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ABSTRACT           
 
PLASMINOGEN ACTIVATOR INHIBITOR TYPE-1: structure-function studies and a 
reference for intramolecular distance measurements  
 

Peter Hägglöf, Department of Medical Biochemistry and Biophysics,  
Umeå University, 

SE-901 87 Umeå, Sweden 
 

Inhibitors belonging to the serpin (serine protease inhibitor) family control proteases 
involved in various physiological processes. All serpins have a common tertiary structure based on 
the dominant β-sheet A, but they have different inhibitory specificity. The specificity of a serpin is 
determined by the Pl-Pl’ peptide bond acting as a bait for the target protease which is made up of 
an exposed reactive centre loop (RCL). The serpin plasminogen activator inhibitor type-1 (PAI-1) 
is the main physiological inhibitor of urokinase-type and tissue-type plasminogen activators (uPA 
and tPA, respectively). Elevated plasma levels of PAI-l have been correlated with a higher risk of 
deep venous thrombosis, and PAI-1 is a risk factor for recurrent myocardial infarction. 
Furthermore, PAI-1 has a role in cell migration and has been suggested to regulate tumor growth 
and angiogenesis. PAI-1 is unique among the serpins in that it can spontaneously and rapidly 
convert into its latent form. This involves full insertion of the RCL into β-sheet A.  

There were two partially overlapping goals for this thesis. The first was to use latent PAI-
1 as model for development of a fluorescence-based method, Donor-Donor Energy Migration for 
intramolecular distance measurements. The second goal was to use DDEM, together with other 
biochemical methods, to reveal the structure of the PAI-1/uPA complex, the conformation of the 
RCL in active PAI-1, and molecular determinants responsible for the conversion of PAI-1 from 
the active to the latent form. 

The use of molecular genetics for introduction of fluorescent molecules enables the use of 
DDEM to determine intramolecular distances in a variety of proteins. This approach can be 
applied to examin the overall molecular dimensions of proteins and to investigate structural 
changes upon interactions with specific target molecules. In this work, the accuracy of the DDEM 
method has been evaluated by experiments with the latent PAI-1 for which X-ray structure is 
known. Our data show that distances approximating the Förster radius (57±1 Å) obtained by 
DDEM are in good agreement (within 5.5 Å) with the distances obtained by X-ray 
crystallography. 

The molecular details of the inhibitory mechanism of serpins and the structure of the 
serpin/protease complex have remained unclear. To obtain the structural insights required to 
discriminate between different models of serpin inhibition, we used fluorescence spectroscopy and 
cross-linking techniques to map sites of PAI-1/uPA interaction, and distance measurement by 
DDEM to triangulate the position of the uPA in the complex. The data have demonstrated clearly 
that in the covalent PAI-1/uPA complex, the uPA is located at the distal end of the PAI-1 molecule 
relative to the initial docking site. This indicates that serpin inhibition involves reactive center 
cleavage followed by full loop insertion, whereby the covalently linked protease is translocated 
from one pole of the inhibitor to the opposite one.  

To search for molecular determinants that could be responsible for conversion of PAI-1 to 
the latent form, we studied the conformation of the RCL in active PAI-1 in solution. 
Intramolecular distance measurements by DDEM, the newly a developed method based on probe 
quenching and biochemical methods revealed that the RCL in PAI-1 is located much closer to the 
core of PAI-1 than has been suggested by the recently resolved X-ray structures of stable PAI-1 
mutants, and it can be partially inserted. This possibly explains for the ability of PAI-1 to convert 
spontaneously to its latent form.  

Key words: PAI-1/ serpin/ RCL/ complex formation/ DDEM/ Intramolecular distance. 
New series No. 869; ISSN 0346-6612; ISBN 91-7305-571 
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INTRODUCTION 
          
1. GENERAL OVERVIEW         

The importance of extracellular proteolysis for many biological processes involving 
tissue destruction, tissue remodeling and cell migration has been documented in a large number of 
studies. Proteolytic enzymes are tightly controlled at different levels including protein expression, 
proenzyme activation and enzyme inhibition. Many of the proteolytic cascades in humans are 
dependent on serine proteases, which are in turn regulated by a group of inhibitors called serpins. 
The name serpin was originally defined from the observation that most of the serpins identified 
were inhibitors of serine proteinases (Carrell and Travis, 1985). The existence of inhibitory 
activities towards proteases in blood plasma had already been known as early as the late 19th 
century, but the first first serpin in blood, α1-antitrypsin, was not identified until 1967 (Ganrot et 
al., 1967). Today, approximately 500 sequences of serpins have been described and they extend 
through all major branches of life from bacteria (Gettins, 2002; Irving et al., 2000, 2002) to 
humans. Although the serpins were first identified mainly as protease inhibitors in blood, they can 
serve many different functions by controlling proteases in most patho-physiological processes, 
including complement activation, inflammation, coagulation and fibrinolysis, carcinogenesis, 
angiogenesis and apoptosis (Gettins et al., 1993; Huber and Carrell, 1989; Potempa et al., 1994; 
Silverman et al., 2001). The sequence homology amongst the serpins is only about 35% 
(Whisstock et al., 1998), but they share the same overall molecular architecture based on a 
dominant five-stranded β-sheet A, which supports the reactive center loop (RCL). In active 
serpins, the RCL is located above the core of the protein (Carrell and Evans, 1992; Carrell et al., 
1991; Huber and Carrell, 1989). However, active serpins are metastable molecules and readily 
convert to more stable cleaved or latent forms when the cleaved or intact (respectively) RCL 
becomes inserted into β-sheet A (Huber and Carrell, 1989). This metastability of the serpins is 
utilized in the inhibitory mechanism, where due to cleavage and insertion of the RCL, the 
covalently-bound protease is translocated to the opposite pole of the serpin molecule (Fa et al., 
2000; Huntington et al., 2000; Stratikos and Gettins, 1999; Wilczynska et al., 1995). One 
important serpin-controlled proteolytic system that has received much attention is the plasminogen 
activator (PA) system (Fig. 1).  

 
Fig.1 Schematic presentation of the PA system and its regulation. Synthesis of tPA and uPA by 
specific cells is regulated by hormones, growth factors, and cytokines. In extracellular space, PAs 
and plasmin activities are controlled by specific inhibitors (PAI-1, PAI-2 and α2-AP). Binding of 
PAs and plasmin to cellular binding sites can result in localised proteolytic activity on the cells. 
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This is a general enzyme system which provides localized proteolytic activity in many 

physiological and pathological processes including vascular fibrinolysis, ovulation, embryo 
implantation, angiogenesis and tumor metastasis (Andreasen et al., 1997; Bachmann, 1987; 
Carmeliet and Collen, 1996; Dano et al., 1985; McMahon et al., 2001; Ny et al., 1993; Saksela 
and Rifkin, 1988). The PA system consists of PAs, plasminogen, and their inhibitors belonging to 
the serpin family. Activation of the PA system is initiated by the release of PAs from specific cells 
in response to external signals such as hormones, growth factors and cytokines (Andreasen et al., 
1997; Saksela and Rifkin, 1988). Two physiological PAs are known, tissue-type PA (tPA) and 
urokinase-type PA (uPA) which activate the zymogen plasminogen to plasmin. Plasmin degrades 
fibrin into soluble degradation products and activates matrix metalloproteinases (MMPs) which, in 
turn, degrade the extracellular matrix. The PA system is controlled by two major serpins, PA 
inhibitor type 1 (PAI-1), and α2-antiplasmin. PAI-1 can inhibit both tPA and uPA and is defined as 
the main physiological regulator of the PAs (Loskutoff et al., 1989), whereas α2-antiplasmin is 
regarded as the main plasmin inhibitor (Lijnen et al., 2001; Wiman and Collen, 1978).  

Fluorescence spectroscopy is one of the many useful tools that are used to study protein 
structure and dynamics. By attachment of cysteine-specific extrinsic fluorescent probes to defined 
positions in a protein, molecular dynamics and distances can be evaluated by measurements of 
time-resolved fluorescence anisotropy. Longer distances (30-90Å) within a protein or between two 
proteins in a complex can be determined accurately by Donor-Donor Energy Migration (DDEM)  
(Karolin et al., 1997) (Paper I). To estimate short distances, orbital overlap of two fluorescent 
probes can be used (Papers III and IV). 

