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     ABSTRACT 

 Recent studies suggest that factor (F) XII, which is dispensable for hemostasis, is 

important for thrombus stabilization and growth. Therefore, FXIIa inhibition may attenuate 

thrombosis without disrupting hemostasis. FXII activation is stimulated by polyanions such 

as polyphosphates released from activated platelets, and nucleic acids released by cells. 

Previously, we showed that histidine-rich glycoprotein (HRG) binds FXIIa with high 

affinity, inhibits FXII autoactivation and FXIIa-mediated activation of FXI, and attenuates 

ferric chloride-induced arterial thrombosis in mice. Thus, HRG has the capacity to 

downregulate the contact pathway in vitro and in vivo. This thesis aimed to identify the 

complementary binding domains of HRG and FXIIa, and to further explore the 

anticoagulants effects of HRG on FXIIa-mediated contact activation. We hypothesized that 

FXIIa binds to the zinc-binding histidine-rich region (HRR) of HRG and that HRG binds 

to the non-catalytic heavy chain of FXIIa to exert its anticoagulant activities on FXIIa-

mediated contact activation. We have localized the complementary binding sites of HRG 

and FXIIa to be within the HRR domain of HRG and NH2-FNII-EGF1 (NFE) domains of 

FXIIa. Moreover, we show that the HRR binds to short chain polyphosphate with high 

affinity, suggesting a dynamic complex between HRG, FXIIa, and polyphosphate (polyP) 

on activated platelets. We provide evidence for two potential mechanisms through which 

HRG modulates the contact system. These include by 1) inhibiting FXIIa activity and 2) 

attenuating the procoagulant effect of polyanions, such as polyP on FXIIa-mediated 

reactions. Indeed, we show that the interaction of HRG with FXIIa and polyphosphate is 

predominantly mediated by the HRR domain and that HRR analogs have the capacity to 
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recapitulate the anticoagulant effects of HRG in purified and plasma systems. Therefore, 

by modulating FXIIa-mediated contact pathway reactions, like HRG, HRR analogs may 

attenuate thrombosis without disrupting hemostasis.  
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1.0 CHAPTER 1: INTRODUCTION 

1.1 OVERVIEW OF HEMOSTASIS 

Hemostasis involves a complex network of tightly regulated processes to rapidly 

respond to vessel injury through formation of fibrin clots, while maintaining blood in a 

fluid state where the circulation is intact (Colman, 2006; Gailani & Renné, 2007a; Versteeg 

et al., 2013). This system is required for maintaining the integrity of the circulatory system 

through a balance between procoagulant, anticoagulant, and fibrinolytic processes (Weitz, 

2012). Upon vascular injury, subendothelial components in the vessel wall are exposed to 

circulating blood, triggering the activation of primary, secondary, and tertiary hemostasis 

(Colman, 2006; Monroe & Hoffman, 2006). 

Primary hemostasis involves the recruitment of platelets by von Willebrand factor 

(VWF) to the site of injury (Versteeg et al., 2013). Platelets adhere to a VWF/collagen 

matrix, which triggers platelet activation and aggregation, forming a monolayer (platelet 

plug) that supports and promotes secondary hemostasis (Weitz, 2012). Once the initial 

platelet plug is formed, secondary hemostasis occurs through the activation of the 

coagulation cascade. During coagulation, a series of proteolytic reactions occur, and 

complexes are formed, which convert zymogens in the blood into active enzymes (Colman, 

2006; Mackman, 2004). Through the activation of coagulation factors and cofactors, 

thrombin is generated and ultimately forms the fibrin mesh that stabilizes the platelet plug 

to allow wound healing (Grover & Mackman, 2019). 
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During fibrin clot or “thrombus” formation, circulating red blood cells, white blood 

cells, and platelets become incorporated into its structure (Gailani & Renné, 2007a). In 

tertiary hemostasis, fibrinolysis is activated to facilitate healing by fibrin clot degradation 

through the formation of plasmin (Carpenter & Mathew, 2008; Colman & Schmaier, 1997). 

The enzymatic breakdown of the fibrin in blood clots is initiated when plasminogen 

activators released from the vessel wall convert zymogen plasminogen to the active serine 

protease, plasmin. Proteolysis of fibrin by plasmin degrades the fibrin mesh to dissolve the 

clot and gives rise to soluble fibrin degradation products (FDPs) (Carpenter & Mathew, 

2008). Therefore, hemostasis depends on the dynamic balance and concurrent processes 

involved in the coagulation and fibrinolysis systems. Fibrin clots that persist can obstruct 

blood flow, whereas unstable clots that are too rapidly degraded can lead to hemorrhage.  

1.2 OVERVIEW OF THROMBOSIS  

Dysregulation in the balance between procoagulant, anticoagulant, and fibrinolytic 

processes can lead to thrombosis or bleeding, which can precipitate life-threatening 

disorders, such as myocardial infarction, stroke, or venous thromboembolism (VTE) 

(Gailani & Renné, 2007a). The Global Burden of Disease Study 2010 (GBD 2010) 

documented that ischemic heart disease and stroke accounted for one in four deaths 

worldwide, and that thromboembolic conditions are the leading cause of mortality (Raskob 

et al., 2014; Wendelboe & Raskob, 2016). Thrombosis, which is caused by localized 

clotting of the blood can occur in the arterial or venous circulation and has a major medical 

impact. Arterial thrombosis is the most common cause of acute coronary syndrome, 
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ischemic stroke, and limb gangrene, whereas thrombosis in the deep veins of the legs can 

lead to pulmonary embolism, which can be fatal or to post-thrombotic syndrome, which 

decreases quality of life (Badimon et al., 2012; Bentzon et al., 2014). 

Most arterial thrombi form on top of disrupted atherosclerotic plaques due to 

exposure of thrombogenic material in the plaque core to the blood (Bentzon et al., 2014). 

This material then triggers platelet aggregation and fibrin formation, which results in the 

generation of platelet-rich thrombus that may temporally or permanently occlude blood 

flow (Geng & Libby, 2002). Temporary occlusion of blood flow in coronary arteries may 

trigger unstable angina, whereas persistent obstruction causes myocardial infarction 

(Badimon et al., 2012). The same processes can occur in the cerebral circulation, where 

temporary arterial occlusion may manifest as a transient ischemic attack and persistent 

occlusion can lead to a stroke (Cade, 2008; Laslett et al., 2012). In contrast to arterial 

thrombi, venous thrombi rarely form at sites of obvious vascular disruption. Although they 

can develop after surgical trauma to veins or secondary to indwelling venous catheters, they 

usually originate within the deep veins of the legs, where there is stasis (Stone et al., 2017). 

Deep vein thrombi can dislodge and travel to the lungs to produce pulmonary embolism 

(PE), which can be fatal (Beckman et al., 2010). Despite advances in antithrombotic 

therapy, thrombotic disorders continue to be the leading cause of mortality and disability 

in Canada and worldwide (Raskob et al., 2014). 
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1.3 OVERVIEW OF COAGULATION  

 Coagulation is a rapid response to stem blood loss at the site of vascular injury. The 

coagulation system is comprised of a tightly controlled network of biochemical reactions 

that ultimately lead to the cleavage of prothrombin to thrombin and the formation of a fibrin 

clot (Mackman, 2004). This network includes zymogens, enzymes, co-factors, and 

inhibitors, which rapidly generate thrombin at the site of injury and efficiently eliminate it 

in the peripheral area (Rana & Neeves, 2016). The conversion of fibrinogen to fibrin 

catalyzed by thrombin occurs through two converging cascades: the tissue factor (TF) or 

extrinsic pathway and the contact or intrinsic pathway (Figure 1) (Colman, 2006). The 

extrinsic pathway requires TF exposure on sub-endothelial cells following vessel injury or 

from TF-bearing microparticles and monocytes in circulation (Peterson et al., 1995). In 

contrast, the initiation of the intrinsic pathway requires only components present in 

circulation (Renné, 2012). The majority of clotting factors are precursors of proteolytic 

enzymes known as zymogens that circulate in an inactive form. Coagulation occurs through 

the action of discrete enzyme complexes, which are composed of an enzyme and a non-

enzyme cofactor. Together, these complexes generate a small amount of thrombin, which 

amplifies its own generation by activating the non-enzyme cofactors and platelets, which 

then provide an anionic surface on which the complexes assemble. The three predominant 

enzyme complexes involved in thrombin generation are extrinsic tenase, intrinsic tenase, 

and prothrombinase. Although extrinsic tenase initiates the system under most 

circumstances, there is growing evidence  that the contact system can also initiate 
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coagulation independent of the extrinsic pathway (Gailani et al., 2015; Jain et al., 2012; 

Renné & Gailani, 2007; Weitz, 2016).   

1.3.1 Extrinsic Pathway 

The extrinsic pathway is initiated when there is TF exposure by sub-endothelial 

cells after vessel injury, or by either TF-positive monocytes or TF-bearing microparticles 

in the circulation (Mackman, 2006; Owens & Mackman, 2011). Circulating factor (F) VII 

binds to its membrane-bound cofactor, TF (Colman, 2006). Once bound to TF, FVII is 

activated to FVIIa, which may also be present in circulation or activated by autoactivation, 

as well as by limited proteolysis by FIXa or FXa (Mackman, 2004; Owens & Mackman, 

2010; Wildgoose & Kisiel, 1989). The TF-FVIIa complex (extrinsic tenase), in the presence 

of calcium (Ca2+), then cleaves FX to its activated form, FXa (Mackman et al., 2007). In 

the presence of Ca2+ and phosphatidylserine (PS), FXa is then able to associate with its 

cofactor, FVa, to form the prothrombinase complex on TF-expressing cells (such as 

endothelial cells and monocytes) and on the surface of activated platelets (Grover & 

Mackman, 2018; Versteeg et al., 2013). This in turn converts prothrombin to thrombin, 

where thrombin can then cleave fibrinogen to fibrin, and thus form the blood clot (Colman, 

2006; Mackman, 2006). 

1.3.2 Intrinsic Pathway 

 The intrinsic pathway is triggered when FXII binds to negatively charged surfaces, 

such as naturally occurring polyanions, including nucleic acids (RNA, DNA) and 
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polyphosphate, as well as glycosaminoglycans (GAGs) or denatured proteins (Renné et al., 

2012; Zhu et al., 2015). Binding to negatively charged surfaces induces a conformational 

change in FXII resulting in its autoactivation, which is enhanced in the presence of zinc 

(Zn2+) (Vu et al., 2013). FXII autoactivation occurs by cleavage of the Arg353-Val354 

bond, allowing for the conversion of single-chain FXII into its activated, two-chain form 

(MacQuarrie et al., 2011; Renné et al., 2012). FXIIa activates prekallikrein (PK) to -

kallikrein (Ka) in the presence of high molecular weight kininogen (HK) (Gailani & Renné, 

2007a; Renné, 2012). PK activation is then able to provide a second amplification loop as 

Ka activates FXII (Gailani & Renné, 2007b; Schmaier, 2008). FXIIa initiates coagulation 

by activating FXI, which circulates in complex with HK (Schmaier, 2016). FXIa then 

activates FIX, allowing FIXa to be incorporated into the intrinsic tenase complex of FIXa 

and FVIIIa assembled on anionic phospholipid surfaces in the presence of Ca2+ (Gailani & 

Renné, 2007a). Intrinsic tenase activates FX, which binds to its cofactor, FVa, on an anionic 

phospholipid surface to form prothrombinase (Chu, 2010). Prothrombinase activates 

prothrombin to thrombin, which then converts fibrinogen to fibrin (Gailani & Renné, 

2007a).  

1.3.3 Common Pathway  

The common pathway consists of factors I (fibrinogen), II (prothrombin), V, and 

X. This pathway begins at FX, where both the extrinsic and intrinsic pathways merge in 

the coagulation cascade (Versteeg et al., 2013). FX is activated to FXa by either the 

extrinsic or intrinsic tenase complex (Weitz, 2012). The prothrombinase complex is 



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 7 

composed of the protease FXa and its cofactor FVa, which assemble on PS-expressing 

membranes in the presence of calcium (Amphlett et al., 1981). The prothrombinase 

complex activates the substrate prothrombin to thrombin. Assembly into prothrombinase 

complex significantly increases (>100-fold) the catalytic efficiency of FXa to cleave 

prothrombin to α-thrombin (Fredenburgh & Weitz, 2018). Thrombin goes on to convert 

fibrinogen into fibrin monomers. Thrombin also goes on to activate other factors in the 

intrinsic pathway (FXI and FVIII), as well as FV and FXIII (Versteeg et al., 2013). 

Activated FXIII (FXIIIa) catalyzes the cross-linking of fibrin molecules in the final step of 

blood coagulation, thereby increasing the mechanical stability of the clot and rendering it 

resistant to plasmin degradation (Marx et al., 1993; Monroe & Hoffman, 2006). 
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Figure 1: Coagulation Cascade 

Schematic representation of the components and coagulation factors involved in response 

to endothelial damage. Tissue factor (TF) is exposed to the bloodstream and binds factor 

VII. The TF-VIIa complex of the extrinsic pathway enables the subsequent activation of 

factor X and prothrombin of the common pathway, leading to the initial generation of 

thrombin. The intrinsic pathway is initiated when factor XII becomes activated upon 

contact with a negatively charged surface or by polyanions, such as nucleic acids (DNA 

and RNA) and polyphosphates (PolyP). Activated FXII, FXIIa, then goes on to activate 

FXI, leading to the subsequent activation and amplification of thrombin, and the formation 

of the fibrin clot. FXI can be activated by thrombin, independent of FXIIa-mediated 

activation (+). FXIIa can activate PK upon contact activation of a negatively charged 

surface, whereby activated kallikrein can back activate further FXII activation, resulting in 

an autolytic feedback loop (+).  
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1.3.4 Cell-based model of coagulation 

Over recent decades, there has been a paradigm shift from the classic coagulation 

cascade or “waterfall” model to a more cell-based model of coagulation (Hoffman, 2003; 

Monroe & Hoffman, 2006). The coagulation cascade model is useful for describing 

coagulation in closed systems such as clot time assays or thrombin generation assays that 

are conducted under static conditions in test tubes or well-plates (Rana & Neeves, 2016). 

In contrast, the cell-based conceptual model of hemostasis proposes that hemostasis occurs 

in distinct, but overlapping, steps: initiation, amplification, and propagation, which require 

the participation of two different cell types (TF-bearing cells and platelets) (Figure 2) 

(Hoffman & Monroe, 2001; Versteeg et al., 2013). The initiation phase, in which low 

amounts of coagulation factors are activated, is localized to cells that express TF (Hoffman 

& Monroe, 2001). The coagulation cascade may also be triggered by polyanions, which 

initiate the intrinsic pathway by inducing FXII autoactivation (Hoffman & Monroe, 2001). 

It is essential that the initiating and propagation phases are normally sequestered to cell 

surfaces (ie. TF-bearing cells and platelets) to prevent widespread activation of coagulation 

(Hoffman & Monroe, 2001). Indeed, localizing FVIIa/TF activity to close proximity to 

activated platelet surfaces is a critical step in effectively triggering hemostatic coagulation 

(Hoffman & Monroe, 2001). 

During the amplification phase, slow accumulation of thrombin generated on the 

TF-bearing cell allows for the activation of platelets, exposing receptors and binding sites 

for activated clotting factors (Hoffman & Monroe, 2001). Small amounts of thrombin also 
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activate FXI to FXIa on the platelet surface (Hoffman & Monroe, 2001). The thrombin 

formed during the initiation phase also functions in the activation of the cofactors FV and 

FVIII on the surface of activated platelets (Hoffman & Monroe, 2001). Collectively, these 

events set the stage for subsequent large-scale generation of thrombin in the propagation 

phase (Hoffman, 2003; Monroe & Hoffman, 2006; Versteeg et al., 2013). The activity of 

FXa formed by the FVIIa/TF complex is restricted to TF-bearing cells due to its rapid 

inhibition by tissue factor pathway inhibitor (TFPI) or antithrombin (AT) when it 

dissociates from the cell surface (Hoffman & Monroe, 2007). Moreover, FIXa can disperse 

to adjacent platelet surfaces as it is not inhibited by TFPI and is eliminated at a slower rate 

by AT than is FXa (Hoffman & Monroe, 2007). Thus, in order for further thrombin 

generation to occur, the intrinsic pathway must take over at this point.  

In the propagation phase, coagulation factors bind phosphatidyl serine on the 

surface of activated platelets and fibrin clots are formed (Hoffman, 2003; Versteeg et al., 

2013). Activated FXI converts FIX into FIXa, which then associates with thrombin-cleaved 

FVIIIa (Versteeg et al., 2013). Once intrinsic or platelet tenase is assembled, FX from 

plasma is activated to FXa on the platelet surface, allowing for assembly of the 

prothrombinase complex, which supports a burst of thrombin generation of sufficient 

magnitude to produce a stable fibrin clot (Hoffman, 2003; Hoffman & Monroe, 2007). One 

key element in propagation is that the intrinsic pathway is more than 10x more efficient at 

activating FX than the extrinsic pathway (Mann, 1999). Thrombin converts fibrinogen to 

fibrin, generating soluble fibrin monomers, which spontaneously polymerize into fibrin 

strands, called protofibrils. As the final step, the thrombin-activated plasma 
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transglutaminase FXIIIa, covalently cross-links  and  chains of adjacent fibrin monomers 

to stabilize the fibrin network to yield an elastic, insoluble fibrin clot (Gross et al., 2012; 

Versteeg et al., 2013). Thus, the role of the extrinsic pathway in this cell-based model is to 

act on the TF-bearing cell to generate the small amounts of thrombin involved in initiating 

coagulation, whereas the role of the intrinsic pathway is to act on the platelet surface to 

generate the burst of thrombin needed to form a stable fibrin clot (Hoffman & Monroe, 

2007). 

In order to prevent the generation of thrombin on healthy endothelial cells, there are 

anticoagulant properties via proteins expressed on their surface, such as heparan sulfated 

proteoglycans (HSPGs) and TFPI. In addition, the fibrinolytic system helps to localize the 

formation of thrombin to the immediate area of an injury (Hoffman, 2003). The final 

effector of the fibrinolytic system is plasmin, which cleaves fibrin into soluble degradation 

products, resulting in dissolution of the fibrin clot (Hoffman & Monroe, 2007). Other key 

players of fibrinolysis include, plasminogen, plasminogen activators (tPA, uPA), 

plasminogen activator inhibitors (PAI-1), TAFI, activated protein C (APC), and 

thrombomodulin (TM) (Gross et al., 2012; Hoffman, 2003; Hoffman & Monroe, 2001, 

2007).  
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Figure 2: Cell-based model of coagulation 

The cell-based conceptual model of hemostasis proposes that hemostasis occurs in distinct, 

but overlapping, steps: initiation, amplification, and propagation. The initiation phase, in 

which low amounts of coagulation factors (FVII) are activated, is localized to cells that 

express tissue factor. During the amplification phase, slow accumulation of thrombin 

generated on the TF-bearing cell allows for the activation of platelets. In the propagation 

phase, coagulant factors bind procoagulant membranes on the surface of activated platelets 

and fibrin clots are formed. Adapted from Ma, A. D and Key, N. S. Molecular Pathology: 

The Molecular Basis of Human Disease. 2009; 247-264. 
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1.4 ANTICOAGULANT PATHWAYS OF COAGULATION 

 There are several anticoagulant pathways positioned to oppose the procoagulant 

response by inhibiting and redirecting the activity of the proteases. Physiological 

anticoagulants tightly regulate the activity of the coagulation proteases so as to prevent 

excessive clotting from occurring. The main anticoagulant pathways include the tissue 

factor pathway inhibitor (TFPI), antithrombin (AT), and protein C anticoagulant pathways, 

which function to localize, limit, and control hemostasis (Figure 3). 
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Figure 3: Physiological anticoagulant pathways 

The three major physiological anticoagulant mechanisms are the antithrombin (AT), 

protein C (PC) system and tissue factor pathway inhibitor (TFPI) pathways. Antithrombin 

is the main inhibitor of thrombin, FXa, and FIXa. PC pathway proteolytically cleaves 

activated coagulation cofactors FVa and FVIIa. TFPI is the main inhibitor of the TF-FVIIa 

complex. The main function of these coagulation inhibitors is to prevent excessive blood 

clotting under physiological conditions and to slow down the activated coagulation cascade 

after vascular injury. Source: Margetic, S. Biochemia Medica. 2012; 22(1):49–62. 
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1.4.1 Tissue Factor Pathway Inhibitor 

 TFPI, formerly known as extrinsic pathway inhibitor or lipoprotein-associated 

coagulation, is a Kunitz-type plasma proteinase inhibitor, which circulates in plasma as a 

heterogenous collection of partially proteolyzed forms (Dickneite & Mescheder, 2000). 

TFPI forms a quaternary complex with TF, FVIIa, and FXa to prevent production of FXa 

and FIXa by the TF-FVIIa complex. TFPI is the principal stoichiometric inhibitor of the 

extrinsic tenase complex (FVIIa-TF) (Dickneite & Mescheder, 2000), as it simultaneously 

inhibits FXa and TF-FVIIa immediately after FX is activated by TF-FVIIa (Mast, 2016). 

TFPI also inhibits further thrombin generation by FXa. The majority of TFPI is bound to 

the endothelium, and a smaller portion is bound to the surface of monocytes and non-

specifically to GAGs. Circulating TPFI (20%) is largely found to associate with 

lipoproteins, primarily low-density lipoprotein (Mast, 2016). TFPI is cleared from the 

circulation mainly by the liver and has an unusually short half-life of minutes compared 

with other proteinase inhibitors (Mast, 2016). Two major isoforms of TFPI have been 

described: TFPI and TFPI, which differ in their affinity for FV/FVa and protein S, their 

tissue expression (platelet and endothelium, respectively), their mechanism for association 

with cell surfaces, and their ability to inhibit TF-FVIIa or prothrombinase activity (Wood 

et al., 2014). TFPI, the full-length isoform of TFPI, comprises three Kunitz-type 

inhibitory domains (K1, K2, K3) and a positively charged C terminus domain that contains 

the binding site for the acidic region in the B-domain of FV (Dahlbäck et al., 2018). TFPI, 

contains the K1 and K2 domains of TFPI and a unique C terminus that allows for 
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glycosylphosphatidylinositol (GPI) anchoring for optimal inhibition of TF-FVIIa and FXa 

on endothelium (Mast, 2016; Wood et al., 2014). TFPI deficiency is embryonic lethal in 

humans, however murine studies have shown that this lethality can be rescued by 

heterozygous or homozygous FVII deficiency (Eitzman et al., 2002). This implies that 

diminishing the level of FVII lessens the need for TFPI-mediated inhibition of the FVIIa-

TF coagulation pathway during embryogenesis.  

1.4.2 Antithrombin  

 AT is a serine protease inhibitor (serpin) synthesized in the liver that circulates in 

the blood as a 58,200 Da single-chain glycoprotein at a concentration of 2.6 ± 0.4 µM 

(Chandra et al., 1983; Hsu & Moosavi, 2019). AT is the obligatory plasma cofactor for 

heparin and acts as a suicide substrate for its target enzymes (Chandra et al., 1983; Desai, 

2004). AT has a broad spectrum of inhibitory activity with most of its target proteases 

participating in the coagulation cascade. It is the major inhibitor of the serine proteases 

thrombin, FXa, FVIIa, and FXIa (Hsu & Moosavi, 2019). AT also inhibits FIXa, FXIIa, 

and Ka (Abildgaard, 1969; Kurachi et al., 1976).  

 AT inhibits its target protease by forming a covalent, equimolar, irreversible 

complex with the protease. This occurs through reaction of the active site of the enzyme 

with the reactive center loop (RCL) of AT (Hsu & Moosavi, 2019). The target protease 

binds to the RCL of AT, resulting in the cleavage of the scissile bond P1-P1` in the RCL. 

This results in the formation of an acyl-enzyme intermediate that undergoes a major 

rearrangement that disrupts the enzyme’s catalytic triad and allows for inhibition of the 
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protease (Desai, 2004). On the endothelial cell surface, AT binds to heparin-like 

proteoglycans (heparan sulfate) to accelerate inhibition of its target protease (Shimada et 

al., 1991). AT acts as cofactor for heparin, a sulfated polysaccharide, catalyzing the 

inhibitory activity by bridging AT to thrombin together. When AT is complexed with 

heparin, its rate of inhibition of several coagulation proteases is accelerated by up to 1000-

fold (Perry, 1994). Heparin is used for the treatment and prevention of thromboembolic 

disease and will be further discussed below (Blajchman, 1994; Desai, 2004; Esmon & 

Esmon, 2011). 

1.4.3 Protein C Pathway 

The protein C pathway regulates the activity of coagulation cofactors FVIIIa and 

FVa in the activation of FX and prothrombin, respectively (Esmon, 2000). This 

anticoagulant pathway plays an important role in stopping the propagation phase of 

coagulation and limiting further thrombin generation. Thrombin interacts with 

thrombomodulin on the endothelial cell surface to form a complex (thrombin-TM) (Esmon 

& Esmon, 2011). PC is activated when thrombin-TM associates in close proximity to PC 

and endothelial protein C receptor (EPCR) on the endothelium. EPCR enhances the 

activation of PC by localizing the protein to the cell surface and the thrombin/TM complex 

(Esmon, 2004). Activated protein C (APC)-mediated cleavage of FVIIIa and FVa occurs 

on negatively charged phospholipid membranes and involves Ca2+ and a protein cofactor, 

protein S. APC also has anti-inflammatory and anti-apoptotic activities that involve binding 

of APC to EPCR and cleavage of protease-activated receptor-1 (PAR-1) (Griffin et al., 
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2007). In addition, APC plays an indirect profibrinolytic role through its property of 

limiting thrombin formation and consequently attenuating the subsequent thrombin-

catalyzed activation of a fibrinolytic inhibitor, thrombin activatable fibrinolysis inhibitor 

(TAFI) (Dahlbäck & Villoutreix, 2005). APC enhances fibrinolysis by inactivation of 

another fibrinolytic inhibitor, plasminogen activator inhibitor-1 (PAI-1). Individuals with 

protein C deficiency, caused by mutations in the PROC gene, are at risk of venous 

thromboembolism (Dahlbäck & Villoutreix, 2005; Griffin et al., 2007; Manco-Johnson et 

al., 2016).  

1.5 OVERVIEW OF TRADITIONAL ANTICOAGULANTS 

Anticoagulants are routinely indicated for the prevention and treatment of venous 

thromboembolism as venous thrombi consist mainly of fibrin and red blood cells. Strategies 

to inhibit arterial thrombogenesis focus mainly on blocking platelet function, however, 

anticoagulants are often indicated to prevent fibrin deposition (Mackman, 2008). 

Anticoagulant drugs reduce the activity of various coagulation proteases by directly 

inhibiting them, reducing their post-translational modification or by enhancing the activity 

of an anticoagulant (Melnikova, 2009). Parenteral anticoagulants that are currently 

available include heparins (unfractionated heparin, low-molecular-weight heparin, 

fondaparinux), direct thrombin inhibitors (bivalirudin, argatroban), as well as traditional 

oral vitamin K antagonists (ie. warfarin) (Stone et al., 2017; Zirlik & Bode, 2017). 
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1.5.1 Heparin 

 Heparin, also known as unfractionated heparin (UFH), is a sulfated polysaccharide 

with a molecular weight range of 3000 - 30,000 Da (mean of 15,000 Da or approximately 

45 saccharide units) (Bussey et al., 2004; Hirsh et al., 1995). Heparin exerts its major 

anticoagulant effects by inactivating thrombin and FXa through an antithrombin (AT)-

dependent mechanism. The heparin/AT-complex also inhibits FXIIa, FXIa, and FIXa. To 

activate AT, heparin binds to lysine sites on AT via a unique high-affinity pentasaccharide 

sequence, which is present on about a third of heparin molecules (Hirsh & Raschke, 2004; 

Mulloy et al., 2015). Binding of the pentasaccharide sequence to AT induces an allosteric 

conformational change in the reactive center loop (RCL) of AT that enhances the rate of 

inhibition of FXa by greater than 2 orders of magnitude, but not of thrombin (Lindahl et 

al., 1979; Weitz, 2003). Inhibition of FXa requires only the high affinity pentasaccharide, 

whereas the inhibition of thrombin requires the formation of a stable covalent ternary 

complex between heparin, AT, and thrombin (Bussey et al., 2004). Heparin serves as a 

template that localizes the binding of AT and thrombin; thus, catalyzing the inhibition of 

thrombin. Moreover, molecules of heparin with at least 18 saccharide units (corresponding 

to a molecular weight of approximately 5400 Da) are required to bridge thrombin and AT 

together (Conners & Money, 2002).  

1.5.2 Low Molecular Weight Heparin  

Like heparin, low molecular weight heparin (LMWH) is an anticoagulant that 

catalyzes the activity of antithrombin. LMWHs are fragments of commercial grade heparin 
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that consist of <18 saccharide units, which corresponds to a mean molecular weight of 

approximately 4500 Da (Conners & Money, 2002). Unlike heparin, at least half of the 

pentasaccharide-containing chains of LMWH are too short to bridge thrombin to 

antithrombin but retain their capacity to accelerate FXa inhibition by antithrombin. 

Consequently, LMWH catalyzes FXa inhibition by antithrombin more than thrombin 

inhibition. Depending on their unique molecular weight distributions, LMWH preparations 

have anti-FXa to anti-thrombin ratios ranging from 2:1 to 4:1 (Hirsh, 1998). LMWH can 

be administered once or twice daily by subcutaneous injection without coagulation 

monitoring. Compared with heparin, LMWH preparations have more predictable 

pharmacokinetic and pharmacodynamic properties and have a longer half-life than heparin. 

LMWHs exhibit less binding to cells and plasma proteins than heparin, and thus are 

associated with a lower risk of nonhemorrhagic side effects (Hirsh et al., 1995).  

1.5.3 Fondaparinux 

Fondaparinux is an effective and useful alternative to LMWH for the prevention 

and initial treatment of VTE, as well as for the treatment of acute coronary syndrome (ACS) 

(Garcia et al., 2012; Mehta et al., 2008; Reynolds et al., 2004). The synthetic analogue of 

the antithrombin-binding pentasaccharide sequence binds only to antithrombin and is too 

short to bridge thrombin to antithrombin (Reynolds et al., 2004). By doing so, fondaparinux 

selectively catalyzes FXa inhibition by antithrombin and does not enhance the rate of 

thrombin inhibition. With a plasma half-life of about 17 hours, fondaparinux exhibits 
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complete bioavailability when administered subcutaneously, is administered once daily, 

and has a predictable pharmacokinetic profile (Bergqvist, 2006). 

1.5.4 Vitamin K Antagonists  

Vitamin K is essential for the carboxylation of glutamic acid residues in vitamin K-

dependent proteins (VKDP) that are involved in blood coagulation, including prothrombin, 

and factors VII, IX, and X. More specifically, vitamin K functions as a cofactor for the 

enzyme γ-glutamylcarboxylase (GGCX) that catalyzes the carboxylation of the amino acid 

glutamic acid (Glu) to γ-carboxyglutamic acid (Gla) (Tie et al., 2016). The created Gla 

domains of the VKDP bind to calcium, which is critical for the interaction of the clotting 

factors with negatively charged phospholipid membranes. All vitamin K-dependent factors 

possess glutamic acid residues at their N-termini, which is carboxylated by GGCX (Tie & 

Stafford, 2016). Without these residues carboxylated, the vitamin K-dependent factors are 

unable to form the appropriate active conformation, thus inhibiting their biological activity. 

The body recycles vitamin K through a process called the vitamin K-epoxide cycle (De 

Caterina et al., 2013). Vitamin K hydroquinone (reduced form) is oxidized to vitamin K 

epoxide (oxidized form). The reaction enables GGCX to carboxylate selective glutamic 

acid residues on VKDP as mentioned above. To allow for recycling of vitamin K, once 

vitamin K hydroquinone is oxidized to vitamin K epoxide, the oxidized form is then 

reduced to vitamin K by the enzyme, vitamin K epoxide reductase (VKOR) (Sinhadri et 

al., 2017). 
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Over the past 60 years, vitamin K-antagonists (VKAs), most commonly warfarin, 

have been widely used as effective oral anticoagulants. VKAs are structurally similar to 

vitamin K and act as competitive inhibitors of the enzyme, VKOR. By inhibiting VKOR 

activity, warfarin blocks the γ-carboxylation process, attenuating the recycling of the 

inactive vitamin K epoxide back to its active reduced form (De Caterina et al., 2013). This 

results in a functional deficiency of vitamin K and the synthesis of vitamin K-dependent 

clotting factors that are only partially γ-carboxylated. Warfarin acts as an anticoagulant by 

generating these partially γ-carboxylated proteins that have reduced or absent biologic 

activity (Jaffer & Weitz, 2018). Warfarin also reduces the synthesis of the vitamin K-

dependent anticoagulant proteins C, S, and Z. The onset of warfarin is delayed until the 

newly synthesized clotting factors with reduced activity gradually replace their fully active 

counterparts. Due to its slow onset of action, warfarin must be overlapped with heparin (or 

another rapidly acting anticoagulant) when treating patients with established thrombosis or 

who are at high risk for thrombosis (Zirlik & Bode, 2017). Patients on warfarin require 

frequent blood tests, which is inconvenient for patients and for physicians (Zirlik & Bode, 

2017). Warfarin dosing is variable and challenging as its activity is influenced by dietary 

intake of vitamin K, genetic polymorphisms in enzymes that are involved in its metabolism 

(Tie et al., 2016), as well as numerous drug-drug interactions that promote or reduce its 

activity (Zirlik & Bode, 2017). Moreover, vitamin K deficiency increases the risk of 

excessive bleeding. Thus, despite careful monitoring, the incidence of major bleeding is 

about 1-3% of warfarin-treated patients per year (Mackman, 2008). Although effective, 

https://lpi.oregonstate.edu/mic/glossary#risk
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warfarin has important limitations that prompted the development of novel anticoagulant 

therapies.  

