cell thrombin receptor, thrombomodulin (TM), stimulates the IIa 

mediated activation of TAFI by 1250-fold, which is almost exclusively due to an increase in kcat  

(kcat in the presence of TM is 0.4 - 1.2s-1) (51,53,54).  Compared to IIa, the Km for plasmin-

mediated TAFI activation in the presence of heparin is much lower (55nM), but the kcat is 5-fold 

lower (0.0004s-1) (52).  Thus, the IIa-TM complex is thought to be the physiologic activator of 

TAFI.  Interestingly, the concentration of TM may determine the outcome of the overall effect of 

the coagulation and the fibrinolytic effect: TM is antifibrinolytic at low concentrations (5nM) and 

profibrinolytic at high concentrations (10nM) (55).  

TAFI has four N-linked glycosylation sites located in the activation peptide: Asn-22, 

Asn-51, Asn-63, and Asn-96.  These glycosylation sites are what give TAFI an apparent 

molecular weight of 60kDa in gel electrophoresis in dodecyl sulphate (53,56).  TAFI zymogen 

can be cleaved after Arg-92 by IIa to yield an activation peptide and the TAFIa enzyme with a 

Mw ~35kDa.  TAFIa can then subsequently be cleaved by IIa at Arg-302 to yield Mw ~25kDa 

and Mw ~11kDa fragments.  The trypsin-cleavage sites of TAFI were identified by SDS-PAGE 

and sequencing, which showed that it can be cleaved at Arg-330 as well as Arg-92 (49).  A TAFI 

mutant, Arg330Gln, was activated and inactivated at similar rates as the TAFI wild-type, 

implying that Arg-330 is not responsible for the inactivation of TAFIa.  Previous studies by Boffa 

et al. (57) have shown that the extent of TAFIa cleavage by IIa does not affect the rate of decay 

of TAFIa activity, suggesting that TAFIa activity is regulated by its thermal instability rather than 

the proteolytic cleavage of it.  This is in agreement with previous findings where the decay of 

TAFIa activity was shown to be associated with a substantial decrease in the intrinsic 

fluorescence of TAFIa (53). Interestingly, competitive, reversible inhibitors of TAFIa can 

stabilize TAFIa by protecting TAFIa from proteolytic cleavage (58) as well as spontaneous 

thermal decay (53).  
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There are several reversible competitive inhibitors of TAFIa, such as 2-

guanidinoethylmercaptosuccinate (GEMSA, an arginine analogue), ε-ACA (a lysine analogue), 

and potato tuber carboxypeptide inhibitor (PTCI).  Previous studies have found paradoxical 

effects of GEMSA and PTCI on t-PA induced fibrinolysis (59,60).  These inhibitors displayed a 

biphasic antifibrinolytic effect, unexpectedly prolonging fibrinolysis at lower concentrations and 

enhancing clot lysis at higher concentrations (59).  These inhibitors also slowed down the 

proteolytic cleavage at Arg-302, suggesting that the conformational change of TAFIa makes it 

more susceptible for proteolysis (52,58,61,62).  Schneider et al. (59) postulated that the complex 

behaviour is a result of the inhibitors’ ability to maintain a pool of TAFIa bound to inhibitor that 

inactivates slowly which can serve to buffer the free TAFIa pool that inactivates quickly. 

There are no known physiological inhibitors of TAFIa.  However, it is thought that 

thermal instability is the main mechanism for the regulation of TAFIa (53).  A naturally occurring 

polymorphism comprising threonine or isoleucine at position 325 exists.  Although the threonine 

TAFIa variant has a half-life of 1-2 hours at 20°C and is stable indefinitely at 0°C, its half-life at 

37°C is only 8 minutes (53,63).  The half- life of the isoleucine variant is 15 minutes at 37°C and, 

consequently, its antifibrinolytic activity is 60% greater than that of the threonine variant (63). 

 

TAFI and its potential clinical implications 

 Although a direct role of TAFI in thrombotic diseases has not been shown, epidemiologic 

studies as well as animal studies suggest the possible involvement of TAFI in various 

cardiovascular diseases.  In the Leiden Thrombophilia Study, elevated levels of plasma TAFI 

have been associated with elevated risk for venous thrombosis (64).  In a study in France, 

increased TAFI levels were found in patients with stable angina pectoris and coronary heart 
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disease (65).  Interestingly, a study in Northern Ireland did not see the same results as the study 

from France (66).   

 Studies in animal models have shown that TAFIa can function as an antifibrinolytic agent 

in vivo.  Redlitz et al. (67) showed that a carboxypeptidase B-like activity is induced when 

thrombolysis is initiated in a canine thrombolysis model.  Klement et al. (68) studied the impact 

of a TAFIa inhibitor, PTCI, on t-PA-induced clot lysis in a rabbit model of arterial thrombolysis 

and found that when the inhibitor was administered along with t-PA, numerous parameters 

associated with thrombolysis were enhanced.  Nagashima et al. (69) examined the impact of 

PTCI on t-PA-mediated clot lysis in a rabbit model of venous thrombolysis, and saw that the 

TAFIa inhibitor effectively tripled the effect of a given dose of t-PA.  These studies suggest that 

TAFIa inhibitors could be employed along with t-PA in thrombolytic therapy.  

 Whether drugs will inhibit TAFIa or suppress TAFI activation in order to promote 

endogenous fibrinolysis is not yet known.  Two independent groups investigated the 

physiological role of TAFI in knockout mice (70,71).  TAFI-deficient mice exhibited normal 

embryonic development, normal fertility and had a normal life expectancy.  No signs of bleeding 

or other phenotypic abnormality were observed.  In order to induce a phenotype, several acute 

challenges were tested: models for venous and arterial thrombosis, thrombin-induced acute 

thromboembolism, endotoxin-induced Disseminated Intravascular Coagulation (DIC), tail 

bleeding and kaolin-induced writhing response.  None of these models showed a difference 

between knockout and control animals (70,71).  However, a role for TAFI in models of 

pulmonary embolism and peritoneal inflammation could be observed after back-crossing TAFI-

deficient mice into a heterozygous Pg background (71).  This indicates that redundancy in the 

regulation of the fibrinolytic system may mask the phenotype of TAFI-deficient mice, but that 

TAFI does modulate the in vivo functions of Pg in fibrinolysis.  In addition to TAFI’s role in 
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fibrinolysis, TAFI-deficient mice showed disturbed keratinocyte migration with delayed and 

altered wound healing (72). 

 A role for TAFI in inflammatory disease has also been suggested.  TAFI levels in 

plasmas of normal individuals were found to correlate with markers of acute-phase response (C-

reactive protein and haptoglobin (65)) and in mice and rats, TAFI was identified as an acute-

phase reactant (73).  Plasma levels of soluble thrombomodulin are elevated in patients with DIC 

(74) and a previous study showed that increased concentrations of soluble thrombomodulin 

stimulates TAFI activation (75).  Endotoxin induced the downregulation of protein C mRNA 

(76), and protein C antigen decreased progressively during the initial stages of DIC in humans 

(77), suggesting that the inhibition of TAFI activation by the protein C pathway is decreased (78).  

Interestingly, oxidation of Met-388 in thrombomodulin by activated neutrophils (79) selectively 

blocks protein C activation, but has no effect on TAFI activation (80).  TAFI levels measured 

both by antigen detection and functional assays were found to be significantly lower in patients 

with DIC than normal (81).   

 

Objectives 

 The objectives of this project are: 1) to design a novel assay that can measure 

functional TAFIa levels in plasma, 2) to utilize this assay to measure TAFI activation in vivo 

in three different primate systems in response to IIa generation, E. coli-induced sepsis, or 

post-surgical stress, and 3) to apply the principles of this novel assay to determine the 

kinetics of TAFIa-catalyzed removal of bound plasminogen from soluble fibrin degradation 

products. 
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Abstract 

 

Thrombin-activatable fibrinolysis inhibitor (TAFI), also called procarboxypeptidase U (proCPU), 

is a plasma zymogen that can be activated by thrombin, the thrombin-thrombomodulin complex, 

or plasmin.  The activated form of TAFI (TAFIa, CPU) removes C-terminal lysine residues of 

plasmin-modified fibrin (FN’).  This effect allows a positive feedback mechanism in plasminogen 

(Pg) activation, thereby attenuating fibrinolysis.  The plasma concentration of TAFI is ~75nM.  

Since the half-maximal effect of TAFIa occurs at 1nM, only ~1.3% of TAFI needs to be activated 

to exert an effect on clot lysis.  The assay is performed by mixing soluble FN’ covalently attached 

to a quencher and fluorescein-labelled Pg.  The sample containing TAFIa is then added and the 

rate of fluorescence increase due to removal of C-terminal lysine from FN’ and loss of Pg binding 

is measured with a fluorescence plate reader.  The assay is sensitive for TAFIa at a concentration 

as low as 12pM in the sample.  The intraassay variability and the interassay variability were 6.3% 

and 8.3%, respectively.  This assay was not confounded by the naturally occurring TAFI 

Thr325Leu polymorphism that affects the thermal stability of TAFIa or by endogenous 

plasminogen in plasma. 
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Introduction: 

The importance of C-terminal lysine residues of fibrin degradation products 

Carboxyl-terminal lysine residues of fibrin are important in regulating fibrinolysis 

because several proteins involved in the fibrinolytic cascade, such as Pg, Pn, and t-PA, contain 

kringle domains that mediate binding to the newly exposed lysine residues of plasmin-modified 

fibrin (FN’) (34,37,38,82,83).  Activated TAFI (TAFIa), a carboxypeptidase B-like enzyme, 

removes these newly exposed C-terminal lysine residues on FN’; this results in the suppression of 

fibrinolysis by several means.  TAFIa removes Pg binding sites on FN’, thereby diminishing the 

cofactor activity of FN’ of t-PA-mediated Pg activation by approximately 100-fold (84).  

Interestingly, TAFIa inhibits the activation of Glu-Pg but does not prolong the lysis of clots 

formed in the presence of Lys-Pg (50).  TAFIa also removes the protective effect of FN’ on Pn 

inhibition by α2-antiplasmin (α2-AP), α2-macroglobulin and α1-protease inhibitor (85-87) and 

attenuates the conversion of Glu-Pg to Lys-Pg by Pn, which is a 20-fold better substrate for t-PA 

(37), thus down-regulating the positive feedback in Pg activation.  TAFIa can also directly inhibit 

plasmin at elevated concentrations (42). 

 A study by Hoylaerts et al. (37) examined the kinetics of the activation of Glu-Pg and 

Lys-Pg by a two-chain form of human t-PA in purified systems in the presence of Fg and FN.  

The authors found that both Glu-Pg and Lys-Pg did not bind to Fg very well, having Km and 

catalytic rate constant of 28μM and 0.3s-1 for Glu-Pg and Km and catalytic rate constant of 1.8μM 

and 0.3s-1 for Lys-Pg, respectively.  Both forms of Pg bound to FN with much higher affinity than 

to Fg: the Km and the catalytic rate constant was 0.16μM and 0.1s-1 for Glu-Pg and the Km and the 

catalytic rate constant was 0.02μM and 0.2s-1 for Lys-Pg (37).  Horrevoets et al. also studied the 

kinetics of fibrin-stimulated Glu- and Lys-Pg activation by native t-PA and variants of t-PA that 

lack either the finger or kringle2 (lysine-binding) domain (88).  This study indicated that at any 
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particular concentration of fibrin, the kinetics of Pg activation conform to the Michaelis-Menten 

equation, as long as the Pg concentration is expressed as free, rather than total, concentration.  

They also concluded that catalytic efficiency is determined by the stability of the ternary 

activator-fibrin-Pg complex rather than the binding of the activator or Pg to fibrin (88). 

 

Other Carboxypeptidases 

TAFI and the zymogen, pancreatic procarboxypeptidase B (pro-CPB) are highly 

homologous, sharing 40% amino acid identity (49,89).  Pancreatic procarboxypeptidase B is a 

46kDa zymogen that consists of a catalytic domain and an activation segment that masks the 

preformed active site.  This activation peptide can be removed by cleavage at Arg-95 by trypsin, 

thus revealing the substrate-binding site and forming the 35kDa active enzyme, pancreatic 

carboxypeptidase B (CPB), which removes C-terminal arginine and lysine residues (90).  The 

activation peptide can further be cleaved at Arg-81.  The enzyme level in normal serum is almost 

undetectable; it is present only during pancreatitus (91).  An important characteristic of pancreatic 

CPB is that unlike TAFIa, it is a stable protease (90).   

There are two known carboxypeptidases present in plasma: TAFIa and carboxypeptidase 

(CPN).  CPN is a constitutively active plasma metallocarboxypeptidase that was discovered in 

1948 as an enzyme that inactivates bradykinin (92).  The 280kDa glycoprotein exists as a 

tetramer, consisting of two 50kDa catalytic subunits and two non-catalytic 83kDa subunits.  The 

subunits are held together by non-covalent interactions (93).  It is synthesized in the liver and is 

secreted in the circulation in its active form.  It was shown to cleave a wide range of substrates 

with C-terminal arginine or lysine residues, including kinins, anaphylatoxins (C4a, C4a, and 

C5a), and fibrinopeptides A and B.  Like TAFIa, CPN contains a zinc ion in its active center, and 

removal of this metal ion by chelating agents such as 1,10-phenanthroline and ethylenediamine 
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tetraacetic acid (EDTA) results in the loss of enzymatic activity.  There are several important 

differences between CPN and TAFIa.  As mentioned earlier, CPN is constitutively active in 

plasma whereas TAFIa is generated in response to coagulation.  TAFIa, but not CPN, was shown 

to be involved in fibrinolysis, reducing the rate of whole blood clot lysis induced by t-PA (94).  