The work of this thesis had two partially overlapping goals. The first was to use latent 
PAI-1 as a model system for development of a fluorescence-based method, Donor-Donor Energy 
Migration, for intramolecular distance measurements. The second goal was to use DDEM together 
with other biochemical methods to reveal the structure of PAI-1/uPA complex, to reveal the 
conformation of the RCL in active PAI-1, and to search for the molecular determinants 
responsible for the conversion of PAI-1 from the active to the latent form.   
 
2. SERINE PROTEASES 

Since the serpins have evolved to inhibit serine proteases, knowledge of the protease 
structures and their catalytic mechanism is of key importance for a full understanding of serpin 
function. The serine proteases form a class of proteolytic enzymes characterised by the presence of 
an active site, the so-called “catalytic triad” which consists of a serine, an aspartic acid and a 
histidine, and which is involved in peptide bond cleavage. Serine proteases have an extremely 
widespread occurrence and have diverse functions. In addition to their proteolytic activity, serine 
proteases function as regulators that activate precursor proteins in many physiological processes, 
including the coagulation, the fibrinolytic system and the complement system (Davie et al., 1991; 
Neurath, 1984). Serine proteases also play an important role in cell differentiation, tissue 
remodeling and angiogenesis in various other pathological and physiological processes (Chiarugi 
et al., 2000; Fukao et al., 1997). The class of serine proteases can be divided into the 
chymotrypsin-like and subtilisin-like families. Enzymes belonging to these two families have 
entirely different overall three-dimensional structures and are therefore not likely to be 
evolutionarily related (Kraut, 1977), although they share a remarkable similarity in the structure of 
their active sites. Most of the serine proteases exist as inactive single- chain zymogens, and their 
activation is accomplished by specific cleavage of a peptide bond that connects the catalytic and 
non-catalytic regions. The enzymes of the PA-system (tPA, uPA and plasmin) all show the 
topology of a trypsin-like serine protease (Spraggon et al., 1995; Lamba et al., 1996; Bode and 
Renatus, 1997; Wang et al., 1998; Parry et al., 1998). They are multi-domain serine proteases, 
which have the active site located in the carboxy-terminal region of the molecule. The reaction 
catalyzed by serine proteases is basically an acyl transfer and is common to both the subtilisin and 
chymotrypsin families (see Fig. 2). 
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Fig. 2 The catalytic mechanism of serine proteases 
 
The proteolytic reaction can be described as being a two-step process (Kraut, 1977) (Branden & 
Tooze, 1991). The first step involves substrate recognition, formation of a tetrahedral transition 
state in which the carbonyl C1 of the substrate interacts with the hydroxyl group of the reactive 
serine residue of the enzyme and finally leads to a covalent acyl-enzyme intermediate. During this 
step, the peptide bond is cleaved with the newly created C-terminus bound to the enzyme and the 
other part of the peptide released (see Fig. 2a). In the second step, the acyl-enzyme intermediate is 
hydrolyzed by a water molecule to release the second peptide product with a complete carboxy-
terminus, to restore the free hydroxyl group of active serine in the enzyme (see Fig. 2b). 
 
2.1 Plasmin  

Plasmin is a broad-spectrum protease which preferentially hydrolyzes peptide bonds after 
lysine and arginine residues (Wallen, 1980). Its precursor plasminogen is a single-chain 
glycoprotein containing 790 amino acids and has a molecular weight of approximately 92 kDa 
(Robbins et al., 1967; Wallen, 1980). Plasminogen is synthesized by the liver and is present in the 
plasma at a concentration of approx. 2 µM (Castellino, 1984). Native plasminogen has an amino-
terminal glutamic acid and is therefore termed Glu-plasminogen (Wallen and Wiman, 1970, 
1972). Both tPA and uPA can activate plasminogen to plasmin by cleavage of a single peptide 
bond between Arg560 and Val561, producing the two-chain, disulfide bond-linked active plasmin 
(Robbins et al., 1967; Sottrup-Jensen et al., 1975). In vascular fibrinolysis, plasmin degrades 
fibrin and thereby prevents pathological blood clot formation (Collen and Lijnen, 1991). In 
addition, plasmin is thought to play an important role in the extracellular matrix (ECM) 
remodeling (Mignatti and Rifkin, 1993). Plasmin can directly degrade several members of the 
ECM including fibrin, fibronectin, gelatin, laminin and proteoglycans (Alexander and Werb, 1991; 
Mignatti and Rifkin, 1993). Moreover, plasmin is believed to control the degradation of additional 
components of the ECM by activating matrix metalloproteinases (MMPs) (Nagase, 1997). As a 
confirmation of its important role, plasminogen-deficient mice show wasting, chronic ulcerlation, 
rectal prolapses, severe thrombosis and have a high mortality (Ploplis et al., 1995; Romer et al., 
1996a). Plasminogen-deficient mice also exhibit delayed wound healing (Romer et al., 1996b), 
partly due to impaired keratinocyte migration. However, the fact that all of these pathological 
phenotypes could be alleviated by the removal of fibrinogen indicates that perhaps the principal 
role of plasmin is fibrinolysis (Bugge et al., 1996). Recently, plasmin was reported to be involved 
in angiogenesis, tumor growth (Bajou et al., 2001) and Alzheimer’s disease (Tucker et al., 2000) 
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2.2 Urokinase-type plasminogen activator (uPA) 
uPA was initially isolated from urine (Williams, 1951) and later it was found to be 

secreted into blood and to the ECM from a variety of cells. The uPA protein is synthesised as a 
411 amino acid-long inactive one-chain zymogen with a molecular weight of 54 kDa. Activation 
of uPA involves cleavage of the bond between Lys158 and Lys159 by plasmin, kallikrein, factor 
XIIa or cathepsin B (Nielsen et al., 1982; Wun et al., 1982).  The non-catalytic chain of uPA 
contains kringle and epidermal growth factor domains, the latter being responsible for the binding 
of uPA to the specific uPA receptor (uPAR) which is present on the surface of certain cells (Blasi 
et al., 1986). The uPAR is a 55-kDa glycoprotein anchored to the cell membrane through a 
glycophospholipid (Nielsen et al., 1988; Ploug et al., 1991; Roldan et al., 1990; Vassalli et al., 
1985).  The receptor-bound uPA enhances plasmin formation on the cell surface  (Plow et al., 
1986) and thereby regulates cell migration. In addition, receptor-bound uPA can be inhibited by 
PAI-1. Such complex formation induces internalization of the uPAR/uPA/serpin complexes and 
influences cell adhesion (Andreasen et al., 1997; Blasi, 1996; Stefansson et al., 2001).  Consistent 
with these findings, the activity of uPA has been correlated with several patho-physiological 
processes involving extracellular matrix degradation and tissue remodeling, induction of 
angiogenesis, embryogenesis, embryo-implantation, and tumor invasion (Dano et al., 1985; 
Saksela and Rifkin, 1988; Vassalli et al., 1991), for review, seeBlasi and Carmeliet, 2002). Since 
uPA-deficient mice show only a mild phenotype characterized by occasional fibrin depositions 
and impaired neointima formation (Carmeliet and Collen, 1996), it is likely that the uPA function 
may be complemented by tPA and/or other proteases.  

 
2.3. Tissue-type plasminogen activator (tPA) 

tPA is synthesized and secreted by endothelial cells as a single-chain 530 amino acid-
long protein (Pennica et al., 1983; Wallen, Rånby, Bergsdorf and Kok, 1981). Traditionally, tPA 
has been associated with vascular fibrinolysis, and it is also expressed in tissues such as heart, 
kidney, brain, ovary and uterus (Bykowska et al., 1981; Canipari and Strickland, 1985; Ny et al., 
1985; Rijken and Collen, 1981; Saksela and Rifkin, 1988). Unlike other serine proteases, the 
single-chain form of tPA has proteolytic activity (Rijken et al., 1982). The conversion from single-
chain to double-chain tPA proceeds by cleavage of the Arg275-Ile276 bond (Wallen et al., 1983), 
and this increases the catalytic efficiency of the enzyme by only 5-10 fold. The low 
“zymogenicity” of tPA results from the presence of a unique salt bridge between Lys156 and 
Asp194 in the activation pocket (Renatus et al., 1997). The non-catalytic chain of tPA contains 
finger-like, kringle and epidermal growth factor domains (Ny et al., 1984). The epidermal growth 
factor domain is responsible for tPA binding to a specific receptor on endothelial cells (Cheng et 
al., 1992; Hajjar and Hamel, 1990). The kringle domains account for the affinity of tPA to fibrin. 
The tPA/fibrin interaction not only enhances plasminogen activation by 200 to 400-fold 
(Hoylaerts et al., 1982; Ranby et al., 1982), but also localizes plasmin formation to the area of the 
blood clot, thereby preventing a systemic activation of plasminogen (Bachmann, 1987; Collen and 
Lijnen, 1991). tPA has always been regarded as a primary vascular plasminogen activator. 
However, studies of tPA deficient mice have revealed that in addition to having a low capacity 
regarding plasma clot lysis (Carmeliet et al., 1994), these mice also have impaired long-term 
potentiation (learning), suggesting a tPA function in the central nervous system (Carmeliet and 
Collen, 1996; Huang et al., 1996; Tsirka et al., 1995; for rewievs see Siao and Tsirka, 2002; 
Strickland, 2001). In addition, the enzymes of the fibrinolytic pathway (tPA, uPA, and plasmin) 
are involved in the degradation of Aβ-peptide - a peptide which polymerizes and forms amyloid 
plaques in brain during Alzheimer’s dementia (Tucker et al., 2000). 
 
