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Abstract 

Thrombin-activatable Fibrinolysis Inhibitor (TAFI) is a 60 kDa plasma protein that 

can be activated to the enzyme, TAFIa, by thrombin, plasmin or trypsin.  TAFIa is a 

carboxypeptidase B-like enzyme that attenuates fibrinolysis.  Thrombomodulin (TM) is a 

cofactor which increases the overall efficiency of thrombin-mediated TAFI activation by 

1250-fold.  Thus, the thrombin-TM complex is believed to be the physiological TAFI 

activator. 

The minimal structure of TM required for efficient TAFI activation contains the 

EGF-like domains 3 through 6.  New structure models have postulated that the C-loop of 

TM EGF-like domain 3 has a negatively charged molecular surface that could interact 

with several positively charged surface patches on TAFI. 

In this study, we constructed recombinant TAFI variants to assess whether the 

selected positively charged residues on TAFI complement the negative electrostatic 

potential of the TM EGF-like domain 3, thereby promoting the TAFI-TM interaction in 

the formation of the ternary thrombin/TM/TAFI complex. 

  TAFI has exclusive triple lysine residues on its activation peptide.  When they are 

substituted by alanine residues (K42/43/44A), compared to the wild-type, the catalytic 

efficiencies for TAFI activation by thrombin in the presence and absence of TM 

decreased by factors of 9 and 3.5, respectively.  Other derivatives of TAFI with alanine 

point mutations at positions K133, K211, K212, and R220, which together represent one 

positively charged surface patch of TAFI, showed decreased catalytic efficiencies for 

TAFI activation by thrombin-TM complex from 2.4 to 2.9-fold.  A second positive 
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surface patch includes residues K240 and R275.  Alanine mutations of these two residues 

caused decreased catalytic efficiencies by 1.7 and 2.1-fold, respectively.  Together, our 

data show that no single mutation completely eliminates TM dependence in TAFI 

activation by thrombin, but each mutated residue contributes in the formation of the 

ternary thrombin/TM/TAFI complex.  In addition, all TAFIa derivatives had half lives 

(8.1 ± 0.6 min) comparable to that of wild-type TAFIa (8.4 ± 0.3 min) at 37 ºC, 

suggesting that these residues are not involved in TAFIa inactivation by conformational 

instability. 
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Chapter 1 
Introduction 

Hemostasis is essential in protecting the body from excessive blood loss by 

forming a hemostatic plug at the site of injury.  Despite the simplicity of the statement, 

the process is a very complex and thus requires a balance between clot formation 

(coagulation) and clot dissolution (fibrinolysis) (Figure 1-1).  If the balance shifts toward 

coagulation, thrombotic events such as heart attack or stroke may occur.  On the other 

hand, if the balance shifts toward fibrinolysis, one may bleed excessively which may 

potentially be lethal.  Therefore, a delicate balance between coagulation and fibrinolysis 

is required for maintaining the normal blood flow within the vasculature. 

Although the deposition of fibrin has an important role in the processes of 

hemostasis, wound healing, and inflammation, the formation of fibrin still needs to be 

limited in time, and fibrin must be removed once it has fulfilled its role.  The primary 

roles of the systems involved in fibrinolysis are to not only prevent excessive fibrin 

formation, but also to attenuate clot lysis so that the newly formed hemostatic fibrin plug 

is not lysed prematurely. 

Upon vascular injury, the coagulation cascade is initiated, which results in the 

formation of thrombin, a serine protease, from its zymogen prothrombin [1].  Thrombin 

then cleaves soluble fibrinogen, and an insoluble fibrin clot forms at the site of injury [2].  

Fibrinolysis, the breakdown of the fibrin clot, is mediated by the activation of 

plasminogen to plasmin, a serine protease, which catalyzes the degradation of insoluble 

fibrin clot, releasing soluble fibrin degradation products (FDPs). 
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Figure 1-1.  The balance between coagulation and fibrinolysis.  Thrombomodulin (TM) 
is a cofactor for the thrombin (IIa)-catalyzed activation of both protein C (PC) and TAFI.  
Both protein C and TAFI require a single proteolytic cleavage to become APC and 
TAFIa, respectively, which modulate the balance between fibrin formation and 
degradation.  Activated protein C is a serine protease, which exerts its anticoagulatory 
effect by the inactivation of upstream coagulation factors, ultimately down-regulating 
thrombin formation.  TAFIa, a carboxypeptidase B-like enzyme, removes the C-terminal 
lysine residues from partially degraded fibrin, which ultimately down-regulates 
plasminogen (Plg) activation.  Thus, TAFIa suppresses plasmin (Pln) formation and 
thereby attenuates fibrin dissolution (This model was adopted from Nesheim et al. (1997) 
Thromb. Haemost. 78, 386-391). 
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A central regulator in the balance of coagulation and fibrinolysis is the endothelial 

membrane protein thrombomodulin (TM).  TM serves as a molecular switch that changes 

the specificity of thrombin from a procoagulant enzyme to both an anticoagulant and an 

antifibrinolytic enzyme.  Free thrombin is a potent procoagulant enzyme.  When thrombin 

is bound to TM, however, it can no longer cleave procoagulant substrates.  Thrombin-TM 

complex mediates its anticoagulant and antifibrinolytic effects through the activation of 

two zymogens, protein C [3] and thrombin-activatable fibrinolysis inhibitor (TAFI) [4] 

(Figure 1-1).   

Activated protein C (APC) is a serine protease, which exerts its anticoagulant 

effect by the inactivation of the upstream coagulation factors Va and VIIIa [5].  This 

results in the down-regulation of thrombin generation, which ultimately down-regulates 

fibrin formation.  Activated TAFI (TAFIa) is a carboxypeptidase B-like enzyme, which 

catalyzes the removal of carboxyl-terminal lysine and arginine residues from partially 

degraded fibrin.  It is these C-terminal lysine residues that are required for maximal 

stimulation of tissue-type plasminogen activator (t-PA) mediated plasminogen activation.  

The removal of these positively charged residues suppresses the co-factor activity of 

fibrin for plasminogen activation and thereby attenuates fibrinolysis. 

 

Thrombin-activatable Fibrinolysis Inhibitor (TAFI)  

Thrombin-activatable fibrinolysis inhibitor (TAFI) is a 60 kDa glycoprotein that 

circulates in plasma at concentration of about 75 nM [6].  It is also known as 
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procarboxypeptidase U [7], plasma procarboxypeptidase B [8] and carboxypeptidase R 

[9].  TAFI is a zymogen and it can be activated to a carboxypdptidase B-like enzyme 

TAFIa by a single proteolytic cleavage at arginine 92 [4, 8, 10].  TAFI can be activated 

by the thrombin-TM complex [11], free thrombin [4, 10], plasmin [4, 12], or trypsin [10].  

Although thrombin at the high level generated after clotting via the factor XI-dependent 

pathway can activate sufficient TAFI to suppress fibrinolysis [13], thrombin by itself is a 

relatively weak activator because this activation is very inefficient (Km: 2.14 ± 0.59 µM; 

kcat: 0.0021 ± 0.0004 s-1) [11].  When thrombin binds to TM and forms a complex, 

however, the catalytic efficiency of TAFI activation increases by 1250-fold, which is 

almost exclusively through an increase in kcat (Km: 1.01 ± 0.09 µM; kcat: 1.24 ± 0.06 s-

1).  Thus, the thrombin-TM complex is probably the physiological activator of TAFI [11]. 

Eaton et al. (1991) originally determined the amino acid sequence for TAFI, 

which is shown in Figure 1-2.  It consists of a 22-amino acid signal peptide, 92-amino 

acid activation peptide, and a 309-amino acid catalytic domain [10].  TAFI is expressed in 

the liver as a prepro-enzyme, the 22-amino acid signal peptide is subsequently cleaved, 

and the pro-enzyme TAFI, is secreted into the circulation.  Sequence analysis revealed 

that TAFI is homologous to tissue-type carboxypeptidases A and B.  When activated by 

trypsin, TAFIa hydrolyzes carboxypeptidase B substrates, but not carboxypeptidase A 

substrates, and is inhibited by a specific carboxypeptidase B inhibitor [10].  One distinct 

characteristic of TAFI when comparing its amino acid sequence to those of rat, bovine or 

human tissue carboxypeptidase A and B is that TAFI has exclusive triple lysine residues, 

Lys42, Lys43 and Lys44 on its activation peptide [10]. 
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379 IKPTCREAFA AVSKIAWHVI RNV 
 

 

 

 

 
Figure 1-2.  Amino acid sequence of TAFI.  The cleavage site of the signal peptide is 
indicated by the arrow.  The cleavage site of the activation peptide is indicated by the 
underlined arrow.  The triple lysine residues which are unique to TAFI are bold.  
Numbering starts with the first residue of the pro-enzyme TAFI, after the 22-amino acid 
pre-peptide.  Cleavage of TAFI at Arg 92 by thrombin or plasmin results in the formation 
of 309-amino acid mature enzyme TAFIa and 92-amino acid activation peptide.  (This 
sequence was originally identified by Eaton et al. (1991) [10]. 
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Activated Thrombin-activatable Fibrinolysis Inhibitor (TAFIa)  

Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) is a 36 kDa 

carboxypeptidase B-like enzyme that catalyzes removal of basic (arginine or lysine) 

residues from the carboxy termini of selected peptides or proteins [4, 10].    