Lastly, carboxypeptidase inhibitor from potato tubers (PTCI) is specific to TAFIa, thus providing 

a means to detect TAFIa even in the presence of CPN in plasma. 

 

Other TAFI/TAFIa assays 

Several synthetic substrates, such as hippuryl-arginine, furylacryloyl-alanyl-arginine 

(FAAR), furylacryloyl-alanyl-lysine (FAAK), anisylazoformyl-lysine (AAFK), and 

anisylazoformyl-arignine (AAFR), are available to quantify levels of TAFIa in purified systems 

(95-97).  They, however, are not sufficiently specific to quantify TAFIa in plasma due to the 

presence of the constitutively active carboxypeptidase B-like enzyme, carboxypeptidase N 

(CPN).  This enzyme circulates in plasma at a concentration of 100nM (92) resulting in a high 

background activity.   

There are several TAFI/TAFIa assays described in literature.  There are enzyme-linked 

immunosorbent assay (ELISA) kits with monoclonal and polyclonal antibodies that are available 

for measuring TAFI antigen concentrations (98-100).  However, different monoclonal antibodies 

have different reactivities toward TAFI zymogen, TAFIa, inactive TAFIa (TAFIai), as well as 

their cleavage products and to a naturally occurring polymorphism at position 325.  Different 

ELISA kits may measure as low as 44% of normal TAFI levels due to differential reactivity of 

antibodies (101). 

Willemse et al. (95) developed a fast kinetic assay for measuring continuous release of C-

terminal arginine residues by TAFIa, independent of the nature of the substrate peptide used.  
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This assay utilized arginine kinase, pyruvate kinase, and lactate dehydrogenase as auxiliary 

enzymes; their results were in accordance with their HPLC-assisted reference assay.  However, 

the substrates are quite expensive and the presence of the constitutively active carboxypeptidase 

N (CPN) creates high background noise.  

Another extremely sensitive assay for TAFIa (which can detect as low as 2pM) utilizing 

electrochemiluminescence (ECL) has been described (102).  In this assay, a peptide substrate 

contains the epitope for antibody G2-10 binding, which is masked by a C-terminal arginine.  

Upon the removal of the C-terminal arginine residues by carboxypeptidases such as TAFIa, the 

epitope is exposed, allowing the binding of ruthenylated G2-10 which can then be detected using 

ECL.  However, this assay requires the collection of at least 30-40mL of plasma samples for a 

TAFIa purification step; thus, this assay is not feasible for clinical purposes. 

Guimaraes et al. (103) developed a functional TAFIa assay based on the ability of TAFIa 

to retard plasma clot lysis.  This in vitro clot lysis assay was done in duplicate, one with and one 

without PTCI, thus accounting for CPN activity.  The downfall of this assay is that it is sensitive 

to a naturally occurring polymorphism at position 325 as well as to plasma TAFI antigen levels 

(103).  Another concerning fact was that an additional variation was observed that could not be 

explained by either of these factors, which suggests other sources of TAFI variation such as 

differences in activation rates and intrinsic stability.   

Previously, Neill et al. (104) developed a TAFIa assay which can reliably measure levels 

of TAFIa in plasma.  Their assay was based on the ability of TAFIa to remove the C-terminal 

lysine residues from high molecular weight soluble fibrin degradation products and thereby 

reduce their cofactor activity in Pg activation.  There were several drawbacks to this assay: 1) 

TAFI polymorphism at position 325 had a small but non-negligible effect on the measurement of 

TAFIa, 2) TAFIa levels were measured indirectly by measuring the rates of Pg activation which 

20 



are affected in a TAFIa-concentration dependent manner, and 3) the assay takes several hours to 

perform and it uses reagents that are not readily available (such as DSPAα1); thus, it is not well 

suited for routine application in a clinical setting. 

 

Principles of the TAFIa assay 

We have developed a novel and sensitive assay for measuring TAFIa levels in plasma.  

Like the assay developed by Neill et al., this assay is also based on the ability of TAFIa to 

remove C-terminal lysine and arginine residues.  However, our assay directly measures the 

release of Pg from soluble FDPs rather than measuring the activation of Pg, and thus, it is a more 

direct, single-stage assay.  The quantification of TAFIa was made possible by using two specific 

tools in this assay.  The first is the recombinant Glu-Pg derivative that has the latent active site 

serine mutated to a cysteine (S741C), which can subsequently be labelled with the thiol reactive 

fluorescent probe 5-iodoacetamidofluorescein (5IAF-Pg).  The other tool was QSY-labelled FDPs 

(QSY-FDPs).  The absorbance spectrum of QSY, a thiol-reactive quencher, and the emission 

spectrum of 5IAF have a significant overlap (Figure 5); thus, the two probes were utilized for the 

assay.  Fibrinogen can be selectively reduced with β-mercaptoethanol by employing methods 

described by Budzynski et al. (105).  This method reduces 4 of the 29 disulfide bonds of Fg that 

are available within the N-terminal, thus providing up to 8 sites where QSY can be covalently 

attached.  Budzynski et al. showed that in spite of breaking some S-S bonds and producing new 

SH groups in the reduced Fg derivative, clottability and susceptibility of this protein to heat 

denaturation did not change significantly (105).  The Fg derivative with covalently bound QSY 

can then be subjected to clot formation and degradation to generate QSY-linked fibrin 

degradation products (QSY-FDPs).  
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Figure 5. Spectra of QSY9 C5 maleimide and 5-iodoacetamidofluorescein.  Spectra have been 
normalized to 100% using the maximum excitation and emission for each dye when the excitation 
beam was 483nm.  The emission spectrum of 5-idodoacetamidofluorescein (“Em. 5IAF”) has a 
significant overlap with the absorbance spectrum of QSY9 C5 maleimide (“Abs. QSY”), 
indicating that the pair of probes is potentially a good match for Fluorescence Resonance Energy 
Transfer (FRET) experiments.  Furthermore, excitation of 5IAF (“Ex. 5IAF”) has very little effect 
on the absorbance of QSY9 C5 maleimide  

(http://probes.invitrogen.com/resources/spectraviewer/). 
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Figure 6. Principles of the TAFIa assay.  Upon the binding of 5IAF-Pg to the C-terminal lysine 
residues (indicated by *) of QSY-FDPs, its fluorescence is quenched.  The bound and unbound 
forms of QSY-FDPs are in equilibrium.  TAFIa catalyzes the removal of the C-terminal lysine 
residues, thereby shifting the equilibrium to the left. This results in the release of 5IAF-Pg and 
consequently increased fluorescence, the rate of which is measured to quantify TAFIa. 
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The principles of the TAFIa assay are outlined in Figure 6.  QSY-FDPs are in equilibrium 

between two forms: unbound and bound to 5IAF-Pg.  When 5IAF-Pg binds to the C-terminal 

lysine residues of QSY-FDPs, indicated by the asterisk, its fluorescence is quenched.  Once 

TAFIa is introduced, it acts to remove these lysine residues thus decreasing the available binding 

sites for 5IAF-Pg on QSY-FDPs and consequently shifting the equilibrium to the left.  This in 

turn results in the release of 5IAF-Pg in a TAFIa concentration dependent manner and an increase 

of its fluorescence, thereby allowing a means to measure the TAFIa concentration by determining 

the rate of fluorescence intensity increase.  Since CPN has been shown to be not involved in 

fibrinolysis (94), this assay would not be affected by the presence of CPN in plasma.  As 

mentioned previously, since Glu-Pg binds Fg with very low affinity, fluctuations in plasma Fg 

levels would not affect the assay. 

 

Experimental procedures 

Materials 

Fresh frozen citrated human plasma was obtained from the blood bank of Kingston 

General Hospital (Kingston, Canada).  Plasminogen was isolated from plasma using methods 

described by Castellino and Powell (34) with modifications by Walker and Nesheim (9) utilizing 

lysine-Sepharose.  It was stored at -80°C.  Human fibrinogen was prepared using the methods 

described by Walker and Nesheim (9) with modifications by Neill et al. (104).  Isolated 

fibrinogen was stored at -80°C.  Prothrombin was isolated and thrombin was prepared as 

described by Lundblad et al. (106) with modifications by Bajzar et al. (107), and was stored at -

20°C.  Plasmin was purchased from Haematologic Technologies Inc. (Essex Junction, VT).  The 

thrombin inhibitor, D-Phe-Pro-Arg chloromethyl ketone (PPAck) and the plasmin inhibitor, D-

Val-Phe-Lys chloromethyl ketone (VFKck) were purchased from Calbiochem (San Diego, CA, 
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USA).  Recombinant human TAFI variants were prepared as described previously (53,63).  The 

recombinant plasminogen with a single mutation of the latent active site serine to a cysteine 

(S741C) was isolated and labelled with the fluorescent derivative 5-iodoacetamidofluorescein 

(5IAF-Pg) as described by Horrevoets et al. (38).  Recombinant human soluble thrombomodulin 

(Solulin) was a generous gift from Dr. Oliver Kops, Paion, GmbH (Aachen, Germany). QSY9 C5 

maleimide was purchased from Invitrogen (Burlington, Canada). TAFI-deficient plasma (TDP) 

was prepared as described by Neill et al. (104), by subjecting human citrated plasma to affinity 

chromatography using a column of immobilized anti-human TAFI monoclonal antibody.  

Plasminogen- and TAFI-deficient plasma was prepared by subjecting plasma from the previous 

step that is TAFI-deficient to affinity chromatography using a lysine-Sepharose column as 

described previously (104).  

 

Preparation and characterization of QSY-labelled FDPs 

Twenty-six mg of degassed Fg at a concentration of 13mg/mL was selectively reduced by 

the addition of 100μL of 1M β-mercaptoethanol for 30 minutes at room temperature (22°C), 

which reduces 4 of the 29 disulfide bonds within Fg (105).  The clottability of the reduced Fg was 

shown to be intact (105).  To remove excess β-mercaptoethanol, the reduced Fg was dialyzed 

against 0.5L of degassed 0.02M HEPES, 0.3M NaCl, pH 7.4, twice at 22°C for at least one hour 

each and once overnight at 4°C.  QSY9 C5 maleimide (2mg) was dissolved in 200μL N,N-

dimethylformamide .  This was then incubated with the selectively reduced Fg for 2 hours in the 

dark at 22°C.  To remove excess QSY9 C5 maleimide, QSY-labelled Fg (QSY-Fg) was dialyzed 

against 0.5L of 0.02M HEPES, 0.3M NaCl, pH 7.4,  twice at 22°C for at least 3 hours at a time 

and once overnight at 4°C.  In order to determine the contribution of QSY to the reading at A280, 

0.1mg QSY9 C5 maleimide was dissolved in 10μL DMF and was read at 280nm and 562nm, 
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which were 0.054 and 0.247, respectively.  This meant that 22% of the reading at 562nm was 

contributed by absorbance at 280nm; thus, the concentration of QSY-Fg after dialysis was 

determined by using the formula A280(corr) = (A280) – 0.22•(A562). 

The QSY-Fg concentration was adjusted to 5.2mg/mL, which was then subjected to clot 

formation and degradation at 22°C as previously described by Neill et al. (104), with the 

following changes.  Human factor XIII/XIIIa was excluded in the formation of the clot, and 

consequently, iodoacetamide addition was omitted at the end of lysis.  The clot formation and 

lysis were monitored at 30 second intervals by turbidity at 800nm instead of 600nm using a 

Lambda 25 spectrophotometer (Perkin-Elmer, Montreal, QC, Canada).  Lysis was stopped by the 

addition of 5μM PPAck and 5μM VFKck.  The NaCl concentration was adjusted to 0.5M by 

adding solid NaCl, and the clot was then centrifuged at 5000 x g for 10 minutes at 4°C to remove 

insoluble material.  The absorbances at 280nm and 562 nm were measured.  The 280nm value 

was corrected for QSY contribution as described above.  The concentration of QSY-labelled 

FDPs (QSY-FDPs) was calculated with the extinction coefficient (1%) of 16.2 and a molecular 

mass of 260kDa (9).  The QSY concentration was calculated using the extinction coefficient, 

90,000 M-1cm-1.  Stoichoimetries were typically 5-10 QSY per FDP; this is in accordance with a 

paper by Budzynski et al. (105), where this method of selective reduction generates up to 8 sites 

where QSY can be covalently linked to one molecule of FDP.  The batch-to- batch variability of 

the stoichiometry of the incorporation of QSY is likely due to variations in the degree of selective 

reduction or re-oxidation. The plasmin-modified QSY-FDPs were aliquoted, snap-frozen and 

stored at -80°C. 

