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ABSTRACT 
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Coagulation factor XI (FXI) is a plasma zymogen that is activated to FXIa, the 

catalytic domain of which contains exosites that interact with its normal macromolecular 

substrate (FIX), and its major regulatory inhibitor (protease nexin-2 kunitz protease 

inhibitor, PN2KPI).  To localize the catalytic domain residues involved in active site 

architecture and in various ligand-binding exosites, we aligned the sequence of the FXI 

catalytic domain with that of the prekallikrein (PK) catalytic domain which is highly 

homologous (64% identity) in sequence, but functionally very different from FXI. Six 

distinct regions (R1-R6) of dissimilarity between the two proteins were identified as 

possible candidates for FXIa-specific ligand binding exosites.  FXI/PK chimeric proteins 

(FXI-R1, FXI-R2, FXI-R3, FXI-R4, FXI-R5, or FXI-R6) containing substitutions with 

PK residues within the six regions were prepared and characterized.  FXIa-R1, R2, R3 

displayed enhanced proteolysis after activation by factor XIIa suggesting that the residues 

within R1, R2 and R3 regions may be important to maintain proper folding of the enzyme.  
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Comparisons of amidolytic assays vs. activated partial thromboplastin time assays 

showed similar activities for all chimeras except FXI-R6, which displayed 60% of the 

normal amidolytic activity but only 28% of clotting activity suggesting the possibility 

that the R6 region (autolysis loop) of FXIa may comprise an exosite involved in the 

interaction with its macromolecular substrate FIX. This hypothesis was further confirmed 

by examinations of FIX-activation showing that FIX-activation by FXIa-R6 was 

significantly impaired compared with that achieved by FXIawt.  Although FXI-R5 and 

FXI-R6 were defective (50-60%) in amidolytic assays, these chimeras were very similar 

to FXIawt in heparin and high molecular weight kininogen binding assays, suggesting that 

residues within the R5 and R6 regions are involved in active-site architecture.  These 

chimeras were further investigated to determine whether any of them had acquired 

kallikrein activity.  After activation all except FXIa-R4 showed insignificant activity in 

assays utilizing a kallikrein-specific chromogenic substrate.  FXIa-R4 displayed 87% of 

the activity of kallikrein using the kallikrein-specific substrate but only 4% of the activity 

of FXIawt using the FXIa chromogenic substrate. Moreover the cleavage pattern and 

cleavage rate of high molecular weight kininogen utilizing FXIa-R4 as the enzyme were 

similar to those achieved with kallikrein but not with FXIawt. Therefore substitutions in 

the R4 region of FXI with the corresponding residues of PK resulted in loss of activity for 

the FXIa substrates and gain of activity for the kallikrein substrates suggesting that the 

R4 region (99-loop) of FXIa plays a role in determining the substrate specificity. The 

residues of FXIa catalytic domain (R3704, Y5901, E98, Y143, I151, and K192 in chymotrypsin 

numbering) that are possibly involved in the interactions with its inhibitors have been 

identified based on the co-crystal structure of the FXIa catalytic domain with the KPI 
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domain of the kunitz-type inhibitor, protease nexin 2, (PN2KPI). A single mutation 

comprising Y5901A in the R2 region of FXIa displayed resistance to the inhibition by 

PN2KPI indicating that Y5901 is involved in the interaction with PN2KPI. In conclusion, 

these studies of FXI/PK chimeric and mutant proteins implicate residues in the R1, R2 

and R3 regions in the maintenance of FXIa structure; residues in the R5 and R6 regions 

involved in active site architecture; residues within the R4 region (99-loop) of FXIa in the 

determination of amidolytic substrate specificity; residues within the R6 region (autolysis 

loop) of FXIa in the interaction with the macromolecular substrate, FIX; and the residue 

Y5901 in the R2 region of FXIa is involved in the interaction of FXIa with PN2KPI.  

FXIa activates FIX by facilitating the sequential cleavages first at R145-A146 resulting 

in FIXα and then at R180-V181 producing FIXa. Calcium binding to the γ-carboxyl 

glutamate-rich (Gla) domain of FIX is required for the interaction of FIX with FXIa and 

presence of FIX binding exosites have been implicated within both heavy and light 

chains of FXIa. To explore the mechanism by which calcium affects the interactions 

between the two FIX binding sites within the heavy and light chains of FXIa, the time 

course of FIX- activation by FXIa or the light chain of FXIa (FXIa-LC) in the presence or 

absence of calcium ions was examined. When FIX was activated by FXIa in the presence 

of calcium ions, the first cleavage at R145-A146 occurred at early time points when FIXa 

formation was also observed suggesting that the two scissile bonds of FIX were cleaved 

almost simultaneously. FIX activation either by FXIa in the absence of calcium ions or 

by the catalytic domain of FXIa (i.e. in the absence of the heavy chain of FXIa) showed 

the accumulation of the inactive intermediate FIXα produced from the cleavage at R145-

A146, indicating a slower cleavage rate at R180-V181. Thus, both calcium and the heavy 
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chain of FXIa are essential for optimal FIX activation. To determine the roles of calcium 

and the two FIX-binding exosites within the heavy and light chains of FXIa in the 

cleavages of the two scissile bonds of FIX respectively, FXI-R145A (in which only the 

cleavage at R180-V181 available) and FIX-R180A (in which only the cleavage at R145-A146 

available) were prepared. The cleavage rate at R145-A146 of FIX-R180A in the absence of 

calcium was slower than in the presence of calcium ions. The cleavage rate at R180-V181 

of FIX-R145A without the prior cleavage at R145 by FXIa in the presence of calcium 

ions was much slower than that of wild-type FIX indicating that the efficient cleavage at 

R180-V181 is facilitated by the prior cleavage at R145-A146. The scissile bond R180-V181 of 

FIX-R145A was hardly cleaved by FXIa in the absence of calcium ions or the heavy 

chain of FXIa from which we conclude that both calcium and the heavy chain of FXIa are 

required for efficient cleavage at R180-V181 of FIX. Based on these results, we propose a 

model of the mechanism of FIX-activation by FXIa: When FIX is activated by FXIa in 

the presence of calcium ions, FIX binds to both heavy and light chains of FXIa to bring 

the two scissile bonds of FIX, R145-A146 and R180-V181, close enough to be cleaved almost 

simultaneously for FIXa generation. When FIX is activated by FXIa in the absence of 

calcium ions or by FXIa-LC lacking the heavy chain of FXIa, FIX binds only to the light 

chain of FXIa to facilitate cleavage of the first scissile bond (R145-A146) producing the 

inactive intermediate FIXα whereas the second cleavage at R180-V181 is slow resulting in 

the accumulation of FIXα.  

 



 viii 
 

ACKNOWLEDGMENTS 

        Studying overseas is the biggest and hardest decision that I have made so far. I still 

remember the feeling when I was leaving for United States even though it was seven 

years ago. Living in a foreign country alone is really a big challenge for me. First, I 

would like to thank my dear family because I could never get through all the difficulties 

without their love, mental support and encouragement. Second, I am grateful to my 

adviser, Dr. Peter Walsh for his support, guidance and kindness for these years. His 

passion for scientific research inspired me to develop my ability to think and solve 

problems in research independently as a scientist. Third, I would like to show my 

gratitude to my committee members, Dr. Chong, Dr. Stitt, Dr. Giangiacomo and Dr. 

Sinha for their time, advice and effort to help me to proceed with my project. I also 

appreciate Dr. Abdel-Meguid and Dr. Chong for serving as the external reader and 

chairman for my dissertation defense. Finally, I am indebted to current and previous lab 

people, Dipali Sinha, Wenman Wu, Mariola Marcinkiewicz, Duraiswamy Navaneetham, 

Fredda London, Tara Miller, Syed Ahmad, Sergei Shikov, Xia Yang, Paul Riley and Paz 

Vega, for their support and help in many ways. Everyone in the lab is so nice to me and it 

is a great pleasure for me to work with them. It has been seven years since I joined 

Temple University. During these years I have encountered difficulties and problems not 

only in research but also in life and also received many help and support from my family 

and people around me. It is an honor for me to show my gratitude here to those who 

made this thesis and my education possible. 

 



 ix 
 

 

TABLE OF CONTENTS 

Page 

 

ABSTRACT ................................................................................................................ iv 

ACKNOWLEDGMENTS ........................................................................................ viii 

LIST OF TABLES .................................................................................................... xiv 

LIST OF FIGURES ................................................................................................... xv 

CHAPTER1. INTRODUCTION ................................................................................. 1 

Hemostasis ........................................................................................................... 1 

Blood Coagulation ............................................................................................... 2 

Tissue Factor Pathway ................................................................................. 3 

Contact Activation and Consolidation Pathway .......................................... 4 

Regulation of Coagulation ........................................................................... 7 

Fibrin Formation and Fibrinolysis ............................................................... 9 

Serine Proteases ................................................................................................. 11 

Chymotrypsin-like Serine Proteases .......................................................... 12 



 x 
 

Coagulation Factor XI........................................................................................ 15 

Functional Domains of FXI ....................................................................... 16 

The Structure of FXI .................................................................................. 18 

Regulation of Factor XIa ........................................................................... 19 

Mutations Associated with Factor XI Deficiency ...................................... 23 

Coagulation Factor IX........................................................................................ 24 

SPECIFIC AIMS 

Specific Aim 1 ........................................................................................... 28 

Specific Aim 2 ........................................................................................... 34 

CHAPTER 2. MATERIALS AND METHODS ....................................................... 35 

Materials ............................................................................................................ 35 

Regents ....................................................................................................... 35 

Proteins ...................................................................................................... 36 

Buffers........................................................................................................ 36 

Methods.............................................................................................................. 36 



 xi 
 

Expression and purification of recombinant FXI ....................................... 36 

Determination of FXI expression level by ELISA .................................... 39 

The activation of FXI ................................................................................. 40 

Determination of the amidolytic activity of FXI ....................................... 40 

Activated partial thromboplastin time assay .............................................. 41 

Time course of FIX-activation by FXIawt and FXIa-R6  ........................... 41 

Examination of the kallikrein activity ........................................................ 42 

Time course of high molecular weight kininogen activation ..................... 42 

The inhibition of FXIa and FXIa mutants by PN2KPI domain ................. 42 

Biotinylation of PN2KPI............................................................................ 43 

Determination of FXIa binding to PN2KPI by ELISA .............................. 43 

Expression and purification of recombinant FIX ....................................... 44 

Preparation of FXIa light chain.................................................................. 45 

Time course of FIX activation by FXIa or FXIa light chain ..................... 46 

CHAPTER 3. RESULTS ........................................................................................... 47 



 xii 
 

Specific Aim 1 ................................................................................................... 47 

SDS-PAGE of the recombinant FXI proteins ............................................ 47 

Determination of the amidolytic activity of FXI ....................................... 49 

Determination of the clotting activity of FXI ............................................ 54 

Time course of FIX activation by FXIawt and FXIa-R6............................. 56 

Examination of the kallikrein activity ........................................................ 58 

Time course of high molecular weight kininogen activation ..................... 60 

The inhibition of FXIa and FXIa mutants by PN2KPI .............................. 63 

Determination of FXIa binding to PN2KPI ............................................... 66 

Specific Aim 2 ................................................................................................... 68 

Time course of FIX-activation by FXIa or FXIa-LC................................. 68 

Activations of FIX mutants by FXIa or FXIa-LC ..................................... 70 

CHAPTER 4. DISCUSSION ..................................................................................... 73 

Future directions ............................................................................................ 83 

REFERENCES  ......................................................................................................... 84 



 xiii 
 

APPENDIX. LIST OF ABBREVIATIONS ............................................................ 107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiv 
 

 

LIST OF TABLES 

  

 Page 

Table 1. Sequence alignment of R1-R6 regions of FXI among mammalian 

species……..................................................................................................32  

Table 2. Oligonucleotide mutagenic primers……………………………………….38 

Table 3. Amidolytic activity of FXIa mutants ........................................................... 53 

Table 4. Clotting activity of FXI/PK chimeras and mutants ..................................... 55 

Table 5. Comparison of FXI chimeras in amidolytic assays utilizing substrates specific  

              for kallikrein substrate (S-2302) and FXIa (Boc-Glu(OBzl)-Ala-Arg-   

              MCA)……………………………………………………………………...59 

Table 6. Inhibition constants for FXIa and FXIa mutants with PN2KPI ................... 65 

Table 7. FXIa binding to PN2KPI. ............................................................................ 67 

 

 

 

 

 



 xv 
 

 

LIST OF FIGURES 

            Page 

Figure 1. The Coagulation Cascade ............................................................................. 6 

Figure 2. The catalytic mechanism of serine proteases ............................................. 14 

Figure 3. Primary Amino Acid Sequence and Domains of Human Factor XI .......... 17 

Figure 4. The Structure of Human FXI and the A4 domain ...................................... 20 

Figure 5. Predicated Changes in Domain Structure upon Zymogen Activation……21 

Figure 6. Amino Acid Sequence of Human prepro FIX ............................................ 27 

Figure 7. Sequence alignment of the Catalytic Domain of FXI and Prekallkrein….31 

Figure 8. The location of R1-R6 regions in the crystal structure of the catalytic  

domain of FXIa ............................................................................................ 33 

Figure 9. SDS-PAGE of purified recombinant FXIwt and mutants ........................... 48 

Figure 10. The amidolytic activity of FXI/PK chimeras ........................................... 50 

Figure 11. The amidolytic activity of alanine substituted FXI mutants .................... 52 

Figure 12. SDS-PAGE analysis of time dependent FIX-activation by FXIawt 

and FXIa-R6............................................................................................... 57 



 xvi 
 

Figure 13. HK cleavage by kallikrein and FXIa ........................................................ 61 

Figure 14. SDS-PAGE analysis of time-dependent HK activation ........................... 62 

Figure 15. Inhibitions of FXIa and FXIa mutants by PN2KPI. ................................. 64 

Figure 16. FXIa binding to PN2KPI .......................................................................... 67 

Figure 17. SDS-PAGE analysis of time-dependent FIX-activation by FXIa by                 

FXIa or FXIa-LC in the presence or absence of CaCl2 ........................... 69                                    

Figure 18. SDS-PAGE analysis of time-dependent FIX-R180A activation by        

FXIa or FXIa-LC in the presence or absence of CaCl2 ............................. 7                                    

 Figure 19. SDS-PAGE analysis of time-dependent FIX-R145A activation ............. 72 

Figure 20. The residues of R2 (60-loop), R4 (99-loop), and R6 (autolysis loop) 

regions in the crystal structure of the catalytic domain of FXIa.  ............ 81 

Figure 21. Proposed models of the mechanism of FIX activation ............................. 84 

 



 1 
 

CHAPTER 1 

INTRODUCTION 

Hemostasis  

        In the human circulatory system the transportation of respiratory gases and nutrients 

to all organs and tissues is accomplished within the bloodstream. Blood is composed of 

plasma and several types of cells including erythrocytes (red blood cells) which provide 

for respiratory gas exchange, leukocytes (white blood cells) which defend the organism 

against infection utilizing the immune system, and platelets which provide for hemostasis 

at the same time maintaining the blood in a fluid state within the vascular system. 

Hemostasis plays two roles: to facilitate blood flow through blood vessels and to prevent 

blood loss following blood vessel damage. The mechanism of hemostasis is highly 

regulated. Both inherited and acquired dysfunctions in the hemostatic system constitute 

the causes of both thrombotic and bleeding disorders.  

Upon vessel injury a complex process referred to as hemostasis is triggered to 

prevent continued blood loss by sealing the damage in the vessel wall rapidly; this 

process is highly regulated utilizing both procoagulant and anticoagulatant systems. 

Hemostasis is accomplished by three mechanisms: vasoconstriction, platelet plug 

formation and blood coagulation (1). When vessel injury occurs vasoconstrictive 

paracrine substances, released by the endothelium, constrict the damaged vessels rapidly 

to diminish blood loss. Circulating platelets then adhere to exposed subendothelial 

collagen in a reaction mediated by the von Willebrand factor at the site of injury and 

become activated. Activated platelets release ADP, fibrinogen, serotonin and 
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thromboxane A2 from their granules thereby promoting platelet aggregation to form a 

platelet plug and maintaining vasoconstriction. This process is referred to as primary 

hemostasis. Secondary hemostasis is achieved by a series of enzymatic reactions referred 

to as the coagulation cascade which results in the formation of fibrin strands that 

consolidate the platelet plug.  