1.6 OVERVIEW OF ORAL ANTICOAGULANTS 

Direct thrombin inhibitors (DTIs) have been used for the prevention and treatment 

of venous and arterial thromboembolism. DTIs bind directly to thrombin and do not require 

a cofactor such as antithrombin to exert their effect (Melnikova, 2009). Currently, there are 

four FDA-approved parenteral DTIs in North America, including bivalirudin, lepirudin, 

desirudin, and argatroban (Mackman & Becker, 2010). Parenteral DTIs can, however, be 

difficult to administer and are limited in their indications. In response to the need for oral 

anticoagulants, direct oral anticoagulants (DOACs) have been developed. In the last 20 

years, the DOACs have pioneered a new generation of effective anticoagulants that 

addresses many of the limitations of the traditional anticoagulant therapies (Bickmann et 

al., 2017).  There was a lot of interest in the introduction of DOACs for the prevention and 

treatment of venous and arterial thromboembolism with Health Canada approval of 

rivaroxaban (Xarelto) in 2008, dabigatran (Pradaxa) in 2010, apixaban (Eliquis) in 2012, 

and edoxaban (Lixiana) in 2016. DOACs selectively target thrombin (e.g. dabigatran) or 

FXa (e.g. rivaroxaban, apixaban, and edoxaban). 

Dabigatran is an oral, direct inhibitor of thrombin that binds to the active site on 

thrombin, preventing thrombin-mediated activation of coagulation factors (Comin & 

Kallmes, 2012). Dabigatran is a small molecule (472 Da) that is synthesized as a derivative 

of a peptide-like, benzamidine-based thrombin inhibitor. After oral administration, 
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dabigatran etexilate (prodrug of dabigatran) is rapidly converted into dabigatran by means 

of esterases (Lee & Ansell, 2011). It rapidly and reversibly inhibits both clot-bound and 

free thrombin in a concentration dependent manner with an inhibition constant (Ki) of 4.5 

nmol L−1 (Eriksson et al., 2009). Dabigatran is currently licensed in Canada for the 

prevention of stroke and systemic embolism in patients with non-valvular atrial fibrillation, 

and for the prevention of deep vein thrombosis (DVT) and pulmonary embolism (PE) after 

elective hip or knee replacement surgery. In addition, dabigatran is licensed for the 

treatment of acute DVT and PE in patients who have initially received 5 to 10 days of a 

parenteral anticoagulant and to prevent recurrent DVT and PE (Jaffer & Weitz, 2018). 

 Direct factor Xa inhibitors reduce thrombin production by selectively inhibiting 

factor Xa and prothrombinase activity. As the first marketed oral direct factor Xa inhibitor, 

rivaroxaban competitively inhibits FXa and does not require cofactors (such as 

antithrombin) to exert its anticoagulant effect. Rivaroxaban belongs to a new class of 

oxazaolidinone-based, active site directed, FXa inhibitors. It is a small molecule (435 Da) 

that binds directly and reversibly to the S1 and S4 pockets of the active site of FXa (Siddiqui 

et al., 2019). A unique feature of the small molecule is that it lacks a highly basic group in 

its active site binding region, contributing to its high bioavailability (Eriksson et al., 2009). 

By binding directly to these active site pockets of FXa, rivaroxaban is more than 10,000-

fold more selective for FXa than other related serine proteases (Perzborn et al., 2010). 

Rivaroxaban reduces the thrombin burst during the propagation phase by inhibiting both 

free and clot-bound FXa, as well as prothrombinase activity in a concentration-dependent 

manner (IC50 of 0.4 nM) (Perzborn et al., 2009). 
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 As the second oral direct FXa inhibitor to be approved by Health Canada, apixaban 

inhibits both free and clot bound FXa, as well as prothrombinase activity. It is a small 

molecule (459 Da) that reversibly binds to the active site of FXa (Eriksson et al., 2009). 

Apixaban is currently licensed for stroke prevention in atrial fibrillation, for treatment and 

secondary prevention of venous thromboembolism, and for thromboprophylaxis after hip 

or knee replacement surgery in many countries (Jaffer & Weitz, 2018). Lastly, the third 

licensed direct oral FXa inhibitor, edoxaban is a small molecule (548 Da) that binds 

reversibly to the active site of factor Xa (Siddiqui et al., 2019).  Edoxaban is indicated for 

the prevention of stroke and systemic embolism (SE) in patients with nonvalvular atrial 

fibrillation (NVAF) and for the treatment of DVT and PE following 5 to 10 days of initial 

therapy with a parenteral anticoagulant. Edoxaban inhibits free FXa and FXa incorporated 

into the prothrombinase complex.  

 The main objective of anticoagulation therapy is to attenuate thrombosis without 

affecting hemostasis. With the development of DOACs, we have come much closer to this 

goal because  annual rates of major bleeding with DOACs are lower than those with vitamin 

K antagonists such as warfarin (0.3% to 0.5% vs 1.9%, respectively) (Mekaj et al., 2015). 

However, patients with atrial fibrillation on DOACs exhibit annual rates of major bleeding 

of 2% to 3% (Halvorsen et al., 2017; López-López et al., 2017; Weitz & Chan, 2018). 

Therefore, there remains room for improvement and a need for alternate anticoagulants that 

are safer than current DOACs.  
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1.7 STRATEGIES TO TARGET CONTACT PATHWAY   

An emerging frontier of anticoagulant therapy involves the contact pathway, 

particularly FXII and FXI, as potential targets in the development of safer anticoagulants, 

given the bleeding risk associated with inhibiting the distal part of the coagulation pathway 

with traditional anticoagulants or with DOACs (Figure 4). As previously mentioned, 

DOACs target downstream in the coagulation cascade at FXa and thrombin. As a result, 

these anticoagulants are associated with a risk of bleeding because they target pathways 

involved in hemostasis, which is required for normal wound healing (Weitz, 2016). There 

is emerging data from basic and epidemiological studies suggesting that FXII and FXI are 

important in thrombosis (Geddings & Mackman, 2014; Maas et al., 2018; Pham et al., 2012; 

Renné et al., 2006). Targeting these factors would allow for the development of safer 

anticoagulants as they have little to no role in hemostasis. Further studies are needed to 

assess whether FXII or FXI would be the more attractive target and to compare the efficacy 

and safety of these new therapeutic strategies with current standards of care for the 

prevention and treatment of thrombosis. Current strategies to target FXII and FXI include 

monoclonal antibodies that block activation or activity, antisense oligonucleotides (ASOs) 

that reduce hepatic synthesis of the clotting proteins, and small molecules that block the 

active site or induce allosteric modulation (Deloughery et al., 2019; Fredenburgh et al., 

2017; Kenne & Renné, 2014; Weitz & Fredenburgh, 2017a). ASOs, antibodies and 

aptamers require parenteral administration, whereas active site inhibitors, such as small 

molecules, have the potential for either parenteral or oral delivery. Strategies also vary in 

terms of their onset and offset of action. A major limitation of ASO treatment is its slow 



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 30 

onset of action. FXII and FXI ASOs require three to four weeks to lower protein levels into 

the therapeutic range, limiting their utility for initial treatment of thrombosis or for 

immediate thromboprophylaxis (Crosby et al., 2013; Yau et al., 2014; Zhang et al., 2010). 

Moreover, the long half-life of FXI-directed ASOs or antibodies may result in challenges 

in the face of emergent surgery or severe trauma (Bickmann et al., 2017; Weitz & 

Fredenburgh, 2017a).  
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Figure 4: Novel targets for anticoagulant therapy  

Current anticoagulant drugs target the extrinsic and common pathways (i.e direct FXa and 

thrombin inhibitors), but as a result are associated with a risk of bleeding. Recent studies 

have identified factors that play an important role in thrombosis, but not in hemostasis (ie. 

FXII, polyphosphates (polyP), nucleic acids (DNA, RNA), and neutrophil extracellular 

traps (NETs)). Targeting thrombotic triggers as opposed to targeting pathways involved in 

hemostasis in the development of novel anticoagulant therapies would allow for the 

development of novel anticoagulants without the risk of bleeding. Adapted from Geddings, 

J. E. and Mackman, N. Thromb Haemost. 2014; 111(4):570-4. 
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1.8 CONTACT PATHWAY IN HEMOSTASIS AND THROMBOSIS  

Recent studies have shown that the initiator of the intrinsic (contact) pathway FXII 

is dispensable for normal hemostasis (Gailani & Renné, 2007b; Kleinschnitz, 2006; Renné 

et al., 2005, 2012). Humans and mice deficient in FXII, PK, or HK have no bleeding 

complications (Merkulov et al., 2008; Renné et al., 2005, 2012; Revenko et al., 2011). The 

lack of a bleeding tendency observed in FXII-deficient humans and animals (Maas et al., 

2018; Mordillo et al., 2007; Renné et al., 2005) is in sharp contrast to deficiencies of other 

components of the intrinsic pathways of coagulation cascade such as FVIII or FIX (causing 

the bleeding disorders hemophilia A and B, respectively) (Mast, 2016). This has led to 

the reasonable hypothesis that fibrin formation in vivo is initiated largely, if not exclusively, 

through the extrinsic pathway of coagulation. Humans with hereditary deficiencies in FXI, 

unlike those lacking FXII, suffer from a mild bleeding tendency, suggesting that FXI is 

required for hemostasis and can be activated independently of FXIIa (Mordillo et al., 2007; 

Salomon et al., 2003, 2008). Thrombin can cleave and activate FXI, which can then convert 

FIX to FIXa in the coagulation cascade (Puy et al., 2013). The ability of thrombin to directly 

activate FXI may provide an explanation as to why FXII is not required for physiological 

hemostasis. Together, this suggests that the mechanisms regulating these two processes are 

not identical (Kleinschnitz, 2006; Renné et al., 2005). While the extrinsic pathway is 

essential for hemostasis, thrombosis may potentially be dependent on the intrinsic pathway, 

a process initiated by FXII (Renné et al., 2012). 
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There is growing evidence suggesting that although FXII is dispensable in 

hemostasis, it may play an important role in thrombosis. Murine studies demonstrate that 

inhibition of FXIIa attenuates thrombosis, suggesting that FXIIa is a potential target for 

antithrombotic/anti-inflammatory agents with a low risk of inducing hemorrhage (Colman, 

2006; Gailani & Renné, 2007b; Renné et al., 2012). Indeed, thrombosis is attenuated in 

FXII and FXI knockout mice (Kleinschnitz, 2006; Renné et al., 2005) and intravital 

microscopy studies have shown that thrombi in these models are small and unstable. 

Moreover, small molecule inhibitors of FXIIa or FXIa and Ir-CPI, an inhibitor of FXII, FXI 

and kallikrein, are thromboprotective in mice (Müller, Gailani, & Renné, 2011). In 

addition, knockdown with ASOs of FXII, FXI or PK reduces arterial and venous 

thrombosis in mice; and FXI knockdown attenuates thrombosis in primates (Crosby et al., 

2013; Matafonov et al., 2014; Revenko et al., 2011; Zhang et al., 2010). These studies 

support the notion that FXII plays an essential role in fibrin formation during “pathologic” 

thrombosis, but does not contribute to “physiologic” hemostatic fibrin formation at sites of 

vessel injury (Geddings & Mackman, 2014; Weitz & Fredenburgh, 2017a).  Together, these 

studies suggest that FXIIa inhibition may attenuate thrombosis without disrupting 

hemostasis. However, further understanding of how FXII is activated and regulated under 

pathological conditions such as thrombosis is necessary.  

1.9 POLYANIONIC ACTIVATORS OF CONTACT PATHWAY  

Apart from exposure of collagen at sites of endothelial injury, the identity of 

physiologic activators of FXII had remained unclear for decades (Wu, 2015). Recent 
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studies have demonstrated that naturally occurring polyanions, such as DNA, RNA and 

inorganic polyphosphates (polyP) are potent activators of FXII (Schmaier, 2016; Vu et al., 

2016). Prior to these findings, artificial polyanionic surfaces, such as kaolin, were known 

to activate FXII in vitro and utilized to trigger clotting in the activated partial 

thromboplastin time (aPTT) assay; a test used to assess the integrity of the intrinsic and 

common pathways (Gailani et al., 2015). However, the underlying mechanisms through 

which polyP triggers the contact pathway by activating FXII still remain elusive (Gailani 

et al., 2015). 

1.9.1 Nucleic Acids 

Nucleic acids, including DNA and RNA, are released from cells that undergo 

apoptosis, autophagy or necrosis (Kannemeier et al., 2007; Müller et al., 2009; Vu et al., 

2016). Neutrophil extracellular traps (NETs), which contain de-condensed chromatin that 

is released from activated neutrophils, provide another source of DNA (Brill et al., 2012; 

von Brühl et al., 2012; Vu et al., 2016). Recent evidence from our laboratory has shown 

that DNA and RNA promote FXII activation in the presence of PK and HK, and enhance 

FXI  activation by thrombin (Vu et al., 2016) (Figure 5). DNA and RNA bind FXII, HK, 

FXI, and thrombin, thus serving as a template for these reactions to occur (Vu et al., 2016). 

The localization of polyanionic activators at sites of vascular injury provides a stimulus for 

coagulation independent of TF. There is growing evidence suggesting that thrombosis is 

not simply an imbalance of hemostasis, but rather the result of alternative stimuli that 

exploit the hemostatic system (Geddings & Mackman, 2014; Jain et al., 2012). 
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1.9.2 Polyphosphate 

PolyP is a naturally occurring, highly anionic linear polymer of phosphate units 

linked by phosphoanhydride bonds. Expressed in all cells, the polymers vary in length from 

30 to 800 phosphate units in mammalian cells, to up to thousands of units in some 

microorganisms (Morrissey et al., 2012). In the context of hemostasis, short chain polyP is 

60-100 phosphate units in length and found in the dense granules of platelets and granules 

of mast cells and released upon their activation (Fang et al., 2007; Gailani et al., 2015; 

Moreno-Sanchez et al., 2012) (Figure 5). Long chain polyP (>1000 phosphate units in 

length) occurs in microbes and some mammalian cells, such prostate cancer cells and has 

the ability to aggregate into particles, potentially contributing to its propensity to accelerate 

clotting. Microorganisms store long chain polyphosphate in subcellular organelles called 

acidocalcisomes (Morrissey et al., 2012). Circulating polyP has a half-life of 90 minutes 

and is cleared by phosphatases (Smith et al., 2010). Activation of normal circulating levels 

of platelets is sufficient to generate polyphosphate concentrations of around 1-3 µM in 

whole blood. However, in the local microenvironment of a thrombus, polyP concentration 

is likely to be several orders of magnitude higher due to the substantial accumulation of 

platelets (Morrissey et al., 2012). PolyP is both pro-inflammatory and procoagulant in vivo 

and modulates hemostasis at a number of points in the cascade, including binding 

fibrin(ogen) and altering the structure of the resulting clot. Studies have shown that 

inhibition of polyP inhibits thrombin generation as well as fibrin formation in vitro, and 

polyphosphate inhibitors have been proposed as novel antithrombotic agents (Baker et al., 

2018; Smith et al., 2012). 
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PolyP triggers the contact pathway by providing a surface that binds FXII and HK 

and induces FXII autoactivation and promotes K activation of FXII (Smith et al., 2006, 

2010; van der Vaart & Pretorius, 2008). The potential importance of polyP in clotting is 

demonstrated through observations that humans with dense granule defects have a bleeding 

diathesis (Masliah-Planchon et al., 2013). Aside from promoting FXII activation (Puy et 

al., 2013), polyP has also been shown to accelerate FXI and FV activation by thrombin and 

to increase fibrin clot stability, thereby rendering it less susceptible to degradation (Choi et 

al., 2011; Smith et al., 2006, 2010). Further, polyP was shown to enhance the activity of 

TAFI and inhibit TFPI. Recent studies suggest that the role of polyP in coagulation is 

dependent on the polymer length (Smith et al., 2010). Long chain polyP (>250–500 

phosphate units) has been shown to be a strong activator of FXII and to affect fibrin clot 

structure, whereas shorter polymers (<100 phosphate units) increase FV activation and 

inhibit TFPI. PolyP in both size categories serves as a cofactor for thrombin activation of 

FXI (Smith et al., 2010; Weitz & Fredenburgh, 2017b).  

Recent murine studies have demonstrated that human platelet polyP induces 

pulmonary embolism and increases vascular permeability in a FXII-dependent manner. 

Renne et al. suggest that polyP provides a link between platelet plug formation and fibrin 

generation, i.e., between primary and secondary hemostasis (Renné, 2012). The potential 

role of platelet polyP in hemostasis was addressed in a recent study by Ghosh et al. that 

showed that mice deficient in inositol hexakisphosphate 6 (IP6) kinase, the enzyme 

required for the synthesis of platelet polyP, exhibited reduced platelet aggregation, 

prolonged clotting times, and altered fibrin structure (Ghosh et al., 2013). Furthermore, the 
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knockout mice had prolonged tail bleeding times and were protected from pulmonary 

thromboembolism. These studies have prompted the development of novel anticoagulant 

drugs targeting polyphosphate. Sullenger et al. screened a variety of nucleic acid binding 

polymers and identified a cationic poly (amido amine) dendrimer called PAMAM-G3 that 

prevented thrombosis after carotid artery injury and pulmonary thromboembolism without 

increasing tail bleeding in mice (Jain et al., 2012). Moreover, cationic compounds, such as 

1.0 dendrimer and polymyxin B (Smith et al., 2012), have been shown to reduce venous 

and arterial thrombosis in mice (Kalaska et al., 2012). 
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Figure 5: Initiation of coagulation by release of negatively charged polyanions 

At the site of vascular injury, coagulation is initiated by the extrinsic pathway when tissue 

factor (TF) binds and activates FVII, forming extrinsic tenase (TF-FVIIa). Extrinsic tenase 

activates FX in the common pathway, allowing for thrombin generation and the subsequent 

formation of the fibrin clot.  Activation of coagulation may also occur when 1) thrombin-

activated platelets release polyP and 2) activated neutrophils release neutrophil 

extracellular traps (NETs). PolyP, a linear polymer of inorganic phosphate, are found in the 

dense granules of platelets and are released upon activation. Activation of the contact 

pathway by polyP or nucleic acids yield FXIa, which leads to further thrombin generation. 

PolyP also amplifies coagulation by promoting thrombin-mediated activation of FXI, 

independent of FXIIa-mediated contact activation. Source: Fredenburgh J. C., Gross P., 

Weitz J. I. Blood. 2017; 129(2):147–154. 
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1.10 FACTOR XII STRUCTURE, ACTIVATION, INHIBITION  

1.10.1 FXII structure 

FXII or Hageman factor is a single-chain, 80 kDa glycoprotein that is synthesized 

in the liver. Upon contact with a negatively charged surface, the zymogen FXII undergoes 

autoactivation by cleavage at its activation site (Arg343-Val354). With this cleavage, FXII 

is converted to its activated two-chain polypeptide form, α-FXIIa, consisting of a 50 kDa 

heavy chain (six non-catalytic domains) and a 28 kDa light chain (catalytic domain) that is 

bound together by the Cys340-Cys367 disulfide bond (Renné et al., 2012) (Figure 6). The 

heavy chain of FXIIa consists of the following domains: fibronectin type II (FNII), 

epidermal growth factor 1 (EGF1), fibronectin type 1 (FNI), epidermal growth factor 2 

(EGF2), and kringle (K) domain, as well as  a proline-rich region (PR) (Pathak et al., 2015). 

The EGF domains are responsible for regulating cell growth and proliferation (Stavrou & 

Schmaier, 2010). Maas and colleagues recently reported that the EGF1 domain mediates 

surface binding as it contains the binding site for kaolin and polyanions, whereas the FNII 

domain serves as a critical negative regulator of FXII activation by shielding the activation 

loop (Hofman et al., 2020). This provides valuable insight into the mechanism of FXII 

activation and function because the FNII domain contains the binding site for FXI. The 

light chain contains the catalytic domain with the prototypical serine protease catalytic triad 

(Asp442, His393, and Ser554). Kallikrein and FXIIa cleave FXII at the Arg343-Val354 

peptide bond within the catalytic domain, thereby generating the protease, -FXIIa. 

Subsequent cleavage of -FXIIa by kallikrein generates -FXIIa, consisting of a two-chain 
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polypeptide with a 2 kDa heavy chain remnant of the PR domain and a 28 kDa catalytic 

domain covalently bound together by the same disulfide bond (Figure 6). -FXIIa loses its 

capacity to bind polyanions and to activate FXI. Thus, the capacity of kallikrein to cleave 

FXIIa at multiple sites is important for converting the protease into different forms, which 

direct its activity. Whereas -FXIIa triggers coagulation, zymogen FXII and -FXIIa are 

proposed to have important roles in inflammation. More recently, it has been hypothesized 

that the conformation of FXII determines its function. It is believed that when FXII is in 

solution, the zymogen is protected from activating cleavage by PK because the protease 

domain is shielded by the heavy chain. In this closed conformation, the FXI-binding site is 

encrypted (de Maat & Maas, 2016). However, upon contact by a negatively charged 

surface, the heavy chain is extended, exposing the protease domain for FXII activation. In 

this procoagulant state, the FXI-binding site is ‘decrypted’ as a result of full extension of 

the protein structure, which requires involvement of the N-terminal binding site (de Maat 

& Maas, 2016).  
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Figure 6: Domain structure of FXII and FXIIa 

The zymogen FXII is an 80 kDa single chain polypeptide zymogen consisting of a heavy 

chain (non-catalytic domain) and light chain (catalytic protease domain). The non-catalytic 

domains include fibronectin type II (FNII), epidermal growth factor-like (EGFI/II), 

fibronectin type I (FNI), kringle, and proline-rich (PR) domains. The light chain contains 

the catalytic domain and the cleavage site for kallikrein and FXIIa (Arg343-Val354 peptide 

bond). The cleavage of FXII by autoactivation, kallikrein, or FXIIa converts zymogen FXII 

into a proteolytically active two-chain FXII (-FXIIa). The catalytic triad residues His393, 

Asp442 and Ser544 are indicated. Further proteolysis of the peptide bonds Arg343-Leu344 

and Arg334-Asn335 by plasma kallikrein, results in activated FXII-fragment (β-FXIIa). β-

FXIIa consists of the catalytic light chain and the heavy chain remnant (HCR; 9 amino acid 

residues) resulting from autoproteolysis of FXII. Adapted from Björkqvist et al. Thromb 

Haemost. 2014; 112:868–875. 
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1.10.2 FXII activation 

Binding to negatively charged surfaces induces a conformational change in FXII, 

resulting in its autocatalysis (autoactivation), which is enhanced in the presence of Zn2+ 

(Vu et al., 2013). FXII autoactivation occurs by cleavage of the Arg353-Val354 peptide 

bond within the catalytic domain, allowing for the conversion of single-chain FXII into its 

activated, two-chain form -FXIIa (MacQuarrie et al., 2011; Renné et al., 2012) (Figure 

6). FXIIa levels are further amplified through feedback loops, converting more FXII to 

FXIIa and allowing for PK to be converted to kallikrein in the presence of HK (Gailani & 

Renné, 2007a; Renné, 2012) (Figure 7). PK activation is then able to provide a second 

amplification loop as kallikrein activates FXII (Gailani & Renné, 2007b). FXIIa initiates 

coagulation by activating FXI, which circulates in complex with HK (Schmaier, 2016). The 

precise mechanism promoting FXIIa generation is unclear. It is hypothesized that the 

binding of FXII to polyanions induces a conformational change in the zymogen FXII, 

which primes it for autoactivation. FXII binding to zinc increases the rate of FXII 

autoactivation by 10-fold. Zn2+ binds to FXII through the histidine residues within the 

FNII-EGF1 and EGF2 domains of FXII (Røjkaer & Schousboe, 1997; Stavrou & Schmaier, 

2010). It is still unknown whether autoactivation occurs by a) basal amounts of FXIIa 

activating FXII bound to polyanions or b) through “self-cleavage” of the zymogen upon 

induction of a conformational change in FXII by its interaction with polyanions (ie. intra 

or inter-molecular). Due to this ambiguity, this thesis will refer to the term FXII 

autoactivation as the process whereby FXII activates its own zymogen, regardless of the 

mechanism involved.  
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1.10.3 Inhibitors of FXIIa 

There are a number of natural inhibitors of FXIIa in human plasma including C1-

inhibitor (C1-INH), antithrombin (AT), α2-macroglobulin, and histidine-rich glycoprotein 

(Kenne & Renné, 2014; Kolyadko et al., 2014). Both C1-INH and AT belong to the same 

family of protease inhibitors and inhibit FXIIa via a common mechanism for serpins 

(Kolyadko et al., 2014). The N-terminal loop of C1-INH enters the active site of the 

protease, disrupting the catalytic site of the protease and irreversibly inhibiting FXIIa 

(Kolyadko et al., 2014). AT inhibits FXIIa in the presence of its cofactor heparin, binding 

to the antithrombin-binding pentasaccharide sequence on heparin (Kolyadko et al., 2014). 

Until recently, C1-INH was considered to be the primary physiological plasma inhibitor of 

FXIIa (Figure 7), although the second-order rate constant suggests that inhibition is slow 

(Cugno et al., 1997; Wagenaar-Bos & Hack, 2006). However, FXIIa-C1-INH complexes 

were shown to be produced largely in plasma after surface-mediated activation (ie. glass, 

kaolin, polyP), whereas in the case of FXIIa activation by activated platelets (TRAP, 

collagen, or ADP-induced), the FXIIa-antithrombin complexes were predominant (Bäck et 

al., 2009; Kolyadko et al., 2014). Moreover, FXIIa is protected from inactivation by C1-

INH when it binds to endothelial cells (Schousboe, 2003). Thus, the primary regulator of 

the contact pathway may not be C1-INH when there is physiological activation of FXIIa 

(Kolyadko et al., 2014). These results lead to the question as to whether there are other 

regulators of FXIIa. 
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Figure 7: Regulation of FXII in the contact pathway of coagulation 

FXII is activated by contact with a negatively charged surface which induces a 

conformational change in zymogen FXII, activating it to FXIIa. Activators of FXII include 

non-physiological/synthetic activators (e.g., kaolin, dextran sulfate (DS), silica) and 

physiological activators (DNA, RNA, and polyphosphate). FXIIa then converts 

prekallikrein (PK) to kallikrein (K), which in turn reciprocally activates FXII, amplifying 

its activation. FXIIa can be further cleaved by K to generate -FXIIa. C1-esterase inhibitor 

(C1-INH) binds and irreversibly inhibits FXIIa, -FXIIa, and K. Antithrombin (AT) 

inhibits FXIa (FXIIa to a lesser extent) in the presence of its cofactor heparin. Histidine-

rich glycoprotein (HRG) is a potent inhibitor of FXIIa. HRG binds to an exosite on FXIIa 

inhibiting FXII autoactivation, as well as FXIIa-mediated contact activation reactions.  
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 Specific antibodies against FXIIa exhibit a high degree of selectivity (Kolyadko et 

al., 2014). These include antibodies that bind to individual domains of the factor and 

selectively block some of its functions (Gailani et al., 2015; Gruber, 2014; Kenne & Renné, 

2014; Larsson et al., 2014; Zhu et al., 2015). However, the need for intravenous infusions, 

special requirements for their storage, and possible immune response may limit their 

potential as a safe drug for thrombosis treatment (Kolyadko et al., 2014). Other FXIIa 

inhibitors, such as corn trypsin inhibitor (CTI) and infestin 4 have inhibition constants of 

2.5 nM and 78 pM, respectively, but are non-specific and also inhibit FXIa, FXa, FIXa, and 

thrombin (Gailani et al., 2015; Kenne & Renné, 2014; Kolyadko et al., 2014). CTI is a 12 

kDa Kunitz-type inhibitor that reversibly binds to the active site of FXII and cleaves the 

Arg34-Leu35 bond, thereby inhibiting FXII autoactivation and FXIIa chromogenic activity 

(Ki of 24 nM) (Yau et al., 2012). 

1.11 OVERVIEW OF HISTIDINE-RICH GLYCOPROTEIN  

1.11.1 Protein synthesis and plasma levels 

Histidine-rich glycoprotein (HRG) is an abundant and well-characterized α2-plasma 

glycoprotein (Jones et al., 2005). HRG has been referred to as the “Swiss Army knife” of 

mammalian plasma (Poon et al., 2011), as it has been implicated in diverse processes 

including coagulation, fibrinolysis, angiogenesis, and immune function in vertebrates 

(Jones et al., 2005; Kassaar et al., 2014). Second to AT, HRG is one of the most abundant 

heparin-binding proteins in human plasma (Poon et al., 2011). Human HRG has an 

approximate mass of 75 kDa and circulates in plasma at a relatively high concentration of 
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~1-3 μM with a half-life of approximately 3 days (Jones et al., 2005; Kassaar et al., 2014). 

HRG is synthesized in liver parenchymal cells (Jones et al., 2005), however studies have 

shown that it may also be found in the α-granules of platelets and in megakaryocytes (Leung 

et al., 1983). Studies have found HRG on the surface of leukocytes such as macrophages 

and monocytes, but it is unclear whether these cells synthesize HRG or actively take it up 

from the blood (Jones et al., 2005; Poon et al., 2011; Sabbatini et al., 2011). Plasma levels 

of HRG are low in the neonatal stage and gradually increase with age, with some evidence 

suggesting that levels vary with blood type (Drasin & Sahud, 1996). HRG is a negative 

acute phase protein, such that HRG plasma levels are markedly reduced during the acute 

response to injury, advanced liver cirrhosis, sepsis, or with chronic inflammation (Jones et 

al., 2005; Saigo et al., 1990). HRG levels fall during pregnancy or with use of oral 

contraceptives (Jespersen et al., 1990). The decrease in HRG levels during pregnancy has 

been associated with an increased risk of preeclampsia (Bolin et al., 2011).  

Evidence for extracellular uptake of HRG comes from studies with muscle and T-

cells, where HRG was shown to bind to cellular receptors such as GAGs (ie. heparan 

sulfate), facilitating the uptake into these cells (Sabbatini et al., 2011). HRG localizes in 

the vicinity of platelet-rich thrombi where the local concentration of HRG may be increased 

because of its release from activated platelets (MacQuarrie et al., 2011). This suggests that 

the manner in which HRG regulates cellular processes such as coagulation may depend on 

local conditions.  



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 51 

1.11.2 Domain structure and proteolytic cleavage  

HRG was first isolated from human serum and characterized by Heimburger et al 

(Heimburger et al., 1972) and was subsequently isolated from human plasma and platelets 

(Jones et al., 2005). The human HRG gene has been mapped to position q28-q29 on 

chromosome 3 and is predicted to encode a 507 amino acid multidomain polypeptide 

consisting of 2 cystatin-like N-terminal domains (N1 and N2), a central histidine-rich 

region (HRR) flanked by 2 proline-rich regions (PRR1 and PPR2), and a C-terminal 

domain (COOH) (Jones et al., 2005; Kassaar et al., 2014) (Figure 8). HRG contains four 

intra-domain and two interdomain disulfide bridges that link the COOH domain and the 

HRR to the N1N2 domain, as well as 6 predicted N-linked glycosylation sites (Poon et al., 

2009, 2011). The histidine- and proline-rich regions are predicted to be intrinsically 

disordered but N1, N2, and the COOH domains are likely to have ordered structures 

(Kassaar et al., 2014). The HRR contains 12 tandem repeats of five consensus amino acids 

between amino acids 330 and 389, where the last five sequences are exact repetitions of the 

Gly-His-His-Pro-His (GHHPH) consensus sequence (Jones et al., 2005) (Figure 9A). The 

abundance of His and Pro residues in the HRR and PRR domains, respectively, imparts 

HRG with a twisted and elongated HRR core structure (Jones et al., 2005) (Figure 9B). The 

imidazole side chains of the His residues are thought to extend outward, which allows for 

multiple Zn2+-binding sites on HRG (Jones et al., 2005; Kassaar et al., 2014). The unusually 

high content of histidine and proline residues, each constituting approximately 13% of total 

amino acids has resulted in HRG also being termed ‘histidine-proline rich glycoprotein’ 

(HPRG) (Ronca & Raggi, 2015). HRG has metal and pH-sensing capabilities because 
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binding of HRG to its ligands such heparin and FXIIa is regulated by changes in hydrogen 

ion concentration and Zn2+ concentrations, respectively (Borza & Morgan, 1998; 

Priebatsch, Kvansakul, et al., 2017). When Zn2+ or hydrogen ions bind to the PRR-HRR 

region of HRG, they induce local conformational changes that are transmitted throughout 

the molecule. Such changes are believed to indirectly modulate the binding of the N1N2 

and COOH domains to their ligands (Borza et al., 1996; Jones et al., 2005; Priebatsch, 

Kvansakul, et al., 2017). Activated platelets release Zn2+ from their dense granules, 

providing a pool of Zn2+ that can increase local concentrations (Marx et al., 1993; Vu et al., 

2013). Indeed, Zn2+ binds to HRG with high affinity (Kd of 0.2 µM to 2.85 µM ) and 

promotes the binding of HRG to its ligands (MacQuarrie et al., 2011; Patel et al., 2007; 

Priebatsch, Kvansakul, et al., 2017; Ranieri-Raggi et al., 2014; Ronca & Raggi, 2015). 