In the process of fibrin clot dissolution, the fibrin mesh stimulates its lysis by 

plasmin (Figure 1-3).  Fibrin not only is the substrate for plasmin, but it also increases the 

rate of tissue-type plasminogen activator (t-PA) catalyzed plasminogen activation by 

1000-fold [14].  The initial cleavage of fibrin by plasmin leads to the formation of 

plasmin modified fibrin (FN’), which has exposed C-terminal lysine residues that result in 

an up-regulation of plasminogen activation by t-PA.  This results in an overall increase in 

the catalytic efficiency of plasminogen activation by a factor of 3000 compared to that of 

t-PA alone [14]. TAFIa possesses carboxypeptidase B-like activity and catalyzes the 

removal of these newly exposed carboxyl-terminal lysine residues on FN’ to form TAFIa 

modified fibrin (FN’’) [4].  The removal of these lysine residues results in a 100-fold 

decrease in plasminogen activation when compared to the cofactor activity of FN’ [14], as 

shown in Figure 1-3.  Consequently, the formation of FN’’ leads to the apparent 

attenuation in clot lysis, which is the primary function of TAFIa in hemostasis.  Through 

this pathway, TAFIa functions as an antifibrinolytic agent in vivo.  In addition, by 

removing these newly exposed carboxyl-terminal lysine residues, TAFIa also removes the 

protective effect of FN’ on plasmin inhibition by α2-antiplasmin (α2-AP) [15] and 

attenuates the plasmin-catalyzed conversion of Glu-plasminogen to Lys-plasminogen,  
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Figure 1-3.  TAFIa attenuates fibrinolysis.  Plasminogen (PG) is activated to plasmin 
(PN) by tissue-type plasminogen activator (t-PA).  This reaction is enhanced 1000-fold in 
the presence of fibrin (FN) as a cofactor.  Fibrin is then cleaved by plasmin to form 
plasmin-modified fibrin (FN’).  FN’ has a cofactor activity that increases the rate of t-PA 
mediated PG activation by 3000-fold.  TAFIa further modifies FN’ to FN’’ by removing 
the C-terminal lysine residues.  This results in the reduced cofactor activity of fibrin on 
PG activation by 100-fold, with respect to FN’.  Therefore TAFIa attenuates fibrinolysis. 
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which is a 20-fold better substrate for t-PA [16], thereby down-regulating the positive 

feedback in plasminogen activation.   

 In human plasma, there are two known carboxypeptidases present: TAFIa and 

carboxypeptidase N (CPN or arginine carboxypeptidase).  CPN is a constitutively active 

plasma metallocarboxypeptidase which inactivates bradykinin and kallidin II [17].  CPN 

is synthesized in the liver and secreted in the circulation in its active form.  The enzyme 

exists in plasma as a 280 kDa tetramer [18].  CPN was shown to cleave C-terminal 

arginine or lysine residues of kinins [19], anaphylatoxins [20], fibrinopeptides [19], and 

other peptides.  Unlike TAFIa, CPN does not possess any antifibrinolytic properties, 

although it still possesses the ability to hydrolyze small peptidyl substrates, such as 

anisolylazoformylarginine (AAFR).  Moreover, TAFIa is generated in response to 

coagulation whereas CPN is constitutively active in plasma at a concentration of 100 nM 

[17].  This characteristic of CPN results in a high background activity.  Therefore, 

quantifying TAFIa level in plasma by synthetic substrates such as AAFR is not practical.  

However, a novel TAFIa assay has been successfully developed in our lab, which allows 

measurement of TAFIa plasma levels accurately and reliably as low as 12 pM [21]. 

 

Kinetic Model of TAFI Activation  

Previous work in our lab has provided seven models of kinetics for three-

component systems (enzyme, substrate and cofactor) [22].  The kinetic model for TAFI 

activation by thrombin-thrombomodulin complex has been described, as shown in Figure 

1-4.  According to this model, the formation of the ternary complex of  
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Figure 1-4.  Kinetic model of TAFI activation.  The enzyme, thrombin (IIa), can 
interact with either the substrate, TAFI, or the cofactor, thrombomodulin (TM), to form 
the binary complexes.  The resulting binary complexes can interact further with the third 
component to form the ternary thrombin/thrombomodulin/TAFI complex and then 
convert to the product, TAFIa.  Km1 represents the affinity of the binding between IIa and 
TAFI.  Km2 represents the affinity of the binding between IIa-TM complex and TAFI.  
Kd1 represents the affinity of the binding between IIa and TM.  Kd2 represents the affinity 
of the binding between IIa-TAFI complex and TM.  kcat is the turnover number for 
formation of TAFIa. 
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thrombin/TAFI/thrombomodulin can proceed via two parallel paths: the enzyme, 

thrombin (IIa), can interact with either the substrate, TAFI, or the cofactor, 

thrombomodulin (TM), to form the binary complexes.  The resulting binary complexes 

can interact further with the third component to form the ternary 

thrombin/thrombomodulin/TAFI complex.  Once the ternary complex is formed, it 

efficiently activates TAFI and increases the catalytic efficiency by three orders of 

magnitude as compared to TAFI activation by thrombin alone.   

As shown in Figure 1-4, the Michaelis constant Km1 represents the affinity of the 

binding between thrombin and TAFI, and Km2 represents the affinity of the binding 

between thrombin-TM complex and TAFI.  The dissociation constant Kd1 represents the 

affinity of the binding between thrombin and TM, and Kd2 represents the affinity of the 

binding between thrombin-TAFI complex and TM.   

A more restrictive model has been also determined in our lab which assumes no 

linkage in the binding of thrombin, thrombomodulin and TAFI.  In this model, Km1 and 

Km2 were replaced by Km, which corresponds to the affinity of thrombin for TAFI.  Kd1 

and Kd2 were replaced by Kd, which corresponds to the affinity of thrombin for 

thrombomodulin [11]. 

 

Thrombomodulin (TM)  

Thrombomodulin (TM) is a 559-amino acid transmembrane protein.  It consists of 

10 structural elements: an N-terminal domain homologous to the family of C-type lectins 
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(residues 1-226), six tandem epidermal growth factor (EGF)-like domains joined by small 

interdomain peptides (residues 227-462), a serine/threonine-rich domain (residues 463-

497), a transmembrane domain (residues 498-521) and a cytoplasmic tail (residues 522-

559) [23-26]. 

TM is predominantly expressed on the luminal surface of endothelial cells lining 

normal blood vessels, which is in constant contact with blood under physiological 

conditions [27].  TM binds to thrombin, disabling its ability to activate platelets and 

cleave fibrinogen.  The structural basis of the thrombin-TM complex has been revealed 

by x-ray crystallography of human α-thrombin bound to TM EGF-like domains 4, 5, and 

6 [28].  According to this model, TM EGF-like domains 5 and 6 are thrombin-binding 

sites.  TM-EGF5 and part of TM-EGF6 bind to a cluster of lysine and arginine residues of 

anion-binding exosite-I on thrombin.  This prevents binding between thrombin and its 

procoagulant substrates, such as fibrinogen [28]. 

Although thrombin binds exclusively to the TM-EGF 5 and 6 domains, this is not 

sufficient to activate either protein C or TAFI [13].  Efficient protein C activation requires 

elements of primary structure including TM-EGF domains 4-6 plus the six-residue 

interdomain peptide connecting TM-EGF 3 and 4 [29, 30].  The primary structure of TM 

required for efficient TAFI activation includes additional residues of the C-loop of TM-

EGF domain 3, which is 13 residues near the N-terminus of TM-EGF 4, through TM-

EGF domain 6 [13, 26].  In addition, Wang et al. demonstrated in the alanine scanning 

experiments that the mutation of residues V340, D341 or E343 within the C-loop of TM-

EGF 3 resulted in a 90% or greater reduction in TAFI activation, but not protein C 
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activation [13].  They also demonstrated that the mutation at D349 in the peptide 

connecting TM-EGF 3 and 4 eliminated the cofactor activity of TM for both TAFI and 

protein C activations [13], as shown in Figure 1-5. 
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Figure 1-5.  Relative cofactor activities of alanine mutants of TM in TAFI and 
protein C activation.  Alanine mutations of TM C-loop residues cause a 50-90% loss of 
TM cofactor activity for TAFI activation, which are represented by solid bars.  The same 
mutations, however, have less or no impact on protein C activation, which are represented 
by hatched bars.  Therefore, different structural elements of TM are essential for TAFI or 
protein C activation.  (This study was performed by Wang et al. (2000) [13]). 
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A Model of the thrombin/TM/TAFI Interaction 

Several structural and mutational studies revealed that electrostatic interactions 

could contribute to molecular recognition in protein-protein associations [31, 32].  A 

putative structural model of TM-EGF domain 3 was built to identify possible 

complementary electrostatic surfaces that might be involved in molecular recognition 

between TM-EGF 3 and TAFI (Figure 1-6) [Nagashima et al. (2004), Berlex Biosciences, 

Richmond, CA, unpublished].  TM-EGF 3 shares about 34% sequence identity with TM-

EGF 4.  Since the crystal structure model of TM-EGF 4 is known [28], the model of TM-

EGF 3 was built based on the structure of TM-EGF 4 (Figure 1-6, panel a).  Residues in 

the C-loop (V340, D341, and E343) and D349 studied by Nagashima et al. that were 

important for TAFI activation are highlighted.  An electrostatic potential surface of TM-

EGF 3 was also generated using the ViewerPro software (Accelrys, San Diego, CA).  It 

shows that TM-EGF 3 has a rather negative electrostatic potential at the molecular 

surface, comprising a patch of negatively charged residues including D341, E343 (from 

the C-loop) and D349 as shown in Figure 1-6, panel b. 

The thrombin-TM complex attenuates fibrinolysis by activating TAFI.  To further 

understand the structural basis for the antifibrinolytic activity of the thrombin-TM 

complex, the structure model of the TAFI/thrombin/TM-EGF 456 complex was presented 

as shown in Figure 1-7 [Nagashima et al. (2004), Berlex Biosciences, Richmond, CA, 

unpublished].  The complex of TAFI, the catalytic domain of thrombin, and the 4th to 6th 

EGF-like domains of thrombomodulin (TM-EGF 456) was built based on two related 

known structural complexes: bovine procarboxypeptidase A (CPA) with  
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a. 

b. 

