
 
 

 
 

UMEÅ UNIVERSITY MEDICAL DISSERTATIONS 
New Series No. 870; ISBN 91-7305-572-7; ISSN 0346-6612 
From the Department of Medical Biochemistry and Biophysics 
Umeå University, Sweden  

 
 
 
 
 
 
 
 

PLASMINOGEN ACTIVATOR INHIBITOR TYPE 2: 
A UNIQUE SERPIN WITH TWO MOBILE LOOPS 

 
 

by 
 
 

Sergei Lobov 
 
 
 
 
 
 
 
 

 
 

 
 
 

Department of Medical Biochemistry and Biophysics, 
Umeå University, Sweden 

Umeå 2004 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © Sergei Lobov 2003 
 

Printed in Sweden 
VMC-KBC 

Umeå University 
2003 

 2



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family and friends 

 3



 
 

 4



TABLE OF CONTENTS 
 
ABBREVIATIONS       6 
ABSTRACT        7 
PREFACE        8 
INTRODUCTION       9 
1. General overview       9 
2. Serine proteases       11 
 2.1. Urokinase-type plasminogen activator (uPA)  11 
3. Serpins         12 
4. Serpin structure       17 
 4.1. Active form      18 
 4.2. Latent form       18 
 4.3. Cleaved form      19 
5. Inhibitory mechanism of serpins     19 
6. Regulation of serpin activity      21 
7. Serpin polymerization      22 
 7.1. Mechanism of serpin loop-sheet polymerization  22 

7.2. Other types of serpin aggregation    24 
7.3. Serpins and conformational diseases    25 

8. Ov-serpins        26 
9. Plasminogen activator inhibitor type 2 (PAI-2)   27 
 9.1. Expression of PAI-2     28 

9.2. Secretion and cellular localization of PAI-2   28 
 9.3. Physiological and pathological roles of PAI-2  29 
 9.4. Structure and polymerization of PAI-2   31 
 9.5. The CD-loop of PAI-2     33 
10. Basic concepts of fluorescence spectroscopy    35 
11. Summary of the present study     37 
CONCLUSIONS       42 
ACKNOWLEDGEMENTS      43 
REFERENCES       45 
PAPERS I-IV 

 

 5



ABBREVIATIONS  
 
BODIPY 4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene  
CD-loop loop connecting helices C and D in serpins 
Crm A cytokine response modifier A (cowpox virus serpin) 
DDEM Donor-Donor Energy Migration 
ECM extracellular matrix 
P1 and P1’ designation of residues in the reactive centre loop, using the 

nomenclature in which the scissile bond is between residues 
P1 and P1';  residues N-terminal to the scissile bond are 
designated P2, P3, etc., and those C-terminal to it are 
designated P2', P3', etc. 

PAI-1       plasminogen activator inhibitor type 1 
PAI-2      plasminogen activator inhibitor type 2 
PDDEM Partial Donor-Donor Energy Migration 
RCL   reactive centre loop  
SDS sodium dodecyl sulphate 
SDS-PAGE polyacrylamide gel electrophoresis in the presence of SDS 
serpin  serine protease inhibitor 
TNF                               tumor necrosis factor  
tPA  tissue type plasminogen activator 
uPA  urokinase type plasminogen activator 
uPAR                             receptor of uPA 
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ABSTRACT 
PLASMINOGEN ACTIVATOR INHIBITOR TYPE 2: A UNIQUE SERPIN WITH 

TWO MOBILE LOOPS 

Sergei Lobov, Department of Medical Biochemistry and Biophysics, Umeå 
University, 

SE-901 87 Umeå, Sweden. 
 
The superfamily of serine protease inhibitors (serpins) is a large group of proteins 
with diverse functions but a common tertiary structure. Active serpins are highly 
metastable molecules. Metastability is the property underlying the success and 
ubiquitousness of serpins. However, serpin metastability also accounts for improper 
conformational changes in serpin mutants which may result in pathological serpin 
polymerization. Plasminogen activator inhibitor type 2 (PAI-2) is a member of the 
subfamily of ov-serpins. It is the only wild-type (wt) serpin that spontaneously 
polymerizes under physiological conditions. Another unique feature of PAI-2 is the 
loop connecting helices C and D (the CD-loop), which is the longest among known 
serpins and is involved in interactions with the environment.  
 
Two partially overlapping goals were achieved during this thesis. The first was to 
study the molecular determinants involved in PAI-2 polymerization. By using in vitro 
mutagenesis in combination with biochemical and fluorescence methods, we have 
shown that wt PAI-2 exists both in stable monomeric and in polymerogenic 
conformations. The polymerogenic conformation can spontaneously form loop-sheet 
polymers and does not require conformational rearrangements prior to 
polymerization. The polymerogenic conformation of PAI-2 has an open β-sheet A, 
and it is stabilized by a disulfide bond formed between the unique CD-loop of PAI-2 
and the bottom of the molecule. Under reducing conditions, the polymerogenic 
conformation of PAI-2 converts to the stable monomeric form. The polymerogenic 
and the stable monomeric forms are fully interconvertible, depending on the redox 
status of the environment. The stable monomeric conformation can be stabilized by 
vitronectin disulfide-bound to the CD-loop of PAI-2. The most populated 
conformation of the stable monomeric form of PAI-2 is that with the CD-loop folded 
on the side of the molecule. However, a small fraction of stable monomeric PAI-2 
can also exist with the CD-loop oriented toward the bottom of the molecule. Thus, the 
CD-loop of PAI-2 is a mobile molecular switch that regulates PAI-2 conformation. 
 
The second goal of the thesis was to use PAI-2 as a model protein to develop methods 
for intramolecular distance measurements. An improved purification procedure, the 
stability of the protein and our understanding of its structure make PAI-2 an attractive 
candidate for use as a model protein. In this context, we have used PAI-2 successfully 
to measure distances by the previously used DDEM and newly developed PDDEM 
methods.  
 
Key words: PAI-2/serpin/polymerization/CD-loop. New Series No. 870; ISBN 91-
7305-572-7; ISSN 0346-6612 
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PREFACE 
 
This thesis is based on the following papers, which will be referred to by their Roman 
numerals (I - IV). 
 
I. M. Wilczynska, S. Lobov, T. Ny (2003). The spontaneous polymerization of 
plasminogen activator inhibitor type-2 and Z-antitrypsin are due to different 
molecular aberrations. FEBS Lett. 537:11-6. 
 
II. M. Wilczynska, S. Lobov, P-I. Ohlsson, T. Ny (2003). A redox-sensitive loop 
regulates plasminogen activator inhibitor type 2 (PAI-2) polymerization. EMBO J. 
22: 1753-1761. 
 
III. S. Lobov, M. Wilczynska, F. Bergström, L. B-Å. Johansson, T. Ny. Plasminogen 
activator inhibitor type 2 is a unique serpin with two mobile functional loops. 
(Manuscript). 
 
IV. M. Isaksson, S. Kalinin, S. Lobov, S. Wang, T. Ny and L. B.-Å. Johansson. 
Distance measurements in proteins by fluorescence using Partial Donor-Donor 
Energy Migration (PDDEM). (Manuscript). 
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INTRODUCTION 
 
 
1. General overview 
Many biological processes require proteolytic activities mediated by proteases 
belonging to different protease families. The serine proteases are the best-studied 
family, they are widespread and they have very diverse functions. Serine proteases 
play essential roles in various pathological and physiological processes including 
complement activation, inflammation, coagulation and fibrinolysis, carcinogenesis, 
angiogenesis and apoptosis. Serine proteases are tightly controlled on different levels, 
including pro-enzyme activation and inhibition by specific inhibitors.   
 
Among the protease inhibitors, the serine protease inhibitors (serpins) are the most 
widespread, and they constitute a superfamily of proteins. To date, over 200 serpins 
from animals, plants, viruses and prokaryotes are known to exist (for review, see 
Irving et al., 2000; Silverman et al, 2001; Gettins, 2002); thirty-four different serpins 
are known in humans, and they control serine proteases in most processes, including 
complement activation, inflammation, coagulation and fibrinolysis cascades (for 
review, see Gettins, 2002) (Table 1, Fig. 1). All serpins have a conserved tertiary 
structure consisting of three β-sheets and 8-9 α-helices, with interconnecting loops. 
The characteristic feature of serpins is the reactive centre loop (RCL), which extends 
from the dominant β-sheet A. Mobility of the RCL results in three forms of the 
serpins: active, cleaved and latent. Active serpins are highly metastable molecules. 
Their metastability is the driving force behind serpin inhibition and creates the 
possibility of modulating serpin activity and specificity by interaction with cofactors. 
The mechanism of serpin inhibition resembles that of a reaction between the protease 
and its substrate, with the exception that the serpin-protease complex is trapped. 
Serpin inhibition involves cleavage of the reactive centre and insertion of the RCL 
into β-sheet A, whereby the covalently linked protease is translocated from one pole 
of the molecule to the opposite one (Stratikos and Gettins, 1997; Huntington et al., 
2000; Fa et al., 2000). However, an unwanted consequence of serpin metastability is 
the tendency of serpins to form inactive polymers through a loop-sheet insertion 
mechanism involving the RCL of one molecule and the β-sheet A of another (Lomas 
et al., 1992; Stein and Carrell, 1995; Davis et al., 1999). Serpin polymerization has 
been described for natural mutants of α1-antitrypsin, C1-inhibitor, α1-anti-
chymotrypsin and neuroserpin (Stein and Carrell, 1995; Davis et al., 1999), and it is 
the underlying cause of a variety of genetic disorders including emphysema (α1-anti-
thrypsin deficiency), hereditary angioneurotic edema (C1-inhibitor deficiency), and 
dementia (neuroserpin mutations) (Stein and Carrell, 1995; Davis et al., 1999). 
 
The majority of serpins are secretory proteins, but there are also a number of intra-
cellular proteins, mostly represented by the ovalbumin-like subfamily of serpins (ov-
serpins) (Remold-O'Donnell, 1993; Scott et al., 1999). In humans, thirteen out of 
thirty-four serpins belong to the ov-serpins subgroup. The ov-serpins are character-
rized by a high degree of amino acid homology (about 50%) among the members 
(Remold-O'Donnell, 1993; Scott et al., 1999). Several ov-serpins have a unique 
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(among serpins) domain connecting the helices C and D (the CD-loop), which is 
encoded by a separate exon (Remold-O'Donnell, 1993; Scott et al., 1999). The fact 
that, excluding ov-serpins, all other inhibitory serpins do not have the CD-loop 
strongly suggests that this domain is not important for the mechanism of serpin 
inhibition. However, the CD-loops of several ov-serpins have important features 
indicating that the CD-loop is a separate domain which has functions different from 
inhibition. For instance, in human protease inhibitor-10 (PI10 or bomapin) the CD-
loop carries a nuclear targeting signal (Chuang and Schleef, 1999) and the CD-loop 
of chicken MENT (myeloid and erythroid nuclear termination stage-specific protein), 
besides having a nuclear targeting signal, also contains an AT-hook motif that is 
involved in binding to chromatin (Grigoryev et al., 1999).  
 
Plasminogen activator inhibitor type 2 (PAI-2) is a prominent member of the ov-
serpins subfamily. Originally, PAI-2 was characterized as an inhibitor of urokinase-
type plasminogen activator (uPA) in the human placenta (Kawano et al., 1968; Wun 
and Reich, 1987), but later it was also found in keratinocytes, macrophages, mono-
cytes and other cell types (for references, see Dear and Medcalf, 1995; Jensen, 1997). 
 
