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GeneralGeneral Discussion 

Thee main goal of the work described in this thesis was to elucidate different structural 
aspectss of the mechanism of plasminogen activator inhibitor type 1(PAI-1) function. 
Thesee aspects include the conversion of PAI-1 to its latent conformation, the 
modulationn of PAI-1 activity by monoclonal antibodies, and the contribution of the 
Variable-Regionn 1 (VR-1) loop of tissue-type plasminogen activator (t-PA) (VRl0** ) 
inn the rapid inhibition of t-PA by PAI-1. In addition, a second subject of interest was 
thee interaction of PAI-1/vitronectin (Vn) complexes with thrombin, an interaction mat 
couldd possibly be of importance in the atherosclerotic vessel wall. In this general 
discussion,, we wil l focus on the techniques used to study PAI-1, the insights 
developedd on structure-function relationships of serpins in general and PAI-1 in 
particular,, and the proposed link between PAI-1 and thrombin in the atherosclerotic 
vessell  wall. 

Techniquess used to study PAI-1 

Too understand the mechanism of PAI-1 function, we aimed to map the interactions of 
PAI-11 with its different ligands at high resolution, if possible to single amino-acid 
residues.. Since, mutations at interacting residues would lead to a "loss of function" it 
wouldd be necessary to test individual clones. Therefore, a strategy was developed 
basedd on the following considerations: a) clones should be properly folded and act as 
activee t-PA inhibitors, b) clones should preferentially have multiple mutations to limit 
thee number of clones to be screened, and c) mutations should be concentrated at 
exposedd residues. These three criteria could be met by the combined use of DNA 
shufflingg and phage-display selection. DNA shuffling is, currently, the most powerful 
techniquee used to engineer new properties into proteins. It is based on homologous 
recombinationn of fragmented DNA in a PCR-based reaction (Stemmer, 1994), which 
hass the advantages of both introducing random mutations, by error-prone PCR, and 
recombiningg existing mutations. Recently, the possibility to even shuffle complete 
genee families has further enhanced the potential of DNA shuffling to optimize protein 
functionn (Crameri et al, 1998). Phage display provides a means to couple the 
genotypee of the mutant protein with its phenotype. The protein of interest is displayed 
onn the surface of the bacteriophage, through fusion with a coat protein thereof, while 
thee corresponding DNA is contained within the bacteriophage (Smith, 1985). With 
phagee display, more than 109 protein variants can be simultaneously subjected to 
selectionn in a single in vitro reaction, making it one of the most robust selection 
techniquess available (review see Rodi & Makowski, 1999). We designated the 
combinationn of these two techniques "Shuffled Proteins On Phages" or SPOP. An 
advantagee of this combination is the potential of DNA shuffling to generate a huge 
molecularr diversity, while the technique of phage display is able to asses this diversity 
efficiently.. In addition, the iterative character of this combination makes it possible to 
performm sequential rounds through which the level of mutations is increased stepwise. 

Inn the case of PAI-1, five rounds of SPOP, using a stringent t-PA-based selection 
procedure,, resulted in the generation of a highly-mutated PAI-1 library. On average, 
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eachh PAI-1 clone contained nine amino-acid substitutions, located preferentially at 
exposedd residues, without loss of t-PA-inhibitory activity. A relatively limited number 
off  clones (27) from this library sufficed to unambiguously determine single amino-
acidd residues in PAI-1 involved in recognition of three classes of anti-PAI-1 
monoclonall  antibodies. The successful mapping of these sites for protein-protein 
interactionn demonstrated the value of SPOP and the use of hypermutated libraries to 
determinee interaction sites. This hypermutated library was also successfully applied to 
selectt a thermostable variant of PAI-1. It proved possible to increase PAI-1 stability 
245-foldd without loss of any other functional properties of the protein. Analysis of the 
mutationss contributing to the observed increase in stability, indicated an additive or 
possiblyy cooperative effect of the different mutations. Specifically, this hypermutated 
libraryy illustrated the potential benefits of multiple mutations to increase protein 
function.. A similar observation was recently reported for a hypermutated library of a 
single-chainn Fv (scFv) antibody that had been made in one round of mutagenesis 
(Daughertyy et ah, 2000). In that library, an unexpected high frequency of functional 
cloness was found, while gain-of-function mutants were well represented. In our 
library,, the stepwise introduction of mutations combined with a stringent functional 
selectionn will even increase the frequency of functional clones and thereby augment 
thee chances of finding gain-of-function mutants. An important restriction on the 
applicabilityy of hypermutated libraries is the presence of a stringent selection for 
functionall  clones. Even though hypermutated libraries contain more functional clones 
thann expected, this number still remains very low (0.17% in a library with 3% 
mutationn rate of scFvs, Daugherty et al, 2000), and it is, therefore, of eminent 
importancee to enrich for these clones. However, bearing this in mind hypermutated 
librariess could prove a very valuable tool in both structure-function studies and protein 
engineering. . 