In order to determine the appropriate excitation and emission wavelengths to use for 

subsequent TAFIa assays, 100μL of a QSY-FDP preparation was aliquoted into a disposable 96-

well microtitre plate that was pretreated with 0.02M HEPES, 0.15M NaCl, pH 7.4 and 1% 

Tween80 which was then rinsed thoroughly with water and air dried prior to use.  The excitation 
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wavelength was set to 480nm according to the spectra of fluorescein (Figure 5), and the wells 

were scanned and the resulting emission fluorescence signals were measured for a range of 

emission filter wavelength from 490nm to 560nm with a SpectraMax GeminiXS (Molecular 

Devices, Sunnyvale, CA) fluorescent plate reader at room 22C°.  The emission wavelength that 

showed the highest fluorescence intensity was used for subsequent TAFIa assays. 

Previous studies that have investigated the effect of ionic strength on the thickness of 

fibrin clots showed that increased ionic strength promoted the formation of thin fibers presumably 

by inhibiting the lateral association of double-stranded protofibrils.  In order to determine if self-

aggregation of QSY-FDPs would affect the assay, 1μM QSY-FDPs were incubated with 50nM 

5IAF-Pg (80μL) with the salt concentration adjusted to 0.15M, 0.20M, 0.30M or 0.50M with 

0.02M HEPES, pH 7.4 buffer.  This mixture was monitored with a SpectraMax GeminiXS 

(Molecular Devices, Sunnyvale, CA) fluorescent plate reader at 22C° at one minute intervals, 

with excitation and emission wavelengths at 480nm and 520nm, respectively, with a 495nm 

emission cut-off filter.  Once the signal stabilized, 20μL of 1nM TAFIa (method for activation of 

TAFI will be discussed later) was added to the mixture and the signal change was observed.  The 

salt concentration that had a good compromise between absolute signal change and the amount of 

time required for the QSY-FDP/5IAF-Pg mixture to equilibrate was used for subsequent TAFIa 

assays. 

In a 96-well microtitre plate that was pretreated as described above, QSY-FDPs at 

various concentrations (0-2μM final) were mixed with 0.02M HEPES, pH7.4 buffer containing 

10mg/mL BSA to adjust the NaCl concentration to 0.2M in a final reaction volume of 100μL.  

This mixture was continuously monitored with a SpectraMax GeminiXS (Molecular Devices, 

Sunnyvale, CA) fluorescent plate reader as previously mentioned.  Once the signal stabilized, 

5IAF-Pg (50nM final) was added to the QSY-FDPs.  This mixture was allowed to equilibrate for 
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an hour. Once the fluorescent signal stabilized, 2μL of 0.5M epsilon-aminocaproic acid (ε-ACA) 

was added.   

The data obtained were corrected for the internal filter effect due to the presence of QSY-

FDPs in the following manner.  Three readings were taken at various stages in the experiment for 

the characterization of QSY-FDPs.  The first was the baseline after the addition of QSY-FDPs 

only, referred to as the blank signal.  The second signal was the stabilized signal after the addition 

of 5IAF-Pg, referred to as the 5IAF-Pg signal.  The third signal was the stabilized signal obtained 

after the addition of 0.5M ε-ACA, referred to as the ε-ACA signal.  To correct for background, 

the blank signal for each corresponding QSY-FDP concentration was subtracted from the 5IAF-

Pg and ε-ACA signals.  The filter factor for each QSY-FDP concentration was then determined 

by dividing the corrected ε-ACA signals for each QSY-FDP concentration by the corrected ε-

ACA signal in which no QSY-FDP was added.  Then, the 5IAF-Pg signal for each QSY-FDP 

concentration was divided by the corresponding filter factor, and subsequently normalized to the 

corrected 5IAF-Pg signal for the sample in which no QSY-FDP was added.  The data were used 

to determine the optimal QSY-FDPs concentration to use in the assay. 

Since the TAFIa assay is performed in a system containing plasma, the characterization 

of QSY-FDPs was also performed in plasma.   The method described above in determining the 

optimal QSY-FDP concentration in a purified system was employed, except 20μL of normal 

human plasma (NHP) was included in the system (100μL final volume).  The dissociation 

constant (Kd) and the maximum fluorescence quench were determined for both conditions in the 

following manner.  In a purified system (ie. no plasma), 

I = if•Pg + ib•Pg·F        (1) 
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where if  is the coefficient of free Pg, ib is the coefficient of bound Pg, Pg is free 5IAF-Pg and 

Pg·F is 5IAF-Pg in complex with QSY-FDPs.  If PgT = Pg + Pg·F, where PgT is the total amount 

of 5IAF-Pg, then equation (1) can be rearranged to give: 

I = if•PgT + (ib-if) •Pg·F       (2) 

If I0 = if•PgT, where I0 represents the initial fluorescence, this can be incorporated with equation 

(2) to give: 

T0 Pg
FPgI1

I
I ⋅

•Δ+=         (3) 

where ΔI = 
f

b

i
i

 ‐ 1.  If Pg·F = PgT·
F  K

F

d +
, then this can be substituted into equation (3) to give: 
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I
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Equation (4) was modeled using the program, SYSTAT (SPSS Inc., Chicago, IL), and the Kd and 

the relative fluorescence,
f

b

i
i

, which represents the amount of fluorescence remaining in the 

system compared to the amount of fluorescence present when no QSY-FDP is added to the 

system (ie. no quenching), were determined by non-linear regression. 

 

In a system containing plasma, the model for the purified system cannot be used since plasma 

contains endogenous Pg at a level 8-fold greater than that of 5IAF-Pg.  Given that: 

Pg + F    Pg·F 

we can assume that 
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Pg·F = 
dK

(Pg)(F)
.        (5) 

Given that Pg = PgT - Pg·F  and  F = FT - Pg·F, these can be substituted into equation (5) 

and rearranged to give: 

(PgT – Pg·F) • (FT – Pg·F) = (Pg·F) •Kd     (6) 

Equation (6) can be rearranged to give: 

(Pg·F)2 – (Kd + PgT + FT) + PgT•FT = 0     (7) 

which can further be rearranged to give: 

(Pg·F) = 0.5[Kd + PgT + FT – ((Kd + PgT + FT)2 – 4• (PgT) • (FT)1/2)] (8) 

Assuming that PgT = 0.45μM since endogenous level of Pg is ~400nM after dilution and 50nM 

5IAF-Pg is added to the assay, this value can be substituted into equation (8), and equation (8) 

can be substituted into equation (4) to generate a model for the system containing plasma: 

0I
I

 = 1 + ΔI•{0.5[(Kd + 0.45 + FT) – ((Kd + 0.45 + FT)2 – 4• (0.45) • (FT))1/2] / 0.45} (9) 

Equation (9) was the model used to determine the Kd and the relative fluorescence decrement for 

a system containing plasma by non-linear regression using SYSTAT (SPSS Inc., Chicago, IL). 

 

Preparation of TAFIa standards 

TAFI-TT (1μM) was activated by the addition of 25nM thrombin, 100nM Solulin, 5mM 

CaCl2 in 0.02M HEPES, 0.15M NaCl, pH 7.4, 1mg/mL BSA and 0.01% Tween80 and incubation 

at 22°C for 10 minutes.  TAFI activation was then stopped by the addition of 100nM PPAck and 
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the 1μM TAFIa was immediately placed on ice.  Known amounts of TAFIa were then added to 

TDP and aliquots of these standards were snap-frozen and stored at -80°C.  The TAFI-TT 

concentration prior to activation was determined spectrophotometrically by absorbance at 280 nm 

corrected for Rayleigh scattering measured at 320nm.  The extinction coefficient (1%) was 26.5 

(50) and the molecular weight was 60,000. 

 

TAFIa assay 

In a 96-well microtitre plate pretreated with 0.02M HEPES, 0.15M NaCl, pH 7.4 and 1% 

Tween80, QSY-FDPs (1μM final) and 5IAF-Pg (50nM final) were mixed together and brought to 

80μL volume with the NaCl concentration adjusted to 0.2M.  This mixture was monitored at one 

minute intervals as described above.  While the signal (relative fluorescence unit, RFU) was 

stabilizing, TAFIa standards (0-200pM) and samples were thawed at room temperature carefully 

so that as soon as the TAFIa standards and samples were thawed, they were immediately placed 

on ice to avoid TAFIa degradation. Once the signal stabilized, 20μL of TAFIa standards and 

samples were placed at room temperature for ~7 minutes.  They were then added to the 80μL of 

the equilibrated QSY-FDPs/5IAF-Pg mixture, resulting in an overall 1:5 dilution of the plasma.  

The initial rates of 5IAF-Pg release by the addition of TAFIa were determined using Softmax Pro 

(Molecular Devices, USA).  Since the assay was monitored at one minute intervals, the initial rate 

was measured as a change in relative fluorescence per minute (RFU/min).  The TAFIa standard 

curve was generated by plotting the initial rates obtained with the standards against the TAFIa 

concentrations in plasma prior to dilution. 

 

Intraassay and interassay variability of the TAFIa assay 
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TAFIa-TT (1μM) was prepared as described above, known amounts were added to TAFI-

deficient plasma (TDP) (0, 25, 50, and 100pM final), and the samples were stored at -80°C.  

These samples were subsequently thawed and each measured five times on 4 different days, using 

a different standard curve each day.  In order to obtain the intraassay variability, the average of all 

of the standard deviations as percentages of the means for the various TAFIa concentrations 

within each day was determined. The mean of these averages for all four days was then 

determined to be the intraassay variability.  The interassay variability was calculated by 

determining the average of the 4 days for each concentration of TAFIa.  The average of the 

standard deviations as percentages of the means for all of the concentrations of TAFIa was then 

taken as the interassay variability. 

 

Determination of the effect of endogenous Pg on the TAFIa assay 

In order to determine whether competition between endogenous human Pg and 5IAF-Pg 

for the lysine residues of QSY-FDP would compromise the assay, TAFI was activated as 

described above, 100pM TAFIa samples were prepared in Pg/TAFI deficient plasma and the 

samples were stored at -80°C.  Using a 96-well microtitre plate prepared as described  above, 

QSY-FDPs (0.8μM final) was incubated with 5μL of 5IAF-Pg (50nM final) and the volume was 

brought up to 80μL while the NaCl concentration was adjusted to 0.2M as described above.  The 

fluorescence was then monitored at one minute intervals as described above.  Once the signal 

stabilized, samples containing 20μL of 100pM TAFIa and human Pg at varying concentrations 

(0-3μM before dilution) in Pg deficient plasma was added to each reaction mixture and the 

fluorescence change was monitored as described above. The initial rates of fluorescence change 

(RFU/minute) were determined using Softmax Pro and the effects of endogenous plasminogen 

were inferred by the relative differences in the initial rate values. 
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Determination of the effect of the TAFI polymorphism (isoleucine or threonine at position 325) on 

TAFIa measured in plasma 

The TAFI variant with threonine at position 325 (TAFI-TT) and the variant with 

isoleucine at position 325 (TAFI-TI) were both activated as described above. TAFIa-TT or 

TAFIa-TI at known concentrations of 0, 25pM, 50pM, and 100pM were added to TDP, and the 

samples were stored at -80°C. These samples were then subjected to the TAFIa assay to 

determine the measured concentrations of TAFIa.  The mean of 5 measurements ± SD for each 

sample were determined. The concentrations of the purified preparations of TAFI-TT and TAFI-

TI were determined spectrophotometrically by measurements at 280 nm corrected for Rayleigh 

scattering as described above. 

 

TAFIa levels in normal human plasma 

To determine the TAFIa concentration in normal human plasma, 8mL of venous blood 

was drawn from five healthy volunteers (4 males, 1 female; age range 24-62) from the department 

of Biochemistry, Queen’s University, Canada.  The first 3mL of the venous blood from the 

intermediate cephalic vein of the elbow was discarded to avoid factors that could affect 

coagulation and/or fibrinolysis, such as tissue factor and t-PA.  The following 4.5mL were 

collected into 3.8% (w/v) sodium citrate (0.5mL) and immediately placed on ice to prevent the 

degradation of TAFIa.  PPAck (10mM) was added to each blood samples.  Platelet-poor plasma 

was isolated through centrifugation (2500g for 10 minutes).  Plasma TAFIa levels were quantified 

using the described assay, and the mean of two measurements ± SD for each sample was 

determined. 
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Results 

Preparation and characterization of QSY-FDPs 

Figure 7 displays clot formation and subsequent lysis of 5.2mg/mL QSY-Fg.  Lysis was 

stopped at 75% of lysis as measured by turbidity. PPAck and VFKck were added simultaneously 

at the time indicated by the arrow.  QSY-FDPs were then scanned spectrophotometrically to 

determine the optimal emission wavelength for the assay (Figure 8).  It was found that when the 

excitation wavelength was 480nm, emission wavelength of 520nm produced the greatest signal, 

with 495nm emission cut-off filter.   

In order to determine the optimal salt concentration for the TAFIa assay, the NaCl 

concentration of the system was varied (0.15M, 0.20M, 0.30M, and 0.5M NaCl).  Once the 5IAF-

Pg/QSY-FDP mixture equilibrated, 1nM TAFIa was added.  The raw fluorescence profile can be 

seen in Figure 9.  It was qualitatively observed that as the salt concentration increased, the signal 

before the addition of TAFIa drifted less, but the absolute change in signal after the addition of 

1nM TAFIa decreased as well.  Therefore, a good compromise between the signal drift and the 

absolute change in signal after the addition of TAFIa was determined to be 0.2M NaCl. 

