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Chapter 1 

Introduction 
Hemostasis: the formation and degradation of a blood clot 
Hemostasis is the process that stops blood from flowing out of a damaged blood 
vessel. The word “hemostasis” is a contraction of the words “hemo”, meaning 
blood and “stasis”, meaning motionless. When a blood vessel becomes damaged, 
several processes are initiated to prevent blood loss: vasoconstriction and 
primary and secondary hemostasis. These processes occur simultaneously but are 
usually presented in sequential order for a better overview. Directly after injury, a 
damaged blood vessel contracts to reduce blood flow. At the same time, the blood 
platelets will adhere to the damaged vessel and each other to form a platelet plug 
that prevents blood flow out of the vessel. The platelet plug is then strengthened 
by a network of insoluble fibrin fibers, the end product of secondary hemostasis. 
Red blood cells, white blood cells and more platelets are trapped in the fibrin 
network and form the hemostatic plug that obstructs the bleeding. The 
degradation of a clot, or fibrinolysis, is initiated when tissue-type plasminogen 
activator or urine-type plasminogen activator convert plasminogen into plasmin. 
Plasmin dissolves a clot by cleaving the fibrin network. During the repair process, 
the clot  dissolves so that the blood can flow through the vessel without 
obstruction. 
 
1) Vasoconstriction 
Blood vessels are lined with smooth muscle cells that can change the diameter of 
the vessel via contraction or relaxation. After injury, the smooth muscle cells 
contract to reduce the diameter, and thus volume, of the blood vessel. The smaller 
volume of a damaged vessel leads to less blood flow which results in reduced 
blood loss. With the exception of capillaries, vasoconstriction only reduces blood 
loss and does not stop it. The next step is the formation of a blood clot to close up 
the damaged vessel completely.  
 
2) Primary hemostasis 
The aim of primary hemostasis is the formation of a platelet plug to stop blood 
loss from a damaged blood vessel. The wall of a blood vessel is lined with collagen. 
In a healthy blood vessel, collagen is separated from the blood flow by a layer of 
endothelial cells. However, after vessel damage, the collagen from the vessel wall 
will be exposed to the blood. When the platelets come into contact with collagen, 
they will adhere to the collagen and then activate. Platelets can bind to collagen 
directly, however, due to their high approaching speed in the blood stream, only a 
small fraction of the platelets will be captured and bind to the damaged vessel or 
the growing platelet plug. To slow the platelets down, von Willebrand Factor 
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Introduction 

(vWF), a large curled up protein, will bind to collagen and then uncurls to form 
long strings in the direction of the blood flow. When the fast approaching platelets 
from the blood stream encounter the uncurled vWF strings, they will adhere and 
roll on the string to slow down. During this process the platelet becomes activated 
and attracts other platelets that will all clump together. This results in a platelet 
plug that closes off blood vessel damage and prevents further blood loss. The 
platelet plug however, is weak and easily breaks apart. To strengthen the platelet 
plug a network of insoluble fibrin fibers need to be formed during secondary 
hemostasis. 
 
3) Secondary hemostasis 
The formation of an insoluble fibrin network is called secondary hemostasis. The 
coagulation cascade of secondary hemostasis is initiated by tissue factor (the 
extrinsic pathway) or by contact activation (the intrinsic pathway). In both 
pathways, a series of enzymatic reactions will result in the conversion of 
prothrombin to thrombin. Thrombin then converts soluble fibrinogen into fibrin 
that will form the insoluble fibers that make up the fibrin network. See figure 1 for 
a simplified overview.  

The tissue factor pathway (or extrinsic pathway) is initiated when tissue 
factor (TF), a protein from outside the blood vessel, comes into contact with blood 
after injury. TF will immediately form a complex with coagulation factor VIIa. The 
TF/VIIa complex activates factor X. Activated factor X, (factor Xa) converts 
prothrombin to thrombin, the central enzyme of the coagulation cascade. The 
contact activation pathway (or intrinsic pathway) is initiated by the activation of 
coagulation factor XII. Factor XIIa then activates factor XI. Factor XIa activates 
factor IX and factor IXa activates factor X. Just as in the tissue factor pathway, 
factor Xa converts prothrombin to thrombin which will convert soluble fibrinogen 
into insoluble fibrin fibers. Thrombin will also activate the transglutaminase 
factor XIII. Factor XIIIa strengthens the fibrin network by forming covalent bonds 
between lysines and glutamines in the already formed fibrin network. 

The coagulation cascade contains several amplification steps to increase 
the speed of fibrin formation. After the formation of small amounts of thrombin, it 
will activate the cofactors factor VIII and V. Cofactors do not have enzymatic 
activity themselves but will form a complex with an enzyme and concomitantly 
enhance the catalytic efficiency of that enzyme. Factor VIIIa will form a complex 
with factor IXa and factor Va forms a complex with factor Xa. In complexed form, 
the activity of factor IXa and Xa is vastly enhanced resulting in increased thrombin 
formation. Another amplification step comes from the activation of factor XI by 
thrombin.  
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Chapter 1 

The existence of two different coagulation pathways in secondary 
hemostasis is mostly an in vitro phenomenon. Both pathways can be initiated 
individually in laboratory tests and provide information about different 
coagulation factors. In vivo, coagulation is initiated by tissue factor. When small 
amounts of thrombin have formed, thrombin will activate factor XI to initiate the 
intrinsic pathway. People who are deficient in factor XII do not bleed, in contrast 
to individuals lacking factor XI. 

When a stable clot of sufficient size has formed, the formation of fibrin has 
to cease to prevent all blood from solidifying. The coagulation cascade contains 
several proteins that directly or indirectly reduce thrombin formation or activity. 
Tissue Factor Pathway Inhibitor (TFPI) reduces thrombin formation by inhibiting 
factor Xa and the TF/VIIa complex. Antithrombin inhibits thrombin activity 
directly but also the formation of thrombin by inhibiting the coagulation factors 
IXa, Xa, XIa, XIIa and the TF/VIIa complex. Inhibition by antithrombin is enhanced 
in the presence of heparin. Another down-regulator of thrombin formation is 
thrombomodulin. Thrombomodulin is not an enzyme inhibitor like TFPI and 
antithrombin but it modulates the activity of thrombin. When bound to 
thrombomodulin, the substrate specificity of thrombin is changed. Instead of 
cleaving fibrinogen and the coagulation factors, thrombin will activate protein C 
instead. Activated protein C, in complex with protein S, inactivates the coagulation 
cofactors Va and VIIIa which will result in reduced thrombin formation. 
 
 

Figure 1 
A simplified scheme of secondary hemostasis and fibrinolysis. Activated factor XII (XIIa) 
activates factor XI. Factor XIa then activates factor IX. Factor IXa in complex with cofactor 
VIIIa activates factor X. Factor X can also be activated by factor VIIa in complex with tissue 
factor (TF). Factor Xa in complex with cofactor Va then converts prothrombin into thrombin. 
Thrombin will convert fibrinogen into fibrin that spontaneously form long insoluble fibers 
which strengthen the blood clot. Fibrinolysis will be initiated when plasminogen is converted 
into plasmin (Plm) by tissue-type plasminogen activator (tPA). The activation of plasminogen 
is slowed down by active TAFI (TAFIa) to allow a wound time to heal. Eventually, the fibrin 
network will be degraded by plasmin. 
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Introduction 

4) Fibrinolysis 
Fibrinolysis, is initiated when plasminogen is converted to plasmin by tissue-type 
plasminogen activator or urine-type plasminogen activator. Plasmin is the central 
enzyme for degrading the fibrin network, and thus the clot. Plasmin is formed 
when plasminogen is activated by tissue-type plasminogen activator or urine-type 
plasminogen activator. Initially, this reaction is inefficient but when some plasmin 
has formed it will immediately start cleaving the fibrin network. Plasmin cleaves 
fibrin after lysine residues, thus every time that plasmin cleaves the fibrin 
network, a C-terminal lysine residue is formed. The C-terminal lysine residues 
function as cofactor for plasminogen activation. When plasminogen binds to the C-
terminal lysine residues, plasminogen activation is enhanced three orders of 
magnitude. The newly formed plasmin will also cleave the fibrin network and thus 
increase the amount of C-terminal lysine residues that enhance plasmin 
formation. The result is a chain reaction that will quickly lead to the amounts of 
plasmin needed to dissolve a blood clot. 
 The fibrinolytic system contains several proteins that prevent a blood clot 
from dissolving before a wound has healed. The inhibitors α2-antiplasmin and   
α2-macroglobulin down-regulate fibrinolysis by inhibiting plasmin activity 
directly. The formation of plasmin can be inhibited by plasminogen activator 
inhibitor 1 and 2 (PAI-1 and PAI-2). PAI-1 and PAI-2 inhibit tPA and urokinase 
activity and thus reduce the activation of plasminogen. Finally, Thrombin-
activatable Fibrinolysis Inhibitor (TAFI) reduces plasminogen activation by 
removing the C-terminal lysine residues from partially degraded fibrin that 
functions as a cofactor for plasminogen activation. This thesis will mainly focus on 
the structure and function of TAFI. 
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Chapter 1 

Outline of the thesis 
The objective of the studies presented in this thesis was to obtain a better 
understanding of the structure and function of Thrombin-activatable Fibrinolysis 
Inhibitor (TAFI), a risk factor for thrombosis. 

Chapter 2 combines and discusses published data about the TAFI 
structure and acts as an introduction to TAFI.  

In Chapter 3 we elucidate the three-dimensional structure of TAFI. 
Protein crystals were made from recombinant human TAFI expressed in N-
acetylglucosaminyltransferase-I-deficient cells. This cell line attaches shorter, 
more homogenous, glycans to proteins and provided the opportunity to grow 
sufficiently diffracting crystals. The crystals diffracted to a resolution of 3 
Angstrom and provided the first three-dimensional structure of TAFI. These 
crystal structures also provided new clues on the mechanism of TAFIa self-
destruction. 

In a supplement to chapter 3 we discuss the results of a recent study on 
a new TAFI mutant. This new mutant provided new insights on the  mechanism of 
TAFIa inactivation that we presented in chapter 3.  

In chapter 4 we discuss a study that determined whether the activation 
peptide of TAFI affects the enzymatic function of TAFI after activation. We also 
investigated what happens to active TAFI after it becomes spontaneously 
inactivated.  

In chapter 5 we describe a novel potential thrombin cleavage site located 
at arginine-12 in the activation peptide of TAFI. We investigated whether 
thrombin can cleave at arginine-12 and whether this amino acid is involved in 
TAFI activation by thrombin or the thrombin-thrombomodulin complex. 

Chapter 6 presents the results of a study evaluating the effects of TAFI-
derived peptides. 34 Peptides, based on the TAFI sequence, were designed and 
characterized in regard to their ability to bind to thrombin or thrombomodulin 
and whether the peptides affect TAFI activation or activated TAFI activity. 

In chapter 7 we investigated whether polyanionic molecules can function 
as cofactor for thrombin- or plasmin-mediated TAFI activation. Several 
polyanionic molecules are known to function as cofactor for the activation or 
inactivation of several coagulation factors. We investigated the possibility that 
there are more cofactors that modulate TAFI activation than currently known. 

Finally, in chapter 8 we summarize and discuss the data presented in this 
thesis. 
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Chapter 2 

Abstract 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is an important regulator in the 
balance of coagulation and fibrinolysis. TAFI is a metallocarboxypeptidase that 
circulates in plasma as zymogen. Activated TAFI (TAFIa) cleaves C-terminal lysine 
or arginine residues from peptide substrates. The removal of C-terminal lysine 
residues from partially degraded fibrin leads to reduced plasmin formation and 
thus attenuation of fibrinolysis. TAFI also plays a role in inflammatory processes 
via the removal of C-terminal arginine or lysine residues from bradykinin, 
thrombin-cleaved osteopontin, C3a, C5a and chemerin. TAFI has been studied 
extensively over the past three decades and recent publications provide a wealth 
of information, including crystal structures, mutants and structural data obtained 
with antibodies and peptides. In this review, we combined and compared 
available data on structure/function relationships of TAFI. 
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TAFI structure 

Introduction 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is known for its role in delaying 
fibrinolysis. Elevated plasma levels of TAFI have been associated with thrombosis 
[1]. TAFI can be activated by thrombin, the thrombin-thrombomodulin complex 
and plasmin. Once active, TAFIa removes C-terminal lysine residues from partially 
degraded fibrin. The C-terminal lysine residues on fibrin function as a cofactor for 
tissue-type plasminogen activator (t-PA)-mediated plasminogen activation, 
leading to fibrinolysis. Thus, by removing the C-terminal lysine residues, TAFIa 
down-regulates plasmin formation and inhibits fibrinolysis.  

Besides fibrinolysis, TAFI also plays a role in inflammatory processes. 
Removal of the C-terminal arginine from bradykinin, thrombin-cleaved 
osteopontin and the complement factors C5a and C3a, leads to a reduced immune 
response [2–4]. Removal of C-terminal lysine residues from plasmin-cleaved 
prochemerin, however, leads to an increased immune response [5]. Therefore, 
TAFI forms a link between coagulation, fibrinolysis and the immune system.  
 
TAFI nomenclature and classification  
TAFI has been discovered more than once since 1989. As a consequence, TAFI has 
been assigned multiple names relating to its functions or properties. After 
activation, TAFI becomes an unstable carboxypeptidase (and was named 
carboxypeptidase U or CPU) [6]. TAFIa cleaves arginines from peptide substrates 
(carboxypeptidase R or CPR) [7] and was found in plasma with high homology to 
pancreatic carboxypeptidase B (plasma carboxypeptidase B or plasma CPB) [8]. 
TAFI is activated by thrombin and inhibits fibrinolysis (activated thrombin-
activatable fibrinolysis inhibitor or TAFIa) [9] and is encoded by the CPB2 gene 
(carboxypeptidase B2 or CPB2) [10]. ProCPU, proCPR, plasma proCPB, proCPB2 
and TAFI refer to the zymogen, whereas CPU, CPR, pCPB, CPB2 and TAFIa refer to 
the enzyme. TAFI was assigned an enzyme commission (EC) number by the 
Nomenclature Committee of the International Union of Biochemistry and 
Molecular Biology (EC3.4.17.20) and was categorized in the MEROPS-system 
(Clan MC family M14A.009). To date, there is no consensus on a single name. The 
SSC Subcommittee on Fibrinolysis advises that the gene name (CPB2) should 
always be included in publications about TAFI. 
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Chapter 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 
Two-dimensional representation of the amino acid sequence of thrombin-activatable 
fibrinolysis inhibitor (TAFI). The activation peptide (Phe1-Arg92) is shown in blue; the Cardin–
Weintraub motif (Trp210-Ser221) and the dynamic flap region (Phe297-Trp350) are shown in 
light yellow. Additionally, thrombin/plasmin cleavage sites (green squares), glutamines 
involved in factor XIIIa-mediated coupling to fibrin (triangles), cysteines (yellow droplets), 
glycans (grey trapezoids), polymorphisms (blue), residues involved in substrate hydrolysis (red 
hexagons), substrate specificity (red circles) and residues potentially involved in substrate 
binding (dashed line circles) are shown. Numbered residues are described in this review or 
serve as a 25-residue marker. 
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TAFI structure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  
Three-dimensional ribbon structures of thrombin-activatable fibrinolysis inhibitor (TAFI). The 
activation peptide (Phe1-Arg92) is shown in blue, the catalytic domain (Ala93-Val401) in green 
and the zinc-ion is represented by a grey sphere. (A) Overview of TAFI. Shown are the cysteines 
(yellow), plasmin/thrombin cleavage sites (green), N-linked glycans (grey), known 
polymorphisms (blue) and glutamines involved in crosslinking to fibrin (orange). (B) TAFI 
activation. Residues associated with TAFI activation are shown in green; residues that are 
specific for thrombomodulin-dependent or plasmin-mediated TAFI activation are shown in blue 
and yellow, respectively. The Cardin–Weintraub motif is represented by a red ribbon. (C) TAFIa 
substrate hydrolysis. Residues involved in substrate hydrolysis (red), substrate specificity 
(orange) and substrate binding (yellow) are shown. (D) TAFIa stability. The dynamic flap region 
(red ribbon) and residues involved in TAFIa stability (CPK-colors) are shown. 
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Chapter 2 

TAFI isoforms 
TAFI is transcribed from the CPB2 gene located on chromosome 13 (13q14.11) 
[10] and consists of 11 exons spanning an area of ~48 kb [11]. TAFI is mainly 
expressed in the liver and released into the circulation. However, TAFI 
transcription has also been observed in fatty tissue of type 2 diabetes patients, 
human peripheral blood mononuclear cells (PBMNC), the monocytic cell line THP-
1 and megakaryocytes [12–14]. Two naturally occurring polymorphisms leading 
to an amino acid substitution have been described, Thr147Ala and Thr325Ile, 
resulting in four TAFI isoforms [15–17]. The Thr325Ile isoforms lead to a 2-fold 
increased stability of TAFIa. Additionally, it was demonstrated that a TAFI splice 
variant, named human brain procarboxypeptidase B (hbCPB), is expressed in the 
hippocampus [18,19]. This splice variant lacks exon 7 and 52 base pairs of exon 
11. The absence of exon 7 translates into a deletion of Ile176-Lys212 and the 
deletion in exon 11 results in the C-terminus (Ile362-Val401) being replaced by a 
14 amino acid segment. Most notable is the absence of Glu363, a key amino acid 
involved in hydrolyzing the peptide bond in TAFIa substrates, described in more 
detail below. Recently, Lin et al. observed that hbCPB was present in all cells 
commonly expressing TAFI [14]. By characterization of recombinant hbCPB they 
observed that the protein does not leave the cell, is not activatable by the 
thrombin-thrombomodulin complex and does not exert basic carboxypeptidase 
activity [14]. Therefore, it is unlikely that this splice variant has a biological role.  
 
Biochemical properties of TAFI  
TAFI is synthesized as a 423-amino acid pre-peptide (Figs. 1 and 2A). The N-
terminal signal peptide, consisting of 22 amino acids, is cleaved off before TAFI is 
released into the circulation [8]. Therefore, the amino acid numbering used in this 
review is based on circulating TAFI (Phe1-Val401). TAFIa is a 
metallocarboxypeptidase due to a zinc-ion in its active core and is categorized, 
along with various other carboxypeptidases (CPA1 to CPA6, CPB, CPM, CPN and 
CPO) as a funnelin [20]. All funnelins contain a characteristic set of conserved 
amino acids located in the active-site cleft, the HXXE + R + NR + H + Y + E motif. 
For TAFI, this motif refers to His159, Ala160, Arg161, Glu162 + Arg217 + Asn234, 
Arg235 + His288 + Tyr341 + Glu363 (Figs. 1 and 2). These amino acids are 
essential for the hydrolysis of substrates by TAFIa [20]. TAFI contains five 
thrombin or plasmin cleavage sites (Arg12, Arg92, Arg302, Lys327 and Arg330). 
Arg12 cleavage has been proposed to enhance thrombomodulin-dependent TAFI 
activation by thrombin [21]. Arg92 cleavage results in TAFI activation. Arg302, 
Lys327 or Arg330 cleavage occurs after inactivation to degrade the inactive 
enzyme TAFIai [22,23]. TAFI contains two free cysteines (Cys69 and Cys383) and 
three disulfide bonds [24]. The Cys156-Cys169, Cys228-Cys252 and Cys243-



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
19 

Ch
ap

te
r 2

 

TAFI structure 

Cys257 bonds are in the –RHhook, +/-LHhook and –RHspiral formation, 
respectively [25]. Furthermore, three peptide bonds (Ser289-Tyr290, Pro297-
Tyr298 and Arg365-Asp366) are in the cis formation [26] and are, like in pCPA2, 
hypothesized to be involved in shaping the active site [27].  

In vitro studies have shown that TAFI can be crosslinked to fibrin by the 
transglutaminase, factor XIIIa [28], via Gln2, Gln5 and Gln292. TAFI contains five 
[8] potential N-linked glycosylation sites (Asn–X–Ser/Thr, where X can be any 
amino acid except for Pro, Ser or Thr) [29]. Four glycosylation sites (Asn22, 
Asn51, Asn63 and Asn86) are located in the activation peptide (Phe1-Arg92) and 
were confirmed to be glycosylated [26,30]. The fifth glycosylation site (Asn219) is 
completely buried in the protein, making glycosylation unlikely. However, it was 
reported that part of the human plasma-derived TAFI molecules are glycosylated 
at Asn219 [24]. Attempts to construct a glycan-deficient TAFI (Asn219Gln) did not 
result in expression of the protein [31]. The TAFI sequence also contains two 
adjacent Cardin‒Weintraub motifs for glycosaminoglycan recognition (XBBXB, 
where B is a basic and X a hydropathic residue) [32]. It has been suggested that 
these repeats are involved in TAFI binding to thrombin [33], heparin [34], sulfate-
ions [35] and the bacterium S. pyogenes [36]. The first repeat (Trp210-Arg215) is 
exposed on the surface of TAFI. The second repeat (Trp216-Arg220), however, is 
buried and includesArg217, one of the key amino acids for substrate hydrolysis 
[26], but is involved in substrate binding via Asn219 and Arg220.  
 
Crystal structures of TAFI  
Negative-staining electron microscopy presented TAFI as a horseshoe-shaped 
protein with multiple domains [37,38]. Five ‘lobes’ could be distinguished. In 
2002, a three dimensional model of TAFI was constructed using a high-resolution 
(1.6 Å) crystal structure of human pancreatic procarboxypeptidase B, a close 
homologue of TAFI [39]. Attempts to crystalize TAFI itself have been hampered by 
the heterogenic nature of the four N-linked glycans that interfere with crystal 
packing. This problem was solved using an N-acetylglucosaminyltransferase-I-
deficient cell line (HEK293ES) that attaches shorter (and thus less heterogeneous) 
glycans to proteins [26]. This led, in 2008, to the first crystal structures of TAFI, 
TAFI in complex with guanidinoethylmercaptosuccinic acid (GEMSA) and a TAFI 
mutant with 70-fold increased intrinsic stability (see Table 1) [26]. Shortly 
thereafter, the crystal structures of bovine TAFI [35] and bovine TAFIa in complex 
with tick-derived carboxypeptidase inhibitor (TCI) [34] were published. These 
crystal structures revealed that the region involved in TAFIa stability was very 
flexible. This led to the hypothesis that dynamic movement of this region results 
in TAFIa inactivation. Furthermore, the structure of bovine TAFI in complex with 
TCI revealed that the activation peptide in bovine TAFI is flexible enough to allow 
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TAFI, thrombin-activatable fibrinolysis inhibitor; GEMSA, guanidinoethylmercaptosuccinic 
acid; TCI, tick-derived carboxypeptidase inhibitor. 

Table 1. Crystal structures of thrombin-activatable fibrinolysis 
i hibi

Chapter 2 

binding to TCI. It is not known if this is also true for human TAFI [40].The 
structures of human TAFIa in complex with TCI [41], and human TAFI-YQ 
(H333Y/H335Q) in complex with the experimental inhibitor ‘compound 5’ [42], 
provided new insights into the molecular mechanism of TAFIa inactivation and 
showed that the crystal structure of TAFI can be used to design TAFIa inhibitors. 
Recently, three human TAFI structures in complex with TAFI activation-inhibiting 
nanobodies were presented at the 2015 ISTH meeting by Zhou et al. [43], which 
have recently been deposited.  
 
 

 
 
 
 
TAFI activation  
TAFI circulates in plasma as a proenzyme at 70–275 nM [44]. A single cleavage at 
Arg92 removes the activation peptide (Phe1-Arg92) and makes the active site 
accessible to substrates. TAFI can be activated by thrombin but thrombin is a 
weak activator in itself (KM 2.14 μM, kcat 0.0021 s-1) [45]. In the presence of 
thrombomodulin, however, the catalytic efficiency is enhanced by three orders of 
magnitude [45]. Thrombomodulin is a membrane protein expressed by the 
endothelium; therefore, the relative thrombomodulin concentration depends on 
the vessel diameter and varies from the equivalent of 1 nM (large vessels) to 100 
nM (microvasculature) [46]. Additionally, in the circulation, a low concentration 
of soluble thrombomodulin is present that has been shown to be involved in TAFI 
activation [47]. Furthermore, low plasma levels of soluble thrombomodulin have 
been associated with an increased TAFI-dependent prolongation of fibrinolysis in 
hemophilia A patients with inhibitors [48].  

Accession 
nr. 

Year Organism Description Resolution 
(Å) 

Ref 

3D66 2008 Human TAFI 3.1 [26] 
3D67 2008 Human TAFI + GEMSA 3.4 [26] 
3D68 2008 Human TAFI-IIYQ 2.8 [26] 
3DGV 2008 Bovine TAFI 2.5 [35] 
3D4U 2008 Bovine TAFIa + TCI 1.7 [34] 
3LMS 2010 Human TAFIa + TCI 2.5 [41] 
3OSL 2010 Bovine TAFI + TCI 6.0 [40] 
4P10 2014 Human TAFI-YQ + “compound 5” 2.0 [42] 
5HVG 2016 Human TAFI + Nb-a204 3.1 [43] 
5HVF 2016 Human TAFI + Nb-i83 2.9 [43] 
5HVH 2016 Human TAFI + Nb-a204 + Nb-i83 3.0 [43] 
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The mechanism by which thrombomodulin stimulates thrombin-mediated 
TAFI activation has been a matter of debate. It has been suggested that 
thrombomodulin alters the active site of thrombin [49]. However, crystal 
structures of the thrombin-thrombomodulin complex do not support this 
proposal [50,51]. The activation site in TAFI is poorly accessible because the 
Arg92 side-chain is packed between Tyr97 and Phe113 and is hydrogen bonded 
by Glu106 and Ser109 [52]. Alternatively, thrombomodulin might induce a 
conformational change in TAFI, exposing Arg92, and make it more accessible to 
cleavage.  

Another activator of TAFI is plasmin. Plasmin is an 8-fold more potent 
TAFI activator than thrombin but less potent than the thrombin-thrombomodulin 
complex (see Table 2) [53]. Plasmin-mediated TAFI activation is enhanced up to 
16-fold in the presence of glycosaminoglycans [53]. The catalytic efficiency, 
however, remains ~10-fold lower than the thrombin-thrombomodulin complex. 
The importance of the thrombin-thrombomodulin complex for TAFI activation 
was confirmed in vivo in a baboon model using a monoclonal antibody that 
specifically blocks TAFI activation by the thrombin-thrombomodulin complex 
(mAbTAFI/TM#16) [54]. Another study, however, revealed that a monoclonal 
antibody that specifically blocks plasmin-mediated TAFI activation (MA-
TCK11A9) also significantly reduced clot lysis times [55]. These results indicate a 
role for both plasmin and the thrombin-thrombomodulin complex in TAFI 
activation.  

It has been reported that TAFI can also be activated by neutrophil-derived 
elastase (ELA2, EC:3.4.21.37) [56], although evidence supporting this hypothesis 
is limited. TAFI is activated via cleavage at Arg92; however, the preferential 
cleavage site for elastase (P1:Ala/Val [57] or P3:Met/Ile/Leu, P2:Ala/Pro, 
P1:Ile/Leu [58]) does not include arginine in the P1 position. This makes Arg92 an 
unlikely candidate for elastase-mediated TAFI activation. Elastase may cleave at a 
different position to thrombin and plasmin but this is currently unknown.  

Recently, it has been reported that mannan-binding lectin-associated 
serine protease-1 (MASP-1), an enzyme from the complement system, can also 
activate TAFI [59]. MASP-1 was a poor activator of TAFI but the same is true for 
thrombin without a cofactor. It remains to be established if MASP-1 has a cofactor 
that enhances its activity. A limitation of this study was that only a catalytic 
fragment of MASP-1 was used [59]. A full-length MASP-1 may have increased 
affinity for TAFI and an increased rate of activation. MASP-1-mediated activation 
of TAFI may be another link between the coagulation and immune systems. 
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Table 2. Kinetic constants for thrombin-activatable fibrinolysis inhibitor activation 
by thrombin or plasmin in the absence or presence of cofactors 

TM, thrombomodulin; GAG, glycosaminoglycans. 

Chapter 2 

 

 
 
 
TAFI domains involved in TAFI activation 
To date, no crystal structures of TAFI in complex with its activators have been 
solved. However, indirect data revealed amino acids and regions in TAFI involved 
in TAFI activation. It is no surprise that substitution of Arg92 with an alanine 
(Arg92Ala) [60] or glutamine (Arg92Gln) [21] results in an inactivatable zymogen. 
Substituting Arg92 with a lysine (Arg92Lys), however, results in a zymogen that is 
normally activated by plasmin but half as efficiently by the thrombin-
thrombomodulin complex compared with wild-type TAFI [52]. TAFI activation by 
thrombin in the absence of thrombomodulin was not detectable [52]. However, 
considering the low efficiency of thrombin-mediated TAFI activation, any 
reduction will easily lead to undetectable activation.  

The relevance of the amino acids surrounding Arg92 (in the P6-P3’ 
position) was studied by constructing four TAFI mutants: (i) TAFI-Asp87Ala, (ii) 
TAFI-Ser90Ala, (iii) a mutant that mimics the fibrinogen-Bb thrombin cleavage 
site (TAFI-FGNap; Pro91Ala/Ala93Gly/Ser94-His/Ala95Arg) and (iv) a mutant 
that mimics the protein C activation site (TAFI-PCap; Ser90Asp/Ala93Leu/Ser94-
Ile/Ala95Asp) [61]. Surprisingly, the Asp87Ala mutation led to a 3-fold increased 
catalytic efficiency, indicating that the negative charge of Asp87 hinders efficient 
TAFI activation by thrombin, the thrombin-thrombomodulin complex and 
plasmin. Substitution of the activation site of TAFI with the activation site of 
protein C (TAFIPCap) resulted in a 100-fold reduced catalytic efficiency for the 
thrombin-thrombomodulin complex and no detectable TAFI activation for 
thrombin or plasmin. Thrombin-mediated TAFI activation was enhanced by 
thrombomodulin in all four mutants. Thus, thrombomodulin decreases thrombin-
mediated fibrinopeptide-Bb cleavage in fibrin but increases fibrinopeptide-Bb 
cleavage in recombinant TAFI [61] This strongly suggests that thrombomodulin 
does not alter the cleavage site specificity of thrombin but works by optimally 
presenting substrates (Arg92 in TAFI) to the active site of thrombin [61].  

Six new TAFI mutants (Ser90Pro, Pro91Ser, Arg92Lys, Ala93Val, Ser94Val 
and Ser90Asp/Ala93Val/Ser94Val) [52] exhibited specific impairment of 

Activator KM  
(nM) 

kcat  
(s-1) 

kcat/KM  

(s-1 M-1) 
Relative  

to IIa 
Ref 

Thrombin 2140 ± 590 0.0021 ± 0.0004 1.0 x 103 1-fold [45] 
Thrombin/TM 1010 ± 90 1.24 ± 0.06 1.2 x 106 1250-fold [45] 

Plasmin 55 ± 15 0.00044 ± 0.00003 8.0 X 103 8-fold [53] 
Plasmin + GAG 20 ± 4 0.0026 ± 0.0002 1.3 x 105 132-fold [53] 
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activation by thrombin, the thrombin-thrombomodulin complex or plasmin. TAFI-
Ser90Pro was specifically resistant to activation by plasmin and TAFI-Pro91Ser 
resistant to activation by the thrombin-thrombomodulin complex [52]. The 
observation that altering the activation site has different effects for thrombin- and 
plasmin-mediated TAFI activation, however, is understandable considering that 
the preferential cleavage sequences of these enzymes are different.  