 

Blood Coagulation  

        The coagulation cascade is a complex process which is classically divided into two 

pathways, the contact activation pathway (also referred to as the intrinsic pathway) and 

the tissue factor pathway (also referred to as the extrinsic pathway) (Fig.1). Although 

these two pathways are initiated by distinct mechanisms, they both converge on a 

common pathway to produce thrombin and facilitate fibrin clot formation. Both pathways 

are complex and involve numerous proteins termed coagulation factors. Coagulation 

proteases are all serine proteases except for FXIIIa (2) and are all highly specific to their 

cognate substrates (3). These coagulation proteins are synthesized and circulate in the 

bloodstream as inactive precursors and become active by the proteolysis of one or two 

peptide bonds (2). Some of these active proteins act as enzymes (thrombin, FVIIa, FIXa, 

FXa, FXIa and FXIIa) and some act as cofactors (FVa, FVIIIa, TF and high molecular 

weight kininogen). The processes that occur in these two pathways comprise a series of 

reactions by which a zymogen of a serine protease is activated to an enzymatic form, 

which then catalyzes the subsequent reaction in the cascade, eventually resulting in a 

cross-linked fibrin clot. Fibrin clot formation in response to tissue injury is the most 

clinically relevant event of hemostasis under normal physiological conditions. 
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Tissue Factor Pathway 

        Tissue factor (TF, also known as coagulation factor III, thrombokinase and CD142) 

is an integral membrane glycoprotein expressed by fibroblasts and smooth muscle cells 

with a molecular weight of approximately 45kDa (4-7). TF is restrictively distributed to 

the sites of synthesis including the adventitial cells surrounding the blood vessels larger 

than capillaries, differentiating keratinocytes and several epithelial cell types (8-10). 

Under normal circumstances, tissue factor is not in contact with blood and its constituents. 

Upon vessel injury, coagulation is initiated by the exposure of TF forming an enzymatic 

complex with circulating factor VIIa (FVIIa) which activates factor VII (FVII) to FVIIa, 

referred to as autoactivation (11). The TF-FVIIa complex subsequently catalyzes the 

activation of factor FIX (FIX) to FIXa and factor X (FX) to FXa (12, 13) in the presence 

of calcium and phospholipids (14-16). FXa, forming the prothrombin-activating complex 

with its cofactor factor Va (FVa) on a phospholipid-containing membrane, then converts 

prothrombin (FII) to thrombin (FIIa) (17). However this pathway is immediately 

inhibited by the kunitz inhibitor, tissue factor pathway inhibitor (TFPI), forming a 

quaternary complex with TF, FVIIa and FXa (18). This inhibition constitutes a negative 

feedback system essential for the regulation of hemostasis. Therefore only a small 

amount of thrombin is generated. This trace amount of thrombin is not sufficient to 

cleave fibrinogen to fibrin but is sufficient to activate platelets (19), FV to FVa (20, 21), 

factor VIII (FVIII) to FVIIIa (22) and factor XI (FXI) to FXIa (23, 24). FXIa catalyzes 

the conversion of FIX to FIXa which forms a complex with the cofactor, FVIIIa on a 

phospholipid surface (the FX-activating complex), which catalyzes the activation of FX 

(12, 13). The FXa thereby formed in the presence of the cofactors, FVa and 
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phospholipids, catalyzes the conversion of prothrombin to thrombin (17), which in turn 

cleaves fibrinogen to fibrin for fibrin clot formation (25).       

 Contact Activation and Consolidation Pathway     

      Early studies showed that blood congealed within a few minutes when it is in 

contact with a glass tube or other negatively charged surfaces whereas it could not 

congeal if the glass tube was coated with oil indicating the importance of a negatively 

charged surface for blood coagulation (26). The contact activation pathway is initiated as 

a consequence of the autoactivation of factor XII (FXII) to FXIIa by binding to 

negatively charged surfaces such as kaolin, dextran sulfate, sulfatides (27, 28) 

polyphosphates (29, 30) and extracellular RNA (31). FXIIa converts prekallikrein (PK) to 

kallikrein, which then activates FXII reciprocally (32). FXIIa also activates FXI to FXIa 

(33) which in turn activates FIX to FIXa in the presence of calcium. The activity of FXIa 

is regulated by protease nexin 2 (PN2), a Kunitz-type protease inhibitor secreted by 

activated platelets (34). FIXa with its cofactor FVIIIa and macromolecular substrate FX 

form a FX-activating complex on activated platelets to generate FXa which is the first 

step of the common pathway (12, 13). The generated FXa remains bound to activated 

platelets and activates prothrombin to thrombin utilizing FVa as a cofactor. Sufficient 

amounts of thrombin cleave fibrinogen to fibrin which then polymerizes to form a fibrin 

clot (25). The activity of thrombin is controlled by the serine protease inhibitor, protease 

nexin 1 (PN1). Deficiencies of FXII, prekallikrein and high molecular weight kininogen 

(HK) are not associated with hemostatic abnormalities whereas FXI deficiency causes a 

mild bleeding disorder known as hemophilia C (35). These facts could be explained by 

the generation by the tissue factor pathway of the trace amounts of thrombin that can 
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activate FXI (36), thereby bypassing the contact activation pathway. Therefore thrombin-

activated FXI activation is regarded as the pathway for propagation of coagulation, 

referred to as the consolidation pathway. In addition, previous studies have shown that 

the contact activation proteins participate in the initiation of inflammatory responses, 

fibrinolysis, angiogenesis, (37) and kinin formation (38).  
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Figure 1. The Coagulation Cascade. The abbreviations in the figure are TF=tissue 

factor, FVII=factor VII, TFPI=tissue factor pathway inhibitor, PN1=protease nexin 1, 

PN2=protease nexin 2, PL=phospholipid, HK=high molecular weight kininogen, 

PK=prekallikrein, FXII=factor XII, FXI=factor XI, FIX=factor IX, FVIII=factor VIII, 

FX=factor X, FV=factor V, and FII=prothrombin. Enzymatic and inactivated forms of 

coagulation proteins are designated by adding a subscript “a” and “i” respectively.  
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Regulation of Coagulation  

        Coagulation is tightly controlled by several regulatory mechanisms. The regulatory 

mechanisms of coagulation function to limit the amount of fibrin clot formed and to 

localize clot formation to the injury site, thereby preventing ischemia of tissues and 

widespread thrombosis. The important inhibitors involved in the regulation of 

coagulation are described in the following paragraphs.  

Tissue Factor Pathway Inhibitor (TFPI) which is a member of the kunitz protease 

inhibitor family consists of three kunitz-type domains at the amino-terminus (39). TFPI is 

secreted by endothelial cells at a concentration of 2.5 nM (40, 41) and also can be found 

in platelets (42). Upon stimulation by collagen and thrombin, TFPI is released from 

platelets (42).  TFPI inhibits FXa by forming a complex with FXa which causes a 

conformational change resulting in the function of a more potent inhibitor of TF/FVIIa, 

thereby inhibiting thrombin formation (18, 40).     

Antithrombin III (ATIII) is a serine protease inhibitor (SERPIN), synthesized by 

liver and endothelial cells, that circulates in plasma at a concentration of 2.4 µM (43, 

44). ATIII exists in two glycoforms: α-glycoform and β-glycoform (45). The 

predominant α-glycoform (90%) contains four additional sugar moieties than the β-

glycoform (46, 47). ATIII is the most important inhibitor in coagulation because it can 

inhibit most of the coagulation proteases except for FVIIa, although the primary targets 

are thrombin and FXa (48). ATIII by itself is a poor inhibitor of these coagulation 

proteases whereas the inhibitory effect of ATIII is potentiated approximately 1000-fold 

upon binding to heparin or heparan sulfate, a highly-sulfated glycosaminoglycan (49). 

ATIII inhibits these enzymes by forming a covalent bond between the P1 residue and the 
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serine residue in the active site (50, 51). The designation of P1 residue will be illustrated 

in the serine proteases section. 

Protein C is a vitamin K-dependent serine protease precursor that is activated to 

activated protein C (APC) by thrombin bound to thrombomodulin. Thrombomodulin is 

an endothelial cell receptor which binds thrombin forming a 1:1 stoichiometric complex 

(52). Upon binding to thrombomodulin, the conformation of the thrombin molecule is 

changed leading to the activation of protein C (53, 54) and the loss of the procoagulant 

properties of thrombin (55, 56). This is important under normal physiological conditions 

because normal endothelial cells produce thrombomodulin which binds any circulating 

thrombin to prevent clot formation in undamaged vessels. The thrombomodulin-thrombin 

complex also inhibits fibrinolysis by cleaving thrombin-activatable fibrinolysis inhibitor 

(TAFI) to its active form (57). Activated protein C (APC) forming a complex with the 

cofactor, protein S, inactivates FVa and FVIIIa thereby inhibiting blood coagulation (58-

60).   

C1 inhibitor is a serine protease inhibitor (SERPIN) with a molecular weight of 105 

kDa and it inhibits C1r and C1s proteases in the complement system (61, 62), FXIIa, 

plasma kallikrein, FXIa, and thrombin in the coagulation pathway (63-66), and tissue 

plasminogen activator (tPA) and plasmin in the fibrinolytic system (67). C1 inhibitor has 

a two-domain structure. The inhibition by C1 inhibitor is potentiated in the presence of 

glycosaminoglycans, such as heparin and dextran sulfate (68). The C-terminal domain 

(serpin domain) is similar to other serine protease inhibitors (SERPIN) providing the 

inhibitory activity of C1 inhibitor (69). The N-terminal domain (non-serpin domain) is 

highly glycosylated and not essential for the inhibitory effect of C1 inhibitor (70).   
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 Protease nexin 1 (PN1) is a serine protease inhibitor secreted from α-granules of 

platelets during activation (71). It is a potent inhibitor of thrombin and also regulates the 

fibrinolytic system by inhibiting urokinase-type plasminogen activator (uPA), tissue 

plasminogen activator (tPA), and plasmin. The inhibition mediated by PN1 is enhanced 

by heparin (72). In addition to the anticoagulant effect of PN1, recent studies have 

demonstrated that platelet PN1 also manifests antithrombotic properties and acts as a 

negative regulator in the thrombotic process (73). 

Protease nexin 2 (PN2) is a Kunitz-type protease inhibitor secreted by activated 

platelets and regulates the coagulation by inactiving FXIa (34). The details of PN2- 

mediated FXIa inhibition are described in the regulation of FXIa section below. 

Fibrin Formation and Fibrinolysis 

        Fibrinogen is a hexametric plasma glycoprotein containing two sets of three 

different peptide chains (α, β and γ) synthesized by liver with a molecular weight of 

approximately 340 kDa. Thrombin cleaves fibrinogen to fibrin monomer and releases 

fibrinopeptides A and B which are short peptide sequences within the α and β chains of 

fibrinogen (74). Fibrin monomer then polymerizes spontaneously to form a protofibril 

which is held together by noncovalent and electrostatic forces and crosslinked by factor 

XIIIa (FXIIIa). FXIIIa, also known as fibrinoligase, is a transglutaminase activated by 

thrombin (75) which cross-links the α and γ chains of fibrin to form homopolymers (76, 

77). The insoluble fibrin clots physically seal the injured blood vessel and prevent further 

bleeding. 

        Once hemostasis is restored and the tissue is repaired, the fibrin clot or thrombus 

must be removed from the injured site to restore normal blood flow. The process of 
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proteolytic degradation of the clot is referred to as fibrinolysis. The major enzyme 

promoting fibrinolysis is plasmin, which cleaves fibrin at various places producing 

circulating fragments termed fibrin degradation products (FDPs) that are cleared by other 

proteases or by the kidney and the liver. Plasmin is formed by activation of the inactive 

precursor, plasminogen, by either plasma or tissue activators via the cleavage at Arg561-

Val562 (78). The two best-characterized activators are tissue plasminogen activator (tPA) 

and urokinase (UK) (79). tPA is a 68 kDa serine protease secreted by endothelial cells 

and circulating at a concentration of 70 pM (80, 81). tPA is highly specific to 

plasminogen and the activation of plasminogen by tPA is dependent on the presence of 

fibrin (82, 83). Both plasminogen and tPA bind to fibrin clots and the binding affinity of 

tPA to fibrin is increased approximately 20-fold by the presence of plasminogen (84, 85). 

Urokinase (UK) (also called urinary-type plasminogen activator, u-PA) is a 55kDa 

glycoprotein present in urine (0.7-1.4 nM) (86) and in plasma (36-72 pM) (87). UK 

functions not only in fibrinolysis but also in embryogenesis and invasion and metastasis 

of tumors. 

        Regulation of fibrinolysis is achieved mainly by two inhibitors, plasminogen 

activator inhibitor I (PAI-I) and α2-antiplasmin. PAI-I is a serine protease inhibitor 

synthesized by endothelial cells and adipocytes (88, 89) and inhibits both t-PA and UK to 

control the conversion of plasminogen to plasmin (90, 91). The α-granules of platelets 

also contain PAI-1. Although the majority of PAI-1 in the α-granules of platelets are in 

latent forms (~80%), the active amount of PAI-1 secreted by platelets is sufficient to 

inhibit local fibrinolysis (92). α2-antiplasmin which is a serine protease inhibitor 

(SERPIN) synthesized by hepatocytes is the primary inhibitor of plasmin (93, 94). 
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Serine Proteases  

        Proteases (peptidases) represent approximately 2% of total proteins present in all 

organisms. Serine proteases, i.e. enzymes that contain serine at the active site, are present 

in prokaryotes, eukaryotes and viruses and can hydrolyze the peptide bonds of their 

substrates at certain specific sites. Over 700 serine proteases have been identified. These 

proteases are involved in many crucial physiological reactions, especially in digestion, 

hemostasis and the complement system (95-99). The class of serine proteases, 

representing digestive enzymes (e.g. trypsin and chymotrypsin), is synthesized in the 

pancreas in enzymatically inactive form and is subject to specific mechanisms of 

zymogen activation, substrate recognition and structural features of these catalytic 

domains. After serine proteases are cleaved by their activators within the zymogen 

activation domains they become proteolytically active. The major structural characteristic 

of the catalytic mechanism of peptide bond hydrolysis is the catalytic triad located in the 

active site of serine proteases. The catalytic triad of “classic” serine proteases consists of 

His-Asp-Ser whereas other clans of serine proteases comprising different residues of the 

catalytic triad have been found to utilize different chemical strategies to activate serine. 

The catalytic mechanism of classic serine proteases is an addition-elimination reaction 

with a tetrahedral intermediate involved (100-103). The classification of proteases in 

families and clans has been proposed by Drs. Rawlings and Barrett (104, 105) according 

to the sequence alignment score of their catalytic domains. Clan group families with the 

same order of catalytic residues along the sequence demonstrate similar three-

dimensional structure of the catalytic domain. Human serine proteases can be grouped 
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into four major clans: the chymotrypsin-like, the subtilisin-like, the α/β hydrolase, and 

signal peptidase clans (106, 107).  

Chymotrypsin-like Serine Proteases 

        Chymotrypsin-like serine proteases are synthesized in enzymatically inactive form 

and are folded into a structure comprising two six-stranded β-barrels (108-113). The 

catalytic domain contains a catalytic triad of His57, Asp102 and Ser195 (chymotrypsin 

numbering system) (114). The catalytic mechanism of substrate hydrolysis by serine 

proteases is shown in figure 2 and is described as follows. The substrate binds to the 

active site of the serine protease (step 1 in Fig 2.). In the catalytic triad, the nitrogen atom 

of the imidazole ring of histidine is hydrogen bonded to the carboxyl group of aspartate 

and therefore the imidazole group of histidine can serve as a base to transfer a proton 

from the hydroxyl group of catalytic serine. Then serine serving as a nucleophile attacks 

the carbonyl carbon atom of the scissile bond in the substrate resulting in the formation of 

a tetrahedral intermediate and an imidazolium ion (addition reaction) (step 2 in Fig 2.). 