A distinctive feature of PAI-2 is that it exists in two topological forms: extracellular 
(glycosylated) and intracellular (non-glycosylated) (Genton et al., 1987; Wohlwend et 
al., 1987). Although the biological function of the extracellular PAI-2 remains 
speculative, it is thought that its primarily function is to inhibit uPA in the extra-
vascular compartments (for review, see Bachmann, 1995; Kruithof et al., 1995; and 
Dear and Medcalf, 1995). Thus, extracellular PAI-2 may play an integral role in 
regulating uPA activity in complex processes including pregnancy, cancer formation 
and inflammation (see section 9.3). The intracellular form of PAI-2 is known to bind 
other proteins, but its intracellular reactive protease is not yet known (for references, 
see Jensen, 1996; Darnell et al., 2003). 
 
PAI-2 is a unique serpin, as it is the only wild-type serpin to polymerize 
spontaneously under physiological conditions (Mikus et al., 1993; Mikus and Ny 
1996). The polymerization of PAI-2 is a concentration-dependent and temperature-
dependent process which can be inhibited or reversed by the annealing of a synthetic 
peptide homologous to the RCL of PAI-2 (Mikus and Ny, 1996). Although the 
polymers formed by PAI-2 are found to be similar to those reported for the 
pathological Z-form of α1-antitrypsin (Mikus et al., 1993; Lomas et al., 1992), the 
determinant(s) of PAI-2 polymerization are not known. 
 
Another unique feature of PAI-2 is its CD-loop. The CD-loop of PAI-2 is 33 amino 
acids long, and it is thereby the longest among known serpins (Remold-O'Donnell, 
1993; Scott et al., 1999). The glutamine residues 83, 84 and 86 in the PAI-2 CD-loop 
can be crosslinked by tissue transglutaminase and factor XIII to cell structures in 
trophoblasts and to fibrin (Jensen et al., 1993; Jensen et al., 1994; Ritchie et al., 
2001). The CD-loop can bind non-covalently to annexins and a number of 
unidentified cytosolic proteins (Jensen et al., 1996). The CD-loop of PAI-2 also binds 
to retinoblastoma protein (Darnell et al., 2003), and it is required for PAI-2 anti-
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apoptotic function (Dickinson et al., 1998). Even so, the only known X-ray structure 
of PAI-2 has been resolved for a mutant lacking the CD-loop (Harrop et al., 1999) 
and the conformation of the CD-loop is still not known.  
 
Two partially overlapping goals of this thesis were: (i) to study structure-functional 
properties of PAI-2 in the context of PAI-2 polymerization, and (ii) to use PAI-2 as a 
model protein to develop methods for intramolecular distance measurements.  
 
 
2. Serine proteases 
The serine proteases are a class of proteolytic enzymes characterized by the presence 
of a unique active site, the so-called “catalytic triad” which consists of a serine 
residue, an aspartic acid residue and a histidine, and which is involved in peptide 
bond cleavage. The class of serine proteases consists of two families, the trypsin-like 
and subtilisin-like serine proteases. Although they have different overall three-
dimensional structures, the catalytic pocket has similar geometry (Kraut, 1977). 
 
Serine proteases are synthesized as inactive one-chain zymogens which are activated 
by limited proteolysis. Following activation, the small serine proteases (e.g. trypsin 
and elastase) remain as one-chain proteins. In contrast, the activated larger proteases 
(e.g. plasminogen activators and plasmin) are composed of two chains linked by a 
disulfide bond; the chain originating from the carboxy-terminal part of the zymogen 
has overall folding similar to the small serine proteases and contains the active centre. 
The other chain, which is formed from the amino-terminal part of the zymogen, is 
built up of different regulatory domains that are characteristic of a given protease. 
 
Serine proteases are extremely widespread and they have very diverse functions. 
They are tightly controlled at the levels of pro-enzyme activation and enzyme 
inhibition by specific inhibitors. Among inhibitors, the serpins are the most common. 
 
This thesis focuses on the structure-functional properties of PAI-2. Thus, only the 
target serine protease of PAI-2, urokinase-type plasminogen activator (uPA), is 
described below in greater detail, and it will serve as an example of a serine protease.  
 
 
 2.1. Urokinase-type plasminogen activator, uPA 
The uPA belongs to the subtilisin family of serine proteases. It converts inactive 
plasminogen into the highly aggressive proteolytic enzyme plasmin, and it is 
controlled by two common inhibitors: plasminogen activator inhibitor type-1 (PAI-1) 
and plasminogen activator inhibitor type-2 (PAI-2) (Thorsen et al, 1988). 
 
Initially, uPA was isolated from urine (Williams, 1951), but later it was found to be 
secreted into blood plasma and extracellular space by a variety of cell types. The 
protein is synthesized and secreted as a 411 amino-acid-long, inactive single-chain 
zymogen (pro-uPA). Activation of the pro-uPA proceeds by cleavage of the Lys158-
Ile159 bond by proteases such as plasmin, kallikrein, factor XIIa or cathepsin B (Wun 
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et al., 1982), thereby forming a disulfide-bound two-chain enzyme. The A-chain of 
active uPA (formed from the N-terminal part of the zymogen) contains kringle and 
epidermal growth factor domains, and the B-chain (formed from the N-terminal part 
of the zymogen) is the serine protease domain responsible for the proteolytic activity. 
In blood, most of the uPA forms a complex with PAI-1 while the rest exists in 
inactive pro-uPA form. The pro-uPA form can bind to its specific plasma membrane 
receptor (uPAR) via the epidermal growth factor domain. Binding of uPA to uPAR 
enhances and localizes formation of plasmin to the cell surface, and thereby regulates 
cell migration. In addition, inhibition of the receptor-bound uPA by PAI-1 induces 
internalization of the uPAR/uPA/PAI-1 complex, which influences cell adhesion (for 
review, see Andreasen et al., 1997; Blasi, 1996). These mechanisms have been 
correlated with patho-physiological processes such as tumor metastasis formation, 
bone matrix degradation, embryo implantation, angiogenesis and tissue remodeling 
(for review, see  Blasi and Carmeliet, 2002).  
 
 
3. Serpins  
The serine protease inhibitors (serpins) are a superfamily of proteins with a conserved 
tertiary structure which employ a unique suicide substrate-like inhibitory mechanism. 
Out of approximately 500 serpins that can be found by database search, nearly half 
have been fully sequenced (Irving et al., 2000, and references therein). Serpins are 
widely distributed among eukaryotes (both animals and plants). In addition, they are 
present in some prokaryotes (Irving et al., 2002) and viruses, but they are absent from 
fungi and from chlorophytes. Most serpins are inhibitors of serine proteases, but some 
of them are inhibitors of cysteine proteases (e.g. cytokine response modifier A, Crm 
A) and some are non-inhibitory proteins (e.g. the egg-white protein ovalbumin). 
Phylogenetically, the serpin family consists of 16 clades and 10 highly diverged 
“orphans” (Irving et al., 2000), and this relationship is reflected in serpin 
nomenclature (Silverman et al., 2001, supplemental data). However, since this 
nomenclature is recent and most serpins are still called by their original names, in the 
thesis all the serpins are called by their traditional names and the new nomenclature is 
only presented in Table 1.  
 
To date, the human serpins are the best characterized as a group (for review, see 
Irving, et al., 2000; Silverman et al., 2001; Gettins, 2002) (Fig. 1). Genes for human 
serpins have been found on eleven different chromosomes (Table 1). More than half 
of the human serpins are found in three clusters: four at 6p25, eight at 14q21.1, and 
ten at 18q21.3. A smaller cluster of two serpins is present at 3q26. Within each 
cluster, all serpins belong to the same clade. The clusters of genes on chromosomes 6 
and 18 entirely constitute clade B, the ovalbumin or ov-serpin clade (see section 8), 
which also includes PAI-2 (Remold-O'Donnell, 1993; Scott et al., 1999) (Table 1). 
 
Of the thirty-four known human serpins, several are known to be non-inhibitory. 
These are corticosteroid binding globulin and thyroxine binding globulin, the 
hormone precursor angiotensinogen, the anti-angiogenic pigment epithelium-derived 
factor, and two collagen chaperone proteins (Table 1). 
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Table 1. Human serpins (modified from Irving et al., 2000; and Gettins, 2002) 
Serpin Locus Target protease Comments References 

Clade A 
α1-antitrypsin 
(SERPINA1) 

14q32.1 neutrophil 
elastase 

Serpin template. 
Point mutations 
associated with 
emphysema and 
cirrhosis 

Beatty et al., 
1980 

α1-antitrypsin-related 
(SERPINA2) 

14q32.1  Lacks exon I, pro-
bably pseudogene 

Bao et al., 
1988 

α1-antichymotrypsin 
(SERPINA3) 

14q32.1 cathepsin G, 
chymase, 
prostate speci-
fic antigen 

Binds β-amyloid 
peptide. Marker for 
prostate cancer  

Kalsheker 
1996 

Kallistatin 
(SERPINA4) 

14q32.1 tissue 
kallikrein 

In vivo function not 
established 

Chen et al., 
2000 

Protein C Inhibitor 
(SERPINA5) 

14q32.1 protein C, 
uPA, 
kallikrein, 
acrosin 

 Rezaie et al., 
1995 

Corticosteroid 
Binding Globulin 
(SERPINA6) 

14q32.1 Elastase 
substrate 

Corticosteroid 
transporter; non-
inhibitory, but the 
RCL inserts upon 
cleavage; hormone 
affinity reduced by 
cleavage 

Pemberton et 
al., 1988 

Centerin 
(SERPINA9) 

14q32.1  Involved in 
maturation of 
native B cells 

Frazer et al., 
2000 

Protein Z-dependent 
Protease Inhibitor 
(SERPINA10) 

14q32.1 Factors Xa and 
XIa 

Requires protein Z 
as cofactor for Xa 
inhibition, but not 
for XIa inhibition 

Han et al., 
2000 

Angiotensinogen 
(SERPINA8) 

1q42-q43 Rennin 
substrate 

Vasoactive 
hormone precursor. 
Non-inhibitory. 
Cleaved RCL does 
not insert. Cleavage 
by rennin gives 
angiotensin I 

Stein et al., 
1989 
 

Thyroxin-Binding 
Globulin 
(SERPINA7) 

Xq21-q22  Thyroxine 
transportter; 
noninhibitory, but 
RCL inserts upon 
cleavage; hormone 
affinity reduced by 
cleavage 

Pemberton et 
al., 1988 
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Table 1. Continuation 
Serpin Locus Target protease Comments References 

Clade B 
Plasminogen 
Activator Inhibitor-2  
(SERPINB2) 

18q21.3 uPA Spontaneously 
polymerizes as wt 
protein 

Antalis et al., 
1988 
 

Squamous Cell 
Carcinoma Antigen-1 
(SERPINB3) 

18q21.3 Cathepsins K, 
L, S 

Inhibitor of both 
serine and cysteine 
proteases 

Schick et al., 
1998 
 

Squamous Cell 
carcinoma Antigen-2 
(SERPINB4) 

18q21.3 Cathepsin G, 
chymase 

 Schick et al., 
1997 

Maspin (PI5) 
(SERPINB5) 

18q21.3 single-chain 
tPA 

Tumor suppressor  Sheng et al., 
1998 
 

Megsin 
(SERPINB7) 

18q21.3  Found in glome-
rulus; upregulated 
in IgA nephropathy 

Inagi et al., 
2001 

PI-8 
(SERPINB8) 

18q21.3 Furin, 
thrombin, 
subtilisin A 

 Dahlen et al., 
1998 

Bomapin (PI10) 
(SERPINB10) 

18q21.3 thrombin Expression specific 
to bone marrow. 
The CD-loop 
contains nuclear 
localization signal 