Based on a 3D-TAFI model, it was suggested that Ile182 and Ile183 are 
involved in TAFIa stability [39]. To test this hypothesis, a mutant was constructed 
in which the isoleucines were replaced by the corresponding amino acids of 
carboxypeptidase B (Ile182Arg and Ile183Glu) [62]. No effect on TAFIa half-life 
was observed. Activation of the mutant, however, was impaired 2, 3 and 6-fold for 
thrombin, the thrombin-thrombomodulin complex and plasmin, respectively, 
indicating a role for Ile182 and Ile183 in TAFI activation [62]. The absence of a 
stabilizing effect on TAFIa was confirmed in a separate study with mutations, 
Ile182Tyr and Ile183Glu. Unfortunately, an effect on activation was not 
investigated [63].  

Beside mutations, also antibodies were shown to affect TAFI activation. 
Mishra et al. demonstrated that TAFI activation can be inhibited using a 
monoclonal antibody (MA-TCK27A4) [55]. Epitope mapping revealed Phe113, 
which is in close proximity to Arg92, as an epitope and therefore it seems likely 
that the antibody prevents TAFI activation via steric hindrance. Additionally, an 
antibody (MA-TCK22G2) was identified that inhibited thrombin and plasmin-
mediated TAFI activation, but not activation by the thrombin-thrombomodulin 
complex. Epitope mapping revealed Thr147 and Ala148 as binding sites. 
Interestingly, Thr147Ala is a naturally occurring polymorphism in humans [15]; a 
difference in activation kinetics between polymorphisms, however, has not been 
observed. A third antibody (MA-TCK11A9) inhibited in vitro only plasmin-
mediated TAFI activation and Lys268, Ser272 and Arg276 were found as epitopes 
[55]. Interestingly, this suggests that the plasmin binding site in TAFI is different 
to the thrombin binding site or that the antibodies sterically hinder the different 
activators differently.  
 
Thrombomodulin-dependent TAFI activation  
The activation peptide of TAFI contains four glycans (Asn22, Asn51, Asn63 and 
Asn86, Fig. 2B). To determine their biological relevance, four single, six double, 
two triple and one quadruple mutant were constructed [31]. Of these, four single 
mutants (Asn22Gln, Asn51Gln, Asn63Gln and Asn86Gln) and one triple mutant 
(Asn22Gln/Asn51Gln/Asn63Gln) were characterized. Surprisingly, this study 
showed that the glycans impair TAFI activation by the thrombin-thrombomodulin 
complex. A ~2, 5, 7, 7 and 1.5-fold increased catalytic efficiency was found for 
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Asn22Gln, Asn51Gln, Asn63Gln, Asn86Gln and the triple mutant, respectively. The 
increased catalytic efficiency was mainly the result of a lower KM, suggesting that 
the glycans hinder TAFI binding to the thrombin-thrombomodulin complex.  

The involvement of the activation peptide in thrombomodulin-dependent 
TAFI activation was also observed in a TAFI mutant in which three adjacent 
lysines in the activation peptide (Fig. 2B) were substituted with alanines 
(Lys42Ala/Lys43Ala/Lys44Ala). Thrombomodulin-dependent TAFI activation 
was reduced 8-fold but in the absence of thrombomodulin, no effect was observed 
[64]. The same study demonstrated that replacing Lys211, Lys212, Arg220, 
Lys240 or Arg275 for alanines results in a minor (1.7 to 2.7-fold) decreased 
catalytic efficiency. Recently it was demonstrated that substitution of Arg12 by a 
glutamine (Arg12Gln) in the activation peptide results in a 54-fold reduced 
catalytic efficiency for thrombomodulin-dependent TAFI activation without 
affecting TAFI activation by thrombin alone [21]. Furthermore, thrombomodulin 
does not enhance TAFI activation in a mutant lacking the globular domain of the 
activation peptide (TAFI-del1-73) [65]. These mutagenesis studies indicate that 
regions in the activation peptide are essential for thrombomodulin-dependent 
TAFI activation by thrombin (Fig. 2B).  

Besides mutagenesis, monoclonal antibodies also revealed the importance 
of the activation peptide in thrombomodulin-dependent TAFI activation. Gils et al. 
characterized 14 TAFI activation-inhibiting antibodies and placed them in three 
subgroups that were represented by the antibodies MA-T1C10, MA-T94H3 and 
MA-T12D11 [66]. MA-T1C10 inhibited TAFI activation by the thrombin-
thrombomodulin complex and plasmin, epitope mapping identified Val41 as part 
of the epitope. MA-T12D11 exclusively inhibited thrombomodulin-dependent 
TAFI activation with Gln45 as part of the epitope. MA-T94H3, with Gly66 as the 
critical residue, partially inhibited TAFI activation by both plasmin and the 
thrombin-thrombomodulin complex. TAFI activation in the absence of 
thrombomodulin was not examined. The mutants used for epitope-mapping 
excluded any direct effects of Val41, Gln45 and Gly66 on TAFI activation [66]. 
These monoclonal antibodies confirm the involvement of the activation peptide in 
thrombomodulin-dependent TAFI activation.  

Furthermore, it was demonstrated that a synthetic peptide mimicking 
part of the activation peptide (Arg12-Glu28) selectively inhibited 
thrombomodulin-dependent TAFI activation without affecting activation by 
thrombin alone [33]. The same effect was observed for a peptide variant without 
Arg12; therefore, it was hypothesized that Thr13-Glu28 is involved in binding to 
the thrombin-thrombomodulin complex.  
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The hypothesis that the activation peptide of TAFI is involved in 
thrombomodulin-dependent TAFI activation is further strengthened by new 
crystal structures of TAFI in complex with a nanobody that specifically inhibits 
thrombomodulin-dependent TAFI activation. This nanobody was found to interact 
with TAFI in the vicinity of Arg12 and the triple lysine cluster in the activation 
peptide [43]. These studies combined strongly suggest that the globular region in 
the activation peptide of TAFI is involved in binding to the thrombin-
thrombomodulin complex but is not involved in binding to thrombin in the 
absence of thrombomodulin (Fig. 2B).  

Besides the activation peptide of TAFI, the C-terminus of TAFI has also 
been shown to be involved in thrombomodulin-dependent activation. Two TAFI 
chimeras in which His293-His333 or His293-Val401 were substituted for the 
corresponding regions in CPB, revealed a 4- and 100-fold reduced activation rate 
by the thrombin-thrombomodulin complex [23] without affecting activation by 
plasmin. This implies that especially the His333-Val401 region is important in 
activation by the thrombin-thrombomodulin complex. Furthermore, the TAFI 
splice variant hbCPB (deletion of Ile176-Lys212 and altered C-terminus, Ile362-
Val401) could not be cleaved at Arg92 by the thrombin-thrombomodulin complex 
[14]. TAFI activation by thrombin in the absence of thrombomodulin was not 
reported in both studies. Nanobody VHHrTAFI-i83, characterized by Hendrickx et 
al. [67], inhibited thrombomodulin-dependent ratTAFI activation without 
affecting activation by thrombin or plasmin. Epitope mapping revealed Lys392, 
Tyr175 and Glu183 (Lys392, His175 and Ile183 in human TAFI, respectively) as 
key amino acids for binding [67]. Lys392 is located close to the C-terminus of TAFI 
(Val401, Fig. 2B). Furthermore, a peptide that mimics the C-terminus of TAFI 
(Cys383-Val401) also exclusively inhibited thrombomodulin-dependent TAFI 
activation [33]. Trp395 was identified as a key amino acid for this effect.  

Despite all the amino acids in TAFI known to affect TAFI activation, it 
remains a challenge to pinpoint exactly how TAFI binds to its activators. In 
thrombin Glu25, Trp50, Asp51, Arg89, Arg93 and Glu94 have been shown to 
interact with TAFI [68]. However, many TAFI activation studies did not determine 
the effects on thrombin-mediated TAFI activation in the absence of 
thrombomodulin. This makes it difficult to determine exactly which TAFI residues 
are involved in thrombin-mediated or in thrombin-thrombomodulin-mediated  
TAFI activation. We recommend always including TAFI activation with thrombin, 
the thrombin-thrombomodulin complex and plasmin when characterizing TAFI 
mutants.  
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Catalytic activity of TAFIa  
Once active, TAFIa cleaves C-terminal arginine and lysine residues from peptide 
substrates. In more detail, TAFIa hydrolyzes the peptide bond in substrates via a 
Zn2+-ion-catalyzed reaction. The Zn2+-ion is bound to His159, Glu162 (2x bonds) 
and His288 [69]. The reaction starts when the zinc-ion captures a water molecule 
needed to hydrolyze the peptide bond. Arg217 binds a substrate and polarizes the 
oxygen atom in the carbonyl group of the peptide bond. Glu363 absorbs a proton 
from the zinc-bound water and the remaining hydroxide immediately attaches to 
the tetrahedral carbon atom in the peptide bond of the substrate. This transitional 
state is stabilized by the positive charges of the zinc-ion and Arg217. 
Subsequently, the nitrogen atom in the peptide bond of the substrate absorbs the 
proton that is held by Glu363 and breaks the peptide bond. After releasing the 
cleaved products, TAFIa is ready for its next substrate [69]. This infers that 
His159, Glu162, Arg217, His288 and Glu363 are essential amino acids for the 
functioning of TAFIa (Fig. 2C).  
 
Substrate specificity  
Comparative studies with CPA and CPB showed that the substrate preference of 
TAFIa for basic amino acids is the effect of the negative charge of Asp348 [8], 
assisted by Gly336 and Ser299, which creates a polar environment [70]. In CPA, 
the corresponding residues are hydrophobic. Extrapolation of the known 
substrate binding residues in CPA and CPB suggests that in TAFIa, Arg161, 
Asn219, Arg220, Arg235, Ser289, Tyr290, Ser291 and Tyr341 assist in substrate 
binding [8,27]. Since the availability of TAFI crystal structures in 2008, Asn234, 
Arg235, Ser299, Leu340, Tyr341, Asp348, Asp349 and the catalytic Zn2+-ion have 
been confirmed to interact with arginine (from substrates), GEMSA [26], TCI [41] 
and TAFIa inhibitor ‘compound 5’ (Fig. 2C) [42].  
 
TAFIa substrates  
TAFIa cleaves C-terminal lysine and arginine residues from substrates. Serine 
proteases, common in coagulation, often cleave after an arginine or lysine 
residues, and this results in a large number of potential TAFIa substrates. In 
fibrinolysis, plasmin degrades a clot by cleaving the fibrin network. With each 
consecutive cleavage, a C-terminal lysine, and thus TAFIa substrate, is formed. The 
immune system also includes serine proteases cleaving peptide bonds following 
an arginine. High-molecular-weight kininogen is cleaved by kallikrein, releasing 
the peptide bradykinin, involved in vasodilation [71]. The complement factors C3 
and C5 are cleaved by C3-convertase and C5-convertase, respectively, and release 
the anaphylatoxins C3a and C5a [72]. Osteopontin can be cleaved by thrombin, 
resulting in thrombin-cleaved osteopontin (OPNArg168) [4]. Bradykinin, C3a, C5a 
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and OPN-Arg168 all have a C-terminal arginine essential to their functioning. 
Inactivation through removal of the C-terminal arginine has long been attributed 
to carboxypeptidase N (CPN). However, TAFIa has also been identified in 
inactivating bradykinin [2], C3a, C5a [3] and OPN-Arg168 [4]. In fact, TAFIa has a 
9-fold higher catalytic efficiency for bradykinin and C5a, and a 26-fold higher 
catalytic efficiency for OPN-Arg168 compared with CPN. C3a, however, is cleaved 
3-fold less efficiently by TAFIa [4]. Additionally, it has been shown that TAFIa can 
cleave C-terminal lysines from plasmin-cleaved chemerin [5]. In contrast to other 
TAFIa substrates, removal of the lysine enhanced the chemotactic activity of 
chemerin. Therefore, TAFIa also has proinflammatory properties. Most of the 
TAFIa substrate studies were performed with short peptides that mimic the C-
terminus of these substrates. Functional assays with full-length C5a, C3a and OPN-
Arg168, however, confirmed the results obtained with these peptides [4,73]. 
Additional evidence for a physiological role of cleavage of immunological 
substrates by TAFIa comes from in vivo studies with TAFI-deficient mice (for a 
comprehensive review see [74]).  

Willemse et al. determined the catalytic constants of TAFIa and CPN for 15 
synthetic substrates [75] and found large differences in catalytic constants 
depending on the amino acid preceding the C-terminal arginine. Phenylalanine 
(bradykinin), glycine (C5a) or leucine (OPN-Arg168) in the P1 position, resulted 
in an 8-fold, 12-fold and 10-fold higher catalytic efficiency for TAFIa over CPN, 
respectively. The presence of an alanine (C3a) resulted in a 7-fold lower catalytic 
efficiency for TAFIa over CPN. These results are in line with the observed 
differences found by Myles et al. [4].  

TAFIa hydrolyzes peptide bonds between arginine (or lysine) and any 
other amino acid except proline, which is an imino acid. The nitrogen atom in the 
peptide bond involving proline is linked to three carbon atoms and can therefore 
not function as an H-bond donor. The result is that TAFIa cannot cleave substrates 
with a proline in the P1 position. Experimental data confirm this [21,75]. The 
preferential cleavage sequence of thrombin includes a proline in the P2 position 
[76]; therefore, many thrombin cleavage products are excluded as TAFIa 
substrates, including the peptides formed after Arg12 and Arg92 cleavage in TAFI.  
 
The role of the activation peptide  
The primary role of the activation peptide is to prevent substrates from accessing 
the active site. Equally important, however, is that the activation peptide stabilizes 
TAFI. Zymogen TAFI is stable, whereas TAFIa is not (half-life ~10 min) [30]. 
Crystal structures revealed close interactions of Val35/Leu39 in the activation 
peptide with Tyr341 in the catalytic domain of TAFI [26]. Along with the 
observation that TAFIa is stable in complex with substrates [77] and Tyr341 being 
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a key amino acid for substrate binding [20], it was hypothesized that the 
interaction of Val35/Leu39 with Tyr341 stabilizes the zymogen. A recent study, 
however, demonstrated that a TAFI mutant missing the first 73 amino acids of the 
activation peptide (TAFI-del-1-73) was just as stable as full-length TAFI [65]. This 
suggests that the Ala74-Arg92 segment is involved in activation peptide-mediated 
stabilization of TAFIa.  

Besides stabilization, it has been hypothesized that the high glycosylation 
content of the activation peptide ensures TAFI secretion from cells [78] and 
increases the solubility of the zymogen [31]. Furthermore, the activation peptide 
contains two glutamines (Gln2 and Gln5) that can be crosslinked to fibrin by 
factor XIIIa [28]. TAFI crosslinking to fibrin, however, has not yet been confirmed 
in vivo.  

Besides a role before activation, it has been suggested that the activation 
peptide may still play a role after activation. TAFIa can be purified using an 
affinity column directed against the activation peptide [79]. Additionally, 
negative-staining electron microscopy cannot distinguish between TAFI and 
TAFIa while the activation peptide accounts for almost 40% of the mass [37]. 
Furthermore, it was observed that TAFIa is immuno-precipitated with an 
antibody directed against the activation peptide. [31]. The same study reported 
different catalytic constants for TAFIa activity between TAFI glycosylation 
mutants that theoretically only differ in the activation peptide. Therefore, it was 
suggested that the activation peptide affects TAFIa activity [31]. However, this 
hypothesis was challenged by demonstrating that TAFIa can be separated from 
the activation peptide without affecting the activity or stability of TAFIa [38].  
 
TAFIa inactivation/stability  
There are no known physiological inhibitors of TAFIa, but TAFIa is inhibited by 
GEMSA, the zinc-chelating agent o-phenanthroline, EDTA, PTCI, TCI and latexin 
[8,80]. Instead of regulation by physiological inhibitors, TAFIa is auto-regulated 
by a self-destruct mechanism [6]. TAFIa has a half-life of ~10 min at 37 °C, ~2 h at 
room temperature and is virtually stable at 0 °C [30]. Also, substrates and 
inhibitors [80,81] can stabilize TAFIa. The strong influence of temperature and 
substrates led to the hypothesis that TAFIa instability is the result of a 
conformational change rather than proteolytic cleavage. This was confirmed with 
a TAFI mutant resistant to proteolysis by thrombin (Arg302Gln), which, after 
activation, had the same half-life as wild-type TAFIa [82]. At sufficiently high 
concentrations of activators, however, TAFIa is degraded faster due to additional 
proteolytic cleavages that also inactivate TAFIa, resulting in an apparent shorter 
half-life [22].  
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Stabilizing mutations 
In 2001, a naturally occurring polymorphism (Thr325Ile) was found with a 2-fold 
increased TAFIa half-life [17]. To study the mechanism of inactivation, Marx et al. 
created two TAFI chimeras in which amino acids 293–333 and 293–401 were 
replaced with the corresponding amino acids of proCPB. Activated TAFI-CPB293-
333 was less stable than wild-type TAFIa (3-fold). Activated TAFICPB293-401, 
however, had a ~30-fold increased stability, indicating that this region is involved 
in TAFIa stability [23]. In 2005, numerous TAFI mutants were constructed with 
random and targeted mutagenesis [63]. It was observed that almost all mutants 
with increased stability had at least one mutation between amino acids 305 and 
335 (Fig. 2D). The most stable mutant reported was TAFI-
Ser305Cys/His333Tyr/His335Gln, with a 34-fold increased half-life [63]. 
Simultaneously, Ceresa et al. reported the stabilizing mutation Ser305Cys but also 
Thr329Ile. Combining these mutations with the naturally occurring 
polymorphism Thr325Ile (TAFI-Ser305Cys/Thr325Ile/Thr329Ile) resulted in an 
11-fold increased stability [83]. Shortly thereafter, Ceresa et al. combined their 
stabilizing mutations with the previously reported stabilizing mutations (TAFI-
CIIYQ, Ser305Cys/Thr325Ile/Thr329Ile/His333Tyr/His335Gln), resulting in a 
180-fold increased stability, which still is the record for activated TAFI today [84]. 

The importance of the 303–335 region for TAFIa stability was confirmed 
in 2008 when the first crystal structures of TAFI revealed a highly dynamic region 
consisting of amino acids 296–350 [26]. This region consists of an α-helix with a 
parallel β-sheet on the outer rim of TAFI and was named the ‘dynamic flap’. It was 
suggested that random movement (enthalpy) will eventually lead to an 
irreversible change that disrupts the active site. This agrees well with the 
observation that at 0 °C, where enthalpy is minimal, TAFIa is practically stable. 
Crystal structures also revealed that the stabilizing mutations (TAFI-IIYQ) and 
TAFIa inhibitors (GEMSA, TCI and compound 5) lead to a reduced flexibility of the 
dynamic flap [26,34,41,42], confirming the involvement of this region in TAFIa 
stability. 
 
Concluding remarks 
Our knowledge on structure-function relationships in TAFI has developed rapidly 
in the past few years due to the availability of three-dimensional structures and 
the generation of numerous TAFI mutants. However, the precise interaction of 
thrombin, the thrombin-thrombomodulin complex and plasmin with TAFI 
remains to be determined. A better understanding of the interaction of TAFI with 
its activators will benefit the development of TAFI-targeting strategies in 
inflammation and thrombosis. 
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Abstract 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is a pro-
metallocarboxypeptidase that can be proteolytically activated (TAFIa). TAFIa is 
unique among carboxypeptidases in that it spontaneously inactivates with a short 
half-life, a property that is crucial for its role in controlling blood clot lysis. We 
studied the intrinsic instability of TAFIa by solving crystal structures of TAFI, a 
TAFI inhibitor (GEMSA) complex and a quadruple TAFI mutant (70-fold more 
stable active enzyme). The crystal structures show that TAFIa stability is directly 
related to the dynamics of a 55-residue segment (residues 296-350) that includes 
residues of the active site wall. Dynamics of this flap are markedly reduced by the 
inhibitor GEMSA, a known stabilizer of TAFIa, and stabilizing mutations. Our data 
provide the structural basis for a model of TAFI auto-regulation: in zymogen TAFI 
the dynamic flap is stabilized by interactions with the activation peptide. Release 
of the activation peptide increases dynamic flap mobility and in time this leads to 
conformational changes that disrupt the catalytic site and expose a cryptic 
thrombin-cleavage site present at Arg302. This represents a novel mechanism of 
enzyme control that enables TAFI to regulate its activity in plasma in the absence 
of specific inhibitors. 
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Introduction 
TAFI [1,2] is a pro-metallocarboxypeptidase that links the coagulation and 
fibrinolytic systems. TAFI is activated by thrombin, the thrombin-
thrombomodulin complex or plasmin [3]. Activated TAFI (TAFIa) inhibits 
plasmin-mediated blood clot lysis by removing C-terminal lysine residues from 
partially degraded fibrin that are required for positive feedback in tissue 
plasminogen-activator dependent plasmin generation. In addition, TAFIa has been 
implicated in modulation of the inflammatory response by inactivating bradykinin 
and the anaphylatoxins C3a and C5a [4,5]. Although it is a powerful 
antifibrinolytic agent, there are no known physiologic inhibitors of TAFIa. Instead, 
the half-life of TAFIa activity is regulated by its intrinsic instability. The 
inactivation rate, 5 to 10 minutes at 37°C, is highly temperature-dependent, 
suggesting that inactivation involves a large conformational change [6]. This is 
also suggested by the susceptibility of the inactive enzyme, TAFIai to proteolytic 
cleavage by thrombin at Arg302, a site that is cryptic in TAFI and TAFIa [6,7]. The 
stability of TAFIa is an important determinant for its antifibrinolytic potential 
because TAFIa inhibits fibrinolysis through a threshold-dependent mechanism [8-
10].  

Full-length TAFI consists of 401 amino acids divided into 2 domains: the 
first 92 amino acids form the activation peptide; the next 309 amino acids form 
the catalytic domain. The activation peptide restricts substrate access to the 
catalytic cleft in the zymogen. TAFI is activated through cleavage at Arg92, which 
releases the activation peptide. 

TAFI is highly homologous to the pancreatic procarboxypeptidases with 
42% sequence identity to human procarboxypeptidase B (proCPB) and 38% to 
the various procarboxypeptidase A forms (proCPA1, proCPA2, and proCPA4) [11-
13]. Unlike TAFIa, the pancreatic carboxypeptidases have stable activities. A 
model of TAFI built on the basis of crystal structures of CPA and CPB was unable 
to explain the differences in thermal stability between these enzymes [13,14]. 
Thermal stability of TAFIa is increased by binding of small peptide substrates, like 
hippuryl-arginine [15], or carboxypeptidase inhibitors such as 2-guanidino-ethyl-
mercaptosuccinic acid (GEMSA) [16,17]. In addition, extensive mutagenesis 
studies have identified 5 mutations (S305C, T325I, T329I, H333Y, and H335Q) 
which, in combination, stabilize TAFIa activity 180-fold [18-20].  

In this paper we present crystal structures of wild-type TAFI, a TAFI-
inhibitor complex, and a TAFI mutant with a 70-fold more stable active enzyme. 
These structures explain the observed stabilization of TAFIa activity by specific 
mutations and inhibitors and provide the basis for a model for TAFI 
autoregulation by local protein dynamics. 
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Methods 
Expression and purification 
Cloning of wild-type TAFI isoform Thr147 was described previously [7]. For 
cloning purposes, BglII and NotI cleavage sites were introduced at either end of 
the TAFI coding sequence and the internal BglII site was removed. The T325I, 
T329I, H333Y, and H335Q mutations were introduced using the Quikchange site-
directed mutagenesis protocol (Stratagene, La Jolla, CA). The wild-type and 
mutant coding sequences were cloned into pABC345, which introduces the 
cystatin S secretion signal [21] followed by a TEV-cleavable hexa-histidine tag. 
Constructs were transiently expressed in a modified HEK293S cell line. HEK293S 
cells [22] are deficient in N-acetylglucosaminyltransferase I and therefore 
produce N-linked glycans of the (Man)5(GlcNAc)2-type. As has been done 
previously for HEK293 cells [23], we stably transfected HEK293S cells with the 
EBNA1 protein of the Epstein-Barr virus, which, in combination with the OriP 
replication origin on the pABC345 expression plasmid, increases protein 
production. Details of the pABC345 expression vector and HEK293ES cell line will 
be published elsewhere (R.A.R., P.F.M., T.P., T.H.C.B., J.C.M.M., P. Gros, E.G.H., W.H.). 

Six days after transfection, medium was collected and concentrated 10-
fold using a Quixstand hollow fiber system (GE Healthcare, Diegem, Belgium) 
followed by diafiltration against 25 mM Tris-Cl, 500 mM NaCl (pH 8.2). TAFI was 
purified using nickel-Sepharose (GE Healthcare) followed by antibody affinity 
chromatography on a Nik9H10-Sepharose column as described previously [7]. L-
arginine and L-glutamate were added to 5 mM, the pooled protein fractions were 
concentrated using a UFV5BCC25, 0.5-mL filter (Millipore, Amsterdam, The 
Netherlands) and dialyzed against 7 mM MES, 50 mM L-arginine, 50 mM L-
glutamate, 10 mM glycine (pH 6.0). 
 
Crystallization, data collection, and structure determination 
Crystals of wild-type TAFI and TAFI-IIYQ were grown using either hanging drop 
or sitting drop vapor diffusion at 4°C (in 16%-18% PEG-3k + 0.18-0.22 mM Na/K-
tartrate) in the presence of 50 mM L-glutamate and 50 mM L-arginine. Protein 
concentration before addition to the crystallization drop was approximately 4 
mg/mL. Crystals appeared after approximately 1 week. For cryoprotection, 
crystals were incubated in the crystallization solution supplemented with 
stepwise increments of glycerol to 20% (vol/vol) final concentration. TAFI 
crystals were soaked by transferring a single TAFI crystal to a drop of mother 
liquor supplemented with 2 mM 2-guanidino-ethyl-mercaptosuccinic acid 
(GEMSA) and 20% (vol/vol) glycerol. Crystals were left to soak for 3.5 days before 
freezing. Diffraction data were collected at 100 K at beamline ID-29 (TAFI) and 
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beamline ID23-1 (TAFI-IIYQ and TAFI-GEMSA) at the European Synchrotron 
Radiation Facility (Grenoble, France) and processed with XDS software [24].  

The TAFI structure was solved by molecular replacement with the 
catalytic domain of the homologous human pancreatic carboxypeptidase B (PDB 
entry 1KWM) as a search model using the program PHASER [25]. The activation 
peptide was built in part using RESOLVE [26] and completed by manual building. 
The TAFI-IIYQ and TAFI-GEMSA structures were solved using molecular 
replacement with the TAFI structure. Refinement was performed using the 
program REFMAC5 from the CCP4 package [27] and manual building using Coot 
[28]. During refinement, positional noncrystallographic symmetry (NCS) 
constraints were applied, except in those few regions where a molecule appeared 
to be significantly different. B-factors were not restrained between the NCS-
related molecules. Stereochemistry of the final model was checked using the 
program PROCHECK [29], which indicated that 83.4%, 14.7%, 0.9%, and 1.0% of 
TAFI residues were in the core, allowed, generously allowed, and disallowed 
regions of the Ramachandran plot, respectively. For TAFI-GEMSA these values 
were 81.5%, 16.5%, 1.6%, and 0.4%, respectively, and for TAFI-IIYQ they were 
84.3%, 13.9%, 1.0%, and 0.8%. The final model contains 3 copies of TAFI protein, 
9 GlcNAc moieties for TAFI and 11 GlcNAc moieties for TAFI-GEMSA and TAFI-
IIYQ (4 on molecules A and B, and 1 or 3 on molecule C) and 3 zinc ions. An 
arginine molecule in TAFI-IIYQ and a GEMSA molecule in TAFI-GEMSA were 
modeled in the catalytic site S1′ pocket. Data collection and refinement statistics 
are listed in Tables 1 and 2. Accessibility of the catalytic pocket was assessed 
using the program CAVER [30]. Molecular graphics were generated using PyMOL 
(DeLano Scientific, Palo Alto, CA). Coordinates and structure factors have been 
deposited at the Protein Data Bank (PDB; www.rcsb.org) under accession codes 
3D66 for wt TAFI, 3D67 for TAFI-GEMSA, and 3D68 for TAFI-IIYQ. 
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Results 
Crystallization and overall structure 
The TAFI protein contains 5 putative N-glycosylation sites, which reportedly are 
all used [31]. Crystallization of plasma and fully glycosylated recombinant TAFI 
resulted in nicely shaped but poorly diffracting crystals. Therefore, we produced 
recombinant TAFI in a HEK293ES cell line, which has a mutation in N-
acetylglucosaminyltransferase-I, resulting in the production of homogeneous N-
linked glycans of the (Man)5(GlcNAc)2 type. Using this approach we obtained wild-
type TAFI crystals that diffracted to 3.1 Å (Table 1). The structure was solved by 
molecular replacement with the catalytic domain of human carboxypeptidase B 
[13] (PDB entry 1KWM), yielding a solution consisting of 3 TAFI molecules per 
asymmetric unit. Although we observe no major differences in structure between 
the 3 TAFI molecules, 2 of the 3 molecules display partial disorder. We used the 
well-ordered molecule A for the overall structure description and comparison 
with other carboxypeptidase structures. 

The TAFI structure (Figure 1A) consists of 2 domains. The catalytic 
domain, comprising residues 93-401, consists of a central 8-stranded mixed β-
sheet flanked by 9 α-helices in a typical α/β-hydrolase fold. The N-terminal 
activation peptide is divided into 2 parts; the first 76 amino-acids form an open 
sandwich antiparallel α/β fold with 4 β-strands and 2 α-helices. The activation 
peptide is connected to the catalytic domain by the linker region comprising 
residues 77-92 which is partially α-helical. The activation peptide covers the 
catalytic pocket, which contains the catalytic zinc ion coordinated by His159, 
Glu162 and His288. We observe 4 N-linked glycans on the activation peptide at 
Asn22, Asn51, Asn63 and Asn86, which are disordered beyond the first N-acetyl-
glucosamine moiety. The fifth reported N-glycosylation site at Asn219 [31] is 
completely buried within the catalytic domain and therefore glycosylation at this 
position is incompatible with the TAFI crystal structure. 
 
Comparison with other pro-carboxypeptidases 
TAFI is homologous to human zinc-metalloprocarboxypeptidases (CPs) with 
highest similarity between the catalytic domains (44% and 48% for A-type and B-
type CPs, respectively) and less conservation between the activation peptides 
(approximately 20%). Comparison of the TAFI structure with human pro-
carboxypeptidaseA2 and B (PDB entries 1AYE and 1KWM, respectively) reveals 
few differences in overall fold. Like proCPA2 and in contrast to proCPB, the 
catalytic site residues of TAFI are in the “active” conformation [13], which is 
consistent with the reported activity of TAFI for small peptide substrates [32].  
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Values in parentheses are for highest-resolution shell. A single crystal was used for each 
structure.  

Table 1. Data collection statistics  

Table 2. Refinement statistics  

— indicates not applicable.  