The tetrahedral intermediate breaks down by the imidazole group of histidine transferring 

the proton to the amine leaving group of the substrate resulting in the new N-terminus, 

Ile16 (in chymotrypsin numbering), and an ester-bond enzyme-substrate complex called 

an acyl enzyme intermediate (elimination reaction) (steps 3 and 4 in Fig 2.). The new N-

terminus, Ile16 (in chymotrypsin numbering), forming a salt-bridge with Asp194, triggers a 

conformational change that orders the active site. In the second addition-elimination 

reaction, the nitrogen atom of the imidazole ring of histidine transfers a proton from a 

water molecule (step 5 in Fig 2.), and the hydroxyl group of the water molecule, serving 

as a nucleophile, attacks the carboxyl carbon of the substrate ester bound to the catalytic 
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serine of the protease resulting in the formation of a tetrahedral intermediate and an 

imidazolium ion (addition reaction) (step 6 in Fig 2.). The tetrahedral intermediate breaks 

down by the imidazole group of histidine transferring the proton to the oxygen of the 

catalytic serine and the ester bond of the acyl-enzyme is then hydrolyzed (elimination 

reaction) (step 7 in Fig 2.). The substrate with the new C-terminus is then released from 

the active site (step 8 in Fig 2.) (100-103). The active site of serine proteases is shaped as 

a cleft where the substrate binds. The amino acid residues flanking the scissile bond were 

denoted by Dr. Schechter and Berger (115). Residues preceding the scissile bond and 

extending in the N-terminal direction are designated P1….Pn. Residues following the 

scissile bond and extending towards the C-terminus are designated P1’….Pn’. Their 

respective binding sub-sites are designated  S1….Sn and S1’….Sn’ respectively (115). 

Substrate specificity of chymotrypsin-like serine proteases is focused on the P1/S1 

interaction (116, 117), and additional regions termed exosites are located remote from the 

active site of serine proteases (118-120). Thrombin contains two distinct electropositive 

surface regions, also termed anion-binding exosite I and II, due to its apparent affinity for 

negatively charged ligands (121), which contributes to the specificity of thrombin by 

mediating the recognition of its substrates, inhibitors and receptors (122, 123). Exosite I, 

also known as the fibrinogen recognition exosite, which is composed of insertion loops 

30–40 and 70–80 (in chymotrypsin numbering) adjacent to the P’ side of the active site 

cleft has been implicated in binding of fibrinogen (124), thrombomodulin (125) and the 

anticoagulant hirudin (126, 127). Exosite II consisting of the carboxyl-terminal α-helix 

and portions of adjacent surface loops primarily mediates heparin binding (128). Some of 
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the coagulation proteases also have topologically similar exosites I or II in their catalytic 

domains, which differ significantly in sequence (3) 

 

 

 

 

 

 

Figure 2. The catalytic mechanism of serine proteases. Histidine (His), aspartate (Asp) 

and serine (Ser) are the catalytic triad in the catalytic domain of serine proteases. The 

process is described in the text. (Figure from www.bmolchem.wisc.educoursesspring503503-

sec1503-3a.htm)  
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Coagulation Factor XI 

Human coagulation factor XI (FXI), also known as plasma thromboplastin 

antecedent (PTA), was first identified by Rosenthal et al. (129).  The gene of human FXI 

is located on the long arm of chromosome 4 (4q35) and comprises 15 exons and 14 

introns (130, 131). The precursor of FXI contains a leader sequence of 18 amino acids, 

which is removed upon secretion, resulting in the generation of mature FXI. FXI is a 160-

kDa disulfide-linked homodimer consisting of two identical polypeptide chains each of 

which contains 607 amino acids. The primary amino acid sequence of human FXI is 

highly homologous (58% identity) with human plasma PK (132). In plasma, FXI 

circulates at a concentration of 4-6 µg/ml (~30 nM) (33) as a noncovalent complex with 

HK, which is required for the binding of FXI to negatively-charged surfaces (133). The 

half-life of FXI in plasma is about 80 hours (134). The primary sequence of one FXI 

polypeptide chain is shown in figure 3. FXI is the zymogen of a plasma serine protease 

(FXIa) that is activated by FXIIa (33), thrombin, and FXIa (23, 24) and contributes to 

blood coagulation by activating factor IX (135). All three proteases cleave each 

polypeptide chain of FXI at a single peptide bond (Arg369-Ile370) to yield a heavy chain 

(the amino terminal 369 amino acids) and a light chain (the carboxyl terminal 238 amino 

acids) linked by the disulfide bond formed between Cys362 and Cys482 (Fig. 3). The heavy 

chain of FXI consists of four tandem repeat sequences of 90-91 amino acids termed 

Apple domains, which are 23-34% identical to each other in sequence (132, 136). The 

light chain of FXI contains a typical trypsin-like catalytic triad consisting of His413, 

Asp464 and Ser557 (His57, Asp102 and Ser195, chymotrypsin numbering) with a trypsin-like 

substrate binding pocket (132, 136). After cleavage at Arg369-Ile370, the catalytic domain 
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of FXI gains a new amino terminal sequence (I-V-G-G) and the Ile370 (Ile16 in 

chymotrypsin numbering) forms a salt-bridge with Asp194 (in chymotrypsin numbering) 

to stabilize the active site that is characteristic of most serine proteases.   

Functional Domains of FXI 

        The Apple domains comprising the FXI heavy chain contain specific binding sites 

for various substrates. Thrombin (137, 138), HK (139, 140) and prothrombin (141, 142) 

have been shown to bind to carboxyl-terminal of A1 domain (Glu1-Ser90). Binding sites 

for FIX, the macromolecular substrate of FXIa, have been demonstrated in the A2 

domain (Ala91-Leu180) (143-145) and the A3 domain of FXI (Ala181-Pro270) (146). The 

A3 domain of FXI also contains the binding sites for platelets (147-149) and a heparin-

binding consensus sequence (252KKSK255) which mediates the binding to heparin (150, 

151). Activated platelets expose specific reversible high-affinity (KD ~10nM) binding 

sites  for FXI (Bmax ~1500 sites/platelet) in the presence of HK and ZnCl2 (152) or 

prothrombin and CaCl2 (141). The A4 domain of FXI (Val271-Asn360) has been 

demonstrated to mediate noncovalent interactions between the two identical subunits, and 

this dimerization is stabilized by the disulfide linkage between the two Cys321 residues in 

each monomer (153, 154). The dimerization of FXI has been postulated to facilitate FIX 

activation by FXIa on activated platelets (155), where FXIa is protected from the 

inactivation by protease nexin II (PN2) (156, 157). In addition, the A4 domain of FXI 

contains a contact surface (Ala317-Gly350) for the interaction with FXIIa that may 

participate in FXI activation by FXIIa (158, 159). 
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Figure 3.  Primary Amino Acid Sequence and domains of Human Factor XI.  Apple 

domains of FXI heavy chain are represented as A1~A4 in the figure. The small arrow 

indicates the proteolytic cleavage site at Arg369-Ile370 leading to activation of FXI. The 

catalytic triad consisting of His413, Asp462 and Ser557 (His57, Asp102 and Ser195, 

chymotrypsin numbering) in the catalytic domain of FXI are circled and denoted by the 

large arrows. (Figure from Ref.(136))  
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The Structure of FXI 

        Recently our laboratory in collaboration with Dr. Jonas Emsley (University of 

Nottingham, UK) has published the crystal structure of FXI (160). The structure showed 

that the four apple domains assemble together into a flat saucer shape through A1/A2 

translational packing mirrored by A3/A4 in an antiparallel fashion. The full-length FXI 

dimer is formed by the covalent interaction of the A4 domains, whereby the two saucer 

sections of the apple domains are inclined at an angle of 70 degrees to form an inverted 

V-shape with the catalytic domains pointing out in opposite directions away from the 

two-fold axis of symmetry (Fig. 4a). Previous studies have shown that without the 

interchain disulfide bond formation between two Cys321 residues of each monomer, i.e., 

by substituting Cys321 with Ser or Ala, the FXI mutant still exists predominantly as a 

dimer suggesting that other noncovalent interactions between the two subunits are 

important for maintaining the dimeric structure of FXI (136, 161). In the crystal structure 

of FXI, a salt-bridge formed between Lys331 of one subunit and Glu287 of the other and 

hydrophobic interactions at the interface of the A4 domain were observed (160). Ile290, 

Leu284 and Tyr329 were shown to be involved in hydrophobic interactions at the interface 

of the A4 domain, and the dimeric structure of FXI is essential for normal proteolytic 

activation by FXIIa, thrombin and FXIa (162). The NMR solution structure of the A4 

domain (residues 272–361), which mediates the dimerization of FXI showed that A4 

exhibits characteristic features of the plasminogen apple nematode (PAN) domain family 

including a five-stranded β-sheet flanked by an α-helix on one side and a two-stranded β-

sheet on the other (163). By comparing the NMR structure of the A4 domain with the 

crystal structure of full-length FXI, important structural differences are revealed (163). 
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The well defined α-helix at the C-terminus of the A4 domain is only observed in the 

NMR structure of the A4 domain, whereas it is absent in the crystal structure of intact 

FXI (Fig. 4b). Combined with the determination of the conformational changes in FXI 

associated with zymogen activation by small-angle X-ray scattering (SAXS), electron 

microscopy and molecular modeling, a model representing the conformational changes in 

domain structure upon zymogen activation was proposed (163): in the crystal structure of 

the FXI zymogen, the C-terminal segment of the A4 domain is part of the covalent 

linkage between the catalytic and the A4 domains thereby preventing the formation of the 

C-terminal helix of A4 domain (Fig. 5a). Upon zymogen activation the Arg369-Ile370 

scissile bond is cleaved resulting in the removal of this constraint and therefore the 

formation of the α-helix at the C-terminus of the A4 domain is facilitated (Fig. 5b). The 

resulting movement of the C-terminal s-helix and its interaction with the Apple 4 domain 

may result in a major conformational change in FXIa bringing the two catalytic domains 

of the enzyme into close proximity (Fig. 5). 

Regulation of Factor XIa 

        To maintain normal hemostasis, regulation of FXIa proteolytic activity is essential. 

Five different members of the serine protease inhibitor (serpin) family have been 

characterized as irreversible inhibitors of Factor XIa including C1 inhibitor (164), α1-

antitrypsin (165), α2-antiplasmin (166), antithrombin III (ATIII) (167), and protease 

nexin I (PN1) (168).  The serpin contains a reactive center loop (RCL) which comprises 

the scissile bond and therefore the RCL of the serpin acts as a substrate attacked by the 

catalytic serine of the protease. After the scissile bind in the RCL is cleaved by the 

protease, the serpin undergoes a conformational change which translocates the protease to  
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b. 

 
 

 
 
Figure 4. The Structure of Human FXI and the A4 domain. (a) The topology of the 

crystal structure of intact FXI (PDB ID: 2F83). The four apple domains of FXI (A1-A4) 

are colored in gray, blue, orange and yellow and the catalytic domain is colored in red 

(Figure from Ref.(160)). The arrow represents the location of the scissile bond in each 

polypeptide chain of FXI. (b) Overlay of a representative NMR solution structure (blue) 

and crystal structure (red) of the A4 dimer (PDB ID: 2J8J) (Figure from Ref.(163)).  



 21 
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b. 

 
 
 
Figure 5. Predicated Changes in Domain Structure upon Zymogen Activation. (a) 

Domain arrangement of the crystal structure of FXI zymogen (PDB ID: 2F83) (160). A4 

domain (green) and the other apple domains are shown in ribbons. The two catalytic 

domains (gray, space-filling) are connected to the A4 domain via an extended loop (red, 

residues 354–362). (b) A model representing the conformation of the catalytic and A4 

domains in FXIa triggered by formation of a second α-helix at the C-terminus of the A4 

domain (red). Residues in the active-site cleft are colored magenta (Figure from 

Ref.(163)). 
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the opposite side of the serpin thereby inhibiting the hydrolysis of the ester bond between 

the serpin and the protease (acyl-enzyme intermediate) (169, 170). The serpin remains 

covalently attached to the serine protease as an irreversible inhibitor. Second order 

association rate constants of C1 inhibitor, α1-antitrypsin, α2-antiplasmin, ATIII, and 

protease nexin I are 1.8, 0.1, 0.43, 0.32, and 80 x 103 M-1 s-1, respectively (171). The 

inhibition of FXIa by C1 inhibitor and PN1 are potentiated ~50-fold and ~20-fold by the 

presence of unfractionated heparin, a highly negatively charged glycosaminoglycan (171). 

On the basis of the second order association rate constants, C1 inhibitor and PN1are the 

most potent inhibitors of FXIa (172, 173). Although ATIII inhibits FXIa at lower rates 

than C1 inhibitor and PN1, the presence of heparin enhances inhibition of FXIa by ATIII 

up to 500-fold (151, 174). Protein Z-dependent protease inhibitor, a serine protease 

inhibitor (SERPIN) produced by liver also inhibits FXIa in a protein Z independent 

manner (175). In addition to SERPINs, FXIa is potently inhibited by protease nexin 2 

(PN2), a Kunitz-type protease inhibitor secreted by activated platelets (34) with Ki of 

~300–500 pM (156, 176, 177). PN2 is a 751 amino acid long (120 kDa) isoform of the 

Alzheimer β-amyloid protein precursor (APP) comprising a Kunitz-type serine protease 

inhibitor (KPI) domain (Glu289-Ile345) (156). PN2 is a reversible, slow, tight-binding 

inhibitor of FXIa and the KPI domain of PN2 contains the full complement of inhibitory 

function of PN2 for FXIa (142, 156, 178). The inhibitory effect of PN2 is also potentiated 

~10 fold in the presence of heparin (156, 179). The concentration of PN2 in plasma is 

less than 60 pM whereas upon platelet activation PN2 is secreted from the α-granules of 

activated platelets and the concentration of PN2 is increased to 3-5 nM in the releasate 

(180). The co-crystal structures of FXIa catalytic domain with ecotin (181), benzamidine 
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(182), and PN2KPI (183) have been solved. The residues of FXIa catalytic domain (Glu98, 

Ile151, Lys192, Arg3704, Tyr143, and Tyr5901 in chymotrypsin numbering) that are possibly 

involved in the interactions with its substrates and inhibitors have been identified based 

on the co-crystal structure of FXIa catalytic domain with PN2KPI (183). 

 

Mutations Associated with Factor XI Deficiency  

        Factor XI (FXI) deficiency, also known as hemophilia C, is an autosomal recessive 

disorder. To date more than 180 mutations in the FXI gene have been reported in patients 

with FXI deficiency. FXI deficient patients often have a mild hemostatic abnormality 

associated with trauma or surgery (129, 184). FXI deficiency is relatively prevalent 

within the Ashkenazi Jewish population, approximately one in eight individuals being 

affected (185, 186). Among the Ashkenazi Jewish population there are three predominant 

types of FXI mutations. The type I mutation which disrupts normal mRNA splicing due 

to a mutation at an intron/exon boundary in the human gene coding for FXI is the rarest 

(186). The type II mutation is the most common and leads to the most severe bleeding 

disorder. The type II mutation is a "non-sense" mutation which generates a "stop" code in 

exon 5 that causes premature chain termination (Gln117Stop) within the A2 domain (186, 

187). The type III mutation is a missense mutation (Phe283Leu) in exon 9 that affects the 

A4 domain resulting in impaired dimerization and secretion of FXI (186-188). An 

individual can inherit any combination of two of these mutations. In addition, a 

significantly higher level of allelic heterogeneity in FXI deficient patients in other 

population groups has been reported including Cys38Arg in French Basques (189), 

Gln88Stop in French families from Nantes (190), and Cys128Stop in Britons (191). The 
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homodimeric structure of FXI could allow the mutations to exert a dominant-negative 

effect on the secretion of wild-type FXI through formation of nonsecretable heterodimers. 

