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Hemostasis 

The hemostatic system maintains blood in a liquid state in the circulation and stops 

bleeding after vascular injury. Following vessel damage, the hemostatic response is 

executed in three steps. Firstly, the blood vessel constricts, reducing the blood flow at 

the site of injury. Secondly, platelets from the circulation adhere to the exposed 

subendothelial collagen and become activated. Upon activation, platelets release 

factors that attract other platelets and activate them at the site of injury. This results 

in the formation of a platelet plug that serves as a physical barrier to stop the 

bleeding. This process is called primary hemostasis. Activated platelets also release 

coagulation factors and expose negatively charged phospholipids that serve as a 

surface for coagulation reactions. The coagulation cascade (also known as secondary 

hemostasis) produces a stiff fibrin clot which stabilizes the platelet plug and traps 

other blood cells augmenting the clot. The clot is eventually dissolved in the process 

of fibrinolysis.  

Thrombosis and bleeding 

The components of the hemostatic system need to be carefully regulated to maintain 

the hemostatic balance and prevent blood loss as well as excessive blood clotting. 

Genetic or acquired factors can perturb this delicate balance, leading to pathological 

processes such as thrombosis or bleeding.  

The formation of a blood clot inside a blood vessel that hinders the free flow of blood 

through the circulatory system is called thrombosis. The blood flow can detach the 

clot and pass it further in the blood vessels. Because of the differences in vessel size, 

the clot can occlude a smaller downstream vessel (thromboembolism) and cause 

ischemia in the region which is supplied with blood by that vessel. According to the 

affected vessel, arterial and venous thromboses are distinguished. Arterial thrombosis 

includes coronary artery disease, myocardial infarction, stroke and peripheral arterial 

disease. Venous thrombosis takes the form of deep vein thrombosis (DVT), usually 

affecting the deep veins of the leg, or pulmonary embolism (PE), which is the result of 

a clot fragment (embolus) that travelled through veins to the heart and from the heart 

through the pulmonary arteries to the lungs where it blocks the blood flow. 

Bleeding occurs when the formation of the primary platelet plug or of the fibrin clot is 

defective. Besides traumatic injury-related bleeding, several genetic defects (von 
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Willebrand disease, platelet disorders, and deficiencies of coagulation factors) can 

aggravate the blood loss. 

Blood coagulation 

Blood coagulation is a process involving several plasma proteins called coagulation 

factors, the final result being the formation of fibrin. Most coagulation factors are 

serine proteases or non-enzymatic cofactors synthesized by the liver and secreted into 

the circulation in inactive form. When coagulation is initiated, these inactive 

precursors are activated in a cascade manner, i.e. each active enzyme activates the 

following factor in the chain, often with the help of a non-enzymatic cofactor [1]. 

These reactions take place on the surface of cell membranes that provide a suitable 

binding site for the coagulation proteins and promote their interaction. Most 

coagulation factors (coagulation factor II, VII, IX and X) as well as some coagulation 

inhibitors (protein S, protein C) are vitamin K-dependent proteins. Vitamin K is 

required for the post-translational modification of glutamate residues to γ-

carboxyglutamate (Gla) residues, which bind calcium ions with high affinity and 

thereby mediate binding of coagulation proteins to negatively charged phospholipid 

surfaces. This is why the coagulation process requires Ca
2+

. 

Coagulation cascade 

Blood coagulation starts when a blood vessel is damaged and tissue factor (TF) located 

in the subendothelial layer is exposed to the blood [2, 3]. Traditionally, coagulation 

has been viewed as a process developing along two interconnected pathways, 

extrinsic and intrinsic. A schematic representation of the coagulation cascade is shown 

in Figure 1.1. The extrinsic pathway, also called tissue factor pathway, starts with a 

damage of the vessel wall and exposure of tissue factor (TF) located in the 

subendothelial layer [3]. TF binds activated coagulation factor VII (FVIIa) that 

circulates in traces in plasma, forming a membrane-bound TF-FVIIa complex that 

activates coagulation factor X (FX). In the presence of phospholipids and Ca
2+

, 

activated factor X (FXa) assembles with its cofactor activated factor V (FVa) to form 

the prothrombinase complex, which converts prothrombin to thrombin, the most 

important enzyme/player of the coagulation cascade [4].  
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Figure 1.1 Schematic representation of blood coagulation and fibrinolysis. Coagulation 

factors are shown in blue. The proteins in red are the natural inhibitors of 

coagulation (TFPI, AT, protein C and protein S) and fibrinolysis (TAFI). Green arrows 

indicate positive feedback reactions of thrombin (with TM as a cofactor of some 

reactions).   

 

The intrinsic pathway of coagulation starts with kallikrein- and high molecular weight 

kininogen-mediated activation of coagulation factor XII (FXII) on a negatively charged 

surface or collagen [5]. FXIIa then activates factor XI (FXI), which in turn activates 

factor IX (FIX). FIXa requires a cofactor, factor VIIIa (FVIIIa), to activate FX that enters 

the prothrombinase complex. Thus, both pathways converge on the formation of the 

prothrombinase complex that generates thrombin, which converts fibrinogen into 

fibrin. 
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In the modern view of coagulation the two classical pathways are linked via the 

positive feedback loops of thrombin and are parts of a single process that occurs in 

phases mostly on cell surfaces. In the initiation phase, only small amounts of thrombin 

are formed via TF pathway [6]. Additionally, the TF-FVIIa complex can activate FIX, a 

component of the intrinsic pathway [7]. In the amplification phase, the first traces of 

thrombin further activate a number of coagulation factors located upstream in the 

cascade (FV, FVIII and FXI) that dramatically accelerate FX and prothrombin activation, 

thereby enhancing thrombin formation (Figure 1.1). In the last phase of coagulation, 

thrombin converts fibrinogen to fibrin (described below) and activates factor XIII 

(FXIII), which covalently cross-links the fibrin fibers to form a strong fibrin network. 

Regulation of coagulation 

The coagulation process is tightly regulated by several mechanisms acting at different 

levels of the cascade (Figure 1.1) to prevent excessive blood clotting or pathological 

hemostasis without vascular damage.  

The initiation of coagulation by the TF/FVIIa complex is inhibited by tissue factor 

pathway inhibitor (TFPI). TFPI is a multivalent kunitz-type protease inhibitor which 

first binds and inhibits the TF-FVIIa complex via its Kunitz-1 domain and FXa via its 

Kunitz-2 domain [8]. TFPI has a cofactor, protein S, which binds to the Kunitz-3 domain 

and enhances the inhibitory activity of TFPI [9, 10]. 

Another crucial anticoagulant system is the protein C pathway, which is initiated by 

thrombin itself. Thrombin, in complex with its receptor thrombomodulin (TM), 

activates protein C on the surface on endothelial cells. Activated protein C (APC) 

proteolytically inactivates the non-enzymatic cofactors FVa and FVIIIa. These reactions 

are stimulated by the APC-cofactors protein S and FV [11].  

Antithrombin, which is a serine-protease inhibitor, is an important direct physiological 

inhibitor of thrombin and FXa [12]. The activity of antithrombin is largely increased by 

heparin.   
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Thrombin 

Thrombin structure 

Thrombin is a central enzyme in the blood coagulation system due to its multiple 

functions in both the procoagulant and anticoagulant pathways. It is a serine protease 

whose zymogen (prothrombin) is encoded by the F2 gene located on chromosome 11 

[13]. Prothrombin is a single-chain protein that consists of a Gla domain, 2 kringle 

domains and a catalytic domain. Prothrombin is activated by cleavage at R271 and 

R320, which yields two chains (A and B chains) covalently linked by a disulfide bond 

[14]. During its conversion from prothrombin, thrombin exposes not only its active 

site, but also two positively charged anion binding exosites which help thrombin to 

recognize its many substrates, cofactors and inhibitors [15-17]. The involvement of 

thrombin exosites in the interactions with its substrates is illustrated in Table 1.1. 

Thrombin cleaves its substrates after Arg residues and the structure of its active site 

allows interactions with hydrophobic residues on the N-terminal side of the cleavage 

site [18]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1 Involvement of thrombin exosites I and II in the interactions of thrombin with its 

many substrates and inhibitors. *Denotes binding interaction of chondroitin 

sulphate moiety.  Modified from Lane et al. [16].  
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Another crucial feature of thrombin is the Na

+
-binding site, which is also formed 

during prothrombin activation [19]. Binding of Na
+
 modulates the catalytic activity of 

thrombin towards its substrates [20]. Thrombin with mutated Na
+
-binding residues 

was originally shown to be more active towards the anticoagulant substrates [21, 22]. 

Nevertheless, more recent data suggest that when the Na
+
-binding site is not 

occupied thrombin is present in various zymogen-like conformations and that Na
+
-

binding stabilizes the active conformation/state, increasing the activity of thrombin 

not only towards its procoagulant substrates, but also its anticoagulant substrate 

(protein C) [23]. However, the physiological role of Na
+
-binding to thrombin is unclear, 

since at the physiological Na
+
 concentration (140 mM) around 80% of the thrombin 

molecules have their Na
+
- binding site occupied with Na

+
 [24].  

Thrombin substrates 

Thrombin is an extremely versatile enzyme with numerous functions in the 

haemostatic system. First of all, thrombin contributes to platelet activation by 

cleaving the protease-activated receptors (PARs). In addition, thrombin cleaves and 

activates several coagulation factors that contribute to thrombin generation (FV, FVIII, 

FXI), clot formation (fibrinogen) and clot stabilization (FXIII). After binding to 

thrombomodulin (TM) located on the endothelial cell membrane, thrombin loses 

affinity for these procoagulant substrates and activates protein C (an anticoagulant 

protein) and thrombin activatable fibrinolysis inhibitor (TAFI), a carboxypeptidase with 

anti-fibrinolytic activity (Figure 1.1). 

Platelets 

Thrombin is one of the numerous platelet activators. It activates platelets by binding 

and cleaving PAR1 and PAR4 on the platelet surface [25]. Cleavage of PAR1 is 

enhanced by binding of thrombin to the platelet receptor GPIbα with its exosite II 

[26]. This, in turn, activates an intracellular signaling pathway that leads to increase in 

intracellular Ca
2+

 concentration and supports the shape change of platelets [27]. 
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Fibrinogen 

Thrombin converts fibrinogen to fibrin [28] by cleaving fibrinopeptides A and B from 

the Aα and Bβ chains, respectively. This results in the production of protofibrils, which 

subsequently undergo lateral binding and cross-linking to create the stable fibrin clot 

that seals the vascular injury and stops the loss of blood. Thrombin exosite I is 

involved in the binding to fibrinogen, while exosite II binds only to the alternatively 

spliced γ’ chain of fibrinogen (see below). 

FV 

Thrombin activates FV by limited proteolysis at R709, R1018 and R1545. The active 

site and both exosites of thrombin are involved in the process, exosite II is specifically 

needed for cleavage at R1545 [29]. FVa is a cofactor of FXa within the prothrombinase 

complex that converts prothrombin to thrombin. 

FVIII 

FVIII is structurally homologous to FV and is activated by thrombin upon cleavage at 

R372, R740, R1649 and R1689. Both exosites of thrombin are involved in FVIII 

activation [30]. Following activation, FVIII takes part in the intrinsic pathway as a 

cofactor for FIXa in the activation of FX. 

FXI 

FXI is a component of the contact system and is activated by thrombin via cleavage of 

the peptide bond between R369 and I370. The activation of FXI by thrombin is 

stimulated by negatively charged surfaces, to which thrombin can bind via exosite II 

[31].  

FXIII 

FXIII is a tetramer composed of two A (catalytic) and two B (carrier) subunits. 

Thrombin cleaves off an activation peptide from both A subunits of FXIII, followed by 

full activation via Ca
2+

-mediated dissociation of the B subunits, with fibrinogen as a 

cofactor. FXIIIa is a plasma transglutaminase that cross-links the fibrin fibers [32].  
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Protein C 

Protein C is the zymogen form of APC, which is cleaved by the thrombin/TM complex 

at R12 on the surface of endothelial cells [11]. Both thrombin exosites are involved in 

this reaction by binding to TM. APC is an important anticoagulant enzyme that 

proteolytically inactivates FVa and FVIIIa. 

TAFI 

TAFI is activated by thrombin through cleavage at R92, which splits off an N-terminal 

activation peptide. The rate of the activation is increased 1250-fold when thrombin is 

in complex with TM [33], which binds to both exosites of thrombin. TAFIa binds to 

plasminogen and cleaves C-terminal lysines on (fibrin)ogen, thereby preventing 

fibrinolysis [34]. 

Thrombin inhibitors 

Since thrombin is such a potent and versatile enzyme, its activity needs to be tightly 

regulated. The main thrombin inhibitors are antithrombin, α2-macroglobulin (both 

very abundant, in the µM-range) and heparin cofactor II.  

Serpins (serine-protease inhibitors), such as antithrombin and heparin cofactor II, act 

as suicide substrates that trap thrombin in the acyl-enzyme intermediate and 

eventually cause it to unfold [35]. Their inhibitory activity is greatly enhanced by 

heparin, which bridges the serpin to thrombin exosite II. While antithrombin inhibits 

several coagulation enzymes (including FIXa, FXa and FXIa), heparin cofactor II is more 

specific for thrombin [12]. 

α2-macroglobulin is a general inhibitor of proteases that has a completely different 

mechanism of action. Thrombin cleaves α2-macroglobulin and forms a complex with it 

that protects the active site of thrombin from binding to its physiological substrates 

[36, 37]. 

Fibrinogen 

Fibrinogen, the precursor of fibrin, is a complex glycoprotein of 340 kDa present in 

plasma and in platelets. The fibrinogen molecule consists of a double set of three 

polypeptide chains: Aα, Bβ and γ [28] encoded by separate genes (FGA, FGB and FGG) 
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located on the long arm of chromosome 4 [38]. Every fibrinogen molecule has a 

central E domain and two lateral D domains, each connected with the E domain by a 

coiled coil region (Figure 1.2). Fibrinogen is synthesized in the liver and circulates in 

plasma at a physiological concentration of 2-4 g/L (~9 µM, one of the most abundant 

plasma proteins). As it is an acute phase protein, the concentration of fibrinogen 

increases with inflammation. 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Schematic representation of a fibrinogen molecule. The fibrinogen molecule is 

composed of two outer D regions and a central E region. Each molecule comprises 

a double set of disulfide-linked polypeptide chains: Aα (red), Bβ (blue) and γ 

(green). A less abundant isoform of the γ chain, the γ’ chain, has a unique 20 amino 

acid extension at its C-terminus that is located in the D region. 

 

 

Fibrinogen is best known for its function as the precursor of fibrin, but it also 

expresses a poorly understood anticoagulant activity as a thrombin inhibitor 

(antithrombin I, see below), which is the main subject of this thesis. In addition, 

fibrinogen plays a role in primary haemostasis by forming bridges between platelets 

during platelet aggregation via integrin-mediated interactions. Finally, it is a structural 

component of the extracellular matrix.  

Fibrin formation, cross-linking and degradation 

Fibrinogen is converted to fibrin by thrombin-mediated cleavage of fibrinopeptides A 

and B, which is followed by spontaneous polymerization of fibrin fibers. Thrombin first 

cleaves off fibrinopeptide A from the N-terminal end of each Aα chain, causing fibrin 

 

γ’chain 

E region D region D region 
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monomers to spontaneously arrange in protofibrils held together by interactions 

between the D domains of each fibrin molecule and the E domains of other fibrin 

molecules. This process is followed by slow cleavage of fibrinopeptide B from the Bβ 

chains [39], which leads to the lateral aggregation of hundreds to thousands of 

protofibrils and the formation of insoluble fibrin fibers [40]. 

The fibrin structure is stabilized by covalent γ-glutamyl-ε-lysyl bonds between γ chains 

of the same protofibril, between α chains of different protofibrils and also between α 

and γ chains [41]. These cross-linking reactions are catalyzed by FXIIIa, a 

transglutaminase that circulates in plasma as an inactive precursor and is activated by 

thrombin in the presence of polymerizing fibrin.  

Fibrin is eventually degraded by plasmin (a serine protease) in the process of 

fibrinolysis [42]. Plasmin is generated from circulating plasminogen by tissue-type 

plasminogen activator (tPA) or by urokinase (uPA). This reaction is greatly enhanced 

when both plasminogen and tPA are bound to fibrin via their lysine-binding sites. 

Plasmin-mediated cleavage of fibrin yields soluble fibrin degradation products 

(including D-dimer) and also exposes C-terminal lysine residues that recruit more tPA 

and plasminogen to the fibrin surface. Fibrinolysis is regulated by several inhibitors. 

The most important are plasminogen activator inhibitor 1 (PAI-1), α2-antiplasmin 

(A2AP, a direct plasmin inhibitor) and TAFI, a pro-carboxypeptidase that can be 

activated by thrombin bound to TM. The thrombin/TM complex converts TAFI into 

TAFIa, which inhibits fibrinolysis by removing the C-terminal lysine residues that serve 

as anchor points for tPA and plasminogen on fibrin. 