Crystal structures of TAFI 

 
 

 
 

 
 
 
 
 
 

 
 

Data collection TAFI TAFI-GEMSA TAFI-IIYQ 
Space group P31 2 1 P31 2 1 P31 2 1 
Cell dimensions    

a, b, c, Å 161.7, 161.7, 139.5 161.1, 161.1, 139.0 159.5, 159.5, 139.5 
α, β, γ, ° 90, 90, 120 90, 90, 120 90, 90, 120 

Resolution, Å 49.51-3.10 
(3.27-3.10) 

49.27-3.40 
(3.58-3.40) 

49.03-2.80 
(2.95-2.80) 

Rmerge 0.105 
(0.833) 

0.091 
(0.630) 

0.067 
(0.600) 

I / σI 13.9  
(2.6) 

11.4  
(2.2) 

13.8  
(2.1) 

Completeness, % 100.0 
(100.0) 

99.6 
(100.0) 

100.0 
(100.0) 

Redundancy 8.6 
(8.7) 

4.9 
(5.0) 

4.3 
(4.4) 

Refinement TAFI TAFI-GEMSA TAFI-IIYQ 
Resolution, Å 3.1 3.4 2.8 
No. reflections 36638 27424 48058 
Rwork / Rfree 0.204 / 0.240 0.203 / 0.258 0.188 / 0.232 
No. atoms    

Protein 9861 9892 9901 
Ligand/ion 0 / 3 45 / 3 36 / 3 

B-factors, Å2    
Protein 94.8 113.3 67.5 

Ligand/ion — / 102.9 111.9 / 117.5 72.4 / 71.3 
R.m.s. deviations    

Bond lengths, Å 0.018 0.013 0.018 
Bond angles, ° 1.751 1.453 1.871 
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The main difference between the 3 structures is a rotation of the activation 
peptide of TAFI away from the catalytic domain by 16° and 12° compared with 
proCPA2 and proCPB, respectively (Figure 1B,C). In addition there is a difference 
in the length of the α-helix in the connecting linker, which is longer in pro-
carboxypeptidases of the A type compared with CPB's, whereas in TAFI this helix 
is of an intermediate length. The rotation of the activation peptide suggests that 
the catalytic site in zymogen TAFI could be more accessible to substrate compared 
with other CPs as was suggested by Valnickova et al. [33]. Calculation of the radius 
of the access tunnel to the catalytic site in TAFI, proCPA2 and proCPB with the 
program CAVER [30] shows, however, that this is not the case (Figure 1D). As it 
turns out the rotation of the activation peptide in TAFI is compensated for by 
larger side chains, for example TAFI-Gln45 is a Thr in the corresponding position 
in CPB and CPA2. In conclusion, comparison of the overall TAFI structure with 

Figure 1  
Overall structure of TAFI and comparison with pancreatic carboxypeptidases. (A) Ribbon 
drawing of TAFI with the activation peptide shown in blue, the catalytic domain in green, 
and dynamic flap residues 296-350 in orange. The catalytic zinc ion is shown as a magenta 
sphere and 4 N-linked glycans are shown in yellow stick representation. The cryptic 
thrombin cleavage site at Arg302 is indicated by an orange sphere. (B,C) TAFI molecule A 
superimposed on (B) human CPA2 (PDB entry 1AYE; yellow) and (C) human CPB (PDB 
entry 1KWM; yellow). Superimposition was done using catalytic domain residues only. The 
rmsd on Cα atoms between TAFI and CPA2 and CPB are 1.1 Å and 0.8 Å, respectively. (D) 
Radii of the access tunnels to the catalytic site zinc ion were calculated for TAFI (blue), 
CPA2 (red), and CPB (green). 
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that of homologous peptidases does not reveal any obvious differences that could 
explain the thermal instability of TAFI. 
 
A highly dynamic region in TAFI 
We observe striking differences in electron density levels for residues 296-350 
among the 3 TAFI molecules in the asymmetric unit. In molecule A this region is 
well defined with electron density comparable to the remainder of the protein, in 
molecule C only backbone density is visible, whereas in molecule B density for 
residues 325-346 is completely lacking (Figure 2A). The observed reduction in 
electron density levels must be caused by mobility, which averages the electron 
density of these residues over a large volume. Protein mobility is also reflected by 
increased values of atomic B-factors, which describe atomic motions assuming an 
isotropic displacement of atoms around their average position. In molecule A, B-
factors of residues 296-350 are well above the average for the whole protein 
(Figure 2D), whereas in molecules B and C the B-factors are even higher, 
emphasizing that this region of the protein is highly dynamic. The dynamic region 
can be described as a flap that starts with the loop after β-strand 10 near the 
catalytic site of the enzyme, then loops away from the catalytic site to a helix-loop-
β-strand motif at the surface of the protein and terminates with residues 340-350 
which form again part of the catalytic cleft wall (Figures 1A, 3A). The dynamic flap 
includes the cryptic thrombin cleavage site at Arg302. It also contains Asp348, 
which determines substrate specificity of TAFI and Tyr341 that is strictly 
conserved in all carboxypeptidases and is thought to stabilize the carboxylate of 
the terminal residue of the substrate [34]. The dynamic flap interacts with the 
activation peptide through hydrophobic interactions between Tyr341 and 
residues Val35 plus Leu39 (Figure 3B). The observed differences in dynamics of 
the flap region in the 3 molecules in the asymmetric unit most likely result from 
crystal packing effects. As crystal packing tends to reduce protein mobility, we 
consider it likely that the highly dynamic molecule B most closely reflects TAFI in 
solution. The presence of the dynamic flap and in particular its contribution to the 
active site wall, led us to speculate that it could be directly involved in TAFIa 
inactivation. 
 
Inhibitor binding reduces flap dynamics 
Carboxypeptidase inhibitors are known stabilizers of TAFIa. The stabilizing 
potency of different carboxypeptidase inhibitors depends on their Ki, as it appears 
that only the free enzyme inactivates [16]. We decided to soak TAFI crystals with 
the inhibitor GEMSA, which has a Ki of 11 μM. The TAFI-GEMSA complex 
diffracted to 3.4 Å. GEMSA was found bound in the catalytic cleft S1′ pocket where 
the carboxy-terminal arginine or lysine residue of the substrate would bind. The 



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
50 

Chapter 3 

observed binding mode is consistent with that of GEMSA inhibited 
carboxypeptidase D [35] (PDB entry 1H8L). One carboxylate group of GEMSA 
coordinates the catalytic zinc ion, and the second carboxylate is coordinated by 
catalytic site residues Arg217 and Arg235. Additional hydrogen bonds are formed 
with Asp348 and Asp349, and hydrophobic interactions are formed with residues 
299 and 340-349 that are all part of the dynamic flap of TAFI (Figure 3C). GEMSA 
binding caused a marked improvement in electron density of residues in the flap, 
with the expected concurrent decrease in B-factors (Figure 2B,E). Surprisingly, 
the reduction of flap dynamics is not restricted to the active site region but occurs 
throughout the flap. The stabilizing effect of GEMSA on the flap region supports 
the idea that flap dynamics and the instability of TAFIa are directly linked. 
 
 

Figure 2  
Inhibitor-binding and mutations reduce dynamic-flap mobility. Panels A through C depict 
σA-weighted 2Fo-Fc electron density maps at 1.0 σ contour level for residues 296-350 in 
molecule B of TAFI (A), TAFI-GEMSA (B), and TAFI-IIYQ (C). Panels D through F express 
TAFI mobility as the average B-factor per residue for the 3 molecules in the asymmetric 
unit of the crystal. In wild-type TAFI (D), mobility of residues 296-350 is more than the 
average for the entire molecule, in particular for molecule B. In TAFI-GEMSA (E), B-factors 
in this region are reduced. In TAFI-IIYQ (F), B-factors in the flap are similar to the average 
for the molecule. Molecule A is shown in blue, molecule B in red, and molecule C in green. 
Gray area denotes residues of the dynamic flap. 
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Stabilizing mutations have long-range effects 
A direct link between flap dynamics and TAFIa inactivation is also suggested by 
the fact that all known stabilizing mutations are located in the flap region. To 
investigate the effect of stabilizing mutations on TAFI structure we crystallized 
TAFI-IIYQ, a mutant of TAFI that harbors the T325I, T329I, H333Y, and H335Q 
mutations, which result in a 70-fold more stable active enzyme. The mutant 
protein crystallized under the same conditions as the wild-type protein and 
crystals diffracted to 2.8 Å. As expected, the structure of the mutant protein is 
highly similar to the wild-type enzyme. However, unlike the wild-type protein, 
electron density in the flap region is well-defined for all 3 molecules in the 
asymmetric unit, including molecule B (Figure 2C) that is highly disordered in 
wild-type TAFI (Figure 2A). Furthermore, B-factors of residues 296-350 are 
similar to the average B-factor of the 3 TAFI-IIYQ molecules (Figure 2F). The 
TAFI-IIYQ mutations are located distal from the catalytic site in the loop between 
helix α-9 and strand β-11 (T325I and T329I) and in and just after strand β-11 
(H333Y and H335Q; Figure 3D).  

Figure 3  
Interactions modulating flap dynamics. (A) Overview of TAFI indicating the interactions 
shown in panels B and C. (B) Interactions between the dynamic flap and the activation 
peptide. (C) GEMSA (cyan) bound in the active site of TAFI. (D) Ribbon diagram of the 
dynamic flap indicating the positions of stabilizing TAFI-IIYQ mutations (cyan), relative to 
the catalytic site indicated by the bound arginine molecule in the S1′ pocket (green). TAFI 
colors as in Figure 1A with oxygen (red), nitrogen (blue), and sulfur (yellow). H-bonds are 
indicated by black dashes. 
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Although side-chain conformations for these residues cannot be assigned 
unequivocally, it is clear that the 2 threonine-to-isoleucine mutations increase 
interactions between the dynamic region and the stable core of the catalytic 
domain (Figure 4A,B). The Thr329-to-Ile substitution enables more extensive 
hydrophobic interactions with the side chain of Arg365, whereas Ile325 fits nicely 
into a hydrophobic pocket formed by the side chains of Arg384, Glu385, and 
Ala388 on helix α-12. The 2 histidine mutations increase interactions within the 
dynamic segment; the H333Y mutation enables more extensive hydrophobic 
interactions with residues in helix α-9, whereas the replacement of His335 with 
Gln results in the formation of an additional hydrogen bond with the backbone 
oxygen of Ser303 (Figure 4C,D). 

Figure 4  
Stabilizing effects of TAFI-IIYQ mutations. Mutations T325I (A) and T329I (B) form 
additional interactions with residues from the catalytic domain outside the dynamic flap. 
Mutations H333Q (C) and H335Y (D) stabilize the dynamic flap through interactions within 
the flap. Because the side chain conformation of Ile325 and Ile329 could not be determined 
unequivocally from the electron density, details of these interactions remain subject to 
speculation. Wild-type residues are shown in orange and mutated residues in cyan. H-
bonds are shown as black dashes. 
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Surprisingly, the catalytic site of TAFI-IIYQ contained residual electron density in 
the S1′ pocket, which we interpreted as a bound arginine molecule. The arginine 
carboxylate interacts with catalytic site residues Asn234, Arg235, and Tyr341, 
and the amino group coordinates the catalytic zinc ion. The arginine side chain is 
hydrogen-bonded by Ser299 and Asp348 from the dynamic flap. Arginine was 
present during preparation of both wild-type and mutant protein, and some 
residual density observed in the active-site pocket of wild-type TAFI likely also 
originates from the presence of arginine. However, in the wild-type protein the 
arginine is apparently disordered, which supports the link between active site 
disorder and flap dynamics. 

The structural data on mutant and inhibitor-bound TAFI demonstrate that 
changes in flap dynamics occur in a concerted manner and can be initiated far 
from the active site by stabilizing mutations and from within the active-site pocket 
by inhibitor binding. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 5  
Model of TAFIa inactivation. In zymogen TAFI, the dynamic flap (orange) is stabilized 
by the activation peptide (blue), which also hinders substrate access to the active site. 
Cleavage by thrombin releases the activation peptide, the substrate can enter, and 
mobility in the dynamic flap is increased. In time an irreversible conformational change 
occurs in the dynamic flap. The catalytic site is disrupted and the cryptic thrombin 
cleavage site at Arg302 (indicated by x) becomes accessible. 
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Discussion 
We presented the crystal structures of wild-type TAFI, a TAFI-GEMSA complex, 
and a TAFI mutant whose active form is stabilized 70-fold. A striking finding is the 
differential mobility of residues 296-350, which are highly mobile in wild-type 
TAFI but become ordered upon inhibitor binding and in the presence of specific 
mutations. Because the factors that reduce mobility of this region also increase 
the stability of TAFIa, we consider it justifiable to assume a direct correlation 
between protein mobility observed in zymogen TAFI and TAFIa stability. 

Comparison of the 3 TAFI structures suggests the following mechanism 
for TAFI autoregulation (Figure 5): In zymogen TAFI, the flap region consisting of 
residues 296-350 already displays considerable mobility, but is prevented from 
irreversible unfolding by interactions with the activation peptide. Loss of these 
stabilizing interactions upon TAFI activation and dissociation of the activation 
peptide increases flap mobility even further. Flap mobility can be reduced by 
binding of inhibitor or substrate. Ultimately, the flap suffers an irreversible 
conformational change that destroys TAFIa activity due to the displacement of 
critical residues Tyr341 and Asp348 and exposes the cryptic thrombin cleavage 
site at Arg302. Thus the dynamic flap acts as an “activity timer” that limits the 
lifetime of the activated protein by exploiting local protein dynamics. 

The activation peptide must provide critical interactions that stabilize the 
dynamic flap in the zymogen. Extensive interactions exist between the activation 
peptide and the catalytic domain. However, direct contacts involving the dynamic 
flap are limited, involving only activation peptide residues Val35 and Leu39 and 
dynamic flap residue Tyr341 (Figure 3B). We cannot exclude that the N-glycans 
on the propeptide stabilize the dynamic flap. In particular, a complex N-glycan 
attached to Asn22 could come sufficiently close to the dynamic flap to establish 
direct contacts. Future mutagenesis studies will have to address this issue. 

The proposed model of TAFIa inactivation implies considerable mobility 
of active site residues that are part of the dynamic flap. Catalysis would therefore 
require formation of a properly formed active site by induced fit. This may 
proceed in a fashion similar to the observed induction of order in the active site of 
GEMSA-bound TAFI. Substrate binding through an induced-fit mechanism 
involving the equivalent of Tyr341 in pancreatic carboxypeptidases has 
previously been suggested [34]. Apparently, in TAFI the region involved in the 
induced-fit mechanism has been extended to encompass a much larger region of 
the protein. 

TAFIa inactivation is accompanied by a biphasic decrease in Trp 
fluorescence [6,36]. Consistent with this observation, unfolding and/or 
dislocation of the dynamic flap would significantly change the environment and, 
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consequently, fluorescence of Trp350 and most likely Trp153, which is completely 
buried within the core of the catalytic domain. Therefore, although we cannot 
exclude the possibility that other parts of TAFI are involved in the inactivation 
process, we propose that a dramatic conformational change of residues 296-350 
would be sufficient to explain the observations related to TAFIa inactivation. 

The use by TAFI of a dynamic flap as activity timer for its autoregulation is 
a fundamentally new discovery and extends the limited range of regulatory 
mechanisms known to operate in extracellular space. Moreover, understanding 
the mechanism of inactivation of TAFIa may have important implications for 
therapeutic strategies for bleeding and thrombosis. Because the activity of 
activated TAFI is determined by a threshold mechanism [8-10], the effect of 
stabilizing or destabilizing agents on the function of TAFI is much larger than the 
effect of modulating TAFI concentration. Our findings provide structural 
information that opens the path to the development of new drugs that target TAFI 
to influence blood clot stability. 
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A new thrombin-activatable fibrinolysis inhibitor (TAFI) deletion mutant, 
constructed by Zhou et al. [1], provides us with new clues regarding the 
mysterious mechanism of spontaneous activated TAFI (TAFIa) self-destruction. 
TAFI, also known as procarboxypeptidase U, procarboxypeptidase R, and 
procarboxypeptidase B2, is encoded by the CPB2 gene [2]. TAFI is synthesized in 
the liver, and circulates in plasma as a proenzyme. During coagulation, TAFI is 
activated by a single proteolytic cleavage at Arg92 that releases the activation 
peptide from the catalytic domain [3]. Once active, TAFIa prevents accelerated 
plasmin formation by removing C-terminal lysines from partially degraded fibrin. 
As long as the TAFIa concentration stays above a certain threshold, fibrinolysis 
will not occur [4, 5]. There are no known physiologic inhibitors of TAFIa, but 
instead TAFIa ‘self-destructs’ in a matter of minutes. The mechanism of this 
instability has been a mystery since its discovery [6]. At body temperature, TAFIa 
has a half-life of ~ 10 min. At room temperature, TAFIa is more stable, with a half-
life of 2 h, and at 0 °C TAFIa is almost completely stable [7]. The marked influence 
of temperature has led to the hypothesis that TAFIa instability is the result of a 
conformational change rather than proteolytic cleavage. This was confirmed with 
a TAFI mutant resistant to proteolysis by thrombin (Arg302Gln) that, after 
activation, had the same half-life as wild-type TAFI [8]. 

Apart from the effect of temperature on TAFIa stability, mutations have 
been identified that influence the half-life of the enzyme. In 2001, a naturally 
occurring polymorphism (Thr325Ile) was found that led to a two-fold increase in 
half-life [9]. Since then, many stabilizing mutations have been created in 
mutagenesis studies [10-13]. Strikingly, all of these stabilizing mutations are 
located between amino acids 300 and 330. In 2008, the crystal structures of 
human [14] and bovine TAFI [15] were elucidated, and revealed a highly dynamic 
region consisting of amino acids 296–350. Therefore, it was hypothesized that the 
flexibility of this region induces a conformational change that ‘destroys’ the 
enzyme. Before activation, TAFI is stable, because the activation peptide prevents 
this conformational change. It was suggested that this stabilization is the result of 
hydrophobic interactions between Val35 and Leu39 in the activation peptide and 
Tyr341 in the dynamic region [14]. 

However, a study published in this issue of the Journal of Thrombosis and 
Haemostasis by Zhou et al. [1] sheds new light on this issue. Zhou et al. 
constructed a TAFI mutant that lacks the first 73 amino acids of the activation 
peptide. In TAFI, these 73 amino acids form a globular domain that shields the 
catalytic domain from (large) substrates (Fig. 1). The 19 remaining amino acids 
(Ala74–Arg92) of the activation peptide link this globular domain to the catalytic 
domain. Zhou et al. found that, with deletion of this globular domain but not the 
linker segment, small substrates can enter the active site and be processed just as  
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in activated TAFI. However, surprisingly, their mutant was stable, similarly to 
zymogen TAFI. After removal of the remaining 19 amino acid linker segment with 
thrombin, thus ‘activating’ it, the mutant was destabilized in the same way as 
normal TAFIa. This provides evidence that it is not the interaction between Val35, 
Leu39 and Tyr341 that stabilizes TAFI zymogen, but rather the Ala74–Arg92 
segment. 

But how does the linker segment stabilize TAFI? From the crystal 
structure, this is not clear. This segment is not adjacent to the dynamic region, and 
nor does it interact with it. A crystal structure of the deletion mutant might 
answer this question. It would also be interesting to determine whether more 
amino acids can be deleted or mutated before this segment starts to lose its 
stabilizing properties. It has to be noted that the 73 amino acid deletion was 
introduced in a 180-fold more stable TAFI mutant (CIIYQ) and that this mutant 
was used as a control. Would the results be similar if the deletion were introduced 
in wild-type TAFI? Furthermore, in this study, only the effects on small substrates 
were reported, and it remains to be determined whether this new mutant shows 
the same effects with larger, more physiologic substrates. 

The effect of the deletion mutant on physiologic substrates is also 
interesting with regard to another long-lasting TAFI debate: does the activation 
peptide remain attached to TAFIa after cleavage, and thereby affect TAFIa 
activity? Activated TAFI can be purified with a concanavalin A Sepharose column, 
which interacts with the sugar residues on the activation peptide [16]. This would 
not be possible if the activation peptide and TAFIa became separated after 
activation. Also, western blot experiments with mAbs directed against the 
activation peptide suggested an interaction between TAFIa and the activation 
peptide [17]. It was suggested that this interaction might affect TAFIa activity. 
However, this was challenged by Marx et al. [18], who separated TAFIa from the 
activation peptide, and demonstrated that the activation peptide had no effect on 
TAFIa's activity or stability. The deletion mutant constructed by Zhou et al. lacks 
most of the activation peptide, and makes it ideal for this debate. They 
demonstrated that the activity of this mutant, after incubation with thrombin, is 
similar to that of the TAFI control with a normal activation peptide, at least for a 
small synthetic substrate. If the same is true for physiologic substrates, then a role 
for the activation peptide in regulating TAFIa activity or stability after activation 
becomes less likely. 
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Figure 1 
Ribbon models of TAFI and the TAFI deletion mutant (ΔPhe1–Leu73). Highlighted in the 
models are the activation peptide in blue, the catalytic domain in green and the ‘dynamic 
flap’ region in red. In TAFI (A), the access to the active site is blocked by the activation 
peptide, while in the deletion mutant (B), the active site becomes available to small 
substrates. The grey sphere in the middle represents the Zn2+-ion located in the centre of 
the active site. 
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However, a surprising result from this study is that the ‘activated’ TAFI 

deletion mutant appears to be more stable than the activated TAFI control. If this 
is the case, it means that the presence of a full-length activation peptide (Phe1–
Arg92) destabilizes active TAFIa as compared with the presence of a small 
activation peptide fragment (Ala74–Arg92), which is the opposite of what was 
expected. A simpler explanation for the increased stability is that, after activation, 
stable ‘zymogen’ is still present. The zymogen form of the deletion mutant has the 
same activity as the enzyme form, but is stable. Furthermore, Zhou et al. 
demonstrated that thrombomodulin does not act as a cofactor for the deletion 
mutant, because it lacks the positively charged regions on the activation peptide 
[19, 20], which are involved in thrombomodulin-dependent activation of TAFI by 
thrombin. As thrombin by itself is a rather poor activator of TAFI, it is difficult to 
‘activate’ the mutant, and a mixture of thrombin-cleaved and true zymogen TAFI 
could hamper correct determination of the half-life of the activated form. 
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Not only is the presented TAFI deletion mutant interesting for 
understanding the (in)stability mechanism, but it also has practical uses. The 
instability of TAFIa can be a nuisance in the laboratory. Every experiment 
requires a freshly activated batch, and this will always contain (inactivated) 
activator (mostly thrombin). Purifying the unstable TAFIa after activation remains 
cumbersome. Also, cell culture or animal experiments with an unstable enzyme 
are difficult, as are crystallization studies, which may take weeks to months. These 
issues led researchers on a quest to construct more stable TAFI mutants, with the 
current (or previous) record for TAFIa-CIIYQ, which has a 180-fold increased half-
life, although this is still < 20 h [13]. With this new, active and almost completely 
stable TAFI deletion mutant, these issues may have been solved, and will boost the 
search for TAFIa inhibitors as novel profibrinolytic drugs. 
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Abstract 
Background: Thrombin-activatable fibrinolysis inhibitor (TAFI) is a 56-kDa 
procarboxypeptidase. Proteolytic enzymes activate TAFI into TAFIa, an inhibitor 
of fibrinolysis, by cleaving off the N-terminal activation peptide (amino acids 1–
92), from the enzyme moiety. Activated TAFI is unstable, with a half-life of 
approximately 10 min at 37 °C. So far, it is unknown whether the activation 
peptide is released or remains attached to the catalytic domain, and whether it 
influences TAFIa’s properties. The current study was performed to clarify these 
issues.  
 
Methods: TAFI was activated, and the activity and half-life of the enzyme were 
determined in the presence and absence of the activation peptide.  
 
Results: TAFIa was active both before and after removal of the activation peptide, 
and the half-life of TAFIa was identical in the two preparations. Furthermore, we 
observed that intrinsically inactivated TAFIa (TAFIai) aggregated into large, 
insoluble complexes that could be removed by centrifugation.  
 
Conclusions: The data presented in this article show that the activation peptide 
of TAFI is not required for TAFIa activity and that the activation peptide has no 
effect on the stability of the enzyme. These results are in favour of a model in 
which the activation peptide solely stabilizes the structure of the proenzyme. 
After activation of TAFI and subsequent breakage of interactions between the 
activation peptide and the catalytic domain, the activation peptide is no longer 
capable of performing this stabilizing task, and the integrity of the catalytic 
domain is lost rapidly. The resulting TAFIai is more prone to proteolysis and 
aggregation. 
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Introduction 
The discovery of thrombin-activatable fibrinolysis inhibitor (TAFI; for review, see 
[1]) provided a link between the blood coagulation and fibrinolytic systems. TAFI 
is a basic procarboxypeptidase present in plasma that is activated during 
coagulation. Cleavage of the TAFI zymogen by proteolytic enzymes results in the 
formation of an enzyme, activated TAFI (TAFIa), which attenuates fibrinolysis. 
TAFIa prevents accelerated plasmin formation by removing C-terminal lysine 
residues from partially degraded fibrin that augment the efficacy of plasminogen 
activation. 

TAFIa is a labile enzyme that is inactivated by an unspecified 
conformational change in a temperature-dependent way. At 37 °C, the TAFIa half-
life is less than 10 min, whereas at 4 °C the enzyme is virtually stable [2,3]. The 
stability of TAFIa is important for its function. As long as the TAFIa concentration 
stays above a certain threshold value, it prevents fibrinolysis from entering the 
propagation phase [4,5]. This was illustrated by the identification and 
characterization of two naturally occurring variants of TAFI, one with a Thr and 
the other with an Ile at position 325, which showed the importance of the 
enzyme’s instability for its function. Not only the half-life, but also the 
antifibrinolytic potential, of the TAFI-325Ile variant is twice that of the more 
frequent variant TAFI-325Thr [3]. 

As mentioned above, TAFI is activated by proteolytic cleavage, separating 
the N-terminal 92 amino acids – the activation peptide – from the catalytic 
domain. It is unclear, however, whether the activation peptide is actually released 
or remains attached to the catalytic domain. Thinking further along this line, it is 
possible that it has a function in the regulation of TAFIa activity or stability of the 
enzyme moiety. Some recent literature, as well as our own experience when 
trying to separate the activation peptide from TAFIa, supports this idea. Mao et al. 
purified TAFIa using a Concanavalin A–Sepharose column [6]. As ConA reacts with 
sugar residues, and all glycosylated residues of TAFI are located in the activation 
peptide and not in TAFIa [7,8], purification of TAFIa in this way is only possible if 
the activation peptide is still attached to the catalytic domain. Furthermore, based 
on their studies with glycosylation mutants of TAFI, Buelens et al. suggest that 
after the activating cleavage between the activation peptide and the catalytic 
domain, the activation peptide remains in close proximity to the TAFIa moiety and 
even influences the properties of TAFIa [9]. 

Recently, we solved the crystal structures of human TAFI, a complex 
between TAFI and the inhibitor GEMSA, and a TAFI quadruple mutant, TAFI-IIYQ, 
which has a 70-fold more stable active form than the wild type [7]. Soon after, 
Anand et al. published a structure of bovine TAFI [8]. The structural data provide 
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more information on the interactions between the activation peptide and the 
catalytic domain. The catalytic domain contains a flexible segment (residues 296–
350) that regulates TAFIa stability. The activation peptide stabilizes the dynamic 
segment in the zymogen through hydrophobic interactions between Tyr341 in the 
catalytic domain and Leu35 and Val39 in the activation peptide. Reduction of 
dynamic segment mobility and concurrent stabilization of TAFIa is achieved by 
complex formation with GEMSA and by introduction of mutations in the flexible 
segment. The crystallographic data showed that both methods of TAFIa 
stabilization result from increasing interactions within the catalytic domain, and 
not from increasing interactions between the activation peptide and the catalytic 
domain. 

Therefore, we hypothesized, on the basis of our crystal structures, that the 
activation peptide is not required for TAFIa activity or for stabilization of the 
enzyme, but solely for stabilization of the zymogen. 
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Materials and methods 
Reagents 
Hippuryl-arginine and H-d-Phe-Pro-Arg-chloromethylketone (PPACK) were 
purchased from Bachem (Bubendorf, Switzerland) and Kordia (Leiden, The 
Netherlands), respectively. Rabbit lung thrombomodulin was purchased from 
American Diagnostica (Greenwich, CT, USA). 
 
Cloning and expression of recombinant (r)TAFI, rTAFI-R302Q, and rTAFI-
IIYQ 
rTAFI and rTAFI-R302Q were cloned and expressed as previously described [10]. 
The rTAFI-IIYQ mutant, which harbors the Thr325→Ile, Thr329→Ile, His333→Tyr 
and His335→Gln mutations, was made according to the QuikChange™ site-
directed mutagenesis protocol (Stratagene, La Jolla, CA, USA), and expressed in 
HEK293E cells as described previously [7]. 
 
Purification of plasma TAFI, rTAFI, TAFI-IIYQ, and TAFIa 
TAFI was purified as previously described [11], except that proteins were eluted 
from the Nik-9H10–Sepharose column with 0.1 M glycine (pH 4.0) and that the 
fractions were collected in 1 : 200 (v/v) 1 M Tris (pH 9). TAFI-IIYQ appeared as a 
single band on a silver-stained gel after the antibody column. All TAFI 
preparations were stored after addition of Tween-20 (0.01%). For the purification 
of TAFIa, TAFIa (described below) was applied to the Nik-9H10–Sepharose 
column – the epitope of the Nik-9H10 antibody is located on the activation 
peptide – and the flowthrough was collected and pooled. 
 
TAFI activation and TAFIa inactivation 
TAFI (0–5.2 μM) (all concentrations are final concentrations) was added to a 
premix of thrombin (8 or 16 nM) and thrombomodulin (16 or 32 nM) in the 
presence of CaCl2 (5 mM) in 100 mM Hepes (pH 8.0)/0.01% Tween-20. The 
incubations were performed according to the purpose of the experiment. To 
determine the TAFIa half-life (Figs 1 and 4) and to see the cleavage of aggregates 
(Fig. 5A), TAFI was activated at room temperature for 15 min, PPACK was added, 
and the mixtures were incubated at 37 °C. For the purification of TAFIa, 
incubation was performed at 4 °C (Fig. 1). For the separation of soluble and 
insoluble fractions (gels and activity assays), incubations were performed at 37 °C 
(Figs 3, 5) or room temperature (Fig. 3B), or activation was performed at room 
temperature for 15 min, after which the mixture was incubated at 16 °C (Fig. 3B). 
For the negative staining electron microscopy experiment (Fig. 2), rTAFI was 
incubated at 37 °C and rTAFI-IIYQ at room temperature. At several time points, 
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samples were withdrawn and added to PPACK (1–340 μM) to stop thrombin 
activity. Samples were taken over time and further processed depending on the 
experiment. 
 
TAFIa activity assay 
TAFIa activity was measured as previously described [12]. The reaction mixture 
contained MgSO4 (2.7 mM), KCl (10.9 mM), phosphoenolpyruvate (2.4 mM), 
NADH (0.5 mM), ATP (2.7 mM), hippuryl-arginine (6 mM), 7250 U L−1 of both 
pyruvate kinase and lactate dehydrogenase, and excess of arginine kinase, in 
100 mM Hepes/0.01% Tween-20 adjusted to pH 8.0. Prewarmed reaction mixture 
(90 μL) was transferred to a prewarmed microtiter plate, and 10 μL of TAFI (5 nM 
or 20 nM) that had been activated/inactivated as described above was added; this 
was followed by immediate measurement of the decrease in absorption at 
340 nm, and data were expressed as milli optical density min–1. 
 
Separation of soluble and insoluble fractions by centrifugation 
Samples (50 μL) were centrifuged at 16 100 × g for 30–60 min at 4 °C, the 
supernatants were transferred to a clean Eppendorf tube, and the pellets were 
washed with 200 μL or 2 × 100 μL of H2O and dissolved in reducing sodium 
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. 
 
Purification of arginine kinase 
Arginine kinase was purified using two methods described previously [13,14], 
with minor modifications. 
 
Negative staining electron microscopy 
Negative staining electron microscopy was performed as previously described 
[15], with 5 μL of rTAFI or rTAFI-IIYQ (20 nM). 
 