Riewald and 
Schleef, 
1995 
 

Epipin (SERPINB11) 18q21.3  Not characterized Askew et al., 
2001 

Yukopin 
(SERPINB12) 

18q21.3 Trypsin, 
plasmin 

 Askew et al., 
2001 

Hurpin (headpin, 
PI13) 
(SERPINB13) 

18q21.3  Target proteases 
not known. Found 
in epidermal cells; 
overexpressed in 
psoriasis 

Abts et al., 
1999  

Monocyte/Neutrophil 
Elastase Inhibitor 
(SERPINB1) 

6p25 Neutrophil 
elastase, 
Cathepsin G, 
proteinase 3 

Uses adjacent P1 
residues with 
different proteases 

Cooley et al., 
2001 

Placental Thrombin 
Inhibitor (PI-6) 
(SERPINB6) 

6p25 Thrombin, 
plasmin, 
chymotrypsin, 
cathepsin G 

May inhibit 
cathepsin G that 
leaks into 
cytoplasm in vivo 

Scott et al., 
1999 

PI-9 
(SERPINB9) 

6p25 Granzyme B, 
caspase 1, 
subtilisin A 

Inhibitor of 
proteases of three 
different structural 
types 

Sprecher et 
al.,  1995 

PI8-like 1 
(SERPINBP1) 

6p25  Probable 
pseudogene 

Scott et al., 
1999 
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Table 1. Continuation 
Serpin Locus Target protease Comments References 

Clade C 
Antithrombin III 
(SERPINC1) 

1q23-
q25.1 

Thrombin, 
factors Xa, IXa 

Requires heparin as 
cofactor 

Bock et al., 
1985 

Clade D 
Heparin cofactor II 
(SERPIND1) 

22q11.2 thrombin Requires dermatan 
sulfate or heparin for 
fast inhibition 

Sheehan et 
al., 1994 

Clade E 
Plasminogen 
Activator Inhibitor-
1 
(SERPINE1) 

7q21.3-
q22 

uPA, tPA, 
thrombin, 
activated 
protein C 

Active form stabi-
lized by vitronectin; 
requires heparin as 
cofactor to inhibit 
thrombin 

Klinger et 
al., 1987 

Protease Nexin 1 
(SERPINE2) 

2q33-q35 uPA, tPA, 
thrombin, 
acrosin, factor 
XIa 

Heparin accelerates 
reactions with 
thrombin, acrosin and 
Factor XIa 

Scott et al., 
1985 

Clade F 
Pigment 
Epithelium-
Derived Factor 
(SERPINF1) 

17p13.3  Noninhibitory; anti-
angiogenic and 
neurotropic factor; the 
RCL does not insert 
after cleavage 

Becerra et 
al., 1995 

α2-antiplasmin 
(SERPINF2) 

17pter-
p12 

plasmin Inactivated by MMP3 Wiman and 
Collen, 1978 

Clade G 
C1 Inhibitor 
(SERPING1) 

11q11-
q13.1 

C1r, C1s, 
plasma 
kallikrein 

regulates complement 
activation 

Sim et al., 
1980 

Clade H 
Heat Shock Protein 
47 (SERPINH1) 

11p15  Chaperone; mRNA 
not found in human 
cells, may be a 
pseudogene 

Clarke and 
Sanwal, 
1992 

Collagen Binding 
Protein 2 
(SERPINH2) 

11q13.5  Rheumatoid arthritis-
related antigen. May 
be true human HSP47 

Ikegawa, 
1995 

Clade I 
Neuroserpin 
(SERPINI1) 

3q26 tPA, uPA, 
plasmin 

Neuroprotector. Point 
mutations associated 
with polymeric 
deposits in the brain 

Osterwalder 
et al., 1998 

Myoepithelium-
Derived Serine 
Protease Inhibitor 
(SERPINI2) 

3q26 Targets not 
identified 

Pancreas-specific; 
downregulated in 
pancreatic cancer.  

Ozaki et al., 
1998 
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Fig.1. Biological functions of human serpins (adapted from Silverman et al., 2001). 
The known biological functions and processes in which human serpins are involved 
are printed in italics. Inhibitory serpins are printed in red. Other serpins (green type) 
are either not involved in protease inhibition or their role in the biological process has 
not been defined. (The names of the serpins are as in Table 1). 
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4. Serpin structure 
Serpins are built from approximately 350-500 amino acids with an overall homology 
of about 35% (Huber and Carrell, 1989) (Fig. 2). The first crystal structure of a serpin 
was obtained in 1984 and it was that of cleaved human α1-antitrypsin (Löbermann et 
al., 1984) (Fig. 2A). Six years later the next structure, of the native form of the non-
inhibitory serpin ovalbumin, was determined (Stein et al., 1990). Since then, the 
structures of many other serpins have been solved and compared (Potempa et al., 
1994; Whisstock et al., 1998). The serpins are a family of proteins with a single 
common core domain consisting of three β-sheets and 8 or 9 α-helices, with 
interconnecting loops, and the RCL connecting the β-sheets A and C. Although 
serpins have a common tertiary structure, their sizes vary. These variations can be due 
to long extensions of the amino-termini (e.g. heparin cofactor II, angiotensinogen, 
antithrombin III, and C1-inhibitor), carboxy-termini (α2-antiplasmin) or loop 
insertions between the main structural constraints (e.g. PAI-2 and bomapin) (for 
references, see Gettins, 2002). Finally, one of the smallest serpins, a viral Crm A 
inhibitor, has an unusual deletion of the N-terminal half of the A helix, the entire D 
helix, and a portion of the helix E (Renatus et al., 2000). Serpins can exist in active, 
latent and cleaved forms. 
 
 

 
 
 
Fig. 2. Typical overall folding of serpins (adapted from Elliott et al., 2000). 
A. Cleaved conformation. B. Active conformation. C. Latent conformation. The RCL 
is depicted in red, the dominant β-sheet A in violet, the β-sheets B and C are depicted 
in blue and dark blue, respectively, and helices A - I in yellow. 
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 4.1. Active form 
All the active inhibitory serpins have the five-stranded β-sheet A and an exposed 
RCL with a scissile bond (P1-P1’) which is located in the central part of the RCL 
(Fig. 2B). The RCL is tethered at one end to the C-terminus of s5A and at the other 
to s1C, and its conformation differs in different serpins. For instance, antithrombin 
III has the RCL partially inserted into the A β-sheet (Carrell et al., 1994), while in 
α1-antichymotrypsin (Wei et al., 1994) the RCL is stretched and has a distorted α-
helix conformation, and α1-antitrypsin (Elliott et al, 1998) has the RCL in so-called 
canonical conformation (Fig. 2B). The length of the RCL is approximately 17 
residues, but can also vary slightly, e.g. in the template prototype serpin α1-
antitrypsin it is 22 amino acids long and in PAI-2 it is composed of 24 amino acids 
(Harrop et al., 1999). There are four conserved regions in serpin molecules that are 
important for the control of RCL mobility: the proximal hinge, the breach region, the 
shutter region and the gate region (Stain and Carrell, 1995; Whisstock et al., 2000a 
and 2000b) (Fig. 2B). The proximal hinge consists of the P10-P14 residues of the 
RCL and differs between inhibitory and non-inhibitory serpins. In ovalbumin and 
other non-inhibitory serpins such as angiotensinogen, and also thyroxin- and cortisol-
binding globulins, the proximal hinge of the RCL consists of bulky amino acids 
(Huber and Carrell, 1989). In contrast, in inhibitory serpins, the hinge region is built 
up of small amino acid residues (Ala or Ser) that are easily buried in the hydrophobic 
protein core during insertion of the RCL (Carrell et al., 1991). The breach region 
comprises the top of strand 5 of the β-sheet A and the tops of strands 2, 3 and 4 of β-
sheet B, and is characterized by a pattern of conserved hydrogen bonds and salt 
bridges that are critical for the RCL insertion. The shutter region includes part of 
strand 6 of β-sheet B, the top of helix B and the middle parts of the β-sheet A strands 
3 and 5.  Finally, the gate region is formed by a loop connecting strands 3 and 4 of β-
sheet C and is important for conversion of active serpin to the latent form (Mottonen 
et al., 1992). 
 
The active form of serpins is characterized by high metastability. This is a result of 
unusual amino acid interactions that lead to side-chain over-packing, burying polar 
groups and formation of hydrophobic pockets (cavities). The volumes of these 
cavities change during the transition from active to latent or cleaved forms of the 
inhibitor (Elliott et al., 2000). The most studied cavity is localized between strand 2 
of β-sheet A and helices D and E (Elliott et al., 1998). It exists only in active serpins 
and becomes filled when the RCL is inserted. Therefore, this cavity might be a 
potential target for the development of drugs that inhibit serpin activity and/or 
polymerization (Bryans et al., 1996; Lomas and Mahadeva, 2002; Parfrey et al., 
2003).  

 
 
 4.2. Latent form 
Considering only intramolecular structural changes, serpins can convert to the more 
stable latent form (Fig. 2C). In the latent form, the intact RCL is inserted into the 
middle of β-sheet A and becomes a fully antiparallel β-strand. As a result, s1C is 
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extracted from β-sheet C to provide an exposed “return” from the bottom of the 
serpin. Two latent serpins have been crystallized so far: PAI-1 (Mottonen et al., 1992) 
and antithrombin III (Carrell et al., 1994). Serpins in the latent conformation are non-
inhibitory, but can be converted back to the active state by denaturation and refolding 
(Lomas et al., 1995; Wardell et al., 1997).  
 
 
 4.3. Cleaved form 
The most stable state for inhibitory serpins is the RCL-cleaved form (Fig. 2A). In this 
form, the cleaved RCL is fully inserted into β-sheet A, similarly to the latent 
conformation, but without the need to extract s1C from β-sheet C. The first X-ray 
structure of a cleaved serpin was determined for the archetypal serpin, α1-antitrypsin 
(Loeberman et al., 1984). A comparison of active and cleaved serpin structures 
reveals that the RCL cleavage induces dramatic conformational changes, which 
include not only the RCL insertion, but also a shift and rotation of other structural 
elements such as β-sheet A strands 1, 2 and 3, and helices C and E (Whisstock et al., 
2000a). Due to the structural rearrangements, serpin cleavage is accompanied by an 
increased molecular stability and appearance of new epitopes (Debrock and Declerck, 
1995). In addition, the cleaved form can take on new functions; this is discussed in 
more detail in section 6. 
 
 
5. Inhibitory mechanism of serpins 
The driving force behind the inhibitory function of serpins is their metastability. The 
specificity of serpin inhibition is determined by amino acid residue P1 of the RCL, 
followed in importance by P2 and P3. The mechanism of serpin inhibition resembles 
that of a reaction between the protease and its substrate, with the exception that the 
serpin-protease complex is trapped (Fig. 3) (Wilczynska et al., 1995; Stratikos et al., 
1997; Fa et al., 2000; Huntington et al., 2000; for review, see Gettins, 2002). Thus, 
the inhibitory mechanism of serpins is initiated by cleavage of the RCL by the target 
protease (Fig. 3A). At that point, the serpin P1 and the serine in the active site of the 
protease are covalently bound. Then, due to the metastability of the active serpin, the 
proximal part of the RCL is inserted into β-sheet A (Fig. 3B), moving the tethered 
protease to the opposite pole of the serpin (Fig. 3C). The tight linkage of the two 
molecules and the resulting overlap in their structures do not affect the serpin, but this 
causes about 40% loss of structure in the protease (Fig. 3C). This includes the 
disruption of the catalytic site and prevention of the release of the protease from the 
complex (Huntington et al., 2000). Thus, the inhibition represents kinetic trapping, 
where the trapped SDS-stable 1:1 complex is covalent and effectively irreversible in 
nature. Furthermore, the protease moiety in covalent serpin-protease complexes has a 
much higher susceptibility to proteolysis than does the free protease (Oda et al., 1977; 
Fish et al., 1979). 
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Fig.3. Inhibitory mechanism of serpins (modified from Gettins, 2002). 
A. A protease (in green) recognizes the reactive site in the RCL (cyan) and cleaves 
the scissile bond P1-P1’. B. The cleaved RCL becomes inserted into the β-sheet A (in 
red), translocating the covalently bound protease toward the bottom of the serpin; the 
partial displacement of helix F (in blue) is needed to permit the translocation. C. The 
stable serpin-protease complex in which the distorted, fully inactive protease is 
trapped at the bottom of the serpin. 
 