Anticoagulant function of fibrin(ogen) 

Apart from its essential role in blood clotting, fibrin(ogen) also fulfills an important 

anticoagulant function by ‘adsorbing’ and sequestering thrombin [43]. The 

physiological relevance of this antithrombotic mechanism, known as ‘antithrombin I’ 

activity, is underlined by the paradoxical observation that congenital deficiency of 

fibrinogen can lead to thrombotic events as well as bleeding [44, 45]. In fact, not only 

hyperfibrinogenemia, but also hypofibrinogenemia and some dysfibrinogenemias with 

impaired thrombin-binding capacity of fibrin(ogen), have been shown to increase the 

risk for venous [46-48] and arterial thrombosis [49, 50]. 

The interaction between thrombin and fibrin(ogen) is very complex and involves low-

affinity binding sites for thrombin exosite I and a high-affinity binding site for 
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thrombin exosite II. While the former are present in the E domain of all fibrinogen 

molecules, the latter is present only on fibrinogen molecules that contain the 

alternatively spliced γ’ chain (see below). How binding to fibrin(ogen) influences 

thrombin activity towards its many substrates and its susceptibility to its natural 

inhibitors is not yet well understood and is the main objective of this thesis. 

Fibrinogen γ’ 

Genetics and structure  

The FGG gene encodes two alternatively spliced isoforms of the fibrinogen γ chain, 

the more abundant γA and the less abundant γ’. FGG comprises 10 exons and 9 

introns with two potential polyadenylation sites, one in intron 9 and one downstream 

of exon 10 (Figure 1.3). Splicing of intron 9 and use of the polyadenylation site 

downstream of exon 10 yields the mRNA encoding the γA chain. Vice versa, use of the 

alternative polyadenylation signal in intron 9 causes part of intron 9 to be retained in 

the mature mRNA and produces the mRNA encoding the γ’ chain (Figure 1.3). These 

two variants of the fibrinogen γ chain differ in their C-terminal ends. The γA chain is 

411 amino acids long and its C-terminal sequence (AGDV, γA 408-411), encoded by 

exon 10, contains a platelet binding site. In contrast, the less abundant γ’ chain has a 

unique 20 amino acid sequence originating from the unspliced part of intron 9 

(VPREHPAETEYDSLYPEDDL, γ’ 408-427) and replacing the last 4 amino acids of the γA 

chain [51]. The γ’ tail contains 7 acidic residues and two sulfated tyrosines which make 

it highly anionic and determine the special properties of the γ’ chain, including high-

affinity binding to thrombin exosite II (see below). Since each fibrinogen molecule 

contains two γ chains, random pairing of the two γ chain isoforms leads to the 

formation of three types of fibrinogen molecules: γA/γA (80-90% of plasma 

fibrinogen), γA/γ’ (10-15%) and γ’/γ’ (<1%) [52]. The term fibrinogen γ’ is often used 

to indicate all fibrinogen molecules that contain at least one γ’ chain. A truncated 

form of the γ’ chain that lacks the last 4 C-terminal residues (EDDL) accounts for 3-

34% of all γ’ chain in plasma [53]. This form does not contain the binding site for 

thrombin exosite II. 
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Figure 1.3 Schematic representation of the fibrinogen gamma gene (FGG) and its 

alternatively spliced transcripts. Polyadenylation at polyadenylation site 2 (pA2) 

downstream of exon 10 results in removal of intron 9 and maturation of the mRNA 

encoding the fibrinogen γA chain. When the alternative polyadenylation site (pA1) 

is used, part of intron 9 is retained, leading to the mRNA encoding the fibrinogen γ’ 

chain.   

 

Interaction with thrombin 

The C-terminal end of the fibrinogen γ’ chain (residues A414-L427) contains  a high-

affinity binding site for thrombin exosite II (Kd ~0.01 µM)  [54, 55], the negative 

charges and sulfation of Y418 and Y422 being crucial for this interaction [56]. 

Interaction of the fibrinogen γ’ chain with thrombin exosite II has been reported to 

inhibit thrombin-mediated FVIII activation [57] and platelet aggregation through the 

PAR-1 receptor [58, 59]. These properties may explain (part of) the antithrombin I 

activity of fibrin(ogen) [60]. 

 

Other properties 

Besides binding to thrombin exosite II, the γ’ chain also has other thrombin-

independent properties different from the γA chain. Namely, the γ’ chain of fibrinogen 

binds the B subunits of FXIII with a higher affinity than the γA chain [61, 62]. This 

suggests that fibrinogen γA/γ’ functions as a carrier of FXIII in plasma, bringing it to 

the site of a forming fibrin clot, so that FXIIIa can cross-link the fibrin fibers and 

thereby make the fibrin clot more resistant to fibrinolysis [63]. 
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Furthermore, fibrinogen containing the γ’ chain affects the fibrin clot structure. As the 

polymerization and protofibril formation rate is lower for γA/γ’ fibrinogen, it also 

changes the ultrastructure of the fibers [64]. Fibrin fibers made of fibrinogen γA/γ’ are 

thinner and create a more branched, non-uniformly arranged network with smaller 

pores than those formed from γA/γA fibrinogen [64, 65]. Moreover, clots formed from 

γA/γ’ fibrinogen are more resistant to fibrinolysis [66, 67].  

Clinical associations 

Common single nucleotide polymorphisms (SNPs) in the FGG gene are associated with 

the levels of fibrinogen γ’ in plasma but not with total fibrinogen levels. The common 

FGG H2 haplotype (minor allele frequency 0.270) predicts low levels of the γ’ chain 

variant, because one of its tagging SNPs (10034C>T, rs2066865) enhances the 

polyadenylation downstream of exon 10 and thereby shifts the production towards 

the γA form [68]. In contrast, the FGG H3 haplotype (minor allele frequency 0.307) is 

associated with relatively high levels of the fibrinogen γ’ chain. Interestingly, a number 

of studies have shown that the FGG H2 haplotype is associated with increased risk of 

deep venous thrombosis [68-71], suggesting that the fibrinogen γ’ chain influences 

the hemostatic balance. 

The relationship between fibrinogen γ’ levels and arterial thrombosis is still a matter 

of debate. Epidemiological studies have shown an increased γ’/total fibrinogen ratio in 

patients with peripheral artery disease, ischemic stroke and myocardial infarction 

[72], as well as an association of elevated fibrinogen γ’ levels with coronary artery 

disease [73]. However, all these studies were retrospective, and a more recent 

prospective study [74] has revealed that this association is not causal, but simply 

reflects the effect of inflammation on fibrinogen γ’ expression [75]. Interestingly, an 

animal study showed that the injection of human γA/γA fibrinogen in mice shortened 

the time to carotid artery occlusion, whereas the infusion of human fibrinogen γ’ did 

not [76]. Besides that, fibrinogen γ’ decreased the level of thrombin-antithrombin 

complexes in plasma, suggesting an antithrombotic effect of fibrinogen γ’ also in vivo 

[76]. This study showed that, in contrast to fibrinogen γA/γA, fibrinogen γ’ does not 

promote arterial thrombosis in vivo. 
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Thrombin generation test 

The thrombin generation test is a global assay that measures the potential of a plasma 

sample to generate thrombin after initiation of coagulation with TF or another trigger 

in vitro. Since thrombin generation is usually measured in citrated platelet-poor 

plasma, synthetic phospholipid vesicles (a combination of phosphatidylserine, 

phosphatidylcholine and phosphatidylethanolamine) are added as a procoagulant 

surface in the presence of CaCl2. In the Calibrated Automated Thrombogram (CAT) 

test, the formation and degradation of thrombin in plasma is followed using a low-

affinity fluorogenic substrate (Z-Gly-Gly-Arg-AMC) added directly to plasma [77]. In 

order to convert the fluorescence signal into thrombin concentration, each 

measurement is calibrated against the fluorescence generated by a fixed amount of 

thrombin activity in the same sample plasma [78]. The fluorescence signal is 

converted into a thrombin generation curve by dedicated software. 

The thrombin generation curve shows the generation and decay of thrombin in 

plasma (Figure 1.4). It starts with a lag time that represents the initiation phase of 

coagulation. The lag time corresponds with the plasma clotting time, during which 

only a minimal amount of thrombin is formed. This is followed by the rapid formation 

of a large amount of thrombin (propagation phase), which is reflected in the peak of 

the thrombin generation curve. Finally, under the influence of thrombin inhibitors, 

mainly antithrombin, thrombin activity goes back to zero in the descending part of the 

curve (termination phase). The thrombin generation curve can be described in terms 

of several quantitative parameters, such as the lag time, peak height and endogenous 

thrombin potential (ETP), which corresponds to the area under the curve and 

represents the total enzymatic work of the thrombin generated during the entire 

time-course. In hypercoagulable conditions, the lag time is shortened, while the peak 

height and ETP are increased. Conversely, a prolonged lag time and reduced peak 

height and ETP indicate a hypocoagulable state [79]. 
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Figure 1.4 Thrombin generation curve. The main parameters that describe the thrombin 

generation curve are indicated. 

 

 

The thrombin generation assay can be performed under various experimental 

conditions. In particular, it is possible to use different triggers and trigger 

concentrations, add TM or APC to challenge the protein C pathway, or include 

antibodies to selectively knock out a particular protein. This flexibility is a very useful 

feature of the test, as the “assay determinants”, i.e. the coagulation factors and 

inhibitors that influence the assay outcome, vary according to the experimental 

conditions. For example, at low tissue factor concentration both the extrinsic and the 

intrinsic pathway contribute to thrombin generation, whereas at high tissue factor 

thrombin is generated almost exclusively via the extrinsic pathway.  

When chromogenic substrates were used to measure thrombin generation, fibrinogen 

and platelets had to be removed from the plasma, as the turbidity increased when 

plasma clotted and interfered with the chromogenic signal. The advantage of the CAT 

method is that thrombin generation can be measured in the presence of fibrinogen, 

as the fluorescence signal used for the thrombin generation assay is not affected by 

clot formation [80]. This allows the determination of fibrinogen effect on thrombin 

generation which is essential for the studies presented in this thesis.  
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Outline of this thesis  

The existence of the anticoagulant properties of fibrinogen has been known for a long 

time [43]. However, the underlying mechanism is still not well understood. Recently, it 

has become clear that much of the antithrombin I activity of fibrinogen is attributable 

to the fibrinogen γ’ chain, which was reported to inhibit thrombin-mediated platelet 

aggregation [58, 59] and FVIII activation [57]. In this thesis we have studied the effects 

of fibrinogen γ’ on the activity of thrombin towards its other substrates, namely FV, 

FXI, FXIII, protein C and TAFI. To this end, we have used a synthetic peptide mimicking 

the C-terminal sequence of the fibrinogen γ’ chain. 

 

In Chapter 2 we show that total fibrinogen and especially fibrinogen γ’ have an overall 

anticoagulant action on thrombin generation in plasma. Moreover, we report on the 

effect of the fibrinogen γ’ C-terminal peptide on FV activation by thrombin. 

 

In a population of 188 heterozygous carriers of the FV Leiden mutation we observed 

that the common fibrinogen haplotype FGG H2, which is associated with relatively low 

levels of fibrinogen γ’, increases the resistance of plasma to activated protein C (APC). 

This led us to examine the effect of fibrinogen γ’ (peptide) on APC resistance in 

normal and FV Leiden plasma. The results of this study are described in Chapter 3, 

together with the effect of the fibrinogen γ’ peptide on protein C activation by 

thrombin/TM. 

 

According to the revised model of coagulation, the first traces of thrombin formed 

during the initiation phase can activate FXI. However, thrombin-catalyzed FXI 

activation is extremely inefficient in vitro, suggesting the existence of a physiological 

cofactor that accelerates this reaction in vivo. In order to set up a model system to 

study the effect of the fibrinogen γ’ peptide on FXI activation by thrombin, in Chapter 

4 we analyse the role of Na
+
 concentration, thrombin exosites and negatively charged 

surfaces in this reaction. Moreover, we determine the effect of the fibrinogen γ’ 

peptide on FXI activation by thrombin. 
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In Chapter 5 we present data on the effect of the fibrinogen γ’ peptide on the 

thrombin-catalysed activation of FXIII and TAFI, the activated forms of which play an 

important role in fibrin cross-linking (FXIIIa) and lysis (TAFIa). 

 

Chapter 6 is a general discussion of all results presented in this thesis and provides an 

integrated view of how the interaction with fibrinogen γ’ modulates thrombin activity. 
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Abstract 

Background. Besides its role in blood clotting, fibrinogen exerts a poorly understood 

anticoagulant function by binding thrombin and modulating its activity. In particular, 

the γA/γ’ fibrinogen isoform binds with high affinity to thrombin exosite II through 

the anionic C-terminal end of the γ’ chain. This interaction down-regulates thrombin-

mediated factor VIII (FVIII) activation, but its effect on factor V (FV) activation is 

unknown. Objectives. To investigate the overall anticoagulant activity of fibrinogen 

and particularly of fibrinogen γ’ in plasma, and to verify whether the fibrinogen γ’ C-

terminal peptide affects thrombin-mediated FV activation. Methods. Thrombin 

generation was measured by Calibrated Automated Thrombography in whole and 

defibrinated plasma and in plasma supplemented with the (sulfated) fibrinogen γ’ C-

terminal peptide (0-500 μM). The effect of the peptide on thrombin-mediated FV 

activation was studied in model systems and in plasma. Results. Total fibrinogen 

prolonged the lag time of thrombin generation at low tissue factor concentrations. 

The fibrinogen γ’ peptide dose-dependently prolonged the lag time and decreased the 

peak height of thrombin generation at low TF, whereas a scrambled control peptide 

was ineffective. These effects persisted in the presence of an anti-FVIII antibody, 

suggesting that the peptide may also inhibit thrombin-mediated activation of FV. This 

was confirmed in model systems and in plasma. Conclusions. Total fibrinogen and the 

fibrinogen γ’ peptide have an overall anticoagulant effect on thrombin generation 

determined at low TF. Inhibition of thrombin-mediated FV activation by the fibrinogen 

γ’ peptide is a novel mechanism of the anticoagulant activity of fibrinogen γ’. 
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Introduction 

Fibrinogen is a large plasma glycoprotein consisting of a double set of three 

polypeptide chains: Aα, Bβ and γ, each encoded by a different gene (FGA, FGB, FGG) 

[1]. Alternative processing of the FGG pre-mRNA generates two polypeptide chains 

(γA and γ’) that differ in their C-terminal ends [2]. The more abundant γA isoform 

consists of 411 amino acids. The minor γ’ isoform comprises 427 amino acids, the four 

last residues of the γA chain being replaced by a highly anionic 20-amino-acid 

sequence containing seven acidic residues and two sulfated tyrosines [3]. Random 

pairing of the γ chain isoforms produces three types of fibrinogen molecules: γA/γA 

(85-90% of total plasma fibrinogen), γA/γ’ (10-15%) and γ’/γ’ (<1%) [3,4]. 
Apart from being the precursor of fibrin and from promoting platelet aggregation [5], 

fibrin(ogen) also has less understood anticoagulant properties (“antithrombin I” 

activity [6]) related to its ability to “adsorb” thrombin and modulate its activity. 

Thrombin, the key enzyme in hemostasis, converts fibrinogen to fibrin and activates 

coagulation factors (F) V, VIII, XI and XIII, as well as platelets. The interaction of 

thrombin with its substrates is mediated by two anion-binding exosites, i.e. positively 

charged sites distinct from the active site, which play a major role in the allosteric 

regulation of thrombin activity [7]. Fibrin(ogen) binds thrombin via multiple 

interactions involving not only the active site, but also both exosites of thrombin. The 

interaction with exosite I is mediated by low-affinity binding sites located near the 

amino terminal ends of the Aα and Bβ chains of fibrinogen, whereas the interaction 

with exosite II is mediated by a high-affinity binding site located in the C-terminal end 

of the fibrinogen γ’ isoform (residues A
414

-L
427

) [8,9] and is enhanced by sulfation of 

residues Y
418

 and Y
422 

[8-10]. Binding of the fibrinogen γ’ chain to thrombin exosite II 

has been reported to impair thrombin-mediated factor VIII (FVIII) activation [11] and 

platelet aggregation [12,13]. Although these effects likely contribute to the 

anticoagulant activity of fibrinogen γ’, additional effects on other thrombin substrates 

cannot be excluded. In particular, since FV is structurally homologous to FVIII [14] and 

its full activation requires both thrombin exosites [15], engagement of exosite II by 

fibrinogen γ’ may also interfere with FV activation by thrombin. 

The pathophysiological relevance of the anticoagulant action of fibrinogen in general 

and fibrinogen γ’ in particular is supported by: 1) the observation that fibrinogen-

deficient patients may experience thrombotic as well as bleeding complications 
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[16,17]; 2) the risk of venous thrombosis associated with the common FGG-H2 

haplotype [18-20], which predicts reduced levels of the fibrinogen γA/γ’ isoform [18]; 

3) the protective effect of the fibrinogen γ’ C-terminal peptide in a baboon thrombosis 

model [11]; and 4) the ability of the human fibrinogen γ’ chain to reduce thrombus 

size in FV Leiden mice exposed to a prothrombotic stimulus [21]. On the other hand, it 

has been reported that fibrin-bound thrombin is still catalytically active [22] and 

simultaneously protected from inhibition by the antithrombin/heparin complex [23], 

thus challenging the anticoagulant role of the interaction of thrombin with 

fibrin(ogen).   