Serpinn function 

Ass described in the general introduction, PAI-1 belongs to the superfamily of serine 
proteinasee inhibitors (serpins) and inhibits its cognate serine proteinases according to a 
soo called branched-suicide-substrate mechanism [1] (van Meijer et al. 1997). 

" >> U.T "7 > 

I* * 

EE + i < _ E-i < z E-I° cT : [i ] 

Stepp 1 Step 2 3b (E-I)+ 

(EE = enzyme; I = inhibitor; E-I = Michaelis complex; E-I° = acylation of E-I complex; 
(E-I)++ = irreversibly inhibited E-I complex; I*  = cleaved inhibitor). 

Inn this thesis we have separately studied the different steps in this mechanism. For the 
analysiss of the first two steps, different variants of thrombin were used as described in 
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Chapterr 3. Of note, PA1-1 inefficiently inhibits thrombin, however, this inhibition can 
bee accelerated 2000-fold by the introduction of the VR-1 loop of t-PA (VRl ffA ) into 
thrombinn (designated IIa-VRltpA)(Horrevoets et al., 1993). Therefore, comparison in a 
thrombinn context of the VR-1 loop either of t-PA or of thrombin could possibly clarify 
thee relative contributions of the different steps in accelerating proteinase inhibition. In 
addition,, substitution of the reactive-center serine in thrombin by an alanine (Ila-
S205A)) renders the thrombin molecule catalytically inactive. Consequently, the 
reactionn of IIa-S205A with PAI-1 can not proceed past the acylation step and is 
governedd by the formation of the Michaelis complex (step 1 in the mechanism). Taken 
together,, active and inactive thrombin variants were used that either contained their 
ownn VR-1 region or that of t-PA. 

Ass described in Chapter 3, addition of the VR-1 loop of t-PA into thrombin only 
slightlyy (six fold) enhanced the formation of the Michaelis complex, and could not 
fullyy explain the observed 2000-fold increase in inhibition. Since, changes in the last 
partt of the mechanism, the branching, were not observed this led us to conclude that 
thee VR-1 loop of t-PA enhances the acylation step. A speculative explanation for the 
mechanismm by which the VR-1 loop of t-PA enhances inhibition may be the following. 
Duringg inhibition, PAI-1 is cleaved between the RCL residues PI and PI '. At the 
carboxyl-terminall  side of this scissile bond, PAI-1 has two negatively charged residues 
(P4'' and P5' ;E,E) that are known to pair with the positively charged residues in the 
VR-11 loop of t-PA (Madison et al, 1989; 1990a,b). This pairing increases the tension 
onn the PI-PI' bond, leading to rapid separation of the residues flanking the scissile 
bondd upon acylation by thrombin- VRl ff A or t-PA. Subsequently, the equilibrium of 
thee acylation step is disturbed and rapid RCL insertion and concomitant inhibition of 
thee proteinase proceeds. In the situation of wild-type thrombin, the lack of tension on 
thee PI-PI'- peptide bond keeps these residues in each others vicinity, while the 
acylationn equilibrium is maintained. Schematically, the mechanism proposed here 
wouldd alter the scheme presented [1]. Instead of a single step 2, this step should be 
splitt into two discrete reactions, a reversible acylation step followed by an irreversible 
stepp in which the PI and PI'residues are spatially separated. Experimentally, this 
hypothesiss could be challenged by mutating the charged residues in either the VR-1 
loopp of t-PA or the RCL of PAI-1. 