Previous studies have shown that FXI-deficient mutations Gly400Val, Trp569Ser, Ser225Phe, 

and Cys398Tyr form nonsecretable homodimers and trap wild-type FXI within cells 

through formation of nonsecretable heterodimers (192, 193). Most of FXI-deficient 

mutations are associated with decreases in FXI activity and antigen (cross-reactive 

material negative, [CRM -] defects), rather than dysfunctional FXI variants (cross-

reactive material positive, [CRM +] defects) (35, 194, 195). The three mutants, Ser248Asn 

(196), Pro520Leu (197), and  Gly555Glu (174), have been found associated with circulating 

dysfunctional FXI. The mutations Pro520Leu and Gly555Glu (Pro161Leu and Gly193Glu in 

chymotrypsin numbering) in FXI cause a defect in the S1 site, oxyanion hole, and the 

salt-bridge formation between Ile370 and Asp556 (Ile16 and Asp194 in chymotrypsin 

numbering) resulting in the impairments of FXIa interaction with FIX and inhibitors 

(ATIII and PN2) (197, 198). 

 
Coagulation Factor IX 

Factor IX (FIX) is a member of the family of vitamin K-dependent proteins and is 

expressed in hepatocytes as a protein precursor. The amino acid sequence of the FIX 

precursor is shown in figure 6. The N-terminal signal peptide (~28 a.a) mediating the 

translocation to the rough endoplasmic reticulum (RER) is removed by a signal peptidase. 

The remaining FIX propeptide then binds to the enzyme γ-glutamyl carboxylase which 

catalyzes carboxylation of 12 Glu residues in FIX in a vitamin K-dependent manner 

(199). The propeptide (residues -18 to -1), responsible for the binding of FIX to γ-
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glutamyl carboxylase is removed by a propeptidase enzyme prior to secretion from 

hepatocytes (199, 200). Mature FIX, consisting of a single polypeptide chain of 415 

amino acids (Mr = ~57kD), is secreted into plasma to a final concentration of ~ 80 nM 

(2).  

Structurally, FIX contains an N-terminal γ-carboxylglutamate-rich domain (Gla 

domain: residues 1–40), a short hydrophobic stack (residues 41–46), two epidermal 

growth factor (EGF)-like domains (EGF1: residues 47–83 and EGF2: residues 88–127) 

connected by a linker peptide (residues 84–87), an activation peptide (residues 146–180), 

and a C-terminal protease domain (residues 181– 415) (201). The Gla domain contains 

several calcium binding sites. Calcium binding to the Gla domain of FIX is required for 

binding to the membrane and the interaction with FXIa (202-205). The EGF1 domain and 

the catalytic domain of FIX each possess a single high-affinity calcium binding site (206, 

207). Calcium bound EGF1 domain of FIXa is required for the efficient binding of FIXa 

to the light chain of the cofactor, FVIIIa (208). The calcium liganded structure of the FIX 

catalytic domain is essential for full activity of FIXa (208-210). 

Both FXIa and tissue factor (TF)/FVIIa activate FIX to FIXa via a sequential 

cleavage at R145-A146, resulting in FIXα, and R180-V181producing FIXa (211, 212). 

Russell’s viper venom also cleaves FIX primarily at R180-V181 resulting in FIXaα and 

eventually cleaves at R145-A146 for FIXa generation (211). Upon cleavage, an activation 

peptide (~12 kD) is released (213) and the generated FIXa consists of a heavy chain (the 

catalytic domain, ~28kD) and a light chain (Gla, EGF1, and EGF2 domains, ~18kD) 

linked by a disulfide bond between Cys131 and Cys289.The catalytic domain of FIXa 

contains the catalytic triad consisting of His221, Asp269, and Ser365 (His57, Asp102 and 
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Ser195 in chymotrypsin numbering) (201, 202). FIXa binds to activated platelets (n ~ 500 

sites/platelet, Kd ~ 0.5 nM/2.5 nM in the presence/absence of FX and FVllla) where the 

assembly of FX-activating complex consisting of FIXa, the substrate FX, and the cofactor 

FVIIIa occurs (214). FIX deficiency resulting in the failure of the normal assembly of FX 

activating complex on platelet surface causes hemophilia B or Christmas Disease (215). 
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Figure 6. Amino Acid Sequence of Human prepro FIX. The prepro leader sequence 

(residues -46 to -1) is removed during biosynthesis by signal peptidase and a processing 

protease. The cleavage sites (R145-A146 and R180-V181) of FIX by FXIa are circled. The 

catalytic triad consisting of His221, Asp269, and Ser365 (His57, Asp102 and Ser195 in 

chymotrypsin numbering) in the catalytic domain of FIX are also circled. (Figure 

modified from Ref. (202)) 
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SPECIFIC AIMS 

 

Specific Aim 1: To localize the catalytic domain residues involved in active site 

architecture and in various ligand-binding exosites, possibly including the extended FIX 

binding exosite 

The FIX-binding exosite within the heavy chain of FXIa was first identified by our 

laboratory (143) and confirmed and localized by other investigators subsequently (146, 

216). FIX binding sites were demonstrated within A2 (145) and A3 domains (146) of 

FXIa. Recently our laboratory investigated the kinetics of the inhibition of FIX-activation 

by FXIa or by its catalytic domain (FXIa-LC) utilizing a reversible serine protease 

inhibitor (p-aminobenzamine, PAB) and a small peptidyl substrate (S-2366), which 

occupied its active site. The results demonstrated that both PAB and S-2366 inhibited 

FIX-activation by FXIa or by FXIa-LC in a noncompetitive fashion suggesting the 

presence of a FIX binding exosite on FIXa-LC remote from its active site (217). The first 

aim of my study is to localize the catalytic domain residues involved in active site 

architecture and in various ligand-binding exosites, possibly including the extended FIX 

binding exosite.  

The primary sequence of FXI catalytic domain is highly homologous (64% identity) 

with the prekallikrein catalytic domain whereas the functions and molecular interactions 

of FXIa and kallikrein are very different. An alignment of the primary sequence of FXI 

and prekallikrein catalytic domains demonstrates six distinct regions of dissimilarity (Fig. 
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7) all of which are highly conserved among mammalian species (Table 1.). These regions 

(R1-R6) comprise surface-exposed loop structures in the crystal structure of FXIa 

catalytic domain. The locations of R1-R6 in the crystal structure of FXIa catalytic domain 

are shown in figure 8. Previous studies have shown that these loops play roles in 

determining substrate and inhibitor specificity of coagulation proteins (218). The R2, R3, 

R4 and R6 regions are known as the 60s-loop, thrombin exosite 1, 99-loop, and autolysis 

loop respectively (Fig. 7). To localize the residues of the catalytic domain involved in 

active site architecture and in various ligand-binding exosites, a number of recombinant 

FXI/PK chimeric proteins were prepared containing substitutions with prekallikrein (PK) 

residues within Regions 1, 2, 3, 4, 5, or 6 of the FXI catalytic domain and designated as 

FXI-R1-R6. In addition, alanine scanning mutagenesis on the residues that are highly 

conserved in FXI among mammalian species but are different in PK in region 3 (Q433, 

K437, E438, and F443) and region 5 (E469, T470, and D476) was carried out to 

determine the residues involved in the interactions with various FXI/FXIa ligands. Our 

hypothesis was that all FXI/PK chimeras and alanine-substituted FXI mutants would 

manifest normal amidolytic activities and that some of them would display a defect in the 

interaction with the substrate, FIX, or the inhibitor, protease nexin 2 (PN2). Such a result 

would suggest that the mutated residues are involved as catalytic domain exosites in the 

interaction of FXIa with FIX or PN2. These FXI/PK chimeric zymogens and alanine-

substituted FXI mutants were first activated by FXIIa and the cleaved products were 

electrophoresed through SDS polyacrylamide gels under reducing conditions. The 

amidolytic activities of these FXI mutants were examined by analysis of fluorogenic 

substrate hydrolysis. The clotting activities of FXI mutants were determined by activated 
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partial thromboplastin time (aPTT) assay. FIX activation by FXIawt and FXIa mutants 

was performed to determine whether any of the identified regions of FXIa are involved in 

the interaction with FIX. In addition, since these FXI/PK chimeras contain the 

substitutions with the corresponding residues of PK, it is reasonable to determine whether 

any of the FXI/PK chimeras acquire the enzymatic activity of kallikrein. Therefore the 

hydrolysis of the chromogenic substrate S-2302 of kallikrein by FXIawt and FXIaR1-R6 

was examined.  
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Figure 7. Sequence alignment of the catalytic domain of FXI and prekallikrein.   

Six distinct regions of dissimilarity between the catalytic domain of FXI and PK are 

indicated in bold and identical residues are underlined. The R1 region: H388-T393 (H34-

T3702, chymotrypsin numbering); the R2 region (60s-loop): Y416-L424 (Y5901-L65); the R3 

region (thrombin exosite 1): Q433-Q446 (Q74-Q86); the R4 region (99-loop): D452-Y461 (D92-

Y101); the R5 region: F469-S477 (F109-S117); the R6 region (autolysis loop): Y503-K509 (Y143-

K149). The numbering systems used are FXI amino acid sequence and the chymotrypsin 

numbering in the parenthesis. 1967). For numbering of the amino acid residues, the 

chymotrypsinogen nomenclature introduced by Bode et al. (219) was used. 
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Table 1. Sequence alignment of R1-R6 regions of FXI among mammalian species  

 
The numbering systems used are FXI amino acid sequence and the chymotrypsin numbering in  
the parenthesis. 
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Figure 8. The location of R1-R6 regions in the crystal structure of the catalytic 

domain of FXIa. The atoms of the side chains of the catalytic triad consisting of His57, 

Asp102, and Ser195 (in chymotrypsin numbering) are colored in carbon: green, nitrogen: 

blue, and oxygen: red (PDB ID: 1ZJD). 
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Specific Aim 2: To determine the roles of calcium and the heavy chain of FXIa in FIX 

activation by FXIa 

 

As described in the introduction, the Gla domain, EGF domains and the catalytic 

domain of FIX all contain calcium binding sites. Calcium binding to the γ-carboxyl 

glutamate-rich (Gla) domain of FIX is required for the interaction of FIX with FXIa (202-

205). FXIa activates FIX through the sequential cleavages first at Arg145-Ala146 resulting 

in FIXα and then at Arg180-Val181 producing FIXa (211, 212). FIX binding sites have 

been demonstrated within both heavy and light chains of FXIa  (145). However the 

mechanism by which calcium affects the interactions between the two FIX binding sites 

within the heavy and light chains of FXIa and the cleavages of the two scissile bonds are 

still unclear. As a result, the second aim of my project is to determine the roles of calcium 

and the heavy chain of FXIa in FIX activation by FXIa. Time course experiments of FIX 

activation by full-length FXIa or FXIa light chain (FXIa-LC) in the presence or absence 

of calcium were carried out and the cleavage products were electrophoresed through 

SDS-PAGE under reducing conditions at the indicated time points. In addition, to 

determine the effect of calcium on the cleavages of the two scissile bonds respectively, 

FIX-R145A in which only the cleavage at R180 is available and FIX-R180A in which 

only the cleavage at R145 is available were prepared and the time courses of FIX-R145A 

and FIX-R180A activation by FXIa or FXIa-LC in the presence or absence of calcium 

were studied by examining the cleaved products on SDS-PAGE under reducing 

conditions.      
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CHAPTER 2 

MATERIALS and METHODS  

Materials 

Reagents - Human embryonic kidney cells (HEK293) were obtained from Invitrogen 

(Carlsbad, CA). pJVCMV vector with the full-length FXI sequence inserted was a gift 

from Dr. David Gailani, Vanderbilt University, Nashville, TN. Dulbecco’s modification 

of Eagle’s medium (DMEM) was purchased from Mediatech (Herndon, VA), Vitamin K1 

(2-Methyl-3-phytyl-1, 4-naphthoquinone) was from Abbott Laboratories (Chicago, IL). 

An ELISA kit for FXI was purchased from Enzyme Research Laboratories (South Bend, 

IN). The site-directed mutagenesis kit (Quikchange) was purchased from Strategene (La 

Jolla, CA). Lipofectamine 2000 Reagent was from Invitrogen (Carlsbad, CA). Q-

sepharose anion exchange resin, cyanogen bromide activated sepharose resin, fatty acid 

free bovine serum albumin (BSA), benzamidine, glutamine, penicillin/streptomycin, 

ammonium sulfate, o-phenylenediamine (OPD), potassium thiocyanate, HEPES, Tween-

20, and other reagents were purchased from Sigma (St. Louis, MO). Tris-HCl precast 

gels were from Bio-Rad (Hercules, CA). The reagents for tissue culture were purchased 

from either Sigma (St. Louis, MO) or Gibco BRL (Gaithersburg, MD). Geneticin (G-418) 

was obtained from Gibco (Grand Island, NY). APTT reagent was from Fisher Scientific. 

The chromogenic substrates S-2366 and S-2302 were purchased from Chromogenix 

(Mölndal, Sweden). The fluorogenic substrate Boc-Glu(O-bzl)-Ala-Arg-methylcoumaryl-

7-amide was obtained from Peptides International (Louisville, KY). Centricon Plus-20 

concentration units were from Millipore (Bedford, MA). BCA assay kit and GelCode 
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blue stain were obtained from Pierce (Rockford, IL). Neutravidin-coated black 96 well 

plates (Cat #15117) were purchased from Pierce (Rockland, IL). 

Proteins - Human plasma FIX, thrombin, FXIa, FXIIa, and FXI were purchased from 

Hematologic Technologies Inc. (Essex Junction, VT). Human plasma kallikrein and corn 

trypsin inhibitor were purchased from Enzyme Research Laboratories (South Bend, IN). 

The monoclonal antibody GM021 (directed against the heavy chain of FXI) and 1G5 

(against the light chain of FXI) were from Green Mountain Antibodies (Burlington, VT). 

Goat anti-human FXI polyclonal IgG was obtained from Affinity Biological (Hamilton, 

ON). Soybean trypsin inhibitor and lima bean trypsin inhibitor were purchased from 

Sigma (St. Louis, MO). 

Buffers – Tris buffered saline (TBS) contained 150 mM NaCl, and 25 mM Tris-HCl at 

pH 7.4. TBS-BSA (0.2%, w/v) was TBS buffer supplemented with 0.2% BSA. Phosphate 

buffered saline (PBS) consisted of 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 1.5 

mM KH2PO4. PBS-BSA (1%, w/v) was PBS buffer supplemented with 1% BSA. PBS-

Tween (0.1%, v/v) was PBS buffer supplemented with 0.1% Tween20. Hepes buffered 

saline (HBS) contained 100 mM NaCl, and 100 mM HEPES at pH 7.2. HBS-BSA-Tween 

was HBS buffer supplemented with 1% BSA and 0.1% Tween20. Citrate-Phosphate 

buffer consisted of 27 mM citrate acid and 97 mM Na2HPO4 at pH 5  

 

Methods 

Expression and purification of recombinant FXI – The cDNA constructs of FXI/PK 

chimera FXIR1-R6, which contain the substitutions in R1-R6 of FXI with the 

corresponding residues of PK respectively, and the alanine scanning mutations in R3 
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(FXI-Q433A, K437A, E438A, and F443A) and R5 (FXI-E469A, T470A, and D476A) regions of 

FXI were made by QuickChange site-directed mutagenesis utilizing the appropriate 

mutagenic primers listed in Table 2 and the mammalian expression vectors pJVCMV 

with the full-length FXI sequence inserted as a template. After completion of PCR cycles, 

the products were treated with DpnI restriction enzyme to digest the template. The 

obtained cDNA constructs were transformed into XL1-Blue competent cells for 

propagation. Each purified plasmid DNA was sequenced in both forward and reverse 

directions by Genewiz Inc. (New Brunswick, NJ) to confirm the incorporation of the 

desired mutation. HEK293 cells were transfected with the pJVCMV vectors with cDNA 

constructs of FXI mutants and pRSVneo vectors which contain the gene for resistance to 

neomycin for clone selection using Lipofectamine 2000. Positive clones were selected 

using Geneticin 418 (G418) at a concentration of ~800 µg/ml and the expression levels 

were determined by ELISA (described below). The cell lines exhibiting maximal 

production of FXI proteins were chosen for preparative-scale expression. The clones 

were expanded in the growth medium consisting of DMEM (pH = 7.4) with 10% (v/v) 

fetal bovine serum, penicillin (100 U/ml), streptomycin (100 µg/ml), L-glutamine (2 

mM), and G418 sulfate (100 µg/ml). After confluence was reached, the cells were 

washed and switched to serum-free growth medium supplemented with soybean trypsin 

inhibitor (SBTI, 10 µg /ml), lima bean trypsin inhibitor (LBTI, 10 µg /ml), insulin (5 

mg/L), transferrin (5 mg/L), and sodium selenite (5 µg/L). All cultures were kept in a 

humidified 5% CO2 atmosphere at 37°C. Conditioned medium was collected every 72 h, 

supplemented with 5 mM benzamidine and 5 mM EDTA, and filtered through a cellulose 

acetate filter paper with 0.45 µm pore size to remove cell debris. Proteins were purified  
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Table 2. Oligonucleotide mutagenic primers 

 

Nucleotide changes are underlined. 
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from conditioned medium by affinity chromatography according to the protocol 

described earlier (220, 221). Briefly, conditioned medium was applied through the 

monoclonal antibody GM021 affinity column equilibrated with Tris buffered saline (TBS) 

buffer supplemented with 5 mM benzamidine and 5 mM EDTA. The column was then 

washed with 10 column volumes of TBS buffer followed by the elution of the protein 

using 2 M potassium thiocynate (KSCN). The eluted protein was dialyzed with TBS 

buffer and concentrated using Centricon Plus-20. The protein concentration was 

estimated using the BCA assay. The purified proteins were electrophoresed through 4-

15% SDS-PAGE under reducing condition and stained using GelCode blue stain. 