The aim of our study was to investigate the overall effect of fibrinogen and 

particularly fibrinogen γ’ on thrombin generation and activity in plasma. To this end, 

we employed the thrombin generation assay [24,25], a global assay that uses a 

fluorogenic substrate to monitor the formation and inhibition of thrombin after 

initiation of coagulation with tissue factor (TF). A synthetic peptide was used as a 

model for the C-terminal end of the fibrinogen γ’, which binds to thrombin exosite II. 

Moreover, we specifically studied the effect of the fibrinogen γ’ peptide on thrombin-

mediated FV activation. 

Materials and methods 

Fibrinogen γ’ peptides 

Synthetic 20-amino-acid peptides with the same sequence as the fibrinogen γ’ chain 

C-terminal end, with or without sulfate or phosphate groups on Y
418

 and Y
422

 (Table 

2.1), were obtained from Pepscan (Lelystad, the Netherlands). A doubly sulfated 

scrambled peptide (Table 2.1) was designed as a negative control. Peptides were 

synthesized on a PTI Symphony peptide synthesizer using standard Solid Phase Fmoc-

chemistry. Crude peptides were purified by reverse-phase HPLC and were >95% pure 

as judged by absorbance at 215 nm using UPLC. The molecular mass was confirmed by 

electrospray-MS. Lyophilised peptides were resuspended in Hepes-buffered saline 

(25 mM Hepes, 175 mM NaCl, pH 7.7 at room temperature) and stored in aliquots 

at -80°C. All peptides were freely soluble in aqueous buffers and concentrations of 

peptide solutions were determined based on peptide mass. 
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Blood collection and plasma preparation 

A normal plasma pool was prepared by pooling plasma from 22 healthy volunteers 

free of medication (15 males and 7 females, mean age 30.2 years). Venous blood was 

collected in 1/10 volume of 0.109 M trisodium citrate and platelet-free plasma was 

obtained by centrifugation at ~3000g for 10 minutes followed by centrifugation at 

10000g for 10 minutes. Plasma was snap-frozen in small aliquots and stored at -80°C. 

Measurement of thrombin generation  

Thrombin generation in platelet-free plasma was determined using Calibrated 

Automated Thrombography (CAT) [24]. Coagulation was initiated with various 

concentrations of recombinant TF (Dade Innovin, Marburg, Germany), 30 µM 

phospholipid vesicles (1,2-dioleoyl-sn-glycero-3-phosphoserine(DOPS)/1,2-dioleoyl-sn-

glycero-3-phosphatidylcholine(DOPC)/1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 20/60/20, mol/mol/mol) and 12 mM CaCl2. Thrombin 

activity in plasma was monitored continuously at 37°C employing the low-affinity 

fluorogenic substrate Z-Gly-Gly-Arg-AMC (I-1140; BACHEM, Bubendorf, Switzerland). 

In separate wells, 100 nM thrombin calibrator (Thrombinoscope, Maastricht, the 

Netherlands) was added to plasma to obtain a calibration curve for the conversion of 

fluorescence into thrombin concentration. Fluorescence was read in a Fluoroskan 

Ascent reader (Thermo Labsystems, Helsinki, Finland) equipped with a 390/460 filter 

set and thrombin generation curves were calculated with the Thrombinoscope 

software (Thrombinoscope). Among all parameters that describe the thrombin 

generation curve, lag time and peak height were used for subsequent analyses. 

Each thrombin generation reaction contained 80 µl of normal pool plasma in a total 

volume of 125 µl. To prevent contact activation, all samples were measured in the 

presence of 44 µg/ml corn trypsin inhibitor (Hematologic Technologies, Essex 

Junction, VT, USA). In some experiments, plasma was defibrinated prior to the 

thrombin generation measurement by incubation with 1.17 U/ml Ancrod (NIBSC, 

Potters Bar, Hertfordshire, UK) for 10 minutes at 37°C and subsequent removal of the 

fibrin clot with a spatula. 

In the experiments with fibrinogen γ’ chain peptides, coagulation was initiated with 2 

or 10 pM TF in whole plasma in the presence of various concentrations (0-500 μM) of 

peptide. Control experiments with the WT-S12 peptide showed that this peptide 
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(500 μM) does not affect the conversion of fluorogenic substrate by thrombin 

(0.5 nM) or by the thrombin calibrator (100 nM). 

To prevent coagulation factors VIII and XI from contributing to thrombin generation, 

in some experiments saturating concentrations of anti-human FVIII heat-treated goat 

serum (kind gift of Baxter Healthcare GmbH, Vienna, Austria) or monoclonal anti-

factor XI (FXI) antibody (Hematologic Technologies) were added to plasma. The 

antibody concentrations were chosen such as to completely abolish intrinsically 

triggered thrombin generation in control experiments.  

Factor V activation assays 

FV activation in model system  

FV activation by thrombin in the absence and presence of fibrinogen γ’ peptides was 

followed in time, essentially as described [26]. Briefly, purified human FV 

(Hematologic Technologies) was diluted in 25 mM Hepes, 140 mM NaCl, 5 mM CaCl2, 

pH 7.7 and 5 mg/ml bovine serum albumin (BSA), and activated with 0.5 nM thrombin 

(Hematologic Technologies) in the presence of varying concentrations (0-500 µM) of 

WT-S12 or SCR-S12 fibrinogen γ’ peptide. At regular time points subsamples were 

drawn from the activation mixture, diluted in a solution containing 30 mM CaCl2 and 

1 µM Pefabloc TH (Pentapharm Ltd, Basel, Switzerland), and assayed for FVa activity in 

a prothrombinase reaction mixture containing 0.5 nM bovine factor Xa (FXa, purified 

in house), 0.5 µM human prothrombin (Enzyme Research Laboratories, South Bend, 

IN, USA), 20 µM phospholipid vesicles (10% brain phosphatidylserine, 90% egg yolk 

phosphatidylcholine, mol/mol) and 1 µM Pefabloc TH, to prevent feedback activation 

of FV by thrombin during the assay. After 1 minute, prothrombin activation was 

stopped by subsampling into ice-cold EDTA-buffer (50 mM Tris, 175 mM NaCl, 20 mM 

EDTA, 0.5 mg/ml ovalbumin, pH 7.9 at room temperature). Formed thrombin was 

quantified spectrophotometrically with chromogenic substrate S2238 (Chromogenix, 

Milan, Italy). The concentration of FV in the activation mixture was calculated from 

the rate of prothrombin activation using the turnover number 6000 mol of 

prothrombin activated per minute by 1 mol of FXa-FVa complex. All experiments were 

carried out in duplicate and averages are shown. Time-courses of FV activation were 

fitted to a single exponential equation using non-linear least-squares analysis. Initial 

rates of FV activation were plotted against peptide concentration and fitted to the 
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equation of a rectangular hyperbola, from which half-maximal inhibitory 

concentrations (IC50) for the WT-S12 and SCR-S12 peptides were calculated. 

Western blot analysis of FV activation 

Purified FV (20 nM in 25 mM Hepes, 140 mM NaCl, 5 mM CaCl2, pH 7.7, 0.5 mg/ml 

BSA) was activated with 0.5 nM thrombin in the absence and presence of 500 μM WT-

S12 peptide. At regular time points aliquots were drawn from the activation mixture 

into 1/5 volume of sample buffer (40 mM Tris, 3.3% sodium dodecyl sulfate (SDS), 

50% glycerol, 6.25% mercaptoethanol, pH 6.7). Samples were denatured for 5 minutes 

at 96 °C and run on a 4-15% pre-cast polyacrylamide gel (Bio-Rad Laboratories, 

Veenendaal, the Netherlands) under reducing conditions. Proteins were then 

transferred to a polyvinylidene fluoride membrane by semi-dry blotting. Membranes 

were blocked for 30 min at 4 °C with 5% skim milk (Merck, Darmstadt, Germany) in 25 

mM Hepes, 150 mM NaCl, pH 7.7, washed three times with phosphate buffered saline 

(PBS)/ 0.3% Tween 20 (Merck)/ 1 mg/ml BSA, and incubated for 2 hours at room 

temperature (RT) with a monoclonal antibody directed against the FV heavy chain 

(AHV-5146, Hematologic Technologies, 5 µg/ml in wash buffer). Subsequently, 

membranes were washed three times and incubated with a horseradish peroxidase 

(HRP)-labeled rabbit anti-mouse antibody (Dako, Glostrup, Denmark, 1:1000 in wash 

buffer) for 1 hour at RT. After three additional washes, membranes were developed 

using 50 mM Tris and 1 mg/ml diaminobenzidine (Sigma-Aldrich, Zwijndrecht, the 

Netherlands), pH 7.5. 

FV generation in plasma 

To study the inhibitory effect of fibrinogen γ’ peptides on FV activation in plasma, 

normal pooled plasma was defibrinated with Ancrod as described above. Coagulation 

was initiated with 2 pM TF, 30 µM phospholipid vesicles (DOPS/DOPC/DOPE, 

20/60/20 mol/mol/mol) and 12 mM CaCl2 at different concentrations (0-500 µM) of 

WT-S12 or SCR-S12 peptide (final concentrations) in the presence of an anti-FVIII 

antibody (to prevent FVIIIa from contributing to FV activation via intrinsically formed 

FXa). At regular time points subsamples were taken and FVa was quantified as 

described above. 
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Results 

Thrombin generation in whole and defibrinated plasma 

The effect of fibrinogen on thrombin generation in plasma was studied by comparing 

whole and defibrinated normal plasma. When coagulation was initiated with low TF 

concentrations (0.5 pM), a condition at which both the extrinsic and intrinsic 

pathway of coagulation contribute to thrombin generation, the lag time of thrombin 

generation was markedly prolonged in whole plasma compared to defibrinated 

plasma (28.8 minutes vs. 15.1 minutes at 0.25 pM TF and 13.6 minutes vs. 7.3 minutes 

at 0.5 pM TF) (Figure 2.1A and 2.1B), suggesting that total fibrinogen has 

anticoagulant properties. However, the peak height of thrombin generation was 

similar in both plasmas. At higher TF concentrations the difference in lag time 

between whole and defibrinated plasma was abolished (Figure. 2.1C and 2.1D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Effect of total fibrinogen on thrombin generation in normal plasma. Thrombin 

generation was measured in whole and defibrinated normal plasma after activation 

of coagulation with 0.25 (A), 0.5 (B), 2 (C) and 10 pM (D) TF. Averages of duplicate 

experiments are shown. 
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Effect of fibrinogen γ’ peptides on thrombin generation 

To investigate whether the interaction between the C-terminal end of the fibrinogen 

γ’ chain and thrombin contributes to the anticoagulant effect of fibrinogen, thrombin 

generation was measured at 2 pM TF in the absence and presence of the fibrinogen γ’ 

chain C-terminal peptide (250 μM). Several variants of this peptide, with different 

modifications of Y
418

 and Y
422

, were tested: no tyrosine modified (WT), monosulfated 

at Y
418 

(WT-S1)
 
or Y

422 
(WT-S2), doubly sulfated (WT-S12) and doubly phosphorylated 

(WT-P12) (Table 2.1). While the WT peptide had a minimal effect on thrombin 

generation, WT-S12 markedly prolonged the lag time and decreased the peak height 

of the thrombin generation curve. WT-S1 had an intermediate effect, whereas WT-S2 

increased the peak height (Figure 2.2A). The WT-P12 peptide had a minor effect 

compared to WT-S12 (Figure 2.2B), underscoring the importance of sulfation (as 

opposed to phosphorylation) of both tyrosine residues for optimal thrombin 

inhibition. Therefore, the WT-S12 peptide was used in all subsequent experiments. 

 

Table 2.1 Fibrinogen γ’ peptides. 

Description Code Sequence 

Wild-type peptide, no modifications 

 

WT Ac-VRPEHPAETEYDSLYPEDDL-OH 

Wild-type peptide sulfated on the first 

tyrosine residue 

WT-S1 Ac-VRPEHPAETEYDSLYPEDDL-OH 

Wild-type peptide sulfated on the  

second tyrosine residue 

WT-S2 Ac-VRPEHPAETEYDSLYPEDDL-OH 

Wild-type peptide sulfated on both 

tyrosine residues 

WT-S12 Ac-VRPEHPAETEYDSLYPEDDL-OH 

Wild-type peptide phosphorylated on  

both tyrosine residues 

WT-P12 Ac-VRPEHPAETEYDSLYPEDDL-OH 

Scrambled peptide sulfated on both 

tyrosine residues (negative control) 

SCR-S12 Ac-DESELDAYTPLPRPVEDHYE-OH 

Y = tyrosine, Y = sulfated tyrosine, Y = phosphorylated tyrosine. 
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Figure 2.2 Effect of fibrinogen γ’ peptides with different tyrosine modifications on thrombin 

generation. Thrombin generation was initiated in (whole) normal plasma with 2 pM 

TF in the absence or presence of 250 µM fibrinogen γ’ peptides. A, comparison of 

different fibrinogen γ’ peptides: wild-type without modifications (WT), sulfated on 

the first tyrosine (WT-S1), sulfated on the second tyrosine (WT-S2) or sulfated on 

both tyrosines (WT-S12). B, comparison of doubly phosphorylated (WT-P12) and 

doubly sulfated (WT-S12) peptides on thrombin generation. Averages of duplicate 

experiments are shown. 

 

 

To verify the specificity of the effect of the fibrinogen γ’ peptide, the WT-S12 peptide 

was compared to a doubly sulfated scrambled control peptide (SCR-S12). Thrombin 

generation was initiated with 2 or 10 pM TF in the presence of increasing 

concentrations (0-500 µM) of either peptide. At 2 pM TF the WT-S12 peptide 

effectively inhibited thrombin generation, prolonging the lag time and decreasing the 

peak height in a dose-dependent manner (Figure 2.3A), while SCR-S12 had virtually no 

effect (Figure 2.3B). At a higher TF concentration (10 pM) neither WT-S12 nor SCR-S12 

had an effect on thrombin generation (Figure 2.3C and 2.3D). 
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Figure 2.3 Effect of fibrinogen γ’ peptides on thrombin generation. Thrombin generation was 

initiated in (whole) normal plasma with 2 pM TF (A, B) or 10 pM TF (C, D) in the 

presence of 0-500 µM fibrinogen γ’ doubly sulfated wild-type (WT-S12) or 

scrambled (SCR-S12) peptide. Averages of duplicate experiments are shown. 

 

 

Role of FVIII and FXI in the anticoagulant effect of the fibrinogen γ’ peptides 

To gain more insight into the functions of thrombin that are impaired by the 

interaction with the fibrinogen γ’ peptide, we used anti-FXI and anti-FVIII antibodies 

to selectively exclude sections of the intrinsic pathway. Addition of these antibodies 

decreased thrombin generation in all conditions (Figure 2.4), confirming that at low TF 

concentration (2 pM) FXIa and FVIIIa contribute to thrombin generation. Intriguingly, 

however, even in the presence of anti-FXI or anti-FVIII antibodies, the WT-S12 peptide 

still prolonged the lag time and decreased the peak height of thrombin generation 

(Figure 2.4B and 2.4C), suggesting that the γ’ peptide not only inhibits the activation 

of FVIII, but also the activation of FV. 
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Figure 2.4 Effect of fibrinogen γ’ peptides on thrombin generation in the presence of anti-

FXI and anti-FVIII antibodies. Thrombin generation was initiated in (whole) normal 

plasma with 2 pM TF. Measurements were performed without peptides and with 

250 µM of fibrinogen γ’ doubly sulfated wild-type (WT-S12) or scrambled (SCR-S12) 

peptide, in the absence (A) or presence of anti-FXI (B) and anti-FVIII (C) antibodies. 

 

 

Effect of fibrinogen γ’ peptides on FV activation 

Purified FV was activated with thrombin in the presence of varying concentrations of 

WT-S12 or SCR-S12 peptide, and FVa was quantified at regular intervals in a 

prothrombinase-based assay. The WT-S12 peptide inhibited thrombin-mediated FV 

activation in a dose-dependent manner (Figure 2.5A), whereas the SCR-S12 peptide 

had only a minor inhibitory effect (Figure 2.5B). When initial rates of FV activation 

were plotted as a function of peptide concentration (Figure 2.5C), the IC50 was found 

to be 27 µM for the WT-S12 peptide and 325 µM for the SCR-S12, indicating that the 

WT-S12 peptide is at least 10 times more effective than the SCR-S12 peptide in 

inhibiting thrombin-mediated FV activation. 
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Figure 2.5 Effect of fibrinogen γ’ peptides on thrombin-mediated FV activation in model 

system. Purified FV was activated with thrombin (0.5 nM) in the presence of 0-500 

µM fibrinogen γ’ doubly sulfated wild-type (WT-S12) (A) or scrambled (SCR-S12) (B) 

peptide. At regular time points subsamples were taken from the activation mix and 

assayed for FVa activity in a prothrombinase-based assay. Time-courses of FV 

activation were fitted to a single exponential curve and initial rates of FV activation 

were plotted as a function of peptide concentration (C). 