 
In addition to the typical suicidal inhibitory mechanism, serpins can inhibit their 
targets by the readily reversible noncovalent complex formation. For example, there 
are reversible complexes of single chain urokinase (scuPA) with protein C inhibitor 
(Schwartz and España, 1999), and of factor Xa with a mosquito serpin, AFXa (Stark 
and James, 1998). Another example is SCCA1 (SERPINB3), which is unique in that 
it forms a complex with both serine and cysteine proteases (Masumoto et al., 2003). 
For the latter, similar mechanisms are involved, but the complex with cysteine 
protease is reversible (Masumoto et al., 2003). These examples are not typical, 
however, suggesting that such mechanisms can only operate under exceptional 
circumstances. 
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6. Regulation of serpin activity 
Regulation of serpin activity may occur at the level of gene expression and/or at the 
stage of inhibitor activity. De novo synthesis of serpins is required in many processes 
involved in organism development and cell proliferation. Thus, the expression of 
many serpin genes is regulated in response to growth factors, cytotoxic and other 
agents (Andreasen et al., 1990). At the protein level, the major role in regulation of 
serpin activity is played by a number of cofactors.  
 
The most common serpin cofactors are sulfated polysaccharides that line the micro-
vasculature, and the clinically used homolog heparin which is a highly sulfated linear 
polysaccharide (Capila and Linhardt, 2002). Heparin accelerates the inhibition rate of 
antithrombin III, protease nexin 1, heparin cofactor II, protein C inhibitor and PAI-1 
(for review, see Gils and Declerck, 1998). A common feature of four of the five 
serpins considered here (antithrombin, heparin cofactor II, PAI-1, and protease nexin 
1) is the presence of conserved basic residues stretching from the base of helix A and 
across the underside of helix D which forms the heparin binding site. 
 
It has been shown that binding of heparin induces conformational changes in the 
reactive center, e.g. in PAI-1 (Fa et al., 1995). However, the molecular rearrange-
ments and the conformational link between the heparin-binding site and the approx. 
30 Å distant RCL remained unknown until the X-ray structure of the antithrombin 
III/heparin complex had been determined (Jin et al., 1997).  Based on this structure, it 
has been proposed that heparin initially binds to the amino terminus of antithrombin 
III. The conformational changes induced at the N-terminus due to heparin binding are 
then transferred through a disulfide bond to helix D and result in elongation of helix 
D. Subsequently, these movements are transferred via P13 Glu into the hinge region 
of the RCL (Huntington et al., 2000) and result in expulsion of the RCL, with 
concomitant “zipping” of β-sheet A (Whisstock et al., 2000b). In addition, heparin 
may serve to simultaneously bind both serpin and proteinase and thus to bring them 
together in an appropriate orientation for productive interaction of the serpin RCL 
with the active site of the proteinase. 
 
Less common serpin cofactors are vitronectin and collagen. Vitronectin binds tightly 
to the active form of PAI-1 in the region of the helices C and E and strand 1 of β-
sheet A (Padmanabhan and Sane, 1995; Lawrence et al, 1994) and it increases the 
half-life for conversion of active PAI-1 to the latent state from about 1-2 h to 4-6 h 
(Lindahl et al, 1989). Also, we show in Paper III that vitronectin binds to the CD-loop 
of PAI-2 and thereby stabilizes the stable monomeric conformation of PAI-2. 
Collagen type IV binds to the protease nexin 1 and accelerates its interaction with 
thrombin, but also blocks its inhibitory activity towards uPA and plasmin (Donovan 
et al, 1994).  
 
In addition to gene regulation and regulation of activity by cofactors, the level of 
functional serpin can be regulated by proteolytic inactivation by non-target proteases 
(Catanese and Kress, 1984). The cleavage can be done both by endogenous and 
exogenous proteases to lower the concentration of functional serpin and to create 
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conformationally altered species that may participate in signaling pathways. For 
example, a number of serpins of the inflammatory, coagulation, and fibrinolytic 
pathways can be inactivated by snake venom metalloproteinases (Kress et. al., 1984). 
Another example is noninhibitory corticosteroid binding globulin, where hormone 
binding ability is reduced upon cleavage and insertion of the RCL (Pemberton et al., 
1988) (see Table 1). Cleavage of antithrombin III converts the serpin from being an 
inhibitor of coagulation factors (Olds et al., 1994) to being an anti-angiogenic factor 
(O'Reilly et al., 1999), and the cleavage of α1-antitrypsin transforms it from being an 
inhibitor of elastase to being an activator of monocytes (Janciauskiene & Lindgren, 
1999). Thus, some of the cleaved serpins can assume new biological activities that are 
not related to the protease inhibition.   
 
 
7. Serpin polymerization 
A negative consequence of the need for metastable conformation in the active serpin 
is that natural mutations, either alone or in combination with environmental factors, 
can promote inappropriate loop insertion. Thus, dimers and higher order oligomers 
can result when this occurs between the RCL of one molecule and the β-sheet A of 
another. Most serpins can polymerize when exposed to heating at 50-60oC or under 
mild denaturation. Under these conditions, the polymerization can occur rapidly to 
give bead-like polymers. Such polymerization can also take place in vivo, particularly 
when there is a mutation that either affects serpin folding to permit polymer 
formation or alters the stability of the native state, such that even a small increase in 
temperature can result in polymerization (for references, see Stein and Carrell, 1995; 
Davis et al., 1999). This loop-sheet polymerization was shown to take place 
spontaneously, e.g. for the Z mutant of α1-antitrypsin (Lomas et al, 1992), C1-
inhibitor, α1-antichymotrypsin (Crowther et al., 2003) and neuroserpin (for 
references, see Stein and Carrell, 1995; Davis et al., 1999), and has been linked to a 
number of diseases (see section 7.3). The only known serpin, which spontaneously 
polymerizes in physiological conditions as wild-type protein, is PAI-2 (Mikus et al., 
1993). The phenomenon of PAI-2 polymerization is one of the topics of this thesis; it 
is also discussed in section 9.4. 
 
 
 7.1. Mechanism of serpin loop-sheet polymerization 
When identified mutants of dysfunctional polymerizing variants of the serpins are 
plotted on α1-antitrypsin as the serpin template, the mutations cluster in the domains 
that are responsible for the β-sheet A opening and/or the RCL insertion, such as the 
proximal and distal hinges and the shutter domain (Fig. 2B). This suggests that serpin 
polymers result from an incidental opening of β-sheet A. The latter leads to the 
formation of a polymerogenic intermediate which has a partially inserted RCL and a 
distorted distal hinge (s1C). Consequently, the RCL of one intermediate molecule can 
become inserted into the opened β-sheet A of the other molecule, resulting in the 
inactive serpin polymer (Fig. 4) (Lomas et al., 1992). The model involving a 
polymerogenic intermediate is supported by the crystal structure of the naturally 
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occurring L55P polymerizing mutant of α1-antichymotrypsin (often referred as δ-
conformation) (Gooptu et al., 2000). In this mutant, the RCL is partially inserted into 
β-sheet A up to P12, and the space that would normally be occupied by P10-P3 is 
filled by residues derived from the loop that links helix F and s3A. Furthermore, 
synthetic peptides (P14-P8 and P14-P9 of the RCL) inserted into the top of β-sheet A 
induce polymerization, since they leave the bottom half of β-sheet A open, and thus 
β-sheet A is able to accept the RCL from another molecule (Fitton et al., 1997). 
Another supporting example is the crystal structures of α1-antitrypsin polymers 
composed of the serpin cleaved at P7-P6 (Huntington et al., 1999; Dunstone et al., 
2000). In these polymers, the P14 to P7 part of the RCL is self-inserted, and the 
molecules in the polymer are connected by insertion of the P6-P3 residues of one 
molecule into the partially occupied β-sheet A of another. Correspondingly, 
incubation of inhibitory serpins with synthetic peptides homologous to the RCL 
results both in serpin-peptide binary complex with properties similar to the cleaved 
serpin form (Schulze et al., 1990) and blocking of the polymerization (Lomas et al, 
1992). 
 
The essential factor in the mechanism of polymerization is the mobility of strand 1 of 
β-sheet C (distal hinge). Mutations that destabilize either s1C and/or adjacent regions 
lead to greater mobility of the RCL and increase the likelihood of polymerization, as 
seen for C1-inhibitor with a Val-Met mutation at the P’8 residue (Eldering et al., 
1995). Conversely, an artificial disulfide bond between s1C and s2C immobilizing 
s1C in antitrypsin prevents polymerization of the serpin (Chang et al, 1997). 
 
Since there is no crystal structure of non-cleaved serpin polymer, a computer model 
of an intact polymer has been proposed (Elliott et al., 1996) (Fig. 4B). The model has 
been supported by intermolecular distance measurements in serpin polymers 
(Sivasothy et al., 2000). The measurements have shown that an intact serpin does 
polymerize by the same loop-sheet mechanism as shown for the cleaved serpin 
polymers. 
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Fig.4. Serpin polymerization (adapted form Elliott et al., 1996). A. Model for the 
interaction between adjacent molecules of α1-antitrypsin in a fibrous polymer. The 
intact RCL (in red) of one serpin molecule inserts into the β-sheet A of an adjacent 
molecule. B. A model of an extended polymer of α1-antitrypsin in which adjacent 
molecules are alternately colored in yellow, red and blue.  
 
 

7.2 Other types of serpin aggregation 
In addition to the loop-sheet polymerization, serpin aggregation might take place by 
several other mechanisms. For instance, native PAI-1 can form polymers by 
interaction of the RCL and strand 7A (Zhou et al., 2001). Furthermore, the loop- C-
sheet linkage was reported for PAI-1 (Zhou et al., 2001) and antithrombin (Carrell et 
al., 1994). In these dimers, the RCL of an active molecule was inserted into the strand 
1 position of the β-sheet C of a second, latent, molecule. Finally, recently resolved 
crystals of s1C-s1C dimers of heparin cofactor II (HCII) (Baglin et al., 2002), most 
probably appeared due to interaction of the acidic tail of the native HCII and β-sheet 
C during crystallization. However, in nature the most common pathway of serpin 
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polymerization proceeds via the loop-β-sheet A mechanism and the other pathways, if 
they exist, require specific conditions.  
 
 
 7.3. Serpins and conformational diseases  
Because of the importance of serpins in maintaining homeostasis, any mechanism 
that reduces the functional levels of the serpins, including genetic aberrations in 
structure and /or secretion, may result in considerable health problems. This has been 
shown for a variety of genetic deficiencies including the development of emphysema 
(α1-antithrypsin deficiency), hereditary angioneurotic edema (C1-inhibitor 
deficiency), and uncontrolled coagulopathies (antithrombin and α2-antiplasmin 
mutations) (for review, see Carrell and Lomas, 1997; Lomas and Carrell, 2002). 
Thus, the term “serpin conformational diseases” refers to a group of diseases where a 
natural mutation induces conformational instability in a serpin, followed by 
polymerization of the affected protein (Parmar and Lomas, 2000). Such 
polymerization can result in intracellular aggregation and ensuing cumulative cell 
damage; this mechanism of protein accumulation may explain why some familial 
diseases affect individuals in middle or old-age. 
 
