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Abstract t 

Plasminogenn activator inhibitor 1 (PAI-1) is a gycoprotein that controls the activity of 
thee key enzymes of the fibrinolytic system, the serine proteases tissue-type 
plasminogenn activator (t-PA) and urokinase-type plasminogen activator (u-PA). 
Inhibitionn is accomplished by rapid formation of inactive, equimolar PAI-1/PA 
complexes.. The physiological importance of PAI-1 for the fibrinolytic system has 
beenn underscored by the observation that in humans, a homozygous defect results in 
hemorrhagicc episodes. In addition to its function in surveillance of the integrity of 
clots,, PAI-1 efficiently inhibits the serine protease thrombin in vitro, provided that 
eitherr the high molecular weight glycosaminoglycan heparin or the glycoprotein 
vitronectinn is present. These co-factors accelerate the rate of thrombin inhibition by 
PAI-1PAI-1 by more than two orders of magnitude. Inhibition of thrombin by PAI-1 
proceedss according to a "suicide substrate mechanism", typified by a branched 
reactionn pathway, leading either to stable PAI-1/thrombin complexes or to degradation 
off  the inhibitor and recycling of the enzyme. The cofactors heparin and vitronectin, 
althoughh increasing inhibition through different mechanisms, essentially promote PAI-
11 degradation by thrombin. In view of the multitude of functions attributed to 
thrombin,, the authors propose that the relevance of thrombin inhibition by PAI-1 is to 
restrictt its mitogenic activity, rather than to affect its coagulation function in plasma. 
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Versatilityy of serine protease inhibitors 

Serinee protease inhibitors (serpins) constitute a family of homologous proteins 
(molecularr masses around 50 kDa) that display a similar three-dimensional structure 
(reviewedd by Travis & Salversen, 1983; Huber & Carrell, 1989). Most of the inhibitors 
actt as an inhibitor of a particular target serine protease. The selectivity of a serpin is 
determinedd by three parameters: (a) the presence of both proteins in the same 
physiologicall  compartment, (b) the respective concentration of the components, and 
(c)) the rate of association of the serpin with the target serine protease. As a 
consequencee of these criteria, the serpin family may constitute a versatile back up 
system.. This is illustrated by the observation that upon administration of 
pharmacologicall  amounts of tissue-type plasminogen activator (t-PA) to patients 
sufferingg from acute myocardial infarction, not only t-PA/PAI-1 complexes are 
encounteredd in plasma, but also complexes of t-PA with an array of other serpins 
(Lucoree & Sobel, 1988). Clearly, exhaustion of plasma PAI-1 enables the enzyme to 
formm complexes with serpins that act less rapidly but are present at adequate plasma 
concentrations.. Obviously, the potential promiscuity of serpins is based on a very 
similarr structure and, consequently, on a common mechanism of action. Specificity, 
exemplifiedd by the rate of association, is primarily determined by the nature of the 
aminoo acid that constitutes the PI residue of the so-called reactive center loop, located 
att approximately 30 residues from the carboxyl terminus of serpins (arginine 346 in 
thee case of PAI-1). The PI residue reacts with the serine residue of the catalytic triad 
off  the protease to form stable serpin/protease complexes. Substitution of the PI 
residue,, either due to a hereditary defect or upon in vitro site-directed mutagenesis of 
thee corresponding cDNA, usually results in a dramatic reduction of the rate of 
associationn with its cognate serine protease and, for a particular case, in alteration of 
thee target specificity of the serpin (Keijer et al, 1991a; Owen et al, 1985). 

Thee relevance of an interaction between a serpin and its target serine protease may 
bee apparent only in the presence of an obligatory cofactor. For example, the in vivo 
inhibitionn of thrombin by the serpin antithrombin III is virtually only manifested upon 
administrationn of the glycosaminoglycan heparin, resulting in efficient anticoagulation 
duee to rapid formation of inactive thrombin/antithrombin III complexes. The 
mechanismm of action between these three components has been studied in great detail: 
Heparinn acts as a template that allows simultaneous binding of the inhibitor and the 
enzymee at separate, proximal binding sites, resulting in a substantial increase of the 
affinityy (K{) of thrombin for antithrombin III (reviewed by Björk & Danielsson, 1986). 
Similarly,, we have recently described that PAI-1 is endowed with thrombin-inhibitory 
propertiess n the presence of either high molecular weight heparin or the glycoprotein 
vitronectinn (Ehrlich et al., 1990,1991a). Interestingly, the effects of these cofactors are 
specificallyy observed with thrombin as target serine protease, whereas no influence of 
thee cofactors is seen on the interaction with t-PA, urokinase-type plasminogen 
activatorr (u-PA), or other serine proteases (Keijer et al., 1991b). 
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Mechanismss of thrombin inhibition by Plasminogen Activator Inhibitor 1: 
Rolee of cofactors 