Thee branching step was investigated using inhibitory monoclonal antibodies, as 
describedd in Chapter 4. For example, the inhibitory anti-PAI-1 monoclonal antibody 
CLB-2C8,, an effective enhancer of fibrinolysis in animal models (Levi et al, 1992; 
Biemondd et al., 1995), exerts its effect by converting PAI-1 into a substrate for t-PA 
(Björquistt et al., 1999). In the context of the PAI-1 mechanism, this means that the 
branchh leading to complexes of t-PA:PAI-l is blocked. A further explanation is given 
byy the high-resolution mapping of the dominant residue involved in recognition of 
CLB-2C8.. This residue (Lys 154) is located in the loop connecting helix F and (3-
strandd 3A and positioned above the site of RCL insertion into P-sheet A in the latent 
conformationn of PAI-1 (Mottonen et al., 1992). Since, the monoclonal antibody CLB-
2C88 binds active, latent, cleaved and complexed PAI-1 with the same affinity 
(Björquistt et al., 1997), this suggests that the binding site for CLB-2C8 is similarly 
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accessiblee in all different conformations of PAI-1. Meanwhile, the effective inhibitory 
capacityy of the antibody suggests that it blocks a transition state of PAI-1 in complex 
withh t-PA. In our view, these observations suggest that after acylation of PAI-1, the 
proteinasee traverses the binding epitope of CLB-2C8 upon translocation, explaining its 
inhibitoryy effect. However, after stable t-PA:PAI-l complex formation, residue 154 in 
PAI-11 is again similarly accessible as in cleaved or latent PAI-1. This would argue for 
aa comparable conformation in all these three states, including complete RCL insertion. 

AA final aspect of PAI-1 function, its spontaneous transition to a latent 
conformation,, was analyzed in Chapter 5. For that purpose, a PAI-1 variant with a 
245-foldd prolonged half-life was isolated from a hypermutated library, that was 
functionallyy indistinguishable from its wild-type counterpart. The observation that 
thesee two aspects of PAI-1 function (i.e. inhibitory function and latency transition) can 
bee manipulated independently, strongly suggests that the rate-determining step in RCL 
insertionn for inhibition is different from the rate-determining step for RCL insertion in 
thee transition of PAI-1 to latency. In addition, the stabilizing mutations constituted 
largelyy of reversions to the stable serpin consensus, an observation also reported by 
Berkenpass et al, (1995). Taken together, we would hypothesize that the transition of 
PAI-1PAI-1 to a latent conformation is independent of its inhibitory function and has been 
preferentiallyy acquired during evolution. The advantages of a strict temporal and 
thermosensitivee regulation of PAI-1 activity may be most pronounced during 
inflammatoryy disease associated with thrombosis (e.g. Westendorp et al, 1999; 
Hermanss et al, 1999). A merely speculative remark concerning our stable PAI-1 
mutantt would be, that during our molecular evolution of PAI-1 we have not advanced 
butt in contrast have reversed time, leading to the isolation of an archetype PAI-1. 

Interactionn of vitronectin: PAI-1 complexes with thrombin 

AA final aspect of PAI-1 function studied in this thesis was the interaction with 
thrombin,, as described in the Chapters 2, 6 and 7. As noted previously, PAI-1 reacts 
inefficientlyy with thrombin, however, the cofactors heparin and vitronectin can endow 
PAI-1PAI-1 with thrombin-inhibitory properties by accelerating the second-order rate 
constantt of inhibition by more than two orders of magnitude (Ehrlich et ah, 1990). In 
additionn to enhancing the rate of inhibition, both cofactors also increase the apparent 
stoichiometryy of the PAI-1-thrombin interaction, such that approximately seven 
cleavagee reactions occur per inhibition reaction (van Meijer et al., 1997). 