The best characterized spontaneously polymerizing mutant is the Z-variant of α1-
antitrypsin (Lomas et al., 1992) with a glutamate 342 to lysine substitution in the 
breach region (Fig. 2B). Polymerization of the mutant and accumulation of the 
polymers in hepatocytes lead to cirrhosis, and consequent deficiency of the serpin is 
the underlying cause of emphysema (Lomas et al, 1993; Parmar et al., 2002). 
Polymerization of the Z-mutant of α1-antitrypsin can be selectively blocked by 
annealing of a 6-mer RCL peptide (Mahadeva et al., 2002); this may provide an 
approach for drug development against Z α1-antitrypsin deficiency (Lomas and 
Mahadeva, 2002). 
  
The other vulnerable site for mutations in the serpins is the distal hinge of the RCL 
(Fig. 2B). Such mutations in C1 inhibitor result in a thermally sensitive instability 
that leads to angio-oedema triggered by incidental infection and fever (Stain and 
Carrell, 1995). 
 
The most frequent site of destabilizing mutations in the serpins is, however, in the 
shutter region (Fig. 2B), which is formed by the closely packed amino-acid side-
chains on which the sliding movement of the strands of the β-sheet A takes place. The 
importance of the shutter region, and in particular of its highly conserved core 
sequence (amino acid residues 51–56 on the serpin template numbering) (for 
references, see Stein and Carrell, 1995; Lomas and Carrell, 2002), was shown for two 
other mutants of α1-antitrypsin associated with plasma deficiency and hepatic 
inclusions: α1-antitrypsin Siiyama (S53F) (Seyama et al., 1991) and α1-antitrypsin 
Mmalton (52F deleted) (Roberts et al., 1984). Both mutations cause polymerization 
and the retention of α1-antitrypsin in hepatocytes (Lomas et al., 1992; Lomas et al., 
1993) resulting in a severe α1-antitrypsin deficiency. Mutations in the shutter region 
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of antithrombin (P54T, P54S, S56N, with serpin template numbering) cause 
spontaneous polymerization and retention of antithrombin in hepatocytes, with a 
subsequent increased risk of thrombosis (for references, see Lomas and Carrell, 2002; 
Stain and Carrell, 1995). A number of known mutations in neuroserpin cause 
neuronal accumulation of the serpin and cell death, resulting in dementia (Belorgey et 
al., 2002; Davis et al., 2002). Finally, mutations in C1 inhibitor (F52S, P54L, with 
serpin template numbering) and α1-antichymotrypsin (L55P) also cause 
polymerization and retention of protein in the liver (for references, see Stein and 
Carrell, 1995; Lomas and Carrell, 2002). Consequently, the reduced levels of 
circulating protein in patients with C1-inhibitor and α1-antichymotrypsin deficiencies 
allow the uncontrolled activity of proteinases in the complement and inflammatory 
cascades, and thus the syndromes of angio-oedema and emphysema, respectively. 
 
 
8. Ov-serpins 
The majority of serpins are secretory proteins. However, there are a number of 
intracellular proteins that constitute the ovalbumin-like or ov-serpin clade, clade B 
(Scott et al., 1999; Remold-O'Donnell, 1993) (Table 1). The ov-serpins have evolved 
from a common ancestor by one or two interchromosomal duplications and several 
intrachromosomal duplications, and they feature (i) a high degree of amino acid 
homology (about 50%), (ii) a lack of N- and C- terminal extensions found in most of 
the other serpins, (iii) a similar gene organization, and (iv) the presence in several 
members of an interhelical domain connecting helices C and D, encoded by an exon 3 
(Remold-O'Donnell, 1993; Scott et al., 1999). In PAI-2, the interhelical domain 
between helices C and D is called the CD-loop. Thus, in the thesis the same name is 
used for the analogous loops in the other serpins. 
 
To date, there are thirteen human ov-serpins known. They map at positions 6p25 and 
18q21, and fall into two classes based on a single difference in gene structure (Scott 
et al., 1999). Like ovalbumin, five of the serpin genes at 18q21 have the exon 
encoding the CD-loop (Table 2), which may contribute to accessory functions. The 
ov-serpin genes at 6p25 lack this exon. Otherwise, the positions and phasing of the 
exon/intron boundaries are completely conserved, and are identical to those in the 
ovalbumin gene.  
 
The only known crystal structure of a serpin to have the CD-loop is that of ovalbumin 
(Stein et al., 1991). In ovalbumin, the CD-loop is seven amino acids long (Table 2), 
and it is connected to helix E by a disulfide bond. The fact that, excluding ov-serpins, 
all other inhibitory serpins do not have the CD-loop strongly suggests that this 
domain is not important for serpin-mediated inhibition. Nevertheless, the CD-loop is 
a separate domain which can have special function(s) in several serpins. Thus, the 
CD-loop of the chicken protein MENT (myeloid and erythroid nuclear termination 
stage-specific protein) is composed of 30 amino acids and it contains a nuclear 
localization signal and an AT-hook motif responsible for binding to chromatin DNA 
(Grigoryev et al., 1999). In human bomapin, the 25-residue CD-loop contains a 
highly positively charged nuclear localization signal (Chuang and Schleef, 1999). 
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Finally, the 33-amino acid CD-loop of PAI-2 is the largest among serpins and it is 
involved in protein binding and redox regulation of PAI-2 polymerization (which is 
discussed in detail in section 9.5). 
 
Intriguingly, the CD-loop in ov-serpins is located in the area that is regulatory for 
many cofactor-controlled serpins. In particular, helix D in a number of serpins 
participates in the binding of heparin (see section 6), and helix E (closely localized to 
helices C and D) in PAI-1 is involved in the binding of vitronectin (Padmanabhan and 
Sane, 1995; Lawrence et al., 1994). Moreover, the same molecular area in PAI-1 
serves to bind low density lipoprotein receptor-related protein (LRP) (Stefansson et 
al., 1998), which is utilized for cellular clearance of the serpin-protease complex 
(Kasza et al., 1997). Thus, it might be hypothesized that the CD-loop in serpins can 
participate in regulation of serpin activity.  
 
 
Table 2. The CD-loops of ov-serpins.  
 
 

SCCA1       QVTENTTGKAATHYVD------------------------------------------- 

hD hC 

SCCA2       QVTENTTEKAATHYVD------------------------------------------- 
Megsin        TASGYGNSSNSQSG------------------------------------------------ 
Bomapin     RDQGVKCDPESEKKRKMEFNLS------------------------------- 
PAI-2          EVGANAVTPMTPENFTTSCGFMQQIQKGSSYPDAILQAQ 
Ovalbumin  DKLPGFGDSIEAQCG----------------------------------------------- 
MENT        EAVRAESSSVARPSRGRPKRRRMDPEHE--------------------- 
 
 
Amino acid sequences of the interhelical domains between helixes C (hC) and D (hD) 
present in five human serpins (SCCA1 and -2, Megsin, Bomapin and PAI-2), chicken 
ovalbumin and MENT. The residues that are underlined indicate: in bomapin, a 
nuclear localization signal (Chuang and Schleef, 1999); in PAI-2, an Rb-binding 
motif (PENF) (Darnell et al., 2003), cysteine 79 responsible for polymerogenic 
conformation of PAI-2 (Paper II), glutamines 83, 84 and 86 used in reactions of 
transglutamination (Jensen et al., 1994); in ovalbumin, the cysteine involved in 
disulfide bond formation connecting the CD-loop to helix E (Stein et al., 1991); in 
MENT, nuclear localization signal (Grigoryev et al., 1999). 
 
 
9. Plasminogen activator inhibitor type 2, PAI-2 
PAI-2 is a prominent member of the ov-serpin subfamily. Originally, PAI-2 was 
characterized as an inhibitor of urokinase-type plasminogen activator (uPA) in human 
placenta (Kawano et al., 1968; Wun and Reich, 1987), but later it was also found in 
keratocytes, macrophages, monocytes, microglia and other cell types (for review, see 
Belin, 1993; Dear and Medcalf, 1995; Jensen, 1997). Sequence analysis of PAI-2 
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cDNA revealed 30-50% homology to other serpins. Further comparison with known 
serpins showed that PAI-2 had a number of common features with ovalbumin and 
placental thrombin inhibitor (PI6), which brought PAI-2 into the ov-serpin subfamily. 
The cDNA of PAI-2 was cloned and PAI-2 was successfully expressed in E.coli and 
mammalian cells (Ye et al., 1987; Antalis et al., 1988; Ny et al., 1989; Mikus et al., 
1993), and in yeast (Steven et al., 1991). PAI-2 is an efficient inhibitor of uPA 
(Thorsen et al., 1988). The reactive site of PAI-2 is located in the RCL between 
Arg380-Thr381 and corresponds to an Arg-Val bond in the plasminogen molecule 
(Kruithof et al., 1986; Wun and Reich, 1987; Kawano et al., 1970). 
 
 
 9.1. Expression of PAI-2 
The gene encoding PAI-2 is 16.4 kb long. It consists of eight exons and seven introns 
and it is located on chromosome 18q21-q23. The PAI-2 gene is closely localized to 
the genes of maspin, SCCA-1 and -2 and bomapin, in close proximity to the 
oncogene bcl-2 (Silverman et al., 1991). Several regulatory sequences in the PAI-2 
gene-controlling region were identified: serum responsive elements, AP1 and AP2 
binding sites, regions with homology to GAS motifs, glucocorticoid and retinoic acid 
response elements and the CRE element (Antalis et al., 1996; Cousin et al., 1991). 
Correspondingly, PAI-2 expression is regulated under normal conditions and by 
endotoxins, phorbol esters (such as PMA), TNF, EGF, interferon-γ, retinoic acid etc. 
(for references, see Kruithof et al., 1995; Dear and Medcalf, 1995; Jensen, 1997). 
Thus, the level of PAI-2 expression increases dramatically in response to the pro-
inflammatory cytokines such as tumor necrosis factor (TNF) and interleukin-1 (IL-1). 
Furthermore, expression of PAI-2 in monocytes increases 100-fold in response to 
lipopolysacharide (Suzuki et al., 2000). The concentration of PAI-2 in plasma is non-
detectable under normal conditions (<5 ng/ml), but during pregnancy it increases to 
about 250 ng/ml in the third trimester (Astedt et al., 1987). 
 
In addition to the regulation of transcription, the stability of PAI-2 mRNA, the half-
life of which is normally about 1 h, can be regulated (Maurer et al., 1999; Tierney and 
Medcalf, 2001). For example, a post-transcriptional modification has been proposed 
to be responsible for increase in PAI-2 expression by TNF and PMA (Maurer and 
Medcalf, 1996). All of these data suggest that PAI-2 is a shock protein, the expression 
of which is required in stressful or exceptional circumstances. 
 
