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Abstract 

 

The prothrombinase (IIase) complex is an essential component of the coagulation 

cascade and is composed of a serine protease, Factor Xa (FXa), its non-enzymatic 

cofactor, Factor Va (FVa), calcium and a phospholipid membrane surface. It activates 

prothrombin (FII) to thrombin, the principal stimulator of clot formation in vivo. FII 

activation by IIase is mediated by specific interactions between FII and FVa. Preliminary 

NMR and peptidyl mimicry studies identified six residues within the FII Fragment 2 (F2) 

domain (S
160

, Q
177

, R
181

, L
182

, V
184

 and T
185

) that likely mediate an interaction between it 

and the heavy chain of FVa. Therefore, six recombinant FII derivatives were prepared 

whereby each of the aforementioned residues was mutated to alanine. FII activation 

kinetics by FXa in the presence or absence of FVa was measured by DAPA-thrombin 

complex formation. The results show that FII-S160A, -R181A, -L182A, -V184A and  

-T185A had no significant effect on the catalytic efficiency of the reaction in the presence 

of FVa. In the absence of FVa, the catalytic efficiency of FII-R181A, -L182A, -V184A, 

and -T185A derivatives decreased by 17-27% compared with wildtype, while FII-S160A 

had no effect. FII-Q177A, however, showed a significant increase of 17% in catalytic 

efficiency in the presence of FVa but no change in its absence. Two double (FII-

Q177A/R181A and FII-R181A/T185A) and one triple (FII-Q177A/R181A/T185) 

mutants were generated to determine if multiple mutations would have an additive effect. 

These derivatives were indistinguishable from wildtype in the presence of FVa. In the 

absence of FVa, however, their catalytic efficiency values decreased 12-25% compared 

with wildtype. Further comparison of these values showed that FII-R181A and  
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-Q177A/R181A both decreased by 25%, while FII-R181A/T185A and  

-Q177A/R181A/T185A decreased by 12% and 24% with respect to the wildtype, 

respectively. Both comparisons, where the only difference was an additional mutation at 

Q
177

, suggest that Q
177 

does not affect the activation kinetics of FII in the absence of FVa. 

Taken together, our data suggest that Q
177

 in the F2 domain of FII is likely involved in 

interacting with IIase through a FVa-dependent mechanism while residues R
181

, L
182

, 

V
184

 and T
185

 may be involved through a FVa-independent mechanism. 
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It has been estimated that by 2030, almost 23.6 million people will die from 

cardiovascular diseases (CVDs). CVDs are disorders involving the heart and/or blood 

vessels and include, but are not limited to, high blood pressure, coronary heart disease 

and ischemic stroke (1). An underlying cause of CVDs is an imbalance or malfunction of 

the clotting process i.e. haemostasis. The heamostatic system is a mechanism that 

evolved to control blood loss following injury to the vasculature and involves the 

coordinated action of several clotting factor enzymes, referred to as the coagulation 

system (2,3). This system remains dormant in circulation until an injury occurs and 

haemostasis is required. Activation and inhibition of the coagulation system is tightly 

regulated in order to prevent acute thrombosis or haemorrhage (3). 

Thrombosis is the formation of a clot within the vasculature which prevents the 

circulation of oxygenated blood to tissues serviced by that vessel. The two major 

categories of thromboses are deep vein thrombosis (DVT) which generally occur in the 

femoral or saphenous veins (4,5) and arterial thrombosis, which originate in the arteries 

of the body (6). Fragmentation and mobilization of these clots results in circulating 

emboli, which can occlude blood vessels in various parts of the body causing various 

CVDs like myocardial infarction, ischemic stroke and pulmonary embolism (1,7,8). 

CVDs are life-threatening if left untreated and depending upon the size and location of 

the emboli may cause an acute clinical event (1). 

On the other hand, haemorrhage occurs when the haemostatic system is unable to 

stop blood loss following injury to a vessel. This often occurs as a result of a clotting 

factor deficiency or coagulopathy associated with trauma. Hemophilia is an example of 

an inherited bleeding disorder caused by a factor deficiency (1,9). Therefore, a delicate 
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balance must be struck between coagulant and fibrinolytic processes so that haemostasis 

is achieved while blood fluidity within the vessel is maintained. 

In order to prevent thrombosis or haemorrhage which may arise from imbalanced 

haemostasis, a thorough understanding of the blood coagulation system is essential. A 

principal component of this system is the prothrombinase (IIase) complex which activates 

thrombin, the enzyme directly responsible for fibrin clot formation (2,10). Improving our 

understanding of the clotting factors that comprise the IIase complex will give us a more 

precise understanding of the mechanisms that contribute to excessive (or impaired) 

thrombin generation. 
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5 

 

2.1 Overview of the human haemostatic system 

 

The human haemostatic system is activated locally upon injury to a blood vessel, 

which consequently expresses and exposes various subendothelial structures and cell 

surface coagulant proteins to circulating plasma clotting factors. These clotting factors 

systematically activate platelets which bind to subendothelial collagen fibrils via von 

Willebrand Factor, thereby forming an initial plug at the injury site (2,10). The 

circulating plasma clotting factors are then activated and preferentially associate on the 

activated platelet surface to form various procoagulant complexes, which work 

cooperatively to yield the fibrin end product molecules (11,12). These fibrin monomers 

then interact with each other and are covalently cross-linked by clotting Factor XIIIa 

(FXIIIa) to form an insoluble polymer mesh that reinforces the initial platelet plug, 

effectively forming a stable clot and stopping blood loss (10,13-17). 

 

2.2 Activation Complexes 

 

The current model of coagulation involves a cascade of zymogen activation 

reactions in which the activation of one clotting factor mediates the activation of another 

ultimately resulting in a burst of thrombin generation and fibrin clot formation at the site 

of injury (Figure 2-1) (13-15). The proteases of the coagulation cascade act in concert 

with other accessory elements to form multi-component systems often referred to as 

activation complexes. Each activation complex of the coagulation cascade is composed of 

four components, which upon association, results in a 10
5
 to 10

9
-fold increase in the 

catalytic efficiency compared with the protease alone (15,18). 
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Figure 2-1. The coagulation cascade 

The clotting factors concerned with the activation of prothrombin (II) to thrombin (IIa) 

following tissue damage. This pathway is initiated following Factor VIIa (VIIa)-tissue 

factor (TF) complex formation on the surface of TF-bearing cells. This complex activates 

Factor X (X) to Factor Xa (Xa) which in turn generates minute amounts of thrombin from 

its zymogen. Thrombin, in turn, up-regulates its own production by activating platelets as 

well as Factors V, VIII and IX to Va, VIIIa and IXa, respectively. The IXa then 

complexes with VIIIa to form the intrinsic tenase complex which efficiently activates the 

remaining pool of X. The resulting Xa molecules interact with its cofactor Va to form the 

IIase complex on the activated platelet surface which propagates the signal by increasing 

thrombin levels at the injury site. In the final stage of the cascade, thrombin cleaves 

soluble fibrinogen polypeptides (Fgn) into insoluble fibrin monomers (Fn) that constitute 

a stable clot. 
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The first component of the activation complex is a phospholipid surface (19). 

Many plasma factors interact with phospholipid membrane surfaces through electrostatic 

and hydrophobic mechanisms. Upon platelet activation the procoagulant, negatively-

charged phospholipid, phosphatidylserine, is exposed to the plasma and provides an 

essential high affinity binding site for several clotting factors. In fact, it has been 

suggested that phosphatidylserine functions as an allosteric regulator of clotting proteins. 

Studies have shown that while Factor Va (FVa) primarily interacts with the lipid surface 

through hydrophobic interactions, it also possesses four phosphatidylserine-specific 

binding sites and that FVa-phosphatidylserine interactions result in conformational 

changes in the clotting factor that likely contribute to its function in the coagulation 

cascade (20,21). In addition, recent studies have demonstrated that several phospholipids, 

with the exception of phosphatidylcholine, synergize with phosphatidylserine to enhance 

the rate of zymogen activation in the coagulation cascade (22). This is consistent with the 

observation that phosphatidylcholine and sphingomyelin are found predominately on the 

surface of anticoagulant, healthy, intact cells, whilst phosphatidylserine is located in the 

inner leaflets (22). To mimic the exposure of phosphatidylserine molecules on the lipid 

surface in vivo, synthetic phospholipid vesicles containing 75% phosphatidylcholine and 

25% phosphatidylserine (PCPS) are commonly used as a surrogate in vitro. Phospholipid 

surfaces function to co-localize both the substrate and protease, thus increasing the 

number of productive collisions (23,24). The end result is the lowering of the Michaelis-

Menten constant (Km) value, which results in the overall enhancement of the catalytic 

efficiency of zymogen activation (23). 
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The second component is a non-enzymatic cofactor, FVa, which has dual function 

in the activation complex (19,25). One function is to work in conjunction with the 

phospholipid surface to sequester and therefore increase local levels of its protease at the 

injury site. Its primary role, however, is as an allosteric regulator for its respective 

enzyme. Each cofactor regulates the activity and turnover rate of its corresponding 

protease towards one substrate by re-orienting the active site of the cognate enzyme and 

by interacting with the substrate in order to align substrate cleavage sites with the 

aforementioned protease active site, thereby promoting proteolysis. The increase in the 

turnover rate (kcat), along with the decrease in the Km by the presence of a negatively-

charged lipid surface results in a multiplicative enhancement of catalytic efficiency 

(25,26). 

The third component is the procoagulant enzyme. These enzymes include Factors 

(F) Xa, IXa, VIIa, XIa, and thrombin. These serine proteases function to activate 

zymogens downstream in the coagulation cascade. Zymogens of this group possess a 

characteristic N-terminal region of the molecule that contains a high number of glutamic 

acid residues (GLA domain) that are subjected to a post-translational modification 

facilitated by the Vitamin-K dependent carboxylase (2,27,28). The carboxylase adds a 

carboxyl group onto the gamma (γ) carbon of these glutamic acid residues. Although 

each zymogen undergoes varying degrees of carboxylation, the end result is the 

generation of a highly negative N-terminal domain, which functions to mediate the 

interaction of the zymogen with the phospholipid surface in the presence of calcium 

(Ca
2+

) ions. Upon localization to the surface each zymogen is cleaved at its activation 
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site(s) yielding the active serine protease which proceeds to activate other zymogens 

downstream of it in the coagulation cascade (2,10,13-15). 