HRG function is regulated by proteolytic cleavage, whereby cleaved derivatives of 

HRG are found in plasma (Poon et al., 2009, 2011). In patients undergoing thrombolytic 

therapy, HRG-derived bands of 9-67 kDa are observed, suggesting that plasmin modulates 

HRG activity (Smith et al., 1985). Plasmin cleaves HRG into disulfide-linked HRR-PRR, 

N1N2 and COOH-terminal fragments. The susceptibility of HRG to degradation is 

dependent on the zinc concentration and pH because both elevated levels of zinc and 

hydrogen ions protect HRG from plasmin degradation (Poon et al., 2009). Upon plasmin 

cleavage, HRG binding to GAGs, such as heparin and heparan sulfate, is attenuated, 

whereas binding to necrotic cells and plasminogen is enhanced (Poon et al., 2011). 

Although kallikrein cleaves HRG in a manner distinct from plasmin, the functional 
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consequence of this has not been determined (Poon et al., 2009). Therefore, protease 

cleavage of HRG provides an additional level of regulation that directs HRG activity.  

1.11.3 HRG ligands in coagulation, fibrinolysis, and inflammation  

The multi-domain structure of HRG provides it with the ability to bind multiple 

ligands. In plasma, HRG binds to and regulates the function of a diverse variety of targets 

that include fibrinogen, plasminogen, thrombospondin, immunoglobulin G (IgG), 

complement factors, and heparin, as well as cell-surface molecules such as Fcγ receptors 

and heparin sulfate (Jones et al., 2005; Kassaar et al., 2014) (Figure 8). HRG binds divalent 

metal cations (Cu2+, Zn2+, Ni2+, Cd2+, Co2+, Hg2+) within the HRR and undergoes a 

conformational change, which may influence its biological activity (Jones et al., 2005; 

Kassaar et al., 2014; Priebatsch, Poon, et al., 2017). In particular, Zn2+ is known to bind 

this region and can modulate HRG activity by altering the protein’s affinity for other targets 

(Kassaar et al., 2014). Binding of heparin to HRG is thought to be mediated through the 

NH2-terminal cystatin domain and formation of the HRG-heparin complex is enhanced by 

Zn2+ (Priebatsch, Kvansakul, et al., 2017). In regards to the mechanism by which HRG and 

FXIIa interact, SPR analysis by MacQuarrie et al. demonstrated that Zn2+ significantly 

increases the affinity of FXIIa for HRG by more than 3 orders of magnitude (1000-fold), 

supporting the notion that the HRR mediates this interaction (MacQuarrie et al., 2011). 

Given that the binding site for Zn2+ on HRG is within the HRR domain, this suggests that 

binding of Zn2+ to the HRR has the capacity to modulate other domains in HRG (Priebatsch, 

Kvansakul, et al., 2017). Interestingly, the interaction between HRG and FXIIa can be 
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inhibited by the addition of heparin, suggesting that FXIIa may also bind to the cystatin-

like N-terminal domains and that the affinity of this interaction is heightened by Zn2+ 

binding to the HRR (MacQuarrie et al., 2011). HRG does not bind to the zymogen FXII, 

but to the activated form, FXIIa (MacQuarrie et al., 2011). In the absence of vascular injury, 

HRG is unlikely to play a role in hemostasis, as free Zn2+ levels in plasma are less than 1 

µM, far below the range (6-12 µM) that allows for HRG binding to FXIIa (Priebatsch, 

Kvansakul, et al., 2017; Vu et al., 2013). However, when FXII is activated at sites of injury 

and local levels of Zn2+ are elevated in response to platelet activation, HRG can bind to 

FXIIa with high affinity (MacQuarrie et al., 2011). Therefore, HRG may serve as an 

effector of coagulation and be an important regulator of thrombogenesis (MacQuarrie et 

al., 2011). 
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Figure 8: HRG protein domains, post-translational modification, and ligands 

HRG is an abundant plasma protein (molecular weight of 75 kDa) composed of two 

cystatin-like domains N-terminal domains (N1 and N2), a histidine-rich region (HRR) 

flanked by two proline-rich regions (PRR) and carboxy-terminal domain. HRG contains 6 

N-linked glycosylation sites (●), four intra-domain and two inter-domain disulfide bridges 

(--) linking the C-terminal domain and the HRR to the N1N2 domain. The multidomain 

structure of HRG allows the glycoprotein to bind multiple ligands, including FXIIa, Zn2+, 

heparin, plasminogen, fibrinogen, and negatively charged polyanions, such as DNA. The 

histidine- and proline-rich regions are predicted to be intrinsically disordered but N1, N2, 

and the C-terminal domains are likely to have ordered structures. Source: Priebatsch et al., 

Biomolecules. 2017; 7(1), 22.                        
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Figure 9: Histidine-rich region of histidine-rich glycoprotein 

(A) The histidine-rich region (HRR) of histidine-rich glycoprotein (HRG) contains 12 

tandem repeats of five consensus amino acids between amino acids 330 and 389, where the 

last five sequences are exact repetitions of the Gly-His-His-Pro-His (GHHPH) consensus 

sequence. The amino acid and nucleotide sequence of the HRR is illustrated. (B) Structure 

of histidine amino acid and HRR of human HRG. The twisted and elongated HRR core has 

protruding imidazole side chains that form metal binding sites. The HRR has the capacity 

to modulate other domains in HRG through its metal and pH-sensing capabilities, resulting 

in local conformational changes that are transmitted throughout the molecule. Such changes 

are believed to indirectly modulate the binding of the N1N2 and COOH domains to their 

ligands. HRR plays an important regulatory role in mediating the changes in hydrogen ion 

concentration and zinc concentrations that are important for HRG binding to heparin and 

FXIIa, respectively. Source: Adapted from Jones et al. Immunol and Cell Biol. 2005; 83, 

106-118. 
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1.12 HRG MODULATION OF HEMOSTASIS AND THROMBOSIS 

It has been almost 50 years since HRG was first isolated by Heimburger et al., but 

its primary physiological function remains unclear. Clinical studies have shown that 

families with congenital HRG deficiencies (20-35% of normal plasma levels) have no 

abnormalities in routine laboratory assays of hemostatic and immunological function. 

However, cases of familial deficiency of HRG caused by missense mutations suggest HRG 

plays an antithrombotic role in preventing thrombotic disorders. The reported coagulation 

disorders in HRG mutation positive patients include cerebral sinus thrombosis (Gly85 to 

Glu mutation) (Shigekiyo et al., 1998), dual arteriovenous fistula at sites of previous 

thrombosis (Cys223 to Arg) (Shigekiyo et al., 2000), and early-onset DVT associated with 

novel HRG mutation in exon 2 of HRG gene (Luo et al., 2018). Since its discovery, many 

properties of HRG have been reported, such as the interaction of HRG with various 

molecules such as divalent metal ions, plasminogen, fibrinogen, and glycosaminoglycans 

(ie. heparin or heparan sulfate). These interactions have prompted the hypothesis that HRG 

serves as an adaptor protein, modulating blood coagulation and fibrinolysis. Low amounts 

of HRG in clots and plasma of patients with thrombotic disorders have been reported, 

whereby downregulation of HRG levels are associated with an increased risk of thrombosis 

(Stachowicz et al., 2018). In a genome wide association study, genes for FXII, HK, and 

HRG were identified to be strongly associated with influencing the aPTT, which is 

clinically used to interrogate the intrinsic and common pathways of coagulation (Hoffman 

& Monroe, 2007).  
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 To examine the physiological function of HRG, Tsuchida-Straeten et al. were the 

first to produce an HRG-knockout mouse and analyze their hemostatic factors (Tsuchida-

Straeten et al., 2005). These mice were viable and fertile, with no appreciable abnormalities 

in their hemostatic components except for the absence of HRG in their blood. The levels of 

fibrinogen and monocyte numbers were higher compared with wild-type mice (135% and 

252%, respectively). Bleeding time after tail tip amputation was shorter and the 

spontaneous fibrinolytic activity in clotted blood was higher in HRG knockout mice than 

in wildtype mice. Moreover, the prothrombin time was shorter in HRG knockout mice than 

in HRG heterozygous mice or wildtype mice. Thus, these differences in blood tests may 

not pose problems in the life of a healthy HRG-deficient mouse but may affect the fate of 

mice under some abnormal or pathological condition.   

To determine whether HRG deficiency results in a prothrombotic phenotype under 

pathological condition, we compared ferric chloride (FeCl3)-induced arterial thrombosis in 

wild type mice with that in HRG knockout and HRG heterozygous mice (Vu et al., 2015). 

We showed that thrombosis is significantly accelerated in HRG knockout mice, an effect 

that was also observed in HRG heterozygous mice. This was shown by a decrease in blood 

flow as well as time to occlusion. These findings suggest that HRG deficiency results in a 

prothombotic phenotype and that even 50% residual HRG is not protective. To localize 

HRG, thrombi from FeCl3-treated wildtype mice were harvested and subjected to 

immunohistochemical analysis. Whereas platelets were dispersed throughout the thrombi, 

fibrin disposition was localized to the vessel wall, most likely at the site of the FeCl3 

application. HRG is reported to be stored in the -granules of platelets and released upon 
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platelet activation (Leung et al., 1983). Because HRG binds to fibrin, we hypothesized that 

HRG would localize to platelets and fibrin. We show that HRG in thrombi did indeed 

localize with platelets and to a lesser extent to fibrin, thus confirming that HRG is found in 

thrombi formed after FeCl3-induced arterial injury in mice and that HRG may play an 

important antithrombotic role (Vu et al., 2015). 

1.12.1 Anticoagulant properties of HRG 

MacQuarrie et al. demonstrated that HRG inhibited the capacity for FXII to 

autoactivate upon contact activation, as well as subsequent FXIIa-mediated FXI activation 

(MacQuarrie et al., 2011). SPR analysis revealed that HRG binds to FXIIa with high 

affinity (Kd value of 1.6 nM), where the affinity is increased 1000-fold in the presence of 

Zn2+ (Kd value of 9 pM) (MacQuarrie et al., 2011). HRG has been proposed to regulate 

coagulation through its interaction with the activated form of FXII (FXIIa), as HRG does 

not bind to the zymogen FXII, or to FXI or FIX (MacQuarrie et al., 2011). Significantly, 

the binding interaction between HRG and FXIIa is the highest described affinity for any 

HRG ligand, higher than its affinity for heparin or fibrinogen (Priebatsch, Kvansakul, et 

al., 2017). Additionally, HRG has been detected in complexes with FXIIa in contact-

activated plasma (MacQuarrie et al., 2011). The anticoagulant properties of HRG were 

further supported when a shorter aPTT was observed in HRG-depleted  plasma, where 

similar results were reported in HRG-deficient mice (MacQuarrie et al., 2011; Vu et al., 

2015). Conversely, HRG supplementation of HRG-deficient plasma prolonged this clotting 

time (MacQuarrie et al., 2011). 
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The presence of DNA and RNA from apoptotic and necrotic cells, or the release of 

polyP from activated platelets, serve as potent activators of the intrinsic pathway through 

FXIIa activation (Priebatsch, Kvansakul, et al., 2017). HRG binds to nucleic acids with 

high affinity (Kd values of 1 nM) most likely through the phosphate head group of 

phosphatidic acid of DNA and RNA and attenuates their procoagulant activity by 

competing with contact factors, such as FXII and FXI, for binding to nucleic acids 

(Priebatsch, Kvansakul, et al., 2017; Vu et al., 2016). Vu et al. demonstrated that nucleic 

acids are potent activators of the contact pathway and provided evidence that HRG is a 

dynamic regulator of this pathway (Vu et al., 2016). In support of this concept, HRG 

attenuates RNA- and DNA-induced thrombin generation and clot formation in HRG 

knockout mice plasma (Vu et al., 2015, 2016). In addition, HRG competes with thrombin 

for binding to the carboxy-terminus of the γ’-chain of γA/ γ’-fibrinogen (Vu et al., 2013). 

HRG has been demonstrated to avidly compete for fibrin binding with both thrombin and 

FXIIa (Priebatsch, Kvansakul, et al., 2017). Current thinking suggests that once the fibrin 

matrix assembles, HRG is able to displace either thrombin or FXIIa from fibrin to elicit its 

antithrombotic, as well as profibrinolytic properties (Priebatsch, Kvansakul, et al., 2017). 

Together, by inhibiting FXII autoactivation, binding to nucleic acids, and displacing 

thrombin from fibrin, HRG has the capacity to exert anticoagulant, profibrinolytic, and 

antithrombotic effects (MacQuarrie et al., 2011; Priebatsch, Kvansakul, et al., 2017; Vu et 

al., 2013, 2016).  
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1.12.2 Procoagulant properties of HRG 

HRG has both pro- and anticoagulant activities by its interaction with its inorganic 

cofactor Zn2+ (Vu et al., 2013). Transition metals, such as Zn2+, Ni2+, and Cu2+, are 

regulated by the imidazole side chains of the distinctive histidine-rich region of HRG (Fu 

& Horn, 2002). Binding of Zn2+ to the HRR induces a conformational change in the 

molecule, increasing the affinity of HRG for a number of molecules, including heparin, 

fibrinogen, and FXIIa (Kassaar et al., 2015; Vu et al., 2013). HRG binds to the 

anticoagulant, heparin, with high affinity (Kd value of 2 nM) in the presence of Zn2+ and 

inhibits the formation of heparin-AT complex (Barnett et al., 2013; MacQuarrie et al., 

2011). Zn2+, serving as a cofactor, interacts with HRG to stimulate HRG-heparin complex 

formation (Kassaar et al., 2015). The NH2-terminal cystatin domains of HRG and not its 

HRR domain mediate the Zn2+-dependent interaction of heparan sulfate. This suggests that 

binding of Zn2+ to the HRR domain has the capacity to modulate other domains in HRG. 

Binding of HRG to heparin neutralizes its anticoagulant activity in both purified and plasma 

systems, therefore the HRG-heparin interaction has a procoagulant effect (Barnett et al., 

2013; Fu & Horn, 2002). Neutralization of heparin by HRG attenuates the anticoagulant 

activity of antithrombin and subsequently promotes thrombosis (Kassaar et al., 2015). 

Thus, HRG serves as a procoagulant molecule through its ability to bind and neutralize the 

natural anticoagulant heparin and antithrombin interaction (Kassaar et al., 2015; Priebatsch, 

Kvansakul, et al., 2017).  
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1.12.3 Mechanisms of HRG inhibition of FXIIa 

HRG has been shown to suppress contact activation via blocking FXII 

autoactivation, and subsequent FXIIa activation of FXI (MacQuarrie et al., 2011; Vu et al., 

2016). In the presence of Zn2+, the affinity of FXIIa for HRG increases by 1000-fold (Kd 

value of 9 pM) (MacQuarrie et al., 2011; Priebatsch, Kvansakul, et al., 2017). Indeed, HRG 

will bind to FXIIa more avidly at sites of vascular injury where there is a localized increased 

of Zn2+ due to platelet activation and release of Zn2+ from dense granules (MacQuarrie et 

al., 2011; Renné, 2012). However, this interaction is not Zn2+-dependent, because HRG can 

still bind FXIIa and modulate clotting even in the absence of Zn2+ (Kd value of 1.6 nM at 

physiological pH) (MacQuarrie et al., 2011; Priebatsch, Kvansakul, et al., 2017; Priebatsch, 

Poon, et al., 2017). Notably, the affinity of HRG for FXIIa is the highest described for any 

HRG ligand, more so than for heparin, heme, fibrinogen, or plasminogen (Poon et al., 2011; 

Priebatsch, Kvansakul, et al., 2017). The HRG-FXIIa interaction would serve to limit the 

procoagulant stimulus by inhibiting FXIIa-mediated activation of the contact pathway 

(MacQuarrie et al., 2011). In this setting, Zn2+ may serve as an additional control element 

or cofactor for HRG to locally regulate FXIIa activation at the fibrin clot or the removal of 

FXIIa from the thrombus site (Priebatsch, Kvansakul, et al., 2017; Ranieri-Raggi et al., 

2014; Vu et al., 2013). Given the abundance of HRG in plasma and high affinity of HRG 

for FXIIa, HRG is more likely than C1-INH to bind FXIIa (Jones et al., 2005; Poon et al., 

2011). It is believed that through binding to an exosite of activated FXIIa (α-FXIIa), HRG 

prevents interactions with FXII and FXI (MacQuarrie et al., 2011). Therefore, the specific 

and high affinity of HRG for FXIIa, as well as the inhibitory effects of HRG on FXIIa-
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mediated contact activation imply a potentially significant physiological, anticoagulant role 

for this interaction. However, the mechanism of HRG inhibition of FXIIa is not fully 

understood and necessitates further investigation.  

1.12.4 Binding of HRG to FXIIa  

Previous studies by our laboratory have shown that HRG binds to the activated form 

of FXII, but not the zymogen FXII (MacQuarrie et al., 2011). HRG does not bind to the 

catalytic domain of FXIIa, as HRG does not bind to β-FXIIa, which consists of the catalytic 

light chain, as well as 9 amino acid residues of the proline-rich domain (heavy chain 

remnant; Asn335-Arg343) (Fujikawa & McMullen, 1983; MacQuarrie et al., 2011). 

Therefore, the binding site of HRG must be localized within the heavy chain of FXIIa. In 

particular, the FN2 domain of FXIIa may be a potential binding site as it mediates Zn2+ 

binding, as well as binding to negatively charged surfaces (Pathak et al., 2015). The 

surface-independent conformational change (Bernardo et al., 1993) induced by Zn2+ in 

FXII zymogen is insufficient to allow for HRG binding. Therefore, the binding site of HRG 

on FXII must be cryptic and only exposed when it is converted to its activated form, FXIIa 

upon contact activation with a negatively charged surface (MacQuarrie et al., 2011). This 

notion is supported by the interaction with fibronectin, as well as a monoclonal antibody 

against the kringle domain of FXII, with FXIIa, as these proteins do not bind to the 

zymogen FXII (MacQuarrie et al., 2011). Moreover, chromogenic assays demonstrating 

that HRG has no effect on active site-directed inhibition of FXIIa by either CTI or C1-INH 

(MacQuarrie et al., 2011). These findings suggest that HRG likely binds to an exosite on 
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the heavy chain of FXIIa that mediates binding to macromolecular substrates. The sites of 

interaction between HRG and FXIIa, however, remain elusive. Therefore, this project aims 

to identify the complementary binding domains of HRG and FXIIa to further understand 

the role of HRG as a novel regulator of coagulation.  
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2.0 CHAPTER 2: OVERVIEW, HYPOTHESIS & OBJECTIVES  

2.1  Thesis Overview: The overall objective of this Ph.D. thesis is to explore the role 

of HRG in coagulation as a means of further understanding hemostasis and identifying new 

strategies for prevention and treatment of thrombosis. 

2.2  Rationale: Recent studies suggest that coagulation FXII, which is dispensable for 

hemostasis, is important for thrombus stabilization and growth (Gailani & Renné, 2007b; 

Grover & Mackman, 2019; Renné et al., 2005, 2012). Thus, compared with wild-type mice, 

thrombosis at sites of arterial or venous injury is attenuated in FXII- or FXI-deficient mice 

(Kleinschnitz, 2006; Renné et al., 2005; Wang et al., 2006). Moreover, knockdown of  FXII 

or FXI with ASOs or inhibition of FXIIa or FXIa with antibodies or inhibitors reduces 

thrombosis in animal models without compromising hemostasis (Crosby et al., 2013; 

Larsson et al., 2014; Revenko et al., 2011; Younis et al., 2012; Zhang et al., 2010). These 

findings identify FXII and FXI as promising targets for development of potentially safer 

anticoagulants (Fredenburgh et al., 2017; Gailani et al., 2015; Müller, Gailani, & Renne, 

2011; Weitz, 2016; Weitz & Fredenburgh, 2017a). 

With FXII and FXI emerging as therapeutic targets, a better understanding of the 

regulation of the contact pathway is required. When bound to a negatively charged surface, 

single chain FXII zymogen undergoes autoactivation to form two-chain α-FXIIa 

(MacQuarrie et al., 2011; Renné et al., 2012). In the presence of HK, FXIIa activates 

prekallikrein to α-kallikrein (Gailani & Renné, 2007a; Renné, 2012; Renné & Gailani, 

2007), which then activates additional FXII in a reciprocal manner. FXII activation is 



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 68 

enhanced by polyanions, such as polyphosphate released from activated platelets and 

nucleic acids derived from neutrophil extracellular traps or necrotic or apoptotic cells 

(Baker et al., 2018; Jain et al., 2012; Schmaier, 2016; Vu et al., 2016). FXIIa propagates 

coagulation by activating FXI, which circulates in complex with HK, and culminates in 

thrombin generation and fibrin formation (Schmaier, 2016). C1-INH is considered the 

major inhibitor of FXIIa with antithrombin and α2-macroglobulin playing lesser roles 

(Kenne & Renné, 2014; Kolyadko et al., 2014). However, C1-INH is not specific for FXIIa 

and the second order rate constant suggests that inhibition is slow (Cugno et al., 1997; de 

Agostini et al., 1984; Olson & Gettins, 2011; Wagenaar-Bos & Hack, 2006). Moreover, 

FXIIa bound to endothelial cells or nucleic acids is protected from inhibition by C1-INH 

(Kolyadko et al., 2014; Pixley et al., 1985, 1987; Schousboe, 2003; Wagenaar-Bos & Hack, 

2006). Therefore, there are likely to be additional regulators of FXIIa.  

HRG is an abundant plasma protein of uncertain function. Often referred to as the 

Swiss army knife of mammalian plasma, HRG has been implicated in diverse processes, 

including coagulation, immunity, fibrinolysis, and angiogenesis (Jones et al., 2005; Poon 

et al., 2011; Priebatsch, Kvansakul, et al., 2017; Ronca & Raggi, 2015). Previously, we 

showed that HRG binds FXIIa with high affinity, inhibits FXII autoactivation and FXIIa-

mediated activation of FXI, and attenuates ferric chloride-induced arterial thrombosis in 

mice (MacQuarrie et al., 2011; Vu et al., 2015). HRG binds to nucleic acids with high 

affinity (Kd values of 1 nM) most likely through the phosphate head group of phosphatidic 

acid of DNA and RNA and attenuates their procoagulant activity by competing with contact 

factors, such as FXII and FXI, for binding to nucleic acids (Priebatsch, Kvansakul, et al., 
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2017; Vu et al., 2016). Vu et al. demonstrated that nucleic acids are potent activators of the 

contact pathway and provided evidence that HRG is a dynamic regulator of this pathway 

(Vu et al., 2016). HRG has a modular structure consisting of two NH2-terminal cystatin-

like domains, a central histidine-rich region (HRR) flanked by two proline-rich regions 

(PRR), and a COOH-terminal domain (Jones et al., 2005; Poon et al., 2011). We 

demonstrated that the affinity of HRG for FXIIa increases 1000-fold in the presence of Zn2+ 

and that the HRG-FXIIa interaction is abrogated with imidazole, a histidine analogue 

(MacQuarrie et al., 2011). These findings suggested that the HRG-FXIIa interaction is 

mediated by the HRR domain of HRG, which is its Zn2+-binding domain.  

Previous studies by our laboratory have shown that HRG binds to the activated form 

of FXIIa, not the zymogen FXII (MacQuarrie et al., 2011). HRG does not bind to the 

catalytic domain of FXIIa, as HRG has been demonstrated to not bind to β-FXIIa, which 

consists of the catalytic light chain, as well as 9 amino acid residues of the PRR (Asn335-

Arg343) (Fujikawa & McMullen, 1983; MacQuarrie et al., 2011). Therefore, the binding 

site of HRG must be localized within the heavy chain of FXIIa. In particular, the FN2 

domain of FXIIa may be a potential binding site as it mediates Zn2+ binding, as well as 

negatively charged surfaces (Pathak et al., 2015). The surface-independent conformational 

change (Bernardo et al., 1993) by Zn2+ in FXII zymogen is insufficient to allow for HRG 

binding. Therefore, the binding site of HRG on FXII must be cryptic and only exposed 

when it is converted to its activated form, FXIIa upon contact activation with a negatively 

charged surface (MacQuarrie et al., 2011). This notion is supported by the interaction with 

fibronectin, as well as a monoclonal antibody against the kringle domain of FXII, as these 
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proteins do not bind to FXII, but only to FXIIa (MacQuarrie et al., 2011). Moreover, HRG 

has no effect on active site-directed inhibition of FXIIa by either CTI or C1-INH 

(MacQuarrie et al., 2011). Together, these findings suggest that HRG likely binds to an 

exosite on the heavy chain of FXIIa that mediates binding to macromolecular substrates. 

The interaction between HRG and FXIIa, however, remains elusive and necessitates further 

studies. 

2.3  Hypothesis: Based on these observations, we hypothesize that (1) FXIIa binds to 

the Zn2+-binding histidine-rich region (HRR) of HRG and that (2) HRG binds to the non-

catalytic heavy chain of FXIIa to exert its anticoagulant activities on FXIIa-mediated 

contact activation. 

2.4  Overall Objective: To address this hypothesis, 4 main objectives were proposed. 

The overall objective was to identify the complementary binding domains of HRG and 

FXIIa to further understand the role of HRG as a novel regulator of coagulation. 
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2.4.1  Objective 1: Characterization of the effect of HRG fragments obtained by limited 

proteolysis on FXIIa-mediated contact activation  

2.4.2  Objective 2: Characterization of recombinant HRG domain constructs in plasma 

clotting and FXIIa-mediated contact activation  

2.4.3  Objective 3: Characterization of synthetic HRR peptides in FXIIa-mediated 

contact activation, plasma clotting, and polyphosphate-induced thrombin generation  

2.4.4  Objective 4: Characterization of binding interactions between HRG, FXIIa, and 

polyphosphate 
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3.0 CHAPTER 3: MATERIALS 

3.1 Common Reagents 

Zinc chloride (ZnCl2), silicon dioxide (silica; 5-15 nm), EDTA, streptavidin-

agarose, and human leukocyte elastase were purchased from Sigma Aldrich (St. Louis, MO, 

USA). Trypsin- sequencing grade was purchased from Roche (Mississauga, ON, CA). 

Short chain polyP (70-100 phosphate units) was provided by Dr Thomas Stoffel (BK 

Giulini GmbH, Ladenburg, Germany), whereas long chain polyP (>1000 phosphate units) 

was generously provided by Dr. James Morrissey (University of Michigan, MI). Dextran 

sulfate (500 kDa) and PD-10 column were purchased from GE Healthcare (Pittsburgh, PA, 

USA). APTT-SP and RecombiPlasTin 2G were purchased from Instrumentation 

Laboratory Company (Bedford, MA). Phosphatidylcholine-phosphatidylserine (3:1) 

vesicles (PCPS) were prepared as described (Kretz et al., 2010). Glu-plasminogen was 

isolated from human plasma as previously described (MacQuarrie et al., 2011). 

Chromogenic substrates (S2484, S2222, S2366, S2302) and thrombin chromogenic 

substrates were obtained from Hyphen BioMed (Zac Neuville Université, Neuville sur 

Oise, France). 

3.2 Enzymes and Inhibitors 

Human factor (F) XII, FXIIa, FXI, prekallikrein (PK), high molecular weight 

kininogen (HK), and corn trypsin inhibitor (CTI) were purchased from Enzyme Research 

Laboratories (South Bend, IN, USA). The following enzyme inhibitors were purchased 
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from Sigma-Aldrich, Inc.: MeOSu-AAPV-AFC (94-AFC), α1-antitrypsin from human 

plasma, soybean trypsin inhibitor (STI). Phe-Pro-Arg-chloromethylketone (PPACK) was 

purchased from Cedarlane Laboratories (Burlington, ON, CA). Human alpha-2 plasmin 

inhibitor, plasmin, biotinylated Phe-Pro-Arg-chloromethyl ketone (b-FPRCK), fluorescein 

Phe-Pro-Arg-chloromethyl ketone (F-PPACK) were purchased from Haematologic 

Technologies Inc. (Essex Junction, VT). Plasmin inhibitor D-Val-Phe-Lys chloromethyl 

ketone (VFK-CMK) was purchased from Calbiochem-Novabiochem Corporation (La 

Jolla, CA, USA).  

3.3 Protein Purification Reagents 

HRG was isolated from human plasma using a Ni-NTA agarose column as 

previously described (MacQuarrie et al., 2011). HRG-depleted human plasma was prepared 

by repeated (3x) chromatography over the affinity purified anti-HRG column as previously 

described (MacQuarrie et al., 2011). HRG antibody column was prepared using CNBr 

Activated Sepharose 4B (GE Healthcare). As a control, a second sample of human plasma 

was subjected to chromatography on unmodified Sepharose. Removal of HRG from human 

plasma was verified by Western blot analysis using the same affinity purified antibody 

(MacQuarrie et al., 2011). Mini-PROTEAN TGX precast gels (4-15%), SYPRO Ruby 

protein gel stain, and Coomassie Brilliant Blue R-250 staining solution were purchased 

from Bio-Rad Laboratories (Mississauga, ON, CA). SOC Outgrowth Medium, amylose 

resin, and enterokinase light chain were purchased from New England Biolabs Ltd. 
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(Whitby, ON, Canada). Millipore Sigma Amicon Ultra Centrifugal Filter Units was 

purchased from Thermo Fisher Scientific (Burlington, ON, Canada).  

3.4 Antibodies 

Sheep polyclonal antibody against human HRG and unconjugated monoclonal goat 

anti-human FXII antibody were purchased from Affinity Biologicals (Ancaster, ON, 

Canada), HRG antibody was affinity purified as previously described (Vu et al., 2015). 

HRG-directed IgG-horseradish peroxidase (HRP) conjugate was prepared as specified by 

the manufacturer using a Lightning-Link HRP conjugation kit (Cedarlane, Burlington, 

ON). Rabbit polyclonal anti-human IgG-maltose-binding protein (MBP) antibody was 

purchased from Thermo Fisher Scientific (Burlington, ON, Canada).  

3.5 Surface Plasmon Resonance Reagents  

Biacore sensor chips (CM4, CM5), an amine coupling kit, and acetate 5.0 buffer 

were purchased from Cytiva (formerly GE Healthcare Life Sciences, Burlington, ON, 

Canada). Biotinylated short chain polyphosphate (70-100 phosphate units) and biotinylated 

long chain polyphosphate (700-1000 phosphate units) were purchased from Kerafast, Inc. 

(Boston, MA, and supplied by Dr. James Morrissey, University of Michigan).  

3.6 Molecular Cloning Reagents 

PCR Master Mix (2x) was purchased from Thermo Fisher Scientific Inc. 

(Mississauga, ON, Canada). Oligonucleotide primers were ordered from MOBIX 
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(McMaster University, Hamilton, ON) and described in Table 1. QIAprep Spin Miniprep 

Kit, QIAquick PCR Purification Kit, QIAquick Gel Extraction Kit, and CompactPrep 

Plasmid Maxi Kit were purchased from QIAGEN Inc. (Mississauga, ON, Canada). HRG 

(NM_000412) Human Tagged ORF Clone (cDNA) was purchased from OriGene Global 

(Rockville, MD, USA). Expression vector, pMAL-c5e and BL21-Gold (DE3) E. coli were 

a gift from Dr. Colin Kretz (McMaster University, purchased from New England Biolabs). 