Ass indicated earlier here, both heparin and vitronectin enhance the rate of thrombin 
inhibitionn by PAI-1 about two orders of magnitude. Recently, we demonstrated that 
thee inhibition of thrombin by PAI-1 in the presence of vitronectin proceeds through an 
intermediate,, equimolar ternary complex (Figure 1). This observation contrasts with 
thee interaction between t-PA and PAI-1, in the presence of vitronectin, that yields 
exclusivelyy binary t-PA/PAI-1 complexes. The inhibition of thrombin by PAI-1, either 
inn the presence or absence of vitronectin or high molecular weight heparin, occurs 
throughh a so-called suicide substrate mechanism, analogous to the inhibition of 
kallikreinn by the serpin CI inhibitor (Patston et ah, 1991)(illustrated in Figure 2). 
Briefly,, in the presence of an excess of inhibitor (I) versus enzyme (E), initially a 
Michaeliss complex is generated composed of the enzyme and the inhibitor (EI). 
Subsequently,, part of the inhibitor molecules forms serpin-specific stable complexes 
(E-I#)) that are very slowly eliminated (inhibition pathway). Another part of the 
inhibitorr proteins is cleaved by the protease, yielding inactivated inhibitor molecules 
(I* )) and active enzyme that recycles to generate novel Michaelis complexes (substrate 
pathway).. In case t-PA inhibition by PAI-1 is studied, no cleavage of PAI-1 is 
observed,, irrespective of the presence or absence of cofactors (Table 1). 

Figuree 1. Analysis of ternary 
complexx formation between 
thrombin,, PAI-1 and 
vitronectin,, using surface 
plasmonn resonance (SPR). 
Molecularr reactions were 
assessedd by real time analysis 
usingg the BIAcore2000 
equipment.. Thrombin was 
immobilizedd by amine 
couplingg to a CM5 sensorchip. 
Ann increase of the SPR signal 
(RU),, after administration of a 
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compound,, demonstrates binding to the immobilized component. First, PAI-
1/Vitronectinn complexes were injected (A). To establish binding of the vitronectin 
moietyy of the complex to thrombin, an anti-vitronectin monoclonal antibody was 
injectedd (B). Finally, to establish binding of the PAI-1 moiety of the PAI-1/vitronectin 
complexx to thrombin, an anti-PAI-1 monoclonal antibody was injected (C). 

Significantly,, the cofactors greatly affect the partitioning of the two pathways for 
thrombinn inhibition: in the presence of either heparin or vitronectin, PAI-1 is 
preferentiallyy used as a substrate. The mechanism of action of these cofactors on 
thrombinn inhibition by PAI-1 is, however, quite distinct. Heparin enhances the rate of 
associationn between thrombin and PAI-1 with a biphasic heparin concentration 
dependence,, typical of a template mechanism (Ehrlich et al, 1991a; Klein Gebbink et 
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al.,al., 1993). By contrast, vitronectin increases the rate with a monotonal concentration 
dependence,, with a maximal rate achieved when all PAI-1 is bound to vitronectin. In 
conclusion,, the cofactors not only enhance the rate of thrombin inhibition by PAI-1 
butt also alter the partitioning between the inhibitory and substrate pathway. 

Tablee 1. Apparent stoichiometrics for protease inhibition by plasminogen activator 
inhibitorr 1 

Protease e 
Thrombin n 
t-PA A 

1.55 h 
3.2 2 
1.0 0 

2.55 h 
3.1 1 
1.0 0 

4.33 h 
2.8 8 
1.0 0 

18h h 
3.0 0 
1.0 0 

++ Heparin 
7.1 1 
1.0 0 

++ Vitronectin 
5.1 1 
1.0 0 

Thee apparent stoichiometrics indicate the number of plasminogen activator inhibitor 1 
(PAI-1)) molecules required to inhibit one molecule of protease and were determined at 
377 °C after various incubation periods. The experiments were performed either in the 
absencee or the presence of an optimal heparin concentration or in the presence of an 
excesss of vitronectin over PAI-1. t-PA, tissue- type plasminogen activator. 

Potentiall in vivo significance of the interaction between thrombin and 
Plasminogenn Activator Inhibitor 1. 