The fourth component is Ca
2+

. Ca
2+ 

ions electrostatically interact with the  

γ-carboxylated residues in the GLA domain, a key component of various zymogens and 

vitamin-K dependent proteases (10). In the presence of Ca
2+

 ions, the GLA domain 

undergoes a structural transition from an unfolded non-functional domain to a tightly 

folded one that can interact with the phospholipid surface (29). These conformational 

changes expose a hydrophobic patch at the N-terminus of the protein, referred to as the  

ω loop that then inserts into the membrane and interacts with the hydrophobic, 

phospholipid head-group (27,30). Adjacent studies also indicate that the binding of 

clotting factors and subsequent assembly of their respective activation complexes can 

only be supported on membrane surfaces that contain exposed anionic phospholipids, 

specifically phosphatidylserine (19,31). Interestingly, biological membranes 

spontaneously form phosphatidylserine-rich microdomains which are then populated with 

clotting factors (31,32). It has been proposed that the inhomogeneous nature of these 

membranes is facilitated by phosphatidylethanolamine which, like phosphatidylserine, is 

sequestered in the inner leaflet of cells under normal physiological conditions and only 

becomes available upon vessel injury (22). A recent publication by Tavoosi et al. 

introduces a novel explanation for the interaction of Ca
2+

-liganded GLA domains with 

membrane surfaces referred to as the “Anything But Choline” (ABC) hypothesis (22). 

This theory suggests that there is a single “phospho-L-serine-specific” binding site per 

GLA domain and multiple “phosphate-specific” binding interactions that can be 

supported by any phospholipid that does not possess a choline-like bulky headgroup, e.g. 
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phosphatidylethanolamine. This is because these phospholipid head-groups must bend to 

allow the Ca
2+

 ions bound in the GLA domain access to their phosphate groups in order 

to form coordination complexes. The results from this study strongly suggest that 

phospholipids with head-groups other than choline synergize with phosphatidylserine in a 

Ca
2+

-dependent manner to enhance zymogen activation. 

 

2.3 Coagulation Cascade 

 

Coagulation involves a cascade of zymogen activation reactions in which the 

activation of one clotting factor mediates the activation of another. Upon vascular 

damage, the cascade is initiated by the extrinsic tenase complex (Figure 2-1) (3,12-

15,19). 

Under normal physiological conditions, approximately 1 to 2% of clotting factor 

VII (FVII) molecules circulating in plasma undergoes auto-cleavage at R
152

 site to 

produce the serine protease Factor VIIa (FVIIa) (15,33,34). FVIIa, like its zymogen, 

possesses a GLA domain that facilitates its binding to a membrane surface, in a  

Ca
2+

-dependent manner (10,29,31,35). FVIIa is, however, considered to be an inert 

protease since its active site is partially concealed (15,33,34). FVIIa alone is therefore 

incapable of cleaving and activating downstream clotting factors in the coagulation 

cascade. Following vessel damage, however, the subendothelial membrane protein, tissue 

factor (TF), is expressed or becomes exposed to the blood (3,12-15). TF is a non-

enzymatic cofactor for FVIIa. FVIIa rapidly binds to its cofactor to form the extrinsic 

tenase complex and undergoes a conformational change that results in the formation of a 

mature active site (13-15,19). This complex, initially converts a small amount of Factor X 
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(FX) to its active protease form, FXa. In addition, some of the limited amounts of FXa 

produced, work in concert with FVIIa-TF to activate Factor IX (FIX) to Factor IXa 

(FIXa) whilst the remainder of the FXa released into the local environment inefficiently 

cleaves a fraction of its substrate, prothrombin (FII), into the active enzyme thrombin 

(3,12-15,19). 

The picomolar level of thrombin at the injury site serves to initiate several events 

that result in a burst of thrombin generation. One role is to trigger platelet activation 

which involves the remodeling of the platelet membrane where procoagulant 

phospholipids, primarily phosphatidylserine, are translocated from the cytosolic side to 

extracellular side of the plasma membrane (36). It is this flip-flop mechanism that is 

responsible for the observed negative charge on platelet surfaces following tissue 

damage. 

Another important role of thrombin is that it activates the procofactors, Factor V 

(FV) and Factor VIII (FVIII) to form Factor Va (FVa) and Factor VIIIa (FVIIIa), 

respectively, which further accelerates thrombin generation (16,25,29). FVIIIa and FVa 

are both non-enzymatic clotting factors and function as cofactors for FIXa and FXa, 

respectively (16,25,29). FIXa and FVIIIa interact to form the intrinsic tenase complex on 

the activated platelet surface (Figure 2-1). This complex propagates the coagulation 

signal by preferentially activating the remaining pool of localized FX with an 

approximate 50- to 100-fold higher rate than the extrinsic tenase complex (19). FXa 

combines with FVa on the activated platelet surface in a Ca
2+

-dependent manner to form 

the activation complex referred to as IIase. IIase is the primary activator of FII and is 

therefore responsible for the burst of thrombin generation (3,13,15,19).  
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Ultimately, thrombin catalyzes the cleavage of soluble fibrinogen polypeptides to 

fibrin monomers that associate non-covalently to form a fibrin mesh that reinforces and 

stabilizes the platelet plug at the injury site (3,14,15,37). In addition, Factor XIII (FXIII) 

is also activated by thrombin to form FXIIIa, a transglutaminase that mediates the 

covalent linkage of adjacent fibrin monomers thereby providing further stability to the 

clot (10,12). The coagulation cascade is subsequently shut off in a negative feedback loop 

initiated by thrombin which binds to thrombomodulin, a protein constitutively expressed 

on endothelial cells, to form the thrombin-thrombomodulin complex (38,39). This is 

thought to be the biologically relevant enzyme complex responsible for the activation of 

protein C to form activated protein C (aPC), which is the main enzyme responsible for 

proteolytic inactivation of the cofactors FVa and FVIIIa (38,39). In addition, excess 

thrombin has been shown to directly inactivate FVa, which together with aPC, effectively 

results in the inhibition of IIase activity (40). 

 

2.4 Prothrombinase Complex – The Primary Activator of Prothrombin 

 

Because thrombin is essential for haemostasis, a number of studies have 

attempted to understand the mechanism(s) involved in the activation of FII by IIase 

(Figure 2-2). IIase is composed of the serine protease, FXa, its non-enzymatic cofactor, 

FVa, Ca
2+

 ions, and the negatively charged phospholipid surface (18,23). Studies have 

shown that the catalytic efficiency of FII activation by FXa is increased by 3x10
5
 fold 

when FXa is incorporated into IIase (23). The individual contributions of the accessory 

elements in this rate enhancement were also quantified. FII activation in the presence of 

phospholipids was shown to cause a 10
2
 fold increase in catalytic efficiency when 
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Figure 2-2. A model of the prothrombinase complex 

The IIase complex has 4 components. The first is the negatively charged phospholipd 

surface on which all of other parts assemble. The second is cofactor, Factor Va, which 

mediates the colocalization of the third element, Factor Xa serine protease to the 

membrane surface. The fourth and final component are calcium ions which mediate the 

interaction between components. 
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compared with parallel experiments conducted in the absence of phospholipids (23,24). 

This effect was primarily due to a decrease in the Km, consistent with its function.

Additional studies into the kinetics of IIase revealed that the presence of FVa alone 

resulted in a 10
3
 fold increase in catalytic efficiency, primarily through the enhancement 

of the kcat (23,24). These quantitative results indicate that the participation of these 

accessory elements is multiplicative and further support the existence of activation 

complexes in the coagulation cascade. 

 

2.5 Prothrombin 

 

FII is a 72 kDa vitamin K-dependent protein composed of 579 amino acids. FII 

contains four major domains: an N-terminal GLA domain (41,42), kringle domains 1 and 

2, and the C-terminal inactive catalytic domain (41,43) (Figure 2-3). Studies show that in 

the presence Ca
2+

 ions, the GLA domain undergoes a conformational change to expose a 

hydrophobic patch which mediates its penetration into the lipid bilayer and the formation 

of a stable tertiary complex involving FVa, and the membrane (2,10,29,42). 

The FII molecule has four cleavage sites, two FXa-specific sites at R
271

 and R
320

 

and two thrombin-specific auto-proteolytic sites at R
155

 and R
284

. The two FXa-specific 

cleavage sites, R
271

 and R
320

, are required for complete activation of FII to thrombin (44). 

Since two cleavages are required, there are two possible pathways involved in generating 

thrombin (45,46). In the absence of FVa, FII is initially cleaved at R
271

 releasing 

fragment 1.2 containing the GLA and both kringle domains. This results in the formation 

of an inactive FII intermediate, prethrombin-2 (Pre-2) (47). Subsequent cleavage of Pre-2 

at R
320

 results in the formation of a 6 kDa A-chain and a 31 kDa B-chain, held together 
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Figure 2-3. Domains of Prothrombin 

There are 4 domains in FII: N-terminal γ-carboxy-glutamic acid (GLA) domain, the two 

kringle domains, 1 and 2, and the C-terminal inactive protease domain. Cleavage by 

thrombin at R
155

 releases fragment-1 which is composed of the GLA domain and kringle 

1 and produces the FII intermediate, prethrombin-1, containing kringle 2 and the inactive 

serine protease domain. Subsequent cleavage of prethrombin-1 at R
271

 by FXa, releases 

fragment-2 and produces the intermediate, prethrombin-2, containing the inactive serine 

protease domain. Finally, FXa cleavage of prethrombin-2 at R
320

 activates the protease 

domain that generates the fully functional serine protease, thrombin. 
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by a disulfide bond; thus forming thrombin. In the presence of FVa, however, preferential 

cleavage at R
320

 is observed resulting in the formation the FII intermediate, 

meizothrombin (mIIa), whereby the two chains, fragment 1.2:A-chain and the B-chain 

are held together by a disulfide bond. mIIa has been shown to exhibit some anti-

coagulant proteolytic activity (45,46,48,49). Subsequent cleavage of mIIa at R
271

 

facilitates the dissociation of fragment 1.2 from the active protease and results in full 

proteolytic activity. Auto-cleavage of thrombin at R
284

 generates a truncated, but still 

active protease domain. Finally, cleavage of FII at R
155

 by thrombin releases fragment 1 

(F1), which contains the GLA and kringle 1 domains. This cleavage produces the 

intermediate, prethrombin-1 (Pre-1). Pre-1 has reduced affinity for the phospholipid 

surface due to the loss of its GLA domain and is therefore a poor substrate for IIase 

which is localized on the activated platelet surface at the site of injury (50). 

 

2.6 Factor X and Factor Xa 

 

FX is the 56 kDa precursor of the serine protease FXa (Figure 2-4). It is expressed 

by liver cells and is composed of two subunits covalently attached by a disulfide bond 

(16). The light chain (XL ) includes the GLA domain containing 11 γ-carboxylated 

glutamic acid residues that facilitate Ca
2+

-dependent binding to the cell membrane and 

two epidermal growth factor (EGF)-like domains each approximately 40 to 50 residues 

long (20,51,52). In addition, the first EGF-like (EGF1) domain, which is immediately 

downstream of the GLA domain, contains a high affinity Ca
2+ 

binding site. Studies show 

that in the presence of calcium, the EGF1 domain transitions to interact with the GLA 
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Figure 2-4. Domains of Factors X and Xa 

FX is a hetero-dimer composed of a 15 kDa light chain (XL) and a 39 kDa heavy chain 

(XH) that are covalently linked through disulfide bond. XL is composed of an N-terminal 

γ-carboxyglutamic acid (GLA) domain and 2 epidermal growth factor domains (EGF 1, 

2). XH is composed of a 52 residue activation peptide (AP) and the C-terminal inactive 

protease domain which features the active-site catalytic triad. Cleavage of FXa at R
194

 

releases the AP and activates the protease domain that generates the fully functional 

enzyme, FXa. 