 

9.2. Secretion and cellular localization of PAI-2 
Differently from most other serpins, PAI-2 exists in two molecular and topological 
forms: intracellular, non-glycosylated with a MW of 45 kDa, and extracellular, 
glycosylated with MW 60 kDa. Both forms are translated from the same 1900-bp 
mRNA, the length of which can be explained by the presence of an untranslated 3’-
sequence (for references, see Jensen, 1997). PAI-2 does not have a cleavable signal 
peptide (Belin et al., 1989; von Heijne, et al., 1991; Belin et al., 1996). Instead, it has 
two mildly hydrophobic internal regions within the amino-terminal 44 amino acid 
residues. Due to the low hydrophobicity of the internal signal sequence, the excretion 
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of PAI-2 is very inefficient and most of the PAI-2 molecules remain intracellular (Ny 
et al., 1989; von Heijne et al., 1991; Belin et al., 1996; Risse et al., 1998). PAI-2 
secreted via the ER/Golgi pathway is glycosylated at three N-glycosylation sites (Ye 
et al., 1988). Thus, PAI-2 present in pregnant plasma is glycosylated. 
 
In addition, it has been demonstrated that non-glycosylated PAI-2 can be secreted 
from human monocytes via an alternative Golgi-independent pathway, similarly to 
that of IL1-β and basic fibroblast growth factor (Ritchie and Booth, 1998). 
 
The intracellular localization of PAI-2 seems to be dependent on the cell type. Thus, 
PAI-2 in cultured Jurkat, HaCat, THP-1, U937 and MM6 cells has been shown to be 
located in the cytosol (Liew et al, 2000). On the other hand, PAI-2 present in 
monocytes, macrophages and foam cells is probably associated with cellular 
membranes (Ritchie et al., 1997). Finally, PAI-2 in keratinocyte and monocyte-
derived cell lines can also be found in nuclei, where it is co-localized with 
retinoblastoma protein (Darnell et al., 2003). 
 
 
 9.3. Physiological and pathological roles of PAI-2 
The biological function of PAI-2 still remains speculative. PAI-2-deficient mice have 
normal monocyte function, wound healing and fertility (Dougherty et al., 1999). 
However, there have been no studies as yet in these mice of tumor behavior and the 
response to infections when cell-mediated immunity is important. The extracellular 
form of the serpin is generally recognized as being an inhibitor of uPA. In addition, 
PAI-2 can inhibit the two-chain-tPA (tctPA), but not the single-chain-tPA (sctPA) 
(Thorsen et al., 1988). It may therefore play an integral role in regulating uPA and 
tPA activity in the context of fibrinolysis and tissue remodeling. However, sctPA is 
the predominant form in the blood, and fibrin-bound tPA is protected from PAI-2 
(Leung et al., 1987). Thus, extracellular PAI-2 may play only a minor role in 
controlling tPA-mediated fibrinolysis and may function primarily in inhibiting uPA in 
the extravascular space. The extracellular form of PAI-2 may be important for 
processes such as pregnancy, cancer and inflammation (for review, see Bachmann, 
1995; Kruithof et al., 1995; and Dear and Medcalf, 1995). 
 
Because of inefficient secretion, intracellular PAI-2 represents the major part of PAI-
2 protein produced. So far, no intracellular PAI-2-reactive protease has been 
identified, although PAI-2 can react with other proteins in reversible and covalent 
interactions via the PAI-2 CD-loop (see section 9.5). In spite of the lack of 
information about proteases interacting with intracellular PAI-2, its role as a possible 
protease inhibitor has been proposed during apoptosis and proliferation of 
keratinocytes.  
 
Pregnancy. PAI-2 expression in trophoblastic epithelium (Astedt et al., 1986) and the 
dramatic increase in PAI-2 levels in plasma during pregnancy suggest that it has a 
role in regulation of fibrinolysis in the placenta. Furthermore, the dramatic increase 
and fast disappearance of plasma PAI-2 after delivery suggest the tight regulation of 
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PAI-2 during pregnancy and suggest that PAI-2 is important for the regulation of 
postpartum homeostasis. However, PAI-2 knock-out mice have normal reproduction, 
which indicates that the postpartum homeostasis in mice functions to a degree that 
does not affect the overall survival of the knock-out mice (Dougherty et al., 1999). 
 
Cancer. The fact that PAI-2 is an efficient inhibitor of uPA suggests that PAI-2 may 
participate in cell migration and modulate extracellular matrix degradation during 
tumor breakdown. Thus, PAI-2 overexpressed in HT1080 cells neutralizes receptor-
bound uPA and inhibits degradation of ECM and invasion in vitro (Laug et al., 1993). 
Furthermore, SCID mice injected with a melanoma cell line have reduced metastasis 
if overexpressing PAI-2 (Mueller et al., 1995), and tumors exposed to recombinant 
PAI-2 have reduced potential for metastasis. Clinical studies have shown that a high 
level of tumor-derived PAI-2 is associated with favorable relapse-free survival, 
metastasis-free survival and overall survival (Foekens et al, 1995, Yoshino et al., 
1998). In contrast, low PAI-2 level is a negative prognostic factor in cancers 
originating from the breast, lung, pancreas and ventricle. 
 
Inflammation. The induction of PAI-2 gene expression in response to inflammatory 
mediators such as TNF, and interleukin-1 and 2 suggests a possible role for PAI-2 
during the inflammatory response (Hamilton et al., 1992; Zoellner et al., 1993). The 
process of inflammation correlates with the presence of PAI-2 antigen in human 
peritoneum, gingival fluid and synovial fluid (Kinnby et al., 1999; Whawell et al., 
1993; Saxne et al., 1993). Moreover, saliva and gingival cervical fluid represent the 
biological fluids with the highest concentration of PAI-2, up to 2-8 mg/ml. Due to the 
amino acids making up the reactive center, PAI-2 is more resistant than PAI-1, α1-
antitrypsin and α2-antiplasmin to inactivation by oxidants released from neutrophils 
(Baker et al., 1990).  
 
Apoptosis. Apoptosis or programmed cell death is an active process of gene-
controlled cellular self-destruction which, in most situations, serves a biologically 
meaningful homeostatic function. This contrasts with cell death by necrosis, where a 
tissue-destructing inflammatory response is initiated by the release of different 
mediators from the dying cells. Apoptosis is involved in normal processes such as 
embryogenesis, tissue homeostasis, and aging – but also in the pathophysiology of 
different classes of disease e.g. cancer, inflammatory and degenerative diseases. 
Under certain conditions, some inflammatory agents such as TNF and microbal 
products will activate the proapoptotic proteolytic pathway. 
  
The role of PAI-2 during the process of apoptosis has been studied. Thus, 
overexpression of PAI-2 protected HeLa and HT1080 cells from TNF-induced 
apoptosis, and this was followed by depletion of PAI-2 antigen in the cytoplasm 
(Kumar and Baglioni, 1991; Dickinson et al., 1995). This protection was a property of 
wild-type PAI-2, but not of a mutant carrying an Arg to Ala substitution at position 
P1 of the RCL, suggesting that PAI-2 functions in the process as a protease inhibitor. 
At the same time, the CD-loop, which is not essential for the inhibitory function, was 
required for this anti-apoptotic role of PAI-2 (Dickinson et al., 1998), pointing to an 
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additional PAI-2-protein interaction for the anti-apoptotic function. Despite this 
effect, no proteins that interact with PAI-2 during apoptosis have been identified so 
far. Hypothetically, intracellular PAI-2 may function by inhibiting cysteine proteases, 
potentially through the use of an alternative P1 site. 
 
Another study examined the role of PAI-2 in apoptosis using cultured monocytes. It 
demonstrated that treatment of monocytes with LPS prevented apoptosis induced by 
serum withdrawal. PAI-2 was also upregulated under these conditions. However, 
when PAI-2 upregulation was blocked by antisense oligonucleotides, the anti-
apoptotic effect of LPS remained (Ritchie and Fragoyannis, 2000). 
 
Taken together, the data indicate that the role of PAI-2 in protection against apoptosis 
may be dependent on the cell type and/or apoptotic factors. This process may require 
production of PAI-2 as one of multiple survival mechanisms induced in the cell 
whereby both the inhibitory features and the ability to bind proteins via the CD-loop 
of PAI-2 are used. 
 
Proliferation of keratinocytes. PAI-2 is present in keratinocytes of the granular and 
basal layers of normal epidermis. There, PAI-2 may exist in the cleaved conformation 
after a reaction with an unknown endogenous protease, which indicates that PAI-2 
may function there as a protease inhibitor (Risse et al., 2000). Strong expression of 
PAI-2 has been shown for early keratinocyte cultures prior to formation of a 
differentiated epidermis-like structure and also during re-epithelization following 
epidermal trauma (Betchel et al., 1998). However, most keratinocytes express PAI-2 
when they are close to terminal differentiation, where PAI-2 becomes crosslinked to 
cornified envelopes (Jensen et al., 1995). PAI-2 is thought to protect nascent cornified 
envelope against proteolysis in these cells (Jensen et al., 1995). 
 
 
 9.4. Structure and polymerization of PAI-2 
Human, rat and mouse PAI-2 are highly homologous. Human PAI-2 has been found 
in two common variants: variant A has Asn, Asn and Ser at positions 120, 404 and 
413, respectively, whereas variant B has Asp, Lys and Cys at the corresponding 
positions. Of the 5 or 6 cysteines present in human PAI-2, cysteines 5 and 405, and 
cysteines 79 and 161 can form a disulfide bond (Harrop et al., 1999; Paper II). 
 
The X-ray structure of an active PAI-2 mutant lacking the CD-loop has been resolved 
recently (Harrop et al., 1999) (Fig. 5). The PAI-2 molecule was in active 
conformation, but some regions including part of the RCL and the loop connecting 
s2A and the helix D were disordered. The structural analysis confirmed the close 
similarity between PAI-2 and other members of the ov-serpin subfamily and revealed 
a difference in the breach region. In other serpins, there is a helical turn preceding β-
strand s4A between residues 198 and 203 which lies above the conserved residue 
Glu342 at the C-terminus of s5A. The Glu342 forms a hydrogen bond with Thr203 
and a salt bridge to Arg290 (Lys in α1-antitrypsin) on s6A. In PAI-2, Thr203 is 
replaced by Asn and the helical turn between residues 198 and 203 is replaced by an 
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extended chain. As a result, Glu342 (in PAI-2, Glu364) interacts with Lys200 and 
Gln290 (Lys214 and Gln311 in PAI-2, respectively). The importance of these 
interactions for PAI-2 is discussed in Paper I.  
 
PAI-2 is the only wild-type serpin which spontaneously loses activity by loop-sheet 
polymerization under physiological conditions (Mikus and Ny, 1996; Mikus et al., 
1993), similar to the situation reported for the Z-form of α1-antitrypsin (Mikus et al., 
1993; Lomas et al., 1992). Treatment with guanidinum chloride does not convert 
PAI-2 to a more stable conformation resembling the conformation of latent PAI-1; 
instead, it enhances the formation of PAI-2 polymers. The polymerization of PAI-2 is 
a concentration and temperature-dependent process that may be inhibited or reversed 
by annealing with synthetic peptide homologous to the PAI-2 RCL (Mikus and Ny, 
1996). When PAI-2 is fused to the signal peptide of PAI-1 and expressed in 
eukaryotic cells, the protein is directed into the secretory pathway where it has been 
reported to polymerize (Mikus and Ny, 1996). The mechanism and reasons for serpin 
polymerization are described in detail in section 7. Studying the unique spontaneous 
polymerization of PAI-2 was one of the goals of this thesis. In Papers I and II, we 
have discussed the phenomenon of spontaneous polymerization of PAI-2 and 
revealed the structural determinants that allow this feature. 
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Fig. 5. Ribbon model of PAI-2 (modified from Wilczynska et al., 2003b, Paper II). 
The cysteines present in the X-ray structure are shown as red sticks. The RCL and the 
CD-loop, which have not been solved by X-ray analysis, are schematically drawn as 
dotted cyan and red lines, respectively. Cysteine 79 is marked as an orange sphere. 
 
