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Abstract
Many biological processes rely on specific protein-protein interactions, for example 
immune responses, cell signaling, transcription, and blood coagulation. Blood 
coagulation is initiated when a vessel wall is damaged, exposing tissue factor (TF) to the 
circulating factor VII/factor VIIa (FVII/FVIIa) which results in the formation of the 
TF:FVIIa complex and thereby the initiation of blood coagulation. One of the substrates 
for the TF:FVIIa complex is factor X (FX), which is activated to factor Xa (FXa), 
subsequently leading to a series of reactions resulting in clot formation. Tissue factor 
pathway inhibitor (TFPI) is the major physiological inhibitor of the sTF:FVIIa complex, 
involved in regulation of coagulation by forming the TF:FVIIa:FXa:TFPI complex. 
Occasionally, the blood coagulation mechanism malfunctions, resulting in conditions 
such as the inability to stop bleeding or thrombosis. The fact that TF is the main initiator 
of the coagulation makes this an interesting protein to study, in the hunt for means to 
interfere with players involved in the blood clotting process. 
Throughout the studies included in this thesis the site-directed labeling technique is 
utilized to attach spectroscopic probes to cysteines, introduced at specific positions by 
mutagenesis, in the protein of interest. These fluorescent or spin-probes are sensitive for 
changes in their immediate environment and can thus, for example be used to monitor 
protein-protein complex formation and conformational changes. 
No complete structure has been obtained as yet for the large complex involving sTF, 
FVIIa, FXa, and TFPI. Therefore, we introduced a fluorescent probe at specific positions 
in soluble tissue factor (sTF) and the changes in fluorescence emission were detected 
upon sTF:FVIIa:FXa:TFPI complex formation. From these measurements it was 
concluded that not only parts of the C-terminal domain of sTF (TF2), but also residues in 
the N-terminal domain (TF1) are involved in binding to FXa in the quaternary complex. 
In order to investigate conformational changes occurring in the extended interface 
between sTF and FVIIa upon binding of different inhibitors spectroscopic probes were 
introduced in sTF, in the vicinity of the interaction region. From the obtained data it was 
concluded that the exosite-binding inhibitor E-76 induces equivalent structural changes at 
the interface of sTF and the protease domain (PD) of FVIIa, as do the active-site 
inhibitors FFR and TFPI, i.e. makes the region around the active-site more compact. 
Binding of these inhibitors shows similar effects despite their differences in size, binding 
site, and inhibitory mechanism. 
In addition, the Ca2+ dependence of the formation of the sTF:FVIIa complex was studied. 
Association between sTF and FVIIa during Ca2+ titration begins by Ca2+ binding to the 
first EGF-like domain of FVIIa. However, Ca2+ saturation of the �-carboxyglutamic acid-
rich (Gla) domain of FVIIa is required for complete sTF:FVIIa complex formation, and 
we were also able to detect that a Gla domain with vacant Ca2+ sites hinders the docking 
to sTF. 
Finally, we investigated the structural changes of free inhibited FVIIa upon sTF and Ca2+ 

binding by FRET and quenching measurements. From this it was concluded that inhibited 
FVIIa does not seem to undergo large global structural changes upon binding to sTF, 
when taking the dynamics of free FVIIa into account. However, Ca2+ binding induces 
minor local conformational changes in the active-site region of the PD of inhibited FVIIa 
and subsequent binding of sTF causes further structural rearrangements in this area. 



 



Populärvetenskaplig sammanfattning 

Proteiner har många funktioner i kroppen och många fysiologiska processer är beroende 
av interaktioner eller växelverkan mellan olika proteiner. En av dessa viktiga mekanismer 
är blodkoagulering, som initieras när ett blodkärl skadas och ett protein, vävnadsfaktorn 
eller tissue factor (TF) exponeras. TF och blodkoaguleringsproteinet faktor VIIa (FVIIa) 
bildar sedan ett proteinkomplex som aktiverar ett annat blodkoaguleringsprotein faktor X 
(FX) till faktor Xa (FXa), vilket i en serie ytterligare aktiveringar av blodkoagulerings- 
proteiner, leder till att blodet levrar sig. I kroppen finns en viktig hämmare, tissue factor 
pathway inhibitor (TFPI), som reglerar detta system, genom att bilda komplexet 
TF:FVIIa:FXa:TFPI och därmed hämma dessa proteiners aktivitet. När koagulerings- 
systemet inte fungerar som det ska, kan det leda till blodproppsbildning eller försämrad 
koaguleringsförmåga. Detta gör det intressant att i detalj utreda hur proteinerna i detta 
system binder till och växelverkar med varandra, för att sedan kunna hitta medel som 
interfererar med denna process och därmed fungerar som läkemedel mot exempelvis 
blodpropp. 
Vi har använt en metod som kallas lägesspecifik märkning, som går ut på att koppla 
spektroskopiska sensorer till specifika positioner i proteinet som ska studeras. Proteiner 
är uppbyggda av aminosyror, vilka kan bytas ut mot cysteiner med hjälp av riktad 
mutagenes, vilka sedan används som handtag för att hänga på de kemiska sensorerna. 
Dessa sensorer är sedan känsliga för förändringar i sin omedelbara omgivning, vilka kan 
detekteras med hjälp av olika spektroskopiska metoder (fluorescens eller 
elekronparamagnetisk resonans (EPR)). Exempelvis, om en spektroskopisk sensor sitter 
på en position i det studerade proteinet som är inblandad i bindning till ett annat protein 
kommer detta att påverka sensorns omgivning, som då går från att ha haft kontakt med 
vatten (polär miljö), när proteinet är fritt, till en vanligtvis mer ”fet” (opolär) omgivning 
när de två proteinerna binder till varandra. De kemiska sensorerna är mycket känsliga för 
förändringar i polaritet och rörlighet, vilket kan detekteras som skillnader i fluorescens- 
resp. EPR-spektra. Bildandet av protein-proteinkomplexet kan därmed följas genom att 
titta på spektrala förändringar. 
Med hjälp av lägesspecifik märkning har vi kunnat kartlägga områden i sTF, en något 
förkortad variant av TF, som binder till FXa. TF är uppbyggt av två domäner och vi har 
visat att båda dessa är inblandade i bindning till FXa i det biologiskt viktiga komplexet 
sTF:FVIIa:FXa:TFPI.  
Vi har även studerat hur inbindning av olika hämmare, som inaktiverar sTF:FVIIa 
komplexet, påverkar interaktionsytan mellan de två proteinerna. Vi har kunnat visa att tre 
olika hämmare ger samma strukturella förändring i bindningsytan mellan sTF och FVIIa, 
trots olika hämningssmekanismer, storlekar och bindningsställen. 
Bindingen mellan sTF och FVIIa är beroende av kalcium och vi har även kunnat följa 
kalciumberoendet för proteinkomplexets bildande med vår sensorteknik. Till sist har vi 
kunnat visa att hämmad FVIIa inte genomgår några stora strukturella förändringar när 
sTF och kalcium binder in. Däremot sker små strukturella förändringar i närheten av 
aktiva ytan, i den del av proteinet där FVIIa har sin aktiverande funktion. 
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Abbreviations

A-183   exosite inhibitor of FVIIa 

Ca2+
50   Ca2+ concentration at half-maximal response 

Des(1-38)-FVIIa FVIIa lacking the larger part (residues 1-38) of the Gla domain 

E-76   exosite inhibitor of FVIIa 

EGF1   epidermal growth factor-like domain 1 

EGF2   epidermal growth factor-like domain 2 

EPR   electron paramagnetic resonance spectroscopy 

FFR   FFR-chloromethyl ketone 

Fl   fluorescein FPR-chloromethyl ketone 

FRET   fluorescence resonance energy transfer 

FVII   factor VII 

FVIIa   activated factor VII 

FVIIa:A-183  FVIIa inhibited by A-183 

FVIIa:E-76  FVIIa inhibited by E-76 

FVIIa:FFR  FVIIa inhibited by FFR 

FX   factor X 

FXa   activated factor X 

Gla   �-carboxyglutamic acid 

IAEDANS 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid 

IPSL   N-(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)iodoacetamide 
PD   protease domain 

sTF   soluble tissue factor (residues 1-219) 

TF   tissue factor 

TF1   N-terminal domain of TF 

TF2   C-terminal domain of TF 

TFPI   tissue factor pathway inhibitor 

TFPI1-161  TFPI lacking the third Kunitz domain 

TMR   tetramethylrhodamine-5-maleimide 
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Introduction

This thesis summarizes the research I have conducted during my time as a 
graduate student and the conclusions based on my findings are also discussed 
herein. 
 
The content and the outline of this book are explained as follows: 
Since proteins play the leading parts of my investigations, I begin this thesis with 
an introduction to the fascinating world of proteins. The fact that these molecules 
have so many essential functions in our bodies makes it interesting to try to reveal 
in detail how they perform all of their tasks. Such knowledge could eventually, for 
example lead to means of curing diseases by interfering with for instance 
inappropriate protein-protein interactions.  
 
Throughout my research I have studied proteins involved in blood coagulation and 
therefore, I continue my thesis with a section describing the coagulation process as 
a background to my investigations. Thereafter, I describe the specific proteins in 
focus in my studies, i.e. tissue factor, factor VIIa, factor Xa, and tissue factor 
pathway inhibitor, all of which are involved in blood coagulation. 
 
The aims of my studies have been to map binding regions involved in interactions 
between these blood coagulation proteins and to detect conformational changes 
upon complex formation, as well as induced by binding of inhibitors or Ca2+. The 
methods utilized for these purposes are described, as well as a short summation of 
the underlying methodological theories.  
 
Finally, I summarize the papers this thesis is based upon, which are also included 
in the last section of this thesis. 
 
I have carried out my research at Linköping University and it has been performed 
in cooperation with Egon Persson and Per-Ola Freskgård with coworkers at Novo 
Nordisk A/S. 

 3



 
 
 
 
 

 

 4



1. Proteins 

Proteins consist of long chains of amino acids, folded into a tertiary structure. The 
proteins in the human body are composed of 20 amino acids, with a wide array of 
chemical and structural features, arranged in a specific sequence in each kind of 
protein. Due to this diversity in building blocks, the proteins present in the cells, 
fluids and structures of the body have equally diverse sizes, shapes and physico-
chemical properties. 
 
Proteins also have a broad spectrum of functions in the body, inter alia: 
� Enzymatic catalysis of various reactions. 
� Structural roles, e.g. as building blocks of the skin and skeleton. 
� Regulation, e.g. as hormones and DNA regulators. 
� Transport, e.g. of oxygen by hemoglobin. 
� Defense, e.g. playing key roles in immune mechanisms. 
� Storage, e.g. of oxygen by myoglobin. 
 
All proteins have similar backbones, but with highly differing lengths, consisting 
of the poly-peptide chain of amino acids linked by peptide bonds. The side chains 
of the amino acids differ in size and polarity, giving each protein its unique 
characteristics. In addition, the polarity of the side chains is critical for proteins’ 
conformation (shape), since abundant data suggest that the major force driving the 
folding of proteins into their respective, native three-dimensional structures is non-
specific hydrophobic interactions, leading to the burial of nonpolar side chains in 
the core of the protein (Dill 1990). Thermodynamically, the most stable form a 
protein is the one with the lowest energy state. Consequently, a folded state of the 
protein will be energetically favorable, since the residues with nonpolar side 
chains interact unfavorably with the polar water molecules in the unfolded state. In 
the native state, the nonpolar residues are shielded from the solvent water and 
buried inside the core of the protein. In contrast, the polar side chains of the 
protein will generally appear at the outside of the protein, favorably interacting 
with the polar solvent. 
Several proteins are also attached to, or associated with, the cell membrane. The 
membrane proteins play important roles, for example as transport proteins, 
enzymes and receptors. The membrane regions of the proteins are either �-helices 
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or �-barrels, in which mainly nonpolar amino acids are in contact with the 
hydrophobic lipid membrane environment. 
 
 

Protein-protein interactions 

The wide range of structures of proteins enables diverse interactions between 
proteins and almost all other kinds of substances, ranging from small inorganic 
ions, through sugars, fatty acids, peptides and other proteins, to various kinds of 
surfaces. Almost all biological processes rely on specific protein interactions, 
frequently including protein-protein interactions, for example immune responses, 
cell signaling, transcription and blood coagulation. Perturbations of normal 
interactions between proteins are believed to cause a number of diseases, including 
cancer. Therefore, knowledge of protein-protein interactions at the atomic level is 
crucial for understanding diseases and, hence, the development of specific 
therapeutic drugs. Consequently, much research has focused on finding small 
drug-like molecules targeting specific protein-protein interaction regions. The 
nature of the protein interfaces makes this task challenging, but several small 
molecules have been discovered that are capable of disrupting interactions 
between certain proteins (Wells et al. 2007). 
 