  



 

18 

 

domain in order to form a helical stack which helps to stabilize the zymogen to promote 

its activation by FVIIa-TF complex on the phospholipid surface (20,53). In fact, studies 

show that most of the hydrophobic interactions and hydrogen bonds in the intrinsic tenase 

complex are between the EGF1 domain and TF (20). 

The heavy chain (XH) contains an activation peptide (AP) that is released upon 

cleavage at R
194

 by the intrinsic or extrinsic tenase (54). Proteolytic cleavage at R
194

 

releases the AP and the consequent activation of FX to FXa allows for specific 

interactions between FVa on activated platelets, ultimately forming the IIase complex. 

 

2.7 Factor V and Factor Va 

 

Procofactor FV is a 330 kDa single chain protein, synthesized by hepatic cells and 

megakaryocytes (25,55,56). It possesses a domain structure of (NH2) A1-A2-B-A3-C1-

C2 (COOH) (Figure 2-5), and circulates at a concentration of 20 nM (25,55,56). 

Thrombin sequentially cleaves FV at R
709

, R
1018

 and R
1545

 resulting in the formation of a 

105 kDa heavy chain (VH) and a 74 kDa light chain (VL), which associate non-covalently 

through a Ca
2+

 ion to form the active FVa heterodimer. The B domain is released upon 

full activation, and is eventually degraded. The VH contains the A1 and A2 domains, and 

the VL contains the A3, C1 and C2 domains (25,55,56). 

Both chains are essential to the role of cofactors in blood coagulation. Analysis of 

the components of FVa indicates that VL primarily mediates the molecule’s  

Ca
2+

-independent association to the organizing surface through electrostatic and 

hydrophobic interactions via the C2 and A3 domains, respectively, thereby forming a  
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Figure 2-5. Domains of Factors V and Va 

Procofactor FV is 330 kDa single chain polypeptide that is composed of 6 domains: 2 

homologous N-terminal A domains, A1 and A2, B domain, a third A domain (A3) and 2 

homologous C-terminal C domains, C1 and C2. The sequential cleavage of FV by 

thrombin at R
709

, R
1018

 and R
1545

 releases the B domain, and results in the mature cofactor 

FVa. FVa is a heterodimer composed of a 105 kDa heavy chain (VH) and a 74 kDa light 

chain (VL) that associate non-covalently through a calcium ion (Ca
2+

). VH is composed of 

A1 and A2, and the VL is composed of A3, C1 and C2. 

  



 

20 

 

stable site for the IIase assembly (25,57,58). VL has also been identified as a secondary 

binding site for FXa and it is therefore, responsible for the assembly rate of the IIase 

complex. The VH has been reported to display affinities for both FXa and FII and has 

been hypothesized to induce a conformation change in FXa while simultaneously re-

orienting the FII cleavage sites towards the FXa active site. FVa, therefore, orchestrates 

the spatial arrangement of FXa and FII, and directs the cleavage and activation of FII by 

FXa at two spatially distinct proteolytic sites. These 2 events give FVa its cofactor 

activity in IIase. The VH is therefore, essential for efficient cleavage of FII by FXa 

(25,26). 

 

2.8 Interaction of Factor Xa and Factor Va 

 

The affinity that exists between FXa and FVa is dependent on the presence of 

Ca
2+

 ions and a phospholipid-rich organizing surface. In presence of Ca
2+ 

ions, FXa and 

FVa bind to each other in free solution with a dissociation constant (Kd) of approximately 

0.8 µM (59). In the presence of a membrane surface and Ca
2+

 ions, however, this affinity 

increases, and is represented by a decrease in Kd to 1 nM (60). In addition, while FXa is 

capable of binding to membrane surfaces with an observed Kd of 0.1 µM (25,58), its 

affinity is increased 10
2
-fold in the presence of FVa. FVa bound to the membrane 

therefore, modulates the rate of FII activation by retaining FXa on the membrane surface 

(25,41). 

Chattopadhyay et al. (61) have identified residues 211-222 and 254-274 of the FXa 

catalytic domain as recognition sites for FVa whilst Rezaie et al. have reported that FXa 
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residues 185-189 are critical for FVa binding and subsequent IIase assembly (62). Husten 

et al. (63) showed that the FXa-FVa complex formation induces a conformational change 

in the protease active site that orients and aligns it with the cleavage sites on FII. This is 

consistent with the observation that binding of FVa to FXa exposes extended surfaces on 

FXa, referred to as cryptic exosites (64). Taken together, these observations support the 

hypothesis that FVa binding initiates structural changes to the catalytic domain of FXa, 

which facilitates increased specificity for FII that ultimately increases the rate of FII 

activation (64,65). 

In addition, several studies have identified multiple regions on both FVa chains 

that interact with FXa, with the VH being the primary binding region. In 2002, Kalafatis 

and Beck identified the VH residue region 323-331 as a potential FXa-binding site. A 

nonapeptide, containing the primary sequence of the aforementioned residue region, 

commonly referred to as AP4’, was found to non-competitively inhibit IIase with a KI of 

5.7 µM, by interfering with the FVa-FXa interaction (66). 

Interestingly, modifications of the C-terminal end of the VH can also dramatically 

affect its ability to interact with FXa, and to some extent, its interaction with FII. 

Incubation of FVa with the venom protease purified from the elapid snake Naja naja 

oxiana, cleaves a 27 amino acid peptide (Asp
683

-Arg
709

)
 
from the C-terminal part of the 

VH, generating a FVa variant, referred to as FVaNO, that exhibits an 80-90% reduction in 

cofactor activity compared with wildtype (67). In this study, the cofactor activities of the 

wildtype and FVaNO were compared by measuring their abilities to support  

FXa-catalyzed activation of FII in the presence of Ca
2+ 

and PCPS. Results indicated that 

both FVa species had similar affinities for the phospholipid surface but that FVaNO 
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exhibited reduced affinities for both FXa and FII (8- and 3.5-fold, respectively) indicating 

that loss of cofactor activity is due to impaired binding among the protein components of 

the IIase complex. Finally, in a parallel study, Beck et al. synthesized 5 overlapping 

peptides (HC1-HC5), each 10 residues in length and together representing the VH amino 

acid 680-709 (68). These peptides were then individually analyzed for their ability to 

inhibit IIase assembly and function. HC3 and HC4 (spanning amino acid regions 690-699 

and 695-704, respectively) were found to inhibit IIase activity by hindering the binding of 

FII, with KI values of 6.3 and 5.3 µM, respectively. A penta-peptide (DYDYQ) was also 

constructed from the shared amino acid motif of HC3 and HC4 (Asp
695

-Tyr-Asp-Tyr-

Gln
699

). DYDYQ was shown to bind to FII with a Kd of 850 nM and in doing so 

competitively inhibit IIase activity. Finally, this same study showed that DYDYQ 

interacts with thrombin and inhibits FV activation be blocking cleavage of the 

procofactor at R
709

, which is the first required step for its activation (68). 

 

2.9 Interaction of Factor Va and Prothrombin 

 

In 1984, Guinto and Esmon demonstrated that the interaction between FVa and 

FII was unique to FVa and not observed with FV (69). Luckow et al. designed a series of 

sedimentation equilibrium experiments to quantitatively define the role of Ca
2+

 on the 

formation of the FVa-FII heterodimer (70). Their results showed that the FVa-FII 

interaction is Ca
2+

-independent and the two proteins formed a 1:1 complex with a Kd of 

~10 µM. Subsequent studies focused on identifying specific regions on FVa and FII that 

mediate their interaction. These studies have contributed to the hypothesis that FVa and 

FII interact at multiple sites located throughout their respective domains. In 1997, 
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Deguchi et al. studied FII activation by FXa-FVa binary complex in the presence of Ca
2+

 

ions as well as various FII products: F1, kringle 1 and kringle 2 domains (71). Results 

showed that in the absence of phospholipids, F1 and kringle 2 significantly impaired 

thrombin generation with IC50 values of 0.18 ± 0.05 and 0.41 ± 0.01 µM, respectively. In 

comparison, kringle 1 was shown to weakly inhibit FII activation with an IC50 value of 

1.50 ± 0.49 µM. In the absence of both FVa and phospholipids, kringle 2 exhibited dose-

dependent inhibition of FII activation with an IC50 value of 3.2 ± 0.12 µM indicating that 

the inhibitory activity of kringle 2 on FII activation by FXa is significant even in the 

absence of FVa. In comparison, F1 and kringle 1 retarded the process by 30 and 10%, 

respectively, suggesting that the inhibitory effects of these two derivatives is FVa-

dependent. Finally, fluorescence polarization studies revealed that FII, kringle 1 and 

kringle 2 have similar affinities for FVa with Kd values of 1.9 ± 0.1, 2.3 ± 0.1 and 2.0 ± 

0.4 µM, respectively, which further supports the hypothesis that both kringle domains are 

involved in IIase complex assembly. 

 

2.10 Preliminary Work on the Interaction between Factor Va and Prothrombin 

conducted in the Nesheim lab by Nicole Brufatto and by collaborator, Dr Feng 

Ni, at the Biotechnologies Research Institute (Montreal, Canada)  

 

The GLA (42), kringle 1 (71), kringle 2 (72-75) and the protease (76-78) domains 

of FII have all been identified as potential FVa binding sites. The dynamic nature, 

however, of multi-domain interactions complicates attempts to quantify the functional 

significance of each potential FVa-binding site on the FII molecule. Furthermore, various 
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experimental techniques such as analytical ultra-centrifugation, antibody studies, and 

kinetic analysis involving deletion mutants of FII have consistently displayed the 

involvement of F2, which contains the kringle 2 domain, in FII binding to FVa. 

Previously, our lab engineered eight peptides ranging between 11 and 14 residues 

that contain overlapping sequences from the F2 region of FII (residues 157 to 271) (M. 

Nesheim, personal communication) (Table 2-1). While peptidyl mimicry studies 

highlighted FII residues 209 – 217 as having a large role in FVa binding (75), this region, 

defined by two of the eight peptides, F2 peptide 4 (F2P4; FII residues 191 – 205) and 

F2P5 (206 – 217), was excluded from this study due to peptide insolubility. The 

remaining six were solubilized in water and each peptide was added at varying 

concentrations (0, 50, 200, and 500 µM) during FII (300 nM) activation by IIase (0.05 

nM FXa, 5 mM Ca
2+

, 50 µM PCPS and 5 nM FVa). 