Determination of FXI expression level by ELISA (Enzyme Linked Immunosorbent 

assay) – The capture antibody (FXI-ELISA kit obtained from Enzyme Research 

Laboratories (South Bend, IN)) was diluted 100-fold in the coating buffer (50 mM 

carbonate, pH 9.6). 100 µl of diluted capture antibody was applied to each well of a 

microtiter plate and incubated at 4°C overnight. After the wells were emptied and 

washed three times with wash buffer (PBS-Tween, 0.1%, v/v), 200 µl of blocking buffer 

(PBS-BSA, 1%, w/v) was added into each well of the plate and incubated at room 

temperature for 2 hours. Blocking buffer was then discarded and the wells were washed 

three times with wash buffer. 100 µl of the medium collected from the culture of the FXI-

expressing clone was added to the well and incubated at room temperature for 1 hour. 

After the wells were washed three times with wash buffer, the detecting antibody, 

peroxidase conjugated polyclonal anti-FXI antibody, diluted 100-fold in sample diluent 

(HBS-BSA-Tween) was added into each well and incubated for an hour. After the wells 

were washed thoroughly with wash buffer, 100 µl of the substrate, o-phenylenediamine 
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(OPD) (0.42 mg/ml) in substrate buffer (citrate-phosphate buffer, pH 5) was added to 

each well for color development for 5-10 minutes. 50 µl of stopping solution (2.5 M 

H2SO4) was added to stop the color development reaction. The plate was read at 490 nm 

using a Thermomax plate reader (Molecular Devices Corp., Sunnyvale CA).   

The activation of FXI –FXIwt and FXI mutants were incubated with FXlla at a molar 

ratio of 20 to 1 at 37°C for 18hr. After the activation was complete, FXIIa was removed 

using corn trypsin inhibitor coated beads. Activated FXIwt and FXI mutants were then 

fractioned by SDS-PAGE under reducing conditions. 

Determination of the amidolytic activity of FXI  – The amidolytic activities of FXIawt 

and FXIa mutants were determined using the fluorogenic substrate, t-Butyloxycarbonyl- 

[(2S)- 2- amino- 4- (benzyloxycarbonyl)butanoyl]- L- alanyl- L- arginine 4- methyl- 

coumaryl- 7- amide (Boc- Glu(OBzl)- Ala- Arg- MCA), obtained from Peptide Institute. 

FXIawt and FXIa mutants (200 pM) in TBS-BSA buffer (150 mM NaCl, 50 nM Tris, and 

0.2% BSA at pH 7.4) were titrated with various concentrations of the fluorogenic 

substrate (0-550 µM) at room temperature. The substrate hydrolysis by FXIawt and FXIa 

mutants were detected for 10 minutes using the SpectraMax M2 microplate reader from 

Molecular Devices (Sunnyvale, CA) with excitation at a wavelength of 350 nm and 

emission at a wavelength of 440 nm and the changes in fluorescence emission at 440 nm 

were measured. The initial rate of the substrate hydrolysis was expressed as arbitrary 

fluorescence unit per second and plotted as a function of the concentrations of the 

fluorogenic substrate. Based on the standard curve, one fluorescence unit is about 0.7 nM 

of the fluorophore generated in reaction mixture. The Vmax and Km values were obtained 

by fitting the data using the Michaelis–Menten equation.    
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Activated partial thromboplastin time assay – Clotting times of wild-type FXI (FXIwt) 

and FXI mutants were measured using the activated partial thromboplastin time (aPTT) 

assay. In brief, 50µl of serial dilutions of pooled normal plasma or samples (FXIwt or FXI 

mutants) was added into 50µl of FXI deficient plasma. Then 25µl of aPTT reagent was 

added into the mixture and incubated at 37°C for 2 minutes. Clotting was initiated by the 

addition of 25µl of 30 mM CaCl2 and the time required for clot formation was recorded 

using an Amelung MC4 coagulometer (Sigma Diagnostics). Each measurement was 

performed in triplicate. The standard curve of the clotting assay was generated by 

detecting the clotting time of serial dilutions of pooled normal plasma and plotting versus 

the concentration of FXI in each diluent (the concentration of FXI in plasma = 5 µg/ml or 

30 nM). Clotting activities of FXIwt and FXI mutants were calculated by reference to the 

standard curve and as shown as a percentage of normal FXI activity. 

Time course of FIX-activation by FXIawt and FXIa-R6 - To determine whether the R6 

region of FXIa is involved in the interaction with FIX, the time course of FIX-activation 

by FXIawt or FXIa mutants was examined using Western blots. FIX (90 nM) was 

incubated with FXIawt or FXIa-R6 (0.45 nM) in the presence of calcium (5 mM) at 37°C 

for 30 minutes. At indicated time points, 10 µl samples were removed and 

electrophoresed through 4-15% SDS polyacrylamide gel under reducing conditions. The 

resolved proteins on the gel were transferred to Immobilon-FL PVDF (polyvinylidene 

fluoride) membranes obtained from Millipore (Billerica, MA). The membranes were 

blocked with Odyssey blocking buffer (LI-COR Bioscience, Lincoln, NE) at room 

temperature for 2 h. For the immunodetection of the transferred proteins, the membrane 

was incubated with goat anti-human FIX polyclonal IgG obtained from Enzyme Research 
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Laboratories (South Bend, IN). Bound antibody on the membrane was detected by IRDye 

goat anti-rabbit secondary antibody and imaged using the Odyssey infrared imaging 

system (LI-COR Bioscience, Lincoln, NE).         

Determination of kallikrein activity –FXIawt and activated FXI/PK chimeric proteins 

(FXIa R1-R6) at the same activity concentration (2.5 nM) determined by amidolytic 

activity utilizing S-2366 were used to examine kallikrein activity using the chromogenic 

substrate S-2302 (0.4 mM). Release of the chromophore, para-nitroanilide (pNA), was 

monitored by measuring absorbance at 405 nm at 37°C using a Thermomax plate reader 

(Molecular Devices Corp., Sunnyvale CA). The concentration of pNA in the reaction was 

calculated based on the Beer-Lambert law with the known extinction coefficient ε (9600 

mole-1
‧1‧cm-1). The amidolytic activity measured with S-2302 as the substrate was 

represented as µmole of pNA released by per nmole of enzyme per minute. The 

amidolytic activity of kallikrein to S-2302 was referred to as 100% and that of FXIawt and 

the FXI/PK chimeras were presented as fractions of the kallikrein activity. 

Time course of high molecular weight kininogen (HK) activation – HK (1.36 µM) 

was incubated with kallikrein, FXIawt or FXIa-R4 (3.4 nM) at 37°C in TBS buffer for 2 

hours. At indicated time points, 10µl samples were removed and electrophoresed through 

4-15% SDS polyacrylamide gels under reducing conditions. The gels were then stained 

using GelCode blue stain. The rate of the product generation as well as the rate of HK 

cleaved by kallikrein, FXIawt or FXIa-R4 was monitored.        

The inhibition of FXIa and FXIa mutants by PN2KPI domain –FXIawt and FXIa 

mutants (1 nM) were incubated with PN2KPI domain (0 - 13.3 nM) at 37°C for 30 

minutes to achieve equilibrium. Residual activity of FXIa in the reaction mixture was 
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determined by hydrolysis of S-2366 (0.33mM). The concentration of PN2KPI at which 

50% of FXIa activity remained (IC50) was determined by plotting the results as fraction 

of amidolytic activity remaining versus the concentration of PN2KPI domain. The 

inhibition constant was calculated using the following equation: 

K i = IC50 / ( 1 + ( [S] / Km ) )           (Equation 1) 

Where S is the substrate concentration and Km is the Michaelis constant of FXIa for S-

2366 (~0.25mM) (156). 

Biotinylation of PN2KPI – PN2KPI was biotinylated using EZ-Link® Micro Sulfo-

NHS-Biotinylation Kit obtained from PIERCE (Rockford, IL). The appropriate volume 

of Sulfo-NHS-Biotin solution was added to PN2KPI protein solution in phosphate-

buffered saline (PBS) buffer and incubated at 4°C for two hours. Excess biotin was 

removed by applying protein solution to a desalting spin column and centrifuging the 

column at 1,000 x g for 2 minutes. Purified biotinylated PN2KPI was obtained from the 

collection of the flow-through solution. The concentration of biotinylated PN2KPI was 

determined by BCA assay.  

Determination of FXIa binding to PN2KPI by ELISA – 100 µl of biotinylated 

PN2KPI (0.5 µg/ml) was added to each well of a NeutrAvidin coated plate which was 

then incubated at 4°C overnight. Unbound biotinylated PN2KPI was removed and the 

wells were washed three times with wash buffer (PBS-Tween, 0.1%, v/v). 200 µl of 

blocking buffer (PBS-BSA, 1%, w/v) was added to each well of the plate, which was 

incubated at room temperature for 2 hours. Blocking buffer was then discarded and the 

wells were washed three times with wash buffer. 100 µl of various concentrations of 

FXIawt or FXIa mutants (0-4 nM) was added into the wells and incubated at room 
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temperature for 30 minutes. FXIa protein solutions were then discarded and the wells 

were washed with wash buffer. After the wells were washed three times with wash buffer, 

the detecting antibody, peroxidase conjugated polyclonal anti-FXI antibody, diluted 100-

fold in sample diluent (HBS-BSA-Tween) was added to each well and incubated at room 

temperature for 1 hour. After the wells were washed thoroughly with wash buffer, 100 µl 

of the substrate, o-phenylenediamine (OPD) (0.42 mg/ml) in substrate buffer (citrate-

phosphate buffer, pH 5) was added to each well for the color development for 5-10 

minutes. 50 µl of stopping solution (2.5 M H2SO4) was added to stop the color 

development reaction. The plate was read at 490 nm using a Thermomax plate reader 

(Molecular Devices Corp., Sunnyvale CA).       

Expression and purification of recombinant FIX – HEK293 cells were transfected 

with the mammalian expression vectors pJVCMV with cDNA constructs of FIX-R145A, 

and FIX-R180A made by QuickChange site directed mutagenesis. The clones expressing 

desire proteins were expanded in the growth medium consisting of DMEM (pH = 7.4) 

with 10% (v/v) fetal bovine serum, penicillin (100 U/ml), streptomycin (100 µg/ml), L-

glutamine (2 mM), G418 sulfate (100 µg/ml), and vitamin K1 (10 µg/ml). After 

confluence was reached, the cells were washed and switched to serum-free growth 

medium supplemented with soybean trypsin inhibitor (SBTI, 10 µg /ml), lima bean 

trypsin inhibitor (LBTI, 10 µg /ml), insulin (5 mg/L), transferrin (5 mg/L), and sodium 

selenite (5 µg/L). All cultures were kept in a humidified 5% CO2 atmosphere at 37°C. 

Conditioned medium was collected every 72 hours, supplemented with 5 mM 

benzamidine and 5 mM EDTA, and filtered through cellulose acetate filter paper with 
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0.45 µm pore size to remove cell debris. Purification of recombinant FIX was performed 

as described (222). Q-Sepharose anion exchange resin was equilibrated with 30 column 

volumes of TBS supplemented with 2 mM benzamidine and 2 mM EDTA. After 

equilibration, conditioned medium was chromatographed through Q-Sepharose anion 

exchange resin. Then the resin was washed with 30 column volumes of the equilibration 

buffer and further washed with 20 column volumes of TBS buffer supplemented with 2 

mM benzamidine to remove EDTA from the resin. Recombinant FIX was eluted from the 

resin with about 15 ml TBS buffer supplemented with 2 mM benzamidine and 5 mM 

CaCl2. The eluted protein was dialyzed against TBS buffer and concentrated using 

Centricon Plus-20. The protein concentration was estimated using the BCA assay. The 

purified proteins were separated by 8-16% SDS-PAGE under reducing conditions and 

stained using GelCode blue stain. 

Preparation of FXIa light chain – Purified FXI C362S/C482S was activated by FXIIa 

at a substrate to enzyme ratio of 20:1 at 37°C for 18 hours. After the activation, FXIIa 

was inhibited and removed using a corn trypsin inhibitor (CTI) agarose column. The fully 

activated FXI C362S/C482S was examined by SDS polyacrylamide gel electrophoresis 

under reducing conditions. After the activation, FXI light chain (FXIa-LC) was 

dissociated from the heavy chain (FXIa-HC) since the disulfide linkage formed by Cys 

362 and Cys 482 between FXI light chain and heavy chain was abolished by the 

substitution of these cysteine residues with serine. FXIa-LC and FXIa-HC were separated 

using an affinity column coated with monoclonal antibody GM021 (Green Mountain, 

Burlington, VT) against the heavy chain of FXI. FXIa-LC was obtained from the 

unbound fraction and FXIa-HC bound to the column was eluted with 2 M KSCN. The 
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eluted FXIa-HC was dialyzed with TBS buffer and concentrated using Centricon Plus-20. 

The protein concentration was determined by BCA assay. 

Time course of FIX-activation by FXIa or FXIa light chain (FXIa-LC ) – FIX, FIX-

R145A, or FIX R180 (2.6 µM) was activated by FXIa or FXIa-LC at a molar ratio of 100 

to 1 in the presence of calcium (5mM) or EDTA (2mM). At indicated time points, 10µl 

samples were removed and mixed with reducing SDS sample buffer (50mM Tris-HCl, 

25% glycerol, 2% SDS, pH 6.8 with 5% β-mercaptoethanol). Samples were 

electrophoresed through 4-15% polyacrylamide gels under reducing conditions and 

stained using GelCode blue stain. The rate of the product (the heavy and light chains of 

FIXa) generation as well as the rate of FIX, FIX-R145A, or FIX R180A cleaved by FXIa 

or FXIa-LC was monitored.        
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CHAPTER 3 

RESULTS 

 

Specific Aim 1: To localize the catalytic domain residues involved in active site 

architecture and in various ligand-binding exosites, possibly including the extended 

FIX binding exosite 

 

SDS-PAGE of the recombinant FXI proteins  

The recombinant wild-type FXI (FXIwt), FXI/PK chimeric proteins (FXI-R1-R6 

containing substitutions of R1-R6 of FXI with the corresponding residues of PK 

respectively) and the alanine scanning mutations in R3 (FXI-Q433A, K437A, E438A, and 

F443A) and R5 (FXI-E469A, T470A, and D476A) regions of FXI were expressed by HEK293 

cells. These FXI proteins were then purified by passing the medium through the affinity 

column coated with the monoclonal antibody against the heavy chain of FXI as described 

under Methods. Purified FXI proteins were electrophoresed through SDS-PAGE (4-15% 

gradient) under reducing conditions. On reduced gels, all the recombinant FXI proteins 

migrated at ~80 kDa with ~ 90% purity (Fig. 9). To activate FXI to FXIa, these 

recombinant FXI proteins in TBS buffer were incubated with FXIIa at a molar ratio of 20 

to 1 at 37°C for about 18 hours and then electrophoresed through SDS polyacrylamide 

gels under reducing conditions to examine the extent of activation. After activation, the 

heavy chain of FXI migrated at 50 kDa and the light chain of FXI migrated at 30 kDa on 

the reduced gel (data not shown). However FXI-R1, FXI-R2, FXI- R3, FXI-Q433A, K437A,  



 48 
 

a. 