Quantification of protein bands obtained with SDS-PAGE 
Protein bands were quantified using Lumi-Analist v.3.1 software. 
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Results 
To test whether the activation peptide is required for TAFIa activity, TAFI was 
activated by incubation with thrombin–thrombomodulin and applied to a 
Sepharose column to which the antibody Nik9H10 was coupled. The epitope of 
this antibody is located on the activation peptide of TAFI, and the flow through 
was collected. The purity of the preparation was assessed by silver staining of an 
SDS-PAGE gel (Fig. 1A). The samples loaded on the gel were normalized on the 
basis of the A280 nm of each preparation. In contrast to the non-purified 
preparation, the activation peptide is not visible in the purified TAFIa sample, 
even though the TAFIa band is stronger in the purified than in the non-purified 
preparation. This indicates that the activation peptide is no longer attached to 
TAFIa. Notwithstanding the absence of the activation peptide, the TAFIa 
preparation was active (total activities before and after purification were, 
respectively, 2545 mOD min–1 and 1955 mOD min–1, showing a recovery of 
approximately 75% of TAFIa activity during the purification procedure). Hence, 
we conclude that the activation peptide is not required for the activity of the 
enzyme. 

A second potential role for the activation peptide is that it has a stabilizing 
effect on the catalytic domain, thus prolonging TAFIa’s half-life. To test this 
hypothesis, we determined the half-life of TAFIa before and after the activation 
peptide was removed (Fig. 1B). The half-lives of these two preparations were 
identical, indicating that after cleavage at Arg92, the activation peptide was not 
able to stabilize TAFIa. Hence, the activation peptide is not required for the 
enzyme activity of TAFIa, and nor is it able to stabilize the active conformation of 
TAFIa. 

During our attempts to purify TAFIa, we observed protein precipitation 
coinciding with loss of TAFIa activity from the preparation. This remarkable 
observation prompted us to further investigate the relationship between TAFIa 
inactivation and aggregate formation, and we hypothesized that inactivated TAFI 
(TAFIai) aggregates. To investigate this further, we used the TAFI mutant rTAFI-
IIYQ. The active form of the mutant (rTAFIa-IIYQ, mutations Thr325Ile, 
Thre329Ile, His333Tyr, and His335Gln) had a  70-fold increased half-life as 
compared to recombinant wild-type TAFIa (rTAFIa), and rTAFI-IIYQ had a three-
fold to five-fold increased antifibrinolytic function [7]. The two proteins were 
analyzed by negative staining electron microscopy, and appeared to be 
indistinguishable as horseshoe-shaped, multidomain proteins, as reported 
previously for wild-type TAFI [15] (Fig. 2A, upper panel). To maximize differences 
in appearance, rTAFI was incubated with thrombin–thrombomodulin at 37 °C and 
rTAFI-IIYQ at room temperature, both for 120 min, after which any residual 
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Figure 1  
The activation peptide. (A) Activated 
thrombin-activatable fibrinolysis 
inhibitor (TAFIa) was purified after 
activation of thrombin-activatable 
fibrinolysis inhibitor (TAFI) with 
thrombin–thrombomodulin. The purity of 
the preparation was assessed by sodium 
dodecyl sulfate polyacrylamide gel 
electrophoresis analysis. Lane 1: TAFI. 
Lane 2: TAFI after incubation with 
thrombin–thrombomodulin for 90 min at 
4 °C. Lane 3: purified TAFIa. Arrowheads 
indicate TAFIa, and the arrow indicates 
the activation peptide. All samples were 
processed under reducing conditions, and 
the gel (12.5%) was silver stained. (B) To 
determine the half-life of TAFIa before 
(open symbols) and after (closed 
symbols) removal of the activation 
peptide, TAFI was activated (15 min, 
room temperature), and transferred to 
37 °C; samples were withdrawn at the 
indicated time points, and TAFIa activity 
was measured. 

Chapter 4 

thrombin activity was inhibited by addition of PPACK (Fig. 2B). This treatment 
allowed wild-type rTAFI to first be activated maximally and then be inactivated 
fully by the intrinsic inactivation process. As rTAFIai is susceptible to proteolytic 
cleavage at Arg302, the preparation would mainly consist of rTAFIai as well as 
some smaller degradation products after this treatment. The rTAFI-IIYQ sample, 
however, would still be maximally active after this treatment, and the 
predominant form in this preparation would therefore be rTAFIa-IIYQ. Similar to 
the observations described above for electron microscopy of TAFI, analysis of the 
samples of the mutant showed no detectable difference between the appearance 
of rTAFI-IIYQ before and after activation (compare the upper and middle pictures 
of the right panel in Fig. 2A; the lower panel shows selected molecules at higher 
magnification). However, there was a striking difference between the rTAFI and 
rTAFI-IIYQ samples after the 120-min treatment: the treated rTAFI sample 
appeared primarily as large aggregates with a few monomers, whereas the 
treated rTAFI-IIYQ sample essentially appeared monomeric (middle panels of 
Fig. 2A). These results suggest that TAFIai, but not TAFI or TAFIa, aggregates. 
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The results of the negative staining electron microscopy suggested that 

TAFIai has an aggregated structure. To further investigate the possibility that 
TAFIa inactivation is associated with aggregate formation, TAFI was incubated 
with thrombin–thrombomodulin at 37 °C, and samples were analyzed over time. 
At each time point, soluble proteins and aggregates were separated by 
centrifugation and analyzed by SDS-PAGE (Fig. 3A). Furthermore, the presence of 
the 35-kDa catalytic fragment was quantified by scanning the gels and correlated 
with the TAFIa inactivation curves (Fig. 3B). The data of similar experiments with 
inactivation at room temperature or 16 °C are also included in Fig. 3B. The 
kinetics of TAFIa inactivation were faster than the kinetics of disappearance of the 
35-kDa catalytic fragment from solution and appearance as an aggregated pellet 
fraction, indicating that TAFIa inactivation precedes aggregation. The effect is 
most pronounced at higher temperatures, probably due to the relatively higher 
rate of inactivation at higher temperatures. Note that the proteolytic degradation 
fragments of 24 kDa and 11 kDa, in which the inactivated catalytic domain can be 
cleaved by thrombin, also appeared in the pellet fractions.  It was unclear whether 

Figure 2  
Recombinant thrombin-activatable 
fibrinolysis inhibitor (rTAFI) and rTAFI-
IIYQ after incubation with thrombin–
thrombomodulin. rTAFI was incubated 
at 37 °C and rTAFI-IIYQ at room 
temperature with thrombin–
thrombomodulin for 0 and 120 min, 
after which thrombin was inhibited by 
the addition of H-d-Phe-Pro-Arg-
chloromethylketone. Subsequently, the 
particles were visualized by negative 
staining electron microscopy (A), and 
the activated thrombin-activatable 
fibrinolysis inhibitor (TAFIa) activity 
was determined in the samples (B). (A) 
Representative fields of rTAFI and 
rTAFI-IIYQ after 0 and 120 min 
incubation as indicated. Selected 
molecules of rTAFI, rTAFI-IIYQ, rTAFIa-
IIYQ and part of aggregates of rTAFI 
after 120 min of incubation are shown 
at higher magnification in the lower 
panel. Arrowheads indicate single 
particles of each kind; arrows indicate 
aggregated particles. Scale bars 
represent 100 nm (upper and middle 
panels) and 5 nm (lower panels). (B) 
After this treatment, rTAFIa is already 
fully inactivated after 120 min, whereas 
rTAFI-IIYQ is still active (0 min, black 
bars; 120 min, open bars). 



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
80 

Chapter 4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3  
Time course of thrombin-activatable fibrinolysis inhibitor (TAFI) activation and activated 
TAFI (TAFIa) inactivation and aggregate formation. TAFI was incubated with thrombin–
thrombomodulin, and aliquots were removed at the indicated time points; aggregates and 
soluble proteins were separated by centrifugation, and analyzed by sodium dodecylsulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie staining. Incubation was 
performed at 37 °C. Lane 1: 0 min. Lane 2: 2 min. Lane 3: 5 min. Lane 4: 10 min. Lane 5: 
20 min. Lane 6: 30 min. Lane 7: 60 min. Lane 8: 120 min. Lane 9: activation mix. (B) TAFIa 
activity was measured in the samples (closed symbols) and compared with the presence of 
the 35-kDa fragment in the soluble fraction as scanned from the gel (open symbols), 
showing that the kinetics of inactivation are faster than those of aggregation. Squares, 
37 °C; circles, room temperature; triangles, 16 °C. Data are expressed as percentage of 
maximal activity. (C) To visualize the activation peptide, TAFI was incubated with 
thrombin–thrombomodulin, and aliquots were removed after 0, 10 and 120 min. Soluble 
and insoluble proteins were separated by centrifugation, and the various fractions were 
analyzed by SDS-PAGE and silver staining. Lane 1: 0 min, supernatant. Lane 2: 0 min, pellet. 
Lane 3: 10 min, supernatant. Lane 4: 10 min, pellet. Lane 5: 120 min, supernatant. Lane 6: 
120 min, pellet. Arrows indicate the activation peptide. 
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the activation peptide, which is poorly stained by Coomassie Brilliant Blue, 
remained in the soluble or insoluble fraction. A silver-stained SDS-PAGE gel 
(Fig. 3C) showed that the activation peptide, which migrates as a somewhat fuzzy 
band slightly faster than the 35-kDa catalytic domain [16], remained in the soluble 
fraction, even after 120 min, when TAFIa was already fully inactivated. 

The order of events was further tested by determining the concentration 
dependency of the TAFIa inactivation kinetics. The inactivation kinetics were 
independent of TAFIa concentration (Fig. 4), reflecting a unimolecular process, 
indicating that a conformational change, and not aggregation, is the primary 
inactivating event. These experiments confirmed that TAFIa is inactivated before 
it aggregates into large, non-soluble complexes. 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
To investigate whether proteolytic degradation of the enzyme moiety at 

Arg302 takes place after TAFIai aggregates, TAFI was activated, TAFIa was 
allowed to inactivate, and the aggregates were harvested. Subsequently, the 
aggregates were treated with thrombin–thrombomodulin to allow proteolysis at 
Arg302. Hardly any cleavage of the aggregates was appreciable (Fig. 5A), so 
cleavage appears to take place in solution. To determine whether cleavage at 
Arg302 triggers aggregation, we used a TAFI mutant in which Arg302 had been 
mutated to a Gln (TAFI-R302Q), which cannot be cleaved by thrombin–
thrombomodulin at this position. As this mutant aggregates similarly to wild-type 
TAFI (Fig. 5B,C), we conclude that proteolysis at Arg302 does not trigger the 
aggregation process. 
 

Figure 4 
Concentration dependence of activated 
thrombin-activatable fibrinolysis inhibitor 
(TAFIa) half-life. Various concentrations of 
thrombin-activatable fibrinolysis inhibitor 
(TAFI) as indicated were incubated with 
thrombin–thrombomodulin at room 
temperature for 15 min; the thrombin 
activity was stopped with H-d-Phe-Pro-
Arg-chloromethylketone, and the half-life 
of the active enzyme at 37 °C at each 
concentration was determined 
(mean ± standard deviation, n ≥ 3). 
120 min, supernatant. Lane 6: 120 min, 
pellet. Arrows indicate the activation 
peptide. 
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Figure 5  
Activated thrombin-activatable fibrinolysis inhibitor (TAFIa) inactivation, aggregation and 
proteolysis. (A) To investigate whether the aggregates could still be proteolysed at Arg302, 
thrombin-activatable fibrinolysis inhibitor (TAFI) (lane 1) was activated with thrombin–
thrombomodulin. After 15 min at room temperature, H-d-Phe-Pro-Arg-chloromethylketone 
was added to stop thrombin activity (lane 2), and TAFIa was allowed to be inactivated by 
incubation at 37 °C for 60 min (lane 3). The aggregates were then pelleted by 
centrifugation, extensively washed, and incubated with (lanes 4 and 5) and without (lanes 6 
and 7) thrombin–thrombomodulin for another 15 min (lanes 4 and 6) and 60 min (lanes 5 
and 7) at 37 °C. Samples were analyzed on a 12.5% sodium dodecylsulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and then subjected to Coomassie staining. Left panel, 
supernatants; right panel, pellets. Molecular standards are indicated on the left. (B) Time 
course of TAFI-R302Q activation, TAFIa inactivation, and aggregate formation. TAFI was 
incubated with thrombin–thrombomodulin, and aliquots were removed at the indicated 
time points; aggregates and soluble proteins were separated by centrifugation and 
analyzed by SDS-PAGE (Coomassie staining). Lane 1: 0 min. Lane 2: 2 min. Lane 3: 5 min. 
Lane 4: 10 min. Lane 5: 15 min. Lane 6: 20 min. Lane 7: 30 min. Lane 8: 60 min. Lane 9: 
activation mix. Molecular standards are indicated to the left. (C) TAFIa activity was 
measured in the samples (closed symbols) and compared with the presence of the 35-kDa 
fragment in the soluble fraction as scanned from the gel (open symbols) (both expressed as 
percentage of value at 2 min of incubation), showing that aggregation occurs, although 
proteolysis at Arg302 is not possible, due to the mutation. 
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Discussion 
Recent literature suggests that the activation peptide of TAFI remains attached to 
the catalytic domain of TAFI after activation and that this interaction affects TAFIa 
activity [6,9]. TAFIa has been purified before [6,17], but it is unclear from these 
reports whether the activation peptide was indeed removed from these 
preparations, as the activation peptide is not visible on Coomassie-stained SDS-
PAGE gels. This is the first report in which the purification of TAFIa without the 
activation peptide is described. Differences in experimental conditions (affinity of 
antibody vs. affinity of ConA, ionic strength, pH, etc.) may explain why the 
activation peptide remains attached to TAFIa during some purification 
procedures. Here, we show that the activation peptide is not required for TAFIa 
activity per se and that it does not stabilize TAFIa. These observations are 
consistent with our recent structural data showing that TAFIa stabilized by an 
inhibitor (GEMSA) or mutations is stabilized by stronger interactions within the 
catalytic domain itself rather than by alteration of interactions between the 
catalytic domain and the activation peptide. 

In this article, we present data showing that after inactivation of TAFIa, 
the protein aggregates into large, insoluble complexes, suggesting that structural 
changes occurring during the inactivation process initiate aggregation. Previously, 
Strömqvist et al. [18] showed that cleaved TAFI eluted in the void volume of a 
size-exclusion column and therefore appeared to be aggregated. Although the 
authors state that the activation peptide is also present in the void volume, that is 
unlikely, given our current knowledge of the migration pattern of this cleavage 
product [10,16]. Possibly it is the 11-kDa degradation fragment that is present in 
the void volume, which would be consistent with our observations that the 11-
kDa fragment is present in the insoluble fraction. 

The inactivating conformational change in TAFIa makes the enzyme 
moiety more susceptible to proteolytic breakdown at Arg302. Proteolysis occurs 
primarily in solution, as aggregates are not prone to cleavage. In addition, we 
showed that TAFI-R302Q aggregates in a similar way as the wild type. These 
results indicate that proteolysis and aggregation are two independent processes 
occurring after the inactivating conformational change. 

Whereas attempts to crystallize of TAFIai will be hampered by its 
tendency to aggregate, an advantage of the rapid aggregation of TAFIai is that it 
greatly simplifies the purification procedure for TAFIa. Separation of TAFIa and 
TAFIai seemed difficult because the two forms are identical in amino acid 
sequence, and methods based on size, charge or epitope are therefore virtually 
useless. The TAFIai aggregates, however, can easily be removed by centrifugation. 
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Furthermore, detection of aggregates provides a new and uncomplicated method 
with which to monitor the conformational change resulting in TAFIa inactivation. 

The exact role of the activation peptide of TAFI is still unclear. The 
experiments with purified TAFIa showed that the activation peptide is not 
required for activity of the enzyme. Therefore, the primary roles of the activation 
peptide are probably to shield the catalytic center for physiological substrates and 
to restrict the movements of the dynamic segment amino acids 296–350, ensuring 
structural integrity of the enzyme moiety [7]. In addition, the glycosylation 
content of the activation peptide most likely ensures proper secretion from cells 
and increases the solubility of TAFI [9,17]. Our current finding that the activation 
peptide, in contrast to the other TAFI-derived fragments, remained in the soluble 
fraction after prolonged incubation at 37 °C supports the latter. 

The data presented in this article, combined with our structural data [7], 
lead to the following model of autoregulation of TAFIa activity. The activation 
peptide covers the catalytic center and ensures structural integrity of the catalytic 
domain and solubility of the zymogen. Proteolytic enzymes activate TAFI by 
cleavage at Arg92, which results in the actual release of the activation peptide and 
a concomitant increase in dynamics of residues 296–350. Greater mobility of this 
stretch of amino acids ultimately leads to disruption of the TAFIa structure, and 
exposure of the cryptic thrombin cleavage site Arg302, and facilitates aggregation 
of the protein. 
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Abstract 
Background: Thrombin-activatable fibrinolysis inhibitor (TAFI) is a proenzyme 
that links coagulation and fibrinolysis. TAFI can be activated by thrombin, the 
thrombin–thrombomodulin complex and plasmin through cleavage of the first 92 
amino acids from the enzyme. In silico analysis of the TAFI sequence revealed a 
potential thrombin cleavage site at Arg12. The aim of this study was to determine 
whether TAFI can be cleaved at Arg12 and whether this cleavage plays a role in 
TAFI activation. 
 
Methods: A peptide based on the first 18 amino acids of TAFI was used to 
determine whether thrombin was able to cleave at Arg12. Mass spectrometry was 
performed to determine whether the Arg12-cleaved peptide was released from 
full-length TAFI. Furthermore, a TAFI mutant in which Arg12 was replaced by a 
glutamine (TAFI-R12Q) was constructed and characterized with respect to its 
activation kinetics. 
 
Results: The peptide and mass spectrometry data showed that thrombin was able 
to cleave TAFI at Arg12, but with low efficiency in full-length TAFI. 
Characterization of TAFI-R12Q showed no difference in thrombin-mediated 
activation from wild-type TAFI. However, there was an approximately 60-fold 
impairment in activation of TAFI-R12Q by the thrombin–thrombomodulin 
complex. 
 
Conclusions: Arg12 of TAFI plays an important role in thrombomodulin-
mediated TAFI activation by thrombin. Thrombin is able to cleave TAFI at Arg12, 
but it remains to be determined whether Arg12 is part of an exosite for 
thrombomodulin or whether cleavage at Arg12 accelerates thrombomodulin-
mediated TAFI activation. 
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Introduction 
Thrombin-activatable fibrinolysis inhibitor (TAFI), also known as 
procarboxypeptidase U, plasma procarboxypeptidase B, and 
procarboxypeptidase R, is a zinc-dependent metallocarboxypeptidase 
(EC 3.4.17.20) that is synthesized in the liver [1]. It circulates as a proenzyme in 
plasma at a concentration of 70–275 nM [2-5]. Activated TAFI (TAFIa) attenuates 
fibrinolysis by removing C-terminal lysines from partially degraded fibrin [6]. 
These C-terminal lysines function as cofactors for tissue-type plasminogen 
activator (t-PA)-mediated plasminogen activation, and, by removing these 
residues, TAFIa downregulates plasmin formation. Besides downregulating 
fibrinolysis, TAFIa also plays a role in inflammation by removing C-terminal 
arginines from C3a, C5a, bradykinin, and thrombin-cleaved osteopontin [7]. 

TAFI is activated by a proteolytic cleavage between Arg92 and Ala93 that 
separates the N-terminal activation peptide from the enzyme. TAFI can be 
activated by different enzymes, including thrombin, plasmin, and neutrophil-
derived elastase. Furthermore, TAFI activation can be regulated by cofactors; for 
example, TAFI activation by thrombin is enhanced by three orders of magnitude 
when thrombin is in complex with thrombomodulin [8]. The enhancement of 
activation by thrombomodulin is an effect of both the KM and the kcat [9]. 
Thrombomodulin is a membrane protein that is present on endothelial cells. Its 
extracellular part consists of a C-type lectin domain and six epidermal growth 
factor (EGF)-like domains. Thrombin binds to EGF-like domains 5 and 6, but, for 
TAFI activation, EGF-like domains 3–6 are required [10]. Recently, it was found 
that Lys42, Lys43 and Lys44 in the activation peptide of TAFI are important for 
TAFI activation by the thrombin–thrombomodulin complex [9]. It is thought that 
these positively charged amino acids interact with a negatively charged C-loop of 
the EGF-like domain 3 of thrombomodulin. 

After activation, TAFIa inactivates spontaneously, with a half-life of 
approximately 10 min at 37 °C. At room temperature the half-life is extended to 
2 h, and at 0 °C the enzyme is virtually stable [11]. Crystal structures of TAFI show 
that this is caused by a highly dynamic region in TAFI consisting of amino 
acids 296–350 [12, 13]. After a conformational change, TAFIa is inactivated, after 
which it is vulnerable to further proteolytic cleavage at Arg302, Lys327 and 
Arg330 by thrombin or plasmin [14]. 

Close inspection of the TAFI sequence reveals that there is another 
potential thrombin cleavage site at Arg12 (Pro-Arg-Thr-Ser-Arg) that fits perfectly 
with the thrombin consensus recognition sequence (P2-Pro, P1-Arg, P1′-
Ser/Ala/Gly/Thr, P2′-not acidic, and P3′-Arg) [15]. Until now, there have been no 
reports that have characterized this potential cleavage site. Recently, we have 
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found that the activation peptide is not required for TAFIa activity or stability 
[16], and we therefore hypothesized that this potential cleavage site may play a 
role in TAFI activation. The aim of this study was to investigate the role of this 
potential novel thrombin cleavage site in TAFI activation. 
 

 
Materials and methods 
Reagents 
TAFI-1–18 (FQSGQVLAALPRTSRQVQ) and TAFI-1–12 (FQSGQVLAALPR) were 
synthesized by Peptide 2.0 (Chantilly, VA, USA). Isotopically labeled peptide (C-
terminal arginine, 13C6, 15N4) TAFI-1–12 was synthesized by New England Peptide 
(Gardner, MA, USA). Ultra-performance liquid chromatography (UPLC)–mass 
spectrometry (MS)-grade acetonitrile and trifluoroacetic acid (TFA) were from 
Biosolve (Valkenswaard, The Netherlands). Hippuryl-arginine was from Bachem 
(Bubendorf, Switzerland). H-d-Phe-Pro-Arg-chloromethylketone (PPACK) was 
from Kordia (Leiden, The Netherlands). Thrombin was a generous gift from W. 
Kisiel (University of New Mexico, Albuquerque, NM, USA). Rabbit lung 
thrombomodulin was from American Diagnostica (Greenwich, CT, USA). Plasmin 
was from Sigma Aldrich (St Louis, MO, USA). Tissue factor (Innovin) and actilyse 
(t-PA) were from Siemens Healthcare Diagnostics (Marburg, Germany) and 
Boehringer Ingelheim (Alkmaar, The Netherlands), respectively. 
 
Determination of peptide cleavage by thrombin, the thrombin–
thrombomodulin complex, and plasmin 
TAFI-1–18 (100 μM) was incubated with 8 nM thrombin in the absence or 
presence of 16 nM thrombomodulin in Tris-buffered saline (TBS) (50 mM Tris, 
150 mM NaCl, pH 7.4) containing 5 mM CaCl2 or with 200 nM plasmin in TBS at 
37 °C in a volume of 600 μL. At different time points, 100-μL aliquots were taken, 
to which 2 μL of PPACK or aprotinin was added to a final concentration of 10 μM 
to stop thrombin or plasmin activity, respectively. To confirm that inhibition was 
complete, the t = 0 samples were incubated first but analyzed last. To detect 
cleavage of the peptide, the samples were analysed by HPLC. Each sample (50 μL) 
was injected on a C18 Reprosil 50 × 46 mm column (Dr Maisch GmbH, 
Ammerbuch-Entringen, Germany) with a flow rate of 2 mL min−1 and a linear 
gradient from 0.1% TFA in H2O to 0.1% TFA/70% acetonitrile in 5 min. Peptide 
and fragments thereof were detected by absorbance at 214 nm. Peak heights were 
recorded, and the total of the three peaks (uncleaved peptide and two fragments) 
was set at 100% for each chromatogram. 
 



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
93 

Ch
ap

te
r 5

 

Novel thrombin cleavage site in TAFI 

Cloning, expression and purification of recombinant wild-type TAFI (TAFI-
WT), TAFI-R92Q, and TAFI-R12Q 
TAFI-WT (amino acid numbering is based on TAFI without signal peptide) was 
cloned and expressed as previously described [17]. The R12Q and R92Q 
mutations were introduced with the Quikchange site-directed mutagenesis 
protocol (Stratagene, La Jolla, CA, USA), according to the manufacturer's 
instructions, with the TAFI-WT plasmid as template (with a threonine at 
position 147). Transfection and expression in baby hamster kidney cells [17] and 
purification of the TAFI mutants [16] were performed as previously described. 
 
Detection of TAFI-1–12 with MS 
TAFI-WT, TAFI-R92Q and TAFI-R12Q (500 nM during activation) were diluted in 
TBS and incubated with 8 nM thrombin and 5 mM CaCl2 with or without 16 nM 
thrombomodulin at 22 °C. In time, samples were taken and split for TAFIa activity 
measurements and MS. One part was diluted to 40 nM in 100 mM Hepes and 
0.01% Tween-20 (pH 8.0) containing 10 μm PPACK. TAFIa activity was measured 
as described below with 400 fmol of TAFI. For MS, samples containing 20 pmol of 
TAFI were added to 20 pmol of isotopically labeled TAFI-1–12 in acetonitrile 
(final concentration of 80%). Samples were centrifuged at 20 000 × g for 10 min 
at 4 °C; supernatants were transferred to an Eppendorf tube and dried. Peptide 
mixtures were reconstituted in 20 μL of 0.1% TFA, and 0.5 μL (500 fmol) was 
injected onto a nano-acquity UPLC system equipped with a Symmetry C18 5 μm, 
2 cm × 180 μm trap column and a Bridged Ethyl Hybrid C18 1.7 μm, 
25 cm × 75 μm analytical reversed-phase column (Waters, Manchester, UK). 
Samples were loaded at 5 μL min−1 prior to separation with a gradient from 1% to 
40% acetonitrile with 0.1% formic acid at a flow rate of 0.3 μL min−1 in 11 min. 
Analysis of the eluted peptides was performed with a Synapt G2 Q-TOF 
(quadrupole time-of-flight) mass spectrometer column (Waters) equipped with a 
nanolockspray source fitted with a pico-tip emitter (New Objective, Woburn, MA, 
USA) operated at a capillary voltage of ~ 3 kV. Liquid chromatography–MS data 
were collected in the tandem MS data-dependent mode of acquisition and 
analyzed with masslynx 4.1 (Waters); tandem MS spectra of precursor ions at 
643.9 and 648.9 m/z were checked manually to confirm the identity of the 
measured ions. 
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TAFI activation 
TAFI-WT and TAFI-R12Q (31–2000 nM) were diluted in TBS containing 5 mM 
CaCl2, and incubated at 22 °C with 200 nM thrombin for 30 min or with 1 nM 
thrombin and thrombomodulin (1–64 nM) for 5 min. PPACK (final concentration 
of 1 μM) was added to stop thrombin activity. TAFIa activity was measured 
immediately, as described below. The KM and kcat values were determined by 
global non-linear regression in graphpad prism version 5.01 (GraphPad, San 
Diego, CA, USA) from the formula: 
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where v equals the amount of TAFIa formed, Kd is the dissociation constant for 
thrombin and thrombomodulin, and KM1 and KM2 are the dissociation constants for 
TAFI and thrombin and the thrombin–thrombomodulin complex, respectively [9].  
The kcat, Kd, KM1 and KM2 were set as shared values for all of the curves, and the 
calculated values are reported with the standard error of the regression analysis 
calculated by graphpad prism. 

In the absence of thrombomodulin or in the presence of the R12Q mutation, 
the relationship between rates and TAFI concentration were linear, indicating 
high KM values. This made it impossible to calculate kcat and KM values, so instead 
the catalytic efficiency (kcat/KM) was determined by entering the slope of the 
curves in the following equation [9]: 
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where v equals the amount of TAFIa formed and [E]T the concentration of 
thrombin multiplied by the incubation time. 
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TAFIa thermal stability 
The half-lives of wild-type TAFIa and TAFIa-R12Q were determined by incubating 
50 nM TAFI with a premix of thrombin (8 nM), thrombomodulin (16 nM) and 
CaCl2 (5 mM) in 100 mm Hepes (pH 8.0) and 0.01% Tween-20 for 15 min at 22 °C. 
PPACK was added (final concentration of 1 μM) and TAFIa was preheated to 37 °C 
for 2 min. In time, aliquots of TAFIa were placed on ice, and activity was measured 
as described below. The first aliquot was assigned as t = 0 and set at 100% 
activity. The half-lives were determined by non-linear regression with 
graphpad prism. 
 
TAFIa activity assay 
TAFIa activity was measured with the method developed by Willemse et al. [18], 
as previously described [16]. 
 
Antifibrinolytic potential 
The clot-lysis assay was performed essentially as described before [3, 19]. Briefly, 
50 μL of TAFI-deficient citrated human plasma was added to a mixture of tissue 
factor (× 100 dilution of Innovin; Siemens Healthcare Diagnostics), t-PA 
(3 μg mL−1), CaCl2 (17 mM), TAFI-WT or TAFI-R12Q (80 nM), and 
thrombomodulin (ranging from 0 to 20 nM). The volumes were adjusted to 
100 μL with 25 mM Hepes, 137 mM NaCl, and 3.5 mM KCl (pH 7.4). Turbidity was 
measured at 22 °C or 37 °C at 405 nm in a Versamax microplate reader (Molecular 
Devices, Sunnyvale, CA, USA). The clot-lysis time was defined as the time 
difference between half-maximal coagulation and half-maximal lysis. 
 



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
96 

Figure 1 
Cleavage of TAFI-1-18 by thrombin. Chromatogram of TAFI-1-18 peptide cleavage by 
thrombin (A). The peptide shows as a single peak (green line) prior to incubation with 
thrombin. After 30 minutes of incubation with thrombin (black dashed line) the main peak 
decreased in size and two novel peaks appeared. After 90 minutes of incubation (black line) 
the initial peak is almost gone and only the two novel peaks are detected. To create a time 
course, the peptide was incubated with 8 nM thrombin (B), 8 nM thrombin and 16 nM 
trombomodulin (C), or 200 nM plasmin (D). The amount of TAFI-1-18 peptide and its 
cleavage products were determined with HPLC. The sum of the peak heights of the three 
peaks was set to 100% and the percentage of the uncleaved TAFI-1-18 peptide (green 
circles), fragment TAFI-1-12 black (triangles) and fragment TAFI-13-18 (black squares) 
was determined. Data from two independent experiments are shown. 
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Results 
In silico analysis of the TAFI sequence revealed a putative thrombin cleavage site 
at Arg12 in the activation peptide, with a perfect match to the consensus thrombin 
cleavage site [15]. To determine cleavage at Arg12, a peptide was synthesized of 
the first 18 amino acids of TAFI (TAFI-1–18). Incubation of this peptide with 
thrombin revealed a time-dependent decrease in the intact peptide peak at 
3.4 min and a concomitant increase in two novel peaks (1.7 and 3.6 min) in the 
HPLC chromatogram (Fig. 1A). The peak at 3.6 min had the same retention time as 
a synthetic TAFI-1–12 peptide (data not shown). Analyses of time courses of 
cleavage of TAFI-1–18 revealed that thrombin-mediated and thrombin–
thrombomodulin-mediated conversions were identical (Fig. 1B,C). Plasmin was 
also able to cleave TAFI-1–18, although much higher concentrations of enzyme 
were needed (Fig. 1D). 
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Supplemental Figure 1 
Mass spectrometric 
determination of TAFI-1-12 
generation from full length TAFI 
and TAFI-R92Q. Mass spectrum 
of TAFI-1-12 (643.9 m/z) and the 
isotopically labelled standard 
(648.9 m/z) from a 60 minute 
incubation of TAFI-R92Q with 8 
nM thrombin, 16 nM 
thrombomodulin and 5 mM CaCl2 

(A). Panel B shows the annotated 
MS2 spectrum of m/z 648.9 (top) 
and m/z 643.9 (bottom), showing 
the fragment ion y2-11 of TAFI-1-
12 and the immonium ion of F (*) 
as shown in the sequence of 
TAFI-1-12 in panel C. 
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Novel thrombin cleavage site in TAFI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MS was used to determine whether the Arg12 cleavage takes place in full-
length TAFI. Recombinant TAFI was incubated with thrombin or the thrombin–
thrombomodulin complex, and MS was used to detect the presence of cleaved 
TAFI-1–12 directly. The results of the MS showed a peak at 643.9 m/z when pure 
TAFI-1–12 was injected (Fig. S1; Tables S1 and S2), which corresponds to the 
doubly charged ion. The same peak was present when a TAFI mutant that cannot 
be activated, TAFI-R92Q, was incubated with thrombin. As a negative control, we 
constructed a TAFI mutant that could not be cleaved by replacing the arginine 
with glutamine (TAFI-R12Q). After mutagenesis, expression, and purification, 
TAFI-R12Q was incubated with thrombin, and no peak at 643.9 m/z was observed 
(data not shown). To quantify the release of TAFI-1–12 from full-length TAFI, we 
incubated TAFI with thrombin or the thrombin–thrombomodulin complex. After 
activation, analysis of TAFIa activity and MS analysis of the released peptide were 
performed over time. Steady release of TAFI-1–12 during activation was observed 
for TAFI-WT and TAFI-R92Q (Fig. 2A), and, as expected, no release of the peptide 
was detected for TAFI-R12Q. There was no difference between activation by the 
thrombin–thrombomodulin complex and activation by thrombin alone. To 
determine whether release of the peptide precedes activation, TAFIa formation 
was quantified in the same samples with a TAFIa activity assay (Fig. 2B). As TAFI-
R92Q cannot be activated, no activity was detected. Very little activity was 
detected for TAFI-WT activated by thrombin alone. In contrast, incubation with 
the thrombin–thrombomodulin complex resulted in almost complete TAFI 
activation. 
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Figure 2  
Appearance of cleaved TAFI-1-12 
from full-length TAFI determined 
with mass spectrometry. TAFI-WT 
(blue) and TAFI-R92Q (yellow) were 
incubated with 8 nM thrombin and 5 
mM CaCl2 in the absence (circles) or 
presence of 16 nM thrombomodulin 
(squares) at 22oC. The release of 
TAFI-1-12 peptide (A) was quantified 
using mass spectrometry; each 
reaction contained 500 fmoles of 
TAFI. The formation of TAFIa (B) was 
quantified by measuring TAFIa 
activity in samples containing 400 
fmoles of TAFI.  