 

Figure 1-6.  TM-EGF domain 3. (a): Putative structural model of TM-EGF domain 
3.  It was built based on crystal structure of TM-EGF 4.  Residues in the C-loop (Val340, 
Asp341, and Glu343) and Asp349 are predicted to be involved with TAFI binding.  (b): 
Electrostatic potential surface of TM-EGF domain 3 (generated by ViewerPro).  
TM-EGF 3 has a negative electrostatic potential at the molecular surface, especially 
around the C-loop.  (These models were originally built by Nagashima et al., Berlex 
Biosciences, Richmond, CA). 

 

 



 

  16

 

 

  

 

 

Figure 1-7.  Model of the TAFI/thrombin/TM-EGF 456.  This complex was built 
based on 2 known structural complexes: TAFI structure was based on bovine 
procarboxypeptidase A (CPA) and catalytic triad of thrombin was based on 
chymotrypsinogen C.  There are positive residues on TAFI which may complement the 
negative residues on C-loop of TM EGF 3 is indicated.    (This model was originally built 
by Nagashima et al., Berlex Biosciences, Richmond, CA). 
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chymotrypsinogen C [33], and thrombin with TM-EGF 456 [28].  First, the TAFI model 

was superimposed with the CPA structure based on backbone atoms and zinc metal 

binding residues.  Second, the catalytic triad of thrombin was superimposed with the 

catalytic triad of chymotrypsinogen C.  The orientation of TM-EGF 456 remains the same 

as in the original complex [28].  Two positively charged surface patches on TAFI, which 

could complement the negatively charged surface on TM-EGF 3 were identified.  One 

region, consisting of residues K41, K119, K120, and R128 (Figure 1-7; K133, K211, 

K212 and R220, respectively in TAFI numbering), could be in the proximity of the C-

loop of TM-EGF 3, based on the relative position of TM-EGF 4 in the 

TAFI/thrombin/TM-EGF 456 model.  Further away there is another positively charged 

surface patch, comprising of residues K148, R183, R184, and K176 (Figure 1-7; K240, 

R275, R276 and K268, respectively in TAFI numbering), which could also interact with 

the negative patch on TM-EGF domain 3.  One additional positive surface patch may be 

the TAFI unique three-lysine residues K42/43/44 located on the activation peptide. 

             

Hypotheses 

Schneider et al. (2002) have shown that P6 to P’3 region of TAFI, which are 5 

residues before and 3 residues after Arg92, the activation site of TAFI, does not 

contribute significantly to the TM dependence of TAFI activation [34].  Thus, there is a 

high possibility of the presence of exosite(s) on TAFI that interact with the thrombin-TM 

complex and is responsible for the TM dependence in its activation.  Therefore, the 
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following hypotheses are proposed: 1. Selected positively charged residues on TAFI will 

complement the negative electrostatic potential of TM-EGF domain 3, especially the C-

loop, thereby promoting a TAFI-TM interaction in the ternary TAFI/thrombin/TM 

complex.  2. Mutations of those selected positively charged residues to alanine will 

reduce or abolish the TM dependence of TAFI activation. 

      

Specific Objectives 

In order to test the above hypotheses, the following specific aims were pursued in this 

study: 

1. To construct various TAFI mutants. 

2. To express and purify recombinant TAFI mutant and wild-type constructs. 

3. To compare the kinetics of activation of various TAFI mutants to the wild-type. 

4. To compare the thermal stability of the various activated TAFI derivatives to the 

wild-type. 

 

Direction for the Current Studies 

 In this study, we have constructed a total of 9 TAFI mutants based on our 

hypotheses: the TAFI unique triple lysine residues have been mutated to alanine; eight of 

positively charged lysine or arginine residues on TAFI have been mutated to alanine 

individually.  We have used a different numbering system to the model of the 
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TAFI/thrombin/TM-EGF 456 complex (Figure 1-7).  The TAFI model was built based on 

bovine CPA, the Arg-1 residue in Figure 1-7 is the first amino acid residue of the mature 

enzyme bovine CPA.  We added the 92 amino acid residues of activation peptide for the 

zymogen TAFI.  Therefore, the following TAFI mutants have been constructed: 

K42/43/44A, K133A (K41), K211A (K119), K212A (K120), R220A (R128), K240A 

(K148), K268A (K176), R275A (R183), and R276A (R184).   

 Next, we have successfully expressed the TAFI mutant and wild-type constructs 

in baby hamster kidney (BHK) cells and purified the recombinant TAFI proteins from the 

conditioned medium by affinity chromatography.  We have determined the kinetics of 

activation for each mutant and wild-type in the presence and absence of thrombomodulin.  

We have also determined thermal stability of TAFIa for each mutant and wild-type.    

 

      

 

 

 

 



 

  20

Chapter 2 

Methods and Materials 

Materials 

The synthetic carboxypeptidase substrate anisolylazoformylarginine (AAFR) was 

purchased from Bachem Biosciences Inc. (King of Prussia, Pennsylvania).  CNBr-

activated Sepharose 4B was purchased from Amersham Biosciences (Uppsala, Sweden).  

Q-Sepharose Fast Flow anion exchange resin was purchased from Pharmacia (Upsalla, 

Sweden).  The thrombin inhibitor D-Phe-Pro-Arg Chloromethyl Ketone (PPACK) was 

purchased from Calbiochem (Darmstadt, Germany).  Albumin bovine serum, RIA Grade, 

Fraction V, Minimum 96% (BSA) was purchased from Sigma-Aldrich Inc. (St. Louis, 

Missouri).  Plasmid DNA Preparation Kits were purchased from QIAGEN Inc. 

(Mississauga, Ontario).  DNA restriction and modification enzymes were purchased from 

New England BioLabs (Mississauga, Ontario) and Invitrogen Life Technologies, Inc. 

(Burlington, Ontario).  DNA Polymerase I, Large (Klenow) Fragment was purchased 

from New England BioLabs (Mississauga, Ontario).  QuickChange® Site-Directed 

Mutagenesis Kit was purchased from Stratagene (La Jolla, California).  Baby hamster 

kidney (BHK) cells and the mammalian expression vector pNUT were kindly provided by 

Dr. Ross MacGillivray (Unviersity of British Columbia).  Newborn calf serum, 

Dulbecco’s modified Eagle’s medium/F-12 nutrient mixture (1:1) (DMEM/F-12), Opti-

MEM, penicillin/streptomycin/Fungizone mixture (PSF) were purchased from Invitrogen 

Life Technologies, Inc.  Methotrexate was purchased from Mayne Pharma (Canada) Inc. 
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(Montreal, Quebec).  Thrombin was prepared from human plasma-derived prothrombin, 

as described previously [35].  Recombinant soluble thrombomodulin (Solulin) was a 

generous gift from Dr. Oliver Kops (Paion, GmbH, Berlin, Germany).   The Matched-Pair 

Antibody Set for ELISA of Human TAFI antigen was purchased from Affinity 

Biologicals Inc. (Ancaster, Ontario).  The mouse-anti-human TAFI monoclonal 

antibodies (MA-T12D11, MA-T3D8 and MA-T18A8) were obtained from Dr. Ann Gils 

(Katholieke Universiteit Leuven, Leuven, Belgium).  

 

Construction of TAFI Variant Plasmids 

The plasmid pBluescript (SK+) vector containing full-length human TAFI cDNA 

[36] was used to construct all of the TAFI mutants described in this study.  Mutations 

were introduced into the plasmid coding for wild-type TAFI cDNA using a QuickChange 

Mutagenesis Kit (Stratagene, La Jolla, California).  A pair of primers was used to 

construct each of the 9 mutants: 1) Lys to Ala at position 133 (TAFI-K133A), 2) Lys to 

Ala at position 211 (TAFI-K211A), 3)  Lys to Ala at position 212 (TAFI-K212A), 4) Arg 

to Ala at position 220 (TAFI-R220A), 5) Lys to Ala at position 240 (TAFI-K240A), 6) 

Lys to Ala at position 268 (TAFI-K268A), 7) Arg to Ala at position 275 (TAFI-R275A), 

8) Arg to Ala at position 276 (TAFI-R276A), and 9) three consecutive Lys to Ala 

mutation at positions 42, 43 and 44 (TAFI-K42/43/44A).  The triple mutant TAFI-

K42/43/44A was constructed by three steps, in which single sequential mutations were 

made, using a new construct as the template for the next mutation.  All the primers were 
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summarized in Table 2-1.  The plasmids for each mutant were verified by DNA 

sequencing.  All of the numbers used to designate the various derivatives were based on 

the TAFI amino acid sequence numbering [10]. 

The newly constructed TAFI derivative cDNAs were ligated into the mammalian 

expression vector pNUT as described previously [36]. The reconstructed TAFI cDNA 

was digested with XbaI and XhoI restriction endonucleases, the ends were made blunt 

using the Klenow Fragment of E. coli DNA polymerase I, and the modified TAFI 

fragment was ligated into the pNUT vector at the SmaI site using T4 DNA Ligase.  This 

SmaI site is downstream of the zinc-inducible mouse metallothionein I promoter and 

upstream of the human growth hormone polyadenylation sequence.  The proper 

orientation of the construct was confirmed by EcoRI digestion, which yielded a fragment 

of ~1850 bp in length for the forward orientation or a fragment of ~650 bp in length for 

the reverse orientation.  The pNUT vector also encodes a modified dihydrofolate 

reductase gene, which allows for selection of stable cell lines in the presence of 

methotrexate at a high concentration [37]. 