 

 

 

 

b. 

 

 

 

 

Figure 9. SDS-PAGE of the purified recombinant FXI proteins. Purified FXIwt and 

FXI mutants in TBS buffer were electrophoresed through polyacrylamide gels (8-16% 

gradient) under reducing conditions. (a) Lane 1: molecular weight marker; lane 2: FXIwt; 

lane 3: FXI-R1; lane 4: FXI-R2; lane 5: FXI-R3; lane 6: FXI-R4; lane 7: FXI-R5; lane 8: 

FXI-R6 (b) Lane 1: molecular weight marker; lane 2: FXIwt; lane 3: FXI-Q433A; lane 4: 

FXI- K437A; lane 5: FXI-E438A; lane 6: FXI-F443A; lane 7: FXI-E469A; lane 8: FXI-T470A 

; lane 9: FXI-D476A 
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and F443A (in R3 region) displayed enhanced proteolysis after activation suggesting that 

the residues in R1, R2, and R3 regions may be involved in maintaining the correct 

structure of FXI (data not shown). The FXI mutants exhibiting enhanced proteolysis were 

not subjected to further studies. 

 

Determination of the amidolytic activity of FXI  

        The amidolytic activities of FXIawt and FXIa mutants were determined using the 

fluorogenic substrate (Boc-Glu(OBzl)-Ala-Arg-MCA). FXIawt and FXIa mutants were 

titrated with various concentrations of the fluorogenic substrate (0-550 µM). The initial 

rates of the substrate hydrolysis were determined and plotted against the concentrations 

of the fluorogenic substrate (Fig. 10). Analysis of the FXI/PK chimeras showed that the 

initial rates of substrate hydrolysis by FXIawt, FXIa-R5 or FXIa-R6 were increased with 

increasing substrate concentrations whereas this substrate was hardly cleaved by FXIa-R4 

(less than 5% of the activity of FXIawt) suggesting that the substitution of the R4 region 

with the corresponding residues of PK results in impairment of the recognition and 

hydrolysis of the substrate (Fig. 10). The Km values obtained for the FXIa-R5 and FXIa-

R6 chimeras were 74 ±8 and 70 ±10 µM similar to 90 ± 10 µM of FXIawt indicating 

that the substrate docking to the active site of FXIa-R5 or FXIa-R6 is normal (Table 3.). 

The Vmax values for substrate hydrolysis by the FXIa-R5 and FXIa-R6 chimeras were 

5.3±0.2 and 6.6±0.4 (U/sec) approximately 50% and 60% of 10.8 ± 0.6  (U/sec) of 

FXIawt suggesting that the residues in R5 and R6 regions are involved in determining the 

active  
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CHAPTER 4 

DISCUSSION 

 

 

 

 

 

 

 

 

Figure 10. The amidolytic activity of FXI/PK chimeras. FXIawt (○), FXIa-R4  

(□), FXIa-R5 (◇), and FXIa-R6 (△) (200 pM) in TBS-BSA buffer were titrated with 

the fluorogenic substrate (Boc-Glu(OBzl)-Ala-Arg-MCA) (0-550 µM).The initial 

rates of the substrate hydrolysis were detected by monitoring the changes in 

fluorescence emission at a wavelength of 440 nm. Values represent the mean ± 

standard deviation of the experiment done in triplicate.   
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site architecture of FXIa. The initial rates of substrate hydrolysis by all the alanine-

substituted FXI mutants within the R3 and R5 regions displayed saturable, hyperbolic 

curves as a function of increased substrate concentration (Fig. 11). Among the alanine-

substituted FXI mutants within the R3 and R5 regions, only FXIa-E438A in R3 region and 

FXIa-E469A, FXIa-T470A, and FXIa-D476A in R5 region exhibited intact protein structure 

after activation. The Km values of FXIa-E438A, FXIa-E469A, FXIa-T470A, and FXIa-D476A 

were 105±9, 110 ±10, 100 ±10, and 100 ±10 µM respectively similar to 90 ± 10 of 

FXIawt indicating that the substrate docking to the active sites of these FXI mutants is 

normal (Table 3). The Vmax values for FXIa-E438A, and FXIa- E469A were 10.8±0.3 and 

11±0.5 (U/sec) similar to 10.8 ± 0.6 (U/sec) of FXIawt whereas the Vmax values of 

FXIa-T470A (5.8±0.2 (U/sec)) and FXIa-D476A (6.2±0.3 (U/sec)) were approximately 

50% of that of FXIawt (Table 3). These results demonstrate that FXIa-E438A and FXIa-

E469A manifest normal amidolytic activities whereas FXIa- T470A and FXIa-D476A 

displayed defects in the amidolytic activities in assays of the substrate hydrolysis.  
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Figure 11. The amidolytic activity of alanine substituted FXI mutants. FXIawt  

(○), FXIa-E438A (□), FXIa-E469A (◇), FXIa-T470A (×), and FXIa-D476A (△) (200 pM) 

in TBS-BSA buffer were titrated with the fluorogenic substrate (Boc-Glu(OBzl)-Ala-

Arg-MCA) (0-550 µM). The initial rates of the substrate hydrolysis were detected by 

monitoring the changes in fluorescence emission at a wavelength of 440 nm. Values 

represent the mean ± standard deviation of the experiment done in triplicate.   
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Table 3. Amidolytic activity of FXI/PK chimeras and mutants 

 

Enzyme Km (µM)  Vmax (U/sec)  

FXIawt  90 ± 10 10.8 ± 0.6  

FXIa-R4 ND 0.4 ± 0.1 

FXIa-R5  74 ± 8 5.3 ± 0.2  

FXIa-R6  70 ± 10  6.6 ± 0.4  

FXIa-E438A (in R3) 105 ± 9 10.8 ± 0.3  

FXIa-E469A (in R5) 108 ± 10  11 ± 0.5  

FXIa-T470A (in R5) 100 ± 10  5.8 ± 0.2  

FXIa-D476A (in R5) 100 ± 10  6.2 ± 0.3 
ND: not determined 
 

              The Vmax and Km values were obtained by fitting the data (Fig 10. and Fig 11.) 
using the Michaelis–Menten equation. 
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Determination of the clotting activity of FXI 

        The clotting activities of FXIwt and FXI mutants were determined using the activated 

partial thromboplastin time (aPTT) assay. FXI-E438A and FXI-E469A showed 100% 

clotting activity as well as FXIwt whereas FXI-R4, FXI-R5, FXI-R6, FXI-T470A, and FXI-

D476A displayed approximately 20%, 60%, 28%, 50%, and 65% clotting activity 

respectively (Table 4). The defects of these FXI mutants in clotting activity could be due 

to an abnormality in FXI activation or in active site architecture or alternatively an 

impairment in the interaction of the enzyme with the macromolecular substrate, FIX, all 

of which would be manifested in the clotting process. FXIa-R5, FXIa-T470A, and FXI-

D476A displayed ~50% of normal clotting activity commensurate with their amidolytic 

activities. Therefore the prolonged clotting times characterizing FXIa-R5, FXIa-T470A, 

and FXI-D476A were the consequence of their defects in active site architecture. FXI-R6 

manifested 60% of amidolytic activity but only 28% of clotting activity  and the time 

course of FXI-R6 activation by FXIIa was similar to that of FXIwt (data not shown) 

suggesting that the prolonged clotting time characterizing FXI-R6 was probably the 

consequence of the defects in both active site architecture and the interaction with FIX. 
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Table 4. Clotting activity of FXI/PK chimeras and mutants 

 

Protein Clotting Activity (%)  

FXIwt  101.8 ± 0.3 

FXI-R4 21.3 + 3.7 

FXI-R5  65 ± 4.4  

FXI-R6  28 ± 1.1  

FXI-E438A (in R3) 109 ± 1.3  

FXI-E469A  (in R5) 113.5 ± 0.9  

FXI-T470A  (in R5) 51.7 ± 5  

FXI-D476A  (in R5) 66.3 ± 1.4  
 
        The clotting activities of FXI/PK chimeras and FXI mutants were determined by 

aPTT assay using FXI-deficient plasma. The results were compared to those for 
plasma derived FXI and shown in percentages. 

 
       Values are the mean ± standard deviation of three experiments done in triplicate.   
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Time course of FIX activation by FXIawt and FXIa-R6 

        As stated above, a defect in the FXIa coagulant activity (reflected by the clotting 

assay) could arise either from an abnormality in the formation of the active site (reflected 

in the amidolytic activity) or from an abnormality in the structure of a macromolecular 

substrate (FIX)-binding exosite. By comparing amidolytic activities with clotting 

activities of FXI mutants, most of the FXI chimeras and mutants displayed the same 

activity in assays of chromogenic substrate hydrolysis and clotting except for FXI-R6, 

which manifested 60% of amidolytic activity but only 28% of clotting activity suggesting 

the possibility that the R6 region may be important for the interaction of the catalytic 

domain of FXIa with FIX. To explore this question, FIX activation by FXIawt and FXIa-

R6 at the same concentrations (determined by amidolytic activity) were determined in the 

presence of calcium by Western blot analysis. FIX activation by FXIa-R6 occurred at a 

slower rate than that by FXIawt (Fig. 12). By densitometry, approximately 70% of FIX 

was cleaved by FXIawt and 55% of FIX was cleaved by FXIa-R6 after 15 minutes 

indicating that the R6 region of FXIa may be involved in the interaction with FIX (Fig. 

12). FIX activation rates by FXIa-E438A and FXIa-T470A were similar to that achieved by 

FXIawt (data not shown). 
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a. 

 

 

 

            b.         

                                    

 

 

 

 

Figure 12. SDS-PAGE analysis of time dependent FIX-activation by FXIawt and 

FXIa-R6. FIX (90 nM) was incubated with (a) FXIawt and (b) FXIa-R6 (0.45 nM) in the 

presence of calcium (5 mM) at 37°C for 30 minutes. At indicated time points, samples 

were removed and detected by Western blot. FIXα-HC: heavy chain of FIXα; HC: heavy 

chain of FIXa; LC: light chain of FIXa     
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Examination of the kallikrein activity 

        Since in these FXI/PK chimeras the residues of FXI in the catalytic domain were 

substituted with the corresponding residues of PK, it is reasonable to examine whether 

any of these FXI/PK chimeras gain kallikrein activity by examining hydrolysis of the 

kallikrein-specific chromogenic substrate, S-2302. The amidolytic activity using S-  

2302 was expressed as µmoles of the chromophore (pNA) released per nmole of enzyme 

per minute. The amidolytic activity of purified kallikrein using S-2302 was defined as 

100% and that of FXIawt and FXI/PK chimeras were presented as fractions of the 

kallikrein activity. FXIawt as well as FXIa-R5 showed only 3-4% of the kallikrein activity 

and FXIa-R6 displayed 13.4% of the kallikrein activity to S-2302 (Table 5.). However 

FXIa-R4 which manifested only 3.2% of the activity for FXIa fluorogenic substrate 

exhibited 87.4% of the kallikrein activity (Table 5.) suggesting that the substitution of the 

residues in the R4 region of FXI with the corresponding residues of PK may alter the 

structure of the active site therefore resulting in loss of the substrate specificity for FXIa 

and gain of substrate specificity for kallikrein. 
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Table 5. Comparison of FXI chimeras in amidolytic assays utilizing substrates 

specific for kallikrein substrate (S-2302) and FXIa (Boc-Glu(OBzl)-Ala-

Arg-MCA)  

  

 

Enzyme 
Activity for FXIa 

fluorogenic 
substrate (%) 

Activity for S-2302 
(µmole of pNA/nmole·min) %  

kallikrein  2.5 3.97  100  

FXIawt  100 0.13  3.3  

FXIa-R4  3.2 3.47  87.4  

FXIa-R5  50 0.16  4  

FXIa-R6  65 0.53  13.4  

 
 
The initial rate of S-2302 hydrolysis was monitored. The amidolytic activity of kallikrein 
was defined as 100% and that of FXIawt and FXI/PK chimeras were presented  as 
fractions of the kallikrein activity. The same proteins were assayed using the FXIa-
specific fluorogenic substrate, Boc-Glu(OBzl)-Ala-Arg-MCA. 
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Time course of high molecular weight kininogen (HK) activation  

        Both kallikrein and FXIa activate HK (223, 224) whereas the cleavage sites and the 

cleavage rates are different for these two proteases. Kallikrein cleaves HK first at Lys362-

Arg363 and Arg371-Ser372 releasing bradykinin (BK) and generating a heavy chain (HC, 

~65 kDa) and a light chain precursor (LCp, ~56 kDa) linked by the disulfide bond formed 

between Cys10-Cys596 and then at Arg419-Lys420 (within LCp) to produce a light chain (LC, 

~45 kDa) (Fig. 13) (225). In contrast, FXIa cleaves HK first at Arg409-Arg410 and Lys502-

Thr503 resulting in a heavy chain precursor (HCp, ~75 kDa) and a LC and then at Lys325-

Lys326 (within HCp) to produce HC (Fig. 13) (226). In addition, the cleavage rate of HK 

by FXIa is much slower than that catalyzed by kallikrein (224). To determine whether 

FXIa-R4 behaves like FXIa or kallikrein in HK activation, the time course of HK 

cleavage by kallikrein, FXIawt or FXIa-R4 was examined. The cleavage products were 

visualized following SDS-PAGE under reducing conditions at indicated time points. The 

first cleavage of HK by kallikrein at Lys362-Arg363 and Arg371-Ser372 generating two 

bands (HC and LCp) on a reducing gel was observed after 2 minutes followed by the 

second cleavage at Arg419-Lys420 occurring within the LCp (the lower band on the gel) ; 

HK was almost fully cleaved after 30 minutes (Fig 14a.). In HK cleavage by FXIawt, after 

2 hours, 50% of HK was cleaved and the second cleavage was not observed (Fig 14b.). 

For HK cleavage by FXIa-R4, the first cleavage was shown after 5 minutes and HK was 

almost fully cleaved after 60 minutes (Fig 14c.). The second cleavage of HK by FXIa-R4 

occurred on the lower of the two bands generated by the first cleavage similar to the 

kallikrein cleavage pattern whereas instead of HK light chain (~45 kDa) production, the 

second cleavage by FXIa-R4 generated another product migrating at a molecular weight  
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Figure 13. HK cleavage by kallikrein and FXIa. The abbreviations in the figure are 

HCp= heavy chain precursor (~75 kDa), HC=heavy chain (~65 kDa), LCp=light chain 

precursor (~56 kDa), LC=light chain (~45 kDa), and BK= bradykinin. 
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a.                                                          

 

 

     b.  

                    

 

    c.    

                     

 

 

Figure 14. SDS-PAGE analysis of time-dependent HK activation. HK was 

incubated with kallikrein (a) FXIawt (b) or FXIa-R4 (c) in TBS-BSA buffer (pH 7.4) at 

37°C for 2 hours. At indicated time points, samples were removed and electrophoresed 

through 4-15% SDS-PAGE under reducing conditions. HC: heavy chain of HK; LC: 

light chain of HK  
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lower than 20 kDa (Fig 14c.). On the basis of the cleavage pattern and the cleavage rate 

of HK by FXIa-R4 was more similar to that achieved by kallikrein than by FXIa. 