Results showed that of the six peptides studied, F2P1 (157 – 168), F2P2 (171 – 

181), F2P3 (179 – 190), and F2P8 (258 – 271) inhibited FII activation in a concentration 

dependent manner (Figure 2-6). When FVa was excluded from the same experiment, 

however, only F2P2 and F2P3 displayed no effect on FII activation (Figure 2-7A), 

suggesting that these two peptides exhibit their ability to inhibit FII activation through 

FVa. These two peptides were investigated further to determine the apparent KI values in 

their inhibition of FII activation by IIase (Figure 2-7B). At saturating levels of the F2P2 

or F2P3 peptides, II activation was non-competitively and partially inhibited by 5- and 2- 

fold, respectively. The KI values for F2P2 and F2P3 were estimated to be 520 ± 92 µM 

and 31 ± 6 µM, respectively, and were comparable to those determined by equilibrium   
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Table 2-1: Peptides synthesized for competition kinetics  

Eight synthetic peptides were engineered using the primary structure of the Fragment 2 (F2) 

region of prothrombin. The prothrombin residue numbers and peptide sequence for each peptide 

is shown.  

*Cysteine in prothrombin sequence was changed to serine in peptide to avoid inter-chain 

disulfide bridges 

**F2P4 and F2P5 were insoluble. 

 

Peptide Name Prothrombin Residue 

Numbers 

Peptide Sequence 

F2P1 157 – 168 EGSSVNLSPPLE 

F2P2 171 – 181 VPDRGQQYQGR 

F2P3 179 – 190 QGRLAVTTHGLP 

F2P4** 191 – 205 LAWASAQAKALSKH 

F2P5** 206 – 217 QDFNSAVQLVEN 

F2P6 232 – 242 YVAGKPGDFGY 

F2P7 244 – 257 DLNYS*EEAVEEETG 

F2P8 258 – 271 DGLDEDSDRAIEGR 
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Figure 2-6. Initial screen of Prothrombin Fragment 2 peptides 

FII activation was carried out in a fluorescent plate reader in the presence of each of the 

FII fragment 2 (F2) peptides at various concentrations. Initial rates of FII activation were 

determined from reactions containing 300 nM FII, 5 mM CaCl2, 3 µM DAPA, 5 nM FVa, 

and 0.05 nM FXa. Relative rates of FII activation are shown for each concentration of 

peptide 0, 50, 200, 500 µM. F2P4 and F2P5 were excluded from this study due to low 

insolubility in various reagents. (Brufatto and Nesheim, unpublished data) 
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Figure 2-7. The effects of Fragment 2 peptides on activation of prothrombin in the 

absence and presence of Factor Va 

(A) Initial rates of FII activation were determined in a fluorescent plate reader, at room 

temperature, in the presence of 300 nM FII, 5 mM CaCl2, 5 µM DAPA,  

50 µM PCPS, and one of F2P1, F2P2, F2P3 or F2P8 at varying concentrations. Reactions 

were started by the addition of 20 nM FXa. (B) FII activation was carried as described in 

(A), but in the presence of 5 nM FVa and either F2P2 or F2P3 at varying concentrations. 

Reactions were started by the addition of 0.1 nM FXa. Non-linear regression was used to 

determine the apparent Ki (Brufatto and Nesheim, unpublished data) 
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experiments conducted using 90° light scattering. These values are suggestive of a weak 

or transient interaction between the peptides and FVa. Finally, FII activation was fully 

inhibited by a full-length peptide that contained the sequences of F2P2 and F2P3  

(M. Nesheim, personal communication). 

In collaboration with Dr. Ni of National Research Council NMR analyses of F2 

from FII was used to determine the effects of VH on the backbone K2 residues.  Briefly, 

the cDNA encoding the sequence of FII F2 was amplified by PCR and inserted into the 

pPIC9 expression vector, and transformed into Pichia pastoris. These cells were cultured 

in expression media supplemented with 
15

N-ammonium sulfate and the 
15

N-labelled F2 

subsequently purified. An 
15

N/
1
H HSQC spectrum was obtained for the 

15
N-labelled F2 

both in the absence and presence of VH. An overlay of the HSQC spectra showed that 

most of the backbone 
15

N/
1
H were not affected by the VH addition.  There were, however, 

seven residues that underwent significant chemical shift perturbations following VH 

titration. To simplify the data, for each residue, a weighted chemical shift difference for 

the backbone and amide proton and 
15

N resonances was calculated using the formula, 

   (  )  {[  
  (   ⁄ )

 

]   }

 
 ⁄

   , where ΔH and ΔN are the differences between the free 

and bound chemical shifts (79). These differences were grouped into three categories: 0-

0.05 ppm classified as unperturbed, 0.05-0.15 ppm as somewhat perturbed and > 0.15 

ppm as highly perturbed, with the highly perturbed residues hypothesized to be located at 

or near the binding interface for F2 and VH. As shown in Figure 2-8, there exists a cluster 

of FII residues identified as S
160

, Q
177

, R
181

, L
182

, V
184

 and T
185

 that underwent significant 

VH-induced chemical shifts. In fact, these six residues fall within residue range of F2P2 

and F2P3 FVa-dependent inhibitory peptides. These preliminary results warrant further  
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Figure 2-8. Change in chemical shifts of fragment 2 residues of prothrombin 

following incubation with the heavy chain of Factor Va  

Fragment 2 (F2) is composed of 114 amino acid residues corresponding to FII residues 

157 – 271. The change in chemical shift of each F2 residue was determined by comparing 

the NMR spectra for the purified 
14

N-labelled F2 in the absence and presence of the 

heavy chain of FVa. Residues with significant perturbations were located within the first 

35 residues of F2 and have been identified as S
160

, Q
177

, R
181

, L
182

, V
184

, and T
185

 of FII. 

The inset is the secondary structure for F2 as determined by NMR analysis (Dr. Ni, 

unpublished data). 

F2 residue numbering system 

Δ
δ

 (
p
p
m

) 
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investigation into the significance of F2 residues 171-190, specifically those identified by 

NMR analysis, on FII activation by IIase. 

 

2.11 Hypothesis and Specific Aims 

 

In this project, we attempt to identify a VH - binding site in the F2 region of FII by 

studying the impact of each of the six residues identified by NMR and peptidyl mimicry 

studies. We hypothesize that site-directed mutagenesis of one or more of the F2 residues 

of FII (S
160

, Q
177

, R
181

, L
182

, V
184

 and T
185

) will cause a change in affinity between FII 

and FVa and therefore a change in the catalytic efficiency for FII activation by IIase. The 

specific aims are: 1) to generate and isolate FII derivatives with point mutations S160A, 

Q177A, R181A, L182A, V184A and T185A; 2) to determine the initial rates of activation 

of each derivative by IIase; 3) to generate double or triple point mutations in FII 

derivatives based on results obtained from aim 2 and to determine their activation 

kinetics. 
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Chapter 3 

Materials and Methods 
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3.1 Materials 

 

QuikChange II XL Site-directed Mutagenesis Kit was purchased from Agilent 

Technologies (Mississauga, Canada). Newborn calf serum, Dulbecco’s modified Eagle’s 

medium/nutrient mixture F-12 (1:1), Opti-MEM, penicillin/streptomycin/Fungizone 

mixture and ElectroMax DH5 α-E cells were obtained from Invitrogen. QIAGEN 

Plasmid Maxi Kit was supplied by QIAGEN Sciences. Baby hamster kidney (BHK) cells 

and the mammalian expression vector pNUT were graciously provided by Dr. Ross 

MacGillivray (University of British Columbia Methotrexate (Mayne Pharma Inc., 

Montreal, Quebec) and vitamin K1 (Sabex, Boucherville, Quebec) were purchased at 

Kingston General Hospital. Phosphatidyl-L-serine, phosphatidyl-L-choline, and XAD-2 

resin were obtained from Sigma. Q-Sepharose Fast Flow anion-exchange resin and 

Mono-Q HR 5/5 column were obtained from Amersham Biosciences. SDS-

polyacrylamide gradient gels 4-20%, and Gene Pulser Cuvette were obtained from Bio-

Rad. The fluorescent thrombin inhibitor dansylarginine-N-(3-ethyl-1,5-

pentanediyl)amide (DAPA) was prepared as described previously (80). Phospholipid 

vesicles (75% PC and 25% PS (PCPS)) were prepared as described previously (81). 

Human FVa and human FXa were purchased from Haematologic Technologies Inc. 
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3.2 Methods 

 

3.2.1 Site-directed mutagenesis and transfection 

 

The cDNA of wildtype human FII previously cloned into the pNUT expression 

vector, downstream from a zinc-dependent promoter (Figure 3-1), was modified by site-

directed mutagenesis to generate FII derivatives using QuikChange II XL Site-directed 

Mutagenesis kit (Agilent Technologies, Mississauga). The six single-mutation FII 

derivatives generated were serine to alanine at residue 160 (S160A), glutamine to alanine 

at residue 177 (Q177A), arginine to alanine at residue 181 (R181A), leucine to alanine at 

residue 182 (L182A), valine to alanine at residue 184 (V184A), and threonine to alanine 

at residue 185 (T185A). Two double-mutant derivatives were generated; one containing 

Q177A/R181A mutations and the other containing R181A/T185A mutations. Finally, a 

derivative containing three mutations (Q177A/R181A/T185A) was generated. The 

R181A cDNA was used as template, along with appropriate primers, to generate the 

double mutants, Q177A/R181A and R181A/T185A. The triple mutant was generated 

using the Q177A/R181A FII–pNUT vector as the PCR template. The oligonucleotide 

sequences used to generate the FII derivatives are listed in Table 3-1. PCR product 

concentrations ranged from 250 – 500 ng/µL. The presence of mutations and correct PCR 

amplifications were verified by DNA sequence analysis from TCAG sequencing 

(Toronto, ON, Canada), and compared with published wildtype human FII sequence to 

confirm the point mutation(s). 
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Figure 3-1. pNUT expression vector for human prothrombin 

The 2 kb cDNA of FII was inserted into the 6.4 kb-pNUT vector at the SmaI restriction 

site located downstream of a mouse metallothionein 1 promoter (MTp) and upstream of a 

human growth hormone polyadenylation signal. The pNUT vector also encodes an 

ampicillin resistant gene (amp) and a modified dihydrofolate reductase gene (DHFR) that 

confers methotrexate resistance. Both drug-resistant genes are located downstream of the 

simian virus 40 early promoter (SV40). 
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Table 3-1. Oligonucleotides used in this study for site-directed mutagenesis of the 

wildtype prothrombin cDNA in pNUT vector 

Six primer pairs were engineered for the production of the FII mutant cDNAs S160A, 

Q177A, R181A, L182A, V184A, T185A, Q177A/R181A, R181A/T185A, and 

Q177A/R181A/T185A. A mouse metallothionein I (MT) promoter, an internal forward 

(FII internal forward) primer and a primer upstream of the human growth hormone 

polyadenylation signal (FII reverse primer) were used to sequence the FII-cDNA-pNUT 

variants. 
 