Figure 3 
Comparison of the activation kinetics 
of TAFI-WT and TAFI-R12Q by 
thrombin. TAFI-WT (blue circles) or 
TAFI-R12Q (red squares) were 
activated with 200 nM thrombin and 
5 mM CaCl2 for 30 minutes at 22oC. 
The rate of TAFIa formation (mol of 
TAFIa formed/mol of 
thrombin/second) was calculated. 
The lines represent the linear 
regression fit used to calculate the 
slope and the catalytic efficiency 
(kcat/KM). Data from five independent 
experiments are shown. 
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The effects of the thrombin cleavage site at Arg12 were studied in more 

detail by determining the kinetics of activation of TAFI-R12Q and TAFI-WT by 
thrombin and the thrombin–thrombomodulin complex. The time of incubation 
with the activators was chosen such that the TAFI to TAFIa conversion was linear 
for each condition. The catalytic efficiency was calculated from equation (2). 
There was no difference between the activation by thrombin of TAFI-WT and 
TAFI-R12Q (Fig. 3), with kcat/KM values of 50 ± 11 m−1 s−1 for TAFI-WT and 
55 ± 3 m−1 s−1 for TAFI-R12Q.  
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Figure 4  
Comparison of the activation kinetics 
of TAFI-WT and TAFI-R12Q by 
thrombin in the presence of 
thrombomodulin. TAFI-WT (A) or 
TAFI-R12Q (B) was activated with 1 
nM thrombin for 5 minutes at 22oC in 
the presence of thrombomodulin at 64 
nM (closed circles), 32 nM (closed 
squares), 16 nM (closed upwards 
triangle), 8 nM (closed downwards 
triangle), 4 nM (closed diamonds), 2 
nM (open circles), 1 nM (open 
squares). The KM and kcat values were 
determined with nonlinear regression 
in Graphpad Prism. The lines represent 
the non-linear regression fit. The 
values are summarized in table 1. Data 
from three (TAFI-WT) and four (TAFI-
R12Q) independent experiments are 
shown. (C) The catalytic efficiencies, 
KM/kcat, for each individual 
thrombomodulin concentration were 
plotted for TAFI-WT (blue circles) and 
TAFI-R12Q (red squares). The lines 
represent a non-linear regression fit. 
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Novel thrombin cleavage site in TAFI 

However, TAFI-R12Q had significantly impaired activation as compared with 
TAFI-WT when activated by the thrombin–thrombomodulin complex (Fig. 4A,B; 
Table 1). For TAFI-WT, the KM, kcat and Kd values were determined from 
equation (1). Because of the linearity of the curves for TAFI-R12Q, the KM and kcat 
values could not be determined separately, indicating a very high KM. However, 
the catalytic efficiency (kcat/KM) could be determined from equation (2). TAFI-
R12Q had 54-fold impaired activation in the presence of thrombomodulin. To 
visualize the difference between TAFI-WT and TAFI-R12Q activation by thrombin 
in the presence of thrombomodulin more clearly, the kcat and KM values at each 
thrombomodulin concentration were analyzed with non-linear regression 
(Fig. 4C). 
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Kinetic values for TAFI-WT were determined with global nonlinear regression in 
Graphpad Prism using equation 1 from the data presented in figure 4A and 4B. Equation 2 
was used to determine the catalytic efficiency for TAFI-R12Q. The Kd, KM and kcat and 
kcat/KM values are given as reported with the standard error of the regression analysis 
calculated by GraphPad Prism. 

The concentration of thrombomodulin at which the increase in clot-lysis time was half 
maximal was determined with non-linear regression. Also the maximal increase in clot-
lysis time was determined. Values of four independent measurements are given as 
reported with the standard error of the regression analysis calculated by GraphPad Prism. 

Table 2. Influence of the R12Q mutation on clot-lysis time (CLT) 

Table 1. Kinetics of TAFI-WT and TAFI-R12Q activation by the 
thrombin/thrombomodulin complex 

Chapter 5 

 

 
 
 
 
 
 

The half-lives of TAFI-WT and TAFI-R12Q were determined at 37 °C to 
investigate whether the R12Q mutation had any effect on the stability of the 
enzyme. As expected, the half-lives of TAFIa-WT and TAFIa-R12Q were the same 
(6.5 ± 0.9 min for both; data not shown). 

The antifibrinolytic potential of TAFI-WT and TAFI-R12Q was determined 
in a clot-lysis assay in TAFI-deficient plasma in the absence or presence of 
thrombomodulin. The clot-lysis assay is normally performed at 37 °C; however, as 
all kinetic investigations in this study were performed at 22 °C, we included this 
temperature for comparison. There was a thrombomodulin-dependent difference 
in clot lysis between TAFI-WT and TAFI-R12Q at 22 °C (Fig. 5A) and 37 °C 
(Fig. 5B). In the absence of thrombomodulin, there was only a small difference in 
clot lysis between TAFI-WT and TAFI-R12Q. Table 2 summarizes the 
concentrations of thrombomodulin that gave half-maximal clot-lysis times and the 
maximal increases in antifibrinolytic potential. The concentrations of 
thrombomodulin that gave half-maximal clot-lysis times were increased 77-fold 
(at 22 °C) and 31-fold (at 37 °C) for TAFI-R12Q as compared with TAFI-WT. The 
concentrations that gave maximal antifibrinolytic potentials were similar for 
TAFI-WT and TAFI-R12Q. 

 

 
 

 
 
 

 KM1  
(μM) 

Kd  
(nM) 

KM2  
(μM) 

kcat  
(s-1) 

kcat/KM  
(M-1 s-1) 

TAFI-WT 1.5 ± 1.5 6.0 ± 3.8 0.64 ± 0.21 0.26 ± 0.03 4.1x105  ± 1.4x105 
TAFI-R12Q - - - - 7.6x103 ± 0.5x103 

 Half-max CLT at 
22oC (nM TM) 

Maximal CLT at 
22oC (%) 

Half-max CLT at 
37oC (nM TM) 

Maximal CLT at 
37oC (%) 

TAFI-WT 0.09 ± 0.05 863 ± 59 0.03 ± 0.02 298 ± 14 
TAFI-R12Q 7.18 ± 0.99 686 ± 40 0.82 ± 0.28 259 ± 22 
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Figure 5 
Comparison of the anti-fibrinolytic 
activity of TAFI-WT and TAFI-R12Q. 
TAFI-WT (blue circles) or TAFI-R12Q 
(red squares) was added to TAFI 
deficient plasma in the presence of 
thrombomodulin. Clots were formed by 
adding tissue factor, CaCl2 and tissue 
type plasminogen activator. The 
samples were incubated at 22oC (A) 
and 37oC (B) and turbidity was 
measured at 405 nm. The clot-lysis 
time was defined as the t1/2 lysis time – 
t1/2 clot time and TAFI deficient plasma 
without added TAFI and 
thrombomodulin was set at 100%. To 
display the curves, 100 was subtracted 
from all values. Data from four 
independent experiments are shown 
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Shown is the amino acid sequence of the CPB2 gene product from Pro11 to Arg15 in 
different organisms (numbering is without TAFI signal peptide, F1 to V401). 
Changes in comparison to the human sequence are highlighted in bold. 
 

Table 3. Homology of the thrombin cleavage site 
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Discussion 
Activation of TAFI proceeds via cleavage at Arg92 to liberate the activation 
peptide from the catalytic domain. Thereby, the active site becomes available for 
large substrates. In this study, we provide evidence that Arg12 of TAFI is 
important for optimal activation by the thrombin–thrombomodulin complex. 
Arg12 is part of a potential thrombin cleavage site. In fact, this novel cleavage site 
(P2-Pro, P1-Arg, P1′-Thr, P2′-Ser, and P3′-Arg) completely fits with the thrombin 
consensus cleavage site as determined by Gallwitz et al. [15]: P2-Pro, P1-Arg, P1′-
Ser/Ala/Gly/Thr, P2′-not acidic, and P3′-Arg. The normal activation site at Arg92 
only partially fits with the thrombin consensus cleavage sequence (P2-Pro, P1-
Arg, P1′-Ala, P2′-Ser, and P3′-Ala). Absence of the arginine at the P3′ position in 
the activation site leads to a 14-fold reduction in specificity, suggesting that Arg12 
would be the preferred cleavage site in TAFI for thrombin. The thrombin cleavage 
site at Arg12 in TAFI is highly conserved in mammals (Table 3), except for dogs 
(Canis lupus), which have lysine instead of arginine at the P3′ position. The near 
complete conservation and optimal consensus sequence of the thrombin cleavage 
site suggests that (cleavage at) Arg12 may serve an important role. 
 
 

Accession number Organism CPB2 sequence P2 to P’3 
          NP_001863.2 H. sapiens Pro-Arg-Thr-Ser-Arg 
          XP_509667.2 P. troglodytes Pro-Arg-Thr-Ser-Arg 
          XP_001097608.1 M. mulatta Pro-Arg-Thr-Ser-Arg 
          NP_446069.1 R. norvegicus Pro-Arg-Thr-Ser-Arg 
          NP_062749.2 M. musculus Pro-Arg-Thr-Ser-Arg 
          NP_001039462.1 B. taurus Pro-Arg-Thr-Ser-Arg 
          XP_851154.1 C. lupus Pro-Arg-Thr-Ser-Lys 
          XP_417046.3 G. gallus Pro-Lys-Thr-Asp-Lys 
          NP_001018539.2 D. rerio Val-Ser-Ser-Gln-Glu 

 
 
 
 

With a synthetic peptide encompassing residues 1–18 of TAFI, we showed 
that thrombin and the thrombin–thrombomodulin complex cleaved the peptide. 
By comparing the retention times of the cleaved fragments with a synthetic 
peptide comprising the first 12 amino acids of TAFI, TAFI-1–12, we confirmed 
that cleavage occurred at Arg12. There were no differences between the kinetics 
of cleavage of the TAFI-1–18 peptide by the thrombin–thrombomodulin complex 
and by thrombin alone. However, this is not surprising, as it is unlikely that TAFI-
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Novel thrombin cleavage site in TAFI 

1–18 could make contact with thrombomodulin and affect the rate of cleavage. 
Fuentes-Prior et al. [20] showed that thrombomodulin does not change the active 
site of thrombin, but presents substrates optimally to the thrombin active site. 
Also, plasmin was able to cleave TAFI-1–18, albeit to a lesser extent than 
thrombin, suggesting a less important role for plasmin in cleavage at Arg12. 

Using MS, we were able to demonstrate that Arg12 was accessible to 
thrombin in full-length recombinant TAFI. For these experiments, besides TAFI-
WT, a mutant that could not be activated was produced via a mutation at Arg92 
(TAFI-R92Q). With this mutant, we showed that cleavage of Arg12 can take place 
without cleavage of Arg92, and thus without normal activation. As the R92Q 
mutation is located distantly from the Arg12 cleavage site [12], it was not 
expected that it would interfere with cleavage. However, more TAFI-1–12 was 
liberated by thrombin from TAFI-R92Q than from TAFI-WT. A possible 
explanation for this is that TAFIa cleaves off the C-terminal arginine from TAFI-1–
12 and reduces it to TAFI-1–11. However, after a thorough search, no TAFI-1–11 
was identified with MS. This fits with data from Willemse et al. [21] that 
demonstrated the inability of TAFIa to cleave off C-terminal arginines from 
substrates with a proline in the penultimate position, as is the case for TAFI-1–12. 
Another explanation is that the Arg12 site is a slightly better substrate for 
thrombin when it is presented in an intact TAFI molecule. 

In line with the TAFI-1–18 experiments, no difference was observed for 
cleavage of TAFI at Arg12 by the thrombin–thrombomodulin complex or 
thrombin alone. When TAFI was incubated with thrombin, in the absence of 
thrombomodulin (Fig. 2A,B), there was steady release of TAFI-1–12, in contrast to 
TAFIa formation, which was too low to detect. In fact, we showed (Fig. 3) that, at 
the same TAFI concentration (500 nM), TAFI becomes activated by thrombin with 
a catalytic rate of 0.000018 s–1. Thus, in 1 h, 0.5 nM activated TAFI would have 
been generated by 8 nM thrombin, which is only 0.1% of the amount of TAFI 
present. This means that, in the absence of thrombomodulin, Arg12 cleavage is 
preferred by thrombin over Arg92 cleavage. This is in line with the predicted 14-
fold increase in specificity for the perfect thrombin consensus cleavage site (as is 
the case for the Arg12 cleavage site) as compared with the Arg92 cleavage site 
[15].When TAFI was incubated with thrombin in the presence of 
thrombomodulin, there was a clear discrepancy between the release of TAFI-1–12 
and the amount of generated TAFIa. This demonstrates that cleavage at Arg92 can 
take place without prior cleavage at Arg12. 

TAFI-R12Q could still be activated to an enzyme and, as expected, had a 
similar activity and half-life as wild-type TAFIa. Activation of TAFI-R12Q by 
thrombin occurred with identical activation kinetics as activation of TAFI-WT. 
However, a striking difference was observed in the presence of thrombomodulin, 
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which resulted in a 54-fold reduction in activation of TAFI-R12Q as compared 
with TAFI-WT. This suggests an important role of Arg12 in the thrombomodulin-
mediated enhancement of activation of TAFI. The effect was caused by an 
increased KM, suggesting decreased affinity of the thrombin–thrombomodulin 
complex for TAFI. However, because of the high KM, the kcat could not be 
determined separately, and therefore we cannot rule out the possibility that a 
reduction in the kcat also contributes to the impaired activation of TAFI-R12Q. 

Impaired activation of TAFI-R12Q could also be shown in a plasma system 
by use of a clot-lysis assay in TAFI-deficient plasma. In the absence of 
thrombomodulin, TAFI-R12Q showed a slightly reduced antifibrinolytic potential 
as compared with TAFI-WT. This was in line with the observation that there was 
no difference in activation kinetics when the mutant was activated by thrombin 
alone. The small difference in the antifibrinolytic potential may be explained by 
the presence of small quantities of soluble thrombomodulin in plasma, which have 
been shown to affect clot-lysis times [22]. Addition of thrombomodulin to the clot-
lysis assay resulted in very different antifibrinolytic activities of TAFI-R12Q and 
TAFI-WT, and an approximately 70-fold higher concentration of thrombomodulin 
was needed to reach the same antifibrinolytic potential for TAFI-R12Q as for 
TAFI-WT at room temperature. This result agrees well with the 54-fold reduced 
catalytic efficiency found during the activation experiments that were performed 
at the same temperature. 

Even though it has been shown that thrombin is capable of cleaving at 
Arg12, it remains difficult to establish whether the cleavage is needed before TAFI 
can efficiently be activated by the thrombin–thrombomodulin complex or 
whether the positive charge of Arg12 itself is involved in thrombin–
thrombomodulin-mediated TAFI activation. Wu et al. [9] showed that Lys42, 
Lys43 and Lys44 of TAFI play a role in thrombin–thrombomodulin-mediated TAFI 
activation. Eight-fold impaired activation of TAFI by the thrombin–
thrombomodulin complex was found when these three lysines were replaced with 
alanines. These three lysines are located directly adjacent to Arg12 in the tertiary 
structure of TAFI [12], which suggests that the four positively charged amino 
acids together could form an exosite for thrombomodulin. However, considering 
that a single mutation at Arg12 leads to a 54-fold reduction in catalytic efficiency 
as compared with an eight-fold reduction for the triple mutant of Wu et al. [9], the 
perfect fit with the thrombin consensus cleavage site and the conservation of all 
five amino acids of the cleavage site in mammals makes it tempting to speculate 
that the three mutations could affect the orientation of Arg12, or that cleavage at 
Arg12 is involved. 
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Supplemental Table I. Extracted ion intensities TAFI-1-12 and internal standard 

† Sample incubated with thrombin. ‡ Sample incubated with thrombin and thrombomodulin. 

† Sample incubated with thrombin. ‡ Sample incubated with thrombin and thrombomodulin. 
Fmols calculated by: extracted ion intensity 643.9 m/z divided by extracted ion intensity 648.9 
m/z multiplied by 500 fmol (amount of internal standard). Fmol normalized by subtracting 
amount calculated on t=0 for each sample gives the values plotted in figure 2a. 

Supplemental Table II. fmol TAFI-1-12 calculated from extracted ion intensities 

Novel thrombin cleavage site in TAFI 

In conclusion, Arg12 of TAFI plays an important role in thrombomodulin-
mediated TAFI activation by thrombin. However, it remains undetermined 
whether TAFI is ‘preactivated’ by thrombin by cleaving off the first 12 amino acids 
from the activation peptide or whether Arg12 is part of an exosite that promotes 
thrombomodulin-mediated TAFI activation. 
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 643.9 m/z 648.9 m/z 
Timepoint WT† WT‡ R92Q† R92Q‡ WT† WT‡ R92Q† R92Q‡ 

0 534 405 249 868 42909 39242 26977 56945 
1 485 554 533 591 44029 42524 29453 36042 
2 470 511 436 2439 43737 40161 26545 75903 
5 716 1111 905 778 51317 65425 37363 25804 

10 1040 863 1202 1521 62650 41428 33969 33333 
15 652 1134 743 1157 31662 44645 18799 26371 
30 1256 1640 1694 3483 46484 48331 25581 48615 
60 1046 2097 3018 2470 27113 42668 34195 29266 

 fmol fmol normalized to t=0 
Timepoint WT† WT‡ R92Q† R92Q‡ WT† WT‡ R92Q† R92Q‡ 

0 6 5 5 8 0 0 0 0 
1 6 7 9 8 -1 1 4 1 
2 5 6 8 16 -1 1 4 8 
5 7 8 12 15 1 3 7 7 

10 8 10 18 23 2 5 13 15 
15 10 13 20 22 4 8 15 14 
30 14 17 33 36 7 12 28 28 
60 19 25 44 42 13 19 40 35 
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Abstract 
Background: Thrombin-activatable fibrinolysis inhibitor (TAFI) is a risk factor 
for coronary heart disease. TAFI is proteolytically activated by thrombin, the 
thrombin-thrombomodulin complex and plasmin. Once active, it dampens 
fibrinolysis and inflammation. The aim of this study was to generate TAFI-derived 
peptides that specifically modulate TAFI activation and activity. 
 
Methods: Thirty-four overlapping TAFI peptides, and modifications thereof, were 
synthesized. The effects of these peptides on TAFI activation and TAFIa activity 
were determined. In addition, the binding of the peptides to thrombin were 
determined. 
 
Results: Four peptides (peptides 2, 18, 19 and 34) inhibited TAFI activation and 
two peptides (peptides 14 and 24) inhibited TAFIa activity directly. Peptide 2 
(Arg12-Glu28) and peptide 34 (Cys383-Val401) inhibited TAFI activation by the 
thrombin-thrombomodulin complex with IC50 values of 7.3 ± 1.8 and 6.1 ± 0.9 μM, 
respectively. However, no inhibition was observed in the absence of 
thrombomodulin. This suggests that the regions Arg12-Glu28 and Cys383-Val401 
in TAFI are involved in thrombomodulin-mediated TAFI activation. Peptide 18 
(Gly205-Ser221) and peptide 19 (Arg214-Asp232) inhibited TAFI activation by 
thrombin and the thrombin-thrombomodulin complex. Furthermore, these 
peptides bound to thrombin (KD: 1.5 ± 0.4 and 0.52 ± 0.07 μM for peptides 18 and 
19, respectively), suggesting that Gly205-Asp232 of TAFI is involved in binding to 
thrombin. Peptide 14 (His159-His175) inhibited TAFIa activity. The inhibition 
was TAFIa specific, because no effect on the homologous enzyme 
carboxypeptidase B was observed. 
 
Conclusions: Thrombin-activatable fibrinolysis inhibitor-derived peptides show 
promise as new tools to modulate TAFI activation and TAFIa activity. 
Furthermore, these peptides revealed potential binding sites on TAFI for 
thrombin and the thrombin-thrombomodulin complex. 
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Introduction 
Thrombin-activatable fibrinolysis inhibitor (TAFI) is a risk factor for coronary 
heart disease. TAFI is the gene product of the carboxypeptidase B2 (CPB2) gene 
and is a zinc-dependent metallocarboxypeptidase (EC 3.4.17.20) that is also 
known as procarboxypeptidase U, procarboxypeptidase R and plasma 
procarboxypeptidase B [1]. TAFI is produced in the liver and circulates in plasma 
as a proenzyme at a concentration of 70–275 nM [2]. TAFI is activated during 
coagulation by thrombin, the thrombin-thrombomodulin complex and plasmin by 
means of cleavage of the peptide bond between Arg92 and Ala93. This cleavage 
releases the activation peptide from the preformed catalytic domain. 

Once active, TAFIa is a basic carboxypeptidase that cleaves off C-terminal 
lysine and arginine residues from peptides. In fibrinolysis, C-terminal lysine 
residues on partially degraded fibrin facilitate the formation of plasmin by binding 
plasminogen and tissue-type plasminogen activator (t-PA). TAFIa inhibits 
fibrinolysis by removing these lysine residues, which leads to decreased plasmin 
formation and thus stabilization of the clot [3]. Besides a role in fibrinolysis, TAFIa 
is also involved in inflammation by removing C-terminal arginine residues from 
the complement factors C3a and C5a, the cytokine bradykinin and thrombin-
cleaved osteopontin [4]. 

The protein sequence of TAFI shows 40% homology with pancreatic 
procarboxypeptidase B (PCPB, gene name: CPB1) [5], but in contrast to (active) 
CPB, TAFIa spontaneously inactivates with a half-life of ~10 min at 37 °C [6]. This 
instability is the result of a ‘dynamic flap’ region that gains full mobility once the 
activation peptide is removed [7, 8]. Removal of the activation peptide leads to an 
irreversible conformational change that inactivates the protein and makes it 
prone to further degradation [9, 10]. TAFI is known to bind to plasminogen [11], 
alpha2-macroglobulin and pregnancy zone protein [12]. The latter two were 
hypothesized to retain TAFIa in plasma after activation. Furthermore, it has been 
shown that TAFI interacts with the streptococcal collagen-like surface proteins A 
and B on the gram-positive bacterium Streptococcus pyogenes [13], and the TAFI 
residues Gly205-Asp232 were identified to be involved in this binding [14]. 

Elevated levels of TAFI zymogen are associated with coronary heart 
disease. However, it is more likely that it is not the zymogen, but the active form 
TAFIa, that is responsible for this effect. Therefore, the aim of this study was to 
generate peptides that specifically modulate TAFI activation and TAFIa activity. 
For this purpose, we designed and characterized 34 overlapping peptides 
covering the whole TAFI sequence. In-depth characterization of these peptides 
revealed a peptide that specifically inhibited TAFIa and peptides that selectively 
modulated TAFI activation by thrombin in the presence or absence of 
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thrombomodulin. Beside their potential as TAFI activation inhibitors, these 
peptides also revealed potential binding sites on TAFI for thrombin and the 
thrombin-thrombomodulin complex. 

 

Peptide Sequence Position 
1 FQSGQVLAALPRTSRQVQ F1 - Q18 
2 RTSRQVQVLQNLTTTYE R12 - E28 
3 TYEIVLWQPVTADLIVKKKQ T26 - Q45 
4 TADLIVKKKQVHFFVNAS T36 - S53 
5 HFFVNASDVDNVKAHLN H47 - N63 
6 DNVKAHLNVSGIPCSVLLA D56 - A74 
7 IPCSVLLADVEDLIQQQISN I67 - N86 
8 DVEDLIQQQISNDTVSPR D75 - R92 
9 DTVSPRASASYYEQYHSLNE D87 - E106 

10 EQYHSLNEIYSWIEFITERH E99 - H118 
11 TERHPDMLTKIHIGS T115 - S129 
12 SFEKYPLYVLKVSGKEQTAK S130 - K149 
13 GKEQTAKNAIWIDCGIHARE G143 - E162 
14 HAREWISPAFCLWFIGH H159 - H175 
15 GHITQFYGIIGQYTN G174 - N188 
16 GQYTNLLRLVDFYVM G184 - M198 
17 DFYVMPVVNVDGYDYSWKKN D194 - N213 
18 GYDYSWKKNRMWRKNRS G205 - S221 
19 RMWRKNRSFYANNHCIGTD R214 - D232 
20 ANNHCIGTDLNRNFASKHW A224 - W242 
21 DLNRNFASKHWCEEGASSSS D232 - S251 
22 SETYCGLYPESEPEVKAVA S251 - A271 
23 ESEPEVKAVASFLRRNINQ E262 - Q280 
24 RRNINQIKAYISMHSYSQH R275 - H293 
25 HSYSQHIVFPYSYTRSKSKD H288 - D307 
26 PYSYTRSKSKDHEELSLVAS P297 - S316 
27 KDHEELSLVASEAVRAIEKT K306 - T325 
28 EAVRAIEKTSKNTRYTHGHG E317 - G336 
29 SKNTRYTHGHGSETLYLAPG S326 - G345 
30 SETLYLAPGGGDDWIYDLGI S337 - I356 
31 GGDDWIYDLGIKYSFTIELR G346 - R365 
32 KYSFTIELRDTGTYGFLLPE K357 - E376 
33 DTGTYGFLLPERYIKPTCRE D366 - E385 
34 CREAFAAVSKIAWHVIRNV C383 - V401 

Shown are the amino acids sequences of the peptides and the corresponding 
position of these sequences in TAFI [14].  
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Materials and methods 
All the TAFI peptides were synthesized by Peptide 2.0 Inc. (Chantilly, VA, USA) 
using solid phase peptide synthesis. Initially, we used unpurified peptides. Follow-
up experiments were performed with high purity (> 95%) peptides (peptides 2, 
14, 18, 19, 24, 29, 34, and 2 and 34 variants). H-D-Phe-Pro-Arg-
chloromethylketone (PPACK) was purchased from Bachem (Bubendorf, 
Switzerland). Thrombin was a generous gift from Dr. W. Kisiel (University of New 
Mexico, Albuquerque, NM, USA). Rabbit lung thrombomodulin was from American 
Diagnostica (Greenwich, CT, USA). Potato carboxypeptidase inhibitor (CPI) was 
from Sigma (St. Louis, MO, USA). Porcine carboxypeptidase B was from Roche 
(Almere, the Netherlands). N-hydroxysuccinimide and 3-(N,N-dimethylamino) 
propyl-N-ethylcarbodiimide were obtained from GE Healthcare (Eindhoven, the 
Netherlands). Chromogenic substrate S-2238 was purchased from Chromogenix 
(Mölndal, Sweden). Plasma TAFI was purified as previously described [15]. 
 
TAFI activation 
Thrombin-activatable fibrinolysis inhibitor (40 nM, all concentrations are final 
concentrations), derived from human plasma, was added to a premix of thrombin 
(8 nM), thrombomodulin (16 nM) and CaCl2 (5 mM) in 100 mM Hepes/0.01% 
Tween-20, pH 8.0, in the absence or presence of crude peptides (60 μM) for 8 min 
at room temperature (RT) (all peptides were added to the activation mixture 5 
min prior to adding TAFI). The inhibiting effect (IC50) of the peptides was 
determined by adding TAFI (40 nM) either to a premix of thrombin (8 nM), 
thrombomodulin (16 nM) and CaCl2 (5 mM) for 1 min at RT or to thrombin (200 
nM) and CaCl2 (5 mM) for 30 min at RT in the absence or presence of pure 
peptides (3–1000 μM). For the determination of the Michaelis-Menten constants 
(Vmax, KM and Vmax/KM), TAFI (31–2000 nM) was added to a premix of thrombin (8 
nM), thrombomodulin (16 nM) and CaCl2 (5 mM) in the absence or presence of 
pure peptide 2 (50 μM), peptide 18 (250 μM), peptide 19 (700 μM), peptide 29 
(700 μM) or peptide 34 (10 μM) for 1 min at RT. Immediately after TAFI 
activation, H-D-Phe-Pro-Arg-chloromethylketone (PPACK, 1 μM) was added to 
inhibit thrombin activity and TAFIa activity was measured using the method 
developed by Willemse et al. [16] as previously described [15]. The Michaelis-
Menten constants were determined by using non-linear regression in Graphpad 
Prism version 5.01 (Graphpad, San Diego, CA, USA). 
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TAFIa activity 
Thrombin-activatable fibrinolysis inhibitor (50 nM) was pre-activated in a premix 
of thrombin (8 nM), thrombomodulin (16 nM) and CaCl2 (5 mM) in 100 mM 
Hepes/0.01% Tween-20, pH 8.0, for 15 min at RT. After incubation, thrombin 
activity was stopped by adding PPACK (1 μM). To determine whether the crude 
peptides inhibit TAFIa directly, TAFIa (4 nM) activity was measured in the 
presence of crude peptides (40 μM). The dose-dependent effect was determined 
by measuring TAFIa (4 nM) or CPB (2 nM) activity in the presence of peptides 14, 
24, 29 (purity, > 95%, 0.8–50 μM) or CPI (0.08–5 μM). 
For the determination of the TAFIa half-life in the presence of the peptides, TAFI 
was activated as described above, and after thrombin inactivation with PPACK, 
peptide 14, peptide 29 (both 25 μM) or buffer were added and the mixture was 
preheated to 37 °C for 2 min. At different time-points, an aliquot of TAFIa was 
placed on ice. The first aliquot was assigned t = 0. After collection of all the time-
points, TAFIa activity was measured as described above, t = 0 was set to 100% 
activity. The TAFIa half-lives were determined by non-linear regression with 
Graphpad Prism. For the determination of the Michaelis-Menten constants for 
peptide 14, activated TAFI (4 nM) was measured with hippuryl-Arg-OH (0.16–10 
mM) in the absence or presence of pure peptide 14 or 29 (both 25 μM). 
 