Intense interest has focused on protein-protein interactions in physiological 
processes due to their fundamental importance, and some essential questions have 
been raised, including the following: What regulates these interactions between 
proteins and what is the molecular basis of recognition? Which amino acids are 
involved in binding? How do tightly and weakly binding complexes differ? Can 
the answers to these questions provide a universal code for protein binding? 
Proteins interact with other proteins with a wide variety of affinities, ranging from 
millimolar to femtomolar. Some proteins can interact with more than one partner, 
separately or simultaneously, and a few (called hubs) have large numbers of 
interaction partners, ranging from ten to hundreds, forming protein interaction 
networks (Tsai et al. 2009). A common feature in all protein interactions is the 
high specificity (Reichman et al. 2007). So, what are the characteristics of 
potential binding sites on a protein surface and can they be predicted?  
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Generally, inorganic ions and small molecules bind to proteins in the deepest 
pocket of the protein surface, but the interaction area of proteins that binds to other 
proteins is much larger, commonly in the range of 1200-2000 Å2, and is quite flat. 
The regions of proteins that interact complement each other in size, shape, 
hydrophobicity and charge, and the interfaces are typically as tightly packed as the 
interior of a protein (Moreira et al. 2007).  
Interaction areas have been quite successfully predicted by analysis of the 
complementarity parameters (70 % success rate), and such analysis can be used to 
locate potentially active (warm) regions for interaction (Reichmann et al. 2007). 
Another strategy used to identify possible binding sites on protein surfaces is to 
calculate which areas would have favorable energy change upon protein-protein 
docking, i.e. with low desolvation energy. Such predictions have identified correct 
binding sites in 80 % of structurally known protein-protein interfaces. However, 
not all proteins contain these “low-surface-energy” areas (Fernandez-Recio et al. 
2005). 
As in protein folding, one of the major forces in protein-protein interaction is 
hydrophobicity (Moreira et al. 2007). However, in most protein complexes the 
composition of amino acids in the interface is quite similar to the surface as a 
whole, with only a somewhat higher degree of hydrophobic residues. Nonpolar 
regions involved in protein-protein interactions on the surface of the proteins are 
buried in the binding interface following binding, and shielded from the polar 
water molecules, resulting in a net gain in energy. Nonpolar residues located in the 
binding area form van der Waals contacts, which stabilize the resulting complex.  
The surfaces involved in protein-protein binding show electrostatic 
complementarity, resulting in a network of ion pairs and hydrogen bonds upon 
complex formation. Thus, electrostatic interaction is another important force in 
protein-protein interaction, which can contribute to the specificity of the 
recognition between proteins and increase the rate of association through long-
range attractive forces (Sheinerman et al. 2000). The network of favorably 
interacting ion pairs and hydrogen bonds stabilizes the protein-protein complex. 
Most of the hydrogen bonds at interaction surfaces involve side chains of the 
amino acids and smaller proportions are formed with water molecules in the 
solvent. In general, the number of hydrogen bonds at the interface is proportional 
to the size of the interacting region (Moreira et al. 2007), but the relative 
contributions of hydrophobic and electrostatic forces vary widely between 
different protein complexes. 
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Alanine-scanning mutagenesis, in which amino acids are systematically 
substituted by alanines, is often applied to calculate the energetic contribution of 
individual residues in a binding interface. Using this method, it has been found 
that only a few key residues involved in binding contribute significantly to the 
binding energy in protein-protein complexes (Clackson & Wells 1995). These key 
interactions, called hot spots, are often located in the center of an interaction 
surface. Less important interactions surround the hot spots in an O-ring, probably 
due to selective pressures to exclude solvent molecules from the key sites of 
interactions (Bogan & Thorn 1998).  
Usually, hot spots are located in pockets in the unbound form of the protein, and 
upon binding the complementary part of the binding protein will fit into these 
cavities.  
Comparisons of hot spots from various systems have revealed that they have 
distinct, nonrandom compositions of amino acids. The most frequently found 
amino acid in these hot spots is tryptophan, probably because it is large, aromatic, 
and capable of forming hydrogen bonds. Other common key interacting amino 
acids are arginine (which can form both hydrogen bonds and salt-bridges) and 
tyrosine (which is hydrophobic and also capable of hydrogen bonding). Generally, 
aromatic amino acids are overrepresented in hot spots, whereas leucine, serine, 
threonine and valine are hardly ever involved in key interactions between proteins 
(Bogan & Thorn 1998, Moreira et al. 2007). However, there are examples of 
binding surfaces between proteins lacking hot spots, in which the residues 
involved in binding contribute equally to the binding energy (Reichmann et al. 
2007). 
It has been proposed that hot spots on a protein surface form clusters, called hot 
regions, in which networks of interactions are formed. The contributions of the 
individual hot regions to the stability of a protein-protein complex are additive. 
However, inside each cluster the contributions to stability are cooperative (Keskin 
et al. 2005). At least parts of the same hot regions of proteins that bind several 
partners are generally involved in their binding to different partners. 
 
Although several general characteristics of protein-protein binding regions are 
known, several factors complicate the prediction of binding regions on protein 
surfaces, such as variations in binding states, and the wide range of locations, 
functions, and stabilities of protein complexes. Another factor that is difficult to 
account for is the dynamics of proteins. Proteins often rearrange structurally upon 
binding, either by subtle movements of side chains or extensive backbone motions. 
Recently, even natively unfolded proteins have been discovered that adopt a 
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defined three dimensional structure after binding to other proteins (Dunker et al. 
2008). These structural rearrangements further hinder prediction of the binding 
sites in the unbound states of proteins.  
 
Some general characteristics of binding sites between proteins have been reported, 
as discussed above. However, with current knowledge we cannot predict how two 
proteins will interact, at an atomic level, from their structures. Different proteins 
seem to have evolved different features providing specificity and affinity for their 
binding partners, making “the protein-protein interaction problem” possibly even 
more difficult to solve than “the protein folding problem”, since the common 
theme for folding of all proteins is the formation of a hydrophobic core (Dill 1990). 
There is, and perhaps never will be, no general code for predicting protein 
interaction surfaces, because of the diversity in the nature of protein binding sites 
(Reichmann et al. 2007). 
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2. Blood coagulation 

 
Blood coagulation is a physiological defense mechanism that stops bleeding and 
minimizes blood loss when blood vessel walls are ruptured. The process involves 
proteolytic activation of a series of zymogens, which subsequently participate in 
haemostasis by catalyzing reactions that result in clot formation.  
When a blood vessel wall is damaged tissue factor (TF) is exposed to the 
circulating factor VII/factor VIIa (hereafter FVII and FVIIa, respectively) and a 
sequence of reactions leading to coagulation is initiated, resulting in the 
conversion of fibrinogen to fibrin and clot formation (Fig. 1). Defective 
haemostasis is the cause of many diseases and is in normal cases strictly regulated. 
The anticoagulant state is favored by mechanisms that ensure that clot formation 
does not take place inappropriately (Dahlbäck 2000, Adams & Bird 2009). 
 
In 1964 the activation of the protein clotting factors was described as a cascade or 
simple waterfall sequence of activation of enzymes leading to the formation of 
fibrin (Davie & Ratnoff 1964, Macfarlane 1964). This model was subsequently 
expanded to incorporate intrinsic and extrinsic pathways converging in a common 
pathway (Fig. 1). It is now clear that neither the extrinsic nor intrinsic pathways 
can independently lead to clot formation, as described by the cascade model of 
coagulation, but play complementary roles leading to blood coagulation (Marlar et 
al. 1982, Monroe & Hoffman 2006). 
Currently, in vivo coagulation is described by a three-step model, including 
initiation (triggered by the extrinsic pathway), amplification (requiring the 
intrinsic pathway) and propagation (Monroe & Hoffman 2006, Adams & Bird 
2009). The initiation phase starts with exposure of TF to circulation and the 
formation of the catalytic complex TF:FVIIa, also called extrinsic factor tenase 
complex, on membrane surfaces. This complex then activates factor IX (FIX) and 
factor X (FX), converting them from zymogens to active proteases (Jesty & 
Nemerson 1974, Østerud & Rapaport 1977) and small amounts of thrombin 
(picomolar) are formed by activated FX (FXa) (Butenas & Mann 2002). Thrombin 
formed in this step partially activates platelets and activates factor V (FV) and 
factor VIII (FVIII) (Butenas et al. 1997). 
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Figure 1. Simplified model of the coagulation cascade (Adams & Bird 2009). 
 
 
Initiation of coagulation by the TF:FVIIa complex is regulated by tissue factor 
pathway inhibitor (TFPI), forming an inactive complex with TF:FVIIa and FXa 
(Broze, Jr. et al. 1990). This prominent physiological inhibitor of the coagulation 
triggering complex appears to play essential roles in mammals. 
Amplification is generated by the formation of the so-called intrinsic factor Xase 
complex, factor IXa:factor VIIIa (FIXa:FVIIIa), and the prothrombinase complex 
FXa:factor Va (FVa). For proper function these two complexes need to be situated 
on a membrane surface in the presence of calcium. The amplification step 
generates high levels of FXa, by the factor Xase complex, leading to accelerated 
thrombin formation, by the prothrombinase complex, which is essential for 
sustained haemostasis (Mann et al. 2003). Through the generation of thrombin 
further activation of the intrinsic pathway is accomplished by the activation of 
factor XI (FXI) and FVIII (Monroe & Hoffman 2006). All of these responses have 
one ultimate function: generation of sufficient thrombin to form a stable clot. 
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In the propagation phase platelets undergo thrombin-mediated activation, 
generating fibrin from fibrinogen, resulting in a stable fibrin clot.  
Aberrant expression of TF may result in bleeding or thrombosis associated with 
various life-threatening conditions, such as stroke and heart attack. Hence, the 
mechanisms involved in haemostasis and diseases associated with its perturbation 
are of profound clinical interest. 
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3. The studied proteins 
Tissue factor 

TF is a 263-residue transmembrane glycoprotein, consisting of an extracellular 
domain (amino acids 1-219), a transmembrane domain (amino acids 220-242), and 
a cytoplasmic tail (amino acids 243-263) (Fischer et al. 1987, Morrissey et al. 
1987, Scarpati et al. 1987, Spicer et al. 1987) (Fig. 2). TF has been classified as a 
member of the cytokine receptor superfamily, based on its high degree of 
structural similarity to other members of the family (Bazan 1990). This family of 
proteins is divided into two classes and TF is a member of class II, which also 
includes the interferon �/� and � receptors. This family of structurally related 
proteins is characterized by an N-terminal extracellular domain consisting of two 
immunoglobulin-like domains that show homology to fibronectin type III (FNIII) 
modules, a transmembrane anchor, and a cytoplasmic tail that is not conserved 
between members of the family. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Solid ribbon 
presentation of sTF (pdb code 
2hft, Muller et al. 1996) 
indicating the positions of the 
two TF-domains. 
 

TF1

TF2
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The extracellular part of TF consists of two compact FNIII domains (Fig. 2), each 
folded into a �-sandwich containing a four-stranded and a three-stranded anti-
parallel sheet. These two domains, called TF1 (residues 1-107) and TF2 (residues 
108-219), are connected by a polypeptide linker and the angle between the two is 
approximately 125º. The interface between the domains is extensive, with a large 
hydrophobic core, which is likely to be rigid, thus making TF a firm template for 
FVIIa binding (Harlos et al. 1994, Muller et al. 1994, Muller et al. 1996). 
 
Studies of protein-protein interactions between TF, FVIIa and FXa are 
complicated by the fact that full-length TF needs to be reconstituted in 
phospholipid vesicles. Hence, if recombinant variants are desired to facilitate the 
study of sites involved in interactions among these coagulation proteins only the 
extracellular part of TF, also called soluble TF (sTF), can be expressed in E. coli. 
The extracellular part of native TF contains the interaction site for FVIIa and can 
bind to FVIIa, despite truncation of the transmembrane and cytoplasmic domains 
in vitro (Waxman et al. 1992). In addition, the complex of FVIIa and recombinant 
sTF expressed in E. coli can activate FX to FXa at a significant rate, suggesting 
that it is biologically relevant (Stone et al. 1995). 
 
The extracellular domain of TF has three potential N-linked glycolsylation sites 
(Asn 11, Asn 124, and Asn 137), occupied by glycans (Paborsky et al 1989). The 
roles of theses post-translational modifications (which may include involvement in 
protein trafficking, localization, stability and function) are not yet fully understood. 
However, it has been shown that glycosylation of full-length TF directs transport 
of the protein to the cell surface (Bona et al 1987). Since expression of TF on cell 
surfaces is essential for procoagulant activity in vivo glycosylation has also been 
suggested to be important for TF activity (Egorina et al. 2008). On the other hand, 
glycosylation does not affect the procoagulant activity or structure of sTF in vitro 
(Paborsky et al. 1989, Stone et al. 1995). These findings are supported both by the 
crystal structure of the sTF:FVIIa complex, in which glycosylation sites all point 
away from FVIIa. (Banner et al. 1996), and observations that potential 
glycosylation sites in sTF are not located in the suggested FXa binding interface 
(Lee et al. 2010). Other important features are the two disulfide bonds that help to 
maintain the structure of the extracellular domain of TF (Cys 49-Cys 57 and Cys 
186-Cys 209), the latter of which is important for TF cofactor activity (Rehemtulla 
et al. 1991). 
These observations collectively indicate that sTF produced in vitro by E. coli, 
which forms native disulfide-bonds, is suitable for studies of TF interactions with 
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FVIIa and FXa, despite its lack of native glycosylation. This is highly convenient, 
since proteins can be cheaply expressed in bacteria cultivated under simple 
conditions, and at high yields compared to those afforded by the more demanding 
eukaryotic expression systems.  
In 1989, TF expressed on the surfaces of extravascular smooth muscle and 
connective tissue cells surrounding blood vessels was hypothesized to form a 
haemostatic “envelope” around the vessels, ready to activate coagulation in the 
event of damage to vascular tissue (Drake et al. 1989). This hypothesis has been 
supplemented by findings of TF-bearing cells in circulating blood, but the sources 
of this blood-borne TF are not yet fully understood. In vitro, this cell-surface TF 
may be “encrypted”, i.e. incapable of initiating coagulation (Giesen et al. 1999). 
TF is found in the vascular adventitia, and is expressed at high levels in the brain, 
lung, heart, kidney, uterus, testis, skin and placenta (Broze, Jr. et al. 1985, Drake 
et al. 1989, Faulk et al. 1990, Fleck et al. 1990, Eddleston et al. 1993, Lwaleed et 
al. 1999, Luther & Mackman 2001). This tissue-specific distribution of TF 
provides additional haemostatic protection to these vital organs. TF is also found 
in peripheral nerves and autonomic ganglia (Fleck et al. 1990). Certain blood cells, 
including macrophages and monocytes, can also express TF in response to 
inflammatory cytokines (Bloem et al.1989, Nijziel et al. 2001, Bouchard & Tracy 
2003). 
 