 

Transfection and Expression of TAFI Variants 

Baby hamster kidney (BHK) cells were cultured in Dulbecco’s modified Eagle’s 

medium/F-12 nutrient mixture (1:1) (DMEM/F-12) supplemented with 5% newborn calf 

serum (NCS) in a 37 ºC humidified incubator during transfection and selection.  TAFI-

pNUT plasmids expressing mutants and wild-type were transfected into BHK cells using  
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Mutation Primer Sequence 

1) TAFI-K133A Sense: 5’-CACATTGGATCCTCATTTGAGGCGTACCCACTCTATG-3’ 

Anti-sense: 5’-CATAGAGTGGGTACGCCTCAAATGAGGATCCAATGTG-3’  

2) TAFI-K211A Sense: 5’-GACGGTTATGACTACTCATGGGCAAAGAATCGAATGTGG-3’ 

Anti-sense: 5’-CCACATTCGATTCTTTGCCCATGAGTAGTCATAACCGTC-3’ 

3) TAFI-K212A Sense: 5’-CTACTCATGGAAAGCGAATCGAATGTGGAGAAAGAACC-3’ 

Anti-sense: 5’-GGTTCTTTCTCCACATTCGATTCGCTTTCCATGAGTAG-3’ 

4) TAFI-R220A Sense: 5’-CGAATGTGGAGAAAGAACGCTTCTTTCTATGCGAACAATC-3’ 

Anti-sense: 5’-GATTGTTCGCATAGAAAGAAGCGTTCTTTCTCCACATTCG-3’ 

5) TAFI-K240A Sense: 5’-GGAACTTTGCTTCCGCACACTGGTGTGAGGAAGG-3’ 

Anti-sense: 5’-CCTTCCTCACACCAGTGTGCGGAAGCAAAGTTCC-3’ 

6) TAFI-K268A Sense: 5’-GTCAGAACCAGAAGTGGCGGCAGTGGCTAGTTTCTTG-3’ 

Anti-sense: 5’-CAAGAAACTAGCCACTGCCGCCACTTCTGGTTCTGAC-3’ 

7) TAFI-R275A Sense: 5’-GGCAGTGGCTAGTTTCTTGGCAAGAAATATCAACCAG-3’ 

Anti-sense: 5’-CTGGTTGATATTTCTTGCCAAGAAACTAGCCACTGCC-3’ 

8) TAFI-R276A Sense: 5’-GGCTAGTTTCTTGAGAGCAAATATCAACCAGATTAAAGC-3’ 

Anti-sense: 5’-GCTTTAATCTGGTTGATATTTGCTCTCAAGAAACTAGCC-3’ 

9) TAFI-K42A Sense: 5’-CGGTAACAGCTGACCTTATTGTGGCGAAAAAACAAGTCC-3’ 

Anti-sense: 5’-GGACTTGTTTTTTCGCCACAATAAGGTCAGCTGTTACCG-3’ 

TAFI-K42/43A Sense: 5’-GTAACAGCTGACCTTATTGTGGCGGCAAAACAAGTCC-3’ 

Anti-sense: 5’-GGACTTGTTTTGCCGCCACAATAAGGTCAGCTGTTAC-3’ 

TAFI-K42/43/44A Sense: 5’-CTGACCTTATTGTGGCGGCAGCACAAGTCCATTTTTTTG-3’ 

Anti-sense: 5’-CAAAAAAATGGACTTGTGCTGCCGCCACAATAAGGTCAG-3’ 

 

 
Table 2-1.  Primers of TAFI mutants.  A pair of primers was designed to construct each 
of the 9 mutants: TAFI-K133A, TAFI-K211A, TAFI-K212A, TAFI-R220A, TAFI-
K240A, TAFI-K268A, TAFI-R275A and TAFI-R276A, as described in “Methods and 
Materials”.  The triple mutant TAFI-K42/43/44A was constructed by three steps, in which 
single sequential mutations were made, using a new construct as the template for the next 
mutation. 
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a calcium phosphate co-precipitation method [38].  Eight hours later, the cells were 

washed and fed with fresh DMEM/F-12 containing 5% NCS.  The cells were allowed to 

recover overnight, and then the medium was replaced with DMEM/F-12 containing 5% 

NCS supplemented with 400 μM methotrexate.   

After 2 weeks of selection, surviving colonies were transferred into individual 

wells in 6-well tissue culture plates (Becton Dickinson Labware, Franklin Lakes, New 

Jersey).  Once the cells became confluent, they were screened for TAFI protein 

production by enzyme-linked immunosorbent assay (ELISA) using a horseradish 

peroxidase-conjugated sheep-anti-human TAFI polyclonal antibody for detection.  Clones 

with high TAFI expression levels were picked and seeded into triple flasks (500 cm2; 

Nunc, Roskilde, Denmark) in DMEM/F-12 with 5% NCS and 200 μM methotrexate for 

large scale protein production.  Once the cells became confluent, the medium was 

changed to serum-free Opti-MEM, supplemented with 1% (v/v) 

penicillin/streptomycin/Fungizone mixture (PSF) and 50 μM ZnCl2.  Conditioned 

medium was collected at 48-hour intervals and replaced with fresh Opti-MEM/PSF/ZnCl2.  

Collected medium was centrifuged at 1,200 x g for 20 minutes and then stored at -20 ºC 

until use.  

 

Preparation of TAFI Monoclonal Antibody-Sepharose 4B Column 

For the isolation of TAFI mutant and wild-type, immunoadsorption 

chromatography was used, as described previously [39].  A monoclonal antibody raised 
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against human TAFI (mAb 16) was coupled to CNBr-activated Sepharose 4B (Amersham 

Biosciences, Uppsala, Sweden), which is a pre-activated medium for immobilization of 

ligands containing primary amines.  According to the manufacturer’s instruction, 1.8 g of 

freeze-dried sepharose 4B powder was weighed out to give about 6 mL final volume of 

resin and washed thoroughly with 1 mM HCl to remove the additives.  18 mg of mAb 16 

was used to achieve a final ratio of 3 mg antibody per mL resin.  The sepharose 4B 

powder and antibody were mixed in the coupling buffer (0.1 M NaHCO3, 0.5 M NaCl, 

pH 8.3) and rotated end-over-end overnight at 4 ºC.  The next day, the mixture of 

sepharose 4B/antibody was incubated in 0.25 M Tris-HCl, pH 8.0 and rotated end-over-

end for 2 hours at room temperature to block any remaining active groups of sepharose 

4B.  Subsequently, the mixture was washed with at least three cycles of wash buffer 1 

(0.1 M sodium acetate, 0.5 M NaCl, pH 4.0) then wash buffer 2 (0.1 M Tris-HCl, 0.5 M 

NaCl, pH 8.0) for at least 5 resin volumes of each buffer.  The concentrations of the 

antibody in the coupling buffer, before and after coupling to Sepharose 4B, were 

measured by absorbance readings at A280/A320 (Є1%, 280=13.4).  The coupling efficiency 

was, on the average, greater than 95%.  The antibody-Sepharose 4B column was then 

packed and equilibrated with HBS (20 mM HEPES, 150 mM NaCl, pH 7.4).  For long-

term storage, the resin was stored at 4 ºC in HBS with 0.02% azide.  Using the same 

procedure, another TAFI monoclonal antibody MA-T12D11 [40] was coupled with 

Sepharose 4B beads to make a separate column for the isolation of the TAFI-K42/43/44A 

mutant.  
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Purification of Recombinant TAFI Variants 

To isolate the various TAFI derivatives, as well as the wild-type, two liters of 

conditioned medium was passed through a 0.22-μm filter and then loaded onto a 3.0 mL 

TAFI mAb – Sepharose 4B column (3 mg antibody/mL resin) that had been washed and 

equilibrated with HBS (20 mM HEPES, 150 mM NaCl, pH 7.4) at 4 ºC.  The column was 

then washed extensively with HBS.  TAFI protein was eluted with 0.2 M glycine (pH 3.0) 

and 1mL fractions were collected into tubes containing 1mL aliquots of 1M Tris-HCl (pH 

8.0).  The mixture was pipetted up and down immediately to neutralize the acid.  All the 

fractions were quantified for TAFI levels using ELISA as described above.  High TAFI 

protein containing fractions were pooled and dialyzed against HBS, pH 7.4 overnight at 

4ºC.  After dialyzing, the protein was concentrated 10-fold using an Amicon Ultra 

Centrifugal Filter (Millipore Corporation, Billerica, Massachusetts).  Finally, the 

concentrated TAFI protein was passed through a 0.22-μm filter.  Purified TAFI protein 

was quantified by measurement of absorbances at 280nm and 320nm (Є1%, 280=26.4; 

Mr=48,442) [4] in a Lambda 25 UV/VIS Spectrometer (PerkinElmer Inc, Woodbridge, 

Ontario). The protein was then aliquoted, snap frozen and stored at -80 ºC.  

 

Thermal Stability Assay of TAFIa Variants 

TAFI (1 μM) was incubated for 15 minutes at 24ºC in the presence of thrombin 

(25 nM), thrombomodulin (100 nM) and CaCl2 (5 mM) in HBS containing 0.01% (v/v) 

Tween 80.  Under these conditions, the zymogen can be completely converted to the 
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active enzyme, TAFIa [34].  Thrombin activity was then quenched by the addition of the 

chloromethyl ketone FPR-ck (PPACK) (1 μM) before the mixture was placed on ice.  

Once activated, 50 μL of the 1 μM activated variant or wild-type was added into a 

solution containing 400 μL of HBS/0.01% Tween 80 as well as 50 μL of 10 mg/mL BSA.  

The mixture was then transferred to a 37ºC water bath.  Samples (50 μL) were removed at 

various times (0, 2, 5, 10, 15, 20, 30 and 45 min) into a solution containing 50 μL of 240 

μM synthetic carboxypeptidase substrate AAFR, in a microtiter plate which had been pre-

treated with HBS/1% Tween 80 and thoroughly rinsed with deionized distilled water.   

The initial rates of AAFR hydrolysis were measured at 349 nm in a SpectraMax 

Plus Plate Reader (Molecular Devices, Sunnyvale, California).  The amount of residual 

activity was calculated relative to the initial TAFIa activity, and the data were fit to the 

exponential decay equation by nonlinear regression (Nonlin module of SYSTAT 9, SPSS 

Inc.): 

[TAFIa] = [TAFIa]0 · ℮-k · t  (1) 

Where [TAFIa] is the residual TAFIa concentration and [TAFIa]0 is the initial TAFIa 

concentration. The first-order decay constant k was obtained and used to determine the 

half life of each TAFI variant: 

When at half life, [TAFIa] = 
2
1 [TAFIa]0, so equation (1) can be expressed as equation (2): 

2
1  = 1 · ℮-k · t     (2) 
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Equation (2) can be rearranged to equation (3):  

ln (
2
1 ) = -k · t     (3) 

Since the decay constant k was determined and ln (
2
1 ) is a constant, the half life variable t 

can be calculated using equation (4). 

t = 
k−

− 693147.0     (4) 

The decay constant k and half life were determined for each activated TAFI mutant and 

compared to the activated TAFI wild-type.  