Each preparation of QSY-FDPs was characterized based on its ability to quench 5IAF-Pg 

fluorescence in a purified and a plasma-containing system (Figure10).  The fluorescence data and 

the correction factors for the internal filter effect for the system of purified components are shown 

in Table 1. The dissociation constant (Kd) as well as the maximum quench were determined for 

both matrices (Table 2). The two systems quenched the fluorescence of 5IAF-Pg to the same 

extent (~62%), whereas the Kd for the purified system (Kd = 0.230μM) was half that of the 

plasma-containing system (Kd = 0.562μM).  The concentration of QSY-FDPs used in the TAFIa 

assay was chosen to be that at which the percentage change of fluorescence signal approached 50 

percent in the system of purified components (1.0μM, Figure 10). 
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The TAFIa assay standard curve 

The TAFIa standard curve was generated using TDP containing known concentrations of 

TAFIa (0-200pM).  Examples of fluorescence profiles displaying the increase in fluorescence due 

to the release of 5IAF-Pg upon the addition of TAFIa can be seen in Figure 11.  TAFIa was added 

at the time indicated by the first arrow, and a subsequent increase in RFU can be seen.  The initial 

increase in fluorescence upon the addition of TAFIa standards was not included in the 

determination of initial rate values because it likely reflects some minor displacement of the 

bound 5IAF-Pg by the unlabelled plasminogen of the sample since the concentration of 

unlabelled Pg is ~8-fold greater than that of 5IAF-Pg.  Instead, the initial rates were determined 

starting from the time indicated by the second arrow.  The initial rates were then plotted against to 

the concentration of TAFIa to generate a TAFIa standard curve (Figure 12).  To determine 

whether TAFI zymogen present in plasma samples would have an effect on the assay, it was 

added at a level of 1μM to TDP and the sample was subjected to the assay.  No response over that 

of the blank without TAFIa was observed (data not shown).   

 

Determination of the intraassay and interassay variability of the TAFIa assay 

In order to determine the reproducibility of the TAFIa assay, the intraassay variability 

and interassay variability were determined as previously described by Neill et al. (104).  They 

were determined by subjecting TAFIa at known concentrations (0, 25, 50, and 100pM) in TDP to 

the TAFIa assay.  Plasma samples were each measured 5 different times on 4 different days, 

using a different standard curve each day.  The mean concentration ± SD for five measurements 

was calculated for each concentration of TAFIa, for each day (Table 3).  The intraassay 

variability and interassay variability for the TAFIa assay were determined to be 6.3% and 8.3%, 

respectively, using a different standard curve each day.  The mean concentration ± SD for five  
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Figure 7. Monitoring clot formation and lysis by turbidity.  Clot formation and degradation of 
QSY-Fg (5.2mg/mL) was monitored at 800nm at room temperature (22°C).  Clot formation was 
initiated by the addition of 5nM IIa in the presence of 2mM CaCl2 and 40nM Pn.  Iodoacetamide 
was omitted because factor XIII was not present.  When the peak absorbance had decreased by 
75% as indicated by the arrow, lysis was stopped by the addition of 5μM PPAck and 5μM VFKck 
to inhibit IIa and Pn, respectively.  The NaCl concentration was adjusted to 0.5M, and the mixture 
was centrifuged at 5000 x g for 10 minutes at 4°C to remove insoluble material. 
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Figure 8. Determination of the optimal emission wavelength for the TAFIa assay.  In 
order to determine the optimal emission wavelength for the TAFIa assay, 100μL of QSY-
FDPs was scanned from 490nm to 560nm, where the excitation wavelength was 480nm.  
The emission wavelength that showed the highest fluorescence intensity was chosen for 
the TAFIa assay. 
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Figure 9. Determination of the optimal salt concentration for the TAFIa assay.  The salt 
concentration of the TAFIa assay was varied (0.15M (closed circle), 0.20M (open circle), 0.30M 
(closed triangle), and 0.5M NaCl (open triangle)) to determine the optimal salt concentration to 
use for subsequent TAFIa assays.  Once the 1μM QSY-FDPs/50nM 5IAF-Pg mixture (80μL) in 
varying salt concentrations was equilibrated, 1nM TAFIa (20μL) was added to the mixture.  The 
salt concentration that showed a good compromise between the signal drift observed while the 
5IAF-Pg/QSy-FDP mixture was equilibrating and the absolute change in signal upon the addition 
of TAFIa was used for subsequent TAFIa assays.  
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measurements was calculated for each concentration of TAFIa, for each day (Table 3).  The 

intraassay variability and interassay variability for the TAFIa assay were determined to be 6.3% 

and 8.3%, respectively. 

 

Effect of endogenous Pg on the TAFIa assay  

Since endogenous Pg present in plasma samples may compete with 5IAF-Pg for binding 

sites of QSY-FDPs and TAFIa, human Pg of known concentrations ranging from 0 to 3μM prior 

to dilution were added to mimic physiologic Pg levels and its effect on the TAFIa assay was 

determined.  The rates of 5IAF-Pg release observed upon TAFIa addition were then plotted with 

respect to the added Pg concentration (Figure 13).  The rates showed a steady decrease between 

the Pg concentrations of 0 to 1.0μM.  However, Pg at concentrations ranging from 1.0 to 3.0μM 

showed little effect on the initial rates of 5IAF-Pg release, indicating that the assay is not 

sensitive to sample Pg at concentrations in the physiologic range, which is 1.5 to 2.0μM (108).  

 

The effect of the TAFI polymorphism (isoleucine or threonine at position 325) on TAFIa 

measurements in plasma 

Because there are two naturally occurring TAFI variants with a polymorphism at position 

325 in the normal population, and because the variant with isoleucine at position 325 has a 

greater thermal stability (63), the effects of these variants on the TAFIa assay were determined.  

TAFIa-TT or TAFIa-TI samples were measured for apparent TAFIa levels using the TAFIa 

assay, and were plotted with respect to the expected concentration (Figure 14).  The ratios 

between measured concentrations to the expected concentrations were 0.989 and 0.998 for  
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Figure 10. The characterization of QSY-FDPs in a purified and a plasma-containing system.  
In order to determine the ideal QSY-FDP concentration to be used in the TAFIa assay, 50nM 
5IAF-Pg was titrated with QSY-FDPs (0-2μM) in either a purified (closed circles) or a plasma-
containing system (open circles).  ε-ACA (10mM) was added once the signal stabilized, and the 
data were used to determine the dissociation constant (Kd) and the maximum quench in the 
system using equation (4) for the purified system, and equation (9) for the plasma containing 
system in “Methods” of this chapter. 
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Table 1: Fluorescence readings from characterization of QSY-FDPs and subsequent 
determination of the relative fluorescence in a purified system. 

 

QSY-
FDP 
(μM) 

Blank  5IAF-Pg  ε-ACA  (5IAF-Pg) 
- blank 

(ε-ACA) 
- blank 

Filter 
factor 

Correction 
with filter 

factor 

Correction 
with 

normalization 

0 520 3590 2890 3070 2370 1.000 3070 1.000 

0.250 390 1950 2170 1560 1780 0.751 2077 0.677 

0.500 335 1460 1825 1125 1490 0.629 1789 0.583 

0.750 295 1260 1715 965 1420 0.599 1611 0.525 

1.000 268 1143 1641 875 1373 0.579 1510 0.492 

1.500 222 770 1143 548 921 0.389 1410 0.459 

2.000 186 551 808 365 622 0.262 1391 0.453 

 

“Filter factor” was calculated by dividing the corrected  ε-ACA signals (ε-ACA – blank) for each 
QSY-FDP concentration by 2370. 

“Correction with filter factor” was determined by dividing the corrected 5IAF-Pg signal (5IAF-Pg 
– blank) by the corresponding filter factor. 

The relative fluorescence, which is “corrected with normalization”, was determined by dividing 
the “initial correction” by 3070. 
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Table 2: The dissociation constant (Kd) and the maximal quench achieved in a purified or a 
plasma-containing system 

 

 Purified system Plasma-containing system 

Kd 0.230 ± 0.010 μM 0.562 ± 0.120 μM 

ΔI -0.618 ± 0.006 -0.629 ± 0.046 

f

b

i
i

 
0.382 0.371 

 

The ratio ib to if is the fluorescence intensity of bound relative to free 5IAF-Pg. The maximal 
quench achieved in the purified system and the plasma-containing system was 62% and 63%, 
respectively.  All data are presented as means ± SD of two separate experiments.  
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Figure 11. Fluorescence profiles observed upon the addition of TAFIa at known 
concentrations in the TAFIa assay.  Once the signal stabilized after incubating 1μM QSY-FDPs 
and 50nM 5IAF-Pg (80μL mixture), TAFIa in TAFI-deficient plasma at varying concentrations 
(0-200pM) was added (20μL), as indicated by the first arrow.  The initial rate values were 
determined from the time point indicated by the second arrow using the program, Softmax Pro, 
omitting the first few minutes after TAFIa addition. 
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Figure 12. Standard curve of TAFIa concentrations in plasma generated by the TAFIa 
assay.  One example of the standard curve generated by plotting the initial rates of fluorescence 
change observed against the known concentrations of TAFIa.  The trend was linear with the mean 
R2 value greater than 0.994 for at least five separate trials. 
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Table 3. Intraassay and interassay variability of the TAFIa assay. 

TAFIa 
[pM] 

Day 1 Day 2 Day 3 Day 4 

0 7.84 ± 0.83 4.35 ±  0.74 5.45 ± 0.71 7.26 ± 0.30 

25 25.11 ± 1.00 26.05 ± 0.39 24.38 ± 0.71 26.34 ± 1.54 

50 53.09 ± 3.70 50.75 ±  3.25 51.96 ± 4.17 50.26 ± 3.48 

100 101.16 ± 3.35 103.7 1±  3.48 103.03 ± 1.17 100.88 ± 5.32 

 

Known amounts of TAFIa were added to TAFI-depleted plasma as indicated.  The intraassay 
variability and the interassay variability for the TAFIa assay were determined to be 6.3% and 
8.3%, respectively.  All data are presented as means ± SD of four separate experiments. 
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Figure 13. Effects of endogenous Pg on the TAFIa assay.  QSY-FDPs (0.8μM) and 50nM 
5IAF-Pg were incubated (80μL mixture).  Once the signal stabilized, 20μL samples containing 
100pM TAFIa and Pg ranging in concentrations from 0 to 3.0μM in TAFI- and Pg-depleted 
plasma were added and the initial rates of 5IAF-Pg release were measured.  
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Figure 14. Effects of a naturally occurring TAFI polymorphism on TAFIa measurements in 
plasma.  The two TAFI variants, TAFI-TT and TAFI-TI, were activated and added to TAFI-
depleted plasma at known concentrations (0, 25pM, 50pM, and 100pM), as determined 
spectrophotometrically.  Their concentrations were then measured using the TAFIa assay.  The 
standard curve was generated from the TAFI-TT variant.  The mean concentrations ± SD (n=5) as 
determined by the assay are shown plotted against the expected concentrations.   
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Table 4. TAFIa levels in normal human plasma 

Subject [TAFIa] pM 

Male, age 24 years 19.6 ± 2.97 

Male, age 26 years 4.10 ± 2.17 

Female, age 25 years 22.8 ± 0.03 

Male, age 62 years 32.0 ± 0.40 

Male, age 45 years 23.0 ± 0.23 

 

*All data are presented as mean ± SD of two separate measurements. The mean concentration of 
TAFIa ± SD of the 5 subjects was 20.3 ± 9.1pM. 
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TAFIa-TT and TAFIa-TI, respectively, as indicated by the slope of the line of best fit.  It was 

determined that the TT/TI polymorphism had a minimal effect in quantifying TAFIa 

concentrations in a plasma sample using this assay. 

 

Measurement of TAFIa levels in normal human plasma 

TAFIa levels in platelet-poor plasma from five healthy volunteers from the Department of 

Biochemistry at Queen’s University, Canada were measured in duplicates using the described 

assay.  Table 4 shows the measured TAFIa levels for each subject as a mean ± SD for two 

measurements.  The overall mean TAFIa concentration ± SD was 20.3±9.1pM for these five 

subjects. 
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Discussion: 

We have developed a novel assay that readily measures TAFIa levels in plasma.  This 

assay was based on the ability of TAFIa to catalyze the removal of C-terminal lysine residues that 

are exposed on plasmin-modified fibrin, thus resulting in the release of 5IAF-Pg that was bound 

to these lysine residues by its kringle domains.  This assay shows that the rate at which 5IAF-Pg 

is released is TAFIa concentration-dependent, which allowed for the generation of TAFIa 

standard curves.  A small increase in signal upon the addition of 0pM TAFIa (ie. just TAFI-

deficient plasma) was observed and may be due to the presence of constitutively active 

carboxypeptidase N (CPN).  However, since this small drift would be present in all plasma 

samples, this was accounted for by the TAFIa standard curve.   

Although the assay performed in high salt concentration (0.5M NaCl) had a smaller 

increase in fluorescence upon the addition of TAFIa than that of the lower concentration (0.15M 

NaCl), the signal drifted considerably less when the QSY-FDPs were incubated with 5IAF-Pg 

when the NaCl concentration was 0.5M.  This could be explained by previous studies (109,110) 

that showed that the formation of thin fibres in the presence of high ionic strength is due to the 

inhibition of self-aggregation.  This would favour easier access for Pg to bind to the C-terminal 

lysines, whereas in a system of lower ionic strength, due to lateral association, it would be more 

difficult for Pg to bind to QSY-FDPs, thus taking a longer time to equilibrate.  Therefore, a salt 

concentration of 0.2M in the system seemed to be a good compromise between the signal drift 

and absolute change in signal upon the addition of TAFIa. 