For proteins to fulfill all of their physiological roles, it is important for them to 
have overlapping functions, and the ability of blood-coagulation proteins to serve 
more than one function has been known for a long time. Initially, TF was 
described as the initiator of blood coagulation, but it is now known to have a 
variety of functions. Notably, an intracellular signaling function of TF was 
described 15 years ago (Røttingen et al. 1995, Camerer et al. 1996), leading to 
extensive investigations on the role of TF as a signaling receptor. TF and the 
coagulation system are now known to be involved in carcinogenesis, inflammation 
(Cunningham et al. 1999) and angiogenesis (Watanabe et al. 1999). However, the 
action of direct TF signaling in these cases is not fully understood, although TF 
signaling through interactions with protease-activated receptors (PARs) has been 
suggested to play a role in carcinogenesis (Camerer et al. 2000, Versteeg et al. 
2008).  
 
Although great progress has been made towards elucidating the role and 
mechanism of action of TF, there are still fundamental questions to address and 
various aspects of TF functions and activities remain largely unknown. 
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Factor VII/Factor VIIa 
FVIIa is a serine protease that initiates blood coagulation after binding to its 
cofactor TF. Serine proteases are enzymes that cleave specific peptide bonds of 
their substrates, leading (in the case of FVIIa) to the activation of FX and FIX in 
the coagulation cascade.  
Proteolytic enzymes are produced in inactive forms, called zymogens, which 
facilitate regulation of their activity and avoid uncontrolled protein degradation 
(Khan & James 1998). The 406-residue single-chain zymogen of FVIIa, called 
FVII, is synthesized in the liver and the protein is thereafter secreted into the blood 
stream (Wion et al. 1985). FVIIa is a member of the trypsin family and contains a 
�-carboxyglutamic acid (Gla)-rich N-terminal domain, two epidermal growth 
factor-like domains (EGF1 and EGF2), and a C-terminal trypsin-like protease 
domain (PD) (Fig. 3; Hagen et al. 1986, Furie & Furie 1988). 
 
In general, serine protease zymogens are activated by limited proteolysis followed 
by insertion of the nascent N-terminal into the protease domain, resulting in an 
optimal substrate-binding pocket and the oxyanion hole needed for catalysis (Khan 
& James 1998). FVII can be activated by several components, some of which have 
been identified and characterized. It is believed that FXa and FIXa are 
physiologically important for FVII activation (Seligsohn et al. 1979, Rao et al. 
1986). Other proteins capable of activating FVII in vitro include thrombin 
(Radcliff & Nemerson 1975), FXIIa (Broze, Jr. & Majerus 1980) and FVIIa itself, 
through autoactivation (Yamamoto et al. 1992).  
FVII becomes catalytically active through proteolytic cleavage of the peptide bond 
between positions 152 (Arg) and 153 (Ile) (Radcliff & Nemerson 1975), located 
between EGF2 and the PD, which splices FVII into two parts linked by a disulfide 
bridge: the heavy chain (254 residues) and the light chain (152 residues). However, 
FVIIa remains in a zymogen-like state until associated with its cofactor TF, giving 
rise to the optimal catalytic conformation of FVIIa. TF induces a conformational 
change promoting the insertion of the N-terminal (Ile 153) formed after cleavage 
of the FVII zymogen, into the activation site where it forms a salt bridge with Asp 
343 (Higashi et al. 1994). Binding of FVIIa to TF greatly increases the FVIIa-
mediated conversion of the physiological substrate FX to FXa (Silverberg et al. 
1977). TF also colocalizes FVIIa and its substrates on membrane surfaces, and 
reorients the active site of FVIIa (relative to the membrane surface) to the optimal 
orientation for catalysis (McCallum et al. 1996, Ohkubo et al. 2010).
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Figure 3. Ribbon representation of FVIIa in its sTF-bound conformation (pdb code: 1dan, 
Banner et al. 1996), showing the four domains of FVIIa, with the hydrophobic stack of 
the Gla domain highlighted in light blue. The nine Ca2+ atoms are in red and the active-
site inhibitor FFR-chloromethyl ketone (FFR) is in yellow. 
 
The crystal structure of active-site inhibited FVIIa (by FFR-chloromethyl ketone 
(FFR)) in complex with sTF was reported in 1996 (Banner et al. 1996). The 
conformational changes in FVIIa caused by TF binding are not known in detail 
because of lack of structural details regarding free FVIIa. Due to proteolysis, free 
FVIIa is difficult to crystallize under the conditions used today. However, crystal 
structures of active-site inhibited Gla domain-less FVIIa have been reported, with 
an extended conformation of FVIIa and the N-terminal already in place for 
optimal catalysis (Kemball-Cook et al. 1999, Pike et al. 1999). It is known that the 
chloromethyl-ketone inhibitors used in the cited studies alter the PD of FVIIa in a 
similar way as the binding of TF. In addition, FVIIa, that is active-site inhibited by 
chlorometyl ketones, shows an increased affinity for TF (Higashi et al. 1996, 
Sørensen et al. 1997). These inhibited forms of FVIIa resemble the most active 
conformation of FVIIa, whereas the structure of free FVII/FVIIa remains unclear.  

 17



Attempts have been made to resolve the zymogen structure of FVII, but so far 
only the structure of a truncated form of the protein, including the PD and EGF2 in 
complex with an exosite inhibitor, has been resolved (Eigenbrot et al. 2001). 
Therefore, solving the complete structures of free full-length FVIIa and its 
zymogen form, to elucidate the structural differences between them is of great 
interest. 
 
The core structure of the PD of FVIIa is similar to that of all trypsin-like serine 
proteases (Banner & Hadváry 1991, Banner et al. 1996), consisting of an N-
terminal and a C-terminal �-barrel. This core contains the catalytic triad, of which 
His 193 and Asp 242 are located in the N-terminal barrel, while Ser 344 is situated 
in the C-terminal part. The C-terminal barrel contains the three so-called activation 
loops (Fig. 4), which in the homologous trypsin and trypsinogen become ordered 
during trypsinogen activation (Fehlhammer et al. 1977). The following three 
regions of the PD of FVIIa appear to be important for FVIIa function: the TF-
binding area (including the 170-loop), the active-site region, and the 
macromolecular substrate exosite (the region between the activation pocket and 
the Ca2+-binding loop) (Fig. 4; Persson et al. 2004). 
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(pdb code: 1dan, Banner et al. 
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loop 140. 



Although the crystal structure of the sTF:FVIIa complex shows a fairly large 
distance between the sTF-binding site and the active site of FVIIa the two regions  
are connected. Comparison of the structures of inhibited Gla domain-less FVIIa 
and the sTF:FVIIa complex has revealed a large difference in the 305-325 region 
of FVIIa between the two structures. This region contains a short helix in FVIIa 
(residues 307-312), called the TF-binding helix, followed by the 170-loop 
(residues 313-321) (Fig. 4), mediating the linkage between the active site in FVIIa 
and the sTF-binding site (Banner et al. 1996, Pike et al. 1999). It has also been 
suggested that this region acts as the allosteric control site in the TF-mediated 
activation of FVIIa. 
Detailes of the allosteric activation of FVIIa by TF are still under investigation 
(reviewed by Olsen & Persson 2008, Persson & Olsen 2010), but Met 306 in 
FVIIa, preceding the short TF-binding helix (Fig. 4), has been identified as a key 
allosteric residue that binds to TF in a lock-and-key manner. This interaction 
probably stabilizes the helix through N-capping and induces conformational 
changes that proceed all the way to the active site of FVIIa (Dickinson et al. 1996, 
Pike et al. 1999, Persson et al. 2001). The important role of Met 306 is further 
supported by hydrogen exchange studies, combined with molecular dynamics 
simulations, suggesting an allosteric activation mechanism in which TF stabilizes 
the environment around Met 306 in FVIIa, leading to stabilization of the 170-loop, 
the activation loop 3, the substrate-binding sites S1 and S3, the activation pocket 
and the N-terminal insertion (Rand et al. 2006, Olsen et al. 2007). 
The TF-induced stabilization of the surroundings of Met 306 leads to a 
conformational change in activation loop 3 affecting activation loop 2, the 
activation pocket and the substrate-binding site. Mutational data indicate that the 
main-chain hydrogen bonds that activation loop 3 forms with loop 170 and 
activation loop 2 play important roles. These hydrogen bonds are stabilized by TF 
binding (Persson & Olsen 2010). 
 
The PD binds Ca2+ at one site, which is suggested to have a structural role in 
maintaining the active conformation of FVIIa and to be necessary for full catalytic 
function. The binding site is located in a loop (called the Ca2+-binding loop, 
comprising residues 210-220; Fig. 4) and it has been suggested that Ca2+ 

stimulates FVIIa activity by charge neutralization and loop stabilization (Bjelke et 
al. 2008). However, Ca2+ binding to this site has only a minor impact on TF 
binding (Kelly et al. 1997). 
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The EGF-like domain is one of the most common domains in extracellular and 
membrane proteins. FVIIa, like the coagulation proteins FIXa, FXa and protein C, 
contains two small EGF-like modules (Fig. 3). These modules are rigid and 
connected by disulfide bonds in a specific pattern (Stenflo 1999). EGF1, in FVIIa, 
comprises residues 46-88 and contains one high-affinity Ca2+-binding site, which 
must be occupied for optimal TF binding and thus for full enzyme activity 
(Persson et al. 1997). It has been suggested that Ca2+ binding to this site positions 
EGF1 and the Gla domain in an optimal orientation relative to each other, for TF 
binding (Sunnerhagen et al. 1996). EGF2 is connected to the PD by a disulfide 
bridge forming the second structural unit of FVIIa: EGF2/PD. The connection 
between EGF1 and EGF2 is flexible and acts like a hinge between the two 
structural units of FVIIa (Gla/EGF1 and EGF2/PD). 
 
FVIIa, like other vitamin K-dependent coagulation proteins, contains an N-
terminal Gla domain (Stenflo 1999) (Fig. 3). The Gla domain of FVIIa, containing 
ten Gla residues, is formed from the first 45 residues of the protein (O’Hara et al. 
1987). These Gla residues bind seven Ca2+ ions, which are essential for 
stabilization and membrane binding of the domain (Persson & Petersen 1995, 
Freskgård et al. 1996, Huang et al. 2003).  
 
FVIIa cannot be produced by bacteria, for several reasons. The Glu residues are 
converted to Gla through post-translational modification, carboxylation, by a 
vitamin K-dependent carboxylase (Vermeer 1990), which can only be performed 
by a more complex expression system. In addition, FVII contains both O- and N-
glycosylation sites. The O-linked glycosylation has been shown to be important 
for TF binding (Iino et al. 1998), whereas the N-linked glycosylation affects 
neither proteolytic activity nor binding to TF (Dickinson & Ruf 1997). For these 
reasons, recombinant FVII should be expressed in a eukaryotic system, for 
example baby hamster kidney cells, to obtain a product that resembles human 
plasma FVII (Thim et al. 1988). 
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Factor X/Factor Xa 
 
FXa is a serine protease, which converts prothrombin to thrombin, after 
prothrombinase complex formation with factor Va on the membrane surface, in 
the final step of the coagulation cascade (Davie et al. 1991). Like FVII, FX is 
produced in the liver as a vitamin K-dependent zymogen. This inactive form of the 
protein is a protection against undesirable proteolytic digestion (Khan & James, 
1998). Before secretion single-chain FX undergoes both co- and post-translational 
modifications, including �-carboxylation of 11 glutamic acids, �-hydroxylation, N-
glycosylation and endoproteolytic cleavage, resulting in the two-chain form of the 
protein. In the blood stream, FX circulates as a two-chain glycoprotein, composed 
of a light chain (139 residues) and a heavy chain (303 residues) connected by a 
disulfide bond (Padmanabhan et al. 1993). 
Several crystal structures of human FXa, lacking the Gla domain, have been 
solved, in apo form (Padmanabhan et al. 1993) and in complex with various 
inhibitors (by, for example, Brandstetter et al. 1996, Kamata et al. 1998, Adler et 
al. 2000, Maignan et al. 2000, Murakami et al. 2007, Rios-Steiner et al. 2007). 
However, despite all the structural data for FX/FXa there are still several 
uncertainties to address regarding the complete structure of this blood coagulation 
protein in its physiological forms. 
FX/FXa is a member of the trypsin-like family of proteins, composed of a light 
chain N-terminal Gla domain, followed by two EGF-like domains and a heavy 
chain that contains the PD (Fig. 5; Furie & Furie 1988). FX is activated to FXa by 
TF:FVIIa or FIXa:FVIIIa through removal of the activation peptide (Davie et al. 
1991). This activation is accomplished by proteolytic cleavage of the peptide bond 
between Arg 52 and Ile 53 in the N-terminal part of the heavy chain, resulting in 
FXa. Like chymotrypsin, trypsin and thrombin, the nascent N-terminal is inserted 
into the core of the protein, forming a salt bridge with an Asp in the active site 
(Padmanabhan et al. 1993). Attempts have been made, by molecular dynamics 
simulations, to elucidate the changes in FX that occur during the activation 
process. However, to fully unravel the conformational differences between the two 
forms of FX more detailed structural knowledge concerning the zymogen FX is 
needed (Venkateswarlu et al. 2002). 
 
FXa binds to FVa (a cofactor) in the presence of Ca2+, forming the prothrombinase 
complex on membrane surfaces, which enhances the catalytic efficiency of FXa. 
The Gla domains of FXa and prothrombin bind to the same membrane surfaces, 
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which facilitates protein-protein docking, and hence reduces the Km. It has also 
been suggested that FVa facilitates optimal placement of the substrate prothrombin 
into the active site of FXa by binding the enzyme-substrate complex in an 
extended conformation (Mann et al. 1990). FVa is also believed to modulate the 
activity of FXa allosterically, although the conformational changes following FVa 
binding are not yet characterized (Yang et al. 2008). 
 