Name (Direction) Primer Sequence (5’-3’) 

S160A (forward) CGC TCC GAA GGC TCC GCT GTG AAT CTG TCA CCT CC 

S160A (reverse) GGA GGT GAC AGA TTC ACA GCG GAG CCT TCG GAG CG 

  

Q177A (forward) GAT CGG GGG CAG GCG TAC CAG GGG CGC 

Q177A (reverse) GCG CCC CTG GTA CGC CTG CCC CCG ATC 

  

R181A (forward) CAG CAG TAC CAG GGG GCC CTG GCG GTG ACC ACA C 

R181A (reverse) GTG TGG TCA CCG CCA GGG CCC CCT GGT ACT GCT G 

  

L182A (forward) GTA CCA GGG GCG CGC GGC GGT GAC CAC 

L182A (reverse) GTG GTC ACC GCC GCG CGC CCC TGG TAC 

  

V184A (forward) CAG GGG CGC CTG GCG GCG ACC ACA CAT GGG CTC 

V184A (reverse) GAG CCC ATG TGT GGT CGC CGC CAG GCG CCC CTG 

  

T185A (forward) GGG CGC CTG GCG GTG GCC ACA CAT GGG CTC CCC 

T185A (reverse) GGG GAG CCC ATG TGT GGC CAC CGC CAG GCG CCC 

  

Q177A/R181A (forward) TGA TCG GGG GCA GGC GTA CCA GGG GGC CCT 

Q177A/R181A (reverse) AGG GCC CCC TGG TAC GCC TGC CCC CGA TCA 

  

R181A/T185A (forward) GGG GCC CTG GCG GTG GCC ACA CAT GGG CTC CCC 

R181A/T185A (reverse) GGG GAG CCC ATG TGT GGC CAC CGC CAG GGC CCC 

  

MT (forward) ACT ATA AAG AGG GCA GGC TG 

FII internal (forward) 
CCA CAT AAG CCT GAA ATC AAC TCC ACT ACC CAT CCT 

GGG GCC G 

FII internal (reverse) C CTA CTC TCC AAA CTG ATC AAT GAC CTT CTG TAT CC 
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The mutated plasmids were amplified using Escherichia coli (E. coli). Briefly, a 

FII-pNUT vector (1 ng) was incubated with 20 µL ElectroMax DH5 α-E cells 

(Invitrogen) on ice for 30 s. The cell-DNA mixture was transferred to a chilled 0.2 cm 

Gene Pulser cuvette and 2 kvolts was applied to the mixture using an E. coli Pulser (Bio-

Rad), which temporarily makes the membrane porous and allows entry of foreign DNA 

into the cell. The cells were re-suspended in 1 mL of S.O.C. medium and transferred to a 

chilled 13.5 mL Falcon tube. The tube was incubated in a shaker for 1 h at 37°C and 250 

rpm. The transformation product (50 µL and 200 µL) was evenly distributed onto two 

plates containing 2% (w/v) Lennox L Broth Base (LB) medium, 2% (w/v) agar and 100 

µg/mL ampicillin. The plates were incubated at 37°C for 16 h. Single colonies were 

transferred to 5 mL LB medium containing 50 µg/mL ampicillin, and incubated in the 

shaker for 6 h at 37°C and 250 rpm. The E. coli culture (250 µL) was added to 100 mL 

LB medium containing 50 µg/mL of ampicillin and incubated in the shaker for 18 h at 

37°C and 250 rpm. The amplified pNUT vector was extracted and purified from the E. 

coli culture using the QIAGEN Plasmid Maxi Kit. All Maxi-prep products were 

submitted to TCAG Sequencing (Toronto, ON, Canada) to confirm the sequence integrity 

of the FII variant cDNAs. 

To obtain FII protein variants, BHK cells were transfected with a FII-pNUT 

vector via calcium phosphate-based eukaryotic transfection (82). Briefly, DNA (30 µg) in 

solution containing 0.25 M CaCl2 was added drop-wise and under continuous agitation, to 

equal volume of 0.05 M HEPES, 0.25 M NaCl, 0.0015 M Na2HPO4, pH 7.08. The 

mixture was vortexed and incubated for 20 min at room temperature. A Pasteur pipette 

was used to evenly distribute the precipitate over a 10 cm plate of BHK cells at 20-30% 
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confluency. The cells were incubated for 6 h at 37°C under 5% CO2.The media was 

removed and the cells were incubated for 3 min at room temperature with 2 mL 10% 

glycerol solution. A solution (5 mL) of 137 mM NaCl, 2.68 mM KCl, 10 mM Na2HPO4, 

and 1.76 mM KH2PO4 (PBS) was added to the plate, and the contents were swirled and 

removed. This was repeated twice with 5 mL PBS solution and the solution was 

discarded. The cells were then incubated in 10 mL Dulbecco's Modified Eagle 

Medium/F-12 nutrient mixture (1:1) supplemented with 5% newborn calf serum at 37°C 

and 5% CO2. Once confluent, the cells were split into five 10 cm petri dishes containing 

Dulbecco's Modified Eagle Medium/F-12 nutrient mixture (1:1) supplemented with 5% 

newborn calf serum and 400 µM methotrexate, selecting for BHK cells containing the 

transfected pNUT vector. Following 21 days of selection, surviving cells were screened 

for FII expression using a FII ELISA kit (Affinity Biologicals, Ancaster, Canada). 

Colonies with the highest protein expression were saved and used for large-scale protein 

expression. 

 

3.2.2 Expression and purification of recombinant prothrombin 

 

Transfected BHK cells were cultured in Dulbecco’s modified Eagle’s medium/F-

12 nutrient mixture (1:1) supplemented with 5% newborn calf serum and  

88 μM methotrexate. Once confluent, the growth medium was replaced by serum-free 

Opti-MEM I, supplemented with 50 μM ZnCl2, 10 μg/mL vitamin K1, and 1% (v/v) 

penicillin/streptomycin/Fungizone mixture. The medium was collected at 48 h intervals, 

filtered and stored at 4°C. 
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The collected media were loaded at room temperature onto XAD-2 (2.5 x 15 cm) 

and Q-Sepharose columns (1.4 x 8 cm) assembled in series. The XAD-2 column removed 

the phenol red dye whilst the Q-Sepharose sequestered proteins from the media. Once 

loaded, the columns were separated, and the Q-Sepharose was washed with 5 to 10 

column volumes of 0.02 M Tris-HCl, 0.15 M NaCl, pH 7.4 (TBS) and FII was eluted 

with 0.02 M Tris-HCl, 0.5 M NaCl, pH 7.4. Fractions (2 mL) containing the eluted 

protein were identified using a Bio-Rad protein assay and pooled. 

The pooled fractions were then subjected to barium citrate precipitation by the 

addition of sodium citrate to a final concentration of 0.025 M and subsequent slow 

addition of 1 M barium chloride solution to a final concentration of 0.08M. The solution 

was stirred at 4°C for 1 h and centrifuged at 10,000 x g for 20 min. The resulting pellet 

was washed with the supernatant from a parallel precipitation carried out in 0.02 M  

Tris-HCl, 0.5 M NaCl, pH 7.4. The final pellet was then dissolved in minimal volume of 

0.2 M EDTA, pH 8.0. The sample was then dialyzed against TBS at 4°C overnight. 

The dialyzed sample was then subjected to anion-exchange chromatography by 

fast protein liquid chromatography (FPLC) on a Mono-Q HR 5/5 column at 4°C. The 

protein was eluted using a 0-30 mM CaCl2 gradient in TBS over 1 h at a flow rate of  

0.5 mL/min and collected in 1 mL fractions The first peak containing fully  

γ-carboxylated FII derivatives eluted around 12 mM CaCl2, whereas the non-fully  

γ-carboxylated protein eluted in a broad second peak. Fractions in the first peak were 

pooled, precipitated by 80% ammonium sulfate, and stored at -20°C in 50% glycerol in 

TBS. 
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The FII concentration from each preparation was determined 

spectrophotometrically using the extinction coefficient of 13.8 [ 1%
1cmε (280nm)] and 

molecular mass of 72,000 Da. The purity of each mutant was assessed using 4-20% 

gradient SDS-PAGE (Bio-Rad). The gel was stained with Coomassie Blue to visualize 

the bands, destained, and dried using BioDesignGelWrap (BioDesign Inc., New York). 

 

3.2.3 Prothrombin activation assays 

 

The kinetics of activation for each FII species was determined in the presence 

(IIase) or absence of FVa, as described previously. Briefly, an opaque 96-well plate was 

pre-treated with TBS containing 1.0% Tween-80 (v/v), and rinsed thoroughly with water. 

In the presence of FVa, thus forming the IIase complex upon FXa addition, each FII 

derivative was incubated at various concentrations (0 to 1 µM) with PCPS (50 µM), 

CaCl2 (5 mM), DAPA (3 µM) and FVa (10 nM) in TBS containing 0.01% Tween-80. 

Activation was initiated by the addition of FXa (2 pM). The amount of thrombin 

produced over time was detected by the formation of DAPA-thrombin complex, which 

results in the increase of fluorescence upon complex formation. The change in 

fluorescence was measured using Spectra Max Gemini fluorescence plate reader at 

excitation and emission wavelengths of 280 and 545 nm, respectively, with the emission 

cutoff at 530 nm. The FII activation time-course data of each mutant were smoothed 

using TableCurve 2D v.5.01 (Systat). Equations provided by the software were chosen 

empirically to provide the best fit. The initial rates were estimated from the smoothed 

time course profiles using the first 10% of the reaction. These rates were then plotted 
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with respect to initial FII concentration, and the kcat and Km constants for each mutant by 

IIase were estimated by non-linear regression. Since we expect the mutations studied here 

to be FVa-specific binding residues, statistical analyses were carried out on these kinetic 

parameters. Data were checked for normality using the Kolmogorov-Smirnov Z test and 

Independent samples T-test was performed using SPSS Statistics 17.0.1 (IBM, USA). 

To generate a standard curve that can be used to convert the fluorescence output 

to molar concentrations, a parallel experiment was carried out whereby each FII 

derivative was incubated at various concentration (0 – 2 µM) with PCPS (50 µM), CaCl2 

(5 mM), DAPA (3 µM) and FVa (10 nM) in TBS containing 0.01% Tween-80. The 

reaction was initiated by the addition of FXa (50 nM). The reaction was allowed to 

achieve completion, as indicated by stabilization in the fluorescence output. The total 

change in fluorescence was calculated and plotted against the starting concentration of 

FII. The data was analyzed by linear regression to estimate the total change in 

fluorescence units per micromolar of thrombin formed. 

Similar experiments were performed to determine the kinetics of FII activation in 

the absence FVa. FII derivatives at varying concentrations ranging between 0 and 1.5 µM 

were each incubated with PCPS (50 µM), CaCl2 (5 mM) and DAPA (3 µM) in TBS 

containing 0.01% Tween-80 in a pretreated 96-well plate. FII activation was initiated by 

the addition of FXa (50 nM). The reaction was monitored by fluorescence change upon 

DAPA-thrombin complex, the kinetic parameters were determined and the standard 

curves were generated as described above. 
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4.1 Generation of a prothrombin model  

 

A model of the prothrombin was generated in PyMOL V 1.5 (Schrödinger) using a 

crystal structure of F1 (PDB accession: 2FP2) (43) and Pre-1 (PDB accession: 3NXP) 

(83) to illustrate the relative positions of the six F2 residues (S
160

, Q
177

, R
181

, L
182

, V
184

, 

T
185

) under investigation. In addition, the amino acid sequence of human FII was 

submitted to Protein Homology/analogy Recognition Engine V 2.0 (PHYRE
2
) to generate 

a hypothetical FII structure. A structural overlay of the two PDBs and the hypothetical 

PHYRE2 FII structure was executed to determine the position of F1 relative to Pre-1. The 

resulting FII model (Figure 4-1) indicates that the Q
177

 and R
181

 are exposed to the 

surrounding environment whereas the R
181

, L
182

, V
184

 and T
185

 residues appear to be 

partially internalized.  