Thrombin activity 
Thrombin (8 nM), with or without thrombomodulin (16 nM), was incubated in the 
presence of peptides (400 μM for peptide 2, 60 μM for peptide 34 and 700 μM for 
peptides 18, 19 and 29) in 25 mM Tris, 150 mM NaCl and 5 mM CaCl2 at pH 7.4. 
Thrombin activity was measured kinetically for 10 min at 405 nm at 37 °C in a 
Versamax 96-well plate reader after the addition of 0.5 mM chromogenic 
substrate S-2238. 
 
Surface plasmon resonance 
The surface plasmon resonance experiments were performed using a BIACORE 
2000 (GE Healthcare) equipped with a research-grade CM5 sensor chip. The 
ligand (thrombin) was immobilized using amine-coupling chemistry. The surfaces 
of the flow cells were activated for 7 min with a 1:1 mixture of 0.1 M NHS (N-
hydroxysuccinimide) and 0.4 M EDC (3-(N,N-dimethylamino) propyl-N-
ethylcarbodiimide) at a flow rate of 5 μL min−1. Thrombin and bovine serum 
albumin (BSA, reference channel), both 5 μg mL−1 in 10 mM sodium acetate, pH 
4.0, were immobilized at a density of 2000 and 700 RU, respectively. The surfaces 
were blocked with a 7-min injection of 1 M ethanolamine, pH 8.0. TAFI peptides (5 
μM), in 10 mM HEPES, 150 mM NaCl, 0.005% P20, pH 7.4, were injected at 30 μL 
min−1 and 25 °C. The complex was allowed to associate and dissociate for 2 and 3 
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IC50 values of the peptides and variations thereof for TAFI activation by thrombin (IIa) in 
the presence or absence of thrombomodulin (TM). NP means not performed. The 
mutations in the peptide 2 and 34 variants are bold and underlined. Values are mean ± 
SEM from at least three independent experiments. 
 

Table 2. TAFI activation inhibition 
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min, respectively. Surfaces were regenerated with a 20-s injection of a chaotropic 
solution (0.09 M KSCN, 0.37 M MgCl2, 0.18 M urea, 0.37 M guanidine-HCl). Data 
were collected at a rate of 1 Hz. The response at the end of the injection time 
served as a measure for binding. To determine affinity, thrombin and BSA were 
immobilized at a density of 1940 RU and 2000 RU, respectively, and peptides 
(0.2–15 μM) were injected. Rate constants were determined using Scrubber 
(Biologic Software) and BiaEvaluation 4.1 (Biacore, GE Healthcare). 
 
 
 
 

 
 
 
 

Peptide Sequence IIa/TM  
(μM) 

IIa  
(μM) 

Peptide 2 RTSRQVQVLQNLTTTYE 7.3 ± 1.8 No inhibition 
Peptide 2.1 -TSRQVQVLQNLTTTYE 8.2 ± 3.4 NP 
Peptide 2.2 KTSRQVQVLQNLTTTYE 5.6 ± 2.8 NP 
Peptide 2.3 RTSQQVQVLQNLTTTYE 13 ± 7 NP 
Peptide 18 GYDYSWKKNRMWRKNRS 276 ± 52 556 ± 75 
Peptide 19 RMWRKNRSFYANNHCIGTD 719 ± 151 156 ± 4 
Peptide 29 SKNTRYTHGHGSETLYLAPG No inhibition No inhibition 
Peptide 34 CREAFAAVSKIAWHVIRNV 11 ± 8 1136 ± 603 

Peptide 34.1 CREAFAAVSAIAWHVIRNV 95 ± 43 NP 
Peptide 34.2 CREAFAAVSKIAWHVIANV 149 ± 29 NP 
Peptide 34.3 CREAFAAVSKIAAHVIRNV 2655 ± 1579 NP 
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Results 
In order to generate tools to modulate TAFI activation and TAFIa activity, 34 
overlapping peptides were constructed covering the whole TAFI sequence (Table 
1). The crude preparations of 27 of the 34 peptides were water soluble, and their 
effects on TAFI activation by the thrombin-thrombomodulin complex (Fig. 1A) 
and TAFIa activity (Fig. 1B) were tested in a purified system. Peptides 2, 18, 19 
and 34 inhibited TAFI activation and peptides 14 and 24 inhibited TAFIa activity. 
Additionally, we tested the direct binding of the crude TAFI peptides to thrombin 
using surface plasmon resonance. Thrombin and bovine serum albumin (BSA, 
negative control) were immobilized on the surface of the biosensor chip and 
binding of the TAFI peptides to these proteins was determined. Ten peptides, 1, 
10, 12, 14, 20, 23, 24, 25, 28 and 34, showed low, albeit detectable, binding to 
thrombin, whereas peptides 18 (Gly205-Ser221) and 19 (Arg214-Asp232) bound 
firmly to thrombin (Fig. 1C). KD values of 1.5 ± 0.4 and 0.52 ± 0.07 μM were 
determined for the pure peptides 18 and 19, respectively. 

Six peptides (peptides 2, 14, 18, 19, 24 and 34) and peptide 29 (negative 
control) were subsequently ordered in high purity (> 95%) to confirm these 
observations and to further investigate the interactions between the peptides, 
TAFI, thrombin and thrombomodulin. 

We started by investigating the four peptides that inhibited TAFI 
activation by the thrombin-thrombomodulin complex but did not inhibit TAFIa 
activity directly (peptides 2, 18, 19 and 34). First, we determined the IC50 values 
of the pure preparations of peptides 2, 18, 19 and 34 (peptide 29 served as a 
negative control) for TAFI activation by thrombin in the presence (Fig. 2A) and in 
the absence of thrombomodulin (Fig. 2B). The calculated IC50 values are 
summarized in Table 2. Peptides 2 and 34 inhibited TAFI activation by the 
thrombin-thrombomodulin complex, but in the absence of thrombomodulin 
peptide 34 hardly showed any effect, whereas peptide 2 mildly stimulated TAFI 
activation. Peptides 18 and 19 inhibited TAFI activation in the presence and 
absence of thrombomodulin. This indicates that peptides 2 and 34 inhibit TAFI 
activation by a different mechanism to that of peptides 18 and 19. These data with 
pure peptides confirmed the inhibitory effects observed on TAFI activation by 
thrombin-thrombomodulin with the crude preparations. 



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
117 

Figure 1 
Initial screening of crude TAFI 
peptides. (A) TAFI was activated by 
the thrombin-thrombomodulin 
complex in the absence (control) or 
presence of 60 μM crude peptides. 
The TAFIa activity was determined 
after 8 minutes incubation at RT. (B) 
TAFI was activated by the thrombin-
thrombomodulin complex at RT for 
15 minutes; the thrombin activity 
was stopped with PPACK and TAFIa 
activity was measured immediately 
after the addition of 60 μM of crude 
peptides and the TAFIa activity was 
measured. (C) The binding of the 
crude peptides to thrombin was 
assessed with surface plasmon 
resonance. The response was 
corrected for non-specific binding to 
BSA. The initial screening was 
performed multiple times using 
different conditions; a single 
condition is shown. The same 
peptide color coding was used in all 
figures of this chapter. 
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Functional effects of TAFI peptides 

 
To investigate whether the inhibiting effect of the peptides on TAFI 

activation was caused by direct inhibition of thrombin, the thrombin activity in 
the absence (open bars) or presence (dashed bars) of thrombomodulin was 
assessed with chromogenic substrate S-2238 (Fig. 2C). The peptide concentration 
used was 10 times the IC50 value for TAFI activation or 700 μM, the highest 
attainable concentration using this experimental set-up. The peptides showed no 
or minor direct inhibiting effects on the thrombin activity, independent of the 
presence of thrombomodulin.  
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Figure 2  
Effect of pure peptides on TAFI 
activation and thrombin activity. TAFI 
was activated by the thrombin-
thrombomodulin complex for 1 
minute at RT (A) or with thrombin for 
30 minutes at RT (B) in the presence 
of peptides 2 (blue circles), 18 (cyan 
downwards triangles), 19 (orange 
upwards triangles), 29 (yellow circles) 
and 34 (red squares) and TAFIa 
activity was measured (the error bars 
represent the SD from three 
independent experiments). (C) 
Thrombin activity was measured 
using chromogenic substrate S-2238 
without (open bars) or with (dashed 
bars) thrombomodulin in the 
presence of pure peptides using a 
concentration of 10 times the IC50 
value for TAFI activation or 700 μM 
(peptide 2; 400 μM, peptide 18, 19 and 
29; 700 μM and peptide 34; 60 μM 
(the error bars represent the SEM 
from three independent experiments).  
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Figure 3 
Michaelis-Menten kinetics. 
TAFI was activated by the 
thrombin-thrombomodulin 
complex in the absence 
(white squares, dashed line) 
or presence of peptides 2 
(blue circles), 18 (cyan 
downwards triangles), 19 
(orange upwards triangles), 
29 (yellow circles) and 34 
(red squares)  for 1 minute at 
RT. Michaelis-Menten 
constants were determined 
with non-linear regression in 
Graphpad Prism. The lines 
represent a non-linear 
regression fit, the error bars 
represent the SEM from three 
independent experiments. 
 

TAFI (31-2000 nM) was activated by the thrombin-thrombomodulin 
complex in the presence of peptides. The (apparent) kinetics and error 
values were determined using data from three independent experiments. 
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Functional effects of TAFI peptides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Subsequently, we determined the Michaelis-Menten constants for TAFI 

activation by thrombin-thrombomodulin in the presence of these pure peptides 
(Fig. 3). The calculated Vmax, KM and Vmax/KM values (all kinetic parameter values 
are apparent values) are summarized in Table 3. The inhibitory effect of the 
peptides was caused by a decreased Vmax (peptides 2 and 34), an increased KM 
(peptide 19) or both (peptide 18). These data confirmed that peptides 2 and 34 
inhibit TAFI activation by a different mechanism to that of peptides 18 and 19. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

 Vmax (mOD/min) KM (μM) Vmax/KM 
No peptide 136 ± 8 183 ± 39 0.74 ± 0.16 
Peptide 2 79 ± 6 231 ± 56 0.34 ± 0.09 

Peptide 18 73 ± 7 554 ± 134 0.13 ± 0.03 
Peptide 19 185 ± 21 931 ± 220 0.20 ± 0.05 
Peptide 29 147 ± 5 252 ± 25 0.59 ± 0.06 
Peptide 34 67 ± 8 337 ± 183 0.20 ± 0.11 
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Peptide 2 includes Arg12, which we recently identified to be involved in 
TAFI activation by the thrombin-thrombomodulin complex [17]. To determine 
whether the inhibitory effect of peptide 2 is caused by Arg12, we designed peptide 
2 variants without Arg12 or with a lysine at this position. Additionally, the effect 
of the second arginine (Arg15) was studied. The results are summarized in Table 
2. Modification of Arg12 did not substantially change the results, indicating that 
Arg12 does not contribute to the inhibitory effect of peptide 2. 

Inspection of the peptide 34 sequence in the crystal structure of TAFI 
revealed that Lys392, Trp395 and Arg399 are exposed on the outer surface of 
TAFI [7] and are therefore good candidates to explain the inhibiting effect of 
peptide 34. To test this hypothesis, we designed peptide variants in which these 
amino acids were replaced by alanine. The IC50 values were determined and are 
summarized in Table 2. Substituting a single basic amino acid resulted in a 9- to 
15-fold IC50 increase, whereas substituting the tryptophan led to an almost 
complete loss of the inhibitory capacity of the peptide. 

After investigating the peptides that inhibited TAFI activation, we 
continued with characterizing the peptides that inhibited TAFIa activity. The 
initial experiments with crude peptides showed that peptides 14 and 24 inhibited 
TAFIa activity (Fig. 1). These experiments were repeated with pure peptides 14, 
24 and 29 (negative control), and potato tuber carboxypeptidase inhibitor (CPI, 
positive control). Peptide 14 and CPI displayed a dose-dependent inhibition of 
TAFIa; however, unlike CPI, peptide 14 did not inhibit TAFIa completely (Fig. 4A). 
Pure peptides 24 and 29 did not show any inhibiting effect up to 50 μM. Peptide 
24 inhibited TAFIa activity above 50 μM, but also formed aggregates (data not 
shown) and was therefore not further investigated. 

To determine the specificity of peptide 14, we tested the effect on 
pancreas carboxypeptidase B (CPB), an enzyme with a similar substrate 
specificity to TAFIa. Remarkably, peptide 14 had no effect on CPB (Fig. 4B). The 
most profound difference between TAFIa and CPB is the half-life; CPB is stable, 
whereas TAFIa has a half-life of 5–10 min. This prompted us to investigate 
whether the inhibitory effect of peptide 14 is caused by destabilizing TAFIa. The 
half-life of TAFIa at 37 °C in the presence of peptide 14 showed a minor, but 
statistically significant, increase (Fig. 4C), with 5.4 ± 0.2, 7.0 ± 0.3 and 5.4 ± 0.2 
min for no peptide, peptide 14 and peptide 29, respectively (n = 3). 

Subsequently, the Michaelis-Menten constants were determined to gain 
more insight into the inhibitory mechanism of peptide 14. The effect of peptide 14 
on TAFIa activity towards the TAFIa substrate, hippuryl-arginine, was mainly 
caused by an increase in KM (1.1 ± 0.1, 3.4 ± 0.7 and 1.2 ± 0.1 mm for no peptide, 
peptide 14 and peptide 29, respectively, Fig. 4D), with a small effect on Vmax (77.1 
± 1.9, 60.3 ± 5.2 and 77.7 ± 1.8 mOD min−1, respectively, n = 3). 
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Figure 4 
Effect of pure peptide 14 and 24 on TAFIa/CPB activity. Peptides 14 (blue diamonds), 24 
(red diamonds), 29 (yellow circles) and CPI (stars) were added to 4 nM of activated TAFI 
(A) or 2 nM CPB (B) and remaining carboxypeptidase activity was measured. The error 
bars represent the SEM from at least four independent measurements. (C) TAFIa half-life in 
the absence (white squares, dashed line) or presence of 25 μM peptide 14 (blue diamonds) 
and peptide 29 (yellow circles) (n=3, the SEM error bars do not extend beyond the 
symbols). (D) 4 nM of activated TAFI was incubated with hippuryl-Arg-OH in the absence 
(white squares, dashed line) or presence of 25 μM peptide 14 (blue diamonds) and peptide 
29 (yellow circles) and TAFIa activity was measured. Michaelis-Menten constants were 
determined with non-linear regression in Graphpad Prism. The lines represent a non-linear 
regression fit. The error bars represent the SEM from four independent experiments. 
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Discussion 
Modulation of TAFI activation and TAFIa activity is potentially a powerful strategy 
for the treatment of both thrombosis and bleeding. In this study we identified and 
characterized four TAFI-derived peptides that selectively modulated TAFI 
activation by either thrombin (peptide 18 and 19) or the thrombin-
thrombomodulin complex (peptide 2 and 34). In addition, we identified a 
potential amino acid residue that mediates TAFI binding to the thrombin-
thrombomodulin complex (Trp395). Furthermore, we identified a specific TAFIa 
inhibitor, peptide 14, which does not inhibit the homologous enzyme pancreatic 
carboxypeptidase B. 

In this article we show that peptides 18 (Gly205-Ser221) and 19 (Arg214-
Glu232) bound to thrombin, with KD values of 1.5 ± 0.4 and 0.52 ± 0.07 μM, 
respectively, and dose-dependently inhibited TAFI activation. Peptides 18 and 19 
increased the (apparent) KM of TAFI activation by thrombin. This suggests that 
these peptides inhibit TAFI activation by competing with TAFI for binding to 
thrombin. 

The binding of peptides 18 and 19 to thrombin may show similarities to 
the binding of these peptides to streptococcal surface collagen-like proteins A and 
B expressed by S. pyogenes [14], and the same amino acids may account for the 
TAFI binding to thrombin. Peptides 18 and 19 contain repeats for 
glycosaminoglycan recognition [18] and substitution of one or more basic amino 
acids in these repeats for glutamines resulted in a gradual loss of binding. In the 
present study, using the same peptide 18 and 19 variants, we observed a similar 
loss of binding to thrombin (data not shown), suggesting that the repeats for 
glycosaminoglycan recognition are also involved in the binding between TAFI and 
thrombin. 

Peptides 2 (Arg12-Glu28) and 34 (Cys383-Val401) inhibited TAFI 
activation by the thrombin-thrombomodulin complex with IC50 values of 7.3 ± 1.8 
and 11 ± 8 μM, respectively. However, in the absence of thrombomodulin almost 
no inhibitory effect was observed. Michaelis-Menten kinetics revealed that these 
peptides decrease the apparent Vmax, without affecting the apparent KM. Therefore, 
peptides 2 and 34 reduce TAFI activation without interfering with TAFI binding to 
thrombin. Because this effect is thrombomodulin dependent it seems likely that 
the peptides prevent the formation of the TAFI-thrombin-thrombomodulin 
complex or turnover of this complex to form TAFIa. 

Recently, we published a study that showed that Arg12 of TAFI plays an 
important role in thrombin-thrombomodulin-mediated TAFI activation, but that it 
is not relevant for TAFI activation by thrombin alone [17]. In this study we have 
not determined whether cleavage at Arg12 or binding to Arg12 is important for 
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Functional effects of TAFI peptides 

thrombomodulin-mediated TAFI activation. Interestingly, in line with this study, 
peptide 2 (Arg12-Glu28) only affects thrombomodulin-mediated TAFI activation 
too. Removing Arg12 from the peptide or replacing it with a lysine had no effect 
on the inhibitory effect of the peptide. These results are in favor of the hypothesis 
that cleavage at Arg12 results in a conformational change (exposing Thr13-Glu28) 
that stimulates thrombomodulin-mediated TAFI activation. Another possible 
mechanism for the inhibiting effect of peptide 2 is that it prevents the association 
between thrombin and thrombomodulin. In this case, similar IC50 values for TAFI 
and protein C activation are expected. However, the IC50 value of peptide 2 for 
protein C activation was found to be ~20-fold higher (138 ± 25 μM, data not 
shown) compared with TAFI activation (7.3 ± 1.8 μM). This result makes it 
unlikely that peptide 2 reduces the association between thrombin and 
thrombomodulin and favors the hypothesis that peptide 2 prevents the 
association between TAFI and the thrombin-thrombomodulin complex. 

Nevertheless, peptide 2 inhibited protein C activation. Because the 
thrombomodulin binding sites for TAFI and protein C overlap (EGF-domains 3–6 
and 4–6, respectively) [19] it is possible that peptide 2 prevents the association of 
the thrombin-thrombomodulin complex with TAFI as well as for protein C. To test 
this hypothesis we converted the observed IC50 values to dissociation equilibrium 
constants (Ki) using the Cheng-Prussoff equation (Ki = IC50/(1 + ([S]/KM))) [20]. 
The Ki is not affected by substrate concentration and allows for direct comparison. 
After conversion, no difference between TAFI and protein C activation was found 
(Ki = ~7 μM for both). Therefore, we speculate that peptide 2 prevents binding of 
TAFI and protein C to a shared binding site on the thrombin-thrombomodulin 
complex. However, it remains possible that the inhibitory effects of peptide 2 are 
unrelated to the interaction between TAFI and the thrombin-thrombomodulin 
complex. 

Another TAFI residue that may interact with thrombin is Trp395, which is 
included in peptide 34 (Cys383-Val401). Although no crystal structures of TAFI in 
complex with thrombin or the thrombin-thrombomodulin complex have been 
described so far, it has been hypothesized that Trp50 of thrombin interacts with 
TAFI [21]. The indole side-chain of tryptophan residues can form strong 
hydrophobic interactions with other tryptophan residues [22], such as Trp395, 
which is exposed on the surface of TAFI [7], making it a potential interaction site. 
In line with this hypothesis, a peptide 34 variant in which the tryptophan was 
replaced by alanine did not inhibit TAFI activation. Engineering a TAFI-W395 
mutant may help to further test this hypothesis. 

Wu et al. [23] showed that a triple lysine cluster (Lys42, Lys43 and Lys44) 
in the activation peptide of TAFI is involved in the binding of TAFI to its activators, 
possibly by binding to thrombomodulin. We did not include the peptide that 
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covers this sequence (peptide 4, Thr36-Ser53) in our experiments because, 
despite the fact that the peptide was highly charged, it was not water soluble and 
could therefore not be tested. However, from the crystal structure it can be 
appreciated that the sequences of peptide 2, peptide 34 and the triple lysine 
cluster form a surface that extends from the hypothesized thrombin binding site 
Gly205-Glu232 (peptides 18 and 19) to the other side of the molecule, opposite to 
TAFI's activation site at Arg92 (Fig. 5). Therefore we hypothesize, in agreement 
with Wu's findings, that the lysine cluster and peptide 2/34 region is involved in 
TAFI activation by the thrombin-thrombomodulin complex, rather than in TAFI 
activation by thrombin alone. 

It has to be noted that the amount of peptide required to inhibit TAFI 
activation or TAFIa activity was in the μM range, while the TAFI concentration 
was in the nM range. One explanation for this difference is that (flexible) linear 
peptides were used. Constrained cyclic peptides might mimic the TAFI surface 
better and lead to stronger inhibition [24]. Additionally, tertiary structure 
alignments, absent in the peptides, might also play a role in the affinity of TAFI for 
its activators. 

In the absence of thrombomodulin, peptide 2 stimulated TAFI activation 
by thrombin. Because TAFI contains two different thrombin cleavage sites (Arg92 
and Arg12, although the relevance of cleavage at Arg12 is still under 
investigation) [17] it is tempting to speculate that thrombin can bind to TAFI at 
two separate locations: one site consisting of Gly205-Glu232 (peptides 18 and 19) 
and a second site consisting of either Arg12-Glu28 (peptide 2) or Cys383-Val401 
(peptide 34). Thrombin binding to Arg12-Glu28, however, seems less likely 
because the TAFI-thrombin-thrombomodulin model published by Wu et al. [23] 
shows that this area of TAFI already interacts with thrombomodulin. Binding to 
the first site may result in TAFI activation by means of cleavage at Arg92, whereas 
binding to the second site may result in Arg12 cleavage in TAFI. The latter 
cleavage may optimize thrombomodulin binding. By blocking the second site 
(with peptide 2 or 34), which may serve no purpose in the absence of 
thrombomodulin, thrombin may only bind to Gly205-Glu232, resulting in 
increased Arg92 cleavage, which could explain the observed stimulation of 
thrombin-mediated TAFI activation in the absence of thrombomodulin. 

In our study, TAFIa activity was inhibited by two crude peptides, peptide 
14 (His159-His175) and peptide 24 (Arg275-His293). However, we could not 
reproduce TAFIa inhibition with pure peptide 24 as it formed aggregates in our 
experiments. Pure peptide 14 inhibited TAFIa in a dose-dependent manner. 
Strikingly, peptide 14 did not inhibit CPB activity. Up to this day, except for 
antibodies [25], no inhibitors are known that can distinguish between TAFIa and 
CPB. The mechanism of TAFIa inhibition by peptide 14 remains unknown. 
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Interestingly, the sequence of both peptides is located in the active site of TAFI 
and contains one or two of the three zinc binding amino acids (His159 and Glu162 
in peptide 14 and His288 in peptide 24). One possibility was that peptide 14 
destabilizes TAFIa; however, the presence of peptide 14 did not shorten the half-
life of TAFIa. On the contrary, it slightly increased the TAFIa half-life, a property 
that is common among TAFIa inhibitors [26]. This observation is in line with the 
Michaelis-Menten constants that showed that peptide 14 is a mixed inhibitor with 
a more profound effect on KM than Vmax. Irreversible inhibitors do not affect the 
KM, therefore peptide 14 must be a reversible inhibitor. Understanding the 
inhibition mechanisms of peptide 14, as well as what determines its specificity for 
TAFIa, may aid the development of highly specific TAFIa inhibitors that can be 
used to treat thrombotic disorders. 

In conclusion, we generated TAFI-derived peptides that can selectively 
modulate TAFI activation by thrombin or the thrombin-thrombomodulin complex. 
Additionally, we identified a specific TAFIa inhibitor. Both selective TAFI 
activation modulators and TAFIa inhibitors can be used for the design of more 
potent specific inhibitors and may bring a TAFI targeting therapy for the 
treatment of thrombosis and bleeding disorders a step closer. 
 
Addendum 
T. Plug designed the research, performed experiments, analyzed and interpreted 
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Figure 5  
Visualisation of the peptides in the TAFI 3D model. CPK-coloured space-fill model (A) and 
the ribbon structure (B) of TAFI in the same orientation, with the activation peptide shown 
in blue and the catalytic domain in green. The TAFI activation inhibiting peptides are shown 
in red, the triple lysine cluster in yellow and the activation site (Arg92) is shown in black. 
The catalytic zinc-ion is represented as a grey sphere. 
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Abstract 
 
Background: Thrombin-activatable Fibrinolysis Inhibitor (TAFI) is a proenzyme 
that, once activated, attenuates fibrinolysis by removing C-terminal lysine 
residues from partially degraded fibrin. TAFI can be activated by thrombin or 
plasmin via a cleavage at Arg92 that removes the activation peptide from the 
enzyme, TAFIa. Thrombomodulin enhances thrombin-mediated TAFI activation 
and glycosaminoglycans enhance plasmin-mediated TAFI activation. The aim of 
this study was to investigate whether there are other anionic molecules that 
function as cofactor for thrombin- or plasmin-mediated TAFI activation. 
 
Methods: TAFI activation by thrombin or plasmin was studied in the presence of 
physiological anionic molecules (polyphosphate, heparin, hyaluronan, DNA and 
dermatan sulfate) and the non-physiological sodium dodecyl sulfate (SDS).  
Additionally, the effect of these molecules on TAFIa stability and on thrombin-
mediated protein C ac,tivation was determined. 
 
Results: Unfractioned heparin, calcium-saturated polyphosphate with an average 
chain length of 100 monomers (Ca-PolyP100) and SDS significantly enhanced 
TAFI activation by thrombin and plasmin. Dermatan sulfate and polyphosphates 
with sodium as counter ion (Na-PolyP700, Na-PolyP100 and Na-PolyP70) 
enhanced plasmin-mediated but not thrombin-mediated TAFI activation. 
Additionally, unfractioned heparin, Ca-PolyP100 and SDS enhanced thrombin-
mediated protein C activation. The different nature of anionic molecules capable 
of enhancing TAFI and protein C activation suggest a general mechanism. 
 
Conclusions: Several anionic molecules function as (potent) cofactors for 
thrombin- and plasmin-mediated TAFI activation and thrombin-mediated protein 
C activation. This may imply that thrombin and plasmin activity is regulated in the 
vasculature by more cofactors than currently appreciated. 
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Introduction 
The product of the CPB2 gene known as Thrombin-activatable fibrinolysis 
inhibitor (TAFI) is a zinc-dependant metallocarboxypeptidase (EC 3.4.17.20) that 
is synthesized in the liver and released into the bloodstream. TAFI circulates in 
plasma at a concentration of 70-275 nM [1]. TAFI is also known as 
procarboxypeptidase B2 (proCPB2) procarboxypeptidase U (proCPU), 
procarboxypeptidase R (proCPR) and plasma procarboxypeptidase B [2-5]. Once 
active, TAFIa attenuates fibrinolysis by cleaving C-terminal lysine residues from 
partially degraded fibrin that function as cofactor for plasminogen activation. 

TAFI is activated by thrombin or plasmin via a proteolytic cleavage at 
Arg92 that separates the activation peptide (Phe1-Arg92) from the catalytic 
domain (Ala93-Val401). Thrombin-mediated TAFI activation is inefficient but can 
be enhanced three orders of magnitude in the presence of thrombomodulin [6]. 
Plasmin is a ~8-fold more efficient TAFI activator than thrombin, and 
glycosaminoglycans enhance plasmin-mediated TAFI activation ~16-fold [7]. 

Thrombin is the central enzyme in coagulation. Its main function is to 
assist in the formation of a blood clot by activating platelets and by converting 
soluble fibrinogen into insoluble fibrin fibers. Thrombin contains a Na+ binding 
loop and two anion binding sites (exosite 1 and 2) that can change thrombin’s 
substrate specificity when occupied by cofactors [8,9]. In the absence of cofactors, 
thrombin can cleave fibrinogen, FV, FVIII and FXIII. In a blood clot, thrombin can 
bind to fibrin via exosite 1 to enhance FXIII activation [10]. Furthermore, 
thrombomodulin, a membrane protein present on the endothelium, can also bind 
to exosite 1 and promotes TAFI and protein C activation [11]. GpIbα, present on 
platelets, can bind to exosite 2 to promote PAR1 activation and GpV cleavage and 
binding of thrombin to GPIb leads to FXI activation [10]. Additionally, 
polyphosphates have been shown to interact with thrombin exosite 2 to promote 
FV activation [12]. Furthermore, heparin can bind to exosite 2 which will promote 
thrombin inactivation by antithrombin [13]. 

Plasmin is responsible for dissolving the fibrin network and is therefore 
the central enzyme in fibrinolysis. Plasmin activity is enhanced in the presence of 
glycosaminoglycans. However, plasmin activity can be inhibited via an allosteric 
site [14]. It has been a matter of debate whether thrombin or plasmin is the 
physiological activator of TAFI. In a baboon sepsis model, the importance of 
thrombin-thrombomodulin mediated TAFI activation was revealed [15]. However, 
the importance of plasmin-mediated TAFI activation has been demonstrated in 
vitro using a monoclonal antibody that specifically inhibits plasmin-mediated 
TAFI activation [16] suggesting that both enzymes contribute to TAFI activation 
[17]. Despite the low catalytic efficiency of thrombin for TAFI activation, in vitro 
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assays in the absence of thrombomodulin show that thrombin is capable of 
activating enough TAFI to attenuate fibrinolysis [18]. It has been proposed that 
the rapid increase of thrombin generation during the propagation phase in 
coagulation results in sufficient TAFI activation to attenuate fibrinolysis [19].  

Many of the molecules known to affect thrombin and plasmin activity are 
(poly)anionic in nature. Therefore, the aim of our study was to perform a direct 
comparison of the effects of polyanionic molecules on thrombin- and plasmin-
mediated TAFI activation. We selected physiological anionic molecules (different 
forms of polyphosphates, heparin, hyaluronan, DNA and dermatan sulfate). 
During this study we coincidentally discovered that sodium dodecyl sulfate (SDS) 
was a very potent stimulator of thrombin- and plasmin-mediated TAFI activation. 
SDS is not a physiologically relevant molecule but after this finding we included it 
in the study as it may provide valuable information on the mechanism of TAFI 
activation enhancement by cofactors. 
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Materials and methods 
Reagents 
Unfractioned heparin was from LEO Pharma bv. (Breda, Netherlands, 1 U/ml is 
estimated to correspond to ~2 μg/ml or ~0.15 μM). Sodium Dodecyl Sulfate (SDS) 
and Tween-20 were from Merck (Darmstadt, Germany). H-D-Phe-Pro-Arg-
chloromethylketone (PPACK) was purchased from Bachem (Bubendorf, 
Switzerland). Plasmin (the concentration of the stock was 10 U/ml, corresponding 
with ~1.25 mg/ml or ~14.7 μM) and aprotinin were from Roche Nederland 
(Woerden, Netherlands). Hyaluronan (MW: 60K, 500K and 15M) was from Sigma 
Aldrich (St Louis, MO, USA). Thrombin was a generous gift of Dr. W. Kisiel 
(University of New Mexico, Albuquerque, NM, the concentration of the stock was 
167 NIH units/ml, corresponding to ~50 μg/ml or ~1.3 μM). Calcium-saturated 
polyphosphate with an average chain length of 100 monomers (Ca-PolyP100) was 
a generous gift of Dr. Thomas Renné (Karolinska institutet, Stockholm, Sweden), 
PolyP700 and PolyP100 with sodium as counter-ion (Na-PolyP700 and Na-
PolyP100) were from Kerafast (Boston, MA, USA) and PolyP70 with sodium as 
counter-ion (Na-PolyP70) was from BK Giuliani GmbH (Ladenburg, Germany). 
Batroxobin and rabbit lung thrombomodulin were from American Diagnostica 
(Greenwich, CT). Thrombomodulin was used directly from the commercial stock. 
Chromogenic substrate S-2366 was purchased from Chromogenix (Mölndal, 
Sweden). Human DNA was purified from whole blood using Gentra Puregene 
bloodkit (Qiagen, Valencia, CA, USA). Plasma TAFI was purified as previously 
described [20]. 
 