 

 

To prove that the WT-S12 peptide actually impairs the cleavage of FV by thrombin, we 

also followed the time-course of thrombin-mediated FV activation in the absence or 

presence of 500 µM WT-S12 by SDS-PAGE and Western blotting. In the absence of 

peptide, FV was rapidly cleaved by thrombin, as demonstrated by the progressive 

disappearance of the single-chain FV (330 kDa) band and the parallel appearance of 

the FV heavy chain (105 kDa) band (Figure 2.6A). In contrast, hardly any cleavage of 

single-chain FV was observed in the presence of the WT-S12 peptide, with only traces 

of heavy chain appearing at the latest time-points (Figure 2.6B). 
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Figure 2.6 Effect of the fibrinogen γ’ peptide on thrombin-mediated FV cleavage. Purified FV 

was activated with thrombin (0.5 nM) in the absence (A) and presence (B) of 

fibrinogen γ’ doubly sulfated peptide (WT-S12, 500 μM) and aliquots were drawn at 

regular time points and analysed by SDS-PAGE and Western blot using a 

monoclonal antibody directed against the FV heavy chain. FV, single-chain FV; HC, 

heavy chain. 

 

 

The effect of the fibrinogen γ’ peptides on thrombin-mediated FV activation was also 

assessed in (defibrinated) normal plasma, after activation of coagulation with 2 pM 

TF. The WT-S12 peptide was highly effective in inhibiting FV activation, delaying the 

formation of FVa and reducing the maximal concentration of FVa in a dose-dependent 

manner (Figure 2.7A). On the other hand, the SCR-S12 peptide had virtually no effect 

on FVa generation in plasma (Figure 2.7B), confirming that the inhibition of thrombin-

mediated FV activation by the WT-S12 peptide is a specific effect. 

 

 

 

 

 

 

 

 

 

Figure 2.7 Effect of fibrinogen γ’ peptides on FVa generation in plasma. Coagulation was 

initiated in defibrinated normal plasma with 2 pM TF in the presence of 0-500 µM 

fibrinogen γ’ doubly sulfated wild-type (WT-S12) (A) or scrambled (SCR-S12) (B) 

peptide. Subsamples were taken at the indicated time points and FVa cofactor 

activity was quantified in a prothrombinase-based assay. 



 Anticoagulant activity of fibrinogen γ’ 

49 

  2 

Discussion 

Although it has been known for a long time that fibrin(ogen) has anticoagulant 

properties [27], the underlying molecular mechanism has never been elucidated in 

detail. Originally, antithrombin I activity was attributed to the ability of fibrin to 

adsorb thrombin [6]. Later the fibrinogen γ’ chain was shown to bind thrombin via 

exosite II and to down-regulate some of its procoagulant functions, particularly FVIII 

activation [11] and platelet activation [13].  

In our study, we have exploited the thrombin generation assay to investigate the 

overall effects of fibrinogen and fibrinogen γ’ peptide on coagulation. In contrast to 

conventional clotting tests, the thrombin generation assay probes all three phases of 

the coagulation process: the initiation phase is reflected in the lag time, whereas the 

propagation and termination phases are represented by the thrombin peak height 

and endogenous thrombin potential (the area under the thrombin generation curve). 

Although an earlier study also suggested that total fibrinogen and particularly γA/γ’ 

fibrinogen decreases thrombin generation when added to fibrinogen-deficient plasma 

[28], the subsampling method used in those experiments did not afford very high 

time-resolution and accuracy, especially in plasma containing fibrinogen. The recent 

development of a continuous fluorogenic method for the measurement of thrombin 

generation in clotting plasma [24] offered us the opportunity to repeat and extend 

those pioneering experiments. 

A comparison between whole and defibrinated plasma showed that total fibrinogen 

prolongs the lag time of thrombin generation, providing a clear demonstration of the 

anticoagulant effect of fibrin(ogen). This effect was most pronounced when 

coagulation was triggered with a low TF concentration and gradually disappeared at 

higher TF concentrations. This indicates that antithrombin I is only effective at low 

procoagulant stimuli, which can be explained by the different pathways that underlie 

thrombin generation at different TF concentrations [25]. In fact, at low TF 

concentration both the extrinsic and the intrinsic pathways of coagulation contribute 

to thrombin generation, whereas at higher TF concentration thrombin generation 

proceeds entirely via the TF pathway. 

To study how thrombin exosite II engagement by the fibrinogen γ’ chain affects 

thrombin generation, we used peptides with the same amino acid sequence as the 

fibrinogen γ’ C-terminal end (408-427) and various modifications of Y
418

 and Y
422

. With 



Chapter 2 

50 

        2 

the exception of WT-S2, all peptides prolonged the lag time and decreased the peak 

height of thrombin generation, confirming the overall anticoagulant effect of the 

fibrinogen γ’ chain. Notably, tyrosine sulfation considerably increased the potency of 

the peptide, in line with the notion that the two tyrosine residues of the γ’ chain are 

sulfated in vivo [3,29] and play a critical role in the interaction with thrombin exosite II 

[10,30]. Interestingly, in our assay the doubly sulfated peptide was a more potent 

anticoagulant than the doubly phosphorylated peptide, which has been used in 

previous studies [8,11,30,31]. The reason for this difference is presently unclear. 

The WT-S12 peptide prolonged the lag time and decreased the peak height of 

thrombin generation in a dose-dependent manner. Similar to the anticoagulant effect 

of fibrinogen, the anticoagulant effect of the WT-S12 peptide was observed only when 

coagulation was initiated with low TF concentrations (e.g. 2 pM) and was lost at 

higher TF concentrations (e.g. 10 pM). Since the SCR-S12 peptide, which contains the 

same set of negatively charged amino acids and sulfated tyrosines as the WT-S12 

peptide, did not affect thrombin generation at any TF concentration, the observed 

anticoagulant effects of the fibrinogen γ’ peptide are sequence-specific and not 

attributable to aspecific charge or pH effects of these highly anionic peptides. 

Moreover, control experiments indicated that the anticoagulant action of the WT-S12 

peptide cannot be ascribed to sequestration of Ca
2+

-ions (data not shown). 

Although the Kd for the interaction of the (doubly phosphorylated) fibrinogen γ’ 

peptide with thrombin exosite II has been estimated to be <1 μM [8,30], in our and 

other studies [11,32] much higher peptide concentrations were needed to show 

appreciable effects of the peptide on coagulation in plasma. Presently, we have no 

explanation for this discrepancy. 

The effects of the fibrinogen γ’ peptide on thrombin generation are likely due to the 

inhibition of thrombin functions that are important for the initiation and propagation 

of thrombin formation, such as the activation of FV, FVIII and FXI. Although the 

fibrinogen γ’ peptide has previously been shown to inhibit FVIII activation [11], its 

anticoagulant effects were not abolished by the presence of an anti-FVIII antibody, a 

condition where neither FVIII(a) nor FXI(a) contributes to thrombin generation. This 

suggested that the fibrinogen γ’ peptide may also inhibit thrombin-mediated FV 

activation, which was subsequently confirmed by specific FV activation experiments in 

model systems and in plasma. This finding is in line with published data showing that 

thrombin exosite II is necessary for thrombin-mediated cleavage of FV at Arg
1545

 [15], 
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which in turn is required for full FV activation. Therefore, binding of the fibrinogen γ’ 

peptide to thrombin exosite II inhibits the activation of both FV and FVIII. Both effects 

are likely to contribute to the anticoagulant action of the fibrinogen γ’ chain, but their 

relative importance in physiological situations remains to be elucidated. 

In conclusion, we have shown that fibrinogen and the (doubly sulfated) fibrinogen γ’ 

peptide inhibit thrombin generation at low procoagulant stimuli. When interpreting 

these results, it is important to bear in mind that the thrombin generation assay as 

performed in our study probes exclusively coagulation and is not sensitive to platelets, 

fibrin polymerization or fibrinolysis. In addition, we should be aware that the 

fibrinogen γ’ peptide mimics only the effects of the fibrinogen γ’ chain that derive 

from binding to thrombin exosite II and not any other effects that fibrinogen γA/γ’ 

may produce by engaging exosite I or the active site of thrombin. Finally, our finding 

that the fibrinogen γ’ peptide inhibits FV activation by thrombin suggests a novel 

mechanism underlying the anticoagulant effect of γA/γ’ fibrinogen, which may 

contribute to the increased risk of venous thrombosis associated with reduced γA/γ’ 

fibrinogen levels such as predicted by the FGG H2 haplotype. It is tempting to 

speculate that a possible intervention with (protease-resistant) γ’ peptide mimetic 

would down-regulate the coagulation potential of plasma in vivo and reduce venous 

thrombosis risk. 
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Abstract 

Activated protein C (APC) resistance, often associated with the factor V (FV) Leiden 

mutation, is the most common risk factor for venous thrombosis. We observed 

increased APC resistance in carriers of fibrinogen γ gene (FGG) haplotype 2, which is 

associated with reduced levels of the alternatively spliced fibrinogen γ’ chain. This 

finding prompted us to study the effect of fibrinogen and its γ’ chain on APC 

resistance. Fibrinogen, and particularly the γA/γ’ isoform, improved the response of 

plasma to added APC in the thrombin generation-based assay. Similarly, a synthetic 

peptide mimicking the C-terminus of the fibrinogen γ’ chain, which binds thrombin 

and inhibits its activities, greatly increased the APC sensitivity of normal and FV Leiden 

plasma, likely due to its ability to inhibit thrombin-mediated activation of FV and FVIII. 

Although the fibrinogen γ’ peptide also inhibited protein C activation by the 

thrombin/thrombomodulin complex, it still increased the sensitivity of plasma to 

endogenously formed APC when thrombin generation was measured in the presence 

of soluble thrombomodulin. We conclude that fibrinogen, and particularly fibrinogen 

γ’, increases plasma APC sensitivity. The fibrinogen γ’ peptide might form the basis for 

pharmacological interventions to counteract APC resistance. 
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Introduction 

The protein C pathway [1,2] is a pivotal anticoagulant mechanism which is initiated by 

thrombin bound to the membrane protein thrombomodulin (TM). The thrombin/TM 

complex converts the zymogen protein C into the serine-protease activated protein C 

(APC), which inactivates coagulation factors Va (FVa) and VIIIa (FVIIIa) by limited 

proteolysis. The in vitro addition of APC to plasma produces an anticoagulant 

response, which can be quantified in an APTT-based assay (as a prolongation of the 

clotting time) or in a thrombin generation-based assay (as a decrease of the area 

under the thrombin generation curve) [3]. A poor response of plasma to the 

anticoagulant action of APC, known as APC resistance [4], is the most prevalent risk 

factor for venous thrombosis in the Caucasian population. APC resistance is usually 

associated with carriership of the FV Arg
506
Gln (FV Leiden) mutation [5], which 

abolishes one of the APC-cleavage sites on FVa. However, altered levels of several pro- 

and anticoagulant factors, such as prothrombin, FV, FVIII, factor X, protein S and tissue 

factor pathway inhibitor, also cause plasma APC resistance [6,7]. 

Fibrinogen is a large glycoprotein that is produced in the liver and circulates in plasma 

at a concentration of ~3 mg/mL. Structurally, it comprises three polypeptide chains 

(Aα, Bβ and γ), each of which is present in two copies in the fibrinogen molecule. The 

human γ chain, encoded by the FGG gene, occurs in two structurally and functionally 

different isoforms that are generated by alternative splicing and polyadenylation of 

the FGG pre-mRNA [8]. The more abundant γA isoform has a short C-terminal tail of 

four amino acids (γA408-411, AGDV) containing a platelet-binding site, whereas the 

less abundant γ’ isoform has an extended C-terminal tail of 20 amino acids (γ’408-

427, VPREHPAETEYDSLYPEDDL) containing a high-affinity binding site for thrombin 

exosite II [9-11]. Random pairing of the γ chain isoforms generates three types of 

fibrinogen molecules: γA/γA (85-92%), γA/γ’ (8-15%) and ’/’ (<0.5%). 

Being the precursor of fibrin and promoting platelet aggregation, fibrinogen plays a 

major role in haemostasis. However, it has been known for a long time that 

fibrin(ogen) also binds thrombin and inhibits its activity [12]. While this anticoagulant 

activity of fibrin(ogen), known as “antithrombin I”, is still poorly understood, it has 

recently been shown that the interaction of the C-terminus of the fibrinogen γ’ chain 

with thrombin exosite II inhibits thrombin-mediated activation of FVIII [13] and 

FV [14], as well as platelets [15,16]. The physiological relevance of this anticoagulant 
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mechanism is underscored by the 2 to 3-fold increased risk of venous thrombosis 

associated with the common FGG H2 haplotype, which is associated with reduced 

levels of fibrinogen γ’ without affecting total fibrinogen levels [17-21]. 

Recently, we observed that carriership of the FGG H2 haplotype is associated with 

higher plasma APC resistance in FV Leiden carriers. This unexpected finding prompted 

us to investigate the effect of fibrinogen and its γ chain isoforms on APC resistance in 

normal and FV Leiden plasma. 

Materials and methods 

Population study 

In the frame of a previous study, approved by the Ethical Committee of Padua 

Academic Hospital and conducted in accordance with the Declaration of Helsinki, we 

determined the effects of several haemostasis-related SNPs on thrombin generation 

initiated by 6.8 pM TF in the absence and presence of ~10 nM APC in 188 FV Leiden 

heterozygotes [22]. 

In the present study, the same population was genotyped for the FGG 10034 C>T SNP 

(rs2066865), which tags the FGG H2 haplotype [17]. Genotyping was performed by 

polymerase chain reaction (PCR)-mediated amplification of a 435-bp genomic DNA 

fragment followed by restriction analysis with Rsa I (Fermentas, Thermo Fischer 

Scientific, Landsmeer, Netherlands). 

The effect of FGG H2 on thrombin generation was determined by multiple regression 

analysis and expressed as unstandardized regression coefficient (B). Besides the FGG 

H2 genotype (0, 1 or 2), the regression model included age, sex, and the levels of 

prothrombin, factor X, antithrombin, protein S and tissue factor pathway inhibitor as 

independent variables. 

Plasma samples 

A normal plasma pool was prepared by pooling platelet-free citrated plasma from 

34 healthy volunteers (20 males and 14 females, mean age 34.5 years) free of 

medication. Pooled FV Leiden plasma was prepared from citrated plasma of 

16 heterozygous carriers of FV Leiden not using any medication (referred to as FV 

Leiden heterozygous plasma throughout). In some experiments, these plasmas were 
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defibrinated by incubation with 1.17 U/mL Ancrod (NIBSC, Potters Bar, Hertfordshire, 

UK) for 10 minutes at 37°C and subsequent clot removal with a spatula. 

Congenitally fibrinogen-deficient plasma was purchased from George King Bio-

Medical Inc., Overland Park, KS, USA and reconstituted with either Hepes-buffered 

saline (25 mM Hepes, 175 mM NaCl, pH 7.7 at room temperature) or purified γA/γA 

or γA/γ’ fibrinogen to a final concentration of 1.4 mg/mL. 

Purification of A/A and A/’ fibrinogen 

Human fibrinogen was purchased from Enzyme Research Laboratories, Swansea, UK. 

γA/γA (peak 1) and γA/γ’ (peak 2) fibrinogen were separated by ion-exchange 

chromatography, as described [23,24]. To eliminate factor XIII, both peaks were 

subjected to a two-step ammonium sulfate precipitation protocol [25]. In step 1, the 

fibrinogen peaks were supplemented with CaCl2 to a final concentration of 7.9 mM 

and an ammonium sulfate solution was added up to 20% saturation under stirring at 

4°C. After 90 minutes the solution was centrifuged at 3000g for 20 minutes. In step 2, 

the ammonium sulfate concentration in the supernatant of step 1 was increased to 

33% saturation and after 90 minutes the solution was again centrifuged at 3000g for 

20 minutes. The pellets, which contained γA/γA or γA/γ’ fibrinogen, were dialysed 

against Hepes-buffered saline. Purity was examined by 8% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE), and concentration was determined by 

absorbance at 280 nm using an extinction coefficient (ε) of 1.51 mg
-1

 mL cm
-1

. 

Fibrinogen γ’ peptides 

Synthetic wild-type fibrinogen γ’ C-terminal peptide (WT-S12, Ac-

VPREHPAETEY(SO3)DSLY(SO3)PEDDL-OH) and scrambled control peptide (SCR-S12, Ac-

DESELDAY(SO3)TPLPRPVEDHY(SO3)E-OH) were obtained from Pepscan (Lelystad, the 

Netherlands). Both peptides were sulfated on both tyrosine residues. Synthesis and 

purification details have been previously reported [14]. Lyophilized peptides were 

resuspended in Hepes-buffered saline and stored in aliquots at -80°C. 

Thrombin generation-based APC resistance assay 

Thrombin generation was measured using Calibrated Automated Thrombography 

(CAT) [26], essentially as described [14]. Briefly, plasma was mixed with corn trypsin 
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inhibitor (Hematologic Technologies, Essex Junction, VT, USA) to prevent contact 

activation, and incubated with tissue factor (TF) (Dade Innovin, Marburg, Germany) 

and synthetic phospholipid vesicles (1,2-dioleoyl-sn-glycero-3-phosphoserine 

(DOPS)/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), 20/60/20, mol/mol/mol) for 10 min at 37°C. 