The ability of QSY-FDPs to quench the fluorescence of 5IAF-Pg was tested in both a 

purified and plasma-containing system.  The two systems were able to quench fluorescence to the 

same degree (~62%).  The purified system had a slightly lower Kd (0.230μM) than that of the 
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system containing plasma (Kd = 0.562μM).  These values are similar to one another and compare 

favourably to that found earlier (Kd = 0.225μM) (111). 

Samples of plasma containing TAFIa with the two naturally occurring polymorphisms at 

position 325(Thr/Ile), at known concentrations, were subjected to the assay.  As expected, the 

differences in thermal stability between the two TAFI variants did not have an effect on the assay.  

This is because this assay is carried out at 22°C, at which the half lives of TAFIa-TT and TAFIa-

TI are 77.2 and 147 minutes, respectively (63), and the measurement is essentially completed 

within 30 minutes.  Thus, the differences in the thermal stability between the isoforms are 

minimized.  Since the naturally occurring polymorphism at position 325 did not affect the 

functionality of the assay, TAFIa standards were generated using TAFI-TT, because the variant 

with threonine at position 325 is more prevalent (112).  Because this assay is not sensitive to the 

naturally occurring polymorphism, it represents an improvement over the assay reported by Neill 

et al. which shows a 1.2 fold differential response to the two isoforms (104). 

A critical step in the measurement of TAFIa levels in plasma is the process of collecting 

blood samples and careful measures must be taken when obtaining them.  They should be 

collected using citrate as the anticoagulant, rather than EDTA or oxalate.  TAFIa is a zinc-

dependent enzyme, and a strong chelator such as EDTA (49,113) will inactivate it.  Once the 

blood sample is withdrawn, it should be placed immediately on ice and platelet free plasma 

should prepared by centrifugation in the cold.  The plasma sample can be snap-frozen and stored 

at -80°C until needed.  As shown previously (104), plasma samples can be frozen and thawed 

without loss of TAFIa activity.  Samples that might be expected to contain t-PA at non negligible 

levels can be collected into citrate with the chloromethylketone, PPAck (114).  Substances which 

interfere with the Pg/FDP interaction, such as ε-ACA obviously are to be avoided. 
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The assay described here is the second assay available to measure TAFIa in plasma.  Our 

assay matches the sensitivity and selectivity of the previous assay, with three added advantages: 

1) the assay can be completed within about 1.5 hours rather than 5 hours, 2) it is insensitive to the 

known polymorphisms that affect the half-life of TAFIa, and 3) it as a single, rather than two 

stage assay and therefore easier to execute.  Because the activation of TAFI by the thrombin-

thrombomodulin complex and the subsequent actions of TAFIa create a link between the 

coagulation and fibrinolytic cascades (51), the ability to measure TAFIa levels in plasma of 

patients may provide further insight into the mechanism and pathophysiology of various 

cardiovascular diseases. 
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Chapter 3: Measurement of TAFIa in vivo in chimpanzee, baboon  

or human plasma in response to thrombin generation,  

E. coli-induced sepsis, or surgery 
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Abstract: 

Thrombin-activatable fibrinolysis inhibitor (TAFI, proCPU) is a plasma zymogen that 

can be activated by thrombin, the thrombin-thrombomodulin complex, or plasmin to form 

activated TAFI (TAFIa).  The generation of TAFIa in response to thrombin generation and stress 

(induced by E. coli or surgery) in primate models has not yet been determined.  This study looked 

at the effects of these stimulants on the generation of TAFIa in three different primate models: 

chimpanzees, baboons and humans.  These models were extensively studied by separate groups to 

identify levels of various coagulation and fibrinolysis factors present in plasma. 

Chimpanzees were infused with the procoagulant, human factor Xa with PCPS at varying 

doses.  All chimpanzees generated TAFIa transiently and at a level that could substantially affect 

fibrinolysis.  TAFIa had an apparent half-life of ~8 minutes, which agrees with previous findings. 

In order to study E. coli-induced sepsis, baboons were infused with different 

combinations of E. coli, thrombin and/or anti-EPCR monoclonal antibody.  It was found that in 

baboons that were infused with sublethal or lethal doses of E. coli, TAFIa was generated in a 

transient manner and at a level that could substantially affect fibrinolysis.  When baboons were 

infused with thrombin after the infusion of sublethal dose of E. coli, two separate spikes of TAFIa 

were generated, indicating that activatable TAFI was still present in plasma after the initial 

exposure to E. coli.  Curiously, baboons that were infused with anti-EPCR monoclonal antibody 

prior to the infusion of thrombin generated less TAFIa than the baboon infused with just 

thrombin. 

TAFIa levels of plasma samples from patients that underwent hip replacement surgery 

were measured.  All patients showed sustained, elevated levels of TAFIa (between 50pM to 

300pM) up to 6 weeks post surgery.  This may exceed a threshold concentration of TAFIa in 

plasma, and thus, may contribute to a phenomenon known as fibrinolytic shutdown. 
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Introduction: 

The inflammatory system 

In various organ systems, inflammation is one of the first responses of the immune 

system to infection (115).  Inflammation is produced by eicosanoids and cytokines, which are 

released by injured or infected cells; this process recruits neutrophils to the site of injury to 

eliminate infectious organisms and to assist in the repair process.  If not controlled properly, 

neutrophils also cause host injury by means of oxidative and proteolytic processes.  Neutrophils 

release the potent proteolytic enzyme elastase when activated by inflammatory mediators.  Sepsis, 

which can be induced by various factors such as Escherichia coli (E. coli), is initially an acute 

inflammatory disease of the microvasculature where the endothelium becomes more permeable 

(116) and hypercoagulable (117).  In sepsis, inflammation among its other effects upsets the 

balance between the pro- and anti- coagulant activities of the hemostatic machinery.  

Procoagulant events after the initial exposure to E. coli in turn can amplify those inflammatory 

events that initiated them in the first place, leading to the occurrence of severe sepsis which may 

produce multiple organ failure over a period of weeks with irreversible microvascular thrombosis.  

In sepsis-induced Disseminated Intravascular Coagulation (DIC), thrombin formation leads to 

diffuse fibrin formation in the microvascular system.  The anaphylatoxins, C3a, C4a, and C5a 

which are part of the complement system, appear during sepsis.  These pro-inflammatory peptides 

mediate release of eicosanoids and degranulation of mast cells, as well as chemotaxis and the 

release of proteolytic enzymes such as elastase from neutrophils. 

 

Activated protein C and its role in the coagulation and the inflammatory system 

Thrombin is involved in many biologic systems besides the coagulation cascade such as 

inflammation, cell survival, and cell proliferation (118).  Thrombin can activate protein C (PC), a 
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plasma glycoprotein, to produce activated PC (APC), which has both anti-inflammatory and anti-

coagulant properties.  Administration of APC protects baboons from E. coli-induced sepsis (119) 

and has been shown to protect humans from severe sepsis in the critical care setting (120).  It was 

shown in a baboon model that inhibition of protein C binding to endothelial protein C receptor 

(EPCR) exacerbates the response upon exposure to sublethal levels of E. coli.  Consequently, 

such amplified response leads to a lethal outcome characterized by DIC, microvascular 

thrombosis, capillary leak, leukocyte infiltration, congestion in the tissues, and increased cytokine 

elaboration (121).  When the baboons were challenged with lethal levels of E. coli, infusion of 

APC was able to block the microvascular thrombosis and leukocyte activation (119), whereas the 

administration of inhibited factor X, heparin, or hirudin did not reverse the effects of E. coli.    

APC also acts as an anticoagulant by inactivating factors Va and VIIIa, thus acting as a 

negative regulator of coagulation.  PC activation by the IIa-TM complex is further enhanced ~20-

fold in vivo when PC is bound to EPCR, a type 1 transmembrane protein that is expressed mainly 

by endothelial cells of the large blood vessels (122,123).   

EPCR can be cleaved by endothelial-derived metalloprotease to form soluble EPCR 

(sEPCR).  sEPCR binds to proteinase 3 and this complex can interact with APC which can then 

bind to CD11b/DC18a (Mac1) of activated neutrophils (124), thereby attenuating tight binding of 

activated neutrophils to the endothelium (125).  A schematic of this process can be seen in Figure 

15. 
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Figure 15. A diagram depicting the possible roles of APC and TAFIa in the inflammatory 
system.  Upon the introduction of E. coli, activated neutrophils bind tightly to activated 
endothelial cells in response to the concurrent appearance of inflammatory mediators (cytokines, 
complement products, and thrombin), which in turn is amplified and sustanined by products of 
coagulant/fibrinolytic activity (ie. thrombin and fibrin degradation products).  Endothelial protein 
C receptor (EPCR) enhances the activation of protein C (PC) by ~20-fold.  EPCR can be cleaved 
by metalloprotease to form soluble EPCR (sEPCR) which inhibits the anticoagulant activity of 
APC. sEPCR forms a complex with proteinase 3, which, along with APC, can bind to 
CD11b/CD18a (Mac1) of activated neutrophils, thereby blocking tight neutrophil adhesion to 
activated endothelial cells.  TAFIa can act as an anti-inflammatory reagent by inactivating C5a, 
which is part of the complement system (F. B. Taylor, personal communication). 
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TAFI and its involvement in inflammation 

Thrombin can also activate TAFI, and like APC, TAFIa may be involved in inflammation 

as well as the fibrinolytic cascade.  Leavell et al. (126) found that FDPs are potent chemotactic 

proteins when neutrophils are prestimulated with lipopolysaccharaide (LPS) or 

formylmethionylleucylphenylalanine (fMLP).  High amounts of FDP recruit neutrophils from the 

vascular space (126).  The digestion of plasmin-modified FDP amplifies the chemotactic gradient 

thus augmenting neutrophil recruitment.  Human neutrophil elastase (HNE), a fibrinolytic 

enzyme released from neutrophils, digests fibrin into chemotactic peptides which are more potent 

on a weight basis than plasmin-modified FDPs (126).  Elastase disrupts tight junctions, cause 

proteolytic damage to tissues, and breaks down cytokines.  

TAFI may be involved in inflammation in several ways.  TAFIa can cleave C-terminal 

arginine residues of pro-inflammatory mediators such as anaphylatoxins C3a and C5a, as well as 

bradykinin (81), thereby inactivating them and reducing the susceptibility to septic shock (127).  

As mentioned previously, it was shown that FDPs can act as potent chemoattractants.  TAFI may 

indirectly reduce inflammation by attenuating fibrinolysis thereby generating less FDPs.  The 

possible involvement of TAFIa in the inflammatory system can be seen in Figure 16. 

 

A study of the fibrinolytic potential of chimpanzees following thrombin generation 

A study by Giles et al. examined the effects of the infusion of  human factor Xa and 

PCPS vesicles at varying doses (hence, the generation of differing amounts of IIa) on the 

fibrinolytic cascade in chimpanzees (114).  They looked at the parameters of the fibrinolytic 

system.  They assayed for factor V and VIII, as well as Fg and FDP.  They also measured levels 

of FPA and D-dimer by ELISA and α2-AP by using the chromagenic substrate, S2251.  t-PA 

levels were measured functionally and antigenically.  They also measured u-PA and bβ 1-42, 
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which is the initial cleavage product of plasmin-mediated proteolysis of the N-terminal region of 

Fg.  t-PA levels peaked 10 minutes after the infusion of the procoagulant stimulus, which 

coincided with the decrease of α2-antiplasmin.  A dosage response was seen for the levels of Fg, 

FPA, FDP, D-dimer and Bβ 1-42.  Clottable Fg, 5 minutes after infusion, was less than 10% of 

the pre-infusion level, and after 10 minutes, Fg was no longer detectable and remained so for the 

entire course of the experiment.  The FPA level peaked 5 minutes after the infusion, and FDP, D-

dimer, and Bβ 1-42 levels peaked 10 minutes after the infusion.  The determination of TAFIa 

levels in these plasma samples, which have already been assessed for fibrinolytic parameters 

mentioned above, would enable a deeper understanding of the mechanism of fibrinolysis. 

 

Previous studies of E. coli-induced sepsis in baboons  

Taylor et al. observed baboon responses to E. coli-induced sepsis by subjecting them to 

varying doses of E. coli, IIa, and/or anti-EPCR monoclonal antibody (anti-EPCR mAb) 

(121,128).  Throughout the course of the experiments, all baboons were monitored with respect to 

vital signs such as heart rate, blood pressure, and body temperature.  In addition, FDPs, Fg, white 

blood cells, red blood cells, and platelet counts were measured and recorded. 