Restriction enzymes (BamH1-HF, Not1, Ava1, Nde1) were purchased from New England 

Biolabs Ltd. (Whitby, ON). 
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Oligonucleotide Primer Sequence  

N1- Sense  5’-CATATGTCCATGGGCGGCCGCGTGAGTCCCACTGACTGCAGT-3’ 

N1- Antisense 5’-GCAGGGAATTCGGATCCGTCAAGAACTTGTGGTGCAGTTAAAGTC-3’ 

N2- Sense 5’-GATGACAAGGTACCGCATATGGTCTCTTCAGCACTGGCCAAT-3’ 

N2- Antisense 5’-GCAGGGAATTCGGATCCGTCAGACTTCACAGTTTATGACAAGGTTTT-3’ 

N1N2- Sense 5’-CATATGTCCATGGGCGGCCGCGTGAGTCCCACTGACTGCAGT-3’ 

N2N2- Antisense 5’-GCAGGGAATTCGGATCCGTCAGACTTCACAGTTTATGACAAGGTTTT-3’ 

PRR1- Sense 5’-GATGACAAGGTACCGCATATGCCGCCTCATTTGGGACATCC-3’ 

PRR1- Antisense 5’-GCAGGGAATTCGGATCCGTCAGGGCAATAGTGGAGGAGGG-3’ 

HRR- Sense 5’-GATGACAAGGTACCGCATATGGACCTCCATCCCCATAAGCAT-3’ 

HRR- Antisense 5’-GCAGGGAATTCGGATCCGTCAGTGGGGATGGTGTCCATGG-3’ 

PRR2- Sense 5’-CAATAACAACAACCTCGGGCCTTGTGACCCACCACC-3’ 

PRR2- Antisense 5’-GCAGGGAATTCGGATCCGTCAGGGACGGGGTCCTTTACCTG-3’ 

COOH- Sense 5’-CATATGTCCATGGGCGGCCGCGTGTACCGACTCCCTCCTCTA-3’ 

COOH- Antisense 5’-CAGGGAATTCGGATCCGTCATTTTGGAAATGTATGTGTAAAAAACATGG-3’ 

HRG- Sense 5’-CATATGTCCATGGGCGGCCGCGTGAGTCCCACTGACTGCAGT-3’ 

HRG- Antisense 5’-CAGGGAATTCGGATCCGTCATTTTGGAAATGTATGTGTAAAAAACATGG-3’ 

Sequencing- Sense 5’-TACTGCGGTGATCAACGC-3’ 

Sequencing- Antisense 5’-AACGTTCAAATCCGCTCCC-3’ 
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Table 1: Oligonucleotide Sequence of HRG Domain Fragments Primers 

Primers were designed to PCR-amplify individual domains of human HRG and fragments 

containing multiple domains (source of sequence: UniProtKB- P04196, HRG_Human). 

Bold – annealing to template, non-bolded – overhang containing restriction sites. 

Restriction sites are italicized; BamH1 (5’-GGATCC-3’), Not1 (5’-GCGGCCGC-3’), Ava1 

(5’-CTCGGG-3’), Nde1 (5’-CATATG-3’). 
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3.7 Synthetic HRR Peptides 

Peptide analogs of the histidine-rich region (HRR) of HRG containing 1 to 4 repeats 

of the His-His-Pro-His-Gly (HHPHG)1-4 consensus sequence (Doñate et al., 2004), a 

scrambled peptide, Scr(HAHG)5H containing five repeats of HAHG, and poly-His peptides 

consisting of 6 or 12 residues (H-6 and H-12 ) were synthesized by Biomatik (Cambridge, 

ON) (Table 2). 
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Table 2: HRR-derived peptide analogs of HRG  

Peptide analogs of the histidine-rich region (HRR) of HRG were synthesized based on the 

His-His-Pro-His-Gly (HHPHG) consensus sequence repeats unique to that domain. A 

scrambled variant and poly-His peptides served as controls. 
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4.0 CHAPTER 4: METHODS 

4.1 RESTRICTION ENZYME DIGESTION OF HRG  

4.1.1 Digestion of HRG with proteolytic enzymes 

Proteolytic enzymes were used to generate fragments of human HRG. To determine 

optimal digestion times, 5 μM human HRG in HEPES-buffered saline consisting of 20 mM 

HEPES-NaOH, 150 mM NaCl, pH 7.4 (HBS) was incubated with 200 nM trypsin for 180 

min at 37°C. At various time points, 10 μl aliquots were removed from the digestion 

mixture and added to 2.5 μl of SDS gel sample buffer to stop trypsin activity. For HRG 

fragments used in FXIIa autoactivation assays, trypsin was inhibited with 20 nM STI and 

residual FXIIa chromogenic activity was determined after digestion to ensure complete 

inhibition by STI. The effect of STI on FXIIa chromogenic activity was assessed to ensure 

addition of STI to digestion samples would not influence functional assays. The reaction 

was initiated by the addition of 0-40 nM STI to 20 nM FXIIa in HBS-Tween20. After 5-

min incubation, 200 µM S-2302 substrate was added to each well and absorbance was 

monitored at 405 nm in a plate reader (Molecular Devices) using SoftMax Pro Version 

5.4.1. Optimal proteolytic digestion time was obtained in a similar manner for 200 nM 

elastase and plasmin treatment (500 nM Glu-plasminogen, 200 nM tPA) of 5 μM HRG, 

using α1-antitrypsin and α2-antiplasmin to stop enzyme activity, respectively.  
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4.1.2 SDS-PAGE analysis    

Samples were denatured by boiling for 3 min and after centrifugation at 10,000 rpm 

for 30 s, 2 to 3 μg of protein was loaded onto a 4-15% polyacrylamide gradient Mini-

PROTEAN TGX pre-cast gel (Bio-Rad Laboratories, Inc.). To run under reducing 

conditions, 2-mercaptoethanol was added to protein samples.  Electrophoresis was 

performed under denaturing conditions in the presence of 0.01% SDS at 50 volts for 10 

min and then at 180 volts for an additional 40 min. Gels were fixed by 15-min incubation 

in 40% methanol-10% acetic acid solution, followed by a series of three 5-min washes in 

filtered Milli-Q H2O. Gels were stained with Bio-Safe Coomassie G-250 blue stain (Bio-

Rad Laboratories, Inc.) for 60 min, followed by overnight de-staining in filtered MilliQ 

H2O. Other gels were stained with Sypro™ Ruby Protein Gel Stain (Bio-Rad Laboratories, 

Inc.) over night at room temperature with shaking. Gels were then de-stained in 10% 

methanol-7% acetic acid solution for 30 min, before a 15-min wash in MilliQ water. Gels 

were imaged using Image Lab Software (Version 5.2.1.) on the Gel/ChemiDoc MP Imager 

System (Bio-Rad Laboratories, Inc.). 

4.1.3 Reduction and alkylation of trypsin digested HRG  

Reduction was initiated with the addition of 5 µM trypsin digested HRG (100 µl) 

to a mixture of 0.1 M phosphate buffer, 25 mM DTT, and 5 mM EDTA. After 60-min 

incubation at 4°C, with gentle mixing, 13.2 µl of a 550 mM iodoacetamide solution was 

added and incubated for 30 min. Reduced and alkylated (RA) trypsin digested HRG 

samples were dialyzed in HBS buffer at 4°C, changing buffer three times every 2 h, then 
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once more overnight. After transferring RA samples from dialysis tubing to Eppendorf 

tube, absorbance was measured at 280 nm and 320 nm to determine the protein 

concentration (0.1% extinction coefficient= 0.39 mL/mg/cm) (Bloom et al., 1979; Borza et 

al., 2004). Samples were subjected to SDS-PAGE analysis to compare the trypsin-digested 

HRG fragments with intact HRG to confirm reduction and alkylation.  

4.1.4 Purification of trypsin digested HRG fragment  

Dialyzed trypsin digested HRG was loaded onto a Ni-NTA column, which was 

washed with HBS, and then eluted with 50 mM or 250 mM imidazole. After collection of 

1 ml fractions, protein concentrations were determined using A280 spectrometry readings. 

Protein containing fractions were subjected to SDS-PAGE analysis and gels were stained 

with Sypro Ruby Protein Gel stain (Bio-Rad Laboratories, Inc.).  

4.2 STREPTAVIDIN-AGAROSE PULL-DOWN ASSAY  

4.2.1 Biotinylation of FXIIa 

FXIIa was first incubated with biotin-FPR-CMK (b-FPRCK) and residual FXIIa 

activity was quantified by monitoring hydrolysis of S-2302. The reaction was initiated by 

the addition of 200 μl of a 200 μM solution of S-2302 to 1 μl of 6.25 μM FXIIa in a 96 well 

plate. Absorbance was measured at 405 nm every 6 sec for 5 min at 23°C. Addition of 1 μl 

of 6.6 mM b-FPRCK to 400 μl of a 6.26 μM FXIIa mix was followed by 15-min incubation 

at room temperature. FXIIa chromogenic activity (T=15 min) was measured as previously 

described. If complete inhibition of FXIIa activity was achieved, no further b-FPRCK was 
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added. Residual free b-FPRCK was removed by passing the sample mixture through an 

Amicon Ultra-4 Centrifugal Filter Device (Thermo Fisher Scientific, Inc.) equilibrated with 

HBS. Finally, 400 μl fractions were collected and absorbance was measured at 280 nm and 

320 nm to determine the concentration of b-FPRCK-FXIIa (0.1% extinction coefficient= 

1.41 mL/mg/cm) (Fujikawa & McMullen, 1983; Konings et al., 2011).  

4.2.2 Biotinylated FXIIa-streptavidin agarose binding of HRG 

To minimize non-specific binding, streptavidin-agarose (SA) (Sigma-Aldrich) was 

pre-washed with two consecutive 1 ml buffer washes (1M NaCl2, 0.5 mM EDTA, 0.05% 

Tween-20 in HBS) prior to incubation with b-FPRCK-FXIIa. Pre-washed SA (100 μl) was 

then added to 400 μl of b-FPRCK-FXIIa and incubate for 15 min at room temperature with 

gentle mixing. After centrifugation at 6000 rpm for 30 sec, the supernatant was removed, 

and absorbance was determined at 280 nm and 320 nm to calculate the protein 

concentration and determine the yield of b-FPRCK-FXIIa. HRG dilutions were prepared 

in HBS containing 12.5 μM ZnCl2 and 0.1% P-40 and 3.5 μM (20 μl) SA-b-FPRCK-FXIIa 

was incubated with 12.6 μM (60 μl) HRG for 30 min at room temperature with gentle 

mixing. Binding of SA-b-FPRCK-FXIIa was repeated with trypsin-treated HRG fragments 

after digestion. After incubation, samples were consecutively washed with 1 ml HBS + 

12.6 μM ZnCl2 buffer twice before the pellet was re-suspended in sample buffer prior to 

SDS-PAGE analysis.  
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4.2.3 Agarose pull-down assay   

To detect interactions between biotinylated FXIIa and HRG digestion fragments, 

biotin-streptavidin agarose pull-down analysis was performed. In the presence of 12.5 µM 

ZnCl2, 3.5 µM of the biotinylated FXIIa-streptavidin agarose preparation was added to 12.6 

µM of trypsin-treated HRG fragments. After 30 min incubation, samples were washed 

twice with 1 ml aliquots of HBS buffer containing 12.6 μM ZnCl2, and after centrifugation, 

the pellet was re-suspended in sample buffer and subjected to SDS-PAGE analysis. 

Controls included the following: streptavidin agarose (SA), SA-b-FPRCK-FXIIa, intact 

HRG (HRG), HRG + SA and Zn2+, SA-b-FPRCK-FXIIa + HRG + Zn2+, RA trypsin-

digested HRG (RA Tryp-HRG), RA Tryp-HRG + SA. Finally, RA Tryp-HRG was 

incubated with SA-b-FPRCK-FXIIa in the presence of Zn2+. 

4.3 MASS SPECTROMETRY AND PROTEIN SEQUENCING  

4.3.1 Mass spectrometry analysis of trypsin digested HRG and FXII  fragments 

Trypsin digested samples of HRG and FXII were prepared for mass spectrometry 

analysis. Digestion samples were run on 4-15% SDS-PAGE gels and the gels were stained 

with Coomassie blue stain as previously described. After overnight de-staining in MilliQ 

H2O, selected bands were excised using a sterilized razor and submitted to SickKids 

Proteomics, Analytics, Robotics & Chemical Biology Centre (SPARC BioCentre). 

Samples for sequencing were subjected to in-gel trypsin digestion, PNGase treatment, and 

C18 cleanup prior to mass spectrometry analysis using the Obri-trap Classic instrument. 
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Standard database searching and Scaffold4 Proteome Software were used to compare, 

identify and analyze the trypsin digested HRG and FXII fragments. 

4.4 GENERATION OF PCR-AMPLIFIED HRG DOMAIN FRAGMENTS  

4.4.1 PCR amplification of HRG domain fragments   

Primers were designed to PCR-amplify individual domains of human HRG, as well 

as fragments containing multiple domains (Table 1). In 200 l PCR reaction volume, 10 l 

of 100 M oligonucleotide sense primer and 10 l of 100 M oligonucleotide antisense 

primer for each specific domain of HRG was added to 70 l of DNAase-free H2O, 10 l of 

30 ng/L dilution human HRG cDNA (NM_000412) template, and 100 l of PCR Master 

Mix (2x). PCR cycling conditions are provided in Table 3. PCR products were analyzed by 

agarose gel electrophoresis. PCR products were gel extracted and purified using the 

QIAquick Gel Extraction kit (QIAGEN Inc.).  
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PCR Step Temperature C Duration 

1 95C 3 min 

2 95C 30 sec 

3 60C 30 sec 

4 72C 1 min 45 sec 

5 72C 5 min for last cycle 

6 4C 0 min to overnight 

Repeat steps 2-4  29 cycles 

 

Table 3: PCR cycling parameters for amplification of HRG domain fragments 
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4.4.2 Agarose gel electrophoresis 

To prepare 1% agarose gels, 1.5 g of agarose (Thermo Fischer Scientific) was added 

to 150 ml of 40 mM Tris-acetate, 1 mM EDTA (TAE buffer). The mixture was heated for 

2 min in the microwave and allowed to cool before the addition of 3 l of ethidium bromide 

for visualization of DNA bands. Electrophoresis was performed at 80 volts for 30 to 45 min 

until optimal separation of DNA bands was achieved.  Gels were imaged using Image Lab 

Software (Version 5.2.1.) on the Gel/ChemiDoc MP Imager System (Bio-Rad 

Laboratories). 

4.5 PLASMID CLONING BY RESTRICTION ENZYME DIGESTION  

4.5.1 Restriction enzyme digestion of PCR-amplified HRG domain fragments  

PCR products encoding individual human HRG domains and restriction enzyme 

sites were digested with Ava1 or Nde1 and BamH1 overnight at 37C. The restriction 

enzymes used to digest each PCR product are provided in Table 4. In 200 l reactions, 50 

l of PCR amplified, gel purified DNA (3 g to 10 g) was added to 20 l of Cut Smart 

Buffer, 32 l of pMAL-C5e vector (311 ng/l), 2 l of restriction enzyme 1 (20 units), and 

94 l of DNAase-free H2O. The expression vector, pMAL-C5e, was digested with either 

Not1 and BamH1, Nde1 and BamH1, or Ava1 and BamH1. Digested pMAL-C5e vectors 

were subjected to agarose gel electrophoresis analysis and selected bands were extracted 

and purified using QIAquick Gel Extraction kit (QIAGEN Inc.). 
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HRG Domain Sense Primer Restriction 

Site 

Antisense Primer Restriction Site 

N1 Not1 BamH1 

N2 Nde1 BamH1 

N1N2 Not1 BamH1 

PRR1 Nde1 BamH1 

HRR Nde1 BamH1 

PRR2 Ava1 BamH1 

COOH Not1 BamH1 

 

Table 4: Digestion of PCR-amplified HRG domain fragments  

Restriction enzyme sites corresponding to each sense and antisense primer used to amplify 

HRG domain fragments.  
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4.5.2 Ligation of HRG domain fragments into pMAL-C5e vector  

Digested PCR products were then ligated into the pMAL-c5e expression vector 

containing an NH2-terminal maltose-binding protein (MBP)-tag (generously provided by 

Dr. Colin Kretz). The constructs are as follows: MBP-N1, MBP-N2, MBP-N1N2, MBP-

PRR1, MBP-HRR, MBP-PRR2, and MBP-COOH (Figure 10). In a 300 l reaction volume, 

30 l of T4 DNA ligase buffer (10x) and 1l of T4 DNA ligase (3 units) were added in a 

3:1 molar ratio of digested pMAL-c5e vector (1 g) to PCR product (DNA insert) and 

incubated overnight in a 37C water bath. To precipitate ligation products, 30 l (1/10th 

volume) 3M sodium acetate (pH 2.5) and 300 l isopropanol was added to 300 l ligation 

sample. After freezing samples for 1 h at -80C followed by centrifugation at 21,130 x g 

for 30 min at 4C, supernatants were removed, and the pellets were carefully washed with 

200 l 70% ethanol. After a second centrifugation step under the same conditions, the 

ethanol was removed, and the pellets were dried at room temperature overnight. The dried 

DNA pellets were then resuspended in 20 l of DNAase-free H2O.  

4.5.3 Transformation of plasmid DNA into competent E. coli   

Transformation of ligation products was performed using BL21-Gold (DE3) 

chemically competent E. coli (New England Biolabs Inc., gift from Dr. Colin Kretz). After 

E. coli were briefly thawed on ice for 20 min, 5 l of ligated plasmid DNA was added to 

each sample and samples were maintained on ice for an additional 20 min. Samples were 

heat shocked at 42C in a water bath for 45 sec before being quickly returning to ice for 2 
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min. To obtain maximal transformation efficiency of E. coli, 200 l of SOC outgrowth 

medium (New England Biolabs) was carefully added to transformed plasmid DNA and 

incubated while shaking for 1 h at 37C. Finally, transformed cells in SOC media were 

plated onto LB agar plates containing 100 g/ml ampicillin to allow for colony growth of 

recombinant plasmid DNA. Ampicillin-resistant colonies were screened by PCR using 

sense and antisense sequencing primers (Table 1), followed by agarose gel electrophoresis 

analysis. Positive colonies were further expressed in 5 ml LB culture containing 100 g/ml 

ampicillin overnight at 37C. Plasmid DNA was purified from bacteria culture using 

QIAprep Spin Miniprep Kit (QIAGEN Inc.). All clones were verified by Sanger sequencing 

using “sense” primer (Table 1) (MOBIX Lab, McMaster University, Hamilton, ON). 
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Figure 10: MBP-HRG domain constructs 

PCR-amplified HRG domain fragments were ligated into pMAL-c5e expression vector 

containing an NH3-terminal maltose-binding protein (MBP)-tag. MBP-HRG domain 

constructs were transformed into BL21 (DE3) E. coli cells. Expressed protein constructs 

are as followed: MBP-N1, MBP-N2, MBP-N1N2, MBP-PRR1, MBP-HRR, MBP-PRR2, 

MBP-COOH. MBP, maltose-binding protein; HRG, histidine-rich glycoprotein; N1/2, 

cystatin-like N1/N2 terminal domain; PRR1/2, proline-rich region; HRR, histidine-rich 

region; C, carboxyl terminal domain (COOH) 
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4.6 PROTEIN EXPRESSION OF MBP-HRG DOMAIN CONSTRUCTS  

4.6.1 Protein expression in competent E. coli    

Purified plasmid DNA of MBP-HRG domain constructs were expressed in 5 ml LB 

starter culture containing 100 g/ml ampicillin overnight while shaking at 37C. The starter 

culture was then transferred to 250 ml LB with 100 g/ml ampicillin and allowed to grow 

for 1-2 h at 37C until reaching mid-log phase (A600 of about 0.6). Expression was induced 

with 1 mM IPTG for an additional 4 h. Cells were harvested by centrifugation at 4000 x g 

for 20 min and supernatant was discarded. Cell pellets were stored at -80C overnight. 

Bacteria were resuspended in 25 ml of column buffer (20 mM Tris-HCl, 200 mM NaCl, 1 

mM EDTA, 1 mM azide, pH 7.4) in the presence of cOmplete ULTRA protease inhibitor 

cocktail tablets (Roche). To lyse bacteria, resuspended bacteria were placed in an ice water 

bath and sonicated in short pulses of 5 sec on/off for 20 min using a FB120 Sonic 

Dismembrator fitted with a CL-18 probe (Fisher Scientific). Lysed bacteria were subjected 

to centrifugation at 20,000 x g for 20 min. The crude extract (supernatant) was harvested 

and diluted 1:6 with column buffer. 

4.6.2 Amylose affinity chromatography  

Expressed HRG domain constructs were purified by amylose affinity 

chromatography at 4C in the cold room. After washing the amylose resin with 5x column 

volume of buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 1 mM azide, pH 7.4), 

diluted crude extract was loaded onto the column and the flow through was collected. The 
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column was then washed with 12x column volumes of buffer. Finally, protein was eluted 

with 15 ml of 10 mM maltose in buffer and 1 ml fractions were collected. Absorbance was 

measured at 280 nm and 320 nm to determine the protein concentrations in the elution 

fractions. Proteins were buffer exchanged 4 times into HBS and concentrated to a final 

volume of 50-100 l using Amicon Ultra-15 Centrifugal Filter Units (Thermo Fisher 

Scientific, Inc.) and then stored at -80°C. Purity was assessed by SDS-PAGE analysis and 

Western blotting.  Molecular weight and extinction coefficient (Abs 0.1%) values of each 

MBP-HRG domain construct were determined using ExPASy Bioinformatics Resource 

Portal compute pI/Mw tool (UniProtKB- P04196, HRG_Human sequence) (Table 5). 
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Protein Construct MW (kDa) Ext Coeff (mL/mg/cm) 

MBP 40.4 1.64 

MBP-N1 56.4 1.38 

MBP-N2 56.2 1.29 

MBP-N1N2 69.5 1.21 

MBP-PRR1 50.4 1.43 

MBP-HRR 50.7 1.31 

MBP-PRR2 45.7 1.46 

MBP-COOH 51.3 1.32 

*HRG 75.0 0.39 

 

Table 5: Protein characteristics of MBP-HRG domain constructs  

Molecular weight and extinction coefficient (Abs 0.1%) values were determined using 

ExPASy Bioinformatics Resource Portal compute pI/Mw tool using UniProtKB- P04196, 

HRG_Human sequence). *Human plasma HRG molecular weight and extinction 

coefficient values are provided. 
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4.6.3 Western blot analysis  

Purified recombinant MBP-HRG domain constructs were subjected to SDS-PAGE 

analysis on 4-15% polyacrylamide gels (Bio-Rad Laboratories) in the presence of 0.1% 

sodium dodecyl sulfate (SDS) and 0.14 M β-mercaptoethanol. Separated proteins were 

transferred onto a nitrocellulose membrane (Bio-Rad Laboratories) overnight at 4C. The 

membrane was blocked for non-specific interaction using 1% BSA in TBS containing 50 

mM Tris-HCl, 150 mM NaCl, pH 7.4 and 0.005% Tween20 (TBS-Tw). Membranes were 

probed with affinity-purified polyclonal sheep anti-human IgG-HRG-HRP antibody (0.2 

µg/ml) for 2 h or with affinity-purified polyclonal rabbit anti-human IgG-MBP antibody 

(0.1 µg/ml) overnight at 4°C. Blots were then incubated with HRP-linked secondary 

antibody (0.2 µg/ml) for 2 h followed by incubation with the detection reagent (Immune-

Star HRP kit, Bio-Rad Laboratories) and chemiluminescence determination using Chemi-

Doc gel.  

4.7 PROTEIN AFFINITY ASSAYS  

4.7.1 Surface Plasmon Resonance  

The affinities of soluble HRG and HRR-peptides for FXIIa, β-FXIIa, and FXII were 

determined by surface plasmon resonance (SPR) on a Biacore T200 (GE Healthcare, 

Mississauga, Canada). Streptavidin (Cedarlane, Burlington, Canada) was attached onto 

flow cells of a CM4 sensor chip (GE) to 2000-3000 response units (RU) using an amine 

coupling kit (GE) (MacQuarrie et al., 2011). FXIIa or β-FXIIa, labeled at their active sites 
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with b-FPRCK, was absorbed to bound SA to ~500 RU at a flow rate of 10 µl/min at 25°C. 

FXII (500-700 RU) was immobilized directly onto flow cell of a CM4 chip by amine 

coupling (GE) to 700-800 RU. Binding experiments were performed in HBS- containing 

0.005% Tween-20, 2 mM CaCl2, and 13 µM ZnCl2 at a flow rate of 50 µl/min at 25°C. 

Increasing concentrations of analyte, either 0-500 nM HRG or 0-1000 nM HRR-derived 

peptides, were injected into all four flow cells for 300 sec, followed by running buffer alone 

for 900 sec. Flow cells were regenerated with 250 mM NaCl 62.5 mM imidazole and 5 mM 

EDTA for 60 sec. The affinities of soluble HRG and HRR-peptides for polyphosphate (70-

100 phosphate units) (Kerafast Inc.) were also determined using SPR. Biotinylated 

polyphosphate was absorbed to bound SA to ~100-180 RU at a flow rate of 10 µl/min at 

25°C. Binding experiments were performed like those described above. Sensorgrams were 

analyzed with BIAcore T200 evaluation software Version 1.0 (BIAcore). RU values were 

obtained from the instrument software. Dissociation constant (Kd) values were determined 

from equilibrium values or calculated from rate constants using 1:1 Langmuir analysis by 

the instrument software, and 2 values were calculated to assess closeness of fit.  

4.7.2 Enzyme-linked immunosorbent assays (ELISA) 

To coat 96 well plates (Corning EIA/RIA Clear Flat Bottom Polystyrene High 

Bind Microplate) with streptavidin, 100 l of 10 g/ml streptavidin (prepared in 50 mM 

carbonate-bicarbonate, pH 9.6, coating buffer) was added and incubated overnight at 4C. 

Wells were blocked with phosphate buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM 

phosphate buffer, pH 7.4 (PBS) containing 2% BSA and 0.05% Tw20) blocking buffer for 
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90 min. After washing the wells three times with PBS containing 0.1% Tw20, the wells 

were incubated with 100 l biotinylated polyphosphate in sample diluent buffer (10 mM 

HEPES, 100 mM NaCl, 1% BSA, 0.1% Tw20, pH 7.2) overnight at 4°C and then washed 

again three times. Increasing concentrations of HRG or HRG domain constructs prepared 

in sample diluent buffer were then added (0-500 nM) to the wells. After incubation for 2 h 

at 22C and washing three times, the primary polyclonal rabbit anti-MBP antibody (0.1 

g/ml) in conjugate buffer (PBS, 1% BSA, 0.1% Tw20) was added and incubated overnight 

at 4°C. After washing the wells three times, the secondary goat anti-rabbit HRP-conjugated 

antibody (0.2 g/ml) in conjugate buffer was added and incubated for 2 h at 22C. After 

three washes, OPD was added. To prepare OPD (o-phenylenediamine dihydrochloride) 

substrate buffer, a 5 mg OPD tablet was dissolved in 12 ml substrate buffer (citrate-

phosphate containing 0.027 M citric acid, 0.097 M Na2HPO4, pH 5.0) containing 12 l 

of30% H2O2. To start the reaction, 100 l of freshly prepared OPD substrate buffer was 

added to each well. The plate was covered with tin foil to minimize light exposure and 

colour was developed for 5 min at 22C. Reactions were stopped by the addition of 50 l 

of sulphuric acid stopping buffer (2.5M H2SO4) to each well. Absorbance was measured at 

490 nm using SpectraMax M3 Microplate Reader and non-linear regression analysis 

using TableCurve 2D (Version 4, Jandel Scientific Software, SPSS Inc., Chicago, IL) was 

used to determine dissociation constant (Kd) values.  
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4.8 PLASMA ASSAYS  

4.8.1 Thrombin generation 

Thrombin generation was quantified using the previously described (Vu et al., 

2015) calibrated automated thrombogram assay with some modifications. In a 50 µl 

sample, HRG-depleted human plasma in the presence or absence of HRG or HRR-derived 

peptides were added to wells of a black, 96-well plate (Costar, Lowell, MA). To assess the 

contact pathway, plasma was incubated with 40 µg/mL short chain polyphosphate (70 

phosphate units) and 15 µM PCPS for 10 min at 37C. Clotting was initiated with 15 mM 

CaCl2 and thrombin generation was monitored by measuring the hydrolysis of 1 mM Z-

Gly-Gly-Arg AMC substrate (Bachen, Bubendorf, Switzerland) at 360 nm (excitation) and 

460 nm (emission) for 90 min at 37°C using a SpectraMax M5e pate reader (Molecular 

Devices). Thrombin generation profiles and data were analyzed using Technothrombin 

TGA software (Technoclone, Vienna, Austria) (Vu et al., 2015). 

4.8.2 Plasma clotting assays 

In wells of a 96-well plate, 90 µl aliquots of control or HRG-depleted human plasma 

in the presence of 0-5 µM HRG or HRR-derived peptides were incubated for 10 min at 37οC 

with either 10 µl of 1:10 aPTT-SP or 10 µl of 1:100 RecombiPlasTin reagent and clotting 

was initiated by addition of 10 l of 260 mM CaCl2 (final concentration 26 mM). Absorbance 

was monitored at 405 nm for 1 h at 37οC and the time to reach half-maximal absorbance as 

determined by instrument software was used as the clot time. Additional clotting experiments 
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were performed in the presence or absence of 0-8 µM MBP-HRG domain constructs in 

HRG-depleted human plasma in a similar manner. Experiments were done in duplicate at 

least three times for each construct.  

4.9 CHROMOGENIC ACTIVITY ASSAYS   

4.9.1 FXIIa chromogenic activity 

  The effect of increasing concentrations of HRG on FXIIa chromogenic activity was 

assessed. Reaction were initiated by the addition of 20 nM FXIIa to a mixture of 12.5 μM 

ZnCl2 and 0 to 1 μM HRG in HBS-Tween20. After 5-min incubation at room temperature, 

200 µM S-2302 was added and FXIIa activity was monitored by measuring hydrolysis of 

S-2303 by monitoring absorbance at 405 nm every 10 sec for 30 min. To confirm that FXIIa 

chromogenic activity inhibition is achievable, the effect of HRG on the inhibition of FXIIa 

by C1-INH was assessed. Reaction were initiated by the addition of 500 nM C1-INH to a 

mixture of 50 nM FXIIa, 12.5 μM ZnCl2, ± 200 nM HRG in HBS-Tween20. After 

incubation at room temperature for 0-60 min, 200 µM S-2302 was added at the same time 

to each sample and absorbance was monitored at 405 nm every 6 sec for 10 min at 37°C. 

Rates of FXIIa activity (mOD/sec) were determined using the linear portion of the slope of 

plots of OD vs s2. 

4.9.2 FXII autoactivation by various activators  

To initiate FXII autoactivation, non-physiological activators (dextran sulfate or silica 

dioxide) or physiological activators (short or long chain chain polyP) were used. In a 100 µl 
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reaction volume, dextran sulfate (1 g/mL), silica dioxide (40 g/mL), or short chain or long 

chain polyP (8 g/mL, monomer phosphate concentration) was added to wells of a 96-well 

plate containing 6 µM ZnCl2 and 100 nM FXII in HBS buffer containing 0.005% Tween-20 

(HBS-Tw20) in the absence or presence of 0-5000 nM HRG or HRR-derived peptides.  After 

15 min incubation at 37°C, 200 µM S-2302 substrate was added to each well and absorbance 

was monitored at 405 nm. FXIIa generation was quantified by comparison with a standard 

curve of FXIIa activity. The slopes (OD/s2) of the linear portion were converted to activation 

rate values, nM/second, by dividing slopes by the specific activity of 100 nM FXIIa 

(OD/s/nM). The concentration of FXIIa generated was plotted against the concentration of 

HRG or HRR-derived peptide and the data were analyzed using TableCurve 2D (Version 4, 

Jandel Scientific Software, SPSS Inc., Chicago, IL) to determine the concentration required 

for 50% inhibition of FXII activation (IC50) using rectangular hyperbola, non-linear 

regression analysis. Similar experiments were performed to determine the effect of 0-8 µM 

MBP-HRG domain constructs on FXII autoactivation induced by short chain polyphosphate.  

4.9.3 FXIIa activation of FXI 

In 100 µl reaction volumes, increasing concentrations of HRG or HRR-derived 

peptides (0-5000 nM) were added to wells containing 12.5 µM ZnCl2, 10 nM FXIIa, 100 nM 

FXI, 100 nM HK, and 0.2 µg/ml dextran sulfate in HBS-Tw20 containing 2 mM CaCl2 and 

0.005% Tween-20. After 30-min incubation at 37°C, 30 nM CTI was added to inhibit FXIIa 

and the reaction was incubated for an additional 5 min prior to addition of, 200 µM S-2366.  

Absorbance was monitored at 405 nm as described above to monitor FXIa generation. FXIa 
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generated was quantified by comparison with a standard curve of FXIa activity. Rates of FXI 

activation were normalized relative to that obtained in the absence of HRG or HRR-derived 

peptides and plotted against HRG or peptide concentration. IC50 values were determined as 

described above. 