 

4.1 Isolation and characterization of prothrombin derivatives 

 

Collected and filtered media were loaded onto XAD-2 and Q-Sepharose columns in 

tandem at room temperature, as described in Methods and Materials. The columns were 

then dissected and the Q-Sepharose column was washed with TBS with at least 5 column 

volumes prior to eluting the adsorbed protein using 0.02 M Tris-HCl, 0.5M NaCl, pH 7.4. 

Protein-containing fractions were identified using a Bio-Rad protein assay and pooled. 

Figure 4-2 is representative of a typical protein elution profile from the  

Q-Sepharose column. The pooled protein was subjected to barium citrate precipitation to 

select for proteins with GLA domains. The protein pellet was re-constituted in minimal   
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Figure 4-1. PHYRE
2
 – based model of prothrombin 

A model of FII constructed from 2 crystal structures of fragment 1(PDB accession: 2FP2) 

(43), and prethrombin-1, (PDB accession: 3NXP) (83), is shown. The crystal structures 

were overlayed with a hypothetical structure of human FII predicted using the Protein 

Homology/analogY Recognition Engine V 2.0 (PHYRE
2
) to determine the position of the 

FII fragment 1region relative to prethrombin-1. The GLA domain, kringle 1 (K1), kringle 

2 (K2), A-chain and B-chain are indicated in teal, pale cyan, pink, light blue and blue, 

respectively. Activation cleavage sites, R
271

 and R
320

 are shown in yellow. The relative 

positions of K2 residues Q
177

, R
181

, L
182

, V
184

, and T
185

 are highlighted dark pink. The 

S
160

 residue was not included due to poor electron density. Linker regions are displayed 

in white. The inset represents an enlargement of the K2 that has been rotated 90 degrees 

to maximize visual of the six aforementioned residues. Q
177

 and R
181

 are surface residues 

whilst S
160

, L
182

, V
184

 and T
185

 appear to be partially concealed by the GLA and K1 

domains. 

 

90 
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volume of EDTA, dialyzed against TBS, filtered and loaded onto the Mono-Q HR 5/5 

column using FPLC. The column was washed with TBS, and adsorbed protein was eluted 

using TBS with a CaCl2 gradient (0 to 30 mM). Figure 4-3 is a typical elution profile 

from the Mono-Q HR 5/5 column, where the protein content was measured by 

spectrophotometry. The first peak, containing the fully γ-carboxylated FII, was pooled 

and subjected to 80% ammonium sulphate precipitation. The protein was pelleted by 

centrifugation and reconstituted in 50% glycerol/TBS and stored at -20C. The same 

procedure was used for all of the FII variants. 

The purity of isolated FII derivatives was assessed by SDS-PAGE (Figure 4-4). 

The concentrations of each FII were determined by spectrophotometry. Typically,  

0.72 – 4.32 mg of FII was isolated from 4 L of collected media, with the FII mutants 

Q177A, L182A and V184A yielding the lowest amounts. 
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Figure 4-2. The Q-Sepharose elution profile of prothrombin 

Media collected from the BHK cells expressing either wildtype or mutated FII were 

loaded onto an XAD-2 and a Q-Sepharose column in tandem. The XAD-2 column 

sequesters the phenol red dye from the media used as a pH indicator and the Q-Sepharose 

column immobilized anionic proteins present in the media. Proteins bound to the  

Q-Sepharose column were eluted with 0.02 M Tris-HCl, 0.5 M NaCl, pH 7.4 into 2 mL 

fractions. The amount of protein present in each fraction was quantified using a Bio-Rad 

assay. Typically, the majority of protein immobilized on the Q-Sepharose column eluted 

between factions 4 and 14. 
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Figure 4-3. The Mono-Q HR 5/5 elution profile of prothrombin 

The protein pool containing both the fully and partially γ-carboxylated FII species was 

loaded onto the Mono-Q column using FPLC. The species were resolved using a calcium 

chloride gradient (0 – 30 mM) and 1 mL fractions were collected at a flow rate of  

0.5 mL/min. A280 and A320 readings were determined for each fraction and the 

absorbance values were corrected for turbidity (A280(corr) = A280 – (1.7 x A320)). 

Typically, the fully γ-carboxylated FII species eluted between fractions 10 and 14 

whereas the partially γ-carboxylated FII species eluted between fractions 16 and 25. 

Negligible protein levels were detected for fractions 1-9 and a heterogeneous mix was 

observed in fraction 15. The first peak was conservatively pooled to minimize the overlap 

and subjected to 80% precipitation by ammonium sulphate. The precipitate was then 

pelleted, subsequently reconstituted in 50% glycerol/TBS and stored at -20°C. 
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Figure 4-4. SDS-PAGE analysis of prothrombin species 

The purity of isolated FII variants (3 µg) was assessed by SDS-PAGE. Each sample was 

incubated at 100°C with gel buffer containing 1% SDS, 50% glycerol with bromophenol 

blue, 25 mM EDTA (pH 8.0), 50 mM Tris (pH 8.0) and 10% (v/v)  

β-mercaptoethanol. Samples were loaded onto an SDS-polyacrylamide 4-20% gradient 

gel (Bio-Rad) and the bands were resolved. The protein bands were visualized using 

Coomassie Blue, destained, and dried. The molecular weight markers are shown in  

lane 1. 
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4.2 Rates of activation of single-mutation prothrombin variants by Factor Xa, 

PCPS and Ca
2+

 in the presence or absence of Factor Va 

 

FII variants at increasing concentrations were activated by FXa with PCPS and 

Ca
2+

 either in the presence (Figure 4-5) or absence (Figure 4-6) of FVa. Figures 4-5 and 

4-6 are representative of the fluorescence data observed by the formation of the  

DAPA-thrombin complex over time. FII activation in the presence of FVa (10 nM) was 

initiated with 0.002 nM FXa (Figure 4-5), whilst its activation, in the absence of FVa, 

was initiated with 50 nM FXa (Figure 4-6) .The fluorescence data was then smoothed 

using TableCurve 2D v.5.01 (Systat) and the change in relative fluorescence units per 

minute (ΔRFU/min) for each concentration of FII was estimated. The initial rates of 

recombinant FII activation were converted to micro-molar concentrations of the DAPA-

thrombin complex formed using a standard curve (Figure 4-7). Typically, the slope was 

around 1912 RFUs/M thrombin.  

The converted initial rates were then plotted with respect to the starting 

concentration of FII, and the kinetic parameters kcat and Km were determined by fitting 

the Michaelis-Menten model to the data by non-linear regression. Using these values, the 

catalytic efficiency (kcat/Km) of the FII derivatives were calculated. Single-mutation FII 

activations by FXa, PCPS, and Ca
2+

 in the presence (Figure 4-8, panel A) or absence 

(Figure 4-8, panel B) of FVa were quantified, and the kinetic parameters are listed in 

Table 4-1. Because we anticipate that the change in activation rates by these mutations is 

FVa specific, statistical analysis was performed on the kcat, Km, and the catalytic 

efficiency values only in the presence of FVa. The only parameter that was significantly 
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different was the catalytic efficiency value of FII-Q177A (p = 0.014), mainly due to a 

decrease in the Km value. This is reflected in the mutation ratio (Table 4-1), whereby the 

FII-Q177A derivative showed a 17% increase in the catalytic efficiency compared with 

the wildtype. Although the mutation ratios of FII-V184A and FII-T185A show a 10% 

change, neither was statistically significant. Other parameters that approached 

significance were the change in the kcat values of FII-R181A and FII-L182A with  

p values of 0.052 and 0.055, respectively. These observations suggest that only the 

residue Q
177

 and/or its nearby region may be involved during FII binding to FVa for 

activation when FVa is incorporated into IIase. 

To see if the changes in the catalytic efficiencies are FVa specific, activation of 

FII variants by FXa were studied in the absence of FVa (Figure 4-8, panel B). The 

estimated kinetic parameters are listed in Table 4-1. The FII-S160A derivative displayed 

a decrease in both the kcat and Km, such that there was very little change in the catalytic 

efficiency. The FII-Q177A derivative showed almost no change in kcat or Km. All other 

mutations (R181A, L182A, V184A, and T185A) resulted in catalytic efficiencies 

displaying a decreasing trend ranging between 17% and 27% from changes in both kcat 

and Km. This finding suggests that although FII-R181A, FII-L182A, FII-V184A, and FII-

T185A derivatives may play a role in the interaction of FII with IIase, possibly in a  

FXa-dependent manner, these residues are not specific for interacting with FVa in IIase. 

Most interestingly, however, the FII-Q177A derivative showed little to no difference in 

the catalytic efficiency in the absence of FVa, while showing significant increase in the 

presence of FVa. This is reflected by the cofactor ratio calculation, as shown in  

Table 4-1. The cofactor ratio is determined for each FII species by dividing the catalytic   
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Figure 4-5. Activation of prothrombin by prothrombinase 

 

FII (0-1 µM) was activated in the presence of 50 µM PCPS, 10 nM FVa, 3 µM DAPA 

and 5 mM CaCl2 in TBS with 0.01% Tween-80 at 25°C. Reactions were carried out in 

opaque 96-well round-bottomed plates that were previously treated with TBS containing 

1% Tween-80 and rinsed thoroughly. Reactions were initiated by the addition of 2 pM 

FXa. Activation of FII was monitored in a fluorescence plate reader at excitation and 

emission wavelengths of 280 and 545 nm, respectively, with a 530 nm emission cut-off 

filter. The fluorescence change time course profiles were smoothed using TableCurve 

(Systat), where the equations to fit the time course data were chosen empirically to 

provide the best fit. 
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Figure 4-6. Activation of prothrombin by Factor Xa, PCPS, and Ca
2+

 in the absence 

of Factor Va 

FII (0-1.5 µM) was activated in the presence of 50 µM PCPS, 3 µM DAPA and 5 mM 

CaCl2 in TBS with 0.01% Tween-80 at 25°C. Reactions were carried out in opaque 96-

well round-bottom plates that were previously treated with TBS containing 1% Tween-80 

and rinsed thoroughly. Reactions were initiated by the addition of 50 nM FXa. The 

observed data were smoothed as described in Methods and Materials and Figure 4-4. 