3. Serpin structure 
 
3.1 Introduction 

The term “serpin” for the superfamily of serpin proteinase inhibitors was coined in 1985 
by Carell & Travis (Carell and Travis, 1985). Today, approximately 500 serpins have been 
described (Pike et al., 2002). They are widely distributed among the eukaryotes and exist in 
animals, plants and viruses. Recently, serpins have even been found in bacteria (Irving et al., 
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2002). Thirty-four serpins have been identified in humans. These serpins have been characterized 
to varying extents, and grouped into nine clades (for review, see Gettins, 2002; Irving et al., 2000, 
2002; Silverman et al., 2001). The majority of the serpins function as serine protease inhibitors. 
However, there are also serpins which inhibit cysteine proteases (Ray et al., 1992; Takeda et al., 
1995), and several non-inhibitory serpins such as ovalbumin  (Wright, 1984) and thyroxin-binding 
protein (Pemberton et al., 1988). The serpins are thought to have evolved from a common 
ancestral gene about 500 million years ago (Hunt and Dayhoff, 1980). They consist of about 350-
500 residues with molecular masses in the range of 38-70 kDa (Huber and Carrell, 1989). This 
variation in molecular weight is due to extensions of amino- or carboxy-termini and loops 
connecting to the main structural constrains. Serpins are metastable and can exist in three 
interconvertible forms: active, cleaved and latent (Fig. 3). All serpins share the same tertiary 
structure. The first X-ray structure of a serpin was determined for an inactive, cleaved form of α1-
antitrypsin (Loebermann et al., 1984). This structure soon became the basis for comparisons in 
structural studies involving several members of the whole serpin family.  

 

Fig. 3 Typical overall folding of serpins in cleaved, active, and latent conformations (adapted from 
Elliott et al, 2000) with the reactive centre loop in red, the dominant β-sheet A in violet, the β-
sheets B and C in blue and dark blue, respectively, and helices A –I in yellow.  
 
3.2 Active form  

The first structure of an intact serpin derived from X-ray crystallography was that of 
ovalbumin (Stein et al., 1990), and since then many active serpins have been studied by this 
technique. All serpins are made up of nine helices (helix A - helix I), three β-sheets (A - C), and 
connecting loops. The dominant molecular constraint is a five-stranded β-sheet A which supports 
the reactive center loop (RCL). In all active serpins, the RCL is located above the core of the 
protein (Fig. 3 Active structure). In this way, the scissible bond (denoted as P1-P1’) that is cleaved 
by target protease becomes exposed. The conformation of the RCL varies among different serpins. 
In ovalbumin, the RCL forms a three-turn α-helix which is held out from the molecule by two 
peptide stalks, the so-called proximal and distal hinges. Wild-type α1-antitrypsin (Elliott et al., 
1998) and serpin-1K from Manduca sexta have the RCL in canonical conformation with the hinge 
regions stretched as in ovalbumin (Li et al., 1999). In α1-antichymotrypsin (Wei et al., 1994), the 
RCL is stretched and it has a distorted α-helix conformation and a partially dissociated strand 1 of 
β-sheet C. In the case of antithrombin III (Carrell et al., 1994) and heparin cofactor II (Baglin et 
al., 2002), the RCL is partially inserted into β-sheet A. In a stable active PAI-1 mutant 
(Berkenpas, M. B. et al., 1995) the RCL is exposed (Sharp et al., 1999; Nar et al., 2000; Stout et 
al., 2000). Active PAI-1 which has a normal ability to convert to its latent form seems to have the 
RCL folded close to the protein surface and preinserted (Paper IV). 
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3.3 Cleaved form 

The first X-ray structure of cleaved serpin, solved for α1-antitrypsin (Loebermann et al., 
1984), revealed a surprising separation of P1 and P1’ residues at the cleaved reactive centre by a 
distance of about 70 Å, as a result of insertion of the proximal portion of the RCL to form the 
fourth strand of the six-stranded A β-sheet (Fig. 3 Cleaved structure). The same molecular 
arrangement has been later found in other crystallized cleaved serpins (Aertgeerts et al., 1995; 
Baumann et al., 1992; Mourey et al., 1990; Mourey et al., 1993). Comparison of the active and 
cleaved serpin structures revealed that the RCL cleavage induces profound conformational 
changes including not only insertion of the RCL, but also a shift and rotation of other structural 
elements such as strands 1, 2 and 3 of β-sheet A, and helices C and E (Whisstock et al., 2000). 
Due to the structural rearrangements, the serpin cleavage is accompanied by greatly increased 
stability and the appearance of new epitopes on the protein surface (Debrock and Declerck, 1995). 
Thus, some of the cleaved serpins have new functions that are not related to their inhibitory 
activity. For example, cleavage of antithrombin III converts the serpin from an inhibitor of 
coagulation factors  (Olds et al., 1994) into an anti-angiogenic factor (O'Reilly et al., 1999), 
whereas cleavage of α1-antitrypsin transforms it from an elastase inhibitor into an activator of 
monocytes (Janciauskiene and Lindgren, 1999). 

 
3.4 Latent form 

The first serpin to be described in latent form was PAI-1 (Levin and Santell, 1987; 
Hekman and Loskutoff, 1988; Lawrence et al., 1989). PAI-1 is unique among serpins, in that it 
spontaneously undergoes conversion to the latent form under physiological conditions, with a half-
life of about 2h at 37°C. Later studies have shown that other wt serpins such as α1-antitrypsin and 
antithrombin III can be converted to the latent form by mild denaturation (Lomas et al., 1995; 
Wardell et al., 1997), and some pathological serpin mutants can convert spontaneously to the 
latent form (Beauchamp et al., 1998). The molecular basis of the latency was revealed by X-ray 
structures of latent PAI-1 (Mottonen et al., 1992) and antithrombin III (Carrell et al., 1994). In 
these structures, the amino-terminal part of the intact RCL is inserted into β-sheet A with 
concomitant release of strand 1 of β-sheet C (Fig. 3 Latent structure). This results in stretching of 
the P1’-P10’ part of the RCL along the molecule and, as a consequence, loss of inhibitory activity 
of the latent serpin. Molecular determinants for conversion of PAI-1 to latency are discussed in 
section 5.4. 
 