The PD contains the catalytic triad of the active site, including His 236, Asp 279 
and Ser 376 (Leytus et al. 1984), or His 57, Asp 102 and Ser 195 if written as 
chymotrypsin equivalents. This domain shows high sequence homology with 
corresponding domains in other trypsin-like proteases, in particular FIX, protein C 
and prothrombin (Padmanabhan et al. 1993). The PD of FXa contains one Ca2+-
binding site (Fig. 5; Persson et al. 1993) and one Na+-binding site. Binding of 
these metal ions is known to affect both the structure and function of FXa 
allosterically.  
 
The N-terminal EGF-like domain of FXa contains a high-affinity Ca2+-binding site 
(Fig. 5; Persson et al. 1993), with a solution structure that has been determined by 
NMR (Sunnerhagen et al. 1996). In general, binding of Ca2+ to EGF-like domains 
seems to be closely connected to their function (Stenflo 1999). In the case of FXa, 
binding of Ca2+ to this site has been shown to make the Gla and EGF domains fold 
towards each other, with the Ca2+-binding site acting as a hinge between them 
(Sunnerhagen et al. 1996); suchlike changes are also likely to occur in FVIIa since 
the two proteins show structural resemblances. 
Fluorescence resonance energy transfer (FRET) measurements suggest that EGF1 
serves as a spacer, placing the active site of FXa at an optimal distance from the 
membrane surface for substrate cleavage (Husten et al. 1987, Qureshi et al. 2007). 
Similar conformations have also been suggested for other coagulation proteins of 
this family. Ca2+ binding promotes the function of the EGF domains as spacers by 
locking the Gla domain relative to the EGF1 domain.  
 
The N-terminal Gla domain contains 11 Gla residues, carboxylated by a vitamin 
K-dependent carboxylase. This domain is highly homologous to other vitamin K-
dependent coagulation proteins, like FVII, FIX and prothrombin. The Gla domain 
binds Ca2+ and is responsible for phospholipid-membrane binding, which is 
important for the proper function of the protein (Stenflo 1999). 
Human FX needs to be correctly post-translationally modified to adopt its native 
structure and perform its native functions. The protein should therefore be 
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expressed in mammalian cells, e.g. human kidney cells (Rudolph et al. 1997), or 
purified from plasma and subsequently activated to acquire FXa. 
 

 

PD

EGF2

EGF1

Figure 5.  Ribbon presentation of FXa des (1-44) (pdb code: 1xkb, Kamata et al. 1998), 
showing the EGF domains and the PD. Ca2+ atoms are displayed in red and the active-
site inhibitor ((2S)-(3’-amidino-3-biphenylyl)-5-(4-pyridylamino)pentanoic acid) in 
yellow.  
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Tissue factor pathway inhibitor 

Tissue factor pathway inhibitor (TFPI) is the primary physiological inhibitor of the 
TF-dependent pathway of blood coagulation (reviewed by Bajaj et al. 2001, 
Lwaleed & Bass 2006, Maroney et al. 2010). Prior to the identification of this 
protein it was reported that both FXa and an additional component in plasma were 
necessary for inhibition of TF:FVIIa activity (Sanders et al. 1985), the latter was 
subsequently purified and characterized as TFPI (Broze, Jr. & Miletich 1987, Wun 
et al. 1988). 
TFPI down-regulates coagulation through FXa-dependent feedback inhibition of 
the TF:FVIIa complex. This inhibition has been suggested to take place in two 
steps, starting with TFPI binding to FXa. TFPI:FXa then binds to and inhibits 
TF:FVIIa, forming a stable quaternary complex. However, TFPI also inhibits 
FVIIa in the absence of FXa, but not as effiently (Broze, Jr. et al. 1988, Girard et 
al. 1989). The TF:FVIIa:FXa:TFPI complex down-regulates the procoagulant 
function of TF:FVIIa and facilitates redistribution of the inhibited TF initiation 
complex into calveolae (Sevinsky et al. 1996). In addition, the rate of 
internalization of TF:FVIIa has been proven to increase in some cell types when in 
complex with FXa:TFPI (Iakhiaev et al. 1999). The important functions of TFPI 
and the fact that no TFPI deficiency has been reported in humans indicate that this 
protein plays essential roles in human physiology (Maroney et al. 2010). 
 
TFPI is a 276-residue, multivalent, Kunitz-type proteinase inhibitor. The protein is 
comprised of three tandem repeated Kunitz-type serine protease inhibitory 
domains, with distinct functions, followed by a C-terminal basic region (Fig. 6; 
Wun et al. 1988, Broze, Jr. et al. 1990). TFPI is synthesized primarily by the 
endothelium and most of it is endothelium-bound under normal conditions (Bajaj 
et al. 1990), although a small portion lacking the C-terminal part circulates in 
plasma (Bajaj et al. 2001).  
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Figure 6.
Predicted structure of TFPI (Broze, Jr. et al. 1990), showing the three Kunitz domains 
and the active site of each domain (arrowed). 
 
Kunitz-type proteinase inhibitors have been found in several organisms and the 
most intensively studied member of this family is bovine pancreatic trypsin 
inhibitor (BPTI). Several crystal structures of BPTI have been reported and the 
protein is therefore often used as a model for structural determinations of other 
members of the family (Burgering et al. 1997). No complete structure of TFPI has 
been solved, but the structure of the second Kunitz domain has been determined 
by NMR. The crystallographic structure of the second Kunitz domain of TFPI, in 
complex with trypsin, has also been reported (Burgering et al. 1997). The second 
Kunitz domain binds to the active site of FXa, whereas the first, N-terminal Kunitz 
domain binds to the active site of FVIIa in the TF:FVIIa complex, thereby forming 
the TF:FVIIa:FXa:TFPI complex, causing inhibition (Girard et al. 1989). The 
function of the third Kunitz domain is not yet fully understood, but it appears to 
have no inhibitory activity (Bajaj et al. 2001). 
The C-terminal basic region is important for membrane binding. Although the 
mechanism of this binding remains unclear it has been suggested that TFPI binds 
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to a TFPI-binding protein located on cell surfaces (Maroney et al. 2010). Under 
physiological conditions TFPI exists both as the full-length molecule and as C-
terminal truncated forms. It has been shown that TFPI1-161 lacking the third Kunitz 
domain and the C-terminal basic region can inhibit TF:FVIIa in complex with FXa 
in vitro (Hamamoto et al. 1993). However, full-length TFPI is a more efficient 
inhibitor of TF-induced clotting in plasma because the rate of formation of full-
length TFPI and FXa complexes is higher, resulting in more optimal inhibition of 
TF:FVIIa activity in vivo (Lindhout et al. 1994). 
Glycosylated TFPI1-161 that has full activity, relative to full-length TFPI in a 
chromogenic assay, can be produced by transformed Saccharomyces cerevisiae, 
but the complete form of TFPI is preferably expressed in mammalian cells for full 
anticoagulant activity (Petersen et al. 1993). 
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Tissue factor in complex 

sTF:FVIIa

Determination of the X-ray crystallographic structure of sTF in complex with 
active-site inhibited FVIIa has provided detailed information regarding the binding 
regions involved and the shape of the complex (Banner et al. 1996). FVIIa was 
shown to adopt an extended conformation, by binding to sTF in three distinct 
regions (Fig. 7). These binding regions can be schematically described as follows: 
� The PD of FVIIa binds TF1 by several hydrogen bonds, involving both main-
chain and side chain atoms. EGF2 of FVIIa forms a structural unit with the PD, 
but makes only minor contacts with TF1.  
� The EGF1 domain of FVIIa binds to both TF1 and TF2, through mainly 
hydrophobic interactions. 
� The Gla domain of FVIIa binds to TF2, via hydrophobic interaction, mainly 
involving residues from the C-terminal helix of the Gla domain (the hydrophobic 
stack). 

Figure 7. Ribbon representation of the sTF:FVIIa complex (pdb code: 1dan, Banner et 
al. 1996), showing the domains of sTF and FVIIa in different colors and the FVIIa 
active-site inhibitor (FFR) in red. 
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sTF:FVIIa:FXa

FX is activated to FXa by TF:FVIIa in the series of reactions that leads to blood 
coagulation. Physiologically, FXa remains transiently associated with the 
TF:FVIIa complex after FX activation. This ternary complex is not only relevant 
in blood coagulation, but is also known to activate protease-activated receptors 
(PARs) 1 and 2, which are involved in cell-signaling (Riewald & Ruf 2001). 
Various groups have attempted to elucidate the interaction area between 
sTF:FVIIa/FVII and FX/FXa, using mutagenesis in combination with functional 
analysis, and it has been suggested that FXa and FX bind to sTF:FVIIa in a similar 
way (Baugh et al. 2000, Kirchhofer et al. 2000, Kirchhofer et al. 2001). 
Interaction between the catalytic pocket of FVIIa and the substrate FX is essential 
for FX activation, but the Gla domain of FVIIa has also been proposed to interact 
directly or indirectly with FX in this process (Martin et al. 1993, Huang et al. 1996, 
Ruf et al. 1999, Thiec et al. 2003, Ndonwi et al. 2007). In addition, a large area of 
the C-terminal part of TF has been suggested to participate in the recognition of 
FX (Roy et al. 1991, Rehemtulla et al. 1992, Ruf et al. 1992a, Ruf et al. 1992b, 
Huang et al. 1996, Dittmar et al. 1997, Ruf et al. 1999, Kirchhofer et al. 2000). 
EGF1 of FX, known to be involved in the TF:FVIIa:FX complex formation 
(Zhong et al. 2002, Kittur et al. 2004), interacts with residues 200 and 201 in sTF 
(Manithody et al. 2007). 
Based on these studies and the crystal structure of the sTF:FVIIa complex it has 
been suggested that FX binds to the complex in a similar elongated form to FVIIa 
(Banner et al. 1996). This conclusion is further supported by the finding that the 
active site of FVIIa, in the sTF:FVIIa complex, is located far above the membrane 
surface (McCallum et al. 1996). Thus, optimal docking of the activation region of 
FX into the active site of FVIIa would require a stretched conformation of the 
substrate. Taken together, these observations imply that an extended area of the 
sTF:FVIIa complex interacts with FX. 
Two docking models for the TF:FVIIa:FXa complex have been presented, based 
on data obtained from analyses of the effects of mutations, in combination with 
computational simulations (Norledge et al. 2003, Venkateswarlu et al. 2003). 
These models were recently refined and compared by Lee et al. (2010). Both 
suggest that there is an extensive interaction area between FXa and sTF:FVIIa, 
spanning all the way from the Gla domain to the PD of FXa. However, the models 
differ in terms of the interactions between the EGF1 domains of FVIIa and FXa 
(Lee et al. 2010). Experimental data are partly consistent with both models, but  
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some contacts detected experimentally are not present in the computational models. 
One of the docking models is shown in Figure 8.  
Comparing results of studies of the binding regions of FX and FXa, it seems likely 
that the areas involved in binding to sTF:FVIIa are similar, although further 
research is required to confirm the similarity at the level of individual residues. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

TF

FXa
FVIIa

 
 
Figure 8.  Model of the sTF:FVIIa:FXa complex based on computer simulations (pdb 
code: 1nl8, Norledge et al. 2003).
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sTF:FVIIa:FXa:TFPI

TFPI is the major physiological inhibitor of the sTF:FVIIa complex, involved in 
regulation of blood coagulation. Formation of the TF:FVIIa:FXa:TFPI complex 
(Fig. 9) not only down-regulates the procoagulant function of TF:FVIIa, but also 
enhances internalization of inhibited TF:FVIIa and degradation of FVIIa (Iakhiaev 
et al. 1999). The binding region between sTF and FXa in the sTF:FVIIa:FXa:TFPI 
complex has not been characterized in detail, but is of great biological interest. 
Activity studies have identified two residues in sTF, that are known to be 
important for the activation of FX (Lys 165 and Lys 166), as essential for the 
inhibition of sTF:FVIIa by TFPI in complex with FXa (Rao & Ruf 1995). 
Furthermore, the light chain of FXa is important for the quaternary complex 
formation (Girard et al. 1990) and the Gla domain of FXa is essential for 
inhibition of sTF:FVIIa by FXa:TFPI (Warn-Cramer et al. 1988). It has also been 
shown that replacement of the Gla domain or EGF1 of FXa by the corresponding 
FIXa domains reduces the association constant of the TF:FVIIa:TFPI:FXa 
complex. The Gla and EGF1 domains of FX have also proven to be important for 
the TF:FVIIa:FX formation, implying that the interactions of FX and FXa (in 
complex with TFPI) are very similar (Thiec et al. 2003).  
The results of one of the studies this thesis is based upon, contributed to 
understanding of the sTF:FVIIa:FXa:TFPI complex by describing part of the 
interaction area between sTF and FXa in the quaternary complex. This binding 
region was mapped by introducing fluorescent probes, which are sensitive to 
changes in the local environment such as protein complex formation, into specific 
positions in sTF. We found that the C-terminal area of sTF (positions 163, 166, 
200, and 201) is involved in binding to FXa in the sTF:FVIIa:FXa:TFPI complex. 
In addition, the N-terminal part of the TF2 domain and the C-terminal part of the 
TF1 domain (residues 104 and 197) participate in the interaction with FXa in the 
quaternary complex (Carlsson et al. 2003). 
In conclusion, the detailed interactions between the proteins in the inhibited 
sTF:FVIIa:TFPI:FXa complex remain to be resolved. Multiple studies indicate 
that several interactions between sTF and FXa in the quaternary 
sTF:FVIIa:TFPI:FXa complex resemble interactions described for the ternary 
sTF:FVIIa:FXa/FX complexes, but this requires further verification (Carlsson et al. 
2003). Recently, Lee et al. summarized the residues involved in binding in the 
ternary TF:FVIIa:FXa complex, based on experimental data, and compared them 
to those identified in computational models. Our results for the quaternary 
complex are included in their summary and agree to a large extent with data for 
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the ternary complex, which further indicates the similarities of the two complexes 
(Lee et al. 2010).  
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Figure 9. 
Cartoon of the TF:FVIIa:FXa:TFPI complex located on a  membrane surface. 
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4. Methodology 
 

Site-directed mutagenesis 

With modern mutagenesis techniques it is easy to substitute, delete or introduce 
amino acids in proteins. Such protein engineering is a valuable tool in studies of 
protein interaction, stability, folding, and function. For example, in protein 
function and/or interaction studies site-directed mutagenesis is often used to 
systematically change amino acid residues into alanines (a procedure called 
alanine scanning).  
Alanine substitution enables determination of the contributions of specific amino 
acids to proteins’ structure, interactions and functions, since alanine has only an 
inert methyl group in its side chain, and thus lacks reactive groups. The effects of 
alanine substitutions in protein interaction studies are commonly monitored by 
activity measurements. For example, alanine scanning has been utilized to study 
the region of sTF that binds to FX and FIX (Kirchhofer et al. 2000). Of course, 
other amino acids can also be introduced, and in the studies this thesis is based 
upon we used Stratagene’s QuikChangeTM method (Weiner et al. 1994) to alter the 
DNA of sTF to produce sTF mutants with single-cycteines at specific positions. 
The introduced cysteine could then be used as an attachment site for a 
spectroscopic probe that selectively reacts with the sulfhydryl group (Svensson et 
al. 1995). 
 