Subsequently, APC (Kordia, Leiden, Netherlands) or soluble TM (sTM, Asahi Kasei 

Pharma, Tokyo, Japan) was added and coagulation was immediately initiated with a 

mixture of CaCl2 and fluorogenic substrate for thrombin (Z-Gly-Gly-Arg-AMC, I-1140, 

Bachem, Bubendorf, Switzerland). Final concentrations in the wells were 44 µg/mL 

corn trypsin inhibitor, 10 pM TF (for experiments with APC) or 4 pM TF (for 

experiments with sTM), 30 μM phospholipids, 0-10 nM APC or 0-20 nM sTM, 12 mM 

added CaCl2 and 300 μM thrombin substrate. All thrombin generation curves were 

measured in duplicate. Fluorescence was read in a Fluoroskan Ascent reader (Thermo 

Labsystems, Helsinki, Finland) and thrombin generation parameters were calculated 

using the Thrombinoscope software (Thrombinoscope, Maastricht, The Netherlands). 

APC resistance was expressed as the ratio of the endogenous thrombin potentials 

(ETPs) obtained in the presence and absence of APC or sTM (residual ETP). The higher 

the residual ETP, the higher the APC resistance. 

APTT-based APC resistance assay 

The APTT-based APC resistance of normal and FV Leiden heterozygous plasma was 

measured using the Coatest APC resistance kit (Chromogenix, Milan, Italy) according 

to the manufacturer’s instructions. Clotting times were measured in triplicate. The 

APC sensitivity ratio (APCsr) was defined as the ratio of the clotting times determined 

in the presence and absence of APC. The lower the APCsr, the higher the APC 

resistance. 

Protein C activation assay 

Purified human protein C (Hyphen BioMed, Neuville-sur-Oise, France, 500 nM) was 

activated at 37°C with 5 nM human thrombin (Hematologic Technologies) and 10 nM 

human sTM in 25 mM Hepes, 140 mM NaCl, 3 mM CaCl2, pH 7.7 at RT, and 5 mg/ml 

bovine serum albumin (BSA) in the presence of increasing concentrations (0-500 µM) 

of fibrinogen γ’ WT-S12 or SCR-S12 peptide. At 0, 30 and 60 minutes of activation 
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subsamples were drawn from these mixtures into an EDTA-buffer (50 mM Tris, 

175 mM NaCl, 20 mM EDTA, pH 7.9 at RT, 0.5 mg/ml ovalbumin, and 5 nM hirudin to 

prevent further activation of protein C). APC activity was determined 

spectrophotometrically with chromogenic substrate Biophen CS-21(66) (Hyphen 

BioMed). The assay was calibrated using known amounts of APC. Rates of protein C 

activation were plotted as a function of peptide concentration and fitted to the 

equation of a rectangular hyperbola, from which half-maximal inhibitory 

concentrations (IC50) were calculated. 

Results 

Effect of FGG H2 haplotype on APC resistance in FV Leiden carriers 

In the frame of a study aimed at determining the effect of common genetic variation 

on thrombin generation [22], we genotyped 188 FV Leiden heterozygotes for several 

SNPs in haemostasis-related genes. In the present study this population was 

genotyped for FGG 10034 C>T (rs2066865), which tags the FGG H2 haplotype. 

Figure 3.1 shows the effects of the H2 haplotype on the ETP. The ETP-APC was 

634.4±129.8 nM.min in non-carriers (N=99), 673.5±143.8 nM.min in heterozygous 

carriers (N=78) and 641.5±139.0 nM.min in homozygous carriers (N=11) of the minor 

allele (Figure 3.1A), indicating that the FGG H2 genotype does not affect the ETP-APC 

(B=11.0 nM.min/haplotype copy, p=0.312). In contrast, the ETP+APC was 230.5 ± 149.0 

nM.min in non-carriers, 337.6±176.5 nM.min in heterozygous carriers and 

396.6±113.1 nM.min in homozygous carriers of the minor allele (Figure 3.1B), 

indicating that the FGG H2 haplotype considerably increases the ETP+APC 

(B=62.4 nM.min/haplotype copy, p<0.001). This unexpected finding suggested a 

possible relationship between fibrinogen γ’ level and plasma APC resistance and 

prompted us to study the effect of fibrinogen and its γ chain isoforms on the response 

of normal and FV Leiden plasma to APC. 
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Figure 3.1 Effect of the FGG H2 genotype on plasma APC resistance. FGG H2 genotype and 

thrombin generation at 6.8 pM TF in the absence and presence of 10 nM APC were 

determined in 188 FV Leiden heterozygotes. The ETP-APC (A) and the ETP+APC (B) 

were plotted as a function of the FGG H2 genotype. Hx indicates any other FGG 

haplotype except H2. The p-values refer to the regression coefficients of the ETP-APC 

and ETP+APC vs. FGG H2 genotype. 

 

Effect of total fibrinogen and the purified γ chain fibrinogen isoforms on the 

APC response  

To study the effect of total fibrinogen on the plasma APC response, we compared 

thrombin generation in whole and defibrinated normal and FV Leiden heterozygous 

plasma in the absence and presence of increasing concentrations of APC. In the 

absence of APC, thrombin generation was higher in whole plasma than in defibrinated 

plasma (ETP 678.2 nM.min and 479.6 nM.min for whole and defibrinated normal 

plasma; 661.9 nM.min and 503.2 nM.min for whole and defibrinated FV Leiden 

heterozygous plasma) (Figure 3.2). This is in line with published data and is probably 

due to the ability of fibrinogen to protect thrombin from inhibition by antithrombin 

and α2-macroglobulin [27-30]. However, the addition of APC decreased thrombin 

generation relatively more in whole plasma, resulting in lower ETPs in whole plasma 

than in defibrinated plasma at each APC concentration (Figure 3.2). At the highest APC 

concentration the ETP was almost 10 times (normal plasma) and >3 times (FV Leiden 

heterozygous plasma) lower in whole than in defibrinated plasma. Consequently, in 

both plasmas the residual ETP at each APC concentration was also lower in whole 

plasma than in defibrinated plasma (Figure 3.2C,F), suggesting that total fibrinogen 

makes plasma more sensitive to the anticoagulant action of APC. Whole plasma from 
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a FV Leiden homozygous carrier was also more sensitive to APC than defibrinated 

plasma of the same individual (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Effect of total fibrinogen on the ETP-based APC response in pooled normal plasma 

and in FV Leiden heterozygous plasma. Thrombin generation was initiated with 10 

pM TF in the presence of 0-5 nM APC in defibrinated and whole normal plasma (A, 

B) and in the presence of 0-10 nM APC in defibrinated and whole FV Leiden 

heterozygous plasma (D, E). Residual ETPs (ETP+APC/ETP-APC) of normal (C) and FV 

Leiden heterozygous (F) plasma were plotted as a function of the APC 

concentration. Averages of triplicate experiments are shown. Error bars indicate 

the standard error of the mean. 

 

 

To check whether the two γ chain fibrinogen isoforms differ in their effects on plasma 

APC response, we reconstituted congenitally fibrinogen-deficient plasma with 

1.4 mg/ml purified γA/γA or γA/γ’ fibrinogen (corresponding to ~50% of the total 

fibrinogen concentration in normal plasma) and measured thrombin generation in the 

absence and presence of increasing concentrations of APC. In line with the results 

obtained with whole and defibrinated plasma, supplementation of fibrinogen-

deficient plasma with fibrinogen resulted in higher thrombin generation in the 

absence of APC, but also increased the sensitivity of plasma to the anticoagulant 

action of APC (Figure 3.3). Both effects were more pronounced when fibrinogen-
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deficient plasma was reconstituted with γA/γ’ fibrinogen compared to reconstitution 

with γA/γA fibrinogen. The ETPs obtained in the absence of APC and at the highest 

APC concentration (10 nM) were 627 nM.min and 217 nM.min (residual ETP 34.6%) in 

fibrinogen-deficient plasma, 852 nM.min and 109 nM.min (residual ETP 12.8%) in 

plasma reconstituted with γA/γA fibrinogen, and 1310 nM.min and 92 nM.min 

(residual ETP 7.0%) in plasma reconstituted with γA/γ’ fibrinogen. These results 

indicate that, although both fibrinogen isoforms increase the sensitivity of plasma for 

APC, the γA/γ’ isoform has a more pronounced effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Effect of γA/γA and γA/γ’ fibrinogen on the ETP-based APC response in 

reconstituted fibrinogen-deficient plasma. Thrombin generation was initiated with 

10 pM TF in the presence of 0-10 nM APC in fibrinogen-deficient plasma 

supplemented with buffer (A) or with 1.4 mg/ml γA/γA fibrinogen (B) or 1.4 mg/ml 

γA/γ’ fibrinogen (C). Residual ETPs (ETP+APC/ETP-APC) were plotted as a function of 

the APC concentration (D). Averages of duplicate experiments are shown. 

 

Effects of the fibrinogen γ’ peptides on the APC response of normal and FV 

Leiden heterozygous plasma 

To investigate whether the effect of γA/γ’ fibrinogen on the APC response of plasma is 

mediated by thrombin inhibition via occupation of exosite II, we used a synthetic 20 
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amino acid peptide homologous to the C-terminus of this chain (WT-S12) and a 

scrambled control peptide (SCR-S12). Thrombin generation was measured in normal 

plasma at increasing concentrations of APC in the absence and presence of 250 µM 

peptide (Figure 3.4A-C) and residual ETPs were calculated (Figure 3.4D). Addition of 

the WT-S12 peptide only slightly affected the ETP-APC (which was 783.3 nM.min and 

677.3 nM.min in the absence and presence of peptide, respectively), as previously 

observed at this TF concentration [14], but markedly decreased the ETP+APC and the 

residual ETP. At 3 nM APC, the ETP in the presence of the WT-S12 peptide was 

19.7 nM.min vs. 94.7 nM.min in the absence of peptide. Accordingly, the residual ETP 

in the presence of WT-S12 peptide was >75% lower than in its absence. In contrast, 

addition of the SCR-S12 did not appreciably influence the ETP in the absence or 

presence of APC or the residual ETP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Effect of fibrinogen γ’ peptides on the ETP-based APC response in normal and FV 

Leiden heterozygous plasma. Thrombin generation was initiated with 10 pM TF in 

the presence of 0-4 nM APC (normal plasma, A-C) or 0-8 nM APC (FV Leiden 

heterozygous plasma, E-G) in the absence (A, E) and presence of 250 µM SCR-S12 

peptide (B, F) or WT-S12 peptide (C, G). Residual ETPs (ETP+APC/ETP-APC) of normal 

(D) and FV Leiden (H) plasma were plotted as a function of the APC concentration. 

Averages of triplicate experiments are shown. Error bars indicate the standard 

error of the mean. 
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Similar experiments were performed in the FV Leiden heterozygous plasma (Figure 

3.4E-H). Like in normal plasma, the WT-S12 and SCR-S12 peptides hardly affected 

thrombin generation in the absence of APC, while the WT-S12 peptide (but not the 

SCR-S12 peptide) considerably reduced thrombin generation in the presence of APC. 

At 6 nM APC, the WT-S12 peptide decreased the ETP from 170.3 nM.min to 22.7 

nM.min, whereas the SCR-S12 peptide had virtually no effect (163.3 nM.min). This 

was reflected in the residual ETP, which was >80% lower in the presence of WT-S12 

compared to the residual ETP in its absence. Similar effects of WT-S12 and SCR-S12 

peptides were observed in plasma from a FV Leiden homozygous carrier (data not 

shown). 

The effect of the fibrinogen γ’ peptide on plasma APC resistance was also tested with 

the commonly used APTT-based assay (Figure 3.5). To this end, clotting times in the 

absence and presence of APC were measured in plasma supplemented with 0-100 µM 

WT-S12 or SCR-S12 peptide. In normal plasma, increasing concentrations of the 

WT-S12 peptide caused a progressive prolongation of the APTT-APC (from 35.0 sec to 

56.3 sec) and even more of the APTT+APC (from 109.9 sec to 398.3 sec), increasing the 

APCsr from 3.14 in the absence of peptide to 7.08 in the presence of 100 μM peptide 

(Figure 3.5A). In contrast, the SCR-S12 peptide had only a minor effect on the clotting 

times and on the APCsr, which increased from 3.22 in the absence of peptide to 3.71 

in the presence of 100 μM peptide. In FV Leiden heterozygous plasma, the WT-S12 

peptide prolonged the APTT-APC from 34.7 sec to 56.9 sec and the APTT+APC from 

82.2 sec to 232 sec, causing the APCsr to increase from 2.37 in the absence of peptide 

to 4.07 in the presence of 100 μM peptide (Figure 3.5B). Interestingly, the addition of 

25 µM WT-S12 peptide was already sufficient to normalize the APCsr of FV Leiden 

heterozygous plasma. In contrast, the SCR-S12 peptide was virtually ineffective, 

changing the APCsr of FV Leiden heterozygous plasma from 2.37 in the absence of 

peptide to 2.42 in the presence of 100 μM peptide. 

Overall, these data show that the fibrinogen γ’ C-terminal peptide improves the 

anticoagulant response of normal and FV Leiden plasma to APC. 
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Figure 3.5 Effect of fibrinogen γ’ peptides on the APTT-based APC response in normal and 

FV Leiden heterozygous plasma. APC resistance was measured with the APTT-

based assay in normal (A) and FV Leiden heterozygous (B) plasma supplemented 

with 0-100 μM WT-S12 or SCR-S12 peptide. APC-sensitivity ratios (APCsr) were 

plotted as a function of the peptide concentration. All clotting times were 

measured in triplicate. Error bars indicate the standard error of the mean. 

 

Effect of fibrinogen γ’ peptides on thrombin generation determined in the 

absence and presence of TM in normal and FV Leiden heterozygous plasma 

In vivo, protein C is activated by thrombin bound to TM. Since the C-terminus of the 

fibrinogen γ’ chain targets exosite II of thrombin, it might inhibit protein C activation 

by the thrombin/TM complex, thereby abolishing its own anticoagulant effect 

observed in the presence of pre-formed APC. Hence, we also determined the effects 

of the fibrinogen γ’ peptides on thrombin generation measured at 4 pM TF in the 

absence and presence of sTM. In the absence of peptides, increasing concentrations 

of sTM progressively decreased thrombin generation in normal plasma (Figure 3.6A) 

and, to a lesser extent, in FV Leiden heterozygous plasma (Figure 3.6E). Addition of 

the WT-S12 peptide (Figure 3.6C,G), but not of the SCR-S12 peptide (Figure 3.6B,F), 

dramatically decreased thrombin generation at each sTM concentration. At the 

highest sTM concentration, the WT-S12 peptide reduced the ETP+TM from 94.4 nM.min 

to 16.5 nM.min in normal plasma and from 132.5 nM.min to 25.9 nM.min in FV Leiden 

heterozygous plasma. As a result, the residual ETP was ~80% lower it the presence of 

WT-S12 than in its absence in both normal and FV Leiden plasma (Figure 3.6D,H).  
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Figure 3.6 Effect of fibrinogen γ’ peptides on the ETP-based sTM response of normal and FV 

Leiden heterozygous plasma. Thrombin generation was initiated with 4 pM TF in 

the presence of 0-10 nM sTM in normal plasma (A-C) or 0-20 nM sTM in FV Leiden 

heterozygous plasma (E-G) in the absence (A, E) or presence of 250 µM SCR-S12 

peptide (B, F) or WT-S12 peptide (C, G). Residual ETPs (ETP+TM/ETP-TM) of normal 

plasma (D) and FV Leiden heterozygous plasma (H) were plotted as a function of 

the sTM concentration. Averages of triplicate experiments are shown. Error bars 

indicate the standard error of the mean. 

 

Effect of the fibrinogen γ’ peptides on protein C activation 

Finally, we also investigated the direct effect of the WT-S12 and SCR-S12 peptides on 

protein C activation by the thrombin/sTM complex. Both peptides inhibited protein C 

activation in a dose-dependent manner, but WT-S12 was clearly more potent than 

SCR-S12 (Figure 3.7A,B). At the highest peptide concentration (500 μM), protein C 

activation was inhibited ~90% by the WT-S12 peptide vs. ~40% by the SCR-S12 

peptide. The IC50 values were 36.5 µM for WT-S12 and 582.8 µM for SCR-S12 

(Figure 3.7C). 
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Figure 3.7 Effect of fibrinogen γ’ peptides on protein C activation by the thrombin/sTM 

complex. Purified protein C (500 nM) was activated with thrombin (5 nM) and sTM 

(10 nM) in the presence of 0-500 µM WT-S12 (A) or SCR-S12 (B) peptide. 

Subsamples were taken from the activation mix after 30 and 60 min and assayed 

for APC activity. Rates of protein C activation were plotted as a function of peptide 

concentration and fitted to the equation of a rectangular hyperbola (C). 