Too start with, we have compared the mechanisms by which Vn/PAI-1 complexes 
inhibitt either t-PA or thrombin (chapter 6). A remarkable observation was the 
differencee in the end products found after inhibition of these two proteinases. 
Whereas,, inhibition of t-PA leads to the formation of only binary t-PA:PAI-l 
complexes,, the inhibition of thrombin results in ternary IIa:Vn:PAI-l complexes. 
Thesee ternary complexes are SDS-stable and multimerize to high-molecular weight 
aggregatess in time (unpublished observation). Previously, van Meijer et al (1997) 
havee reported that, in contrast to heparin, Vn-cofactor activity does not depend on a 
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templatee mechanism, this. Additional experiments using surface-plasmon-resonance 
analysiss of the interaction between Vn/PAI-1 complexes and thrombin variants 
revealedd that, although neither PAI-1 nor Vn separately had high affinity for thrombin, 
thee Vn/PAI-1 complexes bound thrombin efficiently. Moreover, mis complex 
formationn was irrespective of thrombin activity, since catalytically inactive variants of 
thrombinn had been used (Dekker et al., manuscript in preparation). So far, no 
indicationss are available on conformational changes in either Vn or PAI-1 that are the 
causee of the observed increase in affinity for thrombin, since, both Vn and PAI-1 are 
highlyy flexible and conformationally sensitive proteins (studying these two proteins 
togetherr would be like keeping "two cats in a bag" (Deng et al, 1995)). 

AA model for the physiological relevance of the interaction between Vn/PAI-1 
complexess and thrombin, leading to either thrombin inhibition or PAI-1 cleavage, is 
discussedd in Chapter 2. On the basis of that discussion, it was concluded that thrombin 
inhibitionn by Vn/PAI-1 complexes would not be of any relevance in plasma, due to the 
highh levels of competing thrombin inhibitors {e.g. anti-thrombin III) . Conversely, in 
thee (atherosclerotic) vessel wall the absence of other thrombin inhibitors would 
providee an environment in which thrombin inhibition through Vn/PAI-1 complexes 
wouldd be of potential relevance. To verify this model, the spatial co-localization of the 
threee corresponding antigens and the activity of PAI-1 and thrombin were determined 
inn human atherosclerotic specimen (Chapter 7). These experiments proved that a first 
prerequisitee for functional interaction of thrombin and Vn/PAI-1 complexes had been 
met.. However, additional experiments, including isolation of cleaved PAI-1 or 
IIa:PAI-l:(Vn)) complexes, wil l be necessary to determine the exact nature of the 
interactions.. Currently, the use of genetically altered mice that lack either Vn or PAI-1 
providee a valuable tool to study the relevance of this mechanism. In this context, 
experimentss reported by de Waard et al. (2000) have indicated that neointima 
formationn increased after carotid artery ligation in both Vn"A and PAI-1"'" mice as 
comparedd to wild-type mice. Although, several models can be advanced to explain the 
observedd effects, these results are also in agreement with the idea that Vn/PAI-1 
complexess inhibit the mitogenic activity of thrombin. Nevertheless, all evidence in 
supportt of our model is, so far, circumstantial and awaits definite isolation and 
characterizationn of the end products of thrombin interaction with Vn/PAI-1 complexes. 

147 7 



ChapterChapter 8 

References s 

Berkenpass MB, Lawrence DA, Ginsburg D. (1995). Molecular evolution of plasminogen 
activatorr inhibitor-1 functional stability. EMBOJ. 14,2969-2977. 

Biemondd BJ, Levi M, Coronel R, Janse MJ, ten Cate JW, Pannekoek H. (1995). Thrombolysis 
andd reocclusion in experimental jugular vein and coronary artery thrombosis. Effects of a 
plasminogenn activator inhibitor type 1-neutralizing monoclonal antibody. Circulation, 
91,, 1175-1181. 

Björquistt P, Ehnebom J, Deinum J. (1999). Protein movement during complex-formation 
betweenn tissue plasminogen activator and plasminogen activator inhibitor-1. Biochim 
BiophysBiophys Acta, 1431, 24-29. 

Björquistt P, Ehnebom J, Inghardt T, Deinum J. (1997). Epitopes on plasminogen activator 
inhibitorr type-1 important for binding to tissue plasminogen activator. Biochim Biophys 
Acta,Acta, 1341, 87-98. 

Cramerii  A, Raillard SA, Bermudez E, Stemmer WP. (1998). DNA shuffling of a family of 
geness from diverse species accelerates directed evolution. Nature, 391, 288-291. 

Daughertyy PS, Chen G, Iverson BL, Georgiou G. (2000). Quantitative analysis of the effect of 
thee mutation frequency on the affinity maturation of single chain Fv antibodies. Proc 
NatlNatl Acad Sci USA, 97, 2029-2034. 