 

The inhibition of FXIa and FXIa mutants by PN2KPI 

        To determine whether the R1-R6 regions are involved in the interaction with the 

Kunitz inhibitor PN2, FXIawt and FXIa/PK chimeras were incubated with serial 

concentrations of the PN2KPI domain which contains the full complement of inhibitory 

function of PN2 for FXIa (156, 179) at 37°C for 30 minutes to reach equilibrium. 

Residual activities of FXIawt and FXIa/PK chimeras were measured by hydrolysis of the 

chromogenic substrate, S-2366, and presented as fraction of the amidolytic activity 

remaining. FXIa-R1, FXIa-R2, and FXIa-R3 that displayed enhanced proteolysis and 

FXIa-R4 which manifested very low activity for the chromogenic substrate S-2366 were 

not subjected to studies. As shown in Figure 15, the amidolytic activity of FXIa was 

progressively inhibited by increasing the concentration of PN2KPI. The inhibition curves 

of FXIa-R5 and FXIa-R6 were similar to that of FXIawt (Fig. 15.). The inhibition 

constants (Ki) were calculated from values of IC50, the concentration of PN2KPI at which 

50% of FXIa activity remained, using Equation 1 described in the Methods section. Ki 

values for FXIa-R5 and FXIa-R6 were 1.8 and 1.7 nM respectively, similar to 1.5 nM for 

FXIawt (Table 6). Previously our laboratory has identified the residues of the FXIa 

catalytic domain (R3704, Y5901, E98, Y143, I151, and K192 in chymotrypsin numbering) that 

are possibly involved in the interactions with its inhibitors based on the co-crystal 

structure of FXIa catalytic domain with PN2KPI (183). Within the FXI-R2 chimera, Y416  
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Figure 15. Inhibitions of FXIa and FXIa mutants by PN2KPI. FXIawt (○), FXIa-R5 

(△), FXIa-R6 (□) and FXIa-Y5901A (in chymotrypsin numbering) (●) were titrated with 

PN2KPI (0-13 nM) and incubated at 37°C for 30 minutes. Residual activity was 

measured by the hydrolysis of S-2366 and represented as fraction of amidolytic activity 

remaining. Values are the mean ± standard deviation of the experiment done in triplicate.   
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 (Y5901, chymotrypsin numbering) was mutated to aspartic acid. Since FXIa-R2 displayed 

enhanced proteolysis after activation, the inhibition of FXIa-Y5901A (made by Dr. Tara 

Miller) by PN2KPI was examined instead of FXIa-R2. As shown in Figure 15, FXIa-

Y5901A displayed resistance to inhibition by PN2KPI. 

 

 

 

 

 

 

  Table 6. Inhibition constants for FXIa and FXIa mutants with PN2KPI. 

 

 

Enzyme Ki (nM)  

FXIawt  1.5 + 0.13 

FXIa-Y5901A * 

FXIa-R5  1.8 + 0.11  

FXIa-R6  1.7 + 0.09  

      *: insignificant inhibition observed 
      The Ki values were calculated from values of IC50 obtained from Fig. 15. 
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Determination of FXIa binding to PN2KPI 

        To determine whether the resistance of FXIa-Y5901A to PN2KPI inhibition resulted 

from a defect in the binding of the mutant protein to PN2KPI, the binding of FXIawt, and 

FXIa- Y
5901A to PN2KPI were studied by ELISA as shown in Figure 16. The dissociation 

constant (K
Dapp

) and the maximal binding (Bmax) were obtained by fitting the data to 

nonlinear regression using KaleidaGraph. The K
Dapp value of FXIa-Y5901A (0.3 ± 0.03 

nM) was approximately 2-fold higher than that (0.14 ± 0.01 nM) of FXIawt  and the Bmax 

value of FXIa-Y5901A was about 80% of that of FXIawt  (Table 7). These results 

demonstrate that FXIa-Y5901A displays a defect in binding to PN2KPI resulting in 

resistance to PN2KPI inhibition. We conclude that Y5901 within the R2 region is involved 

in the interaction of FXIa with PN2KPI. However, it should be emphasized that the 

defect in binding of FXIa-Y5901A to PN2KPI is relatively modest (Fig. 16 and Table 7.) 

and is unlikely to account for the more profound defect in inhibition observed (Fig. 15 

and Table 6.). 
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a.                                                                       b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. FXIa binding to PN2KPI. (a) Hyperbolic plot. (b) Klotz plot. FXIawt (○) 

and FXIa- Y
5901A (∆) binding to PN2KPI were determined by ELISA. In brief, FXIawt 

or FXIa mutants (0-4 nM) was added to wells of the KPI-bound plate and the KPI-

bound FXIa was detected using a FXI polyclonal antibody. Values are the mean ± 

standard deviation of the experiment done in triplicate. The K
Dapp and Bmax values are 

shown in Table 7.  

 

 

 

Table 7. FXIa binding to PN2KPI. 
 

 FXIawt   FXIa-Y5901A 

B
max 

(O.D.)  1.1 ± 0.03  0.8 ± 0.03 

K
Dapp 

(nM)
 
 0.14 ± 0.01  0.3 ± 0.03 

FXIa-Y416A (Y5901A, chymotrypsin numbering) 
Values are the mean ± standard deviation of the experiment done in triplicate. 
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Specific Aim 2: To determine the roles of calcium and the heavy chain of FXIa in 

FIX-activation by FXIa 

 

Time course of FIX-activation by FXIa or FXIa-LC  

To explore the mechanism by which calcium affects the interactions between the 

two FIX binding sites within the heavy and light chains of FXIa, the time course of FIX- 

activation by FXIa or the light chain of FXIa (FXIa-LC) in the presence or absence of 

calcium ions was examined. During FIX-activation by FXIa in the presence of calcium 

ions, the first cleavage at R145 of FIX resulting in FIXα was observed at the 1-minute 

time point when FIXa had been formed already indicating that the two scissile bonds of 

FIX were cleaved almost simultaneously (Fig. 17a). FIX was almost fully cleaved after 

15 minutes by FXIa in the presence of calcium ions (Fig. 17a). When FIX was activated 

by FXIa in the absence of calcium ions, the accumulation of the inactive intermediate 

FIXα (shown as FIXα-HC on the reduced gel) produced from the cleavage at R145-A146 

was observed, indicating a slower rate of the cleavage at R180-V181 (Fig. 17b). FIX was 

completely cleaved after 30 minutes (Fig. 17b) which is slower than that occurring in the 

presence of calcium ions (Fig. 17a). During FIX-activation by FXIa-LC either in the 

presence or absence of calcium ions, the accumulation of FIXα was also observed (Fig. 

17c. and 17d.). FIX was fully cleaved by FXIa-LC after 60 minutes (Fig. 17c. and 17d.). 

These results indicated that both calcium and the heavy chain of FXIa are essential for 

optimal FIX-activation, and the accumulation of FIXα resulting from the slower cleavage 

at R180-V181 occurred in the absence of either calcium ions or the heavy chain of FXIa. 
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a.                                                                  c. 

 

               

 

 

 

b.                                                                    d. 

 

      

 

 

 

 

 

Figure 17. SDS-PAGE analysis of time-dependent FIX activation by FXIa or FXIa-

LC in the presence or absence of CaCl2. FIX (2.6 µM) in TBS buffer was incubated 

with FXIa (a. and b.) or FXIa-LC (c. and d.) (26 nM) in the presence of either calcium 

(5mM) (a. and c.) or EDTA (2mM) (b. and d.) at 37°C. Samples were removed and 

electrophoresed through 4-15% SDS polyacrylamide gels under reducing conditions at 

indicated time points. FIXα-HC: heavy chain of FIXα; HC: heavy chain; LC: light chain.  
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Activation of FIX mutants by FXIa or FXIa-LC 

To determine the role of calcium and the two FIX binding sites within the heavy and 

light chains of FXIa in the cleavages of the two scissile bonds of FIX respectively, FIX 

mutants, FIX-R180A and FIX-R145A, were prepared. In FIX-R180A, only the scissile 

bond at R145-A146 was available for cleavage and in FIX-R145A, only the scissile bond at 

R180-V181 was available for cleavage by FXIa. Both FIX mutants were activated by FXIa 

or FXIa-LC in the presence of absence of calcium ions. In FIX-R180A activation by 

FXIa with calcium present, the cleavage at R145-A146 producing FIXα was observed as 

early as the 1-minute time point (Fig. 18a.), the same time point (albeit lesser amounts) as 

that observed with wild-type FIX (FIXwt) (Fig 17a.). When FIX-R180A was activated by 

FXIa in the absence of calcium ions, the cleavage at R145-A146 was not observed until the 

5-minute time point (Fig. 18b.), which was slower than that with FXIawt in the presence 

of calcium ions (Fig. 18a.). During FIX-R180A activation by FXIa-LC, the cleavage at 

R145-A146 was also much slower and was independent of the presence of calcium ions 

(Fig. 18c. and 18d.).   

In FIX-R145A activation by FXIa in the presence of calcium ions, the cleavage at 

R180-V181 without the prior cleavage at R145 (Fig. 19a.) was much slower than that with 

the prior cleavage at R145 in wild-type FIX (Fig. 17a.) indicating that efficient cleavage 

at R180-V181 requires the prior cleavage at R145-A146 . The R180-V181 of FIX-R145A was 

hardly cleaved by FXIa without calcium present (Fig. 19b.) or by FXIa-LC (Fig. 19c. and 

19d.) suggesting that both calcium and the heavy chain of FXIa are required for efficient 

cleavage at R180-V181 of FIX.    

 



 71 
 

 

a.                                                                 c. 

 

      

 

 

 

b.                                                                d. 

 

      

 

 

 

 

 

Figure 18. SDS-PAGE analysis of time-dependent FIX-R180A activation by FXIa or 

FXIa-LC in the presence or absence of CaCl2. FIX-R180A (2.6 µM) in TBS buffer 

was incubated with FXIa (a. and b.) or FXIa-LC (c. and d.) (26 nM) in the presence of 

either calcium (5mM) (a. and c.) or EDTA (2mM ) (b. and d.) at 37°C. Samples were 

removed and electrophoresed through 4-15% SDS polyacrylamide gels under reducing 

conditions at indicated time points. FIXα-HC: heavy chain of FIXα; LC: light chain. 
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a.                                                                c. 

 

                

 

 

 

b.                                                                 d. 

 

        

 

 

 

 

 

Figure 19. SDS-PAGE analysis of time-dependent FIX-R145A activation by FXIa or 

FXIa-LC in the presence or absence of CaCl2. FIX-R145A (2.6 µM) in TBS buffer 

was incubated with FXIa (a. and b.) or FXIa-LC (c. and d.) (26 nM) in the presence of 

either calcium (5mM) (a. and c.) or EDTA (2mM) (b. and d.) at 37°C. Samples were 

removed and electrophoresed through 4-15% SDS polyacrylamide gels under reducing 

conditions at indicated time points. HC/LC-AP: indistinguishable heavy chain and light 

chain with the activation peptide.   
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CHAPTER 4 

DISCUSSION 

The coagulation proteases belong to the chymotrypsin family of serine proteases and 

their catalytic domains exhibit a typical chymotrypsin fold (96, 104, 227). Although their 

catalytic domains are homologous in structure, these coagulation enzymes possess 

distinct specificities for their substrates, inhibitors and other ligands (22, 118, 228). The 

specificities are attributed to the recognition of unique sequences of the substrate and 

inhibitor molecules through docking with the complementary structure surrounding the 

active site of the enzyme (116, 229) and the extended macromolecular interactions of the 

enzyme with the substrate and inhibitor. The secondary binding site distant from the 

active site of the enzyme is referred to by the term “exosite”. The concept of exosites in 

coagulation proteinases was introduced by John Fenton and colleagues in 1977 (230). In 

thrombin, the two distinct electropositive surface regions, termed exosite I and exosite II, 

in near opposition on the thrombin surface play crucial roles in the recognition of its 

substrate, inhibitors and other ligands (231, 232). Exosite I (also known as the fibrinogen 

recognition exosite) of thrombin, composed of insertion loop 30-40 and 70-80 (in 

chymotrypsin numbering) (127, 219) mediates the interactions of thrombin with 

fibrinogen (123, 124), thrombomodulin (233) and the inhibitor, hirudin (123, 124, 234). 

Exosite II of thrombin is located “west” of Asp102 in the catalytic triad and mediates the 

interactions with heparin (235). In addition to exosite I and II, the insertion loop 

surrounding the active site pocket of thrombin, the 60-loop, was defined (219) and shown 
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to play a role in regulating substrate and inhibitor specificity of thrombin (218). FXa, 

FIXa, and FVIIa have topologically similar exosites I or II in their catalytic domains (3). 

Exosite I in these proteinases is a Ca2+ binding site (236-238) and exosite II overlaps the 

heparin binding site in FIXa and FXa (239, 240). Exosite II of FIXa mediates its 

interaction with FVIIIa (210, 236) and exosite II of FXa is important for the recognition 

of prothrombin and the interaction with FVa (241, 242). Previous studies also showed 

that the 99-loop of FIXa traps the enzyme in an inactive form by blocking the entrance of 

the substrate into the active site (243), and enhancement of FIXa activity by the cofactor 

FVIIIa involves the conformational rearrangement of the 99-loop (244). The basic 

residues of the autolysis loop containing residues 143-154 (in chymotrypsin numbering) 

have been demonstrated to play a role in determining substrate and inhibitor specificity in 

FIXa (245) and FXa (246).  

In FXI, both heavy and light chains contain exosites for various ligands. FXI 

binding to activated platelets is mediated by the exosite in the A3 domain (147, 247) of 

FXI heavy chain which overlaps a heparin binding exosite (150). Recent studies in our 

laboratory suggested that platelet-binding site for FXIa is located within the catalytic 

domain possibly comprising residues Cys527-Cys542 (not the A3 domain) that may be 

attributed to the conformational change that is postulated to occur during the conversion 

of FXI to FXIa resulting in the exposure of platelet-binding site in the catalytic domain 

and the obscuration of that in the A3 domain (248). Heparin-binding sites in FXI have 

been demonstrated within the A3 domain (K252, K253 and K255) of the heavy chain (151) 

and the 170-loop (K170, R171 and R173, chymotrypsin numbering) of the catalytic domain 
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(249). Protease nexin 2 (PN2) is the most likely physiological inhibitor of FXIa. The 

interaction of FXIa with PN2 is mediated exclusively by the interaction between the FXIa 

catalytic domain and the KPI (kunitz type protease inhibitor) domain of PN2 (PN2KPI) 

(156, 176). Previously our laboratory has identified the residues of FXIa catalytic domain 

(R3704, Y5901, E98, Y143, I151, and K192 in chymotrypsin numbering) that are possibly 

involved in the interactions with its inhibitors based on the co-crystal structure of the 

FXIa catalytic domain with PN2KPI (183). The basic residues in the autolysis loop of 

FXIa have been demonstrated to contribute to the serine protease inhibitor (SERPIN) 

specificity (250). The macromolecular substrate (FIX) binding exosite within the heavy 

chain of FXIa was first identified by our laboratory (143) and confirmed and localized 

within the A2 (145) and A3 domains (146) of FXIa by other investigators subsequently 

(146, 216). Recently our laboratory investigated the kinetics of the inhibition of FIX-

activation by FXIa or by its catalytic domain (FXIa-LC) utilizing a reversible serine 

protease inhibitor (p-aminobenzamine, PAB) and a small peptidyl substrate (S-2366), 

which occupied its active site. The results demonstrated that both PAB and S-2366 

inhibited FIX-activation by FXIa or by FXIa-LC in a noncompetitive fashion suggesting 

the presence of a FIX binding exosite on FIXa-LC remote from its active site (217). 