Site-directed labeling 

The site-directed labeling technique is especially powerful for analyzing structural 
features of proteins that are difficult to determine by high resolution methods like 
X-ray crystallography or NMR. Examples of such problematic proteins are 
dynamic proteins and large protein complexes. The technique can also be utilized 
to follow dynamic processes, such as conformational changes. It involves 
introducing spectroscopic probes into specific positions in the protein of interest. 
The sites of attachment are often thiols or amines, either naturally occurring in the 
protein, or more commonly, mutated residues in the protein that react with the 
probe, forming a covalent bond.  
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These reporter groups, linked to specific cysteines in the protein of interest (in our 
case sTF), may be either spin labels that respond to dynamic changes or 
fluorescent probes that are sensitive to changes in polarity in the vicinity of the 
mutation site. Changes sensed by these labels following complex formation, 
structural rearrangements, or folding are detected by either fluorescence or 
electron paramagnetic resonance (EPR) spectroscopy, depending on the chosen 
probe. The sensitivity of the labels to changes in their immediate environment 
makes this technique useful in protein-protein interaction studies, since it can 
determine if the labeled position is involved in protein binding.  
In previous studies, combinations of fluorescent and spin labels have provided 
complementary information regarding both local and global changes during 
protein folding (Svensson et al. 1995), unfolding, and aggregation processes 
(Hammarström et al. 2001). They have also been valuable in studies of 
conformational changes in proteins (Hubbell et al. 2000), protein-lipid interactions 
(Koehorst et al. 2008), and protein-protein interactions at specific sites upon 
sTF:FVIIa complex formation (Owenius et al. 1999, Österlund et al. 2005).

Characterization of unlabeled and labeled 
mutants

Since a protein can be structurally and functionally affected by mutagenesis and 
labeling with spectroscopic probes characterization of the protein variants and 
comparison to the wild-type form of the studied protein is essential. The purity and 
homogeneity of the sTF variants produced in our studies were followed by SDS-
PAGE during the purification process. Additional characterization steps of the 
cysteine mutants of sTF are described in this section. 
 

Affinity chromatograpgy 

FVIIa affinity chromatography was used as the final purification step of both 
unlabeled and labeled sTF-cysteine mutants (Freskgård et al. 1996). This method 
is based on the fact that only the population of sTF with a native fold can bind to 
FVIIa, attached to the matrix of the column, discarding misfolded sTF variants and 
possible dimers. It is thereby assured that the eluted proteins have the correct fold 
and binding site for FVIIa.  
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Concentration of free cysteines 

Since labeling of the sTF mutants with the spectroscopic probes requires free 
cysteines, which have a tendency to form disulfide bridges, knowledge of the 
degree of free cysteines is relevant for the subsequent labeling step. The Ellman 
reagent (5, 5'-dithiobis-2-nitrobenzoic acid or DTNB), an aryl disulfide that reacts 
with free thiols, is often used to asses the number of free cysteines in a protein. 
The leaving group in this reaction, a TNB dianion, is yellow and absorbs light at 
412 nm which enables the reaction to be followed by absorbance measurements. 
The stoichiometry is 1:1 between the TNB formed and the reacting protein, thus 
the degree of free thiols present can be calculated by comparing the concentration 
of TNB formed to the concentration of the protein of interest (Ellman 1959).
 

Labeling degree 

An important factor in interpretation of fluorescence and EPR data is the degree of 
labeling of the studied protein. The labeling degree of the fluorescent probe 5-
((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-sulfonic acid (IAEDANS) to 
the sTF variants was controlled by absorbance scans. The concentrations of the 
protein and AEDANS can be calculated from the absorbance at 280 and 336 nm, 
respectively, giving the degree of labeling (Owenius et al. 1999). The degree of N-
(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)iodoacetamide (IPSL) labeling can be 
assessed by calculating the concentration of unreacted free cysteines, as described 
above. 

Activity measurements 

Mutation and labeling may also affect the function of the protein, which can be 
controlled by activity measurements. In the studies of this thesis amidolytic assays 
were used to determine the ability of the variants of sTF and sTF:FVIIa to promote 
FVIIa activity and FX activation, respectively. The applied assays are described in 
detail in the section called proteolytic activity (p. 44). 
 
  
 

 34



Fluorescence spectroscopy 

Some molecules, generally with an aromatic component, are able to emit 
fluorescence after absorbing light. Such molecules are known as fluorophores, and 
absorbance of a photon of appropriate energy by a fluorophore may raise an 
electron from a low (ground) state to a higher (excited) state. When this electron 
returns to its ground state energy is emitted in the form of a photon. This process 
can be detected as fluorescence and the acquired data are often presented as 
emission spectra. 
Fluorescence emission spectra have wide ranges of shapes and wavelengths, 
depending on the structure of the fluorophore and the solvent used. However, the 
energy of the emitted light is always lower (and hence its wavelength longer) than 
that of the absorbed light. This phenomenon, called the Stokes’ shift, is commonly 
caused by energy losses from rotation and vibration of the molecule. The shift in 
energy can be further enhanced by additional factors, such as complex formation, 
energy transfer, solvent effects, and excited-state reactions. The fluorescence 
emission spectrum is strongly influenced by the polarity of the solvent and the 
fluorophore’s local environment (Fig. 10). This effect is most pronounced for 
polar fluorophores in polar solvents because the dipole moment of the fluorophore 
is larger in the excited state compared to the ground state so a polar solvent can 
stabilize the excited state more efficiently. This stabilization, also called solvent 
relaxation, is caused by reorientation of the polar solvent molecules relative to the 
dipole of the fluorophore in the excited state. Energy is lost from the excited 
fluorophore, as a consequence of the reorientation process, thereby shifting the 
fluorescence emission spectrum towards longer wavelengths. However, there are 
often additional contributions to this solvent-dependent shift, caused for example 
by specific interactions between the fluorophore and the solvent.  
To conclude, the wavelength of the emission spectrum and the effects of adding 
different components can provide valuable information regarding the polarity of 
the environment surrounding the fluorophore. In addition, the intensity of emission 
spectra can be lowered by various processes (i.e. quenching, which is discussed on 
page 38) (Lakowicz 2006). 
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Figure 10. A typical fluorescence emission spectrum from a protein labeled with a 
fluorophore, shown in black. As a consequence of the change in polarity surrounding the 
fluorophore upon complex formation the emission spectrum is shifted towards shorter 
wavelengths, shown in grey. In addition, the intensity is markedly increased by complex 
formation. (The spectra originate from IAEDANS-sTF alone and in complex with FVIIa).
 
 

Fluorophores

Intrinsic fluorophores can be found naturally in proteins, i.e. the aromatic residues 
Phe, Tyr and Trp. Extrinsic fluorophores are non-natural fluorescent molecules 
that are attached to the sample of interest. Trp is the most prominent intrinsic 
fluorophore in proteins since it is highly fluorescent and sensitive to changes in the 
polarity of the surrounding environment. The Trp residues are often buried inside 
a native protein, whereas in an unfolded variant of the same protein these residues 
are exposed to the solvent. This can be used for protein stability measurements, 
since unfolding of a protein can be followed by changes in the fluorescence 
emission spectra arising from the increasing polarity in the surroundings of the Trp 
residues, induced by for example increasing the temperature or addition of a 
denaturant (Mårtensson et al. 1995). The increased polarity is detected as a shift of 
the emission towards longer wavelengths, often called a red-shift, whereas the 
opposite is called a blue-shift. 
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Extrinsic fluorophores are valuable in cases where the studied molecule is non-
fluorescent or its intrinsic fluorophores either lack the desired spectral properties 
or are not located in appropriate positions. Extrinsic probes are typically attached 
to a specific position in the molecule, by either covalent or non-covalent binding. 
There is a large number of extrinsic fluorophores and the spectral properties of 
these probes vary widely. Extrinsic probes have been useful in numerous 
investigations, for instance in studies of protein-protein interactions (Owenius et al. 
1999, Österlund et al. 2005), folding studies (Svensson et al. 1995), and studies of 
protein-lipid interactions (Koehorst et al. 2008). The fluorophore of choice is 
typically excited at a longer wavelength than the naturally occurring protein 
fluorophores. Thus, signals from the labeled protein interacting with a non-labeled 
protein can be monitored without interference of emissions from, possibly 
multiple, intrinsic fluorophores. The introduced probe at a specific position will 
sense changes in its immediate surrounding following such as protein binding or 
conformational changes. 
We used the fluorescent probe IAEDANS in most of our studies (Fig. 11). This 
fluorophore can be specifically attached to cysteine residues and it is sensitive to 
changes in the polarity of the environment, detected as shifts of the emission 
spectrum (Fig. 10; Hammarström et al. 2001). 
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Figure 11. Structure of the extrinsic fluorophore IAEDANS. S, C� and C� atoms are part 
of the protein, showing the link between the probe and the cysteine handle in the protein. 
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Steady-state and time-resolved fluorescence 

Time-resolved fluorescence analysis is useful for measurements of phenomena 
such as decays of intensity. In this technique target molecules are excited by a 
short pulse of light, shorter than the fluorescence life-time (the time the 
fluorophore spends in the excited state before returning to ground state). A high-
speed detector then records the decay, typically in nanoseconds. Therefore, time-
resolved measurements require complex equipment, but they can sometimes 
provide extremely valuable information regarding the examined system. However, 
steady-state fluorescence measurements are most commonly used, since they are 
relatively easy to acquire, but still provide useful information. In steady-state 
analysis the sample of interest is continuously excited during each measurement 
and the emitted light is detected. Essentially, steady-state fluorescence 
measurements provide average values for the signal recorded in time-resolved 
measurements (Lakowicz 2006). 
 

Quenching

A number of molecules can reduce the intensity of the light (“quench”) emitted 
from a fluorophore. Collisions between the fluorophore and small molecules can 
often result in quenching, but several other processes may also cause quenching 
effects. Collisional or dynamic quenching requires contact between the 
fluorophore and the quenching molecule. When the two interact the fluorophore 
returns to its ground state and no photon is emitted, i.e. no light is emitted. This 
can be compared to static quenching, in which a complex that is unable to 
fluoresce is formed between the quencher and the fluorophore. For quenching to 
occur the quencher must contact the fluorophore during the lift-time of its excited 
state, otherwise a photon will be emitted during its return to the ground state and 
the emission will be unaffected. Quenching properties can be used to determine 
the accessibility of a fluorophore to potential quenchers, which may be useful for 
detecting conformational changes in proteins or protein-protein complex formation. 
Quenching molecules are typically small and examples of widely used quenchers 
are acrylamide, I¯, and O2.  
Often quenching experiments are performed by monitoring the decrease in 
fluorescence emission intensity as a consequence of increasing quencher 
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concentration. These data are then analyzed according to the Stern-Volmer 
equation: 
 
F0/F = 1 + KSV [Q]. 
 
This equation relates the decrease in fluorescence emission intensity to the 
concentration of a collisional quencher, Q. F0  is the total fluorescence emission in 
the absence and F in the presence of quencher. KSV is the Stern-Volmer constant 
for the collisional quenching process. Most often, the plot of F0/F versus [Q] is 
linear and KSV can be calculated thereof. However, in some cases the plot is found 
to have an upward curvature as a result of the additional static quenching 
mechanism (Eftink & Ghiron 1981). Comparison of the slopes of the linear plots 
for the studied protein under different conditions allows conclusions concerning 
the accessibility of the quencher for the studied site in the protein. 

 
Fluorescence resonance energy transfer 

Resonance energy transfer (RET) is a process in which the emission spectrum of 
one fluorophore (the donor) overlaps with the absorption spectrum of another 
molecule (the acceptor) (Fig. 12), resulting in a decreased intensity of the emission 
from the donor. In such cases fluorescence energy transfer (FRET) analysis can be 
used to acquire information on distances between groups within large molecules, 
and/or changes thereof. This method is well suited for analysis of proteins, since a 
donor and an acceptor can be linked to specific residues within the protein and the 
distance between the two can be determined (Selvin 1995). 
RET is caused by long-range dipole-dipole interactions between the donor and the 
acceptor in the excited state, so RET is not caused by emitted light from the donor 
being absorbed by the acceptor. Consequently, RET is the more correct term for 
this process, although FRET is commonly used. The degree of spectral overlap 
and the distance between the donor and acceptor both affect the energy transfer. 
The transfer efficiency is usually calculated from the intensity of the fluorescence 
emission of the donor in the absence (FD) and presence of the acceptor (FDA):  
 

1 DA

D

FE
F

= -   (eq. 1). 
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The intensities of the fluorescence emission required for the distance calculations 
can be acquired from steady-state fluorescence measurements.
An important factor in RET is the Förster distance (R0), which is defined as the 
distance between the donor and the acceptor when the energy transfer efficiency 
(E) is 50 %. The distance between the donor and the acceptor (r) can be calculated 
from the energy transfer efficiency and the Förster distance as follows: 
 

6
0

6 6
0

RE
R r

=
-

 (eq. 2). 