Itt is unlikely that the interaction between thrombin, PAI-1 and either vitronectin or 
heparinn would occur in the plasma milieu. This conclusion is based on the three 
criteriaa for functional serpin/serine protease interaction, presented in a previous 
paragraph.. Although the rate of association between thrombin and PAI-1, in the 
presencee of either one of the cofactors, is 10- to 20- fold higher than that between the 
majorr inhibitor of thrombin in plasma, namely antithrombin II I (in absence of 
heparin),, the actual plasma concentration of antithrombin III is approximately 10.000-
foldd higher than that of PAI-1. A more plausible site of interaction between thrombin, 
PAI-1PAI-1 and a cofactor would be within the vessel wall, as indicated by a number of 
observations.. First, administration of thrombin to matrices of cultured endothelial cells 
thatt serve as a source for PAI-1 and vitronectin results in the release of both 
equimolar,, inactive mrombin/PAI-1 complexes and in cleaved PAI-1, in accordance 
withh the branched suicide substrate mechanism. Those events could be largely 
preventedd by pretreating the matrices with anti-vitronectin antibodies (Ehrlich et al., 
1991b).. It should be noted that the culture medium of the endothelial cells contained 
largee amounts of active antithrombin III , the major thrombin inhibitor in plasma. 
Nevertheless,Nevertheless, no complexes were encountered between thrombin and antithrombin III , 
indicatingg that this serpin is absent from the endothelial cell matrix. These 
observationss suggest that the endothelial cell lining of the vascular does not promote 
translocationn of plasma antithrombin III to the vessel wall. Second, it has been recently 
demonstratedd that among the serpins only PAI-1 promotes the binding, and subsequent 
endocytosis,, of thrombin by cells expressing the low-density lipoprotein receptor-
relatedd protein (LRP) on their surface. The interaction between thrombin/PAI-1 
complexess and LRP is further enhanced by the presence of vitronectin, indicating that 
ternaryy complexes of thrombin, PAI-1 and vitronectin are the actual ligand for LRP 
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Figuree 2. Experimental illustration and scheme of suicide substrate mechanism. Panel A 
Thee time course of PAI-1 cleavage by thrombin and thrombin/PAI-1 complex 
formation.. Incubations were performed at 37 °C with a six fold excess of PAI-1 over 
thrombin,, in the absence of cofactors. Aliquots were subjected to 10% (w/v) sodium 
dodecyll  polyacrylamide gel electrophoresis (SDS-PAGE) under non-reducing 
conditions,, stained with Coomassie Brilliant Blue. Clearly, the kinetics of the 
appearancee of cleaved PAI-1 and the formation of thrombin/PAI-1 complexes are 
similar.. A, PAI-1; B, thrombin. Times indicated are in minutes. Panel B. Schematic 
representationn of the various reactions. The inhibitor (I) forms a reversible complex (EI) 
withh its target serine protease (E), characterized by the bimolecular rate constant k, and 
thee dissociation rate constant fci. Subsequently, an intermediate complex (EI') is 
formedd that can convert with a rate constant k, into the serpin-specific complex E-I, or 
itt can react according to a substrate mechanism, resulting in free enzyme and cleaved 
inhibitorr (I*) with the corresponding rate constant k3. The partition ratio (r = ks/kt) 
representss the number of catalytic turnovers per inactivation event; 1 + r is the apparent 
stoichiometry.. Finally, the stable bimolecular complex (E-I*) can dissociate with a rate 
constantt k5 into the free active enzyme (E) and cleaved, inactivated inhibitor (I). 

(Stefanssonn et al, 1996). The clearance receptor LRP has been identified on vascular 
smoothh muscle cells (SMCs), macrophages, and fibroblasts and may thus be 
implicatedd in the control of thrombin activity in the vessel wall. Third, it has been 
shownn that thrombin promotes proliferation of vascular SMCs: this effect is mediated 
throughh binding, and subsequent cleavage, of a thrombin receptor that has been 
identifiedd on the surface of these cells, particularly in atherosclerotic lesions (Nelken 
etet al, 1992). Interestingly, activation of SMCs by thrombin induces de novo synthesis 
off  PAI-1 (Noda-Heiny et al, 1993; Wojta et al, 1993). Together with either heparin 
likee proteoglycans or vitronectin, induction of PAI-1 by thrombin would constitute a 
feedd back mechanism to control thrombin activity in the vessel wall: initially the 
interactionn of thrombin with the thrombin receptor is prevented, and, subsequently, 
ternaryy complexes are removed by LRP (the various reactions are schematically 
outlinedd in Figure 3). In aggregate, in view of the apparent absence of other thrombin 
inhibitorss in the vessel wall, it is conceivable that thrombin activity in the vessel wall 
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iss controlled by PAI-1, in the presence of either vitronectin or heparin (Figure 3). This 
interactionn might be particularly relevant for prevention of SMC proliferation and, 
hence,, for progression of atherosclerosis. 