TAFI activation 
TAFI (100 nM, all concentrations are final concentrations), derived from human 
plasma, was added to a premix of thrombin (200 nM) or plasmin (200 nM) with or 
without CaCl2 (5 mM) in 50 mM Hepes, 50 mM NaCl, pH 7.4 in the absence or 
presence of unfractioned heparin, dermatan sulfate, Ca-PolyP100, Na-PolyP100, 
Na-PolyP700, Na-PolyP70, SDS with 0.01% Tween-20, hyaluronan or DNA for 15 
minutes at RT. After incubation, PPACK or aprotinin (both 1 μM) was added to 
inhibit thrombin or  plasmin activity respectively. TAFIa activity was measured 
using the method developed by Willemse et al. [21] as previously described [20]. 
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TAFI activation time course 
TAFI (100 nM) was added to a premix of thrombin (8 nM or 200 nM) and CaCl2 (5 
mM) or plasmin (8 nM or 200 nM) in 50 mM Hepes, 50 mM NaCl, pH 7.4 in the 
absence or presence of 5 U/ml unfractioned heparin, 50 μg/ml Ca-PolyP100 or 70 
μg/ml SDS with 0.01% Tween-20 at 22oC. In time, aliquots of the mix were 
withdrawn and added to PPACK (1 μM, for thrombin) or aprotinin (1 μM, for 
plasmin) and placed on ice. For t=0, PPACK (1 μM, to inhibit thrombin activity) or 
aprotinin (1 μM, to inhibit plasmin activity) was added to the activation mix and 
incubated for 2 minutes before adding TAFI. The T=0 mix was then incubated for 
30 minutes at 22oC. TAFIa activity was measured as described above. 
 
TAFIa thermal stability 
The half-life of TAFIa in the absence or presence of anionic molecules was 
determined by incubating 125 nM of TAFI with a premix of thrombin (8 nM), 
thrombomodulin (16 nM) and CaCl2 (5mM) in 50 mM Hepes, 50 mM NaCl, pH 7.4 
for 15 minutes at 22oC. After activation, PPACK (1 μM) was added to stop 
thrombin activity. After 1 minute, TAFIa (100 nM) was added to 5 U/mL 
unfractioned heparin, 50 μg/mL Ca-PolyP100 or 70 μg/ml SDS with 0.01% 
Tween-20 and TAFIa was preheated to 37oC for 2 minutes. In time, aliquots of 
TAFIa were placed on ice and activity was measured as described above. The first 
aliquot was assigned as t=0 and set at 100% activity. The half-lives were 
determined with nonlinear regression with Graphpad Prism version 5.01 
(Graphpad, San Diego, CA, USA). Statistical analysis was performed in Graphpad 
Prism using an Unpaired t test with Welch’s correction. 
 
Protein C activation 
Protein C (20 μM) was added to a premix of thrombin (40 nM) and CaCl2 (5 mM) 
in 50 mM Hepes, 50 mM NaCl, pH 7.4 in the absence or presence of unfractioned 
heparin, Ca-PolyP100 or SDS with 0.01% Tween-20 for 45 minutes at 37oC. After 
incubation, 5 μl of the mix was added to a mix of chromogenic substrate S-2366 (1 
mM) and hirudin (20 U/ml) in 50 mM Hepes, 50 mM NaCl, pH 7.4 (final volume 50 
μl). Protein C activity was measured kinetically for 10 minutes at 405 nm at 37oC 
in a Versamax 96-wells plate reader.  APC activity in the absence of cofactor was 
set to 100%. 
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Thrombin activity 
Thrombin (10 nM), was added to unfractioned heparin, Ca-PolyP100 or SDS with 
0.01% Tween-20 for 1 minute at 37oC. Thrombin activity was measured 
kinetically after the addition of 0.5 mM chromogenic substrate S-2366 for 10 
minutes at 405 nm at 37oC in a Versamax 96-wells plate reader. Thrombin activity 
in the absence of anionic molecule was set to 100%. 
 
Fibrin generation 
Thrombin (5 nM) or batroxobin (4 BU/ml or 40 μg/ml) was added to fibrinogen 
(5 mg/ml) in the absence or presence of unfractioned heparin, Ca-PolyP100 or 
SDS with 0.01% Tween-20 at 37oC. Turbidity was measured kinetically at 405 nm 
at 37oC in a Versamax 96-wells plate reader and the “clot time” was defined as the 
time to half-maximal turbidity. The time to half-maximal coagulation in the 
absence of anionic molecule was set to 100%. 
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Figure 1  
Influence of anionic molecules on TAFI activation. 100 nM TAFI was activated by 200 
nM thrombin with 5 mM CaCl2 (blue circles) or 200 nM plasmin (red squares) for 15 
minutes at room temperature in the presence of unfractioned heparin (A), SDS with 
0.01% Tween-20 (B), Ca-PolyP100 (C), Na-PolyP100 (D). Data points on y-axis are 
samples without anionic molecule (control). The error bars represent the SEM of 
three independent experiments. 
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Results 
TAFI was activated by thrombin or plasmin in the absence or presence of anionic 
molecules to determine whether these molecules can function as cofactor for TAFI 
activation. Stimulation of TAFI activation in the presence of unfractioned heparin, 
Ca-PolyP100 and SDS in the presence of Tween-20 (0.01%) revealed bell-shaped 
dose-response curves for thrombin-mediated TAFI activation. SDS in the presence 
of Tween-20 (0.01%) revealed a bell-shaped dose-response curve for plasmin-
mediated TAFI activation (Figure 1A-C). Unfractioned heparin and Ca-PolyP100 
dose dependently stimulated plasmin-mediated TAFI activation. Dermatan sulfate 
and Na-PolyP100 dose-dependently stimulated plasmin-mediated TAFI activation 
but had no effect on thrombin-mediated TAFI activation (Figure 1D; supplemental 
figure 1D). A small effect on TAFI activation (3 to 5-fold stimulation) was 
observed for chromosomal human DNA (supplemental figure 1E). No significant 
effects on TAFI activation was observed for hyaluronan (MW: 60K, 500K and 15M, 
supplemental figure 1A-C).  



Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016Processed on: 10-11-2016

506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug506503-L-sub01-bw-Plug

 
139 

Figure 2  
Influence of different sources of polyphosphate on TAFI activation. 100 nM TAFI, with or 
without 50 μg/ml Ca-PolyP100, Na-PolyP700, Na-PolyP100 or Na-PolyP70, were 
activated by 200 nM thrombin (black bars) or 200 nM plasmin (white bars), in the 
absence (A) or presence (B) of 5 mM CaCl2 for 15 minutes at room temperature. 
Following activation, TAFIa activity was measured. 50 μg/ml polyphosphate 
corresponds to a monomer concentration of ~500 μM. The error bars represent the SEM 
of at least three independent experiments. 

Supplemental figure 1  
Influence of anionic molecules on TAFI activation. 100 nM TAFI was activated by 200 nM 
thrombin with 5 mM CaCl2 (blue circles) or 200 nM plasmin (red squares) for 15 minutes 
at room temperature in the presence of hyaluronan-60K (A), hyaluronan-500K (B), 
hyaluronan-15M (C), Dermatan sulfate (D) or DNA (E). Data points on y-axis are samples 
without anionic molecule (control). The error bars represent the SEM of three 
independent experiments. 
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Ca-PolyP100 stimulated thrombin-mediated TAFI activation in the presence of 5 
mM CaCl2 but stimulation was reduced in the absence of CaCl2 (Figure 2). Plasmin-
mediated TAFI activation was stimulated by all polyphosphates (Ca-PolyP100, Na-
PolyP700, Na-PolyP100 and Na-PolyP70), however, the addition of 5 mM CaCl2 
reduced the effects for Na-PolyP700, Na-PolyP100 and Na-PolyP70 (Figure 2). 
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Figure 3  
Influence of anionic molecules on TAFI activation in time. 100 nM TAFI was activated by 
200 nM thrombin with 5 mM CaCl2 (A) or 200 nM plasmin (B) in the absence (yellow 
circles) or presence of 5 U/ml heparin (blue circles), 50 μg/ml Ca-PolyP100 (red squares) 
or 70 μg/ml SDS with 0.01% Tween-20 (upwards, green triangle). Furthermore, TAFI was 
activated by 8 nM thrombin with 5 mM CaCl2 (C) in the absence (yellow circles) or 
presence of 50 μg/ml Ca-PolyP100 (red squares) or 70 μg/ml SDS with 0.01% Tween-20 
(upwards, green triangle) or 8 nM thrombomodulin (downwards, cyan triangles). 
Additionally, TAFI was activated by 8 nM plasmin (D) in the absence (yellow circles) or 
presence of 5 U/ml heparin (blue circles), 50 μg/ml Ca-PolyP100 (red squares) or 8 nM 
thrombomodulin (downwards, cyan triangles). In time, aliquots were withdrawn and 
TAFIa activity was measured. The error bars represent the SEM of three independent 
experiments. 
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 We determined the degree of stimulation on TAFI activation in the 
presence of the anionic molecules in time. SDS and Ca-PolyP100 strongly 
enhanced thrombin-mediated TAFI activation. Heparin also enhanced thrombin-
mediated TAFI activation albeit less efficiently (Figure 3A). The best cofactors for 
plasmin-mediated TAFI activation were Ca-PolyP100 and heparin followed by SDS 
(Figure 3B). The effects of SDS and Ca-PolyP100 on thrombin-mediated TAFI 
activation were also observed at a low thrombin concentration (Figure 3C). The 
enhancing effect on thrombin-mediated TAFI activation by 70 μg/ml SDS was 
remarkably high. The stimulating effect of 8 nM thrombomodulin was only 3-fold 
higher than the stimulating effect of SDS. At a low plasmin concentration, TAFI 
activation was significantly enhanced by Ca-PolyP100 (Figure 3D). Heparin and 
thrombomodulin were also capable of stimulating plasmin-mediated TAFI 
activation but to a lesser degree. Based on the activation shown in figure 1 and the 
initial velocity of the reactions shown in figure 3, an estimation of the stimulating 
effect of the compounds was made and summarized in table 1. 
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Table 1 Estimation of enhancement factor for TAFI activation in the absence or 
presence of anionic molecules.  

TAFI was activated by the thrombin-thrombomodulin complex for 15 minutes room 
temperature. Activated TAFI was transferred to 37oC after the addition of PPACK. In time, 
aliquots were withdrawn and TAFIa activity was measured. The half-life was determined 
with non-linear regression and reported as mean ± SD (n=3). *Statistically significant 
difference. 

Based on the amount of activation shown in figure 1 and the initial velocity of the reactions 
shown in figure 3 an estimation of the enhancement factor was made. 

Table 2 Influence of anionic molecules on TAFIa half-life at 37oC. 

TAFI activation in presence of anionic molecules 
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 The half-life of TAFIa in the absence and presence of the anionic molecules 
was determined to investigate whether the molecules affect TAFIa stability. 
Heparin and polyphosphate revealed a minor increase and SDS a minor decrease 
in TAFIa stability (Table 2). Only the effect of heparin on TAFIa stability was found 
to be statistically significant. 
 
 
 
 

Compound Concentration Thrombin Plasmin 
None - 1 1 

Thrombomodulin 8 nM 1000 3 
Heparin 5 U/ml 5 25 

Ca-PolyP100 50 μg/ml 50 75 
SDS 70 μg/ml 350 5 

 
 
 
 

Compound Concentration Half-life (minutes) P-value (- compound 
versus + compound 

None - 8.6 ± 0.3 - 
Heparin 5 U/ml 12.3 ± 0.1  <0.001* 

Ca-PolyP100 50 μg/ml 10.4 ± 1.6 0.18 
SDS 70 μg/ml 6.9 ± 1.5 0.20 
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Figure 4  
Influence of anionic molecules on protein C activation. 20 μM Protein C was activated by 200 nM thrombin 
with 5 mM CaCl2 for 45 minutes at 37oC in the presence of unfractioned heparin (A), Ca-PolyP100 (B) or 
SDS and 0.01% Tween-20 (C) and activated protein C activity was measured in the presence of 20 U/ml 
hirudin. The data points on the y-axis are samples without anionic molecule (control). APC activity in the 
absence of cofactor was set to 100%.The error bars represent the SEM of three independent experiments. 

Supplemental figure 2  
Influence of anionic molecules on chromogenic substrate cleavage by thrombin. Thrombin was added to 
chromogenic substrate (S-2366) in the absence or presence of unfractioned heparin (A), Ca-PolyP100 
(B) or SDS and 0.01% Tween-20 (C). The data points acquired in the absence of anionic molecule were 
set to 100% in each experiment. The error bars represent the SEM of three independent experiments. 
 

A B C

0 .0 1 0 .1 1 1 0 1 0 0 1 0 0 0
0

2 0 0

4 0 0

6 0 0

0

[U n fra c t io n e d h ep a r in ] (U /m L )

A
P
C
a
c
ti
v
it
y
(%

)

0 .1 1 1 0 1 0 0 1 0 0 0
0

2 0 0 0

4 0 0 0

6 0 0 0

0

[C a -P o ly P 1 0 0 ] (μ g /m L )
A
P
C
a
c
ti
v
it
y
(%

)
1 0 1 0 0 1 0 0 0

0

3 0 0

6 0 0

9 0 0

0

[S D S ] (μ g /m l)

A
P
C
a
c
ti
v
it
y
(%

)

A B C

0 .0 1 0 .1 1 1 0 1 0 0 1 0 0 0
0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0

0

[U n fra c t io n e d h ep a r in ] (U /m L )

T
h
ro
m
b
in

a
c
ti
v
it
y
(%

)

0 .1 1 1 0 1 0 0 1 0 0 0
0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0

0

[C a -P o ly P 1 0 0 ] (μ g /m L )

T
h
ro
m
b
in

a
c
ti
v
it
y
(%

)

1 0 1 0 0 1 0 0 0
0

2 5

5 0

7 5

1 0 0

1 2 5

1 5 0

0

[S D S ] (μ g /m l)

T
h
ro
m
b
in

a
c
ti
v
it
y
(%

)

Chapter 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
To investigate whether the stimulating effect of the anionic molecules is 

TAFI specific, the effect on protein C activation by thrombin was determined for 
Heparin, Ca-PolyP100 and SDS. All three molecules enhanced thrombin-mediated 
protein C activation dose-dependently and a bell-shaped dose-response curve was 
observed (Figure 4). To determine whether the effect of the anionic molecules on 
thrombin activity was exosite mediated, the effect of the molecules on a synthetic 
substrate (S-2366, supplemental figure 2) and on fibrinogen (Figure 5) was 
examined.  
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Figure 5  
Influence of anionic molecules on 
fibrin formation. Thrombin (blue 
diamonds) or batroxobin (red 
diamonds) was added to 
fibrinogen and the time to half-
max coagulation was determined 
in the absence or presence of 
unfractioned heparin (A), Ca-
PolyP100 (B) or SDS and 0.01% 
Tween-20 (C). The “clot time” was 
defined as the time to half-
maximal turbidity. The data points 
acquired in the absence of anionic 
molecule were set to 100% in each 
experiment. The error bars 
represent the SEM of three 
independent experiments. 
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Fibrinogen conversion to fibrin by batroxobin served as a control to exclude any 
effects of the anionic molecules on fibrin structure directly. Ca-PolyP100 reduced 
thrombin-mediated conversion of fibrinogen to fibrin but had no effect on the 
cleavage rate of S-2366. At concentrations above 100 μg/ml, Ca-PolyP100 
shortened the time to half-max coagulation (Figure 5B) but also increased the 
optical density. The increased optical density was also observed when batroxobin 
was used instead of thrombin suggesting an abnormal fibrin structure (data not 
shown). Heparin (Figure 5A) and SDS (Figure 5C) showed no effects on fibrin 
formation by thrombin or batroxobin or on chromogenic substrate cleavage by 
thrombin (supplemental figure 2).  
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Discussion 
In this study we show that a number of anionic molecules is capable of enhancing 
thrombin- and plasmin-mediated TAFI activation. Besides thrombomodulin, also 
unfractioned heparin, polyphosphate and SDS could function as cofactor for 
thrombin-mediated TAFI and protein C activation. Additionally, we show that 
plasmin-mediated TAFI activation is enhanced by an even larger number of 
anionic molecules than thrombin-mediated TAFI activation. These results reveal a 
general mechanism for stimulation of TAFI (and protein C) activation that may 
imply that more molecules interact as cofactor in coagulation and fibrinolysis than 
currently appreciated. 

TAFIa is an unstable enzyme with a half-life of ~10 minutes at 37oC [22]. A 
potential mechanism by which the anionic molecules affect TAFI activation is by 
stabilizing TAFIa. However, the stabilizing effects of the anionic molecules were 
minor and suggest that the increased TAFIa activity that was observed was due to 
enhanced TAFI activation.   

In the absence of cofactors, thrombin and plasmin are very poor activators 
of TAFI [6,7]. Therefore, high concentrations (200 nM) of activator were required 
to detect TAFI activation. However, the TAFI activation stimulating effects of 
heparin, polyphosphate and SDS were also observed at 8 nM thrombin or plasmin. 
This indicates that the anionic molecules also enhance TAFI activation at 
physiological concentrations of activator. 

Interactions of anionic polymers with proteins are often strongly 
dependent on the anionic strength. The experiments described in this paper were 
performed using 50 mM Hepes with 50 mM NaCl at pH 7.4. However, the same 
effects were observed in the absence or presence of 100 and 150 mM NaCl (data 
not shown). 

Unfractioned heparin, Ca-PolyP100 and SDS enhanced thrombin-mediated 
TAFI and protein C activation and displayed bell-shaped response curves. An 
explanation for the bell-shaped activation curves could be that the anionic 
molecules interact with both thrombin and TAFI/Protein C. At high anionic 
molecule concentrations thrombin may bind to a different anionic molecule than 
TAFI or protein C thereby reducing activation (template effect). Stimulation of 
plasmin-mediated TAFI activation by the anionic molecules did not reveal bell-
shaped response curves. This indicates that either the anionic molecule 
concentration was not high enough to reveal a bell-shaped curve or that the 
anionic molecules only interact with TAFI leading to enhanced plasmin-mediated 
TAFI activation.  
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The anionic molecules did not stimulate chromogenic substrate or 
fibrinogen cleavage by thrombin. These reactions are not exosite-mediated [10] 
suggesting that the stimulating effects of the anionic molecules are exosite-
mediated. The wide variation of anionic molecules that are capable of stimulating 
thrombin and plasmin, may imply the existence of uncharacterized cofactors for 
thrombin and plasmin in the vasculature. This increases the difficulty of 
translating in vitro data to an in vivo system. Also the paradoxical fact that both 
TAFI and protein C activation is increased makes it difficult to predict what the 
net effect of these cofactors will be in vivo.  

 
Unfractioned heparin 
Mao et al. found that plasmin-mediated TAFI activation was stimulated by 100 
U/ml of unfractioned heparin7 however, no effect on thrombin-mediated TAFI 
activation was found. In our study we demonstrated that thrombin-mediated TAFI 
activation was also enhanced by heparin, approximately 5-fold. We also revealed a 
bell-shaped dose-response curve that explains why Mao and co-workers did not 
detect any stimulation at 100 U/ml heparin [7]. Stimulation of thrombin-mediated 
TAFI activation was optimal between 1 and 10 U/ml of heparin.  

The effects of unfractioned heparin on TAFI activation are not well 
understood and contradictory results are reported. Colucci et al. did not observe 
effects of unfractioned heparin on TAFI dependent clot-lysis [23]. However it was 
suggested that unfractioned heparin might inhibit TAFI activation under certain 
conditions and thereby promote fibrinolysis [24]. Additionally, it was reported 
that in hemodialyzed patients unfractioned heparin leads to more TAFI activation 
compared to low molecular weight heparin [25]. Furthermore, it was shown that 
TAFI activation is increased during an off-pump coronary artery bypass graft in 
the presence of heparin [26]. In these studies, TAFI activation was thought to only 
depend on the amount of thrombin formed. Our data however, suggest that this 
model may be too simple. Furthermore, it has been reported that, depending on 
the platelet factor 4 concentration, unfractioned heparin stimulates or attenuates 
thrombomodulin-dependent protein C activation [27]. We have shown that 
heparin can also stimulate thrombin-mediated protein C activation. Paradoxically, 
heparin can also function as cofactor for TAFI activation, so even when less 
thrombin is formed, it may activate TAFI more efficiently. Furthermore, heparin 
also enhanced plasmin-mediated TAFI activation. Heparin however, is well known 
for its anticoagulant properties because it binds to antithrombin with high affinity 
which results in thrombin inactivation [13]. It is therefore unlikely that the TAFI-
activation enhancing effect of heparin plays a prominent role in coagulation.  
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Polyphosphates 
In this study we show that Ca-PolyP100 is a potent cofactor for TAFI activation by 
thrombin and plasmin, and protein C activation by thrombin. Enhanced TAFI 
activation was observed at concentrations above 1 μg/ml for plasmin and 25 
μg/ml for thrombin. These concentrations are in the range of the reported 
polyphosphate concentration in serum that can reach 4 μg/ml (40 μM) with 
possibly a 10-fold higher local concentration [28].  

Polyphosphate has been identified as modulator of coagulation [29]. 
Recently Donovan and co-workers revealed that at a certain calcium-ion 
concentration and polymer length, polyphosphates condense with the calcium-
ions into nanoparticles. These nanoparticles then serve as a negatively charged 
surface for factor XII activation [30]. Furthermore, it was revealed that the 
binding of polyphosphates to coagulation enzymes is dependent on transition 
metals [31]. 

A connection between TAFI and polyphosphates has previously been 
reported by Smith et al. who observed an attenuation of fibrinolysis in the 
presence of polyphosphates that was not present in TAFI-deficient plasma or 
when TAFIa was inhibited with potato carboxypeptidase inhibitor [32]. Another 
study reported that polyphosphates attenuate fibrinolysis by decreasing t-PA 
mediated plasmin generation [12]. The polyphosphates were hypothesized to 
alter the fibrin structure to reduce t-PA and plasminogen binding and 
concomitantly reduce plasmin generation [12]. TAFI works via a similar 
mechanism.  

In our study we used several types of polyphosphates. Thrombin-
mediated TAFI activation was enhanced by Ca-PolyP100 in the presence, but not 
in the absence of 5 mM CaCl2. Also the observation that Na-PolyP700, 100 and 70 
did not enhance thrombin-mediated TAFI activation in absence or presence of 
CaCl2 makes it clear that calcium-ions play a crucial role in this process. Plasmin-
mediated TAFI activation however, was enhanced by all polyphosphates tested. In 
contrast to thrombin-mediated TAFI activation, the addition of 5 mM CaCl2 
reduced the stimulating effect on plasmin-mediated TAFI activation. This suggests 
that the mechanism by which polyphosphate enhances TAFI activation is different 
for thrombin and plasmin.  
 
Sodium Dodecyl Sulfate 
An unexpected result of this study was that SDS can function as cofactor for TAFI 
and protein C activation. During the screening of anionic molecules, we 
hypothesized that DNA could potentially function as cofactor considering the 
negatively charged phosphate backbone and its involvement in coagulation via 
neutrophil extracellular traps [33]. In a pilot experiment, mouse tail DNA was 
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tested and found to strongly enhance TAFI activation. However, follow-up 
experiments revealed that this effect was not caused by mouse DNA but by the 
presence of SDS that was used to extract the DNA from the mouse cells. A 
biological relevance for SDS is very unlikely, however, this finding may be useful 
for in vitro activation studies and provide clues on the general mechanism of TAFI 
activation stimulation. SDS stimulated TAFI activation in a very narrow 
concentration range (~70 μg/ml), the addition of 0.01% Tween-20 however, 
broadened the concentration range at which stimulation of TAFI activation was 
observed. 

One explanation for the observed effects is that SDS can form micelles 
above the critical micelle concentration (CMC) of ~2 mg/ml (or 7 mM)[34] that 
may function as surface area for TAFI activation. However, during the activation 
experiments the SDS concentration was well below the CMC. Additionally, the 
TAFI activation stimulating effects of SDS were also observed in the absence of 
Tween-20. This suggests that the involvement of SDS micelles is unlikely.  

A second explanation might be that at low concentrations, SDS may 
partially unfold the activation site of TAFI and protein C and make it better 
accessible for cleavage. In TAFI, Arg92 is poorly accessible for thrombin and 
plasmin as it is packed between Tyr97 and Phe113 and hydrogen bonded by 
Glu106 and Ser109 [35,36]. At higher SDS concentrations, TAFI and thrombin (or 
plasmin) may completely unfold so that no TAFI activation takes place resulting in 
the observed narrow optimal concentration range. Another possible explanation 
may come from the fact that thrombin contains two anion binding sites that direct 
thrombin’s substrate specificity [8]. Thrombomodulin promotes TAFI and protein 
C activation by binding to exosite 1. SDS (and the other anionic molecules) might 
induce a similar effect by binding to the same exosite. In favour of this hypothesis 
is that the conversion of fibrinogen to fibrin by thrombin, which is not exosite-
mediated, is not affected by the anionic molecules. An argument against this 
hypothesis however, is that thrombomodulin, besides binding to exosite 1 on 
thrombin, is hypothesized to also work by positioning TAFI optimally for 
activation by thrombin [37]. However, SDS, if not in micelle formation, is a small 
molecule and is very unlikely be able to perform this function. Therefore, the 
mechanism by which SDS stimulates TAFI activation remains to be determined. 
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Molecular structure of the anionic molecules 
Not all anionic molecules stimulate TAFI activation so what can we learn from the 
molecular structure? One common feature seems that the anionic molecules that 
stimulate TAFI activation contain either sulphate (heparin, SDS, dermatan sulfate) 
or phosphate (polyphosphate, DNA) groups. The anionic molecule that did not 
show enhanced TAFI activation (hyaluronan) does not contain these or similar 
groups. This suggests that the sulphate and phosphate groups in polymeric 
molecules contribute to enhanced TAFI activation by thrombin or plasmin. 
 
Conclusion 
In this study we revealed that various anionic molecules are capable of 
functioning as cofactor for thrombin and plasmin. The variability of molecules 
capable of stimulating TAFI and protein C activation implies that a general 
mechanism is involved. Considering the large variability of anionic molecules in 
the vasculature, it is tempting to speculate that the vascular system may contain 
additional, yet to be characterized regulators of hemostasis. It is difficult however, 
to determine the net effect of these regulators in vivo because not only do they 
affect TAFI activation but they also affect protein C activation resulting in opposite 
effects. 
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Chapter 8 

Summary 
The formation and breakdown of a blood clot is tightly balanced and regulated by 
many factors. Abnormal clot formation or clot breakdown can lead to thrombosis 
or bleeding. One of the regulators to maintain this delicate balance is Thrombin-
activatable Fibrinolysis Inhibitor (TAFI). TAFI delays fibrinolysis by down-
regulating the formation of plasmin, the enzyme that dissolves the clot. This 
makes TAFI an interesting target for the treatment of both thrombosis and 
bleeding. Increasing TAFI activation or activity will protect a blood clot and may 
therefore be beneficial against bleeding. On the other hand, inhibiting TAFI 
activation or activity will enhance the breakdown of a clot and may therefore be 
beneficial against thrombosis. Knowledge of TAFI-structure and -function is 
essential for designing strategies to modulate TAFI. Therefore, the aim of this 
thesis was to increase our understanding of the TAFI structure and function. 

In chapter 1 we provided an overview about the mechanics of blood 
coagulation. Immediately after injury, the smooth muscle cells lining the outside 
of a blood vessel will react to vessel damage and contract to reduce the diameter 
of the blood vessel (vasoconstriction). The smaller volume of the vessel will result 
in less blood flow, and thus, reduced blood loss. At the same time, platelets will 
adhere to the damaged vessel, aggregate and form an instable platelet plug 
(primary hemostasis). The platelet plug is then stabilized by a network of fibrin 
fibers, the end product of a series of enzymatic reactions (secondary hemostasis). 
The final step is the degradation of the blood clot (fibrinolysis) so that the blood 
can flow through the vessel again without obstructions. 

In Chapter 2, in a review, we focused on a single component of the 
fibrinolytic system, TAFI. TAFI has been studied extensively over the last three 
decades and recent publications provide a wealth of structural and functional 
information including many TAFI-mutants, crystal structures, and data obtained 
with antibodies and peptides. In this chapter we combined and compared these 
data and created a compendium of the knowledge on structure/function 
relationships of TAFI. 

In Chapter 3 we elucidated the three-dimensional structure of TAFI with 
atomic resolution. To achieve this, recombinant TAFI was purified and condensed 
into solid crystals. The TAFI-crystals were taken to the European Synchrotron 
Radiation Facility in Grenoble, France and exposed to a beam of powerful x-rays. 
The x-ray diffraction pattern of the TAFI-crystals was measured and used to 
determine the TAFI structure with a resolution of 3 Angstrom (0.3 nanometer). 
Besides the invaluable knowledge of what TAFI actually looks like, a 55-amino 
acid region, known to be involved in TAFIa stability, was observed and found to be 
very dynamic. This region consists of an alpha-helix next to a beta-sheet on the 
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Summary 

outer rim of TAFI and was named the “dynamic flap”. We hypothesized that 
TAFIa-instability is the result of entropy of this flap. New knowledge of TAFIa 
instability has become available since the publication of these crystal structures, 
therefore we have added a supplement to chapter 3. In this supplement we 
discussed the results of the characterization of a novel TAFI mutant constructed 
by Zhou et al. [1]. Before activation, TAFI is stable. During activation, the 
activation peptide (Phe1-Arg92) of TAFI is removed and TAFIa becomes unstable. 
The consensus was that most of the activation peptide is needed for the 
stabilization of the zymogen form of TAFI. Zhou and coworkers however, 
characterized a TAFI mutant with a deletion of a large part of the activation 
peptide (ΔPhe1-Leu73). This mutant was just as stable as wild-type TAFI despite 
lacking most of the activation peptide. Although it is still not known how the 
activation peptide stabilizes TAFI, it is clear that the Ala74-Arg92 segment of the 
activation peptide must play an important role. 

In chapter 4 we studied whether there is a role for the TAFI activation 
peptide after TAFI activation. TAFI is activated via a proteolytic cleavage at Arg92 
that removes the activation peptide (Phe1-Arg92) from the catalytic domain 
(Ala93-Val401). In the laboratory, it is difficult to separate the activation peptide 
from the catalytic domain after TAFI activation, therefore it was speculated that 
the activation peptide might affect TAFIa function. We were able to purify the 
activation peptide from the catalytic domain of TAFI using an antibody directed 
against the activation peptide. No differences in TAFIa activity or stability were 
observed in the absence or presence of the activation peptide. It was also revealed 
that TAFIa forms an aggregate after inactivation. Very few laboratory techniques 
can distinguish TAFIa from inactivated TAFIa, however, this observation revealed 
that they can easily be separated with a simple centrifugation step. 