4 THE INHIBITORY MECHANISM OF SERPINS 

In contrast to the small proteinase inhibitors that act by a “key and lock” mechanism 
(Laskowski Jr and Kato, 1980; Bode and Huber, 1992), serpins form SDS-stable 1:1 complexes 
with their target proteases  (Travis and Salvesen, 1983) by a mechanism called “suicide 
inhibition”. This inhibition mimics the normal serine protease cleavage of its substrate but is 
trapped at the acyl-enzyme step before deacylation occurs. In the first step of the reaction, a non-
covalent Michaelis complex is formed in which the target proteinase is docked on the exposed 
RCL of the serpin (Ye et al., 2001). The binding is initiated by the specific recognition of the 
reactive centre (P1-P1′ bond) of the serpin as a pseudosubstrate by the protease. This step is 
normally fast and reversible (Olson and Shore, 1982; O'Malley et al., 1997). The serine hydroxyl 
group of the enzyme’s active site then forms a tetrahedral intermediate with the carboxyl group of 
the serpin P1 residue. This is followed by serpin cleavage and formation of the stable acyl-enzyme 
(Nilsson and Wiman, 1982; Lawrence et al., 1995; Wilczynska et al., 1995), resulting in a stable 
serpin/protease complex. For long time, the spatial structure of the serpin/protease complex was 
unknown. In one of the models, the protease was situated at the top of serpin molecule, as in the 
docking position (Whisstock et al., 1996). The other model assumed that the protease is 
translocated to one side of serpin molecule and that the RCL became partially inserted into β-sheet 
A (Aertgeerts et al., 1997). Further studies on two serpin/protease complexes confirmed the major 
movement of the protease in relation to the inhibitor molecule (Stratikos and Gettins, 1997; 
Wilczynska et al., 1995). Finally, both biochemical methods (Stratikos and Gettins, 1998, 1999), 
(Paper II) and X-ray structure determination (Huntington et al., 2000) have shown that before 
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deacylation and complete proteolysis of the serpin/protease complex can occur, the RCL of the 
serpin becomes inserted into β-sheet A as β-strand 4A, translocating the protease to the bottom of 
the serpin molecule (Fig. 4). Stabilization of the acyl-enzyme bond between serpin and protease 
results from massive distortion not only of the protease active site but of the entire enzyme 
molecule, confirming the results reported earlier (Plotnick et al., 1996; Van de Locht et al., 1997; 
Huntington et al., 2000).  

 
Fig. 4 Inhibitory mechanism of serpins; 
adapted from (Huntington et al. 2000). 
Allowing docking of trypsin (cyan, 
with helices in magenta) to αl-
antitrypsin (left), the αl-
antitrypsin/trypsin complex is 
stabilized in the locking conformation 
(right). This involves cleavage of αl- 
antitrypsin at Pl position of RCL 
(yellow) and full insertfon of the 
cleaved loop into β-sheet A (red) with 
pole-to-pole displacement and 
distortion (dotted line) of the protease.  
 
 
 
 
 
 
 
 

 
5 PAI-1 
 
5.1 Expression 

PAI-1 was first characterized as an endothelial cell PA inhibitor (Loskutoff et al., 1983), 
and was later found to be expressed by many different cell types in various tissues (Simpson et al., 
1991). The expression of PAI-1 is regulated by a variety of cytokines, growth factors, hormones, 
phorbol esters and endotoxins (see the following reviews: (Andreasen et al., 1990; Wiman, 1995)). 
The PAI-1 gene consists of 9 exons and 8 introns spanning 12,000 nucleotides on chromosome 7 
(Loskutoff et al., 1987; Strandberg et al., 1988). PAI-1 is secreted as a 379 amino acid-long single 
chain glycoprotein lacking cysteines, with a molecular weight of approximately 50 kDa (EMBL 
accession number (AC) M16006) (Ginsburg et al., 1986; Ny et al., 1986; Pannekoek et al., 1986). 
Three potential N-glycosylation sites (Asn-X (where X is either Ser or Thr)) have been identified 
(Asn209, Asn265, Asn329) and two of these (Asn209 and Asn265) are glycosylated in vivo (Gils 
et al., 2003; Xue et al., 1998). However, the glycosylation of PAI-1 has been shown not to be a 
prerequisite for its activity (Lawrence et al., 1989). 
In blood, there are two different pools of PAI-1: plasma and platelets (Chmielewska et al., 1983; 
Erickson et al., 1984). The amount of circulating PAI-1 in plasma is low (0-60 ng/ml). This PAI-1 
is in the active form and is probably secreted from the endothelial cells of vessel walls (Loskutoff 
et al., 1989). The main pool of PAI-1 exists in the platelets, but only about 10% of this is in the 
active form (Kruithof et al., 1987; Booth et al., 1988; Declerck et al., 1988a). To have an 
accumulated pool of PAI-1 in platelets appears logical since PAI-1, as a main regulator of 
fibrinolysis, should be able to be quickly recruited locally when needed.  
 
5.2 Inhibitory activity 

PAI-1 inhibits both tPA and uPA efficiently by formation of SDS-stable complexes with 
1:1 stoichiometry (Lindahl et al., 1990). The second-order rate constants for PA inhibition are 

Trypsin 

P1 

αl- antitrypsin 
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approx. 107 M-1s-1 (Chmielewska et al., 1983; Lawrence et al., 1989). The P1 residue (Arg346) is 
generally known to be the determinant of PAI-1 specificity, and from all possible substitutions of 
P1, only substitution to lysine retains the activity of PAI-1 (Shubeita et al., 1990; York et al., 
1991; Sherman et al., 1992). Regions other than the reactive centre in PAI-1 are also important for 
the specificity of inhibition. For example, modification of residues in the P6-P18 region of the 
RCL alters the inhibitory specificity of PAI-1 (Gils and Declerck, 1997). In addition, the region 
P2´ to P9´ has been shown to be involved in binding protease (Madison et al., 1990).  
 
5.3 Cofactors 

PAI-1 is regulated by two cofactors: vitronectin, which stabilizes PAI-1 in its active 
form, and heparin which increases the activity of PAI-1 towards thrombin. 
 
5.3.1 Heparin          

Heparin is the clinically used analog of sulfated polysaccarides that line the micro- 
vasculature. Besides binding to PAI-1, heparin activates serpins such as antithrombin III, heparin 
cofactor II, protease nexin 1 and protein C inhibitor (for references see: (Gils and Declerck, 
1998)). Based on mutagenesis studies, a cluster of positively charged residues in helices A and D 
of PAI-1 have been proposed to constitute the epitope for heparin binding (Ehrlich et al., 1992; 
Sui and Wiman, 1998). Binding of heparin to PAI-1 induces conformational changes in the RCL 
of the inhibitor  (Fa et al., 1995) which increase its specificity for thrombin (Ehrlich et al., 1990, 
1991, 1992; Gebbink et al., 1993; Urano et al., 1994), and to a lesser extent for trypsin (Aleshkov 
et al., 1996; Ehrlich et al., 1990). The conformational changes induced in PAI-1 by heparin 
binding are still not clear. As regards the binding of heparin to antithrombin III, however, it has 
been shown that in the X-ray structure of Hep/AntithrombinIII, the partially inserted RCL adopts 
an extended conformation (Jin et al., 1997). Since the binding sites of heparin in PAI-1 and 
antithrombin III are similar, it is likely that heparin-induced conformational changes in both 
serpins are similar. 
 
5.3.2 Vitronectin          

PAI-1 is normally bound to vitronectin in the circulation, which leads to increased 
stability of PAI-1 (Declerck et al., 1988b; Mimuro and Loskutoff, 1989; Preissner, 1990; Wiman 
et al., 1988). Vitronectin binds mainly to the active form of PAI-1, whereas its binding to latent 
and other forms of PAI-1 is relatively weak (Bijnens et al., 2000; Aleshkov et al., 1996); 
Lawrence et al., 1997; Zhou et al., 2003). The vitronectin is present in plasma, platelets, and the 
extracellular matrix. Vitronectin is a 75-kD multifunctional glycoprotein which is deposited at 
sites of injury, where it binds multiple ligands such as collagens, fibrin, uPAR, integrins, and PAI-
1. The vitronectin-binding site on PAI-1 have been localized in a region including helices C, E, 
and strand 1 of β-sheet A (Lawrence et al., 1994; Padmanabhan and Sane, 1995; Zhou et al., 2003; 
van Meijer et al., 1994). This suggests a mechanism whereby the vitronectin slows the transition 
of PAI-1 to the latent form by blocking the associated sliding movement of strands 1 and 2 of the 
main ß-sheet A into the gap between helices E and F, and perhaps interferes with the movement of 
helix F, thereby preventing insertion of the RCL (Lawrence et al., 1994; Zhou et al., 2003). 
 