 

Discussion 

Beside its essential pro-haemostatic role, fibrin(ogen) is known to express 

anticoagulant activity as a thrombin inhibitor. In the present paper we show that 

fibrinogen, and particularly fibrinogen γ’, increases the sensitivity of plasma to APC in 

the thrombin generation- and APTT-based assays. This phenomenon was not 

observed in previous studies that investigated the relationship between plasma factor 

levels and APC resistance [6,7], possibly because a) the variation in fibrinogen level in 

healthy individuals is not large enough for the effect to be picked up; and b) the effect 

is mainly (although not exclusively) due to fibrinogen γ’, which makes up only 8-15% 

of total fibrinogen in plasma. In our study design the effect of fibrinogen on APC 
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sensitivity was magnified by comparing the complete absence of fibrinogen 

(defibrinated plasma or congenitally fibrinogen-deficient plasma) with 100% total 

fibrinogen (whole plasma) or with ~50% γA/γA or γA/γ’ fibrinogen (reconstituted 

fibrinogen-deficient plasma). This was only possible in the ETP-based APC resistance 

assay, which can also be performed in plasma without fibrinogen. In the APTT-based 

assay, which relies on clotting and therefore cannot be performed in the absence of 

fibrinogen, the effect of fibrinogen γ’ on APC resistance could be reproduced by the 

addition of the synthetic γ’ chain C-terminal peptide. 

Thrombin generation-based APC resistance was expressed as the residual ETP, which 

is the ratio of the ETPs determined in the presence and absence of APC (or TM). 

Fibrinogen decreased the residual ETP not only by decreasing the ETP+APC, but also by 

increasing the ETP-APC. The ability of fibrinogen to increase the ETP determined at high 

TF in the absence of APC is a well-known effect which has been attributed to the fact 

that fibrin(ogen) binds thrombin and delays its inhibition by α2-macroglobulin and 

antithrombin [27-30], without affecting its ability to convert the fluorogenic substrate. 

The observation that, compared to γA/γA fibrinogen, γA/γ’ fibrinogen binds more 

thrombin with a higher affinity [29] can explain why this fibrinogen isoform is more 

effective than γA/γA fibrinogen in increasing the ETP-APC. On the other hand, the effect 

on the ETP+APC is likely due to the ability of fibrinogen, and particularly of the γ’ chain, 

to inhibit thrombin activity on FV [14] and FVIII [13], as demonstrated by the fact that 

this effect could be reproduced by the fibrinogen γ’ C-terminal peptide alone. 

Therefore, in contrast to most determinants of APC resistance (such as FV Leiden, 

elevated levels of prothrombin and FVIII, as well as low protein S levels) [6,7], which 

act by impairing FVa and/or FVIIIa inactivation, the fibrinogen γ’ chain improves the 

APC response by inhibiting FV and FVIII activation. This mechanism is similar to that of 

tissue factor pathway inhibitor, which also improves the APC response by decreasing 

the procoagulant drive [6,7]. 

The thrombin generation-based APC resistance test used in our study was performed 

at 10 pM TF. Since it is well established that the intrinsic FX-activating complex (i.e. 

FVIIIa) does not contribute to thrombin generation measured at high TF 

concentrations [7], control experiments with anti-FVIII antibodies were performed to 

verify the FVIII-dependence of our thrombin generation-based APC resistance assay. 

These experiments showed that the addition of neutralizing anti-FVIII antibodies does 

not affect thrombin generation at 10 pM TF in the absence of APC, whereas in the 
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presence of APC considerably less thrombin is formed in the presence than in the 

absence of anti-FVIII antibodies (data not shown). This indicates that FVIII is indeed a 

determinant of thrombin generation measured at high TF in the presence of APC and 

of the residual ETP. 

Importantly, the APC-sensitizing action of fibrinogen was not confined to normal 

plasma, but also extended to plasma from heterozygous and homozygous carriers of 

FV Leiden. Although γA/γA and γA/γ’ fibrinogen could not be tested separately on a 

FV Leiden background, our population study showed a definite association between 

FGG H2 genotype (and hence reduced fibrinogen γ’ levels) and increased APC 

resistance in FV Leiden carriers. Moreover, the fibrinogen γ’ peptide effectively 

decreased APC resistance in FV Leiden plasma, both in the thrombin generation- and 

in the APTT-based assay. These findings are in line with an in vivo study in which 

transgenic expression of the human γ’ chain substituting the murine γ’ chain reduced 

thrombus size in FV Leiden mice in an experimental model of venous thrombosis [31].  

Addition of pre-formed APC to plasma is not entirely physiological, because it by-

passes the activation of protein C by the thrombin/TM complex. Since fibrinogen γ’ 

could interfere with this process by binding and inhibiting thrombin, we also studied 

the effect of the fibrinogen γ’ peptide on protein C activation and on thrombin 

generation measured in the presence of (soluble) TM. We observed that the peptide 

markedly decreased protein C activation by the thrombin/sTM complex in a model 

system, suggesting that the fibrinogen γ’ peptide affects both pro- and anticoagulant 

functions of thrombin. Interestingly, previous studies have shown that fibrinogen 

impairs APC generation by interfering with the formation of the thrombin/TM 

complex [32,33], which was originally attributed to the competition between 

fibrinogen and TM for thrombin exosite I. However, our data indicate that occupation 

of thrombin exosite II by the fibrinogen γ’ peptide may contribute to this effect, as 

also reported in a recent abstract [34]. Nevertheless, addition of the fibrinogen γ’ 

peptide still decreased thrombin generation in the presence of sTM, both in normal 

and FV Leiden heterozygous plasma. In other words, the peptide increased the 

sensitivity of plasma to endogenously generated APC, suggesting that the 

anticoagulant effect of the peptide (inhibition of thrombin-mediated FV and FVIII 

activation) is stronger than its procoagulant effect (inhibition of protein C activation 

by the thrombin/sTM complex).  
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In summary, our study shows that fibrinogen and particularly its γA/γ’ isoform 

increases APC sensitivity in normal and FV Leiden plasma. This effect can be 

reproduced by the C-terminal peptide of the γ’ chain and is likely explained by the 

ability of the peptide to inhibit thrombin-mediated FV and FVIII activation. Although 

the fibrinogen γ’ peptide also inhibits protein C activation by the thrombin/TM 

complex, its net effect in plasma is still anticoagulant. Therefore, the fibrinogen γ’ 

peptide could form the basis for pharmacological interventions to counteract APC 

resistance. 
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Abstract 

Introduction. Coagulation factor XI (FXI) is the zymogen of the serine-protease FXIa, 

which contributes to thrombin formation by activating FIX. In vitro, FXI activation by 

thrombin is highly inefficient, unless stimulated by negatively charged surfaces. Here 

we have studied the effects of ionic strength, phospholipid vesicles and aptamers 

targeting thrombin exosites on FXI activation by thrombin. The ultimate goal was to 

test whether fibrinogen γ’, which binds to thrombin exosite II, affects thrombin-

catalyzed FXI activation. Materials and methods. FXI was incubated with thrombin in 

the absence and presence of phospholipid vesicles and FXIa generation was quantified 

with a chromogenic substrate. The ionic strength was varied using either NaCl or 

tetrapropylammonium chloride. Binding of thrombin and FXI to phospholipids was 

determined by surface plasmon resonance. The involvement of thrombin exosites in 

FXI activation was studied using thrombin aptamers targeting exosite I and exosite II 

and a synthetic fibrinogen γ’ peptide. Results. Decreasing the ionic strength greatly 

stimulated FXI activation by thrombin. However, at equal ionic strength, the reaction 

was more efficient with NaCl than with tetrapropylammonium chloride, suggesting a 

specific stimulatory effect of Na
+
. Phospholipid vesicles containing negatively charged 

phospholipids enhanced FXI activation by thrombin. Thrombin and FXI bound to 

negatively charged phospholipid vesicles and both thrombin exosites contributed to 

phospholipid binding. The fibrinogen γ’ peptide inhibited thrombin-mediated FXI 

activation in a dose-dependent manner, both in the absence and presence of 

phospholipids. Conclusions. Thrombin-mediated FXI activation is stimulated by 

negatively charged phospholipids and inhibited by the fibrinogen γ’ peptide. 
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Introduction 

Coagulation factor XI (FXI) is the zymogen of FXIa, an enzyme of the contact system 

that participates in coagulation by activating factor IX [1] and possibly also factor X 

and factor V [2]. FXI circulates in plasma at a concentration of ~30 nM, virtually all 

bound to high molecular weight kininogen [1,3]. Structurally, FXI is a 160-kDa 

disulfide-linked homodimer, each monomer consisting of four apple domains and a 

catalytic serine-protease domain [4,5]. FXI is not a vitamin K-dependent protein and 

lacks the Ca
2+

-binding Gla-domain. 

FXI is activated by FXIIa, thrombin and FXIa (auto-activation) via cleavage of the 

Arg
369

- Ile
370 

peptide bond between apple domain 4 and the catalytic domain of FXI [5-

8]. Although FXIIa is the main activator of FXI, it has been shown that thrombin-

mediated activation of FXI also occurs in plasma [6, 9]. According to the revised model 

of blood coagulation [7], traces of thrombin formed during the initiation phase 

activate FXI, amplifying thrombin generation and leading to the activation of thrombin 

activatable fibrinolysis inhibitor, which in turn prevents the lysis of the clot [10-12]. 

The physiological relevance of this feedback mechanism is illustrated by the bleeding 

tendency associated with FXI deficiency, which manifests itself particularly in tissues 

with high fibrinolytic activity [13]. 

In model systems FXI activation by thrombin is remarkably inefficient, but can be 

greatly stimulated by negatively charged surfaces, such as dextran sulfate [7], heparin 

[14], sulfatides [6] and polyphosphate [15], which provide a template for the bi-

dimensional interaction between thrombin and FXI. The same polyanions have also 

been shown to favor auto-activation of FXI by FXIa [5,14-16]. In vivo, FXI activation by 

thrombin is thought to occur at the surface of activated platelets [17, 18], where 

glycoprotein Ib (GPIb) may act as a cofactor [19,20], as both thrombin and FXI bind 

to (distinct sites on) this receptor [21]. Additional physiological cofactors may be 

platelet polyphosphate [15] as well as factor Va (FVa), which has been reported to 

stimulate thrombin-mediated FXI activation 2-4 times in a phospholipid-dependent 

manner [22].  

Thrombin activity is regulated by a Na
+
-binding site that is located in a region 

important for the formation of the substrate binding pocket [23]. It is thought that 

Na
+
-binding allosterically regulates thrombin by converting it from an anticoagulant 

(“slow”) to a procoagulant (“fast”) form with a higher affinity for procoagulant 
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substrates [24-26]. More recent structural insights suggest that “slow” thrombin is a 

dynamic zymogen-like form, which is stabilized in the active conformation by Na
+
-

binding [27,28]. However, it is still unclear whether and how Na
+
 binding affects the 

activity of thrombin towards FXI. 

The interactions of thrombin with its many substrates and cofactors are mediated by 

two anion-binding exosites [29]. Using thrombin variants with mutations in exosite I 

or II, it was shown that both exosites participate in FXI activation, exosite I by binding 

FXI and exosite II by binding DXS or platelet GPIbα [19,20]. However, these papers 

were later partially retracted and the involvement of exosite I in FXI activation has 

recently been questioned [30].  

The alternatively spliced fibrinogen γ’ chain, which is present in 8-15% of all fibrinogen 

molecules, binds to thrombin exosite II with high affinity via its C-terminal end [31]. 

This interaction interferes with the activity of thrombin towards some of its 

substrates, including the platelet protease-activated receptor (PAR)-1 [32,33], as well 

as factor V [34], factor VIII [35] and protein C [36]. Whether the interaction between 

fibrinogen γ’ and thrombin also affects FXI activation has not been determined.  

Here we have investigated the role of Na
+
, negatively charged phospholipids, 

thrombin exosites and fibrinogen γ’ in FXI activation by thrombin. 

Materials and methods 

Materials 

Purified human FXI, FXIa and -thrombin were purchased from Haematologic 

Technologies (Essex Junction, VT, USA). FXI and FXIa concentrations were calculated 

from the A280 determined on a NanoDrop 2000 (Thermo Scientific, Wilmington, DE, 

USA) using the extinction coefficients provided by Haematologic Technologies. 

Recombinant hirudin was obtained from Hyphen BioMed (Neuville sur Oise, France). 

Bovine serum albumin (BSA) was from MP Biomedicals (Illkirch, France). Dextran 

sulfate (DXS, MW 500,000) from Sigma-Aldrich (St. Louis, MO, USA) was a kind gift of 

Dr. J.W. Govers-Riemslag and purified medium-size polyphosphate (PolyP, ~70mer), 

was a generous gift of Prof. J.H. Morrissey. Synthetic phospholipids, including 1,2-

dioleoyl-sn-glycero-3-phosphocholine (PC), 1,2-dioleoyl-sn-glycero-3-phosphoserine 

(PS), 1,2-diacyl-sn-glycero-3-phosphate (PA), sphingomyelin and cholesterol, were 

purchased from Avanti Polar Lipids (Alabaster, AL, USA) and resuspended in 
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chloroform/methanol. The phospholipid stocks were mixed in the required 

proportions, dried under moderate nitrogen flow and resuspended in Hepes/NaCl 

buffer. Phospholipid vesicles were prepared by sonication of this mixture for 

10 minutes, as described [37]. The chromogenic substrate Biophen CS-21(66) was 

from Hyphen BioMed. NaCl was obtained from Sigma-Aldrich and tetrapropyl-

ammonium chloride was purchased from Acros Organics (Geel, Belgium). All Biacore 

reagents were from GE Healthcare (Pittsburgh, PA, USA). Single-stranded DNA oligo-

nucleotides (aptamers) binding to thrombin exosite I (HD1, 5’-GGTTGGTGTGGTTGG-

3’) and exosite II (HD22, 5’-AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3’), respectively 

[38], were obtained from Integrated DNA Technologies (Leuven, Belgium). A synthetic 

peptide with the same sequence as the C-terminus of the fibrinogen γ’ chain (WT-S12, 

Ac-VRPEHPAETEYDSLYPEDDL-OH) and a scrambled control peptide (SCR-S12, Ac-

DESELDAYTPLPRPVEDHYE-OH) were obtained from Pepscan (Lelystad, The 

Netherlands). Both peptides were sulfated on both tyrosine residues, as described 

previously [34].  

FXI activation assay 

Purified human FXI (30 nM) was activated with 10 nM human thrombin (in the 

absence of negatively charged surface) or 1 nM human thrombin (in the presence of 

negatively charged surface) at 37°C in 25 mM HEPES, pH 7.7 at room temperature, 

10-140 mM NaCl (or 0-130 mM tetrapropylammonium chloride on top of 10 mM NaCl 

coming from reagents), and 5 mg/mL bovine serum albumin. Some reactions were 

performed in the presence of 0-20 µM phospholipid vesicles (PA/PC or PS/PC in 

various proportions), 0-20 µM thrombin aptamers or 0-100 µM fibrinogen γ’ peptides. 

At regular time points aliquots of 25 µL were taken from the activation mixture and 

transferred to the well of a microtiter plate with 200 µL of a buffer containing 50 mM 

Tris (pH 7.9 at room temperature), 175 mM NaCl, 20 mM EDTA, 0.5 mg/ml ovalbumin, 

supplemented with 5 nM hirudin to prevent further activation of FXI by thrombin. 

Subsequently, 25 µL of the chromogenic substrate Biophen CS-21(66) was added (final 

concentration in the well 500 M) and the conversion of chromogenic substrate, 

which is a measure for the amount of FXIa present, was followed at 405 nm in an Ultra 

Microplate Reader (Bio-Tek, Burlington, VT). The amount of FXIa present in the 

activation mixtures was calculated using a calibration curve determined with known 

concentrations of FXIa. 
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Surface plasmon resonance experiments 

Binding of FXI and thrombin to phospholipids at 25°C was determined by surface 

plasmon resonance (SPR) using the Biacore T200 system (GE Healthcare). 

Phospholipid vesicles (40/60 PS/PC mol/mol) prepared by sonication were extruded 

through a liposome extruder with a 200-nm filter (Avestin Europe GmbH, Mannheim, 

Germany) and immobilized on a L1 sensor chip (GE Healthcare) to ~5000 resonance 

units. The reference cell was coated with vesicles containing PC only. Increasing 

concentrations of thrombin (0-1000 nM) or FXI (0-100 nM) in 25 mM HEPES, pH 7.4, 

and 20 mM NaCl were perfused for 400 sec at a flow rate of 5 µl/min over the 

phospholipid surface and binding was recorded. After each run, the sensor chip was 

regenerated with 50 mM NaOH. FVIII (Kogenate® FS antihemophilic factor, Bayer AG, 

Leverkusen, Germany), which binds to negatively charged phospholipids in the 

absence of Ca
2+

, was used as a positive control. Raw data were corrected for blank, as 

a detailed binding kinetics analysis is problematic to perform due to the shapes of the 

curves. 

Results 

Set-up of model systems to study FXI activation by thrombin 

Thrombin-catalyzed FXI activation is a rather slow reaction in vitro [5-7,14] which can 

be accelerated by negatively charged surfaces as well as by lowering the ionic strength 

[6,14,15]. In order to find reaction conditions that allow reliable measurement of FXI 

activation, we performed thrombin titrations and NaCl titrations of FXI activation in 

the absence and presence of negatively charged surfaces (DXS and polyP). In the 

absence of a negatively charged surface the rate of FXI activation increased ~10-fold 

when the salt concentration in the reaction medium was decreased from 140 mM to 

10 mM NaCl (Figure 4.1A). 