In chapter 5 we investigated the role of arginine-12 in TAFI activation. 
We found a previously unidentified thrombin-cleavage site in TAFI at arginine-12. 
The amino acid sequence perfectly fits the optimal thrombin-cleavage sequence, 
which is not the case for most of the known thrombin substrates. Additionally, 
this sequence is conserved in the TAFI sequence among species. Arginine-12 is 
located in the activation peptide of TAFI that is removed during TAFI activation. 
Therefore, we hypothesized that if there is a biological role for thrombin cleavage 
at arginine-12, it must be before or during TAFI activation. To test this hypothesis, 
a TAFI mutant that had a glutamine instead of an arginine at the 12-position was 
constructed. We observed that this mutant had a 54-fold impairment of thrombin-
mediated TAFI activation in the presence of thrombomodulin, but had no effect on 
TAFI activation in the absence of thrombomodulin. This observation indicates that 
arginine-12 plays an important role in thrombomodulin-dependent TAFI 
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activation. Future studies have to determine whether arginine-12 itself or 
cleavage at arginine-12 is causative to this effect. 

In chapter 6 we studied the effects of TAFI-derived peptides on TAFI 
activation. 34 overlapping TAFI peptides of approximately 20 amino acids in 
length were designed and characterized. Together these peptides covered the 
whole TAFI sequence. We investigated whether these peptides could bind to 
thrombin or the thrombin-thrombomodulin complex and if they inhibited TAFI 
activation. It was observed that peptide 18 (Gly205-Ser221) and peptide 19 
(Arg214-Asp232) bound to thrombin and inhibited TAFI activation by thrombin 
and the thrombin-thrombomodulin complex. Furthermore, we found that peptide 
2 (Arg12-Glu28) and peptide 34 (Cys383-Val401) specifically inhibited TAFI 
activation by the thrombin-thrombomodulin complex without affecting TAFI 
activation by thrombin alone. These results suggest that Gly205-Asp232 in TAFI is 
involved in binding to thrombin and that the regions Arg12-Glu28 and Cys383-
Val401 are involved in binding to the thrombin-thrombomodulin complex. These 
peptides provided new insights in TAFI activation and can be used to specifically 
inhibit TAFI activation by thrombin or the thrombin-thrombomodulin complex. 
Furthermore, these peptides may be useful as template for designing more potent 
TAFI-activation inhibitors for clinical use. 

Finally, In chapter 7 we demonstrated that TAFI activation by thrombin 
and plasmin can be enhanced by a variety of anionic molecules. Thrombin and 
plasmin are poor activators of TAFI in the absence of cofactors. However, 
thrombomodulin enhances thrombin-mediated TAFI activation and 
glycosaminoglycans enhance plasmin-mediated TAFI activation. We investigated 
if there are more molecules that can function as a cofactor for thrombin- and 
plasmin-mediated TAFI activation. We observed that a large variety of negatively 
charged (anionic) molecules stimulated thrombin- and plasmin-mediated TAFI 
activation. From the molecules that stimulated TAFI activation, unfractioned 
heparin, polyphosphates and sodium dodecyl sulfate (SDS) were characterized in 
more detail. The variability of anionic molecules that stimulated thrombin- and 
plasmin-mediated TAFI activation suggests that a general mechanism is involved. 
Considering the presence of anionic molecules in the vasculature makes it 
tempting to speculate that the vascular systems contain several, yet to be 
characterized, regulators of hemostasis. 
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Future perspectives 
Cleavage or binding? 
In this thesis we revealed that arginine-12 in the activation peptide of TAFI is 
involved in thrombomodulin-dependent TAFI activation. The characterization of 
arginine-12  was initiated after observing an unexpected thrombin cleavage in a 
TAFI-derived peptide encompassing arginine-12 (Phe1-Gln18). In silico analysis 
revealed that the amino acids adjacent to arginine-12 form an ideal substrate for 
thrombin [2] and that this sequence is highly conserved in mammals. We found 
that arginine-12 is involved in thrombomodulin-dependent TAFI activation but 
this observation did not provide evidence that arginine-12 needs to be cleaved in 
this process. After activating TAFI in the presence of thrombomodulin, the amount 
of arginine-12 cleaved peptide (Phe1-Arg12) detected was ~5% of what you 
expect to find when arginine-12 cleavage precedes arginine-92 cleavage. 
Therefore, we could not distinguish whether cleavage at arginine-12, or arginine-
12 itself, plays a role in thrombomodulin-mediated TAFI activation. 

An observation in favor of the arginine-12 cleavage hypothesis comes 
from studies with the TAFI-derived peptides. We found that the TAFI-derived 
peptide Thr13-Glu28 inhibited thrombomodulin-dependent TAFI activation. 
These data suggested that not arginine-12 but the amino acids upstream (starting 
with threonine-13) are involved in thrombomodulin-dependent TAFI activation. 
This is in favor with the hypothesis that cleavage at arginine-12 will lead to a 
conformational change of the helix upstream of arginine-12 to promote binding to 
the thrombin-thrombomodulin complex. 
 One argument against the arginine-12 cleavage hypothesis is that we only 
detected ~5% of arginine-12 cleavage product in our activated TAFI samples. 
When arginine-12 cleavage is required before TAFI can be activated, you would 
expect to find a higher percentage of cleaved product. However, lower 
percentages can be expected when cleavage is not a requirement but simply a 
stimulant. For example, the TAFI-R12Q-mutant is not completely resistant to 
thrombomodulin-dependent TAFI activation. Without an arginine on the 12 
position, thrombomodulin still enhances TAFI activation approximately 50-fold. 
Unpublished data revealed that this was mostly an effect on the KM. This means 
that in the presence of high thrombomodulin concentrations no arginine-12 
cleavage would be required. In other words, a weaker interaction between 
molecules can be compensated for with a higher concentration of those molecules 
and will mask any effects. In our mass-spectrometry experiment (Figure 2, 
chapter 5) we used 16 nM of thrombomodulin which was, in hindsight, far too 
high. In the absence of thrombomodulin, thrombin has a strong preference for 
arginine-12 over arginine-92 (Figure 2, chapter 5). This makes it likely that at 
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lower thrombomodulin concentrations, more arginine-12 cleavage compared to 
arginine-92 cleavage should occur. 
 Another argument against the arginine-12 cleavage hypothesis comes 
from a recent study from Marar et al. Their study confirmed the involvement of 
arginine-12 in thrombomodulin-dependent TAFI activation [3]. However, they 
used a different TAFI-mutant, TAFI-R12A instead of the mutant we constructed, 
TAFI-R12Q. The arginine-12 cleavage hypothesis predicts that the cleavage 
kinetics should be non-existent in both mutants and therefore identical, but TAFI-
R12A seems to be more resistant to thrombomodulin-dependent activation than 
TAFI-R12Q. If this observation is true it would be a strong argument against the 
arginine-12 cleavage hypothesis. It has to be noted however, that it is difficult to 
compare the data of both mutants. The experiments were performed using 
completely different methods (kinetic activity measurement versus Western blot). 
Furthermore, TAFI-R12A has a C-terminal his-tag that may influence the results. 
In chapters 2 and 6 we demonstrated that the C-terminus of TAFI is involved in 
thrombomodulin-dependent TAFI activation. The C-terminal his-tag in 
combination with the R12A mutation may influence TAFI activation kinetics. Also 
the glycosylation patterns on TAFI between experimental systems may differ. To 
determine whether there really is a difference between TAFI-R12Q and TAFI-
R12A these experiments need to be performed using similar conditions. 

It remains to be determined whether arginine-12 of TAFI is part of a 
binding site for thrombomodulin or that cleavage at arginine-12 is involved in 
thrombomodulin-dependent TAFI activation. Our study was initiated to 
investigate the effects of an in silico predicted cleavage site on TAFI activation. 
With the homology between species, perfect fit of the thrombin consensus 
cleavage site and the observation that TAFI-peptide Thr13-Glu28 inhibits 
thrombomodulin-mediated TAFI activation, it is tempting to speculate that 
cleavage of arginine-12 results in a conformational change that moves the α-helix, 
starting at threonine-13, outwards to increase the affinity of TAFI for 
thrombomodulin 54-fold. This process will increase the affinity for 
thrombomodulin but it is not an on/off switch. Therefore, the effect will be most 
pronounced at low thrombomodulin concentrations and undetectable at high 
thrombomodulin concentrations. An example of this is seen in figure 5 of chapter 
5 that shows that clot lysis times approach the same value for wild-type and TAFI-
R12Q at high thrombomodulin concentrations.  

However, it is difficult to imagine what the advantage of a mechanism 
would be that involves an initial cleavage before activation. Why would a 
mechanism evolve that requires thrombin to first prime TAFI with a cleavage at 
arginine-12 so that TAFI can bind to thrombomodulin more efficiently before the 
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same enzyme, thrombin, activates TAFI via arginine-92 cleavage? Future studies 
are needed to elucidate the exact mechanism. 
 
Inhibition of TAFI activation 
In this thesis we revealed that TAFI-derived peptides can be used to inhibit TAFI 
activation. These peptides provided clues on which TAFI regions are involved in 
binding to its activators, however, these peptides also have clinical potential. 
Reduced TAFI activation leads to faster degradation of a clot which is beneficial in 
case of thrombosis. The peptides may already be suitable for in vivo studies, 
however, the potency of the peptides can still be increased.  

There are several strategies to increase the potency of peptides. The 
peptides can simply be made longer or shorter based on the TAFI sequence, either 
on the N-terminus, the C-terminus or both. However, since the crystal structures 
of TAFI, thrombin and the relevant part of thrombomodulin are known, it is 
possible to use docking-software to optimize the peptides. Docking-software can 
calculate and predict how molecules fit together. Therefore, in silico analysis can 
predict peptide modifications that may increase the affinity of the peptides 
towards the TAFI-activators and thus increase their potency. A third option is 
cyclization of the peptides. For our study we used linear peptides. Linear peptides 
however, have a large degree of freedom and can therefore exist in many different 
conformations. Peptides only bind to their target when they are in the correct 
conformation. When both ends of the linear peptide are tied together, the peptide 
forms a rigid ring with fewer degrees of freedom. So when the cyclized peptide 
conformation is an active conformation a lower concentration of cyclized peptides 
will be required for the same effect as with linear peptides. 
 
TAFIa (self-)destruction 
In this thesis we elucidated the crystal structure of TAFI. From this structure we 
learned that a region called “the dynamic flap” is responsible for TAFIa instability. 
When the activation peptide of TAFI is still attached to the rest of TAFI, the 
dynamic flap has little rotational freedom and thus before activation, TAFI is 
stable. When the activation peptide is removed, the dynamic flap gains the 
freedom to move in the direction where the activation peptide used to be. When 
entropic movement pushes the dynamic flap beyond a certain point, it will not be 
able to restore its previous conformation and will result in irreversible TAFIa 
inactivation.  

From the crystal structures we speculated that valine-35 and leucine-39, 
in the activation peptide of TAFI, may play a role key role in reducing entropic 
movement of the dynamic flap in zymogen TAFI. However, a mutant described by 
Zhou and coworkers [1] showed that a TAFI-mutant without the first 73 amino 
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acids, thus without valine-35 and leucine-39, is stable like zymogen TAFI but is 
capable of processing substrates like active TAFI. This means that only a small 
part of the activation peptide is needed for the stabilization of zymogen TAFI. 

 It is very difficult to determine exactly what happens during TAFIa 
inactivation. After inactivation TAFIa forms aggregates. The positive side of this is 
that it provides a way to distinguish between the almost identical proteins, 
activated and inactivated TAFI. In this thesis we show that a simple centrifugation 
step is enough to separate both TAFI forms. However, the formation of aggregates 
make the protein very difficult to study. Crystallization of inactivated TAFIa is 
nearly impossible. Therefore, we cannot determine the structure of TAFI after 
inactivation and can only speculate on what happens. 

Crystallization of inactivated TAFIa may be impossible, techniques to 
visualize single molecules however, are rapidly improving. In 2015, a cryo-
electron microscopy structure of beta-galactosidase was published with a 
resolution of 2.2 Angstroms [4]. With this technique it may be possible to take 
snapshots of TAFIa during inactivation to determine what exactly happens during 
TAFIa self-destruction. 
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Introductie 
Een goede balans tussen bloedstolling en de afbraak van een bloedstolsel is van 
levensbelang. Teveel bloedstolling of te weinig afbraak van een stolsel kan leiden 
tot trombose. Te weinig bloedstolling of een verhoogde afbraak van het 
bloedstolling kan juist leiden tot bloedingen. Bij het behouden van deze balans 
zijn tal van regulatoren betrokken. Eén van de regulatoren die een bloedstolsel 
beschermen tegen voortijdige afbraak is trombine-activeerbare fibrinolyse 
remmer of TAFI. TAFI zorgt ervoor dat er minder plasmine, het enzym dat een 
bloedstolsel afbreekt, gevormd wordt. Dit maakt TAFI een interessant 
aangrijpingspunt voor de behandeling van zowel trombose als bloedingen. Als 
bijvoorbeeld de activatie of activiteit van TAFI gestimuleerd wordt zal een 
bloedstolsel minder snel afgebroken worden wat kan helpen tegen bloedingen. 
Aan de andere kant, als de activatie of activiteit van TAFI geremd wordt, zal een 
stolsel juist sneller afgebroken worden wat kan helpen bij de behandeling van 
trombose. Kennis over de structuur en exacte werking van TAFI is essentieel 
voordat TAFI efficiënt gestimuleerd of geremd kan worden. In dit proefschrift 
hebben we daarom de structuur en de functie van TAFI in detail bestudeerd. 
 
Het proefschrift begint in hoofdstuk 1 met een overzicht over de werking van 
bloedstolling. In dit hoofdstuk werden de mechanismes die betrokken zijn bij de 
vorming en de afbraak van een bloedstolsel beschreven. Na een 
vaatwandbeschadiging trekken de spieren rond een bloedvat samen en neemt de 
diameter van het bloedvat af (vasoconstrictie). Hierdoor stroomt er minder bloed 
door het bloedvat en zorgt daardoor voor minder bloedverlies. Ondertussen 
zullen de bloedplaatjes aan het beschadigde bloedvat binden om een eerste prop 
te vormen dat het bloedvat afsluit (primaire hemostase). Daarnaast zorgt een 
reeks van enzymatische reacties ervoor dat er fibrine gevormd wordt, een 
netwerk van draden dat het stolsel verstevigd (secondaire hemostase) en de 
wond goed afsluit. Uiteindelijk zal het stolsel weer worden afgebroken 
(fibrinolyse) en is de wond genezen. 
 
In hoofdstuk 2 werd een uitgebreid overzicht over één onderdeel van het 
fibrinolytische systeem, TAFI, gegeven. TAFI wordt al 30 jaar uitgebreid 
bestudeerd en gepubliceerde studies bevatten een schat aan informatie zoals 
TAFI-kristalstructuren, TAFI-mutanten en informatie verkregen door studies met 
peptiden en antilichamen. In dit hoofdstuk hebben we uitgezocht wat er reeds 
bekend is over de structuur van TAFI en deze informatie overzichtelijk 
samengevat en besproken.  
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In hoofdstuk 3 presenteren we de 3-dimensionale structuur van TAFI. Om er 
achter te kunnen komen hoe TAFI er precies uitziet op atomaire schaal, hebben 
we eerst TAFI gekristalliseerd. Net als keukenzout kan een eiwit kristallen 
vormen als het uit een oplossing neerslaat. In tegenstelling tot keukenzout, dat 
vrijwel altijd kristallen vormt als het opdroogt, kan het voor ingewikkelde 
moleculen zoals eiwitten jaren duren voordat de juiste conditie is gevonden 
waarbij dit gebeurd. Na duizenden verschillende condities getest te hebben, was 
het gelukt om een conditie te vinden waarbij kristallen vormen. De gevormde 
TAFI-kristallen zijn meegenomen naar de European Synchrotron Radiation 
Facility in Grenoble, Frankrijk en beschoten met zeer krachtige röntgenstralen. 
Vervolgens is gemeten hoe de röntgenstralen weerkaatst werden op het TAFI-
kristal en deze data is gebruikt om de 3-dimensionale structuur van TAFI te 
bepalen. Dit is gelukt tot een resolutie van 3 Angstrom (0,3 nanometer) waardoor 
de structuur van TAFI zeer goed te zien is tot aan individuele atomen aan toe. 
Behalve de waardevolle kennis van hoe TAFI er nou eigenlijk uitziet, konden we 
ook een gebied van 55-aminozuren identificeren dat betrokken is bij de stabiliteit 
van geactiveerd TAFI. In de kristalstructuur was dit gebied erg wazig. Net als bij 
het maken van een foto, betekent dit meestal dat het om een beweeglijk gedeelte 
gaat. Dit gebied van TAFI bestaat uit een α-helix en β-sheet tegen elkaar aan en 
hebben we de “dynamic flap” genoemd. Waarschijnlijk verliest geactiveerd TAFI 
zijn werking als dit gebied door willekeurige bewegingen (entropie) zijn vorm 
verliest.  

 
Sinds onze publicatie van de TAFI-kristalstructuur is er nieuwe informatie 
gepubliceerd over de instabiliteit van actief TAFI. Daarom hebben we een bijlage 
aan hoofdstuk 3 toegevoegd. In deze bijlage werden de resultaten van een 
onderzoek naar een nieuwe TAFI-mutant gemaakt door Zhou en haar collega’s 
besproken [1]. TAFI is stabiel zolang het activatiepeptide er nog aan vast zit. 
Tijdens activatie verliest TAFI de eerste 92 aminozuren, het activatiepeptide, en 
wordt TAFI onstabiel. Zolang TAFI niet geactiveerd is wordt het dus gestabiliseerd 
door het activatiepeptide. Aan de hand van de kristalstructuur werd gedacht dat 
het overgrote deel van het activatie peptide nodig is voor dit effect. De nieuwe 
TAFI-mutant van Zhou mist het grootste gedeelte van het activatiepeptide (de 
eerste 73 aminozuren) maar toch is deze mutant stabiel. Dit betekent dat de 
laatste 24 aminozuren van het activatiepeptide al genoeg zijn om heel TAFI te 
stabiliseren. 
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In hoofdstuk 4 werd de rol van het TAFI activatiepeptide na TAFI activatie 
onderzocht. TAFI wordt geactiveerd door een knip die het activatiepeptide van 
actief TAFI (TAFIa) scheidt. In de praktijk bleek het erg lastig om het 
activatiepeptide van TAFIa te scheiden dus werd er gespeculeerd dat het 
activatiepeptide nog steeds een rol vervult na activatie. Wij hebben het 
activatiepeptide van TAFIa gescheiden en gekeken of dat effect had op TAFIa 
activiteit en stabiliteit maar we vonden geen verschillen. Hieruit blijkt dat het 
activatiepeptide geen rol speelt na TAFI activatie. Ook lieten we zien dat TAFIa 
slecht oplosbaar is in water en snel aggregaten vormt na inactivatie. Omdat actief 
en inactief TAFIa zoveel op elkaar lijken was het erg moeilijk om onderscheid 
tussen deze twee te maken. Doordat inactief TAFIa aggregaten vormt is het met 
een simpele centrifuge stap te scheiden van (actief) TAFIa. 
 
In hoofdstuk 5 werd de rol van het aminozuur arginine-12 in TAFI onderzocht. 
Tijdens een in silico analyse van TAFI vonden we een trombine knipplaats bij 
arginine-12 die nog niet eerder beschreven was. De aminozuren rond deze 
knipplaats komen precies overeen met de ideale knipplaats van trombine. Zelfs 
voor de meeste bekende trombine substraten is dit niet het geval. Ook is deze 
knipplaats geconserveerd in zoogdieren wat een indicatie voor een belangrijke 
functie kan zijn. Arginine-12 bevindt zich in het activatiepeptide van TAFI dat 
verwijderd wordt tijdens activatie. Als de knipplaats rond arginine-12 een rol 
speelt moet dit dus voor of tijdens de activatie van TAFI zijn. Om deze hypothese 
te testen hebben we een mutant gemaakt waarin arginine-12 is vervangen voor 
een glutamine. Deze TAFI-mutant was 54-keer keer zo slecht activeerbaar door 
trombine, in aanwezigheid van trombomoduline, vergeleken met normaal TAFI. 
Gek genoeg was er geen verschil tussen normaal TAFI en deze mutant in 
afwezigheid van trombomoduline. Dit betekent dat arginine-12 een belangrijke 
rol speelt in trombomoduline-gereguleerde activatie van TAFI. Vervolgonderzoek 
moet uitwijzen of dit effect veroorzaakt werd doordat trombine de arginine-12 
knipplaats daadwerkelijk knipte of dat arginine-12 zelf aan trombomoduline 
bindt. 

 
In hoofdstuk 6 werd een studie over de invloed van TAFI-peptiden op TAFI 
activatie beschreven. Op basis van de TAFI-aminozuurvolgorde zijn 34 
overlappende peptiden van ongeveer 20 aminozuren lang ontworpen en 
gekarakteriseerd. Samen overspannen deze peptiden de complete TAFI 
aminozuurvolgorde. Vervolgens is onderzocht of deze peptiden aan trombine 
konden binden en of ze de activatie van TAFI remden. We zagen dat peptide 18 
(Gly205-Ser221) en peptide 19 (Arg214-Asp232) aan trombine bonden en TAFI 
activatie door trombine en het trombine-trombomoduline complex remden. 
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Verder bleek dat peptide 2 (Arg12-Glu28) en peptide 34 (Cys383-Val401) heel 
specifiek TAFI activatie door het trombine-trombomoduline complex remden 
maar geen effect hadden op TAFI activatie door trombine alleen. Deze resultaten 
suggereren dat Gly205-Asp232 betrokken is bij TAFI binding aan trombine en dat 
Arg12-Glu28 en Cys383-Val401 betrokken zijn bij de binding aan 
trombomoduline. Behalve de nieuwe inzichten in de werking van TAFI activatie, 
laten deze resultaten ook zien dat het mogelijk is om TAFI activatie te remmen 
met peptiden. Dit kan een interessante strategie vormen in de strijd tegen 
trombose. Bovendien zou in vervolgstudies geprobeerd kunnen worden om de 
structuur van deze peptiden te verbeteren. 
 
Tenslotte laten we in hoofdstuk 7 zien dat verschillende anionische (negatief 
geladen) moleculen in staat zijn om TAFI activatie door zowel trombine als 
plasmine te stimuleren. Trombine en plasmine zijn op zichzelf erg inefficiënte 
activatoren van TAFI. Het was al bekend dat trombine-gemedieerde TAFI activatie 
gestimuleerd kon worden met trombomoduline en plasmine-gemedieerde TAFI 
activatie met glycosaminoglycanen. Door onze studie werd duidelijk dat er nog 
veel meer stoffen zijn die de activatie van TAFI door trombine en plasmine 
stimuleren. Van deze stoffen zijn heparine, polyfosfaten en natriumdodecylsulfaat 
in meer detail gekarakteriseerd. Aangezien veel verschillende stoffen in staat zijn 
om TAFI activatie door trombine of plasmine te stimuleren lijkt het om een 
algemeen mechanisme te gaan. De aanwezigheid van vele negatief geladen 
moleculen in het vatenstelsel zou kunnen betekenen dat TAFI activatie 
gereguleerd wordt door vele, voor het merendeel nu nog onbekende, regulatoren.  
 

Referentie 
1 Zhou X, Declerck PJ. Generation of a stable TAFI deletion mutant exerting 
full carboxypeptidase activity without activation. J Thromb Haemost. 2015; 13: 
1084-9. 
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bloedcellen op bloedstolling. 
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Dankwoord 
Het dankwoord is het meest gelezen deel van een proefschrift, voor veel mensen 
zelfs het enige deel. Daarom had ik me voorgenomen om een persoonlijk zinnetje 
te schrijven voor iedereen die geholpen heeft met het tot stand komen van dit 
boekje, of die mijn tijd op de afdeling Experimentele Vasculaire Geneeskunde 
(AMC), en inmiddels ook de afdeling Plasma Eiwitten (Sanquin), nog aangenamer 
hebben gemaakt dan het al was. Helaas moet ik hiervan terugkomen omdat dit 
deel van het boekje dan dikker zou worden dan de rest van het proefschrift. Voor 
een aantal mensen maak ik echter een uitzondering. 
 
Allereerst mijn promotor, Prof. Dr. Joost Meijers. Beste Joost, zonder jou was dit 
boekje nooit tot stand gekomen. Heel erg bedankt voor de kans die je me hebt 
gegeven om te kunnen promoveren. Een betere en enthousiastere promotor had 
ik me niet kunnen wensen. Een simpele bespreking was dan ook vaak genoeg om 
weer gemotiveerd verder te gaan. Veel promovendi kampen met het probleem dat 
het lang duurt voordat een manuscript wordt nagekeken. Jij weet het zelfs voor 
elkaar te krijgen om een manuscript dat ik zondagavond voor het naar bed gaan 
opstuur, na te kijken en terug te sturen nog voordat de wekker gaat. 
 
Ook wil ik de leden van mijn promotie commissie, Prof. Dr. Ton Lisman, Prof. Dr. 
Carlie de Vries, Prof. Dr. Saskia Middeldorp, Prof. Dr. Guus Sturk, Prof. Dr. Ed van 
Bavel en Dr. Kees van ’t Veer bedanken voor het doornemen en beoordelen van dit 
proefschrift en voor het plaatsnemen in de oppositiebankjes van de 
Agnietenkapel.  
 
Ondanks wat ik sommige mensen heb wijsgemaakt, staat de “T” in “TAFI” eigenlijk 
niet voor “Tom”. Er werk(t)en meer mensen aan dit prachtige eiwit en in de 
afgelopen jaren heb ik met een aantal hiervan mogen samenwerken die ik 
daarvoor dan ook graag wil bedanken. Allereerst natuurlijk Pauline Marx, de echte 
TAFI- en taalgoeroe. Naast Joost ben jij degene aan wie ik deze promotie te 
danken heb. Ik heb heel erg veel van je geleerd en zie je na al die jaren nog steeds 
als voorbeeld. 
 
Stefan Havik, bedankt dat je me hebt ingewerkt in de TAFI-wereld. Je had altijd 
wel een oplossing voor problemen uitdagingen, helemaal voor de technische 
dingen. Ik ben de tel kwijtgeraakt hoe vaak je me wel niet met de HPLC uit de 
brand geholpen hebt. Wanneer gingen we nou eigenlijk dat potje “Warhammer” 
spelen? 
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Dankwoord 

 
 
De TAFI-aio’s Chantal Verkleij en Mercedes Valls Serón (I know you secretly speak 
Dutch fluently, but I won’t tell anyone), het was heel erg leuk om met jullie 
samengewerkt te hebben en heel prettig om ook eens met andere mensen te 
brainstormen over dat eiwitje dat verder niemand kent. Ook heb ik het als zeer 
nuttig ervaren dat ik jullie promotie van dichtbij heb mogen meemaken voordat ik 
zelf aan deze hachelijke onderneming begon.  
 
Ook wil ik de studenten die me de afgelopen jaren geholpen hebben bedanken. 
Clarissa Koch,  Veronique Knaup, Marine Lemoine, Cansu Tekin en Isabelle 
Borgstein, heel erg bedankt voor jullie inzet en nog heel veel succes met jullie 
wetenschappelijke carrière! 
 
Alinda Schimmel, Schimpie, jouw TAFI dagen waren helaas al voorbij toen ik net 
uit de schoolbanken tevoorschijn kwam. Desondanks heb ik veel gebruik mogen 
maken van de door jouw gevalideerde TAFI-ELISA maar ik heb vooral genoten 
van alle gezelligheid tijdens en na werktijd. Ook heel erg bedankt dat je naast me 
wilt staan tijdens de grote plechtigheid! 
 
Marisa Cunha, it was really nice to have you as a roommate and I loved our many 
conversations. Thank you for standing next to me during the defense. I hope the 
professors will not ask you to read a Dutch proposition. Good luck in Cambridge! 
Although, it sounds like you don’t need any luck. 
 
Arnoud Marquart, Arnie. Jij wist altijd alles en je had altijd alles, heel erg handig 
als ik weer wat raars nodig had. Het waren altijd interessante discussies over wat 
nou eigenlijk het nut of de theorie was van sommige stappen in experimenten. 
Ook was het advies om het 3D-tekenprogramma “Blender 3D” eens te proberen 
een zeer goed advies. Fijn dat we dit kunnen voortzetten op het Sanquin. 
 
Kamran Bakhtiari… Bactaria… of zoiets. Je was een hele fijne kamergenoot op het 
AMC. De eerste artikelen zijn echt het lastigst en mede dankzij jou heb ik die in 
alle rust kunnen schrijven. :p Ik ben blij dat we op het Sanquin nu een labtafel 
delen, al is het soms wel wat knusjes, jouw stollingskennis komt vaak van pas. 
 
Wil Kopatz, wie doet nu mijn kraag recht en zorgt ervoor dat ik er iets minder 
slordig goed uitzie als ik iets moet presenteren of in het algemeen? Hopelijk 
komen er nog genoeg BBQ-tjes in de toekomst, zodat we onder het genot van een 
zeeduveltje kunnen bijpraten over onder andere stolling. 
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Behalve de stollingsmensen liepen er natuurlijk nog veel meer leuke mensen op 
de afdeling rond. Het was altijd erg gezellig in het lab, maar ook in het gasthuis, de 
koffiekamer, op verjaardagen, lalalalos, een bowling toernooitje zo nu en dan, 
feestje hier, activiteitje daar. Oh ja, die housewarming die ik nog zou geven moet 
ik helaas nog even uitstellen. Ik had velen van jullie heel graag individueel 
bedankt, want na een jaartje of twaalf bouw je toch echt wel een band op. Toch zal 
ik het helaas bij een lijstje moeten houden. Heel erg bedankt Jorge, Han, het altijd 
vrolijke duo Adje en Hans, Lola (bij sommigen bekend als Kobie), Claartje, 
Miranda, Geesje, Jeffrey, Jan, Maurice, Maayke, Cetin, Joana, Mirella, Maaike, 
Maurits, Lucy, Agnes, Preethi, Shanthi, Mahdi en Maryam, Sigrid, Inge, Ester, 
Hanneke, Benoit, Hilde, Jing, Anouk, Bert, Jeroen, Jaap, Joram, Stefan, Jan, Anke, 
Karin, Nanda en natuurlijk de altijd gezellige meisjes van het DNA lab: Joep :p, 
Laura, Lisette, Annika, Hester, Carolyn, Elianne, Diana, Ellen, Janine en Silvia. 
Verder de vele mensen van F4 en natuurlijk ook alle collega’s die ik niet genoemd 
heb en die inmiddels al jaren weg zijn maar waarvan velen nog steeds regelmatig 
langskomen voor lalalalos en/of het open EVG bowling toernooi! Daarnaast ook 
nog alle Sanquin collega’s met een speciale vermelding voor Josse voor zijn hulp 
met de “puntjes op de i” in dit proefschrift. Iedereen heel erg bedankt voor de 
gezellige tijd die hopelijk nog lang wordt voortgezet.  
 
Last but not least, mijn trotse ouders, Fred en Wil Plug, beter bekend als pap en 
mam. Zij hebben ervoor gezorgd dat ik alles kon studeren wat ik maar wilde 
zonder dat ik me ook maar ergens druk over hoefde te maken en dus zijn zij mede 
verantwoordelijk voor dit proefschrift. 
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TAFI: from
 activation to (self-)destruction 

  
 

 
 

 
Tom

 Plug   
2017

Uitnodiging

Voor het bijwonen van de
openbare verdediging van

het proefschrift

TAFI: 
from activation to
(self-)destruction

door
Tom Plug

Op donderdag 2 februari 2017
om 14.00 uur 

In de Agnietenkapel,
Oudezijds Voorburgwal 231

Amsterdam

U bent tevens van harte
uitgenodigd voor de receptie 

na afloop van de promotie

Paranimfen
Alinda Schimmel

Marisa Cunha

Tomplug@hotmail.com