Pathologyy of Plasminogen Activator Inhibitor 1 and vitronectin deficiency 
inn humans and mice 

Att present, a single case has been reported on a young girl with complete PAI-1 
deficiency,, due to a frameshift (two base pair insertion) in exon 4 of both PAI-1 alleles 
(Fayy et ah, 1992). This genetic defect results in a moderate bleeding tendency, 
apparentlyy due to hyperfibrinolysis. In contrast, PAI-1 knock out mice (PAI-1-/-) do 
nott display spontaneous bleeding. After challenging these PAI-1-/- mice, however, by 
dispersionn of fibrins in the lungs, they exhibit hyperfibrinolysis as compared with 
normall  (PAI-1+/+) mice (Carmeliet et al, 1993). Taken together, the clinical study 
andd the characteristics of PAI-1-/- mice provide strong evidence for the role of PAI-1 
ass the physiological inhibitor of plasminogen activators (PAs). At this point, it should 
bee noted that PAI-1-/- mice also do not display a thrombotic phenotype indicating that 
underr non-pathological conditions, inhibition of the coagulation function of thrombin 
byy PAI-1 does not play a major role, consistent with arguments advanced in a previous 
paragraph. . 

Figuree 3. Schematic 
illustrationn of various potential 
interactions,, occurring at the 
luminall  and the basolateral 
sidee of the endothelium. 
Plasminogenn activator 
inhibitorr 1 (PAI-1) is 
synthesizedd by endothelial 
cellss (EC) and secreted both at 
thee luminal and in the 
endotheliall  cell matrix (ECM) 
(Mimuroo et al., 1987). In the 
luminall  compartment, PAI-1 
mayy form a complex with 
vitronectinn (Vn) (not illustrated), but ultimately captures tissue-type plasminogen 
activatorr (t-PA) to generate inactive binary t-PA/PAI-1 complexes. At the basolateral 
side,, PAI-1 may form binary complexes with vitronectin, translocated from the plasma 
milieuu (Seiffert et al, 1990), that are subsequently converted into ternary thrombin (Ila), 
PAI-1,, vitronectin complexes. These ternary complexes bind to lipoprotein receptor-
relatedd protein (LRP), a clearance receptor present on vascular smooth muscle cells 
(SMCs),, presumably followed by internalization and degradation of the complex. SMCs 
alsoo harbor on their surface a receptor for thrombin (Ila-receptor). Administration of 
thrombinn to cultured SMCs induces synthesis of PAI-1 (not illustrated). 

PAI I 

PAI-11 :t-PA 

PA A 

4=* 4=* 
V n — s ^ —— PAI-1 

Vn:PAI-1 1 

Vn:PAI-1 ::  / 
Ilaa * 

Ila a 

EC EC 

ECM ECM 

SMC SMC 
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Interestingly,, these investigators also studied the role of PAI-1 in atherogenesis, 
usingg an electric injury model of mice arteries, by comparing subsequent neointima 
formationn in normal and PAI-/- mice (Carmeliet & Collen, 1995). Clearly, PAI-/- mice 
exhibitt a substantially increased neointima formation (atherogenesis) as compared 
withh normal mice. This observation has been interpreted as an increase of PA activity, 
duee to the absence of PAI-1, resulting in enhanced plasmin dependent migration of 
vascularr SMCs. Alternatively or in addition, in view of our findings on thrombin 
inhibitionn by PAI-1, in the presence of either one of the cofactors, it might also be 
envisagedd that PAI-1 deficiency contributes to enhanced thrombin-mediated 
proliferationn of SMCs as the cause of increased neointima formation. 

Too discriminate between these options, the recent construction of vitronectin 
deficientt mice may prove to be instrumental (Zheng et at., 1995). The serum of these 
normallyy developing, fertile mice is devoid of PAI-1 binding activity, demonstrating 
thatt vitronectin is the only protein that binds PAI-1. Based on the essential cofactor 
functionn of vitronectin in thrombin inhibition in vitro by PAI-1, as outlined in this 
review,, it would be of interest to determine the extent of neointima formation of 
vitronectinn deficient mice and normal mice in the electric injury model of arteries 
(Carmeliett & Collen 1995). Although heparin containing proteoglycans may substitute 
forr the lack of vitronectin, such observations may provide evidence for the in vivo 
significancee of cofactor dependent thrombin inhibition by PAI-1 in the vessel wall. 
Futuree breeding of mice that are double knock out for components essential for 
proliferationn and for migration of SMCs may resolve a potential contribution of PAI-1 
inn either one or both processes. 
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