This primate model was examined in hopes to gain insight in treating sepsis by time 

intervention using sEPCR and TAFIa that would improve the efficacy of activated protein C.  It is 

unclear what the effect of TAFIa will be on the response to E. coli, since it may reduce the 

inflammatory response by attenuating the production of chemotactically active fibrin degradation 

products and C5a while favouring fibrin build up in the microvasculature.  We need a better 

understanding of the pathophysiologic process of different stages of severe sepsis, and the 

quantification of TAFIa in baboons infused with E. coli to induce sepsis would aid in achieving 

this goal. 
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Fibrinolytic shutdown 

At carboxypeptidase concentrations above a certain threshold, Pg activation is maintained 

in a fully down-regulated state, essentially halting fibrinolysis (129).  It was shown that 

fibrinolysis can be prolonged more than 45-fold by a stable carboxypeptidase under certain 

conditions (129).  The threshold TAFIa concentration was dependent on t-PA and α2-AP 

concentrations, which implies that the threshold is determined by the steady-state plasmin 

concentration (i.e. the rate of plasmin formation and inhibition) (130).  When compared with 

carboxypeptidase B (CPB), TAFIa was more effective in prolongation of lysis time at lower 

carboxypeptidase concentrations (in the picomolar range) (129).  The effect of TAFIa on 

fibrinolysis over the picomolar range was biphasic, where the lysis time was essentially 

unaffected until some threshold concentration of TAFIa was reached, after which the 

prolongation of clot lysis became log-linear with respect to TAFIa concentration.   

Because TAFIa is such an efficient enzyme (129,130), it is possible that sufficient and 

sustained TAFIa concentrations could be produced in vivo through constitutive, low-level TAFI 

activation by fibrin-bound thrombin (131), locally generated thrombin (132,133) or by neutrophil 

elastase (134).  Fibrinolytic shutdown occurs post-coagulation, so it would impact thrombus 

resolution more than thrombus formation.  It remains to be determined whether steady-state 

concentrations of TAFIa required for fibrinolytic shutdown are achieved in a thrombus. 

 

Experimental procedures 

Chimpanzee plasma samples 

Chimpanzee plasma samples were obtained from a study by Giles et al. (114).  The five 

animals used in this study are adult chimpanzees (pan troglydytes) of both sexes, whose body 
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weight ranged from 45 to 68 kg.  The animals are members of the permanent chimpanzee colony 

maintained at the Laboratory for Experimental Medicine and Surgery in Primates (LEMSIP, New 

York, USA).  All five animals had previously been screened for any evidence of a hemostatic 

abnormality and were not involved in experiments for at least 6 months prior to the performance 

of the study.  They were maintained on a standard primate diet but were fasted for 12 hrs prior to 

study. 

Each chimpanzee was lightly anesthetised with ketamine (10mg/kg body weight).  

Venous blood samples were obtained by placing a venous catheter in a superficial cubital vein.  

The catheter was kept open between blood sampling by a continuous, slow infusion of isotonic 

saline for injection.  Following anesthetic induction, an equilibration period of 60 min was 

allowed before the test material was infused as a slow bolus (over 30s).  Each dosage regimen 

(see below) was given to one animal.  Blood samples were taken 5 minutes before infusion of the 

test material (T = 0).  Post-infusion samples were obtained at T = 2, 5, 10, 15, 20, 30, 45, and 60 

minutes. 

For 3 of the 5 chimpanzees, human factor Xa and PCPS vesicles were administered at 3 

dosage regimens, ranging from 12pmoles/kg to 25pmoles/kg factor Xa and from 19nmoles to 

38nmoles/kg PCPS.  In each case, the ratio of the dose of factor Xa/PCPS was maintained at 0.65 

(pmole factor Xa/nmole PCPS).  For the remaining 2 chimpanzees, 32pmoles/kg or 50pmoles/kg 

factor Xa was administered with 24nmoles/kg or 37nmoles/kg PCPS, respectively.  For these two 

chimpanzees, the ratio of the dose of factor Xa/PCPS was maintained at 1.3 (pmole factor 

Xa/nmole PCPS).  In order to determine the potential for IIa generation of each dose 

combination, each was added to normal pooled donor plasma that had been dialyzed against 

0.02M HEPES, 0.15M NaCl to remove the anticoagulant, and the clotting time was determined 

following recalcification.  The 3 dosages used for the 0.65 Xa/PCPS series produced in vitro 

plasma clotting times of 20, 25, and 30 s for the lowest to highest dosage, respectively, while the 
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1.3 Xa/PCPS series produced in vitro plasma clotting times of 15s and 20s for the higher and the 

lower dosage, respectively. 

All samples were obtained using a two syringe technique.  Blood was immediately 

anticoagulated using sodium citrate (10mM) plus PPAck (20μM).  Platelets were removed from 

plasma by centrifugation at 2,500 x g for 30 min.  Plasma samples were then snap frozen and 

stored at -80°C. 

 

Baboon Plasma Samples 

Baboon plasma samples were provided by Dr. Fletcher Taylor (Oklahoma Medical 

Research Foundation, Oklahoma City, USA).  Papio cyancephalus cyanocephalus or Papio 

cyanocephalus Anubis baboons were purchased from either a breeding colony maintained at the 

University of Oklahoma Health Sciences Center (OUHSC) or the Biomedical Research 

Foundation (Houston, TX).  Animals weighed 6.8 to 10.7 kg and had leukocyte counts of 5000 to 

10,000/μL.  They had hematocrits exceeding 36% and were free of tuberculosis.  The animals 

were held for 30 days at the OUHSC animal facility, where the infusion studies were performed.  

All animals were observed continuously during the first 8 hours after infusion of the test materials 

(see below). 

Experiments were performed on 9 baboons.  “Each animal fasted overnight before each 

experiment, but were allowed water ad libitum.  Each animal was sedated with ketamine 

dydrocholoride (14mg/kg, intramuscularly) on the morning of the study, and then, using a 

percutaneous catheter in the cephalic vein, anesthetised with sodium pentobarbital (2mg/kg 

initially and with additional amounts approximately every 20 minutes for 8 hours to maintain a 

light level of surgical anaesthesia).  Animals were intubated orally and were allowed to breathe 

spontaneously.  The femoral artery and vein were cannulated aseptically and used for measuring 
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arterial pressure and obtaining blood samples, respectively.  A percutaneous catheter was placed 

in the saphenous vein and used to infuse various reagents.  Each anesthetised baboon was 

positioned on its side in contact with controlled temperature heating pads” (128). 

Four different experimental groups were examined.  The first experimental group 

consisted of three baboons that were infused with sublethal dose of E. coli, ranging from 106 to 

108 CFU/kg.  The second experimental group consisted of 2 baboons that were infused with a 

lethal dose of E. coli (1010 CFU/kg E. coli).  Each animal in these two groups were infused with 

the corresponding dose of E. coli over a 2 hr period.  Blood samples were collected from T = 0 to 

T = 30 hours for the first group, where T = 0 designates when the infusion of E. coli was begun.  

Blood samples for the second group were collected from T = 0 to T = 12 hours.  The third group 

consisted of 2 baboons that were first infused with sublethal dose of E. coli (109 CFU/kg E. coli 

for 1 hour) followed by an infusion of IIa after 24 hours (1 unit/kg/min for 1 hour).  Blood 

samples were collected from T = 0 to T = 48 hours.  The last group consisted of 3 baboons, where 

each was infused with IIa (2 units/kg/min) for 1 hour.  Two of the three baboons received a bolus 

infusion of inhibitory anti-endothelial Protein C receptor monoclonal antibody (anti-EPCR mAb 

1494, 5mg/kg) 30 minutes followed by a 1 hour infusion of IIa as described above. Thus, each 

animal served as its own control.  Blood samples for the fourth group were collected from T = -30 

min to T= 24 hours. 

 

Plasma samples from patients that underwent hip replacement surgery 

Plasma samples from patients that underwent hip replacement surgery were obtained by 

Dr. Jeff Weitz (Hamilton, Ontario).  Plasma samples were obtained one day before the surgery (T 

= 0) and T = 1, 2, 3, and 4 days, and for some patients, up to T = 42 days.  Blood was 

immediately anticoagulated using sodium citrate (10mM) plus PPAck (20μM).  Platelets were 
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removed from plasma by centrifugation at 2,500 x g for 30 min.  Plasma samples were then snap 

frozen and stored at -80°C. 

 

The TAFIa assay 

QSY-FDPs (1μM) and 50nM 5IAF-Pg were incubated as described in methods for 

performing the TAFIa assay in Chapter 2.  While the signal was stabilizing, plasma 

samples/TAFIa standards (0-200pM) were carefully thawed out at 22°C.  PPAck (100nM) was 

added to the baboon plasma samples once they had thawed.  They then were immediately placed 

on ice.  Once the signal had stabilized, TAFIa standards and the samples were placed at 22°C for 

~7 minutes, and then added to the QSY-FDP/5IAF-Pg mixture.  Fifteen minutes after the addition 

of TAFIa standards/samples to the QSY-FDPs/5IAF-Pg mixture, the initial rates of the samples 

and the highest concentration of the TAFIa standard (200pM) were recorded using Softmax Pro 

(Molecular Devices, USA).   This allowed the determination of the necessary dilutions of the 

samples in TAFI-deficient plasma (TDP).  Serially diluted samples of the plasma were placed at 

22°C for ~7 minutes and then added to 80μL of the equilibrated QSY-FDPs/5IAF-Pg mixture.  

The initial rates of 5IAF-Pg release by the addition of the TAFIa standards/plasma samples were 

determined using Softmax Pro (Molecular Devices, USA), and the TAFIa standard curve was 

generated by plotting the initial rates obtained with the standards against the TAFIa 

concentrations in the plasma standards prior to dilution.  In order to determine the TAFIa levels 

of plasma samples, the least diluted sample whose initial rate fell within the TAFIa standard 

curve was used.  The TAFIa level for each sample was measured using the described assay and 

the mean ± SD for at least 2 measurements was determined. 
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Results: 

Measurement of functional TAFIa in chimpanzees that received human factor Xa and PCPS at a 

ratio of 0.65 (Xa:PCPS) 

Figure 16 shows the levels of TAFIa measured over a time course of 0 – 60 minutes for 

chimpanzees that were infused with factor Xa and PCPS at varying doses, all of which were at a 

ratio of 0.65 (fXa:PCPS).  All three chimpanzees in this series generated TAFIa transiently, with 

a half-life of about 8 minutes (Figure 16).  TAFIa peak levels that were generated by the lowest to 

the highest dosage of factor Xa/PCPS (12pmoles Xa+19nmoles PCPS; 17pmoles Xa+26nmoles 

PCPS; 25pmoles Xa+38nmoles PCPS) were 726pM at 2 minutes, 4375pM at 2 minutes, and 

6489pM at 10 minutes, respectively.   

 

Measurement of functional TAFIa in chimpanzees that received human factor Xa and PCPS at a 

ratio of 1.3 (Xa:PCPS) 

Figure 17 displays the measured TAFIa levels over a time course of 0 – 90 minutes of 

two chimpanzees that were infused with factor Xa and PCPS at varying doses, both of which 

were at a ratio of 1.3 (fXa:PCPS).  The two chimpanzees in this series generated TAFIa in a 

transient manner, with a half-life of about 10 minutes.  Chimpanzees that received the higher and 

lower dosage of factor Xa/PCPS generated TAFIa peak levels of 5062pM at 2 minutes and 

5079pM at 5 minutes, respectively. 

Measurement of functional TAFIa in baboons that received a sublethal dose of E. coli 

Figure 18 shows the measured TAFIa levels over a time course of 0 – 72 hours of 

baboons that were infused with sublethal doses of E. coli varying from 106 to 108 CFU/kg for 2 

hours.  Three baboons that were infused with sublethal dose of E. coli generated TAFIa 
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transiently (Figure 18).  These baboons, which were infused with 106, 108 and 108 CFU/kg E. coli 

generated TAFIa peak levels of 402pM, 853pM, and 1385pM, respectively, all of which occurred 

at 6 hours, thus showing a positive relationship between the dose of E. coli that was infused and 

the plasma concentration of activated TAFI. 

 

Measurement of functional TAFIa in baboons that received a lethal dose of E. coli 

Figure 19 displays the measured TAFIa levels over a time course of 0 – 12 hours of 

baboons that were infused with lethal dose of E. coli (1010 CFU/kg E. coli) for 2 hours.  The two 

baboons generated TAFIa peak levels of 27,133pM and 20,590pM, respectively, both of which 

occurred at 2 hours. 

 

Measurement of functional TAFIa in baboons that were infused with a sublethal dose of E. coli 

followed by infusion of IIa 

TAFIa levels were measured over a time course of 0 – 48 hours of baboons that were 

infused with sublethal dose of E. coli (108 and 109 CFU/kg E. coli), followed by an infusion of IIa 

(1 unit/kg/min) for one hour at 24 hours can be seen in Figure 20.  The two baboons generated 

TAFIa transiently twice throughout the course of the experiment: in response to the initial 

infusion of E. coli and the later infusion of IIa.  The baboon that received a lower dose of E. coli 

generated TAFIa peak levels of 642pM at 6 hours and 769pM at 24.7 hours, while the baboon 

that received a higher dose of E. coli generated TAFIa peak levels of 1659pM at 6 hours and 

1880pM at 25 hours.   
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Measurement of functional TAFIa in baboons that were infused with only IIa or with IIa followed 

by bolus infusion of anti-EPCR monoclonal antibody 

Measured TAFIa levels in plasma over a time course of 0 – 24 hours of baboons that 

were infused with either only IIa (2 units/kg/min) for one hour or with IIa (2 units/kg/min) for 

one hour followed by a bolus infusion of anti-EPCR mAb can be seen in Figure 21.  The baboon 

that received only IIa (2 units/kg/min) for one hour generated TAFIa transiently, producing a 

TAFIa peak of 2912pM at 4 hours (Figure 21).  The two baboons that received a bolus infusion of 

anti-EPCR mAb (5mg/kg) 30 minutes after the infusion of IIa (2 units/kg/min) generated TAFIa 

in a transient manner, with TAFIa peak levels of 740pM and 656pM, both of which occurred at 4 

hours. 