Dekkerr RJ, Stoop AA, Morser J, Pannekoek H, Horrevoets AJG. (2000). Thrombins' Variable 
Region-11 constitutes a Third Exosite, essential for the Interaction with Plasminogen 
Activatorr Inhibitor-1 and Thrombomodulin but not Vitronectin. Manuscript in 
preparation. preparation. 

Dengg G, Royle G, Seiffert D, Loskutoff DJ. (1995). The PAI-1/vitronectin interaction: two cats 
inn a bag? 1: Thromb Haemost. 74, 66-70. 

Ehrlichh HJ, Gebbink RK, Keijer J, Linders M, Preissner KT, Pannekoek H. (1990). Alteration of 
serpinn specificity by a protein cofactor. Vitronectin endows plasminogen activator 
inhibitorr 1 with thrombin inhibitory properties. J Biol Chem. 265, 13029-13035. 

Hermanss PW, Hibberd ML, Booy R, Daramola O, Hazelzet JA, de Groot R, Levin M. (1999). 
4G/5GG promoter polymorphism in the plasminogen-activator-inhibitor-1 gene and 
outcomee of meningococcal disease. Meningococcal Research Group. Lancet, 354, 556-
560. . 

Horrevoetss AJ, Tans G, Smilde AE, van Zonneveld AJ, Pannekoek H. (1993). Thrombin-
variablee region 1 (VR1). Evidence for the dominant contribution of VR1 of serine 
proteasess to their interaction with plasminogen activator inhibitor 1. J Biol Chem. 268, 
779-782. . 

Levii  M, Biemond BJ, van Zonneveld A J, ten Cate JW, Pannekoek H. (1992). Inhibition of 
plasminogenn activator inhibitor-1 activity results in promotion of endogenous 
thrombolysiss and inhibition of thrombus extension in models of experimental 
thrombosis.. Circulation, 85, 305-312. 

Madisonn EL, Goldsmith EJ, Gerard RD, Gething MJ, Sambrook JF (1989). Serpin-resistant 
mutantss of human tissue-type plasminogen activator. Nature, 339, 721-724. 

Madisonn EL, Goldsmith EJ, Gerard RD, Gething MJ, Sambrook JF, Bassel-Duby RS. (1990a). 
Aminoo acid residues that affect interaction of tissue-type plasminogen activator with 
plasminogenn activator inhibitor 1. Proc Natl Acad Sci USA. 87, 3530-3533. 

Madisonn EL, Goldsmith E J, Gething MJ, Sambrook JF, Gerard RD (19906). Restoration of 
serinee protease-inhibitor interaction by protein engineering. J Biol Chem. 265, 21423-
21426. . 

148 8 



GeneralGeneral Discussion 

vann Meijer M, Smilde A, Tans G, Nesheim ME, Pannekoek H, Hotrevoets AJ. (1997). The 
suicidee substrate reaction between plasminogen activator inhibitor 1 and thrombin is 
regulatedd by the cofactors vitronectin and heparin. Blood, 90, 1874-1882. 

Mortonenn J, Strand A, Symersky J, Sweet RM, Danley DE, Geoghegan KF, Gerard RD, 
Goldsmithh EJ. (1992). Structural basis of latency in plasminogen activator inhibitor-1. 
Nature,Nature, 355, 270-273. 

Rodii  D.J. and Makowski L. (1999). Phage-display technology - finding a needle in a vast 
molecularr haystack. Curr. Opin. Biotechnol. 10, 87-93. 

Smithh GP. (1985). Filamentous fusion phage: novel expression vectors that display cloned 
antigenss on the virion surface. Science, 228, 1315-1317. 

Stemmerr WP. (1994). Rapid evolution of a protein in vitro by DNA shuffling. Nature, 370, 389-
391. . 

dee Waard V, Arkenbout EK, Carmeliet P, Lindner V, Pannekoek H. (2000). Plasminogen activator 
inhibitorr 1 and vitronectin protect against stenosis in a murine carotid artery ligation model. 
Submitted. Submitted. 

Westendorpp RG, Hottenga JJ, Slagboom. (1999). Variation in plasminogen-activator-inhibitor-1 
genee and risk of meningococcal septic shock. Lancet, 354, 561-563. 

149 9 



ChapterChapter 8 

150 0 