5.4 Structural instability of PAI-1 

PAI-1 is the only serpin which undergoes conversion to its latent form spontaneously 
under physiological conditions, with a half-life of about 2h at 37°C (Lawrence et al., 1989; 
Hansen et al., 2001). This suggests that the RCL of this serpin may be exceptionally mobile. There 
is much controversy regarding the molecular determinants of this PAI-1 instability. PAI-1 is 
stabilized by vitronectin in vivo (Declerck et al., 1988b; Wiman et al., 1988). In vitro, the active 
form of PAI-1 is stabilized by low temperature (4 °C) (Sancho et al., 1994; Sui et al., 1999), high 
salt (1M NaCl), calcium ions (Stout et al., 2000) and arginine (Keijer et al., fibrinolysis 1990). 
Conversion of PAI-1 to the latent form is a pH-dependent process where the lowest rate of 
conversion occurs at about pH 5.6. It has been suggested that histidine residues 143, 229 or 364 
may be responsible for the pH-dependent stability of PAI-1 (Sui et al., 1999; Mangs et al., 2000; 
Sui and Wiman, 2000). Furthermore, an important role for stabilization of PAI-1 activity has been 
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proposed for helix F and the loop connecting it with strand 3 of β-sheet A (Berkenpas et al., 1995; 
Sui and Wiman, 1998); Gils and Declerck, 1997; Bijnens et al., 2000). Accordingly, protonation 
of His143 in helix F (Kvassman et al., 1995) and formation of a hydrogen bond between Lys323 
(located in strand 5 of β-sheet A) and Asn150 (on the loop connecting strand 3 of β-sheet A and 
helix F) (Kirkegaard et al., 1999) stabilize the active conformation of PAI-1 to some extent. 
However, different studies using site-directed mutagenesis have suggested that PAI-1 instability 
may be the result of multiple amino acid interactions in various molecular regions (Gils et al., 
1996; Lawrence et al., 1990; Berkenpas et al., 1995).  
 
5.5 Regulation of cell migration 

Interactions of PAI-1 with vitronectin in the extracellular matrix and uPA bound to uPA-
receptor (uPAR) at the cell surface have been shown to regulate cell adhesion and thereby 
angiogenesis (Kjoller et al., 1997; Stefansson and Lawrence, 1996). Recently, a model has been 
presented  (Stefansson and Lawrence, 2003) in which PAI-1 bound to vitronectin in the ECM 
inhibits uPA which is bound to uPAR on the cell surface. After the binding, PAI-1 is released 
from the vitronectin. The newly formed PAI-1/uPA/uPAR complex recruits the integrins on the 
membrane and VLDLR receptor, and the multi-protein complex is internalized by the cell. The 
PAI-1/uPA complex is degraded in the lysosome, whereas the integrins, uPAR and VLDLR 
receptor are recycled to the cell surface. Thus, this model allows for the cycled attachment-
detachment-reattachment of integrins which is necessary for cell migration. The downstream 
consequences of these events undoubtedly modulate cell adhesion and migration through other 
pathways also. Finally, if this model is correct, it would show that it is the inhibition of uPA by 
PAI-1 that promotes cell migration (for refs, see (Stefansson and Lawrence, 2003)).  

Another model for the regulation of cell migration, which is independent of the inhibitory 
activity of PAI-1, has also been suggested (Kjoller et al., 1997; Waltz et al., 1997). According to 
this model, PAI-1’s repulsion of cell cohesion depends on blockage of integrin adhesion sites on 
vitronectin (Deng et al., 1996; Loskutoff et al., 1999; Planus et al., 1997; Stefansson and 
Lawrence, 1996). With deficiency of PAI-1, the uPA/uPAR-dependent polarization of integrin 
adhesion to vitronectin does not occur. This inhibits the directed cell migration that is necessary 
for angiogenesis (McMahon et al., 2001). The complicated regulation of cell adhesion and 
angiogenesis by PAI-1 may explain the correlation between PAI-1 concentration and tumor 
invasion and vascularization (Soff et al., 1995; Bajou et al., 1998, 2001). 
 
5.6 Diseases related to PAI-1  

Consistent with its role in control of fibrinolysis, PAI-1 deficient and PAI-1 
dysfunctional patients have bleeding problems after surgery or trauma (Diéval et al., 1991; Fay et 
al., 1992; Fay et al., 1997). On the other hand, increased levels of PAI-1 in patients are associated 
with myocardial infraction (Hamsten et al., 1985), deep venous thrombosis (Juhan-Vague et al., 
1987; Nilsson et al., 1985), pulmonary embolism (Lang et al., 1998), diabetes (Gray et al., 1993), 
and arteriosclerosis (Wallberg Jonsson et al., 1993). Similar information has been obtained from 
studies on animal models. PAI-1 deficient mice exhibit a hyperfibrinolytic condition (Carmeliet 
and Collen, 1996; Carmeliet et al., 1993a; Carmeliet et al., 1993b), while transgenic mice 
overexpressing PAI-1 develop venous occlusions (Erickson et al., 1990). For therapeutic purposes, 
attempts have been made to inhibit PAI-1 synthesis using antisense nucleotides (Cierniewski et 
al., 1995; Sawa et al., 1994), or to inhibit PAI-1 activity by synthetic inhibitors (Ohtani & 
Murakami, 1997; Bjorquist et al., 1998; Friederich et al., 1997) and specific antibodies (Biemond 
et al., 1995; Debrock and Declerck, 1997; Debrock and Declerck, 1998). 
 
6. Fluorescence spectroscopy 

Today, there is an increasing need for detailed structural knowledge of proteins in order 
to understand the molecular mechanisms behind their function, and to find improved drugs that are 
more specific for their targets. Much of the knowledge comes from successful crystallization of 
proteins, which gives detailed spatial structures with a resolution of about 1-3 Å typically. 
However, not all attempts to form crystals are successful and sometimes important regions, 
usually the more flexible parts of the proteins, are not resolved. Alternatively, NMR methods can 
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also provide high-resolution spatial information on the structures of proteins in solution. However, 
the various methods of NMR work best with smaller proteins; so far, resolution of structures of 
proteins larger than about 30-40 kDa has been difficult. Both X-ray crystallography and NMR 
methods require rather stable proteins in large quantity (about 10 mg). Atomic force microscopy 
can be used to produce low-resolution structures of proteins with many subunits, or of larger 
aggregates such as β-amyloid plaques. The resolution of Atomic force microscopy is about 15- 50 
Å. In this thesis, the use of fluorescence spectroscopy for studies on protein structure is described. 
Fluorescence spectroscopy does not allow atomic resolution of the spatial structure of a protein. 
However, changes in fluorescence intensity upon structural changes can be recorded and/or intra- 
or intermolecular distance data can be obtained. A much lower protein concentration is needed for 
fluorescence spectroscopy methods compared to X-ray crystallography or NMR, and unlike data 
from X-ray crystallography, the structural data are obtained in solution. The resolution obtained 
from distance measurements by fluorescence depends on the system studied and the method used. 
We have shown that the accuracy of the donor- donor energy migration (DDEM) method is about 
5.5 Å when distances approximate the length of the Förster radius (Paper I). This thesis has been 
focused on distance measurements using DDEM. Even so, some of the basic concepts of 
fluorescence are discussed below.  
     
6.1 Basic concept of fluorescence   

Molecules containing conjugated π- 
electrons or aromatic groups are often photoactive, 
for example, the amino acid tryptophan as well as 
prostetic groups like flavines. These molecules can 
absorb light energy (i.e. photons of energy (=hνA)), 
converting to an electronic transition dipole 
moment), leading to excitation of electrons from the 
ground electronic state (S0) to the first (S1) or a 
higher electronic states. The electronically excited 
molecules occupying an exited vibrational level of 
(S1) rapidly (10–12s) relaxes to the lowest vibrational 
level (S1), provide that the molecule is in solution. 
Moreover, when the electron relaxes to its ground 
state (S0), photons of lover energy is emitted (hνF). 
This emission is called fluorescence and is described 
by the energy-level diagram known as a Jablonski 
diagram (Fig. 5). In studies of proteins by 
fluorescence spectroscopy, two techniques are used: 
steady- state and time-resolved measurements. The 
steady- state is simplest and most commonly used. In 
such an experiment the emission of a sample is 
recorded under continuous illumination. For instance this method is applied to study protein 
folding/unfolding, using the environmentally- sensitive intrinsic fluorophore tryptophan as a 
reporter group (Jamin & Baldvin, 1996; Bhuyan & Udganokar, 1999; 2001; Sridevi & Udganokar, 
2002). While steady-state measurements are simple to perform, time-resolved measurments are 
more complicated- but instead they allow extraction of more detailed data. For time-resolved 
fluorescence measurements, the sample is excited by a pulsed light source (e.g. a pulsed laser or 
laser diod) and the change in intensity of fluorescence with time is monitored by a fast detection 
system.  
 