 

Kinetics of Activation of TAFI Variants by Thrombin-Thrombomodulin 

Complex  

TAFI variant at various concentrations (0 – 2.0 μM) was titrated with 

thrombomodulin at various concentrations (0 – 50 nM) in the presence of thrombin (0.5 

nM) and CaCl2 (5 mM).  Reactant mixtures (40 μL) were incubated at 24ºC in a 

microtiter plate which had been pre-treated with HBS/1% Tween 80 and thoroughly 

rinsed with deionized distilled water.  After 10 minutes, the reactions were stopped by 

adding the thrombin inhibitor PPACK (1 μM final concentration) and synthetic substrate 

AAFR (120 μM final concentration) to achieve a final volume of 200 μL.  The reactions 

were monitored at 349 nm in a SpectraMax Plus Plate Reader (Molecular Devices, 
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Sunnyvale, California).  The initial rates of hydrolysis of AAFR were determined from 

the slope of the absorbance versus time relationship.   

TAFI variant (1μM) was also completely activated by incubating with thrombin 

(25 nM), thrombomodulin (100 nM) and CaCl2 (5 mM) at 24 ºC for 15 minutes and then 

placed on ice.  Known amounts of TAFIa (0 – 200 nM) were added into AAFR (120 μM 

final concentration) and PPACK (1 μM final concentration) to make a TAFIa standard.  A 

TAFI standard was also made with the zymogen (1μM).  The standard curves were used 

to calculate two rate constants: K1, the slope determined from the initial rate of AAFR 

hydrolysis versus the TAFI zymogen concentration; K2, the slope determined from the 

initial rate of AAFR hydrolysis versus the TAFIa concentration.  The initial rate of AAFR 

hydrolysis (r = dAbs / dt) can be displayed as equation (5). 

 

r = K1 · [TAFI] + K2 · [TAFIa]   (5) 

Since the total concentration of TAFI, [TAFI]0 = [TAFI] + [TAFIa], equation (5) can be 

rearranged to equation (6). 

[TAFIa] = 
)(

)TAFI][(

12

01

KK
Kr

−
⋅−

    (6) 

The calculated [TAFIa] was then converted to TAFIa formation rate, v (mol of TAFIa 

formed / mol of thrombin / second).  The complete data set was fit globally to the kinetic 

model of TAFI activation (Figure 1-4) as described above, where [TM] is the 

concentration of thrombomodulin, [T] is the concentration of thrombin, [TAFI] is the 
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concentration of TAFI, [T]0 is the total concentration of thrombin, [T·TM] is the 

concentration of the binary complex of thrombin-TM, [T·TAFI] is the concentration of 

the binary complex of thrombin-TAFI, and [T·TM·TAFI] is the concentration of the 

ternary complex of thrombin/TM/TAFI.  The reaction rate V is: 

V = kcat · [T·TM·TAFI] = kcat · 
12 dm

[TAFI][TM]T][
KK ⋅
⋅⋅   (7) 

The total concentration of thrombin [T]0 is:  

[T]0 = [T] + [T·TM] + [T·TAFI] + [T·TM·TAFI] 

= [T] + 
1d

[TM]T][
K
⋅ +

1m
[TAFI]T][

K
⋅ +

12 dm
[TAFI][TM]T][
KK ⋅
⋅⋅  (8) 

 

Therefore, the TAFIa formation rate, v (mol of TAFIa formed / mol of thrombin / second) 

can be obtained from the reaction rate V divided by the total concentration of thrombin 

[T]0, which is equation (7) divided by equation (8), as shown in equation (9). 

 

v = 
0[T]

V = 
TM])[

m
md

([TAFI]TM])[d(m

[TAFI]TM][

1

21
12 +

⋅
⋅++⋅

⋅⋅

K
KK

KK

kcat  (9) 

 

The calculated kcat, Km2, Km1 and Kd1 values were reported with the asymptotic 

standard error of the regression calculated by the regression algorithm (Nonlin module of 
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SYSTAT 4.0, SPSS Inc.).  Subsequently, the catalytic efficiency, 
mK

kcat , was calculated 

for each TAFI variant and compared with TAFI wild-type.   

 

Kinetics of Activation of TAFI Variants by Thrombin 

TAFI variant at various concentrations (0 – 2.0 μM) was incubated with thrombin 

(50 nM) and CaCl2 (5 mM) at 24 ºC for 30 minutes.  All reactions were carried out and 

the initial rates of hydrolysis of AAFR were measured as described above.  The 

concentration of TAFIa formed was quantified from the initial rates of hydrolysis of 

AAFR by using equation (6).  The concentration of TAFIa formed was then converted to 

TAFIa formation rate, v (mol of TAFIa formed / mol of thrombin / second).   

The slope of the relationship between TAFIa formation rate (v) and TAFI 

concentration was determined to estimate the catalytic efficiency (
mK

kcat ), using the linear 

regression function of SigmaPlot 8 (SigmaPlot 2002 for Windows Version 8.02). 

The Michaelis-Menten equation, 
[S]m

]S[]E[
V T

+
⋅⋅

=
K

kcat , can be rewritten as equation 

(10). 

[S]m
S][

]E[
V

T +
⋅

=
K
kcat   (10) 

If Km >> [S], then Km + [S]≅ Km, so equation (10) can be rewritten as equation (11). 
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m
S][

[E]
V

T K
kcat ⋅

≅   (11) 

 

Equation (11) can be rearranged to give equation (12). 

mK
kcat =

[S]
1

[E]
V

T

⋅   (12) 

 

Thus, 
mK

kcat  is the slope of 
T[E]

V  (TAFIa formation rate v) versus [S] (TAFI 

concentration).  The catalytic efficiency was calculated for each TAFI mutant and 

compared to that of TAFI wild-type.       
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Chapter 3 

Results 

Construction and Expression of TAFI Variants 

In order to determine the importance of selected positively charged arginine or 

lysine residues of TAFI in the formation of ternary TAFI/thrombin/TM complex, we 

constructed nine mutants of human TAFI with alanine substituted for lysine or arginine.  

All of the nine TAFI mutant plasmids were successfully constructed in the pBlueScript 

(SK+) vector by site-directed mutagenesis.  Except for TAFI-K268A and TAFI-R276A, 

all were sub-cloned into the mammalian expression vector pNUT successfully.  TAFI 

wild-type plasmid was sub-cloned into pNUT vector as well.  Subsequently, these 

recombinant TAFI-pNUT variants were stably transfected into baby hamster kidney 

(BHK) cells.  As measured by ELISA, recombinant TAFI variants were expressed at 

concentrations ranging from 0.6 to 1.1 μg/mL.  

Typically two liters of pooled conditioned media were used as the starting 

material for purification as described in “Methods and Materials”.  Recombinant TAFI 

wild-type protein was isolated from the TAFI mAb 16-Sepharose 4B column with a yield 

of 60%, determined by ELISA.  For the triple mutant, TAFI-K42/43/44A, ELISA showed 

that over 95% of the recombinant protein still remained in the flow-through after the 

conditioned media was passed over the TAFI mAb 16-Sepharose 4B column, indicating 

that TAFI-K42/43/44A was not recognized by the antibody mAb 16.  In order to isolate 

TAFI-K42/43/44A, three other monoclonal antibodies, MA-T12D11, MA-T3D8, and 
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MA-T18A8, obtained from Dr. Ann Gils, were immobilized on the Sepharose beads.  

Only MA-T12D11 bound TAFI-K42/43/44A, and therefore it was used for subsequent 

isolation of the triple TAFI mutant.  The final observed yield was 50% using this new 

antibody column.  The other six TAFI derivatives were isolated using the same antibody 

(mAb 16) used to isolate the wild-type, and the yields ranged from 50% to 60%.  Purified 

proteins were quantified by spectrophotometry and analyzed by SDS-PAGE.  All of the 

TAFI variants resolved as a single homogenous band at approximately 60 kDa by SDS-

PAGE with a 5-15% gradient minigel (Figure 3-1).                          
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Figure 3-1.  SDS-PAGE analysis of TAFI wild-type and derivatives.  Recombinant 
TAFI proteins were purified as described under “Methods and Materials”.  Two 
micrograms of each purified protein were resolved on 5-15% polyacrylamide gradient gel 
under reducing conditions.  Protein bands were visualized by staining with Coomassie 
Blue.  Sample orders are: M. Marker; 1. TAFI-WT; 2. TAFI-K42/43/44A; 3. TAFI-
K133A; 4. TAFI-K211A; 5. TAFI-K212A; 6. TAFI-R220A; 7. TAFI-K240A; 8. TAFI-
R275A. 
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Thermal Stabilities of the TAFI Variants 

 Previous studies have shown that TAFIa is intrinsically unstable and that the 

thermal instability is likely the main mechanism for its down-regulation in vivo [41].  

Thus, we measured and compared the thermal stabilities of the various TAFI derivatives 

to that of wild-type TAFI.  The respective zymogens were completely activated by 

thrombin-thrombomodulin complex, thrombin was irreversibly inhibited by PPACK, and 

the remaining TAFIa activity was assessed at various times using the synthetic substrate 

AAFR at 37 ºC (Figure 3-2).  The residual activities of each TAFI variant were used to 

estimate the first-order decay constants and then the respective half lives were calculated.  