 

  



 

52 

 

 

 

 

 

 

Figure 4-7. Standard curve to quantify DAPA-thrombin complex concentrations 

FII was activated in the presence of 50 µM PCPS, 10 nM FVa, 3 µM DAPA and 5 mM 

CaCl2 in TBS with 0.01% Tween-80 at 25°C. Reactions were initiated by the addition of 

50 nM FXa. Complete activation of FII was monitored in a fluorescence plate reader at 

excitation and emission wavelengths of 280 and 545 nm, respectively, with a 530 nm 

emission cut-off filter. The total change in relative fluorescence units (ΔRFU) was 

determined and plotted with respect to the initial FII concentration. The linear portion of 

the plot was used in calculating the initial rates of FII activation. The slope of this plot 

was very similar, if not identical, for all species of FII, suggesting that the protease 

domain structure and function of FII variants were not affected by the mutations 

investigated in this study. 
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Figure 4-8. Activation of prothrombin wildtype or single-mutant species by Factor 

Xa, PCPS, and Ca
2+

 in the (A) presence or (B) absence of Factor Va 

Once the fluorescence data in the presence (Figure 4-4) or absence (Figure 4-5) of FVa 

were smoothed, the initial rates of FII activation (DAPA-thrombin complex formation) 

were quantified using the standard curve (Figure 4-6). The initial rates were then plotted 

with respect to initial FII concentrations. The kcat and Km values were estimated by non-

linear regression of the data (lines). These values are summarized in Table 4-1. 
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Table 4-1. Estimated kcat, Km, and the catalytic efficiency (kcat/Km) values of wildtype or single-mutant prothrombin species 

  +FVa   -FVa  
+FVa/-

FVa 

FII 
kcat 

s
-1

 

Km 

nM 

kcat/Km 

x 10
8
 M

-1
 s

-1
 

Mutation 

Ratio 

kcat 

x 10
-2

 s
-1

 

Km 

nM 

kcat/Km 

x 10
4
 M

-1
 s

-1
 

Mutation 

Ratio 

Cofactor 

Ratio 

WT 98 ± 9.2 189± 24.9 5.24 ± 0.47 1 1.62 ±0.08 405 ± 49.8 4.00 ± 0.69 1 13,100 

S160A 108 ± 3.0 218 ± 12.1 4.93 ± 0.14 0.941 0.99 ± 0.06 263 ± 46.7 3.78 ± 0.91 0.945 13,042 

Q177A 102 ± 3.6 169 ± 27.2 *6.13 ± 0.74 1.170 1.61 ± 0.08 415 ± 51.6 3.89± 0.68 0.973 15,758 

R181A *82 ± 15.6 168 ± 13.1 4.90 ± 1.00 0.935 1.39 ±0.09 464 ± 69.9 3.00 ± 0.65 0.751 16,333 

L182A *110 ± 2.7 197 ± 19.9 5.62 ± 0.45 1.073 1.60 ±0.10 546 ± 77.2 2.94 ± 0.61 0 734 19,116 

V184A 98 ± 18.4 172 ± 41.4 5.77 ± 0.70 1.101 1.46 ±0.09 491 ± 72.4 2.97 ± 0.63 0.743 19,428 

T185A 101 ± 12.6 215 ± 43.7 4.73 ± 0.53 0.903 1.36 ±0.08 410± 60.3 3.31 ± 0.69 0.828 14,290 

In the presence of FVa (10 nM), FII activation was initiated by the addition of 2 pM FXa. In the absence of FVa, FII activation was 

initiated by the addition of 50 nM FXa. Mutation Ratio is calculated by dividing the catalytic efficiency values determined for each FII 

derivative by the catalytic efficiency value of the wildtype FII. Cofactor Ratio is calculated for each FII derivative whereby the 

catalytic efficiency.  

Independent samples T-test was performed on the kinetic parameters determined for the activation of wildtype and FII single mutants 

by FXa in the presence of FVa using SPSS Statistics 17.0.1 (IBM, USA). Statistically significant values are indicated below with an 

asterisk (*). T-tests were not performed on the kinetic parameters for the activation of the FII species by FXa because N≤ 3. 
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efficiency calculated in the presence of FVa by the catalytic efficiency obtained in the 

absence of FVa. While FII-R181A, FII-L182A, and FII-V184A seem to show an increase 

in cofactor ratio by 25-40 %, only FII-Q177A displayed a 20% increase in cofactor ratio 

when compared with the wildtype, in a FVa dependent manner, which taken together 

provides a reasonable support that the residue Q
177

 on FII may be involved in FVa 

recognition and interaction. 

 

4.3 Rates of activation of double- and triple-mutation prothrombin variants by 

Factor Xa, PCPS and Ca
2+

 in the presence or absence of Factor Va 

 

Activation of the two-double mutation FII derivatives or the one-triple mutation 

FII derivative by FXa, PCPS, and Ca
2+

 in the presence (Figure 4-9, panel A) or absence 

(Figure 4-9, panel B) of FVa were quantified. The kcat and Km values were estimated by 

non-linear regression of the data as described above, and subsequently, the catalytic 

efficiencies were calculated. These values are listed in Table 4-2. These mutants were 

designed based on the decreased catalytic efficiencies for activation of the single-

mutation FII variants in the absence of FVa, where the objective was to ascertain whether 

mutation of two or more of these residues to alanine would compound the observed  

FVa-independent decrease in catalytic efficiencies. 

In the presence of FVa, the double or triple mutants showed minimal changes. 

The greatest change was observed in the triple mutant, showing an apparent 8% increase 

in the catalytic efficiency, as shown by the mutation ratio (Table 4-2). Taken together,  
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Figure 4-9. Activation of prothrombin wildtype, double-, or triple-mutant species by 

Factor Xa, PCPS, Ca
2+

 in the (A) presence or (B) absence or Factor Va 

Initial rates were plotted with respect to initial FII concentrations as described in Figure 

4-7. The kcat and Km values were estimated by non-linear regression of the data (lines). 

These values are summarized in Table 4-2. 
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Table 4-2. Estimated kcat, Km, and the catalytic efficiency (kcat/Km) values of wildtype, double- or triple-mutant prothrombin 

species 

  +FVa   -FVa  
+FVa/-

FVa 

FII 
kcat 

s
-1

 

Km 

nM 

kcat/Km 

x 10
8
 M

-1
 s

-1
 

Mutation 

Ratio 

kcat 

x 10
-2

 s
-1

 

Km 

nM 

kcat/Km 

x 10
4
 M

-1
 s

-1
 

Mutation 

Ratio 

Cofactor 

Ratio 

WT 94.9 ± 2.5 255 ± 17.6 3.72 ± 0.35 1 1.37 ± 0.06 478 ± 60.0 2.88 ± 0.43 1 13,199 

Q177A/

R181A 
95.2 ± 2.5 253 ± 18.0 3.76 ± 0.37 1.011 1.36 ± 0.07 631 ± 76.5 2.15 ± 0.37 0.747 17,467 

R181A/

T185A 
92.6 ± 2.5 260 ± 18.5 3.56 ± 0.35 0.957 1.20 ± 0.06 471 ± 57.3 2.54 ± 0.43 0.882 14,244 

Q177A/ 

R181A/ 

T185A 

91.5 ± 2.3 228 ± 15.9 4.01 ± 0.38 1.078 1.26 ± 0.07 574 ± 71.8 2.19 ± 0.39 0.760 18,319 

Similar to Table 4-1, in the presence of FVa (10 nM), FII activation was initiated by the addition of 2 pM FXa. In the absence of FVa, 

FII activation was initiated by the addition of 50 nM FXa. Mutation Ratio is calculated by dividing the catalytic efficiency values 

determined for each FII derivative by the catalytic efficiency value of the wildtype FII. Cofactor Ratio is calculated for each FII 

derivative whereby the catalytic efficiency value in the presence of FVa is divided by the catalytic efficiency value in its absence. 
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our data suggest that in the presence of FVa, these residues appear to have a negligible 

impact on the ability of IIase to bind and activate FII. 

In the absence of FVa, all three FII variants showed a decrease in their catalytic 

efficiencies, ranging between 12% and 25% (Table 4-2). These decreases were similar to 

those observed by the single mutation FII derivatives in the absence of FVa (Table 4-1) 

suggesting that the retarding effects of each residue are not compounded. Further 

analyses show that while the apparent decrease in the catalytic efficiency of 

R181A/T185A was mainly due to a 12% decrease in the kcat, the decrease in the catalytic 

efficiency of Q177A/R181A and Q177A/R181A/T185A derivatives were mainly due to a 

32% and 20% increase in the Km, respectively. Taken together, our multi-mutation FII 

activation data suggests that the activations of these species are affected in a FVa-

independent manner. 
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Chapter 5 

Discussion 
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The preliminary IIase inhibition studies with F2 peptides highlighted the F2 

region spanning residues 171 – 190 as a potential FVa-recognition site. In addition, NMR 

analyses of 
15

N-labelled F2 in the presence and absence of VH identified six residues 

(S
160

, Q
177

, R
181

, L
182

, V
184

 and T
185

) within that F2 region that underwent a significant 

VH-induced chemical shift. It was, therefore, a reasonable hypothesis that loss of one or 

more of these residues, through mutation to alanine, would result in a change in the 

catalytic efficiency of IIase for FII due to enhanced or impaired binding between FII and 

FVa. Therefore, based on the preliminary work, six single-mutant FII species were 

prepared and their activations by FXa in the presence or absence of FVa were studied. 

Under both reaction conditions, The FII-S160A species displayed changes in both 

kcat and Km of similar magnitude such that its catalytic efficiency was similar to wildtype. 

The FII crystal structure and subsequent enlargement of the F2 domain (Figure 4-1) 

indicate that FXa or FVa accessibility to this residue may be limited due to the presence 

of the F1 domain. Although changes to both kcat and Km might warrant further 

investigation of this residue in FII molecules lacking the F1 domain (Pre-1), the 

importance of this residue in FII interaction with IIase remains questionable mainly due 

to the steric hindrance imposed on this residue by the presence of F1 in FII. 

FII derivatives -R181A, -L182A, -V184A and -T185A displayed catalytic 

efficiency values similar to wildtype in the presence of FVa. There was, however, a  

12-25% decrease in catalytic efficiency in the absence of FVa. Since this change was not 

detected during activation experiments with IIase, it is possible that their significance in 

the FXa-FII interaction is masked when FVa is present. Studies show that incorporation 

of FVa into IIase exposes cryptic sites on FXa that mediate the protease’s interaction with 
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FII (64). Therefore, it is plausible that these exposed cryptic sites are compensating for 

the loss of these residues in the F2 region. Alternatively, a study by Rudolph et al. (84) 

identified 3 FXa residues (R
347

, K
351

 and K
414

), through mutagenesis experiments, as part 

of a FVa binding epitope. This group showed that the zymogen variants (FX-R347N, FX-

K251A and FX-K414A) are activated and inhibited normally as compared with the 

wildtype FX indicating that the active site was not compromised by any of the single 

point mutations. Furthermore, the resulting serine proteases (FXa-R347N, FXa-K251A 

and FXa-K414A) had catalytic efficiency values for FII activation in the absence of FVa 

similar to wildtype FXa. In a parallel study, conducted by Chattopadhyay et al., 21 

synthetic peptides corresponding to 65% of the primary structure of FX were synthesized 

and their effects on the rate of FII activation studied. The results highlighted FXa 

epitopes 275-287 and 415-425 as surface-exposed and also as substrate-specific binding 

regions (61). Since these 2 areas appear to bracket R
347

, K
351

 and K
414 

of FXa, and the 

FII-R181A, FII-L182A, FII-V184A and FII-T185A derivatives appear to impair FII 

activation in a FVa-independent manner, it is possible that these residues compete with 

FVa for this FXa region. This could explain why we only see impaired binding when FVa 

is absent and therefore not occupying this surface region of FXa. 