6.2 Fluorescence lifetime 

Fluorescence emission is fast, and typically occurs on a nanosecond (ns) timescale. 
Fluorescence lifetime represents the average time the molecule remains excited prior to its return 
to the ground state. Furthermore, the calculation of a rotational correlation time from fluorescence 
anisotropy requires knowledge of the fluorescence lifetime. In order to measure distances in 
proteins by fluorescence spectroscopy, lifetime measurement is in general more accurate. The 
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Fig. 5 Simplified 
Jablonski Diagram 
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measurement of lifetime reveals details about the interactions of the fluorophore with its 
environment, e.g. quenching such as electronic energy transfer.  
To measure the lifetime, a method called time-correlated single-photon counting (TCSPC) is often 
used. The TCSPC technique enables monitoring the fluorescence decay as a function of time. The 
time-dependence of the fluorescence intensity F(t) after excitation with an ultra short pulse of 
light, can be described by: 
 
F(t) = F(0) e –t/τ        (1) 
 
where F(0) is the initial fluorescence intensity, t is time and τ is the fluorescence lifetime. 
 
6.3 Fluorescence anisotropy 

Fluorescence depolarisation experiments provide information about dynamics and local 
order of the molecules studied. From such experiments the anisotropy is constructed. This is 
because factors that affect the size, shape, or segmental flexibility of a macromolecule usually 
affect the anisotropy. However, the fluorescence anisotropy is based on selective excitation of 
molecules with respect to their orientation. This principle is commonly referred to as photo-
selection, which results in polarized fluorescence emission. Thus, the fluorescence steady- state 
anisotropy (r) upon the excitation with e.g. vertically polarized light is defined by  
 

r
F F

F F
ZZ ZX

ZZ ZX
=

−
+ 2        (2)  

          
 

where Fzz and Fzx are the fluorescence steady- state intensities of the vertically and horizontally 
polarized emission, when the sample is excited with vertically polarized light. The anisotropy is 
dependent on the rotational mobility and the energy transfer between fluorophores and can reveal 
reorientational motions in molecules depending on whether the mobility of the reporter group 
exhibit more or less restricted mobility. Furthermore, anisotropy is studied to determine distances 
by the mean of DDEM method. 
 
6.4 Energy transfer 

When the emission spectrum of the donor (D), and the absorption spectrum of the 
acceptor (A) are overlapping, energy transfer from a donor to an acceptor group or molecule can 
occur. This transfer is a radiationless process, which means that no photons are involved. The rate 
of energy transfer depends on the degree of spectral overlap, the relative orientation of the donor 
and acceptor transition dipoles, and the distance (R) between the two molecules. The rate of 
energy transfer (ω) from a (specific) donor to a (specific) acceptor is given by 
 
ω = 3/2 <κ2> τ -1(R0 R-1) 6       (3) 
 
Here, <κ2> is the orientation average of of dipole-dipole coupling (Lakowicz et al. 1999; Förster 
1949). The fluorescence lifetime is denoted by τ, and the Förster radius is R0. The electronic 
energy transfer between different molecules is sometimes referred to as fluorescence energy 
transfer (FRET) or donor-acceptor energy transfer (DAET). Energy transfer may also occur 
between two spectroscopically identical fluorophores provided absorption and fluorescence 
spectra are overlapping. Since the overall energy is then conserved amongst the same kind of 
fluorophores, the process is named donor-donor energy migration (DDEM). 
 
6.5 Fluorescent probes 

As mentioned before, molecules containing delocalized electrons as in conjugated 
hydrocarbons and aromatic molecules can show fluorescent properties. Before using a probe as a 
reporter molecule for structure determination of proteins, one must consider the solubility of the 
probe, the range of absorption and fluorescence spectra, the fluorescence lifetime and the 
fluorescence quantum yield. The probe could be a fluorescent amino acid such as tryptophan, or 
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an extrinsic probe introduced into the protein at a well- defined position. When working with 
energy migration within a protein, there are also two fluorescence groups that show the same 
fluorescence lifetime as well as absorption spectra must be inserted. 
 
6.5.1 Intrinsic fluorophores 

The aromatic amino acids Trp, Tyr and Phe in proteins contribute to the ultraviolet 
fluorescence from proteins. However, only tryptophan is used in studies of protein structure 
because it typically accounts for about 90% of the fluorescence. Tryptophan absorbs energy at a 
wavelength of 280 nm, it emits light at 348 nm in water and has fluorescence lifetime typically 
ranging from about 1 to 6 ns. One important disadvantage (for structural studies) of proteins using 
tryptophan as a reporter molecule is its extremely high dependence on solvent properties. To avoid 
interference between the tryptophan residues, all but one must be deleted by mutagenesis. 
Tryptophan can, however, be important for protein structure and its substitution may lead to an 
altered activity. Thus, the natural fluorescence of proteins due to intrinsic fluorophores is often 
inadequate for many experiments.  
 
6.5.2 Extrinsic fluorophores 

Insertion of extrinsic fluorophores into proteins can solve many of the problems that exist 
with intrinsic fluorophores. So far, a variety of extrinsic fluorophores such as derivatives of 
fluorescein and rhodamines are commercially available (See Handbook of Fluorescent Probes and 
Research Chemicals, Molecular Probes Inc. 2002).  

The fluorophores used in this study are derivatives of BODIPY, which exhibits a high 
fluorescence quantum yield (≥ 80%), and well-defined electronic transition dipoles in the spectra 
(Karolin et al., 1994). BODIPY is exceptionally insensitive to solvent polarity, ionic strengths as 
well as pH. The absorption spectrum of BODIPY is well-separated from spectra of the intrinsic 
fluorophores of proteins. To achieve specific covalent attachment to proteins, BODIPY is coupled 
to an active group (e.g. idoacetoamide or isocyanate) that reacts with specific side-chain groups (–
SH or alternatively –NH2) in proteins to generate a covalent link between the probe and the 
protein. Situated between the BODIPY-fluorophore and the active group, there is a linker which 
resembles a peptide backbone. In this work, two BODIPY derivatives were used which differ in 
the length of the linker (Fig. 6). It has been shown that the linker-length to BODIPY have 
negliglible effects on the spectroscopic properties (Karolin et al., 1994). 
 
6.6 Donor-acceptor energy transfer (DAET)  

In 1967, it was shown experimentally that energy transfer can be used to determine distances 
(Stryer and Haugland, 1967). Since then, inter- or intramolecular distance measurement has had 
widespread application in the study of biomolecules e.g. the structural investigation of proteins 
(van der Meer et al., 1994). By far the most effort and progress was achieved in using the donor-
acceptor system (DAET or FRET) and the major advantage of this method is that the experiments 
are relatively simple. This approach can also be used to explore rapid events my means of stop- 
flow experiments. However, DAET is best suited for studies that involve intermolecular distance 
measurements. In the case of intramolecular distance measurement, it has proven to be 
problematic to label a protein with two different fluorescent probes, leaving only the option of  
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measuring distances from one extrinsic fluorescent probe to a single intrinsic tryptophan. Since 
many proteins have more than one tryptophan, this leaves the option of removing all but one 
tryptophan or ignoring the influence of the multiple flourophores. 
 
 
6.7 Donor-Donor Energy Migration (DDEM) 

DDEM has been developed for analyzing fluorescence anisotropy decays, with the aim of 
extracting intramolecular and intermolecular distances from the rate of energy migration between 
two identical fluorophores. By introduction of BODIPY derivatives covalently linked to a double 
cysteine mutant and the corresponding single cysteine mutants studies of the  
anisotropy reveal information of the probe reorientation as well as the rate of energy migration. By 
analyzing the data from steady-state and time-resolved polarized fluorescence measurements, 
distances between the fluorophores in the protein can be calculated. However, the fact that the two 
identical probes that act as both electronic energy acceptor and donor simultaneously, makes the 
mathematical model more complicated than that required in FRET measurements. Details 
concerning the DDEM models are found elsewhere (Johansson et al., 1996; Karolin et al., 1998); 
Paper I). The precision of distance measurements by the DDEM method was previously explored 
in studies on bichromophoric model systems (Bogen et al., 1998; Johansson et al., 1996), as well 
by exploring BODIPY-labeled mutants of latent PAI-1 (Karolin et al., 1998; Paper I). Unlike 
conventional DAET experiments, the DDEM yields information about the (κ2)-orientation factor, 
which improves the accuracy of distance determination. The resolution obtained from distance 
measurements DAET or DDEM is not at the atomic level, but we have shown that the accuracy of 
DDEM is within 5.5 Å when distances are bout the Förster radius (Paper I). 
 