 
 9.5. The CD-loop of PAI-2 
The CD-loop of PAI-2 is 33 amino acids long and it is therefore the longest among 
known serpins (Table 2). Since the only known X-ray structure of PAI-2 has been 
resolved for a mutant lacking the CD-loop (Harrop et al., 1999) (Fig. 5), the 
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conformation of the CD-loop is not known. Findings of the last decade have revealed 
the significance of the CD-loop in the PAI-2 molecule as a functional domain. 
 
The first indication suggesting that PAI-2 can interact with other proteins besides the 
serine proteases was the finding that in human placenta, PAI-2 could exist in large 
heterogeneous complexes containing vitronectin (Radtke et al., 1990). Since PAI-2 
could be released from the complex under reducing conditions, it was proposed that 
PAI-2 in the complex was bound via a disulfide bond. Although the PAI-2 cysteine(s) 
responsible for the binding are not known, among 5 cysteines present in the form A 
of PAI-2, the Cys79, which is located in the CD-loop, and Cys161, located at the 
bottom of the molecule, are promising candidates since the other cysteines are hidden 
inside the molecule. In Paper III, we discuss the PAI-2-vitronectin binding, as well as 
the cysteines in PAI-2 that are responsible for the interaction. 
 
The glutamine residues 83, 84 and 86 located in the CD-loop have been shown to be 
crosslinked by trophoblast transglutaminase in large membrane complexes (Jensen et 
al., 1993; Jensen et al., 1994; Ritchie et al., 2001). Hypothetically, after PAI-2 is 
crosslinked to the cytoplasmic face of the syncytiotrophoblast membrane during 
events of cellular stress with elevated concentration of cytosolic Ca2+, it could serve a 
tissue-protective function. PAI-2 may also be crosslinked to the extracellular side of 
the plasma membrane, and there it could control the fibrinolysis and contribute to a 
sealing of the “damaged site” by fibrin, and thereby promote the ensuing repair 
process. The trophoblast transglutaminase is a tissue type transglutaminase and this 
enzyme in trophoblast cell extract readily crosslinks exogenous PAI-2 in an active 
conformation to cytosolic and membrane proteins (Jensen et al., 1993). 
 
Moreover, in vivo crosslinking of PAI-2 to cellular structures seems to take place in 
keratinocytes (Jensen et al., 1993) where PAI-2 is crosslinked to the cornified 
envelope.  
Except for the extracellular coagulation factor XIIIa, enzymes of the transglutaminase 
family are mainly intracellular proteins (for review, see Aeshliman and Paulsson, 
1994). They catalyze the covalent crosslinking between substrate glutamine and 
lysine residues in Ca2+-dependent reaction (for review, see Lorand and Graham, 
2003). As a consequence, transglutaminases participate in processes such as 
activation of latent transforming growth factor-β, dimerization of IL-2, crosslinking 
of extracellular proteins, enhancement of cellular adhesiveness and execution of 
apoptosis. Interestingly, during apoptosis intracellular transglutaminase activity is 
increased. 
 
The CD-loop of PAI-2 is important for non-covalent binding with annexins and some 
unidentified proteins from melanoma cells and placenta (Jensen et al., 1996). PAI-2 
binds non-covalently to several so-called PAI-2 binding proteins (PBPs) in melanoma 
cell lines in vitro, as well as to proteins in a placental cytosol preparation in vitro 
(Jensen et al., 1996). Among the proteins identified were annexins from 1 to 6, where 
annexins 1, 2, 4 and 6 bind PAI-2 through a binding site in the conserved carboxy-
terminal domains of the annexins which contain Ca2+ and actin binding sites. 
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Annexins are a family of proteins present within a wide range of tissues and cell types 
(for review, see Hawkins et al., 2000). Their physiological functions are poorly 
understood, but they are likely to play important roles in cell regulation processes. 
  
Recently, the CD-loop, and residues 73-76 in particular, were found to bind 
retinoblastoma protein (Rb) (Darnell et al., 2003). The complex has been shown to 
exist intracellularly and to protect Rb protein form proteolytic degradation, leading to 
an increase in Rb-mediated activities. This might explain the mechanism by which 
PAI-2 is involved in such processes as cell proliferation, apoptosis and cancer. 
 
The CD-loop is also required for an anti-apoptotic function of PAI-2 for HeLa cells 
during TNF-induced apoptosis (Dickinson et al., 1998). PAI-2 is cleaved in myeloid 
cells during incubation of the cells with inhibitors of either protein synthesis, 
phosphatases or topoisomerase I performed together with the induction of apoptosis 
(Risse et al., 2000). The cleaved PAI-2 was still inhibitory, as it formed an SDS-
stable complex with uPA. The size of the complex corresponds to a truncated PAI-2 
molecule of about 37 kDa, thus the site of cleavage may be localized in the CD-loop. 
Intriguingly, the cleavage was inhibited by the ICE-inhibitor YVAD-
chloromethilketone (YVAD-cmk); thus, it may be connected to the activity of 
caspases (Jensen et al., 1999).  
 
Finally, the CD-loop is a redox-sensitive switch regulating loop-sheet polymerization 
of PAI-2. This regulation is observed for fractions of PAI-2 existing in the cytosol 
and in the secretory pathway. Depending on the molecular environment, the CD-loop 
can adopt different conformations and it thus determines either stable monomeric or 
polymerogenic forms of PAI-2. Furthermore, ligands bound to the CD-loop may 
stabilize the PAI-2 molecule in the stable monomeric form. The role of the CD-loop 
for PAI-2 polymerization is discussed in Papers II and III. 
 
 
10. Basic concepts of fluorescence spectroscopy 
Fluorescence spectroscopic experiments employ the characteristic feature of 
electronically excited molecules, which is described in Jablonski diagram (Fig. 6). 
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form of light emission (hνF) and return to the ground state (S0). Alternatively, energy 
of an excited donor fluorophore can be transferred to another fluorescent molecule 
(acceptor) being in its ground state through an electric dipole-dipole coupling 
mechanism. This transfer occurs without emission of photons. The rate of energy 
transfer depends on the extent of overlap of the emission spectrum of the donor and 
the absorption spectrum of the acceptor, the relative orientation of the donor and 
acceptor transition dipoles, and the distance between the two molecules. Energy 
transfer may also occur between two identical fluorophores. In that case, since the 
overall energy is still conserved among the same type of fluorophores, the process is 
named donor-donor energy migration (DDEM).  
 

Since the distance dependence of energy transfer was confirmed experimentally 
(Stryer and Haugland, 1967) distance measurement either within (intra-molecular) or 
between (inter-molecular) biomolecules have been widely applied (van der Meer et 
al., 1994). By far, most of the efforts and progresses have been made in donor-
acceptor system. However, such systems are often problematic particularly for intra-
molecular distance measurement, since two different types of fluorophores must be 
chemically incorporated into the same molecule. Donor-donor energy migration can 
circumvent this problem since only a single type of fluorophore is needed in the 
system (Johansson et al., 1996). In Paper III we successfully used DDEM method to 
determine intramolecular distances in PAI-2. 

 
Another method to determine intramolecular distances is the Partial Donor-Donor 
Energy Migration (PDDEM) method (Isakson et al., 2003). The PDDEM method, in 
contrast to DDEM, operates with chemically identical but photophysically non-
identical fluorescent pairs. The photophysics decay of such pairs contains information 
about the energy migration/transfer rates, and thus about the distance between 
interacting molecules within the pair.  Because photophysical properties for most 
fluorophores depend on the physicochemical properties of the molecular 
environment, e.g. the location of the fluorophore in the protein, the PDDEM method 
allows us to use many different fluorescent probes that could span a wide range of 
distances. In Paper IV we used PAI-2 as a model protein for the distance 
measurements by PDDEM method. 
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11. Summary of the present study 
 
 
11.1. The spontaneous polymerization of plasminogen activator inhibitor type-2 
and Z-antitrypsin are due to different molecular aberrations. [Paper I].  
 
In their active forms, the inhibitory serpins are metastable molecules that readily 
convert to more stable forms when the RCL inserts into β-sheet A, e.g. during 
complex formation or when so-called latent or cleaved species are formed. The 
metastability of the serpins also accounts for the formation of unique intermolecular 
linkages between serpin molecules, the loop-sheet polymers.  The polymerization 
proceeds by a sequential insertion of the RCL from one serpin molecule into the open 
β-sheet A of another, and is accompanied by a loss of serpin inhibitory activity.  
Native wild-type serpins are rather stable and polymerization can be induced only 
after exposure to mild denaturing conditions. However, in some naturally occurring 
pathological mutants, the serpin structure is distorted such that polymers are formed 
even under physiological conditions.  
The wild-type form of plasminogen activator inhibitor type-2 (PAI-2) and the 
pathogenic Z-mutant of α1antitrypsin are both spontaneously polymerizing serpins. 
Compared to the consensus serpin sequence, both proteins have deviations in the so-
called breach region located at the top of β-sheet A. In the case of Z-α1antitrypsin, 
disruption of a crucial salt bridge causes polymerization and predisposes to liver 
disease and plasma deficiency. 
 
To study the molecular determinants behind the spontaneous polymerization of PAI-
2, we characterized the single Q311K and the triple (K214V/N217T/Q311K) mutants, 
where conserved residues in the breach region were introduced (Paper I, Fig. 1).  
When analyzed by non-denaturing PAGE, the mutants polymerized similarly to wt 
PAI-2 (Paper I, Fig. 3). The polymerization process was dependent on pH and 
revealed a bell-shaped pattern, with the lowest polymerization at pH 5.6 (Paper I, Fig. 
4). 
 
Since the volume of hydrophobic cavities on the surface of serpins correlates with the 
extent of the β-sheet A opening, we used bis-ANS to monitor hydrophobic cavities in 
wt PAI-2 and the mutants (Paper I, Fig. 5). The initial rates of bis-ANS binding, as 
well as the amount of dye bound, were much higher for the mutants of PAI-2 as 
compared to wt PAI-2. This suggests that the mutations in the breach region 
influenced opening/closing of the β-sheet A in PAI-2.  
To determine the kinetics of PAI-2 polymerization, changes of intrinsic tryptophan 
fluorescence and light scattering were measured over time (Paper I, Fig. 6). The 
linearity of the changes implies that wt PAI-2 does not require any conformational 
rearrangements before polymerization can take place. The overall pattern of the triple 
mutant with linear changes of fluorescence decay and light scattering was similar to 
wt PAI-2. However, the Q311K mutant revealed a two-phase polymerization pattern, 
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which indicates that the mutant requires conformational transitions before 
polymerization can be initiated. 
 
Taken together, our data suggest that alterations in the breach region are not the major 
cause of PAI-2 polymerization and that the molecular determinants underlying 
polymerization of Z-α1antitrypisn and PAI-2 are different. In addition, we show that 
wt PAI-2 exists in a highly polymerogenic conformation which does not require 
conformational rearrangements before the polymerization.  
 