4.9.4 Prekallikrein activation by FXIIa  

In 100 µl reactions, increasing concentrations of HRG or HRR-derived peptides (0-

5000 nM) were added to wells containing 120 nM PK, 6 µM ZnCl2, 5 µg/ml SC-polyP, and 

2 mM CaCl2 in TBS-Tw20. To initiate the reactions, 2 nM FXIIa was added and the mixture 

was incubated for 10 min at 37°C prior to addition of 1 µM CTI to inhibit FXIIa. After a 5-

min incubation period, 200 µM S-2302 and 3 mM EDTA were added and absorbance was 

measured at 405 nm for 60 min as described above. Kallikrein generation was quantified by 

comparison with a standard curve of kallikrein activity. Rates of prekallikrein activation 

were normalized relative to that obtained in the absence of HRG or HRR-derived peptides 

and plotted against HRG or peptide concentration. IC50 values were determined as described 

above. 
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5.0 CHAPTER 5: CHARACTERIZATION OF HRG FRAGMENTS 

 GENERATED BY LIMITED PROTEOLYSIS IN CONTACT 

 ACTIVATION PATHWAY  

5.1 Effect of HRG on FXII autoactivation induced by dextran sulfate  

To evaluate the inhibitory effects of HRG and HRG fragments in contact activation, 

the effect of HRG on FXII autoactivation was first investigated using a non-physiological 

activator, dextran sulfate. FXII (100 nM) autoactivation was induced with 2 μg/ml dextran 

sulfate in the presence or absence of HRG. FXII activation was monitored by measuring 

the hydrolysis of the FXIIa-directed chromogenic substrate S-2302 (Figure 11). HRG 

completely inhibits FXII autoactivation with an IC50 of ~200 nM. These results are in 

agreement with previous findings that HRG modulates FXII autoactivation in a dose-

dependent and saturable manner (MacQuarrie et al., 2011). 
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Figure 11: Inhibition of FXII autoactivation by HRG 

FXII (100 nM) autoactivation was stimulated by 2 μg/ml dextran sulfate in the presence of 

12.5 μM ZnCl2 and 0-1000 nM HRG. FXIIa activity was monitored by measuring the 

hydrolysis of FXIIa-directed chromogenic substrate (S-2302) at A405 in a continuous 

assay. FXIIa generation was quantified by comparison to a standard curve of FXIIa activity 

and was plotted against HRG concentration. Non-linear regression analysis was performed 

to determine IC50 value (fitted line) by rectangular hyperbola (non-linear regression) 

analysis (TableCurve 2D). The data points were representative of two independent 

experiments (mean). 
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5.2 Effect of HRG on FXIIa chromogenic activity and C1-INH inhibition  

We have previously shown that HRG binds FXIIa, but not FXII or -FXIIa, 

suggesting that HRG does not bind the active site of FXIIa (MacQuarrie et al., 2011). To 

test this hypothesis, control experiments to determine the effect of HRG on FXIIa 

chromogenic activity were performed using the chromogenic substrate S-2302. We show 

here that HRG, at concentrations up to 1000 nM, has no effect on the chromogenic activity 

of FXIIa. This indicates that the effects on activation assays involving HRG are on FXII 

autoactivation (as previously shown in Figure 11) and do not reflect an alteration in 

chromogenic substrate hydrolysis (Figure 12). Next, we assessed the effect of HRG on 

inhibition of FXIIa by C1-INH. The first order rate constant of inhibition (k1) of FXIIa by 

C1-INH in the presence of 200 nM HRG was similar to that determined in its absence, 

0.0492 min-1 and 0.0614 min-1, respectively (Figure 13). These results are consistent with 

previous studies that show that HRG does not exert its inhibitory effect through the active 

site, but rather on an exosite of FXIIa (MacQuarrie et al., 2011).  
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Figure 12: Effect of HRG on FXIIa chromogenic activity  

FXIIa chromogenic activity was initiated by the addition of 20 nM FXIIa to a mixture of 

12.5 μM ZnCl2 and 0-1000 nM HRG in HBS-Tween20. FXIIa activity was monitored by 

measuring hydrolysis of S-2303 at 405 nm. Rates of FXIIa activity (mOD/sec) were plotted 

against HRG concentration (nM). Linear regression analysis was performed to determine 

the correlation (fitted line). The data points were representative of three independent 

experiments (mean ± SD). 
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Figure 13: The effect of HRG on inhibition of FXIIa by C1-INH 

The reaction was initiated by the addition of 500 nM C1-INH to a mixture of 50 nM FXIIa, 

12.5 μM ZnCl2, ± 200 nM HRG in HBS-Tween20. Mixture was incubated with C1-INH 

for 0-60 min at room temperature. FXIIa activity was monitored by measuring the 

hydrolysis of chromogenic substrate (S-2302) in a kinetic assay. The rate constant of 

inhibition (k1) was calculated by linear regression to determine the slope (fitted lines). 

FXIIa inhibition was determined by taking the natural logarithm (ln) of the normalised FXII 

activity and plotted against incubation time (min). The data points were representative of 

two independent experiments (mean). 
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5.3 Generation of HRG fragments by limited proteolysis  

Limited proteolysis was used to generate fragments that are suitable for 

identification of the potential inhibitory domain of human HRG. Plasma derived HRG was 

digested with 200 nM trypsin for 0 to 22 hours at 37°C (Figure 14). The main criterion for 

the time course was evidence of disappearance of intact HRG on SDS-PAGE analysis. 

After 1h of trypsin digestion, there was the removal of the intact protein (68 kDa) and the 

progressive digestion of tryptic fragments with further incubation time (6-22 h). Under non-

reduced conditions, trypsin digestion of HRG (1-6 h incubation) produced 4 distinct bands 

between 37-55 kDa. However, in the presence of a reducing agent, these tryptic HRG 

fragments were smaller in size (MW of 40, 37, 30 kDa). The differences in molecular 

masses suggest that there is disulfide linkage within the tryptic fragments of HRG. The 

multidomain structure of HRG is linked by 6 disulfide bonds, whereby 4 are intradomain 

and 2 are interdomain (Kassaar et al., 2014). To test whether these tryptic digestion 

fragments are stable upon further proteolysis, we continued to digest the samples overnight. 

After 22 h incubation, there was a loss of the 37 kDa band under non-reduced and reduced 

conditions as shown in Figure 15 (depicted by red arrow). Although there was a loss of the 

37 kDa tryptic band, there was an increase in the 30 kDa tryptic band under reduced 

conditions. There are 47 predicted trypsin cleavage sites according to sequence analysis of 

human HRG (UniProtKB-P04196) (ExPASy PeptideCutter), however, limited proteolysis 

resulted in the generation of only a small number of large tryptic fragments. This suggests 

that there is incomplete digestion of HRG by trypsin, potentially due to poor access of 

trypsin to its cleavage sites (carboxylic side of amino acids lysine and arginine).  
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Figure 14: Limited proteolysis of HRG by trypsin digestion 

Digestion of 5 µM HRG was initiated by addition of 200 nM trypsin in HBS-Tween 

(0.005%) for 0 to 22 hours at 37°C. Sample buffer (2x) was added to stop reaction at each 

timepoint (hr). SDS-PAGE samples were run under non-reduced and reduced conditions. 

Red arrow points to 37 kDa band of interest. Approximately, 2.5 μg of protein were loaded 

onto a 4-15% polyacrylamide gradient gel and electrophoresed in the presence of SDS. 

Gels were stained with Bio-Safe Coomassie G-250 blue stain and imaged using Image Lab 

Software on the Gel/ChemiDoc MP Imager System. Molecular weight markers are 

indicated on the left and middle lane. Red arrow depicts loss of 37 kDa tryptic band after 

22h trypsin digestion of HRG.  
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Next, limited proteolysis with other enzymes was performed to further generate 

fragments of HRG. Treatment of 5 µM HRG with 200 nM elastase generated several 

distinct fragments. There are 48 predicted elastase cleavage sites according to sequence 

analysis of human HRG (UniProtKB-P04196) (ExPASy PeptideCutter). After 1-6 h 

incubation, 3 bands were observed with molecular masses of approximately 40, 37 and 10 

kDa (Figure 15). Removal of intact HRG was not observed until 3 h of incubation with 

elastase. Further proteolytic cleavage of HRG (24 h) resulted in the partial and complete 

loss of the 10 kDa and 37 kDa bands, respectively. Differential separation of digested HRG 

fragments on SDS-PAGE under reduced conditions suggest removal of disulfide linkage 

between cleaved fragments. It is important to note that the 37 kDa band generated by 

elastase is most likely different from the band of similar size generated with trypsin 

digestion. Elastase cleaves the carboxyl side of small, hydrophobic amino acids such as 

glycine, alanine, and valine. Lastly, treatment of HRG with plasmin (500 nM Glu-

plasminogen, 200 nM tPA) for 1-6 h produced several bands ranging between 40-50 kDa 

in size (Figure 16). In the presence of a reducing agent, disulfide linkage was removed and 

resulted in two distinct bands with molecular masses of 40 kDa and 37 kDa. Further 

digestion of HRG (24 h) resulted in little to no loss of the two distinct bands unlike what 

was observed with trypsin or elastase treatment. Together, these findings show that 

digestion of human HRG with proteolytic enzymes generates fragments which are stable 

to limited proteolysis and will allow for further analysis.  
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Figure 15: Limited proteolysis of HRG by elastase 

Digestion of 5 µM HRG was initiated by addition of 200 nM elastase in HBS-Tween 

(0.005%) for 0 to 24 hours at 37°C. Sample buffer (2x) was added to stop reactions at each 

timepoint. and aliquots (2.5 μg) were subjected to SDS-PAGE analysis on 4-15% gradient 

gels under non-reduced and reduced conditions. Gels were stained with Bio-Safe 

Coomassie G-250 blue stain and imaged using Image Lab Software on the Gel/ChemiDoc 

MP Imager System. Molecular weight markers are indicated on the left and middle lane. 
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Figure 16: Limited proteolysis of HRG by plasmin  

Digestion of 5 µM HRG by plasmin was initiated by addition of 500 nM Glu-plasminogen 

and 200 nM tPA in HBS-Tween (0.005%) for 0 to 24 hours at 37°C. Sample buffer (2x) 

was added to stop reactions at each timepoint. and aliquots (2.5 μg) were subjected to SDS-

PAGE analysis on 4-15% gradient gels under non-reduced and reduced conditions. Gels 

were stained with Bio-Safe Coomassie G-250 blue stain and imaged using Image Lab 

Software on the Gel/ChemiDoc MP Imager System. Molecular weight markers are 

indicated on the left and middle lane. 
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5.4 Inhibitory effect of HRG fragments on FXII autoactivation  

The inhibitory effects of HRG fragments were tested in a FXII autoactivation 

chromogenic assay. FXII autoactivation was initiated by the addition of 100 nM FXII to a 

mixture of 0.5 µg/ml dextran sulfate, 12.5 µM ZnCl2 in the absence or presence of 200 nM 

intact HRG (Control, Intact) or HRG fragments. Trypsin activity was stopped using 400 

nM soy trypsin inhibitor (STI), which was determined by monitoring STI inhibition of 

trypsin-directed chromogenic substrate (S-2222) hydrolysis and dose-response assessment 

(data not shown). Elastase activity was stopped using 2 µM α1-antitrypsin, which was 

determined as similarly described using elastase-directed fluorogenic substrate (94-AFC). 

Plasmin activity was stopped using 400 nM α2-anti-plasmin, which was determined as 

similarly described using plasmin-directed chromogenic substrate (S-2251).  

Like intact HRG, HRG fragments generated with plasmin, elastase, or trypsin 

retained significant inhibitory activity (97-99%) (Figure 17). HRG fragments generated 

retained 92% the inhibitory capacity of intact HRG. Further proteolysis with elastase or 

trypsin (22-24 h) decreased the inhibitory activity to 55% and 27%, respectively. These 

data suggest that the domain responsible for HRG interaction with FXIIa may reside within 

the 37 kDa tryptic fragment generated by proteolytic cleavage. To further investigate the 

tryptic band of interest, we purified and isolated the 37 kDa band to investigate its 

interaction with FXIIa.  
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Figure 17: Effect of HRG fragments on FXII autoactivation 

The reaction was initiated by the addition of 100 nM FXII to a mixture of 0.5 μg/mL of 

dextran sulfate, 12.5 μM ZnCl2, in the absence (control) or presence of 200 nM intact or 

HRG fragments generated by digestion with plasmin, elastase, or trypsin for the times 

shown on the x-axis. FXIIa activity was monitored as previously described and the 

percentage inhibition percentage was calculated by dividing the FXII autoactivation rate 

difference between intact HRG and digested HRG fragments by the activation rate of intact 

HRG. The data points were representative of two independent experiments (mean). 
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5.5 Purification of tryptic HRG fragments by column chromatography 

Tryp-HRG fragments were subjected to Ni-NTA affinity chromatography to 

separate and purify individual fragments of interest. Tryp-HRG (1 mg) was loaded onto a 

Ni-NTA column, and the column was washed with HBS, and then eluted with 50 mM or 

250 mM imidazole. Fractions were collected and analyzed for total protein concentration 

using A280 spectrometry readings. SDS-PAGE analysis showed that all five distinct HRG 

fragments remained strongly bound to the Ni-NTA column and were eluted only with 250 

mM imidazole (Figure 18). No protein was eluted in the flow through in HBS buffer wash 

fractions or with the 50 mM imidazole elution buffer. This suggests strong histidine-

binding of the tryptic fragments to the nickel column and the presence of the histidine-rich 

region of HRG.  
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Figure 18: Purification of tryptic HRG fragments by Ni-NTA affinity 

chromatography  

Tryp-HRG (1 mg) was loaded onto Ni-NTA (nickel-nitrilotriacetic acid) agarose column, 

washed with HBS, and then eluted with 50 mM or 250 mM imidazole. Approximately 1 

ml fractions were collected, and each tube was analyzed for total protein concentration 

using A280 spectrometry readings. SDS-PAGE analysis included 3.5 µg intact plasma-

derived HRG, pre-loaded dialyzed trypsin-digested HRG (PL), flow through from buffer 

wash (FT), and two individual samples from 50 mM and 250 mM imidazole collected 

fractions each. Gels were stained with Bio-Safe Coomassie G-250 blue stain and imaged 

using Image Lab Software on the Gel/ChemiDoc MP Imager System. Molecular weight 

markers are indicated on the left lane. 
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5.6 Reduction and alkylation of tryptic HRG fragments  

 In preparation for streptavidin-agarose pull down analysis, digested samples were 

first reduced and alkylated to allow for separation of tryptic HRG fragments by removing 

disulfide bonds and alkylating free cystine residues. Reduction was initiated by the addition 

of 6 h trypsin digested HRG to a mixture of 0.1 M phosphate buffer (containing 25 mM 

DTT and 5 mM EDTA). After 60-min incubation, reduced samples were alkylated by the 

addition of 550 mM iodoacetamide. Reduced and alkylated (RA) trypsin digested HRG 

samples were subjected to SDS-PAGE gel analysis and compared with control HRG and 

non-reduced and alkylated trypsin-digested HRG fragments to confirm reduction and 

alkylation. Under non-reduced conditions, control intact HRG had a molecular weight of 

approximately 68 kDa as expected (Figure 19). Control tryptic HRG fragments consisted 

of 4 bands that ran closely together between 37 kDa to 50 kDa in size, as well as a lower 

molecular weight band at 10 kDa. RA tryptic fragments consisted of 2 distinct bands with 

molecular masses of 37 kDa and 40 kDa, faint bands at 45 kDa and 30 kDa, and 2 lower 

bands between 10-15 kDa. Thus, reduction and alkylation of tryptic fragments affected the 

band pattern by removal of the 50 kDa band and resulted in further separation of the 37 

kDa tryptic band of interest.  

 When the same tryptic HRG digestion samples were subjected to SDS-PAGE 

analysis under reduced conditions, tryptic HRG fragments (control and RA) separated in a 

similar manner. Both control and RA tryptic HRG fragments had 3 distinct bands with 

molecular masses of 40 kDa, 37 kDa, 30 kDa, and two lower bands between 10-15 kDa. 

These findings suggest that the larger tryptic HRG fragments (>30 kDa in size) likely 
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consist of multiple domains, as each domain has a molecular mass of 10-15 kDa. Moreover, 

the lower bands isolated by limited proteolysis appear to coincide with individual domains. 

Thus, partial reduction and alkylation of tryptic HRG fragments was achieved, allowing for 

further separation of tryptic bands of interest in preparation for streptavidin-agarose pull 

down analysis.  
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Figure 19: SDS-PAGE analysis of reduced and alkylated Tryp-HRG 

Reduction was initiated by the addition of 5 µM trypsin treated HRG (100 µl of 6 hr 

digested Tryp-HRG) to a mixture of 0.1 M phosphate buffer, 25 mM DTT, and 5 mM 

EDTA. After 60-minute incubation at 4°C, 13.2 µl of 550 mM iodoacetamide was added 

to sample and further incubated for 30 minutes. Reduced and alkylated (RA) Tryp-HRG 

samples were dialyzed in HBS buffer at 4°C overnight. Protein samples (3.5 µg) were 

loaded in each well under non-reducing and reducing conditions. Gels were stained with 

Bio-Safe Coomassie G-250 blue stain and imaged using Image Lab Software on the 

Gel/ChemiDoc MP Imager System. Molecular weight markers are indicated on the left 

lane. Intact HRG; plasma-derived HRG, Tryp-HRG; trypsin-digested HRG 
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5.7 Streptavidin-agarose pull down analysis of FXIIa binding to HRG fragments  

The interaction between biotinylated FXIIa and tryptic HRG fragments was 

investigated by streptavidin agarose (SA) pull down. In the presence of 12.5 µM ZnCl2, 3.6 

µM of biotinylated FXIIa-streptavidin agarose preparation was added to 12.6 µM of 

trypsin-treated (reduced and alkylated) HRG preparation. After incubation, samples were 

consecutively washed with HBS with and without 12.6 μM ZnCl2. Pellets were re-

suspended in sample buffer for SDS-PAGE analysis. SA control exhibited a distinct single 

band at 13 kDa, which corresponds to molecular weight of each of the four subunits of SA 

(intact MW is 55 kDa) (Figure 20). In the presence of biotinylated FXIIa (b-FXIIa), there 

was a single band at 75 kDa and a faint band at 13 kDa, corresponding to FXIIa and SA as 

expected. Intact HRG was shown to have an expected molecular weight of 68 kDa. There 

was little to no binding of intact HRG control to SA, as there was only a faint band at 68 

kDa and a single band at 13 kDa. SDS-PAGE analysis showed distinct bands at 75 kDa, 68 

kDa, 15 kDa, corresponding to b-FXIIa, intact HRG, and SA, respectively. Thus, intact 

HRG interacts with b-FXIIa in the presence of ZnCl2, which is consistent with our previous 

findings (MacQuarrie et al., 2011). 

Tryp-HRG control exhibited two distinct bands at 37 kDa and 40 kDa, two faint 

bands at 45 kDa and 30 kDa, and two lower bands between 10-15 kDa (Figure 20). This is 

consistent with reduced and alkylated Tryp-HRG preparations as shown above (Figure 19). 

RA Tryp-HRG did not interact with SA, whereby only a single band at 15 kDa was 

observed. Finally, treated Tryp-HRG was shown to interact with biotinylated FXIIa in the 

presence of ZnCl2. There was a prominent FXIIa-interaction band at 37 kDa corresponding 



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 130 

to the Tryp-HRG fragment of interest. Additional bands were observed at 30 kDa and 50 

kDa, which likely correspond to the light and heavy chains of FXIIa, respectively. 

Together, these data support the interaction between HRG and FXIIa, and that the FXIIa-

binding domain on HRG may be isolated within the 37 kDa tryptic fragment. 
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Figure 20: SDS-PAGE analysis of FXIIa binding to tryptic HRG fragments 

In the presence of Zn2+, SA-b-FXIIa was added to Tryp-HRG for 30 minutes. After 

incubation, samples were consecutively washed in HBS-ZnCl2 buffer, before the pellet was 

re-suspended in sample buffer for SDS-PAGE analysis. Controls used are shown in wells 

1-7 (legend). Tryp-HRG was incubated with SA-b-FXIIa in HBS-ZnCl2 buffer (8). 

Approximately 2-3 µg protein loaded per sample well. Red arrow denotes band 

corresponding to 37 kDa tryptic band of interest. Gels were stained with Bio-Safe 

Coomassie G-250 blue stain and imaged using Image Lab Software on the Gel/ChemiDoc 

MP Imager System. Molecular weight markers are indicated on the left lane. SA, 

streptavidin agarose; b-FXIIa, biotinylated FXIIa; Zn, ZnCl2; intact HRG, plasma-derived 

histidine-rich glycoprotein; Tryp-HRG, partially reduced and alkylated trypsin-digested 

HRG fragments 
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5.8 Mass spectrometry analysis of tryptic HRG fragments  

 Finally, we set out to identify the tryptic fragments that bind to FXIIa and inhibit 

FXII autoactivation. Mass spectrometry analysis was performed on three individual Tryp-

HRG bands for protein identification (40 kDa, 37 kDa, and 30 kDa) (Figure 14). After 6-h 

digestion, tryptic HRG samples were run on SDS-PAGE under reduced conditions and 

stained with Coomassie blue stain as previously described above.  

 LC-MS/MS data for the 40 kDa Tryp-HRG fragment showed sequencing of 

147/525 amino acids (28% coverage), which includes 22 exclusive unique peptides, 32 

exclusive unique spectra, and 178 total spectra (Figure 21A). MS results show that the 40 

kDa tryptic fragment corresponds to the N1 and N2 domains (amino acids 6-217). 

However, based on the molecular mass, the 40 kDa Tryp-HRG fragment should correspond 

to ~2/3 of the molecule (364/525 amino acids), which contains the N-terminal, the PRR1 

and a portion of the HRR domains (amino acids 6-369) (Figure 22). Thus, LC-MS/MS 

analysis of the 40 kDa tryptic HRG fragment failed to identify the complete segment.  

 Although there was incomplete sequencing data, it appears that the other tryptic 

fragments are subsets of the 40 kDa Tryp-HRG fragments. Data for the 37 kDa Tryp-HRG 

fragment shows 228/525 amino acids (43% coverage), which includes 38 exclusive unique 

peptides, 60 exclusive unique spectra, and 361 total spectra (Figure 21B). Results shows 

that the 37 kDa HRG fragment corresponds to the full-length N1N2 domain and a small 

portion of the PRR1 domain of HRG (1-252). However, based on the MW, the 37 kDa 

tryptic HRG fragment should include the N-terminal domains, PRR1, and a small portion 
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of the HRR domain (amino acids 1-337) (Figure 22). Therefore, approximately 109 amino 

acids were not represented by LC-MS/MS analysis. Lastly, sequencing data for the 30 kDa 

Tryp-HRG fragment shows 167/525 amino acids (32% coverage), including 27 exclusive 

unique peptides, 37 exclusive unique spectra, and 209 total spectra (Figure 21C). Similar 

to the 40 kDa Tryp-HRG fragments, results show that the 30 kDa Tryp-HRG fragment 

corresponds to the N1 and N2 domains (amino acids 6-217). However, the expected 

coverage of the tryptic fragment includes 273/525 amino acids (52% coverage) and 

corresponds to the N1, N2 and a portion of the PRR1 domain (amino acids 6-278) (Figure 

22). Together, these findings suggest that trypsin digestion of HRG results in the cleavage 

of the HRR and COOH domains, while the N-terminal domains and PRR1 largely remains 

intact and resistant to further trypsin digestion. 

 There is a disconnect between the sequenced data and the expected protein coverage 

of each tryptic HRG fragment. Some potential explanations for the limited data obtained 

by LC-MS/MS analysis may include inadequate fragmentation of protein samples by the 

trypsin digestion that was performed to further cleave the protein sample into smaller 

fragments. Alternative enzymes may have been more effective at digesting the already 

trypsin digested HRG fragments. However, we have shown that digestion of HRG with 

elastase or plasmin produced only limited digestion. Moreover, hydrophilic or small 

peptides derived from tryptic HRG fragments may pass through the reverse phase column 

with salt and are not analyzed. The large portion of amino acids that were not sequenced 

based on the expected coverage may be due to the hydrophobic proline-rich regions, which 

are more likely to create issues with sticking to gels, absorbing to tubes, failing to elute 
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from the column, or being too large for the mass spectrometry instrument to analyze 

(University of Virginia Medical School, 2020) In addition, the high content of histidine-

residues, as well as some internal lysine and arginine residues may not provide complete 

fragmentation data. Given the potential limitations and incomplete sequencing data from 

LC-MS/MS analysis, it is difficult to definitively determine the identity of the domain(s) 

within the tryptic HRG fragments. Thus, we were unable to identify the FXIIa binding 

fragment of HRG with this approach due to the challenges of limited proteolysis and lack 

of information provided by mass spectrometry. Accordingly, we used an alternative 

approach to identify the domain responsible for inhibition of FXIIa-mediated contact 

activation.  
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Figure 21: Protein identification of HRG fragments by mass spectrometry 

Mass spectrometry analysis was performed on three individual Tryp-HRG bands for protein 

identification. Coverage maps for 40 kDa Tryp-HRG (A), 37 kDa Tryp-HRG (B), and 30 

kDa Tryp-HRG (C) fragments are provided. Sequencing samples were subjected to in-gel 

trypsin digestion, PNGase treatment, C18 cleanup prior to liquid chromatography with 

tandem mass spectrometry (LC-MS/MS) analysis using the Obri-trap Classic instrument 

for protein identification. Standard database searching was performed using UniProtKB- 

P04196 (HRG_Human), and Scaffold4 Proteome Software was used to compare, identify 

and analyze sequenced trypsin digested HRG samples. Mapped peptides are identified in 

yellow, whereas sites of post-translational modification are indicated in green.  
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Figure 22: Schematic representation of tryptic HRG fragments 

Predicted protein coverage of sequenced Tryp-HRG fragments based on LC-MS/MS mass 

spectrometry sequencing data. The 40 kDa Tryp-HRG fragment (light pink) corresponds 

to the full-length N1N2, PRR1, and a portion of the HRR domain of HRG (amino acids 6-

369*). The remaining two tryptic fragments are further cleaved products of the 40 kDa 

Tryp-HRG fragment. The 37 kDa Tryp-HRG fragment spans the N1N2, PRR1, and a small 

portion of the HRR (amino acids 1-337*), whereas the HRR domain is predicted to be fully 

cleaved in the 30 kDa Tryp-HRG fragment (amino acids 6-278*). The asterisks depict 

predicted amino acid sequence coverage based on mass spectrometry analysis and sequence 

alignment of UniProtKB sequence database (P04196 (HRG_Human)). Adapted from: Patel 

et al., IUBMB. (2013). 
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6.0 CHAPTER 6: CHARACTERIZATION OF RECOMBINANT HRG 

 DOMAIN CONSTRUCTS IN CONTACT ACTIVATION AND 

 PLASMA CLOTTING 

6.1 Generation and expression of PCR-amplified HRG domain fragments  

To further examine the role of the histidine-rich region (HRR), as well as the 

potential role of other HRG domains in FXII-mediated contact activation, we used 

recombinant DNA technology to PCR-amplify individual HRG domain fragments (Figure 

23). MBP-tagged HRG domain constructs were expressed and purified in E coli. 

Complementing the proteolytic fragmentation approach, generation of MBP-HRG domain 

constructs will provide greater versatility and precise fragment boundaries rather than 

random proteolytic cleavages, as well as a more comprehensive examination going 

forward. The constructs are as followed: MBP-N1, MBP-N2, MBP-N1N2, MBP-PRR1, 

MBP-HRR, MBP-PRR2, and MBP-COOH (Figure 10). All clones were verified by Sanger 

sequencing (MOBIX Lab, McMaster University, Hamilton, ON). MBP-HRG fragments 

were transformed into BL21 (DE3) E. coli, and expression was induced with 1 mM IPTG 

for an additional 4 hours upon reaching mid-log phase (A600 reading of 0.5 to 0.6).  
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Figure 23: PCR-amplified HRG domain fragments  

Primers were designed to PCR-amplify each individual domain of HRG, fragments 

containing multiple domains, and full length HRG (A). Ethidium bromide (0.5 μg/ml) was 

added before agarose gel (1%) electrophoresis, followed by separation of PCR bands for 1 

h at 80V (B). The DNA fragments are as follows: N1, N2, PRR1, HRR, PRR2, COOH, 

N1N2, and HRG. Wells in between DNA samples represent controls for each PCR reaction, 

where nuclease-free water was used as a template with respective sense and antisense 

primer sets. NEB 100 bp DNA ladder (first well), and NEB 1 kb DNA ladder (last well) 

were used. The agarose gel was imaged under UV light using Image Lab Software on the 

Gel/ChemiDoc MP Imager System. 
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6.2 Protein purification of recombinant MBP-HRG domain constructs  

 Harvested cells from each bacterial culture (250 ml to 500 ml) were sonicated to 

extract recombinant protein. Lysed bacteria were centrifuged and crude extract 

(supernatant) was harvested and diluted for purification. Varying yields of expressed MBP-

HRG domain constructs (5 to 30 mg) were purified and eluted with 10 mM maltose by 

amylose affinity chromatography (binding capacity; 6-8 mg/ml of bed volume). Eluted 

protein fractions were pooled, concentrated, and buffer exchanged into HBS buffer. As 

outlined in Table 6, MBP-HRG domain constructs were expressed with varying protein 

yields. The expected protein yield of fusion proteins expressed in E. coli is >5 mg per 1 L 

culture or 0.005 mg/ml (Costa et al., 2014). Control MBP expressed with a yield of 0.112 

mg per ml of bacterial culture volume, which shows efficient protein expression of soluble 

MBP by the empty vector (pMAL-c5e) (22-fold greater than expected). Although the 

protein yield was lower than control MBP, there was sufficient expression of recombinant 

MBP-HRG domain constructs. Protein yields of MBP-N2, MBP-HRR, and MBP-COOH 

constructs ranged from 0.011 mg/ml to 0.017 mg/ml (2.2- to 3.4-fold greater than expected 

yield). The remaining MBP constructs (-N1, -N1N2, -PRR1, -PRR2) expressed with 

protein yields of 0.006 mg/ml to 0.008 mg/ml (1.2- to 1.6-fold greater than expected).  

 The decrease in protein expression between control MBP and MBP-HRG domain 

constructs is most likely due to differences in protein folding and solubility (Rosano & 

Ceccarelli, 2014). In particular, lower protein expression levels may be due to the 

multidomain structure of N1N2 or the intrinsically disordered nature of proline residues 

which result in an unstable three-dimensional structure. To achieve expected protein 
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expression yield (0.005 mg/ml) of MBP-HRG domain constructs, we increased the 

expression culture volume for each construct (multiple batches of 250 ml to 500 ml LB), 

combined and purified the combined expressed protein yield, and concentrated and pooled 

the eluted protein fractions. We were able to isolate 28 mg of MBP, 6 mg of MBP-N1, 17 

mg of MBP-N2, 13 mg of MBP-N1N2, 7 mg of MBP-PRR1, 22 mg MBP-HRR, 16 mg of 

MBP-PRR2, and 12 mg of MBP-COOH. Thus, sufficient protein was expressed and 

purified using amylose affinity chromatography.  
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Table 6: Protein expression of MBP-HRG domain constructs in E. coli 

To isolate recombinant MBP-HRG domain constructs, sonicated cell lysates from bacteria 

culture were diluted in column buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 1 

mM azide, pH 7.4) and passed over an amylose column, which was washed (12x volume), 

and eluted with 10 mM maltose. Fractions were collected, pooled, and concentrated. 

Absorbance at 280 nm was measured using a NanoDrop™ spectrophotometer to calculate 

protein concentrations. MBP, maltose-binding protein; N1/2, N-terminal domains; PRR1/2, 

proline-rich regions; HRR, histidine-rich region; COOH, carboxyl terminal.  
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 Protein preparations were first subjected to SDS-PAGE analysis to assess protein 

expression, purity, and construct size for individual MBP-HRG domain constructs: MBP-

N1 (Figure 24), MBP-N2 (Figure 24), MBP-N1N2 (Figure 25), MBP-PRR1 (Figure 26), 

MBP-HRR (Figure 27), MBP-PRR2 (Figure 28), and MBP-COOH (Figure 29). In each 

preparation, additional, less abundant bands were observed, potentially corresponding to 

protein degradation or the presence of protein aggregates. We further assessed purity of the 

protein preparations by western blot analysis using antibodies against MBP or HRG. 