Choosing appropriate donors and acceptors is essential for RET analysis, since 
each pair of donors and acceptors has a specific Förster distance. For the 
measurements to be reliable, the distance to be determined should be close to the 
Förster distance, since the energy transfer efficiency is highly distance-dependent 
as can be seen from eq. 2 (Lakowicz 2006). Furthermore, the degree of labeling is 
of great importance in RET distance determinations. If the acceptor and donor are 
extrinsic probes it is important to ensure that the labeling degree is close to 100 %, 
because incomplete labeling with the acceptor would give a value of FDA larger 

an the true value, resulting in overestimation of the distance. th

Illustrative spectra of a 
suitable FRET pair, for 
which the emission 
spectrum of the donor 
(fluorescein, grey) 
overlaps with the 
absorption spectrum of the 
acceptor 
(tetramethylrhodamine, 
TMR, black line). The 
emission spectrum of TMR 
is shown in dotted black. 

Figure 12. 
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Electron paramagnetic resonance spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy relies on the interaction 
between the magnetic moment of unpaired electrons and an applied electric field. 
In contrast, the closely related but more commonly used nuclear magnetic 
resonance (NMR) is based on the spin of the nuclei.  
Generally, electrons are found in pairs with antiparallel spins, which cancels out 
their total magnetic moments. A suitable candidate for EPR measurements must 
have a magnetic moment, imparted by at least one unpaired electron. Such 
compounds are often called free radicals or paramagnetic molecules. In EPR 
spectroscopy, an external magnetic field is applied, forcing unpaired electron spins 
to align either parallel or anti-parallel to the field. The two states of the electron 
represent different energy levels and will not be equally populated in a magnetic 
field. Parallel alignment is the lower energy state and the anti-parallel state is the 
higher energy level. Usually, EPR spectra are generated by varying the magnetic 
field while keeping the electromagnetic radiation frequency constant. The strength 
of the magnetic field is then increased until the difference in energy between the 
two spin states of the unpaired electrons matches the energy of the microwave 
radiation. At this resonance condition the electrons can shift between the two 
energy states, usually resulting in an overall absorption of energy. This absorption 
is measured and transformed into an EPR spectrum, reflecting the surroundings of 
the unpaired electron (Brudvig 1995). EPR spectroscopy can provide information 
regarding the rigidity around the paramagnetic molecule, in contrast to 
fluorescence measurements where changes in polarity are detected.  
Unpaired electrons are not commonly found in biological systems, hence NMR is 
more commonly applied than EPR for characterizing protein structures. However, 
the development of paramagnetic probes that can be attached to specific positions 
in a protein has made it possible to exploit the advantages of EPR in protein 
chemistry. Thus, EPR spectroscopy can be a both sensitive and specific method, 
because of the lack of naturally occurring paramagnetic species, and consequently 
an absence of non-specific interfering signals from either the biomolecules or 
solvent. 
We used the spin-label IPSL (Fig. 13) in one of the studies this thesis is based 
upon to monitor inhibitor-induced conformational changes in protein complex 
formation. IPSL is a member of the nitroxides; a class of stable free radicals that 
are often used as spin-probes. It can be attached to engineered cysteines in a 
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protein by site-directed labeling and subsequently used to monitor alterations 
leading to changes in the probe’s mobility. 

 

 
 
 

Figure 13. Structure of the spin probe IPSL, linked to a cysteine (S, C� and C� 
atoms are shown) of a protein of interest. 

The shape of the EPR spectrum reflects the mobility of the spin probe and it is 
usually presented as the first derivative of the absorbed energy versus the applied 
magnetic field (Fig. 14). Interpretation of complex EPR spectra requires 
considerable experience, but general trends are illustrated in Figure 14, which 
shows spectra acquired from a spin probe attached to a protein with various 
conformations, ranging from a relatively free polypeptide chain to a situation 
where the protein is folded and the label is situated at a buried, rigid position. The 
shape of the EPR spectrum is influenced by the orientation of the dipoles of the 
sample in the applied magnetic field. Immobilized spin probes have defined dipole 
orientations, giving rise to broad spectra, whereas mobile probes have dipole 
interactions that are averaged out. An EPR spectrum reflecting a mobile 
environment will be sharp, with high amplitudes (Fig. 14). For nitroxide spin-
labels the spectra are then recognized as three distinct lines separated by the 
isotropic hyperfine interaction between the unpaired electron and the nitrogen 
atom. 
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Figure 14. Schematic shapes of EPR spectra from a spin-labeld protein, reflecting the 
presence of the same probe in different environments, ranging from a mobile 
environment (yielding a spectrum with narrow lines and high amplitudes) and a buried, 
rigid position (yielding a broadened spectrum with low amplitudes). 
 
 
 
The sensitivity of spin-probes to changes in their environment has made this 
technique suitable for a number of applications and it has been used in studies of: 
protein-protein interactions (Owenius et al. 1999), structural changes in proteins 
(Hubbell et al. 2000), conformational changes that occur during folding (Svensson 
et al. 1995), chaperone effects (Persson et al. 1999), and measurements of 
distances in proteins (Jeschke & Polyhach 2007, Owenius et al. 2010). 
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Proteolytic activity

FVIIa is dependent on its cofactor TF for full enzymatic activity. FVIIa, 
complexed with TF, efficiently cleaves specific peptide bonds activating FX and 
FIX in blood coagulation. This proteolytic activity can be followed either by 
monitoring the formation of the physiological products FXa or FIXa or by simpler 
assays using a small peptide substrate.  
FVIIa specifically cleaves peptide bonds between an arginine and the following 
residue, which can be utilized in test tube assays using the chromogenic tripeptide 
substrate H-D-Ile-Pro-Arg-pNA (S-2288). In this amidolytic assay the ability of 
sTF to increase the activity of FVIIa can be studied by following the formation of  
p-nitroaniline (pNA) released by proteolytic cleavage. The formation rate of pNA 
can be calculated by monitoring the reaction spectrophotometrically at 405 nm, at 
which pNA absorbs light. The amidolytic assay can be used to estimate the affinity 
between FVIIa and sTF (Persson et al. 1997), for example to assess the effects of 
mutations in either of the proteins on the proteolytic activity. 
The ability of sTF:FVIIa to promote FX activation can also be monitored using 
another chromogenic peptide substrate that is frequently employed for measuring 
FXa activity, (Z-D-Arg-Gly-Arg-pNA (S-2765)), in a two-stage amidolytic assay 
in which sTF, FVIIa, and FX are first mixed in the presence of a membrane 
surface. The amount of FXa formed is then measured, after a specific incubation 
time, by adding S-2765 and monitoring the quantity of pNA released as described 
above. This method can provide additional information regarding the sTF:FVIIa 
complex, since it is based on the conversion of one of the physiological substrates, 
FX, into FXa. Similar assays can be used for studies of FIX activation. 
The activities of enzymes, like FVIIa and FXa, provide good indications of their 
states. Therefore, the effect of mutation is often followed by measurement of the 
proteolytic activity of the protein of interest. For example, alanine scanning has 
been applied to sTF in attempts to identify residues involved in FX binding by 
sTF:FVIIa complexes, assuming that substitution of these residues will affect the 
ability of the complexes to activate FX (Kirchhofer et al. 2000). Such conclusions 
should, however, be drawn with caution since the active site of FVIIa is located far 
from the supposed interaction site with FX, hence the activity is an indirect 
parameter of binding. In such binding studies it is therefore beneficial to combine 
activity measurements with, for example, site-directed labeling (Carlsson et al. 
2003). The advantage of this technique is that it allows direct mapping of the 
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interaction region, in contrast to other function-based methods used in protein 
interaction studies, such as alanine scanning, where protein functions may be 
impaired even if the mutated site is not necessarily located in the binding area. 
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5. Summary of papers 
Most biological processes depend on the formation of protein complexes. Blood 
coagulation is one such vital process in the human body, which involves a series 
of activations of zymogen forms of proteases to their active forms, leading to the 
formation of a blood clot (Davie et al. 1991). Occasionally, the regulation of this 
defense mechanism (which has evolved to stop bleeding) malfunctions, resulting 
in conditions such as the inability to stop bleeding or thrombosis. The fact that TF 
is the main initiator of the coagulation makes this an interesting protein to study, 
in the hunt for means to interfere with players involved in the blood clotting 
process. 
 
TF is exposed to the circulating FVII/FVIIa when a vessel wall is damaged, 
resulting in the formation of the TF:FVIIa complex and thereby the initiation of 
blood coagulation. One of the substrates for the sTF:FVIIa complex is FX, which 
is activated to FXa (Davie et al. 1991). No complete structure has been obtained as 
yet for the large complexes involving sTF:FVIIa and FX/FXa. This prompted 
attempts to map the binding region between sTF and FXa in the quaternary 
sTF:FVIIa:FXa:TFPI complex in one of the studies this thesis is based upon 
(Paper I). 
In contrast to the large complex involving FXa, the crystal structure of sTF:FVIIa 
is known (Banner et al. 1996), providing a static picture of the protein complex. 
However, the aim of the studies of the sTF:FVIIa complex underlying this thesis 
was to investigate the conformational changes in the binding region between the 
two proteins that occur upon binding of different inhibitors (Papers II and III). We 
also monitored the Ca2+-dependent protein docking at specific sites at the 
sTF:FVIIa binding surface (Paper IV). Finally, we investigated the conformation 
of FVIIa in solution and the impact of Ca2+ and sTF binding on the structure 
(Paper V). 
The approach used throughout these studies involved the site-directed labeling 
technique, in which environmentally sensitive probes are attached to specific sites 
in the protein. These residues in the protein of interest are singly mutated to 
cysteines to which a fluorescent or spin probe is covalently bound. This technique 
provides an excellent means for dynamic studies of proteins and finding protein 
regions involved in binding, since these probes are sensitive to their local 
environment and can thus sense changes that occur in the vicinity of the site of 
mutation. This technique can also be used for distance measurements by FRET, if 
two appropriate fluorescent labels are attached to the protein.
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Probing the interface between FXa and sTF in 
the quaternary complex sTF:FVIIa:FXa:TFPI 

(Paper I)
 

Blood coagulation is initiated by the Ca2+-dependent formation of the TF:FVIIa 
complex. TF:FVIIa activates FX and FIX, leading via a series of reactions to the 
formation of thrombin and a fibrin clot. The major physiological modulator of the 
TF:FVIIa complex is TFPI, a plasma proteinase inhibitor composed of three 
Kunitz-type domains (Broze, Jr. et al. 1990). This inhibition is believed to occur in 
two steps. First, TFPI binds to FXa and then inhibits TF:FVIIa by forming the 
quaternary TF:FVIIa:FXa:TFPI complex (Girard et al. 1989). TFPI is also able to 
inhibit FVIIa on its own, but not as efficiently. The first and second Kunitz-type 
domains of TFPI are involved in binding to FVIIa and FXa, whereas the role of 
the third Kunitz-type domain is unclear. However, TFPI1-161, lacking the third 
domain can inhibit TF:FVIIa in complex with FXa (Hamamoto et al. 1993). 
 
We used the site-directed labeling approach to map the area of sTF involved in 
binding in the sTF:FVIIa:FXa:TFPI1-161 complex. The lack of a detailed structure 
for this physiologically important complex makes it an interesting target. 
Eight specific surface-exposed positions in sTF were selected (Fig. 15) that are 
possibly involved in complex formation with FXa based on the crystal structure of 
sTF:FVIIa (Banner et al. 1996), mutagenesis data and functional studies 
performed by other groups (Ruf et al. 1992a, Ruf et al. 1992b, Rao & Ruf 1995, 
Huang et al. 1996, Dittmar et al. 1997, Ruf et al. 1999). These positions were 
singly mutated and labeled with the fluorescent probe IAEDANS and their 
emission spectra were recorded before and after quaternary complex formation.  
In addition, the sTF variants’ ability to support FX activation was measured as a 
step towards investigating the effects of mutation and fluorescent labeling (Table 
1). Such activity measurements are often used in, for example, alanine scanning to 
monitor changes in activity as a result of mutagenesis in the known or assumed 
binding interface. 
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Figure 15. Structure of sTF:FVIIa (pdb code: 1dan, Banner et al. 1996) .
sTF is shown in space filling and FVIIa in ribbon presentation. The TF1 and TF2 
domains are in dark grey and light grey, respectively. The Gla domain of FVIIa is 
displayed in green; EGF1 in magenta; EGF2 in light blue and the PD in dark blue. The 
sTF residues highlighted in red are located within the area of interaction with FXa in the 
sTF:FVIIa:FXa:TFPI1-161 complex according to the fluorescence probing. The two 
residues in yellow gave no significant fluorescence response upon FXa:TFPI1-161 binding.  

 
Table 1. Fluorescence emission shifts occurring upon formation of the AEDANS-
sTF:FVIIa:FXa:TFPI1-161 complex and effects of mutation and labeling of sTF on 
sTF:FVIIa-catalyzed activation of FX.