 

Measurement of functional TAFIa in patients that underwent hip replacement surgery 

Human patient plasma samples were obtained either up to 4 days or 6 weeks post hip 

replacement surgery and were assayed for TAFIa.  All patients showed elevated, sustained levels 

of TAFIa.  Figure 22 displays patients that have been monitored up to 4 days post surgery.  The 

highest peak generated was ~300pM.  TAFIa assay for patients that were monitored up to 42 days 

post surgery can be seen in Figure 23.  The highest peak generated in this group was ~380pM.  
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Figure 16. TAFIa generation in vivo in chimpanzees – 0.65 Series.  Chimpanzees received a 
bolus infusion (over 30seconds) with factor Xa and PCPS at varying doses, all of which were at a 
ratio of 0.65 (fXa:PCPS).  Plasma TAFIa levels were measured over a time course of 0-60 
minutes. Mean TAFIa concentrations ± SD for at least 2 measurements are shown plotted against 
the time the plasma sample was taken. 
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Figure 17. TAFIa generation in vivo in chimpanzees – 1.3 series.  Chimpanzees received a 
bolus infusion (over 30 seconds) of factor Xa and PCPS at varying doses, all of which were at a 
ratio of 1.3 (fXa:PCPS).  Plasma TAFIa levels were measured over a time course from 0 – 90 
minutes.  Mean TAFIa concetnrations ± SD for at least 2 measurements are shown plotted against 
the time the plasma sample was taken. 
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Figure 18. TAFIa generation in vivo in a baboon sepsis model – sublethal series.  Three 
baboons were infused with sublethal doses of E. coli, varying from 106 to 108 CFU/kg over a 2 
hour period.  Plasma TAFIa levels were measured over a time course of 0 – 30 hours.  Mean 
TAFIa concentrations ± SD for 2 measurements are shown plotted against the time the sample 
was taken. 
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Figure 19. TAFIa generation in vivo in a baboon sepsis model – lethal series.  Two baboons 
were infused with a lethal dose of E.coli (1010 CFU/kg) over a 2 hour period.  Plasma TAFIa 
levels were measured over a time course of 0 – 12 hours.  Mean TAFIa concentrations ± SD for 2 
measurements are shown for each time point. 
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Figure 20. TAFIa generation in vivo in a baboon sepsis model – effect of the infusion of E. 
coli followed by thrombin.   Two baboons were infused with sublethal doses of E. coli (108 or 
109 CFU/kg E. coli) over a 2 hour period, followed by an infusion of IIa (1 unit/kg/min) for one 
hour at 24 hours after the infusion of E. coli.  Mean TAFIa concentrations ±SD for 2 
measurements are shown at each time point. 
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Figure 21. TAFIa generation in vivo in a baboon sepsis model – effect of EPCR.   Three 
baboons were infused with IIa (2 units/kg/min) for one hour.  Two of the three baboons received 
a bolus infusion of anti-EPCR monoclonal antibody (anti-EPCR mAb, 5mg/kg) at 30 minutes 
after infusion of IIa as mentioned previously.  Plasma TAFIa levels were measured over a time 
course of 0 – 24 hours.  Mean TAFIa concentrations ± SD for at least 2 measurements are shown 
for each time point. 
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Figure 22. TAFIa levels in plasma samples from patients that were monitored up to 4 days 
after hip replacement surgery.  TAFIa concentrations were measured in plasma from 6 patients 
that underwent hip replacement surgery.  Mean TAFIa concentration ± SD for 2 measurements 
are shown for each time point. 
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Figure 23. TAFIa levels in plasma samples from patients that were monitored up to 42 days 
after hip replacement surgery.  TAFIa concentrations were measured in plasma from 3 patients 
that underwent hip replacement surgery.  Mean TAFIa concentration ± SD for 2 measurements 
are shown for each time point. 
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Discussion: 

 We have successfully measured TAFI activation in vivo in three primate systems in 

response to IIa generation and stress.  In the chimpanzees and baboons, TAFIa was generated at a 

level that could substantially affect fibrinolysis, given that the half-maximal effect of TAFIa 

occurs at 1nM (51). 

In all chimpanzees, TAFIa was generated transiently and the half-life of plasma TAFIa 

was 8-10 minutes. This implied transient generation of IIa upon the infusion of the procoagulant 

stimulus.  In the 0.65 series, there was a positive correlation between the dosage of factor 

Xa/PCPS and the TAFIa peak level.  However, the two dosage regimens in the 1.3 series 

produced similar TAFIa peak levels.  These results show that the infusion of the procoagulant 

combination of factor Xa and PCPS is able to activate TAFI in vivo in a dose-dependent manner 

and at a level that could significantly affect fibrinolysis.  These results are in good accordance 

with previous findings by Giles et al. on other fibrinolytic parameters (114).  The peak TAFIa 

levels in chimpanzees coincided with the depletion of Fg and α2-antiplasmin (5 minutes after the 

infusion of Xa/PCPS) as well as the appearance of FPA (5 minutes after the infusion), t-PA, D-

dimer, and FDP (10 minutes after the infusion of Xa/PCPS).  

All baboons generated TAFIa transiently and at a level that could substantially affect 

fibrinolysis.  For the sublethal and lethal series of infusion of E. coli, TAFIa generation was dose-

dependent: higher doses of E. coli generated higher TAFIa peak levels.  For the experimental 

group that was infused with sublethal dose of E. coli followed by an infusion of IIa 24 hours after 

the infusion of E. coli, a spike in TAFIa levels after the infusion of IIa indicated that activatable 

TAFI remained in plasma after the initial exposure to E. coli.  The last experimental group had 

profound and unexpected results.  Baboons that received a bolus infusion of anti-EPCR mAb 

after the infusion of IIa (thus blocking the binding of PC and APC to EPCR) generated less 
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TAFIa than the baboon infused with only IIa.  This was surprising, as inhibiting EPCR with the 

antibody would down-regulate the activation of PC, thereby generating more IIa which would, in 

theory, activate more TAFI.  Interestingly, Fletcher Taylor observed co-localization of TAFI and 

EPCR by fluorescence microscopy in aortic tissue of baboons that were infused with saline as 

well as E. coli at varying levels (personal communication).  This suggests that both EPCR and 

TAFI are expressed or are recruited to the endothelium as an early defence mechanism so that 

they are able to regulate the neutrophil/endothelium interaction quickly should the inflammatory 

insult be more intense.  Also, it may be possible that EPCR not only binds PC/APC, but 

TAFI/TAFIa as well.  This novel finding poses interesting new theories concerning the 

inflammatory system and the possible involvement of TAFI in inflammation.  ECPR may play a 

role in regulating TAFI/TAFIa which may in turn affect processes such as inflammation and 

platelet activation.  Further research is needed to explore this new possibility. 

Results with patient plasma samples were interesting.  Given that normal human plasma 

contains ~20pM TAFIa, all patients had elevated, sustained levels of TAFIa for up to 42 days 

post surgery, where the lowest level of TAFIa detected was ~50pM and the highest level of 

TAFIa was ~300pM.  The elevated and sustained levels of TAFIa seen in these plasma samples 

may exceed a threshold concentration of TAFIa in plasma, and thereby might contribute to 

fibrinolytic shutdown, thus leading to thrombosis following surgery.  It would be interesting to 

measure TAFI zymogen levels of these patient plasma samples to see whether the zymogen levels 

are being depleted or replenished since sustained, elevated levels of TAFIa were detected. 

Correlations between TAFIa levels and other fibrinolytic components from the same 

plasma samples that have been previously studied in the chimpanzee and the baboon model can 

be made to gain insight into the pathophysiology of various cardiovascular diseases and sepsis.  

Also, further studies regarding post-surgical stress, such as the ones mentioned above, need to be 
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performed to gain a better understanding of the possible involvement of TAFI in fibrinolytic 

shutdown. 
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Chapter 4: Determination of the Kinetics of TAFIa in Release of Bound 

Plasminogen from Soluble Fibrin Degradation Products 
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Abstract: 

 

Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) is a carboxypeptidase B-like 

enzyme in plasma which removes newly exposed C-terminal lysine and arginine residues of 

plasmin-modified fibrin (FN’).  This removes the positive feedback in the activation of 

plasminogen by t-PA by several means, one of which consists of elimination of plasminogen 

binding to plasmin-modified fibrin (FN’).  We have employed the principles of the TAFIa assay 

developed in our laboratory to determine the kinetics of TAFIa-catalyzed release of bound 

fluorescein-labelled plasminogen (5IAF-Pg) from soluble QSY-labelled fibrin degradation 

products (QSY-FDPs) which acted as a surrogate for FN’.  Kinetic parameters for this reaction 

were obtained by fitting the rates of the removal of plasminogen binding sites from QSY-FDPs to 

the Michaelis-Menten equation using nonlinear regression.  The kcat value decreased as the TAFIa 

concentration increased, suggesting that at higher TAFIa concentrations, the limitation of the 

enzymatic catalysis is no longer the rate of cleavage of the C-terminal lysine residues, but rather 

the rate of 5IAF-Pg being released from FDPs.  Further studies are necessary to fully characterize 

the removal of C-terminal lysine and arginine residues of FN’ by TAFIa. 
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Introduction 

 

 Plasminogen is a plasma protein that is synthesized in the liver and is present in plasma at 

a concentration of ~2.4μM (34).  It contains 24 internal disulfide bonds with no free cysteine 

residues and 5 “kringle” domains between Lys-77 and Arg-560 (135).  Kringles are looped 

structures with 3 internal disulfide links which serve as binding sites for fibrin and α2-antiplasmin 

(α2-AP).  These kringles differ in their affinity for lysine or ε-aminocaproic acid (ε-ACA), a 

lysine analogue.  Kringle 1 is a high affinity site (Kd = 9 x 10-6M), whereas kringles 2-5 are lower 

affinity sites (Kd = 5 x 10-3M) (36,136).  The native form of Pg, Glu-Pg, has a glutamic acid at the 

N-terminus and a molecular weight of 88kDa (36).  This native Pg can be cleaved by plasmin at 

Lys-77 to generate Lys-Pg, which has a molecular weight of 83kDa (36).  Lys-Pg is a 20-fold 

better substrate for its activator, tissue-type plasminogen activator (t-PA) than the native Pg 

(37,38).  In vitro fibrinolysis studies showed that of all the plasmin formed, 45% was derived 

from Lys-Pg (137).  Glu- and Lys-Pg bind unmodified fibrin in a kringle-dependent manner with 

Kd values of 13μM and 0.13μM, respectively (41).   

Plasmin-modified fibrin (FN’) contains newly exposed C-terminal lysine (and arginine) 

residues which increase its cofactor activity by 3-fold compared to intact fibrin (FN) in the 

activation of plasminogen by tissue-type plasminogen activator (t-PA) (42). Thrombin-activatable 

fibrinolysis inhibitor (TAFI) is a plasma zymogen that can be activated by thrombin (49,50), the 

thrombin-thrombomodulin complex (51), or plasmin (52) to form activated TAFI (TAFIa).  

TAFIa removes these newly exposed C-terminal lysine and arginine residues of FN’ to form FN”, 

which has lower cofactor activity than intact fibrin (42).  Previous work by Sakharov et al. (138) 

showed TAFIa-dependent removal of Pg binding to fibrin but did not study the impact of this on 

Pg activation.  Wang et al. (42) did not examine the binding of Pg to fibrin, but observed the loss 

of the up-regulation of fibrin cofactor activity in the activation of Pg by t-PA in the presence of 
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TAFIa.  Thus, these two studies are highly complimentary.  In addition, Walker and Nesheim 

(111) explained the cofactor activity of either untreated or TAFIa-treated soluble fibrin 

degradation products in t-PA and DSPAα1-mediated Pg activation.  They have found that for 

both activators, the products released during fibrinolysis are effective cofactors for Pg activation, 

and this cofactor activity can be significantly reduced by TAFIa.  The present work examined the 

kinetics of TAFIa activity in the elimination of Pg binding to FN’.  These studies were carried out 

to further characterize this process and to gain a more quantitative understanding of the 

mechanism(s) of TAFIa in the attenuation of fibrinolysis. 

 

Experimental procedures 

Materials 

All materials that were required to produce QSY-labelled fibrin degradation products 

(QSY-FDPs) and fluorescein-labelled plasminogen (5IAF-Pg) were obtained as previously 

described in “Materials” in Chapter 2.  QSY-FDPs were prepared as described in “Methods” in 

Chapter 2. 