Western blots of MBP-HRG domain constructs probed with a rabbit polyclonal anti-MBP 

antibody showed a single band at the expected molecular weight of MBP (40 kDa) and 

expected bands for each MBP-HRG domain construct (46-70 kDa) (Figure 30). However, 

additional higher molecular weight bands were still observed. Western blot analysis using 

an affinity purified sheep antibody against human HRG revealed single bands for each 

MBP-HRG domain construct with the exception of MBP-N2, and for plasma derived HRG 

(Figure 31). Thus, these findings confirm that there was effective purification and stable 

expression of MBP-HRG domain constructs.  
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Figure 24: SDS-PAGE analysis of MBP-N1 and MBP-N2 constructs 

To isolate recombinant MBP-N1 (MW 56 kDa) and MBP-N2 (MW 56 kDa) domain 

constructs, sonicated cell lysates from bacterial cultures were diluted in column buffer and 

passed over an amylose column, which was then washed (12x volume) and eluted with 10 

mM maltose. Fractions were collected, pooled, and concentrated. Absorbance at 280 nm 

measured using a NanoDrop™ spectrophotometer was used to calculate the protein 

concentrations of protein. SDS-PAGE gels were stained with Coomassie blue for 1 h and 

de-stained with MilliQ water overnight. Samples from two individual expression and 

purification preparations (1st and 2nd) are loaded. MW, molecular weight; MBP, maltose-

binding protein; N1/2, N-terminal domains; FT, flow through; PE, post-elution. 
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Figure 25: SDS-PAGE analysis of MBP-N1N2 construct purification by amylose 

column affinity chromatography 

To isolate recombinant MBP-N1N2 (MW 70 kDa) domain construct, sonicated cell lysates 

from bacteria culture were diluted in column buffer and passed over an amylose column, 

which was washed (12x volume) and eluted with 10 mM maltose. Fractions were collected, 

pooled, and concentrated. Absorbance readings at 280 nm measured using a NanoDrop™ 

spectrophotometer were used to calculate protein concentrations. SDS-PAGE gels were 

stained with Coomassie blue for 1 h and de-stained with MilliQ water overnight. Samples 

from two individual expression and purification preparations (1st and 2nd) are loaded. MW, 

molecular weight; MBP, maltose-binding protein; N1N2, N-terminal domain; FT, flow 

through; PE, post-elution. 
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Figure 26: SDS-PAGE analysis of MBP-PRR1 construct purification by amylose 

column affinity chromatography  

To isolate recombinant MBP-PRR1 (MW 50 kDa) domain construct, sonicated cell lysates 

from bacteria culture were diluted in column buffer and passed over an amylose column, 

which was washed (12x volume) and eluted with 10 mM maltose. Fractions were collected, 

pooled, and concentrated. Absorbance readings at 280 nm measured using a NanoDrop™ 

spectrophotometer were used to calculate protein concentrations. SDS-PAGE gels were 

stained with Coomassie blue for 1 h and de-stained with MilliQ water overnight.  Samples 

from two individual expression and purification preparations (1st and 2nd) are loaded. MW, 

molecular weight; MBP, maltose-binding protein; PRR1, proline-rich region 1 domain; FT, 

flow through; PE, post-elution. 
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Figure 27: SDS-PAGE analysis of MBP-HRR construct purification by amylose 

column affinity chromatography 

To isolate recombinant MBP-HRR (MW 50 kDa) domain construct, sonicated cell lysates 

from bacteria culture were diluted in column buffer and passed over an amylose column, 

which was washed (12x volume) and eluted with 10 mM maltose. Fractions were collected, 

pooled, and concentrated. Absorbance readings at 280 nm measured using a NanoDrop™ 

spectrophotometer were used to calculate protein concentrations. SDS-PAGE gels were 

stained with Coomassie blue for 1 h and de-stained with MilliQ water overnight.  Samples 

from two individual expression and purification preparations (1st and 2nd) are loaded. MW, 

molecular weight; MBP, maltose-binding protein; HRR, histidine-rich region; FT, flow 

through; PE, post-elution. 
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Figure 28: SDS-PAGE analysis of MBP-PRR2 construct purification by amylose 

column affinity chromatography 

To isolate recombinant MBP-PRR2 (MW 46 kDa) domain construct, sonicated cell lysates 

from bacteria culture were diluted in column buffer and passed over an amylose column, 

which was washed (12x volume) and eluted with 10 mM maltose. Fractions were collected, 

pooled, and concentrated. Absorbance readings at 280 nm measured using a NanoDrop™ 

spectrophotometer were used to calculate protein concentrations. SDS-PAGE gels were 

stained with Coomassie blue for 1 h and de-stained with MilliQ water overnight.  Samples 

from two individual expression and purification preparations (1st and 2nd) are loaded. MW, 

molecular weight; MBP, maltose-binding protein; PRR2, proline-rich region 2 domain; FT, 

flow through; PE, post-elution. 
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Figure 29. SDS-PAGE analysis of MBP-COOH construct purification by amylose 

column affinity chromatography 

To isolate recombinant MBP-COOH (MW 51 kDa) domain construct, sonicated cell lysates 

from bacteria culture were diluted in column buffer and passed over an amylose column, 

which was washed (12x volume) and eluted with 10 mM maltose. Fractions were collected, 

pooled, and concentrated. Absorbance readings at 280 nm measured using a NanoDrop™ 

spectrophotometer were used to calculate protein concentrations. SDS-PAGE gels were 

stained with Coomassie blue for 1 h and de-stained with MilliQ water overnight.  Samples 

from two individual expression and purification preparations (1st and 2nd) are loaded. MW, 

molecular weight; MBP, maltose-binding protein; COOH, carboxyl terminal domain; FT, 

flow through; PE, post-elution. 
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Figure 30: Western blot analysis of MBP-HRG domain recombinants using anti-

MBP antibody  

Recombinant MBP-HRG domain constructs and control MBP were subjected to SDS-

PAGE analysis on 4-15% polyacrylamide gels in the presence of 0.1% sodium dodecyl 

sulfate (SDS) and 0.14 M β-mercaptoethanol. Separated proteins were transferred onto a 

nitrocellulose membrane. The membrane was probed with affinity-purified polyclonal 

rabbit anti-MBP primary antibody (0.1 µg/ml) and sheep anti-rabbit HRP secondary 

antibody (0.2 µg/ml). To detect the presence of HRG and HRG domain constructs, the blot 

was incubated with the detection reagent and chemiluminescence was measured using a 

Chemi-Doc gel imager. Molecular weight (kDa) of MBP-HRG domain constructs are 

provided in legend. MBP, maltose-binding protein; HRG, histidine-rich glycoprotein; 

N1/N2; N-terminal domains; PRR1/PRR2, proline-rich regions; HRR, histidine-rich 

region; COOH, carboxyl terminal domain 
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Figure 31: Western blot analysis of MBP-HRG domain constructs using anti-HRG 

antibody  

MBP-HRR recombinant protein and control plasma HRG samples were subjected to SDS-

PAGE analysis on 4-15% polyacrylamide gels (Bio-Rad) in the presence of 0.1% sodium 

dodecyl sulfate (SDS) and 0.14 M β-mercaptoethanol. Separated proteins were transferred 

onto a nitrocellulose membrane (Bio-Rad) overnight. The membrane was probed with 

affinity-purified polyclonal sheep HRP-labelled anti-human IgG-HRG antibody (0.2 

µg/ml). To detect the presence of HRG, the blot was incubated with the detection reagent 

and chemiluminescence was measured using a Chemi-Doc gel imager. Molecular weights 

(kDa) of HRG and MBP-HRG domain constructs are provided in legend. MBP, maltose-

binding protein; HRG, histidine-rich glycoprotein; N1/N2; N-terminal domains; 

PRR1/PRR2, proline-rich regions; HRR, histidine-rich region; COOH, carboxyl terminal 

domain. Red box indicates no binding of anti-HRG antibody to MBP control as expected.  
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6.3 Effect of MBP-HRG domain constructs on FXII autoactivation 

 mediated by polyphosphate  

To examine the functional integrity of the HRG domain constructs, the inhibitory 

effect of MBP-HRG domain constructs on short chain polyphosphate-induced FXII 

autoactivation was examined and compared with that of plasma-derived HRG. HRG fully 

inhibits polyphosphate mediated FXII autoactivation in a dose-dependent and saturable 

manner (Figure 32) with an IC50 of 275  10 nM. Complete inhibition (>95%) occurs with 

concentrations between 4 to 5 M. This is consistent with the inhibitory effect of HRG 

when FXII autoactivation is initiated by dextran sulfate (IC50 ~200 nM) (see Figure 11). 

These findings show the inhibitory effect of HRG to downregulate the procoagulant activity 

of platelet-size polyphosphate (70-100 phosphate units) in FXII autoactivation. 
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Figure 32: Effect of HRG on FXII autoactivation mediated by short chain 

polyphosphate 

Autoactivation was assessed by incubating 100 nM FXII in buffer containing 6 µM ZnCl2 

in the absence or presence of HRG (0-5000 nM). Autoactivation was stimulated with 1.5 

µg/mL short chain polyphosphate. FXIIa activity was monitored by measuring the 

hydrolysis of FXIIa-directed chromogenic substrate (S-2302) at A405 in a continuous 

assay. FXIIa generation was quantified by comparison with a standard curve of FXIIa 

activity and was plotted against HRG concentration. Data represent the mean of three 

experiments each done in duplicate. Symbols represent the mean, whereas bars reflect the 

standard deviation. Non-linear regression analysis was performed to determine IC50 value 

(fitted line) by rectangular hyperbola analysis (TableCurve 2D). 
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Like HRG, MBP-HRG domain constructs significantly inhibit FXII autoactivation 

in a dose-dependent and saturable manner compared with MBP control (P < 0.001) (Figure 

33A). The inhibitory capacity varied among MBP-HRG domain constructs. Comparable to 

plasma HRG (IC50 275  10 nM), MBP-HRR inhibits FXII autoactivation by over 85% 

with an IC50 value of 509  59 nM (P = 0.545) (Figure 33B). Similarly, MBP-PRR2 has an 

IC50 value of 652  56 nM (P = 0.202). The remaining domains had significantly lower 

potencies compared with HRG (IC50 > 800 nM; P < 0.05). At concentrations of up to 8 M, 

all MBP-HRG domain constructs, except MBP-N2, inhibit FXII autoactivation by >80%. 

MBP-N1N2 domain construct (IC50 809  59 nM) was significantly more potent than MBP-

N1 and MBP-N2 (IC50 3189  275 and 1476  420 nM, respectively; P < 0.001 and 0.008). 

MBP-N2 was shown to inhibit FXII autoactivation by up to 58% (IC50 1476  420 nM). 

MBP-PRR1 and MBP-COOH have IC50 values of 3840  309 and 1519  140 nM, 

respectively. Together, these findings suggest that the HRR and PRR2 are the predominant 

domains of HRG responsible for inhibition of FXII autoactivation mediated by short chain 

polyphosphate.  
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Figure 33: Effect of recombinant MBP-HRG domain constructs on FXII 

autoactivation mediated by short chain polyphosphate  

FXII autoactivation was assessed by incubating 100 nM FXII in buffer containing 6 µM 

ZnCl2 in the absence or presence of HRG or MBP-HRG domain constructs at the 

concentrations shown (A). Autoactivation was stimulated with 1.5 µg/mL short chain 

polyphosphate. Hydrolysis of chromogenic substrate S-2302 (200 µM) was monitored to 

quantify FXIIa generated by continuous assay. FXII autoactivation rates were normalised 

to that in the absence of HRG or MBP-HRG domain constructs and plotted vs. HRG or 

MBP-HRG domain construct concentration. Data represent the mean of three experiments 

each done in duplicate. Symbols represent the mean, whereas bars reflect the standard 

deviation. IC50 values were determined by non-linear regression analysis (n=3; duplicates) 

and plotted (B). Bars represent mean ± standard deviation. ###P < 0.001 compared with 

MBP control; *P < 0.05 and ***P < 0.001 compared with HRG; ︎▫P < 0.05 and ▫▫▫P < 0.001 

compared with MBP-N1N2 (ANOVA, Holm-Sidak method). MBP; maltose-binding 

protein, N1/N2; N-terminal domain, PRR1/2; proline-rich regions, HRR; histidine-rich 

region, COOH; carboxyl terminal domain, HRG; histidine-rich glycoprotein 
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6.4 Effect of MBP-HRG domain constructs on clotting in HRG-depleted human 

 plasma  

We have previously shown that HRG addition prolongs the activated partial 

thromboplastin time (aPTT) in HRG-depleted plasma in a FXIIa-dependent manner, but 

has only a minor effect on the prothrombin time (PT) (MacQuarrie et al., 2011). Thus, the 

effect of the recombinant MBP-HRG domain constructs on clotting in HRG-depleted 

human plasma was investigated. The majority of MBP-HRG domain constructs produced 

less than 1.2-fold prolongation of the PT in HRG-depleted plasma, which was comparable 

to control human plasma (P < 0.067) (Figure 34A). HRG and MBP-PRR1 prolonged the 

PT by 1.5- and 1.7-fold, respectively (P < 0.001). These findings show that like HRG, 

MBP-HRG domain constructs have a modest (< 2-fold, but statistically significant) to 

minor (< 2-fold and non-significant) effect on the PT. In the aPTT, HRG and MBP-HRR 

significantly prolonged clotting in HRG-depleted plasma by 8.8- and 7.2-fold (P < 0.001) 

(Figure 34B). MBP-PRR2 also prolonged the aPTT by 2.3-fold (P = 0.014). The remaining 

constructs (MBP-N1, MBP-N2, MBP-N1N2, MBP-PRR1, and MBP-COOH) had a minor 

effect on the aPTT (prolongation < 2-fold; P > 0.3). These results confirm that the effect of 

HRG is localized to the intrinsic pathway of coagulation, and that the anticoagulant 

properties of HRG are likely mediated through the HRR.   
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Figure 34: Effect of recombinant MBP-HRG domain constructs on clotting in HRG-

depleted human plasma 

HRG-depleted human plasma was incubated in the presence of HRG (0-5000 nM) or MBP-

HRG domain constructs (0-4000 nM) with 1:100 RecombiPlasTin reagent (A) or 1:10 

activated partial thromboplastin reagent (APTT-SP) (B) before clotting was initiated with 

26 mM CaCl2 at 37°C. The time to reach for half-maximal absorbance (clot time) was 

determined. Clot time was normalised to that in the absence of HRG or MBP-HRG domain 

constructs. Data represent three sets of experiments done in duplicate. Data was fitted using 

non-linear regression analysis (fitted lines). Bars represent mean ± standard deviation. *P 

< 0.05 and ***P < 0.001 compared with control HRG-depleted human plasma (ANOVA, 

Holm-Sidak method). MBP; maltose-binding protein, N1/N2; N-terminal domain, PRR1/2; 

proline-rich regions, HRR; histidine-rich region, COOH; carboxyl terminal domain, HRG; 

histidine-rich glycoprotein 
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7.0 CHAPTER 7: EFFECT OF SYNTHETIC HRR PEPTIDES ON 

 CONTACT ACTIVATION, PLASMA CLOTTING, AND 

 POLYPHOSPHATE-INDUCED THROMBIN GENERATION 

7.1 Effect of synthetic HRR peptides on FXII autoactivation by various 

 activators  

Our current findings suggest that the HRG-FXIIa interaction is mediated by the 

HRR domain of HRG, which is its zinc binding domain. HRR is unique because of its 

unusually high content of histidine (13% of total amino acids) and the presence of tandem 

repeats of a consensus sequence (His-His-Pro-His-Gly). To examine the role of the HRR 

domain of HRG in contact pathway inhibition, we synthesized histidine-rich peptide 

analogues of the HRR consensus sequence and poly-histidine peptides and compared them 

with intact HRG in terms of their capacity to attenuate FXII autoactivation by various 

activators. Human HRG contains 4 repeats of the consensus sequence (Borza & Morgan, 

1998; Doñate et al., 2004), thus we synthesized peptide analogs containing 1 to 4 repeats 

of the His-His-Pro-His-Gly consensus sequence, (HHPHG)1-4 (Doñate et al., 2004), as well 

as a scrambled peptide, Scr(HAHG)5H containing five repeats of HAHG and poly-His 

peptides consisting of 6 or 12 residues (H-6 and H-12) (Table 2). Peptide mimicry of the 

HRR provides a complementary approach to the recombinant domain constructs of HRG. 

Moreover, synthetic peptides of the HRR provide a more direct investigation into the role 

of the consensus sequence, in addition to the importance of the histidine residues in domain 

function.   
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Consistent with previous findings, HRG inhibits FXII autoactivation induced by 

dextran sulfate in a dose-dependent manner with an IC50 of 248  18 nM (Figure 35A,C). 

HRR-derived tetramer peptide, (HHPHG)4, as well as Poly-His peptides (H-6 and H-12) 

inhibit FXII autoactivation with potencies similar to that of HRG (P = 0.107 to 0.764). The 

scrambled HRR peptide, Scr(HAHG)5H (IC50 152  26 nM) is significantly more potent 

than HRG (P = 0.004). The monomer peptide, (HHPHG)1 however, does not affect FXII 

autoactivation. Silica was used as a control and an alternative non-physiological activator, 

because dextran sulfate has been shown to bind to HRG (MacQuarrie et al., 2011). The 

effect of HRG on the inhibition of FXII autoactivation is significantly greater when 

activation is induced with silica than with dextran sulfate (IC50 27   8 vs. 248   18 nM, 

respectively; P < 0.001) (Figure 35C,D). The inhibitory effect of (HHPHG)4 was also 

significantly more potent in silica induced FXII autoactivation (IC50 117   10 vs. 198   

25 nM, respectively; P = 0.018). Poly-His peptides (H-6 and H-12) inhibit FXII 

autoactivation to a similar extent regardless of the stimulant (IC50 ~230 nM; P= 0.445 and 

P= 0.201, respectively) (Figure 35C,D). 
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Figure 35: Effect of HRG and HRR-derived peptides on FXII autoactivation 

Autoactivation was assessed by incubating 100 nM FXII in buffer containing 6 µM ZnCl2 

in the absence or presence of HRG or HRR peptides at the concentrations shown. 

Autoactivation was induced with 1 µg/mL dextran sulfate (A) or 40 µg/mL silica (B). FXIIa 

generation was quantified by monitoring hydrolysis of 200 µM S-2302. FXIIa 

concentration was then plotted versus HRG or HRR peptide concentration. Data represent 

the mean of three experiments each done in duplicate. Symbols represent the mean, whereas 

bars reflect the standard deviation. IC50 values were determined by non-linear regression 

analysis (n=3; duplicates) and plotted (C, D). Bars represent mean ± standard deviation. *P 

< 0.05 and ***P < 0.001 compared with HRG (ANOVA, Holm-Sidak method).  



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 177 

To determine the minimal number of consensus repeats required for HRR to exert 

its inhibitory effect, we compared the effect of HRR peptides comprised of 1-4 repeats on 

silica induced FXII autoactivation. Peptides with 2, 3, or 4 repeats attenuate FXII 

autoactivation with similar IC50 values, whereas the peptide with only 1 consensus 

sequence has no effect (Figure 36). These findings suggest that more than one HHPHG 

repeat is required for inhibition of FXII autoactivation and that the number of His residues 

within the HRR may be an important determinant of its activity.  
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Figure 36: Effect of HRG and His peptides on silica induced FXII autoactivation  

FXII (100 nM) was incubated with 50 µg/ml silica and 0-5 µM of HRG or His peptides 

[(HHPHG)1 or (HHPHG)4] in HBS-Tween (0.005%) containing 12.5 µM ZnCl2 for 30 min 

at 37°C. FXIIa generation was quantified by monitoring the hydrolysis of 200 µM S-2302 

d at 405 nm every 10 sec for 60 min. The amount of FXIIa generated was normalized 

relative to that measured in the absence of HRG or His peptides and was plotted versus 

HRG or HRR peptide concentration. Data represent the mean of three experiments each 

done in duplicate. Symbols represent the mean, whereas bars reflect the standard deviation. 

Rectangular hyperbola (non-linear regression) analysis was performed to determine IC50 

values (fitted lines). 
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Short chain polyP (70-100 phosphate units) and long chain polyP (>1000 phosphate 

units) promote FXII autoactivation to a similar extent (Figure 37A-B). With either short or 

long chain polyphosphate, HRG attenuates FXII autoactivation with an IC50 of ~200 nM 

(Figure 37C). Similar findings are obtained when dextran sulfate is used to induce FXII 

autoactivation (Figure 35A). (HHPHG)4 inhibits FXII autoactivation in the presence of short 

chain polyphosphate with significantly (P < 0.001) greater potency (IC50 59  18 nM) than 

the other HRR- peptides or intact HRG (IC50 ~200 nM) (Figure 37C). In the presence of long 

chain polyphosphate, HRR peptides attenuates FXII autoactivation with comparable IC50 of 

~20 nM (P = 0.7 to 0.9). Consistent with previous findings, (HHPHG)1 had no effect on FXII 

autoactivation induced by either short or long chain polyphosphate. HRR analogs inhibit 

FXII autoactivation with greater potency in the presence of short chain or long chain 

polyphosphate compared with HRG (P < 0.001) (Figure 37C,D). Interestingly, the inhibitory 

effect of HRG and HRR peptides were greater in the presence of long chain polyphosphate 

in comparison with short chain polyphosphate. Except (HHPHG)4 (P = 0.140), HRG and 

HRR peptides were significantly more potent in long chain induced than short chain 

polyphosphate induced FXII autoactivation (P < 0.001). These findings suggest potential 

differences in how HRG and HRR analogs interact with the various activators, as well as 

their subsequent effect on FXII autoactivation. 

 



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 181 

 

  



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 182 

Figure 37: Effect of HRG and HRR-derived peptides on FXII autoactivation  

Autoactivation was assessed by incubating 100 nM FXII in buffer containing 6 µM ZnCl2 

in the absence or presence of HRG or HRR peptides at the concentrations shown. 

Autoactivation was induced with 8 µg/mL short chain polyP (A) or 8 µg/mL long chain 

polyP (B) and FXIIa generation was quantified by monitoring the hydrolysis of 200 µM S-

2302 and the FXIIa concentrations were then plotted versus HRG or HRR peptide 

concentration. Data represent the mean of three experiments each done in duplicate. 

Symbols represent the mean, whereas bars reflect the standard deviation. IC50 values were 

determined by non-linear regression analysis (n=3; duplicates) and plotted (C, D). Bars 

represent mean ± standard deviation. *P < 0.05 and ***P < 0.001 compared with HRG; 

###P < 0.001 compared with (HHPHG)4 (ANOVA, Holm-Sidak method). 
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7.2 Effect of synthetic HRR peptides on FXIIa-mediated activation of FXI 

 and prekallikrein  

Additional intrinsic pathway reactions were examined to reveal whether the effect 

of HRR peptides were specific for FXII autoactivation. We have previously shown that 

HRG inhibits FXIIa-mediated FXI activation in the presence of Zn2+ by more than 95% 

with an IC50 of 287 nM in a dose-dependent manner (MacQuarrie et al., 2011). In the 

presence of HK, ZnCl2, and dextran sulfate, FXI activation by FXIIa was assessed in the 

absence or presence of HRG or HRR peptides (Figure 38A). Like HRG, Scr(HAHG)5H 

and H-12 inhibit FXI activation by more than 90% in comparable manner (P = 0.764 and 

0.081, respectively). However, Scr(HAHG)5H (IC50 392  18 nM) is significantly more 

potent than HRG and H-12 (IC50 476  14 and 781  16 nM, respectively; P < 0.001) (Figure 

38C). (HHPHG)4 and H-6 inhibit FXI activation with similar capacity by 60%, although 

the tetramer peptide is significantly more potent (IC50 225  21 and 824  24 nM, 

respectively; P < 0.001). Consistent with our findings in FXII autoactivation, (HHPHG)1 

had very little effect here as well (3.6% inhibition). These results show that HRG and HRR 

analogs significantly (P < 0.001) attenuate FXIIa-mediated activation of FXI in a dose-

dependent and saturable manner.  

Next, the effect of HRG or HRR peptides on FXIIa-mediated activation of 

prekallikrein was assessed in the presence of Zn2+ and short chain polyphosphate (Figure 

38B). Like HRG, HRR peptides inhibit prekallikrein activation by ~30% to 60%. However, 

HRG is significantly more potent than the HRR peptides (IC50 163  25 nM; P < 0.001) 
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(Figure 38D). Scr(HAHG)5H (IC50 343  21 nM significantly inhibits FXI activation by 

FXIIa compared with (HHPHG)4, H-12, and H-6 (IC50 512  13, 797  29, and 1677  38 

nM, respectively; P < 0.001). (HHPHG)1 inhibits by only 18% with IC50 > 5000 nM. These 

findings suggest that HRR peptides have the ability to mimic the inhibitory effect of HRG 

on FXIIa-mediated activation of prekallikrein. 
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Figure 38: Effect of HRG and HRR-derived peptides on activation of FXI or PK by 

FXIIa  

Effects of HRG or HRR peptides on FXIIa activation of (A) FXI or (B) prekallikrein (PK) 

were assessed by adding 0-5000 nM HRG or HRR peptides into well of a multi-well plate. 

Activation of 100 nM FXI activation by 10 nM FXIIa was assessed in the presence of 0.2 

µg/ml dextran sulfate, 12.5 µM ZnCl2 and 100 nM high molecular weight kininogen (HK), 

by monitoring the hydrolysis of S-2366 after addition of 30 nM corn trypsin inhibitor (CTI) 

to inhibit FXIIa activity. Activation of 120 nM PK by 2 nM FXIIa in the presence of 5 

µg/ml short chain polyphosphate and 6 µM ZnCl2 was determined by monitoring the 

hydrolysis of S-2302 after addition of 1 µM CTI. The concentrations of FXIa or kallikrein 

generated were normalized relative to those measured in the absence of HRG and HRR 

peptides. Data represent the mean of three experiments each done in duplicate. Symbols 

represent the mean, whereas bars reflect the standard deviation. IC50 values were 

determined by non-linear regression analysis (n=3; duplicates) and plotted (C, D). Bars 

represent mean ± standard deviation. ***P < 0.001 compared with HRG (ANOVA, Holm-

Sidak method). 
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7.3 Effect of synthetic HRR peptides on clotting in human plasma  

 We have previously shown that HRG prolongs the activated partial thromboplastin 

time (aPTT) in HRG-depleted plasma in a FXIIa-dependent manner, but has no effect on 

the prothrombin time (PT) (MacQuarrie et al., 2011). Thus, the effect of the HRR-derived 

peptides on clotting in control and HRG-depleted human plasma was investigated. Like 

HRG, HRR peptides had little to no effect on the PT in control plasma (<1.5-fold 

prolongation) (Figure 39B). In contrast, the HRR-derived peptides significantly (P < 0.001) 

prolonged the aPTT with potency similar or greater than that of HRG (Figure 39A). 

Comparable with HRG (3.1-fold prolongation), (HHPHG)4 and H-12 prolonged the aPTT 

by 3.4-fold (P = 0.555) and 4-fold (P = 0.184), respectively. Conversely, H-6 peptide and 

the monomer peptide (HHPHG)1 prolonged the aPTT comparable to control human plasma 

(1.9-fold and 1.4-fold, respectively; P = 0.158 and 0.575). Lastly, the scrambled peptide, 

Scr(HAHG)5H significantly prolonged the aPTT in comparison with HRG (5.2-fold 

prolongation; P = 0.005). Thus, HRR peptides with higher histidine content (>11 His 

residues) delayed clotting with a similar or greater effectiveness as HRG.   

In HRG-depleted plasma, HRG and HRR-peptides significantly prolonged the 

aPTT compared to control (P < 0.001). HRG significantly prolonged the aPTT by 10.5-fold 

in comparison with (HHPHG)4 and Scr(HAHG)5H (3.8-fold and 3.4-fold, respectively; P 

< 0.001) (Figure 39C). Poly-His peptides, H-6 and H-12 prolonged the aPTT by ~2-fold, 

which was comparable to the monomer peptide (1.7-fold) (P = 0.132 and 0.113, 

respectively). HRG and HRR peptides had little to no effect on the PT (<1.3-fold 

prolongation) (Figure 39D). The findings using a silica-based aPTT reagent (APTT-SP) 
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reflect the inhibitory effects of HRG on FXII autoactivation mediated by silica in 

comparison with the HRR peptides (IC50 values of 27 nM vs >117 nM; P < 0.001). Further 

studies examining short chain polyphosphate mediated clotting in HRG-depleted plasma 

would determine whether the tetramer would be more potent than HRG, as it was in the 

purified system (IC50 59 nM vs 275 nM, respectively; P < 0.001) as previously mentioned 

above. Together, these results confirm that the effect of HRG is localized to the intrinsic 

pathway of coagulation and the important role of the HRR domain in modulating the 

anticoagulant properties of HRG. 
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Figure 39: Effect of HRG and HRR-derived peptides on clotting in control and 

HRG-depleted human plasma  

(A-B) Control or (C-D) HRG-depleted human plasma containing 0-5000 nM HRG or HRR 

peptides was incubated for 10 min at 37°C with 1:10 activated partial thromboplastin 

reagent (APTT-SP) (A and C) or 1:100 RecombiPlasTin reagent (B and D) before clotting 

was initiated with 26 mM CaCl2. The time to reach half-maximal absorbance (clot time) 

was determined and normalized relative to that measured in the absence of HRG or HRR 

peptides. Data represent the mean of three experiments each done in duplicate. Symbols 

represent the mean, whereas bars reflect the standard deviation. The fitted lines reflect the 

results of non-linear regression analysis. **P < 0.005 compared with HRG; ###P < 0.001 

compared with all (ANOVA, Holm-Sidak method). 
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7.4 Effect of synthetic HRR peptides on polyphosphate induced thrombin 

 generation 

Finally, the effect of HRG and HRR-derived peptides on thrombin generation 

induced by short chain polyphosphate was examined in HRG-depleted human plasma. 

HRG and HRR peptides significantly (P < 0.001) prolonged the time to peak thrombin and 

decreased peak thrombin in a dose-dependent manner (Figure 40A-D). In comparison with 

control, HRG and Scr(HAHG)5H prolonged the time to peak thrombin by 2.5-fold and 2-

fold, respectively (Figure 40C). (HHPHG)4 and H-12 prolonged the peak thrombin time by 

3.1-fold and 3.4-fold, respectively. Further, HRG and HRR peptides decreased peak 

thrombin up to ~2.5-fold in a dose-dependent and saturable manner (Figure 40D). 

(HHPHG)1 had little effect on thrombin generation. These findings suggest that like HRG, 

HRR peptides have the capacity to down regulate the procoagulant effect of polyphosphate 

in human plasma. 
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Figure 40: Effect of HRG and HRR-derived peptides on polyphosphate-induced 

thrombin generation in HRG-depleted human plasma 

Thrombin generation in HRG-depleted human plasma was triggered by short chain 

polyphosphate (40 µg/ml) in the presence of 0-20 µM (A) HRG or (B) (HHPHG)4. After 

the addition of 15 mM CaCl2, hydrolysis of Z-Gly-Gly-Arg-AMC substrate was monitored. 

Thrombin generation profiles (A-B) were analyzed using Technothrombin TGA software. 

Thrombin generation parameters time to peak (C) and peak thrombin concentration (D) are 

plotted for HRG and all peptides. Data representative of three sets of experiments done in 

duplicate. Lines represent mean (points) ± standard deviation (bars).  
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8.0 CHAPTER 8:  BINDING INTERACTIONS BETWEEN HRG, FXIIA, AND 

 POLYPHOSPHATE   

8.1 SPR analysis of the interaction of MBP-HRG domain constructs with FXIIa, 

 FXII, -FXIIa 

 We have previously shown that HRG binds to FXIIa, but not FXII or -FXIIa in 

the presence of Zn2+ with high affinity (MacQuarrie et al., 2011). The affinities of MBP-

HRG domain constructs for FXIIa, β-FXIIa, and FXII were determined by surface plasmon 

resonance (SPR) and compared with the affinity of plasma derived HRG. Biotinylated 

FXIIa, -FXIIa, or amine coupled FXII were immobilized on streptavidin-coated flow cells 

and flow cell with streptavidin alone was used as a control. In the presence of 13 M ZnCl2, 

increasing concentrations of analyte, either 0-500 nM HRG or MBP-HRG domain 

constructs were injected into all four flow cells, followed by running buffer alone. Flow 

cells were regenerated with 250 mM NaCl, 62.5 mM imidazole and 5 mM EDTA.  

MBP-HRG domain constructs bind to FXIIa with varying affinities (Figure 41), but 

do not bind to FXII or -FXIIa (data not shown). Like HRG, MBP-HRR binds to FXIIa 

with high affinity (Kd of 123  7 nM; P = 0.319) (Figure 42B). Moreover, SPR analysis 

showed that MBP-HRR binds to FXIIa with similar binding kinetics as HRG, whereby 

there is a high on rate and slow off rate. MBP-N1 and MBP-N1N2 (Figure 42C,E) have 

similar (P = 0.944) affinity for FXIIa that is comparable with HRG (Kd values of 151  16 

and 155  26 nM, respectively; P = 0.168 and 0.163). Although, the affinity is comparable 

with MBP-HRR, MBP-N1 and MBP-N1N2 have high off rates, suggesting relatively weak 
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interaction with FXIIa. In contrast, the remaining domains (MBP-N2, MBP-PRR1/2, MBP-

COOH) bind significantly less than HRG to FXIIa (P < 0.001). MBP-N2 binds to FXIIa 

with a Kd value of 1037  38 nM (Figure 42D). MBP-PRR2 (Figure 42G) binds FXIIa with 

higher affinity than MBP-PRR1 (Figure 42F) (Kd values 307  110 nM and 4009  164 

nM, respectively; P < 0.001). MBP-COOH binds to FXIIa with a Kd value of 739  33 nM. 