 
11.2. A redox-sensitive loop regulates plasminogen activator inhibitor type 2 
(PAI-2) polymerization. [Paper II].  
 
The molecular determinants behind PAI-2 polymerization and the mechanism(s) 
regulating polymerization in vivo are not known.  Here we have demonstrated that 
PAI-2 loses its ability to polymerize following the reduction and alkylation of thiol 
groups (Paper II, Fig. 2), suggesting that an intramolecular disulfide bond is essential 
for the polymerization. To identify the cysteines involved, all cysteines in PAI-2 were 
mutated to serines one by one. All the mutants had an inhibitory activity similar to wt 
PAI-2, but differed in their ability to polymerize (Paper II, Fig. 3). Mutants in which 
C145, C5, or C405 were substituted had polymerization properties similar to the 
wild-type protein.  However, mutants where C79 or C161 were substituted did not 
form loop-sheet polymers. In addition, the mutant in which all cysteines except C79 
and C161 (79cys/161cys) were substituted retained its ability to polymerize (Paper II, 
Fig. 5).  Consequently, a novel disulfide bond connecting C79 and C161 was detected 
by MALDI-TOF mass spectrometric analysis (Paper II, Table 1). 
 
To probe for conformational alterations between the polymerizing and non-
polymerizing forms of PAI-2, RCL-peptide insertion (Paper II, Fig. 6) and bis-ANS 
binding experiments (Paper II, Fig. 7) were performed. These studies revealed that 
the polymerizing PAI-2 forms readily incorporated the RCL homologue peptide and 
bound less bis-ANS than the non-polymerizing C161 and C79S mutants. Taken 
together, these data show that the disulfide bond between residue C79 (located in the 
CD-loop) and residue C161 (located at the bottom of helix F) stabilizes PAI-2 in a 
polymerogenic conformation with an open β-sheet A. Elimination of this disulfide 
bond causes β-sheet A closure and abrogates polymerization. 
 
Since the environment in the cytosol is much more reducing than in the organelles of 
the secretory pathway, we compared the polymerization of PAI-2 in the two 
intracellular compartments. The Semliki Forest Virus (SFV) expression system and 
CHO cell were used to express wt PAI-2 and PAI-2 containing the signal peptide of 
PAI-1.  When analyzed by non-denaturing PAGE (Paper II, Fig. 8), most of the non-
glycosylated cytosolic PAI-2 was in monomeric form, whereas the glycosylated PAI-
2, which had been directed through the ER, was highly polymerized. 
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Taken together, the results show that, in contrast to other serpins, PAI-2 can exist in 
three inter-convertible forms: the stable monomeric, the polymerogenic and the 
polymerized forms (Paper II, Fig. 9).  The polymerogenic conformation of PAI-2 is 
stabilized by a unique (in the serpin family) disulfide bond involving a unique 
functional domain, the CD-loop. This form of PAI-2 can spontaneously form loop-
sheet polymers, or convert to the stable monomeric form after the reduction of the 
disulfide bond. Although the physiological function of PAI-2 remains unclear, it 
seems reasonable that all three forms of PAI-2 may be of distinct biological 
importance.   
 
 
11.3. Plasminogen activator inhibitor type 2 is a unique serpin with two mobile 
functional loops. Manuscript [Paper III]. 
 
In the previous study, we showed that PAI-2 can exist either in the stable monomeric 
conformation or in the polymerogenic conformation. The polymerogenic 
conformation is stabilized by a disulfide bond between Cys79 (located in the CD-
loop) and Cys161 (located in helix F). Following reduction of the bond, PAI-2 
converts into the stable monomeric form. Here we characterized the stable 
monomeric form of PAI-2. First, we made an attempt to reconstitute the Cys79-
Cys161 disulfide bond in vitro and thus, to convert PAI-2 into polymerogenic 
conformation. We therefore used the mutant containing only cysteines 79 and 161 
(Paper III, Table 1). The mutant was reduced in the presence of DTT and then 
incubated under oxidizing conditions; the Cys79-Cys161 disulfide bond was 
successfully formed since the polymerogenic ability of the mutant was restored 
(Paper III, Fig. 1B). This shows that the stable monomeric and polymerogenic PAI-2 
forms are fully interconvertible, depending on the oxidative status of the 
environment. The fact that the Cys79-Cys161 disulfide bond can be restored implies 
that in the stable monomeric form of PAI-2 the Cys79 might be located close to 
Cys161, and thus the CD-loop might be oriented toward the bottom of helix F. To test 
whether the CD-loop is flexible, we used a double-cysteine 79cys/347cys mutant 
(Paper III, Table 1 and Fig. 2). In this mutant, C79 can form a disulfide bond with a 
cysteine introduced at position 347 (Paper III, Table 2, Fig. 1C), which is also located 
at the bottom of PAI-2, but 20 Å apart from C161. However, the CD-loop in this 
conformation does not induce conformational changes required for PAI-2 to be able 
to polymerize (data not shown). Therefore, our data show that in the stable 
monomeric form of PAI-2 the CD-loop can fold to the bottom of this inhibitor and 
there it can move by a distance of at least 20 Å. However, this loop-down 
conformation may not represent the most common and energetically favorable 
conformation of the stable monomeric PAI-2. 
   
To find the energetically most favorable conformation of the CD-loop in the stable 
monomeric PAI-2, we triangulated Cys79 in relation to three reference residues (161, 
171 and 347) located in the core of PAI-2 (Paper III, Fig. 2) by measuring 
intramolecular distances using the DDEM method. The advantage of the DDEM 
method is that by conducting time-resolved fluorescence depolarization, we can 
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determine intramolecular distances in proteins in solution under native conditions 
with an accuracy of approximately 5 Å (Bergström et al., 1999). The distances 
measured between C79 and three reference residues in the core of the PAI-2 molecule 
placed the C79 at the side of the molecule (Paper III, Table III, Fig. 2A), indicating 
that the predominant conformation of the stable monomeric form is that with the CD-
loop folded on one side of PAI-2 (Fig. 4C). Interestingly, computer modeling of 
intact full-length PAI-2 by Swiss-Model resulted in a similar conformation to that 
obtained by our intramolecular distance measurements (Fig. 2), suggesting also that 
the CD-loop has a preference for folding side-on in the PAI-2 molecule. 
  
In human placenta, PAI-2 exists in high-molecular weight heterogeneous complexes, 
where it has been proposed to bind to vitronectin via a disulfide bond. We found that 
PAI-2 and vitronectin can form an inhibitory active hetero-dimer complex in vitro 
under the conditions favoring disulfide bond formation (Paper III, Fig. 3A). Further 
analysis identified Cys79 as being responsible for the PAI-2-vitronectin disulfide 
bond hetero-dimer formation (Paper III, Fig. 3B-C). 
  
In summary, we have shown that the most populated conformation of the stable 
monomeric form of PAI-2 is that with the CD-loop folded on the side of the 
molecule. The oxidation experiments have shown that a small fraction of PAI-2 
molecules can exist with the CD-loop located at the bottom of the molecule, so that 
the Cys79-Cys161 disulfide bond can be reformed. The stable monomeric 
conformation can be stabilized by vitronectin bound to the CD-loop of PAI-2. 
Together, this might describe the mechanisms by which the two PAI-2 forms, stable 
monomeric and polymerogenic are controlled in vivo. 
 
 
11.4. Distance measurements in proteins by fluorescence using Partial Donor-
Donor Energy Migration (PDDEM). Manuscript [Paper IV]. 
 
Fluorescence spectroscopic methods can be useful to examine overall shapes and 
structural changes in proteins, especially in the absence of structural data obtained by 
X-ray crystallography and nuclear magnetic resonance spectroscopic methods. To 
extract distance information from fluorescence spectroscopic data, quantitative 
measurement of the rate of electronic energy transfer and, more recently, the rate of 
energy migration between fluorescent groups are frequently used. The DDEM 
method can be used for distance measurements between identical fluorescent groups 
incorporated pairwise at well-defined positions in a protein. In previous studies we 
used the DDEM method successfully to determine intramolecular distances in the 
PAI-2 molecule (Paper III). 
  
Here, we used PAI-2 as a model protein to test a new method to determine 
intramolecular distances, the Partial Donor-Donor Energy Migration (PDDEM) 
method. The PDDEM method, in contrast to DDEM, is based on the use of 
chemically identical but photophysically non-identical fluorescent pairs. The 
photophysics decay of such pairs contains information about the energy 
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migration/transfer rates, and thus about the distance between interacting molecules 
within the pair. Since the photophysical properties of most fluorophores depend on 
the physico-chemical properties of the molecular environment, e.g. the location of the 
fluorophore in the protein, the PDDEM method allows using many different 
fluorescent probes, which enables measuring over a wide range of distances. 
  
For the PEEDM measurements, we used PAI-2 double-cysteine mutants 
79cys/171cys and 79cys/347cys, and corresponding single-cysteine mutants 79cys, 
171cys and 347cys (Paper IV, Table 1, Fig. 1). Two different sulfhydryl-specific 
BODIPY derivatives, SBDY (inert to the environment) and NBDY (sensitive to the 
molecular environment) (Paper IV, Fig. 1) were studied when covalently linked to 
different cysteines in the PAI-2 mutants. The SBDY is well suited for the DDEM 
method, and it was also used in previous studies (Paper III). For all the experimental 
procedures the structural integrity of PAI-2 was verified by its ability to inhibit uPA, 
and it was found to retain its inhibitory activity under various experimental conditions 
such as different glycerol and salt concentrations. 
The fluorescence relaxation (Paper IV, Table 2, Fig.3) and depolarization experi-
ments (Paper IV, Fig.5) were conducted for both SBDY and NBDY probes. To use 
the advantages of the PDDEM method for measuring the distances between 
fluorophores that are sensitive to the environment, we enhanced the difference of 
fluorescent relaxation between the fluorophores located in different positions of PAI-
2 by adding I- , which is a well known quencher of fluorescence (Paper IV, Table 2). 
The quenching of NBDY and SBDY in the 171cys and 347cys mutants was higher 
then that of the 79cys mutant. One possible explanation is that the probe at Cys79 
penetrates more deeply into the CD-loop structure. Overall quenching of SBDY was 
higher than for NBDY, which can also be explained by a longer linker in SBDY. The 
distances determined by PDDEM and the DDEM are presented in (Paper III, Table 
3), and they are in good agreement with our previous data. However, the distances 
determined for NBDY were always shorter than for SBDY. The latter is most 
probably due to the difference in length between the linkers of the probes. 
   
In summary, a new method for intramolecular distance measurement, namely 
PDDEM, was tested successfully on PAI-2. PAI-2 was confirmed to be a stable 
protein retaining its functional identity and thus, structural identity in conditions 
involving different physical characteristics. The consistent behavior of PAI-2 in the 
experiments and also established simple preparation procedures make PAI-2 an 
attractive candidate for use in the future as a model protein. 
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CONCLUSIONS 
 
Wild-type PAI-2 can exist in stable monomeric and polymerogenic conformations 
that are fully interconvertible, depending on the redox status of the environment. 
 
The highly polymerogenic conformation of PAI-2 has an open β-sheet A and does not 
require conformational changes before polymerization.  
 
Polymerization of PAI-2 is a pH-dependent process with the slowest rate occurring at 
pH 5.6. The polymerization ability of PAI-2 may be regulated to some extent by the 
breach region, which is located at the top of β-sheet A.  
 
The main determinant of PAI-2 polymerization is a disulfide bond connecting the 
CD-loop (Cys79) with the bottom of helix F (Cys161). Elimination of the disulfide 
bond results in conversion of PAI-2 into the stable monomeric form with closed β-
sheet A.  
 
The CD-loop in the stable monomeric form of PAI-2 is mobile: the main 
conformation of the PAI-2 molecule is with the CD-loop folded on the side of the 
molecule, but the CD-loop can be translocated by a distance of 40 Å to the bottom of 
the inhibitor. Vitronectin can bind to the CD-loop via Cys79 and thereby stabilize the 
stable monomeric conformation. 
 
Due to an improved method of purification, its high protein stability and known 
structure, PAI-2 was used as a model protein for two methods of intramolecular 
distance measurement, DDEM and PDDEM.  
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