  FX activation rate (vmutant/vwt) 
sTF variant ��Fmax

a (nm) AEDANS-sTF b sTF b
    

E99C - 0.8 ± 0.2 0.93 ± 0.03 0.90 ± 0.01 
L104C - 4.8 ± 0.3 0.86 ± 0.04 1.00 ± 0.07 
Y156C - 1.0 ± 0.2 0.11 ± 0.02 0.37 ± 0.04 
S163C - 3.4 ± 0.2 0.01 ± 0.00 0.01 ± 0.00 
K166C - 5.0 ± 0.5 0.03 ± 0.02 0.01 ± 0.01 
T197C - 5.6 ± 0.5 0.57 ± 0.05 0.66 ± 0.02 
R200C - 6.3 ± 0.6 0.32 ± 0.03 0.23 ± 0.00 
K201C + 4.6 ± 0.2 0.13 ± 0.01 0.78 ± 0.04 

 

a ��Fmax = �Fmax(AEDANS-sTF:FVIIa:FXa:TFPI1-161) - �Fmax(AEDANS-sTF:FVIIa). The 
calculated pooled standard deviations are also given. 
b The standard error of the mean is given. 
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Five mutated positions are located in the TF2 domain, three of which (positions 
156, 163 and 166) are at the level of the Gla domain in FVIIa and the other two 
(positions 200 and 201) are adjacent to EGF1 and the so-called hydrophobic stack 
(i.e. the linker between Gla and EGF1) of FVIIa (Fig. 15).  
Based on the shifts of the fluorescence emission spectra upon quaternary complex 
formation (Table 1) we concluded that part of the C-terminal region of sTF 
(positions 163, 166, 200 and 201) interacts with FXa, in the sTF:FVIIa:FXa:TFPI1-

161 complex. The fluorescent probe in position 156, located between residues 163 
and 201, did not show any change in emission spectra after FXa binding. However, 
sTF(Y156C) showed reduced ability to activate FX (Table 1), implying that the 
native residue at this position is involved in binding to FXa. Formation of 
AEDANS-sTF(Y156C):FVIIa resulted in a shift in fluorescence emission, 
indicating that the probe points towards FVIIa, explaining why no change in 
emission was detected upon FXa binding. FXa probably interacts with sTF in the 
region of position 156, some distance away from the FVIIa Gla domain, an 
interaction the probe pointing in the “wrong” direction is unable to detect (Fig. 15). 
 
Positions 99 and 104 are situated in the TF1 domain and 197 is located in the N-
terminal part of the TF2 domain, all at the level of EGF1 in FVIIa (Fig. 15). The 
fluorescent label attached to positions 104 and 197 showed shifts in emission 
spectra as a consequence of quaternary complex formation, whereas the labeled 
mutant sTF(E99C) did not show any changes in emission upon complex formation 
(Table 1). These findings show that an area in the N-terminal part of sTF (around 
position 197) and a region in the C-terminal part of TF1 (around position 104) are 
involved in complex formation, although these residues, especially L104, are not 
important for FX activation (Table 1). This highlights the risk of jumping to 
conclusions regarding the binding interface solely based on activity studies, 
especially in cases such as this where the active site is located far from the binding 
region.  
 
By the powerful site-directed labeling technique, in combination with activity 
studies, we could describe the interaction area between FXa and sTF in the 
quaternary complex, at the level of specific residues. Not only the C-terminal part 
of sTF is involved in binding to FXa, but also part of the N-terminal region of TF2, 
and a region in the C-terminal part of TF1 interacts with FXa in the quaternary 
complex. This is consistent with the hypothesis that FXa binds in the same upright 
position as FVIIa in the sTF:FVIIa complex. Our results also show major 
similarities to previously reported findings, by other groups, regarding the ternary 
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complexes sTF:FVIIa:FX/FXa. Recently, Lee et al. refined computational models 
of the TF:FVIIa:FXa complex, previously discussed in the section describing this 
ternary complex (p. 28-29). The residues, from these models, suggested to be 
involved in binding in the ternary complex were then compared to residues 
identified by experimental methods (reported by other groups). Our results for the 
quaternary complex are included in their summary and agree to a large part with 
their computational models for the ternary complex (Lee at al. 2010), which 
further suggests resemblances between the two complexes.  
 
In addition, it has been suggested, by molecular dynamics simulations (Ohkubo et 
al. 2010), that the primary consequence of sTF binding to FVIIa on a membrane 
surface is stabilization and positioning of the catalytic triad of FVIIa. In the cited 
study, it is proposed that this optimal positioning of FVIIa would subsequently 
enable the substrate FX to approach and bind to the sTF:FVIIa complex at a 
supposed exosite, localized in the region described in our study. These conclusions 
further support our findings regarding the interaction area between sTF and FXa. 

Additional investigations of the interacting regions between sTF and FXa in the 
sTF:FVIIa:FXa:TFPI complex, including potential contacts at the level of EGF2 
and the PD of FVIIa, remain to be performed. Detailed knowledge concerning the 
binding area between sTF and FX/FXa in the quaternary and ternary complexes 
could facilitate the development of small synthetic molecules with antithrombotic 
effects.  
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Inhibitor-induced conformational changes at the 
interface of sTF and FVIIa

(Papers II and III). 
 

Inhibitors of the TF:FVIIa complex are of particular interest since this complex is 
at the starting point of the cascade of reactions that not only result in normal blood 
coagulation, but are also associated with various life-threatening conditions, such 
as stroke and heart attack. The crystal structure of FVIIa, active-site inhibited by 
FFR-chloromethyl ketone (FFR), in complex with sTF is known (Banner et al. 
1996). In addition, the structure of FFR-inhibited FVIIa, lacking its Gla domain 
(Kemball-Cook et al. 1999, Pike et al. 1999), has been solved in the absence of 
sTF, whereas the crystal structure of uninhibited FVIIa remains unclear. Studies 
have shown that introducing an inhibitor into the active site of FVIIa increases the 
affinity of binding to TF, probably by inducing conformational changes in the PD 
(Sørensen et al. 1997). The effects of active-site and exosite binding inhibitors 
were examined in studies reported in Papers II and III, by the site-directed 
labeling technique. 
 
Our aim in investigations described in Paper II was to further characterize the 
conformational changes that occur in the extended interface between sTF and 
FVIIa upon covalent binding of the active-site inhibitor FFR, by the site-directed 
labeling technique. 
Six residues in sTF were selected, two in each of the three interaction regions 
between sTF and FVIIa (Fig. 16). The residues were individually mutated to 
cysteines, and initially labeled with a fluorescent probe (IAEDANS). Fluorescence 
emission spectra were then recorded for sTF both alone and in complex with 
FVIIa or FFR-inhibited FVIIa (FVIIa:FFR).  
 
No changes in polarity were detected when sTF:FVIIa and sTF:FVIIa:FFR 
formation was compared with the probe attached to positions located in the 
sTF:Gla (positions 207 and 158) and sTF:EGF1 (positions 22 and 140) interfaces. 
This suggests that neither the sTF:Gla nor the sTF:EGF1 interface is affected by 
occupancy of the active site of FVIIa. When attached to either of the two positions 
in sTF interacting with the PD (positions 45 and 94) the fluorescent probe showed 
emission shifts upon sTF:FVIIa:FFR complex formation, compared to sTF:FVIIa. 
sTF labeled at position 45 showed a blue shift upon addition of FFR, indicating 
that the environment around the probe becomes more apolar in the presence of 
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FFR. In contrast, the corresponding emission spectrum with labeling at position 94 
was red-shifted, indicating that its surroundings become more polar, and hence 
that there are differences in the polarity of the surroundings of the two positions in 
complex with FVIIa:FFR. 
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Figure 16. Ribbon presentation of the sTF:FVIIa complex (pdb code: 1dan, Banner et al. 
1996). sTF is displayed in grey, with the mutated positions in red (from paper II) and in 
yellow (from paper III). The four domains of FVIIa are shown in different colors, with the 
hydrophobic stack of the Gla domain highlighted in dark green, and the active-site 
inhibitor FFR is in orange. 
Ca2+ions bound to FVIIa are displayed in black. 
 
Since effects on fluorescence emission spectra were detected for the sTF mutants 
labeled at position 45 and 94, respectively, further analysis focused on these 
positions located in the sTF:PD interface. The two variants were spin-labeled with 
IPSL, to serve as a mobility sensor for sTF:FVIIa/FVIIa:FFR complex formation. 
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The resulting EPR spectra revealed that the spin label at both positions in sTF was 
less mobile in the sTF:FVIIa:FFR than in the sTF:FVIIa complex, demonstrating 
that the immediate surroundings of the probes located in the sTF:PD interface 
become more rigid and compact in the presence of the active-site inhibitor FFR. 
  
Acrylamide quenching showed that the accessibility of the fluorescent labels at 
positions 45 and 94 was reduced in the presence of the inhibitor FFR, confirming 
previous conclusions. Since the EPR and the quenching results accordantly 
indicate that the structure around positions 45 and 94 in sTF is more compact and 
rigid following FFR binding, it is likely that the red shift in emission displayed by 
AEDANS-sTF(Y94C):FVIIa:FFR originates from a closer contact between the 
probe and polar residues in FVIIa as a consequence of inhibitor incorporation. 
Our results show that the active-site inhibitor FFR makes the sTF:FVIIa complex 
more stable and compact in the regions around both positions 45 and 94 in the 
sTF:PD interface, whereas the sTF:EGF1 and sTF:Gla interfaces are unaffected by 
the inhibitor. 

The results reported in Paper II led us to further expand the mapping of the 
sTF:PD interface in subsequent investigations (Paper III), regarding both positions 
and types of inhibitors. We wanted to compare the effects of active-site and 
exosite binding inhibitors of the sTF:FVIIa complex. For this purpose, we used 
two active-site binding inhibitors: the small FFR that binds covalently to the active 
site of FVIIa (Sørensen et al. 1997) and the larger truncated physiological inhibitor 
TFPI1-161. No structural data for full-length TFPI in complex with sTF:FVIIa exist, 
however, the crystal structure of a mutated form of bovine pancreatic trypsin 
inhibitor (BPTI, a homolog of the first Kunitz domain of TFPI) in complex with 
sTF:FVIIa has been reported (Zhang et al. 1999). BPTI binds in a noncovalent 
manner to the active site of FVIIa (Huber et al. 1974). 
The synthetic peptides E-76 and A-183, which are known to bind to exosites on 
FVIIa and thus cause inhibition (Dennis et al. 2000, Dennis et al. 2001, Roberge et 
al. 2001), were also included in this study. 
Two residues in sTF, Gln 37 and Glu 91, were selected for mutagenesis. These 
positions are not directly involved in any key interactions between sTF and the PD 
of FVIIa, but are in close proximity to the interacting surfaces (Banner et al. 1996), 
making them good candidates for sensing any further environmental changes upon 
inhibitor binding. The two positions in sTF were individually replaced by 
cysteines and the fluorescent probe IAEDANS was attached to them.  
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The environment surrounding the probe at position 37 in sTF was more apolar in 
complex with FVIIa:FFR than when in complex with FVIIa alone (detected as a 
blue-shift in fluorescence emission). This implies that the structure around the 
probe is more compact in the presence of the inhibitor FFR, in agreement with our 
findings for positions 45 and 94 in sTF reported in Paper II. However, the label at 
position 91 in sTF did not detect any change in polarity in the presence of FFR. 
This provides more detailed mapping of the sTF region affected by FFR binding to 
FVIIa: a more compact structure is sensed by the probe at positions 37, 45 and 94, 
while position 91 seems unaffected by FFR binding.  
Corresponding fluorescence measurements for TFPI1-161 revealed similar effects 
on the surroundings of the label in the two sTF variants (Q37C and E91C), 
compared to FFR. That is, formation of a more apolar environment around 
position 37 and no significant change in the environment around position 91. 
 
The exosite inhibitors E-76 and A-183 have distinct binding sites located outside 
the active site (Dennis et al. 2000, Dennis et al. 2001, Roberge et al. 2001). A 
large change in the conformation of the 140-loop of FVIIa was detected upon E-76 
binding (Dennis et al. 2000). This observation led to the description of the 
inhibition mechanism as an allosteric switch in FVIIa, involving one of the 
activation loops (i.e. the 140-loop) (Fig. 4), which is likely to be involved in FX 
binding (Kirchhofer & Banner 1997). 
The probe attached to position 37 in sTF sensed a change in polarity, seen as a 
blue-shift in emission, upon E-76 binding (i.e. in the sTF:FVIIa:E-76 complex), 
whereas position 91 was unaffected by the binding of the inhibitor. E-76 was also 
added to the sTF:FVIIa:FFR complex, but no further emission shift was detected 
for either of the sTF variants, showing that the effects of FFR and E-76 are not 
additive.  
Since the probe at position 37 in sTF could sense the binding of peptide E-76, the 
effect of A-183 binding was tested on this sTF variant. However, no change in 
fluorescence emission was detected upon sTF:FVIIa:A-183 formation. 
In conclusion, binding of the active site inhibitors FFR and TFPI, and the exosite 
inhibitor E-76, had similar effects on the probe at position 37 in sTF. This implies 
that the allosteric switch caused by binding of E-76 induces similar 
conformational changes at the sTF:PD interface to those induced by the active-site 
inhibitors, despite their differences in size, inhibitory mechanism and binding site. 
The inhibitory mechanism for A-183, on the other hand, seems to be different 
from those of the inhibitors used in this study. 
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A novel approach to elucidate the Ca2+-
dependent docking between sTF and FVIIa 

(Paper IV). 
 
Several proteins depend on Ca2+ binding to obtain a stable conformation. The 
stabilization often causes activation or inactivation of the protein, through Ca2+-
induced conformational changes. In many cases, the Ca2+-dependent structural 
rearrangements of the protein is also essential for optimal protein-protein complex 
formation. 
FVIIa is composed of four domains: a Gla domain, two EGF-like domains (EGF1 
and EGF2) and a protease domain (PD). FVIIa has one Ca2+-binding site located 
in EGF1, one in the PD and seven in the Gla domain (Fig. 16; Banner at al. 1996). 
Each of these domains participates in the binding to sTF and in the study described 
in Paper IV we explored effects of Ca2+ binding on individual binding regions. To 
do this we used the site-directed labeling approach by introducing fluorescent 
probes at specific positions in sTF, located in the binding interface between FVIIa 
and sTF. These probes were then used to sense complex formation as a 
consequence of Ca2+ binding. 
 