Both MBP-PRR1 and MBP-COOH have high off rates like the N-terminal domain 

constructs. MBP control does not bind to FXIIa, FXII, or -FXIIa. HRG and HRG domain 

constructs bind to FXIIa significantly more than MBP control (P < 0.001). Together, these 

findings suggest that the interaction of HRG with FXIIa involves multiple domains, 

whereby the HRR and N1 are the predominant domains binding FXIIa. 
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Figure 41: Binding affinity of MBP-HRG domain constructs for FXIIa 

Binding of recombinant MBP-tagged constructs expressing individual domains of HRG 

(N1, N2, N1N2, PRR1, HRR, PRR2, COOH) to immobilized FXIIa was quantified using 

surface plasmon resonance (SPR). Dissociation constant (Kd) values were determined from 

equilibrium values by the BIAcore T200 evaluation software. ***P < 0.005 compared with 

HRG; °°°P < 0.001 compared with MBP control (ANOVA, Holm-Sidak method). MBP, 

maltose-binding protein; N1/N2, N-terminal domains; PRR1/PRR2, proline-rich regions; 

HRR, histidine-rich region; COOH, carboxyl terminal domain; HRG, histidine-rich 

glycoprotein 
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Figure 42: SPR analysis of MBP-HRG domain constructs binding to FXIIa 

Binding affinity was determined on a BIAcore T200 using immobilized b-FPR-FXIIa 

adsorbed onto a streptavidin-coated (SA) CM4 sensor chip to 500 RU. Increasing 

concentrations of A) HRG, B) MBP-HRR, C) MBP-N1N2, or D) MBP-PRR2 were passed 

over the flow cell in the presence of 13 µM ZnCl2 for 300 sec at a flow rate of 50 µl/min, 

followed by running buffer alone (900 sec). RU values were corrected with SA control flow 

cell alone (RU (corr)) and plotted vs. time. Panels are representative sensorgrams for MBP-

HRG domain constructs with high affinity for FXIIa. Sensorgrams for remaining constructs 

are not shown. Dissociation constant (Kd) values were determined as previously described.  
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8.2 SPR analysis of the affinities of synthetic HRR peptides for FXIIa, FXII, and 

 -FXIIa 

The affinities of HRR peptides for FXIIa, β-FXIIa, and FXII were determined by 

SPR and compared with the affinity of plasma derived HRG. Increasing concentrations of 

analyte, either 0-500 nM HRG or 0-1000 nM HRR-derived peptides, were injected into all 

four flow cells, followed by running buffer alone. Flow cells were regenerated with 250 

mM NaCl, 62.5 mM imidazole, and 5 mM EDTA. In the presence of 13 µM Zn2+, HRG 

and (HHPHG)4 bind to immobilized biotinylated FXIIa (b-FXIIa) with Kd values of 12  

0.03 nM and 222  20 nM, respectively (Figure 43A-B), whereas Scr(HAHG)5H binds b-

FXIIa with a Kd value of 443  0.9 nM (Figure 43C). The slow off rate observed for both 

(HHPHG)4 and Scr(HAHG)5-H is comparable to that with HRG, suggesting strong 

interaction with FXIIa. As expected, the monomer peptide, (HHPHG)1 does not bind to 

FXIIa. Binding of HRG and HRR peptides to FXIIa is reversible as the interaction is 

abrogated with imidazole, suggesting the interaction to FXIIa is predominately mediated 

by His residues. Interestingly, the H-6 and H-12 peptides do not bind to FXIIa (Figure 

43D). Thus, His residues alone do not appear to provide the necessary conformation 

required for FXIIa binding. HRR peptides do not bind FXIIa in the absence of Zn2+. Neither 

HRG nor HRR peptides bind to immobilized β-FXIIa or FXII in the absence or presence 

of Zn2+. This supports our hypothesis that the binding of HRG is specific for FXIIa and 

localized to its heavy chain, and not its catalytic domain.  
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Figure 43: SPR analysis of synthetic HRR peptides binding to FXIIa 

Binding affinity was determined on a BIAcore T200 using immobilized b-FPR-FXIIa 

adsorbed onto a streptavidin-coated (SA) CM4 sensor chip to 500 RU. Increasing 

concentrations of A) HRG, B) (HHPHG)4, C) Scr(HAHG)5H, or D) H-12 were passed over 

the flow cell in the presence of 13 µM ZnCl2 for 300 sec at a flow rate of 50 µl/min, followed 

by running buffer alone (900 sec). RU values were corrected with SA control flow cell 

alone (RU (corr)) and plotted vs. time. Dissociation constant (Kd) values were determined 

from equilibrium values by the BIAcore T200 evaluation software. 
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8.3 SPR analysis of FXII fragments binding to HRG   

We have previously shown that HRG does not bind to zymogen FXII or -FXIIa, 

which localizes the binding site to the non-catalytic heavy chain of FXIIa (MacQuarrie et 

al., 2011). To further understand the interaction between HRG and FXIIa, the affinity of 

HRG for recombinant full length heavy chain of FXII (HC-FXII) or the N-terminal domains 

(NH2-fibronectin (FN) type II domain and epidermal growth factor (EGF)-like domain 1) 

of FXII (NFE-FXII) was determined by SPR analysis. FXII fragments were generous gifts 

from Dr. Jonas Emsley (University of Nottingham, UK). As expected, SDS-PAGE analysis 

of NFE fragment of FXII compared with FXII and FXIIa show one single band under 

reducing and non-reducing conditions at ~15 kDa (Figure 44).  
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Figure 44: SDS-Page gel analysis of FXII fragments compared to FXII and FXIIa 

SDS-Page gel analysis of FXII, FXIIa, and recombinant NH2-FNII-EGF1 (NFE) fragment 

of FXII. Samples were run on SDS-PAGE gel under non-reduced and reduced conditions. 

Approximately, 3 μg of protein were loaded onto a 4-15% polyacrylamide gradient gel and 

electrophoresed in the presence of SDS. Gels were stained with Bio-Safe Coomassie G-

250 blue stain and imaged using Image Lab Software on the Gel/ChemiDoc MP Imager 

System. Molecular weight marker is indicated on the left lane.  

  



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 206 

The affinity of HRG for FXII fragments containing either HC-FXII or NFE-FXII 

was determined by SPR and compared with that of FXIIa. Immobilized HRG was titrated 

with increasing concentrations (0 to 1000 nM) of FXIIa or FXII fragments in the presence 

of 13 µM ZnCl2. FXIIa binds HRG with a Kd value of 67  0.9 nM (Figure 45A). As 

expected, the heavy chain fragment of FXII binds to HRG with high affinity (Kd value of 

19  1.9 nM) (Figure 45B). This confirms the interaction of HRG with the non-catalytic 

region of FXIIa and supports the notion that the binding site is encrypted and only exposed 

when FXII is activated to FXIIa. To further localize the binding site of HRG on FXIIa, we 

show that the NFE domain of FXII binds HRG with a Kd value of 74 nM  0.7 nM, a value 

similar to that of full-length FXIIa (Figure 45C). Retention of the high-affinity interaction 

in the reverse binding experiment verifies the initial observation of high-affinity of FXIIa 

to HRG in the presence of Zn2+. These findings suggest binding of HRG is localized within 

the FNII or EGF1 domains of FXII and that FXII fragments of the heavy chain allowed for 

direct binding of HRG and FXII.  
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Figure 45: SPR analysis of FXII fragments binding to HRG  

The affinity of HRG for FXII fragments containing either the full-length heavy chain (HC) 

of FXII (A) or the N-terminal domains (Fibronectin Type II domain and EGF-like domain 

1) (NFE) of FXII (B) was determined by SPR analysis. Immobilized b-HRG was titrated 

with increasing concentrations (0 to 1000 nM) of FXII fragments, HC-FXII or NFE-FXII 

in the presence of 13 µM ZnCl2. RU values were determined and plotted vs. time. 

Concentrations of FXII fragments are indicated. Sensorgrams were analyzed with BIAcore 

T200 evaluation software Version 1.0 (BIAcore). RU values were corrected (RU (corr)) 

with SA control flow cell alone (D) and plotted vs. time. Dissociation constant (Kd) values 

were determined from equilibrium values by the BIAcore T200 evaluation software. 
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8.4 SPR analysis of HRG binding to short chain polyphosphate 

We have previously shown that HRG binds to nucleic acids, RNA and DNA with 

high affinity and attenuates their capacity to activate the intrinsic pathway of coagulation 

(Vu et al., 2016). The affinity of plasma derived HRG for short chain polyP in the presence 

or absence of Zn2+ was determined by SPR analysis. Biotinylated polyP (100 phosphate 

units) was absorbed to bound streptavidin coated flow cells to ~100-180 RU. Binding 

experiments were performed similarly to experiments mentioned above. In the presence of 

13 M ZnCl2, HRG binds to immobilized short chain polyP with high affinity (Kd value of 

110  16 nM) (Figure 46). In the absence of Zn2+, HRG binds to polyphosphate with similar 

affinity (Kd value of 110  0.9 nM), however, there is a 5.3-fold reduction in the capacity 

of HRG to bind polyP (from 800 RU to 150 RU).  
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Figure 46: SPR analysis of HRG binding short chain polyphosphate  

The affinity of HRG for short chain polyphosphate in the presence (A) or absence (B) of 

13 M ZnCl2 was determined by SPR analysis. Immobilized biotinylated polyP (100 

phosphate units) adsorbed onto a streptavidin-coated (SA) CM4 sensor chip to 50-100 RU 

was titrated with increasing concentrations (0 to 1000 nM) of plasma-derived HRG. RU 

values were determined and plotted vs. time. Concentrations of HRG are indicated. 

Sensorgrams were analyzed with BIAcore T200 evaluation software Version 1.0 

(BIAcore). RU values were obtained from the instrument software. Dissociation constant 

(Kd) values were determined from equilibrium values by the BIAcore T200 evaluation 

software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis- T. K. Truong; McMaster University- Medical Sciences 

 212 

8.5 Immunoassay analysis of MBP-HRG domain constructs binding to 

 polyphosphate  

Next, the affinities of MBP-HRG domain constructs for short chain polyP were 

determined by enzyme-linked immunosorbent assay (ELISA). Streptavidin-coated 96-well 

plates were incubated with biotinylated short chain polyP (70-mer, BK Giulini). Increasing 

concentrations of MBP-HRG domain constructs (0-500 nM) were added to wells, then 

incubated with primary polyclonal rabbit antibody against MBP and secondary goat anti-

rabbit HRP-conjugated antibody. Binding was detected with substrate solution containing 

o-phenylenediamine dihydrochloride (OPD). Reaction was stopped with 2.5 M sulfuric 

acid and absorbance was measured by endpoint read at 490 nm. 

Histidine-proline rich domains of HRG bind immobilized biotinylated short chain 

polyP with high affinity (Figure 47). MBP-HRR has the highest affinity for short chain 

polyP with a Kd value of 12 nM. MBP-PRR2 and MBP-COOH have similar affinity for 

polyP (Kd values 26 nM and 30 nM, respectively). The remaining domains of HRG also 

bind to polyP, but with lower affinity. MBP-N1N2 and MBP-N2 have Kd values of 87 nM 

and 114 nM, respectively. MBP-N1 and MBP-PRR1 has the lowest affinity to polyP (Kd 

values of 557 nM and 671 nM, respectively). MBP does not bind to short chain polyP. 

These findings suggest that histidine-proline rich domains of HRG predominately mediates 

HRG binding to short chain polyP, whereas the remaining domains assist in the interaction 

to a lesser degree.  
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Figure 47: Binding affinity of MBP-HRG domain constructs to polyphosphate by 

ELISA 

Streptavidin-coated 96-well plates were incubated with biotinylated short chain 

polyphosphate (polyP) (70-mer, BK Giulini). Increasing concentrations of MBP-HRG 

domain constructs (0-500 nM) were added to wells, then incubated with primary polyclonal 

rabbit antibody against MBP and secondary goat anti-rabbit HRP-conjugated antibody. 

Binding was detected with substrate solution containing o-phenylenediamine 

dihydrochloride (OPD). Reaction was stopped with 2.5 M sulfuric acid. Absorbance was 

measured by endpoint read at 490 nm and plotted vs MBP-HRG domain construct 

concentration. Data were analyzed using TableCurve 2D and rectangular hyperbola (non-

linear regression) analysis (fitted lines) to determine dissociation constant (Kd) values. 

MBP, maltose-binding protein; N1/2, N-terminal domains; PRR1/2, proline-rich regions; 

HRR, histidine-rich region; COOH, carboxyl terminal region; NB, no binding observed  
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8.6 SPR analysis of synthetic HRR peptides binding to polyphosphate  

The affinity of synthetic HRR peptides for short chain polyphosphate was 

determined by SPR analysis. Consistent with data shown above, plasma derived HRG binds 

to immobilized short chain polyP (70-100 phosphate units) with a Kd value of 193  11 nM 

in the presence of 13 M ZnCl2. (HHPHG)4 binds to polyP with significantly (P < .001) 

lower affinity than HRG (Kd value of 526  4 nM) (Figure 48). Although binding was 

observed, the 2.7-fold reduction in affinity suggests that synthetic peptides of HRR do not 

have the same capacity to interact with polyphosphate as HRG or the full-length domain of 

HRR (as shown above in Figure 46 and Figure 47, respectively). Moreover, (HHPHG)1 

does not bind to short chain polyphosphate. These findings suggest that the HRR binds to 

polyphosphate in the presence of Zn2+. Binding of HRR to polyphosphate requires more 

than one repeat of the histidine-rich consensus sequence (HHPHG) and approximately 12 

His residues.  
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Figure 48: SPR analysis of HRG and (HHPHG)4 binding to polyphosphate 

The affinity of HRG (A) and (HHPHG)4 (B) for short chain polyphosphate (70-100 

phosphate units) in the presence of 13 M ZnCl2 was determined by SPR analysis. 

Immobilized b-polyphosphate adsorbed onto a streptavidin-coated (SA) CM4 sensor chip 

to 50-100 RU was titrated with increasing concentrations (0-1000 nM) of plasma-derived 

HRG or (0-2000 nM) of (HHPHG)4. RU values were determined and plotted vs. time. 

Concentrations of HRG are indicated. Sensorgrams were analyzed with BIAcore T200 

evaluation software Version 1.0 (BIAcore). RU values were corrected with SA control flow 

cell alone (RU (corr)) and plotted vs. time. Dissociation constant (Kd) values were 

determined from equilibrium values by the BIAcore T200 evaluation software. 
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8.7 SPR analysis of the FXII and FXIIa interaction with short chain 

 polyphosphate 

Given the important role of polyphosphate in triggering FXII autoactivation, as well 

as other FXIIa-mediated reactions, the affinity of FXIIa for short chain polyP was 

determined by SPR analysis. In the presence of 13 M ZnCl2, FXIIa binds to immobilized 

short chain polyP (100 phosphate units) with high affinity (Kd value of 202 nM) (Figure 

49). The zymogen, FXII also binds to polyP with similar affinity (Kd value of 262 nM). 

Interestingly, polyP exhibited little or no binding to β-FXIIa (Kd value >500 nM).  These 

data suggest that the polyP binding site on FXIIa resides within the non-catalytic heavy 

chain, which is consistent with recent findings that the EGF1 domain is important for 

binding to kaolin and polyP (Clark et al., 2020).  
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Figure 49: SPR analysis of FXII and FXIIa binding short chain polyphosphate 

The affinity of FXII (A) and FXIIa (B) for short chain polyphosphate in the presence of 13 

M ZnCl2 was determined by SPR analysis. Immobilized b-polyphosphate (polyP) (70-100 

phosphate units) adsorbed onto a streptavidin-coated (SA) CM4 sensor chip to 50-100 RU 

was titrated with increasing concentrations (0 to 500 nM) of FXII or FXIIa. RU values were 

determined and plotted vs. time. Concentrations of FXII and FXIIa are indicated. 

Sensorgrams were analyzed with BIAcore T200 evaluation software Version 1.0 

(BIAcore). RU values were corrected with SA control flow cell alone (RU (corr)) and 

plotted vs. time. Dissociation constant (Kd) values were determined from equilibrium 

values by the BIAcore T200 evaluation software. 
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9.0 CHAPTER 9: DISCUSSION  

 Recent interest has focused on components of the contact pathway, particularly FXI 

and FXII, as potential targets for the development of safer anticoagulants given the bleeding 

risk that still occurs with DOACs (Weitz, 2016). Indeed, the main objective in 

anticoagulation therapy is to attenuate thrombosis without affecting hemostasis 

(Fredenburgh et al., 2017; Weitz, 2016). The identification of physiological activators (ie. 

DNA, RNA, polyP) of the intrinsic pathway suggests that complementary mechanisms 

must exist to down regulate this process. However, it remains unclear how this pathway is 

regulated to prevent uncontrolled clotting. C1-INH is proposed to be the main physiological 

regulator of FXIIa, through active site inhibition of the protease (Schmaier, 2008; 

Wagenaar-Bos & Hack, 2006). However, the non-specific and slow rate of FXIIa inhibition 

by C1-INH suggests that other regulators of FXIIa exist (Agostoni et al., 2004; Cugno et 

al., 1997; Olson & Gettins, 2011; Wagenaar-Bos & Hack, 2006). FXIIa is protected from 

inactivation by C1-INH when it is bound to nucleic acids or endothelial cells (Kolyadko et 

al., 2014; Pixley et al., 1985, 1987; Schousboe, 2003). Interestingly, although patients with 

either hereditary or acquired C1-INH deficiency demonstrate activation of the coagulation 

and kallikrein-kinin systems during angioedema attacks, no bleeding diathesis or 

thrombosis-related complications are described (Cugno et al., 1997; Davis, 2005; Nzeako 

et al., 2001). Therefore, C1-INH is most likely not the primary inhibitor when it comes to 

physiological activation of FXIIa, which suggests that other regulators of FXIIa exist.  
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We have previously shown that HRG regulates the contact pathway by binding 

FXIIa with high affinity and inhibiting FXII autoactivation and FXIIa-mediated FXI 

activation (MacQuarrie et al., 2011). In addition, HRG also binds nucleic acids (DNA and 

RNA) and attenuates their capacity to activate the contact pathway (Vu et al., 2016). This 

thesis aimed to identify the complementary binding domains of HRG and FXIIa to further 

elucidate the underlying mechanism of the anticoagulant properties of HRG on the contact 

pathway. HRG has been proposed to regulate coagulation through its interaction with the 

activated form of FXII (FXIIa), as HRG does not bind to the zymogen FXII, or to FXI or 

FIX (MacQuarrie et al., 2011). The binding interaction between HRG and FXIIa is the 

highest described affinity for any HRG ligand, higher than its affinity for heparin or 

fibrinogen (Priebatsch, Kvansakul, et al., 2017). The specific and high affinity of HRG for 

FXIIa, as well as the inhibitory effects of HRG on FXIIa-mediated contact activation imply 

a potentially significant physiological anticoagulant role for this interaction. However, the 

mechanism of HRG inhibition of FXIIa is not fully understood and necessitates further 

investigation. We took several approaches to identify the domain of HRG responsible for 

FXIIa-mediated contact pathway inhibition including, 1) fragmentation of HRG by limited 

proteolysis (Chapter 5), 2) generation of recombinant HRG domain constructs (Chapter 6), 

and 3) synthesis of HRR-derived peptides (Chapter 7). Each experimental approach 

allowed for the subsequent localization of the inhibitory domain of HRG required for 

FXIIa-mediated contact activation.  
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9.1 Fragmentation of HRG domains by limited proteolysis   

 HRG has a modular structure consisting of two NH2-terminal cystatin-like domains 

(N1 and N2), a central histidine-rich region (HRR) flanked by two proline-rich regions 

(PRR1 and PRR2), and a COOH-terminal domain (COOH) (Jones et al., 2005; Poon et al., 

2011). We have previously demonstrated that the affinity of HRG for FXIIa increases 1000-

fold in the presence of zinc and that the HRG-FXIIa interaction is abrogated with imidazole, 

a histidine analogue (MacQuarrie et al., 2011). Based on these findings we hypothesized 

that the HRG-FXIIa interaction is mediated by the HRR domain of HRG, which is its zinc 

binding domain. Previous studies have shown that limited proteolysis of HRG by trypsin 

or plasmin results in the generation of HRG fragments (~30 kDa) and the release of the 

HRR/PRR domain (Kassaar et al., 2014). Poon et al. showed that proteolytic cleavage of 

HRG by plasmin inhibits the ability of HRG to function as a pH and Zn2+ sensor in response 

to tissue injury (Poon et al., 2009).  Indeed, protease cleavage of HRG may provide an 

additional level of regulation that directs HRG activity (Poon et al., 2009; Thulin et al., 

2009). 

 We show that proteolytically cleaved fragments of HRG (MW ~30-40 kDa) 

retained inhibitory function. However, prolonged proteolysis resulted in loss of a 37 kDa 

tryptic HRG fragment, which corresponded with a significant decrease in the inhibitory 

effect on FXII autoactivation by HRG (Chapter 6). Thus, limited proteolysis of HRG 

resulted in a loss of function for HRG to inhibit FXIIa. The tryptic band of interest was 

shown to interact with FXIIa, which suggests that the FXIIa-binding domain of HRG may 
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be localized within the 37 kDa tryptic fragment. Mass spectrometry data suggest that 

trypsin digestion of HRG results in cleavage of the HRR/PRR2 and COOH domains, while 

the N-terminal domains and PRR1 remain intact and resistant to further trypsin digestion. 

However, due to the challenges of limited proteolysis and limited information provided by 

mass spectrometry, we were unable to identify the FXIIa binding fragment of HRG using 

this approach. Accordingly, to further examine the role of the histidine-rich region (HRR), 

as well as the potential role of other HRG domains in FXII-mediated contact activation, we 

used recombinant DNA technology to express and purify individual HRG domain 

constructs in E coli. 

9.2 Role of HRG domains in FXIIa-mediated contact pathway inhibition   

PolyP triggers the contact pathway by providing a surface that binds FXII and HK 

and induces FXII autoactivation and promotes K activation of FXII (Smith et al., 2006, 

2010; van der Vaart & Pretorius, 2008). Here, we show that HRG downregulates the 

procoagulant activity of platelet-size polyP (70-100 phosphate units) in FXII autoactivation 

in a dose-dependent and saturable manner (Chapter 7).  Like intact HRG, recombinant HRG 

domain constructs expressing the HRR and PRR2 domains inhibit FXII autoactivation, 

whereas the remaining domains had significantly lower potencies compared with HRG. 

These findings suggest that the HRR and PRR2 are the predominant domains of HRG 

responsible for inhibition of FXII autoactivation mediated by short chain polyP. We have 

previously shown that HRG addition prolongs the aPTT in HRG-depleted plasma in a 

FXIIa-dependent manner, but has little effect on the PT (MacQuarrie et al., 2011). Our data 
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show that like HRG, MBP-HRG domain constructs have at most, a modest effect on the 

PT, whereas in the aPTT, HRG and MBP-HRR significantly prolonged clotting in HRG-

depleted plasma by 8.8- and 7.2-fold, respectively. MBP-PRR2 also prolonged the aPTT 

by 2.3-fold. These results confirm that the regulatory effect of HRG is localized to the 

intrinsic pathway of coagulation, and that the anticoagulant properties of HRG are likely 

mediated through the HRR.   

9.3 Inhibition of FXII autoactivation by HRR  

Given that the interaction between HRG and FXIIa is zinc-dependent and inhibited 

by imidazole (a histidine analogue) (MacQuarrie et al., 2011), we hypothesized that 

histidine-containing HRR analogs would exhibit anticoagulant properties similar to those 

of HRG. The HRR of HRG contains distinctive tandem repeats of the consensus sequence 

His-His-Pro-His-Gly (HHPHG) (Jones et al., 2005). To test this hypothesis, we examined 

the effect synthetic peptides derived from the HRR consensus sequence in various in vitro 

functional assays in both purified and plasma systems (Chapter 8). Previous studies have 

shown that the antiangiogenic activity of HRG is localized to its histidine-proline-rich 

domain and that HRR-derived peptides can mimic the antiangiogenic effects of HRG 

(Doñate et al., 2004). These findings suggest that peptides which correspond to particular 

sections of the HRR mimic some of the molecular properties associated with HRG or its 

large proteolytic fragment. Here, we show that HRG inhibits contact activation and exerts 

its anticoagulant properties at least in part through its HRR domain.  
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HRG attenuates the capacity of FXIIa to propagate coagulation through 

autoactivation and subsequent activation of FXI (MacQuarrie et al., 2011). We show that 

not only does intact HRG inhibit polyP-mediated FXII autoactivation in a dose-dependent 

and saturable manner (IC50 ~200 nM), but HRR-derived peptides are able to do so with 

greater potency (1C50 <25 nM). These findings suggest that the interaction of HRG with 

polyP and FXIIa is mediated through the HRR, as the peptides had similar inhibitory effects 

compared with HRG when using various synthetic activators of FXII autoactivation. With 

dextran sulfate-induced FXII autoactivation, HRR-derived tetramer peptide, (HHPHG)4, as 

well as poly-His peptides (H-6 and H-12) inhibit FXII autoactivation with potencies similar 

to that of HRG, whereas the scrambled peptide, Scr(HAHG)5H was significantly more 

potent than HRG. In contrast, the effects of HRG and (HHPHG)4 on the inhibition of FXII 

autoactivation are significantly greater when activation is induced with silica than with 

dextran sulfate. Moreover, we show that more than one HHPHG repeat is required for 

inhibition of FXII autoactivation and that the number of His residues within the HRR may 

be an important determinant of its activity. With either short or long chain polyP, which 

are physiological activators of FXII, HRG attenuates FXII autoactivation with an IC50 of 

~200 nM. (HHPHG)4 inhibits FXII autoactivation in the presence of short chain polyP with 

significantly greater potency than intact HRG or the other HRR peptides. Indeed, HRR 

analogues inhibit FXII autoactivation with greater potency in the presence of short chain 

or long chain polyP than intact HRG. Interestingly, the inhibitory effect of HRG and HRR 

peptides are greater in the presence of long chain polyP than with short chain polyP. These 
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findings suggest potential differences in how HRG and HRR analogs interact with the 

various activators, as well as their subsequent effect on FXII autoactivation. 

Histidine contains an α-amino group, a carboxylic acid group, and an imidazole side 

chain, classifying it as a positively charged amino acid at physiological pH. The imidazole 

side chains of the His residues allow the HRR to bind Zn2+ (Priebatsch, Kvansakul, et al., 

2017), in addition to promoting binding to negatively charged polyanions, such as nucleic 

acids and polyP (Vu et al., 2016). With respect to His composition, H-6 and (HHPHG)2 

contain 6 His residues. H-12 and (HHPHG)4 contain 12 His residues, whereas the 

scrambled peptide, Scr(HAHG)5H contains 11 His residues. The monomer peptide, 

(HHPHG)1, contains only 3 His residues. The inhibitory effects of the scrambled peptide 

(11 His residues) and Poly-His peptides (H-6 and H-12) lead us to believe that between 6 

to 12 His residues are necessary for HRG to exert its effects on FXIIa-mediated contact 

activation. Interestingly, when HRR-derived peptides of varying repeats of the HHPHG 

consensus sequence were examined, there was no significant difference between 2, 3, or 4 

repeats, suggesting that the number of His residues is a more important determinant of the 

inhibitory effect of the domain than the consensus sequence. This is consistent with 

previous studies studying the antiangiogenic effects of HRR-derived peptides (Doñate et 

al., 2004; Thulin et al., 2009; Vanwildemeersch et al., 2006). Together, these findings may 

allow for a greater understanding of the underlying mechanism of how the HRR may be 

exerting its anticoagulant effects on FXII autoactivation.  
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9.4 Inhibition of FXIIa-mediated reactions by HRR  

We have previously shown that HRG inhibits FXIIa-mediated FXI activation in the 

presence of Zn2+ by more than 95% with an IC50 of 287 nM (MacQuarrie et al., 2011). Like 

HRG, Scr(HAHG)5H and H-12 inhibit FXI activation by more than 90% (Chapter 8). 

However, Scr(HAHG)5H is significantly more potent than HRG and the remaining HRR-

derived peptides. (HHPHG)4 and H-6 inhibit FXI activation by 60%, although the tetramer 

peptide is significantly more potent. These results show that HRG and HRR analogs 

significantly attenuate FXIIa-mediated activation of FXI in a dose-dependent and saturable 

manner. To speculate on the potential mechanism of inhibition by HRG, we look to the 

binding site of FXI on FXII. The FXI interaction site on FXII is believed to reside within 

the N-terminal fibronectin type II domain of the FXII heavy chain (amino acids residues 3-

19) (Baglia et al., 1993; Citarella et al., 1998), which is presumably exposed when FXII 

assumes an extended confirmation upon activation by negatively charged surfaces (de Maat 

& Maas, 2016). The N-terminal domains of FXII also contains binding sites for zinc and 

endothelial cell interaction (de Maat & Maas, 2016; Stavrou & Schmaier, 2010). Together, 

these findings suggest that once HRG binds to FXIIa, this interaction not only inhibits FXII 

autoactivation but prevents activation of FXI by blocking the interaction site on FXIIa. 

Given that FXII and prekallikrein comprise an activation feedback loop, the effect 

of HRG and HRR-derived peptides on FXIIa-mediated activation of prekallikrein was also 

assessed (Chapter 8). Prekallikrein has two binding sites on FXII, one within the catalytic 

domain at Arg353Val354, responsible for kallikrein cleavage and the other within the kringle 
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domain of the heavy chain, which enhances the susceptibility to cleavage by kallikrein 

(Jukema et al., 2016; Maas et al., 2011; Stavrou & Schmaier, 2010). High molecular weight 

kininogen acts as an important co-factor for PK activation as well as FXI activation given 

that HK circulates in complex with FXI (Schmaier, 2016; Thompson et al., 1979). HK and 

HRG share homology because HK also contain histidine- and glycine-rich regions in the 

light chain of its protein structure. The D5H region of HK has been identified as HK’s 

artificial surface binding region, whereby it is able to bind to anionic surfaces, zinc, and 

heparin (Colman & Schmaier, 1997; Kawasaki et al., 2003). Moreover, the D6H region of 

HK allows for PK/FXI binding (Colman & Schmaier, 1997). Interestingly, like HRG, 

HRR-derived peptides moderately inhibit FXIIa-mediated activation of prekallikrein in a 

dose-dependent manner by 30% to 60% (Chapter 8). These findings are consistent with 

previous results from our laboratory where in the absence of HK, HRG was shown to inhibit 

PK activation by 75% with an IC50 of 160 nM. We show that HRG inhibits PK activation 

in a similar manner by ~50% with the same magnitude of inhibition. Indeed, HRG is 

significantly more potent than the HRR peptides. These findings suggest that HRR peptides 

have the ability to mimic the inhibitory effect of HRG on FXIIa-mediated activation of 

prekallikrein but suggest additional involvement of other domains or the requirement of an 

intact protein.  

The differences in the inhibitory effect of HRG on FXIIa-mediated FXI and PK 

activation suggest that HRG plays a greater role in regulating the intrinsic pathway of 

coagulation than the contact pathway/kallikrein-kinin system. These inhibitory differences 

may provide further insight into the mechanism by which HRG binds to FXIIa and 
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subsequently exerts its downstream effects on the contact pathway. Moreover, these 

differences may be due to the differential binding sites on FXIIa for its substrates. 

Kallikrein and FXIIa cleave FXII at the Arg343-Val354 peptide bond within the catalytic 

domain, thereby generating -FXIIa, whereas the FXI binding site is proposed to reside 

within the FNII domain of FXII (de Maat & Maas, 2016; Pathak et al., 2015). Both reactions 

examined here are greatly enhanced by polyanionic surfaces, such as polyP and dextran 

sulfate (Gajsiewicz et al., 2017). By binding to FXIIa, HRG may be competing with polyP 

to inhibit both FXI activation and PK activation by FXIIa. We have previously shown that 

HRG binds to nucleic acids, and attenuates their procoagulant properties (Vu et al., 2016). 

HRG may be interacting with both FXIIa and polyP to down-regulate FXIIa-mediated 

reactions. These differences suggest that HRG preferentially exerts its inhibitory effects on 

FXIIa-mediated FXI activation, while moderately influencing PK activation by FXIIa. 

These findings also implicate down-regulation of FXIIa-mediated FXI activation through 

the inhibition of HRG as a potentially useful antithrombotic approach. 