Wild-type TAFI had a half life of 8.4 ± 0.3 min, while the derivatives TAFI-K42/43/44A, 

TAFI-K133A, TAFI-K211A, TAFI-K212A, TAFI-R220A, TAFI-K240A, and TAFI-

R275A had half lives of 8.5 ± 0.2, 7.0 ± 0.2, 8.4 ± 0.2, 8.7 ± 0.3, 8.7 ± 0.2, 7.3 ± 0.2, and 

8.3 ± 0.3 minutes, respectively.  Compared to wild-type TAFI, all of the seven mutants 

exhibited little change in their measured half lives at 37 ºC, indicating that alterations of 

these arginine or lysine residues do not have an appreciable effect on the thermal stability 

of the activated forms of these TAFI derivatives.   

 

 

 

 



 

  37

 

 

 

 

 

 

 

 

Time (min)
0 10 20 30 40 50R

el
at

iv
e 

In
iti

al
 R

at
e 

of
 A

A
FR

 C
le

av
ag

e

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 

 

 
Figure 3-2.  Comparison of thermal stability of TAFIa variants at 37 ºC.  TAFI 
variants were completely activated by the thrombin-thrombomodulin complex as 
described in “Methods and Materials”.  The residual TAFIa activities were measured over 
time.  The lines represent the nonlinear regression of the data to the exponential decay 
function.  First-order decay constants estimated by the regression of the data were used to 
calculate the half lives of the TAFI variants. 
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Activity of TAFIa and TAFI Zymogen toward the Synthetic Substrate 

AAFR 

 AAFR is a small substrate for carboxypeptidase B-type enzymes [42].  We found 

the rate of substrate hydrolysis is linear with respect to TAFIa concentration; therefore 

AAFR can be used to quantify TAFIa activity in a sample.  To quantify TAFIa formed, 

standard curves with TAFIa and TAFI zymogen for each derivative and wild-type were 

measured and used to calculate two rate constants, K1, which is the slope determined from 

the rate of hydrolysis of AAFR versus the concentration of TAFI; and K2, which is the 

slope determined from the rate of hydrolysis of AAFR versus the concentration of TAFIa, 

as described in “Methods and Materials”.  AAFR is stable under the conditions used in 

these carboxypeptidase assays, and we measured no hydrolysis of the substrate (loss of 

absorbance) in the absence of the TAFI zymogen.  Therefore, to quantify TAFIa activity 

in the solutions containing both TAFI and TAFIa, we measured activity of both enzyme 

and zymogen independently and calculated the [TAFIa] formed using equation (6), see 

under “Methods and Materials”.  The data provided the activities of TAFIa and TAFI 

zymogen toward the substrate AAFR at a single concentration (120 μM).  The data were 

summarized in Table 3-1.   

The wild-type TAFI zymogen shows 1.72% of the activity of TAFIa toward the 

AAFR substrate, which agrees favourably with a value of 2% reported previously 

indicating that the activation peptide of TAFI functions as a gatekeeper controlling access 

to the preformed active site, which is common for the pro-carboxypeptidase family, but  
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 K1
*  K2

* 

(Enzyme) 

K1/ K2

(Zymogen) 

WT 2.13 ± 0.55 124 ± 23  0.0172 

K42/43/44A 2.03 ± 0.47 116 ± 2 0.0175 

K133A 3.68 ± 0.22 140 ± 23 0.0264 

K211A 1.42 ± 0.28 135 ± 3  0.0105 

K212A 1.58 ± 0.16 177 ± 6  0.0089 

R220A 1.26 ± 0.04 134 ± 22  0.0094 

K240A 2.93 ± 0.18 245 ± 17 0.0120 

R275A 1.75 ± 0.22 135 ± 27  0.0130 

* unit (mOD/min/nM, A349), activity measured with 120 μM AAFR, 22 °C, pH 7.4  

 

 

Table 3-1.  Comparison of zymogen and enzyme activities for TAFI wild-type and 
derivatives.  TAFI-WT, TAFI-K42/43/44A, TAFI-K133A, TAFI-K211A, TAFI-K212A, 
TAFI-R220A, TAFI-K240A, and TAFI-R275A zymogen proteins (1 μM) and known 
amounts of TAFIa (0-200 nM) were added into AAFR and PPACK as described in 
“Methods and Materials”.  The rate constant K1 was calculated from the slope determined 
from the initial rate of AAFR hydrolysis versus the TAFI zymogen concentration.  The 
rate constant K2 was calculated from the slope determined from the initial rate of AAFR 
hydrolysis versus the TAFIa concentration.  They were given units (mOD/min/nM, A349) 
and ± S.E.  K1/K2 represents the percentage of TAFIa activity for zymogen TAFI.  The 
data are representative of at least two and at most five independent experiments. 
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still allowing the active site of reduced catalytic efficiency that is accessible to some 

small substrates, like AAFR [43].  Compared to wild-type TAFI zymogen, all of the 

seven mutants exhibited minor change in their zymogen activities, ranging from 0.89% to 

2.64% (TAFI-K42/43/44A: 1.75%, TAFI-K133A: 2.64%, TAFI-K211A: 1.05%, TAFI-

K212A: 0.89%, TAFI-R220A: 0.94%, TAFI-K240A: 1.2% and TAFI-R275A: 1.3%), as 

shown in Table 3-1.  The data suggested that these mutations, even the triple lysine 

mutation in the activation peptide, do not grossly affect the activity toward the small 

substrate AAFR either the zymogen or the enzyme.  

 

Activation of TAFI Variants by the Thrombin-Thrombomodulin 

complex 

 Previous studies in our lab have shown that thrombin complexes with 

thrombomodulin (TM) and activates TAFI with a 1250-fold higher catalytic efficiency 

than thrombin alone [11].  This suggests that the thrombin-TM complex is the 

physiological activator of TAFI.  In order to determine the kinetics of activation of the 

various TAFI derivatives by the thrombin-TM complex, the concentrations of TAFI and 

TM were systematically varied and initial rates of activation were measured. 

 The TAFIa formation rates (mol of TAFIa formed / mol of thrombin / second) 

were calculated from the initial rates of AAFR hydrolysis and plotted as a function of the 

TAFI concentration, as shown in Figure 3-3.  Kinetic data were analyzed for conformity 

to one or more of the seven equilibrium models described by Boskovic et al. for three-  
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Figure 3-3.  Kinetics of activation of TAFI variants by thrombin-TM complex.  
TAFI-WT (a) and TAFI-K42/43/44A (b) at various concentrations were incubated with 
thrombin (0.5 nM) and thrombomodulin at 1.56 nM (●), 3.13 nM (○), 6.25 nM (▼), 12.5 
nM ( ), 25 nM (■), and 50 nM (□) as described in “Methods and Materials”.  TAFIa 
formation rates (mol of TAFIa formed / mol of thrombin / second) were calculated and 
the complete data set was fit globally to the kinetics model of TAFI activation by the 
thrombin-TM comlex (Figure 1-4).  The lines represent the best fit of the regression of the 
data to the rate equation (9). 
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Figure 3-3.  Kinetics of activation of TAFI variants by thrombin-TM complex.  
TAFI-K133A (c) and TAFI-K211A (d) at various concentrations were incubated with 
thrombin (0.5 nM) and thrombomodulin at 1.56 nM (●), 3.13 nM (○), 6.25 nM (▼), 12.5 
nM ( ), 25 nM (■), and 50 nM (□) as described in “Methods and Materials”.  TAFIa 
formation rates (mol of TAFIa formed / mol of thrombin / second) were calculated and 
the complete data set was fit globally to the kinetics model of TAFI activation by the 
thrombin-TM comlex (Figure 1-4).  The lines represent the best fit of the regression of the 
data to the rate equation (9). 
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Figure 3-3.  Kinetics of activation of TAFI variants by thrombin-TM complex.  
TAFI-K212A (e) and TAFI-R220A (f) at various concentrations were incubated with 
thrombin (0.5 nM) and thrombomodulin at 1.56 nM (●), 3.13 nM (○), 6.25 nM (▼), 12.5 
nM ( ), 25 nM (■), and 50 nM (□) as described in “Methods and Materials”.  TAFIa 
formation rates (mol of TAFIa formed / mol of thrombin / second) were calculated and 
the complete data set was fit globally to the kinetics model of TAFI activation by the 
thrombin-TM comlex (Figure 1-4).  The lines represent the best fit of the regression of the 
data to the rate equation (9). 
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Figure 3-3.  Kinetics of activation of TAFI variants by thrombin-TM complex.  
TAFI-K240A (g) and TAFI-R275A (h) at various concentrations were incubated with 
thrombin (0.5 nM) and thrombomodulin at 1.56 nM (●), 3.13 nM (○), 6.25 nM (▼), 12.5 
nM ( ), 25 nM (■), and 50 nM (□) as described in “Methods and Materials”.  TAFIa 
formation rates (mol of TAFIa formed / mol of thrombin / second) were calculated and 
the complete data set was fit globally to the kinetics model of TAFI activation by the 
thrombin-TM comlex (Figure 1-4).  The lines represent the best fit of the regression of the 
data to the rate equation (9).    
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component systems consisting of enzyme, substrate, and cofactor [22].  One of the 

models conforms to the present data.  All of the kinetic data were fit to equation (9), 

which describes the kinetics of this model of TAFI activation by the thrombin-TM 

complex.  Best values for the kinetic parameters, kcat, Km, and Kd were determined by 

non-linear regression of the data to equation (9) using the SYSTAT program.  The results 

including the standard deviations are presented in Table 3-2. 

Unlike other procarboxypeptidases, TAFI has exclusive triple lysine residues, K42, 

K43 and K44 on its activation peptide [10].  When they were substituted by alanine 

(K42/43/44A), the catalytic efficiency of TAFI activation by thrombin-TM complex 

dramatically decreased by about 9-fold compared to the wild-type (Table 3-2 and Figure 

3-4).  The residues K133, K211, K212, and R220 are on one surface patch of TAFI which 

could interact with negatively charged residues on the C-loop of TM-EGF 3.  When they 

were substituted by alanine individually, the catalytic efficiencies of TAFI activation by 

the thrombin-TM complex decreased ranging from 2.4-fold to 2.9-fold (TAFI-K133A at 

2.7-fold; TAFI-K211A at 2.8-fold; TAFI-K212A at 2.9-fold; TAFI-R220A at 2.4-fold), 

as shown in Table 3-2 and Figure 3-4.  The residues K240 and R275 are on the other 

surface patch of TAFI which could interact with TM.  When they were individually 

substituted by alanine, the catalytic efficiencies of TAFI activation by the thrombin-TM 

complex decreased 1.7-fold and 2.1-fold for TAFI-K240A and TAFI-R275A, respectively, 

as indicated in Table 3-2 and Figure 3-4.    