FXI activation in the presence of a negatively charged surface can be complicated by 

the occurrence of auto-activation [6] as well as auto-inactivation (autolysis) of FXIa 

[7,15]. Since auto-activation and auto-inactivation particularly occur at low salt 

concentrations, experiments in the presence of negatively charged surfaces were 

performed at 50-60 mM NaCl. Moreover, the contributions of auto-activation and 

auto-inactivation were minimized by calculating rates of thrombin-catalyzed FXI 
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activation from the linear part of time courses of FXIa generation. Figure 4.1 shows 

the effects of different concentrations DXS (Figure 4.1B) and PolyP (Figure 4.1C). The 

highest concentrations of DXS (100 ng/mL) and PolyP (100 nM) enhanced the rates of 

thrombin-catalyzed FXI activation 10 to 15-fold. 

Based on these experiments, we chose to use 10 nM thrombin and 20 mM NaCl to 

measure FXI activation in free solution, and 1 nM thrombin and 60 mM NaCl to 

measure FXI activation in the presence of negatively charged surfaces. The FXI 

concentration was set at 30 nM in all experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Set-up of model systems to study FXI activation by thrombin. FXI (30 nM) was 

incubated with 10 nM thrombin in HEPES buffer containing 10-140 mM NaCl (A). 

FXI (30 nM) was incubated with 10 nM thrombin in the presence of 0-0.1 µg/ml 

DXS (A) or 0-100 nM PolyP (B) in HEPES buffer containing 50 mM NaCl. FXI 

activation was followed in time as described under Methods. Initial rates of FXI 

activation (nM FXIa/min) were determined from the first 5 minutes of the reaction 

and plotted as a function of DXS concentration (B) or PolyP concentration (C). 

Averages of duplicate experiments are shown. 
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Effect of phospholipids on FXI activation by thrombin  

It is well established that activation of FXI by thrombin is enhanced by negatively 

charged surfaces like heparin, DXS and polyphosphate [6,14,15]. Since a phospholipid 

surface composed of phosphatidic acid (PA) contains a regular array of phosphate 

groups just as polyphosphate, we hypothesized that phospholipid vesicles containing 

PA might also stimulate FXI activation by thrombin. When FXI was activated with 1 nM 

thrombin at 60 mM NaCl, PA-containing phospholipid vesicles considerably enhanced 

FXI activation in a dose-dependent manner (Figure 4.2A, C). Phospholipid vesicles 

containing phosphatidylserine (PS), a more common component of natural 

phospholipid membranes, also stimulated FXI activation by thrombin (Figure 4.2B), 

but the effect was less pronounced than observed with PA/PC vesicles (Figure 4.2C). 

At a fixed concentration of phospholipid vesicles (20 µM), the rate of FXI activation 

increased at increasing molar concentrations of PA and PS in the phospholipid vesicles 

(Figures 4.2D, E). These results show that negatively charged phospholipids, such as 

PA and PS, enhance FXI activation by thrombin. In contrast, no effect or only a very 

modest effect (less than 2-fold stimulation) was observed with phospholipid vesicles 

containing cholesterol and/or sphingomyelin mixed with PC (data not shown), 

suggesting that the effect of PA and PS is relatively specific. Inclusion of Ca
2+

 in the 

reaction mixture strongly inhibited thrombin-mediated FXI activation in the presence 

of phospholipid vesicles (data not shown). 
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Binding of FXI and thrombin to phospholipids 

Based on the finding that phospholipids stimulate thrombin-mediated FXI activation, 

we hypothesized that both thrombin and FXI bind to phospholipids. This hypothesis 

was tested using SPR technology by perfusing thrombin (0-1000 nM) or FXI (0-100 nM) 

over a sensor chip coated with phospholipid vesicles (40/60 PS/PC). To favor 

electrostatic interactions between protein and phospholipid, the binding experiments 

were performed at a low ionic strength (20 mM NaCl). Both thrombin (Figure 4.3A) 

and FXI (Figure 4.3B) bound to the immobilized phospholipids in a dose-dependent 

manner, confirming that phospholipids may provide a surface that enhances FXI 

activation by thrombin. The binding experiments were also performed using a running 

buffer with 150 mM NaCl. In accordance with the FXI activation data, increasing the 

NaCl concentration substantially inhibited binding of both thrombin and FXI to 

phospholipids. 

To check whether the binding of thrombin to phospholipids is mediated by thrombin 

exosites, we repeated the binding experiments in the presence of aptamers that bind 

specifically to thrombin exosite I (HD1) [39] or thrombin exosite II (HD22) [38]. Both 

aptamers markedly decreased the binding, indicating that thrombin exosites I and II 

both contribute to the binding of thrombin to the phospholipid surface (data not 

shown).  

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Binding of thrombin and FXI to phospholipids. Extruded phospholipid vesicles 

(40/60 PS/PC) were immobilized on a L1 chip. Increasing concentrations of 

thrombin (0-1000 nM) (A) or FXI (0-100 nM) (B) were perfused over the chip and 

the binding response was recorded as described under Methods. 

A BA B
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Involvement of thrombin exosites in FXI activation 

To determine the role of each thrombin exosite in thrombin-mediated FXI activation, 

increasing concentrations of either aptamer were added to FXI activation mixtures in 

the absence and presence of 20 µM 50/50 PS/PC. In free solution, aptamer HD1 

hardly influenced FXI activation (Figure 4.4A), while aptamer HD22 inhibited the 

reaction in a dose-dependent manner (Figure 4.4B). In the presence of phospholipids, 

HD1 had a moderate inhibitory effect (Figure 4.4D), whereas HD22 potently inhibited 

FXI activation by thrombin (Figure 4.4E). This is in line with the observation that both 

aptamers inhibited thrombin binding to phospholipids in the binding assay. The IC50 of 

HD22 in the absence of phospholipids was ~8.3 µM and the IC50 values in the presence 

of phospholipids were 0.16 µM for HD1, which partially inhibits FXI activation, and 

<0.04 µM for HD22 (Figure 4.4C, F). 

Effect of the fibrinogen γ’ peptide on FXI activation by thrombin 

To test whether the fibrinogen γ’ C-terminal peptide affects thrombin-catalyzed FXI 

activation, FXI was activated with thrombin in the absence and presence of 20 µM 

50/50 PS/PC phospholipid vesicles, and in the presence of varying concentrations 

(0-100 µM) of the fibrinogen γ’ peptide (WT-S12) or scrambled control peptide 

(SCR-S12). WT-S12 inhibited FXI activation by thrombin both in the absence and in the 

presence of phospholipids (Figure 4.5A, D), whereas SCR-S12 was much less effective 

(Figure 4.5B, E). The concentration of WT-S12 peptide giving half-maximal inhibition 

(IC50) was 8.7 µM in the absence of phospholipids and 15.8 µM in the presence of 

phospholipids, while the IC50 of SCR-S12 was >100 µM both in the absence and 

presence of phospholipids (Figure 4.5C, F). This demonstrates that WT-S12 is at least 

7 times more effective than the SCR-S12 peptide in inhibiting thrombin-mediated FXI 

activation both in the absence and presence of phospholipid vesicles. 
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Effect of NaCl and ionic strength on FXI activation by thrombin  

The well-established influence of NaCl concentration on thrombin-catalyzed FXI 

activation [6,14,15] could be a Na
+
-specific effect mediated by the occupation of the 

Na
+
-binding site of thrombin or a more general effect of ionic strength on the 

electrostatic interactions between thrombin and FXI and/or negatively charged 

surfaces. In order to distinguish between these two possibilities, we varied the ionic 

strength in the activation mixture using either NaCl or tetrapropylammonium 

chloride, whose cation ((CH3CH2CH2)4N
+
)

 
is much bulkier than Na

+
 and does not fit in 

the Na
+
-binding pocket of thrombin. In both cases, increasing the salt concentration 

from 10 mM to physiological (140 mM) resulted in a progressive decrease of the FXI 

activation rate, both in the absence (Figure 4.6A, B) and in the presence of 

phospholipids (Figure 4.6D, E). However, at any given value of ionic strength, the rate 

of FXI activation was higher in the presence of NaCl than in the presence of 

tetrapropylammonium chloride (Figure 4.6C, F). This suggests that Na
+
, in addition to 

its inhibitory effect associated with preventing electrostatic interactions between 

thrombin, FXIa and negatively charged surface, has a specific stimulatory effect, 

probably mediated by occupation of the Na
+
-binding site on thrombin. 
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Discussion 

Although it has been known for a long time that thrombin activates FXI, several 

aspects of this reaction have remained enigmatic, raising doubts on its physiological 

importance [40]. Therefore, we have set up an in vitro model system to investigate 

thrombin-catalyzed FXI activation and its requirements in terms of cofactors, ionic 

strength and involvement of thrombin exosites. Moreover, we have investigated the 

effect of the fibrinogen γ’ peptide, which has been previously shown to inhibit other 

thrombin functions, on thrombin-mediated FXI activation. This information may be 

useful in view of the recently revived interest in FXI as a promising target for 

anticoagulant therapy [41-43].  

FXI activation by thrombin is a rather slow reaction that is considerably enhanced at 

low ionic strength and in the presence of negatively charged surfaces such as DXS and 

PolyP [7,14,15]. Since these surfaces bind both thrombin [44-46] and FXI [5], they 

likely act as a template that brings both proteins in close proximity and promotes their 

interaction and reaction [6,15]. Here we demonstrate that negatively charged 

phospholipids, such as PA and PS, also stimulate FXI activation. This effect was more 

pronounced for PA than for PS and was only appreciable with phospholipid vesicles 

containing 25% or more PA or PS. In contrast, hardly any stimulation was observed 

with vesicles containing neutral lipids like cholesterol and/or sphingomyelin. The 

latter were intended to mimic lipid rafts, as FXI has been reported to localize on lipid 

rafts when bound to GPIb on the surface of activated platelets [47]. Although the 

effect of negatively charged phospholipids on thrombin-catalyzed FXI activation has 

been investigated before, no stimulation was observed in previous studies [6,22,48]. 

This discrepancy may be due to the low percentage (20%) of PS used in those studies, 

which would result in only minimal stimulation and/or to the inclusion of Ca
2+

 in the 

reaction mixture which in our hands severely abolished the effect of phospholipids on 

FXI activation by thrombin. 

In an attempt to explain the stimulatory effect of PA and PS, we hypothesized that FXI 

and thrombin bind to negatively charged phospholipids. Indeed, both thrombin and 

FXI showed dose-dependent binding to immobilized phospholipid vesicles with a high 

PS content (40/60 PS/PC) in direct binding assays. Since PS is a key component of 

activated platelet membranes, it is tempting to speculate that platelet phospholipids 

might serve as a physiological surface for thrombin-mediated FXI activation in vivo. 
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However, it should be emphasized that the experimental conditions (low ionic 

strength, no Ca
2+

) at which we observed binding of thrombin and FXI to phospholipids 

are far from physiological, and that binding was abolished at physiological NaCl 

concentration (140 mM). Accordingly, a previous study where binding of thrombin 

and FXI/FXIa to 20/40/40 PS/PE/PC phospholipids immobilized on a polyacrylamide 

column was probed at physiological NaCl and Ca
2+

 concentrations failed to detect any 

binding [48].  

Since thrombin and FXI both lack a lipid-binding Gla-domain, it is unclear how they 

bind to negatively charged phospholipids, but the NaCl effect strongly suggests that 

electrostatic interactions play an important role. For FXI we do not know which 

domain(s) may be involved. With respect to thrombin, experiments with aptamers 

targeting the two anion-binding exosites of thrombin indicated that both exosites 

participate in phospholipid binding. This is in line with our functional experiments, 

showing that thrombin-catalyzed FXI activation in the presence of phospholipids is 

inhibited both by aptamer HD1 (targeting exosite I) and by aptamer HD22 (targeting 

exosite II). However, in the absence of phospholipids, FXI activation by thrombin was 

only affected by the aptamer against exosite II. That thrombin exosite I is not required 

for FXI activation by thrombin and is not involved in the thrombin-FXI interaction, is in 

agreement with the observation that β-thrombin and γ-thrombin, which lack a fully 

formed exosite I, are able to activate FXI in plasma [2]. Taken together, our results 

suggest a model in which both exosites contribute to thrombin binding to 

phospholipids (with a predominance of exosite II), while exosite II might also be 

involved in the interaction with FXI. 

Furthermore, we show here that the fibrinogen γ’ peptide inhibits FXI activation by 

thrombin, both in the absence and in the presence of negatively charged 

phospholipids. This can be explained by the fact that the peptide disrupts the 

interaction between phospholipid and thrombin exosite II, which is in line with the 

data on exosite requirement. However, the peptide also inhibited FXI activation in the 

absence of negatively charged surface, which confirms that thrombin exosite II is also 

involved in the interaction with FXI. 

The importance of the feedback loop of thrombin on FXI in vivo is illustrated by the 

association between FXI levels and the risk of venous thromboembolism, as well as by 

the fact that FXI deficiency increases the risk of post-traumatic bleeding [13,49,50]. In 

light of this, the ability of the fibrinogen γ’ peptide to inhibit FXI activation may be 
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clinically relevant, since FXI recently emerged as a novel therapeutic target for 

antithrombotic therapy without increased risk for bleeding [43,51,52].  

As observed in previous studies, decreasing the NaCl concentration greatly enhanced 

FXI activation by thrombin. This may be an ionic strength effect (reducing ionic 

strength generally favors electrostatic interactions between proteins) or a specific 

effect related to the occupation of the Na
+
-binding site of thrombin [24]. In fact, the 

NaCl concentration determines the fraction of thrombin molecules that are in the Na
+
-

containing ‘fast’ (active) conformation. To distinguish between these two possibilities, 

we measured thrombin-catalyzed FXI activation at different concentrations of NaCl or 

tetrapropylammonium chloride, whose cation does not fit in the Na
+
-binding pocket 

of thrombin. At equal ionic strength, the FXI activation rate was higher with NaCl than 

with tetrapropylammonium chloride, suggesting a specific effect of Na
+
 via occupation 

of the Na
+
-binding site of thrombin. In other words, these data indicate that Na

+
-

bound thrombin (previously known as “fast” thrombin) is a better FXI activator than 

“slow” thrombin. At high salt concentrations this positive effect is overruled by the 

inhibition of electrostatic interactions.  

In summary, we have shown that thrombin and FXI bind to negatively charged 

phospholipids and that membrane surfaces with a high content of negatively charged 

phospholipids enhance thrombin-catalyzed FXI activation. Since binding and 

stimulation were only observed at low NaCl concentration and in the absence of Ca
2+

, 

the physiological significance of these findings remains doubtful. Moreover, we 

showed that the fibrinogen γ’ peptide inhibits thrombin-mediated FXI activation, 

thereby unravelling another effect of the fibrinogen γ’ chain C-terminal end binding to 

thrombin exosite II. 
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Summary 

The function of the hemostatic system is to stop blood loss after vascular damage. The 

hemostatic response includes the formation of a platelet plug at the site of vascular 

injury and its subsequent stabilization with a fibrin network which is formed by the 

coagulation cascade. The enzyme thrombin regulates clot formation and degradation 

by converting fibrinogen into fibrin and by activating platelets, several coagulation 

factors (FV, FVIII, FXI and FXIII), an anticoagulant protein (protein C) and a fibrinolysis 

inhibitor (TAFI). The latter two functions require thrombin to be bound to its 

endothelial receptor thrombomodulin (TM). Overactive coagulation 

(hypercoagulability) causes excessive blood clotting, which may lead to thrombotic 

disorders. 

Fibrinogen is a large liver-derived glycoprotein which circulates in plasma at a 

concentration of approximately 9 µM. Every fibrinogen molecule comprises two sets 

of three chains (Aα, Bβ and γ) each encoded by a different gene. Approximately 8-15% 

of all fibrinogen molecules contain an alternatively spliced variant of the γ chain, 

known as γ’ chain, which binds to thrombin with high affinity and modulates its 

activity. Low levels of fibrinogen γ’ (i.e. fibrinogen containing the γ’ chain), such as 

predicted by the FGG H2 haplotype, have been associated with increased risk of 

venous thrombosis. The work described in this thesis was aimed at better 

understanding of this association by elucidating how the interaction of thrombin with 

fibrinogen γ’ modifies its activity on its numerous substrates. Since it was previously 

demonstrated that fibrinogen γ’ inhibits thrombin-mediated platelet aggregation and 

FVIII activation, we focused on the remaining substrates of thrombin, namely FV, FXI, 

FXIII, protein C and TAFI. The effect of fibrinogen γ’ on thrombin-mediated activation 

of these substrates was studied in model systems using a short peptide with an amino 

acid sequence identical to that of the thrombin-binding site on fibrinogen γ’. The 

overall effect of fibrinogen γ’ on coagulation in plasma was evaluated using the 

thrombin generation assay. 