Only the FII-Q177A variant displayed a statistically significant change in 

catalytic efficiency compared with wildtype during activation experiments with IIase. 

This 17% increase was primarily due to a decrease in the Km for FII-variant binding to 

the enzyme complex. Because protein-protein interactions in the coagulation cascade are 

predominantly hydrophobic (2,85), it is reasonable that mutation of glutamine to alanine 

at site 177 resulted in a better substrate for IIase. The smaller size and non-polar nature of 
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the alanine side chain potentially promoted a tighter binding between FII and the enzyme 

complex. Interestingly, FII-Q177A and wildtype species exhibited similar kcat, Km and 

catalytic efficiency values when activated by FXa, in the absence of FVa, indicating that 

the FII mutant is indistinguishable from wildtype when the cofactor is not involved. 

These results suggest that Q
177

 is not involved in interacting with IIase in the absence of 

FVa, and therefore, the increase in catalytic efficiency observed with IIase is  

FVa-dependent. 

The potential cumulative effect of the FVa-independent residues in addition to the 

apparent FVa-dependent Q177A mutation was investigated by generating two double 

(FII-Q177A/R181A and FII-R181/T185A) and one triple (FII-Q177A/R181A/T185A) 

mutants. These mutants behaved similarly to wildtype when activated by IIase which 

suggests that loss of one or two of the FVa-independent sites in conjunction with the Q
177

 

mutation do not eliminate the cofactor activity of FVa. The observed normalization of the 

enhancement of activation of FII-Q177A/R181A and FII-Q177A/R181A/T185A 

derivatives compared to the FII-Q177A single mutant may be due to unfavourable 

conformational changes in the FXa-FVa-FII complex. Krishnaswamy et al. have 

presented a series of thermodynamic, kinetic and structural evidence to suggest that FII 

activation occurs in a two-step substrate recognition mechanism (76). FII is hypothesized 

to initially dock to exosites on FXa-FVa-membrane complex thereby forming a complex 

in which the FXa active site is still available to small molecules. Docking is subsequently 

followed by a conformational change in the ternary complex that aligns the FXa active 

site and a FII activation cleavage site. It is possible that multiple mutations in this small 
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region could be negatively impacting structural changes in adjacent FII domains like K1, 

which has also been to shown to mediate FVa interaction (71). 

In the absence of FVa, FII-Q177A/R181A had a catalytic efficiency that was 

25.3% lower than wildtype, while FII-R181A was 24.9% lower than wildtype, both 

primarily through an increase in Km. Although the changes relative to wildtype are almost 

identical, the absolute Km values appeared to be different (464 nM and 631 nM for  

FII-R181A and FII-Q177A/R181A, respectively (Tables 4-1 and 4-2)). Therefore, their 

relative binding energy for the interactions of each of mutant with FXa-PCPS complex of 

these 2 mutants was determined as previously described using the thermodynamic 

relationship            (  ) (86). The difference in binding energy between  

FII-R181A and FII-Q177A/R181A was less than 2 %, indicating that loss of glutamine 

through mutation to alanine at residue 177 of FII has no effect on the FVa-independent 

residues. On the other hand, the FII-R181/T185A and FII-Q177A/R181A/T185A mutants 

exhibited a decrease in catalytic efficiency by 12 % and 24 %, respectively compared 

with wildtype. This effect is primarily due to an increase in Km. The relative difference in 

their binding energy was 1.2% indicating that the differences in their Km, and 

consequently their catalytic efficiencies between the two variants are negligible. 

Furthermore, these results suggest that the effects observed with each FVa-independent 

residue are not compounded, and that the additional mutation at Q
177

 has no effect in the 

absence of FVa. 

While these results do not completely complement the preliminary work 

conducted by this lab, they do highlight the importance of 3° and 4° structure in protein 

function. Since peptides lack these components, the inhibitory effects observed in the 
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competition studies with IIase may not manifest in the full protein. It is also worth noting 

from the crystal structure of FII (Figure 4-1) that three of the six residues (L
182

, V
184

 and 

T
185

) under investigation appear to be partially internalized whilst the Q
177

 and R
181

 are 

presented on the surface. The crystal structure also shows that while R
181

, L
182

, V
184

 and 

T
185

 are clustered closer together, the Q
177

 is relatively isolated. It is therefore possible 

that the F2 region spanning residues 171 – 190, functions as a recognition site for both 

FXa and FVa. Because R
181

, L
182

, V
184

 and T
185

 exert their action primarily in the absence 

of FVa, it is reasonable to hypothesize that the R
181

-L-A-V-T
185

 motif facilitates FXa 

binding (Figure 5-1). This may explain why we observe a reduction in catalytic efficiency 

when we compare the activation of FII-Q177A/R181A and FII-Q177A/R181A/T185A by 

IIase with FII-Q177A results. It is possible that FVa-independent sites are masking the 

overall effect of the loss of Q
177

 residue. 

In 2003 Beck et al. (68) reported the existence of a FII binding site spanning 

residues 695 and 699 of the C-terminal portion of the VH. This D
695

-Y-D-Y-Q
699

 motif is 

composed of acidic amino acids and has been hypothesized to interact with the positively 

charged amino acids from the anion binding site–I of FII. This group designed a 

recombinant FV molecule by mutating the aspartic acid and tyrosine residues to lysine 

and phenylalanine residues (FV
2K2F

), respectively. They were able to show that loss of 

these 4 residues was enough to impair FV
2K2F

 activation by thrombin and its cofactor 

activity in IIase. In FII, the Q
177

 is part of similar motif which spans residues 176 and 179 

(Figure 5-1). It is possible that Q
176

-Q-Y-Q
179

 functions as a FVa-specific recognition site 

and that loss of all 4 residues through mutation to alanine would result in a significant 

change in catalytic efficiency. In addition, it would be interesting to explore the effects of  
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Figure 5-1. Model of prothrombin highlighting potential regions that interact with 

prothrombinase in a Factor Va-dependent and -independent manner 

(A) A model of FII constructed as described in Figure 2-9. The GLA domain, kringle 1 

(K1), kringle 2 (K2), A-chain and B-chain are indicated in teal, pale cyan, pink, light blue 

and blue, respectively. Activation cleavage sites, R
271

 and R
320

 are shown in yellow. The 

relative positions of K2 residues Q
176

, Q
177

, Y
178

, Q
179

, R
181

, L
182

, V
184

, and T
185

 are 

highlighted dark pink. Linker regions are displayed in white. (B) The K2 domain was 

enlarged and the putative Factor Va- binding motif comprising of residues Q
176

-Q-Y-Q
179

 

is highlighted. (C) The putative FXa-binding motif consisting of residues R
181

, L
182

, V
184

, 

and T
185

 is highlighted. 
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substituting the glutamine residues with glutamic acid and the tyrosine residue with 

phenylalanine on the activation of FII by FXa in the absence and presence of FVa. It is 

possible that this region of FII may interact with a negatively-charged, polar area on the 

FVa molecule, possibly even VH residues D
683

-R
709

 which have been identified as a  

FII-recognition site (67). Therefore, the introduction of negatively-charged glutamic acid 

and the nonpolar phenylalanine residues in this FII surface epitope could severely cripple 

the interaction between FVa and FII. 
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Chapter 6 

Conclusion 
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Multiple protein-protein and protein-phospholipid interactions between FXa, FVa, 

FII and phospholipids occur in order to form the IIase complex and to activate FII. 

Several studies have identified all 4 domains of FII as possessing FVa-binding sites 

(42,69,72-78). These multi-domain interactions between proteins complicate the process 

of elucidating the importance of specific regions on IIase complex formation as sites 

distal to residues of interest may compensate for their loss in mutagenesis studies. Site-

directed mutagenesis of F2 region of FII, between amino acids 171 and 190, has 

highlighted two potentially overlapping recognition sites for both FXa and FVa. F2 

residues R
181

, L
182

, V
184

 and T
185

 are hypothesized to be part of FXa-specific binding 

motif since loss of these residues through mutation to alanine affected FII activation by 

FXa only in the absence of FVa. 

Activation of FII-Q177A/R181A, FII-R181A/T185A, and FII-

Q177A/R181A/T185A mutants by FXa, in the absence and presence of FVa, revealed 

that: 1) the effects observed with the FII single mutants FII-R181A and FII–T185A were 

not compounded and 2) the Q
177 

residue is likely not involved in FXa-recognition. This is 

further supported by the fact that loss of this residue only affected FII activation by FXa 

in the presence of FVa. 

Since Q
177

 exerts its effect in a FVa-dependent manner, it is therefore possible 

that this residue is part of a FVa binding motif defined by 4 surface residues: Q
176

-Q-Y-

Q
179

., that may interact with a negatively charged polar area of FVa similar to the D
695

-Y-

D-Y-Q
699

 motif presented by Beck et al. (68). Future work may involve mutation of 

glutamine residues to glutamic acid and/or tyrosine to phenylalanine to study the effect 

that loss of this region may have on FII activation by FXa, in the presence and absence of 
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FVa. Based on these results, the interaction between each FII variant and VH may be 

characterized using the surface plasmon resonance. This approach will allow for a precise 

estimation of binding affinity, binding kinetics, active concentration and competition 

kinetics. 

Finally, it would also be interesting to study the effects of S
160

, Q
177

, R
181

, L
182

, 

V
184

 and T
185

 on FII activation on the activated platelet surface. From Figure 5-1, we see 

that the activation cleavage sites of FII are on opposite sides of the molecule. Since FXa 

has only 1 active site, and FII requires cleavage at both sites to become a fully 

functioning serine protease, a substantial amount of domain reorganization must occur to 

facilitate efficient cleavage. Studies suggest that FVa induces structural changes in FII 

(25,26). In addition, a study by Wood et al. hints that there are other accessory elements 

in vivo that regulate FII activation (87). They revealed that the mechanism of FII 

activation by IIase on the activated platelet surface is different compared to its activation 

on PCPS vesicles. The preferred cleavage site on activated platelets is R
271

 which yields 

the inactive intermediate Pre-2, whilst the preferred cleavage site on PCPS vesicles is 

R
320

, which yields the partially active intermediate mIIa. Furthermore, in the absence of 

FVa, the preferred cleavage site on PCPS vesicles is R
271

. This suggests that there are 

other elements on the activated platelet surface, besides FVa, that contribute to 

preferential cleavage at R
271

. It is therefore possible that loss of the six residues studied 

here on FII might affect its activation by IIase on the activated platelet surface by 

impairing cleavage at R
271

. 
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