9.5 Anticoagulant properties of HRR in plasma systems   

 Driven by our initial observations that addition of HRG to plasma prolongs the 

aPTT but has no effect on the PT, we have since demonstrated that thrombosis is 

accelerated in HRG-deficient mice and that reconstitution of HRG protects these mice from 

thrombosis triggered by FXII and nucleic acids (Vu et al., 2015). Here, we show that like 

HRG, HRR-derived peptides prolong the aPTT, but not the PT in control and HRG-

depleted human plasma further supporting the role of the HRR in FXIIa-mediated contact 
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activation (Chapter 8). The effect of HRG is specific to FXIIa-mediated contact activation 

and the intrinsic pathway, with no effect in the extrinsic pathway. Furthermore, we show 

that in HRG-depleted human plasma, HRR-derived peptides prolong and decrease polyP-

induced thrombin generation comparably to HRG.   

  Like HRG, HRR peptides had little to no effect on the PT in control plasma. In 

contrast, the HRR-derived peptides significantly prolonged the aPTT with potency similar 

to or greater than that of HRG. (HHPHG)4 and H-12 prolonged the aPTT to a similar extent 

as HRG. Thus, HRR peptides with higher histidine content (>11 His residues) delayed 

clotting with a similar or greater extent than HRG.  In HRG-depleted plasma, HRG 

significantly prolonged the aPTT by 10.5-fold whereas (HHPHG)4 and Scr(HAHG)5H 

produced a 3.8-fold and 3.4-fold prolongation, respectively. Together, these results confirm 

that the effect of HRG is localized to the intrinsic pathway of coagulation and they highlight 

the important role of the HRR domain in modulating the anticoagulant properties of HRG. 

Our findings suggest that like HRG, HRR peptides have the capacity to down 

regulate the procoagulant effect of polyP in human plasma. HRG and HRR peptides 

significantly prolonged the time to peak thrombin and decreased peak thrombin in a dose-

dependent manner. (HHPHG)4 and Scr(HAHG)5H prolonged the peak thrombin time by 

3.1-fold and 3.4-fold, respectively. Further, HRG and HRR peptides decreased peak 

thrombin up to 2.5-fold in a dose-dependent and saturable manner. These findings are 

consistent with the anticoagulant effects observed in polyP induced FXII autoactivation 

with HRG and HRR peptides. Therefore, HRG may be interacting with both FXIIa and 

polyP to downregulate coagulation. 
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9.6 Binding of FXIIa and polyphosphate to HRG  

In the presence of Zn2+, the affinity of FXIIa for HRG increases by 1000-fold (Kd 

value of 9 pM) (MacQuarrie et al., 2011; Priebatsch, Kvansakul, et al., 2017). HRG is 

speculated to bind FXIIa more avidly at sites of vascular injury where there is a localized 

increase in Zn2+concentration due to its release from the dense granules of activated 

platelets (MacQuarrie et al., 2011; Renné, 2012). However, this interaction is not Zn2+-

dependent, because HRG can still bind FXIIa and modulate clotting even in the absence of 

Zn2+ (Kd value of 1.6 nM at physiological pH) (MacQuarrie et al., 2011; Priebatsch, 

Kvansakul, et al., 2017; Priebatsch, Poon, et al., 2017). MBP-HRG domain constructs bind 

to FXIIa with varying affinities, but do not bind to FXII or -FXIIa (Chapter 9). Like HRG, 

MBP-HRR binds FXIIa with high affinity. Like MBP-HRR, MBP-N1 and MBP-N1N2 

have high affinity for FXIIa, but have high off rates, suggesting relatively weak interaction 

with FXIIa. In contrast, the remaining domains (MBP-N2, MBP-PRR1/2, MBP-COOH) 

bind with lower affinity in comparison with HRG to FXIIa. These findings suggest that the 

interaction of HRG with FXIIa involves multiple domains, whereby the HRR and N1 are 

the predominant domains binding FXIIa. 

Interestingly, HRG-specific and non-specific His-containing peptides inhibit FXII 

autoactivation to a similar extent as HRG (Chapter 7). These findings suggest that HRG 

exerts its inhibitory activities on FXIIa through the His residues of the HRR. Binding of 

HRG to some of its ligands, such as heparin (Borza & Morgan, 1998; Vanwildemeersch et 

al., 2006) and tropomysin (Doñate et al., 2004; Guan et al., 2004), is believed to be 
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mediated by the HRR in an interaction that has been proposed to be influenced by the 

concentration of divalent ions, particularly Zn2+ (Borza & Morgan, 1998; Jones et al., 

2005). The imidazole side chains of the His residues are thought to extend outward, which 

allows for multiple Zn2+-binding sites throughout the HRR and PRR domains (Jones et al., 

2005; Kassaar et al., 2014). These interactions have been well-documented to have 

important antiangiogenic, anti-tumour, antibacterial, and antifungal activities mediated by 

the His-Pro rich domain of HRG (Doñate et al., 2004; Guan et al., 2004; Priebatsch, 

Kvansakul, et al., 2017; Rydengård et al., 2007, 2008). Binding of HRG and HRR peptides 

to FXIIa is reversible as the interaction is abrogated with imidazole, suggesting that the 

interaction with FXIIa is predominately mediated by His residues (Chapter 8). 

Interestingly, the H-6 and H-12 peptides do not bind to FXIIa. Thus, His residues alone do 

not appear to provide the necessary conformation required for FXIIa binding. In the 

absence of Zn2+, HRR peptides do not bind FXIIa, whereas intact HRG still binds, most 

likely through its N1 domain to a weaker extent.  

Although HRG still binds FXIIa in the absence of Zn2+, the role of the divalent 

metal ion in this setting may provide an essential regulatory link for the anticoagulant 

activity of HRG on FXIIa activity. As previously mentioned, the Zn2+-dependent 

interaction between HRG and heparan sulfate is mediated by its NH2-terminal cystatin 

domains (Jones et al., 2005; Priebatsch, Kvansakul, et al., 2017). Given that the binding 

site for Zn2+ on HRG is within the HRR domain, this suggests that binding of Zn2+ to the 

HRR has the capacity to modulate other HRG domains. HRG has the ability to exert both 

pro- and anticoagulant activities by its interaction with its inorganic cofactor Zn2+ (Vu et 
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al., 2013). Transition metals, such as Zn2+, Ni2+, and Cu2+, are regulated by the imidazole 

side chains of the HRR (Fu & Horn, 2002). Binding of Zn2+ to the HRR induces a 

conformational change in the molecule, increasing the affinity of HRG for a number of 

molecules, including heparin, fibrinogen, and FXIIa (Kassaar et al., 2015; Vu et al., 2013). 

HRG binds to the heparin with high affinity (Kd value of 2 nM) in the presence of Zn2+ and 

inhibits the formation of the heparin-AT complex (Barnett et al., 2013; MacQuarrie et al., 

2011). Zn2+, serving as a cofactor, interacts with HRG to stimulate HRG-heparin complex 

formation (Kassaar et al., 2015). The NH2-terminal cystatin domains of HRG, and not its 

HRR domain, mediate the Zn2+-dependent interaction with heparan sulfate. This suggests 

that binding of Zn2+ to the HRR domain has the capacity to modulate other domains in 

HRG. Binding of HRG to heparin neutralizes its anticoagulant activity in both purified and 

plasma systems, therefore endowing the HRG-heparin interaction with a pro-coagulant 

effect (Barnett et al., 2013; Fu & Horn, 2002). Here, we see that the Zn2+-mediated 

interaction between FXIIa and HRG occurs predominately through the HRR domain of 

HRG with the involvement of the NH2-terminal cystatin (N1) domain. Heparin interacts 

with HRG at lower Zn2+ concentrations (< 1 µM), whereas higher concentrations of Zn2+ 

(<5 µM) promote binding of HRG to FXIIa (Priebatsch, Kvansakul, et al., 2017). Thus, 

Zn2+ acts as an important regulator of coagulation by mediating the pro- and anticoagulant 

effects of HRG with heparin and FXIIa, respectively.  

Naturally occurring polyphosphates (short chain polyP from activated platelets, 70-

100 units; long chain polyP released from bacteria, >1000 units) have been identified as 

potent activators of the contact pathway. However, their mechanism of interaction with 
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components of the contact pathway remain elusive. Previous studies have shown that HRG 

binds to nucleic acids with high affinity (Kd value of 1 nM) most likely through the 

phosphate head group of phosphatidic acid of DNA and RNA and attenuates their 

procoagulant activity by competing with contact factors, such as FXII and FXI, for binding 

to nucleic acids (Priebatsch, Kvansakul, et al., 2017; Vu et al., 2016). Here we show that in 

the presence of Zn2+, HRG binds to immobilized short chain polyP with high affinity 

(Chapter 8). In the absence of zinc, HRG binds to polyP with similar affinity, however, 

there is a 5.3-fold reduction in the capacity of HRG to bind polyP. The histidine-proline 

rich domains of HRG bind immobilized biotin-polyP (100 phosphate units) with high 

affinity. MBP-HRR has the highest affinity for short chain polyP with a Kd value of 12 

nM. MBP-PRR2 and MBP-COOH have similar affinity for polyP (Kd values 26 nM and 

30 nM, respectively). The remaining domains of HRG also bind to polyP, but with lower 

affinity. Our findings suggest that the histidine-proline rich domains of HRG predominately 

mediate HRG binding to short chain polyP, whereas the remaining domains assist in the 

interaction to a lesser extent. In addition, we show that like HRG, HRR-derived peptides 

bind to short chain polyP with high affinity in a Zn2+-dependent manner. The observed 

interaction of HRG with polyP suggests that HRG may be attenuating the procoagulant 

effect by binding to polyP, further supporting a secondary mechanism for the inhibitory 

effect of HRG on contact activation.  
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9.7 Binding of HRG and polyphosphate to FXIIa 

Neither HRG nor HRR peptides binds to immobilized β-FXIIa or FXII in the 

absence or presence of Zn2+ (Chapter 8). These findings suggest that binding of HRG 

through the HRR is localized within the non-catalytic heavy chain domain of FXIIa. 

Consistent with our previous findings, we show that FXIIa binds HRG with a Kd value of 

67  0.9 nM. As expected, the heavy chain fragment of FXII binds to HRG with high 

affinity (Kd value of 19  1.9 nM). This confirms the interaction of HRG with the non-

catalytic region of FXIIa and supports the notion that the binding site is encrypted and only 

exposed when FXII is activated to FXIIa. To further localize the binding site of HRG on 

FXIIa, we show that the NFE domain of FXII binds HRG with a Kd value of 74 nM  0.7 

nM, a value similar to that of full-length FXIIa. Retention of the high-affinity interaction 

in the reverse binding experiment verifies the initial observation of the high-affinity 

interaction of FXIIa with HRG in the presence of Zn2+. Together, these findings suggest 

that binding of HRG is localized within the FNII or EGF1 domains of FXII and that FXII 

fragments of the heavy chain allow for direct binding of HRG to FXII.  

The FNII domain serves as a critical negative regulator of FXII activation by 

shielding the activation loop (catalytic site). The FNII domain also contains the binding site 

for FXI (Hofman et al., 2020). Our data suggest that the polyP binding site on FXIIa resides 

within the non-catalytic heavy chain, which is consistent with recent findings that the EGF1 

domain is important for FXII binding to kaolin and polyP (Clark et al., 2020). Zn2+ binds 

to FXII through the histidine residues within the FNII-EGF1 and EGF2 domains (Røjkaer 
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& Schousboe, 1997; Stavrou & Schmaier, 2010). In the presence of ZnCl2, FXIIa binds to 

immobilized short chain polyP (100 phosphate units) with high affinity. The zymogen FXII 

also binds to polyP with similar affinity. Interestingly, polyP exhibited little or no binding 

to β-FXIIa. Thus, these results provide evidence for direct protein interaction between 

FXII(a) and platelet-size polyP, which is a potent activator of the contact pathway and has 

been shown to induce thrombosis in murine models (Baker et al., 2018; Renné, 2012; Smith 

et al., 2012). In addition, the comparable affinity of short chain polyP for both FXII and 

FXIIa suggests a dynamic role of polyP in not only triggering contact pathway, but 

potentially modulating downstream events involved in FXII regulation. 

9.8 Mechanism of HRG contact pathway inhibition  

Here we provide evidence for two potential mechanisms through which HRG 

modulates the contact pathway. These include by 1) inhibiting FXIIa activity and 2) 

attenuating the procoagulant effect of polyanions, such as polyP on FXIIa-mediated 

reactions (Figure 50). Our data show that HRG binds to FXIIa with high affinity in the 

presence of Zn2+, as well as to short chain polyP. Given that the binding site for Zn2+ on 

HRG is within the HRR domain, this suggests that binding of Zn2+ to the HRR has the 

capacity to modulate other domains in HRG (Priebatsch, Kvansakul, et al., 2017). When 

zinc or hydrogen ions bind to the PRR-HRR region of HRG they induce local 

conformational changes that are transmitted throughout the molecule. Such changes are 

believed to indirectly modulate the binding of the N1N2 and COOH domains to their 

ligands (Borza et al., 1996; Jones et al., 2005; Priebatsch, Kvansakul, et al., 2017). We 
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show that the interaction of HRG with FXIIa involves multiple domains, whereby the HRR 

and N1 are the predominant domains responsible for binding to FXIIa. HRG suppresses the 

contact pathway by blocking FXII autoactivation, and subsequent FXIIa activation of FXI 

and PK (Figure 50). It is still unknown whether autoactivation occurs by a) basal amounts 

of FXIIa activating FXII bound to polyanions or b) through “self-cleavage” of FXII upon 

induction of a conformational change by its interaction with polyanions (i.e., intra- or inter-

molecular). HRG only binds FXIIa and not the zymogen, suggesting that HRG either 

inhibits inter-molecular FXII autoactivation or possibly binds to an intermediate form of 

cleaved FXII and prevents it from undergoing complete activation. Thus, the precise 

mechanism of FXII autoactivation remains elusive and requires further study.  

We have previously shown that HRG binds to FXIIa, but not to zymogen FXII or 

-FXIIa (MacQuarrie et al., 2011). Here we show that HRG and HRR analogs bind to the 

heavy chain of FXII, more specifically the NH2-FNII-EGF1 (NFE) domains of FXII. These 

findings localize HRG binding within the domains of FXII outside its catalytic domain that 

are important for contact pathway activation, such as FXI (FNII), polyanions (EGF1) and 

Zn2+ (FNII-EGF1 and EGF2) (Røjkaer & Schousboe, 1997; Stavrou & Schmaier, 2010). In 

this setting, Zn2+ may serve as an additional control element or cofactor for HRG to locally 

regulate FXIIa activation on the fibrin clot or the removal of FXIIa from the thrombus 

(Priebatsch, Kvansakul, et al., 2017; Ranieri-Raggi et al., 2014; Vu et al., 2013). In the 

absence of vascular injury, HRG is unlikely to play a role in hemostasis, as free Zn2+ levels 

in plasma are less than 1 µM, far below the range (6-12 µM) that allows for HRG binding 

to FXIIa (Priebatsch, Kvansakul, et al., 2017; Vu et al., 2013). However, when FXII is 
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activated at sites of injury and local levels of Zn2+ are elevated in response to platelet 

activation, HRG can bind to FXIIa with higher affinity (MacQuarrie et al., 2011). 

Therefore, HRG may serve as an effector of coagulation and be an important regulator of 

thrombogenesis (MacQuarrie et al., 2011). 

Activated platelets release short chain polyP (70-100 phosphate units) from their 

dense granules and result in the potent activation of the contact pathway through activation 

of FXII, as well as potentiating the activation of FXI by thrombin (Baker et al., 2018; 

Fredenburgh et al., 2017). Both HRG and FXII(a) bind to short chain polyP, suggesting a 

dynamic complex whereby HRG has the capacity to downregulate the procoagulant activity 

of polyP-induced contact pathway activation. Maas and colleagues recently reported that 

the EGF1 domain of FXII mediates surface binding as it contains the binding site for kaolin 

and polyanions  (Clark et al., 2020). Interestingly, short chain polyP binds to both FXII and 

FXIIa with similar affinity, potentially modulating downstream events involved in FXII 

regulation such as binding to HRG. Our findings suggest that histidine-proline rich domains 

of HRG predominately mediate HRG binding to short chain polyP. Previous studies have 

shown that HRG binds to nucleic acids with high affinity (Kd value of 1 nM) most likely 

through the phosphate head group of phosphatidic acid of DNA and RNA and attenuates 

their procoagulant activity by competing with contact factors, such as FXII and FXI, for 

binding to nucleic acids (Priebatsch, Kvansakul, et al., 2017; Vu et al., 2016). The observed 

interaction of HRG with polyP suggests that HRG may be attenuating the procoagulant 

effect by binding to polyP, further supporting a secondary mechanism to the inhibitory 

effect of HRG on contact activation (Figure 50).  
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Figure 50: Mechanism of inhibition of FXIIa-mediated contact activation by HRG   

Upon contact with a negatively charged surface, FXII autoactivates to its two-chain 

activated form, FXIIa. HRG (green) binds to FXIIa (red) with high affinity in the presence 

of Zn2+, as well as to short chain polyP (grey). HRG down regulates the contact pathway 

by two potential mechanisms including 1) inhibiting FXIIa activity and 2) attenuating the 

procoagulant effect of polyanions, such as polyP on FXIIa-mediated reactions. The 

anticoagulant effects of HRG are predominately mediated by its Zn2+-binding HRR 

domain, which binds to the heavy chain of FXIIa and to short chain polyP. Inhibition of 

FXIIa by HRG subsequently attenuates FXIIa-mediated activation of FXI (intrinsic 

pathway) and prekallikrein (kallikrein-kinin system). HRG, histidine-rich glycoprotein; 

FXII/a, factor XII/a; FXI/a, factor XI/a; HK, high molecular weight kininogen; Zn2+, zinc 
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9.9 CONCLUSION   

In summary, these findings build on the proposed mechanism of how HRG exerts its 

anticoagulant properties, whereby HRG modulates the contact pathway by inhibiting FXIIa 

activity (MacQuarrie et al., 2011), as well as attenuating the procoagulant effect of 

polyanions, such as polyP (Vu et al., 2016). We have identified the complementary binding 

domains of HRG and FXIIa to be localized within the HRR domain of HRG and NFE 

domains of FXIIa. Moreover, we show that the HRR binds to short chain polyP with high 

affinity, suggesting a dynamic complex between HRG, FXIIa, and polyP on activated 

platelets. The interaction between HRG and FXIIa provides the basis of a novel physiological 

anticoagulant mechanism that is not fully understood and necessitates further elucidation. 

An emerging frontier of anticoagulant therapy involves the contact pathway, particularly 

FXII and FXI, as potential targets in the development of safer anticoagulants (Bickmann et 

al., 2017; Fredenburgh et al., 2017; Gailani et al., 2015; Müller, Gailani, & Renne, 2011; 

Weitz, 2016; Weitz & Fredenburgh, 2017a). Our data support the emerging data that HRG 

has an important regulatory role as a physiological modulator of FXIIa in thrombogenesis, 

as well as other processes such as angiogenesis, inflammation, and immunity (Poon et al., 

2011; Priebatsch, Kvansakul, et al., 2017). Exploiting the importance of the interaction 

between HRG and FXIIa may allow us to develop novel therapeutic strategies to treat 

thrombotic disorders. Indeed, we show that synthetic HRR peptides have the capacity to 

recapitulate the anticoagulant effects of HRG by down regulating the contact pathway. 

Future studies that reveal the important binding sites for FXIIa and polyanions, such as polyP 

and nucleic acids on HRG may provide attractive targets for therapeutic intervention. For 
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example, developing small molecule inhibitors of FXIIa targeting the HRG-FXIIa binding 

sites may serve to be as or more effective as intact HRG. Therefore, further examination of 

the role of the HRR will serve to provide greater insight into the antithrombotic potential of 

HRR analogs in attenuating thrombosis without disrupting hemostasis. 
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10.0 CHAPTER 10: FUTURE DIRECTIONS  

 Although we have demonstrated that HRG serves as a potent inhibitor of the contact 

pathway through its interaction with FXIIa and polyP, there are several avenues of research 

that would broaden our understanding of its physiological functions, clinical relevance and 

therapeutic potential. This section proposes 3 such projects aimed at increasing our 

understanding of: (i) the interaction of the histidine-rich region (HRR) with FXIIa, to 

further localize the complementary binding sites; (ii) the role of Zn2+ in the regulation of 

the antithrombotic function of HRG; and (iii) the effect of HRR analogs in a polyP-induced 

murine model of thrombosis to complement our in vitro studies. 

10.1 Project #1: Structural characterization of the binding sites on the histidine-

 rich region of HRG and heavy chain of FXIIa  

10.1.1 Rationale:  

 Structural studies of HRG domains have been limited due to the intrinsically 

disordered, heavily glycosylated and insoluble nature of HRG. To date, only the N2 domain 

of HRG has been crystallized by Kassaar et al. using serum-purified rabbit HRG (Kassaar 

et al., 2014). The authors confirm that the N2, along with the N1 domain, possesses a 

cystatin-like fold composed of 5-stranded antiparallel -sheets wrapped around a 5-turn -

helix (Kassaar et al., 2014). The histidine- and proline-rich regions are predicted to be 

intrinsically disordered but N1, N2, and the COOH domains are likely to have ordered 

structures (Poon et al., 2011). The secondary structure of the HRR domain is predicted to 
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have a helical and elongated core with protruding imidazole side chains that form metal 

binding sites, for metal ions such as Zn2+ and Ca2+ (Poon et al., 2009). As mentioned 

previously, the HRR (53% histidine residues) is similar to the His-rich region of HK and 

contain very few hydrophobic and basic amino acids (Borza et al., 1996). In contrast, 

structural studies have been performed to determine the crystal structures for the FXII 

protease domain, fibronectin type I and II domains (FNI, FNII), and epidermal growth 

factor-like domains (EGF) (Dementiev et al., 2018; Kaira et al., 2020; Pathak et al., 2015, 

2019). We have shown that HRR analogs bind to the heavy chain of FXIIa with high 

affinity (Chapter 8), localizing the binding sites to the HRR domain of HRG and the N-

terminal FNII-EGF1 domains (NFE) on the heavy chain (HC) of FXIIa. Thus, to further 

localize the binding sites on the HRR of HRG and HC of FXIIa, protein crystallization and 

structural analysis will be necessary. 

10.1.2 Aim 1: Protein crystallization and structural analysis of HRG-FXIIa 

 interacting domains (HRR-FXIIa interaction)  

 To further examine the HRG-FXIIa protein-protein interaction, co-crystallization 

experiments will be performed using either recombinant HRR domain or synthetic HRR-

derived peptide, (HHPHG)4 with recombinant FXII fragments of the heavy chain (NFE, 

FEK, full-length HC) in the absence or presence of Zn2+ (6-12µM). Our data suggest the 

involvement of the N-terminal cystatin-like domains in the FXIIa interaction. Thus, 

recombinant domains of N1, N2, and N1N2 of HRG will also be investigated by protein 

crystallization by co-localization with fragments of the heavy chain of FXIIa. Experiments 
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will be performed in collaboration with Dr. Jonas Emsley (University of Nottingham, UK) 

as similarly described (Kaira et al., 2020). Briefly, purified samples will be first dialyzed 

into Tris-buffered saline. Crystallization experiments will be performed using sparse matrix 

screens (Qiagen) in sitting drop plates. Crystals will be observed in conditions of 0.1M 

HEPES (pH 7.5), 1.6M (NH4)2SO4, and 2% (w/v) poly(ethylene glycol) 1000 as previously 

described (Pathak et al., 2015). Single crystals will be transferred to a reservoir solution 

containing 25% glycerol, and flash cooled in liquid nitrogen. Diffraction data will be 

collected at DIAMOND beamline I04 and structures will be determined by molecular 

replacement (PHASER) with coordinates from the Protein Data Bank. Models will be built 

with map-fitting software program, COOT (Emsley & Cowtan, 2004) and refined with 

REFMAC (Pathak et al., 2015). Some limitations in this study may arise due to the low 

solubility and intrinsically disordered nature of the HRR, which may result in fragile 

crystals that are difficult to handle or diffract to low resolution and suffer from radiation 

damage during the diffraction experiment (Carpenter et al., 2008). To overcome potential 

challenges, co-crystallization studies will be conducted with smaller fragments of the 

interacting protein-protein domains of interest, rather than intact protein to allow for greater 

crystallization yield and experimental results. Based on our current findings, we expect that 

the binding sites for the HRR-HC interaction will involve approximately 10-12 histidine 

residues of the HRR of HRG and be localized within the zinc- and FXI-binding FNII 

domain of FXIIa.  
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10.2 Project #2: Role of Zn2+ in the regulation of the antithrombotic function 

 of HRG 

10.2.1 Rationale:   

 The surrounding environment plays an important role in controlling the function of 

HRG through changes in pH levels and Zn2+ coordination, which subsequently regulate 

ligand recognition (Priebatsch, Kvansakul, et al., 2017). As such, HRG is commonly 

defined as a pH and Zn2+-sensing adaptor molecule (Borza & Morgan, 1998; Priebatsch, 

Poon, et al., 2017). Zn2+ has the capacity to serve as both a cofactor for FXII activation and 

an inhibitor of FXIIa, suggesting that Zn2+ provides a regulatory switch for control of the 

contact pathway (Kassaar et al., 2015; Vu et al., 2013). Our data show that HRG and HRR 

analogs bind with high affinity to FXIIa in the presence of Zn2+ (Chapter 7). HRG binds to 

Zn2+ with a Kd ranging between 4 µM to 12 µM, with a suggestive stoichiometry of 10 

(MacQuarrie et al., 2011; Priebatsch, Poon, et al., 2017), which coincides with plasma Zn2+ 

concentration upon release from dense granules of activated platelets (Henderson et al., 

unpublished data). Given that the binding site for Zn2+ on HRG is within the HRR domain, 

this suggests that binding of Zn2+ to the HRR has the capacity to modulate other domains 

in HRG (Priebatsch, Kvansakul, et al., 2017). When zinc or hydrogen ions bind to the PRR-

HRR region of HRG, they induce local conformational changes that are transmitted 

throughout the molecule. Such changes are believed to indirectly modulate the binding of 

the N1N2 and COOH domains to their ligands (Borza et al., 1996; Jones et al., 2005; 

Priebatsch, Kvansakul, et al., 2017). Thus, further investigation of the regulatory role of 
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Zn2+ will allow for better understanding of the underlying mechanism of the HRG-FXIIa 

interaction in contact pathway inhibition.  

10.2.2 Aim 1: Characterization of Zn2+-binding domains on HRG and FXIIa  

  Using a fluorescent Zn2+-binding probe (FluoZinTM-1, ThermoFisher Scientific), 

binding affinities of individual domains of HRG and FXIIa for Zn2+ will be determined. 

Recombinant HRG domains constructs (MBP-N1, MBP-N2, MBP-N1N2, MBP-PRR1, 

MBP-HRR, MBP-PRR2, MBP-COOH), as well as synthetic HRR-derived peptides 

(HHPHG)1, (HHPHG)4, Scr(HAHG)5H, and poly-His peptides (H-6, H-12) will be 

examined to determine the Zn2+-binding domain(s) of HRG. Experiments will be 

performed in tricine-buffered saline, as tricine serves as a Zn2+ buffering system by 

maintaining the free Zn2+-concentration at a constant level in the presence of Zn2+-binding 

proteins (Low et al., 2000). Fluorescence monitoring of FluoZin-1 will be performed using 

a LS 50B fluorescence spectrometer as previously described (Henderson et al., 2015). 

Based on our current findings, we expect that HRR analogs will have similar or greater 

affinity for Zn2+ in comparison with intact HRG. Given the involvement of the N1 domain 

in our in vitro studies, it would be expected that this domain would also interact with Zn2+, 

but with lower affinity, whereas the remaining domains do not bind to Zn2+.  

 There are four Zn2+ binding sites on FXII, whereby one binding site is lost when 

FXII is converted to α-FXIIa, and further conversion to -FXIIa results in the complete 

loss of Zn2+ binding (Kaira et al., 2020). The Zn2+ binding sites are suggested to reside 

within the FNII domain (residues 40-44 and 78-82), and residues 94-131 in EGF1 domain 
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and residues 174-176 in EGF2 domain (Kaira et al., 2020; Stavrou & Schmaier, 2010). 

These findings suggest that Zn2+ interacts predominantly with the heavy chain of FXII, and 

not the catalytic domain of FXII. Thus, parallel experiments will be performed to determine 

the affinity of individual FXII heavy chain domains (FNII, EGF1, FNI, EGF2, PR) for Zn2+. 

Controls will include -FXIIa, which contains only the catalytic light chain of FXII and the 

heavy chain remnant. Based on our current understanding of the potential Zn2+-binding 

domains of FXII, we expect that the FNII domain of FXIIa will have the greatest affinity 

for Zn2+, as well as the EGF1/2 domains, but with lower affinity. These findings will 

provide further understanding of the role of Zn2+ in not only surface binding and activation 

of FXII, but its role in regulating FXIIa inhibition by HRG. 

10.3 Project #3: Characterization of HRR analogs in polyphosphate induced 

 murine thrombosis model  

10.3.1 Rationale: 

 HRG is a potent inhibitor of polyP induced FXII autoactivation in the presence of 

elevated Zn2+ levels due to local platelet activation. HRG and HRR analogs binds to 

platelet-size polyP (70-100 phosphate units) with high affinity (Chapter 8) and prolong the 

peak thrombin time in and decreased the peak thrombin generation by 2.5-fold in polyP 

induced thrombin generation in HRG-depleted human plasma (Chapter 7). Thus, like HRG, 

HRR peptides have the capacity to down regulate the procoagulant effect of polyP in human 

plasma. Recent findings from our laboratory (Malik et al., 2020; manuscript in progress) 

show that intraperitoneal injection of polyP enhances peak thrombin generation, increases 
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thrombin-antithrombin complexes (TAT) levels, reduces lung perfusion, and promotes 

pulmonary fibrin deposition to a greater extent in HRG knockout (HRG-/-) mice compared 

with wildtype (WT) mice. Moreover, these prothrombotic effects were shown to be FXII-

dependent as these effects were attenuated by FXII-specific antisense oligonucleotide 

(ASO) knockdown prior to polyP injection. Thus, HRG binds polyP via the HRR and 

attenuates its prothrombotic activity in a FXII dependent manner. Further examination of 

the antithrombotic role of the HRR in polyP-driven contact activation would provide 

greater understanding of the secondary mechanism via which HRG modulates the intrinsic 

pathway of coagulation and attenuates thrombosis.  

10.3.2 Aim 1: Characterization of HRR-derived peptides in polyphosphate induced 

 HRG
-/- 

mice thrombosis model  

 The antithrombotic effects of HRR analogs will be investigated in HRG-/- mice to 

determine whether like intact HRG, synthetic HRR-derived peptides have the capacity to 

rescue the prothrombotic phenotype in the polyP-induced thrombosis model. This study 

will enable us to compare the potencies of the synthetic HRR-derived tetramer peptide, 

(HHPHG)4 to that of intact HRG. A pilot study will first be conducted to determine optimal 

dosing of synthetic peptides, whereby (HHPHG)4 or (HHPHG)1 will be injected 

intravenously at concentrations between 0 and 15 µM (anticipated plasma level). Blood 

samples will be collected from the inferior vena cava (IVC) to measure levels of the 

synthetic peptides and to determine optimal concentration for study. We have previously 

determined the optimal dose of purified HRG at 5.8 mg/kg body weight, which is within 
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physiological plasma concentration (1-3 µM) (Vu et al., 2015). Once optimal dosing has 

been determined for synthetic peptides, HRG-/- mice will be given intravenous injection of 

either purified HRG, or synthetic (HHPHG)4 or (HHPHG)1 peptides 5 min prior to 

intraperitoneal (IP) polyP (100 mg/kg) or an equivalent volume of saline. Wildtype (WT; 

C57BL/6) mice will be used as control to compare HRG plasma levels. Blood samples will 

be collected at various time intervals (15, 30, 60 min) to determine thrombin generation 

and TAT levels. After 60 min, lung tissue will be fixed in 10% formalin and embedded in 

paraffin. Fibrin deposition will be assessed by immunohistochemistry. As a control, we will 

also assess the effect of these fragments on bleeding in a tail amputation model. Although 

we have determined the optimal route of polyP injection into HRG
-/-

 mice, one limitation 

would be the variable concentration of circulating polyP plasma levels due to IP injection. 

To measure polyP plasma levels, blood samples will be collected and thrombin generation 

of plasma samples from IP-injected polyP-induced HRG
-/-

 mice will be performed to ensure 

sufficient levels of polyP are obtained. Based on our current findings, HRG and HRR-

derived peptides will decrease thrombus formation and fibrin deposition in polyP-induced 

HRG
-/-

 mice thrombosis model. This study will provide in vivo evidence of the capacity of 

HRG and HRR analogs to downregulate FXIIa-mediated contact activation and polyP-

induced thrombosis.  
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