 

The kinetics of TAFIa in the release of bound 5IAF-Pg from QSY-FDPs 

The kinetics of TAFIa-catalyzed release of bound 5IAF-Pg from QSY-FDPs were 

analyzed by employing the principles of the TAFIa assay as outlined in Chapter 2.  In a 96-well 

microtitre plate pretreated with 0.02M HEPES, 0.15M NaCl, pH 7.4 and 1% Tween80 as 

described in Chapter 2, 50nM 5IAF-Pg was titrated with QSY-FDPs (0-2μM), and the salt 

concentration of this 80μL mixture was adjusted to 0.2M in 0.02M HEPES, pH 7.4 buffer.  These 

mixtures were monitored with a SpectraMax GeminiXS (Molecular Devices, Sunnyvale, CA) 
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fluorescent plate reader at 22°C at one minute intervals, with excitation and emission 

wavelengths at 480nm and 520nm, respectively, with a 495nm emission cut-off filter.  Once the 

signal stabilized, 20μL of TAFIa (100pM – 2500pM final concentration) in HBS, 1 mg/mL BSA, 

pH 7.4, 0.01% Tween80 buffer was added to the 50nM 5IAF-Pg/QSY-FDP mixture (80μL).  The 

initial rates of fluorescence change upon the addition of TAFIa were determined using Softmax 

Pro (Molecular Devices, USA).  Since the assay was monitored at one minute intervals, the initial 

rate was measured as a change in RFUs/minute. 

 

The following considerations were used to determine rates of 5IAF-Pg release from QSY-FDPs 

from the rates of fluorescence change.  The signal (fluorescence intensity) is given by equation 

(10): 

FDP][])FDP*Pg[]Pg*[( i
bf essS −⋅+=        (10)  

where S is the signal from the fluorescence plate reader, is the signal from free 5IAF-Pg 

( is the signal per unit concentration of free Pg), 

]Pg*[fs

fs ]FDP*Pg[ ⋅bs  is the signal from bound 

5IAF-Pg ( is the signal per unit concentration of bound Pg), i is the internal filter factor, 

Pg* is 5IAF-Pg, FDP is QSY-FDPs, and Pg*·FDP is the 5IAF-Pg·QSY-FDP complex.  Since 

bs

 FDP]*Pg[Pg*][[Pg*]o ⋅+=        (11) 

and 

( ))FDP][K/(FDP][Pg*][FDP]*[Pg do +=⋅      (12) 

and given that when [FDP] = 0, 00 [Pg*]fsSS == , equation (11) can be substituted into 

equation (10) to form equation (13), which can then be rearranged to equation (14). 

[FDP]
0 ])FDP*Pg[)FDP]*Pg[Pg*]([( i

bf essS −⋅+⋅−=    (13) 

]FDP[
0 )FDP]*Pg)[([Pg*]( i

fbf esssS −⋅−+=      (14) 
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Equation (12) can then be substituted into equation (14) to give equation (15). 
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By defining 
f

b

f

bf

s
s

s
ss

−=
−

= 1α , equation (15) can be rewritten as equation (16).  
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Equation (16) was used to estimate the values of α, the dissociation constant (Kd) and the internal 

filter factor (i) by nonlinear regression in SYSTAT using the initial fluorescence signals before 

the addition of TAFIa.  To determine the change in QSY-FDP concentration with respect to time, 

the derivative of equation (16) with respect to time is written as equation (17) and equation (18). 
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Rearrangement of equation (18) gives equation (19), and isolating for d[FDP]/dt gives equation 

(20). 
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By substituting the estimated values of α, i, Kd, and the initial rates of fluorescence change (
dt
dS

), 

the change in the concentration of QSY-FDPs with respect to time can be obtained and plotted. 
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Results: 

The kinetics of TAFIa in the release of bound 5IAF-Pg from QSY-FDPs 

To determine the kinetics of TAFIa-catalyzed removal of bound Pg from soluble FDPs, 

the principle of the TAFIa assay described in Chapter 2 was employed.  The initial fluorescence 

signals before the addition of TAFIa were fit to equation (16) in “Methods” of this chapter by 

nonlinear regression to estimate the values of α, Kd, and i (Table 5).  The mean ± SD value of Kd 

was found to be 0.397 ± 0.110μM, which shows similar affinity of 5IAF-Pg for QSY-FDPs as 

shown in Chapter 2.  These parameters were used in equation (20) in “Methods” of this chapter to 

determine the rate of the removal of Pg binding sites from QSY-FDPs from the rate of 

fluorescence change.  Figure 24 displays the mean rate of two independent experiments at each 

TAFIa concentration with the exception of 0.3nM TAFIa (n=1).  At TAFIa levels of 100pM and 

200pM, the rate of the removal of Pg binding sites per unit of TAFIa reached a peak when QSY-

FDP concentration was 1μM.  The kinetics conformed to the Michaelis-Menten equation.  The 

values of the apparent Km and kcat as well as Vmax can be seen in Table 6.  A negative 

correlation was observed between the kcat value and the TAFIa concentration. 
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Table 5: Estimated values of α, the dissociation constant (Kd), and the internal filter factor 
(i) needed for measuring the release of 5IAF-Pg from QSY-FDPs at various TAFIa 

concentrations. 

 

[TAFIa] (nM) α Kd (μM) i 

0.1 0.824 ± 0.165 0.267 ± 0.105 0.353 ± 0.084 

0.2 1.000 ± 0 0.482 ± 0.219 0.149 ± 0.210 

0.3* 1.000 0.412 0.117 

0.5 0.979 ± 0.030 0.519 ± 0.188 0.230 ± 0.035 

2.5 0.873 ± 0.029 0.303 ± 0.076 0.303 ± 0.089 

 

 

The mean values ± SD for α, Kd, and i were determined for two separate experiments by non-
linear regression.  The mean ± SD of Kd was found to be 0.397 ± 0.110μM. 

*For this concentration of TAFIa, the experiment was performed once (n=1). 
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Figure 24. The kinetics of TAFIa in the release of bound 5IAF-Pg from QSY-FDPs.  In order 
to determine the kinetics of the release of bound 5IAF-Pg from QSY-FDPs by TAFIa, activated 
TAFI (0.1μM – 2.5nM) was added to an equilibrated mixture of QSY-FDPs (0 -2μM) and 50nM 
5IAF-Pg.  By using the model in the section “Methods”, α, Kd, and i were determined for each 
TAFIa concentration, which were then used to determine the rate of the removal of 5IAF-Pg 
binding sites per unit of TAFIa from the rates of fluorescence change.  Each rate for its 
corresponding TAFIa concentration is presented as a mean of two separate experiments, except 
for 0.3nM TAFIa (n=1). 
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Table 6: Kinetic parameters for the removal of 5IAF-Pg binding sites from QSY-FDPs by 

varying levels of TAFIa 

TAFIa (nM) Km (μM) kcat (s-1) Vmax (μM/s) 

0.1 0.054 ± 0.077 1271 ± 181 127.1 

0.2 0.168 ± 0.068 799 ± 7 159.8 

0.3 0.191 ± 0.063 577 ± 43 173.0 

0.5 0.023 ± 0.055 261 ± 31 130.4 

2.5 1.640 ± 0.329 78 ± 9 196.1 

 

The kinetics conformed to the Michaelis-Menten equation.  This allowed the determination of 
Km, kcat, and Vmax values at differing TAFIa concentrations. 
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Discussion: 

 Although the kinetics of TAFIa in the hydrolysis of small substrates have been well 

documented, the kinetics of TAFIa in the removal of the C-terminal lysine residues on plasmin-

modified fibrin (FN’) which results in the attenuation of fibrinolysis has not been studied.  In this 

study, we have successfully applied the principles of the TAFIa assay developed in our laboratory 

to determine the kinetics of TAFIa activity in the release of bound plasminogen from soluble 

fibrin degradation products which the removal Pg binding sites of FN’.  The enzymatic activity 

saturated as the levels of the enzyme, TAFIa, approached 200pM.  This illustrates that TAFIa is 

an extremely effective enzyme in the removal of available binding sites of Pg on FN’.  

Theoretically, kinetic parameters such as the Km and the kcat should have been the same for all 

TAFIa concentrations.  However, this was not the case: lower apparent kcat values were observed 

at higher levels of TAFIa.  This may be because at higher levels of TAFIa, the removal of the Pg 

binding sites may no longer be the rate limiting step; rather, the release of 5IAF-Pg from QSY-

FDPs becomes the rate-limiting step.  Since kcat is defined as the maximal rate divided by the total 

enzyme concentration and the rate-limiting step limits the maximal rate while the total enzyme 

concentration increases, the apparent kcat decreases as well. 

Further studies are necessary in order to fully characterize the kinetics of TAFIa-

catalyzed removal of the C-terminal lysine residues. Because the apparent kcat increased as the 

enzyme concentration decreased, further work at lower enzyme concentrations will be needed to 

accurately determine the value of kcat. Also, the determination of the total amount of lysine or 

arginine residues released by TAFIa in the presence of varying concentrations of FN’ should be 

made.  In addition, the specificity or preference of TAFIa for particular C-terminal lysine or 

arginine residues that are available in FN’ could be identified through mass spectrometry or high-

performance liquid chromatography (HPLC).  These future experiments, alongside the results 

obtained here and previous knowledge of the mechanism of TAFIa can provide further insight 
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into the regulation and the biochemistry of the TAFIa as well as its role in attenuating 

fibrinolysis. 
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Summary and Conclusions 

 In a healthy individual, the coagulation and fibrinolytic cascades are tightly regulated to 

maintain a proper balance between fibrin deposition and removal.  When the two cascades are not 

properly balanced, the individual may bleed excessively or thrombose.  Since thrombin-

activatable fibrinolysis inhibitor (TAFI) is activated by the terminal protease of the coagulation 

cascade, thrombin, and can attenuate fibrinolysis, it provides a molecular link between the two 

cascades. The possible involvement of TAFI in haemostatic disorders such as venous thrombosis 

has been suggested, and thus, it is critical to be able to measure TAFIa levels in clinical plasma 

samples to gain a better understanding of the pathophysiology of TAFI. 

 There are several methods available in literature to detect activated TAFI; however, most 

methods cannot detect TAFIa in plasma due to the presence of the constitutively active 

carboxypeptidase N (CPN) which cleaves C-terminal arginine residues of small peptides.  The 

assay developed in this study is specific for TAFIa in plasma and are not confounded by 

endogenous levels of Pg as well as a naturally occurring polymorphism at position 325 which is 

known to affect the thermal stability of TAFIa.  This assay was also shown to be reliable and 

sensitive to TAFIa concentrations as low as 12pM.   

The TAFIa assay was then utilized to measure functional TAFIa in vivo in three different 

primate systems.  Results showed that substantial amounts of TAFIa were generated in vivo in 

response to thrombin generation, E. coli-induced sepsis, and post-surgical stress.  Correlations 

between TAFIa levels and other fibrinolytic components from the same plasma samples that have 

been previously studied can be made to gain insight into the pathophysiology in cardiovascular 

diseases.  Furthermore, an interesting observation was made: baboons that were infused with 

thrombin followed by the blocking of endothelial protein C receptor (EPCR) generated less 

TAFIa than the baboon that received the infusion of only thrombin.  This suggests a novel role for 
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EPCR: it may regulate the activity of TAFIa as well as activated protein C (APC).  This novel 

finding needs to be further explored to gain a better understanding of the regulatory mechanism 

of TAFI.  The presence of sustained, elevated TAFIa levels were observed in plasma samples of 

patients that underwent hip replacement surgery.  This may exceed the threshold concentration of 

TAFIa in plasma, and thus may contribute to a phenomenon known as “fibrinolytic shutdown”.  It 

would be useful to measure TAFI zymogen levels in these plasma samples to see if the TAFI 

levels correlate with the continual presence of TAFIa in plasma. 

TAFI has been implicated in various haemostatic disorders, such a deep vein thrombosis 

(64) and myocardial infarction (139).  Drs. McLellan, Adams, Kong, and Malik from Kingston 

General Hospital obtained plasma samples from a hundred patients with ST elevation of 

myocardial infarction (STEMI) who were given thrombolytic therapy and were referred for an 

emergency coronary angiogram at Kingston General Hospital.  Only 50% of the patients were 

receptive to thrombolytic therapy.  The cause for this phenomenon is not known.  Since TAFI is a 

potential risk factor for thrombosis (140,141), it would be critical to determine if there is an 

association between TAFI/TAFIa levels and the infarct-related artery (IRA) patency.   

Collaboration with Drs. McLellan, Adams, Kong, and Malik from Kingston General 

Hospital and Drs. Koschinsky and Boffa from Queen’s University will take place to determine 

the level of activated TAFI in plasma samples of these patients by utilizing a specific and 

sensitive assay developed in our laboratory.  We hope to gain insight into the possible 

involvement of TAFI in this particular haemostatic disorder.  Furthermore, our novel assay can be 

applied in a clinical setting to assess plasma samples of patients with various other haemostatic 

disorders.  Thus, this assay should prove to be useful in investigating the pathophysiology of the 

TAFI pathway. 
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In addition to assessing TAFI activation in clinical plasma samples, studies are planned to 

determine the concentration of lysine and arginine residues released from QSY-FDPs upon 

exposure to TAFIa by employing the assay described by Wang et al. (40).  Furthermore, we hope 

to identify the specific C-terminal arginine or lysine residues of fibrin degradation products that 

get cleaved by TAFIa by mass spectrometry.  These future studies would further our 

understanding in the mechanism and the regulation of TAFI. 
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