6.8 Quenching of BODIPY- dimers 

Two BODIPY fluorophores that are close enough to have molecular orbital contact can 
form a dimer. The dimerization can be observed as a relative decrease in fluorescence intensity 
and an additional absorption peak at 477 nm (Paper III). A detailed description of the BODIPY 
dimers can be found in Paper III. BODIPY dimerization can be used to estimate short distances in 
proteins. In this case, BODIPY dimerization indicated that the distance between two amino acids 
that were attachment sites for BODIPY was not longer than double the length of the BODIPY-
linker (Paper IV). 
 
7 SUMMARY OF PRESENT STUDIES  
 
7.1 The use of site-directed fluorophore labeling and donor-donor energy migration to 
investigate solution structure and dynamics in proteins (Paper I) 

The properties of BODIPY fluorophores was characterised (Karolin et al. 1994), and was 
further tested in a system, where a bisteroid with known structure was used, showed that it was 
possible to determine the distance between two BODIPY fluorophores using DDEM and their 
relative orientation (Johansson et al. 1996). In DDEM the distances are determined between two 
fluorophores labeled into the protein with known position. The probes used in this study exhibits 
unusual spectral and photophysical properties which includes insensitivity to local variations in 
various physicochemical conditions at different labeling sites of a protein, e.g. polarity, pH, etc. 
Unlike conventional Donor Acceptor Energy Transfer (DAET) experiments, the DDEM yields 
information about the (κ2)-orientation factor, which improves the accuracy of distance 
determination. In summary, the above criteria are always met in our experiments, but more rarely 
in the conventional DAET studies. The resolution obtained from distance measurements DAET or 
DDEM is not at the atomic level, but we have shown that the accuracy of DDEM is within 5.5 Å 
when distances are about the Förster radius. This finding allowed us to test the accuracy of the 
DDEM method on a protein with known structure. Since the X-ray chrystallography structure of 
latent form of PAI-1 was known and that PAI-1 lacks cystein it was chosen for this trial. Based on 
the known x-ray structure of plasminogen activator inhibitor type 1, three positions forming the 
corners of a triangle with the side chains pointing outwards from the protein core were chosen. 
Double cystein substitution mutants (V106C-H185C, H185C-M266C, and M266C-V106C) and 
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corresponding single substitution mutants (106C, H185C, and M266C) (Paper I, Fig. 1) were 
created using site specific mutagenesis and labelled with a sulfhydryl specific derivative of 
BODIPY. The activity of the mutants was tested by a chromogenic assay and by a stable complex 
formation with uPA (Karolin et al. 1994 & 1998). The inhibitory activity of the mutants was 
similar to that of the wild type of PAI-1 indicating that neither the mutations nor the labelling with 
BODIPY significantly altered the protein structure. All mutants were labelled and efficiency for 
the double mutants was between 62 and 100%. The samples were transformed to latent form by 
incubation at 37oC. Measurements were performed in a Phophate saline buffer (50 mM Phosphate, 
0.15M NaCl, pH 5,6) and (50%v/v) glycerol at 277K. The distances were within in good 
agreement with the distances calculated from the x-ray structure (Paper I, Table 1). The deviations 
found are explained by the fact that the experimental distances are between the centres of mass of 
the BODIPY groups which have a linker length of 5.8Å, while the distances determined from the 
x-ray structure are between the Cα of the mutated amino acids. The efficient range of distance 
determination by DDEM was analysed (Paper I, Fig. 3) which showed that distances between 30 
to 70Å could be determined with reasonable accuracy. 

 
7.2 Dimers of dipyrrometheneboron difluoride (BODIPY) with light spectroscopic 
applications in chemistry and biology. (Paper III) 

In an attempt to find fluorophore systems that can be used to determine shorter distances 
within proteins we observed that a double cystein mutant of active PAI-1 labelled with BODIPY 
at adjacent positions in the reactive centre loop (Paper III, See Fig. 4), an additional absorption 
peak was discovered at about 480 nm and had lower fluorescence intensity. Active PAI-1 double 
mutant P1’- P3 was labelled with BODIPY. Cleavage of the RCL in PAI-1 by uPA translocates 
the P3 position into β-sheet A as an additional strand P3 and P1’ is therefore separated by a 
distance about 70Å. The additional absorption peak disappeared and the fluorescence intensity 
increased dramatically. The shape of the fluorescence spectrum was not altered compared to the 
monomer BODIPY fluorophore. Further testing by time-resolved fluorescence parameters as 
fluorescence lifetime remained unchanged and higher labelling of the mutants increased the 
difference between the observed difference in absorption between cleaved and intact PAI-1. 
Together with the fact that protein concentration was within µM range it seemed unlikely that 
aggregation caused the changes observed. Thus, the new specie is most likely explained by 
formation of an intramolecular non-fluorescent dimer. By assuming that the fluorescence of the 
dimmer is negligible, the absorption spectrum and molar absorptivity of the dimer (Paper III, See 
Fig. 5) was determined. The shape of the extracted dimer absorption spectrum is very similar to 
the dimer absorption spectrum of rhodamine B previously reported (Gal et al. 1973). The 
aggregation of BODIPY fluorophores was also tested on gangliosides and sulfatides labelled with 
one or two BODIPY molecules. This system can also form micelles. To extract the dimer 
absorption spectrum and molar absorptivity from these solutions the same procedure as with PAI-
1 was used, but instead of cleaving the reactive centre loop the micelles were disrupted by adding 
SDS. As foreseen, the 480 nm absorption peak disappeared and the fluorescence intensity 
increased dramatically upon addition of SDS. The absorption spectrum determined was very 
similar to that obtained from experiments on PAI-1.  
 
7.3 The structure of serpin-protease complex revealed by intramolecular distance 
measurements using donor-donor energy migration and maping of interaction sites. (Paper 
II) 

Since the spatial structure of the stable serpin/protease complex was unknown we used a 
recently developed method for making precise distance measurements, based on donor-donor 
energy migration (DDEM), to accurately triangulate the position of the protease (uPA) in complex 
with the serpin (PAI-1). In addition, seven single cysteine substitution mutants of PAI-1 were used 
to map sites of protease-inhibitor interaction by fluorescence depolarisation measurements of 
fluorophores attached to these residues.  

The steady-state and time-resolved fluorescence anisotropy of the BODIPY attached to 
various cysteine mutants of active PAI-1 and PAI-1 in complex with uPA were determined (Table 
1). When BODIPY was attached to residues 266, 185, 154, and 301, the changes were less 
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dramatic suggesting that only minor changes in the microenvironment around these residues, more 
dramatic effects after were seen for BODIPY attached to residues 147, 159, and 313 during 
complex formation (Paper II, Fig. 2b). To test whether the reduction in the orientational freedom 
of BODIPY attached to these residues was caused by proximity of target protease or by local 
conformational changes concomitant with the insertion of the RCL, we determined the 
orientational freedom of BODIPY in the corresponding reactive centre-cleaved mutants of PAI-1. 
The orientational freedom of BODIPY attached to residue 147 was the same in cleaved PAI-1 and 
in the uPA/PAI-1 complex. However, for BODIPY attached to residues 159 and 313, both of 
which are located at the distal end of the serpin from the initial docking site, the orientational 
freedoms were very similar for active and reactive centre cleaved PAI-1 (Paper II, Table 2, Fig.2 
B). This suggests that reduction of orientational freedom in residue 147 is most likely caused by 
local conformational changes while the dramatic reduction of orientational freedom observed in 
residues 159 and 313 upon complex formation is due to sterical hindrance caused by the proximity 
of protease. 

To more precisely locate reactive centre of PAI-1 in relation to other residues in the uPA-
PAI-1 complex, intramolecular distances in PAI-1 between fluorophores attached to the P3 residue 
(residue 344), and to residues 313, 266, or 185 were determined based on DDEM. Three double 
cysteine substitution mutants S344C-H185C, S344C-M266C, S344C-E313C and their 
corresponding single mutants were generated and quantitatively labelled with the fluorophore 
BODIPY. Complexes between labelled PAI-1 mutants and uPA were prepared and purified before 
fluorescence anisotropy measurements. The distances between P3-185 and P3-266 were both 
determined to be 52 Å (Paper II, See Table 1). The distance between P3 and 313 was estimated to 
be < 30 Å due to the very fast energy migration between fluorophores (Paper II, See Table 1). 
Modelling of the complex using the distance information unequivocally placed residue P3 in a 
position at the distal end from the initial docking site with the reactive centre loop fully inserted 
into A β-sheet (Paper II, See Fig. 1B). 