Chapter 1 introduces the hemostatic system and provides a detailed overview of the 

coagulation process. Thrombin structure, functions and substrates are reviewed. 

Furthermore, the structure and functions of fibrinogen and particularly fibrinogen γ’ 

are described. In addition, this chapter provides a detailed overview of our current 

knowledge of the specific effects of this form of fibrinogen on components of the 
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hemostatic system and its relationship with clinical conditions. Lastly, the calibrated 

automated thrombography (CAT) assay that measures thrombin generation is 

described. 

The work presented in Chapter 2 demonstrates that fibrinogen prolongs the lag time 

of thrombin generation at low procoagulant stimuli. This study also shows that the 

synthetic fibrinogen γ’ peptide effectively inhibits thrombin generation. Furthermore, 

we show that the fibrinogen γ’ peptide inhibits FV activation by thrombin, both in a 

model system and in plasma, which suggests a novel mechanism underlying the 

anticoagulant effect of fibrinogen γ’. This may contribute to the increased risk of 

venous thrombosis associated with reduced fibrinogen γ’ levels such as predicted by 

the FGG H2 haplotype.  

In Chapter 3 we elaborate on the observation that in carriers of the FV Leiden 

mutation (the most common hereditary cause of APC resistance) carriership of the 

FGG H2 haplotype is associated with a reduced sensitivity to activated protein C (APC), 

suggesting a relationship between fibrinogen γ’ and plasma APC resistance. Using a 

plasma model system, we confirm that fibrinogen and particularly its γA/γ’ isoform 

increases the APC sensitivity in normal and FV Leiden plasma. Moreover, we show 

that this effect can be reproduced by the fibrinogen γ’ peptide and is likely explained 

by the ability of the peptide to inhibit thrombin-mediated FV and FVIII activation, 

resulting in reduced FVa and FVIIIa formation, which makes it easier for APC to inhibit 

thrombin generation via inactivation of FVa and FVIIIa. Although the fibrinogen γ’ 

peptide also inhibits protein C activation by the thrombin/TM complex, causing less 

APC to be generated, its net effect in plasma is still anticoagulant, as shown by the 

effect of the peptide on the response of plasma to the addition of TM, which leads to 

the activation of endogenous protein C. 

While setting the conditions to investigate the effect of the fibrinogen γ’ peptide on 

FXI activation by thrombin, we came across the complexity of this reaction in vitro. 

Chapter 4 describes the stimulatory effect of Na
+
 binding to thrombin and the 

inhibitory effect of increased ionic strength on thrombin-catalyzed FXI activation. 

Additionally, we provide evidence that negatively charged phospholipid surfaces may 

act as a (physiological) cofactor for thrombin-mediated FXI activation by showing that 

thrombin and FXI both bind to negatively charged phospholipids and that negatively 

charged phospholipid vesicles considerably stimulate FXI activation by thrombin. 

Moreover, we demonstrate that the fibrinogen γ’ peptide inhibits thrombin-mediated 



 Summary 

147 

  A 

FXI activation, proposing a novel mechanism that can contribute to the overall 

anticoagulant effect of the peptide. 

In Chapter 5 we report that the fibrinogen γ’ peptide inhibits the activation of TAFI by 

the thrombin/TM complex. In contrast, thrombin-mediated FXIII activation was not 

affected by the peptide neither in the absence nor in the presence of purified 

fibrinogen, a cofactor of the reaction. Combined with previously published results, 

these findings complete the overview of the effects of the fibrinogen γ’ peptide on all 

functions of thrombin.  

Finally, in Chapter 6 we discuss the main findings presented in this thesis and 

summarize the general conclusions. This chapter also provides an analysis of the 

results in relation to published research, and shows how our studies contribute to the 

understanding of the overall properties of fibrinogen γ’ and particularly of its binding 

to thrombin. Since thrombin plays an essential role in the hemostatic process, it is 

important to have a complete understanding of the effects of fibrinogen γ’ on the 

major functions of thrombin. Our studies help to explain why low levels of fibrinogen 

γ’ are associated with thrombotic disorders in humans and provide a basis for the 

design of novel antithrombotic treatments. Finally, we describe possible implications 

of the findings and provide future research perspectives. 
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Samenvatting 

 

De primaire functie van het hemostase systeem is het stoppen van bloedverlies dat 

optreedt na beschadiging van de wand van een bloedvat (wond). De hemostase 

respons omvat de vorming van een bloedplaatjesprop ter hoogte van de vasculaire 

schade, die vervolgens verstevigd wordt door een fibrinenetwerk, gevormd door de 

stollingscascade. Het enzyme trombine reguleert de vorming en afbraak van deze 

prop (klonter) door het omzetten van fibrinogeen in fibrine en door het activeren van 

bloedplaatjes, verschillende stollingsfactoren (FV, FVIII, FXI en FXIII), het 

antistollingseiwit proteïne C en de fibrinolyse remmer TAFI. Voor de activering van de 

laatste twee genoemde factoren is het noodzakelijk dat trombine gebonden is aan de 

endotheel receptor trombomoduline (TM). Overmatige bloedstolling kan leiden tot 

ongewenste bloedstolsels, die op hun beurt kunnen resulteren in trombotische 

aandoeningen. 

Fibrinogeen is een glycoproteïne met een hoog molecuulgewicht wat gesynthetiseerd 

wordt in de lever. Het circuleert in het plasma in een concentratie van ongeveer 9 µM. 

Het fibrinogeen molecuul is een dimeer bestaande uit twee sets van drie ketens (Aα, 

Bβ en γ), die elk gecodeerd worden door een afzonderlijk gen. Ongeveer 8-15% van de 

fibrinogeen moleculen aanwezig in het bloed bevatten een alternatieve splicevariant 

van de γ keten, ook wel de γ’ keten genoemd. De γ’ keten bindt aan trombine met een 

hoge affiniteit en moduleert na binding de enzymatische activiteit van trombine. Het 

FGG H2 haplotype is geassocieerd met verminderde hoeveelheden fibrinogeen met 

een γ’ keten hetgeen kan leiden tot een verhoogd risico op veneuze trombose. Het 

onderzoek beschreven in dit proefschrift was met name gericht op het verwerven van 

meer inzicht in de associatie tussen fibrinogeen γ’ en het risico op veneuze trombose. 

Hierbij werd onder andere specifiek aandacht besteed aan de vraag hoe de interactie 

tussen fibrinogeen γ’ en trombine de trombine activiteit ten opzichte van haar 

substraten beïnvloedt. Eerder werd al aangetoond dat fibrinogeen γ’ de trombine-

gemedieerde bloedplaatjesaggregatie en FVIII activering door trombine remt. Dit 

proefschrift beschrijft onderzoek naar het effect van fibrinogeen γ’ op de andere 

substraten van trombine, waaronder FV, FXI, FXIII, proteïne C en TAFI. Het effect van 

fibrinogeen γ’ op trombine-gemedieerde activering van deze substraten werd 

bestudeerd in model systemen waarbij gebruik gemaakt werd van een kort peptide 
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met een aminozuurvolgorde die gelijk is aan die van de trombine bindingsplaats op 

fibrinogeen γ’. Het algehele effect van fibrinogeen γ’ in het bloedplasma werd 

geëvalueerd door gebruik te maken van de trombinegeneratie test. 

In hoofdstuk 1 wordt het hemostase systeem geïntroduceerd en wordt een 

gedetailleerd overzicht gegeven van het bloedstollingsproces. Voorts worden de 

structuur en de functies van trombine en haar substraten verder in detail toegelicht. 

Ook wordt er aandacht besteed aan de structuur en functies van fibrinogeen, in het 

bijzonder van fibrinogeen γ’. Daarnaast beschrijft dit hoofdstuk onze huidige kennis 

met betrekking tot de specifieke effecten van deze fibrinogeen variant op de 

componenten van het hemostase systeem en de klinische condities waarmee 

fibrinogeen γ’ in verband wordt gebracht. Tenslotte wordt de meting van de trombine 

vorming met behulp van de calibrated automated thrombography (CAT) assay 

beschreven. 

Het onderzoek beschreven in hoofdstuk 2 toont aan dat wanneer de stolling 

geïnitieerd wordt met lage concentraties weefselfactor, fibrinogeen de lag time van 

trombinevorming aanzienlijk verlengt. Deze studie laat tevens zien dat het synthetisch 

fibrinogeen γ’ peptide in staat is op effectieve wijze de trombinevorming te remmen. 

Voorts wordt er in dit hoofdstuk aangetoond dat, zowel in een model systeem als in 

het plasma, het fibrinogeen γ’ peptide FV activering door trombine kan remmen, wat 

een nieuw mechanisme is dat kan bijdragen aan het anticoagulante effect van 

fibrinogeen γ’. Dit mechanisme kan ook een rol spelen in het verhoogde risico op 

veneuze trombose, wat geassocieerd is met verlaagde fibrinogeen γ’ hoeveelheden, 

zoals voorspeld door het FGG H2 haplotype. 

In hoofdstuk 3 laten we zien dat in dragers van de FV Leiden mutatie (de meest 

voorkomende erfelijke oorzaak van APC resistentie) het dragerschap van het FGG H2 

haplotype geassocieerd is met een verminderde gevoeligheid van de 

trombinevorming voor geactiveerd proteïne C (APC), een cruciaal anticoagulant eiwit. 

Deze bevinding suggereert dat er mogelijk een relatie is tussen de effecten van 

fibrinogeen γ’ en plasma APC resistentie. Dit werd bevestigd door de bevinding dat 

fibrinogeen, en met name de γA/γ’ isovorm, de APC gevoeligheid van normaal en FV 

Leiden bloed plasma doet toenemen. Bovendien kon dit effect worden 

gereproduceerd door toevoeging van het fibrinogeen γ’ peptide aan plasma. Deze 

bevinding wordt waarschijnlijk verklaard door het feit dat het γ’ peptide de activering 
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van FV en FVIII door trombine remt, waardoor er minder FVa en FVIIIa gevormd wordt 

en het voor APC gemakkelijker wordt om de trombine vorming te remmen. Hoewel 

het fibrinogeen γ’ peptide ook in staat is de proteïne C activering door het 

trombine/TM complex te remmen, wat resulteert in de vorming van lagere 

hoeveelheden APC, blijkt het peptide in het plasma nog steeds een netto 

anticoagulant effect te hebben. Dit wordt geïllustreerd door het effect van het 

peptide op de trombinevorming in plasma waarin APC endogeen gevormd wordt door 

toevoeging van trombomoduline. 

Bij het bepalen van de experimentele condities noodzakelijk voor de bestudering van 

het effect van fibrinogeen γ’ op de trombine-gemedieerde FXI activering, werd 

duidelijk hoe complex deze in vitro reactie was. Hoofdstuk 4 beschrijft het 

stimulerende effect van Na
+ 

binding op de activiteit trombine, alsmede het remmende 

effect van een verhoogde ionsterkte op de activering van FXI door trombine. Voorts 

tonen wij in dit hoofdstuk aan dat negatief geladen fosfolipide oppervlakken een 

mogelijke fysiologische cofactor zijn in de door trombine gemedieerde FXI activering. 

In dit hoofdstuk laten we zien dat trombine en FXI beide kunnen binden aan negatief 

geladen fosfolipiden en dat negatief geladen fosfolipide oppervlakken de activering 

van FXI door trombine stimuleren. Verder tonen we aan dat het fibrinogeen γ’ peptide 

de door trombine gekatalyseerde FXI activering remt, hetgeen een nieuw mechanisme 

suggereert wat kan bijdragen aan de algemene antistollende werking van het peptide.  

In hoofdstuk 5 rapporteren we dat het fibrinogeen γ’ peptide de activering van TAFI 

door het trombine/TM complex kan verhinderen. Trombine-gemedieerde FXIII 

activering, daarentegen, werd niet beïnvloed door het fibrinogeen γ’ peptide, noch in 

aanwezigheid noch in afwezigheid van gezuiverd fibrinogeen, een cofactor van deze 

reactie. Gecombineerd met reeds gepubliceerde resultaten, geven deze bevindingen 

een volledig overzicht van de effecten van het fibrinogeen γ’ peptide op de meest 

belangrijke functies van trombine. 

In hoofdstuk 6 worden de conclusies van de studies beschreven in dit proefschrift 

samengevat en worden de belangrijkste bevindingen bediscussieerd. Het geeft een 

gedetailleerde analyse van alle resultaten in relatie tot de bestaande 

wetenschappelijke literatuur. Verder laten we in dit hoofdstuk zien hoe onze studies 

een bijdrage leveren aan het algemeen begrip van de eigenschappen van fibrinogeen 

γ’, met name met betrekking tot de binding aan trombine. Aangezien trombine een 
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cruciale rol speelt in de hemostase respons is het belangrijk om een volledig begrip te 

hebben van de effecten van fibrinogeen γ’ op alle functies van trombine. De inzichten 

verkregen uit de studies gepresenteerd in dit proefschrift verklaren waarom lage 

concentraties fibrinogeen γ’ geassocieerd zijn met trombotische aandoeningen in de 

mens, en leggen de basis voor de ontwikkeling van nieuwe antitrombotische 

therapieën. Tenslotte beschrijven we de mogelijke implicaties van onze bevindingen, 

en bediscussiëren we mogelijk relevante toekomstige onderzoeksperspectieven. 
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Valorization 

Venous thrombosis is the third most common cardiovascular disease in the Western 

world after coronary artery disease and stroke [1]. It is a prevalent illness and it occurs 

in 1 per 1000 persons per year and in 1 per 100 people over 75 years old per year 

(source: Dutch Heart Foundation). Venous thrombosis is a serious condition that can 

lead to a life-threatening complication known as pulmonary embolism. Presently used 

treatments for venous thrombosis increase risk of bleeding in patients. Therefore, 

scientific research on the mechanisms of venous thrombosis and the development of 

novel treatment options will be beneficial for thrombosis patients. 

In order to perform research that provides directly applicable results and has a 

notable impact on society, scientific knowledge is needed. The knowledge is 

developed by fundamental research, the purpose of which is to improve our 

understanding of natural phenomena without necessarily finding solutions to practical 

problems. In other words, it is essential to acquire knowledge prior to finding ways 

how to use it for the benefit of society. 

The work described in this thesis is an example of fundamental research. It has 

previously been discovered in population studies that people who have low levels of 

an alternatively spliced variant of fibrinogen γ’ are at higher risk for venous 

thrombosis. Also, it has been shown that this form of fibrinogen specifically binds to 

thrombin exosite II and modulates thrombin activity. Our aim was to understand 

which of thrombin’s functions are affected by fibrinogen γ’, in order to get more 

insight in the association between low levels of fibrinogen γ’ and risk for venous 

thrombosis.  

First, we found that a peptide that resembles the C-terminal end of fibrinogen γ’, 

which contains the thrombin exosite II-binding site, inhibits FV activation by thrombin. 

This, together with its previously described ability to inhibit FVIII activation, underlies 

the ability of fibrinogen γ’ (peptide) to increase APC sensitivity of plasma. This effect is 

important, as APC resistance is the most common risk factor for venous thrombosis in 

Caucasians [2]. Since the causes of APC resistance are manifold, there is no specific 

treatment for this condition. The fibrinogen γ’ peptide does not influence FVa and 

FVIIIa to make them more sensitive to the inactivation by APC. Instead, it inhibits their 

production, making it easier for APC to down-regulate their activity. Therefore, the 
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fibrinogen γ’ peptide could be a universal solution to counteract APC resistance 

irrespective of its cause. 

Antithrombotic medications that are currently used for treatment and prevention of 

thrombotic disorders increase the risk of bleeding, since they interfere with processes 

required for normal hemostasis. It is obvious that new anticoagulants that act on 

different components of the coagulation system are needed. FXI has recently become 

an attractive target for the development of alternative anticoagulant therapies, as 

decreasing its level and activity reduces the risk of venous thrombosis without 

increasing the risk of bleeding [3]. An antisense oligonucleotide decreasing FXI levels 

in a dose-dependent manner has been reported to be effective in reducing the risk of 

postoperative thrombosis without increasing bleeding in a clinical study with 300 

patients [4]. These data support the efficacy and safety of anti-FXI approaches as a 

basis for developing pharmacologic strategies. Similarly, our finding that the 

fibrinogen γ’ peptide inhibits thrombin-mediated FXI activation can also contribute to 

its therapeutic potential. 

The advantage of the peptide compared to the whole fibrinogen γ’ molecule is that 

the peptide has only the effects of binding to the exosite II of thrombin, and not the 

undesired effects of the whole fibrinogen γ’ molecule on fibrin clot structure. In 

addition, since the peptide has the same amino acid sequence as the C-terminal end 

of fibrinogen γ’, it is not foreign to the human body and will not induce immune 

reactions. The fibrinogen γ’ peptide increases plasma APC sensitivity and inhibits FXI 

activation, making it an interesting means for future pharmacological interventions.  

In fact, a company that develops treatment and diagnostic tools based on the specific 

properties of fibrinogen γ’ already exists. Among other products, a next generation 

anticoagulant based on the fibrinogen γ’ C-terminal end peptide, is being developed 

[5].  

We strongly believe that the findings described in this thesis will help advancing the 

development of novel anticoagulants. 
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