Single cysteine mutants of sTF were produced, selected to be located within each 
interaction region between sTF and FVIIa (i.e. Tyr 94 in sTF:PD, Ile 22 in 
sTF:EGF1 and Val 207 in sTF:Gla) (Fig. 16). These three variants of sTF were 
then labeled with the fluorescent probe IAEDANS. Upon association with FVIIa, 
all of these labeled sTF variants showed increased fluorescence emission 
intensities and blue-shifts in the emission wavelengths, which could be used to 
monitor the docking between sTF and FVIIa during Ca2+ titration. In addition, to 
elucidate the role of the Gla domain of FVIIa in the formation of the sTF:FVIIa 
complex the Ca2+ dependence of the binding between sTF and a variant of FVIIa 
lacking the larger part of the Gla domain, (des(1-38)-FVIIa) was monitored. 
Des(1-38)-FVIIa still contains the hydrophobic stack, which is the linker between 
Gla and EGF1. 
 
We chose position 207 in sTF to explore the Ca2+ dependence of the sTF:Gla 
domain interaction. Val 207 interacts with the hydrophobic stack of FVIIa, which 
is the part of the Gla domain closest to EGF1 (Fig. 16). Upon Ca2+ titration two 
distinct transitions were detected (Fig. 17A), of which we presumed the first (at 
0.1 mM Ca2+) to originate from the initial binding between EGF1 of FVIIa and 
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sTF. This hypothesis was verified by the finding that the corresponding titration 
with des(1-38)-FVIIa, lacking the Gla domain, resulted in only the first transition 
seen for full-length FVIIa. In addition, it has previously been reported that the 
Ca2+-binding site in EGF1 has a binding affinity of approximately 0.1 mM 
(Schiødt et al. 1992, Sabharwal et al. 1995), which further supports our conclusion. 
The second transition (at 0.6 mM Ca2+) correlates with Ca2+ binding to the Gla 
domain. It has previously been suggested that structural rearrangements occur in 
the region of the hydophobic stack at around 0.6 mM Ca2+ (Persson & Petersen  
1995) and this, together with our data, suggests that the Ca2+ binding induces 
conformational changes in the Gla domain, which seem to be essential for the 
formation of the sTF:Gla interface. In conclusion, the Ca2+-binding site in EGF1 
and one or more Ca2+-binding sites in the Gla domain must be occupied for 
optimal binding of the hydrophobic stack of FVIIa to sTF. 

The titration curves obtained for the interaction between sTF with the probe at 
position 22 (at the level of EGF1, Fig. 16) and FVIIa showed transitions at the 
same Ca2+ concentrations as those of sTF labeled at position 207 (Fig. 17B). The 
titration curves show that sTF and des(1-38)-FVIIa require lower Ca2+ 

concentrations than sTF and full-length FVIIa, to reach the same level of complex 
formation. It has previously been suggested that Ca2+ saturation of the Gla domain 
is essential for optimal binding, and that a Gla domain with vacant Ca2+ sites 
hinders the docking to sTF (Persson 1997), which is in agreement with our 
findings. To conclude, Ca2+ binding to EGF1 appears to initiate the complex 
formation between sTF and FVIIa. Higher Ca2+ concentrations further tighten the 
complex, by Ca2+ binding to the Gla domain. 
 
Position 94 in sTF is located in the sTF:PD interface (Fig. 16), and the titration 
curve obtained with sTF labeled at this position and FVIIa revealed two transitions 
at similar Ca2+ concentrations as those obtained with sTF labeled at the two 
previously mentioned positions (Fig. 17). The first transition could be assigned to 
either PD, with a known Kd of 0.2-0.3 mM for Ca2+ binding, or Ca2+ binding to 
EGF1 with a Kd of 0.1 mM for Ca2+ binding (Schiødt et al. 1992, Sabharwal et al. 
1995). The second of these transitions reflects Ca2+ binding to the Gla domain. The 
titration curve for the association between sTF labeled at position 94 and des(1-
38)-FVIIa revealed a Ca2+

50 value of 0.3 mM, which is similar to the Kd for Ca2+ 

binding to the PD. Thus, the interaction between sTF and the PD of FVIIa is 
dependent on Ca2+ binding to the PD, rather than EGF1 (Ca2+

50 value of 0.1 mM), 
as sensed by the probe at position 94 in sTF. Removal of the Gla domain resulted 
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in lower Ca2+ concentration thresholds for binding than for full-length FVIIa, as 
for the other sTF variants. Conclusively, for optimal binding of the PD to sTF, in 
principal all of the Ca2+-binding sites must be occupied. 
 
In summary, association between sTF and FVIIa during Ca2+ titration is initiated 
by Ca2+ binding to EGF1. Ca2+ saturation of the Gla domain is essential for optimal 
complex formation between FVIIa and sTF. In addition, Ca2+ binding to the Gla 
domain promotes its own interaction with sTF. Ca2+ binding to the PD, on the 
other hand, seems only to affect the association between the PD and sTF. 
The site-directed labeling technique permits Ca2+-dependent protein-protein 
complex formation to be followed at specific selected sites in the binding region.  
Here, we present detailed data, collected at specific positions in sTF by this unique 
method, regarding the role of Ca2+ in the docking process between sTF and FVIIa. 
Other techniques for example surface plasmon resonance (SPR), also allow 
monitoring of complex formation upon Ca2+ binding. In contrast to site-directed 
labeling, such methods only permit the global association to be followed.  
Conclusively, we suggest that the site-directed labeling approach can be applied to 
monitor the formation of other Ca2+-dependent protein complexes. 
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Figure 17. The Ca2+ dependent 
docking of the binding regions 
within the sTF:FVIIa interface 
probed by the AEDANS-labled 
sTF variants: 
 A. sTF:Gla domain, V207C;  
B. sTF:EGF1, I22C;  
C. sTF:PD, Y94C.  
AEDANS-sTF:FVIIa in black and 
AEDANS-sTF:des(1-38)-FVIIa in 
grey. 
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Studies of conformational changes in FVIIa upon 
sTF and Ca2+ binding (Paper V). 

FVIIa obtains an extended conformation upon complex formation with its cofactor 
sTF, as seen from the crystal structure of the sTF:FVIIa complex (Fig. 18; Banner 
et al. 1996). However, the structure of free full-length FVIIa has not yet been 
determined and all of the conformational changes in FVIIa induced by sTF 
binding are therefore not known. To investigate possible large structural changes 
in FVIIa upon complex formation the apparent length of FVIIa was estimated by 
FRET measurements. For this purpose a fluorescent probe fluorescein (Fl), was 
linked to the active site in the PD of FVIIa via a covalently bound tripeptide 
inhibitor. Another fluorophore, rhodamine (TMR), was attached to an engineered 
Cys (F4C) located at the other end of FVIIa (i.e. in the Gla domain) (Fig. 18). This 
fluorophore pair is frequently employed as a FRET pair with a Förster distance of 
55 Å (Molecular Probes). 
 
Fig. 1 Structure of sTF:FVIIa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EGF2

EGF1

Gla

TF

Figure 18. Picture of sTF:FVIIa (pdb code:1dan, Banner et al. 1996) with sTF in grey 
and the four domains of FVIIa shown. The binding site of fluorescein is represented by 
FFR (displayed in red) in the active site of FVIIa and the binding site of rhodamine is 
represented by Phe in position 4 (shown in red) in the Gla domain.   
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The recorded fluorescence spectra of singly and doubly labeled FVIIa in the 
presence and absence of sTF is shown in Figure 19. 
The emission intensity for doubly labelled FVIIa was lower, compared to the 
singly labelled protein (0.66 and 1.0, respectively), as a consequence of the FRET 
effect, confirming that the fluorophore pair is suitable for FRET measurements in 
this particular protein. 
For doubly labelled FVIIa the emission intensity was increased to 0.74 upon 
binding to sTF (compared to 0.66 for the free form). This suggests a more compact 
overall conformation of free FVIIa, since shorter distances between the probes will 
lead to a larger FRET effect, i.e. a lower emission intensity from the Fl donor. 
From the FRET analysis the distances between the two fluorescent probes in 
FVIIa were determined to 61.4 Å in the free from and to 65.5 Å when bound to 
sTF.  
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Figure 19. Emission spectra of singly and doubly labelled FVIIa with and without sTF. 
The excitation wavelength was 469 nm. Curve colors: Fl-FVIIa (green); Fl-FVIIa + sTF 
(blue); Fl-FVIIa-TMR (black); Fl-FVIIa-TMR + sTF (red). The spectra of Fl-FVIIa 
(green) and Fl-FVIIa : sTF (blue) were normalized to have unit amplitude. The spectra of 
Fl-FVIIa-TMR (black) and Fl-FVIIa-TMR: sTF (red) are plotted using the same 
normalization constant as for the singly labelled protein. 
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Recent MD simulations of the dynamic characteristics of FVIIa demonstrated that 
FVIIa is much more flexible in its free form compared to when in complex with 
sTF (Ohkubo et al. 2010). The dynamics can be interpreted in terms of the 
uncertainty in positions and distances between residues as in the MD simulations. 
Therefore, we modelled this uncertainty as a random Gaussian distribution of 
protein structures with an average distance between donor-acceptors of 65 Å (as 
the experimental distance for FVIIa in the sTF:FVIIa complex) with standard 
deviations between 2 and 15 Å. Integrating over all distances yielded the total 
apparent fluorescence intensity for each distribution. For the narrowest distribution 
of distances (s.d. = 2 Å) we obtained a calculated value (0.75) very close to the 
experimental FRET value (0.74) for FVIIa in the sTF:VIIa complex. With a larger 
spread of distances (s.d. = 15 Å) as in a more dynamic structure the intensity will 
be lowered to 0.67 which is near the experimental FRET signal (0.66) for free 
FVIIa. 

The MD simulations (Ohkubo et al. 2010) showed a much more dynamic structure 
for unbound FVIIa than when in complex with sTF. Thus, the measured data 
might be interpreted as that the average global conformation of FVIIa is almost 
unaltered upon binding to sTF, since the distributions around the same average 
distance (65 Å) differ for the rigid sTF-bound FVIIa and the flexible free FVIIa. 
These conclusions imply that FVIIa does not have to go through large structural 
rearrangements during complex formation, which would be beneficial and 
facilitate docking to sTF. 

In addition, we showed that the acceptor of the applied FRET pair, TMR, can be 
used as a dynamic quencher to probe the accessibility of its fluorescein donor. For 
relatively exposed fluorophores, such as fluorescein in the active-site of FVIIa, 
larger quenchers like TMR, compared to conventional quenchers such as iodide 
and acrylamide, might be more responsive to minor local conformational changes. 
It is known that binding of Ca2+ is essential for FVIIa activity (Persson & Petersen 
1995), and therefore we used quenching to detect possible structural changes in 
the PD upon Ca2+ binding, and subsequently upon sTF binding.  

Quenching data (Fig. 20) showed that binding of Ca2+ to FVIIa resulted in a less 
accessible active-site probe, probably due to Ca2+-induced conformational changes 
in the PD. Such structural rearrangements have previously been suggested based 
on indirect measurements (Persson & Petersen 1995) however, this is the first time 
this has been shown by direct measurements. It is also interesting that this 
conformational change is detected even in the presence of an inhibitor, since 
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inhibition is known to cause stabilization of the PD and insertion of the N-terminal 
into the PD (Kemball-Cook et al. 1999, Pike et al. 1999). Binding of sTF to FVIIa 
causes even further compactness around the probe in the active-site, probably by 
additional conformational changes. 
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Figure 20. The quenching ability of the fluorescence of the fluorescein probe in Fl-FVIIa 
by TMR. The graphs are fitted to the Stern-Volmer equation F and Fo representent the 
area of the fluorescence intensity with and without the quencher. Curve colors: Fl-FVIIa 
in the absence of Ca2+ (black/squares), Fl-FVIIa in the presence of Ca2+ 
(green/diamonds), and sTF:Fl-FVIIa in the presence of Ca2+ (red/triangles). 
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6. Concluding remarks 
 

The essential findings of the studies included in this thesis can be summarized as 
follows: 
 
� The interaction region between sTF and FXa in the sTF:FVIIa:FXa:TFPI1-161 
complex not only includes the previously suggested C-terminal region of sTF, but 
also the N-terminal part of the TF2 domain and the C-terminal part of TF1.  
 
� Binding of the active site inhibitor FFR to FVIIa makes the sTF:FVIIa complex 
more stable and compact in the regions around positions in sTF that interact with 
the PD of FVIIa. In contrast, the sTF:EGF1 and sTF:Gla interfaces seem 
unaffected by the inhibitor. 
 
� The exosite-binding inhibitor E-76 induces equivalent structural changes at the 
sTF:PD interface, as do the active-site inhibitors FFR and TFPI, i.e. makes the 
region around the active-site more compact. Binding of these inhibitors shows 
similar effects despite their differences in size, binding site, and inhibitory 
mechanism. 
 
� Association between sTF and FVIIa during Ca2+ titration begins by Ca2+ binding 
to EGF1. Ca2+ saturation of the Gla domain is required for complete sTF:FVIIa 
complex formation. 
 
� Inhibited FVIIa does not seem to undergo large global structural changes upon 
binding to sTF, when taking the dynamics of free FVIIa into account.  
 
� Ca2+ binding induces conformational changes in the active-site region in the PD 
of inhibited FVIIa and subsequent binding of sTF causes further structural 
rearrangements in this area.
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Some general methodological conclusions can also be drawn from the included 
studies: 
 
� There is a risk of drawing conclusions concerning the binding region in protein 
complexes entirely based on activity studies, when the active site is located far 
from the binding interface. Instead, a combination of the site-directed labeling 
approach with activity studies was suggested, for mapping of protein-protein 
binding interfaces. 
 
� The site-directed labeling method was suggested as a general means for studies 
of Ca2+-dependent docking between proteins. 
 
� A FRET acceptor, rhodamine (TMR), was proven to be a suitable quencher to 
reveal local conformation changes in the PD of FVIIa, and might also be 
applicable in other proteins.  
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