Since the binary interaction between thrombin and thrombomodulin is common to 
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 kcat (s-1) Km (μM) kcat / Km 

 (μM-1s-1) 

Relative 
Binding Energy 

WT 1.18 ± 0.22 0.25 ± 0.02 4.80 ± 0.70 1.000 

K42/43/44A 3.31 ± 0.44 6.24 ± 1.00 0.53 ± 0.01 0.788 

K133A 1.04 ± 0.02 0.60 ± 0.07 1.76 ± 0.22 0.942 

K211A 1.51 ± 0.08 0.90 ± 0.08 1.70 ± 0.07 0.916 

K212A 1.42 ± 0.56 0.97 ± 0.52 1.63 ± 0.30 0.912 

R220A 1.95 ± 0.70 1.07 ± 0.18 2.03 ± 0.09 0.904 

K240A 0.84 ± 0.28 0.32 ± 0.15 2.80 ± 0.33 0.984 

R275A 1.21 ± 0.24 0.54 ± 0.09 2.27 ± 0.43 0.949 
 

• Kd = 28.28 ± 8.34 nM 

 

 

 

Table 3-2.  Comparison of kinetic parameters for TAFI wild-type and derivatives.  
TAFI-WT, TAFI-K42/43/44A, TAFI-K133A, TAFI-K211A, TAFI-K212A, TAFI-R220A, 
TAFI-K240A, and TAFI-R275A at various concentrations were incubated with thrombin 
(0.5 nM) and thrombomodulin (various concentrations) as described in “Methods and 
Materials”.  The kcat, Km and Kd values were estimated by non-linear regression of the 
data presented in Figure 3-3 to the rate equation (9) and are given ± S.E. of the estimates 
as determined by the regression algorithm.  The data are representative of at least two and 
at most five independent experiments. 
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Figure 3-4.  Catalytic efficiency of TAFI wild-type and derivatives.  The bar graph 
represents the values of catalytic efficiency (kcat / Km) of TAFI-WT, TAFI-K42/43/44A, 
TAFI-K133A, TAFI-K211A, TAFI-K212A, TAFI-R220A, TAFI-K240A, and TAFI-
R275A which are summarized in Table 3-2 and are given ± S.E.  The data are 
representative of at least two and at most five independent experiments.  The error bars 
represent standard deviations.           
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all experiments regardless of the identity of the substrate TAFI, all data were regressed 

together with a single value of the Kd for the binding of thrombin to thrombomodulin.  

The regression analysis yielded Kd = 28.28 ± 8.34 nM for this interaction.  This value 

agrees favourably with a value of 22 nM measured directly and reported previously [11] .  

The kcat, Km, and kcat / Km ratios for wild-type TAFI and the various mutants are 

indicated in Table 3-2.  The kcat values (1/sec) ranged from 0.84 ± 0.28 (K240A) to 3.31 

± 0.44 (K42/43/44A).  The value for wild-type TAFI was 1.18 ± 0.22 (1/sec).  Km values 

ranged from 0.25 ± 0.02 μM (WT) to 6.24 ± 1.00 μM (K42/43/44A).  The kcat / Km 

ratios (1/sec/μM), which provides the best indication of overall catalytic efficiency, 

ranged from 4.8 ± 0.7 (WT) to 0.53 ± 0.01 (K42/43/44A).  The Km values were 

interpreted as reflecting the binding of the TAFI mutants to the thrombin-

thrombomodulin complex.  This interpretation, along with the thermodynamic 

relationship  (and therefore dlnRTG K−=°Δ mlnRTG K−=°Δ ), allowed for the calculation 

of the binding energies for the interactions between the various forms of TAFI and the 

thrombin-thrombomodulin complex.  The results are presented in Table 3-2, each 

expressed relative to the binding energy for the interaction of wild-type TAFI with the 

thrombin-thrombomodulin complex.  The losses of binding energy, compared to wild-

type TAFI, as shown in Table 3-2, ranged from a loss of as low as 1.6% (K240A) to as 

high as 21.2% (K42/43/44A).  The sum of losses of all of the mutants is 60.5%.  Thus, no 

single mutation eliminated binding of TAFI to the thrombin-thrombomodulin complex, 

but nine residues together account for 60% of the binding energy.     
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Activation of TAFI Variants by Thrombin Alone 

Thrombin by itself is a weak TAFI activator.  Nonetheless all TAFI variants were 

activated at various concentrations in the presence of thrombin.  This was done in order to 

determine whether the changes in catalytic efficiencies obtained with the variants is 

specific to the thrombin-thrombomodulin-dependent reaction or apply equally well in the 

presence of thrombin alone.  The TAFIa formation rates (mol of TAFIa formed / mol of 

thrombin / second) were calculated from the initial rates of AAFR hydrolysis and plotted 

as a function of TAFI concentration (Figure 3-5).  The slope was determined to estimate 

the catalytic efficiency (kcat / Km) of the TAFI activation. 

 In the presence of thrombin but not TM, wild-type TAFI has a catalytic efficiency 

of 0.00121 ± 0.00006 µM-1s-1 for its activation (Table 3-3).  The catalytic efficiency of 

TAFI-K42/43/44A decreased approximately 3.5 fold (0.00034 ± 0.00002 µM-1s-1).  All 

the other TAFI point mutants have decreased catalytic efficiencies compared to the wild-

type (TAFI-K133A: 0.00072 ± 0.00003 µM-1s-1; TAFI-K211A: 0.00076 ± 0.00003 µM-1s-

1; TAFI-K212A: 0.00064 ± 0.00002 µM-1s-1; TAFI-R220A: 0.00082 ± 0.00003 µM-1s-1; 

TAFI-K240A: 0.00100 ± 0.00004 µM-1s-1; TAFI-R275A: 0.00108 ± 0.00004 µM-1s-1), as 

shown in Table 3-3.  In every instance, however, the relative decrease with thrombin-

thrombomodulin complex was greater than it was with thrombin alone.              
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Figure 3-5.  Kinetics of activation of TAFI variants by thrombin alone.  TAFI-WT 
(●), TAFI-K42/43/44A (○), TAFI-K133A (▼), TAFI-K211A ( ), TAFI-K212A (■), 
TAFI-R220A (□), TAFI-K240A (◆), and TAFI-R275A (◇) were incubated at various 
concentrations with thrombin as described in “Methods and Materials”.  The rate of 
TAFIa formation (mol of TAFIa formed / mol of thrombin / second) was calculated.  The 
slope of the relationship between the rate and TAFI concentration was measured to 
determine the catalytic efficiency (kcat / Km) of the TAFI activation.       
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 Thrombin-TM Thrombin Increase Relative to 

 kcat / Km (μM-1s-1) kcat / Km (μM-1s-1) (-fold) wild-type 

WT 4.80 ± 0.70 0.00121 ± 0.00006 3960 1.00 

K42/43/44A 0.53 ± 0.01 0.00034 ± 0.00002 1550 0.39 

K133A 1.76 ± 0.22 0.00072 ± 0.00003 2440 0.62 

K211A 1.70 ± 0.07 0.00076 ± 0.00003 2230 0.56 

K212A 1.63 ± 0.30 0.00064 ± 0.00002 2540 0.64 

R220A 2.03 ± 0.09 0.00082 ± 0.00003 2470 0.62 

K240A 2.80 ± 0.33 0.00100 ± 0.00004 2800 0.71 

R275A 2.27 ± 0.43 0.00108 ± 0.00004 2100 0.53 

     

 

 

 

Table 3-3.  Comparison of catalytic efficiencies for TAFI activations by thrombin in 
the presence and absence of TM.  Compared with TAFI-K42/43/44A, TAFI-K133A, 
TAFI-K211A, TAFI-K212A, TAFI-R220A, TAFI-K240A, and TAFI-R275A, TAFI-WT 
has shown stronger thrombomodulin dependence in its activation, although all of the 
activations are 3 orders of magnitude more efficient in the presence of thrombomodulin. 
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Chapter 4 

Summary & Conclusion 

Previous studies have revealed the primary structural requirements of thrombin 

[28, 44] and thrombomodulin [13, 26] for TAFI activation.  To further understand the 

mechanism by which thrombomodulin regulates the fine balance between blood 

coagulation and fibrinolysis, we took molecular biology and biochemical approaches to 

identify key residues on TAFI that are involved in the interaction with thrombomodulin 

and thrombin.  By site-directed mutagenesis, we used alanine residues to replace the 

positively charged residues on TAFI that are likely to interact with thrombomodulin 

based on a computer-based molecular model.   

In order to obtain sufficient quantities of the proteins for detailed studies, these 

TAFI variants were purified after expression in BHK cells.  The reasons we chose BHK 

cells is that mammalian cells possess the proper machinery for protein-folding and post-

translational modification.  Recombinant proteins expressed in mammalian cells can be 

modified post-translationally to achieve full bioactivity and native conformations 

important for structure-function analysis are obtained [36].  Several proteins involved in 

the coagulation and fibrinolytic cascades, including human prothrombin [45], human 

factor VIII [46], human antithrombin III [41], human plasminogen [47], and human α2-

antiplasmin [47], have been successfully expressed in BHK cells.  In our study, 

recombinant human wild-type TAFI and its variants were expressed in BHK cells at 

reasonably high levels.  By ELISA, the recombinant proteins were detected at 0.6-1.1 
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μg/mL in the conditioned medium from our stably transfected BHK cells.  Thus, alanine 

mutations in TAFI molecule did not appear to interfere with the recombinant TAFI 

protein expression in BHK cells.   