Together our data show that the only structure of the uPA/PAI-1 complex that is 
compatible with distance measurements, orientational restriction of fluorophores and chemical 
cross-linking places the protease at the bottom of the serpin with the reactive centre loop fully 
inserted into A β-sheet (Paper II, See Fig. 1B).  This indicates that serpin inhibition involves 
reactive centre cleavage followed by full RCL insertion, resulting in translocation of the 
covalently linked protease from one pole of the inhibitor to the opposite end. 

 
7.4 The reactive center loop of active PAI-1 is folded close to the protein core and can be 
partially inserted (Paper IV)  

So far no structure of active wild-type (wt) PAI-1 has been resolved and in the X-ray 
structures of stable PAI-1 mutants that exist the RCL is only resolved when the RCL was in 
molecular contact with a neighboring molecule. In this case the RCL is exposed above the core of 
the molecule. However, due to the intermolecular contacts in the crystals, and the fact that these 
structures were solved for stable PAI-1 mutants, these structures do not present the RCL in its 
native wt conformation.  
 To determine the position of the RCL in active PAI-1 and to search for molecular 
determinants that could be responsible for conversion of PAI-1 to the latent form, we studied the 
conformation of the RCL in active PAI-1 in solution.  

First, two double-cysteine mutants of PAI-1, P1´cys(M347C)-E313C and P3cys(S344C)-
E313C (Fig. 1A, Paper IV), and the corresponding single-cysteine mutants P1´cys, P3cys and 
E313C, were constructed and labeled with a sulfhydryl-specific derivative of BODIPY. Distances 
between the probes in the double-cysteine mutants were determined by conducting time-resolved 
fluorescence depolarization experiments followed by data analysis using the DDEM model. The 
data are summarized in (Table 1, Paper IV). The distances between residue 313 and residues P3 
and P1´ were both found to be approximately 55 Å.  
 The distance between the P3 residue in the RCL and residue 185 at the top of PAI-1 
core could not be determined with the DDEM method because the ratio of DDEM was too fast to 
be resolved. To estimate the short distance between P3 and residue 185, we used a recently 
described method which is based on dimer formation by two BODIPY molecules (Paper II). As 
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shown in (Fig. 2A, Paper IV) the spectrum of the BODIPY-labeled P3cys-H185C mutant had a 
peak at 475 nm, in addition to the normal BODIPY absorption peak at 505 nm, suggesting 
BODIPY dimer formation. However, when the mutant was incubated with an excess of uPA, the 
peak at 475 nm disappeared and the intensity of the peak at 505 nm increased. This was because 
complex formation and loop insertion took place, increasing the distance between P3 and 185 
dramatically and causing dissociation of the BODIPY dimers. In addition, the fluorescence 
intensity increased after complex formation (Fig. 2B, Paper IV). These data indicate that the 
BODIPY dimer can be formed in the active BODIPY-labeled P3cys-H185C mutant. Thus, 
residues P3 and 185 must be situated at a distance not greater than 11.6 Å. In the crystal structures 
this distance is about 14 Å (Fig.1D, Paper IV), and it is therefore unlikely that the orbital overlap 
could occur. 
The localization of the RCL close to the PAI-1 core, together with the ability of PAI-1 to 
spontaneously convert to the latent form, suggest that the RCL may be preinserted into β-sheet A. 
One way to test this hypothesis would be to show that the cysteines introduced into the preinserted 
part of the RCL could form disulfide bonds with cysteines substituting neighboring residues in 
strands 3 and 5 of β-sheet A. Under oxidizing conditions, such disulfide bonds would than 
immobilize the RCL, whereby PAI-1 would be cleaved by uPA as a substrate. Consequently, 
reduction of the disulfide bonds should restore the inhibitory activity. Thus, two sets of double-
cysteine PAI-1 mutants were constructed (Fig. 3A). In one set, residue P13 (V334) in the RCL and 
residue E327 (located in strand 5 of β-sheet A) or N172 (located in strand 3 of β-sheet A) were 
replaced by cysteines. In the other set, residue P11 (S336) in the RCL and residue K325 (in strand 
5 of β-sheet A) or Y170 (in strand 3 of β-sheet A) were substituted by cysteines. The P11 and P13 
positions were chosen because their side-chains are directed out of the molecule after the RCL 
inserts into β-sheet A. The mutants were expressed in an E. coli strain lacking thioredoxin 
reductase, so that disulfide bonds in the expressed proteins could be partially formed. Bacterial 
extracts were incubated with or without DTT, then an excess of uPA was added and the samples 
were analyzed by SDS/PAGE followed by western blot. Under these conditions, wt PAI-1 was 
fully active and could complex with uPA (data not shown). As shown for the P13cys-N172C 
mutant, the non-reduced protein migrated in the gel as two bands (Fig. 3B, lane 1) corresponding 
to a reduced (about 50% of total protein; upper band) and an oxidized form (lower band). The 
difference in migration was due to the P13cys -172C disulfide bond, which formed a large loop 
affecting the protein mobility in the gel. When reduced with DTT, the mutant migrated in the gel 
as a single band (Fig. 3B, lane 3). In the presence of uPA, the non-reduced mutant was mostly 
cleaved as a substrate and little PAI-1/uPA complex was formed (Fig. 3B, lane 2). However, when 
the mutant was reduced before adding uPA, the amount of complex doubled (Fig. 3B, lane 4). In 
the case of the P13cys-E327C mutant, no difference in mobility was observed for the oxidized and 
reduced forms (Fig. 3C, lanes 1 and 3, respectively), as cysteines in this mutant are separated in 
the primary sequence by only 7 amino acids. As shown in Fig. 3C lane 2, the non-reduced mutant 
was cleaved by uPA, but following incubation with DTT it complexed with uPA (Fig. 3C, lane 4). 
The P11cys-Y170C PAI-1 mutant (Fig. 3D) behaved like the mutant P13cys-N172C, but no PAI-
1/uPA complex was present in non-reduced sample. The increased substrate behavior of the 
mutants as compared to wt PAI-1 can be explained by the fact that the mutations were introduced 
into the region which in serpins is known to regulate the kinetics of loop insertion. Substitutions in 
this region can convert inhibitory serpin to a substrate form. The P11cys-K325C mutant remained 
intact in the presence of uPA under both oxidizing and reducing conditions (Fig. 3E), suggesting 
that this mutant was already in the latent form in the bacterial extract. Taken together, these results 
strongly suggest that the RCL in active PAI-1 can be preinserted into β-sheet A up to residue P13, 
and possibly even to P11. 
 Intramolecular distance measurements by DDEM (Fig. 1 & Table 1, Paper IV) and 
probe quenching methods reveal that the RCL is located much closer to the core of PAI-1 than has 
been suggested by the recently resolved X-ray structures of stable PAI-1 mutants (Paper IV, See 
Fig. 2). Disulfide bonds can be formed in double cysteine mutants with substitutions at positions 
P11 or P13 of the RCL and neighboring residues in β-sheet A (Paper IV, See Fig. 3). This suggests 
that the RCL may be preinserted up to residue P13 in active PAI-1, and possibly even to residue 
P11. We propose that the close proximity of the RCL to the protein core, and the ability of the 



 23 

loop to preinsert into β -sheet A is a possible reason for PAI-1 being able to convert spontaneously 
to its latent form.  
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CONCLUSIONS 
 

• The precision of distance measurements by the DDEM method has been explored in 
detail. In latent PAI-1, the distances determined by DDEM were found to be in good 
agreement with the distances calculated from the X-ray structure.  

 
• A dimer of BODIPY fluorophores was found to be useful for probing short distances 

within proteins. A similar function for BODIPY bound to molecules within a lipid system 
was investigated. 

 
 
• Serpin inhibition involves reactive centre cleavage followed by full insertion of the 

reactive centre loop. In this process, the covalently linked protease is translocated from 
one pole of the inhibitor to the opposite one. 

 
• The RCL in active PAI-1 in solution is located close to the core of the protein and can be 

preinserted into β-sheet A up to residue P13, and possibly to residue P11. This 
preinsertion may cause a partial opening of β-sheet A, thereby lowering the energy 
barrier that PAI-1 must cross in order to achieve full loop insertion. This may explain the 
unusual ability of PAI-1 to convert to the latent form. 
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