The first aim of my project is to localize the catalytic domain residues involved in 

active site architecture and in various ligand-binding exosites. FXI and prekallikrein 

catalytic domains are highly homologous in sequence (64% identity) but very different in 

function. By the alignment of the sequences of FXI and prekallikrein catalytic domains, 

six distinct regions of dissimilarity, R1-R6, were identified (Fig. 7.). These regions are 



 76 
 

highly conserved in FXI among mammalian species (Table 1.) and comprise surface-

exposed loops in the co-crystal structure of the FXIa catalytic domain with the KPI 

domain of the kunitz type inhibitor, protease nexin 2, (PN2KPI) (Fig. 8.). Previous 

studies have shown that these surface-exposed loops play a role in determining substrate 

and inhibitor specificity: for instance, the 60s loop (the R2 region) of thrombin regulates 

substrate and inhibitor specificity by shielding the active-site pocket (218), heparin 

modulates the 99-loop (the R4 region) of FIXa resulting in the effects on reactivity with 

Kunitz-type inhibitor domains (251) and basic residues of the autolysis loop (the R6 

region) play a key role in determining substrate and inhibitor specificities in FIXa and 

FXa (245, 246).  To localize the residues of the FXI catalytic domain involved in active 

site architecture and in various ligand-binding exosites, FXI/PK chimeric proteins (FXI-

R1-R6) containing substitutions with prekallikrein residues within Regions 1, 2, 3, 4, 5, 

or 6 of the FXI catalytic domain and alanine substituted mutants in region 3 (Q433A, 

K437A, E438A, and F443A) and region 5 (E469A, T470A, and D476A) were prepared and 

characterized. Our expectation was that some or all FXI/PK chimeras and alanine-

substituted FXI mutants would manifest normal amidolytic activities and one or more of 

them would display a defect in the interaction with the substrate, FIX, or the inhibitor, 

protease nexin 2 (PN2), which would suggest that the mutated residues are involved in 

the interaction with FIX or PN2. 

After activation by FXIIa, FXIa-R1, FXIa-R2, FXIa-R3, and the alanine substituted 

mutants in region 3 (FXIa-Q433A, FXIa-K437A, and FXIa-F443A) except for FXIa-E438A 

displayed enhanced proteolysis suggesting that the residues in R1, R2 and R3 regions are 
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important to maintain the correct structure of FXIa. Determinations of the amidolytic 

activity in assay of fluorogenic substrate hydrolysis showed that FXIa-E438A and FXIa- 

E469A manifested normal amidolytic activity whereas FXIa-R5, FXIa-T470A, FXI-D476A, 

and FXIa-R6 displayed 50-60% of the normal amidolytic activity indicating that the 

residues in R5 and R6 regions are involved in active site architecture. Moreover, the 

FXIa-R4 chimera was unable to hydrolyze the small peptidyl substrate suggesting that 

mutations in the R4 region may alter the structure of the active site dramatically thereby 

resulting in loss of the activity for FXIa substrate. In assessments of clotting activity 

determined by activated partial thromboplastin time (aPTT) assay, FXIa-E438A and FXIa-

E469A displayed 100% activity as FXIwt and FXIa-R5, FXIa-T470A, and FXI-D476A 

displayed ~50% of normal clotting activity commensurate with their amidolytic activities. 

Therefore the prolonged clotting times characterizing FXIa-R5, FXIa-T470A, and FXI-

D476A were the consequence of their defects in active site architecture. In contrast, FXIa-

R6 manifested 60% of normal amidolytic activity but displayed only 28% of normal 

clotting activity implying that the R6 region may be involved in the interaction with its 

macromolecular substrate, FIX. This hypothesis was further confirmed by examinations 

of FIX-activation by FXIawt and FXIa-R6 showing that FIX-activation by FXIa-R6 was 

slower than that observed with FXIawt. Previous studies have also shown that the basic 

residues in the R6 region (also known as the autolysis loop) are the determinants for 

serine protease inhibitor (SERPIN) specificity in FXIa (250). Further investigation is 

required to determine which residues in the R6 region of FXIa are essential for the 

interaction with FIX.  
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Since the residues in R1-R6 regions were substituted with the corresponding 

residues of PK, it is reasonable to determine whether any of these FXI/PK chimeras 

manifest a gain of activity against a kallikrein substrate. In the assay measuring 

hydrolysis of a kallikrein specific substrate (S-2302), FXIawt, FXIa-R1, and FXIa-R2 

showed less than 4% of kallikrein activity and FXIa-R6 displayed about 13% of 

kallikrein activity. However FXIa-R4, which showed a profound defect in amidolytic 

activity for FXIa substrate, gained approximately 87% of the activity of kallikrein using 

the kallikrein-specific substrate, S-2302. To further explore whether FXI-R4 gained 

kallikrein activity in the activation of high molecular weight kininogen (HK), HK was 

activated by kallikrein, FXIawt, and FXIa-R4. Although both kallikrein and FXIa activate 

HK, their cleavage sites and cleavage rates are different (223, 224). The first cleavage at 

Lys362-Arg363 and Arg371-Ser372 within HK by kallikrein generates a heavy chain (HC) 

and a light chain precursor (LCp) and then the second cleavage at Arg419-Lys420 within 

LCp produces a light chain (LC) (225). The first cleavage at Arg409-Arg410 and Lys502-

Thr503 of HK by FXIa produces a heavy chain precursor (HCp) and then the second 

cleavage at Lys325-Lys326 within HCp generates a HC (226). Moreover, the cleavage rate 

of HK by FXIa is much slower than that observed with kallikrein (224). As shown in 

Figure 13, the pattern and rate of HK cleavage by FXIa-R4 was more similar to that 

achieved by kallikrein than by FXIawt. These results suggested that the R4 region of FXIa 

(also known as 99-loop) plays a role in determining the substrate specificity. The R4 

region (Asp452-Tyr461) in the crystal structure of the catalytic domain of FXIa is adjacent 

to Asp462 (Asp102, chymotrypsin numbering) of the catalytic triad and thereby this 

surface-exposed loop structure or the residues in this loop are important determinants of 
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the substrate specificity of FXIa. 

        To determine whether R1-R6 regions of FXIa are involved in the interaction with 

the inhibitor, protease nexin 2 (PN2), the inhibition of the FXIa/PK chimeras by the KPI 

domain of PN2 (PN2KPI) which contains the full complement of inhibitory function of 

PN2 for FXIa (156, 179) was carried out. The Ki values for inhibition of PN2KPI by 

FXIa-R5 and FXIa-R6 were similar to that of FXIawt (Table 6.). The residues within the 

FXIa catalytic domain (R3704, Y5901, E98, Y143, I151, and K192 in chymotrypsin numbering) 

that are possibly involved in interactions with its inhibitor have been identified based on 

the co-crystal structure of FXIa catalytic domain with PN2KPI (183). Among these 

residues, Y416 (Y5901, chymotrypsin numbering) is substituted with aspartic acid within 

the FXI/PK chimera FXI-R2, and FXIa-Y5901A displayed resistance to PN2KPI inhibition. 

To determine whether the resistance of FXIa- Y5901A to inhibition by PN2KPI was a 

consequence of the loss of binding to PN2KPI, studies were carried out to examine the 

binding of FXIa-Y5901A and FXIawt to PN2KPI. The results showed that the binding 

affinity of FXIa-Y5901A to PN2KPI was 2-fold lower than that of FXIawt and the maximal 

number of binding sites was about 80% of that of FXIawt indicating that FXIa-Y5901A has 

a modest defect in the interaction with PN2KPI. Thus, the resistance of FXIa-Y5901A to 

the inhibition by PN2KPI is the consequence, at least in part, of the defect in interacting 

with PN2KPI suggesting that Y5901within the R2 region (60s-loop) is involved in the 

interaction of FXIa with PN2KPI. However the mutation of Y5901 in the R2 region of 

FXIa did not completely abolish the interaction with PN2KPI, implicating other residues 

in addition to Y5901 within the FXIa catalytic domain that may be involved in the 
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interaction of FXIa with PN2KPI. The orientation between the active site of FXIa and 

PN2KPI may be altered within FXIa-Y5901A thereby resulting in the active sites of FXIa-

R2 and FXIa-Y5901A becoming inaccessible to PN2KPI.    

In conclusion, these studies of FXI/PK chimeric and mutant proteins implicate 

residues in the R1, R2 and R3 regions in the maintenance of FXIa structure; residues in 

the R5 and R6 regions involved in active site architecture; the residue Y5901 in the R2 

region (60-loop) of FXIa in FXIa inhibition by PN2KPI; residues within the R4 region 

(99-loop) of FXIa in the determination of amidolytic substrate specificity; and residues 

within the R6 region (autolysis loop) of FXIa in the interaction with the macromolecular 

substrate, FIX. The residues in the R2 (60-loop), R4 (99-loop), and R6 (autolysis loop) 

regions which are important for the interaction of FXIa with PN2KPI, the substrate 

specificity of FXIa, and the interaction of FXIa with FIX respectively in the crystal 

structure of FXIa catalytic domain are shown in Figure 20.  

FXIa activates FIX by effecting sequential cleavages first at R145-A146 resulting in 

FIXα and then at R180-V181 producing FIXa (211, 212). Calcium binding to the γ-

carboxyl glutamate-rich (Gla) domain of FIX is required for the interaction of FIX with 

FXIa (202-205), and FIX binding exosites have been identified within both heavy and 

light chains of FXIa (145). To explore the mechanism by which calcium affects the 

interactions between the two FIX binding sites within the heavy and light chains of FXIa, 

the time course of FIX-activation by FXIa or the light chain of FXIa (FXIa-LC) in the 

presence or absence of calcium ions was examined. When FIX was activated by FXIa in 

the presence of calcium ions, the first cleavage at R145-A146 occurred at early time points 

when FIXa formation was also observed suggesting that the two scissile bonds of FIX  
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Figure 20. The residues of R2 (60-loop), R4 (99-loop), and R6 (autolysis loop) 

regions in the crystal structure of the catalytic domain of FXIa. The atoms of the side 

chains of the catalytic triad consisting of His57, Asp102, and Ser195 are colored in C: green, 

N: blue, and O: red. The numbering system used in this figure is chymotrypsin 

numbering system. (PDB ID: 1ZJD) 
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were cleaved almost simultaneously by FXIa in the presence of calcium ions. FIX 

activation either by FXIa in the absence of calcium ions or the heavy chain of FXIa 

showed the accumulation of the inactive intermediate FIXα produced from the cleavage 

at R145-A146, indicating a slow cleavage rate at the second scissile bond R180-V181. 

Therefore we conclude that both calcium and the heavy chain of FXIa are essential for 

optimal FIX activation. To determine the roles of calcium and the two FIX-binding 

exosites within the heavy and light chains of FXIa in the cleavages of the two scissile 

bonds of FIX respectively, FXI R145A, in which only the cleavage at R180-V181 is 

available, and FIX-R180A, in which only the cleavage at R145-A146 is available, were 

prepared. The cleavage rate at R145-A146 of FIX-R180A in the absence of calcium ions 

was slower than in the presence of calcium ions. The cleavage rate at R180-V181 of FIX-

R145A without the prior cleavage at R145 by FXIa in the presence of calcium ions was 

much slower than that of wild-type FIX indicating that the efficient cleavage at R180-V181 

requires the prior cleavage at R145-A146. The scissile bond R180-V181 of FIX-R145A was 

hardly cleaved by FXIa in the absence of calcium ions or the heavy chain of FXIa 

suggesting that both calcium and the heavy chain of FXIa are required for efficient 

cleavage at R180-V181 of FIX. Based on these results, we propose a model of the 

mechanism of FIX-activation by FXIa (Fig. 21): When FIX is activated by FXIa in the 

presence of calcium ions FIX binds to both heavy and light chains of FXIa to bring the 

two scissile bonds of FIX, R145-A146 and R180-V181, close enough to be cleaved almost 

simultaneously for FIXa generation. When FIX is activated by FXIa in the absence of 

calcium ions or the heavy chain of FXIa, FIX only binds to the light chain of FXIa to 

facilitate cleavage of the first scissile bond R145-A146 and produces the inactive 
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intermediate FIXα, whereas the second cleavage at R180-V181 is slow, resulting in the 

accumulation of FIXα.  

 

Future Directions 

        In this dissertation I have shown that the R4 region (99-loop) of FXIa plays a role in 

determining the substrate specificity. Whether FXIa-R4 gains kallikrein activity in 

clotting can be demonstrated by determining the clotting activity of FXIa-R4 by aPTT 

assay using kallikrein-deficient plasma. To further explore which residues in this loop are 

the determinants for the substrate specificity of FXIa, FXI mutants in which the 

conserved residues in the 99-loop of FXI are substituted with the corresponding residues 

of PK respectively should be prepared and examined for their activities against both FXIa 

and kallikrein substrates. In addition, whether the substitution of the 99-loop of PK with 

the corresponding residues of FXI gains the activity for FXIa substrate can be examined.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 84 
 

 
 

 

 
 
 
 
 
 
 
Figure 21. Proposed models of the mechanism of FIX activation. A. FIX-activation by 

FXIa in the presence of calcium ions B. FIX-activation by FXIa in the absence of calcium 

ions. C. FIX-activation by FXIa-LC in either presence or absence of calcium ions. The 

abbreviations in the figure are FXIa=factor XIa, FIX=factor IX, FXIa-LC=light chain of 

FXIa, FIXα=inactive intermediate of FIX, FIXa=factor IXa, and AP=activation peptide 
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In the present study, the R6 region (autolysis loop) of FXIa was postulated to 

contain a FIX binding exosite. To further explore this hypothesis the inactivated FXIa-R6 

and FXIawt in which the residue Ser195 (chymotrypsin numbering) in the active site is 

substituted with alanine to prevent FIX activation in the binding experiment should be 

prepared and the binding of the inactivated FXIa-R6 and FXIawt to FIX should be 

determined by ELISA. To further determine which residues of the autolysis loop of FXIa 

are important for the interaction of FXIa with FIX, alanine-scanning mutagenesis of the 

residues that are conserved in FXI among mammalian species but different in 

prekallikrein (PK) should be carried out and FIX-activation by these FXIa mutants should 

be examined.  

        The results in this dissertation suggested that in addition to Tyr416 (Tyr5901), the 

residues of the R2 region (60s-loop) may also be involved in the interaction with the KPI 

domain of the Kunitz-type inhibitor, protease nexin 2, (PN2KPI). To determine which 

residues of the 60s-loop are essential for the interaction of FXIa with PN2KPI, alanine-

substituted mutants in the 60s-loop of FXIa should be prepared and examined in assays of 

inhibition by PN2KPI and binding to PN2KPI by ELISA. 
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APPENDIX 

List of Abbreviations 

 

A1, A2, A3, A4  Apple domains 1, 2, 3, and 4 in factor XI 

aa   Amino acids 

APC   Activated protein C 

APTT   Activated partial thromboplastin time 

ATIII   Antithrombin III 

Bmax   Maximum specific binding 

BSA   Bovine serum albumin 

DMEM  Dulbecco’s modified Eagle medium 

ELISA   Enzyme-Linked Immunosorbent assay 

FV    Factor V 

FVa    Activated factor V 

FVII   Factor VII 

FVIIa   Activated factor VII 

FVIII   Factor VIII 

FVIIIa   Activated factor VIII 

FIX   Coagulation factor IX 

FIXa   Activated factor IX 

FX   Factor X 

FXa   Activated factor X 

FXI   Factor XI 
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FXIa   Activated factor XI 

FXII   Factor XII 

FXIIa   Activated factor XII 

GLA   Gamma-carboxyglutamic acid 

HC   Heavy chain 

HK   High molecular weight kininogen 

HRP   Horseradish peroxidase 

KDapp    Apparent dissociation constant 

Km   Michaelis constant  

K i                                Inhibition constant 

LC    Light chain 

PCR   Polymerase chain reaction 

PBS   Phosphate buffer saline 

PK   Plasma prekallikrein 

pNA   Para-nitroaniline 

PN1                             Protease nexin 1 

PN2   Protease nexin 2 

S-2366   Pyro-Glu-Pro-Arg-p-nitroaniline 

S-2302                         Pro-Phe-Arg-p-nitroaniline 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

TBS   Tris buffered saline 

TF   Tissue factor 

TFPI   Tissue factor pathway inhibitor 



 109 
 

Vmax   Maximum reaction velocity at saturating substrate concentration 

vWF   von Willebrand factor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