To purify recombinant TAFI proteins from the conditioned media, we selected a 

monoclonal antibody, mAb 16, and coupled it to Sepharose 4B to make an affinity 

column.  Previous studies showed that this monoclonal antibody recognized human TAFI 

specifically [39].  Moreover, in functional assays, mAb 16 inhibited TAFI activation by 

the thrombin-TM complex specifically [39].  By the affinity chromatography, we were 

successful in purifying recombinant wild-type TAFI and all its variants with single 

mutation.  On average, we were able to purify ~1.6 mg recombinant proteins from every 

two liters of conditioned medium from the stable cell lines. 

The mAb 16-based affinity chromatography, however, was not useful for the 

triple mutant TAFI-K42/43/44A.  The recombinant triple mutant protein failed to bind to 

the antibody-coupled Sepharose 4B beads and remained in the flow-through.  The result 

suggested that mAb 16 may recognize an epitope at or near the triple lysine residues, 

which is abolished by alanine mutagenesis.  The lack of binding of mAb 16 to the triple 

mutant posed a technical challenge for us to purify and study this TAFI variant.  To 

circumvent this problem, we tested four different TAFI monoclonal antibodies and 

identified one antibody, MA-T12D11, binds to the triple mutant TAFI-K42/43/44A.  

Previous studies showed that MA-T12D11 recognized an epitope on TAFI at Gly66 [40], 

which appear to be away from the triple lysine residues.  We made another affinity 
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column using MA-T12D11 antibody and were able to purify ~1.5 mg of the recombinant 

triple lysine TAFI mutant from the conditioned media.                   

 Most of the enzymes involved in coagulation and fibrinolysis can be down-

regulated by protease inhibitors.  To date, however, no physiological inhibitor for TAFIa 

has been identified.  Instead, it has an intrinsic temperature-dependent instability, with a 

half life of approximately 8 minutes at 37 ºC, 45 minutes at 30 ºC, 2 hours at 20 ºC, and it 

is indefinitely stable at 0 ºC [43, 48].  Therefore, the thermal instability presumably 

down-regulates TAFIa level in vivo [48].  A naturally occurring polymorphism in human 

TAFI at position 325 (Thr325 or Ile325) exists.  The Ile325 variant extends the half life of 

TAFIa from 8 to 15 minutes at 37 ºC and the antifibrinolytic activity of Ile325 TAFIa was 

~60% greater than that of Thr325 variant [43].  Mutagenesis studies by others have 

shown that inactivation of TAFIa is the result of its conformational instability [49], which 

is in agreement with the finding that the decay of TAFIa activity is associated with a 

substantial decrease in the intrinsic fluorescence of TAFIa [36].  Moreover, a region of 

TAFIa comprising amino acid 302-330 has been shown to be important in its intrinsic 

instability, and TAFI variants with altered thermal stabilities show corresponding 

alterations in their antifibrinolytic abilities [48, 49].  More recently, a quintuple TAFI 

variant TAFI-S305C-T325I-T329I-H333Y-H335Q, harboring the naturally occurring Ile 

isoform at position 325 and four other stabilizing mutations, has been generated [50].  It 

demonstrated a 180-fold increase in half life, associated with a greatly increased 

antifibrinolytic potential [50].  This suggested an expanded region (AA297-335) of 

TAFIa which might be important for its intrinsic instability.    
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In our study, TAFIa variants were tested at 37 ºC to determine whether the present 

mutations altered their thermal stabilities.  As expected, TAFI-K42/43/44A, which has the 

triple alanine mutation in its activation peptide and no other changes in its enzyme moiety 

shows a very similar half life (8.5 ± 0.2 min) compared to the wild-type (8.4 ± 0.3 min).  

The other six individual mutations in catalytic domain of TAFI (K133, K211, K212, 

R220, K240 and R275) also resulted in minimal changes, with deviations ranging 

between 0.53 and 0.59 min in the half lives of TAFIa with respect to wild-type at 37ºC, 

indicating that these arginine and lysine residues are not involved in the intrinsic 

instability of TAFIa.   

 The catalytic domain of TAFI is shielded by its activation peptide, which is 

released upon the cleavage at Arg92 by enzymes such as thrombin and plasmin [10], 

giving substrate access to the catalytic center.  Alanine-scanning mutagenesis of thrombin 

showed that distinct domains in thrombin are required for its interactions with TM, TAFI 

and protein C [44].  Residues mediating the thrombin-TM interaction are located in the 

anion-binding exosite-I of thrombin, which is distant from the active site.  Residues 

involved in protein C activation are located along the rim below the active site, whereas 

residues important in TAFI activation are located along the rim above the active site and 

are primarily negatively charged.  Mutations of acidic residues above the active site 

diminishes TAFI activation [44], suggesting there may be complementary basic residues 

in TAFI mediating the thrombin interaction. 

 Our results have shown the thrombin catalyzed activation of triple mutant TAFI-

K42/43/44A, has catalytic efficiencies approximately 3.5-fold lower in the absence of TM 
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and 9-fold lower in the presence of TM when compared to the wild-type TAFI, as shown 

in Table 3-3, suggesting the triple lysine residues of TAFI, K42, K43 and K44, located in 

its activation domain, might complement both the acidic residues above the active site of 

thrombin and the acidic residues of TM essential for TAFI activation, thereby promoting 

the interaction between thrombin, the thrombin-TM complex and TAFI.  Consistent with 

this is the fact that the antibody mAb 16 inhibited TAFI activation by thrombin-TM 

complex [39] and failed to bind the TAFI triple lysine mutant.  Together, the data indicate 

that the triple lysine residues, K42, K43, and K44, on TAFI interact with thrombin-TM 

complex.    

 One possible model for the formation of the ternary complex of thrombin, TM and 

TAFI or protein C has also been proposed by Hall et al. [44].  According to this model, 

TM-EGF domains 5 and 6 mediate the binding of TM to thrombin exosite-I, and orient 

EGF domains 3 and 4 in such a manner that they are adjacent to the upper and lower rims 

of the thrombin active-site cleft, respectively.  TM-EGF domain 3 would then align TAFI 

along the upper rim to contact the acidic residues above the thrombin active site [44].  In 

addition, the putative structural model of TM-EGF 3 shows that the negatively charged 

surface patch, especially around the C-loop, might interact with the positively charged 

surface patches on TAFI (Figure 1-6 and Figure 1-7).  These all taken together, provide a 

putative structural basis for the formation of the ternary complex. 

 The mutations of the selected positively charged residues on TAFI all resulted in 

increased Km values compared to TAFI wild-type (Table 3-2).  The derivatives with point 
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mutations at residues from one of the electropositive surface patches of TAFI that could 

interact with the C-loop of TM-EGF 3, which include TAFI-K133A, TAFI-K211A,  

TAFI-K212A, and TAFI-R220A, resulted in decreases of catalytic efficiencies in the 

activation by thrombin-TM complex ranging from 2.4 to 2.9-fold compared to the wild-

type TAFI.  Two derivatives from the other surface patch, TAFI-K240A and TAFI-

R275A, showed decreases in their activation catalytic efficiencies by the thrombin-TM 

complex of 1.7 and 2.1-fold, respectively (Figure 3-4).  Our data support a model which 

posits that the highly acidic TM-EGF domain 3 interacts with these above basic residues 

on TAFI and aligns the substrate, presenting its activation peptide to the thrombin active 

site with an optimal conformation for cleavage. 

 As summarized in Table 3-3, activation by thrombin in the presence of 

thrombomodulin was approximately 3 orders of magnitude more efficient for each mutant 

than in the absence of thrombomodulin, with values ranging between 1550- and 2800-

fold.  Therefore, these changes to either the activation peptide or catalytic domain of 

TAFI do not completely remove the thrombomodulin dependence of TAFI activation.  

However, TAFI wild-type has shown stronger thrombomodulin dependence in its 

activation (3960-fold), due to a smaller Km value, suggesting TAFI wild-type has a 

higher binding affinity to thrombomodulin in the ternary complex. 

 In conclusion, our studies show that removal of any one of the six positively 

charged residues on TAFI catalytic domain which are expected to interact with TM-EGF 

domain 3, especially the C-loop, reduced catalytic efficiency for TAFI activation by the 
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thrombin-TM complex. Mutation of the triple lysine residues unique to the TAFI 

activation peptide significantly decreased the catalytic efficiency for TAFI activation by 

thrombin, both in the presence (9-fold) and absence (3.5-fold) of TM.  Since none of the 

mutations resulted in complete removal of TM dependence during TAFI activation, but 

all cause some loss of activation efficiency, the mutated residues together may play a role, 

whereby each residue contributes partially to the overall interaction. 

Our findings support the proposed model for the formation of ternary 

thrombin/TM/TAFI complex.  The TM-EGF domains 5 and 6 bind to thrombin exosite-I, 

and orient EGF domains 3 adjacent to the upper rim of the thrombin active-site cleft.  The 

highly acidic EGF domain 3 interacts with basic residues on the catalytic domain of TAFI 

and then aligns the activation peptide of TAFI, especially the triple lysine residues, to 

contact the acidic residues above the thrombin active site, thereby presenting the 

activation peptide of TAFI to the thrombin active site with an optimal conformation for 

cleavage.  

   Our studies have helped us to understand how TAFI interacts with thrombin-TM.  

As TAFI is a key protein in the fibrinolytic system, inhibition of TAFI is considered as a 

therapeutic strategy to prevent thrombosis.  In animal models, inhibition of TAFI by 

either inhibitors (such as CPI from potato tubers) or small molecules prevented 

experimental thrombosis and increased the efficacy of thrombolytic therapy [51-54].  

Further elucidation of TAFI structure-function relationship will help to develop better 

TAFIa inhibitors as novel anti-thrombotic agents.  For future studies, two or more 

simultaneous mutations of the six residues on the catalytic domain of TAFI can be 
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generated to determine if TM dependence in TAFI activation can be completely removed 

or to determine whether the effects of the mutations are additive.      
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